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Abstract

We derive Griffith functionals in the framework of linearized elasticity from

nonlinear and frame indifferent energies in a brittle fracture via I'-convergence.
The convergence is given in terms of rescaled displacement fields measuring the
distance of deformations from piecewise rigid motions. The configurations of the
limiting model consist of partitions of the material, corresponding piecewise rigid
deformations and displacement fields which are defined separately on each com-
ponent of the cracked body. Apart from the linearized Griffith energy the limiting
functional also comprises the segmentation energy, which is necessary to disconnect
the parts of the specimen.
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1. Introduction

A thorough understanding of crack formation in brittle materials is of great
interest in both experimental sciences and theoretical studies. Starting with the
seminal contribution by FRANCFORT AND MARIGO [27], where the displacements
and crack paths were determined from an energy minimization principle, various
variational models in the framework of free discontinuity problems have appeared
in the literature over the past years. These so-called Griffith functionals, comprising
elastic and surface contributions, generalize the original Griffith theory (see [33])
which is based on the fundamental idea that the formation of fracture may be
regarded as the competition of elastic bulk and surface energies.

For the sake of a simplified mathematical description the investigation of frac-
ture models in the realm of linearized elasticity is widely adopted (see for example
[2,4,7,13,14,34]) and has led to a lot of realistic applications in engineering as well
as to efficient numerical approximation schemes (we refer to [5,6,12,26,38,39,43]
making no claim to be exhaustive). On the contrary, their nonlinear counterparts are
usually significantly more difficult to treat since in the regime of finite elasticity the
energy density of the elastic contributions is genuinely geometrically nonlinear due
to frame indifference rendering the problem highly non-convex. Consequently, in
contrast to linear models, already the fundamental question of whether minimizing
configurations for given boundary data exist at all is a major difficulty. An even
more challenging task in this context is the determination of the material behavior
under expansion or compression, in particular the derivation of specific cleavage
laws.

Consequently, for a deeper understanding of nonlinear models the identification
of an effective linearized theory is desirable as in this way one may rigorously show
that in the small displacement regime neglecting the effects arising from the non-
linearities is a good approximation of the problem. Moreover, such a derivation is
also interesting in the context of discrete systems. Previous investigations which
were motivated by the analysis of cleavage laws for brittle crystals (see [29,30]
or the seminal paper [10]) have shown that the most interesting regime for the
elastic strains is given by /e, where ¢ denotes the typical interatomic distance.
Consequently, a passage from discrete-to-continuum systems naturally involves a
simultaneous linearization process.

In elasticity theory the nonlinear-to-linear limit is by now well understood in
various different settings via I'-convergence (cf. [11,21,41,42]), where the passage
is performed in terms of suitably rescaled displacement fields measuring the dis-
tance of the deformation from a rigid motion and being the fundamental quantity
on which the linearized elastic energy depends. In fracture mechanics, however, the
relation between the deformation of a material and corresponding displacements is
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more complicated since the body may be disconnected by the jump set into various
components. In fact, it turns out that, without passing to rescaled configurations, in
the small strain limit nonlinear Griffith energies converge to a limiting functional
which is finite for piecewise rigid motions and measures the segmentation energy
which is necessary to disconnect the body.

Obviously a major drawback of this simple limiting model appears to be the
fact that it does not capture the elastic deformations which are typically present in
the nonlinear models. Consequently, in order to arrive at a limiting model showing
the coexistence of elastic and surface contributions it is indispensable to pass to
rescaled configurations similarly as in [21]. The goal of this article is to identify
such an effective linearized Griffith energy as the I'-limit of nonlinear and frame
indifferent models in the small strain regime. To the best of our knowledge such a
result has not yet been derived in the general setting of free discontinuity problems
introduced by AMBROSIO AND DE GIORGI [23].

The farthest reaching result in this direction seems to be a recent contribution
by NEGRI AND TOADER [40] where a nonlinear-to-linear analysis is performed in
the context of quasistatic evolution for a restricted class of admissible cracks. In
particular, in their model, the different components of the jump set are supposed
to have a least positive distance rendering the problem considerably easier from
an analytical point of view. In particular, the specimen cannot be separated into
different parts, effectively leading to a simple relation between the deformation
and the rescaled displacement field. On the other hand, in [31] we have performed
a simultaneous discrete-to-continuum and nonlinear-to-linear analysis for general
crack geometries, but under the simplifying assumption that all deformations lie
close to the identity mapping.

In the present context we establish a limiting linearized Griffith functional in a
planar setting without any a priori assumptions on the deformation and the crack
geometry. We identify an effective model which appears to be more general than
the energies which are widely investigated in the literature. Whereas in elasticity
theory, in the approaches [31,40] mentioned before and in most linear fracture
models there is a simple relation between the deformation of the material and the
associated infinitesimal displacement field, in our framework the deformation is
related to a triple consisting of a partition of the domain, a corresponding piecewise
rigid motion being constant on each connected component of the cracked body and
a displacement field which is defined separately on each piece of the specimen.

On each component of the partition the energy is of Griffith-type in the realm
of linearized elasticity. In addition, the functional contains the segmentation energy
which is necessary to disconnected the parts of the body. In particular, the latter
contribution is a specific feature of our general model where we do not restrict the
analysis to a linearization around a fixed rigid motion.

Let us briefly note that although all arguments used in the proofs of this article
are valid in any space dimension, we have to restrict our analysis to two dimensions
as one of the ingredients of our analysis, an SBD-rigidity result (see [28]), has only
been derived in a planar setting for isotropic surface energies. However, we believe
that the estimate in [28] may be generalized in the future and then the generalizations
for the results in the work at hand immediately follow.
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As applications of our result we investigate problems with external forces and
also present a cleavage law in a continuum setting with isotropic surface energies.
As discussed before, the identification of critical loads and the investigation of crack
paths is a challenging problem particularly for nonlinear models. The arguments in
[29,30,37], where boundary value problems of uniaxial extension for brittle mate-
rials were investigated, fundamentally relied on the application of certain slicing
techniques and due to the lack of convexity were not adapted to treat the case of
compression. Our general I'-limit result can now be applied to also solve boundary
value problems of uniaxial compression which is, like the uniaxial tension test, a
natural and interesting problem. Hereby we may complete the picture about the
derivation of cleavage laws in [29,30].

One essential point in our investigation is the establishing of a compactness
result providing limiting configurations which consist of piecewise rigid motions
and corresponding displacement fields. Similarly to the derivation of linearized
systems for elastic materials (see for example [21]), where the main ingredient is
a quantitative geometric rigidity estimate by FRIESECKE ET AL. [32], the starting
point of our analysis is a quantitative SBD-rigidity result (see [28]) in the framework
of special functions of bounded deformation (see [2,4]), which is tailor-made for
general Griffith models with coexistence of both energy forms.

As there is no uniform bound on the functions, it turns out that the limiting
displacements are generically not summable and we naturally end up in the space
of GSBD functions (for the definition and basic properties we refer to [18]). We
believe that our results are interesting also outside of this specific context as they
allow to solve more general variational problems in fracture mechanics. Typically,
for compactness results in function spaces as SBV (see [3] for the definition and basic
properties) and SBD one needs L™ or L' bounds on the functions (see [1,4,18]).
However, in many applications, in particular for atomistic systems and for models
dealing with rescaled deformations, such estimates cannot be inferred from energy
bounds. Nevertheless, we are able to treat problems without any a priori bound by
passing from the deformations to displacement fields whose distance from rigid
motions can be controlled.

The other essential point in our analysis is the investigation of the limiting con-
figurations. In particular, we study the properties of the partition which disconnects
the body into various parts. It turns out that an even finer segmentation may occur
if on a connected component of the partition the jump set of the corresponding
displacement field further separates the body. Here it becomes apparent that we
treat a real multiscale model as the jump heights at the boundaries associated to the
coarse partition are of order 3> /¢ (4/¢ denotes the regime of the typical elastic
strain), whereas the jump heights of the finer partition are of order /e. Moreover,
it is evident that the choice of the limiting partition is not unique. However, we
propose a selection principle and show the existence and uniqueness of a coaresest
partition.

The paper is organized as follows. In Section 2 we state the main compactness
and I'-convergence results and discuss properties of the limiting linearized Griffith
functional. Moreover, we present our application to cleavage laws for uniaxially
extended or compressed brittle materials.
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Section 3 is devoted to some preliminaries. We first give the definition of special
functions of bounded variation and deformation and discuss basic properties. Af-
terwards, we recall the notion of Caccioppoli partitions which will be fundamental
in our analysis to analyze the properties of limiting configurations. Moreover, we
recall geometric rigidity results for elastic and brittle materials, in particular the
SBD-rigidity result proved in [28].

In Section 4 we then establish the main compactness result for a sequence
of deformations (y)., where ¢ stands for the order of the elastic energy. First,
the convergence of the partitions and the corresponding rigid motions is based on
compactness theorems for Caccioppoli partitions and piecewise constant functions
(see [3] or Section 3.2 below).

Although the SBD-rigidity estimate is a fundamental ingredient in our analysis
giving L? bounds for rescaled displacement fields, we still have to face major
difficulties since the rigidity estimate provides a family of displacement fields (12 )%
with an additional parameter p representing a ‘modification error’ between y, and
u? . Consequently, the goal will be to choose an appropriate diagonal sequence.

An additional challenge is the fact that the bounds in the SBD-rigidity estimate
depend on p and blow up for p — 0. For the symmetric part of the gradient this
problem can be bypassed by a Taylor expansion taking the nonlinear elastic energy
& and a higher order term into account, which shows that the constant may be
chosen independently of p. For the function itself, however, the problem is more
subtle since a uniform bound cannot be inferred by energies bounds. In particular,
generically, the limiting configurations are not in L? but are only finite almost
everywhere. The strategy to establish the latter assertion is to show that for fixed ¢
the functions () o essentially coincide in a certain sense on the bulk part of the
domain. Afterwards, by a careful analysis, we can derive that such a property is
preserved in the limit ¢ — 0, whereby we can establish a kind of equi-integrability
of the configurations.

In Section 5 we concern ourselves with the limiting configurations consisting
of a partition, a corresponding piecewise rigid motion and a displacement field.
Recalling that the limits provided by the compactness result are highly non-unique
we introduce the notion of a coarsest partition. Roughly speaking, the definition
states that the jump heights at the boundaries associated to this partition are of order
> 4/¢ leading to a meaningful mathematical description of the observation that
the size of the crack opening is a multiscale phenomenon in our model.

The fundamental point is the proof of the existence and uniqueness of the
coarsest partition. Uniqueness follows from the fact that under the assumption that
there are two different coarsest partitions one always can find an even coarser
partition. Existence is a more challenging problem. We first give an alternative
characterization and identify coarsest partitions as the maximal elements of the
partial order on the set of admissible partitions which is induced by subordination.
We then show that each chain of the partial order has an upper bound repeating
some arguments of the main compactness result. Consequently, the claim is inferred
by an application of Zorn’s lemma. Finally, having found the coarsest partition we
can then show that the corresponding admissible displacement field is uniquely
determined up to piecewise infinitesimal rigid motions.
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In Section 6.1 we derive the main I'-limit, where the elastic part can be treated
as in [32,42] and for the surface energy we separate the effects arising from the
segmentation energy and the crack energy inside the components by employing a
structure theorem for Caccioppoli partitions (see Theorem 3.5 below). At this point
we also establish a result including external loads.

Finally, in Section 6.2 we prove a cleavage law and extend the results obtained
in [29,30,37] to the case of uniaxial compression, where we essentially follow the
proofin [31,37], in particular using a piecewise rigidity result in SBD (see [15]) and
a structure theorem on the boundary of sets of finite perimeter (see [25]). It turns out
that in the linearized limit the behavior for compression and extension is virtually
identical. We briefly note that to avoid unphysical effects such as self-penetrability,
further modeling assumptions would be necessary.

2. The Model and Main Results

2.1. The Nonlinear Model

Let @ C R? open, bounded with Lipschitz boundary. Recall the properties of
the space SBV(£2, R?), frequently abbreviated as SBV(S2) hereafter, in Section 3.1.
Fix a (large) constant M > 0 and define

SBVi(S) = [y € SBV(R. B : Iy lloo + V3 lloe £ M, H'(J,) < +o00}.
2.1)

Let W : R?*2 — [0, co) be a frame-indifferent stored energy density with W (F) =
0 iff F € SO(2). Assume that W is continuous, C> in a neighborhood of SO(2)
and scales quadratically at SO(2) in the direction perpendicular to infinitesimal
rotations. In other words, there is a positive constant ¢ such that

W(F) = cdist’(F, SO(2)) forall F e R¥>? with |F|< M. (2.2)
For ¢ > 0 define the Griffith-energy E. : SBV;(2) — [0, c0) by

1
E)= - /Q W(Vy () dx + M (Jy). 23)

We briefly note that we can also treat inhomogeneous materials where the energy
density has the form W : Q x R2xZ [0, 00). Moreover, it suffices to assume
W e C>%, where C>* is the Holder space with exponent a > 0.

The main goal of the present work is the identification of an effective linearized
Griffith energy in the small strain limit which is related to the nonlinear energies
E through I'-convergence. In this context, we also discuss minimization problems
associated to E, for given body forces or boundary data. Moreover, we will investi-
gate the limiting model which appears to be more general than many other Griffith
functionals in the realm of linearized elasticity (cf. for example [7,13,14,34,43])
as the limiting configuration not only consists of a displacement field, but also of
a coarse partition of the domain and associated rigid motions. In particular, it will
turn out that there are various scales for the size of the crack opening occurring in
the system.



A Derivation of Linearized Griffith Energies 431

Remark 2.1. The threshold M in (2.1) may be chosen arbitrarily large, but is fixed.
Confining y in this way effectively models a large box containing the deformed
specimen. The restriction on Vy is necessary for technical reasons as it allows us
to apply a quantitative piecewise rigidity estimate, see Theorem 3.10.

Let us mention that (almost) minimizers of the nonlinear energy fQ\Tv W(Vy)
(for given boundary data) are possibly not Lipschitz continuous as particularly at
nonsmooth points of the boundary 8(Q\J_y) (for example at crack tips) the de-
formation gradient is expected to form singularities. Consequently, the constraint
[Vylloo & M is areal restriction on the class of admissible configurations from a
mathematical point of view.

On the other hand, for materials undergoing brittle fracture there is typically a
critical strain (and stress), beyond which failure occurs, and therefore the uniform
bound on the absolute continuous part of the gradient has a reasonable mechanical
interpretation. Moreover, the energy of certain atomistic systems can be related to
(2.3) when deformations are identified with piecewise affine interpolations on cells
of microscopic size (see for example [9,31]). (Note that in discrete systems the
parameter ¢ represents not only the order of the elastic energy, but also the typical
interatomic distance.) In this context, the bound || Vy|lcoc < M is naturally satisfied.
In fact, on cells exceeding such a threshold, also called ultimate strain (see [8]), a
discontinuous interpolation with bounded deformation gradient is introduced and
their contribution to the energy then enters through the surface part of the energy
functional.

Finally, let us mention that particularly from a computational point of view it
is interesting to combine a continuum model as (2.3) with an atomistic approach
using the quasicontinuum method introduced in [44]. Here the underlying idea is
to split the domain into a bulk part with a coarse, continuum description, and into
certain critical regions characterized by fast variations of the deformation gradient
(such as regions near a dislocation core or a crack tip) where the problem is treated
as a fully atomistic system at scale ¢ (see [36]).

2.2. The Segmentation Problem

As afirstnatural approach to the problem we concern ourselves with the question
of whether the functionals E, can be related to a limiting functional for ¢ — 0
in terms of the deformations. We observe that for configurations with uniformly
bounded energy E; (y;), the absolute continuous part of the gradient satisfies Vy, ~
SO(2) as the stored energy density is frame-indifferent and minimized on SO(2).
Assuming that y, — y in L', one can show that Vy € SO(2) almost everywhere,
applying lower semicontinuity results for SBV functions (see [35]) and using the
fact that the quasiconvex envelope of W is minimized exactly on SO(2) (see [45]).

A piecewise rigidity result by Chambolle, Giacomini and Ponsiglione (see The-
orem 3.9 below) generalizing the classical Liouville result for smooth functions now
states that an SBV function y satisfying the constraint Vy € SO(2) almost every-
where is a collection of an at most countable family of rigid deformations, that
is the body may be divided into different components each of which subject to a
different rigid motion.
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Consequently, the limit of the sequence E. (in the sense of I"-convergence) is
given by the functional which is finite for piecewise rigid motions and measures the
segmentation energy which is necessary to disconnect the body. The exact statement
is formulated in Corollary 2.9 as a direct consequence of our main I"-convergence
result in Theorem 2.7.

Apparently this simple limiting model does not account for the elastic deforma-
tions which are typically present in the nonlinear models. Consequently, to obtain
a better understanding of the problem it is desirable to pass to rescaled configura-
tions and to derive a limiting linearized energy as it was performed in [21] in the
framework of nonlinear elasticity theory. The main ingredient in that analysis is a
quantitative rigidity result due to Friesecke, James and Miiller (see Theorem 3.8).
The starting point for our analysis will be a corresponding quantitative result in the
SBD setting (see [28] or Theorem 3.10) adapted for Griffith functionals of the form
(2.3) where both elastic bulk and surface contributions are present.

2.3. Compactness and Limiting Configurations

We now present our main compactness result for rescaled displacement fields.
As a preparation, recall the notion and basic properties of a Caccioppoli partition
in Section 3.2. For a given (ordered) Caccioppoli partition P = (P;); of 2 let

R(P):{T Q>R T(x)= Z, xp; () (R x+b)), Rj € SOQ2), bj € RZ}
2.4)

be the set of corresponding piecewise rigid motions. Likewise we define the set of
piecewise infinitesimal rigid motions, denoted by A(P), replacing R; € SO(2) by

Aj e RY2 = (A e R?*2: A = —AT}. Moreover, we define the triples

D:={w,P.T): u e SBV(Q), P C-partitionof @, T € R(P)}, (2.5
Doo = {(u, P, T) : P C.-partition of @, T € R(P), VT'u € GSBD*(Q)}.

Here VT denotes the absolutely continuous part of DT. The space GSBD*(S2)
generalizes the definition of the space SBD(£2) based on certain slicing properties,
see Section 3.1. Define e(G) = GT;“G for all G € R?*? and denote by 8* the
essential boundary (see below (3.7)). Let AA B be the symmetric difference of two
sets A, B C R%. We now formulate the main compactness theorem.

Theorem 2.2. Let Q@ C R? open, bounded with Lipschitz boundary. Let M > 0
and gy — 0 as k — oo. If E¢, (yx) < C for a sequence (yx)x C SBVy(2), then
there exists a subsequence (not relabeled) such that the following holds:

There are triples (uy, Pk, Tr) € D, where Py = (PJ].‘)]-, and ¢ > 0 with

() up(x) — 8,:1/2(yk(x) — Tr(x)) — O for almost every x € Q fork — oo,

(i) [Vurllie < cep '/ forkeN
(2.6)
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such that we find a limiting triple (u, P, T) € Do with

(i) |P{AP;| — 0 forall j €N,

(2.7)
(ii) Te — T in L*(Q,R?), VT — VT in L*(, R*>*?)
for k — oo and
(i) ur — u almost everywhere in 2,
(2.8)

(ii) e(VTI Vug) — e(VTTVu) weakly in L*(Q, RX:2)

sym

for k — oo. Moreover, for the elastic and crack energy we obtain

1 1
(i) —/ W(Vy) +o(1) 2 —/ Wd + exVTI Vuy) ask — oo,
&k Jo &k JQ
.. . 1 1 1
(i) timinf M (/) 2 H (Uj P NQ)+H (Ju\Uj °P;). 29

Recall that the central object in linearized elasticity is the symmetric part of the
gradient, which comes from the facts that: (1) deformations are linearized around
the identity; and (2) the orthogonal space to SO(d) at the identity is given by the sym-
metric matrices (see for example [21]). In the present context, where we possibly
linearize around different rigid motions, the symmetrized gradient is accordingly
replaced by e(VTTu) in both the limiting description and the convergence (see
(2.5) and (2.8)(ii), respectively).

In (2.7) and (2.8) the convergence for the partitions, rigid motions and displace-
ment fields is given, respectively. Moreover, (2.6) and (2.9) represent compatibility
conditions for the triple (uy, Px, Tr). In general, uy is a modification of the rescaled
displacement 8,(_1/ 2 (yx — Tx), but asymptotically both configurations coincide (see
(2.6)(1)). Moreover, the modifications can be constructed such that Vuy is suit-
ably controllable. (The exponent —% is chosen for definiteness only and could be
replaced by any small negative exponent, cf. (3.10)(iv) and the paragraph below
Theorem 3.10.) Finally, the elastic and crack energy associated to the triples are
controlled by the corresponding energies of y; up to small errors vanishing in the
limit (see (2.9)).

Definition 2.3. We say asequence (yx)r C SBVy(S2) is asymptotically represented
by a limiting triple (#, P, T) € Do, and write yy — (u, P, T), if there is a
sequence of triples (uy, P, Tx) € D such that (2.6)—(2.9) are satisfied.

Although we use the notation — and call (u, P, T) a limiting triple, it is clear
that Definition 2.3 cannot be understood as a convergence in the usual sense. In
particular, in the small strain limit a tripling of the variables occurs, which is a
specific feature of our limiting model. Additionally, the triples (u, P, T') given by
the main compactness theorem for a sequence (yx)x are not determined uniquely,
but crucially depend on the choice of the sequences (Py)x and (Ty)x. To illustrate
the latter phenomenon, we consider the following example:
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Example 2.4. Consider © = (0, 3) x (0, 1), Q1 = (0, 1) x (0, 1), 2 = (1,2) x
0,1), 23 =(2,3) x (0,1) and

e = idxe, + (d + ay/e) xe, + (d + &' e,
for & € R2. Then for b € R?, possible alternatives are, for example,
(1) Pl =Qi, P} =, P} =Q3 with T =y, onQ,
(2) P} =Q U, P}=Q; with T2 =idxg,ua, + (d + &'/* — b/e0) xas-

Letting u, = 2 (yk — T}) fori = 1,2 we obtain in the limit &g — 0 the unique
rigid motion 7 = id and the different configurations

() u' =0, P! =Qi, P} =Q,, P! =Qs,
) u? =0-xq, +axa, +bxes, P} =Q U, P}=Qs.

We now introduce a special subclass of partitions in which uniqueness will be guar-
anteed. The above example already shows that different partitions are not equivalent
in the sense that they may contain a different ‘amount of information’. Note that on
the various elements of the partition the configuration u is defined separately and
the different pieces of the domain are not ‘aware of each other’. In particular, the
difference of the traces of u on *P; N 9* P}, i # j, does not have any physically
reasonable interpretation. On the contrary, in example (2) where we did not split up
€1 Uy, we gain the jump height on 0€2; N €25 as an additional information. The
observation that coarser partitions provide more information about the behavior at
the jump set motivates the definition of the coarsest partition.

Definition 2.5. Let (y)x be a given (sub-)sequence as in Theorem 2.2. Then:

(i) We say a partition P of 2 is admissible for (yi )k, and write P € Zp ((yi)k), if
there exist u, T such that (u, P, T) € Do and yy — (u, P, T);
(i) We say a piecewise rigid motion T is admissible for (yi)r, and write T €
Z7((¥k)k), if there exist u, P such that (u, P, T) € Dy and yx — (u, P, T);
(iii) We say a configuration u is admissible for (yi)r and P, and write u €
Zu((V)k, P), if there exists T such that (u, P, T) € Dy and yp — (u, P, T);
(iv) We say a partition P of Q2 is a coarsest partition for (yy)y if the following
holds: The partition is admissible, that is P € Zp((yx)x). Moreover, for all
admissible u € Z,((yk)k, P) and all corresponding triples (ux, Pk, Tx) € D
satisfying (2.6)—(2.9) the mappings Ty = Zj(R§» . +b];)ijk fulfill

IR} — RY| + b} — b
NG

foralli, j e N,i # jand k — oo.

— 00 (2.10)

In Lemma 5.2 below we find an equivalent characterization of coarsest par-
titions being the maximal elements of the partial order on the sets of admissible
partitions which is induced by subordination. Loosely speaking, the above defini-
tion particularly implies that given a coarsest partition a region of the domain is
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partitioned into different sets (P;) ; if and only if the (scaled) jump height 8,:1/ 2[
on (9% P;); tends to infinity (cf. Example 2.4).
Recall the definition of the piecewise infinitesimal rigid motions A(P) below
(2.4). We now obtain a unique characterization of the limiting configuration up to
piecewise infinitesimal rigid motions.

yil

Theorem 2.6. Let ¢, — 0 be given. Let (yr)i C SBVp(2) be a sequence for
which the assertion of Theorem 2.2 holds. Then we have the following:

(i) There is a unique T € Z1((yi)k)s

(ii) There is a unique coarsest partition P of Q;

(iii) Given some u € Z,((yx), P) all admissible limiting configurations are of the
form u + VT A(P), that is the limiting configuration is determined uniquely
up to piecewise infinitesimal rigid motions.

Going back to Example 2.4, we observe that T = id is uniquely given and
that the partition in (2) is the coarsest partition. The non-uniqueness in (iii) is a
consequence of the fact that the nonlinear energy is invariant under rigid motions
(see also (2) in Example 2.4 for b € R?).

2.4. The Limiting Linearized Model and T"-Convergence

We now introduce the limiting linearized model, discuss its properties and
show that it can be identified as the I'-limit of the nonlinear energies E,.. Let
Q = D?>W(d) be the Hessian of the stored energy density W at the identity.
Define E : Doy — [0, 00) by

E(u,P, T):/Q%Q(e(VTTVu))—FHl(Ju\Uj a*Pj)+H1(Uj 9*P; msz),
@2.11)

where as before P = (P;);. Recall that a triple of the limiting model consists of
a partition, a corresponding piecewise rigid motion and a displacement field. We
emphasize that in contrast to the nonlinear model (see (2.1) and Remark 2.1), there
are no restrictive bounds on the functions # and their derivatives .

The surface energy of E has two parts. In a fashion similar to Section 2.2, on the
right we have the segmentation energy which is necessary to disconnect the compo-
nents of the body. Moreover, on the left we have the inner crack energy associated
to the discontinuity set of the displacement field in each part of the material (see
also Remark 2.8(ii) below). Whereas the first two terms of the functional typically
appear in the study of linearized Griffith energies, the segmentation energy is a
characteristic feature of our general model where the analysis is not restricted to a
linearization around a fixed rigid motion.

‘We now present our main I"-convergence result. Recall Definition 2.3.

Theorem 2.7. Let Q@ C R? open, bounded with Lipschitz boundary. Let M > 0
and g — 0. Then Eg, converges to E in the sense of I'-convergence, that is:
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(i) ' — lim inf inequality: for all (u, P, T) € D and for all sequences (yi)r C
SBV 1 (2) with yy — (u, P, T) we have

liminf E., (yx) = E(u, P, T);
k—00

(ii) Existence of recovery sequences: for every (u, P, T) € Doo with u € L*()
we find a sequence (yi)r C SBVy(R2) such that yy — (u, P, T) and

lim Egk ()’k) = E(M, Pa T)
k— 00

Remark 2.8. (i) The limiting model could equivalently be formulated with v =
VTTu in place of the displacement field u. (Accordingly, replace u; by vy =
VTkTuk in Theorem 2.2.) This alternative notation simplifies the description of the
elastic energy in (2.11), but does not account for the fact that the linearization was
possibly performed around different rigid motions.

(ii) Using the local structure of Caccioppoli partitions (see Theorem 3.5 and
recall (3.7)) the limiting energy can equivalently be written as

! 1

(iii) For configurations (u, P, T) defined in terms of the coarsest partition P
there is an additional interpretation for the crack opening of the sequence of defor-
mations y: (1) The jumps on |_J j 9% P; are associated to jump heights > /e and
(2) the jump heights corresponding to the inner crack energy are of the order /e,
which illustrates the multiscale nature of the model. In fact, (1) follows from (2.10)
and (2) is a consequence of (2.6)(i).

(iv) On a component P; of P the body may still be disconnected by the jump
set (P,')1 N J, forming a finer partition of the specimen. However, in contrast to
the boundary of P the jump heights have a meaningful physical interpretation.

(v) In general, the partition induced by the macroscopic jumps (represented by
Jr) is coarser than P, that is H? (Uj 9*Pi\(02U Jr)) > 0, cf. Example 2.4.

As a direct consequence of Theorem 2.7 we get that the I'-limit of the same
functionals E,, with respect to the much weaker notion of L'-convergence of the
unrescaled deformations yy is given by the segmentation energy.

Corollary 2.9. Let @ C R? open, bounded with Lipschitz boundary. Let M > 0
and e — 0. Then E I'-converge to Egeg with respect to the L (2)-convergence,
where

H! (JT) y =T € R(P) fora Caccioppoli partition P,

E =
seg () +00 else.

Note that the segmentation energy in Corollary 2.9 differs from the one in
(2.11), see Remark 2.8(v).
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2.5. Application: External Loads

For the investigation of minimization problems associated to E it is interesting
to take external loads into account. In the context of brittle materials, however, the
incorporation of body forces is a delicate problem. Indeed, assumptions on the
class of admissible loads have to ensure that no part of the body is broken apart
and sent to infinity, which clearly excludes the case of a constant body force (see
[19, Remark 3.1]). To avoid the occurrence of such phenomena, it is natural to
assume a uniform L* bound on the admissible functions, see for example [20,22].
Unfortunately, this is not expedient in our setting since the bound ||y|lco < M is
futile after passage to rescaled configurations in Theorem 2.2.

Let us mention that in [19] body forces were indispensable to ensure reasonable
compactness properties for sequences and to guarantee existence of minimizers. In
our setting, however, due to the subtraction of suitable rigid motions on a partition
of the domain (cf. (2.6)(i)) we obtain a compactness result without the necessity of
additional loading terms.

We fix a sequence g — 0 and consider the following prototype problem
Fg, : SBVy(2) — [0, 0o) with

A
Fu () = Ea 0) + Iy = fel 72 (2.12)

where A > 0 and (fi)x C SBVm(£2) a sequence with sup, Eg, (fi) < 00. An
expansion yields the constant Ae,_ ! Jol fc|?, the external load —2)»8]:1 Jo fi-y
and the term As;l fQ |y|?. The latter can be interpreted as an artificial confining
potential, which prevents parts of the body from being sent to infinity.

We assume that there is a triple (g, Py, Ty) € Do such that fi — (g, Py, Ty)
in the sense of Definition 2.3 and that for the associated triples (g, P,‘f , Tkg) eD
satisfying (2.6)—(2.9) we have ek_l/z(fk — Tkg) — gin L*(Q) and P,f = P, forall
k € N. (Note that up to a subsequence the convergence in the sense of Definition
2.3 is already guaranteed by Theorem 2.2.) Moreover, we suppose that P, is the
coarsest partition given by Theorem 2.6(ii) and write Py = (Pjg )j-ByCy C Doo
we denote the set of triples (u, P, T') € Doo with T = T, and the property that P,
is coarser than P, that is for each P; there exists P with |P;\Pf| = 0.

Lemma 2.10. Let (yx)x C SBVy(R2) be a sequence with Fg, (yr) < C and yy —
(u, P, T) € Dy in the sense of Definition 2.3. Then (u, P, T) € C,.

Recalling (2.11) we introduce the limiting energy F, : Do — [0, 00] by

E(u,P,T) + min Mo — gll? if (u, P, T) € C,,
Fylu, P, T)= ( ) veut VT AP) MV = gll72 o) 1 ( ) €Cy
+00 else,
where A(P) as defined below (2.4). Similar to the functional in (2.11), F, is in-
variant under infinitesimal rigid motions on the components of the partition P.
However, the additional term on the right induces a symmetry breaking and there
is exactly one distinguished configuration u™* in the class u + VT A(P) (cf. (iii) in
Theorem 2.6) which satisfies min, ¢, yvr.4P) v — g||iz(9) = |lu*— glliz(m. We
close this section with a corresponding I"-convergence result.
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Theorem 2.11. Let @ C R? open, bounded with Lipschitz boundary. Let M > 0,
er — 0 and (fy)k, g as above. Then Fe, converges to Fy in the sense of T'-
convergence. (Replace Eg by F,, and E by Fy in (i),(ii) of Theorem 2.7.) Moreover,
we have

lim inf Fe, = min F,(u,P, T),
k—00 yeSBVy(Q) e (V) u,P.T)eDus s )

and (almost) minimzers of Fe, converge (up to subsequences) to minimizers of Fg
in the sense of Definition 2.3.

2.6. Application: Cleavage Laws

In fracture mechanics it is a major challenge to identify critical loads at which a
body fails and to determine the geometry of crack paths that occur in the fractured
regime. As another application of the above results we now finally derive such a
cleavage law. We consider a special boundary value problem of uniaxial compres-
sion/extension. Let @ = (0,1) x (0, 1), Q" = (=n,1+n) x (0, 1) for! > 0,7 > 0
and for a, € R define

Alas) :={y € SBVy () : y1(x) = (1 + ag)xy forx; < 0orx; = [}.

As usual in the theory of SBV functions the boundary values have to be imposed in
small neighborhoods of the boundary. In what follows, the elastic part of the energy
(2.3) still only depends on y|q, whereas the surface energy is given by ! (Jy) with
Jy C Q'.In particular, jumps on {0, [} x (0, 1) contribute to the energy E.(y). (Also
compare a similar discussion before [31, Theorem 2.2].) The present problem in
the framework of continuum fracture mechanics with isotropic surface energies is
a slightly simplified model of the problem considered in [29,31].

As a preparation, define « such that inf{Q(F) : elT Fe; = 1} = o and observe
inf{Q(F) : elTFel = a} = aa® for all a € R. Moreover, let F¢ € ngxnf be the
unizque matrix such that elTF“el = a and Q(F%) = inf{Q(F) : elTFel =a} =
aa”.

We recall that the proof of the cleavage laws in [29,30,37] fundamentally relied
on the application of certain slicing techniques which were not suitable to treat the
case of compression. Having general compactness and I'-convergence results we
can now complete the picture about cleavage laws by extending the results to the

case of uniaxial compression.

Theorem 2.12. Suppose that a./\/¢ — a € [—00,0c0]. The limiting minimal
energy is given by

lim inf{E,(y) : y € A(ag)} = min {%alaz, 1} ) (2.13)

Let acrit := +/ 270‘ For every sequence (y:)e of almost minimizers, up to passing to

subsequences, we get g~ 1/2 (ye(x) — x) — u(x) for almost every x € 2, where
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(i) if lal < acriv, u(x) = (0,5) + Fx fors € R, and

0,s) x1 <p,

(ii) if la| > acrit, u(x) = fors,t R, pe(0,]).

(la,t) x> p,

Let us emphasize that the cleavage law is derived for a special geometry of 2
by solving a static, global minimization problem similarly as in [10,30,37]. An
accurate prediction of crack propagation under tensile loading is beyond the scope
of the present contribution.

3. Preliminaries

In this section we collect the definitions as well as basic properties of SBV
and SBD functions and state the rigidity estimates which are necessary for the
derivation of our main compactness result.

3.1. (G)SBV and (G)SBD Functions

Let @ C RY open, bounded with Lipschitz boundary. Recall that the space
SBV(S2, Rd), abbreviated as SBV(2) hereafter, of special functions of bounded
variation consists of functions y € L1($2, RY) whose distributional derivative
Dy is a finite Radon measure, which splits into an absolutely continuous part with
density Vy with respect to Lebesgue measure and a singular part D®y whose Cantor
part vanishes and thus is of the form

D'y = [yl ® vyH! " Jy.

Here H?~! denotes the (d — 1)-dimensional Hausdorff measure, Jy (the ‘crack
path’) is an H? ! rectifiable set in 2, vy is a normal of Jy and [y] = y™ — y~
(the ‘crack opening’) with y* being the one-sided limits of y at Jy. If in addition
Vy € L%(Q) and Hd_l(Jy) < 00, we write y € SBV2(2). See [3] for the basic
properties of this function space.

Likewise, we say that a function y € L'(2, RY) is a special function of bounded

) T ) . .
deformation if the symmetrized distributional derivative Ey := M is a finite

R‘Siyfr‘f—valued Radon measure with vanishing Cantor part. It can be decomposed as

Ey=e(Vy)L' + E'y = e(V) L) + [yl 0 vyH! ™!, (3.1)

where e(Vy) is the absolutely continuous part of Ey with respect to the Lebesgue
measure £, [y], vy, Jy asbeforeanda ©b = % (a®b+Db®a). For basic properties
of this function space we refer to [2,4].

To treat variational problems as considered in Section 2 (see in particular (2.3))
the spaces SBV(S2) and SBD(2) are not adequate due to the lacking L°°-bound
being essential in the compactness theorems. To overcome this difficulty the space of
GSBV (2) was introduced consisting of all £4-measurable functions y : 2 — R¢
such that for every ¢ € C'(R) with the support of V¢ compact, the composition
¢ o y belongs to SBV|o(£2) (see [23]). In this new setting one may obtain a more
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general compactness result (see [3, Theorem 4.36]). Unfortunately, this approach
cannot be pursued in the framework of SBD functions as for a function y € SBD(£2)
the composition ¢ o y typically does not lie in SBD(£2). In [18], Dal Maso suggested
another approach which is based on certain properties of one-dimensional slices.

First we have to introduce some notation. For every £ € RY\{0}, for every
s € R? and for every B C Q we let

B¢ ={teR:s+1t£ € B). (3.2)

Furthermore, define the hyperplane 16 = {x € R¢ : x - £ = 0}. Moreover, for
every function y : B — R? we introduce the function y& : B&S — R9 by

YOS (1) = y(s + 1) (3.3)

and 35° : BSS — Rby 35°(1) = y(s +1&) - £.If $5* € SBV(B*, R) and Je.s
denotes the approximate jump set, we define

Heo= 1 € e 115101 2 1),

The space GSBD(S2, R?) of generalized functions of bounded deformation is the
space of all £¢-measurable functions y : € — R? with the following property:
There exists a nonnegative bounded Radon measure A on €2 such that for all £ €
§4=1 .= {x € R? : |x| = 1} we have that for H¢~'-almost every s € IT¢ the
function 5% = y&9 . £ belongs to SBVoc(25%) and

/ (1035 1BE\ L )+ HOBE 01 7L ) dHI T (5) £ 0B)
I ’

for all Borel sets B C €.

We refer to [ 18] for basic properties of this space. In particular, for later reference
we now recall fundamental slicing, compactness and approximation results. We first
briefly state the main slicing properties of GSBD functions (see [18, Section 8,9].)

Recall definitions (3.2) and (3.3) and let Jyg ={xeJy:[ylx)-& #0}L

Theorem 3.1. Ler y € GSBD(Q). For all ¢ € S~ and H?'-almost every s in
¢ = {x : x - &£ = 0} we have Jses = (Jf)é's and

/#Jﬁg.sdﬁd”(sp/ vy - &[aH
né 'S

Moreover, the approximate symmetrized gradient e(V'y) exists in the sense of [18,
(9.1)], satisfies e(Vy) € LY (2, R and for all ¢ € S and H?'-almost

sym
every s in T1¢ we have

ETe(Vy(s +1£)E = (35%) (1) for almost everyt € Q55

If, in addition, e(Vy) € L*(Q) and H?~1(Jy) < oo, we write y € GSBD?*(2).
Similar properties for SBV functions may be found in [3, Section 3.11]. We now
state a general compactness result in GSBD proved in [18, Theorem 11.3] which
we slightly adapt for our purposes.
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Theorem 3.2. Let (yi)i be a sequence in GSBD*(Q). Suppose that there exist a
constant M > 0 and an increasing continuous functions ¥ : [0, co) — [0, o0)
with lim;_, oo ¥ (t) = 400 such that

/Qw<|yk|)+/9|e(Vyk)|2+Hd*‘(1yk)§M

for every k € N. Then there exist a subsequence, still denoted by (yx)k, and a
function y € GSBD? () such that

Yk — y pointwise almost everywhere in €2,
e(Vyr) — e(Vy) weakly in L*(%, ngxmd), (3.4)
lim inf 741 () = HITN(Jy).

k— 00

The lower semicontinuity result for the jump set can be generalized considering
one-dimensional slices. Define 0, : [0, c0) — [0, 1] by 6,() = min{é, 1} for
o > 0 and additionally 6y = 1. Let

= [ [ sasionatomle 6
e JBesn

for all Borel sets B C Q.

Lemma 3.3. Let (yi)x be a sequence in GSBD*(2) converging to a function y €
GSBD?*(Q2) in the sense of (3.4). Then

ATEW) < liminf 455 (U)

forallo =0, every € € S~ and for all open sets U C Q.

Proof. As y, — y in the sense of (3.4), we may assume that (;)5* — 5% in
GSBV (U5*) for H?~!-almost every s € U¢ := {s € 1 : U5 # ). This is one
of the essential steps in the proof of Theorem 3.2 (cf. [18, Theorem 11.3] or [4,
Theorem 1.1] for an elaborated proof in the SBD-setting). The desired claim now
follows from the corresponding lower semicontinuity result for GSBV functions
(see for example [3, Theorem 4.36]) and Fatou’s lemma. O

We briefly note that using the area formula (see for example [3, Theorem 2.71]))
and fine properties of GSBD functions (see [18]), ﬁ,g’s (B) can be written equiva-

lently as
ATE(B) = / o O (Il EDlvy - £ dH! (3.6)
1ynB

forall o = 0, for all £ € S9! and all Borel sets B C  (see also [18, Remark
9.3]). Finally, we recall a density result in GSBD (see [34]).
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Theorem 3.4. Let y € GSBD*(Q2) N L%(Q). Then there exists a sequence yi €
SBV?(Q) such that each Jy, is contained in the union of a finite number of closed
connected pieces of C'-hypersurfaces, each yy belongs to Wl’oo(Q\J_yk, R?) and
the following properties hold:

@) lye = yliz2@) — 05
(i) lle(Vyr) —e(VY)ll 2 — 0
(iii) M7 Ty A0y) — 0.

3.2. Caccioppoli Partitions
Let Q c R4 open and E C 2 measurable. For ¢ € [0, 1] we define the points
of density ¢ by

(3.7)

ENB
Etz{xeRd:Iimeﬂz }

|Bo (x)]

(see [3, Definition 3.60]). By 3* E = R\ (E°U E!) we denote the essential bound-
ary of E and H'(3* E N Q) denotes the perimeter of E in Q (cf. [3, (3.62)]) .

We say a partition P = (P;)jen of Q is a Caccioppoli partition of Q if
Zj Hl(a*Pj) < +oo. We say a partition is ordered if |P;| = |P;| fori = j.
In the whole paper we will always tacitly assume that partitions are ordered. Given
a rectifiable set S we say that a Caccioppoli partition is subordinated to S if (up
to an H? ™ !-negligible set) the essential boundary 0% P;j of P; is contained in S for
every j € N.

The local structure of Caccioppoli partitions can be characterized as follows
(see [3, Theorem 4.17]).

Theorem 3.5. Let (P;); be a Caccioppoli partition of 2. Then
PH'y " P, N O*P;
Uj( 2 Ui#j ' /

contains H4~-almost all of Q, where (Pj)l as defined in (3.7).

Essentially, the theorem states that ¢~ !-almost every point of 2 either belongs to
exactly one element of the partition or to the intersection of exactly two sets 9* P;,
0% P;. We now state a compactness result for ordered Caccioppoli partitions (see
[3, Theorem 4.19, Remark 4.20]).

Theorem 3.6. Ler @ C R open, bounded with Lipschitz boundary. Let P; =
(Pji)j, i € N, be a sequence of ordered Caccioppoli partitions of Q fulfilling
sup; Zj HA] (0% Pj ;) < oo. Then there exists a Caccioppoli partition P = (P;) ;
and a not relabeled subsequence such that | P; ; AP;| — O forall j € Nasi — oo.

We will also use the fact that |P;;AP;| — 0 for all j € N is equivalent to
Z.,' |P; i AP;| — 0. Caccioppoli partitions are naturally associated to piecewise
constant functions. We say y : Q — R™ is piecewiese constant in Q if there
exists a Caccioppoli partition (P;); of € and a sequence (¢;); C R™ such that
y=> jtixp;- We close this section with a compactness result for piecewise
constant functions (see [3, Theorem 4.25]).
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Theorem 3.7. Let Q C R open, bounded with Lipschitz boundary. Let (y;); C
SBV(2, R™) be a sequence of piecewise constant functions such that sup; (|| yi |loo +
Hd_l(fy,-)) < 00. Then there exists a not relabeled subsequence converging in
measure to a piecewise constant function y.

3.3. Rigidity Estimates

In this section we first recall a geometric rigidity result obtained in the frame-
work of nonlinear elasticity and a piecewise rigidity estimate for brittle materials
for the sake of completeness. Afterwards we introduce a quantitative result in SBD
adapted for Griffith energies of the form (2.3) which will be the starting point for
our analysis.

We begin with the quantitative geometric rigidity result by FRIESECKE ET AL.
[32] which generalizes the classical Liouville theorem.

Theorem 3.8. Let Q@ C RY a (connected) Lipschitz domain and 1 < p < oo. Then
there exists a constant C = C(S2, p) such that for any y € WHP (2, R?) there is
a rotation R € SO(d) such that

IVy = Rllpr@) = Clldist(Vy, SOW@) |l Lr(g) -

In the theory of fracture mechanics the problem is more involved as global
rigidity can fail if the crack disconnects the body. CHAMBOLLE, GIACOMINI AND
PONSIGLIONE [15] have proved the following qualitative result for brittle materials
which do not store elastic energy (that is Vy € SO(d) almost everywhere in €2):

Theorem 3.9. Let y € SBV(Q) such that HY~'(Jy) < +o0 and Vy € SO(d)
almost everywhere in Q2. Then y is a collection of an at most countable family
of rigid deformations, that is, there exists a Caccioppoli partition P = (P});
subordinated to Jy such that

YOO =3 (R x +b))xe, (1),

where R; € SO(d) and b; € R,

Loosely speaking, the result states that the only way that rigidity may fail is
that the body is divided into at most countably many parts each of which subject
to a different rigid motion. We briefly note that there is an analogous result in
the geometrically linear setting (see [15, Theorem A.1]). A function u € SBD(2)
with H9~1(J,) < +o0 and e(Vu) = 0 almost everywhere in Q2 has the form
u(x) =3 ;(Ajx +bj)xp,(x) for A; € RGX and b; € RY.

We now introduce a quantitative SBD-rigidity result which may be seen as a
suitable combination of the above estimates and is tailor-made for general Griffith
functionals of the form (2.3) where both energy forms are coexistent (see [28,
Theorem 2.1, Remark 2.2]). Let Q, = {x € Q : dist(x, d2) > p} for p > 0.
Recall (2.1), (2.3) and introduce an auxiliary energy functional by

Ef(y,U) = é/ywwyu))dwf

Jyn

” S dH! (x) (3.8)
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forp > 0,¢ > 0and U C Q, where f£(t) := min{ﬁ, 1}. Recall the definition

e(G) = 9% for all G € R¥*2.

Theorem 3.10. Let Q@ C R? open, bounded with Lipschitz boundary. Let M > 0
and 0 < n, p < 1. Then there are a universal constant ¢ > 0, constants C =
CQ, M, n) > 0, C = é(Q, M,n,p) > 0,and ey = eo(M, n, p) > 0 such that
the following holds for all 0 < ¢ < gg: for each 'y € SBV ;1 (Q2) with Hl(Jy) <M
and fQ dist? (Vy, SO2)) £ Me there is an open set Q) C Q and a modification
v € SBV ) () satisfying

D 13 = ¥72,) +IVI = Vyliaq,, S Cep.  12\2y| < Cp, and 49,
(ii) EF($.92,) S Ec(y)+Cp

with the following properties: We find a Caccioppoli partition P = (Pj); of 2,
with Zj Hl(a*Pj N Q,) = C and for each Pj a corresponding rigid motion
Rj-+bj, Rj € SOQ2) and b; € IR?, such that the function u : Q — R? defined by

yx)—(Rjx+bj) forxeP;

u(x) =
0 Jorx € Q\Q,
satisfies the estimates
. 1 = .. 2 A
i) H'(J) €, (i) lul}2q ) < Ce,

N , ~ . (3.10)
(iii) Z,- le(Rf Vil fap, < Ceo (0) [Vulljag, < Ce' ™.

We remark that we get a sufficiently strong bound only for the symmetric part
of the gradient (see (3.9)(iii)) which is not surprising due to the fact that there is
no direct analogue of Korn’s inequality in SBV. However, there is at least a weaker
bound on the full absolutely continuous part of the gradient Vu (see (3.9)(iv)) which
will essentially be needed to estimate the elastic part of the energy in the passage
to the linearized theory (see (4.9) and (4.10) below). In particular, it will allow us
to obtain (2.6)(ii) after modification of u on a set of small measure.

Furthermore, let us briefly note that the uniform bound on the gradient (see
(2.1)) in the setting of the nonlinear model is only needed for the application of the
rigidity estimate. The condition essentially ensures that the elastic energy cannot
concentrate on scales being much smaller than ¢. In particular, this is a natural
assumption in the investigation of discrete systems, where £ may be interpreted as
the typical interatomic distance.

Remark 3.11. (i) Estimate (3.9)(ii) can be refined. Indeed, we obtain

(i) l/ W(V(x))dx < 1/ W(Vy(x)) dx + Cp, and
€ Jq, € Ja

1 _
(i) > H'@*P;NQ) +/ LS dH" < H (Jy) + Cp.
i2 J\U; 9P

(3.11)
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We remark that it is indispensable to allow for a small modification of the defor-
mation in Theorem 3.10 in order to guarantee the sharp energy estimate (3.11)(ii).
(i1) To derive (3.10)(iii) one essentially shows

4 _ s 4 < O
Vil e, = Z,- IV5 = Rjlijacp,, < Ce.

The claim then follows from (2.2), (3.11)(1), || dist(Vy, 50(2))||iz(9) < Mg and
the linearization formula (see [32, (3.20)])

le(RT G — 1d)| = dist(G, SOQ2)) + O(|G — R|?) (3.12)

for G € R**? and R € SO(2), where Id denotes the identity matrix.

4. Compactness of Rescaled Configurations

This section is devoted to the proof of the main compactness result given in
Theorem 2.2. Moreover, we also show that Theorem 2.2 provides an alternative
proof of the piecewise rigidity result stated in Theorem 3.9.

4.1. Preparations

For the compactness theorem in GSBD (see Theorem 3.2) it is necessary that
the integral for some integrand v with lim;_, o ¥ () = oo is uniformly bounded.
We first give a simple criterion for the existence of such a function which is, loosely
speaking, based on the condition that the functions coincide in a certain sense on
the bulk part of the domain.

Lemma 4.1. For every increasing sequence (b;); C (0, 00) with b; — oo there
is an increasing concave Sfunction ¥ : [0, 00) — [0, 00) with lim;— o YV () = 00
and Y (b;) <2' foralli € N.

Proof. Let f : [0,00) — [0, 00) be the function with f(0) = 0, f(b;) = 21
which is affine on each segment [b;, b;+1]. Clearly, f is increasing and satisfies
f () — oo fort — oo, but is possibly not concave. We now construct i and first
letyr = f on|[0, b1]. Assume ¥ has been defined on [0, b;] and that v is increasing,
concave, satisfies ¥ < f and ¥ (b;) = f(b;) = 2. If f'(bi—) = f/(bi+), we set
¥ = f on [b;, bj+1]. Here, f/(t+) denote the one-sided limits of the derivative at
point ¢. This implies that ¢ is concave on [0, b;41] since ¥/ (b;—) = f'(b;i—).

Otherwise, we let ¥ (1) = f(b;)+ f'(bi—)(t —b;) fort € [b;, 1], where 1 is the
smallest value larger than b; such that f(7) = f(b;) + f'(bi—)(t — b;). If t does
not exist, we are done. If 7 exists, we assume 7 € (bj—1,b;] and define ¥ = f on
[t,b;]. Note thatif 7 € (bj_1, b;), we have ¥/'(—) = '(1+) since f is affine on
[bj-1,b;land ¥ < f on (b;, 1). Thus, ¥ is concave on [0, b;].

Repeating the construction we end up with an increasing concave function ¥
with ¢y < f and ¥ (1) - ocofort — 0o. O
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Lemma4.2. Let @ C R? and let (yl)l c LYQ) be a sequence satisfying
12\ U en Mz " — y'| £ 1}| = 0. Then there is a not relabeled subsequence
such that

/ v(y'psc
Q

foraconstant C > 0 independent of |, where \ is an increasing continuous function
with lim;_, s ¥ (1) = o0.

Proof. Define C; := max;<;<; [y'll1(q) forall L € N. Let A, = (>, {y" —
y'| £ 1} and set B; = A; as well as B, = A, U"il B, for all n € N. The sets

m=1
(Bp)n are pairwise disjoint with ) |B,| = |S2]. We choose 0 = n; < np < ...

such that 3~ <, <, % > 1—47". Welet B = J,Z, | By and observe | B'| <
47Q|.

We pass to the subsequence (n;); C N and choose E/ O B’ such that |E!| =
479, Let b; = Cl’g,f‘l +2 = 478 42 fori e N and note that (b); is
increasing with b; — oco. By Lemma 4.1 we get an increasing concave function
¥ 1 [0,00) — [0, 00) with lim;_, o ¥ (1) = oo and ¥ (b;) < 2/ forall i € N.
Clearly, v is also continuous.

For B! := Q\ UM, B, we have |B'| < 471|Q| and choose Ei D B! with

|E?| = 477|Q|. We then obtain % =4 \CS?I < b;. Now let [ = n;. Using Jensen’s

inequality, the definition of the sets B, || yl [l 1 (@) < C; and the monotonicity of v
we compute

/Qwﬂyln =D <icin /ij<|yl|)+/él_w<|y’|)

= Zlgjgi—l /;;, A +2) + /gi v (y')

<D W (ﬁ "+ 2) +1E (][E |yl|)

< —J J —i i< —j
=21§j§i,]4 |22 + 471212 :IQIZjeNz RNCRY!

As the estimate is independent of [ € (n;);, this yields fQ v (| yl ) £ C uniformly
in/, as desired. O

4.2. Proof of Theorem 2.2

Now we are in a position to give the proof of the main compactness result. In
the first part we show that (2.6)—(2.8) hold.

Proof of Theorem 2.2, part 1. Let (g;); be a sequence with e — 0. Let yx €
SBVy () with E, (yx) < C be given. Possibly passing to a larger M, we get
| dist(V yg, S0(2))||i2(9) < Mg by (2.2) and Hl(Jyk) < M for all k € N. In the
following generic constants only depending on 2 and M will be denoted by C.
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Step I: Choose py > 0 small and let p; = 273 py for all [ € N. We apply Theorem
3.10 for p = p; and n = % (the choice of 7 is related to the exponent —% in
(2.6)(ii)). Denote by ¢, C = C(2, M, 1), él = C‘l(Q, M, n, p;) the constants in
Theorem 3.10. For each I € N there exists k; = «;(M, n, p;) such that for k = «;
we find modifications y! € SBV.y(Q, R?) with EL (vi, Q) < Eq (k) + Cpy
and

I _ 2 I _ 2 <
3% = 132 g, + V5% = Vol gy, < Cerpr, (42)

where Qi = Qyi with |§2\Q§<| < Cp;. We further get Caccioppoli partitions

(P]]."l)j of Q, with Zi HI(B*PJIF’I NQy, = C and corresponding piecewise

rigid motions Tkl = Z/(RI;-’Z . +b];-’l)xpk,z + idXQ\QﬂI such that the functions
: j

vl : Q — R? defined by

k.l k1l k.
(y]lc(x) — (R x+ Db )) forx e P, jeN,

1 k,INT

L (R®
v (x) = Oﬁk( i |
else,

satisfy by (3.10)

= A A _—1/5
H' ) £ €, Il + leVupliag = G IV, < G .

4.4)

We recall ||y,l<||OO < ¢M for all k = k;. Thus, possibly passing to other (not

relabeled) constants b];’l in (4.3), we can assume that |bl;’l| < CMforC =C(2,¢)
and that (4.4) still holds. Each partition may be extended to €2 by adding the element
Q\,,. As for pg small enough we get H! 02, = CH'(3K) (see [24, Theorem
4.1]) foralll € N, there is C = C(C, ) such that

Zj H'@*PF) < C. 4.5)

Step I1: Using a diagonal argument we get a (not relabeled) subsequence of (&x)x
such that by Theorem 3.2 for every [ € N we find v/ € GSBD?*(2) with

v,l( — o' almost every where in Q and e(Vv,l() — e(Vvl) weakly in L2(S2, ngxn%)

(4.6)

for k — 0. By Theorem 3.6, Theorem 3.7, (4.5) and the fact that 5| < CM we

obtain an (ordered) partition (P;) j of @ with )~ i H! (8*P]’. ) < C and a piecewise

rigid motion T* := Zj (Ri. . +b§-)Xp1, such that for all I € N we get (again up
J

to a subsequence) |P/]."ZAP5| — 0, Rf.’l — Rll., and b]j.’l — blj for all j € N as

k — oo. This also implies - ‘

k.l
Z,- |PYAPH T = T2y + IVT = VT 12y = 0 (4.7)



448 MANUEL FRIEDRICH

for k — 00. We now show that
W@ € Cl g = CCL H' I €, lle(VoD)l7ag S C. (48)

The first two claims follow directly from (4.4) and (3.4). To see the third estimate, we

let q&,l( (x) = X[0.e-V/% ( Vv,l( (x)]) (cf. (2.6)(ii)). Moreover, we obtain by an elemen-
£

tary computation (cf. (3.12)) dist?(G, SO(2)) = |e(RT G —1Id)|* +wgis (RT G —1d)

for G € R**2, R € SO(2) with sup{|G| P wgis(G) : |G| £ 1} £ C. We compute

by (2.2) and (4.3)

C

1\

C .
Ef' (. Qp) 2 o / dist*(Vy;., SO(2))

Q,

v

C
S L o (T I  TP + o (R, - 1)
& —J Jrl'ng,

1
=C /Q oL (|e<Vvi>|2 + gwdistwavl)i)) : 4.9)

The second term of the integral can be estimated by

1 a)dlst(\/ VU )
I 1 1 1,3 k
—wdist (/€ VU)Z/ VeV |—_C —>0.
/§2¢k8k VT sz¢k ¢ NG Vvkl3
(4.10)

As e(Vv,l() — e(Vvh) weakly in L?(2) and q&,’( — 1 boundedly in measure on 2 by
(4.4), it follows ¢ke(Vv,lc) — e(Vvh) weakly in L3(R). By lower semicontinuity
we obtain ||e(Vv )|| < C for a constant particularly independent of p; which
concludes (4.8).

Step I11: We now want to pass to the limit/ — oo. Similarly as in the argumen-
tation leading to (4.7), by the compactness result for piecewise constant functions
(see Theorem 3.7) we find a partition (P;); of € and a piecewise rigid motion
T:=5) j (Rj-+bj)x P; such that for a suitable (not relabeled) subsequence

LX) =

Z,- |PLAP) 4+ 1T = Tlipaig) + VT = VTl 12y — 0 (4.11)

for I — oo. Recalling (4.7) and using a diagonal argument we can choose a (not
relabeled) subsequence of (p;); and afterwards of (e ) such that for all / we have

Do PR =27 Y IPPAP S 2T forall k21 (412)
J J

We see that the compactness result in GSBD cannot be applied directly on the
sequence (v"); as the L? bound in (4.8) depends on p;. We now show that by
choosing the rigid motions on the elements of the partitions appropriately (see
(4.3)) we can construct the sequence (v1); such that we obtain

)Q\UneN ﬂm;n{lv"—vml S 1} =0, (4.13)
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and thus Lemma 4.2 is applicable.
Step IV: We fix k € N and describe an iterative procedure to redefine Rk ! bk !

forall withk = «; and j € N. Let © vk = vk as defined in (4.3) and assume vk w1th

pk,l bk[ klbkl)

corresponding Ry have been chosen (which possibly differ from R

such that (4.4) st111 holds possibly passing to a larger constant Cr=Ci (2, M, ).
Let I{" = {j : |PF"* 1 n P = 4Cpy} and 1) = N\I}"'. Define

REH S RO BRI B g j e g

J
RRAFL — gki+1

Sl kit
j ;e by =h

for j € I}, (4.14)
Consider j € If’l and define R’/. = R];’IH — R];’l, b’l. = b’;’lH — l;]j‘.’l, Pj’. =

PJ’F’IH N lef’l N Qf{ N Q;f‘ for shorthand. By the triangle inequality, (4.2) and (4.3)

we get
I+1 I+1
IRG - +85 ey S Vel e + 10 l2@) + 10k = 96 20t oty

< Ve (Cr + G+ CJpr + Cypr) < Ci/er (4.15)

for a constant C’ = C/ (2, M, n, 1), where in the penultimate step we used that
(4.4) holds for v vk and vl'H Herefrom we now derive |R}| <C l/ €k Indeed, if
R} # 0, then R; is invertible and a short computation yields

IR =2l 2 g, S IRG 6512y < ClEr, (4.16)

where 7 := —(R})_lb;. and B (z) denotes the ball with center z and radius A =
(~'Cpr)'/?. Then by definition of 7;" and |2\2}| < Cp; we find |PI\By.(2)] =
|PJ’.‘J+1 N PJ’.‘~’| — 1\ Q| — 12\Q2LT! |~ |Bi.(2)| = Cpr, which together with (4.16)
implies the claim for C; sufficiently large.

Recalling (4.15) we then also find |b}| <C l/ /€ and summing over all com-
ponents we derive

!/ /! /! /
2,;1("R I gpsson, + VR agprinn, + 1RG50 i)
JEI”

< 1f1q
4C/0[

<#I1H Cley £t

where in the last step we used the definition of 1~ 1 ! Define © Uy +1 2 in (4.3) with
Rk_,Hl [;k,l+1 instead of Rk I+1 bk I+1
J
fact that (4 4) holds for vlel now shows (4.4) for v,lfl Indeed the estimates for
||vk ||Lz(9), ||Vvk+ Il L2(g) follow directly and for ||e(Vvk )IILz(Q) we argue as
in Remark 3.11(i1). _
Note that as (C;); also (Cy); converges to infinity. For simplicity the modified
functions and rigid motions will still be denoted by v,l(, Rf’l and bl;’l in the following.

. The previous estimate together with the
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By a diagonal argument we can choose a further (not relabeled) subsequence of
(ex)k such that the modifications vk exist for all / e Nand k = 1.

Step V: We define A} ; = My <m<l{|vk AR }foralln e Nandn <1 < k.
If we show

|Q\A},| < c27", 4.17)

then (4.13) follows. Indeed, for given I = n we can choose K = K () = [ so large
that [{Jv} —v™| > %}| <27 foralln < m < [ since v]' — v” in measure for
k — oo. This implies

1 _
[0, 1" =V IS DS IRNAR 1+ Y g =] > I=C27.

Passing to the limit / — oo we find |Q\[),,>,{[v" —v"| £ 1}] £ C27" and
taking the union over all n € N we derive (4. 13).

To show (4.17) we proceed in two steps. Employing the redefinition of the
piecewise rigid motions we first show that the set where 7", n < m < [, differ is
small. Afterwards, we use (4.2) to find that the set where y;", n < m < [, differ is
small. We define B!} = (1, <, < AT{" = T}"} for k = | = n and prove that

|Q\B},| < C27" (4.18)

for all k 2 [ = n. To this end, consider {T}" = Tkm+1} forn <m <1 —1and
first note that by (4.12) we have 3~ |Pk’m+lAPk’m| < 3.27" Define J1 C N
such that |Pk m+1| < 8Cp,, forall j € J; and let J» C N\ J; such that |Pk mtl A

PEM) > 2|ij "+ forall j € J,. Observe that [P} *'| < 2| P ’"+1\P’”"| for
Jj € J3 := N\(J; U Jp). Using the isoperimetric mequahty and the the fact that
(om)m C 27 3m;00)m we find by (4.5)

Z |Pkm+l| < (8C,Om)2 Z |Pkm+1|2 <2~ mz H (8 Pkm+l) <C2 m
jen J€N

Due to the above construction of the rigid motions (see (4.14)) we obtain {7} =
k,m+1 k,
Ty o Ujesn (P mtln P;"™) and therefore
k m+1 |

m-+1 < k,m+1 k,m
QT =1 <> e 1PP |+Z]€JM !
k, 1 k, k, 1 k, —
< Zjeh [Py NP |+ Z,-Eh 21PN P 4 C27
<2y IPPHAPEM 4 c2Tm < 2T
J

Summing over n < m = [ — 1 we establish (4.18). Now recalling (4.2), (4.18),
|2\Q%| < Cp; and the fact that (p;); C (273 pg); we find

QAL S IBE I+ M =t > 2 ) S e

forall k =1 = n, as desired.
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Step VI: By (4.8) and (4.13) we can apply Lemma 4.2 on the sequence (vh);. We
employ Theorem 3.2 and obtain a function v € GSBD(£2) and a further not relabeled
subsequence with vl - vaein Qand e(Vvl) — e(Vv) weakly in L(Q, Rfyxn%)

We now select a suitable diagonal sequence such that (2.6)—(2.8) hold. First, we
may suppose that after an infinitesimal modification we have
v,i € W2’°°(Q\J_U£) (see [16]). Consequently, by the coarea formula [3, Theo-

rem 3.40] we get Hl(a*{|Vv,l(| < Ask_l/g}) < oo for all A € (%, 1)\H1, where

H,ﬁ is an £'-negligible set. Choosing A € (%, D\ Uk,leN H,ﬁ and defining qAb,l( =

X0 M—us](le,l{(x)D, the functions 9} := $Lvl lie in SBV(S2) by [3, Theorem
Mk

3.84]. Recalling the definition of ¢,l{ before (4.9), we observe that by (4.9), (4.10)
the functions fulfill [|e(Vo)ll;2(q) = C and ||Vf),l(||C>o < sk_]/g for a constant in-
dependent of k,/ € N. Moreover, by (4.4) we get qgll{ — 1 in measure on 2 as
k — oo.

As weak convergence in L2 is metrizable on bounded sets and convergence in
measure is metrizable (take (f, g) — fQ min{| f — g[, 1}), we can apply a diagonal
sequence argument and find a not relabeled subsequence (y, ), and a corresponding
diagonal sequence (w;)pen C (ﬁ]l()k,l with corresponding partitions (Pj’?) j and
piecewise rigid motions (7;), such that by (4.6), (4.7) and (4.11)

w, — v inmeasure on 2, e(Vw,) — e(Vv) weakly in LZ(SZ),
T, - Tin L*(Q), VT, — VT inL*(Q), |P}AP;j|— 0 forall j €N
(4.19)

for n — oo. Up to a further subsequence we can assume w, — v almost every-
where and VT,, — VT almost everywhere in 2. Finally, define u, = VT,w, for
alln € Nandletu = VT v. Observe that (2.6)(ii), (2.7), and (2.8) hold. Moreover,
as (;ASIZ( — 1 in measure on 2 and |Q\Q§(| — 0 for k, I — oo, we also get (2.6)(i)
recalling (4.2), (4.3) and possibly passing to a further subsequence. O

To complete the proof of Theorem 2.2, it remains to show (2.9).

Proof of Theorem 2.2, part 2. Tosee (2.9)(i), it suffices to recall that each VTnTun
coincides with some ¢! vl and thus Id + /&, VT,! Vu, = (VT))TVyl almost
everywhere on {ch),l{ = 1} N, by (4.3). The assertion then follows from (3.11)(i)
and the frame indifference of W. We now show (2.9)(ii). To this end, the estimate
is first carried out in terms of the auxiliary functionals (see (3.8)). Afterwards, we
conclude by passing to the limit p — O.

Let v as given in (4.19) and recall u = VTwv. The sets Jf = {x € Jy :
[v](x) = d} ford € B1(0)\{0} are pairwise disjoint with H!-o finite union, that is
H! (Jf ) = 0 up to at most countable values of d. Consequently, we can choose a
sequence (b;); withO < |b;| = 1suchthatb; # b; andHl(inib"’) = 0fori # j.
Replacing v by 0 = v+ >_; b;xp;, we thus obtain Hl((Uj *P; N Q)\Jy) = 0.
We first show that for (2.9)(ii) it suffices to prove

liminfy 0o H' (Jy,) = H' (J5). (4.20)
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Indeed, we get H!(J;) = H'(J,\dP) +H' (3P N ), where for shorthand d P =
U; 9*Pj: We have H' (J5) = H! (J; U 0P NQ)) = H' (9P N Q) +H! (J;\P).
Then it suffices to note H! (J5\d P) = H' (J,\d P).

We now show (4.20) in two steps first passing to the limit k — oo and then
letting [ — oo. We replace vk (see (4.3)) by v vk = vk + Z b]XPkI and v' by
o= o+ Zj ijsz_ noting that ”k — 9l for k — oo (cf. (4.6)) and LG
for | — oo in the sense of (3.4). In the following we write J,f = J~1 N £, and
apkl . U a* PJk ! for shorthand, where 2, was defined before (3. 8) ‘We obtain
by (4. 3) 3. 11)(11) and Theorem 3.5

H' (Jy)+Cpi Z/,l\apk.z (| Lyl dH'+H @ PH N Q)

z/ ep,(|[6,i]|)dH1+H1(aPk”nszp,)zf 0, (|[941]) dH?,
Jhapkl Jl
4.21)

where 0, (t) 1= min{é, 1} for o > 0. We cannot directly apply lower semicontinu-
ity results for GSBD functions due to the involved function 6,,. We therefore pass
to the limit k — oo on one-dimensional sections.

Recall the measure ﬂ‘fl’s defined in (3.5) for o = 0. By Lemma 3.3 we have

AU&(U) < hmmf[LUIS(U)

forall o > 0, & € S' and for every open set U C Q. Let k| = fsl lv-E|dH (&)
for some v € ! which clearly does not depend on the particular choice of v. Using
Fatou’s lemma and (3.6) we compute

liminf 2! (Jy,) + Cps = liminf/ 0, (I[051]) dH!
k— 00 i k—00 Jli
gK;I/ liminf/ 05 (0L () D vy (x) - & dH (x) dH (8)
sl k— 00 Jl k

;K;‘/Sl llmmful (Qp,)dH‘(s)zK;‘fs A"g(szp,)dH ().

k— o0

We pass to the limit [ — oo (that is p; — 0) and obtain by Lemma 3.3 and the
dominated convergence theorem

lim inf H' (J;,) gxf‘/ A% (@) dH! (©).
k—o00 sl

Recall that 6, — 1 pointwise for 0 — 0. Now letting 0 — 0 we obtain by the
dominated convergence theorem and (3.6)

lim inf ' (J,,) gxl—lf A% Q) dH' (©)
k— 00 sl

Z’ﬁ_l/ / lug(x) - €] dH (x) dH (&) = H (Jp).
sttt

This gives (4.20) and completes the proof. O
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Remark 4.3. Using (2.6)(ii), (2.9)(i) and arguing as in (4.9), (4.10), we observe
that all sequences (ux, Pk, Ty) in Definition 2.3 satisfy ||e(VTkTVuk)I|Lz(Q) <C
for C > 0 only depending on sup; Eg, (yx), €2, and the constant in (2.2).

At the end of this section we briefly note that our compactness result provides
an alternative proof of the piecewise rigidity result given in Theorem 3.9 (at least
in a planar setting).

Proof of Theorem 3.9 for d = 2. Let y € SBV(Q2) with Hl(Jy) < oo as well as
fQ dist>(Vy, SO(2)) = 0 be given. First, assume y € L°°(L2). Define an arbitrary
infinitesimal sequence (e); and the sequence y, = y for all k € N. Applying
Theorem 2.2 we obtain piecewise rigid motions 7, Ty such that Ty — T, VT —
VT in L?(2) by (2.7) up to passing to a subsequence. Moreover, yx — Ty — 0
almost everywhere in €2 for k — oo by (2.6)(i). This implies y = T is a piecewise
rigid motion. If y ¢ L°°(L2), using the BV coarea formula we can approximate y
by a sequence yxa, + idxo\0, € SBV(2) N L>(2) with sup, H (3% Dy) < o0,
|®;| — 0 for k — oo and conclude by Theorem 3.7. O

5. Admissible and Coarsest Partitions and Limiting Configurations

In this section we will prove Theorem 2.6. Let (yx)x be a (sub-)sequence as
considered in Theorem 2.2. Recall Definition 2.5. For notational convenience we
will drop the dependence of (yi) in the sets Zp, Z,, Zr. We introduce a partial
order on the admissible partitions Zp: Given two partitions Pl .= (le) s P .=
(P}); in Zp we say P* = Pl if

1 . 2 1\ p2
for all le there exists sz such that |le\Pj2| =0. 5.1)

Note that Theorem 3.5 implies | J; 8*Pj1 o U 8*Pj2 up to an H'-negligible set.
We observe that if P! > P2 and P> > P!, abbreviated by P! = P? hereafter,
then the Caccioppoli partitions coincide: After a possible reordering of the sets we
find |P}APJ.2| =0forall j € N.

We begin with the observation that the piecewise rigid motion is uniquely
determined in the limit.

Lemma 5.1. Let (yr)r be a (sub-)sequence as considered in Theorem 2.2. Then
there is a unique T € Zr.

Proof. Assume there are T, T e Zr. Let (u P, T) (u, 79 T) € D according to
Definition 2.5(ii) and let (ug, Pk, T), (uk Pk, Tk) € D for k € N be triples given
by Definition 2.3. As uy — tp — (ek (Tk — Tk)) — 0 almost everywhere by
(2.6)(i) and uy — i1y, converges pointwise almost everywhere (and the limits lie in R
almost everywhere) by (2.8)(i), we get T, — T, ¥ — 0 pointwise almost everywhere.
By (2.7)(ii) this implies T = T. O

From now on T will always stand for the rigid motion given by Lemma 5.1.
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5.1. Equivalent Characterization of the Coarsest Partition

We state a lemma giving an equivalent characterization of the coarsest partition
(recall Definition 2.5(iv)).

Lemma 5.2. Let (yi)r be a (sub-)sequence as considered in Theorem 2.2. Then
P € Zp is coarsest if and only if it is a maximal element in the partial order
(Zp, 2), that is P = P implies P = P.

Proof. (1) Assume that P = (P;); was not coarsest. According to Definition
2.5(iv) let u and (uy, Pk, Tx) € D be given such that (u, P, T) € Dy and (2.6)—
(2.9) hold. Without restriction, possibly passing to a subsequence and reordering
the partition, we assume that ¢, 1/2(|Rk Rk| + |b'1‘ - b12‘|) S Cforallk e N
(cf. (2.10)). By (3.12) we obtain A*¥ € R2X2 for k € N with |A¥| < C such that

skew
RS —RY = RN((RHT RS —1d) = R} (/2x Ak + O (&x)). Passing to a (not relabeled)
subsequence we then obtain for all x € Q

1
S RE — RY bk — b¥
(x) kioo\/a(( 2 l)x+ 2 1)

1
= lim T(kaAkx+b2 b))+ O(Jer) = RAx +b

k—>oo

(5.2)

for some A € ]ngxe%v, beR?and R = limg s 0o Rll‘. We now introduce Py, P, Ty,

iy, u as follows. Let ﬁlk = Plk U sz, 132]‘ =, 13]]‘ = P]]F for j 2 3 and likewise for
the limiting partition P. Let T (x) = R¥ x + b¥ for x € PF and Ty (x) = Ty (x) for
X € Q\f’lk . Furthermore, we let

. 1
fig = up + —=((RS = RY) - +b5 — bY) x s

NG

and # = u + (RA - +b) xp, (see (5.2)). We now show that (i, 75/{, 7o) converges
to (&, P, T) in the sense of (2.6)—(2.9). First, (2.6)(i) clearly holds since Ti—Ti =
((R/l‘ — Rlz‘) . —}—b/l‘ — blz‘)xpzk. Moreover, we derive that (2.7) holds as |R]1‘ - R]2‘| +

Y — b5| — 0 for k — oo. Since H'(J,\U; 9*P) + H'(U;0*P; N Q) =
H (T \U; 0% Pj) + H' (U 9% P; N Q), also (2.9)(ii) is satisfied.

As |Rk Rk| < C. /e, we note that || Viig|lp=) = ce 8 fore > 0 large
enough and thus (2.6)(ii) holds. It remains to verify (2.8) and (2 9)(i). First, (2.8)(1)
follows from (5.2) and the definition of &i. We use R = R’f + ﬁleAk + O(r),

|A¥| < C and || Vug || o) < cek_l/g to find almost everywhere on Pk

VI Vi = (RO Vi + AF + 0(Jer) = (RN Vug + AF + 0(6%). (5.3)

Now we get
A 3/8
Xﬁlke(vr,fwk) = Z kae((R T k) —l—kae(A )+ 0

N T oy . T
Zj:m Xpie(RTVu) = x5 e(RTVa) = x5 e(VT' Vi)
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weakly in L?(2, ngxn%). This gives (2.8)(ii). By the assumptions on W, a Taylor
expansion yields W(G) = 3 Q(e(G — Id)) + ww(G — Id) for G € R?*2, where
sup{|F| Pww(F) : |[F| £ 1} £ C and Q = D>*W(Id). Thus, we obtain by (5.3)

—1/8
and || Vi || ooy < cey

1 . 1 . 1 .
—/ W(Id + /e VT, Viig) :f <7Q(e(VTkTV12k))+—ww(aﬁskVTkTVﬁk))
&k Jpk Pk \2 €k

:/ <1Q(e(VTkTVuk))+ M) 10
PE\2 €k

and likewise

1
— W(Id+@VTkTvuk)=/

&k J P} Pk

1 1
(5 Q(e(VTkTVuk)) + aa)py(@VuU) )

In both estimates the second terms converge to 0 using || Vug|loo + |Vitklloo <

csk_l/ % and arguing as in (4.10). Consequently, we get

1 . 1
—/k Wd + /e VT Vi) = _/k W(d + /e VT Vug) +o(1) (5.4)
€k J Py €k J ps

for ey — 0, that is (2.9)(i) holds. Therefore, P is an admissible partition and thus
‘P is not maximal.

(2) Conversely, assume that P = (P;); was not maximal, that is we find
P = (é/)j with P > P, P # P. Upon reordering we may assume that P N P
and P, N 131 have posAitivei £%-measure. According to Definition 2.§(i) let u, u
and (ug, Pk, Tr), (g, Pr, Tr) € D be given such that (u, P, T), (i, P, T) € Do
and (2.6)—(2.9) hold. As by (2.8)(i) ux and &, convergence pointwise almost every-
where, by (2.6) also g, 12 (T, — f"k) converges pointwise almost everywhere (and the
limits lie in R almost everywhere). But this implies 8,:1/2(|R1;—§If|—|—|bl;—5’1‘ |) <C
for j = 1,2 and k € N. Then 8]:1/2(|le - Rlz‘l + IbllC — b]2‘|) < C by the triangle
inequality. Thus, (2.10) is violated and P is not a coarsest partition. O

The alternative characterization now directly implies that there is at most one
coarsest partition.

Lemma 5.3. Let (yr)r be a (sub-)sequence as considered in Theorem 2.2. Then
there is at most one maximal element in (Zp, 2).

Proof. Assume there are two maximal elements P! = (le)j, P2 = (sz)j € Zp
with P! # P2. As before, without restriction we may assume that Pl1 N P12 and
P21 N P12 have positive £2-measure. We proceed as in the proof of Lemma 5.2(2)
to see that P! is not coarsest and thus not a maximal element in (Zp, >). O



456 MANUEL FRIEDRICH

5.2. Admissible Configurations

We now analyze the admissible configurations if the partitions are given. Recall
the definition of the set of piecewise infinitesimal rigid motions A(P) below (2.4).

Lemma 5.4. Let (y)i be a (sub-)sequence as considered in Theorem 2.2 and let
T € Zr be the unique mapping given by Lemma 5.1. Let P, P € Zp such that
P> Pandii € Z,(P). Then Z,(P) = ii + VT A(P).

Proof. (1)Tosee Z,(P) C i+ VT.A(P), we have to show thatu —it € VT A(P)
for all u € Z,(P). To this end, consider P; € P, P; € P such that |P;\ P;| = 0.
Let (ug, Pk, T), (i, Pr, f"k) € D be given according to Definition 2.3. As uy — g
and thus sk_l 2(Tk — f"k) converge pointwise almost everywhere by (2.6)(i), (2.8)(i),
we find |Rk Rk| + |bk l;f.‘l < C./ek. Repeating the argument in (5.2) we find
some A € ngﬁv, be Rz such that for almost every x € P;
w(x) — i(x) = lim wp(x) — ag(x) = lim e, (i (x)
k— 00 k—o00
—Ti(x)) = VT (x)(Ax + D).

(2) Conversely, to see Z,(P) D i+ VT A(P) we first consider the special case
P=P= (Pj)j.Leti € Z,(P) and A= Z (Aj - +dj)xp; € A(P) be given.
We have to show thatu := i1 + VT A € Z,(P).

According to Definition 2.5(iii) let (uy, Pk, Ti) € D be given such that (2.6)—
(2.9) hold with the limiting triple (iz, P, T). Assume that Tj has the form Ty =
Y (R’;. ~+1§’;.) Xpk- Now choose R’; such that |R§. —R’;. (d—./eA))| = dist(]éj. (Id—

VEA)), SO(2)) and let by = bk — \/exRYd;. By (3.12) we have
R§ = Rf. — \/g—kléfAj —wjx with | x| £ CerlA;j|* forall j e N, (5.5)

Lety = {j € N: |Aj|+1d;| < & "*yand Vi = Uy, P¥ . Note that | Vi| — 0

1/2

fork — ooand g, "“wji| = Ce,i/4 for j € I. Define

_ 1 -
_ k k _ - _
Te=) jer, Ri - TP Xpr & Tixvi Mk—uk+—\/§(Tk Tio).
We now show that (uy, P, Tx) converges to (u, P, T') in the sense of (2.6)—(2.9).

First, (2.6)(i) clearly holds. Moreover, H' (J,,\ Uj *Pj) = H (J7\ Uj 9*P;) and
thus (2.9)(ii) is satisfied. By (5.5) we find

in measure for k — o0. Then it is not hard to see that 7, — T and VI — VT in
L%(Q) which gives (2.7). Likewise, we obtain

1 - _ 1
Mk—ﬁkZ—(Tk—Tk)=Z. <Rk;(Aj-+dj)+—wj,k-)XPk
NG jel \" 7 NG j

— VT Zj(Aj -+dj)xp, = VT A
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pointwise almost everywhere which implies uy — u + VT A and shows (2.8)(i).
By the definition of V} we have

- = —-1/2 —1/8
IVus = Valze S 13 xpe(REA; + e s lie@v < Cep 7™

Therefore, | Vitg|loo < csk_l/ 8 for ¢ large enough, which shows (2.6)(ii). Arguing
as in (5.3) we get by || Vigl| =) < cep /® and (5.5)

_ = —1/2
(R Vuy(x) = (RO Vit (x) + (ROTREA; + (RO e P
= (RN Vir() + Aj + 0"

for almost every x € P]’.‘, J € Ir. Thus, (2.8)(ii) follows from the fact that (2.8)(ii)
holds for the sequence uj and

KNT kT o= )2 1/2
Zjelk /P;( le((RHTVur) — e((RHTVir) | < Ce, /" — 0.

Finally, the above estimates together with a similar argumentation as in (5.4) yield
(2.9)(). .

In the general case we have to show u := u + VIT'A € Z,(P) for given
e Z,(P),P=P,and A € AP). As P € Zp, we find some ii € Z,(P) which
by (1) satisfiesu —ut = VT A forsome A € A(P). Thus, we getu = i+VT(A—A)
and by the special case in (2) we know that u € Z,(P), as desired. O

5.3. Existence of Coarsest Partitions

To guarantee the existence of coarsest partitions we show that each totally
ordered subset has upper bounds such that afterwards we may apply Zorn’s lemma.

Lemma 5.5. Let (yx )i be a (sub-)sequence as considered in Theorem 2.2. Let I be
an arbitrary index set and let {P; = (P; j)j :i € I} C Zp be a totally ordered
subset, that is for each i1, iy € I we have P;; < Py, or Pi, < Pi,. Then there is a
partition P € Zp with P; < P foralli € 1.

Proof. Step I: To prove the existence of an upper bound we first show that it suffices
to consider a suitable countable subset of {P; : i € I}. For notational convenience
we write i1 < ip for iy, ip € I if P;; < Pi,. Choose an arbitrary iy € I and note
that it suffices to find an upper bound for all i = iy. For each k € N we introduce
partitions Pl.k = (P,.k ) j=0 consisting of the components Pl.k i = Pij\ Uik Piol
for j € Nand P*, = ;>4 Piyi- (Note that the partitions ¥ are possibly not
ordered.) By (5.1) we get that Pikl < Phifig < iy < ip. Typically, PF are not
elements of {P; : i € I}, but satisty fori = iy

1P 8P U o, Pl S @) forall j 20 (5.6)
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with w(k) — 0 for k — oo, where we set P; o = @. For all k € N we observe
that {73,." i 2 ip} contains only a finite number of different elements and therefore
contains a maximal element P¥ = (Pj’?)j. Now we can choose ig < i1 <ip S ...

such that P¥ = Pl-kk for k € N. It now suffices to construct an upper bound P =
(Pj)j € Zp with P = P, for all k € N. Indeed, we then obtain P = P; for all
ip < i as follows:

For each P;; and each k € N we find P; with [P; ;\Pj,| < 2w(k). In fact,
using repetitively (5.1) and (5.6) we get j’, jx such that |P; j\Pk | < w(k),
|P \Pk | =0, |Pl’;j \P, /| £ w(k), | Py, j\Pj,| = 0 and thus |P; j\Pj,| <
2a) (k) As w(k) - 0fork — o0 and ‘P contains only a finite number of compo-
nents with £2-measure larger than J 5| P; j|, we indeed find P;, with |P; ;\P;, | =0,
as desired.

Step 1I: Now consider the totally ordered sequence of partitions (7;, ). For
notational convenience we will denote the sequence by (P;);cn in the following.
By the compactness theorem for Caccioppoli partitions (see Theorem 3.6) we get an
(ordered) Caccioppoli partition P = (P;) j suchthat|P; ;AP;| — Ofori — oo for
all j € N. Thus, forall j € N there exists /; € N such that |P;, j\P,, j| = %|P,-],j|
forall I; < iy < i2. As (P;);en is totally ordered, (5.1) then gives | P;, j\ Pi, j| =0
for all I; < iy =< i and this monotonicity yields |P; ;\P;| = 0 for iy = I;.
Eventually, fixing P; j for i, j € N, by the above arguments there exists j/ € N
such that | P; ;\ Py j| = 0 for all i’ large enough and thus | P; ;\ Pj/| = 0.

This implies P = P; for all i € N and therefore it suffices to show that
P € Zp. To this end, we will construct partitions P”", rigid motions 7,, € R(P")
and a limiting function u by a diagonal sequence argument.

For all i € N, according to Definition 2.5(i), we find (uf?, Pl-k, Tik) € D, an
admissible limiting configurations u; € Z,(P;) and T € Z7 asin Lemma 5.1 such
that (2.6)—(2.9) hold as k — oo. The strategy is to select u; in a suitable way such
that we find a limiting configuration u € GSBD(S2) with

u; — u almost everywhere in €2,

e(VTTVu;j) = e(VTTVu) weakly in L2(Q2, R2X?),

sym

lim inf; 00 H'(Jy,) = HI (). (5.7)

We defer the selection of the sequence (u;); to Step III below. Then we can choose
a diagonal sequence (u,) = (u’,i("))n converging to the triple (u, P, T) in the
sense of (2.6)—(2.9). Indeed, k(n) can be selected such that letting P" = (151'?) j=
Pk(") and T, = Tk(n) e R(P"), we find |I3”AP | - Oforall j € N (even
Z |P”AP | = 0, cf. below Theorem 3.6) and 7, — T, VT, — VT in L*(Q).
ThlS glves (2.7). Moreover, as measure convergence is metrizable, this can be done
—1/2

in a way that i, — u in measure and u,, — &, '~ (y, — T,,) — 01in measure. Then,
possibly passing to a further subsequence, we can assume that the convergence also
holds almost everywhere in €2 and thus (2.6)(i), (2.8)(i) are satisfied.

Likewise, (2.8)(ii) can be achieved by (5.7) and the fact the weak convergence
is metrizable as by Remark 4.3 we get ||e((VTik)TVuf.‘)||L2(Q) < C for a con-
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stant independent of k, i. Moreover, (2.6)(ii) and (2.9)(i) directly follow from the
corresponding estimates for the functions uf‘ Finally, to see (2.9)(ii) it suffices to
prove

liminf; 0o (H' (Ju,\0 P1) + H' @ P N Q) = H ' (J\IP) + H' BP NQ),
(5.8)

where for shorthand 3 P; = (J; 9*P; j and dP = | J; 9" P;. This can be derived
arguing as in (4.20). We may consider an infinitesimal perturbation of the form
u = u; + Zj bj)(pw., u=u+ Zj ijPj with b; small such that Hl(aP,-\J,;i) =
H'(dP\J;) = 0 and the convergence in (5.7) still holds after replacing u;, u by
u;, u, respectively. Then the claim follows from (5.7). Consequently, P € Zp due
to Definition 2.5(1).

Step I1I: It remains to show (5.7). Clearly, we have ||e(VTTVu,-)||iZ(Q) <
C and Hl(Jui) < C for a constant independent of i € N. This follows by a
lower semicontinuity argument using (2.9)(ii) and ||e((VTik)TVuf.‘)|| L2(Q) < Cby
Remark 4.3. Thus, in order to apply Theorem 3.2, we have to select u; € Z,(P;)
suitably and to find an increasing continuous function v : [0, c0) — [0, co) with
limy—, o0 ¥ () = +00 such that fQ ¥ (Ju;]) £ C independently of i € N.

We proceed similarly as in the proof of Theorem 2.2 and define u; iteratively.
Choose u; € Z,(P) arbitrarily. Given u; we define u; 1 as follows. Consider
some P;y1 ; and recalling (5.1) choose I ; < [>; < ... such that Py ; =
Ui, Py, ; up toan L£7- negligible set (observe that the union may also be finite).
Choose some i;+] € Z,(Pi+1). By Lemma 5.4 for P = P;, P = Piy1 we get
(i = i) Xy = Yoy VT (At - by ) xpy, , for Ay, € RYS by, € R2.
Now define

ui+1(x) = uji41(x) + VT (x)(Ay, ; x + by, ;)

for x € P;y1,; and observe that u; = u;11 on Pi,ll‘j. Proceeding in this way on
all P41 ; we find some A™*! € A(P;41) such that u; 41 = i1 + VTAT! €
Z,(Pi41) applying Lemma 5.4 for P = P = ‘Pi+1. Moreover, there is a corre-
sponding A’ € A(P;) such that u; 1 = u; + VT A’ with A’ =0 on U; Piny -

We now show that ) ; |Al(x)| < +oo for almost every x € . To see this,
we recall that | P; jAP;| — Oforall j € N. Consequently, as due to the total order
of the partitions the sets P; ; are increasing for fixed j € N, the construction of the
functions (u;); implies Al =0on P; j for i so large that | P; ;| > %|Pj|. Thus, for
almost every x € P;j the sum ) ;> |A’(x)] is a finite sum and therefore finite. As
j € N was arbitrary, we obtain ) ;. |A’| < 400 almost everywhere.

Therefore, the function v := [u1| + Dy |A!| is finite almost everywhere in
€2 and we apply Lemma 4.2 on the sequence vk = vx(,<) to find an increasing
continuous function ¢ : [0, co) — [0, 0o) with lim;_,» ¥ (#) = oo such that by
Fatou’s lemma ||¢(v)||L1(Q)‘ < liminfy— oo [¥ (V)| L1(g) = C < oo. Using the
definition u; 4+ = u; + VT A" and the monotonicity of ¥ we find ||y (lu; )|l 1) <
IV (Qutl + 3 en |A[|)||L|(Q) S C <ooforalli € N, as desired. O
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After these preparatory lemmas we are in a position to prove Theorem 2.6.

Proof of Theorem 2.6. First, (i) follows from Lemma 5.1. The uniqueness of the
coarsest partition is a consequence of Lemma 5.3 and Lemma 5.2. We obtain
existence by Zorn’s lemma: As (Zp, 2) is a partial order and every chain has
an upper bound by Lemma 5.5, there exists a maximal element P € Zp. Lemma
5.2 shows that P is a coarsest partition which gives (ii). Finally, assertion (iii),
namely Z, (P) =v+ VT A(P) for some v € Z,(P), follows from Lemma 5.4 for
the choice P =P =P. 0O

6. The Effective Linearized Griffith Model

In this final section we identify the effective linearized Griffith functional via
I'-convergence and derive a cleavage law for the limiting model.

6.1. Derivation of Linearized Models via I"-Convergence

We now give the proof of Theorem 2.7.

Proof of Theorem 2.7. (i) Thanks to the preparations in the last section the lower
bound is almost immediate. Let (u, P, T) € Dy be given as well as a sequence
(yi)kx C SBVy(2) with yx — (u, P, T), that is by Definition 2.3 the are triples
(uk, Pr, Tr) € D such that (2.6)—(2.9) hold. Due to (2.9)(ii) it suffices to show

hmlnf—/ W(Vyr) >f —0(e(VTTVu)).

k—o00
We proceed as in (4.9). Recall that W(G) = %Q(e(G —Id)) + ow (G — 1Id)
with sup{|F| Pww (F) : |F| £ 1} £ C by the assumptions on W, where Q =
D?*W(Id). We compute by (2.9)(i)
1 1
—/ W(Vy) 2 —/ w(d + \/s_kVTkTVuk) + o(1)
&k JQ &k JQ
1 1
= /Q 5 (Q(e(VTkTVMk)) + aww(\@VTkTVuk)) +o(1)

as k — oo. The second term converges to O arguing as in (4.10) and using

IVilloo < cep '™ (see (2.6)(i). As e(VTI Vi) — e(VTTVu) weakly in
L2(2, ngxnf) by (2.8)(ii) and Q is convex, we conclude

lim inf —/ W(Vyr) 2 / —Q(@e(VTTVu)).
k—o00

(ii) By a general density result in the theory of I"-convergence together with

Theorem 3.4 and the fact that the limiting functional E(u, P, T) is continuous

in u with respect to the convergence given in Theorem 3.4, it suffices to provide

recovery sequences for functions u with u € W1'°°(Q\J_u), where J,, is contained
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in the union of a finite number of closed connected pieces of C!- curves. Moreover,
as in the proof of Theorem 2.2 (see paragraph before (4.20)) we may assume that
H! «J i 9" P;NQ)\J,) = Oup to an infinitesimal small perturbation of u (a similar
argument was used below (5.8)).

Let (u, P, T) € Dy and g — 0 be given. Define yi(x) = T (x) + /exu(x)
for all x € Q. Itis not hard to see that (yx)r C SBV(R2) for & small enough (and
M not too small). Moreover, define Py = P, Ty = T and u = 8,:1/2 (yk - Tk) =u
for all k € N. Then (2.6)(i) and (2.7)—(2.9) hold trivially. To see (2.6)(ii), it suffices
to note that || Vi [leo = |Vulleo < C < Ce /. Consequently, y, — (u, P, T)
in the sense of Definition 2.3.

We finally confirm limg_oo Eg(x) =  Eu,P,T). As clearly
limg, 00 H! (Jy) = H'(U; 8% P N Q) + H' (J, \ U, 9 P;), it suffices to show
limg oo i faW(Vy) = [o30e(VTTVu)). Using again that W(G) =
%Q(e(G —1Id)) + ww (G — Id) and the frame indifference of W we compute

1
— | W(Vy)
Q

1
—/ Wd + /& VT Vuy)
Ek &k JQ

1 1
:/ (EQ(e(VTkTVuk))—i-—a)W(«/8kVTkTVMk)>
Q €k

= / lQ(e(VTTW)) + 0(Jex) — f lQ(e(VTTW)).
(6.1)
This concludes the proof. O

The proof of Corollary 2.9 is now straightforward.

Proof of Corollary 2.9. To see the liminf-inequality, assume y,, — y in LY (Q)
for k — oo and without restriction that E,, (y,,) < C. By Theorem 2.2 we
find a limiting triple (u, P, T) € Dy such that y,, — (u, P, T) in the sense
of Definition 2.3. By (2.6)(i), (2.7)(ii) we obtain y = T. As T € R(P), we get
H'(Jr) £ H' (U, 9*P; N Q), where P = (P;);. Thus, Theorem 2.7(i) yields
liminfy o0 Eq, (k) 2 Eu, P, T) 2 H (Jr) = Eges(y). A recovery sequence is
obviously given by yy = y forallk e N. O

We close this section with the proof of Lemma 2.10 and Theorem 2.11.

Proof of Lemma 2.10. Consider triples (ux, Pk, Tx) and (gx, Py, T;f) such that
the triples converge to (u, P, T') and (g, P,, Ty), respectively, in the sense of (2.6)—

(2.9). Since &, /*(yx — fi) is bounded in L2(Q) by (2.12), &y > (Tx — T) +

(ur — gx) — 8,:1/2(yk — fx) converges almost everywhere by (2.6)(i), and u; — gk
converges almost everywhere by (2.8)(i), we get sk_l/ 2(Tk — Tkg) converges (up to
a subsequence) in measure on 2. This implies 7 = T, by (2.7)(ii).

Moreover, suppose that P, = P was wrong (recall (5.1)). We may then as-
sume after reordering that Plg N P; and Pf N P have positive L£2%-measure. Since

-1/2 . .
& / (T — Tkg ) converges in measure on Pj, we can argue exactly as in the proof
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of Lemma 5.2(2) to see that the partition P, is not coarsest, which contradicts the
assumption. O

Proof of Theorem 2.11. First consider the lower bound. Let (i, P, T) € D, be
given as well as a sequence (yx)x C SBVy (Q2) withyy — (u, P, T).If (u, P, T) ¢
C,, Lemma 2.10 implies lim infy_, oo Fg, (yk) = 00. If (u, P, T) € Cg, we recall
Theorem 2.7(i) and see that it suffices to show

liminf = _ 2 > : _ o2 . 2
iminf & |y fklle(Q)_veHTngnA(P) v = 8l720) 62)

Consider the triples (uy, Pk, Tx) and (g, P,‘f , Tkg) as in the previous proof. Recall

8,:1/2(yk — fr) — ek_l/z(Tk - Tkg) — (ugx — gr) — 0 almost everywhere by (2.6)(i)
and uy — gr — u — g almost everywhere by (2.8)(i). Now it is enough to show

that for each P; there are A; € Rkaesv and d; € R? such that 5,:1/ 2(Tk — Tkg ) —>
VT (A - +d;) almost everywhere on P;. Then (6.2) follows from Fatou’s lemma.

We recall from the proof of Lemma 2.10 that s,: 12 (T — Tkg ) converges in measure

on P; and that P; C Pl.g for some Pig. In particular, this implies |R]]? - R;.g’k| +
|b];. - bf’k| < C . /ex, where Rf ok, +bf’k denotes the rigid motion associated to Tkg .
Repeating the argument in (5.2) we obtain the desired convergence.

For the construction of recovery sequences we mainly follow Theorem 2.7(ii)
and only indicate the necessary adaptions. Let (u, P, T) € C, be given with u hav-
ing the specific regularity assumed in Theorem 2.7(ii), particularly Vu € L*(Q).
Let A € A(P) such that v := u + VT A realizes the minimum in (6.2).

Asu, g € L*>(Q) and thus VT A € L?(2), we can choose a sequence (A%
A(P{) such that VTEA¥ — VT,A = VT A in L*(Q) and /&¢|VA*]> — 0 in
L2(). Select T}, = Zj (R’j‘. . +b]/(-)XPg,k € R(P,f) such that (cf. before (5.5) for a

J

similar construction)
dist(V(Tf + e VTE AY), S0(2)) = |V(T + /erVTEAY) — VTi| on

and on each component the translations of 7; and Tkg + . /ekVTkg A¥ coincide, that
is

b’; = Ti(x) — VT (x) x = (T§ + e VTE AN (x) = V(TE + JarVTE AN (x) x
forall x € P]g‘k and all j € N. Note that using (3.12) a short calculation implies
1T + erVTE AR — Tel + VTS + e VIEVA* — VT | < Ce|[VA*F (6.3)

pointwise almost everywhere in Q. We define y, = Ti+./ecu, ux = uand Py =P
forallk € N. We note that Ty, € R(Py) since Ty, € R(P,f),Pk S Peby,P,T) e
C, and P,f = P& by assumption. Moreover, VTkTVyk =1Id+ ﬁVTkTVu and
by (6.3)

VT Vu = (VT Vi + O(|Vulloo x|V AY?) + O (| Vulloo /€1 |V AX)).
6.4)
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Using /&c|[VA¥?> - 0in L?(Q) and T — T, VT — VT in L*(), one can
check that (yx)x C SBV);(£2) and that (2.6)—(2.9) hold, thatis yy — (u, P, T) (see
also proof of Theorem 2.7). Likewise, (6.4) together with the calculation in (6.1)
shows thatlimy_, o Eg, (yk) = E(u, P, T). Finally, recalling 81:1/2(fk - Tkg) —> g
in L2() (see before Lemma 2.10), VIEA* — VT A in L?(Q) and (6.3), we
conclude

—1/2 —1/2 —-1/2
e Pl = fill ey = leg 2T = T +u — e (e = TH 20

—1/2
= IVTEAR +u — & P (fi — TH 20
1/2
+0(leIVA P 120)) —
IVTA+u—gli2q = v —gll2q)-

Finally, the convergence result for minimum problems and minimizers follows from
a general result in the theory of I"-convergence (see [17, Chapter 7]). O

6.2. An Application to Cleavage Laws

We are finally in a position to prove the cleavage law in Theorem 2.12. Analo-
gous results for the case of expansive boundary values have been obtained in [37]
and [31]. We thus do not repeat all the steps of these proofs but rather concentrate
on the additional arguments necessary in our general setting (see (2.11)) in which
we particularly can extend the aforementioned results to the case of compression.

Proof of Theorem 2.12. Let (yg, )x be a sequence of almost minimizers. Passing
to a suitable subsequence, by Theorem 2.2 we obtain a triple (ux, Pk, Tx) € D and
a limiting triple (u, P, T) € Dy, such that (2.6)—(2.9) hold and

E(,P,T) <liminf,_oinf{E.(y) : y € A(ae)}

by Theorem 2.7(i). Write Ty = Zj(R]/‘- . —l—b’;)xpk and P = (P});. Due to the
J

boundary conditions and (2.6)(1),(2.8)(i), on each component P; € P we find

Aje R2*2 and bj e R such that

skew

. —1/2
w1 (x) = lim oo £ /(e - (1d — RE)x — ey - b + agx) ©5)
:el.ij~|—e1-bj+ax1 .

for almost every x € Q" with x; < O or x; > [ and x € P;. In particular, this
implies

ui(x1, x2) —ui (X1, x2) = |x1 — X1la (6.6)

for almost every x € Q" with X1 < 0, x; > [ and (x1, x2), (X1, x2) € P;.

We first derive the limiting minimal energy and postpone the characterization
of the sequence of almost minimizers to the end of the proof. The argument in (6.5)
shows that VI =Id on P; if |[P; N{x : x; < 0 orxy > [}| > 0. Itis not restrictive
to assume V7T Vu = Vu almost everywhere. Indeed, we may replace u by 0 in
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a component P; which does not intersect the boundaries without increasing the
energy. By (2.11), a slicing argument in GSBD (see Theorem 3.1) and the fact that
inf{Q(F) : el Fe; = a} = aa® (see Section 2.6) we obtain

E(u,P,T) 2/ %Q(e(Vu))Jr/ v - e [dH" + Eu)
Q Ju

1 l
2 / </ %(elTVu(x)el)2 dx; + sz(u)> Ao, + E@w). (67
0 0

where $*2 denotes the number of jumps of u; on a slice (—n,/ + 1) x {x2} and
Eu) = fju (1 — v, -er|)dH!. If $*2 > 1, the inner integral is bounded from below
by 1. By the structure theorem for Caccioppoli partitions (see Theorem 3.5) we find
that ((—n, 0)U(,I+n)) x {x2} C P; forsome j € N for H!-almost every xp with
S$*2 = 0. Consequently, if #5*2 = 0, by applying Jensen’s inequality we derive that
the term is bounded from below by %ala2 due to the boundary conditions (6.6).
This implies E (u) = min{%alaz, 1}.

Otherwise, it is not hard to see that the configurations ygl( (x) = x + F%« x for
x € Q' satisfy Eg, (ygi) — %ozla2 for k — oo. Likewise, we get Eg, (y;) = 1
for all k € N, where y; (x) = XXy <) + (x + (lag,, 0))Xx1>% for x € Q and
Ve, = (x1(1 +ag,), x2) for x € '\ 2. This completes (2.13).

It remains to characterize the sequences of almost minimizers. Let (yg, )« be a
sequence of almost minimizers and (u, P, T) € Dy a limiting triple as considered
before (6.5). Again we may suppose VT Vu = Vu almost everywhere. We let
first |a| < acrir and follow the arguments in the proof of [31, Theorem 2.4]. Since
Ew,P,T) = %alaZ, we infer from (6.7) that # has no jump on almost every
slice (—n,1 4+ n) x {x2} and satisfies e]TVu e; = a almost everywhere by the
imposed boundary values and the strict convexity of the mapping ¢ — 2 on R.
Thus, if J, # @, a crack normal must satisfy v, = e, H!-almost everywhere.
Additionally, taking £ (u) into account, we find J, = @, up to an ! negligible set,
that is, u € H'('). By the strict convexity of Q on symmetric matrices and the
boundary values (6.5) we see that the derivative has the form

Vu(x) = F* 4+ A for almost every x €

2x2

for a suitable A € Ry 1.

Since 2 is connected, we conclude
u(x) =F'x+Ax+b

for x € Q and some b € RZ. In particular, this implies 7 consists only of
P; = Q' and thus by (6.5) we get A = limy_00e, />(I1d — R¥) and e - b =
—limg oo, Zer - BE. Let s = limg_ ooy - (e /2% + b), which exists by
(2.6)(1), (2.8)(1). We now conclude by (2.6)(i), (2.8)(i) for almost every x € Q

i(x) = lim g " (ye, (x) —x) = u(x) + lim &, (RN —1d) x + bF)
k— 00 k— 00

=u(x)—Ax—-b+(0,s)=(0,s) + F%x,
(6.8)
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that is u fulfills Theorem 2.12(i). If |a| > acrit, we again consider the lower bound
(6.7) and now obtain that on almost every slice (0,/) x {x»} a minimizer u has
precisely one jump and that elTVu e; = 0 almost everywhere. By the strict con-
vexity of Q on symmetric matrices we then derive that Vu is antisymmetric almost
everywhere. As a consequence, the linearized piecewise rigidity estimate for SBD
functions (see [15, Theorem A.1] or the remark below Theorem 3.9) yields that
there is a Caccioppoli partition (E;); of € such that

*
mm_ilmﬂ+mmﬁu)md1_{iaamg,
where A; € Rkae\%v and b; € R?. (Note that indeed the linearized rigidity estimate
can also be applied in the GSBD-setting as it relies on a slicing argument and
an approximation which is also available in the generalized framework, see [34,
Section 3.3]. The only difference is that the approximation does not converge in L'
but only pointwise almost everywhere, which does not affect the argument.)

As E(u) = 0, we also note that v, = +e| almost everywhere on J,. Following
the arguments in [37], in particular using regularity results for boundary curves of
sets of finite perimeter and exhausting the sets 3* E; with Jordan curves, we find
that

h:UﬁWchmm+ml

for some p € (0, ). We thus obtain that (E;); consists of only two sets and u has
the form

A1 x + by forx; < p,
u(x) =
Ay x + by forx; > p,

for A; € Rfkﬁvand bi € R, i = 1,2. Now repeating the calculation in (6.8) for

the sets P| = {x € Q' : x; < p}and P, = Q'\P; we find s, € R such that for
x € 2 almost everywhere we have

_1
i(x) = lLim ¢ S (Ve () — x) = u(x) — (Ayx +b1) X <p(x)

— (A x +b2)Xx1>p(x)
+ (0, S)Xx1<p(x) + ((a, t))X)C|>p(x)-

Then u satisfies Theorem 2.12(ii). This concludes the proof. O
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