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Abstract

We present a variational model to study the quasistatic growth of brittle cracks in hyperelastic materials, in the framework of
finite elasticity, taking into account the non-interpenetration condition.
© 2009 L'Association Publications de 1'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.

MSC: 35R35; 74R10; 74B20; 49J45; 49Q20; 35A35; 28B20

Keywords: Variational models; Energy minimization; Free-discontinuity problems; Polyconvexity; Quasistatic evolution; Rate-independent
processes; Brittle fracture; Crack propagation; Griffith’s criterion; Finite elasticity; Non-interpenetration

Contents
0. INtrodUuCHiON . . . . .ottt e e e e e 258
1. The mechanical asSUMPLIONS . . . . . . .ottt e e e e e 259
1.1.  Definitions and NOtAtiOn . . .. ... ... ittt 259
1.2 Thebodyandits cracks . . . ... ... ... 259
1.3 Admissible deformations . . . . . . ... .. 260
L4, Bulkenergy . . . ..o 261
1.5.  Prescribed deformations . . .. .. .. ... ... 264
2. Evolution of stable equilibria . . . . . . .. . e 265
2.1.  Minimum energy configurations . . . . . . ..o vttt i e e e e 265
2.2, Thediscrete-time problems . . . . . . . ...t 266
2.3.  Formulation with time-independent prescribed deformations . . . .. ......... ... . ... ... ... 267
2.4, Quasistatic VOIULION . . . . . . o ottt e e e e 269
3. EXIStence results . . . ..o 271
3.1.  Semicontinuity and COMPACINESS . . . « . o v v v vttt e e e et e e e e e e e e e 271
3.2, The 0P-convergence Of SELS . . . . ...ttt ittt e e 273
3.3, Existence of Minima . . . . . ..ottt e e e 274
3.4. Existence of quasistatic eVOlUtiOnS . . . . . . ... e 275
4. Stability of the HMit ProCess . . . . . . .ot e e 276

* Corresponding author.
E-mail addresses: dalmaso@sissa.it (G. Dal Maso), giuliano.lazzaroni @sissa.it (G. Lazzaroni).

0294-1449/$ — see front matter © 2009 L'Association Publications de 1'Institut Henri Poincaré. Published by Elsevier B.V. All rights reserved.
doi:10.1016/j.anihpc.2009.09.006



258 G. Dal Maso, G. Lazzaroni / Ann. I. H. Poincaré — AN 27 (2010) 257-290

4.1, Cracktransfer . ... ... 276

4.2, Stability of MINIMIZETS . . . . . . o e e e 280

5. Energy balance . . ... ... 281
5.1. Theenergy inequality . . . . . .. ..ttt e 281

5.2, Theenergy equality . . . . .. .. .ottt e e 283

5.3.  Convergence of the discrete-time problems . . . . .. .. ... 284

6. Measurable eVOIULIONS . . . . . . . . e 285
7. Extension to volume fOrces . . . .. .. .. ... e 287
AcCknOWIEdgEemEnt . . . . . . .o e 288
Appendix A.  Some remarks about nON-interpenetration . . . . ... .. ...ttt e 288
References . . . . .o 289

0. Introduction

In this paper we study a quasistatic evolution problem for brittle cracks in hyperelastic bodies, in the context of
finite elasticity. Following the lines of [18,6], we develop a mathematical model, based on the variational approach to
fracture mechanics that goes back to Griffith [22].

All existence results in the mathematical literature on this subject [15,8,17,12] were obtained using energy densities
with polynomial growth. This was not compatible with the standard assumption in finite elasticity that the strain-
energy tends to infinity as the determinant of the deformation gradient vanishes. Our model extends the previous results
to a wide class of energy densities satisfying this property; moreover, it takes into account the non-interpenetration
condition, which was not considered in the above mentioned papers.

Our definition of quasistatic evolution is based on the approximation by means of solutions to incremental min-
imum problems obtained by time discretization (Section 2.4). This approximation method was already used in the
other mathematical papers on this subject, and is common in a large class of rate-independent problems. We prove an
existence result (Theorem 2.13) and show also (Theorem 2.14) that our solutions satisfy the basic properties of the
energy formulation presented in [27]:

e global stability,
e cnergy-dissipation balance.

To simplify the functional framework, we impose a confinement condition: the deformed configuration is con-
strained to be contained in a prescribed compact set (Section 1.3). This allows us to formulate the problem in the
space SBV of special functions of bounded variation [3], as in [17].

There are three main difficulties in passing from the polynomial growth condition to the context of finite elasticity:

e lower semicontinuity of the bulk energy,
e jump transfer,
e energy estimate.

As for the lower semicontinuity, the problem is that all theorems for quasiconvex functions require a polynomial
growth, while the convexity assumption is not compatible with finite elasticity. We overcome this difficulty by as-
suming polyconvexity and applying a recent result [20], which requires only suitable bounds from below ((W4) in
Section 1.4).

Jump transfer is a procedure introduced in [17] to prove global stability. One step of the original construction
employs a reflection argument, which is forbidden by finite elasticity. We modify the jump transfer lemma, replacing
the reflection argument by a suitable stretching argument (Section 4.1): the upper bounds needed in this step require
a multiplicative stress estimate ((W5) in Section 1.4), already used in [4,25].

The discrete energy inequality was obtained in [12] through an additive manipulation of the approximate solutions;
moreover, the passage to the limit in this inequality was based on a lemma about the convergence of stresses, which
requires a polynomial growth. In our new context, the discrete energy inequality relies on the multiplicative splitting
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introduced in [19], which requires a suitable continuity condition on the Kirchhoff stress ((W6) in Section 1.4); the
passage to the limit is now obtained using a modification of the above mentioned lemma (Lemma 5.1), proven in [19].

The hypotheses introduced to overcome these difficulties (W0-6) in Section 1.4) are compatible with finite elas-
ticity and are satisfied, for instance, in the case of Ogden materials (Example 1.8). Since in this paper we focus on the
new ideas and techniques used to avoid the polynomial growth condition, we study a problem with no applied forces
and with sufficiently smooth prescribed boundary conditions. The minimal regularity hypotheses on the boundary
data, on the volume forces, and on the surface forces will be considered in a forthcoming paper [26].

To deal with the non-interpenetration condition, we adopt a weak formulation for SBV functions (Definition 1.1),
introduced in [21], and use a stability result (Theorem 3.4) with respect to weak™ convergence in SBV proven in the
same paper. In Appendix A we discuss the reasons for the choice of this formulation and its physical motivation.

In Section 1 we present the hypotheses on the geometry of the body, on the strain-energy, and on the prescribed
deformations. In Section 2 we give the definition of quasistatic evolution and state the main theorems; first, we present
their simplest form, using an auxiliary problem (Section 2.3) based on the multiplicative splitting introduced in [19];
then, we formulate these results in the original setting. Section 3 contains the proof of the existence results, while
Sections 4 and 5 are devoted to the proof of the global stability and of the energy balance; moreover, in Section 5.3 we
show the convergence of the energies of the approximate solutions. Section 6 contains some results on the nontrivial
problem of the measurability of solutions with respect to time. In Section 7 we sketch the extension to the case of
applied volume forces with smooth potentials. Finally, Appendix A contains a comparison among different notions of
non-interpenetration.

1. The mechanical assumptions
1.1. Definitions and notation

Throughout the paper, we will consider functions defined on subsets of R” (with n > 2), endowed with the Eu-
clidean scalar product - and the corresponding norm | - |. The space of nxn real matrices is denoted by M"*";
SO, stands for the subset of orthogonal matrices with determinant 1, while GL,;|r stands for the subset of matrices with
positive determinant; I is the identity matrix. The space M"*" is endowed with the scalar product A : B :=tr(ABT),
which coincides with the Euclidean scalar product in an; we denote by | - | the corresponding norm. Given A € M"**",

we define adj; A as the vector composed of the minors of A of order j; its dimension is 7; := (;’)2

In what follows, £" is the Lebesgue measure in R”, while H"~! is the (n — 1)-dimensional Hausdorff measure.
The expression almost everywhere, abbreviated as a.e., always refers to £, unless otherwise specified. Given two sets
A and B in R" we say that A C B whenever H"~1(A \ B) =0 and we say that A = B whenever H" (A A B) =0,
where A A B:=(A\ B) U (B \ A) denotes the symmetric difference of A and B.

We recall some notions concerning BV functions. As usual, for a bounded openset U C R" andm > 1, BV(U; R™)
is the space of functions of bounded variation, i.e., the set of functions u € L'(U; R™) whose distributional gradi-
ent Du is a Radon measure on U with |Du|(U) < 400, where |Du| denotes the total variation of Du. For a BV
function u, the symbol Vu stands for the absolutely continuous part of Du with respect to £". We refer to [3] for
the definition of the jump set S(u), of its unit normal vector field v,, of the jump [u] :=u* — u~, and of the space
SBV(U; R™) of special functions of bounded variation. Given p > 1, we consider the space

SBVP(U;R") :={u € SBV(U;R™): Vu e LP(U; M""")},
endowed with the norm
1
V4
T — :=/|u|dx+</|wv’dx) 4 IDul(V). (L1)

U U
which makes it a Banach space.

1.2. The body and its cracks

In this section we introduce a geometry modelling an elastic body with cracks, following [12]. The reference
configuration of the body is the closure §2 of a bounded open set £2 C R” with Lipschitz boundary 9£2.
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We will suppose that every deformation takes place in a container K, a compact set with Lipschitz boundary and
with £2 C K. We will assume also that every crack in the reference configuration is contained in the brittle part 2
of 2, and that £2 p is the closure of an open subset £23 of £2 with Lipschitz boundary.

We fix an open set £2p with Lipschitz boundary and with £2 C £2p C K, and define the Dirichlet part of the
boundary of §2 as dp§2 := 2p N 3§2. The Dirichlet condition on dp 2 is imposed by prescribing the deformation of
£2p \ 2, which may be considered as an unbreakable body in contact with §2. The Neumann part of the boundary
is the closed set dy$2 := 052 \ dps2. The case £2p = £2 corresponds to a pure Neumann problem, while 2c2p
corresponds to a pure Dirichlet problem (if so, it is not restrictive to take £2p = int K).

We suppose

Q5NapR =9, (1.2)

so that the boundary deformation acts on the brittle part £2 only through 2 \ £2 3, which can be regarded as a layer of
unbreakable material. Notice that this condition does not imply that 23 € £2p, but only that the brittle part £2 3 does
not meet the Dirichlet boundary dp 2 = £2p N 9S2. As a consequence, there cannot be interfacial cracks on dp 2. We
cannot avoid (1.2) for a technical reason, related to the non-interpenetration condition, that will appear in the proof of
Lemma 4.1 about crack transfer.

A crack is represented in the reference configuration by a countably (H"~!, n — 1)-rectifiable set I' C 25N 2p
with H"~1(I") < 400. The collection of admissible cracks is given by

R:={I: (H"',n — 1)-rectifiable, I' C 25N 2p, H" '(I") < +oo}. (1.3)
According to Griffith’s theory, we assume that the energy spent to produce the crack I" € R is given by
K ZZ/K(x,vr(x)) dH" ' (x), (1.4)
r

where v is a unit normal vector field on I" and x : (25 N 2p) x R" — R is a lower semicontinuous function such
that

(K1) v+ k(x,v) is anorm on R” for every x E_S_ZB NL2p,
(K2) kq|v] <x(x,v) <kp|v| for every (x,v) € (2p N 2p) x R”,

for some constants x; > 0 and k» > 0; as a consequence, we have
Kk H' N (D) <KD < ogH NI, (1.5)

To simplify the exposition of auxiliary results, we extend k to £2p x R” by setting « (x, v) := ka|v| if x € 2p \ 235,
and we define K (I") by (1.4) for every countably (H"~!, n — 1)-rectifiable subset I" of R”.

1.3. Admissible deformations

A deformation of £2p is represented by a function u# in SBV(£2p; K), which is defined as the set of functions
u € SBV(£2p; R") such that u(x) € K for a.e. x € £2p. With this definition we are requiring that every deformation
of the body remains in the container K. We assume that there is I" € ‘R such that S(u) CrI,soS (u) CR25N2p.

Furthermore, we require a condition of non-interpenetration of matter in the sense of Ciarlet and Necas [10],
a notion developed first for Sobolev mappings and recently generalized to SBV functions by Giacomini and Pon-
siglione [21].

Definition 1.1. A function u € SBV(£2p; K) satisfies the Ciarlet—Necas non-interpenetration condition if the follow-
ing hold:

(CN1) u preserves orientation, i.e., for a.e. x € 2p, detVu(x) > 0;
(CN2) u is a.e. injective, i.e., there exists a set N C £2p, with L*(N) = 0, such that u is injective on £2p \ N.
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The prescribed deformation of £2p \ £2 is given by a function v € W1(£2p \ £2; K). The Dirichlet condition on u
takes the form u = a.e. in 2p \ £2, i.e., we prescribe the deformation on the whole volume £2p \ 2 and not only
on dp$2. On the latter set the equality u = 1 is satisfied in the sense of traces, because by (1.2) u is of class W!! in
the neighbourhood £2p \ 223 of dp£2.

Then we define the set of admissible deformations, corresponding to a crack I' € R and a Dirichlet datum v €
whl(@2p\ 2; K), as

AD(. T) == {u € SBV(2p: K): u satisfies (CN1), (CN2), u|g \ 5= V. and S(u) C I'}. (1.6)

If AD(yr, I') # @, the equality “'QD\S_Z = 3 implies in particular that v satisfies (CN1) and (CN2) in £2p \ £2.
Moreover, if u € AD(y, I') there exists N C £2p with £"(N) = 0 such that u(£2 \ N) does not intersect ¥ ((£2p \
2)\N).

Remark 1.2. The first difference from the model of [12] is the non-interpenetration requirement for the admissible
deformations; this suggests to formulate the boundary conditions in terms of the leading body £2p \ 2. Furthermore,
we introduce the confinement condition u(x) € K, in order to simplify the functional framework (SBV instead of
GSBYV). Another relevant difference is given by the assumptions on the bulk energy, which will be stated in the next
section.

1.4. Bulk energy

We present the hypotheses on the bulk energy, which will allow us to deal with the case of finite elasticity. The
relevant assumptions were studied by Ball [4], Francfort and Mielke [19], and Fusco, Leone, March, and Verde [20].

Given a crack I € R, we suppose that the uncracked part §2 \ I" is hyperelastic and that the bulk energy on 2\ I”
of any deformation u € SBV(£2p; K) with S(u) C I' can be written as

W(u) := / W(x,Vu(x))dx:fW(x,Vu(x))dx, (L.7)
o\r Q

where W : 2 x M"*" — [0, 4o0] is independent of I" and satisfies the following properties:

(WO0) Frame indifference: for every (x, A) € 2 x M"*"
W(x, QA)=W(x,A) forevery Q € SO,;

(W1) Polyconvexity: there exiits a function W: 2 x RT — [0, +o0] such that x W(x, &) is L"-measurable on £2
for every £ € R, £ — W(x, &) is continuous and convex on R? for every x € £2, and

W(x, A) = W (x, M(A)) forevery (x, A) € 2 x M"*",

where M(A) := (adj, A, ..., adj, A) is the vector (of dimension 7 := 71 4 --- 4 7,,) composed of all minors
of A;
(W2) Finiteness and regularity: for every x € £2 we have

W, A)<+oo <& AeGLf
and A+ W(x, A) is of class C! on GL;.

Furthermore, we require that there exist some constants ﬂ(v)v >0, ,3‘1,[,, e ,B’V‘V >0, C(v)v >0, c%,v > 0, and some expo-
nents pi, p2, ..., Pn, such that for every x € £2:

(W3) Bound at identity: we have W (x, I) < c%,;
(W4) Lower growth condition: for every A € M"*"

n
W(x, A) =) Biyladj; AP — By,
j=1
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with

P1
p1—1

(W5) Multiplicative stress estimate: for every A € GL;r

p1=2, pj=p)i= for j=2,...,n—1, pn>1;

|ATDAW (x, A)| < ey (W(x, A) +cY);

(W6) Continuity of Kirchhoff stress: for every & > 0 there exists § > 0, independent of x, such that for every A € GL;
and B € GL] with |B—1|<$

|DAW (x, BA) (BA)T —DsW(x, A) AT| <e(W(x, A) +cy).

Henceforth, we will set p := p;.
Remark 1.3. Hypotheses (W0), (W1), (W2), and (W5) were studied in [4], while (W6) was used in [19]. Assump-
tions (W5) and (W6) involve two stress tensors:

K(x,A):=DsW(x, A) AT, (1.8)
sometimes called Kirchhoff stress tensor, and

L(x,A):= ATDsW(x, A), (1.9)
which appears in the expression of the so-called energy—momentum tensor

W(x, A)I — ATDAW (x, A). (1.10)
In all these formulas, D4 W (x, A) denotes the matrix whose entries are the partial derivatives of W with respect to the

corresponding entries of A.

Remark 1.4. Hypotheses (W1) and (W4) guarantee lower semicontinuity for W, thanks to Theorem 3.1 below, due
to [20]. When p > n, it suffices to suppose W(x, A) > ,3‘14,|A|1’ , instead of (W4), thanks to a result by Ambro-
sio [2, Corollary 4.9]. Notice that, if WW(u) < +oo for a function u € SBV(£2p; K), then u € SBVP(2p; K) by (W4).

In the next proposition, we state a consequence of hypothesis (W5) for L; moreover, we highlight the counterpart
of (W5) in the case of K. For the proofs and a deeper discussion, we refer to [4, Section 2.4].

Proposition 1.5. Let W satisfy (W5). Then there exists y € (0, 1) such that, for every (x, A) € 2 x GLI and every
B e GL! with |B—1]| <y,

0 n 0
W(x,AB)+cW<—1(W(x,A)+cW). (1.11)
n—
Moreover, if W satisfies also (WO0), then for every (x, A) € 2 x GL,}

’

IDAW (x, A) AT| < |ATDAW (x, A)

so that
IDAW (x, A) AT| < ey (W(x, A) + ). (1.12)

Remark 1.6. There are examples of functions satisfying (1.12) but not (W5); instead, these properties are equivalent
when the material is isotropic, i.e.,

W(x,AQ)=W(x,A) forevery Q € SO,,. (1.13)
If either (W5) or (1.12) holds, there exists C%V > ( such that for every (x, A) € £2 x GL,T
Wx, A) <ch (1AF + |A71T, (1.14)

where s 1= nc:)v. All these properties can be found in [4].
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Remark 1.7. In [19, Proposition 5.2] it is proven that K satisfies (W6) whenever (1.12) holds, all entries K;;(x, A)
of K(x, A) are differentiable in A, and there exists c%v > 0 such that

IDAK;j(x, A) 1 (CA)| < ey (W(x, A) +cy)IC] (1.15)
for every C € M " and (x, A) € £2 x GL.

Example 1.8 (Ogden materials). An important class of hyperelastic isotropic materials in dimension n = 3 was studied
by Ogden in 1972 [29,30] to describe the behaviour of natural rubbers. These materials provide a classical example in
finite elasticity [9, Section 4.10]; the strain-energy associated with A € GL;|r is given by

M N
W(A) = "ailA" + ) bjlcof A|’) + h(det A),
i=1 j=I

where several material parameters appear: M, N > 1, a;,bj > 0, y;,8; > 1. Moreover, h:(0,00) — R is a convex
function satisfying h(¢) — +oo as t — 07. Here, cof A := (det A)A~T stands for the cofactor matrix of A.

In general, the strain-energy considered in this example is polyconvex and satisfies inequality (W4) [9,20]. More-
over, in [4] it is proven that W satisfies (W5) and (1.12), whenever the following growth condition holds for every
t >0, with C > 0:

[th' ()| < C(h() +1).

Now we show a simple example of Ogden material satisfying all the properties we are requiring for W. A similar
example is presented in [19], in the case p > n, where Ambrosio’s result is sufficient to prove lower semicontinuity, so

that one can take 8 %v =...= ﬂﬁ,—l =0 in (W4). In our example 8 év > ( for every j, which allows us to consider the
case 2 < p < n, where Ambrosio’s semicontinuity result cannot be applied. Another example can be found in [24].
Let n = 3 again and take, for A € M>*3,

1 2 3 —q
W(A) := {,BW|A|/’l + By lcof A|P2 + By, |det A|P3 + y|det A|79 if detA. >0,
+00 otherwise,

where py =p >2, pp > p/, p3>1,and Bj, > 0, as in (W4),and ¢ > 0, y > 0.

Let us verify that properties (W0-6) hold: polyconvexity (W1) and lower growth estimate (W4) are clear by
construction; moreover, one can see that W satisfies frame indifference (WO0), local non-interpenetration (W2), and
isotropy (1.13). To check the other properties, we must compute the derivative of W for A € GL;F; for this, we need
the expression of the differential d4 cof A, considered as a linear map from M>*3 into M3*3:

dacof A[B] =[tr(A~"B)I — A"TBT]cof A,
whence we conclude that d4 cof A is symmetric, i.e.,

dscof A[B]: C =dy cof A[C]: B. (1.16)
Then we see that

(da cof A[cof A])AT = |cof A|*I — cof Acof AT, (1.17)

dgcof A[CA] = (tr(C)I — CT) cof A. (1.18)
Using (1.8), (1.16), and (1.17), we get

K(A) = By pilAIP "2 AAT + B3, po[leof A|P21 — |cof A|P2% cof A cof AT]

+ (B3 p3ldet A3 — yqldet A|79)1.

We compute its differential d4 K (A), considered as a linear map from M3*3 into M3*3, Using (1.18) we obtain



264 G. Dal Maso, G. Lazzaroni / Ann. I. H. Poincaré — AN 27 (2010) 257-290

daK (DICA] =By pi[(p1 — DIAIPH(AAT: C)AAT + |A|P' 72 (CAAT + AATC))]
+ By p3[lcof A|P2tr(C) — |cof A|P272(cof AT cof A) : C]1
— B p2(p2 — 2)|cof A|P2 "2 tr(C) cof Acof AT
+ Biy p2(p2 — 2)|cof A[P2~*[(cof AT cof A) : C]cof Acof AT
— By p2lcof A|P272[tr(C)I — CT] cof A cof AT
— By palcof A|P2~2 cof A cof AT[tr(C)I — C]
+ [Biy p3ldet A|P3 — ygldet A| ] tr(C)1.

The formulas for K (A) and d4 K (A) immediately show that (1.12) and (1.15) hold; then, by Remarks 1.6 and 1.7,
(W5) and (W6) hold.

With the same procedure one can treat Mooney—Rivlin materials [9], where

W(A) = alA2 4 blcof A|? + c|det A|? — dlogdet A if detA > 0,
B ) otherwise,

where a, b, ¢, d are positive constants. Also in this case, because of the exponent p =2, Ambrosio’s result does not
apply.

1.5. Prescribed deformations

We prescribe a time-dependent deformation of £2p \ §2, requiring that u(x) = ¥ (¢, x) fora.e. x € 2p \ §2, atevery
time ¢ € [0, 1]. For technical reasons, we have to assume that x — (¢, x) is defined for every x € K, takes values
in K, and has an inverse function on K, denoted by y — ¢ (¢, y). This determines two functions

v,¢:[0,1] x K — K.

With a small abuse of notation, the functions x +— ¥ (¢,x) and y — ¢ (¢, y) are denoted by ¥ (¢): K — K and
¢(t): K — K, respectively. At each time ¢ they satisfy

(BCI) V(@) odt)=1=¢()oy(t),

where I denotes the identical function in K.

We require that forevery i, j=1,...,n
(BC2) D;y, Dy, ¥, Dxlijl/r, D;D,, y exist, continuous on [0, 1] x K
and
(BC3) D;¢, Dy, 9, D},,.Dy_,.q&, D;Dy, ¢ exist, continuous on [0, 1] x K.

This implies that the mixed derivative Dy, D,y exists and coincides with D;D,; ¥ ; the same is true for ¢. We use
the following notation: Vi and V¢ are the Jacobian matrices with respect to x or y; moreover, v =Dy, Vi =
VD;y =D, V1, and the same for ¢.

We need a uniform bound on the energy of the prescribed deformation: we suppose that there exists a constant M
such that

(BC4) W(x, VY (1, %) < M

for every (¢, x) € [0, 1] x £2 (for example, this holds when 1 (¢) = I'). This assumption, together with (W2), gives

detVyr(t,x) >0 forae. . x € K.
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Since by (BC1) and (BC2) det V/ (¢, x) # 0 for every ¢ € [0, 1] and x € K, by continuity one has

detVyr(t,x) >0 forevery x € K, (1.19)
which in turn implies
detVe¢(t,y) >0 foreveryye K. (1.20)

Notice that (1.19) and the invertibility of ¥ (¢) imply that ¥ (¢) satisfies the Ciarlet-Necas condition; as S(¥(¢)) = 0,
this implies that ¢ (#) e AD(Y (¢t), I') for every I" € R.

2. Evolution of stable equilibria

The aim of this paper is to study the evolution of stable equilibria for the physical system introduced in the previous
section: an elastic body with cracks, subjected to a general strain-energy, compatible with the non-interpenetration
hypotheses (W2).

In the present section, we define the notion of incrementally-approximable quasistatic evolution of global mini-
mizers for the total energy £. Our main results are the existence of such a quasistatic evolution with prescribed initial
conditions (Theorem 2.18) and the analysis of its properties (Theorem 2.19).

2.1. Minimum energy configurations

We begin by discussing the notion of stable equilibrium, first considering only the bulk energy V. For a fixed
time ¢ € [0, 1] and a given crack I" € R, a deformation u corresponding to an equilibrium is a critical point of the
functional W on the set AD(y(t), I') defined in (1.6). Among such critical points, we select the minimum points of
the problem

min W(u), 2.1
ueAD(Y (1), T")

which are called the minimum energy deformations at time t with crack I'. Their existence is guaranteed by the
following theorem, which will be proven in Section 3.3.

Theorem 2.1 (Minimization of the elastic energy). Let W satisfy (W0-6). Consider the prescribed deformations
defined in (BC1-4). Then for every t € [0, 1] and every I' € R the minimum problem (2.1) has a solution.

Next, we define the total energy
Ew, I :=W)+KU). (2.2)

In Griffith’s theory, an equilibrium configuration at a fixed time ¢ € [0, 1] is an admissible configuration (u(z), I"(¢))
which is a “critical point” of the functional £ (u, I') on the set of configurations (u, I") with I" € R, I'(¢t) CTI,and
u € AD(Y¥ (¢), I'). Unfortunately, the definition of “critical point” in this context has never been made mathematically
precise.

Following [18], among these equilibrium configurations we will consider only minimum energy configurations,
which are defined as those admissible configurations (u(¢), I'(¢)), with I'(t) € R and u(t) € AD(¥ (¢t), I'(¢)), such
that the unilateral minimality condition holds:

E(u(). F(®) <Ew. ) 2.3)
for every I" € R, with I'(¢) C I, and every u e AD(Y(t), I).

The next theorem ensures that for every ¢ € [0, 1] and for every initial datum I € R there exists at least a minimum
energy configuration (u(¢), I"(¢)) such that I'yh cr (t); the proof is in Section 3.3.

Theorem 2.2 (Minimization of the total energy). Let £ be the energy defined in (2.2), where W satisfies (W0-6) and
K satisfies (K1-2). Consider the prescribed deformations defined in (BC1-4). Then, for every t € [0, 1] and Iy € R,
the minimum problem

min{E, I): T € R, [ C I, u e AD(Y (1), T')} (2.4)

has a solution.
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2.2. The discrete-time problems

To define a quasistatic evolution, we employ a standard method for rate-independent processes [27], developed
in [18,15,12,17] for problems in fracture mechanics: first, we consider a time discretization of the problem and find
some incremental approximate solutions; the desired incrementally-approximable quasistatic evolution will then be
the limit of the discrete solutions.

Let us fix a sequence of subdivisions {t;i}ogigk of the interval [0, 1], with

0=t <tl < <tf 't <if=1 (2.5)
and

li i —d~ =o0. 2.6

Jim max, (i =47 20

We will call such a sequence a time discretization.
As a datum of the problem, we are given an initial condition (g, Iy), satisfying Iy € R, ug € AD(¥ (0), Ip), and
the unilateral minimality condition

Euo, o) <E(u, IN) .7

for every I € R with I C T and every u e AD(y(0), I').
For every time subdivision, we define a corresponding incremental approximate solution, whose existence is guar-
anteed by Theorem 2.2.

Definition 2.3. Fix k € N. An incremental approximate solution for € corresponding to the time subdivision {t,’;}og i<k
with initial datum (ug, 1) is a function ¢ +— (ui(¢), I';(t)), such that

@ @), Tk(0) = (o, T0): -
(b) ur(t) =ui(ty) and I (t) = I (1) for t € [z, t,’('H) andi =0,...,k—1;
(c) fori=1,...,k, (uk(t,i), Fk(t,i)) is a solution of

min{Ew, ): T'eR, I'(t;™") C T, ueAD(y (i), I')}. (2.8)

Notice that, if # — (u(¢), I't(¢)) is an incremental approximate solution, by the minimality and by (BC4) we have
E(uk(t), I't(t)) < +oo for every ¢, hence uy € SBVP(2p; K) by (W4), with p = p1. To study the limit of these
objects, we recall a notion of convergence for sequences in SBV? (£2p; R™), usually called weak* convergence, in
spite of the fact that it does not involve any predual space.

Definition 2.4. A sequence uy converges to u weakly* in SBV? (£2p; R™) if

ur,u € SBVP(2p; R™);

Uy — u in measure;

Itk |l Lo (2:Rm) is bounded uniformly with respect to k;
Vup — Vu weakly in L? (2p; M"™*");

H1(S(uy)) is bounded uniformly with respect to k.

As for the cracks, we need a notion of convergence for sets, called o ”-convergence, introduced in [12].

Definition 2.5. A sequence Iy o”-convergesto I' if Iy, I’ C §2p, H*1(I7,) is bounded uniformly with respect to k,
and the following conditions are satisfied:

e if u; converges weakly* to u in SBV?(£2p) and S(u;) C Iy, for some sequence k; — 00, then S(u) cr;
e there exist a function u € SBV?(£2p) and a sequence uy converging to u weakly* in SBV?(£2p) such that
S(u) =T and S(uy) C I} for every k.
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2.3. Formulation with time-independent prescribed deformations

Now we pass to an alternative formulation of the problem, where the Dirichlet conditions are time-independent,
whilst the time-dependence is transferred to the energy terms; this approach is based on [19]. We look for a solution
u e AD(Y (1), I') to (2.4) of the form u = ¢ (¢) o z, with z € SBV(£2p; K); this request implies z € AD(I, I'). The
chain rule in BV [3, Theorem 3.96] gives Vu(x) = V¥ (¢, z(x))Vz(x) for a.e. x € £2p, so that we define the auxiliary
volume energy

V(t)(2) = / V(t, x,z(x), Vz(x)) dx, (2.9
2
where
Vt,x,y,A) = W(x, Vi (e, y)A). (2.10)
Hence,
W) =V()((1)ou), V() (@) =W(¥(t)oz). (2.11)

This leads to introduce a class of functions V : [0, 1] x £2 x K x M"*" — [0, +00] satisfying the following prop-
erties:

(V1) Polyconvexity: there exists a function V: [0,1] x £2 x K x R* — [0, +00] such that x — V(t, x,y,&)is L"-
measurable on 2 for every (,y,6) €[0,11x K xR, (¢t,y,&) — V(t,x,y,&)is continuous on [0, 1] x K x R?
forevery x € 2, &+ V(t,x,y, &) is convex on R? for every (¢, x,y) € [0, 1] x £2 x K, and

Vit,x,y,A) = V(t,x, v, M(A)) for every (¢, x,y,A) €[0,1] x 2 x K x M"*",

where M(A) is defined as in (W1);
(V2) Finiteness and regularity: for every (¢, x,y) € [0, 1] x £2 x K we have

V(t,x,y,A) <+o0 <& AeGL',
and (r,y, A)— V(t,x,y, A)isof class C! on [0, 1] x K x GL;l" for every x € £2;

furthermore, there exist some constants ,B?, >0, ﬂ‘l,, e, ,36 >0, c(‘), >0, c%, > 0, and some exponents p1, p2, ..., Pn,
such that for every (¢, x,y) € [0, 1] x £2 x K:

(V3) Bound at identity: we have V (¢, x,x,I) < c(‘),;
(V4-5) Dependence on the matricial term: A+— V (¢, x,y, A) satisfies (W4-5);
(V6) Estimate on the time derivative: for every A € GL,"

‘D,V(t,x, Y, A)‘ < c‘l/(V(t,x, v, A) + c(‘),);

(VT) Continuity of the time derivative: for every ¢ > 0 there exists § > 0, independent of (¢, x, y), such that for every
s €[0, 1] with | —s| < é and every A € GL,;|r

DVt x, v, A) =D, V(s,x,y, A <e(V(t.x,y, A) +c});
(V8) Estimate on spatial derivatives: for every A € GL,"

IDyV(t,x,y, A)| <ey (Vt,x,y, A) +cY).
Proposition 2.6. If (W0-6) and (BC1-4) hold, then the function V defined in (2.10) satisfies properties (V1-8).

Proof. Properties (V1-2) are obvious.
Checking property (V4) reduces to estimate |adj; Vi (7, y)A| from below in terms of |adj; A, for given 7 € [0, 1],
yeK,and A € GL,T. Let B e GL,T; then
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ladi; (BA)| < ladi; Blladj; A| < C; sup |by |/ adi; Al < C;1BI Jadj; Al,
I,m

where the first inequality is given by [11, Proposition 5.66], by, are the elements of B, and C; > 0 depends only on n
and j. This is equivalent to

1 .
ladj; (B~'A)| > F|B|_1|adjj Al
J

For B~ ! = Vi (t, y), employing the hypotheses of boundedness (BC2), (BC3), and the invertibility condition (1.19),
we conclude, modifying the constants properly.
We take

S=>dvm, > [Onll]a;cK{cbv, L+ 191, V¥, el VOV, ciy IVl V2] ],

where M is the constant of (BC4). Then (V3) comes from (BC4), while (V5), (V6), and (V8) follow from (V5),
(BC2), and (BC3), using the following consequence of (1.12): for every (x, A) € £2 x GL,J{,

IDaW (x, Vi (1, A) AT ey (W (x, Vi (2, ) A) + ¢y ) [V (2, v (2, )]
Similarly, (V7) follows from (W6), thanks again to (1.12) and to the properties of ¢ (see also [19, Lemma 5.5]). O

Remark 2.7. Frame indifference is not preserved under (2.10).

The previous proposition allows us to leave the setting introduced in Section 1 and consider the more general class
of functions satisfying (V1-8). Here we underline some consequences of these properties.

Remark 2.8. Property (V5) implies (1.11) for V. Furthermore, (V6) gives, via the Gronwall Lemma,
Vit x, y, A) + ¢ < (Vi x,y, A) + ¢ el 2.12)

for every t1,1 € [0, 1] and (x,y,A) € 2 x K X GL,J{, which ensures the uniform continuity of t — V (¢, x, y, A) on
the sublevels of V. Analogously, (V8) implies

V(t,x,y2, A+ < (V(t, x, 31, A) + c?,)eclv'yz—yl‘ (2.13)

for every yi, y2 € K and (¢, x, A) € [0, 1] x £ x GL}.

Estimate (2.12) has the following consequence: if V(fy)(z) < +oo for a fixed time o € [0, 1] and a function z €
SBV(£2p; K), then V(t)(z) < +oo for every ¢ € [0, 1]; then, by (V6), r — V(¢)(z) is well defined and c! on [0,1],
and its derivative V(1) (z) is given by

V(t)(z) = / D,V (t,x,z(x), Vz(x)) dx. (2.14)
2

We regard V(t) as a functional defined on
Uy :={z € SBV(2p: K): V(0)(z) < +o0}. (2.15)
Finally, we define
F()(z, ') :=V@)(2) + K. (2.16)
Using the new formulation, (2.4) is equivalent to the auxiliary problem
min{]-"(t)(u, I:TeR, ILCTI, ueAD(, F)}. (2.17)

Also in this case, we provide two minimization results, proven in Section 3.3.
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Theorem 2.9 (Minimization of the elastic energy). Let V(t) satisfy (V1-8). Then for every t € [0, 1] and every I' € R
the minimum problem

min  V(t)(u) (2.18)
ueAD(I,T)

has a solution.

Theorem 2.10 (Minimization of the total energy). Let F (t) be the energy defined in (2.16), where V(t) satisfies (V1-8)
and K satisfies (K1-2). Then, for every t € [0, 1] and I'y € R, the minimum problem (2.17) has a solution.

2.4. Quasistatic evolution

Let us fix an initial condition (u, I'p). We suppose that it is a minimum energy configuration at time 0, i.e., [y € R,
uo € AD(I, I'p), and

FO)(uo, I'n) < FO)(u, I") (2.19)

for every I' € R with Iy C I" and every u € AD(I, I"). '
We define the notion of incremental approximate solution for F(z), corresponding to a time subdivision {f; }o<i <k
(see (2.5) and (2.6)). The existence of such solutions is guaranteed by Theorem 2.10.

Definition 2.11. Fix k € N. An incremental approximate solution for F(t) corresponding to the time subdivision
{t;}ogi <k with initial datum (ug, Ip) is a function ¢ = (uk(¢), I%(¢)), such that

(@ (ui(0), I't(0)) = (uo, I0); . o
(b) ur(t) =ui(ty) and I (t) = I (1) for t € [z, t,i“) andi =0,...,k—1;
(c) fori=1,...,k, (uk(t,i), Fk(t,i)) is a solution of

min{F (1)), ): T'eR, I} ' C T, ue ADU,I)}. (2.20)

An incrementally-approximable quasistatic evolution for (2.17) is the limit of a sequence of incremental approxi-
mate solutions, as in the next definition.

Definition 2.12. A function ¢ — (u(t), I'(¢)) from [0, 1] in SBVP(2p; K) x R is an incrementally-approximable
quasistatic evolution of minimum energy configurations for problem (2.17) with initial datum (uq, Ip), if there exist an
increasing set function ¢ — I'*(¢) € R, a time discretization {t,’; }o<i<k» and a corresponding sequence of incremental
approximate solutions ¢ — (ux(¢), I} (¢)) with the same initial datum, such that for every ¢ € [0, 1]:

(a) I (t) oP-convergesto ' (z) and I"(r) = " (¢) U Ip;
(b) there is a subsequence Uk; (t), depending on ¢, such that Ui; () — u(t) weakly* in SBVP(2p; K) and
limy s o0 ij (t) =limsup;_, o, 6k (t), where

O (1) == V(1) (ur (1)) 2.21)

We state the existence result for incrementally-approximable quasistatic evolutions, which will be proven in Sec-
tion 3.4.

Theorem 2.13 (Existence of quasistatic evolutions). Let F(t) be the energy defined in (2.16), where V(t) satis-
fies (V1-8) and K satisfies (K1-2). Let (ug, Iy) be a minimum energy configuration at time 0 as in (2.19). Then
there exists an incrementally-approximable quasistatic evolution t — (u(t), I' (t)) with initial datum (ug, Ip).

Notice that in the definition of quasistatic evolution we make no measurability assumptions on the function
t — u(t). We will prove later, in Section 6, that there exists a quasistatic evolution such that the function ¢ > u(¢) is
strongly measurable, regarded as a function from [0, 1] into SBV? (2p; R").
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The next theorem guarantees that the definition of incrementally-approximable quasistatic evolution fits in with
the general scheme of the energy formulation of rate-independent processes, developed by Mielke (see [27] and the
references therein); for the proof, see Section 5.2.

Theorem 2.14 (Properties of quasistatic evolutions). For every incrementally-approximable quasistatic evolution
t— (u(t), I'(t)) for F(t), the following hold:

(1) Global stability: for every t € [0, 1] the pair (u(t), I'(t)) is a minimum energy configuration at time t, i.e.,
') eR, u(t)e AD(, I'(t)), and

]—'(t)(u(t), F(t)) <F@®(w, IN) (2.22)
forevery I' e R, with I'(t) CrI,and everyv € AD(I, I');

(2) Energy balance: the function F(t) := F(t)(u(t), I'(t)) is absolutely continuous on [0, 1] and its time derivative
satisfies

F)=V®)(u@t), (1)) for L'-ae te[0,1]. (2.23)

Remark 2.15. Notice that in these hypotheses V(u(¢)) is finite for every ¢, because [ is a competitor in (2.22) and has
finite energy by (V3).

In Section 5.3 we provide a further result about the convergence of the energy terms of the incremental approximate
solutions: the elastic and the crack energy of an incrementally-approximable quasistatic evolution are the limit of the
corresponding energies of the associated sequence of incremental approximate solutions; this holds for the whole
sequence and not only for a subsequence.

In order to come back to the original energy £, we compute the partial time derivative V(t) when V(r) is given
by (2.10). The functionals will be defined on

Uy = {v e SBV(2p; K): W(v) < +00}. (2.24)

Fix r € [0, 1]; if u € Uy, then z := ¢ (¢) o u € Uy, so by (2.10), (2.14), and Remark 2.8 s — V(s)(z) is well defined
and C' on [0, 1], with derivative

V(s)(2) :/DAW(x, V(¥ (s)oz)): V(¥ (s)oz)dr.
2
For s = ¢, recalling that u = ¥ (¢) o z, we conclude that
V(@) (¢ (1) ou) = P1)(w), (2.25)

where P(t) represents the power of the system and is given by

P)(v) :=/DAW(x, Vo) : V(¥ () o (r) ov) dx. (2.26)

2

Remark 2.16. The integrals appearing in the definition of P(#)(v) are well defined for every v in Uy : indeed, the
first term can be rewritten as

/DAW(x, Vo (V)T V(1) 0 (1)) (0) .
2

so that the existence of the integrand can be deduced from (1.12), (BC2), (BC3), and (2.24); the other terms are
controlled by (BC2) and (BC3).
Furthermore, if W, §2, K, u(t), and I"(¢) are regular enough, we have

P)(u(t)) = f DA W (x, Vu(t))ve (x) - (1) dx, (2.27)
op §2

so that P(#) (u(t)) can be interpreted as the power of the surface forces acting on dp§2 at time ¢.
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To prove (2.27), one considers the Euler conditions of (2.4), taking into account the reaction forces generated by the
confinement constraint K. Formula (2.27) is then obtained multiplying the Euler equations by V() op(t) ou(r) and
integrating by parts, as in [12, Section 3.8]. Indeed, the additional terms due to the reaction forces give no contribution,
since they are orthogonal to 952, while @'ﬁ(t) o ¢ (¢) is tangential at each point of 9£2.

This discussion leads to the following definition of incrementally-approximable quasistatic evolution for £ with
initial condition (uq, Ip), satisfying (2.7).

Definition 2.17. A function ¢ — (u(t), I'(t)) from [0, 1] in SBV?(2p; K) x R is an incrementally-approximable
quasistatic evolution of minimum energy configurations for problem (2.4) with initial datum (uq, Ip), if there exist
an increasing set function ¢t — I'*(¢), a time discretization {f/i}ogig x> and a corresponding sequence of incremental
approximate solutions ¢ — (ug(t), I'x(t)) with the same initial datum, such that for every ¢ € [0, 1]:

(a) I(t) oP-convergesto I'(¢) and I'(¢t) = '™ (¢t) U Ip;
(b) there is a subsequence Uuk; (t), depending on ¢, such that U, — u(t) weakly* in SBV?(£2p; K) and
limy s oo Nk; (t) = limsupy_, o, nk(¢), where

(1) =P () (ur (1)). (2.28)

Theorems 2.13 and 2.14 have the following counterparts when dealing with £; the proofs follow from (2.11)
and (2.25).

Theorem 2.18 (Existence of quasistatic evolutions). Let € be the energy defined in (2.2), where VW satisfies (W0-6)
and K satisfies (K1-2). Consider the prescribed deformations defined in (BC1-4). Let (ug, I'y) be a minimum energy
configuration at time 0, i.e., assume Iy € R, ug € AD(Y(0), Iy), and (2.7). Then there exists an incrementally-
approximable quasistatic evolution t — (u(t), I' (t)) with initial datum (ug, Ip).

Theorem 2.19 (Properties of quasistatic evolutions). For every incrementally-approximable quasistatic evolution
t— (u(t), I'(t)) for &, the following hold:

(1) Global stability: for every t € [0, 1] the pair (u(t), I'(¢t)) is a minimum energy configuration at time t, ie.,
'@t)eR, u(t) e AD(Y(t), I'(t)), and
Eu@®), F®) <E,I) (2.29)
for every I' € R, with I'(t) C I, and every v € AD(¥ (t), I');

(2) Energy balance: the function E(t) := Eu(t), I'(t)) is absolutely continuous on [0, 1] and its time derivative
satisfies, for Llaete [0, 1],

E@®) =P®)(u®), (2.30)
where P(t) is defined by (2.26).

3. Existence results

This section is devoted to proving Theorem 2.13. Beforehand, we must show the existence of minimum energy
configurations, in order to make rigorous Definition 2.12. For this, we will use some recent semicontinuity theorems
for SBV functions, together with the properties of o ”-convergence.

3.1. Semicontinuity and compactness

We provide a lower semicontinuity property for the volume energy V(r) with respect to the weak* convergence
in SBVP(§2p; K) (Definition 2.4). This is guaranteed by the polyconvexity and the growth inequality (V4), thanks
to a result by Fusco, Leone, March, and Verde [20]. We adapt the proof to treat the case of functionals which may
assume the value +-oc.
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Theorem 3.1 (Semicontinuity). Let V(t) be defined as in (2.9), where V satisfies (V1-4) and (V6). Let ty — t~ and
let uy — uso weakly* in SBVP(2p; K). Then

V(too) (Uoo) < hmme(tk)(uk) 3.1

Proof. First we prove the theorem for #; = fo,. We claim that there exists a nondecreasing sequence of everywhere
finite functions V; satisfying (V1) and converging pointwise to V. Let VV; (¢) be the corresponding integral functionals.
By [20, Theorem 3.5] we have

Vi(too) (Uoo) < llmme (too) (uy) < llmme(too)(uk)

Passing to the limit with respect to j, we get (3.1) when 7 = 7. The general case is obtained using (2.12).
It remains only to prove the claim. This will be done by constructing the sequence V associated to V; by (V1). To
this end we consider the convex conjugate V* of V with respect to &, defined by

V*(t,x,y,6%) 1= sup [* - £ = V(t,x,9,6)].

EeR?

By (V3), we have V*(t, x,y,E%) > —oo for every (¢, x, y, ). Using (V3) and (V4), it is easy to see that for every
M > 0 there exists R > 0 such that, if |§*| < M, then

VAt x,y, £%) = sup [£* & = V(t,x,y,6)] (32)
ISR

for every (¢, x, y). By continuity, the supremum is attained, so that V*(t, x, v, %) < 4o0.

For every x, the function (7, y, §*) — V*(t, x,y,&%) is lower semicontinuous, since the functions (7, y, §*)
E*. & —V(t,x,y,&) are continuous for every &. To prove the continuity of (¢, y, £*) — V*(z, x, y, £*), it is enough
to show that

V* (foos X, Yoo, £3) = llmsupV (5. X, i, &) (3.3)

for every (¢, vk, E,j‘) — (toos Yoo, £X,). Let M > 0 be a constant such that |&| < M for every k, let R > 0 be a con-
stant such that (3.2) is satisfied, and let &, with || < R, be a point where the supremum in (3.2) is attained for
(t,x,y, &)= (tx, x, yi, E,j‘). Passing to a subsequence, we may assume that & — £, so that
V*(tocn X5 Yoo, %-:o) > S:O &0 — V(tom X, Yoos §c0)
= lim [§; & — V(. x, vk, &) ] = Lim V*(1, x, i, &),
k—o00 k—o00

which proves (3.3) and concludes the proof of the continuity of (z, y, £*) — \7*(1‘, x,y,E%).
We now define

V(txyé)—lgnlfg[é £ =V, x,9,69)].

Arguing as before, it can be proven that (¢, y, &) — Vj (t,x,y,&) is continuous. Moreover, & — \7j (t,x,y,&) is
convex, being a supremum of affine functions. Finally, it is well known from Convex Analysis that

V(t,x,y,&) = sup [6*-& - V*(t,x,y,69)]

E*eRT

This implies that 17j S V and concludes the proof of the claim. O

We will need also the following fact, which is proven in [20, Theorem 3.4] as an intermediate step to show Theo-
rem 3.1; we recall that 7; is the dimension of the vector adj; A for A € M,

Theorem 3.2. Let uy be a sequence in SBV(§2p; K), converging in measure to a function us, € SBV(2p; K). Sup-
pose that, for j =1,....n, |ladj; Vurllprj o, g7, and H" 1 (S(uy)) are bounded uniformly with respect to k, where
the exponents p;j satisfy (W4). Then, for j =1, ...,n, adj; Vuy — adj; Vuoo weakly in LY (£2p; R%).
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Exploiting (V4), we get the following coercivity estimate for V(¢):

n
V@O @) =Y By lladj; Vull [y, o ey, = BV L (2D). (34
j=1
This allows us to employ, with p = pp, the following compactness theorem, proven in [1, Proposition 4.3] (see
also [3, Theorem 4.8]).

Theorem 3.3 (Compactness). Let uy be a sequence in SBV?(2p; K) such that |Vu| pr(2,:mmxny and H"™ (S (ur))
are bounded uniformly with respect to k. Then there exists a subsequence which converges weakly* in SBVP (2p; K).

Finally, we recall from [21, Theorem 4.4] a stability property of the Ciarlet—-Necas non-interpenetration condition
(Definition 1.1) under weak™* convergence in SBV? (2p; K).

Theorem 3.4 (Stability of the Ciarlet—Necas condition). Let uy converge to u weakly* in SBVP(2p; K). Suppose
that every uy, satisfies (CN1) and (CN2), u satisfies (CN1), and det Vuy — det Vu weakly in L'(£2p). Then u satis-
fies (CN2).

3.2. The oP-convergence of sets

We state the basic properties of the o ”-convergence (see Definition 2.5); as before, we will use the exponent p = p;
given in (W4). The lower semicontinuity theorem and the compactness property were proven in [12, Theorems 4.3
and 4.7].

Theorem 3.5 (Semicontinuity). Let k satisfy (K1-2), let Iy, I, and I" be countably ('H”’l ,n — 1)-rectifiable subsets
of 2p with "~ (I'y) < +00, and let E be an H"~'-measurable set with H"~'(E) < +o00. If I’k oP-converges to I,
then

i(x,v)dH" ' (x) < liminf / i (x, vp) dH 1 (x), (3.5)
k— 00
(FUI)\E (IYUI)\E

where v and vy are unit normal vector fields on I" U Iy and Ty, U Iy, respectively.

Theorem 3.6 (Compactness). Every sequence Ty C 2p with H"~'(I'%) uniformly bounded has a o?-convergent
subsequence.

Remark 3.7. Let E be an 1"~ !-measurable set with "1 (E) < 400 and let u; be a sequence converging to u
weakly* in SBV?(2p; K). Applying Theorems 3.5 and 3.6 with I'; = S(ux) and Iy = ¥, we can prove that, if
Sug) C E for every k, then S(u) CE.

In the following remark, we state some properties of o ”-convergence, referring to [12, Section 4] for the proofs.
Remark 3.8. If I, o”-converges to I, then

e [ is countably (H”’l ,n — 1)-rectifiable;

o H'" U (I') < +o0;

e if in addition I} C I/ and I} oP-converges to I'/, then I" cr

e if C is relatively closed in £2p and [} C C for every k, then I” ccC ; in particular, if I, € R, then I € R.

On the contrary, it can be shown that in general the inclusion C C I for every k does not imply C C I, even if C is
a compact subset of an (n — 1)-dimensional manifold. This is because, when C is irregular, there is no u € SBV(£2p)
with S(u) = C (see [12]).
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The following theorem, proven in [13,12, Theorem 4.8], is the analogue of Helly’s Theorem for this set conver-
gence.

Theorem 3.9 (Helly property). Let t — Iy (t) be a sequence of increasing set functions defined on an interval I C R

with values in 'R, i.e., Ti(s) c I (t) € R for every s,t € I with s <t. Assume that the measures H (T (0)) are
bounded uniformly with respect to k and t. Then there exist a subsequence I'y; and an increasing set function t +— I"(t)
on I such that ij (t) oP-converges to I' (t) for everyt € I.

3.3. Existence of minima

Now we can prove Theorems 2.9 and 2.10, adapting the arguments of [12, Theorems 3.9 and 3.10]. Theorems 2.1
and 2.2 are an immediate consequence of these results.

Proof of Theorem 2.9. Let us fix t € [0, 1] and I" € R. Let u; be a minimizing sequence of problem (2.18). The
infimum in (2.18) is finite, because of (V3); then, a uniform bound holds for V(¢) (ux) for k large enough, too.
Combining this bound with (3.4), we conclude that there exists C > 0 such that

n
> Bylladi; Vurl)s, o ) <C (3.6)
j=1
for k large; in particular, u; € SBV?(2p; K). Then, by the Compactness Theorem 3.3 there exists a subsequence,
still denoted by uy, which converges weakly™ in SBV? (§2p; K) to a function u. By Remark 3.7, we have S(u) cr;

moreover, u = [ a.e.on 2p \ £2.
By (3.1) we obtain

V(t)(u) < l}tmian(t)(uk) < +00. (3.7

Finally, we notice that u satisfies the orientation preserving condition (CN1): in £2p \ §2 because u = I a.e. on this set,
in £2 because of (3.7) and (V2). Moreover, (3.6) and Theorem 3.2 imply that det Vuy — det Vu weakly in L'(£2p),
hence Theorem 3.4 shows that u satisfies (CN2); then u € AD(I, I'). The minimality follows from (3.7) and from the
fact that uy is a minimizing sequence. O

Proof of Theorem 2.10. Letus fix ¢ € [0, 1]and I € R, and let (ug, I}) be a minimizing sequence of problem (2.17).
Again, the infimum in (2.17) is finite by (V3). Moreover, by (1.5) and (3.4), there exists a constant C > 0 such that

n
D Bylladi; Vurll [, o ey +H TN IO S C

j=1
for every k, which implies that u; € SBV?(2p; K) and H"~'(I}) is uniformly bounded. By the Compactness The-
orem 3.3 there exists a subsequence, still denoted by u, which converges weakly* in SBV?(2p; K) to a function u
which satisfies u = I a.e.on 2p \ £2.
On the other hand, by the Compactness Theorem 3.6 and Remark 3.8, there exists a subsequence, still denoted

by I}, oP-converging to a set I'™* € R. By Definition 2.5 we have S(u) C I'*. Finally, we take I" = I"* U I, in order
to get Iy cr.
By Theorem 3.5 we have

K(IM) =K U Iy) < liminf (T U Ty) = liminf (1.
k— 00 k— 00
Arguing as in the proof of Theorem 2.9 we conclude that
F)(u, I') <liminf F (@) (ug, I) < +00
k— 00

and that u satisfies (CN1) and (CN2). Then we have u € AD(I, I'), so that the last inequality implies that (u, I") is
a minimum point of (2.17). O
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3.4. Existence of quasistatic evolutions

The proof of Theorem 2.13 follows a scheme developed in [15,12,17,19]: problem (2.17) is approximated via time
discretization, then the existence result is obtained by passing to the limit as the time steps tend to zero.

First, we show that an incremental approximate solution satisfies an a priori bound. Then, we will prove Theo-
rem 2.13 as a consequence of Compactness Theorem 3.3 and Helly Theorem 3.9.

Henceforth, given a time discretization {lli}ogigk of [0, 1], we will use the following notation:

w() =1, V@) :=V(q), and Fi(t):=F(}) forte[r, ). (3.8)

Proposition 3.10 (Discrete energy inequality). Let t — (uy (1), I'c (1)) be a sequence of incremental approximate
solutions to (2.17), corresponding to a time discretization {t; }o<i<k of [0, 1]. Let 6x(t) be as in (2.21), 7 (t) and

Fre(®) asin (3.8). Then H" 1 (I} (1)), I Vur @Il Lr(2p:Mrxny, and O (t) are bounded uniformly in k and t; in particular,
ui(t) € SBVP(2p; K). Moreover, for every t € [0, 1]
T (1)
Fie (@) (uk (1), Ti (1)) < F(0)(uo, To) + / Ok (s) ds. (3.9
0

Proof. We recall the definition of (uy(¢), I (2)): fori =1,..., k the pair (u};, Fki) = (uk(t,i), Fk(t,i)) is a solution
of (2.20); the definition is completed by setting uy (t) = uj{ and I} (t) = Fki fort e [t,i, t,i‘H).

Taking (u, I') = (I, Fki’l) in (2.20), we get V(t,’é)(u}'{) < V(t,i)(l), thanks to the monotonicity of . Hence by (V3)

V(e (u}) < C, (3.10)

for some constant C independent of , i, and ¢, so that ||Vu};|| LP(2p:Mrxny is bounded uniformly in k and i by (3.4);

in particular, uy € SBVI’(.QD; K). ' ‘ ' '
Now we can compare (u}, I'}) with (u;{_l, Fk’_l): as u;{_l € AD(, Fkl_l), by (2.20)

F () (up, 1) < F o) (", 1), 3.11)

Then, we rewrite the right-hand side in terms of F (t,i_l)(u};_l, I k’ _1). By (V6), (2.14), and (3.10) we get, modifying
the value of C,

Vo) (u)| <C (3.12)

so that 6y (¢) is bounded uniformly in k and ¢. Therefore, we have

V() (") = V() () = / V() () dr. (3.13)

Summing up (3.11) and (3.13) and using (2.16), we obtain for every ¢ € [0, 1] the discrete energy inequality (3.9).
By (3.9) and (3.12), Fy(t)(ui(t), I't(¢)) is bounded uniformly with respect to k and 7. Hence the nonnegativity
of V and (1.5) give a bound on H"~ ! (I';(¢)), uniformin k and r. O

Proof of Theorem 2.13. Take any time discretization {l;i}og i<k of [0, 1] and consider the corresponding incremental
approximate solutions. By Proposition 3.10, thanks to the uniform bound on H"~!(I';(¢)), we can use the Helly
Theorem 3.9 to find a subsequence, still denoted I, and an increasing set function ¢ +— I'*(¢) € R, such that I (¢)
oP-converges to I'*(t) for every ¢ € [0, 1]; we define I'(¢) := I"*(¢) U Iy. This determines the sequence (ux(t), I})
and the set function I"(¢) of Definition 2.12.

Consider the quantity 0y (¢) defined in (2.21). For every ¢ € [0, 1], we can extract a subsequence k;, depending on ¢,
such that

limsup () = lim Qk/. ().
j—o0o

k— 00
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By Proposition 3.10 and the Compactness Theorem 3.3, there exists a further subsequence, still denoted by uy;, and

a function u(#) such that uy, (1) — u(r) weakly* in SBV”(£2p; K). By Definition 2.5 we have S(u(7)) C I'*(¢). This
determines the subsequence u k; (#) and the function u(¢) of Definition 2.12; the proof is concluded. O

4. Stability of the limit process

In this section we obtain a stability result for the minimizers of problem (2.17) under the o ”-convergence, stated in
Theorem 4.3 and proven after the Crack Transfer Lemma 4.1. This allows us to prove property (1) in Theorem 2.14.

4.1. Crack transfer

An important tool in the proof of the stability result is the Crack Transfer Lemma due to Francfort and
Larsen [17, Theorem 2.1]. In the original version of the lemma, the jump set of a displacement u is modified (“trans-
ferred” into a fixed set) by replacing u with its reflection in some regions. In our framework, reflections are forbidden
by non-interpenetration (see (1.6) and (V2)), so we adapt the proof using a suitable stretching as a substitute for the
reflection.

Lemma 4.1 (Crack transfer). Assume that ty — too and I'y € R oP-converges to I'* € R. Let I' € R with I'* Cr.
Assume that V(t) satisfies (V1-6) and (V8). Let v € AD(I, I') be such that V(tx)(v) < +00. Then there exist a
sequence Fk' e R with I} - Fk’, a sequence vy € AD(I, I"k’), and a sequence of closed sets Cy C §2 such that the
following properties hold:

(@) L"(Cy) — 0;

) vy =vae in2p\ Cy;

(c) ka V(tg, x, vp(x), Vur(x))dx — 0;
(d) H"H I\ C) — 0;

(e (D\T)\Ck C T\ Cs

) H*=N(I{\ Tk) N C) — 0.

Proof. We modify the proof of [17, Theorem 2.1], with §2 and §2’ replaced by 2 and §2p (the fact that Q2p is
not necessarily contained in £2p is irrelevant). According to Definition 2.5 there exist u, uy € SBV?(£2p) such that
Su)=T*, S(uy) C Iy for every k, and uy — u weakly* in SBV?(£2p); by Definition 2.4, u and uy, satisfy the hy-
potheses of [17], except possibly for the weak convergence of |Vuy| in L' (£2p), replaced here by the equiintegrability,
which is sufficient to obtain the results.

Let E; be the set of the Lebesgue-density-one points for {x: u(x) > ¢} and E {‘ the set of the Lebesgue-density-one
points for {u; > t}. It is possible to find a countable dense set D C R such that for every ¢t € D the set E; has finite
perimeter and £ ({u =t}) = 0. Then

Sw=G:= |J @*E,N0*Ey). (4.1)

t1,tpeD
n<t

where 9* denotes the reduced boundary. For each x € G, we can choose #1(x) < f2(x) in D so that x € 9*E;;(x) N
0*Ey(x) and tr(x) — t1(x) > %|[u](x)|, where [u1] denotes the jump of u. It is possible to show that 9*E;, () and
0" Ey, (x) have a common outward unit normal v(x) at x. We refer to [17] for the details.

For every x € G and r > 0, we fix a closed cube O, (x) centred at x, with side length 27, and with a face perpen-
dicular to v(x). We consider also the half-cubes

0 () :={y€ 0,(): (y —x) - v(x) > 0},
0y (x):=={ye 0r(x): (y —x) - v(x) <0}

and the (n — 1)-dimensional cubes
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Hy(x):={y€ Q,(x): (y —x)-v(x) =0},
H.(x,s):= {y €0,(x) (y—x)-v(x) :s}.
We fix a constant A, with
1
l<i<— 4.2)
-y’
where y is given by Proposition 1.5.
Let N be the set of points where 0§25 is not differentiable; we set

H' (S \ 0 Enn] N Qr(x) _
2r)yt— 1

G :={xeG\N: lim

1
> —, dist(x, 082p) > —,},
J

so that G; € £2p. As in [17], it can be proven that G = J G ;. Given ¢ € (0, A+1) we fix j = j(e) such that
H'N(G\G)) <e. (4.3)

Arguing as in [17], we consider a fine cover of H"~!-almost all of G ; j» composed of a suitable collection of cubes
0O, (x). Employing the Morse—Besicovitch Theorem [5,16,28], we can find C > 0, m =m(¢) € N, k(¢) € N, and, for
i=1,....m,xi € 2p,r >0,and ; € [t;(x;), 12(x;)], and, for every k > k(e), we can find 8+ 8;” > 0, such that,
setting Q, = Q0 (%), QlJr = Q,f_(x,), Q; = 0, (xi), H; := Hy, (x;), Hl+ = H,, (x;, 81 ), H™ = H,l. (xi, —8;), and
R; the open rectangle between Hl.Jr and H;", the following hold:

(M LU, 0) <&

(2) if x; € 2p,then Q; C 2p;if x; € 02p, then Q; C £2;
(3) if x; € 082p, then 025 N Q; is a Lipschitz graph contained in R;;
4) if x; € 325, then H" 1 (825 N Q;) — 2r)" ' < er™!;
&) H" N Sw)NaQ)=0

©) ' < CHNHS W) N 0));

(7) H" N (S@)\ Sm) N Q) < er,f"l;

(8) ML H"N*Ef N Qi) \ S(ur)) < & for k > k(e);

&) E"((E,’j NQ;) A Q) <er)" fork > k(e);

(10) L"((E,; N Qi) & Q) <er)";

(1) M N(HF N EF) < 8e(2r)"~! for k > k(e);

(12) "' (HF* N E;) < 8e(2r)" 1

(13) 87 €[5y, eril;

(14) H*YG; \ (U™, R)) < Ce.

In (3) by Lipschitz graph we mean that there exists a Lipschitz function g; : H; — R such that 0225 N Q; = {x +
gi(x)v(xi): x € Hi}.
Finally, we set

+ - - +
gt A8+ 6; P AS; +6;
N tooa—1
and note that Sl.i < a’l.dE < r;, where the second inequality follows from (13) and the choice of . We define the (n —
1)-dimensional cubes Ji+ = Hy, (x;, dl.+), J; = Hy,(x;, —d;), and the following n-dimensional open rectangles:

S; between JI.Jr and J;, S;r between JI.Jr and Hl.+, S, between H; and J;, R;r between J,.Jr and H; , and R,
between Hl.+ and J;, so that R; = Ri+ N R;” (see Fig. 1). We fix in Q; an orthogonal system of coordinates (x', x,)
such that H; C {x, = 0}. The stretching (x', x,) > (x', A(x, —d;") +d;") maps S;" into R"; the stretching (x', x,,) —
(x',A(x, +d;) —d;) maps S into R, .

Now we transfer the jump set S(v) from G; N J; Q, to Ui(a*E,]j N Q;). For every i we consider the stretched
version v of v, defined in R+ by v®(x Xp) == v(x, (x,, — di+ ) + dl.+); analogously we consider the stretched
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Fig. 1. The cube Q;.

version vie of v, defined in R;” by vl.e (x', x,) i=v(x/, %(xn +d;) —d;). If x; ¢ 382 we consider the functions v,i
defined in Q; by
v in Qi \ S,
vf = { v inSTU R\ Ef),
vP in S U(R NEf).

1
If x; € 082p, by (3) there are two cases: either Q;r \R; C 2p or Q; \ R; C 2. In the former, we define v,i on Q; by
v inQi\S,
v =1 v’ inSTUR N2\ Ef)),
o in ST U R\ (25 \ E));

1

in the latter, we set

v inQi\ S,

vf =4 v® I STUR \ (Ef N 28)),

vP in ST U (R NEf N 2p).

1

We complete the definition of v} in £2p by v :=vin 2p \ ; O:.

Now we fix an arbitrary decreasing sequence &, — 0, with g, < :\\—jr},
with ¢ = ¢. For k > k(e;) we define vg, ji, and my by setting vy := v,f”, Jr = j(en), and my := m(ep) for
k € [k(en), k(en+1)). Moreover we define Fk’ =Sr)U Ty and Cy := U;":kl 3,-.

Let us prove that I}/, v, and Cy satisfy the properties (a)—(f) required in the statement. By construction I} € R

and apply the previous construction

and I} C T %: moreover, as stretching preserves the non-interpenetration condition by (1.2), it is easy to see that
v € AD(I1, I}).

Condition (a) is a consequence of (1) and (b) is guaranteed by the definition of vi. To prove (c), notice that in Cy we
have Vug(x) = Vu(x) A, where A is the diagonal nxn matrix with entries 1, ..., 1, and % As |A—1|<y by 4.2),
in Cy we have

V(tk,x, v (x), Vvk(x)) +C(‘)/ < nnT][V(tk,x, v (x), Vv(x)) + C(‘)/]

thanks to (1.11). Moreover, by Remark 2.8 there exists a constant C > 0 (depending on the diameter of K) such that
V (tr, x, vk (x), Vo)) + €% < C[V (too, x, v(x), Vo)) + %]
As V(too)(v) < +00 and L™ (Cy) — 0, this shows (¢).
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Part (d) is a consequence of (4.1), (4.3), and (14), with j = ji, while (e) follows from (b) and the definition of I7.
To prove (f), it is enough to show that

mj
H! ((S(vk) \S@)nJ §i> — 0.
i=1

Arguing like in [17], we consider a partition S; = Pl.1 U Pl.2 U Pl.3 ) Pl.4 U PI.S, where
Pl =S8, Ny*Ef,
PP = (S;UJTUIT)\ (HT UH” Ud25 UI*EL),
PP = (H"UH")\9*E},
PY=08\ (J;FUJTUITE)),
P7 = (325N S) \ 0*Ef.
By (8) we have
> HTH (P Sw)) — 0.
i

By the construction of v, we have
HH (PPN S@o) SAHH(S) N (Si \ R));
by (4.3) and (14)

H (S nsw)\ &) -0,
while by (6) and (7)

H (s sw)n|JSi) — o,

so that

> HH (PPN Sw) — 0.

l

As for Pl.3, the parts of S(vx) lying in Hi+ \ Et]f and in H;" N Et’f can be controlled like those in Pl.2. Thanks to (11),
the remaining parts Hl.+ N E;f and H; \ E;f have H"~!-measure less than C er! ~! hence by (6)

> H (PPN S(w)) > 0.

By (13) dl.ﬂE < i—f}eri, so that using again (6) we see that
ZH"il (Pl-4) — 0.
i

Finally, we need a bound on Pl.5 when x; € 0§2p. Assume that Q;” \ R; C §2p (the other possibility, Q:r \ R; C 2p,1is
treated in the same way); then for the parts of S(vg) lying in (S; N 92p) \ Eff we can argue like in the case of Pi2. To
estimate the jumps in F :=S; N 32 N E’f we consider its partition F' = Fl.1 U Fl.z, with Fl.1 = n(B*Eé N(Qi\23))
and Fl.2 =F\ FZJ, where 7 is the projection of Q; \ £2 3 onto 3§23, parallel to v;. If L denotes the Lipschitz constant
of £2p (uniform with respect to k and i), we have

HHFD <V 1+ LR (0 Ef 01(Qi\ 25)).
so that, using (8) and recalling that S(uy) C 235,

Z H"il(Fil) — 0.

X;€082p
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As for F2, let F? := ' (F?): by (3) and (13)

VI+L? o~
ni—en® )

As Q7 \ R; C £2p,by (3) and (13) we have L"((Q; N 2p) A Q;) < 2r))"'e; by (9) and (6),

H'H(FP) <

1 _
> —L'(Ef n(Qi\25)) — 0.
X;€082p d

Now one can see that EZ C El’f N (Q; \ 2p), except at most for a set of null Lebesgue measure (for instance, apply
Ambrosio’s method of one-dimensional sections [3, Section 3.11]), hence

Z HH(F?) — 0.
X;€082p
We have shown
> HN(SinapNER) 0,
X;€082p

so that
> HH (P N S(w) — 0.
i
Collecting the last results, we get (f) and complete the proof. O
The Crack Transfer Lemma implies the following consequences.

Corollary 4.2. Let tog, t, I'*, I}, I, I}, V(t), v, vi be as in Lemma 4.1. Moreover, let Iy € R such that I C Iy Sfor
every k;let oo :=T*UIy€R. Then

(1) v — v in measure;

(2) Vg — Vo strongly in LP (2p; M"*");
(3) V() (vi) = V(too) (v);

@) H*™NIY\N T\ (I \ Two)) — 0;

(5) limsupy_, o KUY\ 1) <K\ Too).

Proof. Properties (1), (2), and (3) are given by the consequences (a)—(c) of the lemma, with the aid of (V4). To get (4),

use (f) for the part of Fk/ \ I} contained in Cy; use (d) for the part contained in [, recalling that I - Iy.; use (e) for
the remaining part. Employing (1.5) we see that IC((Fk’ \ I)\ (I'"\ I'so)) = 0, which implies (5). O

4.2. Stability of minimizers

Thanks to the Crack Transfer Lemma, we are now able to prove the stability of the minimizers of problem (2.4)
with respect to the o P-convergence, adapting the arguments of [12, Theorem 5.5].

Theorem 4.3 (Stability of minimizers). Let F(t) be the energy defined in (2.16), where V(t) satisfies (V1-8) and K
satisfies (K1-2). Let ty — ts € [0, 1]. Let Iy, € R be a sequence such that I'y oP-converges to a set I'* € R; let
Iy € R such that Ty C Iy for every k. Let uy € AD(I, I'}) be a sequence such that

F) g, Iy < F(t) (v, IN) 4.4)

for every I' € R with T, C I' and every v € AD(I, I"). Assume that uy converges to a function us weakly* in
SBVP(2p; K). Then us € AD(I, I'so), where I'so := I'* U Iy € R; moreover

F(too) (oo, I'oo) < F(too) (v, IN) (4.5)
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forevery I' € R, with I's, C I', and every v € AD(I, I'); in addition,
V(1) (ug) — V(too) (Uoo). (4.6)

Proof. The fact that u; € SBV?(2p; K) comes from (4.4) with I" = I';, and v = I, with the aid of (V3) and (V4), re-
calling that "~ (I;) is bounded by definition of o ”-convergence. By Definition 2.5, we have S(u) C I'»; moreover,
by the weak* convergence in SBV?(2p; K) we getu =1 a.e.on £2p \ £2.

To show the minimality property (4.5), let us fix I' € R with I'n, C I" and v € AD(I, I'). By the Crack Transfer

Lemma 4.1, we find a sequence Fk/ € R with I} crIl, a sequence v; € AD(I, Fk/), and a sequence of closed sets
Cx C £2 such that (a)—(f) hold. By the minimality condition (4.4) we have

V() (ux) + K () < V(@) (w) + K(I7),

which implies

V(tx) (i) < V() (0p) + K (I I).

Let k — oo: thanks to the weak* convergence in SBV? (§2p; K) we get (3.1). In the right-hand side, we can pass
to the lim sup by Corollary 4.2, obtaining

lim sup V(1) (ve) + K (I \ Ti) < V(o) (0) + K\ T

k— 00

Hence we get (4.5), which in turn implies (CN1) for u, (by (V2) and (V3)); arguing as in the proof of Theorem 2.9,
we conclude that uo, € AD(I, I'so).
Repeating the construction with v =uy, and I' = I, we get (4.6). O

Remark 4.4. Let 1 — (u(t), I'(t)) be an incrementally-approximable quasistatic evolution for F(¢). Defini-
tion 2.12 provides a sequence t — (ux(t), [ (t)) of incremental approximate solutions and, fixed ¢, a subsequence
(ur; (1), I'k; (1)) satisfying the hypotheses of Theorem 4.3 with 7, = 7, (7) (see (3.8) and recall that I C Ii()).
Hence the stability result guarantees that

V(rkj (t))(ukj (t)) — V(t)(u(t)) 4.7
and that (u(t), I'(¢)) satisfies (2.22).

5. Energy balance

In this section we show property (2) of Theorem 2.14. The first step is passing to the limit in (3.9) to get the
so-called energy inequality, then the opposite inequality is obtained via a standard method based on stability. This
procedure was developed in [15,12,17,19].

5.1. The energy inequality

Let t — (u(t), I'(¢)) be an incrementally-approximable quasistatic evolution for F(¢) and let ¢ — (uy (), I'x(¢))
be an associated sequence of incremental approximate solutions as in Definition 2.12. Recall that I () o ”-converges
to I'*(r), Iy C Tk (¢), and I"(t) = I'*(t) U I. Let 6 (7) be as in (2.21), 1 (¢) and Fi(¢) as in (3.8).

We have already seen in Proposition 3.10 that, for every sequence of incremental approximate solutions,
H N (T (1)), I Vur (@)l Lr(2p:mmxny, and ¢ (¢) are bounded uniformly in k and . By Theorem 3.5 we have for every
te0,1]

K(r@®)=K(r*@ul) < lim inf (I (1) U 1) = lim inf k(I (1)); (5.1)

moreover, Fatou’s Lemma implies that the function

O (1) :=limsup O (1) 5.2)

k— 00
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belongs to L([0, 1]) and

Ti (1) t
lim sup / Qk(s)dsgfeoo(s)ds. (5.3)

k— o0
0

Fixed s € [0, 1], by Definition 2.12 there is a subsequence (ux; (s), Ik, (s)) such that

ug;(s) — u(s) weakly” in SBV?(22p; K) (5.4)
and
Boo(s) = lim 64, (s). (5.5)
k—oo

By Remark 4.4 and (2.12) we have
V() (uk; (8)) = V() (u(s)), (5.6)

so that the function s — V(s)(u(s)) is measurable.
Now we would like to pass to the limit as k; — 00 in (3.9): this is possible thanks to the following result. In our
setting, hypothesis (5.7) is a consequence of (V7).

Lemma 5.1. Let V: [0, 1] x SBV?(2p; K) — [0, +00] be a functional, differentiable in the first variable and lower
semicontinuous with respect to the weak™ convergence in SBVP (2p; K). Assume that for every M > 0 there is a mod-
ulus of continuity wyy : [0, 1] — [0, +00) (i.e., a nondecreasing function of t, vanishing for t — 0), such that

V()W) = V(s)@)| < wp (It —s1) (5.7)

foreverys,t €0, 1] and every u € SBVP(2p; K) such that V(0)(u) < M. Fix s € [0, 1] and l{zt ujbea sequence con-
verging to s, weakly* in SBVP (2p; K). Assume that V(s)(u;) — V(s)(Uxo) < +00. Then V(s)(u;) = V(s)(Uoo).

Proof. See [19, Proposition 3.3]. O

Applying this lemma, from (5.4) and (5.6) we deduce that
V(S)(ukj (s)) — l./(s)(u(s)).
Hence, by (2.21) and (5.5), for every s € [0, 1] we get
Ooo(s) = V(s) (u(s)). (5.8)

which is thus measurable.
By (2.16), (4.7), and (5.1) we have

F@)(u(r), I (1)) < liminf Fy, (0) (ug; (1), Tx; (1)) < limsup Fi (1) (u (1), Tk (2)). (5.9)
J—>00 k—o00
From (3.9), (5.2), (5.3), and (5.8) we obtain
1
limsup Fi (1) (uk (1), Tk (1)) < F(0)(uo, I0) + / V(s)(u(s)) ds. (5.10)
k— o0
0

This leads to the energy inequality

t
F @) (u(), [ 1)) gf(O)(uo,ro)+/v(s)(u(s))ds. (5.11)
0
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5.2. The energy equality

The last point in the proof of Theorem 2.14 is the opposite of (5.11); we argue again by discretization and employ
the stability property.

Proof of Theorem 2.14. Let ¢t — (u(t), I'(t)) be an incrementally-approximable quasistatic evolution for F ().
Global stability property (1) has been proven in Remark 4.4.

Since a Lebesgue integral can be approximated by a suitable Riemann sum (see [23] and [12, Lemma 4.12]), there
exists a sequence of subdivisions {S;i}ogigik, satisfying

O:s,9<s,1 <~'<s;{"_1 <s;{k =t
and

lim max (s,’< — s,’c_l) =0,

k—>00 1<i<iy
such that

S}
lim (s}( — s,’C_I)V(s,’()(u(s}()) - / V(s)(u(s)) ds| =0. (5.12)
si—l

k

Comparing (u(t), I'(¢)) with (I, I'(t)), by (2.22) and (V3) we find a uniform bound
V(t)(u(t)) <M. (5.13)

Fori=1,...,ik, we can compare (u(sj "), I'(sj~")) with (u(s}), I'(s})): as u(s}) € AD(I, I'(s})) and I'(s; ") C
F(s,"c), the stability result (2.22) guarantees that

Flo (s M) < Floe ) (wlsi), Fs1)-
Arguing as in Proposition 3.10, by (5.13) and (V6) we see that

i

Sk
f@”wmmfﬁ»=f@mﬁﬁfﬁb—fVMWMDm
s,i:l
Summing up,
7 S’i‘
FO)(u@), ') = FO)(uo, Ip) + Z / V(s)(u(s})) ds.

=1,
Sk

Finally,
ik
F@) (), I'(1)) = FO) (o, To) + Y _(si =i )V (st) (u(sg)) — wx (@),

i=1

where

ik

ox@)i= Y| of = s W) lsh) = [ Vo)) s

i=1
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By (V7) and (5.13) we have w(t) — 0; hence, by (5.12) we find, recalling (5.11),
t
F@)(u(t), I (1)) = F(O0)(uo, Iy) + f V(s)(u(s)) ds, (5.14)
0

which leads to the energy balance property (2). O

Remark 5.2. Let (u(7), I'(¢)) and (ug, (¢), I'; (¢)) be as in Definition 2.12; let Vi () and F(¢) be as in (3.8). By (5.9),
(5.10), and (5.14) we obtain

F@)(u@), (1) = Jim 7, () (ux,; (1), T; ().
As by Remark 4.4

V) () = Jim Vi, (0 (s, 1),
we get

K(r@®)= lim K(I%;®).
/—)OO
5.3. Convergence of the discrete-time problems

In the last remark we have seen that the elastic energy and the crack energy of an incrementally-approximable
quasistatic evolution are the limits of the corresponding energies for the associated subsequence of incremental ap-
proximate solutions. Now we show that the convergence holds for the whole sequence of incremental approximate
solutions, adapting [12, Theorem 8.1].

Theorem 5.3 (Convergence of energies). Let F (t) be the energy defined in (2.16), where V(t) satisfies (V1-8) and K
satisfies (K1-2). Let (u(t), I'(t)), (uo, I'y), I'*(t), and (ux(t), I (t)) be as in Definition 2.12; let Vi (t) and Fi(t) be
as in (3.8). Then for every t € [0, T']

V() (u@) = Jim Vi) (ur (1)), (5.15)
K(I @) = lim K(I()). (5.16)

Moreover, the functions Oy (t) defined in (2.21) satisfy
O — O in L'([0, T1), (5.17)

where 00 (t) is given by (5.8).
Proof. Letus fix ¢ € [0, T'] and let uy, () be a subsequence of u (f) such that
Jim Vi (6) (g, () = liminf Ve (o) (ui ().

By Proposition 3.10 and the Compactness Theorem 3.3, there exists a further subsequence, still denoted by uy,, and
a function u*(¢) such that ug, — u*(¢) weakly in SBV?(§2p; K). Since Iy, (t) o”-converges to I'*(¢) and I'(t) =
I'*(t) U I, using (2.20) we can apply Theorem 4.3 to I, (¢), u,(t), and to the sequence i, (¢) defined in (3.8).
Therefore u™(¢t) € AD(I, I' (1)),

V) (1) = lim Vi, (ug, (1),
and

FO) (@), I'(0) <F@) (v, I
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for every I' € R, with I'(¢) C I', and for every v € AD(I, I'). Since (u(t), I'(¢)) satisfies the same minimality
property by (2.22), we have
V(t) (u(t)) =V() (u*(t)).
Collecting these facts we get
V() (u()) =liminf Vi (¢) (u (1)), (5.18)
k—o00
so that by (5.1)
F@)(u@), T (1)) <liminf F (1) (u (1), Tk (1))
k—o00
and from (5.10) and (5.14) we obtain
FO)(u@), [(0) = lim Fie(@) (ur (@), Tk(®)). (5.19)
k— o0
Hence, (5.15) and (5.16) follow from (5.1), (5.18), and (5.19).
Moreover, by (3.9), (5.3), and (5.14) we get
t (1)
/Qoo(s) ds = lim / Ok (s)ds
k—o00
0 0
for every ¢ € [0, T']; in particular,
1 1
/Qoo(t) dr = lim /Ok(t) dr.
k— 00
0 0

By (5.2) 6 Vv 6 converges to 0, pointwise on [0, T'], so that 0 V 0, converges to O in L'([0, T]) thanks to the
uniform bound on 6 (¢) (see Proposition 3.10). Since 6y + O = (6 V Ox0) + (6k A ), We conclude

1

1
/Qoo(t) dr =klim /(ek A Bxo) (1) dt.
0 0

As O A Bso < O, this implies that 6; A O, converges to O in L! ([0, T']), which, together with the convergence of
Ok V 00, gives (5.17). O

6. Measurable evolutions

So far we have not taken care of the measurability properties of ¢ — u(t). The following result ensures that, during
the limit process described in Section 3.4, it is possible to select an incrementally-approximable quasistatic evolution
(u(t), I'(r)) so that the function 7 — u(¢) is measurable from [0, 1] to SBV”(2p; R"), endowed with the norm (1.1).

Theorem 6.1 (Measurability of quasistatic evolutions). Let F(t) be the energy defined in (2.16), where V(t) sat-
isfies (V1-8) and K satisfies (K1-2). Let (ug, I'n) be a minimum energy configuration at time 0 as in (2.19), let
t > (ug(t), It (t)) be a sequence of incremental approximate solutions with initial datum (uo, Iy), such that Ty (t)
oP-converges to a set I'*(t) € R, and let I' (t) := I'*(¢t) U Iy. Then there exists a measurable function t — u(t) from
[0, 1] to SBVP(£2p; R™) such that u(t) satisfies condition (b) of Definition 2.12.

In view of the previous fact, repeating the proof of Theorem 2.13 we obtain an existence result for measurable
evolutions.

Corollary 6.2 (Existence of measurable quasistatic evolutions). Let F(t) be as before. Let (uo, I'v) be a minimum
energy configuration at time 0 as in (2.19). Then there exists an incrementally-approximable quasistatic evolution t —
(u(t), I’ (t)) with initial datum (ug, 1), such that t — u(t) is measurable as a function from [0, 1] to SBVP (2p; R™).
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The first step in the proof of Theorem 6.1 is the measurability in L?: the following lemma is an adaptation
of [14, Theorem 3.5].

Lemma 6.3. In the hypotheses of Theorem 6.1, there exists a function t — u(t), satisfying condition (b) of Defini-
tion 2.12, such that the function t — (Vu(t), u(t)) is measurable from [0, 1] to L? (2p; M""*"*) x LP(2p; R").

Proof. Let (ux(t), I'k(#)) be a sequence of incremental approximate solutions associated to (u(¢), I"(¢)) as in Defini-
tion 2.12. Let 0 (¢) be as in (2.21) and 6 () as in (5.2). For every ¢ € [0, 1], let us consider the sets

A(t) .= {(Vu, u): u € SBVP(£2p; K) and there is a subsequence k; such that
Ug; (t) — u weakly™ in SBV? (£2p; K) and ij (1) > Goo(t)}.

By Definition 2.12, for any selection ¢ +— (Vu(t),u(t)) the function ¢ +— (u(¢), I'(¢)) is an incrementally-
approximable quasistatic evolution.

By the Dominated Convergence Theorem and the Compactness Theorem 3.3, (Vu, u) € A(¢) if and only if there
is a subsequence k; such that Vuy, (1) converges to Vu weakly in LP(£2p; My, ug; (1) converges to u weakly
in LP(£2p; R"), and 6, (1) — O (7). Moreover, as the gradients Vu(¢) are bounded in L? (£2p; M"™*") uniformly
in k and ¢ and the functions uy(¢) take value in K, there exists a bounded closed convex set B C L?(2p; M"*") x
LP(2p; R™) such that (Vuy(t), ux(t)) € B for every k and ¢. This leads to regard B as a compact metrizable space,
endowed with the weak topology of L? (2p; M""*") x LP(2p; R").

Thanks to [14, Lemma 3.6], the multifunction # — A(¢) is measurable from [0, 1] to B. By the Aumann—von Neu-
mann Selection Theorem [7, Theorem II1.6], we can select # — (Vu(t), u(¢)) in such a way that it is measurable from
[0, 1] to LP(2p; M"*") x LP(£2p; R"), endowed with the weak topology. The passage to the strong topology is an
application of the Pettis Theorem [31, Chapter 5, Section4]. O

Proof of Theorem 6.1. Consider the function ¢ +— u(¢) found in the previous lemma; we want to show that it is
measurable from [0, 1] to SBV?(2p; R"). Let M (2p; M"*") be the Banach space of all bounded M"*"-valued
Radon measures on §2p, endowed with the norm ||4| s, (2,: Mm%y 1= |11|(£2p). Since SBVP(2p; R") is isometric
to a closed subspace of LY(£2p: R") x LP(2p; M ") x My,(2p; M) by (1.1), the measurability from [0, 1] to
SBVP(£2p; R") is equivalent to requiring that

e 7 u(f) is measurable from [0, 1] to L1(2p; R"),
e ¢ — Vu(¢) is measurable from [0, 1] to L?(2p; M"*"),
e ¢+ Du(t) is measurable from [0, 1] to M (2p; M"*").

As t — (Vu(r), u(r)) is measurable from [0, 1] to LP(2p; M"*") x LP(2p; R") and S(u(r)) C I'(r), we must
only prove the measurability of ¢ — [u(1)] ® vu(,)H"’l L I"(¢), the jump part of Du(z), as a function from [0, 1] to
My (£2p; M), Notice that, by the monotonicity of I"(¢), the unit normal vector v,(;) can be regarded as a time-
independent term, equal to a prescribed unit normal v to I" := I'(1). Hence, [u(f)] ® vu(,)H”_l LI =u®]®
vHEIL .

We are left to show the measurability of # — [u(¢)]H" ! L I" from [0, 1] to My, (£2p; R™). To this aim it is sufficient
to prove that the function ¢ — [u(¢)] is measurable from [0, 1] to L;{n_ (I R™). For every r > 0, we consider the

bounded linear operator @, : LY (2p: RY) > L;{n_l (I'; R™) defined by

2
¢r(”)(x)3=m< / u(y)dy — / u(y)dy),

B (x) B, (x)
where B,jE (x) denotes the half-ball with centre x and radius r, oriented as £v(x). Since ¢ — u(¢) is measurable from
[0, 1] to LY(£2p; R™), the function ¢ — @, (u(¢)) is measurable from [0, 1] to L;_ln_l (I'"; R™) for every r > 0. As
u(t) € BV(2p; R*") N L*®°(2p; R") for every ¢, we have @, (u(t)) — [u(2)] strongly in L;_[”_] (I';R™) asr — 0. We
conclude that # +— [u(¢)] is measurable from [0, 1] to L%in,l (r';R". O
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Remark 6.4. We have proven the measurability in the sense of SBV? as a consequence of the measurability in the
sense of LP. Viceversa, one can see that, for every measurable map ¢ — u(¢) from [0, 1] to SBV?(2p; R"), the
function 7 +— (Vu(t), u(t)) is also measurable from [0, 1] to L? (2p; M™*™) x LP(2p; R™), so that the conclusion
of Lemma 6.3 follows from Theorem 6.1.

7. Extension to volume forces

For the sake of simplicity, we have treated the case without applied forces, where the time-dependence is given only
by the boundary data. Actually, with elementary modifications to the proofs presented here, it is possible to consider
smooth volume forces, depending on time.

We assume that the applied forces are conservative, i.e., there exists a function G : [0, 1] x £2 x K — R such that
the force density per unit volume in the reference configuration corresponding to a deformation u € SBV(§2p; K) is
given by Dy G(¢, x, u(x)), where D, G(t, x, y) denotes the partial gradient of G with respect to y. So, the work done
by the body forces is given up to an additive constant by

gt)y(u) = / G(t,x, u(x)) dx. (7.1)
2
We suppose that G satisfies the following properties:

(Gl) x = G(¢,x,y) is L"-measurable on §2 for every (¢, y) € [0, 1] x K;
(G2) (t,y)— G(t,x,y)is Cl on [0, 1] x K for every x € £2;
(G3) there exists a constant ag > 0 such that
|G, x. y)|+ |D:G(t,x,y)| + DG (1, x,y)| <ac
forevery (¢,x,y) €[0,1] x £2 x K.

Under these assumptions, for any u € SBV(§2p; K) the function t — G(t)(u) is C Uon [0, 1] and its derivative ¢ ) (u)
is given by

S(H)w) =/D,G(t,x, u(x)) dx. (7.2)
2

Notice that the presence of the confinement hypothesis u(x) € K allows us to avoid the growth conditions with respect
to y, required in [12].
We add the force term in (2.2) and redefine the total energy of the system, which now depends also on ¢:

EM(u, ) :=Wo) —G@)w) + K). (7.3)

Following the technique of multiplicative splitting (see Section 2.3), we look for a solution u € AD(y(¢), I') to (2.4)
in the form u = ¢ (¢) o z, with z € SBV(§2p; K). To treat the case of the volume forces, we substitute (2.10) with

Vit,x,y, A):= W(x, Vi (t, y)A) - G(t,x, v(t, y)) +ag. (7.4)

The term ag, which has no influence on the solution, has been added in order to get V > 0. As always, given u €
SBV(2p; K), V(t)(u) represents the integral of V (¢, x, u(x), Vu(x)). We have

W) — G@t) () =V() (¢ (1) ou) — b, (7.5)
V() (z) —bg =W(¥ (1) 02) = G(0)(¥ (1) 0 2), (7.6)

where bg 1= ag L" (§2). The last expression suggests that the minimal hypotheses on G depend on the assumptions on
the prescribed deformation ¥ (¢): they will be studied in [26].

It is possible to prove that the new functional V(¢) satisfies the same properties (V1-8) stated in Section 2.3. Hence,
the results concerning the existence and the main properties of quasistatic evolutions still hold. When coming back to
the original formulation with time-dependent prescribed deformations, one should take into account the force term in
the definition of the power of the system, which becomes
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P(t)(u) :=/DAW(x,W):v(¢(t)o¢(t)ou)dx —/DyG(t,x,u) (V@) o (1) ov)dx. (7.7)
2 2

The rule for the change of variables in the derivative of V(¢) is now

VO)($ (@) ou) =P @) ) = G0 (w), (7.8)
so that Definition 2.17 is modified by setting

k(1) := P @) (ur () — G() (ur(®)). (7.9)
Finally, Theorems 2.18 and 2.19 also hold for the system with applied forces, with the energy balance law

E@t) =P@0)(u(n) = GO (u®), (7.10)

where E(t) :=E(t)(u(t), I'(t)). We leave the details to the reader.
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Appendix A. Some remarks about non-interpenetration

Besides the Ciarlet—Necas condition for cracked bodies, adopted in the present paper (see Definition 1.1), two other
notions of non-interpenetration can be considered for a function u € SBV(£2; R"):

(a) Linearized self-contact condition: for H" '-a.e. x € S(u)

[u(0)] - vu(x) > 0;

(b) Progressive non-interpenetration: there exists a “continuous” function A — u(A), defined for A € [0, 1] and with
values in SBV(£2; R"), such that u(0) is the identity map, u(1) = u, and u()) satisfies the Ciarlet—Necas condition
of Definition 1.1 for every A € [0, 1].

Condition (b) clearly depends on the choice of the notion of continuity: ideally, it should be selected so that A > ()
is continuous if and only if the associated motion can be realized by a physical process.

In [21, Section 6], Definition 1.1 and condition (a) have been compared, showing that neither property implies the
other one. Moreover, if u € SBV?(§2; R") for some g > n, it is proven in [21, Proposition 6.2] that (a) holds whenever
the functions

u(h, x) :=x + Av(x) (A1)

satisfy Definition 1.1 for every A € [0, 1], where v(x) := u(x) — x. Since this property usually holds when the displace-
ment v(x) is “small”, this result suggests that the linearized self-contact condition is natural for linearized elasticity.
It also proves that (b) implies (a) in the special case where u()) is given by (A.1).

The following examples show that, in the general case, the progressive non-interpenetration does not imply the
linearized self-contact condition, even if u (A, x) is smooth out of the jump set. In both examples n = 2 and §2 is the
open ball with centre 0 and radius 2.

Example A.1. For every A € [0, 1] and x € £2, let

X if [x] <1,
Ryx if x| >1,

u(A,x):= {

where R) is the rotation of angle A. Then for every A the Ciarlet—-Necas condition is satisfied, the jump set S(u (A, -))
coincides with I" := {|x| = 1}, and

[u(k,x)] v(x)=(Ryx —x)-x=cosh—1<0 foreveryxel.
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In this case the lips of the crack in the deformed configuration remain in contact for every A. However, we can obtain
a similar example with an opening crack, defining

X if [x] <1,
a)Ryx if |x] > 1,

u(A, x) ::{
where A — a, is continuous and 1 < a) < 1/cosA forO <X < 1.

In the previous example, the crack set in the reference configuration does not depend on A, and u (A, x) = x on one
of the regions determined by the crack set. The violation of (a) is obtained by exploiting the strict convexity of this
region. Instead, the next example achieves the same result with a rectilinear crack.

Example A.2. Let { € C*°(R) be a nondecreasing function such that £ (s) =0 for s <0 and £ (s) > 0if s > 0, and let
I' :={(x1,0): 0 <x; <1}.Forevery A € [0, 1] and every x = (x1, x2) € £2 \ I" we define

(x1,x2 + Ax?) if x5 > 0,
u(h,x) =14 (x1,2x%) if x; <0and x, =0,
(ill+ A1, x2 + Ax3 [T+ AL (x)])  if xa <O.

First of all, we observe that u(X, -) is injective in each of the three regions used for the definition (thanks to the
monotonicity of ¢). To prove the injectivity on the whole domain, it is enough to show that these regions are mapped
into pairwise disjoint sets. The image of {x, > 0} lies strictly above the parabola IT := {(x, Axf): x1 € R}; the
region {x; < 0, xp =0} is mapped into 71, while the image of the third region {x; < 0} lies strictly below the curve
{Cer[1 4+ Az (xp)], Axlz[l + A¢(x1)]: x1 € R}. The branch of this curve corresponding to x; < 0 is contained in I7,
while the branch corresponding to x; > 0 lies strictly below IT for A > 0, since 1 < 1+ A¢(x1). This shows that u (X, )
is injective and that the crack lips in the deformed configuration overlap only at the crack tip (0, 0), except for A = 0.
Moreover, u belongs to C*°([0, 1] x (£2 \ I")) and all its partial derivatives have a finite limit on both sides of I". For
every A the jump set S(u(A, -)) coincides with I", and

[u()\,x)] -v(x) = —klezg“(xl) <0 foreveryx el

In both cases condition (a) is violated not only by u(1, -), but also by u(%, -) for every A > 0. Hence, (a) may not
hold even if the deformation satisfies (b) and is very close to the identity in a C*° sense. Notice that, if A is interpreted
as time, the function u (X, x) represents a physically admissible motion of the cracked body §2 \ I', starting from the
undeformed configuration u (0, x) = x. Therefore, requiring (a) appears to be unnatural, unless one linearizes with
respect to A at A = 0.

In our opinion, the correct notion of non-interpenetration in nonlinear fracture mechanics is condition (b), since
it takes into account the fact that the deformation is always the result of a “continuous” evolution through non-
interpenetrating intermediate states, starting from an initial condition, that may be taken as reference configuration.
Unfortunately, up to now, there are no mathematical results concerning the stability of this property: this is the reason
why we adopted instead the Ciarlet—Necas condition.

However, if we consider an incrementally-approximable quasistatic evolution ¢ — (u(¢), I"(¢)), according to Def-
inition 2.17, such that the initial datum u satisfies (b) and ¢ — u(¢) is continuous on some interval [0, T], in the
same sense chosen for (b), it follows immediately from the definition that u(¢) satisfies also the progressive non-
interpenetration condition for every ¢ € [0, T].
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