CONVERGENCE OF EQUILIBRIA
FOR INCOMPRESSIBLE ELASTIC PLATES
IN THE VON KARMAN REGIME

MARTA LEWICKA AND HUI LI

ABSTRACT. We prove convergence of critical points to the nonlinear elastic energies J" of 3d
thin incompressible plates, to critical points of the 2d energy obtained as the I-limit of J" in the
von Karman scaling regime. The presence of incompressibility constraint requires to restrict the
class of admissible test functions to bounded divergence-free variations on the 3d deformations.
This poses new technical obstacles, which we resolve by means of introducing 3d extensions and
truncations of the 2d limiting deformations, specific to the problem at hand.

1. INTRODUCTION AND THE MAIN RESULT

The derivation of asymptotic theories for thin elastic films has been a longstanding problem in
the mathematical theory of elasticity [3]. Recently, various lower dimensional theories have been
rigorously derived from the nonlinear three-dimensional model, through I'-convergence methods.
Consequently, what seemed to be competing and contradictory theories for elastica (rods, plates,
shells, etc) are now revealed to be each valid in their own specific range of parameters such as
material elastic constants, boundary conditions and force magnitudes. In this line, Friesecke,
James and Miiller gave a detailed description of the so called hierarchy of plate theories in [§],
corresponding to distinct energy scaling laws in terms of the plate thickness. Similar results have
been obtained for elastic shells [6, 12, 13, 14], elastic incompressible plates [4, 5, 17] and in presence
of residual stress [15, 10, 11].

The variational approach, described in detail in the below subsections, provides, among its
other features, a rigorous justification of convergence of three-dimensional energy minimizing
deformations, to minimizers of suitable lower dimensional limit energies. As shown in [20] (see
also the first result [18] where the converge of equilibria is considered, although in the setting of
beams, not plates), one can also expect convergence of stationary points, in the same regimes.
The results in [20] relied on the crucial assumption that the elastic energy density is differentiable
everywhere and its derivative satisfies a linear growth condition. This assumption is contradictory
with the physically expected non-interpenetration condition, and subsequently it has been removed
in [19] and exchanged with Ball’s related notion of the outer variations.

In the present paper, we prove convergence of critical points of the nonlinear elastic energies
of thin incompressible plates, to critical points of the limiting energy in the von Karman scaling
regime, derived in [17]. We follow the same approach as in [19]; indeed the concept of outer
variations comes up naturally in the context of incompressible elasticity. The presence of incom-
pressibility constraint requires to modify the class of admissible test functions in the stationarity
conditions, and subsequently one is allowed to work only with bounded divergence-free variations
on the three-dimensional deformations. On the other hand, the limiting two-dimensional displace-
ments may be arbitrary, while the incompressibility constraint is seen in the limiting equations
only by tracelessness of the limiting stress. This poses new technical obstacles, which we resolve
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by means of introducing 3d extensions and truncations of the 2d limiting deformations, specific
to the problem at hand.

We now turn to describing the framework of the problem and our results in detail.

1.1. Elastic energy of thin incompressible plates. Let Q@ C R? be an open, bounded, simply
connected domain. For h > 0, define Q" to be the 3d plate with the midplate  and thickness h:

O = {m: (', 23); 2’ €Q, 23 € <—Z,Z>}

The elastic energy of a deformation u” € W1'2(Q" R3) of the homogeneous plate Q", scaled by
its unit thickness, is given by:

(1.1) huh) = % / Win (V) da,
Qh

while the total energy, relative to the external force with the density f" € L2(Q" R3), is:
1

(1.2) Th(uh) = % /Q Win(Vl) do o

ol da.
Oh
The elastic energy density Wi, : R3*3 — [0,00] in (1.1) is assumed to be infinite at compressible

deformations:
_ W(F) if detF =1,
Win(F) = { +00 otherwise.

The effective density W : R3*3 — [0, 00) above, which acts when det F' = 1, is required to satisfy
the following conditions:

(i) (frame invariance) W(RF) = W (F), for each proper rotation R € SO(3), and each
F e R¥3,
(ii) (mormalisation) W (F') =0 for all F' € SO(3).
(iii) (non-interpenetration) W(F) = +oo if det F' < 0, and W (F') — 400 as det F' — 0+.
(iv) (bound from below) W (F) > ¢ dist?>(F, SO(3)) with a constant ¢ > 0 independent of F.
(v) (bound from above) There exists a constant C' > 0 such that for each F' with det F' > 0,
i.e. for each F' € R¥*? there holds:

(1.3) |DW (F)FT| < C(W(F) +1).

(vi) (regularity) W is of class C! on Rixs.
(vii) (local regularity) W is of class C? in a small neighborhood of SO(3).

The growth conditions in (iv) and (v) will be crucial in the present analysis. Condition (iv) has
been introduced in the context of [8] and it allows to use the nonlinear version of Korn’s inequality
[7], ultimately serving to control the local deviations of the deformation u from rigid motions,
by the elastic energy I"(u"). Condition (v) has been introduced in [1] (see also [2]) in the context
of outer variations, in order to control the related strain in terms of the energy. Both conditions
are compatible with other requirements above. Indeed, examples of W satisfying (i) — (vii) are:

Wi(F) = |(FTF)Y? —1d|?> + | log det F|,
1 q
F)=|(FTP)Y? 14 + |—— — 1| f F
Wao(F) = |( ) d)” + ot or det F' > 0,

where ¢ > 1 and W equals 400 if det ' < 0 [19].
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1.2. Notation. Given a matrix F' € R"*" we denote its trace by Tr F and its transpose by F’.
The symmetric part of F' is given by sym F = %(F + FT). The cofactor of F' is the matrix: cof F,
where [cof Fl;; = (—1)""7 det Fij and each Fj; € R("=Dx("=1) js obtained from F by deleting its
ith row and jth column. The identity matrix is denoted by Id,,.

In what follows, we shall use the matrix norm |F| = (Tr(FTF))'/2, which is induced by the
inner product: Fy : Fy = Tr(F{'F»). To avoid notational confusion, we will often write (Fy : Fy)
instead of F : F5. In general, 3 x 3 matrices will be denoted by F' and 2 x 2 matrices will be
denoted by F”. Unless noted otherwise, F” is the principal 2 x 2 minor of F.

Finally, by C{f (R™, R®) we denote the space of continuous functions whose derivatives up to the
order k are continuous and bounded in R”.

1.3. The limiting energy. The following 2d energy functional has been rigorously derived in
[17] as the I'-limit of the scaled incompressible energies h=4I" in (1.1), when h — 0:

1 . 1 1 .
(1.4) Z(w,v) = / Q5" | symVu+ -Vv® Vo | dr+ / Q5" (VQU) dez,

2 /g 2 2 /g
acting on couples w € WH2(Q,R?),v € W?2(Q,R). The fields (w,v) may be identified as the
in-plane and the out-of-plane displacements, respectively. Roughly speaking, any minimizing
sequence of h=*J" where f(z) ~ h3f(z")es and Jo f =0, will have the structure:

u|hQ ~ (R)T (id + hves + h2w) —

asymptotically as h — 0, with (w,v) as above and R € SO(3) maximizing [, f(z')es - Ra’ da’
among all rotations R, while ¢* € R? are constant translation vectors. Moreover, (w, v, R) mini-
mize the following total limiting energy:

J(w,v,R) = Z(w,v) — R33/Qf’l).

A precise formulation of the statements above can be found in [12].

The energy in (1.4) is the incompressible version of the von Karman functional, which has
been derived (for compressible case, i.e. without the assumption that det Vu” = 1) by means of
I-convergence in [8]. The quadratic forms Qi differ from the standard Qs in [8] in as much as
minimization in (1.5) below is taken over the out-of-plane stretches which preserve the incom-
pressibility constraint. Namely, Q4" in (1.4) are given as:

VF" € R*? QF"(F") = min {Qg(F” +d®es+e3®d); Tr(F' +d®es+e3®d) = 0},
(1.5) deR3
VF € R3*3  Q3(F) = D*W(Id)(F, F).

Both forms Q above are positive semidefinite, and strictly positive definite on symmetric matrices.

We also introduce the linear operators £ : R2X2 — R?*2 and L3 : R3*3 — R3*3 such that:
(1 6) vE" e R2><2 <£§n(F”) . F//> _ Qén<F”)7
' VF € R¥3  (L3(F): F) = Q3(F).

Note that symmetric operators £ are uniquely given by: (L(Fy) : Fb) = 1 (Q(Fy + F») — Q(Fy — F»)).
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1.4. Critical points and the incompressible outer variations. Following [2], we now define
the critical points u” of the functionals J" in (1.2) with respect to outer variations, that is
requesting that the derivative of J” at an incompressible equilibrium " be zero:

d B, h
— JMu) =0,
de le=0 ( ¢ )

along all curves € +— u” of incompressible deformations of Q" having the form: u”(z) = ®(e, u"(x)),

with ug = u" at € = 0. This requirement is translated into the following condition:
(1.7)

/ <DW(Vuh)(Vu 7 ve(u” dx = / gl dz, Vo € CLR3,R3) with div ¢ = 0.
Qh

We refer to section 2 for the derivation and discussion of (1.7). Let us only note now that the
incompressible outer variations:

ug () = ®(e,u(x)) = u"(2) + ed(u"(2)) + O(e).

u(z
replace the classical variations u”(z) = u"(x) + ew” () used in definition of minimizers of J", and
also they replace the outer variations u(z) = u"(x) + ep(u”(z)) considered in [2] and [19] in the
compressible case.

1.5. The main result. The following is our main result:

Theorem 1.1. For each h << 1, let u" € WH2(Q" R3) be a critical point of J", i.e. it satisfies
(1.7) subject to the external forces f(x) = h3f(z')e3. Assume that:

(1.8) I'"(u") < Ch?,

for a constant C' > 0 independent of h. Then there exists a sequence of proper rotations R" €
SO(3), and translations ¢ € R3, such that for the renormalized deformations:

(1.9) y" (@, 23) = (RMTu" (2, hag) — " € WH2(QN RY),
the following convergences hold, up to a subsequence in h, as h — 0:
(i) Rh — R = [Rij]i,jzl.B € SO(?))
(ii) y" — o' in WH2(QL).
(iii) For the scaled out-of-plane displacements:

1/2

(1.10) vM(2') = / yh(2, z3) das,

-1/2

there exists v € W22(Q,R) such that v — v strongly in W12(Q).
(iv) For the scaled in-plane displacements:

(1.11) wa) = o [ // (Y (s0) — ") doy

there exists w € WH2(Q,R?) such that w" — w weakly in WH2(Q, R?).
(v) The limiting displacements (w,v) solve the following Euler-Lagrange equations of the func-
tional (1.4), expressed in the variational form:

(1.12) / <L”2" <syme + %Vv ® VU) : Vﬁ)> de’ =0
Q
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» 1
/ <£§” (syme + §Vv ® Vv) (Vo Vﬁ)> da’
(1.13) @

1 . _
+55 /Q (LY(V?0) : V?5) da’ = Ry /Q fo da,
for every w € WH2(Q,R?) and every & € W32(Q, R).

We note that (1.8) are automatically satisfied by any minimizing sequence of u” of the total
energy J", under the assumption that f(z) = h3f(2)es [8]. Also, (1.7) holds for every minimum
of J" (see Theorem 2.3), and the assertions (i) - (v) are then a direct consequence [17] of the fact
that le4J h T-converges to J. In general, I-convergence does not assure that a limit of a sequence
of equlibria is an equilibrium of the I'-limit. In the present situation, this turns out to be the case.

1.6. The isotropic case. For an isotropic energy density W with the Lamé constants A and p,
the Euler-Lagrange equations (1.12) — (1.13) of (1.4) are:

3
(1.14) %A% —[0,®], A= —7“[0,@]7
where v is the out-of-plane displacement, while the in-plane displacement w can be recovered

through the Airy stress potential ®, by means of:
1 1
cof V2® = 2 [syme + §VU ® Vv + (divw + §|Vv|2)ld} .

The Airy’s bracket [-, -] is defined as: [v, ®] = V?v : (cofV2®). As expected, the system (1.14) can
be now obtained as the incompressible limit, i.e. when passing with the Poisson ratio v — %, of
the classical (compressible) von Kdrman system:

S

BA%y = [, ], A%P = —5[0, v],
where S = 2u(1 + v) is Young’s modulus, v = Q(T)J‘r)\) is the Poisson ratio, and B = ﬁ is

bending stiffness. By the change of variable ® = 2u®; one can eliminate the parameter u entirely
and write (1.14) in its equivalent form:

A%y = 6[v, @], A*D) = —z[v,v].

1.7. Relation to other works and the layout of the paper. To put our work in a larger
perspective, recall that one of the fundamental questions in the mathematical theory of elasticity
has been to rigorously justify various 2d plate models present in the engineering literature, in
relation to the three-dimensional theory. This goal has been largely accomplished in [8], where a
hierarchy of limiting 2d energies has been derived; the distinct theories are differentiated by their
validity in the corresponding scaling regimes h?, 3 > 2, i.e. in presence of assumption (1.8) where
h* is replaced by h®.

Under the additional incompressibility constraint, the works [4, 5] proved compactness proper-
ties and the I'-convergence of the functionals h%] h as in (1.1), for the so-called Kirchhoff scaling
B = 2, while [17] treated the case § = 4 including as well a more complex case of shells when
the midsurface  is a generic 2d hypersurface in R3. In view of the fundamental property of
I-convergence, it follows that the global almost-minimizers of the energies (1.2) converge to the
minimizers of the limiting energy (given by (1.4) in the von Kdrmén regime).

Regarding convergence of stationary points for thin plates, the first result has been obtained
in [20] under the von Kédrman scaling 5 = 4 (see also [9] for an extension to thin shells). The
first result on converge of equilibria for beams has been obtained in [18]. These results relied on
the crucial assumption that the elastic energy density W is differentiable everywhere and that:
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|DW (F)| < C(|F|+1). This linear growth condition is, however, contradictory with the physically
expected non-interpenetration condition. In [19], it has been exchanged with Ball’s condition
(1.3), while the equilibrium equations have been rephrased in terms of the outer variations. In
the present paper we follow the same approach; indeed the concept of outer variations comes up
naturally in the context of incompressible elasticity.

Our analysis is inspired by [20] and [19], with necessary improvements to overcome the difficul-
ties imposed by the incompressibility constraint, which in particular requires to modify the class
of admissible test functions in the stationarity conditions. These conditions are derived in section
2, along with introducing the incompressible outer variations and the corresponding weak form of
the Euler-Lagrange equations, relying on the flow (2.2) with divergence-free velocity field.

In section 3 we obtain the equilibrium equations (1.7), and in section 4 we identify the operators

@ in (1.12) and (1.13). In section 5, we show that in the present incompressible case, the limiting
strain is traceless (Lemma 5.1); we also construct a sequence of appropriate truncation functions
(Lemma 5.2) which are further used (Lemma 5.3) to show that the limiting stress satisfies the
required condition of section 4. One major difficulty in the proof of Lemma 5.3 and the subsequent
results is that one is allowed to work only with bounded divergence-free variations on the three-
dimensional deformations, while the limiting two-dimensional displacements may be arbitrary.
This poses new technical obstacles, which we resolve by introducing 3d extensions and truncations
of the 2d limiting deformations, specific to the problems at hand. In section 6 and 7, we then
prove the first and second Euler-Lagrange equations (1.12) and (1.13), which concludes the proof
of our main result Theorem 1.1.

Acknowledgments. M.L. was partially supported by the NSF Career grant DMS-0846996 and
by the Polish MN grant N N201 547438.

2. INCOMPRESSIBLE OUTER VARIATIONS AND CRITICAL POINTS

Following [2], we want to define the critical points u” of the functionals J” in (1.2) by taking
outer variations. That is, we request that the derivative of J”* at an incompressible equilibrium
u" be zero along all curves € — u! of incompressible deformations of Q" having the form: u/(z) =
®(e,u(z)), with ull = u” at € = 0. This requirement imposes the following conditions on the flow

®:[0,60) x R® — R3:
Ve ®(e,-) is incompressible, i.e  Vy € R®  det Vd(e,y) = 1,
vy eR® ®(0,y) =y.

Assuming sufficient smoothness of ®, the above immediately implies:

d d d
0= — det VO(0,y) = <coqu>(0,y) 1 V<1>(o,y)> = <Id . devq>(o,y)>

" de

(2.1)

=Tr (iV@(O, y)) = div <§6®(07y)> =:div ¢(y).
On the other hand, any divergence-free vector field ¢ generates a path of incompressible deforma-
tions. We recall this standard fact below, for the sake of completeness.
Lemma 2.1. Let ¢ € C}(R",R") such that div ¢ = 0. Consider the ODE:
u'(€) = d(u(e)),
) { w19 =90
and denote its flow by ®(e,y) = u(e) solving (2.2). Then ® satisfies (2.1).
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Proof. Let €, > 0 and note that: ®(e+6,y) = (0, P(e,y)) = ®(J, y1) where we put y; = ®(e,y).
Hence, denoting the spacial gradient by V, we obtain:

det VO (e + 9, y) = det V®(4, y1) det V®(e, y),

Consequently:
d d
— (det VO(e+6,y)) = — (det V@ (e + 0,y)) = — (det VO(d,y1)) (det VO (e, y))
(2.3) de do do
’ d
<cof Vo(5,y1): ﬁvfb(é, y1)> det V& (e, y).

Above, we used the formula for the derivative of the determinant of a matrix function A(t),
namely: (det A(t))" = cofA(t) : A(t)". For § =0, (2.3) implies:

d .
T (det VO(e,y)) = (cof VO(0,11) : Vo(y1)) = (Id : V(1)) = TrVe = div ¢ = 0.
But det V®(0,y) = det Id,, = 1, which achieves the claim. [ |

We are now ready to derive the equilibrium equations (1.7). The result is essentially similar
to Theorem 2.4 [2], which dealt with the compressible outer variations u” = u”(z) + e¢ o u” of a
deformation u" with clamped boundary conditions. The growth condition (1.3) will be crucial in
passing to the limit in the nonlinear term in J”, to which end we are going to use the following
Lemma from [2]:

Lemma 2.2. (Lemma 2.5 (i) [2]) Assume that W satisfies (1.3). Then there exists v > 0 such
that if A € R and |A —1d| < v, then:

IDW(AF)FT| <3C(W(F)+1)  VF e R,
where C' is the constant in condition (1.3).
Theorem 2.3. Let ¢ € CL(R3,R?) be such that div ¢ = 0. Given a deformation u® € Wh2(Q" R3)
with det Vul = 1, and such that [, W(Vu") dz < +o0, define uf'(z) = ®(e,u"(x)). Then:

d hi, by _

&IE:OJ (U ) = 0
is equivalent to:

/ <DW(Vuh)(Vuh)T:V¢(uh(x))> de= [ f* p@uh) da.
Qh Qh

Proof. For the notational convenience, in what follows we drop the index h and write U instead
of Q" which stands now for a fixed open bounded domain in R3. It is easy to notice that:
1
(2.4) lim —(®(e,y) —y) = ¢(y) uniformly in R3.
e—0 €

It directly implies that:

lg%e/f (e, u(z)) — ulz dx_/f¢> ) d

To treat the nonlinear term, consider:

! / (W (Vue) — W(Vau)) dz — / (DW (Vu)(Vu)' : Vé(u)) dz
U

€

(2.5)
/ 7[ DW (VO(s,u)Vu) (V)™ : V(D(s, u))> - <DW(vu)(vu)T : V¢(u)> ds dz.
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Since the integrand below converges to 0 pointwise by (2.4), and it is bounded by the function
2||V || o< | DW (Vu)(Vu)T | which is integrable in view of (1.3), we obtain:

lim | <DW(Vu)(Vu)T : ]€ V(B (s,u)) — V(u) ds> da =0,

by the dominated convergence theorem. Similarly:

lim /U ]ﬁ <<DW(V(I>(5,U)VU) - DW(Vu)) (V)T - V(B (s, u))> ds dz = 0,

e—0

where the pointwise convergence follows by the formula (2.4), its counterpart for V®, and the
continuity of DW on R?’i_XB. The integrands, for small €, are dominated by the L'(U) function
AC||V | Lo (W (Vu) + 1) in view of Lemma 2.2 and the growth condition (1.3).

Therefore, the left hand side in (2.5) converges to 0 as well. This completes the proof. |

3. THE EQUILIBRIUM EQUATION (1.7)

In this section, we review several facts from [8] and [19], to set the stage for a proof of Theorem
1.1 and to rewrite the equation (1.7) using the change of variables (1.9).

The first crucial step in the dimension reduction argument of [8] is finding the appropriate
approximations of the deformations gradients u”. Under the sole assumption:

1
(3.1) — [ W(Vu") dz < CR?,
h Jan

an application of a nonlinear verion of Korn’s inequality [7], yields existence of rotation fields
R" € W12(Q,R3*3) with R"(z) € SO(3) a.e. in Q, so that:
(3.2) IVu"(2', has) — R"|[p2ny < Ch* and  |[VR"|2(q) < Ch.

Recall that Q! = Q x (—%, %) is the common domain of the rescaled deformations 3" (z',23) =
(RMTuh (2, has) — ¢, and the typical point in Q' is denoted by = = (2/,23). Then, the detailed
analysis in [8] shows that convergences in (i) — (iv) of Theorem 1.1 hold, as a consequence of (1.8)

implying (3.1). The constant rotations R" € SO(3) are given by:

R" = Pgos) (7[ vl dx> ,
Qh

where the orthogonal projection Pgo(3) onto SO(3) above is well defined; see also [10] for detailed
calculations. Further, there holds:

(3.3) IR" — R"|[2(q) < Ch  and }llin%(Rh)TRh =Id in WY2(Q,R33),
_>

and upon defining the matrix fields A" € W12(Q, R3*3):

1/ _
(3.4) Alal) = = ((Rh)TRh(x’) - Id) ,
it also follows that:
0 | -Vov
(3.5) AV~ A = weakly in WhH2(Q,R3*3).
Vv 0

The same convergence holds strongly in L7(, R3*3) for each ¢ > 1.
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Lemma 3.1. We have:
: h __ ! y3
(3.6) hm y'=(2,0) and lim
h—0 h

5]:

=z3+v(z)) in Wh2(Qb).

Consequently, for every wp >0 and p €

1,
h h p
(3.7) eral; ly5 (@) th}‘ < % and / . @ g, < ¢
h Wh {meﬂl; 7‘y3,§x”2wh} h wPHt
h

Proof. By (3.2), (3.3), and applying the Poincaré-Wirtinger inequality on segments {2’} x (=3, 5),
we see that:
h

L. z3 — v (z)

a3y3
_ 1‘
h

<C’H

—CH Rh Tyl (2, ha3) 33—1’

L2(01) L2(QY) L2(QY)

< C|[(RM)TVu (2!, hag) — 1d| 201
< O||Vu(a’, has) = R*| 21y + C||R" — R 12(1) < Ch.
Together with (1.10), the above inequality implies the second assertion in (3.6). The first assertion

follows then directly in view of (1.11).
To prove (3.7), note that for every p € [1,5]:

ho|P h (P h =
{ e, M@ h} h Lot h
(3.8) h .
p+
SC’H&:EQl; ’y?’}(;‘)' th} ,

by the Hélder inequality and the Sobolev embedding W12(Ql) — L5(Q!) combined with (3.6).
When p = 1, it implies:

h 1 h h 1/2
H"EGQ; ’y?,(x)‘zwh}‘g/ e lys ()] dr < — {er’ ’y3<$)’2wh}
h wh {xeﬂ; %th} h wh h
Hence, the first assertion in (3.7) follows, as well as the second one, in view of (3.8). [ |

Define the strain G"* € L?(Q!, ]R3X3) and the scaled stress E" € L'(Q, R3*3) as

GMa' x5) = ((Rh)TVu («, has) — Id)

h2

BN x3) = ﬁDW(Id + h2GM(a! x3))(Id + h2GM (2, z3))T.

We now gather the fundamental properties of E" and G" from [19], that will be used in the sequel.

Lemma 3.2. (Section 4, [19])

(i) Up to a subsequence, G — G weakly in L*(Q', R3*3), where G is the limiting strain whose
principal 2 x 2 minor G” satisfies:

G" (2, x3) = Go(2') — 23G1(2)),  with:

(3.9) 1 2
sym Gy = symVw + §VU ® Vo, G1 = V.
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(ii) FEach E"(z) is symmetric, and there holds:

(3.10) E" <C ( W (Id + h2G") + IGh|> .

h2

(iii) Up to a subsequence, E" — E weakly in L'(QY,R3*3), and E = L3(G) € L*(Q,R3*3),
(iv) For a given, fived v € (0,2), define By, = {x € QY; h?7V|G"(z)| < 1}. Then:

(3.11) Q'\ By < Ch**Y) and / |EM| daz < OB,
QN\B),

Moreover, calling xp, the characteristic function of By, we have:
(3.12) xnE" = E  weakly in L*(Q', R3*3).

The below more convenient form of the equilibrium condition will be repeatedly used in the
proof of Theorem 1.1.

Lemma 3.3. Condition (1.7) is equivalent to:
/ ((BYYTRMEM (! 23) (RN R : Vo(y (o 23)) ) day da!
(3.13) @
= h/ <f(a;’)63,Rh¢(yh(x’,x3))> dzs da’,

Ql
for each ¢ € C{(R3,R3) with divg = 0.
Proof. For a given divergence free ¢ € CL (R, R?), define 1(y) = R"¢ (( ( R Ty - h) which satis-

fies ¢ € C} and divy) = 0, and moreover Vi (uh(az’, hxg)) R ¢ (y ) R™T. Use now
(1.7) with the divergence-free test function 1):
1/2 T _
// < (l‘/,hl‘g)) (Vuh(x’,hx3)> :th¢(yh(x/,x3))(Rh)T> dxg da’
1/2

1/2
—h?’// Nes - Rhp(y"(a', x3)) das da'.

1/2
The formula (3.13) follows directly, in view of:
DW (Vu" (2, has))(Vu" (', haz))T = RPDW (Id + h2G"(z))(I1d + h*G" (x))T (RM)T
= R?RMEMa! x3)(RM)T .

4. IDENTIFICATION OF THE OPERATORS IN (1.12) — (1.13)

Lemma 4.1. Let G € R3*3 and a symmetric matriz E € R3*3 satisfy:
L3(G)=E, TrG=0 and FE;3= FEy3=0.

Then:

(4.1) LY(G") = E" — E3ldy.
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Proof. Since £ and Q depend only on the symmetric parts of their arguments, we may without
loss of generality assume that G is symmetric.

Firstly, by definitions in (1.5), (1.6), it follows that for every F” € R?*2 there is a unique
tangential minimizer d = d(F") € R?, in the sense that:
(4.2)

. " d " d 0 ¢
Q5 (F//>:Q3([ d —TrF”]) and <£3(|: d —TI“F”:|):[C 0:|>:0 Ve e R?.
The second identity above is just the Euler-Lagrange equation for the minimization in (1.5). By
convexity of this minimization problem, it also follows that d is linear:
(4.3) d(F" +G") = d(F") + d(G")

Observe now that:

-] 0 4 es] 1 [ 4]

SCR I e B I kB

= (E” : G”> + E33G3s3
G’ oda") ., 0 d(G") — G,
+ <£3({ d(G")  Gss ]) . [ d(G") — G133 0 o ] >
= (E": G") + F33G33 = (E : G) = Q3(G),

where we repeatedly used the assumptions on G and E, and (4.2). Consequently, by uniqueness
of the minimizer d, it follows that:

(4.4) d(G”) = G13723.
Take any F” € R?*2. By (4.2) and (4.3), we see that:

G//+F/l d(G//) +d(F//) :|)

Q(G"+ F) = Qs([ d(G")+d(F") Gsz—Tr F”

Expanding the above and removing Q2(G”) and Qa(F”) from both sides, we obtain:
G// d G// F// d FI/
i = (o 5 4]y )
_ G// d(G//) ' F// 0
- <£3({ d(G") —Tr G" }) ' [ 0 —TrF” ] >

RGCE P 44 VR CH AT
— (B — Bs3ldy : F"),
by (4.4) and assumptions on E and G. The expression (4.1) follows now directly. [ |
In section 5 below we shall prove that for almost every = € Q! there holds:
(4.5) Tr G(x) =0 and FEj3(x) = Eas(x) =0.

Therefore, recalling Lemma 3.2 (iii), we observe that the limiting stress and strain satisfy the
assumptions of Lemma 4.1 pointwise almost everywhere. We now record the following simple
conclusion which will be used in deriving the Euler-Lagrange equations (1.12), (1.13).
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Lemma 4.2. Let E,G € L*(Q!,R3*3) be the limiting strain and stress as in Lemma 3.2, which
are related to (w,u) by (3.9). Then, for almost every x' € Q, there holds:

1/2 ) 1
/ (E" — Es3lds) dzs = LY <syme +5Vu® V”) ;
(4.6) e !

1/2 1 )
/ xg(E// — E331d2) d:Cg = _7E§n (VQU) .
—1/2 12

Proof. By Lemma 5.1, Lemma 5.3, Lemma 4.1 and (3.9) we see that:

1/2 1/2
/ (E” — E331d2) d.Tg == / ,CZQH(G”) dxg
—1/2 -1/2

. 1/2 . .
=Ly’ ( / G (2!, 23) dw:a) = L3"(Go(z)) = L3"(sym Go(2'))
—-1/2

1/2 1/2 .
/ r3(E" — E33lds) das = / r3LY(G") das

—1/2 —-1/2
. 1/2 . 1/2 1 .
=Ly / 3G (2!, x3) dasg | = — LY / 3G (2)) daz | = ——=LT(G1(2))).
~1/2 ~1/2 12
This concludes the proof, in view of (3.9). |

5. TWO FURTHER PROPERTIES OF G AND F

In this section we derive the two fundamental properties of the incompressible stress and strain,
allowing for pointwise application of Lemma 4.1, and ultimately leading to formulas in (4.6).

Lemma 5.1. The limiting strain G(x) is traceless, for almost every x € QL.
Proof. Recall that Vu" (', hag) = R"(2')(Id + h2G"(2/, z3)). Therefore:
1 = det Vu' = det(Id + h2G") = 1 + h?Tr G + h*Tr cof G + hS det G",
and consequently:
(5.1) Tr G" 4+ h®Tr cof G" 4+ h*det G = 0.

Fix an exponent v € (%,2) and define B, = {z € Q'; h*77|G"(z) < 1} as in Lemma 3.2 (iv).
Then:

/ |htdet G| = / |Tr G 4+ h?Tr cof G"|
QU\B), QI\Bj,

1/2
< QM By|'/? / ITr G2+ h2/ |Tr cof G| < C(h*™7 + h?),
QN\By, ol

where we used (3.11) and the boundedness of G in L?(Q2'). On the other hand, we have:
4

h
/ 1t det G| = ——— / | det(h*77GM)| < CR* 2.
B, ho=37 | g,
Hence, by (5.1) and, again the boundedness of Tr cof G” in L'(Q'), it follows that:

/]TrGhlg/ ]hQTrcothH—/ |htdet G"| — 0, as h — 0.
Qt Ql Qt
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Observing that Tr G* — Tr G weakly in L?(Q!), we conclude that Tr G = 0. [ |

We now prove the remaining property of the strain F in (4.5). The strategy of proof is the
same as in the later proofs of the Euler-Lagrange equations; we will apply the equilibrium equation
(3.13) to appropriate test functions ¢, such that after passing to the limit with A — 0 only some
chosen terms will survive, yielding the week formulation of (4.5). One difficulty with (3.13) is
that it only allows for globaly bounded ¢”. For this reason, following [19], we introduce a family
of truncation functions #” which coincide with the identity on intervals (—wp,wy,) with a suitable
rate of convergence of wy, — oo.

Lemma 5.2. Let {wy,} be a sequence of positive numbers, increasing to +o0o as h — 0. There
exists a sequence of nondecreasing functions O" € CZ(R,R) with the following properties:

Oht) =t V| <w,  and Gh(t):(sgnt)gwh Wt > 2w

3
(5.2) ") <t Vvt  and ||9h|\Loo < W
C
eh o<1 d eh o < —
50" ad S0 <
Proof. One may take:
t for |t| < wp,
|t — wp
oh(t) = (sgn t)= (|t| + wp, + " sin <wh>> for |t] € [wn, 2wp]
3
(sgn t)iwh for |t| > wp,

Lemma 5.3. The limiting stress E(x) satisfies: E13(x) = Fas(x) = 0 for almost every x € QL.
Proof. 1. Let n = (n1,m2) € CZ(R3,R?) be a given test function, and define:

z3

(5.3) ns(2', x3) = —/ div n(a’, s) ds.
0

Since O3n3 = —div 7, the following test functions ¢" € Cg (R3,R?) are divergence-free:

B! (X3 1 gh (T3
o (h>77<x’0 (h))
2 1 gh (T3 ’
hs (w 9 ( h)

and denoting Vi, the gradient in the tangential directions e, e2, we have:

Qbh(.%'/, xg) _

| ey mEe )
ho" (Z2) Vian (/,6" (32)) + 0" (Z)n (20" (3))

h

2V sans (x’a 0" (%)) no'’ < h ) Das (”” 0" < h ))

v¢h(x/7 $3) =
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The truncations 6" are chosen as in Lemma 5.2 and such that:

(5.4) limwy, = +o0  and  hiw, < C.
h—0

2. Applying the equilibrium equation (3.13) with ¢ = ¢", we obtain:
(5.5)

h /Q 1 <((Rh)TRhE"(Rh)TRh)N . ((Rh)TRhEh(Rh)TRh)331d2 Lo <y§ ) Vian(y", 0" (yg))>
+ /Q A(@yT RN ETRY) 0 (f)ﬁagn(yh’, 0" <yh>)>
+ /Q A(@yRErEnTRY) 0 (f) (", 6" (f))
+ B2 /Q (@ TRMENENTRY) Fianms (0" <y§))>

=3 [ (s @t 0 (D)) 00 [ @m0 (),

Now, we will discuss the convergence as h — 0 of each term in (5.5). The first term converges to
_ NV _ _
0, because ((Rh)TRhEh(Rh)TRh) - ((Rh)TRhEh(Rh)TRh>331d2 is bounded in L'(01) in view
of Lemma 3.2 (iii), while "’ (%) Viann(y"', 0" <%)) is pointwise bounded by (5.2).
3. The second term in (5.5) when integrated over Q! \ By, goes to 0 in view of (3.11) and of

the pointwise boundedness of (6" (%))283?7(1/"/, 6" (%)) by (5.2). On the other hand, the limit
of this integral over Bj, is the same as the limit of:

(5.0) [ (ol @ () o/ o () e

because of (3.3). We now conclude that the integrals in (5.6) converge to:

/ <E13,23, d3n(a’, w3 + U(UC/))> dz.
Ql

This follows by recalling (3.12) and observing that:

h h
(5.7 (0" (yfj’)ﬁagn(yh’, o (Zj)) S B ws +0(a) i L@
Indeed:

Js

2
dx

@ (D) om0 (L)) = unte' o127

Yyl 4 / yh 2
< C/ " (}f) [y — !>+ |o" (}f) — (z3 +v(2))| | dz
Ql
h! yh ?
+C 0 <3> —1] dx
o h
2 2
/ yh Yl
<c [ WP B ro@)| dore [ 1|
o1 h {mte; @zwh}
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converges to 0 as h — 0, by (3.6), (3.7) and (5.4), proving hence (5.7).

4. The third term in (5.5) is bounded by: % Jou |E™| by (5.2). It therefore converges to 0 in

view of the boundedness of E in L'(Q') and (5.4).
The fourth term in (5.5) is bounded by:

b h
ChQ/ |Eh‘ Hh <y3>’ dz < Chzwh/ ‘E’h‘ + Ch2/ Xh‘Eh’M
o h QN\B), Q! h

< Chwy, o(1) + CB? | xn E"|| 121y

s
h

121y

and it converges to 0 by (3.11), (3.12), (5.4) and the boundedness of % in L2(Q1).
Finally, both terms in the right hand side of (5.5) are bounded by:

h h
Ch? /Ql | f(x")] ( o’ (yg,) ‘ +h (0" (y}f) D dz < Ch? /Ql |f(@)(1+ hwp) dz < Ch| fll 20

which clearly converges to 0. Above, we used (5.2) and (5.4).

5. In conclusion, passing to the limit with A — 0 in (5.5), results in:
(5.8) / (Bisan (@ s + () de =0 vy € CLRY,R?).
0l

We now reproduce an argument from [19], in order to deduce that Ej323 = 0. Take an arbitrary
¢ € C2(2,R?). Let C°(,R) 3 vp — v in L*(Q), and define:

(', 23) = d(2, 23 — vi(2))), n(x', x3) = /OIS o', s) ds

Clearly ¢ € C2(R3,R?), n € C2(R3,R?), and thus by (5.8) we obtain:

V= /Ql <E13723’ or(a’ 23 + ”($/))> dr = /Ql <E13,23, p(a’, x5 +v(2') — vk(g;’))> dz

Passing to the limit with & — oo, it follows that:

/ Bisosé(a’ x3) de =0 Vo e C2(Q,R?)
Ql

which concludes the proof. |

6. DERIVATION OF THE FIRST EULER-LAGRANGE EQUATION (1.12)

1. Let n = (m1,7m2) € CZ(R?,R?) be a given test function, and let n3(z’) = —div n(z’). Given
6" as in Lemma 5.2, with:

(6.1) im wy, = lim hw? = +oo  and  hwy, < C,
h—0

1
h—0

consider the following divergence-free test functions ¢" € CZ}(R?’, R3):

0" (5) ()

Mol xs) =
T i (38 e

)
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Denoting V.., the gradient in the tangential directions ey, eo, we have:

Vo' (2!, z3) = " (%) Vian (') %9}”/ (%) n(z")

ho" (%”) Viants(z') | ¥’ (%”) n3 ()

2. Applying the equilibrium equation (3.13) with ¢ = ¢", we obtain:
(6.2)

/Ql <((Rh)TRhEh(Rh)TRh>” B <(Rh)TRhEh(Rh)TRh)331d2 . oh' <y§> Vtann(yh/)>
+h /Q (@ RrENETRY) 6 (’f) Vianns(4"))

" % /Ql <((Rh)TRhEh(Rh)TRh)BQS’ a <y§> n(yh/)>

Now, we will check convergence as h — 0 of each of the four terms in the identity (6.2).
Regarding the first term, it converges to 0 when integrated over Q' \ By, by (3.11) and by the

h
pointwise boundedness of or’ (yf’) Vtann(yh/) in view of (5.2). On the other hand, the limit of
this integral over By, is the same as the limit of:

h
(6.3) /Q 1 <Xh (E" — Elldy) : 0" <y}f) vmn(yh’)> dz,

because of the convergence in (3.3). Now, the limit of integrals in (6.3) equals:

/Ql <E" — FE33lds : Vn(a:/)> dzr,

in view of (3.12) and:

Js

2

h
0" (‘Zj’) Vienn(y") = V()| dz

/ 2 Yyl 2
<C ann(yh ) — V(2| +C 0" (;’) -1
Ol 01
2 h
<C VL dx+CHx€Ql; 93 ()] zwh}‘
Q1 h
2
<C g — | dw + %,
0l wh

where we apply (3.7), and then (3.7) and (6.1) to conclude the convergence of both terms in the
right hand side of the above displayed expression to 0.
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3. The second term in is bounded by:

(6.2) i
h h
Ch o" ('“) |E"| da:+Ch/ o 8l g
Q1\B, h h

<

Chu, / B da + Ol 2 an D E 2oy
QI\By,

and it clearly converges to 0 by (3.11), (3.12), (3.6) and (6.1).
The third term in (6.2) is bounded by:

C C 1
— E" do < — =W (Id + h*G") + |G"| d
hwy, /{xem; s, } B do hwy, /{a:EQl; 7'3’3}51')‘2%} h? (1d + ) 167 de

h 1/2
c {megl; [y (@)| M}

C
h h
< 7h3wh /Ql W (VU (ml,hxg)) dz + 7hwh HG HLQ(Ql)

<C<h 1)
hwh

by (3.10), (3.7), the boundedness of G" in L?(92!) and (1.8). Then, the right hand side above
converges to 0 by (6.1).
Finally, the right hand side of (6.2) converges to 0 as well, as it is bounded by:

In conclusion, passing to the limit with ~ — 0 in (6.2) we obtain:
(6.4) / <E” ~ Eylds : vn(:c’)> dz =0 Vne CA(R%R).
Ql

and thus the Euler-Lagrange equation (1.12) follows directly, in view of (4.6) and the density of
test functions 7 as above in W12(Q, R?). [ |

7. DERIVATION OF THE SECOND EULER-LAGRANGE EQUATION (1.13)

Lemma 7.1. For every ns € C3(R%,R), it follows that:

/ <(E” — E33lds) : Vo ®V?73>d90 + hm 3 <E31 32, V3 (y )>dx
Ql

h—0

_333/f )ns(x

Proof. 1. Given 73 € C3(R?,R) consider the divergence-free test functions ¢ € C}(R? R?):

(7.1)

0 0 0
th(x',ajg): 1 . , so that ngh(w',xg): T

En?’ (I‘ Evtann?) (l',) 0

Applying the equilibrium equation (3.13) with ¢ = ¢", we obtain:

(7.2) }11/91 <<(Rh)TRhEh(Rh)TRh> ,Vtanng(yh/)> dz = Rl /Ql f(ac')ng(yh/) dz.

31,32
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Recall that the tensor field A" in (3.4) is defined as: A"(2') = ¢ ((R")TR"(2) — 1d). Hence:
%(Rh)TRhEh(Rh)TRh — APER(RMYTRP 4 EP(AM)T 4 %Eh’

and therefore the left hand side of (7.2) can be written as:

/Q1 <(AhEh(Rh)TRh)31,32,Vna(yh/)> dz

1
+/ <(Eh(Ah)T)31,32,Vﬂs(yh/)> d33+h/ <E:?1,327V773(yh/)> dx.
o1 o

(7.3)

(7.4)

2. Let the sets By, be defined as in Lemma 3.2 (iv), for some exponent v € (0,1). The first two
terms in (7.4), when considered on Q! \ By, converge to 0 because they are bounded by:

C’/ |AM||EM da < C/ |E" da < th,
Ql\Bh h’ Ql\Bh h

in view of (3.11) and |A"| < % On the other hand, the same two terms while on Bj,, converge to:

/Ql <(AE)31732, VU3($/)> + <(EAT)31732, V’r]3(l‘,)> dx,

where we used the convergence (3.12) and the following strong convergences in L3(Q!): of A" to A
by (3.5), of (RMTRh to Id by (3.3), and of Vn3(y"') to Vns(2’) in view of the Sobolev embedding
and the strong convergence in W12(Q! R?) in (3.6).

Concluding, the first two terms in (7.4) converge to:

/Ql <E”Vv, Vna(x’)> — <E33Vv, vng(x’)> dz

in view of the structure of the limiting tensor A in (3.5). Since the right hand side of (7.2)
converges to Rs3 [, f(2/)n3(x’) by (3.6), passing to the limit in all terms of (7.2) yields the desired
equality (7.1) and thus proves the lemma. [ |

Lemma 7.2. For every n € C2(R?,R?), it follows that:

(7.5) /Ql<(E// — Es3ldy) : (x3 +U(x/))vtan77($,)> de
7.5

+/ <(E” — F331ds) : Vou(a') ®n(a:’)> dz + lim !
0l

/
h—0 h /Ql <E{L3,237 Vs (y" )> dz = 0.

Proof. 1. Let n € C2(R?%,R?) be a given test function, and define n3(z’) = —div n(z’). Given 6"
as in Lemma 5.2, with:

(7.6) }llirr%) wp, = }llir% hwp = o0 and }llin%) h1+1777wh =0 for some fixed v € (0, 1),
— — —

consider the divergence-free test functions ¢ € CL(R3,R3):

! (X3 I3

o (5) 0 (5) )
(bh(x/v x3) =
hoon (%32 /
50" (32)m(a)
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Denoting V.., the gradient in the tangential directions ey, eo, we have:

0 (52 0" (32) Vi) | 5 (0 () () = @ (7))
30 (3 Frwnts) P (52) 00 (22) i)

2. Applying now the equilibrium equation (3.13) with ¢ = ¢", we obtain:
(7.7)

/Ql <<(Rh)TRhEh(Rh)TRh)” _ ((Rh)TRhEh(Rh)TRh> Idy : 0" ( = > oh (5) ann(yh/)>
e o (e ) (0 ()0 () - @ (32)7) )

G
o rmeaere) o (F)rmn)

= [ (0 (5) 0 (D) i) a0

2

h
# [ AR (5) ) as

2 Jo

v¢h(x/’ J"3) =

In what follows, we will check convergence as h — 0 of each of the five terms in the identity
(7.7). We first easily notice that the two terms in the right hand side converge to 0, as they are

bounded by:
yg 2 [ph yé} ? / h h2
g3 Z9 <
<h)’+h 0 (h)‘ )dxC/Ql\f(x)|<\y3\+]y3) dz

h h
< Ol ey (195 zeny + 19513 agan ) -
h
Since ¥ has a strong limit in W12(Q!) by (3.6), it results that |ly%||;2 and ||y}||;+ converge to 0.

[ 1r@)I(n ot
fol!

3. The third term in (7.7) is bounded by the following expression, in view of (5.2), (3.12), (3.6)
and (3.11):

on [ alge (L) ar cn / -0 (L)) oo

h
< Ch/ B |2 dx+0hw,%/ |E"| da
a h QN\Bj,
h h 141=> 2
< ChHXhE HL2 Y3 + Chw}%hQ_'y <Ch+C (h +Twh)
L4

which converges to 0 by (7.6).
4. We will now investigate the first term in (7.7). Integrated on Q! \ By, it is bounded by:

Cthl(l — xp)|E"| dz < Cwph*™7 < ChHI_TWth,
Q
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by (3.11) and hence it converges to 0 through (7.6). The same term integrated on By, equals now
the following sum:

J () -) ()

{ ((Rh)TRhXhEh(Rh)TRh)" ~ ((RYT RO BN (BYTR) 1y : Viann(y") ) da

h
oh (Y3
()

((RYTR BN RYTRY) — (R R B (RYTRY)

(7.8)

. h!
142 Vean(y )> da.

The first term in (7.8) goes to 0, as it is bounded by:

1/4

yé1 h yQL 1 |y§| h c
C = Ixn B do < O = z €0 > wh B 2@y < —77
‘y% | >wh h hllpaan) h W

in view of (5.2), (3.7), (3.12) and recalling (7.6). The second term of (7.8) converges to:
(7.9) / <E” — E33ldy : (3 + v(m’))vwnn(x’)> dz
Ol

because of (3.12) and through the following strong convergences: convergence of Vtann(yh/) to
Viann(z') in L3(QY) by (3.6), of (RMTR" to Id in L20(Q) by (3.3), and of 6" ( ) to (z3 +v(a"))

in L5(Q'). The last convergence can be seen from:

/Ql 9h<f>—(x3+v(x')) ( ) B 4ot o ;

yh
Ys
h

5
d:rﬁC’

<C/y

by (3.6), (3.7) and (7.6). Concluding, we obtain that the first term in (7.7) converges to the
expression in (7.9).

5
dx

vk

5 (a5 +v(a)

da: +0(1) < +o0(1) < o(1)

e
Wy,

5. Regarding the second term in (7.7), using (3.10), (5.2), (3.1) and (3.7) we note that:
2
| / o (V) g (V3 4o (H) ((BYTRMEMRDTRY) n(y")) del
o h h h 13,23
1

< C/ <wh + 1) |E"| dz

h { cql; \ygw h} Wi,

C
< h/{ } ﬁW(VU (', haz)) + |G"| dz

bil>

o|{ze ()] )

/
>
Do
+
D
_=
=~
l\J
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which converges to 0 by (7.6). The remaining part of the second term in (7.7) is:

(TR RTRY )

(7.10) - /Ql < (AhEh(Rh)TRh>l3723’n(yh’)> dx+/m < (Eh(Ah)T>137237n(yh’)> N
* ;11/01 <(Eh)13,23,77(yhl)> dz,

where we used the decomposition (7.3). Now, exactly as in the proof of Lemma 7.1 and recalling
the block structure of the limiting tensor A in (3.5), we see that (7.10) converges to:

/Q1 < (AE)13,23a77(5L")> dz + /Ql < (EAT)13,23 777(35/)> dz + }11/91 <(Eh)13,23,77(yh/)> dz
= /Q1 < (E" — Es33ldy) V’U,n(x’)> dz + % /91 <(Eh)13,23,77(yh/)> dz.

In conclusion, passing to the limit in (7.7) clearly yields (7.5) and achieves the lemma. [ |

Proof of the second Euler-Lagrange equation (1.13).
Let now & € Cg’ (R%,R). Applying Lemma 7.1 with 73 = ¢, and Lemma 7.2 with n = V¢, it follows:

(7.11) - /Q1 <E" — E331d2 . (333 + v(x’)V2§> dx = R33/Qf(l’/)§(l’/) d:z:’.
By the first Euler-Lagrange equation in (6.4) applied with n = vV¢ € W22(Q,R?), we see that:
/Ql <E” — E331dy : Vo ® VE + v(m’)v2§> dz = 0.

Thus, (7.11) becomes:

/Ql <E” ~ Byldy Vo ® V§> do — /Ql <E”  Es3lds - x3V2§> da = Ry /Q Fla)e(").

The equality in (1.13) follows now from the above in view of (4.6), and by the density of test
functions £ € C} in W22(Q,R). [ |
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