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From SBD to SBH: the elastic-plastic plate
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A description of a flat elastic perfectly plastic plate is obtained as a variational limit of a thin elastic
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0. Introduction

The asymptotic behaviour of variational integrals depending on vector-valued functions with free
discontinuities may describe damaged thin structures by mean of dimension reduction in the
framework of I'-convergence.

In this paper we derive a variational model of an elastic-plastic plate with flat unstressed
configuration by an asymptotic analysis of a thick elastic body with small mesoscopic cracks. We
also study the case of a rigid plastic slab.

The elastic-perfectly plastic behaviour of a plate undergoing small deformations has been
studied by coupling bulk energy of elastic type and plastic energy concentrated on a priori unknown
yield lines: existence and regularity of minimizers that are Special Bounded Hessian functions
(SBH) have been proved in several papers [14—17,43]. A simplified model of such stored energy is
given by a functional of the following kind:

/|V2w|2dLZ+H1<SDw>+/ I[Dw]|dH ', (0.1)
b S

Dw

where X C R? is the reference configuration of the plate, w € SBH(Y) is the scalar-valued
transverse displacement, V2w is the absolutely continuous part of D?*w and Sp, denotes the
singular set of Dw, £ and H denote, respectively, the Lebesgue and Hausdorff measure.

The stored energy of elastic bodies with small cracks undergoing small deformations can be
described in the frame of Special Bounded Deformation functions (SBD). We introduce here the
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following model of the related stored energy:
[ E@pas v+ [ menian? 02)
U Jy

where the open set U C R? is the reference configuration of the body, v : U ¢ R* — R?isa
vector field with special bounded deformation (that is to say, v belongs to SBD(U)), £(v) is the
absolutely continuous part of the linear strain tensor e(v) = sym Dv, Jy is the jump set of v (the
points x where v has two different one-sided Lebesgue limits v (x), v~ (x) with respect to a suitable
direction vy(x)), while [v] = v© — v~ and © denotes the symmetric tensor product.

The first term in (0.2) represents the elastic energy in undamaged regions, the second one is a
surface energy (area of material surfaces where damage occurs [32]), and the third one describes
a weak resistance of the material to compression or crack opening and is related to the Barenblatt
model of damage [7]. The last term allows us to deal with nontrivial loads, even without artificial
confinement of the body.

A stored energy similar to (0.2), but without the third term, has been introduced and studied
in [3, 9]. For a different but related approach to the coupling of damage and strain in one dimension
see [10]. On this subject we refer also to [27-29, 45].

Minimization of (0.2) is the linearized version of minimization of the nonlinear elastic energy
coupled with a surface energy according to the Barenblatt model of quasi-static formation of cracks
[7, 12]: note that the linear growth in the third term of (0.2) is essential in the analysis, since sub-
linearity would prevent coerciveness even in BD frame, while subadditivity is necessary in order to
have semi-continuity [11: Proposition 7.1].

In this paper we study a variational relationship between the functionals (0.1) and (0.2) by
showing that the elastic perfectly plastic energy (0.1) of the plate is the variational limit (as ¢ — 0%)
of the fracture-elastic energy of a three-dimensional body with thickness of order ¢ described as
follows, where appropriate weights are given to the various terms in (0.2): we set 2¢ = X x (—¢, ¢)
and

3 2
Ef lEW12dC’ + %HZ(JV)—i— s/ I[v] © vy| dH 2. (0.3)
P Jy

We prove that minimizers of energy (0.1) are limit of minimizers of (0.3) as the thickness 2¢ goes
to zero, and that £ ~3 rescaled energy (0.3) converges to (0.1), without a priori assuming any formal
asymptotic expansion of (0.3) minimizers. Our proofs are valid for general bulk loads. Here, for
simplicity, the analysis is detailed assuming homogeneous Dirichlet boundary conditions.

Additional information about functional (0.3) with small but strictly positive & can be obtained
by the recovery sequence (5.23) defined in Section 5: the total energy of such recovery sequence
energy exhibits an excess from minimality of order &°.

Concrete slabs undergoing small deformations are sometimes described as thin plates whose
elastic deformation turns out to be irrelevant if compared with plastic flow occurring along a priori
unknown plastic-yield lines [41]. Such situation can be modelled [17] by coupling rigid transverse
deformations with plastic hinges along an unknown pattern of lines, and assuming that on these
lines the deformation is continuous but the gradient may have jump discontinuity of rank 1: the
stored energy of the slab is then

H (Spw) + / [DwlldH ", 0.4)

N Dw
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where ¥ C R2 is the reference configuration of the slab, and w € SBH(JY) is the scalar-valued
transverse displacement and satisfies the constraint V>w = 0 in X, that is to say, w is a piecewise
affine function in X

Here we show that energy (0.4) is the variational limit of an energy of an elastic 2 e-thick elastic
board with small cracks, analogous to (0.3) but with a differently weighted first term:

2
e / |5(v)|2dﬁ3+%H2(Jv)+8/ V] © vy| dH 2. 0.5)
e Jy

The main results are Theorem 2.1 (asymptotic behaviour of the constant in Korn—Poincaré
inequality as the open set shrinks in one single direction), Theorem 3.1 (existence of minima of
the approximating problems provided a safe load condition is fulfilled), Theorem 3.4 (variational
approximation of the plate energy) and Theorem 3.6 (convergence of minimizers to equilibria of the
elastic plastic plate), Theorem 3.8 (safe load condition for equilibrium of an elastic plastic plate)
and Theorem 4.2 (variational approximation of the rigid plastic slab). The techniques of this paper
rely on I' convergence methods [21, 23].

The coupling of bulk energy and surface energy causes the main difficulty in the analysis
since none of energies (0.1)—(0.5) is convex. We cannot use a straightforward scaling of the
Korn—Poincaré inequality, since a dilation of the plate thickness does not map the space of rigid
displacements into itself: to overcome this difficulty, we show explicitly the asymptotic behaviour
of the constant appearing in the inequality, as the plate thickness goes to 0.

Moreover, we never consider thickness averages (which could jeopardize the functional frame of
allowed damage, since the projection of vertical cuts with finite total area may have infinite length),
but we study the approximating functionals in a fixed re-scaled domain (blow-up of the thin plate
and slab).

We emphasize that all the results are proved without assuming the Kirchhoff cinematic
restriction e(v) - n = 0 (see [33,39]; obviously such restriction can be skipped in the purely
elastic case too, see [1]). In the last section we show some analogies and differences in the analysis
if Kirchhoff assumption is made: Theorem 6.2 and Remark 6.3 clarify the gap between the two
frameworks.

Actually, by assuming Kirchhoff cinematic restriction, we are able to deduce a quantitative
estimate on the amount of damages (see Theorem 6.4). Such estimate may be interpreted as an
analytical deduction of the fact that cracks compatible with equilibrium have a smaller size than the
Griffith critical length [32].

The one-dimensional problem (approximation of an elastic plastic beam via micro-cracked thin
rod) has been studied in [37] (flat beam with Kirchhoff hypothesis) and [38] (curved beam with
Kirchhoff hypothesis). Boundary value and obstacle problems with energy (0.2) are studied in [20].

In the elastic context (both for plates and beams) and the Sobolev spaces framework (without
allowing fractures in the approximating problems, and hence without plasticity in the limit problem)
a statement analogous to Theorems 3.4, 3.6 was proved by [18] (see also [19]).

The purely plastic frame for plates was studied in [36]. The approximation of membrane and
thin films (obtained by different weights in (0.3)) is dealt with in [12, 13, 31].

Regularity for essential minimizers of energy (0.1) with prescribed transverse load and Neumann
boundary condition were proven in [16] under smallness condition of the load in L7 ({2) with g > 2:
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in such case energy (0.1) for a minimizer can be written as

[ preral 11 S0+ [ ipwiand 0.6)
b

\Spw Spw

with w € CO%(X) N C?(Z \ Spw) and H ((Spw N X) \ Spw)) = 0: that is, closing Sp,, in X does
not increase length.

Regularity for minimizers of energy (0.4) with prescribed transverse load and Neumann
boundary condition were proven in [17] under smallness condition of the load in LY ({2) with ¢ > 2:
in such case energy (0.4) for a minimizer can be written as

Spw

H' Spw) + / [Dwl| dH! 0.7)

where w € CO(Z) is affine in each connected component of X'\ Sp,, and H! ((SpwN2XH\Spw)) =
0.
The paper has the following sections:

(1) Functional framework

(2) Asymptotic behaviour of the best constant in the Korn-Poincaré inequality for an n-
dimensional cylinder whose height tends to null

(3) Approximation of the linear elastic plastic plate (LP)

(4) Approximation of the rigid plastic slab (RS)

(5) Proofs of convergence results

(6) Some remarks about the Kirchhoff cinematic restriction

1. Functional framework

We denote by U an open bounded subset of R” with Lipschitz boundary; by £" the n-dimensional
Lebesgue measure and by {e;} the canonical basis of R”. For a given set Q C R"” we denote by 9 Q
its topological boundary, by H ™ (Q) its m-dimensional Hausdorff measure and by | Q| its Lebesgue
outer measure; p’ = p/(p — 1) denotes the conjugate exponent of any p € [1, +00]. We denote by
B, (x) the open ball {y € R"; |y — x| < p}, and we set B, = B,(0). Moreover, s At = min{s, t},
s V t = max{s, t} for every s, t € R. spt denotes the support of a distribution.

][ vdx =07} / vdx VL—measurable set Q, and L—integrable function v in Q.
0 0

My, denotes the k x n matrices and I the identity matrix in My x; given vectors a = {a;}, b = {b;},
and matrices A = {A;;}, B = {B;j}, weseta-b = Zi ab;, @®Db);; = a;b;, @O b);; =
1/2(ajbj +a;jb;), (A-b); = >, Aijbj, (b- A); = 3, Aijbi, (AB)ij = 3 AikBij, A : B =
Y AijBij, lal* = a-a, |AP = At A=sup(};; AijBij: Y B, = 1}.

We say that a subset E of R" is countably (H"~!, n — 1) rectifiable if (up to a set of vanishing
Hrl measure) it is the countable union of C 1 images of bounded subsets of R”~!: if in addition
H" 1 (E) < 400 then we say that E is (H"~!, n — 1) rectifiable.

For p € [1, +00], and Y a finite-dimensional space, we denote by L” (U, Y) and by W]’P(U, Y)
the Lebesgue and Sobolev spaces of functions with values in Y, endowed with the usual norms ||-||z»
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and || - |ly1,» respectively. M(U, Y) denotes the space of the bounded measures on {2 with values
inY.

For brevity, we write L”(U), W7 (U), M(U) when Y = R.

| - |m denotes the total variation of a measure in M(U, Y), i.e.

|M|M=/U d|u|=sup{/UZ«>ij duij = gij € CQU). Y9} < 1inU}.
ij ij

ut = (&—“m is the absolutely continuous part of  with respect to £ and pu* = u — p? is the singular
part.

If O C U is any open set, then || (o) is defined in the same way, with ¢;; € C8(0), and we
define a Borel measure || by setting for every Borel set B C U

|w|(B) = inf{/ lul; B C O, O open}.
o)

Letv : U — R¥ be a Borel function, (we write v in the scalar case, k = 1); for x € U and
z € Rk = R¥ U {00} (the one-point compactification of R¥), we say that z is the approximate limit
of v at x, and we write
~ J5, 00 8V(Y)) dy
z = ap lim v(y), if, for every g € CO(RK), g(z) = lim B2 7T 7
y—X p—0 |Bp|

The singular set Sy:i={xe U :aplimv(y) doesnotexist}
y~>x

is a Borel set; for brevity we denote by v : 2\ Sy — R¥ the function
V(x) = ap lim v(y).
y—x

Letx € U \ Sy s.t. ¥(x) € R¥: we say that v is approximately differentiable at x iff there is a k x n
matrix Vv(x) s.t. -
V() = V(X) = VVX)(y — X)|
ap lim =
yox ly — x|

0.

If v is a smooth function then Vv coincides with the classical gradient.
We recall the definition of the space of functions with bounded variation in U with values in R¥:

BV(U, RN = {ve L'(2,R*) : Dve MU, My.,)}

e ||v||L1(U>+/ Dv|
U

where Dv = {D i V,-} i=1,.x denotes the distributional derivatives of v.

j=1,.m

In the one-dimensional case (n = 1) we shall use the notation v in place of Vv and v’ instead of

Dv. To simplify notation we set, for any n > 1,
av )
V,i2=a—=DiV=DV-ei Vivi=(e-V)v i=1,...,n.
Xi

For every v € BV(URK) the following properties hold:
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(BV1)
(BV2)
(BV3)

(BV4)

(BV5)

(BDI)

(BD2)
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V(x) € R* for H" ! almostall x € U \ Sy (see [46: 5.9.6]);

Sy has null Lebesgue measure and is countably (H"~!; n — 1) rectifiable (see [46: 5.9.6]);
Vv exists a.e. in U and coincides with the Radon—Nikodym derivative of Dv with respect to
the Lebesgue measure (see [30: 4.5.9(26)]);

for H"~! almost all x € Sy there exist v = w(x) € 9B, vI(x), v (x) € Rk (outer and inner
trace, respectively, of v at X in the direction v) such that (see [46: 5.14.3] and [30: 4.5.9(15)])

lim o~" f vy — v @] dy =0, (1.1)
0—0F (y€B, (x); (y—x)-v>0}
lim 97"/ [v(y) — v (x)|dy = 0, (1.2)
0—>0%F {ye B, (%); (y—x)-v <0}
| Dv| am 2/ Vo) |l dX+/ v (x) — v ()| dH " (x); (1.3)
U Sy

by setting jy = (vt —v)@vydH""L_Sy, Cy = (Dv)* — jy, we have the decomposition
Dv =Vvdx+ jy + Cy.

The space of vector fields with bounded deformation has been introduced to deal with
variational problems in perfect plasticity (see [42,44]):

BD(U) = {ve L'(2,R") 1 e(v) := 1 (Dv+ (DV)T) € M(U, My,»)}

Ivllzpw) = VIl +/;} le(v)[.
BD(U) is the dual of a separable Banach space. For any v € BD(U) we define
Jy:i={x € S : I (x), v (x) € R", vy(x) € 3B1(0), s.t. (1.1), (1.2) hold with k = n}

which is the subset of the singular set where v has one-sided approximate limits with respect
to a suitable direction vy ‘normal’ to Jy. Jy is called the jump set of v and plays a role
analogous to the singular set Sy in the theory of BV functions (see [3]).

We notice that for v e BV(U, R¥), the set Sy \ Jy is 7"~ ! negligible, while it is not known
whether the same property holds in BD(U). Moreover, for every v € BD

the linear strain tensor e(v) has the following decomposition:
e(v) = e (v) + &5 (v) = E(V)dx + e/ (v) + e (v)

where e?(v) = £(v) dx and e*(v) are respectively the absolutely continuous and the singular
part of e(v) with respect to £; e/ (v) , e°(v) are respectively the restriction of e* (v) to Jy and
the restriction of e* to its complement (say the jump and Cantor part of e(v)).

Throughout the paper we denote by divv = Tr&(v) the absolutely continuous part of the
distributional divergence of v.

£(v) can be interpreted as an approximate symmetric differential ([3: Theorem 4.3]):

lim i/ |(V(Y)—V(X)—g(V)'(y—X))'(y—X)ldy=O [Maexel.
BQ(X)

0—0+ " ly — x|
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Jy is a Borel set with null Lebesgue measure and is countably (H n=1 n — 1) rectifiable (see
[3: Proposition 3.5]), and there are vy = vy(x) € 9B, vT(x), v_(x) (respectively geometric
measure theory normal, outer and inner trace in the v direction) H'lae. in Jy, s.t.

)=t =v)owH" L,

and the jump part e/ (v) can be represented on every Borel set B by the formula
e/ (v)(B) = / V] © vy dH "1, where [v] :=vT —v™.
BNJy

If R denotes the set of rigid displacements (the affine maps of type A-x +b where A € M,, ,
is skew-symmetric and b € R"), then ([42: Proposition 2.2, 2.3 p. 155] and [3: Theorem 3.1])
for every bounded connected open set U with Lipschitz boundary, and every continuous
linear map R : BD(U) — R which leaves fixed the elements of R, there is a constant
c1 = c1(U, R) such that

IV = RO ooy < 1U, RIeMIU) ¥V & BDU).

If ¢ is a continuous semi-norm on BD(U) and a norm on R, then ¥ (v) + f y le(v)] is anorm
on BD(U) equivalent to || - [|gpv). In particular

(Korn-Poincaré inequality) If U is the unit cube (—1, 1)" and 9; U denotes its lateral boundary
{x € AU : x,, # *£1}, then there is a constant c; = ¢2(U) such that

VIl Lrro—n @y < c2(U) (|e(v)|(U) +f

U

v| dH"—1> Vv € BD(U).

The constants in BD4, BD6 are invariant by dilations (eU , ¢ > 0) of the cube.
BDWU) c L*(U) Vsell,n/(n—1)] withcompactembeddingifs < n/(n — 1).

In the study of elastic—perfectly plastic plates the spaces BH({2) (functions with bounded
Hessian) and SBH({2) have been introduced and studied in [14, 26, 40];

BH(U) = {v e W''(U) : D*v € M(U, M,,.,)} = {v € L'(2) : Dv € BV(U,R™)},

2
IvlBrw) = vl wy + 1DVlIL1 @y + D7V -

BH(U) endowed with this norm is the dual of a Banach space.

Now we recall the definition and main properties of the following spaces: functions with special
bounded variation (see [25]), vector fields with special bounded deformation (see [3]) and functions
with special bounded hessian (see [14]), and point out some of their properties. These spaces
are characterized by the property that some combinations of distributional derivatives are special
measures in the sense of De Giorgi ([24]). We set

SBV(U,R*) = {ve BV(U,R" : cy, =0},
SBD(U) = {v € BD(U) : €°(v) = 0},
SBH(U) = {w € W'Y (U) : Dw € SBV(U, R")},
SBV>(U) = {w € SBV(U) : Vw € SBV(U, R™)}.
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We note that v € SBV (U, Rk) if and only if
veBV(U,R) and Dv=Vvdx+ (Vi —v7)®@ v dH""ILS,,
where H"~1L_Sy(B) = H"~1(BN Sy) for any Borel set B (see [2]). Moreover (by [9: Appendix])
SBD(U) NBV(U,R") = SBV(U,R"),
SBV(U,R") g SBD(U) g BD(U).

We remark that Dw = Vw in SBH(U) and in BH(U), but Dw # Vw in SBV>(U). We set

n n
Spw=|JSpw  Yw € SBH(U), Svw=JSvw  YweSBVA(),
i=1 i=1

hence
Spw = Svuw, Aw =V - Duw, Yw € SBH(U).

By definition SBH(U) is a closed subspace of BH(U) with respect to the strong norm, while it is
not closed with respect to the w*~BH (U) topology. In addition we have (see [14, 15]):

(SBH1) [, ID*w| = [, |V2w|dx+fSDw [[Dw]|dH"'  where [Dv] = (Dv)t — (Dv)".
(SBH2) (embeddings) Let U C R" (n > 1) be a bounded open set with the exterior cone property.
Then

BH(U) c W1 (U) (1.4)
with continuous embedding if ¢ < ﬁ; compact embedding if ¢ < n"j hence
BH(£2) C L*(2) (1.5)

for s < %5 (compactly when the inequality is strict) if n > 2;
for any s > 1 (compactly for finite s) if n = 2.
(SBH3) Let U C R? be a an open set. If w € BH(U) has compact support in U, then

1
lwll L@y < Z/ |D?w]. (1.6)
U

(SBH4) If a bounded connected Lipschitz open set U C R? has boundary U which is a union of
finitely many C? regular arcs, then

BH(U) c C°(D). (1.7)
(SBHS) (Traces) Let U C R" have the same property as in SBH4. Then, two bounded linear maps
exist:
vo : BH(2) - Wh1(30), yi : BH(2) > L' (302)
such that
) =2
) =vl , i) = —
202 IN|y0

foreveryv € C 2(2), where N is the outward normal to 3 2. Moreover y; is onto.
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(SBH6) Let U C R" be an open set and w € SBH(U). Then

9
(@) (D>w)’ =[Dw]® vdH""'L_Sp, = [a—w} V@ vdH " Spw,
Vv

=/ I[Dw]IdH”‘lz/ ‘[a—w”dH”_l,
SDw SDw 81)

o) [ [0y
U

© / 02wy’ = [ |a%u],
U U
where %—ll’j = v - Dw, and (D*w)* and A’w denote respectively the singular part of the

distributional Hessian and Laplacian of v with respect to L".

We notice explicitly that C*°({2) is neither dense in BH({2) nor in SBH({2) with respect to the
strong topology. Nevertheless, if {2 is strongly Lipschitz, the density holds true with respect to the
intermediate topology associated to the distance

dr(u,v) = ||u—v||L1(Q)+V |Dzu|_/ D2
02 2

2. Asymptotic behaviour of the best constant in the Korn-Poincaré inequality for an n-
dimensional cylinder whose height tends to null

We describe the asymptotic behaviour, when & goes to zero, of the constant in a Korn—Poincaré
inequality (of type (BD6)) for a cylinder {2° (approximating the plate (2), and in general for an
e-fattened open subset of R”~!, by first estimating from above the blow-up rate of such constant
and then by exhibiting a simple example which shows exactly such rate. The body is supposed
to be fixed at the lateral boundary: this fact is analytically imposed by a support restriction of
admissible deformations, which are defined in a set X'® bigger than the reference configuration
£2¢. The following analysis includes Theorem 4.1 in [37] about flat beams.

THEOREM 2.1 Forn > 2 let
2 ¢ R"~! be a non-empty bounded connected Lipschitz open set, (2.1)

)n—l dgf

R2c(-L,L X (2.2)

and set
I'=902, 2°=0x(—¢e,8), X=X x(—¢g8), I'"=002x(—¢,¢) Ve € (0,1]. (2.3)
Then there exists a constant C; = C({2, L, n) > 0 independent of & such that
VIl Lno-1 ey < Ce™ '™ eM(ZF) < cge—l—”"<|e<v>|(08>+ / Iv| dH"—l)
[‘S

Ve € (0, 1] and Vv € BD(X?®) s.t. sptv C €. 2.4)

1,1 1
Vs ey < @I2DsHi~Cq s?‘2(|e<v>|<98) + fr vl dH"—l)

Ve € (0,1],Vs € [1, Ll] and Vv € BD(X?) s.t. sptv C ¢, (2.5)
n—
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Before proving Theorem 2.1, we recall some known results and state some preliminary lemmas.
Let Q = (—1, 1)" be the open cube of R"”, ¢ > 0. By [42: Theorem 2.1 p. 148, Proposition 2.3,
and Remark 2.5 p. 155-156], it is easy to see that here is a positive constant ¢, depending only on
n, such that, for every v € BD(eQ),

/ VdH < e (Ie(V)I(Q) 4 / v dﬁ")
00 Q

n—1

(/ |v|n”1d£"> ' <c(|e<v)|(Q>+/ |v|dH"“)
o 00

1/s
Iw € R(£0) : (/ v —w[* d£”) <cleW(eQ) Vs e [1, L} .
0

n—1

By scaling (x, = ex, H" ' (x) = H"1(x¢)/e" L, L(x) = L (x,)/e"), we get for all v € BD(eQ)

/ [v[dH" ' < ¢ <|e(v)|(eQ) + 1/ v dL”) (2.6)
Q) € JeQ

n—1

</ v| 7T dC”)T <c (Ie(v)l(eQ) +/ |v|dH”—1> (2.7)
eQ 0/(eQ)

1/s R
Iw e R(0) : </ v —w|® d£”> <ece'Ve(W)|(0) Vs e [1, L} . Q8)
eQ

n—1

LEMMA 2.2 For every a, b € R” the following inequality holds:

&
/ la+bz|dz > t|ble? +2(1 — 7)|ale Ve > 0,Vt € [0, 1]. 2.9

—&

Moreover, if b = 0, then equality in (2.9) holds iff = = 0; if b # 0, then equality in (2.9) holds iff
a=0and7t =1. ]

Proof. The case when a = 0 or b = 0 is trivial.
If a £ 0 # b then, by convexity of the Euclidean norm we have

|a + bz| > |bz| +a - sign(bz)Vz # 0, la+ bz| > |a| + b - sign(a)z (2.10)

where sign denotes the vector-valued sign function: sign(a) = a/|a|. By integration

& & & l)Z
/ |a+bz|dz>f |bz|dz+/ — .adz = &|b|

—& —& —e [bllz]
and
&€ &€ & a
/ |a+bz|dz>/ |a|dz+/ — - bzdz = 2¢|a|
—& —& —¢ |a]

and (2.9) is a convex combination of the above inequalities.
If b = 0 the statement about equality is trivial.



FROM SBD TO SBH: THE ELASTIC-PLASTIC PLATE 147

A necessary condition for both equalities in (2.10) is that a, b are linearly dependent, say if
b # 0, that a = Ab for some A € R, but in this case

e e+A
/ la+ bz| dz = [b| sl ds = [bly (%)
—e —e+A

hence ¥/ (1) = 0, iff A = 0 and ¥ (1) = 2 for |A| < . Therefore [, |a+ bz|dz achieves its strict
absolute minimum value |b|e? at A = 0 and this proves the last part of the thesis. (]

LEMMA 2.3 For every a, b € R”, we have
lal[bl/v2 < la® b| < |al[b]
and the first inequality is strict iff a - b # 0, the second is strict iff |a - b| = |a]|b|.

Proof. Foreveryc,d € R" : |¢| = |d| = 1, we have

lcod? = % 3D (e + i} + 2cidjejdr) = % > (i +d} + 2eidie - d) = % + ¢ 'Zd)z
i i
hence
0<2712 =min{lcOd|:|c]=|d =1} < lTaﬁbT <1 Va,b € R" \ {0}. (]
In the following we denote respectively by X = (x1, ..., x,-1), z and X = (X, z) the variables

in (2, (—e, €) and (2%, and we show an estimate for piecewise rigid displacements on (2¢, related to
a finite partition of X in small cubes: we consider for every & > 0 a finite family Q; of pair wise
disjoint open cubes of size 2¢ with edges parallel to coordinate axes and centred in Xz = (X, 0) so
that

2 =int| ] 0%.
k

We fix ¢ and we drop the index ¢ whenever there is no risk of confusion.

We denote by d; Oy the lateral boundary of Qy, that is the portion of d Ok outside the planes
{z = =£e}, by v, v~ the interior and exterior traces of v on 8 Qy, by R(Qy) the space of rigid
displacements in Oy and by 1g(y) = 1 ify € E, 1g(y) = O else, the usual characteristic function
of aset E.

LEMMA 2.4 Thereiscp = c({2, L, n) > 0 such that for every w = Zk wi 1o, , with spt w disjoint
from X x (—¢, ¢) and wy in R(Qy) Vk, the following estimate holds:

Wl Lno-1 ey < ce™ 7 e(w)|(29) Vest.0<e<1. 2.11)

Proof. We denote by x, z, (X, z) respectively the variables on X, (—¢, €) and X¢.

In the following we denote by the same letter ¢ suitable constants which may change in different
inequalities, but are independent of €.

Since w is a rigid displacement in each small cube Qy, there are Ay € M™" skew-symmetric
matrices and m; € R” such that

wWi(X,2) = Ap - (X — X¢, 2) +my Y(x,z) € O, Vk.
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We denote by Ay € M"~ 1"~ 1 the skew-symmetric matrix obtained from Ay by dropping the nth
row and the nth column (A is equal to Ay trimmed by by, —b,f and 0), then we get

Wi = (A - (X — Xg) + zbg, —=bg - (X — x¢)) + my in Q.

In each Oy we set w(x) = (a(x) + zb(x), —b(x) - (x — x¢)) + m(x) where a(x) = A - (X —xp),
m(x) = my, b(x) = by € R"~. We set also B(x) = — Ybi(x—xp)lg,.

Hence a,b € SBV(X,R" 1), m € SBV(X,R"), b is constant on each Qy, Vx(b) = 0 in X*,
Vx(m) = 0in X¢, &(a) = 0 in X° since wi € R(Qy), where & denotes the 2 x 2 absolutely

continuous symmetric gradient with respect to the n — 1 variables x only. In addition S, Sp and S,

are subsets of S = 9;0; N Y N{z=0}and Sw C S ® (—e¢, g)défss.

We may apply property BD6 in the (n — 1)-dimensional cube ) taking into account Lemma 2.3
and the relationship between Sobolev exponents 1*(n) < 1*(n — 1): since E(a) = 0 we obtain

lall o1 5y < € /S [l dH" 2 (%) (2.12)
Bl it 5y < /S I[b]| dH" 2 (%) 2.13)
Il -tz < € /S Im]| dH" 2 (x). (2.14)

By (2.12)—(2.14) and Minkowski inequality we get

n—1

n

£
Iwll o <ec (la] + le]Ib] + [b - (x — x¢)| + [m])/ "~V dxdz
Li=T (Z¢) s
< e V™all Lo gy + 1Bl pe-n ) + Ml pye-n s}

e /(|[a]| + 1[b]] + |[m])) dH" (). (2.15)
N
On the other hand, from (2.9) with t = 1/2 Lemma 2.3 and (2.6) we get

82[9(|[a]| + |[b]]+]|[m]]) dH"2(x)
<c/S</ (I[B(X)]|+I[a+zb]|+|[m]|)dz> 200
<C/SS(|[B(X)]|+|[a+zb]|+|[m]|)dHn—1(X)<C|e(w)|(25) e

and inequality (2.11) follows now by recalling Lemma 2.3 and joining (2.15) with (2.16) times
—1—-1/n
€ .

Proof of Theorem 2.1. Let now v € BD(X?) with sptv C £2¢. We choose rigid displacements wy
as in Lemma 2.4 such that (2.8) holds in each Q, with the choice s = n/(n — 1). In particular, we
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choose w; = 0 in each Qg s.t. Q¢ N 2¢ = . By Minkowski inequality and (2.6), (2.7) we get

VI L/o-1 ey < (Z lv— W||Ln/<n1>(Qk)> + W Ls-1 (e
k

<Y eI + i [ 1w
k € s°

< cleW)(Z) + ——— </ W —vH W — v+ |[v]|) .
SS

g(”"‘])/”

By (2.6), (2.8), taking into account that ng [[v]] < le(v)|(X?), we get
(V)| (D) + ce ™17 <f Wt —v+w —v |+ |[v]|>
Sé‘
<ee™ Y0 [ W= vl e T em) (5
Ok

< e T lem)|(EF).

We obtain (2.4) by gathering the previous inequalities together. Inequality (2.5) follows from Holder
inequality.

EXAMPLE 2.5 The rates e 1=1/" and 8%72 in (2.5) are optimal since, if n > 2, and for x € X,
7 € (=&, €), we can choose ¢ € C2(X) with ¢ # 0, spte C £ and set

v(x,2) = (—zDg(x), p(x))T.

—zD%p 0

Clearly, sptv C 2%, v € SBD(X?), Jye = and E(v) = ( of 0

) . Therefore,

f o(v)| = f EW)dx = 21 D%¢ll 115,
ES Eé‘

1
s\ 11
[v| ~ e 25 l@llrs sy

which shows that the estimates (2.4), (2.5) are optimal.

while, as ¢ — 0,

3. Approximation of the linear elastic plastic plate (LP)

From now on we deal with the physical situation, say n = 3, x = (x, y), and we assume

2 C R? is a bounded connected Lipschitz open set (3.1)
NCXY¥=(-L,L)y x (-L, L), (3.2)

and we set, Ve € (0, 1],

P =0 x(—¢e,8), X=X x(—¢g0¢), I'=002, I°=1I x(—¢¢). (3.3)
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We denote with x = (x, y) the variables on {2, with z the variable on (—e¢, ¢) and with ¢ the re-scaled
vertical variable variable on (—1, 1). For every vector field W : 21( respectively 2¢) — R3 we
denote with w = (wy, wy) its two horizontal components, with w3 its vertical one and for every
X e N'(resp. 2°) weset X = (x,¢) and X = (x,z) withx = (x,y) € X, ¢t € (—1,1) and
z € (—¢, ¢) respectively.

2% will be the reference configuration of a thick elastic plastic body which we will assume
loaded by a dead force field F¢, not necessarily perpendicular to the middle surface {2, such that

2
£
F(x, ) = —G(x,y) G = (g1,82,8) € LP(2,R%, p € [3, +o<l. (3.4)

Without relabelling we denote by F¢ and G also their trivial extensions on X' (say spt £, spt G C
029).
We assume that the stored energy due to a displacement V € SBD(X?) is given by

Gge (V) = /2 (M|5(V)|2 + %ITrr‘?(V)Iz) dX+[ 6°(IV1, vy) dH > (X) (3.5)

Jv

where A,  are the Lamé constants, with

uw>0 2u+32>0, §>0, y=>0 (3.6)
0% (1, &) = e28|| + ey In O &|. (3.7)

More explicitly [, 6°([V], v) dH*(X) = e26H>(Jy) + &y [, [[V] © vy| dH*(X).
Now we introduce the load energy and the total energy associated to the displacement field V:

2
ES(V)=/ Fg-VdXz% . G-VvdX (3.8)

FEV) =G5 (V) = LX) (3.9
and we state the weak formulation for the Dirichlet problem (see also [9])
min{F¢(V) : V € SBD(X?), sptV C 2¢}. (LP?)

THEOREM 3.1 Assume (3.1)—-(3.9) and

3_
NZpIbln
Cp

IGliLr) < (3.10)
where Cy; is the constant of Korn—Poincaré inequality (2.4) of Lemma 2.1.
Then the problem LP? achieves a finite minimum. (]

We notice that a smallness condition on loads, like the safe load condition (3.10), is not only
sufficient but also necessary in order to find solutions of problem LP?, as usual in variational
problems with linear growth (see [6]).
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Proof of Theorem 3.1. F¢ is seq. w*BD l.s.c. (see [9]). We apply the same method of Theorem 3.3
in [37] with n = 3 (see [6]) in the set X¢, a = €28, b = ey. By Theorem 2.1, we get Ky =
Ce 3, say

||V||L,1/(Qg) < Ksele(W)|(X2%) Ve € (0,1), Vv € SBD(X?) : sptv C X¢.

Hence
e e? 1q 241
¥ Lr ey = 7(} =27 g P |GllLr
LP(£29)
(3.10) ye b b
< 1 T L 73
e T PCRIXYDITP  e7M3CoQe| X3P Kye|X#|

that is (3.6”) of [37] holds in this case. [l

From now on we will assume that Greek indices vary in the set {1, 2}, and Roman indices in
{1, 2, 3}, and we will denote with ex and & the 2 x 2 tensor field whose components coincide with
the horizontal components of e and £ respectively.

For every V € SBD(X?) we define a vector field U in ! by a suitable re-scaling, and a family
of functionals E? to be evaluated on U (so that we can refer to a single fixed domain X! instead of
varying domains X¢):

Ux, 1) = (e7'v(x, et), v3(x, e1)), xe X, ze(—ee)te(=1,1),
3.11)
E?(U) = e 3 F5(V).

We will see in Section 5 that actually such U belongs to SBD(X1).

We fix V¢ € argmin F¢ and U?(x, 1) = (¢~ !vo(x, et), v3(X, et)). Obviously U® € argmin E®
and spt U C £2¢,

We study the asymptotic behaviour of the family U® as ¢ — 04 with respect to the strong
convergence in LY(Z") (denoted by o). In order to describe the variational limit of functionals
(3.11) it is useful to recall the notion of I" convergence (see [21, 22]).

DEFINITION 3.2 Lete > 0, (S, o) a complete metric space and I, I¢ : § — R U {+o00} a family
of functionals. We say that
I'(c™) lim I%(s) = I(s)
e—>07F

if and only if the two following conditions are satisfied:

) VseS Ve — 0t Vsy—>s  liminfI%(sp) = 1(s) ,
n—oo

(ii) VseS Ve, — 0 Ts,—Ds lim sup I (s,,) = I(s) .
n—>oo

The most important consequence of I'-convergence is convergence of minimizers.

THEOREM 3.3 ([22: Corollary 2.4 ]) Assume I = ['(o7)lim,_,o+ I°. If s € argmin/° and

Se BN s, then
I°(s%) — I(s) =min{I(s) : s € S}.
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Now we can state the two main results of this section.
THEOREM 3.4 Assume (3.1)-(3.9) and the safe load condition (3.10). Set
A={UeSBDE") : U= (u,u3), uz = u3(x, y),sptuz C 2,u(x, y, 1) = ¢ (x,y) — tDuz(x, y)}
S {30 (1P + | A%us) + 20 (1861 + o dive )} dxdy

E°(U) = + /5,8 + YU © vyl dH 2 (x. y. 1) — [y; guz dxdy ifUe A
+o0 otherwise.

Then
Lz rRH) 11%1 E¢(U) = E°(U).

REMARK 3.5 It is worth noticing that if U = (u, u3) € A then u(.,t) € SBD(X) for a.e. t €
(—1,1)and hence ¢ € SBD(X), spt¢ C £2,sptuz C §2, vy is a horizontal vector, say (vy)3 = 0 H?
a.e. on Jy, and u3z € SBH(Y), since

e(U) =e(m) =e) —te(Duz) =e) — tD*u3 € M(X) ae.t

whence e(¢) and D%us belong to M and, since ex(U) has no Cantor part, uz € SBH, ¢ € SBD.
In particular, if U = (u, u3) € A and E°(U) < 400, then VZ>u3 = VDuz € L*> and £(¢) € L>.

In addition to Theorem 3.4 it is possible to prove the following result concerning convergence
of minimizers of (LP?).

THEOREM 3.6 Assume (3.1)—(3.11). Then, Ve € (0, 1], and for every V* € argmin(LP?), by
setting U*(x, 1) = (u®, u) = (e~ Ve (x, e1), v5(X, &) = (e~ Ve (x, 2), v5(x,2)), forx € X,z €
(—e&,¢8),t € (—1, 1), we have, up to subsequences,

w*—SBD(X) 6 ve 0
(w®,uy) ——— > (=t Dus, u3) and E®(U%) — G (u3)

for a suitable u3 minimizer of
min{G%(w) : w € SBH(X), sptw C 12} (LP)

where

2
go(w)=§u/ (|V2w| +— * |A“w| ) dx + 28H' (Spw)
X
+)// |[Dw]|dHl(X)—/ gw dx. O
SDw P

We notice that (by denoting the Poisson ratio v = 2(++u) € (—1,1/2) and the stiffness
Dt

coefficient T = 3,u e ) the first integral in G recovers exactly the classic linear elastic plate
energy in the undamaged region X'\ Spy, (see [34]):

2 A
—M/ <|V2w| +— |A“w| ) dx = T/ ((1 —v)|V2w|2—I—v|A"w|2) dx
3" Jx A+2 x

= T/ (IA“w|2—2(1 —v)detV2w> dx.
P

N =

=
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REMARK 3.7 The previous result makes precise in what sense the variational limit of the energies
of 3D thick bodies with damage at mesoscopic scale describes the energy of an elastic plastic plate:
indeed, the limit functional takes into account other terms depending on ¢ but, since ¢ is un-coupled
with u3 in E 0 then the choice ¢ = 0 is optimal. So that any minimizer w of GY leads to a minimizer
U = (—tVw, w) of E°. The functional E° may have higher energy than G° on competing vector
fields, nevertheless E has the same minimizers of G° in (LP) (which describes the elastic plastic
plate [14-16]), and the energy of minimizers are the same.

This fact is well known for a linearly elastic plate: here we show that, even in presence of free
gradient discontinuities there is no shear in the limit problem as for the Kirchhoff-Love plate.

We conclude with a statement for equilibrium of an elastic plastic flat plate, clamped at the
boundary and subject to transverse loads: actually a similar statement was already given ( [15:
Theorem 4.1]); we observe that, with slightly stronger assumptions (e.g. g € L?, p > 3) in order
to provide meaningful approximating problems in BD, the following Theorem 3.8 would be an easy
consequence of Theorems 3.4, 3.6, since EV is the I" limit of equi-coercive functionals. Anyway,
the direct proof is a straightforward application of the direct method in calculus of variation.

THEOREM 3.8 If u >0, 2u+31 >0, 6 >0, y >0, and

lgllmz < 4y (3.12)
then LP achieves a finite minimum.

Proof. G is sequentially w* ls.c. in SBH. The quadratic growth with respect to the absolutely
continuous part of D?>w (due to & > 0, 2 + 31 > 0) and the linear growth with coefficient y with
respect to the singular part, together with inequalities (1.6) and (3.12), provide enough coercivity to
compensate the load g. The support constraint is sequentially w* closed. (]

4. Approximation of the rigid plastic slab (RS)

Now we plug a divergent weight (which blows up as ¢ — 0T) in the first integral of (3.5): as a
consequence we find a stiffer structure in the limit (see [17,41]).

Throughout this section we assume (3.1)—(3.4) and (3.6)—(3.8) and the safe load (3.10).

We assume that the stored energy due to a displacement V is given by

78(V)=g*1/2‘ (M|€(V)|2+%|Tr5(V)|2> dX—i—/ 0¢([V], vw) dH2(X).  @.1)

Jv

and, referring to (3.8), that the total mechanical energy is given by
A5(V) =T5(V) — LE(V). (4.2)
Now we can state the weak formulation of the Dirichlet problem
min {A°(V) : V € SBD(X°), sptV C 2¢}. (RS)

THEOREM 4.1 Assume (3.1)—(3.4), (3.6), (3.8), (3.10), (4.1), (4.2) and € € (0, 1).
Then the problem RS? achieves a finite minimum.
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Proof. We argue as in the proof of Theorem 3.1. (I

For every V € SBD(X?) we define a vector field U in X/ 1 by a suitable re-scaling, and a family
of functionals W* to be evaluated on U (so that we can refer to a single fixed domain X %
U, 1) = (s_lv(x, et), v3(x, st)), xe X ze(—ee),te(—1,1),
4.3)
WE(U) = e 3 A5(V).

THEOREM 4.2 Assume (3.1)~(3.4), (3.6), (3.8), (3.10), (4.1)~(4.3). Set

U=1{UecSBDX"):
U = (u,u3), u3 = uz(x, ), sptuz C 2,u(x, y,t) = £(x, y) — t Duz(x, y), &(&) = 0 = VDus},

fJU(S—i—)/I[U] O vyldH?(x, v, 1) —ngu3dxdy ifUel,
+o0o

W) = .
otherwise.

Then
r'(x R lim We = WO,

e—>04

Moreover, if V¢ € argmin A°, then, up to subsequences,

& e & w*—SBD(X) & T1E 0
U* = (u°, u3)————— (=t Du3, u3) and WeEU?) — T (u3)

for a suitable minimizer u3 of
min{7%w) : w € SBH(X), sptw C 2, VDw = 0} (RS)

where

To(w)zzaH‘(SDw)+y/ |[Dw]|dHl(x)—/ gwdx. O
SDw by

By arguing as in Theorem 3.8 one can prove the following statement.

THEOREM 4.3 If § > 0, y > 0, and (3.12) holds true, then RS achieves a finite minimum.

5. Proof of convergence results

In this section we prove Theorems 3.4, 3.6 and 4.2.

The proof of Theorem 3.5 (approximation of the elastic plastic plate) will proceed in two steps:
in the first one we give a lower bound for the I'liminf and in the second one we obtain an upper
bound for the I' lim sup. We remark explicitly that both estimates are obtained without using any
abstract result of representation for the I" limit. Then we deal with convergence of minimizers by
proving Theorem 3.6, and eventually the approximation of the rigid plastic plate (Theorem 4.2) is
discussed.

Throughout this section I" denotes I'(c~) where o is the strong topology of L' (X!, R3).
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Proof of Theorem 3.4 Step 1: lower bound for the I' limit.
For every V = (v,v3) € SBD(X?), we define a vector field in 2! by Ux,t) =
(e~ v(x, 1), v3(x, et)) and we set

~ def :
Sup(U) Feap(V) = 5 (5 + 52 ) wgoxp =,y

daxg 0xy
~ def ;
S ) FegeW) =4 (G +39) vy =xy 5.1)

~ def 1
& (U) e (V) =1 802,

Since V € SBD(X?) we deduce that €(U) is a measure without Cantor part and therefore e(U) is a
measure without Cantor part too. Then U € SBD(X") but U does not necessarily belong to A. So

we can define

5 oo def
Eap(U) S Eap(V) = § (Vptta + Vatp)  xu 2 = x.y

~ def
Ear(U) T E4e(V) = L (Voug + Vous) xao=x,y

> def _
Ei(0) S E.(V) =7 Vius,
Moreover, the change of variables
(x,y,2) => (x,y,0) = (x,y,2/¢) (5.2)

carries Jy onto Jy, hence, by setting here and in the following vg = ((vy)1, (vu)2), we get

w=8" (e, ov)  where S = e + vl
e.g. (vy)3 = O entails vy = vy, while if (vy)3 # 0 then vy is squeezed on the x, y plane as ¢ — 0.
By the area formula (see [30: Theorem 3.2.22(3)]) we get
dH?(x, y,2) v = ST HdH (x, y, ) L Jy

and since 6¢(n, .) is 1-homogeneous we get
‘/ 6°(IV1, vv) dH>(x, ., 2)
Jv
=/ 0° (elur]. eluzl, [us], eSO)1. S VD)2, S(wu)3) S~ dH(x. y. 1) (5.3)
Ju

ﬂfG%MMMMﬂ%n%nﬂmwm%m&
Ju

By formulae (5.1)—(5.3), (3.4), (3.8) the functional F*(V) may be rewritten in terms of U as
follows:

FE(V) =af (;1,|§(U)|2 + %|Tr§(U)|2> dx dt
21

+ 8/ 98(8[11], [us], vu, s_l(vU)3) de(x, t) 5.4)
Ju

&3 g4
——/ g -uzdxdr — — g -udxdr.
2 Sy 2 [
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From now on we will use the notation v(W) instead of vy whenever the label W cannot be read
easily when written as an index.

We have to prove that given U, U¢ € SBD(X?), with & € (0, 1), and U — Uin L'(X"), then
liminf,_, o+ E¢(U%) > E%(U).

We may assume that E¢(U?) < ¢ < +o00 otherwise the inequality is trivial. So we fix, Ve €
(0, 1), V& = (v*, v3°) € SBD(X?), with U* = (u®, uf) = (e Ve (x, e1), v3(x, et) such that

U > U in L'(ZYH, ES(U%) < c. (5.5)

By E®(U%) = &3F5(V®) we get F°(V®) < ce’. Then by identity U(x,7) =
(e Ve (x, e1), v§ (x, 1)), (2.5), BD5-BD7, Lemma 2.3, Holder and Young inequalities, we get, for
small ¢,

2
&
G*(VE) <ce’ + 7/ G- Vedrdy < ce® + 20 PP VPGl Lo ) IVl L (50

-3
< e+ Co 2217 (|Gl o {f |E(VE)|dX +f I[VE © v(VE]| dH%X)}
Xye J

V€
3 1/6) o 228 3 2 1z
<ee® +C27 V012170 &2 |Gl o) ( / IE(VE)] dX) (5.6)
Z‘E
~2/3 23 e e 2
+C27 2B 817 Gl | IIVE © v(VE)]|dH 2(X)
JVS
-3
<ce3+ﬁf |5<V8>|2dX+e(cgz—z/3|2|p37||c||mm>/ I[VE @ v(V)]| dH *(X).
Z‘s

6 Jye

Taking into account that, by |TrA|2 < 3|A|2 and ™ < %/,L,
GV > & /2 IEVPdX + ey /J v O (VO] dH>(X) + e8H > (Jve)
the safe load condition (3.10) and (3.7), (5.3), (5.6) yield
/2 1E(V)|? dxdz ~|—8/; 0° <£[M§], elus], [Wil, (vue)1, (vue)a2, S_I(VUS)3) dH*(x, y, 1) < Cé?
E -
and, by (5.4),

fZ EU)Pdxadr + / 0° (elus], elus], (W51, (o)1, (w2, e~ ()3 ) dHA(x, v, 1) < Ce?.
1 Jue
(5.7)
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Then, by using Lemma 2.3 we obtain now

f (5] (vue)3l dH ? < ce; (5.8)
Jue

/ 1E(US) 2 dxdr < ce? (5.9)

21
/ |V,u§|? dxdr < ce (5.10)

21
/ I[Ug 1(vye)s + [u_f,](VUs)aIde < cg; (a=1,2) (5.11)

]US
1 +[U°]) < C. (5.12)
Jye

Therefore U? is bounded in SBD(X1) and H2(Jye) is bounded too. Hence U? — U = (u, u3) in
w*SBD; moreover (5.10) implies V,u3 = 0 a.e.in X I while (5.8) and Corollary 1.3 of [9] entail

/ lu3l(vu)s| dH? < liminf/ (51 (vye)3| dH 2 = 0. (5.13)
Ju e—0 N -

ve
Then sptuz C 2 and
Dsu3 = E3(U) dxdt + [u3](vp)3 dH *(x, H_Jy = 0
hence u3 does not depend on z, and by taking into account (5.11),
[u3](vu)3 = [u3] = (vu)3 = 0. (5.14)
By using (5.9) and (5.11) it is easy to see that £ (U?), is bounded in L?(X1), for a, B = 1,2,

Ea.p(Uf) — &, 5(U) weakly in L2, and e,3(U?) — 0 in the strong topology of measures and then
for every ¢ € C8 (£2) we have

Uy +US e 9) = — /EI(U;’; 03+ U5p.a) dxdi — fZ (Waps +uspe) dxdr =0 (5.15)
say e,3(U) = 0. Then, by Uz = u3(x), we get
u(x,t) = ¢(x) — tDusz(x). (5.16)
So far we have proved that E°(U) < 4+ocif and only if U € A. Now, by (3.7), (5.3), we have

8*2/ 98(8[08],[u‘_i,],v_w,fl(VUS)3)dH2>5H2(JU€)+V/ I[U°] @ v(U")| dH >
]US ‘]US

Al

gUSZ
nExUT)| +k+2“

| Tr Ex(UP)]? = =2 min(u|E(U)|> + %m EWH) )



158 D. PERCIVALE & F. TOMARELLI

where the minimum is taken over the third row and column of the matrix & (U?). Then, by (3.11),
5.4),

ES(U°) = &2 /El (WIEU®)? + %m (EWU®)[?) dxdr

1
+s—2/ 98(8[118],[uil,v_w,S_I(VUah)de—5/ (gui +eg-u)dxdr
Juse i 31

Al
> E(U®)? Tr E(U9)|? | dx dr
f21<ul ( )I+A+2M|r ( )I) X

1
+8H2(JU5)+)// [U°] © vye | dH* — E/ 1 (guf + eg-u®) dxdr
Jue X

2A 4 . 2 Al
> 2lE 2 d 2 = VZ 2 " pa 2 d
/E{ HIE + 77l dive] +3<u| w6+ AN ) | dx
2
+/ {Z/L(SX({) —tV%u3) + i (dive — tA“u3)12} : Ex(U? — ¢ 4+ tDuj3) dx dr
31 A42u
1
+3H2(JUE)+y/ |[U8]®st|dH2—§/ ] (gu§ + eg-u®) dxdr. (5.17)
Jue X

In the second inequality we exploited cancellation of odd terms in ¢ and the following inequality:
¢(A) > @(B) + Dp(B) : (A — B)) for C!, convex ¢ : M>>» — R, with p(A) = wlAPZ +
Ai—’éulTrAF, A = E(U®) and B = &(& — tDusz) = (&) — 1VZ2us. Taking into account (5.15)
and (5.16) we get

201
A+2u

and by lower semi-continuity we get

/ 2u(& (@) — tV2u3) + (dive — tAuz) b} : Ex(U® — ¢ + tDus)dxdr — 0
El

nmigf(aHz(JUe)er/ |[U8]®v(U£)|dH2) >5H2(JU)+;// I[U] ® v(U)| dH 2.
E—> JU

Jue
(5.18)
Moreover
1
—/ (gufdxdr 4+ eg-u®) dxdydr — / gusdxdy (5.19)
2/ 7}
and gathering together (5.17), (5.18) and (5.19) we obtain that
liminf E°(U%) > E°(U). (5.20)
e—0

Proof of Theorem 3.4—Step 2: upper bound for the I' limit.
Since A%u3, dive belong to L2(X) we can choose U € A, that is U(x, 1) = (£(x) — tDuz(x),
u3(x)), and, for every k > 0, two smooth scalar functions ¢, ¥ defined on X' such that

1
n a < - 521
Hw b i ¢ <! (5.22)
iv < -, .
k )\‘ + 2/1, LZ(E) k
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We define now the recovery sequences

Fx, 1) = (€ (x) — tVu3(x), u3(x) + 219 (x) — 3 (1) (x))
(5.23)
Vé(x, 2) = (V' (X, 2), v5(X, 2)) where Ve (X, 2) = eu’(X, z/¢e), V5 (X, 2) = u5(X, z/€),
then
LY(ZT R
Uy ———— U= (u,u3) as & — 04, forevery k > 0.

Moreover (VU2)3 =0, [U,iﬁ] = 0 and, referring to (5.4), (3.11),
&2t t
e& (& —tVu3) — | V¥ — 5V

= 2 2
g (Ui) = | &2

t
5 (Vlﬂk - §V§0k> e (29 — 1e%gx)

A
EF(US) =f2 2{<u|5x<c>|2 g + 1 divg + W)

2 A &2 g2
+3 (MIV2u3|2 + lgel + S1A%us3 +<ok|2) + ?WW + gw«)kﬁ} dxdy

(5.24)
+
Ju

By (5.21) and (5.22) it is easy to see that there exists a constant C dependent of A, u but independent
of ¢ such that, for every k > 0,

(5 + yIU;1 0 v(UD)|) dH 2 (x, 1) — /E (g(uf)s + eg - uf) dxdr.

€
k

lim sup E°(Uy)
e—0

2 A A
< Zp(1V2us)? A%z ) 4+ 2u [ 1E@) dive)? ) tdxdy (525
/2{3u<| u3| +A+2M| u3| >+ u(l x(@)] +x+2ul ive| xdy (5.25)

+ck‘2+/ ¢+ yIU1 0 v(U))) dH (x, y, 1) —/ guzdxdy = E°(U) + ck 2.
Ju X

Then by a standard diagonal procedure there exists Uj. such that Uz, — U in L'(X1) and

limsup E¢(US.) < E°(U). (5.26)
e—0
Theorem 3.4 is proved by summarizing (5.20), (5.26) and Definition 3.2. [l

Proof of Theorem 3.6—Convergence of minimizers.
Let V¢ = (v, v5) € argmin(LP?) and U?(x, 1) = (s7'v¥(x, &t), v§(x, &t)), then U® minimizes E*
and

E®(U%) < E®(0) = 0.



160 D. PERCIVALE & F. TOMARELLI
By arguing as in the proof of Theorem 3.4, we find that (5.6)—(5.15) hold in the present case too, that
there exist§ € SBD(X), w € SBH(X') with support contained in {2 such that, up to subsequences,

w* SBD(Z1)
(u®, u3)—>(§‘—tDa) w) =W

and that, by Theorems 3.3, 3.4, W minimizes EO(U).
We claim that & = 0: the first step is proving that & (§) = 0 ® 0. Indeed if E(§) # 0 ® 0 then

2
/Q g (Ié’x(é)l Ly

hence by Lemma 2.2 (withe = 1,7 = 1)

A
|Tr5x(§)|2> dx >0
2u

E'(W) > E%(—1Dw, w)

which contradicts the minimality of W. We show now that J¢ = #: if this identity were false, by
(5.14), v3(W) = 0, hence ([30: Theorem 3.2.19])

V(W) = @(Dw), 0) on Jpe \ Jg if 1 #0
v(W) = w(),0) = v(Dw), 0) H' ae. Je¢ N Jpe except at most one single value of ¢,

then Lemma 2.3 and Lemma 2.2 with t = ¢ = 1 yield,

EO(W) +/ gwdx
X

:3M/ (xﬁz |A”w|2+|V2w|2>dx+/ (8 + yI[WI O v(W)|) dH 2(x, 1)
.2
22 [ (55

-1

L
L

|A“w|2+|V2w| )

_|._

f (6+y|[§—tDa)]@V(S—tDw)DdHl(x)) dr
JeNIpw

+
-1 Ipo\Jg

A
>= u/ IVZo|> + ——— | A%|* ) dx
3" Iy A+2u

+ / (28 + y|[Vow] © 7(Dw)|) dH ' (x) + / (28 + y|[Dw] © T(Dw)|) dH ' (x)
JeNJpe Jpo\Jg

(8 + yI[§ —1Dw] © V(Dw)|) dHl(X)) dr

=E0(—tDa),a))~|—/ gwdx
)

which gives a contradiction too. Therefore & is a rigid plane displacement field in 2. Recalling now
that spt§ C {2 we have that § = 0 in X' and the proof of Theorem 3.6 is achieved. ]

Proof of 4.2—Approximation of the rigid plastic plate.
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The proofs of Theorems 3.4 and 3.6 may be easily adapted in order to obtain Theorem 4.2.
Indeed by repeating the same arguments of estimates (5.6) and (5.7) we have that inequalities (5.8)—
(5.12) continue to hold whenever V¢ € argmin(A¢). Moreover, having in mind formulae (4.3), we
have

/ IEU) 2 dx dr < ce? (5.27)
21

and therefore the technique of the proof of Theorem 3.4 permits to show that the I'-limit WY is
finite if and only if U € A. More precisely, (5.27) yields that &(U) = &) — tV?u3 = 0® 0
forae.t € (—1, 1), then &) = 0 = VZuz ae. in X, TO(U) < +o0 iff U € U and W has the
explicit representation claimed in Theorem 4.2. In order to conclude the proof it is enough to take
into account (5.27) and to repeat the arguments of the proofs of Theorem 3.6. (]

6. Some remarks about the Kirchhoff cinematic restriction

In this section we assume the usual Kirchhoff cinematic restriction on the deformations of thin
bodies, namely ‘the material fibres orthogonal to the middle surface before loading remain
approximately orthogonal to it after loading and suffer negligible stretching’ [33]. Kirchhoff
restriction can be written in the following way for linearly elastic bodies (see [39]): e(V) -n = 0
where n denotes the prescribed normal to the middle line (or surface). Explicitly, by assuming
(3.1)—(3.3), the cinematic restriction is

e(V)-es=0 inD/(X5,RY. 6.1)

This hypothesis entails a precise (and simpler) geometric structure of admissible deformations and
fractures, as shown by the following lemma, whose statement is well known and easily achievable
for smooth or Sobolev displacements—but it is proved here for SBD functions.

LEMMA 6.1 Letm = 3,V € SBD(X?),V = (v, v3), v = (v, vp) such that e(V) - e3 = 0 in the
sense of measures. Then v3 = v3(x, y) € SBH(X') and there exists £ € SBD(X') such that

v=¢ —zDv3. (6.2)
Jv = (J; U SDU3) X (—¢&, &) up to a set of null H? measure. (6.3)

Moreover ex(V) = ex(v) — zD?v3 say, denoting by commas the distributional partial derivatives,
v =&1 —27v3x, V2 = &2 — 7V3,y, and

$1,x — 203 xx %(;l,y +82x) — 2V3,xy 0

e(V) = %(;l,y +&2x) —2V3xy $2y — 203y 0 (6.4)
0 0 0

EV) =EW) = @) — zV7vs (6.5)

divV =Tre? (V) = Tr&(V) = dive — zA%s. (6.6)

Proof. Since V € SBD(X?) and e(V) - e3 = 0 in the sense of measures we get that D,v3 = 0,
U],z = —V3x, V2; = V3, and

v=¢ —zDuv3
v3 = v3(x,y)
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with £, v3 € D'(X). Since V € SBD(X?), Theorem 4.5 and Proposition 4.7 of [3] entail v(-, -, z) €
SBD(Y) for ae. z € (—¢,¢) therefore ¢, Dv3, € SBD(X') by a standard elimination procedure
and (6.2) holds a.e. in X¢. By e(Dv3) = D?v3 we get v3 € SBH. Then (vy)3 = 0 and Jy C
(J; uJ Dv3) X (—¢, €): the two sets may differ only where there is cancellation (allowed, for H!
a.e. x, y, for at most one z) then (6.3) is proven. (6.4)—(6.6) follow by differentiating (6.2) and this
concludes the proof. (I

Let now F¢, G, G¢, F¢, Lf as in (3.4)—(3.9); we consider here the following Dirichlet problem
subject to the Kirchhoff cinematic constraint:

min{F?(V) : V € SBD(5?), s.t. sptV C 2¢,e(V) - e3 = 0}. (KLP?)

The same techniques of Section 5 together with (6.1)—(6.6) show

/ (me(vnz + %|Tr5<V>|2>dX

e

2 A A
=82—u/ (|V2v3|2+—IA“v3|2>dX+82M/ (|5(;>|2+—(div;>2)dx
3 Jx 21 = 20

and hence the following statement.

THEOREM 6.2 Assume that m = 3, (3.1)~(3.10) and (6.1) are satisfied. Then, for every ¢ > 0,
(KLP?) admits a solution V® € SBD(X*), V*(x, z) = (£ — zVv3, v§) such that spt V& C 0°

8_1§£ w*—ﬁ);(ﬂ) 0 e W'—SBH(X)

s U3 —> v3

where v3 is a suitable minimizer of

2 A
K(w) = 5“/ <|v2w|2 + —|A“w|2) dx dy+268 Hl(SDw)—i—y/
z 2p

Spw

\[Dw]| dHl—/ gwdxdy
X

among all w € SBH(X) such that w = 0on X'\ (2.

REMARK 6.3 It is worth noticing that for every competing function w
G (w) < K(w)

and the equality occurs if and only if either A = 0 or A%w = 0. A direct calculation allows us
to show that in the elastic framework a strict inequality holds also for minimizers of G° and K
respectively. Therefore we can say that when A > 0, even if free gradient discontinuities develop,
one may have

minG° < min K
for all loads and shapes such that at least one minimizer uq of /C fulfills A%ug # 0. Actually, such
a case may happen: explicit examples can be shown for the elastic plastic beam.

Finally we show an analytical deduction of a quantitative estimate for Griffith critical length
from safe load condition and Kirchhoff assumption: the estimate depends explicitly of the geometry
of the plate and the Lamé coefficients of the material and is dimensionally consistent.
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THEOREM 6.4 If n = 3 and (3.1)—(3.9) hold, then the safe load (3.10) entails an estimate on the
area of crack for minimizers V¢ of problem (LP?)

2
H2(Jye) < 62— |5 e. 6.7)
ué

If Kirchhoff cinematic restriction (6.1) holds too, then the following estimate of the Griffith critical
length follows:

2
H' (Jge U Spue) < 3%|2|. (6.8)

Proof. From p > n =3,2u+ 31 >0, |2] < | Y], FE(VE) < FE(0%) = 0, we get

%/ |€(V5)|2dX+ysf I[VE © v(VE]| dH 2 (X) + €28 H > (Jve)
e Jye

2
< GE(VE) < Ee(va) < %/ G- Védx dy < z(l_p)/p82+1/p||G||LP(Q)||V8||Lp’(25)
e
safe load . . . 2
< ye [E(VH)dX + [[VE © v(V°]|dH “(X)
e Jye

Holder 172
< N2y|3|V2e3 (/ |S(V8)|2dX> + ys/ I[VE © v(VE]| dH 2 (X)
e va

Young ,, y?
< —/ |5(V8)|2dx+ye/ IIVE © (VO] dH 2(X) + 6| &>
3 e Jye 128

and (6.7) is proved. Then (6.8) follows from (6.1), (6.7) since Kirchhoff cinematic restriction entails
(6.2), (6.3), that is to say Jy¢ is the union of ribbons of height 2¢. [l
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