ARCHIVES OF MECHANICS
Arch. Mech. 74 (4), 319-339, 2022, DOI: 10.24423/aom.4083

On Cherkaev—Lurie-Milton theorem
in the plane problems of linear elasticity

T. LEWINSKI

Warsaw University of Technology, Faculty of Civil Engineering, Armii Ludowej 16,
00-637 Warsaw, Poland, e-mail: tomasz.lewinski@pw. edu.pl

THE PAPER DELIVERS A FULL JUSTIFICATION of the Cherkaev-Lurie-Milton theo-
rem in application to the elasticity problem of in-plane loaded plates, 2D periodic
elastic composites, elasticity of thin plates subjected to transverse loads as well as
in-plane periodic thin plates in bending. The theorem is treated as natural extension
of Michell’s result on 2D elasticity and the Gauss—Bonnet formula applied to the
deflection surface of a thin plate subject to bending.

Key words: Cherkaev—Lurie-Milton theorem (CLM theorem), effective stiffnesses
of thin plates, theory of composites.

@ Copyright © 2022 The Author.

@ Published by IPPT PAN. This is an open access article under the Creative Commons
BY Attribution License CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

THE ESSENTIAL FEATURE OF THE LINEAR THEORY OF STRUCTURES con-
structed of Bernoulli-Euler or Timoshenko bars is the existence of a subclass
of systems of bars, called statically determinate structures, in which the set of
statically admissible internal force fields (i.e. axial forces, bending and torsional
moments) is a singleton. Consequently, if the structure is not subject to a static
load, then all the internal forces vanish. Moreover, the diagrams of the internal
forces are independent of the distribution of stiffnesses along the axes of the bars.

Among the 2D linear elasticity problems only one: the pure torsion of an
annular plate is statically determinate: the shear stress can be computed directly
from one equilibrium equation. This shear stress is obviously independent of
the elastic moduli. Only in this simple problem the set of statically admissible
stresses is a singleton. Despite this fact there is well known a broad class of 2D
static problems of elasticity of materially homogeneous isotropic plates (loaded
in the plane), discovered by MICHELL [1], in which the stress fields do not depend
on the elastic moduli. To make a stress field independent of the elastic moduli
the contours of an in-plane loaded, possibly multi-connected, plate should be
free of kinematic conditions, while the traction load, apart from three required
self-equilibrium conditions, should give zero resultants along the contours of each
opening. In case of 2D simply connected domains the stress is independent of
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the elastic moduli, if the whole contour is subject to (self-equilibrated) tractions.
A very clear proof of the Michell theorem can be found in MUSKHELISHVILI [2].

Similar theorems concern isotropic and homogeneous thin plates in bend-
ing, where the role of the stress fields is played by the measures of changes of
curvature, determined by the deflection function w. If 2 is the middle plane of
the plate, its bending stiffness is denoted by D and v is Poisson’s ratio, the
expression

(1.1) T(w) = ;/D[(Aw)Q 21— ) det(VVw)] da
Q

represents the elastic energy due to bending within the linear theory of Kirchhoff.
Let the plate be subject to the distributed transverse load of intensity q. Then
the plate deflection w is the minimizer of the problem

(1.2) Uénvi(%){ﬂ(v) —Q/qua:},

V() being the linear affine set of kinematically admissible deflections. Local-
ization of (1.2) leads to the governing equation:

(1.3) DA%*w = gq.

The Gauss curvature of the surface formed by the deformed plate is expressed
by

det(VVw)
[1+ [[Vwl|]?]*

According to the Gauss—Bonnet theorem the integral of K over the surface is
expressed, up to a constant, by the contour integral of the geodesic curvature,
see SZABO [3]. In case of the gradients of w(z) being small with respect to 1 the
numerator of (1.4) represents the first order approximation of K, hence the term
underlined in (1.1) can be reduced to the contour integral and should not affect
the form of the local equation (1.3). This suggests (yet the proof is still needed)
that the deflection of an isotropic and homogeneous plate, fully clamped along
its contour, does not depend on the Poisson ratio.

The historically first derivation of the governing equation (1.3) is attributed
to S. Germain (and, sometimes, to J. L. Lagrange who corrected mistakes in
S. Germain’s derivation). Yet let us stress that this original derivation started
from the formulations (1.1), (1.2) with the underlined term in (1.1) being omit-
ted. Knowing that an untruth can imply a truth, there is no contradiction here,
yet the history of the thin plate theory could have been less quixotic. Eventu-
ally, the correct and complete linear theory of thin plates in bending has been
constructed by G. Kirchhoff, see SZABO [3].

(1.4) K=
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The two theorems known from 19th century:

— theorem by Michell [1] on the conditions assuring the stress state within
an in-plane loaded isotropic and homogeneous plate being independent of the
elastic moduli,

— the mentioned theorem concerning the conditions of the deflection of a thin
isotropic plate in bending being independent of Poisson’s ratio,

have been extended in the 1980’s to the theory of composites, see the review
paper by LURIE and CHERKAEV [4]. It has occurred that the effective moduli of
periodic composites are independent of certain uniform translation of flexibilities
of the constituents. This stability result is known as the Cherkaev—Lurie-Milton
theorem, presented in its final form in the papers by CHERKAEV et al. [5] and
THORPE and JASIUK [6], both published in the same volume of the Proceedings
of the Royal Society of London. The aim of the present paper is to deliver the
full documentation of this theorem in its four areas of application:

e static problems of in-plane loaded thin plates,

e homogenization of flexibilities of in-plane loaded planar composites,

e static problems of transversely loaded thin plates,

e homogenization of bending stiffnesses of transversely loaded thin plates.

The proofs of these theorems are scattered in the literature, hence it is thought
appropriate to gather the material in the form of one publication.

The present paper does not deal with the regularity problems, hence the
operations inf and sup do not appear.

We shall make use of the notation introduced in paper [7]. In particular, the
Cartesian basis vectors will be denoted by: e;, = 1,2; e;-e; = d;;, where - is the
scalar product in R?. The Euclidean norm of p € R? is defined by ||p|| = /P - P
The set of second rank symmetric tensors is denoted by E2. The identity tensor
in B2 is I = §;je; ®e;; repetition of indices implies summation. The set of fourth
rank tensors C = Cjjue; ® ej ® e ® e satisfying the symmetry conditions
Cijki = Chij, Cijrr = Cji is denoted by E;l. The components of the identity
tensor in E? read (ID)ijr = %(&-kéﬂ + 6;105%). The product of A,B € E?is
defined by the rule: (AB);jr = AijmnBmnki- The scalar product of o, e € E? is
defined by: o - € = 0;j¢;;. The Euclidean norm of o € E? reads ||o| = /o - 0.
Let us define

1
Tro = 7(011 +022),

V2

(1.5) devo =0 — (\}ﬁTr(T)L

det 0 = 011099 — (0’12)2.
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The norm of the deviator equals

1
(1.6) | dev ol = \/2(011 — 092)% + 2(012)?.

A comma implies differentiation with respect to a Cartesian coordinate: (.),; =
d(.)/0x; or (.),; = O(.)/0y;, depending on the context.

2. The 2D elasticity problem with natural boundary conditions.
The stress-based approach

Assume that the 2D body occupies a multi-connected domain 2 whose exter-

nal contour I'y as well as the internal contours I'y, ..., I, are subject to tractions
of intensity T = (71, 7%). The body forces are omitted. Let I be the sum of the
contours I';, ¢ = 0,...,n; each contour being parameterized by the natural pa-

rameter s;, n = (ny,ng) is the unit vector outward normal to the contour T', cf.
MUSKHELISHVILI [2]. The tractions are subject to the conditions

(2.1) /Tldsi:(), /ngsizo, i:(),...,n,

T; I
n
(2.2) Z / (aleQ — .I'QTl) dSZ‘ =0.
1=0 T,

Thus, the load T is self-equilibrated, gives zero resultants on the each contour,
but does not need to produce zero moments along the contours I'y,...,I',. The
conditions (2.1), (2.2) are stronger than usual conditions of the tractions being
self-equilibrated. The domain 2 is parameterized by the Cartesian orthogonal
system x1, xs.

We say that the test stress field T = (75) in €2, locally in E2, satisfying

— the local equilibrium equations

(2.3) Tijj =0 in Q,
— the natural boundary conditions

(2.4) Tiyni =1T; inT

is statically admissible. Such test stress fields form the linear affine set X7 ().
Now, we shall determine the stress field o which arises in the body loaded by
the given tractions. Let ¢(z) be the tensor of elastic flexibilities and ¢! (z) = C(x)
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be the tensor of elastic moduli, both of the class E% and both positive definite.
The energy density corresponding to the test stress field T is given by

(2.5) W(t(z)) = 37(2) - (c(z)T(2)).

According to Castigliano’s theorem, see DUVAUT and LIONS [8, Sec. 3.5|, the
stress field o arising in the body is the minimizer of the variational problem

2.6 in_ (1) = 3(0),
(2.6) Terg;r(lQ)d(T) S(o)

where

(2.7) (1) = / W(t(z)) da
Q

and the minimizer is unique, provided that the conditions (2.1)—(2.2) are fulfilled.
We remember that the conditions (2.1) are here too strong, but their form is
necessary in the sequel. If o solves (2.6) then there exists a displacement field
u = (u1,ug) such that

(2.8) c(x)o(z) =¢e(u(z)) inQ,

where g(u) = (g4;(u)) is the strain tensor. The components of strain satisfy the
following compatibility equation

(2.9) 11,22 +€2211 — 221212 = 0.

Recovery of the displacements is possible by appropriate integration of strains.
To each stress field T € X7 (2) one can assign an Airy stress function F' such
that

(2.10) T =Fo mp=Fn ma=-Fi

locally within €2, and

0 0
%(F,z) =11, s

see [2, Egs. (3), Sec. 32, p. 111]. Integration of (2.11) introduces constants, in-
dependent for each opening, hence

(2.11) (Fy)=-Ty onT,

S Si

(212) F,lz—/TQdSi—l-Ci, F,QZ/TldSi—l-Di, 1=0,...,n,
0 0

where s; is the natural parameter along the i-th contour.
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Let
(2.13) Ji = VF . TdSi
T
and
(2.14) R = / Tyds;, R =— / Tods;.
0 0

Substitution of (2.14) into (2.7) makes it possible to rewrite (2.3) in the form

(2.15) Ji = / (ROTy + ROTy) ds; + C; | Ty ds; + D / Ty ds;.

By virtue of the assumptions (2.1) the above integrals reduce to

(2.16) Ji = / (ROT + ROTY) ds;,
Iy
which reveals that J;, i = 0,...,n, do not depend on the function F', hence J;

are determined only by the geometry of the domain €2 and the distribution of
the traction load along the contours; thus, we shall write: J; = J;(T).

Consider now the case of isotropy. The Hooke tensor is represented by Hill’s
formula

(2.17) C =2k (xz) A1 +2p(x)As,
where
(2.18) (A1)ijir = 50550k, (A2)ijrr = (A0 — (A1)ija-

The tensors Ay, Ay have the properties of projectors, see WALPOLE [9]
(2.19) AA T =A1, AA =0, AsAs=As.

Thus, the decomposition (2.17) of Hooke tensors of isotropic materials comprises
two tensors being mutually orthogonal. In 2D elasticity the bulk and shear mod-
uli: (k, p) are linked with the 2D Young modulus E and with the Poisson ratio v
by
E E

2.20 k= —— - =
(2:20) 2(1—v)’ a 2(1+v)
Tensor C is positive definite if £ > 0 and p > 0. The tensor c inverse to C is
represented by

(221) Cc = A+ As.
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Let us note, that for the test stress T € E2 we have
(2.22) T (A7) = (Tr1)?, T (Agt) = || dev |

Thus, the elastic energy stored in an in-plane loaded plate is expressed by the
formula

(2.23) S(7) = ;/é[(’ﬁl + 722)2 —2(1+v) (11722 — (712)2) dz.
Q

CHERKAEV, LURIE and MILTON [5] noted that the term underlined in (2.23)
can be interpreted as a result of translation of the values of all the components
of flexibilities of the in-plane loaded plate by a certain homogenous isotropic
tensor. Indeed, let us define the translation operator using the projectors (2.18)
by

1

2.24 Ly=—
(224) "=

L, L=A—Ay

where A is a constant; here 1/\ has the dimension of the flexibility of the plate
loaded in plane. Due to (2.22)

(2.95) T (L) = 55 (102 = [dev el
(2.26) T-(Lyt) = %det T.

The formula (2.26) reveals the main idea of introducing the translator (2.24).

Note that each o € E? can be decomposed into two mutually orthogonal
components by the rule: ¢ = A;0 + Ayo. By treating o as a vector in R?
according to Bechterew’s concept, see LEWINSKI [7], and by reflecting it with
respect to the axis determined by A;o, we obtain ¢ = Ajoc—Aso or 6 = Lo. In
general, the vectors 0 and ¢ are non-orthogonal. On the other hand, 511 = 099,
G99 = 011, 012 = —012, which means that tensor ¢ is the image of tensor o by
rotation of the Cartesian frame by a right angle, see [5].

3. The CLM theorem in its first version

This section concerns static problems of in-plane loaded plates subject to
tractions, as described in Section 2. Let us stress: no kinematic boundary condi-
tions are imposed and the additional conditions (2.1) on the traction distribution
are assumed.
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The first version of the CLM theorem says that the perturbation (translation)
of the flexibilities by the tensor (2.24) does not change the state of stress within
the 2D body considered, provided that the conditions (2.1), (2.2) are fulfilled and
the translated elastic moduli tensor remains positive definite. This introduces
some bounds on the translation parameter A. In this form the CLM theorem has
been put forward by JASIUK [10], while in the original paper [5] the assumptions
(2.1) have been unnecessarily augmented with the requirement that each integral
under the sign of the sum in (2.2) vanishes.

3.1. Case of general anisotropy

Consider a 2D body occupying the domain €2 and subjected to the tractions
satisfying (2.1), (2.2). The flexibilities of the body are translated by tensor Ly,
see (2.24), i.e.

(3.1) Cijkt = Cijit + (L )ijnt-

The density of energy equals now
(3-2) W(t(z)) = 5(x) - (c(x)T(z))
and, due to (2.26)

(3.3) W(t) = W(t) + % det .

The determinant det T can be expressed by using the Airy stress function:
(3.4) 2dett = F11F 2 — F12F 21 + FooF 11 — Fo1F 2.
By using the identities
F11F 9 = (F11F)2),2 —F112F 2,
F19F 9 = (F12F2),1 —F121F 2,
( )
( )

(3.5)
FooF 11 = (FaaF,1),1 —Foo1F1,

)

Fo1F19 = (F21F,1),2 —F122F,1,
we find

(3.6) 2dett = (F11F2),2 —(F12F2)1 +(Fo2F1),1 —(F21F1),2,
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hence

(3.7) 2/det’fd95 = /[FQ (F11ng — F1oni) + Fy1 (Foang — Faang)| ds

Q r
= /[Rz (Toang + To1n1) + Fi1 (T11n1 + Ti2n2)] ds
r
:/ FoTo+ FiTh]ds = Z/VF Tds;
r i=0p,
and, finally
(3.8) 2/det'rdx = Ji(T)
& i=0

because, as proved in Section 2, the integrals J; given by (2.13) do not depend
on the function F', hence J; depend only on the geometry of the domain € and
on the traction distribution. Let us come back to (3.3). Integration gives

(3.9) Q/W('r)dx:Q/W( da:+—ZJ

Let

G

(3.10) (1) = / W (t(z)) da

Q

and let the field o be the stress field arising in the body with the translated
flexibilities (3.1). Such a stress field solves the problem:

(3.11) 3(6) = min /W
TGET
or
- 1 —
X o) — 3 R .
(3.12) S(0) = _min / W(t) de + 4AE%JZ(T).
Q =
Consequently,
_ 1 &
(o) — <k - .
(3.13) 3(0) = 3(0) + 45 ZJZ(T)
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and 0 = 0, since the minimization operation in (3.12) gives a unique result.
Thus, we conclude that the stress field which appears in the body of flexibilities
Cijii coincides with the stress field arising in the body with flexibilities c;jz;. In
particular, the constant A does not affect the stress field. The mentioned identity
of the stress fields is conditioned by the lower and upper bounds to be imposed
on the value of the constant A to assure positive definiteness of the flexibility
tensor (3.1).

3.2. Case of isotropy. J.H. Michell’s theorem

Consider now the isotropy case to reveal the range of admissible values of
the constant \. Let tensor C(x) be represented by (2.17) with positive bulk and
shear moduli. Then, the tensor of flexibilities c¢(x) has the form (2.21) while the
translated flexibility tensor is, according to (3.1), (2.24), given by

10 ST
where

(3.15) A v 11
| @) k@) N a@)  op@ A

The constant A satisfies the bounds

1 1 1

(3.16) _%<X<M Vo € Q.
Thus, the stress fields arising in the 2D bodies of moduli k(z), fi(x) given by
(3.15), with the conditions (3.16) fulfilled, are not affected by the value of the
constant A.

The theorem by Michell [1] holds: the stress field does not depend on the
values of both the moduli of isotropy, if they are constant within the domain 2.
Indeed, the functional W (t) has the form

- 1 1 1
3.17 W(t)=—=(Trt)* + ( = — = | det
(3.17) () = (o2 + (55— 5 ) det
where Young’s modulus FE is the harmonic mean of 2k, 2u, or
1 1 1
1 I R
(3.18) E 4k 4u’

see (2.20). If both the moduli k£ and p are constant, then the minimizer of (3.11)
coincides with the minimizer of the problem

3.19 i Trt)? dz,
(3.19) T61;1:1:(19) / (Trt)*dz
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which does not involve any moduli. This is true only if the traction load sat-
isfies the conditions (2.1)—(2.2). Let us remind that if the domain Q is simply
connected, these conditions reduce to the inevitable conditions of the load being
self-equilibrated.

4. The CLM theorem in its second version

The second version of the CLM theorem concerns the theory of homogeniza-
tion of moduli in the 2D elasticity. In the basic cell problem (the basic cell being
the rectangular domain Q@ =Y = (0,1;) x (0,l2)) the boundary load assumes
opposite values on the opposite sides of the cell. In this version the CLM theorem
says that the translation of the flexibilities by tensor (2.24) results in the same
translation of the effective flexibilities, see [5]. In this problem the assumptions
(2.1) for i > 1 are identically fulfilled, since in the basic cell problem the internal
contours of the basic cell are free of loads.

4.1. Case of arbitrary anisotropy of the basic cell

The CLM theorem plays an essential role in the theory of homogenization of
Y -periodic media. A complete proof of this theorem is not easy available. It is
reported here for the reader’s convenience.

In the stress-based theory of homogenization the test stress fields within the
basic cell are subject to the following conditions:

TZjaj:O in Y7 ( )7’5:8( )/8yl7
(4.1) Tijn; assume opposite values at opposite sides of Y,

7i;n; = 0 along the contours of openings within Y.

Here n = (nq, n9) is the unit vector outward normal to the contour of Y.
Such fields form the set ¥, (Y"). In the theory of homogenization the follow-
ing equality is proved:

(4.2) (t- (L)) = (1) - (1)) VT € Eper (Y),

where tensor L is given by (2.24) and (-) is the averaging operation over the
cell Y, or

1
(4.3) = / fdy, |V|=his,  dy= dys dys.
Y

The equality (4.2) looks like an algebraic formula, but its simplicity is misleading;
in the process of proving (4.2) the differential equilibrium equations (4.1); play
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a crucial role; for the complete proof the reader is referred to Sec. 21.4.5 in
LEWINSKI and TELEGA [11].

The effective flexibilities C?jkl of a Y-periodic composite of local flexibilities
cijk1(y) are given by the formula of Suquet [12]:

(4.4) & (c"6) = min{(t- (c1)) | T € Sper(Y), (1) = 61,

where & is an arbitrary tensor from EZ2, cf. [11, Sec. 3.6]. In a similar manner
one can compute the effective flexibilities élhjkl of the Y-periodic composite of
flexibilities given by (3.1):

(4.5) 6-(€"6) = min{(t- (¢1)) | T € Yper(Y), (1) =0}
Substitution of (3.1) and taking into account (4.2) results in the formula:
(4.6) 6-(c"6)=6-(c"6)+ 6 (Lro)

which, due to arbitrariness of &, implies the translation rule

(4.7) ¢ =ch+ Ly,

similar to the translation rule (3.1). Moreover, it occurs that the minimizer of
the problem (4.4) coincides with the minimizer of the problem (4.5). The stress
fields within the basic cell arising in both the composites of different flexibilities
are the same.

We have assumed for simplicity that the underlying Y-periodic microstruc-
ture is uniform, i.e. z-independent. However, the homogenization result (4.4)
extends to the non-uniform case; then the homogenized moduli vary within the
domain §2.

4.2. The case of composites of isotropic effective properties

Despite local anisotropy of properties of the basic cell the effective properties
of the composite may be isotropic. For example, rotational symmetry with re-
spect to three-fold rotation by 120° implies effective isotropy, see LEWINSKI [13],
LukasIAk [14] and CZARNECKI et al. [15]. Then the tensor of effective flexibili-
ties is represented by

a1 1

(4.8) = Ay
2k 2uh

Ao
and according to (4.7), the tensor of effective flexibilities of the composite with
translated values is given by

1 1

4. = — A1+ -—A
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where

1 1 1 1 1 1
4.10 S i
( ) o2kh  2kh + 207 2uh 2uh 2)
Thus,

1 1 1 1

Within the 2D setting the Young moduli are defined by

4 1 1 4 1 1
(4.12) ﬁ:ﬁ—i_ﬁy ﬁ:ﬁ-}-ﬁa
hence E* = E". Thus, the translation of flexibilities (3.1) does not affect the
value of Young’s modulus. It has an influence on the value of Poisson’s ratio.

4.3. Case of a porous isotropic composite

Let us remind the known fact of the theory of homogenization of porous
composites, see [10]. Assume that we have two isotropic porous media whose 2D
Young moduli and Poisson ratios are: a) E, v, b) E, v and ¥ # v. Assume that
their effective properties are isotropic and are expressed by the moduli: a) Eh,
v, b) ER, " It occurs that the effective Young moduli coincide: E* = E". To
prove this equality let us assume that the constant of translation (2.24) equals

FE
4.13 A= ——.
(4.13) 2(v —v)
The bulk and shear moduli of both the materials are:
FE FE

(4.14) 20—y Moy

- FE FE
4]. k = — = —— .
(4.15) 21—n) " 20+
Hence

1 1 1 1 1 1
4.16 —__ == - —_Z
( ) E kK XN o op A

where A is given by (4.13). Thus, the tensors ¢ and ¢ are linked by Eq. (3.1),
where Ly is defined by (2.24), (4.13). According to (4.7), and, consequently,
according to (4.10)-(4.12) we arrive at E" = E" see [10, Sec. 5.1]. The above
result paves the way towards a less obvious property of porous composites of
isotropic effective layout of the moduli: the effective Young modulus of such
composites does not dependent on the value of Poisson’s ratio; for the proof see
[5, Sec. 4] and [10, Sec. 5].
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5. Extension of the CLM theorem to the thin plate bending problem

5.1. The static problem of a thin plate in bending, whose contour is fully clamped
and subject to nonhomogeneous kinematic boundary conditions

Consider the problem of statics of an anisotropic thin elastic plate subject
to a transverse load; the plate middle plane occupies a plane domain 2 whose
contour I' is composed of the external contour I'y and the internal contours
I'y,...,I';, of openings. The Kirchhoff theory of thin plates is applied. All the
contours are clamped; the kinematic boundary conditions are assumed as inho-
mogeneous, namely:

ow
(5.1) wlon =wo(s), 5 -lon = bo(s) along T,
where n = (n1,n2)is the unit vector outward normal to the contour I'; the unit
vector tangent to the contour is denoted by t = (¢1,t2), t1 = —na, to = ny. Thus,
we have
of
(52) a:f71t1+f52t2:_f71n2+f72n1'

The functions wg(s), Bo(s) determine the first derivatives of w along the con-
tour I':

dw
w,1 = wnn +witi = Bo(s)n1 + TO(—nz)>
S
(5.3)
dw(]
W,2 = WnNo + Wt = ﬂo(s)ng + K(Th)

Thus, Vw is an a priori known function along the whole contour of the plate.
Let us compute

O(w,1 df
(8 ) = w1t + w2ty = —(w 112 — w12n1) = —a(s),
s
(5.4)
8(10,2) df
95 Wity + wooty = —w21N2 + waon1 = p1(s).

Thus, the functions ¢1(s), p2(s) are determined by the functions wg(s), So(s)
given along the contour I'.

The kinematically admissible deflections should be appropriately regular
within the domain 2 and should satisfy the boundary conditions (5.1). The
set of such deflections has been denoted by V' (€2), see Section 1.

The plate is subject to the transverse load of intensity ¢(z). The bending
stiffnesses D;ji; form the tensor field D in the domain €2, locally of the class
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E;l and positive definite. The measures of bending are defined by k11 = —w 11,
K22 = —W292, K12 = K21 = —w 12. The bending moments are linked with the
transverse load by the equilibrium equation

(5.5) Miijn + Mag oo + 2Mi212 + ¢ =0,
while the bending measures satisfy the compatibility equations:
(5.6) k22,1 —K12,2=0, —K12,1 +K11,2=0.

The deflection w = w(x) is the minimizer of the problem (1.2), where now

1
(5.7) II(v) = 3 / K(v) - (Dk(v)) dx
Q
and here the notation: k(v) = (k;j(v) = —wv,j) is used. This problem is well

posed, (see [8, Ch. IV]).
In case of isotropy the bending moments M;j;are linked with the measures of
bending by

(6.8) M1 = D(k11 +vK22), Moo = D(vk11 + k22), Mz = D(1 —v)k12,

D is treated as independent of v. The energy stored in the thin isotropic plate
is expressed by the functional whose argument is the plate deflection:

1

(59)  T(w) =g / D (k11(w))” + 2vm11 (w)roaw)
Q

+ (HQQ(UJ))Q +2(1 - 1/)(1&12(10))2 dx.
The formula above can be re-written in the form
1
(5.10) II(w) = 2/D[(/111(w) + Ko (w))?
Q

—2(1 — v) (k1 (w) kg2 (w) — (K12(w))?) | da

equivalent to (1.1).

The static-geometric analogy

The static-geometric analogy concerns the system of equations of both the
static problems of: in-plane loaded and transversely loaded plates. Let us note that
by replacing (0'11, g922, 0'12) With (KQQ, K11, —/ﬂg) and by replacing (611, €922, 612)
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with (Mag, My1, — M) one rearranges: Egs. (2.3) (written in terms of 011, 022, 012
components), and (2.9) to the form of Egs. (5.6), (5.5), if ¢ = 0. Thus, the equi-
librium equations of the in-plane loaded plate assume the form of the compat-
ibility equations for bending measures, while the compatibility equation of the
in-plane loaded plate assumes the form of the equilibrium equation of the bend-
ing plate, if ¢ = 0. Moreover, the expressions for the elastic energies: (2.23) and
(5.10) are similar. To make them identical one should replace (011, 022, 012) with
(K22, K11, —K12) and then replace (v, E) with (—v, 1/D), respectively. Moreover,
by expressing the stresses by using the Airy function F, see (2.10), we rearrange
the formula (2.23) to the form (1.1). This analogy clears up why the CLM the-
orem applies to controlling: the flexibilities of in-plane plates and — the bending
stiffnesses of transversely loaded plates.

It is remarkable and surprising that the static-geometric analogy takes place
in some selected theories of thin elastic shells, as discovered by A. L. Goldenveizer
in 1940’s. The class of such theories has been identified in BUDIANSKY and
SANDERS [16].

5.2. The CLM theorem in its first version

Consider now the plate of the same shape and loaded the same way but of
different stiffnesses, translated according to the rule:

(5.11) D(z) = D(x) + Ly,

where L) is given by (2.24), yet note that now the modulus 1/ has the dimension
of a bending stiffness. By analogy with (3.3) we find

1 _ 1 1
(5.12) iK'(DK):§K-(DK)+ﬁdetK,
where now, see (3.4),
(5.13) 2det k = W11W 22 — W,12W 21 + WW 11 — W21W 12.

By virtue of the analogy between (3.4) and (5.13) we find

(5.14) 2/det Kdl’ = /[w,g (w,11n2 — w712n1) + w,1 (w’gznl — w,lznz)] ds
Q r

and, using (5.4) we reduce the integral as follows

(5.15) 2Q/det|<dx - /[w,g (—i(w,1)> +wy <§S(w,2)>} ds

r
:/Vw~(pds,
r
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where both: Vw and ¢ are determined by the functions wy(s), 5p(s) given along
the contour. This confirms the conjecture noted in Section 1: %Vw - @ can be
viewed as approximation of the geodesic curvature of the contour of the defor-
mation surface.

The deflection of the plate of stiffnesses Dijkl is the minimizer of the problem

5.16 in <T(v) — d
(5.16) i 10 - [ qvac)

Q
with

(5.17) (v) = (v) + 41)\/Vv - @ds,
r

where the underlined term is determined only by the functions wy(s), So(s) given
along the contour. We conclude that the minimizers of both the problems (1.2),
(5.7) and (5.16) are the same: w = w. Consequently, the bending deformation
measures coincide. The bending moments are different:

M = Dk(w),
(5.18) _ 1
M=M -+ 5(./\1 — Ag)k(w).

5.3. Homogenization of stiffnesses of thin elastic Y-periodic plates in bending

5.3.1. Translation of the bending flexibilities. Consider a thin elastic Y-periodic
plate, i.e. of Y-periodically varying flexibilities d;;z;(y). The test bending moment
fields m;;(y) within the basic cell satisfy the conditions, see [11, Sec. 3.6]:

Miji5 = 0 in }/, here ()71 = 8()/8%,
m, = m;jn;n; assume the same values at the opposite sides of Y,

(5.19)
Gn = NiMyj,j +—=—(mgjngt;)

s

assume opposite values at the opposite sides of Y.

Here the vector t is a unit vector tangent to the contour 0Y. Such fields m;;(y)
form the set Spe,(Y). The effective flexibilities d%kl of the plate are given by the
variational formula

(5.20) M - (d"M) = min{(m - (dm)) | m € Sp,(Y), (m) = M},

see [11, Eq. (3.6.7) in Sec. 3.6].
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If m = (m;j) € Sper(Y) then
(5.21) (m - (Lm)) < (m) - (L(m))

see [11, Eq. (21.4.13)].

Along with the problem (5.20) concerning plates of flexibilities d;;(y) let us
consider the plate of the same shape, equally loaded, of flexibilities translated
by the rule (3.1), or

(5.22) d" =d" + L.

Thus, by (2.26) we compute

(5.23)  m-(dm)=m- (dm)+m- (Lym) = m - (dm) + %m . (Lm)
=m- (dm) + %detm.

If A >0, by virtue of (5.21), we have

(5.24) (m - (dm)) < {m - (dm)) + - (m) - (L(m)).
Thus
(5.25) M- (d"M) <M. (d"M)+M- (L,M) VM e E2

or tensor d® — d"* — Ly, is negative definite; there is no argument to claim that
dh = dh +L A

5.3.2. Translation of the bending stiffness tensor. Let D = d~!' bea Y -periodic
tensor of stiffnesses of a thin plate. We consider the plate of the same shape,
equally loaded, of Y-periodic stiffnesses given by the translation rule:

(5.26) D=D +Ly.

The effective bending stiffnesses of the Y-periodic plate of stiffnesses D are
determined by the variational formula, see [11, Eq. (3.4.10)]:

(527) k- (D"k) = min{(k- (Dk)) | k € Kper(Y), (k) =k} Vk € EZ,

where the set Kpe(Y) is composed of kinematically admissible bending de-
formation measures r;; satisfying the compatibility equation (5.6), where now
9(.)/0y; = (.),; these bending measures are associated with Y-periodic deflec-
tions of the basic cell. The equality

(5.28) (det k) = det(k) VK € Kper(Y)
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(see |11, Eq. (21.4.4)) implies the rule:
(5.29) (k- (Lk)) = (k) - (L{k))Vk € Kper(Y).

It is worth noting that this formula has the same form as Eq. (4.2) concerning
the theory of in-plane loaded plates.

The effective stiffnesses bejklof the plate of Y-periodic stiffnesses Dijkl given
by (5.26) are determined by the formula (5.27) or

(5.30) k- (D"k) = min{(k- (Dk)) | k € Kpe,(Y), (k) =k} Vke EZ

Substitution of (5.26), taking into account (5.29), gives

(5.31) k- (D"k) = k- (D"k) + k- (Lyk) Vke E2
hence
(5.32) D" =D"+L,.

We conclude that the above translation of the effective bending stiffnesses is
compatible with the point-wise translation (5.26) of the local bending stiffnesses.

6. Final remarks

The Cherkaev—Lurie-Milton theorem applies both to the theory of in-plane
loaded plates and transversely loaded plates, which can be justified by the
static-geometric analogy. From the mathematical viewpoint the Cherkaev—Lurie—
Milton theorem may be treated as a by-product of the theory of null-lagrangians,
see CHERKAEV [17]. On the other hand, its role in the theory of composites
is so strong and treated as obvious that the proof of this theorem is usually
omitted, overshadowed by the closely related problems of bounding the moduli,
bounding the energy and other subtle optimum design questions. Indeed, the
theorem has found its vital applications in optimum design of: two-phase and
three-phase composite bodies, see JASIUK [10]|, CHERKAEV [17], MILTON [18],
CHERKAEV and DZIERZANOWSKI [19], and in the problems of optimization of
composite plates, see LURIE and CHERKAEV [4], cf. [11], and composite shells,
see DZIERZANOWSKI [20].
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