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Some sufficient conditions for lower semicontinuity in SBD and
applications to minimum problems of Fracture Mechanics.

Giuliano Gargiulo* Elvira Zappale'

Abstract

We provide some lower semicontinuity results in the space of special functions of bounded deformation
for energies of the type

O, u,v)dHY " | Ju] v >0 HY TN — al e on J,
Ju
and give some examples and applications to minimum problems.
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1 Introduction

This study is motivated by the results contained in [7, 8, 9] where it has been studied, both from the
mechanical and computational viewpoint with several techniques, in the regime of linearized elasticity, the
propagation of the fracture in a cracked body with a dissipative energy a la Barenblatt, i.e. of the type
Jr o([u] - v, [u] - 7 )dHN 1, where I' denotes the unknown crack site, [u] - v, [u]- 7, represent the detachment
and the sliding components respectively, of the opening of the fracture [u] and, the energy density ¢ has the
form

0 if [u] vy =[u] -7, =0,

o([u] - v, [u] - 70) = ¢ K if [u] - vy >0, (1.1)
+oo iffu]-v, <0

where K is a suitable positive constant. It has to be emphasized that the energy density ¢ in (1.1) also
takes into account an infinitesimal noninterpenetration constraint, i.e. all the deformations u pertaining to
the effective description of the energy must satisfy [u] - v, > 0 HY ! a.e. on T.

More precisely, the subsequent analysis aims to extend some of the results contained in [24, 25, 26]. In
fact the target of those results was providing a mathematical justification to the minimization procedure
adopted in [7, 8, 9] which appears at each time step, when studying the propagation of the fracture using
the quasistatic evolution method, as introduced in [23] and developed in many other papers (see for instance
[17, 18] for the first formulation in terms of free discontinuity problem in the nonlinear elasticity setting,
[15] for the linear case, see also the more recent papers [16, 22, 14] among a wide literature). Indeed in
order to derive, from the mathematical viewpoint, the properties of the energy ¢ above which guarantee
lower semicontinuity with respect to the natural convergences (2.13) <+ (2.15) below, in order to generalize
the energetic model contained in [7, 8, 9] and finally to extend the lower semicontinuity results for surface
integrals contained in [12], the following result has been proved in [24]:
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Theorem 1.1. Let Q be a bounded open subset of RY, let
D :={p:[0,400[— [0,+0c0], ¢ conver, subadditive and nondecreasing} (1.2)
and let ¢ € ®. Let {us} be a sequence in SBD(Q), such that [up] - vy, >0 HN"t-a.e. on J,, for every h,

converging to u in LY (;RN) satisfying (2.12) below, with a function 7y : [0, +oo[— [0, oo[ nondecreasing and
verifying the superlinearity condition (2.11) below. Then

[u] v >0 HY "L — ace. on Jy, (1.3)
and
/ o([u] - v )dHN 1 < liminf o([un] - v, )dHN L, (1.4)
" h—+o0 Juy,

It can be easily seen that the class ® in (1.2) includes functions of the type ¢ above, but it has also to
be remarked that, in general, the functions in ® can be truly convex. Indeed, typical examples of functions
in ® are given by ¢ : s € Rt — (1+ sp)%, p > 1, but in practice this class of functions does not perfectly fit
the mechanical framework, where actually a ‘concave-type’ behavior is expected.

In fact, the present paper originates from the desire of finding a wider class of functions, containing
the function ¢ in [7, 8, 9], including energy densities with a more general dependence on the opening of
the fracture [u] and on the normal of the crack site 1, rather than just on their scalar product [u] - v, as
for ¢ in (1.2) or possibly exhibiting a dependence from the ‘traces’ on the two sides of the crack site, and
which still ensures lower semicontinuity. A first result in this direction, i.e. the lower semicontinuity of
fJu U ([u], v, )dHN 1 with respect to convergences (2.13) <+ (2.15), together with a characterization of such

integrands (see [25, Theorem 4.5]), has been achieved in [25, Theorem 1.2], where the class

U:(a,p) € RV x SV coop lp- &Y (la-€)), (1.5)
= N-—1

has been introduced, with 1 : [0, +o00[— [0, 4+00o[ lower semicontinuous, nondecreasing, subadditive (more
generally a lower semicontinuos function such that ¢ (|- |) is subadditive). For a more detailed discussion see
Remark 3.2 below.

With the aim of considering surface energies whose densities have explicit dependence on the two different
one-sided Lebesgue limits (see Section 2 below) and on the normal to the jump site, we introduce here the
class © and prove Theorem 1.3 stated below.

Definition 1.2. Let ©, with a notational abuse, be the class of functions of the form

O: (i,j,p) € RN x RY x ¥t = sup [f(i-&,j-&p-€) (1.6)

where f: R —]0, 400 is a continuous BV -elliptic function.
(See Definition 2.7 for BV -ellipticity.)

Theorem 1.3. Let ) be a bounded open subset of RN, let y : [0, +-00[— [0, 4+-00[ be a non-decreasing function
verifying condition (2.11) and let © be as in (1.6) where f is a continuous BV -elliptic function in the sense
of Definition 2.7. Let {un} be a sequence in SBD(Q) satisfying the bound (2.12), such that [up] - vy, > 0,
HN"1a.e. on J,, for every h and converging to u in L*(;RYN). Then (1.3) holds and

O(uT,u™, v,)dHN ! < liminf O(ujf, uy, v, )dHN L. (1.7)
Ju h—+oco Juy,

The structure of the paper is the following. In Section 2 the main results from Geometric Measure Theory
concerning spaces of functions with bounded deformation and special functions of bounded variation, are
recalled. Section 3 is devoted to Theorem 1.3 and to related minimun problems.



2 Notations and preliminary results

In this paper Q will be a bounded open subset of RY. We shall usually suppose, when not explicitly
mentioned, (essentially to avoid trivial cases) that N > 1. Let u € L'(Q;R™), the set of Lebesgue points of
u is denoted by ,. Equivalently z € Q, if and only if there exists a (necessarily unique) a(z) € R™ such

that
1

Jim o [ ) iy =0

A function u € L'(£;R™) is said to be of bounded variation, and we write u € BV (;R™) if its
distributional gradient Du is an m x N matrix of finite Radon measures in Q, Du € M,(Q; M™*N).
Furthermore the following Lebesgue(Radon — Nykodim) decomposition holds Du = Vul™N + D%u, where
D*u, the singular part with respect the Lebesgue measure £V, can be split as D/u 4+ D®u, with D7u the
restriction of Du to Q\ Q,,, and Du the restriction of D*u to €,,. For the above, and further details on BV
functions, see e.g. [6].

BD(Q) is the space of vector fields with bounded deformation and it is defined as the set of vector fields
u=(ul,...;ulV) € L}Y(Q;RY) whose distributional gradient Du = {D;u’} has the symmetric part

Fu = {Eiju}, Eiju = (Dl’UJJ + Djul)/2

which belongs to My (Q; MJ) V), the space of bounded Radon measures in € with values in M XN (the
space of symmetric N x N matrices). For u € BD(Q), the jump set J, is defined as the set of points x € Q
where v has two different one-sided Lebesque limits vt (x) and u™(z), with respect to a suitable direction

vu(z) € SN ={¢ e RV : [¢] =1}, ie.

1

lim —/ u(y) — ut(z)|dy = 0, 2.1
0—07t QN Bét(w7yu($))| (y) ( )l Yy ( )

where BE (z,vy(2)) = {y € RN : |y — x| < 0, (y — x) - (Fwu(2)) > 0}, ((u,u™,vy) are determined within
permutation to (u~,u™, —1,)), accordingly we shall assume that all the subsequent integrands f(i, 7, p) will
be compatible with this permutation, i.e. f(i,j,p) = f(j,4, —p). Ambrosio, Coscia and Dal Maso [5] proved
that for every u € BD(Q) the jump set J, is Borel measurable and countably (H™ !, N — 1) rectifiable
and v, () is normal to the approximate tangent space to J,, at x for HN "l-a.e. x € J,, where HV ! is the
(N — 1)-dimensional Hausdorff measure (see [6] and [21]).

For every u € BD(), the Lebesgue decomposition of Eu is

Eu=E%+ E°u

with E%u the absolutely continuous part and E®u the singular part with respect to the Lebesgue measure
LY. Eu denotes the density of E%u with respect to £V, i.e. E% = Eul™. We recall that E%u can be
further decomposed as

E*u = Flu+ E‘u
with Elu, the jump part of Eu, i.e. the restriction of F%u to J, and E°u the Cantor part of Eu, i.e. the
restriction of Eu to Q\ Jy,. In [5] it has been shown that

Eily=(u" —u")ov,HYN |, (2.2)

where ® denotes the symmetric tensor product, defined by a ® b := (a ® b+ b ® a)/2 for every a,b € RV,
and HN~1|J, denotes the restriction of HN ! to J,, i.e. (N1 |J,)(B)=HN"Y(BnNJ,) for every Borel
set B C Q, (and we then write B € B(2)). Moreover it has been also proved that |E°u|(B) = 0 for every
B € B(Q) such that HY~1(B) < +oco, where | - | stands for the total variation. In the sequel, for every
u € L} (;RY) we denote by [u] the vector u™ — u~. For any y,& € RN, £ # 0, and any B € B(Q) let

loc

me = {y e RY :y- £ =0},
BS:={teR:y+1 e B}, (2.3)
B* = {y eme: BS # 0},



i.e. m¢ is the hyperplane orthogonal to £ , passing through the origin and Bt = pe(B), where pe, denotes the
orthogonal projection onto me. B§ is the one-dimensional section of B on the straight line passing through
y in the direction of &.

Given a function u : B — R, defined on a subset B of R, for every y,£ € RV, ¢ # 0, the function
ufj : B§ — R is defined by

ug(t) = ut(y + &) = u(y +t&) - £ for all t € Bg. (2.4)

Following [5] we can say that a vector field u belongs to BD(Q) if and only if its ’projected sections u§
belong to BV (25). More precisely the following Structure Theorem (cf. [5, Theorem 4.5]) holds.

Theorem 2.1. Let u € BD(Q) and let £ € RN with € #0. Then
(i) Bug- & = [oe DOugdHN " (y), [Eug - ] = foe [Du[dHY ! (y).

(ii) For HN~'-almost every y € QF, the functions ui and ﬁg (the Lebesque representative of u, cf. formula
(2.5) in [5]) belong to BV(Q%) and coincide L'-almost everywhere on ij, the measures |Du§| and Vﬁg

the pointwise variation of s cf. formula (2.8) in [5]) coincide on QS ,and Eu(y +t&)E - € = Vus(t) =
t Y Y
(@) (t) for L*-almost every t € €5,
(i) BIug - €= [ DIuGdHN " (y), [Bu - & = [oe [DIugldHN ' (y).
(iv) (J§)5 = J,e for HN~1-almost every y € Q° and for every t € (J§)§
wt(y +1€) - € = (ug)* (1) = limyyps T ()
u”(y +18) - € = (ug)~ () = limy - a5(s),
where the normals to J,, and J e are oriented so that v, - £ > 0 and v,e =1
(1)) ECU& : 5 = fQE DCUSdHN_l(y)a |Ecu§ ' §| = fgs |Dcu§|dHN_1(y)'

The space SBD(Q) of special vector fields with bounded deformation is defined as the set of all w € BD(Q)
such that E°u = 0, or, in other words

Fu = Eul™ + [u) © v, HN 71 [,

We also recall that if Q C R, then the space SBD(Q) coincides with the space of real valued special
functions of bounded variations SBV (), consisting of the functions whose distributional gradient is a Radon
measure with no Cantor part (see [6] for a comprehensive treatment of the subject).

Furthermore we restate [5, Proposition 4.7] to be exploited in the sequel.

Proposition 2.2. Let u € BD(Q) and let &1,...,&x be a basis of RN . Then the following three conditions
are equivalent:

(i) we SBD(R).
(i1) For every & =& +&; with 1 <1i,j < n, we have ufj € SBV(QS) for HN=1-almost every y € Q.
(iii) The measure |E%u| is concentrated on a Borel set B C Q which is o-finite with respect to HN 1.
Moreover, following [5] we give:

Definition 2.3. For any u € BD(Q) we define the non-negative Borel measure A, on Q as

Au(B) := 1 / M (B)dHNL(€) VB € B(Q), (2.5)
2wN_1 SN-1
where, for every & € SN—1
XNo(B) = | H(J,eNBS)AHN "1 (y) VB € B(Q). (2.6)
Q¢ Y



Let
JS ={x € J,:[u]-£+#0}, (2.7)

we recall that
HN TN\ TE) =0 for HY 7! —ae £ € VL (2.8)
The following result is a consequence of the Structure Theorem

Theorem 2.4. For every u € BD(Q2) and any & € SN—1,
M(B) = / vy - E|JdHN T VB € B(Q), (2.9)
JinB

where v, is the approzimate unit normal to J,. Moreover A\, = HN ! | o
A standard approximation argument by simple functions, proves, more generally, that for every Borel function

g : Q= [0,400], it results

/ 9(y) | - E[dHY " (y) = / / oy + 1) aHO(B)aHN () (2.10)
JSNB Q¢ Jpe (JENB)

L

for any ¢ € SN 1.

We recall the following compactness result for sequences in SBD proved in [12, Theorem 1.1 and Remark
2.3].

Theorem 2.5. Let v : [0, +oo[— [0, +00[ be a non-decreasing function such that

im0 _
im 12 = oo (2.11)
Let {up} be a sequence in SBD(Q) such that
Junll e + [ A(€unl)da +HY () < K (212)

for some constant K independent of h. Then there exists a subsequence, still denoted by {un}, and a function

u € SBD(Q) such that

up, — u strongly in L}, (Q;RY), (2.13)

Eup, — Eu weakly in L' (Q; ML <N), (2.14)

Elwy, — Elu weakly* in My(Q; M2 <N, (2.15)

HYL(T,) < liminf HYY(T,,). (2.16)
h—+oo

We will also make use of the following result from Measure Theory [6, Lemma 2.35]

Lemma 2.6. Let )\ be a positive o-finite Borel measure in Q and let p; : & — [0,00], i € N, be Borel

functions. Then
/sup wi;d\ = sup {Z/ gaid)\}
Q i A;

i€l
where the supremum ranges over all finite sets I C N and all families {A;}ier of pairwise disjoint open sets
with compact closure in Q.



Following [2] (see also [6, Definitions 5.13 and 5.17 respectively]) we recall the notions of BV -ellipticity
and joint convexity, (the first notion was already introduced in [3, 4] in order to describe sufficient conditions
for lower semicontinuity in SBV for surface integrals).

We stress that the definitions below we are referring to (i.e. BV-ellipticity and joint convexity)), appear
slightly different from those stated in [6], but we emphasize that for the applications to lower semicontinuity
problems with respect to convergence (2.13) + (2.16) we have in mind, they can be considered as ‘equivalent’.
Indeed, what really matters to that aim, is to have the sequences {uy} C SBD(2) with range in a suitable
compact set of RY, (related to the considered energy density). This fact is evident in the arguments used in
the proofs of lower semicontinuity results in the original articles (see [2] and also [6]).

Let Q, be an open cube of RY, centred at 0, with side lenght 1 and faces either parallel or orthogonal
to v € SV~ and let u; ;, be the function defined as u; j, = { ; i z Z z 87
Definition 2.7. Let T C R™ be a finite set, and f: T x T x SN=1 — [0, +00[. A function f is said to be
BV -elliptic if

/] f(er,v*,VU)d’HNfl > f(i,4,v) (2.17)

for any bounded piecewise constant function v : Q, — T such that {v # u; ;. } CC Q, and any triplet (i, j,v)
in the domain of f.

A function f : R™ x R™ x SN=1 — [0, 4+00[ is said BV-elliptic if it verifies (2.17) for any finite set
T cCR™.

In the sequel, with an abuse of notations we will use the same symbol for any BV -elliptic function and
its positive 1-homogeneous extension in the last variable.

Definition 2.8. Let f: R™ x R™ x RY — [0, +00]. We say that f is jointly convex if

f(i,j,p) = supnen{(gn(i) — gn(5)) - P} V(i,4,p) € R™ x R™ x RY,
for some sequence {gn} C [Co(R™)]V.

The above notion was introduced in [2] with the name of regular ‘bi-convexity’, see Lemma 3.4 therein.

We also recall, as proven in [2] (see also [6]), that joint convexity implies BV -ellipticity, and the equiva-
lence between the two notions is still an open problem, even if there are some classes of function for which the
two notions are proven to be equivalent (see [2, Example 5.1] and Example 3.5 herein). On the other hand
BV-ellipticity is very difficult to verify in practice, whereas this is not the case for joint convexity. More-
over, necessarily any jointly convex function is lower semicontinuous and f(i,4,p) = f(4,4, —p), f(¢,4,p) =
0 Vi,j € R™ pe RN, £(i,7,-) is positively 1-homogeneous and convex, Vi, j € R™.

In [2] (see Theorem 3.3 therein) it has been proven the following theorem that will be invoked in the
proof of Theorem 1.3.

Theorem 2.9. Let f : R™ x R™ x SN=1 — [0, +00[ be a continuous BV - elliptic function. Let {up} C
SBV (S5 R™) be a sequence converging in L*(;R™) to u such that ||up||r~ and HN=1(Jy,) are bounded
and {|Vupn|} is equiintegrable. Then u € SBV (;R?) and

fut u™ v, )dHY 7 < limhinf Fuf uy,vp)dHN L
Ju Juh

Assuming f jointly convex, one can allow f to take the value +00 and not necessarily be continous, as it
has been proven in [2, Theorem 3.6], (see also [6, Theorem 5.22].)

Theorem 2.10. Let K' C R™ be a compact set and let f : R™ x R™ x SN=1 — [0, +00] be a jointly convex
function. Let {up} C SBV(Q;R™) be a sequence converging in L'(Q;R™) to u such that up, € K' a.e. in
Q, {|Vunl|} is equiintegrable and HYN~1(J,, ) bounded. Then u € SBV(Q;RY), u € K’ a.e. in Q and,

/ fum u,v)dHY 7t < limhinf/ Flutuy ,vp)dHN L
Ju Juy,



We observe that the assumption inf f > 0 is only needed in the proof of [2, Theorem 3.3], for (3.20) therein,
which is actually a consequence of the hypotheses of the present Theorem 2.9. Similar considerations apply
to our Theorem 2.10. Actually, from the mechanical viewpoint, boundedness of the third term in (2.12)
above may be interpreted as a ban to fractures to fill the material.

Moreover we emphasize that, to our purposes, i.e. for Theorem 2.10 we could replace f defined on
R™ x R™ x SVN—1 by a function defined just on the compact set K’ x K’ x SN~1. On the other hand it would
be enough to require such a density jointly convex just on K’ x K’ x SN~! obtaining it through functions
{gn} C (C(K"))N in place of {gn} C (Co(R™))N when giving Definition 2.8, since the sequence {u;} in
Theorem 2.10 has range in K’. In fact this latter approach has been followed in [6], but the present choice
allows a more transparent comparison of the lower semicontinuity results Theorem 1.3 and Proposition 3.3
with the results contained in [24] and [25], see Theorems 1.1 herein and [25, Theorem 1.2].

3 Theorem 1.3 and Applications

We start this section by providing a lower semicontinuity lemma along directions that will be to a great
degree exploited in the proof of Theorem 1.3. The proof develops in analogy with a similar result in [25],
essentially exploiting the slicing method for SBD fields introduced in [5, 12], and we write it here for reader’s
convenience.

Lemma 3.1. Let f be a continuous BV -elliptic function as in Definition 2.7. Let € be a bounded open subset
of RN. Let {up} be a sequence in SBD(Q) satisfying the bound (2.12), such that [up) - vy, >0 HN " 1-a.e.
on Jy, for every h and converging to u in L*(Q;RYN) . Then

/] () €u () Eova - €) dHN 1 (y) <

timint [ (uf )+ €0, 0) - € - ) W)

Uh

(3.1)

for HN=1.q.e. £ € SNL,

Proof. Let {up} C SBD(Q) satisfying the bound (2.12) and converging to u in L!(;RY). Theorem 2.5
ensures that u € SBD().

Let ¢ € SV—1, and let pe : Ju — me be the orthogonal projection onto m¢. First we observe that (iv)
in Theorem 2.1 guarantees that one can choose the normals to J,, Jy,, Jug and Juhf, oriented so that
vy - & vy, - € > 0 and Vi§ = Vb = 1.

This fact and Proposition 2.2 ensure that for HV 1 a.e. y € Q¢ it results

(ug)*(t) = (u- &) (y + t€) and (uy)~(t) = (u- &)~ (y +1&) for every ¢ € J ¢ and, (3.2)
(uns) T (t) = (un - &) (y + t€) and(un§) ™ (t) = (un - £)~ (y + t€) for every t € Tun§ .
with u$, up§ € SBV(Q) for HN"-a.e. y € Q5.
Thus we can restate (3.1) as
v - €1f (uh(y) - &um(y) - €1) dHY " (y) <
Ju (3.3)
timin [ o, - €1F (u70) €07 () € 1) V)
Jup,
On the other hand, by (2.7) and (2.8), we have
J 1t @) €9 0 ) = [l ) -6 o) - € D),
o (3.4)

1€ v | f (i () - &y () - € DAHN () / 1€ van | f (wy (0) - &y () - & AR (y)

JS

Ju o

h



for every h € N and for H¥ " l-ae. ¢ € SN-1 (3.2), (3.4), (2.10) guarantee the existence of N C SN¥~! such
that HN~1(N) = 0 and

[ lenliat @ gw @ enan e = [ [ [ 5w 0.0 0.0d10 0] ),
Ju Q¢ Jug

[l vlitut @) ) -6 a0 = [

Juy, Q¢

([ ) 0. nae o] o),

Upy

for every h € N and for every £ € SN\ N.
Consequently the proof will be completed once we show that

LU sy .o naeo] oo <

; (3.5)
timinf | | / F(n§)* @), ()™ (), DI ()| aH™ )
h—+o0 Q¢ J e © ©
Yhy
for every £ € SN71\ N.
To this end, for each £ € S¥~1\ N consider a subsequence {uy} = {up, } such that
timinf [ f(@$)* 0 )OO = tim [ (@) 0 )"0 D0 636)
h—+oco J ¢ © © k—~4o00 7 ¢ !
Uhy Yky
Next consider a further subsequence (denoted by {u;} = {us,}) such that
lim HYN"1(J,,) = liminf HY 1 (J,,). (3.7)

j——+oo k— 400

We want to show that the assumptions of Theorem 2.9 in dimension one are satisfied.

By (ii) in Theorem 2.1 (i.e. u,(y +1t§)-€ = (ujg);(t) for HVN"1-ae. y € QFf and for L'-ae. t € Qi)
and by Fubini-Tonelli’s theorem, for any £ € SN~ \ N we can define I ¢(u;) = [e 7(|u}§(t)|)dt, where
ujg(t) = u;(y +t&) - £ and we have

[ Huewpat o) = [ (0@ s
e
Since {u;} satisfies the bound (2.12) and ~ is non-decreasing, it follows that
[ st 1w < [ s(eu@ias < x 5:9)
e

for every ¢ € SN=1\ N and for HV l-a.e. y € Q5. Tt is also easily seen that, from the bound on ||u;||=,
deriving from the global bound (2.12),
||uj§||LOO(Q§) <K. (3-9)

From (3.8), (2.10) and (2.12) for every £ € SV~ \ N it results that there exists a constant C = C(K) such
that

1_1m+1nf Lye(uj) +HO(J, )dHN " (y) < C < +c0.
Jj——+oo e 7Y

Let us fix £ € S¥=1\ N (such that the previous inequality holds). Using Fubini-Tonelli’s theorem and con-
vergence in measure for L!- converging sequences, we can extract a subsequence {u,,} = {u;,,} (depending
on &) such that

lim [ [Lye(um) +H(, o )ldHY " (y) =

m—+400 mi

e (3.10)
lim inf / Ly () + HO(T, NdHN 1 (y) < C < +oo,
j 0o e iy



and for a.e. y € Q% uf, , € SBV(Q5) and up — uf in L, (QF), with u§ € SBV ().

Let £ € SN=1\ N: by (3.10) and Fatou’s lemmau7 for HN~la.e. y € QF, it results

hrl)lJlrnf[ e (um) + HO(J, 5] < Foo. (3.11)

Let us fix Noe C QF and a point y € Qf \ Nge, such that HY~1(Nge) = 0, (3.11), (3.9) hold and such

that u,,$ € SBV(Q) for any m. Passing to a further subsequence {u;} = {u,,} we can assume that there
exists a constant C’ such that

liminf (1, ¢ (um) +H"(J,, )] = lm [ e(w) +H(], )] < C"

This means that {ul } e S’BV(Qg) and satisfies all the assumptions of Theorem 2.9 for each interval
(connected component) I C €. Consequently (3.6), (iv) of Theorem 2.1 and, Theorem 2.9 guarantee that

l—+oc0

/J SIS (1), ()~ (£), 1)dHO(t) < lim / FS)* (1), (w) ™ (8), DK (t) =

(3.12)
timinf [ F((und)*(0), ()™ (1), DaHO(0)

h—+o00 J e

Yhy

for HVN"1-a.e. £ € SN~1 and for HV1-a.e. y € QF.
The lower semicontinuity stated in (3.5) now follows from Fatou’s lemma, which completes the proof.
O

Now we are in position to prove Theorem 1.3.

Proof of Theorem 1.3. We preliminarly observe that (1.3) follows by Theorem 1.1, thus it only remains to
prove (1.7) and this will be achieved essentially through the applications of Lemma 3.1 and Lemma 2.6.
The continuity of f allows us to assume ¢ in (1.2) varying in any countable subset of SV—1. It will be
chosen in S¥~1\ N, N being the V! exceptional set introduced in Lemma 3.1, and it will be denoted by
A, with elements &,.
By superadditivity of liminf:

1irninf/ O(uyl , uy , vy JAHN 1 > Zliminf/ fla-ufb & uy, & vy, )dHN
Ty JupNAa

h—+o00 h—+o00

for any finite family of pairwise disjoint open sets A, C €.
By Lemma 3.1 we have

h— 400

hmlnf/ f(é.(l ! U’Zaga ' u}:a Vuh,)dHN_l > f(ga : u+7§a : u}:v VuhdHN_l
Ty,

Ju

for every &, € A. Therefore

liminf/ O(uyl  uy vy, JAHN 1 > Z/ flla-ut € u, Eq v)dHN !
Juy, JuNAa

h—+oco

for every &, € A and for any finite family of pairwise disjoint open sets A, C 2.
By Lemma 2.6 we can interchange integration and supremum over all such families, thus getting

lér_r)ligof Juh’(%(uh,uh,l/uh dHN 1>/ O(u Vu)d’HNfl,

whence (1.7) follows and this concludes the proof.



Remark 3.2. It is worthwhile to observe that ¢ in (1.1) of [7, 8, 9] can be recast in terms of a suitable ©
in (1.6) requiring in the model that the noninterpenetration constraint (1.8) is verified. In fact it suffices to
consider (as already observed in [25])

O(i,j,p) = sup Klp-&|,
gesSnN—1
i.e. f(ar,a2,b) =¥(Jar — az])0(b) for suitable ¢ and 0 (see 2 of Examples 3.5 below), with 1) = tconst : t €
[0, +00[— K, K >0, and § = |-|, from which one deduces that © = Ocongt : (1,7, p) € RN xRN x SN-1 5 K.
Moreover we recall as emphasized in [25, Remark 4.8] that the constant functions K represent the only
intersections between the classes W in (1.5) and ® in (1.2). On the other hand, the fact that the classes (1.2)
and (1.6) do differ is not very surprising and, indeed, also the techniques adopted to prove the related lower
semicontinuity results Theorem 1.1 and Theorem 1.3 (and its simplified version given in [25, Theorem 1.2])
are very different, the first relying essentially on Geometric Measure Theory and the second on the structure

of the Special fields with Bounded Deformation together with the characterization of lower semicontinuity in
SBV, enlightened in [5, 12] and in [2].

We observe that, while joint convexity entails BV -ellipticity, on the other hand, one can replace the
BV -elliptic function f in (1.6) by a jointly convex one, which may take also the value +o0, i.e.

©:(i,j,p) € RV x RY x SN™1 = sup f(i-&,j-&p-€) (3.13)
gesN—l

where f: R x R x R —]0, 4+00] is a jointly convex function as in Definition 2.8.
Thus the following result holds, which is indipendently obtained and not stated as a Corollary of Theorem
1.3, since we may avoid to require f continuous and finite.

Proposition 3.3. Let Q be a bounded open subset of RN, let ~ : [0, 4+o00[— [0,400[ be a non-decreasing
function verifying condition (2.11) and let © be as in (3.18) where f is a jointly convex function. Let {up}
be a sequence in SBD(Q) satisfying the bound (2.12), such that [up] - v, >0, HN"L-a.e. on J,, for every
h and converging to u in L*(Q;RY). Then (1.3) and (1.7) hold.

Proof. First we assume f continuous. Under this extra assumption, the proof develops as in Theorem 1.3
making use of Theorem 2.9 in place of Theorem 2.10, when stating and proving the analogue of Lemma 3.1.

Then for general jointly convex f, it is enough to observe that by Definition 2.8, f can be approximated
by a non decreasing sequence of continuous jointly convex functions, namely fi (a1, az,b) = supj, <,{(gn(a1)—

gn(az)) - b}.
Furthermore, for every k € N, let O, : RY x RY x SN=1 — [0; +00] be the functional defined by
ceSN-1
Clearly,
G(Zajvp) = sup ek(lvjap) (315)
keN

Since this supremum is actually a monotone limit, monotone convergence theorem gives

/ O(ut,u™,v)dHN "1 = lim Or(ut,u™, vy )dHN !
Ju k——+o00 Ju

On the other hand, the first part of the proof ensures that each functional fJ Or(ut,u=; v )dHN 1 s

sequentially lower semicontinuous with respect to the L'- strong convergence along all the sequences {u,} €
SBD(Q) satisfying the bound (2.12), so that

k—+oo

/ O(uT, u, v )dHN "t < liminf/ O(ujf uy, vy, )AHN !
u J h
which concludes the proof. O
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Remark 3.4. We emphasize that Theorem 1.3 and Proposition 3.3 still hold with obvious adaptations if one
replaces the integrand © in (1.6) (or (3.13) respectively) by

(i, j,p) == sup fe(i-&j-&p-§)
£eSN—-1

with fe as in (1.6) (or (5.13) respectively) continuously depending on & € SN~1.
It is worthwhile to observe that, looking at the proof of Lemma 3.1, Proposition 3.3 provides lower semi-
continuity along sequences {up} satisfying (2.12) also for energy densities © obtained via (3.13) by functions

f jointly convex just on sets of the type K' x K' x R, insofar as K’ is such that up(x) € K' for a.e. x and
all h.

In the sequel, taking also into account the models proposed in [6, Example 5.23], we first state the
properties inherited by the function © in Theorem 1.3 and then we provide some examples, essentially in
the case where f is jointly convex.

We observe that Definition 1.2 easily entails that © has the following properties, see also [25, Proposition
4.2):

(i) ©(0i,04,0p) = ©(, j, p)
for every orthogonal matrix O € RM*¥ i j € RN and p € SV-1.
(ii) O(i,7,-) is an even function, if f is even in the last variable. Moreover ©(i, j, p) = ©(j, ¢, —p).
(iii) If f is continuous, then © is continuous on RY x RY x §N-1,
(iv) ©(i, §, p) is subbaditive, in the sense that O(i, j,p) < O(i, k,p) + O(k, j,p), for every p € SN~1,
(v) If f is bounded, © is also bounded on RY x RN x §N-1,

Examples 3.5. Let ay,a92,b € R, possible choices of a jointly convexr function f in Definition 1.2 are the
following, see [6, Example 5.23]:
1 f(al,CLQ,b) _ { (g(al) + g(ag))|b| if a1 # as,

=10 if ay = az and g : R — [0, 400] is continuous
2 f(a1,a2,b) = ¥(Jlar — ag|)0(b) with ¢ lower semicontinuous, increasing and subadditive, and 0 even,
positively 1-homogeneous and convex. It is worthwhile also to mention that for this class of functions

joint convezity and BV -ellipticity are equivalent as proven in [2] (see Proposition 5.1 and subsequent
observations therein).

Observe that 6(-) = | -| recovers the result, obtained with different techniques in [25, Theorem 1.2]. See
also Proposition 3.3 herein.

3 f(a1,az2,b) = d(ay,a2)8(b), with § : R x R — [0, +00[, continuous, positive, symmetric and satisfying
the triangle inequality, (for instance §(a1,az2) = |g(a1) — g(az)|, with g : R — [0, 4o00[ continuous, and

o) =1 1.

As an application of Theorem 1.3 and Proposition 3.3 some existence results may be proven.
We emphasize that they strongly rely on some recent lower semicontinuity results for bulk energies in
SBD due to Ebobisse [19] and to Lu and Yang (see [28, Theorem 2.8 and Theorem 4.1]).

Theorem 3.6. Let s > 1 and let V : Q x MY XN — [0, 4+00) be a Carathéodory function satisfying

sym

o for a.e. x € Q, for every £ € MNXN

sym 7’
ZIE < V(,€) < ple) + OO +1gl") (3.16)

for some constant C > 0 and a function p € L1(f2),

11



o for a.e. xy € Q,V(xg,-) is symmetric quasiconver, i.e.,

Vi(2o,€) < ﬁ /A Vw0, € + Epla))de

for every bounded open subset A of R, for every ¢ € Wol’OO(A; RY) and ¢ € MYXN.

sym

Let h € LY(Q;RY) and let {H(z)}zeq be a uniformly bounded family of closed subsets of RN. Let © :
RN x RN x SN=1 — [0, 40, be a continuous function as in (1.6). Then the constrained minimum problem

min {/ V(x, Eu)dr +HN1(T,) +/ O(u™, u™, vy )dHN ! —|—/ h-udaj}
u€ SBD(Q),[u] - vy >0 a.e. in Jy, Q u Q

u(z) € H(z) a.e. in Q
(3.17)
admits a solution.

Proof. The hypotheses on {H(x)}scq guarantee that every minimizing sequence {up} is bounded in L*°.
Therefore, by using the Direct Methods of the Calculus of Variations and, by virtue of Theorem 2.5 above
and Theorem 1.3, [28, Theorem 2.8] we get a solution. O

By the same token invoking [28, Theorem 4.1] the following result can be proven

Theorem 3.7. Let V : Q x RV x MS];,]HXIN — [0,4+00]. Assume that for every x € Q and for every u € RV
and for every A € MS];,]HXIN

o V(x,u,-) is convex and lower semicontinuous on M2 XN ;

o V(-,u,A) is measurable in Q;
o for a.e. x € Q and for all u € RN and n > 0 there exists § > 0 such that
V(.I,’U,,g) - V(I,’U,f) < 77(1 + V(Ia vaé))
Jor all v € RN with |u —v| < & and for all € € MYXN;

e there exist v > 0,5 > 1 such that

V(z,u, &) > 7|€|°, for every x € Q and for every (u,€) € RY x MYXN,

Sym

Let h € LY RY) and let {H(z)},eq be a uniformly bounded family of closed subsets of RN. Let © :
RN x RN x SN=1 — [0, 40, be a continuous function as in (1.6). Then the constrained minimum problem

min {/ V(z,u, Eu)ds + HY (T, + /
u€ SBD(Q),[u] - vy >0 a.e. in Jy, Q .

u(z) € H(z) a.e. in Q

@(uﬂuﬂyu)d’HN*l—l—/ h-udx}
Q

(3.18)

admits a solution.

Other choices of the forces h, appearing in the minimum problems above, are also possible: we refer to
[28]. Analogously the function © can be chosen as in (3.13) and it is enough to invoke Proposition 3.3.
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