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Abstract

A limit elastic energy for the pure traction problem is derived from re-scaled
nonlinear energies of a hyperelastic material body subject to an equilibrated force
field. We prove that the strains of minimizing sequences associated to re-scaled non-
linear energies weakly converge, up to subsequences, to the strains of minimizers
of a limit energy, provided an additional compatibility condition is fulfilled by the
force field. The limit energy is different from the classical energy of linear elasticity;
nevertheless, the compatibility condition entails the coincidence of related minima
and minimizers. A strong violation of this condition provides a limit energy which
is unbounded from below, while a mild violation may produce unboundedness of
strains and a limit energy which has infinitely many extra minimizers which are
not minimizers of standard linear elastic energy. A consequence of this analysis is
that a rigorous validation of linear elasticity fails for compressive force fields that
infringe up on such a compatibility condition.
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FRANCESCO MADDALENA, DANILO PERCIVALE & FRANCO TOMARELLI

1. Introduction

The Linear Theory of Elasticity ([19]) has a prominent role among Mathematical-
Physics theories for its clarity, rigorous mathematical status and persistence. It was
a great achievement of the previous centuries, and it inspired many other theories of
Continuum Mechanics and led to the formulation of a more general theory named
Nonlinear Elasticity ([22,32]), also known as Finite Elasticity, which underlines
that no smallness assumptions are required.

There was always agreement amongst scholars that the relation between the
linear and the nonlinear theory amounts to the linearization of strain measure under
the assumption of small displacement gradients; this is the precondition advocated
in almost all of the texts on elasticity. Nevertheless, only at the beginning of present
century, when appropriate tools of mathematical analysis were suitably tuned, did
the problem of a rigorous deduction of any particular theory based on some ap-
proximation hypotheses from a more general exact theory become a scientific issue
related to the general problem of validation of a theory, as explained in [31].

In this conceptual framework, G. Dal Maso, M. Negri and D. Percivale in [13]
proved that problems ruled by linear elastic energies can be rigorously deduced
from problems ruled by non-linear energies in the case of Dirichlet and mixed
boundary conditions; they did this by exploiting De Giorgi I"-convergence theory
([12,14]). This result clarified the mathematical consistency of the linear boundary
value problems, under displacements and forces prescribed on the boundary of
a three-dimensional material body, via a rigorous deduction from the nonlinear
elasticity theory. We mention several papers facing issues in elasticity which are
connected with the context of our paper: [1-9,17,21,23-25,27-30].

The present paper tackles the same general question which was studied in [13],
but here we deal with the pure traction problem, i.e. the case where the elastic body
is subject to a system of equilibrated forces and no Dirichlet condition is imposed
on the boundary.

We consider a bounded open set @ ¢ RY, N = 2, 3 as the reference configu-
ration of a hyperelastic material body, hence the stored energy due to a deformation
y can be expressed as a functional of the deformation gradient Vy as follows:

/ W(x, Vy) dx,
Q

where W : © x MV*N 5[0, 400] is a frame indifferent function, MY >V is the
set of real N x N matrices and W(Xx, F) < +o0 if and only if detF > 0.
Then due to frame indifference there exists a function V such that

W, F) =V, 1EFF-1), VYFeM"V aexeQ.
We set F =1+ 1B, where & > 0 is an adimensional small parameter and
Vi(x, B) := h=*W(x, 1+ hB).
We assume that the reference configuration has zero energy and is stress free, i.e.

W(x,I) =0,hence DW(x,I) =0 forae.xe Q,
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and that WV is regular enough in the second variable. Then Taylor’s formula entails
Vi(x, B) = Vo (x, symB) + o(1) ash — 04,

where symB := %(BT + B) and

1
Vo(x, symB) := EsymB DZV(X, 0) symB.

If the deformation y is close to the identity up to a small displacement, say y(x) =
X + hv(x) with bounded Vv, then, by setting E(v) := %(VVT + Vv), one plainly
obtains that

lim/ Vi (x, VV)dx:/Vo(x, E(v))dx. (1.1)
h—0 Jo Q

Historically, relationship (1.1) was considered as the main justification of linearized
elasticity, but such pointwise convergence does not even entail that minimizers ful-
filling a given fixed Dirichlet boundary condition actually converge to the minimiz-
ers of the corresponding limit boundary value problem; this phenomenon is made
explicit by the Example 3.5 in [13] which exhibits a lack of compactness when V
has several minima.

To set the Dirichlet problem in a variational perspective, referring to a prescribed
vector field vg € W1°(Q, RY) as the boundary condition on a given closed subset
¥ of 3Q with HV~1(2) > 0 and to a given load g € L?(Q2, RY), one has to study
the asymptotic behavior of the sequence of functionals Zj,, which is defined as

Vi (X, Vv)dx — .vdx ifve H!
. /Qm ) ng Ls

+00 else in H'(Q, RY),

where Hvlo,z denotes the closure in H'($2, RY) of the space of displacements

v e Who(Q, RY) such that v = v on ¥; it was proved in [13] that (under natural
growth conditions and suitable regularity hypotheses on W) every sequence vy
fulfilling

Ip(vp) = inf Zj + o(1)

has a subsequence converging weakly in H'!(€2, R) to the (unique) minimizer v,
of the functional 7 representing the total energy in linear elasticity, that is

/ Vo (x, E(v)) dx — / g vdH" '(x) if ve Hvl0 5
Q Q ’
400 else in H'(; RV),

I(v)=

and that the re-scaled energies converge, namely

lim Z;(vy) = Z(vy) = /Vo x, E(vy)) dX—/ g-v,.dx.
h—0 Q Q

Such a result is a complete variational justification of linearized elasticity, at least
as far as Dirichlet and mixed boundary value problems are concerned. Thus it is
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natural to ask whether a similar result holds true also for pure traction problems
whose variational formulation is described in the sequel.

In the present paper we focus our analysis on Neumann boundary condi-
tions, say the pure traction problem in elasticity. More precisely, we assume that
f e L2(0%:; RY), g € L>(2; RYN) are, respectively, the prescribed boundary and
body force fields such that the whole system of forces is equilibrated, namely, the
condition of equilibrated load

L(z) =0 Vz:E@z=0 (1.2)

(which is a standard necessary condition for pure traction in linear elasticity), is
assumed with

L) :=/ f.vdHN—lJr/g.vdx.
Q2 Q

We consider the sequence of energy functionals

Fn(v) = / Vi(x, Vv)dx — L(v), (1.3)
Q

and we inquire whether the asymptotic relationship Fy,(v;) = inf Fj + o(1) as
h — 04 implies, up to subsequences, some kind of weak convergence of v, to a
minimizer vq of a suitable limit functional in H'(2; RN ).

First we emphasize that in the case of Neumann condition on the whole bound-
ary things are not so plain. Indeed even by choosing €2 Lipschitz and assuming the
simplest dependance of stored energy density VV on the deformation gradient F,
say (see [10])

[FTF — I|? if detF > 0
W, F) = (1.4)
+00 otherwise,

ifg=0, f= fn, f < 0and n denotes the outward unit normal to 32 (so that
the global condition (1.2) holds true), then by the same techniques as used in [13]
one can exhibit the Gamma limit of , with respect to weak H' topology:

I'(w Hl)}}inb Fn(v) =E(), (1.5)

where

EW) =4/ |E(v)|2dx—f/ v-ndH" '(x), (1.6)
Q Y]

i.e. the classical linear elasticity formulation which achieves a finite minimum over
H'(Q,RYM) since the condition of equilibrated loads is fulfilled. Nevertheless,
with exactly the same choices, there is a sequence wj, in H' (2, RY) such that
Fn(wp) — —oo as h — 07 (see Remark 2.7): although minimizers of £ over
H! (2; RN ) exist, functionals Fj, are not uniformly bounded from below and these
facts seem to suggest that, in presence of compressive forces acting on the boundary,
minimizing sequences of F;, do not converge to minimizers of £.
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Moreover, it is worth noting that if W fulfils (1.4) and g = f = 0, and hence
inf 7, = 0 for every h > 0, then by choosing a fixed nontrivial N x N skew-
symmetric matrix W, a real number 0 < 2o < 1 and setting

zn =h “Wx, (1.7)

we get Fp(z;) = inf F;, + o(1); nevertheless z, has no subsequence weakly
converging in H! (2; RN), see Remark 2.4.

Therefore here, in contrast to [13], we cannot expect weak H L(Q: RY) com-
pactness of minimizing sequences, not even in the simplest case of null external
forces. Although this fact is common to pure traction problems in linear elasticity,
we emphasize that in general nonlinear elasticity setting this difficulty cannot be
easily circumvented by plain translations since Fj(vy) # Fp(vy — Pvy), with P
projection on infinitesimal rigid displacements.

We deal with this issue in the paper [26], showing nonetheless that at least for
some special W, if F, (v,) = inf Fj+o0(1) thenup to subsequences Fj, (v, —Pvy) =
inf Fp, + o(1).

In order to achieve some kind of precompactness for the sequences vy, fulfilling
Fn(vp) =inf Fj, + o(1), we work with a very weak notion of convergence: the
weak L2(Q; RV) convergence of linear strains. Therefore our approach requires the
analysis of variational limit of Z}, with respect to this convergence. Since weak L2
convergence of linear strains does not imply an analogous convergence of the skew
symmetric part of the displacement gradients, it can be expected that the I" limit
functional is different from the classical linearized elasticity functional which is
the pointwise limit of 7}, (for a reformulation of classical linearized elasticity with
linear strain tensor as the “primary” unknown instead of displacement, see [11]).

Indeed under some natural assumptions on W, a careful application of the
Rigidity Lemma of [18] shows that if E(v;,) are bounded in L? then, up to subse-
quences, ~/AVv), converges strongly in L? to a constant skew symmetric matrix
and the variational limit of the sequence F;,, with respect to the w-L?> convergence
of linear strains, turns out to be

Fv) = mvivn/ Vo (x, E(v) — sW?) dx — L(v), (1.8)
Q
where the minimum is evaluated over skew symmetric N x N matrices W and

1
Vo(x, B) = zBTDZV(X,O)B VB e MNXN (1.9)

sym

We emphasize that the functional F in (1.8) is different from the functional £ of
linearized elasticity defined as

EW) = f Vo(x, E(v)) dx — L(V),
Q

since if v(X) = %sz with W # 0 skew symmetric matrix, then F(v) = —L(V) <
E().
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Nevertheless if N = 2 then (see Remark 2.6)

1 _12
Fv) = E(V)—%(/QVO(X, I)dx) |:(/Q DVy(x, I)-E(v)dx) j| ,

hence F(v) = E(v) if
N=2, and / DVy(x,I) - E(v)dx > 0.
Q

In particular, if N = 2 and W is the Saint Venant—Kirchhoff energy density (1.4),
then the previous inequality reduces to

/ divvdx > 0,
Q

which means, roughly speaking, that the area of €2 is less than the area of the related
deformed configuration y(£2), where y(x) = x 4+ hAv(x) and & > 0.

The main results of present paper are stated in Theorems 2.2 and 4.1; they show
that under a suitable compatibility condition on the forces (subsequent formula
(1.10)) the pure traction problem in linear elasticity is deduced via I"-convergence
from pure traction problem in nonlinear elasticity, referring to weak L? convergence
of the linear strains.

Precisely Theorem 2.2 states that, if the loads f, g fulfil (1.2) together with the
next compatibility condition

/ f'szdHN_1~|—/g~W2xdx < 0 Vskew symmetric matrix W #0,
3 Q

Q

(1.10)
then every sequence v, with F(v;,) = inf Fj 4+ o(1) has a subsequence such
that the corresponding linear strains converge weakly in L? to the linear strain
of a minimizer of F, together with convergence (without relabeling) of energies
Fin(vp) to min F. Under the same assumptions Theorem 4.1 states that minimizers
of F coincide with the ones of linearized elasticity functional £, thus providing a
full justification of pure traction problems in linear elasticity at least if (1.10) is
satisfied. In particular, as is shown in Remark 2.8, this is true wheng = 0, f = fn
with f > 0 and n is the outer unit normal vector to d€2, that is when we are in
presence of tension-like surface forces.

Regarding the physical interpretation and motivations of compatibility condi-
tion (1.10), we refer to subsequent Remarks 2.7 and 2.8.

Moreover, if there exists an N x N skew symmetric matrix such that the strict
inequality is reversed in (1.10), then functional F is unbounded from below; see
Remark 4.5 and Example 4.6. On the other hand, if inequality in (1.10) is sat-
isfied in a weak sense by every skew symmetric matrix, then argminF contains
argmin€, minF = min & but F may have infinitely many minimizing critical
points which are not minimizers of £ (see Proposition 4.3).

Summarizing, only two cases are allowed: either min = min £ or inf F =
—o00; actually the second case arises in the presence of compressive surface load.
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By oversimplifying we could say that 7 somehow preserves memory of insta-
bilities which are typical of finite elasticity, while they disappear in the linearized
model described by £.

In light of Theorem 2.2 and of the remarks and examples of Section 4, it seems
reasonable that, as far as pure traction problems are concerned, the range of validity
of linear elasticity should be restricted to a certain class of external loads, explicitly
those verifying (1.10), a remarkable example in such class is a uniform normal
tension load at the boundary as in Remark (2.8); while in the other cases equilibria
of a linearly elastic body could be better described through critical points of F,
whose existence in general seems to be an interesting and open problem.

Concerning the structure of the new functional, we emphasize that actually F
is different from the classical linear elasticity energy functional &, though there
are many relations between their minimizers (see Theorem 4.1 ). Further and more
detailed information about functional F (a suitable property of weak lower semi-
continuity, lack of subadditivity, convexity in 2D, nonconvexity in 3D) are described
and proved in the paper [26].

2. Notation and Main Result

Assume that the reference configuration of an elastic body is a

bounded, connected open set 2 C RY with Lipschitz boundary, N = 2, 3.

(2.1)

The generic pointx € 2 has components x ; referring to the standard basis vectors e
inRY; £V and BY denote respectively the o -algebras of Lebesgue measurable and
Borel measurable subsets of RN . Forevery o € Rweseta™ = aVv0, = = —aVO0.
The notation for vectors a, b € RY and N x N real matrices A, B, F are as
follows: a - b = Zj ajbj 5 A B = Zi,j A,‘,J‘B,‘,j ; [AB],',/' = Zk Ai,kBk,j 5
IF|2 = Tr(FTF) = Zi, j F f j denotes the squared Euclidean norm of F in the space

MN*N of N x N real matrices; I € MV >V denotes the identity matrix, SO (N)

denotes the group of rotation matrices, M éVy,XnN and M i\,i:ul)v denote respectively the

sets of symmetric and skew-symmetric matrices. For every B € MY XN we define
symB := 1(B + B”) and skew B := 1(B — B”).

It is well known that matrix exponential maps M g(:uzrl to SO(N) and is sur-
jective on SO (N) (see [20]). Therefore for every R € SO (N) there exist ¥ € R
and W € /\/l?,’(:uj)v |IW|? = 2 such that exp(» W) = R. By taking into account

that W3 = —W if N = 2, 3, the Taylor’s series expansion of ¥ — exp( W) =
> OFWK/k! yields the Euler-Rodrigues formula
k=0 y

exp(z?W):R:I—i—sinz?W—}—(l—cosz?)W2 N=23. 2.2)
We recall an elementary issue which proves useful in our analysis:
it We MV |(WP2=2, N=2,3, then [W|P=2, (23)

and we set
K={t(R-D:7>0, Re SON)}. 2.4)
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For every U : Q X MNVNN 5 ROowith U(x, -) € C? ae. x € Q, we denote by
DU(x, -) and D?U(x, -) respectively the gradient and the hessian of I/ with respect
to the second variable.

For every displacements field v € H'(Q;RY), E(v) := sym Vv denotes the
infinitesimal strain tensor field, R :={v € H'($; RV) : E(v) = 0} denotes the
space spanned by the set of the infinitesimal rigid displacements and Pv is the
orthogonal projection of v onto R.

We set £, vdx = |Q|7! [, vdx.

We consider a body made of a hyperelastic material, say there exists a £LVxBY ’
measurable W : Q x MY*N — [0, 4+-00] such that, for a.e. x € Q, W(x, Vy(x))
represents the stored energy density, when y(x) is the deformation and Vy(x) is
the deformation gradient.

Moreover we assume that, for a.e. x € 2,

W(x,F) =400 if detF <0 (orientation preserving condition), 2.5)
W, RF) =W(x,F) VReSOWN) VF e MVN*N  (frame indifference), (2.6)
3 a neighborhood A of SO(N) s.t. W(x, ) € C2(A), (2.7)
3C >0 independent of x : W(x, F) > C|FTF — I|2 VFe MY*N (coerciveness),
(2.8)
W(x,I) =0,hence DW(x,I) =0, forae. x € 2, 2.9)

that is the reference configuration has zero energy and is stress free, so by (2.6) we
also get

W(x,R)=0, DW(x,R)=0 VR e SO(N).

By frame indifference there exists a £V x BN-measurable V : @ x M¥*N
[0, +00] such that for every F € MN*N,

W, F) = V(x, 5 FTF - 1)), (2.10)
and by (2.7),
3 a neighborhood O of 0 such that V(x, -) € C?(0), ae.x € Q. 2.11)

In addition we assume that there exists y > 0 independent of x such that
B” D’Vx,D)B| < 2y B]> VDeO, VBe MV*V, (2.12)

By (2.9) and Taylor expansion with the Lagrange reminder we get, for a.e. x € Q
and suitable ¢ € (0, 1) depending on x and on B,

1
V(x,B) = zBTD2V(X, B)B. 2.13)

Hence, by (2.12),

Vx,B) < yB? VBeMV*NNno. (2.14)
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According to (2.10) for a.e. xe Q, h>0 and every B € MV*N we set

1 1
Vi(x, B) i= -3 WX, I+ hB) = - V(x, hsymB + 3h*BTB) . (2.15)

Taylor’s formula with (2.9) and (2.15) entails Vj(x, B)=3(symB)D*V(x, 0)
(symB) 4 o(1), so

Vr(x,B) — Vo(x,symB)ash — 04, (2.16)
where the pointwise limit of integrands is the quadratic form V) defined by

1
Vo(x, B) = EBTDZV(X, 0)B ac. xeQ, Be MYV, (2.17)

The symmetric fourth order tensor D?V(x, 0) in (2.17) plays the role of classical
linear elasticity tensor.
By (2.8) we get

1
Vi(x,B) = ﬁW(x,IthB) > C|2symB + hBTB|?, (2.18)

so that (2.17) and (2.18) imply the ellipticity of V) as follows:
Vo(x, symB) > 4C|symB|> ae. xe, Be MV, (2.19)

Letf € L?(0Q; RY) and g € L*(Q2:; RN) be, respectively, the surface and body
force field.

For a suitable choice of the adimensional parameter 27 > 0, the functional
representing the total energy is labeled by 7}, : H'(Q2; RY) — R U {400} and
defined as follows:

Fn(v) = / Vh(x, Vv)dx — L(v), (2.20)
Q

where
£(V):=/ f-vdar! +/g-vdx. (2.21)
aIQ Q

In this paper we are interested in the asymptotic behavior as 2 | 04 of functionals
Fy, and to this aim we introduce the limit energy functional F : H!(Q; RY) — R
defined by

F(v) = min f Vo (x, E(v) — AW?)dx — L(v). (2.22)
WeMVN Jo

skew

We emphasize that the minimum in right-hand side of definition (2.22) exists; more
precisely, the finite dimensional minimization problem has exactly two solutions
which differ only by a sign, since, by (2.19),

lim / Vo (x, E(v) — sW?) dx = +oo, (2.23)
[W|— 400, WeM¥*N Jg

skew

and Vy(x, -) is strictly convex by (2.17), and (2.19).
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All along this paper we assume (2.1) together with the standard structural con-
ditions (2.5)—(2.9), (2.12) as it is usually done in scientific literature concerning
elasticity theory and we refer to the notations (2.10), (2.15), (2.17), (2.20)—(2.22).

The pair f, g describing the load is said to be equilibrated if

/ f-deN*‘+/g.zdx=o VzeR, (2.24)
Q2 Q

and it is said to be compatible if

skew

f f-szdHN_l—l-/ gW2xdx <0 VWe MVN gt W=£0. (225)
Q2 Q

Definition 2.1. We say that v; € H 1(Q; RY) is a minimizing sequence of the
sequence of functionals Fj, ;, if (Fp,; (v;) — inf Fp;) — Oashj — O4.

We will show (see Lemma 3.1) that, if compatibility (2.25) holds true, then
infy, inf 7 > —o0, hence for every infinitesimal sequence /; a minimizing se-
quences of the sequence of functionals Fj,; do exist.

Now we can state the main result, whose proof is postponed.

Theorem 2.2. Assume that the standard structural conditions and (2.24), (2.25)
hold true. Then for every sequence of strictly positive real numbers hj — 0. there
exist minimizing sequences of the sequence of functionals Fp;.

Moreover, for every minimizing sequence V; € H' (S RN) of Fh; there ex-
ists a subsequence, a displacement vo € H L@ RMY, and a constant matrix
Wo € M¥*N quch that, without relabeling,

skew
E(v;) = E(vo)  weakly in L*(£; MV*Ny, (2.26)
VhiVv; — Wy strongly in L*(Q; MYV (2.27)
lim_ F,(v;) = F(vo) = min  F(v), (2.28)
J—>+0o0 veHI(SQ;RN)
F(vo) = / Vo(x, E(vo) — W2) dx — L(vo). (2.29)
Q

Remark 2.3. In the sequel (see Corollary 4.2) we prove that structural assumptions
together with (2.24) and (2.25) entail even further refinement in previous statement:
explicitly Wy = 0.

Remark 2.4. It is worth underlining that in contrast to the case of the Dirichlet
problem faced in [13], here, in the pure traction problem, we cannot expect even
weak H'(€2; RY) convergence of minimizing sequences.

Indeed choose f = g = 0 and

[FTF — I)% if detF > 0,

W, F) = { +00 otherwise,

(2.30)

skew

vii=h"Wx  with We MJXY, 0<2a <1, hj— 04 (231)
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Then Fj;(v;) = o(1) and, due to inf Fj; = 0, the sequence v; is a minimizing
sequence which has no subsequence weakly converging in H'(Q; RV). It is well
known that such a phenomenon takes place for pure traction problems in linear
elasticity too, but in nonlinear elasticity this difficulty cannot be easily circumvented
in general, since the fact that v; is a minimizing sequence does not also entail that
v; — Pv; is minimizing sequence. In [26] we show that for some special integrand
W, as in the case of Saint Venant—Kirchhoff energy density, if v; is a minimizing
sequence, then w; := v; — [Pv; is a minimizing sequence too, and there exists
a (not relabeled) subsequence of functionals Fj; such that the related minimizing
subsequence w j converges weakly in H 1(Q; RV) to a minimizer v of F, provided
(2.24) and (2.25) hold true.

Remark 2.5. A careful inspection of the proof (see also [13]) shows that Theo-
rem 2.2 remains true if coercivity condition (2.8) on W is weakened by assuming
either

3C > 0 independent of x :  W(x,F) > Cdist?(F, SO(N)) VFe MV,
(2.32)
or by assuming these three conditions on V:

inf inf V(x,B)>0Vp>0, (2.33)
B|=p xeQ

Ja > 0, p > 0 such that ingV(x,B) > oz|B|2 V Bl <p, (2.34)
XxXe

1
liminf — inf V(x,B) > 0. 2.
mminf g inf Vix.B) >0 (2.33)

This can be shown by exploiting Lemma 3.1 in [13]; notice that under such weaker
assumption the constant appearing on the right-hand side of inequality (3.4) must
be modified accordingly in Lemma 3.1.

It is worth noting that (2.8) implies (2.32), (2.33), (2.34) and (2.35).

In this Section we show some properties of the limit functional F and several
preliminary results to be used in the proof of Theorem 2.2.

Remark 2.6. If N = 2, then for every W € ch:g there is a € R such that
W2 = —41, hence (2.22) reads

F(v) = min/ Vo(x, E(v) + %I) dx — L(v), (2.36)
aeR Jo
therefore, a minimizer a,(v) of functional (2.36) (for a € R with fixed v) fulfils
a;j(v)/ Vo(x, T) dx—i—a*(v)/ DVy(x,T) - E(v) dx = 0,
Q Q

that is,

-1
at(v) = ( / Vo(X, I)dx) ( f DVy(x, I)-E(v)dx) (2.37)
Q Q
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and
2
Fv) = / Vo (x. EW) + S2T) dx — £v). (2.38)
Q
Hence, by taking into account that V) is a quadratic form, it is readily seen that for
N =2,
Fv) =

2

—1 —
= / Vo (x, E(v)) dx — 1 (/ Vo (X, I)dx) |:</ DVy(x, I)-E(v) dx) j| — L(v)
Q 4 \Jga Q
1 -1 -1
=EWV)— - (/ Vo (X, I)dx) |:</ DVy(x, I)-E(v) dx) i|
4 \Uga Q

(2.39)
Even more explicitly, if N =2, A, © > 0 and
_ | WIFTF =12+ 4| Tr FTF — D|? if detF >0
W F) = { 400 otherwise, (2.40)

then Vo(x, B) = 4u|B|?> + 2| TrB|?, and we get

a2(v) = 17! </ divvdx>_ . (2.41)
Q

This conclusion could be approximately rephrased as follows: in 2D the global
energy JF(v) of a displacement v is the same of linearized elasticity if the area of
the associated deformed configuration y(€2) = (I + v)(£2) is not less than the area
of Q.

Remark 2.7. The compatibility condition (2.25) cannot be dropped in Theorem 2.2
even if the (necessary) condition (2.24) holds true. Moreover plain substitution of
strong with weak inequality in (2.25) leads to a lack of compactness for minimizing
sequences.

Indeed, if n denotes the outer unit normal vector to 92 and we choose f = fn
with f < 0, g = 0 then, by the Divergence Theorem,

/mf~W2deN_1 = f(MWHIQ > 0 YWeMVN\{0}, (42
so that the strict inequality in (2.25) is reversed in a strong sense by any

W € M%:ﬁ \ {0}; fix a sequence of positive real numbers such that

hj— 0y We MMV W £ 0, and set v; = h; "' (AW2 + L W)x, then

I+hv; =1+ (%W2 + */7§W) € SO(N), due to representation (2.2) with
¥ = /3. Hence, by frame indifference,

(TrtW?)|Q| = —o0.
(2.43)

. N =L ) = — Wz. dnflz_i
fhj(vj) (vj) 2h; e x-ndH 21,
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On the other hand, assume that N = 2,3, @ c RY a bounded open set with
Lipschitz boundary and W as in (2.30) and f = g = 0, so that the compatibility
inequality is susbstituted by the weak inequality; if v; are still defined as above
then, hence by frame indifference,

Fn;(vj) =0 = inf Fp, , (2.44)

namely, v; is a minimizing sequence for 7}, but E(v;) has no weakly convergent
subsequences in L2($2; MV *N),

Remark 2.8. It is worth noticing that the compatibility condition (2.25) holds true
when g =0, f = fn with f > 0 and n the outer unit normal vector to 9€2.

Indeed let W € M é\;{:ulj\’ , W = 0: hence by (2.24) and the Divergence Theorem
we get

/ f-W2xdHN ' = £ (TrW?) Q| < 0, (2.45)
Q2

thus proving (2.25) in this case. This means that in case of uniform tension-like
force field at the boundary and null body force field the compatibility condition
holds true.

Remark 2.9. It is possible to observe some analogy between the energy functional
(2.22) and the results in [15,16], where the approximate theory of small strain
together with moderate rotations is discussed under suitable kinematical assump-
tions. More precisely, if F = I 4+ 2Vv is the deformation gradient and F = RU is
the polar decomposition, [15] shows that the assumptions

R=I+0Wh), U=1+0() ash— 0, (2.46)
in the sense of pointwise convergence, are equivalent to
E(v) = 0(1), h(skewVv) = O(x/ﬁ) ash — 04, (2.47)
still in the sense of pointwise convergence. Therefore,
U =T+ h(EW) — LskewVv)?) + o(h), (2.48)

and the pointwise limit of F, ( not the I"-limit !) becomes
/ Vo(x, E(v) — §(skewVv)2) dx — L(v),
Q

which is quite similar to (2.22).

We highlight the fact that (2.46) cannot be understood in the sense of
L2(2, MN*N) whenever v = v, on a closed subset T of 92 with H"~1(Z) > 0,
since by Korn and Poincare inequalities we get

/|Vv|zdx§C</ |E(v)|2dx+/ |v*|2dHN_l),
Q Q X

therefore if E(v) = O(1) then hVv = O(h), thus contradicting the second of
(2.46). On the other hand a careful application of the rigidity Lemma of [18] show
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that if E(v) = O(1) and U = I + O(h) in the sense of LZ(Q2, MN*V)  then there

exists a constant skew symmetric matrix W such that AVv? Vv = —W? + o(1) in
the sense of L' (€2, MN*N) (see the proof of Lemma 3.4 below). Therefore
U =1+ h(E(v) — W?/2) +o(h), (2.49)

where equality is understood in the sense of L' (2, M"*N) and W a constant skew
symmetric matrix.

3. Proofs

We recall some basic inequalities exploited in the sequel, for both reader’s
convenience and labeling the related constants.
Poincaré Inequality. There exists a constant Cp = Cp(£2) such that

Iv=Fov l 2en, + 1V = Fo¥ | 20azy, < Cr IV @Ay YV e H (QRY).
3.1
Korn Inequality. There exists a constant Cx = Cg (£2) such that

||V—IPJV“L2(Q;RN) + ||V—PV||L2(3Q;RN) < C[( ”E(V)”L2(Q;MNXN) Vv e HI(Q, RN) .

(3.2)
Geometric Rigidity Inequality ([18]). There exists a constant Cg = C¢ (2) such
that foreveryy € H L(Q; RN) there is an associated rotation R € SO (N) such that
we have

/ [Vy — R[> dx < CG/ dist?(Vy; SO(N)) dx. (3.3)
Q Q

The first step in our analysis is the next lemma showing that if (2.24), (2.25) hold
true then the functionals 7}, are bounded from below uniformly with respect to
h > 0; this implies the existence of minimizing sequences of the sequence of
functionals }"h_ ; (see Definition 2.1).

Lemma 3.1. Assume (2.24) and (2.25). Then

c3C
inf inf Fp(v) > — L C
h>0 veH!

(I£117> + llgll?2) . (3.4)

where C is the coercivity constant in (2.18) and Cp, Cg are the constants related
to the basic inequalities above.
Actually the claim holds true even if strict inequality is replaced by weak in-

equality in (2.25).

Proof. Let v € HI(Q; RN) and y = x + hv. Since det Vy > 0 a.e., by polar
decomposition for a.e. x there exist a rotation Ry (x) and a symmetric positive
definite matrix Uy (x) such that Vy(x) = R, (x)Uj(x), hence VyT Vy = Uﬁ, o)
that for a.e. x,

IVyIVy —12 = U} =1 = |(U, — DU, + DI* > U, — I =

— |(Vy —RpP = dis(Vy, SO(N)). 3-5)
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By (2.8), (3.5) and the Geometric Rigidity Inequality (3.3) there exists a constant
rotation R such that

Fn(v) = Ch—Z/ VY Vy — 1P dx — ™ L@y — %) =
Q
(3.6)
z—h 2/ IVy —R|?dx — h ™' L(y — x).
Ce
If
— a1 [ - Roax.
Q

then by Poincaré inequality (3.1), we have that
ly—Rx—cll 20 +ly—Rx—¢l 250, < Cp IV(y—R¥)[;2 = Cp [Vy—R||2.

and by (2.24) and Young inequality we get, for every o > 0,

Ly—Rx—c¢) < Cp|IVy —Rll2 (Ifll 20 + I8l 2) <
4 Cp Cp 2

<a 17||Vy—R||2Lz + a7(||f||Lz+||gan)
1 Cp 2 2 2

< o' S IVY = RIZ + @ Cp (If15: + gl 2) -

By choosing « = hCp Cg/C,
Ly—-x) =Ly—-Rx—¢) + LRx—x) <

_ P
' IVY = RIg: + o Cp (IFIZ: + llglz.) + LR —x) =

C/Cq C}
Vy — R
[ ||L2 + C/Ce

=h! h(IF172 + lgll72) + LRx —x).

3.7
Exploiting the standard representation (2.2) of the rotation R = I + Wsin¢ +
(1 — cos )W? for suitable & € R and W € MY with [W|> = 2, by (2.24) and
(2.25) we get

,C((R — I)x) = (sin®) L(WX) + (1 —cos®¥) L(W?) < 0, (3.8)
hence, by (3.6), (3.7) and (3.8), we conclude that

2

C/C

C/Cg , _
Fr(v) > %h Z/QIVy—R|2dX - (112, + llglh?,) — A L(R = Dx) >

G
(IF172 + llgl3>) Vv e H' (2 RY), Vi > 0.

C
(3.9)
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Lemma 3.2. Ler v, € HYQ;RY) be a sequence such that E(v,) — T in
L2(Q; MY*NY. Then there exists w € HY (2 RY) such that T = E(w). If, in ad-
dition, Vv,, — G in LZ(Q; RN), then there exists a constant matrix W € ./\/lg{:]iv
such that Vw = G — W.

Proof. Since E(v,) — T in L*(Q; M¥*V), we have E(v, — Pv,) = E(v,) are
equibounded in L?(§2; MY *N), then by Korn inequality, v, —Pv,, are equibounded
in H'(Q; RY), where P the projection on the set R of infinitesimal rigid displace-
ments. Therefore, up to subsequences, we can assume that w, := v, — Pv, = w
in H'(Q; R"Y) and we get

Vw, = E(w,) + skewVw, = E(v,) + skewVw, . (3.10)

Hence there exists S € Lz(Q; MNXN) such that skewVw,, — Sin Lz(Q; MNXNYy

skew
and by lettingn — +oointo (3.10) we have T+S = Vw. Since S € L2(Q; ./\/lg{:év),

it is readily seen that E(w) = T, and if, in addition, Vv, — G in L2(Q; MN*N),
then there exists a constant W € Mﬁ\;{:uljv such that VPv,, = W in L2(Q; MN*N),
actually converging in the finite dimensional space of constant skew symmetric

matrices, thus proving the Lemma. O

Remark 3.3. It is worth noting that if E(v;) — T in L2(Q; MN*N) | then by
Lemma 3.2 there exists v e H'(2; RY) such that T = E(v), and if T = E(w) for
some w € H! (2; RN ), then v — w is an infinitesimal rigid displacement in €2, i.e.
E(v—w)=0.

Next we show a preliminary convergence property; we compute a kind of Gamma
limit of the sequence of functional Fj, with respect to weak L> convergence of
linearized strains.

Lemma 3.4. (energy convergence) Assume that (2.24) holds true and let hj — 0
be a decreasing sequence. Then we have that:
i) For every v;,v € H'(Q; RN) such that E(v;) — E(v) in L*(S; MY *N) we
have

liminf Fj; (vj) = F(V).
Jj—>+oo
ii) For every v e H'(Q; RN) there exists a sequence Vi € H'(2: RN) such that
E(v;) — E(v) in L2(Q; MN*N) and

lim sup fhj (vj) < F(v).

J——+oo

Proof. Firstweprovei). Wesety; = x-+h;v; and denote various positive constants
by C’,C”, ..., L', L”. We may assume without restriction that Fn;(vj) < C’; by
taking into account (2.8), we get

chfz/g2 (VY] Vy; TP dx = L)) < Fiy (v)).
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and by (2.24),
h;zfQWy,TVy,- —I%dx < C' + L(v)) = C'+ L(v; —Py)),

where IPv; is the projection of v; onto the set of infinitesimal rigid displacements.
Hence, by Korn inequality, we have

1
2
h;ZfQWy]TVy,- —1Pdx < C' + C” (/Q |E(vj)|2dx> <c”. @311

Inequality (3.11), together with the Rigidity Lemma of [18] and (3.5), implies that
for every h there exists a constant rotation R; € SO(N), and a constant C"”,
dependent only on €2, such that

fg IVy; —Rj|*dx < C""h7;

that is,
/ I+ h;Vv; —Rj|>dx < C""h3. (3.12)
Q

Due to the representation (2.2) of rotations, for every j € N there exist #; €
(—m, w]and W; e MY XN |W ;|2 = 2 such that R; = exp(9; W) and

skew *
R; = exp(®jW;) = I+ sin®; W, + (1 —cos®;) W7, (3.13)
hence, by (3.12),
/Q |hjVv; —sin®;W; — (I — cos?,)W;|*dx < C""h? . (3.14)
Since
sym (Vv = sin9; W — (1 = cos 9;)W3) = hE(v;) = (1 = cos 9 W2,
we get

—1yw2,2 "
/S2|E(Vj)—(l—cosz9j)hj Wj| dx < C™.

By recalling that E(v;) — E(v) in L2(Q; MV*V) and |W§|2 = 2 due to (2.3),
we deduce, for suitable L > 0,

|1—cosﬁj|=%)(l—cosﬁj)Wﬂ < Lhj, (3.15)

hence
|sin®d;| < /2Lh;. (3.16)
By (3.14) and (3.15) we have

/|,/thVj—h;l/zsinﬁjWﬂde < (C"+2LIQ)h;, (3.17)
Q
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NxN

ckew » thETE €Xists a

hence, by compactness of the sequence h~!/2 sin ;W in M
NxN

constant matrix W € M such that, up to subsequences,

skew
\/]’TjVVj — W strongly in L2(Q; MN*Ny, (3.18)
and therefore
hiVVviVv, — W'W = —W?*  strongly in L' (2; MMY) . (3.19)

By Lemma 4.2. of [13], for every k € N, there exists an increasing sequence of

Caratheodory functions V;f QX Mﬁvy,XnN — [0, +00) and a measurable function

uk : € — (0, +00) such that V;.‘ (x, -) is convex for a.e. x € 2 and satisfies

VEx.D) < V(x, hD)/h5 YD e MYV, (3.20)

sym

Vh(x, D) = (1 )Vo(x, D) for Vox. D) < pk(0)/h3.  (3.21)

1
k
By setting D; := E(v;) + %hj VVJTVVj, properties (3.19), (3.20) and (3.21) entail

/th(x,ij)dxz/Vj.‘(x,Dj)dx (3.22)
Q Q
and

1
lim Vi, D) = (1 — E) Vox,D) ae.xeQ, VDe MVXN (323

> +o0 sym
Then by taking into account that
D; — E(v)— iW? in L1(Q; MMV,
(3.22) and Lemma 4.3 of [13] yield

liminf/ Vh/(x,VVj)dleiminf/ V;‘(x,Dj)dx
Q Q

Jj—>+oo J—>+oo

> /(1 - l/k)Vo(x, E(v) — %w2) dx Vk e N.
Q

Up to subsequences, v; — Pv; — win HY(Q; RN), moreover, E(v) = E(w).
Then, by (2.24) for every k € N, we obtain

\%

o 1 1
liminf 73, (v)) = /Q (1= 2 )W0x Em) = §W2) dx = Low) =
1
- / (1= Do E®) - §W? dx - L),
Q k
Taking the supremum as k — oo, we deduce
ljmJirnf Fnj(vj) = / Vo(x, E(v) — %Wz) dx — L(v) = F(v), (3.24)
j—) o Q

which proves 7).
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We are left to prove claim ii). To this end, we set, for every v e H L@, RM),
W - 1 2 . NxN
v € argmin Vo(x, E(v) — W7 )dx: We Mo "t . (3.25)
Q

Without relabeling, v denotes also a fixed compactly supported extension in
HYRN; RN)Y of the given v (such extension exists since €2 is Lipschitz due to
(2.1)). _

We may define a recovery sequence w; € C 1(Q; RY) for every j, as follows:
set

172

wj:h; Wyx +vxo;, (3.26)

where ¢;(x) = sj_N @(x/¢;) is a mollifier supported in By, (0), and the sequence
€; is chosen in such a way that / jsf — 0 holds true. Sobolev embedding entails
v € LSRN, RV), since v e H'(RV;RV) and N = 2, 3; then, by the Young
Theorem, and since 0 < & < 1, we have

—N/6

—1 -3/2
MOVl o5 Il Ls < €21Vl Lers IVl o

(3.27)

IVvx@lize < lvlizellve;lipes <€

-12

By Vw; =h; /"Wy + V(v ;) and W] = —Wy we get

Ew;) = E(W) xg;,
VWV, = =W + 0V  Vveg)) + 1(VsgnT Wy = Wy V(v xg))
hence, by taking into account (3.27) and & 8]._3 — 0, we get
EW;)) + 3h; VWi Vw; - E(v) — Wy in L2(Q,RY),  (3.28)
hi (B + 3, VWl Vwj) = 0 in L¥(@,RY). (3.29)
Therefore Taylor’s expansion of ) entails

'liIJlél Vi, (x, E(w;) + %thWJTij) =)W (x, E(v) — %W%) forae. x € 2,
J— 100 ;

(3.30)
and taking into account (2.14), (2.15), (2.16) and (3.29), we have

Vi, %, E(W)) + 3h;VwiVw)) < y [Ew)) + 3h;Vwivw;2, (331)

hence the Lebesgue dominated convergence theorem yields

Fi;(Wj) —  min / Vo (x, E(v) — $W2) dx — L(v),
WeM¥N Jo

skew

thus proving ii). O
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Remark 3.5. If W is a convex function of FTF —1, then (3.24) is a straightforward
consequence of the weak L'(Q2; MY *N) convergence of B ;j and the construction
of V¥ can be avoided in the proof. Hence the restriction to decreasing sequences
h; (needed in order to apply Lemmas 4.2 and 4.3 of [13]) can be removed in the
assumptions of Lemma 3.4 if W is convex.

Lemma 3.1 entails the existence of minimizing sequences for the sequence of func-
tionals Fp. Next, tecnical lemma 3.6 shows a (very weak) relative compactness
property of these sequences: if v; is a minimizing sequence then E(v;) is equi-
bounded in L2. The key idea of the proof consists in showing that || E(v;)|[;2 —
~+o0 entails the contradiction E(v;)/|[E(V;)||;2 — Ostrongly in L?, and by a care-
ful analysis of all possible cases related to different balance of involved parameters
we get

Lemma 3.6. (Compactness of minimizing sequences) Assume that (2.24) and
(2.25) hold true, hj — 04 is a sequence of strictly positive real numbers and
the sequence of displacements v; € HY(Q; ]RN)fulﬁl (.7-"hj (vj) —inf ]:hj) — 0,
namely v is a minimizing sequence for Fy;.

Then there exists M > 0 such that ||[E(v;)|| ;2 < M.

Proof. By Lemma 3.1 there exists ¢ such that
—00 < ¢ < infFp; < Fp,;(0) = 0. (3.32)

Assume, by contradiction, that ¢; :=| E(v;) ||;2— +oc0 and set w; = t;lvj.
By Lemma 3.2 there exist w € H 1 (Q; RN ) and a subsequence such that without
relabeling E(w;) — E(w) in L2(Q; MV*V). By (3.32) we can assume up to
subsequences that Fj, ; (vj)) <L

By settingy; = X+ h;v; = X+ h;t;w;, arguing as at the beginning of the
Lemma 3.4 proof and exploiting Korn inequality (3.2), we obtain that for every
J € N there exists a constant rotation R; € SO(N) such that

/Q 9y; — R Pdx < 12 + Crelll fll2a + I8l 20 1 12,
that is, by setting C' = Cx (I fll .29) + 181l 2())s
/ L+ Ryt Vw; — Rj2dx < h2(1+C'1)). (3.33)
i .

Possibly up to further subsequence extraction, one among these three alternatives
takes place:

a)hjti — x>0, b)hjt; - 0, ¢) hjtj — +o0.

If condition a) holds true, we have

J.

2 /
1 C

x < 5 + —,

i

R, -1

VWj— y
J%J
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hence, up to subsequences,
R-1
Vw; — - (3.34)

strongly in L2(2; MN*N) for a suitable constant matrix R € SO(N), and by
Lemma 3.2 we get Vw € K + ./\/lskew .

If condition b) holds true, then, by using formulae (3 13) and (3.33), there exist
Up; € (=, 7] and a constant matrix W; € MYXN with |W]|2 |W?|2 =2
such that

Aklw

/lhjthw] sin ¥, W; — (1 —cos 9))W3 2 dx < 15 (1+C'1j).  (3.35)
Q

Since W and W? are respectively skew-symmetric and symmetric, (3.35) yields

—cosv) 2
/ ‘]E(WJ)_ ] W?

dx < 177 4+ C'i7, (3.36)

and, bearing in mind that fQ |IE(wj) I2dx = 1, we get
(—cos¥j)| _
hjt;

<C’, (3.37)

‘(1 cos )

wW?2
/’ljtj J

hence

sindy, | < . /2(1 —cos¥y;) < /2C"hit;. (3.38)
J J J°J

Estimate (3.35), together with #; — +00, yields
smz‘} (I —cos )

JhitVw; - — W
/Q A ,/h l] ,//’ljtj

By (3.37) we know that 1 — cos#; = o(,/h;t;), hence (3.38) and (3.39) entail
NxN

2
2 dx < C"hj. (339

the existence of a constant matrix W € M, " such that, up to subsequences,
VhjtiVw; — W strongly in L2(Q; MN*N). Moreover, by (2.8) and Korn in-
equality,

2 1 2 1A%
tj/Q|E(wj)+7hjtij]Tij| dx < C'V + L(w))

=C" + L(w; —Pw))

1

<Y (/ |E<wj)|2dx)2 ,
Q

1 T 2
/Q IE(w;) + ththwj Vw;|“dx — 0.

hence

On the other hand, by the Fatou Lemma,

llmmf/ 2E(W) + hjt; Vw] Vw;|* dx>/ |2E(w) — W?| dx,

j—+00
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and we get 2E(w) = W2, which implies Vw = skewVw+ %Wz, hence skew (Vw)
is a gradient field, and there is a constant skew-symmetric matrix Z such that
skew(VW) = Z. By setting

1 3

R:=I+—W2+£W,

2 2
and by applying formula (3.13), we get a R € SO(N) thatis Vw — (R - 1) €
Mﬁ\,’(:év , which implies Vw € K + Mﬁfuzjv whenever condition b) holds true.

Eventually, if condition c) holds true, by (3.33) we get

J.

and by taking into account that 4 ;#; — +oc and [R; — IJ is bounded, by (3.33)
we get Vwy,, — 0 strongly in L2(Q; MV*V), hence Vw € K + M XN still by
Lemma 3.2.

By summarizing, inall three casesifz; :=| E(v;) ||;2— +00 and]—'hj (tjw;) <
C then V(tj_lvj) = Vw; — Vw strongly in L2(Q; MN*Ny and Vw € K +
MNXN =K+MNXN.

A C
dx < 5 + —, (3.40)
o

R; —1)?

Vw; —

it

skew skew
Therefore, E(w;) — E(w) strongly in L2(2; MN*NY |
Since W; := w; — Pw; are equibounded in H 1(Q; RV), every subsequence

of W; has a weakly convergent subsequence and if W is one of the limits we get
E(W) = E(w) hence by (2.24) L(W) = L(w). Therefore every subsequence of
LW 7) has a subsequence which converges to £(w) that is the whole sequence
L(W ) converges to L£(w), hence

—L(w) = —limsup £L(W;) = —limsup L(w;) < 11m1nft fhj(vj). (3.41)

Jj—>+oo Jj—+oo

Since (3.32) entails lim sup tj_l}"hj (vj) <0,by (3.41) we get L(w) > 0.

By taking into account that Vw € K + M%:lf)v , then we have either Vw €
MNXN
skew

wx)=1tT(R—IDx+Ax+¢c, forsomer >0, Re SO(N),
R#AIL Ae MV ¢ceRV,

skew

The second case cannot occur, since in such a case, by (2.2), there would exist ¥ € R
with cos® < 1 and W € MNXN W = 0 such that R = I + (1 — cos 9)W? +

sym >

(sin?)W € SO(N), hence (2.24) and (2.25) would entail the contradiction

L(w) = r/ f-(R—I)deN*1+T/g.(R_I)X -
Ele! Q

= r(l—cosﬁ)/ f-szdHN_1+t(1—cosz9)/ g~W2x < 0.
a0 Q

(3.42)

Hence Vw ¢ Mg{:uly , that is E(w) = 0, which is again a contradiction, since

IE(W;)ll,2 = 1 and E(w;) — E(w) in L2(Q; MV*N). @
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Proof of Theorem 2.2 -. First we notice that minimizing sequences for Fj,; do
exist for every sequence of positive real numbers /; converging to 0, thanks to
Lemma 3.1.

Fix a sequence of real numbers i; > 0 converging to 0 and a minimizing
sequence v; for F;.

Up to a preliminary extraction of a subsequence we can assume that /; is
decreasing.

Since —oco < inf ]—"h_,. < 0 there exists C > 0 such that ]—"h_,. (vj) < C, hence,
by Lemma 3.6,

IEV)I2 = C,

and by Lemma 3.2, there exists vo € H'(€2; RY) such that, up to subsequences,
E(v;) — E(vo) in L2(2; MNXN) thus proving (2.26). By Lemma 3.4 we get that

lim inf 7, (v;) = F(vo) .
J—>+00

Still by Lemma 3.4, for every v € H'(€2; RN) there exists Vj e H'(Q; R") such
that E(¥;) — E(v) in L2(Q; MY *V) and

lim sup F; (Vy;) < F(v),

Jj—+oo
hence

F(vg) < liminf]-'j(vhj) < liminf(inf]-'hj +0(1)) < lim sup]—'hj (Vj) < F(v),
n—+00 n—+00 j—+00
(3.43)
and (2.28) is proven.

Eventually we notice that (2.27) follows by labeling with Wy the skew sym-
metric matrix W in the convergence relationship (3.18) obtained in the proof of
claim i) in Lemma 3.4.

Thus we have only to prove (2.29): to this end, by arguing as in the proof of
claim /) in Lemma 3.4, we have (3.24), hence we get

F(vo) = liminf Fj, (vj) > / Vo(x, E(vo) — W2) dx > F(vo),
J—>+00 Q

thus proving (2.29). 0O

4. Limit Problem and Linear Elasticity

We denote by £ : H'(Q; RY) — R the energy functional of classical linear
elasticity

E(v) = / Vox, E(v))dx — L(v). 4.1)
Q

Notice that (1.6) is just a particular model case of (4.1) corresponding to (1.4).



FRANCESCO MADDALENA, DANILO PERCIVALE & FRANCO TOMARELLI

As was already emphasized, the inequality 7 < & always holds true. Moreover
the two functionals cannot coincide: indeed F(v) < £(v) whenever v(x) = %sz

with W € Mﬁifﬁ . However we can show that the two functionals F and &,
notwithstanding their differences, have the same minimum and same set of mini-
mizers when the loads are equilibrated and compatible, that is they fulfil both (2.24)
and (2.25).

The next results clarify the relationship between the minimizers of classical
linear elasticity functional £ and the minimizers of functional F defined in (1.8),
and coincident with the Gammalimit of nonlinear energies F}, in the sense stated

in Theorem 2.2.

Theorem 4.1. Assume that (2.24) and (2.25) hold true. Then

min  F(v) = min E(w) 4.2)
veH!(Q;RN) weH!(Q;RN)
and
argming 1 (q.pN)F = argminge 1 q.gy)E- (4.3)

Proof. Both functionals F, £ do have minimizers under conditions (2.24) and
(2.25), thanks to Theorem 2.2. Taking into account that F(v) < £(v) for every
v € HY(Q; RY), and setting zw (X) = %sz for every W € M;\,/{:,LV , we get
E(zw) = sW? and

min  E(v) > min  F(v) =
veH!(Q;RN) veH!(Q;RN)

min min / Vo(x, E(v) — W?) dx — c(v)”
Q

veHU (Q:RN) | Wem VN

skew

min { min /Vo(x, E(v)—%wz)dx—ﬁ(v)}}z
We MM LveH! (RY) LJq

min { min / Vox, E(v—zw))dx — L(V — zw) — E(zw)” =
Q

WeM N Lver! (@RY)
min  £(z) — max L(zw) = min &,
2eH (QRV) WeMNxN H(RV)

skew

4.4)
where the last inequality follows by L(zw) < 0, due to (2.25) and £(0). Therefore
(4.2) is proved and we are left to show (4.3).

First, assume v € argminy, ;1 (q.gv)F and let

skew

W, € argmin {/ V()(x, E(v) — %W2> dx: We MNXN} . (4.5)
Q
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If Wy # 0 then, by setting zw, = %W% x, we get E(zw,) = Vzw, = %W% and,
by compatibility (2.25), we obtain
min F = F(v) = f Vo(x, E(v— zwv)) dx — L(v — zw,) — L(zw,) =
Q

E(v—1zw,) — L(zw,) > min £ — L(zw,) > min &,

4.6)
which is a contradiction. Therefore Wy = 0, zw, = 0, and all the inequalities in
(4.6) turn out to be equalities, hence we get F(v) = £(v) = min £ = min F, say,
Vv € argmin g q.pyy € and argmin g1 q.gyy F C argmin g q.gv €.

In order to show the opposite inclusion, we assume v € argminye 1 (q.rV)E
and, still referring to the choice (4.5), we set zwy, = lW% x. Then

Fv)= / Vo (x, E(v — zwv)) dx — L(v —zw,) — L(zw,) =
Q
=E(v—1zw,) — L(zw,) = F(v—1zw,) — L(zw,) . 4.7)

This leads to the contradiction F(v) > F(v — zw,) if zw, # 0, due to (2.25);
therefore zw, = 0, and we have equalities in place of inequalities in (4.7). Therefore
E(v) = F(v) and v € argming i g.gyyF. O

Corollary 4.2. Assume that the standard structural assumptions hold true along

with (2.24) and (2.25), and that Wy € /\/li\,’(:,iv is the matrix whose existence is

warranted by in Theorem 2.2. Then Wy = 0.

Proof. Let vg be in argminF, let W be the skew symmetric matrix in the claim of
Theorem 2.2, and assume by contradiction that W # 0. By (4.2) and (4.3) we get

/Q Vox, E(vo) — W3) dx = /Q Vo(x, E(vp)) dx,
and by taking into account that V) is a quadratic form,
/Qvo(x, TW2dx — %/QDVO(X, E(vo)) - Wi dx = 0.
Since, by (4.3), vo € argmin&, the Euler-Lagrange equation yields
/Q DVy(x, E(vp)) - Widx = L(W}x),
hence, by (2.25),
0< /Qvo(x, W3 dx = %L(ng) < 0,

which is a contradiction.
Hence Wo = 0. 0O

If the strong inequality in (2.25) is replaced by a weak inequality, then Theorem
4.1 cannot hold true, as is shown by the following general result:
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Proposition 4.3. Ifthe structural assumptions together with (2.24) are fulfilled, but
(2.25) is replaced by
LOW?x) <0 VYWe MNxN (4.8)

skew

then argminF is still nonempty and
min F = min &, 4.9
but the coincidence of minimizer sets is replaced by the inclusion
argmin€ C argminF . (4.10)

If (4.8) holds true and there exists U € MIXN g # 0 such that L(U*x) = 0,

skew °
then F admits infinitely many minimizers which are not minimizers of £; more

precisely,

argmin€ % argmin€ + [sz :Ue Mﬁ:ﬁ L(U%x) = 0} C argminF ,
@.11)

where the last inclusion is an equality in 2D:

argminé& g argmin€ + {—tx : t >0} = argminF, ifN=2. (4.12)

Proof. The set argmin€ is nonempty by classical arguments. Fix v, € argmin&.
Then, for every v € H'($2; RY), and for every W € MY*N by setting zw =

| ) skew
EW X, we get

F(ve) = E(Vy) = E(V—zw) = f Vo(x, E(v) — 3W?) dx — L(V — zw)
Q
< / Volx, E(v) — LW2) dx — £(v), (4.13)
Q
hence, for every v € HY(Q: RN),

F(ve) < min / Vo(x,E(v) — %Wz) dx — L(v) = F(v), 4.14)
WeMVXN Jo

skew

thus proving that argminF is nonempty as well as (4.10).
Moreover, by setting

W, € argmin {f Vo(x, E(v) — %Wz) dx: We MNXN} . Vve H'(:RY),
Q

skew
(4.15)
condition (4.8) entails that for every v, € argmin &,

Fvn) = f Vo, E(va— 2w, ) dX— £(v,) = (Ve 23, )~ L{zw,) > E(¥2),
Q

(4.16)
hence (4.9) follows by F < £.
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If (4.8) holds true, L(zy) = 0 for some 0 £ U € /\/l?,](:ul)v and v* €argmin &,
then, by comparing the finite dimensional minimization over W with evaluation at

W = U and exploiting (4.9), we get
Feve a0 = min [ Voe, B + 107 = 4W2)dx - L+ ) <
Q

< f Vo(x,E(vy))dx — L(vy) = E(Vy) = min £ = min F ,
Q

4.17)
that is, v, + zy € argminF . Since )y is strictly convex we get
argmin€ = {v, +z : z € R}, hence £(v, + zy) > E(v4), thus proving the
strict inclusion in (4.11).

Concerning the last claim, if (4.8) holds true, £(zy) = 0 for some 0 # U €
Mf\;{:u]:/ , v €argminF and N = 2, then ./\/léz,z< ezw is a 1D space, therefore we can
assume U = (e ® e —er ® eq), U2 =1, M?kxezw = spanU and Wy, = AU for
some X € R, and by (4.9),

Vi

min€ = minF = F(v) = / Vo(E(vs) — %W2 )dx — L(v,) =
Q

)»2
= /Q Vo(E(ve) = TU) dx = L. = 20) = E0e = 20).

that is (v, —2z,y) € argmin€ for every v, € argminF, therefore we get
argminF — {z,y : A € R} C argmin€, argminF C argmin€ + {z,y : A € R},

2 2 . . . . .
hence by z,u = %sz =— %x we obtain the equality in place of the last inclusion

in (4.11), hence (4.12). O
The next example depicts the above Proposition in a simple explicit case.

Example 4.4. Let Q = (—1/2,1/2)%, g=0, f = (As, —1s)ex + (A7, — 17 )e;
where S1 denotes, respectively, the right and the left sides, and 74 the upper and
the lower sides of the square. A straightforward computation gives, for suitable
L eR,

/ f-W2xdH"™! = —AZ/ f-xdH""'=0 VWeMZ2 . (4.18)

a0 a0

Then, since (2.24) and (4.8) are fulfilled, by (4.12) in Proposition 4.3 we have
the whole description of the set argmin: for every choice of Vj satisfying the
standard structural hypotheses, F has infinitely many minimizers v which are not
minimizers of &; explicitly, they are of the kind

vV = (Vi —1X) € argminF \ argmin€  if v, € argmin&, ¢t > 0.

It is quite natural to ask whether condition (2.25), which is essential in the proof
of Theorem 2.2, may be dropped in order to obtain at least the existence of min F:
the answer is negative.

Actually the next remark shows that, when the inequality in compatibility con-
dition (2.25) is reversed for at least one choice of the skew-symmetric matrix W,
then F is unbounded from below.
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Remark 4.5. If

1
IW, € Mi\;{juﬂv : L(zw,) >0, wherezw, = EWix, (4.19)
then
inf  F(v) = —oo. (4.20)
veH! (:RN)

Indeed, by arguing as in (4.4) and replacing ming1 with inf 51, we get

1
inf. F= min & — sup L(zw) where zw = —W?x. (4.21)
HI(Q;RN) H(Q;RVN) WexN 2
Hence

inf.- F < mn & —1tL(zw,) V1>0,

HY(QRV) HY(Q:RN)
which entails (4.20).

The next example shows that in the case of uniform compression along the whole
boundary functional, F is unbounded from below.

Example 4.6. Assume Q2 C RV isa Lipschitz, connected open set, N = 2,3, g =
0, f = —n, where n denotes the outer unit normal vector to 9€2.
Then (4.19) holds true, hence, by Remark 4.5, inf,c 1 (q.gvy) F(V) = —o0.

Indeed, for every W e MNXN quch that |[W|? = 2, we obtain

skew

/ £ -WixdHN ! = —/ n-WxdHV-!
o 0Q

—/ diviW?x)dx = — [Q|TrW? = 2|Q| > 0.
Q

This means that any Lipschitz open set turns out to be always unstable when uni-
formly compressed in the direction of the inward normal vector along its boundary.
Therefore the linearized model proves inadequate for such a case, even for a small
load.
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