Filomat 38:17 (2024), 6033-6048

Published by Faculty of Sciences and Mathematics,
https://doi.org/10.2298/FI1.2417033B

University of Ni8, Serbia
Available at: http://www.pmf.ni.ac.rs/filomat

A
2 S
) @
b, &
Ty s

5
TIprpor®

Explicit Hashin-Shtrikman bounds in 3D linearized elasticity
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Abstract. In this paper, we are dealing with Hashin-Shtrikman bounds in the context of linearized elasticity.
We give an explicit computation of the upper bound on the primal energy in three space dimensions and the
corresponding microstructure that saturates this bound. Due to equivalency between the upper Hashin-
Shtrikman bound on the primal energy and the lower Hashin-Shtrikman bound on the complementary
energy, the explicit calculation of the latter arises. These calculations have straightforward applications in
evaluation of experimental results and numerical schemes regarding composite elastic materials, as well as
structural optimization problems.

1. Introduction

The term composite material is typically used for a material that is produced from two or more con-
stituent materials, which remain separate and distinct on some (micro) length scale. It appears that such
materials are prevalent in nature, as well as among engineered materials, a non-exhausting list including
some quite distinctive materials, such as sandstone, clouds, bones, wood, concrete, steel and fiberglass.
Benefits of composite materials can be deduced already from aforementioned list, but it is worth to em-
phasize that what gives them their utility is that they often combine (desired) attributes of the constituent
materials. Therefore, it is not surprising that composite materials have been extensively studied by scientist
and engineers, starting already in works of Poisson [29] and Faraday [13] (for more information on historical
developments we refer to [25]), and being today an enormous field of research. Even a brief overview of the
field would be overwhelming for the purpose of this paper, and thus we just mention probably the most
comprehensive book on the subject, a monograph of Milton [26], which can serve as good starting point for
an interested reader, with an extensive list of references.

Properties (chemical or physical) of a composite material typically depend on the corresponding prop-
erties of constituents, their ratio and their arrangement within the composite. The constituents are often
mixed on a rather small scale (microscale), which leads to rapid oscillations (on the length scale of the
microstructure) in coefficients describing the composite. This makes governing partial differential equa-
tions on the microscale quite difficult to study, both from analytical and numerical perspective. In order to
overcome this difficulties, one is typically interested in locally averaged or homogenized coefficients, which
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should describe effective properties of the composite on a macroscale. For the purpose of this paper the
term homogenization refers to the framework introduced by Murat and Tartar [27] (see also [16, 33, 34] and
[4] for an overview of the method). We shall also restrict ourselves to the equations of linearized elasticity
and composites made of only two constituents (phases). A composite material in this setting is a couple
(6, A), where 0 represents a local fraction of the first phase in a mixture, while A is a homogenized elasticity
tensor which contains information on how materials are mixed and represents an effective stiffness of the
composite.

One of the most prominent problems in the theory of composite materials is a description of all posible
mixtures that one can achieve from given constituents (with, or without prescribed ratios of them). It is
usually called G-closure problem [23], as, mathematically, it consists of finding a closure of a set of classical
material in topology of G- (or H-) convergence. Information on G-closure is particularly important in
problems of structural optimization, in which one seeks for a composite (usually with prescribed ratios of
constituents), that has optimal properties in regard with some criterion. While, unfortunately, this is still
an open problem in the context of linearized elasticity, we have on our disposal various bounds on the
properties of such generated composite material. A term bounds typically refers to some inequalities that
correlate various physical or microstructural quantities of a composite. They are often used in evaluation of
various experimental result, as well as numerical schemes for computing coefficients describing composites
[26]. Probably the most prominent representative among them are famous Hashin-Shtrikman bounds
[19, 20], which have imposed themselves as the benchmark against which most experimental results are
compared. Here we use the terminology of Allaire’s book [4], and thus use the term Hashin-Shtrinman
bounds for bounds on effective energy of composite material, which are also known as energy bounds.

Explicit calculation of Hashin-Shtrikman bounds is also important for structural optimization, as these
bounds prove essential for some numerical methods for optimal design problems [4, 10, 11, 32]. They are
well-known in the conductivity setting, where, taken together, they completely characterize the G-closure
of two isotropic phases at a fixed volume fraction [24, 27]. In the elasticity setting the situation is more
complex. An explicit calculation of the bounds was first done by Gibiansky and Cherkaev [17] in the context
of the elastic plate equation (see also [12]) and by using the translation method. In the two-dimensional
linearized elasticity, bounds are calculated in [7] (see also [11]) for the mixture of two isotropic phases,
while in the three-dimensional case it was formally done only for the shape optimization problems, where
one material is replaced by the void [5, §, 17, 18].

An explicit calculation of bounds in three space dimensions requires elementary but rather tedious and
formidable calculations, and thus, up to date, it remained a task that no one was willing to undertake. In
this paper we explicitly calculate the upper Hashin-Shtrikman bound on the primal energy and the lower
Hashin-Shtrikman bound on the complementary energy of the three-dimensional elastic composite of two
isotropic phases. For the upper bound on the primal energy, we rewrite the minimization problem in
the bound (9) as the nonsmooth convex optimization problem, and solve it by using Karush-Kuhn-Tucker
conditions [22]. The lower bound on the complementary energy is obtained from the upper bound on the
primal energy by the Legendre-Fenchel transformation.

In the rest of this introductory section we briefly recall the framework of mixing two isotropic elastic
materials and provide necessities for the main results from the second and the third section. We finish the
paper with some concluding remarks.

In the paper we mostly follow the notation from [4]: by Symg we denote a space of all 4 X d symmetric
matrices, and by Sym{ a space of all symmetric fourth order tensors acting on symmetric matrices. For an

open and bounded set Q C R?, which represents an elastic medium, we consider the linearized elasticity
system

—div (Ae(u)) = f 1
ue H(Q;RY), @

where e(u) = 3(Vu + VuT). Here, the displacement u is uniquely determined by the force density f €
H™'(C; RY), while a tensor function A € L*(Q; Sym3) containes information about elastic properties of the
material that constitutes (), called the stiffnes tensor. Matrix e(u) is known as the strain tensor, while Ae(u)
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is the stress tensor. We assume that A is bounded and coercive, i.e. for some 0 < a < f§ it satisfies (a.e. on )

AE:E>alsP, ATE:E> %mz, £ € Symy. @)

We shall focus on domains filled with two well-ordered isotropic elastic phases

2].11

A = 2y1I4+ K1—7 Ll
2

A, = 2[.12[4 + (Kz - %)Iz Rl

where «; — % is known as Lamé’s first parameter. More precisely, for the shear moduli we shall assume
0 < u1 £ po, and similarly for the bulk moduli: 0 < x; < %3, so that any mixture of them satisfies (2),
with @ = min{2u4, dx} and p = max{2uy, dk,}. Therefore, if we denote by x € L*(€;{0, 1}) a characteristic
function of the part of the domain occupied by A4, then the overall stiffness tensor is defined as

AX) = (A1 + (1 - x(x))Az2, x €. ©)

We are interested in fine mixtures of original materials in prescribed ratio, also known as composite material.
To define a composite more precisely, we use the homogenization framework introduced by Murat and
Tartar [27], where a composite material is a couple (6, A) that can be obtained as a limit (in L™ weak+
topology for 0 and H-topology for A) of sequences (x", A") satisfying (3). Here, O represents a local fraction
of the first phase in a mixture, while A is a homogenized elasticity tensor which contains information on
how the materials are mixed (see e. g. [4] for more).

An important class of composites made of two elastic materials are laminated composites [4, 16]. A
simple laminate A is made by stacking isotropic phases A; and A, in proportions 6 and (1 — 6) and layers
orthogonal to a unit vector e € R?. It is represented with the formula

OA-A) = (A1 - A +(1-0)fale), (4)
where f,(e) is a symmetric positive semidefinite fourth order tensor defined by the quadratic form

d

2
m(ée -e)?, &eSymg. -

fle)E: &= —(1gel - (ge-e)?) +

1
H2

By repeating this lamination process, with different choices for 6 and e, we get a whole family of
laminated materials from phases A; and A,. Explicit formulae for tensor of such composites are known
[16] for sequential laminates, where at each stage of lamination, the previous laminate is laminated again
with the same pure phase. In this way, if we laminate p € N times with the phase A, in directions ey, ..., &,
the obtained composite is determined by the formula

4
O(A - A)™" = (A1 - A) ' +(1-0) ) mifa(e), (6)
i=1

wherem; >0,i=1,...,pand Zf’zl m; = 1, while f, is given by (5). We call it a rank-p sequential laminate,
with core A; and matrix A, in proportions 8 and (1 — 0), respectively, with the lamination directions e;,
i=1,...,p

In particular, we are interested in the G-closure set G(0) of all possible homogenized elasticity tensors
which can be obtained by mixing phases A; and A, in the prescribed proportions 6 and (1 — 0). As already
mentioned, the explicit characterization of the G-closure set is still an open problem in the elasticity setting,
and thus we relay on some optimal bounds on this set obtained by Hashin-Shtrikman variational principle
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[20] and known as Hashin-Shtrikman bounds. They are given as the extremal values of the elastic energy
written in terms of strain (primal energy), A& : &, or as the extremal values of the elastic energy written in

terms of stress (complementary energy), A™'¢ : 6. We start with the Hashin-Shtrikman variational principle
for the primal energy [6].

Proposition 1.1. Let & € Symqy. Any homogenized tensor A € G(0) satisfies
A& E2 A& E+(1-0) max [28: 07— (A2 - A1) "1y - Og(n)], )
neSymy

where g(n) is a nonlocal term given by

g(n) = max (f(e)n : 1), ®)
and
AE:E<AX:E+ Gn?élyiﬁd [26: 7+ (A2 - A) ' - (1 - O)h(y)], 9)

where h(n) is a nonlocal term given by
h(n) = min (f2(e)n : 1), (10)
eesi-1

where fr(e) is defined by (5) and fi(e) is defined with the similar formula, by putting 1 instead of 2 in (5).
Furthermore, these upper and lower bounds are optimal and optimality is achieved by a rank-d sequential laminate
with the lamination directions given by the extremal vectors in the definition of the nonlocal terms g(n) and h(n). In
particular, lamination directions of the optimal rank-d sequential laminate for the upper bound are also eigendirections

of &

|

Optimality of a bound in the above proposition means that for any & there exist a tensor A € G(0) such

that equality in (7) (or (9)) is achieved. In the next section we give an explicit calculation for the upper

Hashin-Shtrikman bound on primal energy in three space dimensions and find the optimal microstructure
that saturates the bound.

2. Explicit calculation of the Hashin-Shtrikman upper bound

Our main motivation for undertaking the explicit calculation of the Hashin-Shtrikman bounds lies in
our interest in optimal design problems, where, when minimizing the compliance under a prescribed ratio
of constituents, the lower Hashin-Shtrikman bound on the complementary energy naturally arises in the
necessary conditions of optimality. Based on these conditions, the optimality criteria method is derived for
finding a numerical solution. In order to implement the method and have the explicit update of the design
variables, we need an explicit computation of the lower Hashin-Shtrikman bound on the complementary
energy. However, due to its simplicity, we shall first explicitly calculate the upper Hashin-Shtrikman bound
on the primal energy, while the lower bound on the complementary energy can be deduced from this bound
by using the Legendre-Fenchel transformation. Beside an explicit computation of the bound, we give the
optimal microstructure for the bound, which is also needed for application in optimal design problems.

For the explicit computation of the bound (9), one should first study the nonlocal term h(n). It is given
in the following Lemma [6].

Lemma 2.1. Let 11,...,14 be the eigenvalues of a symmetric matrix 1. Then

h(n) = min {17%, . ,nﬁ}.

4[.12 + 3%5
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Let us denote the upper Hashin-Shtrikman bound by

fo(§) = max AE: &,

AeG(0)

In order to write explicit expressions for bound f, in a suitable and more compact form, we shall introduce
numbers qu = pp — 1, & = k2 — k1 and y; = 3k; + 4u;, i = 1,2, and define the following linear functions:

fx,y,2) = (1-0)Qu(y—z) -3y + 22)) + y2(z — x)

g(x,y,z) = =Bquf(x,y,z) —y236k(x + y +z) — 20u(-2x + y + 2))
I(x,y,z) = =27(1-0)oudkx +y2(Bok(Bx — y +z) + qu(z — y))

m(x,y,z) = 91 -0)xx—y(2x — y —2).

Theorem 2.2. In three dimensional, well-ordered case, let & be a symmetric matrix with eigenvalues &1, & and &3
and corresponding orthonormal eigenvectors 1, €; and ej.

Then, the upper Hashin-Shtrikman bound on primal enerqy can be expressed explicitly by exactly one of the
following five cases. In each case (except the case D) one is free to take any choice (i, j, k) € {(1,2,3),(2,3,1),(3,1,2)}.

A If
(&, &jr Eg(Eis &js Ek) <O 1)
f(&i &k E))g(&is &k, Ef) <O,
then
(200(26: — & — &) + 30c(E + & + &)
f+(8) = (A1 + (1 -0)A2)5: - (1-0)0 . (12)
3(0y2+ (1 - 60)4)
This bound is achieved by a simple laminate with the lamination direction e;.
B. If
f(&i &jr k) 0
f(&i Ejr i) + f(&k Ejy i) —
f(&k &) &) 0 (13)
f&i &j i) + f(Er Ejr i)
m(&j, &, &) (27(1 = O)u(E; — & — &) — W&k & &) — & & &) >0,
then
- . 20 _ _ 2
f+(8) = Asg: S+ 3f(1,0,—1)( 27(1 ~ )T+ "

#0028 - & - &P+ 306(E + &+ £0P))

This bound can be achieved by the rank-2 sequential laminate with the lamination directions e; and ey, and
lamination parameters

f&k Ej &)

m; = f(éi/éj/ék)
YL & &)+ f(Ek € &)

f& & &)+ f(Er & &)

and my = (15)
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f

I(&i, &j, EDI(Ei, ks E5) >0
(& &i &) 50
E—Sk (16)
9(&j, & k) 0
=&
then
9KE? y2(&j — &)?

f+(&) = Ad : & —Ou

3ok tou 31—ty 17)

In this case, the bound can be achieved by the rank-2 sequential laminate with the lamination directions e; and
ek, and lamination parameters

I 9k &i &))
T 6(1 - 0)uBdk + qu)(E; — &)

If

9, &ir &)
6(1 — 0)uBdrk + ou)(&x — &)

and my = (18)

m(&1, &2, &3) >0
&S1+&+&
m(&a, &1, E3) >0
E1+&+&
m(&s, &2, 1) >0
SGi+&+é&

(19)

then

Gy2(E1 + & + &3)?
CYC R T

fr(&) =Ax8:5-0 (20)

In this case, the bound can be achieved by the rank-3 sequential laminate with the lamination directions €1, €;
and €3, and lamination parameters

I m(&1, &2, E3) _ m(&z, &1, E3) and
PO 0)k(E + &+ &) 0 91— O)K(E + &r + &)
(21)
1 = m(&s, &2, E1) .
91— 0)rk(&1 + & + &3)
If
I, & &)) 50
Ei—&i— &k
27(1 = 0)acqu(&j — & — &) — 1(&i, &k, &) — UEk, &1/ &) 50 22)
Ei—&i— &
&k, &ir &)) -0,
&i—&i—&
then
9k Ei— &+ &)
£8) = Mgk 5 — 0 0 4 ) (23)

1(1,0,1)+1(0,1,1)



K. Burazin et al. / Filomat 38:17 (2024), 6033-6048 6039

In this case, the bound can be achieved by the rank-3 sequential laminate with the lamination directions €, €;
and ey, and lamination parameters

(&) &kr &) _27(1 = 0)oedu(Ej — &i — &) = USi, &k, &) = UEk, &4 )

= , - , d
Ao - G- 27(1 = 0)oxdy(E; — & = &) "
I Ik, &ir &)
* 72701 - O)oeiu(E — &~ &)
(24)
Proof. In order to find the explicit bound, we need to solve the minimization problem
min [28: 7+ (Ay — A1)y = (1 - O)h()]. (25)

neSyms

In the isotropic three-dimensional case function & can be explicitly written as in Lemma 2.1. Problem (25)
can be recognised as a nonsmooth convex minimization problem

3
i . — -1 : — — _— 2 2
min [2 +i€m[12,>§]{(A2 A)'nin-(1-0) T + 302 ; }] (26)

where 11,12 and 13 are eigenvalues of the matrix 7. Indeed, by [4, Remark 2.3.17], for any i, one concludes
that the quadratic form ®;(n) := (A2 — A1)'n:n—(1 - G)mnf is nonnegative. That remark is written
in a more general situation for the sum of p energies, but for the single energy the form is even positive.
Therefore, in (26) we are dealing with a strictly convex function @ := max;e(1,2,3) ©; so, by its coercivity, this
minimization problem has a unique solution, for any &.

Furthermore, since the phases are isotropic we have

1

. 11
(A —A) g = 2@1(’ﬁ+’7§+’7§)+(ﬁ - @)(m + 1+ 13)°

By introducing vector b = [251 2&, 253]T, constants k = ﬁ - ﬁ and ¢ = 41(21;39)32, matrix
1
i k 1 k k
B = k 2—@1 +k ) k
k k 7 k

and employing the classical von Neumann result [28], the minimization over all symmetric 3 X 3 matrices
in (25) is equivalent to the three dimensional minimization of the function

b-n+ max {Bn-n—cn?} (27)

i{1,2,3)

over all 1 = (1, m,13) € R3 . Indeed, if we order eigenvalues as & > & > &3 and 11 < 12 < 13, then [28]
28 1y > 2Y.3, &y, with equality being achieved when & and 7 are simultaneously diagonalized, which
together with the independence of ® on permutations of its variables implies that (25) is equivalent to
minimization of (27) over the subset {11 < 7, < 13} of R, Since Y}, &m; < Y24 &My for any permutation
p of the set {1,2,3}, we can remove the ordering constraint from the eigenvalues of 7 (and consequently
from &, as well) and conclude that (25) is equivalent to minimization of (27) over R®. To be precise, if 11" is
optimal in (25) then its eigenvalues are optimal in (27) and if (117, 775, 15) is optimal in (27), then the matrix
1" with eigenvalues 7} and eigenvectors €; is optimal in (25). Since the function 1) + Br - 1) — c1)?, is convex
fori=1,2,3 ([4, Remark 2.3.17]), problem (27) is a problem of the nonsmooth convex optimization which
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can be solved by using subdifferential calculus. However, by introducing the additional variable, problem
(27) is equivalent to the constrained minimization

(n,t)eR* (28)

b-n+t— min
Bn-n-cp? <t i=1,23,

and it can be solved in a more elementary way. We shall obtain the solution of the problem (28) by finding
the unique solution (11, 12, 13, t, A1, A2, A3) of the Karush-Kuhn-Tucker system:
b+ Y2, Ai(2Bn—2cnf) =0,
1 - Z?:l Ai = 0/
AiBn-n—cp? -t =0, i=1,2,3, (29)
Ai>0, i=1,2,3
Br]-n—cnf <t i=1,23,
where (f, f,, f3) denotes the canonical basis of R3.

Before solving the above system, let us show that optimality of the bound is achieved by the sequential
laminate A* with lamination parameters A;, and lamination directions e;, i = 1,2, 3, given by formula

3
OA" = A2)™! = (A1 - &) +(1-0) ) Aifs(ey). (30)

i=1
Indeed, by multiplying the equation (30) by matrix 11", we obtain

31-0) ¢
OA"— A) ' = (A1 — Ay) " + BT dn Z Ainiei ® e,
i=1

and by definition of vector b, matrix B and constant c, after some calculations, the first two conditions given
in (29) imply
OA" - Ay) ' = &,
from which it follows
AE:E=AE:E+0n 1 &
To prove the assertion, it remains to show that
N &= ~(A— A 1+ (1= Oh(),

which can be obtained by taking inner product with the optimal vector 1" in the first condition in (29).
Let us return now to the solution of Karush-Kuhn-Tucker system (29). Since 1 — Zf’zl A; =0, at least one
Ai, i=1,2,3 is positive. Therefore, the solution saturates at least one inequality in (28).

I. Assume that t = B - —cn? and Bny-n—cn? < t,i = 2,3. This implies A; = A3 = 0 and A; = 1. From
condition b + 2Bn — 2cmif; = 0, we get the unique solution

_ 3uf(E1 S5, &2) +9(81, S5, 62)
3(0y2 + (1 - 0)y1)
)= =3uf(&1,E5,82) + (&1, €5, E2)
3(0y2 + (1 - 0)y1)
_ Buf(&1, S 85) +9(S1, £2, &)
3(0y2 + (1 - 0)) '

(31)

13
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Since Bn - — cn? < t,i = 2,3, this ) must satisfy inequalities [n;| > [m1], i = 2,3. Inequality |m]| < ||
can be expressed from (31) in terms of &1, &, and &3 as

f(&1,&3,82)9(61,E3,E2) <0 (32)
while inequality |11] < |n3| can be expressed as
f(&1,82,E3)9(E1, €2, E3) < 0. (33)

In this case we have the bound
(200261 — &2 &5) +306(E1 + &2 + £3))
3(0y2+ (1 - 0)1)

which corresponds to the subcase of part A of the theorem with (i, j, k) = (1,2, 3). The bound is achieved
with the simple laminate with lamination direction ;. The case when only equality t = Brj- 1 —crp3 is
achieved and the case when only equality t = Br - 1) — ¢1)3 is achieved can be obtained by symmetry,
which gives all possible cases of part A in the theorem.

7

f+(&) = (BA1 + (1 -6)A2)5: & - (1-0)0

Let us now assume that Br-n—cnj < t,and Bn-nn—cn? —t = 0,i = 2,3. This implies A1 = 0, A2 > 0,
Az > 0and |mo| = |n3l. If 72 = 73, the first two conditions in KKT system imply

_ =3um(&r, &, E3) = 27(1 — OYoxdu(&Er — &2 — E3) + (2, &3, E1) + 1(E3, &2, &1)

n 6( =72+ (1 - 0)(3x + du))
= Boum(&r, &, &3) — 27(1 — O)okdu(&r — &2 — &3) + (&2, &3, &1) + 1(E5, &2, &)
3( =2+ (1- 0)3 + ) 34)
A = f(&3,&1,&2)
f(&2,&1,E3) + f(&5,E1,E2)
s f(&2,&1,83)

" F(E2, &1, E3) + f(E3, &1, E2)

Condition Bn - 17— cnf < t implies [1)2] < || which is equivalent to
m(&1, &2, E3) (27(1 — O)owdu(ér — & — E3) — 1(&2, &3, E1) — (&3, €2, E1)) > 0.

The above inequality together with conditions A, > 0 and A3 > 0 give conditions for the part B when
(@, j, k) = (3,1,2). The Hashin-Shtrikman bound in this case is given with

B = A8+ 5 —27(1 — O)ud&l+

20 (
£(1,0,-1) (35)

472000281 - &2 - 7+ 306(E1 + &2+ 7))

and the optimality is achieved by rank-2 sequential laminate with lamination parameters A, and A3
given in (34) and lamination directions e, and e;.

On the other hand, if 1, = —173, we get

_ 9okués
M= 35+ qu
_uya(&r - &)
=300 - s 6
A = 9(&3,81,&2)
6(1 — 0)ou(3¢ + qu)(&2 — &3)
As 9(&2,&1,&3)

T 6(1— 0)u(Bdk + )& — &)
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In this case condition || < |11] is eqivalent to

(&1, &2, E3)I(E1, 3, E2) > 0,

which together with A, > 0 and A3 > 0 gives conditions of case C for triplet (i, j, k) = (1,2,3). The
Hashin-Shtrikman bound in this case reads

9K &? N y2(&x — &3)?
3ot q - 31— +72)

f+(&) = Axg - & — Ot (37)

and it is achieved by rank-2 sequential laminate with lamination parameters A, and A3 from (36) and
directions e, and e3. Cases when strict inequality By - 1) — cn3 < t is valid, with equality in other two
inequalities and when strict inequality Bn-n—cnj < tis valid, with equality in other two inequalities go
analogously, and together with presented case give all possible cases of parts B and C of the theorem.

III. It remains to examine the case when t = Bn- 11— cn? = B - 1) — cn3 = By - 1 — cn3, which implies that
A1, A2, Az > 0and || = |n2| = I3l If 11 = 12 = 13, the first two conditions in (29) give

_ 5}{(31{2 + 4[.12)(51 + 52 + 63)

m 3(1- )5 — 2
1 = m(&1, &2, E3)

"9 - 0)k(Er + & + &3) (38)
1 = m(&s, &1, E3)

27 9(1 - O)x(&) + & + &3)
Ae = m(&sz, &1, E2)

ST O(E + &+ &)

The bound in this case reads
o + &+ &3)?

Fo®) = A -0 V2(&1 + & + &3) (39)

31 -0)x+72

which, together with conditions A; > 0, A, > 0 and A3 > 0 give conditions for case D of the theorem.
Optimality of the bound is achieved with rank-3 sequential laminate with lamination parameters
A1, Ay and Az given in (38) and lamination directions given with the eigenvectors e, €; and ez of
matrix &.

On the other hand, if we assume that 1 = —1; = 13, again, from the first two conditions in (29) we get
_ 9kduya(Er — &1 — &)

M= 704,0,1) + 10,1, 1)
I(&1, &3, &2)

(R e ——y w0
1 = 27(1 = O)okdu(&2 — &1 — &3) — (&1, &3, &2) — 1(E5, €1, €2)

2 27(1 — O)oxdu(E2 — &1 - &)
Aa = I(&3,&1,&2)

T 27(1 - O)ocdu(Er — &1 — &)

The bound in this case is given with
96K — &y + &3)?

£ = Ak E-0 uy2(&E1 — &+ &3) (1)

1(1,0,1) +1(0,1,1) *
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and together with conditions A; > 0, A, > 0 and A3 > 0 we get case E of the theorem with
(i, 7,k) = (1,2,3). Optimality of the bound is achieved with rank-3 sequential laminate with lami-
nation parameters A, A; and A3 given in (40) and lamination directions given with the eigenvectors
e1, e, and e3 of matrix & Cases when 11 = 1, = —13 and —11 = 12 = 13 go analogously, and these
cases cover all possible cases of part E and complete the proof of the theorem.

O

Remark 2.3. As presented, the complete solution of the KKT system can be calculated explicitly, by hands, but due
to very long expressions we also checked the solution via symbolic computation with Mathematica. The software is
also used as a verification tool for the lower Hashin-Shtrikman bounds on the complementary energy in Theorem 3.1.

3. Lower Hashin-Shtrikman bound on complementary energy

The complementary energy plays an important role in studying optimal design problem for compliance
minimization [8]. Using Theorem 2.2 and the Legendre-Fenchel transformation in Theorem 3.1 we give an
explicit lower Hashin-Shtrikman bound on the complementary energy. For completeness, let us describe
this procedure in more detail.

For the moment, let us fix 0 € [0, 1] and denote the lower bound on complementary energy by

‘(0) := min Ao : 0.
(o) = g, A7 0

For a quadratic positive definite functional A& : &, the conjugate function (or its classical Legendre

transform) reads %A‘la 10, 1e.

1 1
EAS:&;: max [G:E—EA_lo':a], (42)

0€Symy

so by taking maximum over A € G(0), and interchanging two maximizations, we have
1 1.
Si@) = max [o:6- 210, (43)
2 0€Symy 2

meaning that }f, and 3 f° are conjugate functions [7]. Note that the upper bound f, is strongly convex
(on Symg) since £ (&) — al&l* = maxaec() [Aé & - a|§|2] is convex and positive, while f€ is also convex,
obtained by

%ff(o) = max [o P& - %ﬂ(é)] : (44)

Moreover, by [32, Theorem 26.3], due to the strict convexity of f,, its conjugate f is smooth (differen-
tiable) on the whole Symq. Analogously, one can conclude that f¢ is strongly convex, which implies that
f+ is smooth, although one concludes the same by [31, Theorem 23.5] (see also the original paper [30]).
This enables us to speak about gradients of f, and f* instead of their subdifferentials, which makes the
calculation of f¢ simple. Indeed, (43) implies Fenchel-Young inequality (see also the original paper [14] on
conjugates)

L@+t soE,

and, for given ¢ € Symy, the equality is obtained for some & € Symq. Of course, due to differentiability, this
& is given by V£, (&) = o, or equivalently Vf£(6) = &. In other words, V£, is a surjection on Symgq (but also
an injection, due to strict convexity of f,).
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Moreover, since the primal upper bound f,(&) is expressed in terms of the eigenvalues (&1, &y, &3) of
a matrix &, by another application of von Neumann result it follows that f°(o) is expressed in terms of
the eigenvalues (01, 02, 03), while ¢ and & (connected by Vf.(§) = o, which also holds in terms of their
eigenvalues) are simultaneously diagonalizable.

Let us also note that any microstructure which saturates the upper primal bound f, (&) also saturates
the lower dual bound f£(o), for the corresponding o. Indeed, if A* saturates f. (&), then by (42) we have

1 L SR SN _1 =1+ =
EAg.é—o.g 2(A) g0,
where ¢* = A*&. On the other hand
INE = fuO=0:E—2f ()2 05— 21 (o)
277 " I Lo S

where V£, (&) = o, which implies 1(A*)™l6" : 6" < 1f°(0"). This is possible only by equality, i.e. A" is an
optimal microstructure for the lower dual bound f£(6*). Consequently, ¢ = Vf,(§) = 0" = A*&.

An analogous calculation proves the contrary statement: any microstructure which saturates the lower
dual bound f<(0) also saturates the upper primal bound f. (&), for the corresponding &.

Therefore, from Theorem 2.2, we can easily get an explicit lower Hashin-Shtrikman bound on the
complementary energy and the corresponding optimal microstructure. Let us introduce numbers C =
t2 — 00, 9 = k2 — 0, p = k12 — ko1, and linear functions

n(x,y,z) = 6(1—0)Curdxz+x1Cy2(z —y) —2(1 = O)p2p(x — y)

o(x,y,2) = 6(1—0O)u26Kk(x —y—z)+K1y22x — Y — 2)

p(x,y,z) = 6(1—0)okdul(3xy + Uz)z — 2Cp(3Kk2 + t2)(x + y + z) + 3C(Bx1K20u +
+ A o)y + 2) + 6Cpprz — b p(X — )

g0, y,2) = =2(1 - 0)okcduBrz + p2)(y2(x —2) + 3pa(-x + y +2)) +

+  Y2a(=2u10kBra(x — 2) + pa(x + ¥ + 2)) + K1 201z — V).

Theorem 3.1. In three dimensional, well-ordered case, let ¢ be a symmetric matrix with eigenvalues o1, 0, and o3
and corresponding orthonormal eigenvectors 1, € and e3.

Then, the lower Hashin-Shtrikman bound on complementary energy can be expressed explicitly by exactly one of the
following five cases. In each case (except the case D) one is free to take any choice (i, j, k) € {(3,2,1),(2,1,3),(1,3,2)}.

A If
n(oi, 0j,0x)p(0i, 0, 0x) <0 (45)
n(oj,0i,00)p(0}, i, 0%) <0,
then
0
c _ A1 o _ 2

filo)=Ay'0:0+ Sl BraaC + 4nind) (%;mzyz(;(;q +3(1 = O)x)or +

+ CBK1100u(3K2 + h2) + P11 ky2)(0i + 0f + 0k) + 1 patcadud(0j — 07)*— (46)

- 9K1K26]JC(3K20]'01' + (31(2 + 2[.12)0k(0]' + O,'))).

This bound is achieved by a simple laminate with the lamination direction €.
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B. If

n(oi, 0, 0¢)

n(oi, 0j, 0x) + n(oi, 0, 0j)
n(oi/ Ok, 0])

= 47
Tl(Gi,G]',Gk)+Vl(Gi,Gk,U]') ( )

0(0i,0j,0)(q(0}, 01, 0k) + g0k, 05, 07)—
—6(1 — O)dkcduuz(—9x20; + (B2 + w2)(0i + 0 + o)) <0,

then

v}
361212 (BC(k112 + Hpd) + p )

fi(o) = Aglo 10+ (27(1 — —0)u2x20K0U(—0; + 0j + or)>+
(48)

+ yz(yzék(SC +u1)(oi+oj+ or)? + 3Kk1K200(20; — 0} — ak)z)).

This bound can be achieved by the rank-2 sequential laminate with the lamination directions €; and ey, and
lamination parameters

n(oi, 0}, ox) n(oi, 0%, 0;)

(49)

and my =

m; = .
"™ n(ai, 0, 0x) + n(0i, ok, 07) n(oj, 05, 0%) + n(oj, o, ;)

C.If

p(oi, 0}, 0k) 50

Gk—Oj

p(oi, 0%, G;’) S

0 (50)
Gj — Ok

q(0i, 0}, 0)q(0i, 0k, 0) >0,

then

o

PN S
filo)=A,0:0+ 9o a2 (C(3ka + o) + 31 o) ((

pa(o; + 0j + op)+

+ 3K2(—U,‘ +o;+ Gk))z + 91(%(01'(0]' + Ok) — 3CTjCTk) + 3K2y2(407-2+
N o (—4u1 0k + k10u) (31< (20~ (51)
200U (3K, + 112) — A a (B0 + o) 2!

+ O‘,'(O‘]‘ + 0g) — 120]‘Gk)
2
—0j—0k) +2uz(0; +oj + ok)) )

This bound can be achieved by the rank-2 sequential laminate with the lamination directions €; and ey, and
lamination parameters

I p(ai, 0j, 0k)

T 6(1 — 0)uBradkC + padud)(ox — gj)
B p(oi, 0, 7))
= 601 - O)u(Bradel + tud)(a; — o)’

and

(52)

L3
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D. If

—0(01,02,03)
01+ 07 + 03
—0(02,01,03) >0 (53)
01+ 02 +03

—0(03,02,01)
01+ 02 + 03

0

0,

then

61()/2(01 + 07 + 63)2

N A1,
f(o)=Ao:0+ 991(2(4#2(1 — ) +K172)

(54)

In this case, the bound can be achieved by the rank-3 sequential laminate with the lamination directions 1, €;
and e, and lamination parameters

- —0(01,02,03) - —0(02,01,03) and
LTE( - 0o o2t os) 0 6(1 - O)un(or + 02 +03)’ (55)
—0(03,02,01)
mg

=6(1 — 0)dkus(01 + 02 + 03)

E. If
! ((a‘o-a)+ (ok,01,07)—
9K20i—(31<2+|l.12)(6i+0]'+0k) 9\9j: i Ok Ok 0ir O
—6(1 - O)dctyupia( — 920; + (3cz + 12)(0; + 0, + ok))) >0
q(0j,0i, 0%) o (56)
—9%20; + (3K + wo)(0; + 0 +0x)
Q(Ok/ Oi, G]) >0,
—9%20; + (Bxy + p2)(o; + oj+ Ok)
then

2
6(51(6}1)/2(31(2(—201' +oj+ Ok) + luz(o'i +0j+ Uk))

fi(o)=A'o:0+ :
9atin(4(1 = O)oKu(3rcz + 112)? + Y2 (12ka 11k + o1 1))

(57)
In this case, the bound can be achieved by the rank-3 sequential laminate with the lamination directions €, €;
and e, and lamination parameters

1
m; =
6(1- 6)6K6yy2(91<20,- — (Bx2 + w2)(0i + 0j + o)

)(Q(U;’, i, O%)+

+q(ox, 0i,0;) — 6(1 - 9)5'“3##2( = 9K20; + (BK2 + w2)(0i + 0 + Uk)))
q(0j,0i, 0x) (58)
= and
6(1 - 6)&6;1[,12( = 9x20; + (3K2 + p2)(0; + 0j + ok))
Q(Uk/ 0i, Gj)

B 6(1 - 6)5](6}1[.12( —9Ky0; + (31(2 + [.12)(01' + o + Gk)>.

mj

My
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Remark 3.2. The special case where one material is replaced by void is studied in [5, Theorem 2.6]. The same result
is recalled in [4, Theorem 2.3.36] with notations which are better suited to ours, so it is easier to verify the resemblance
to the results of Theorem 3.1.
More precisely, one is able to directly associate the studied cases:

Theorem 3.1 Theorem 2.3.36 from [4]

A never occurs

B, (i, jk)=(1,3,2) | (2.159)

(i,7,k)=(3,2,1) | (2.157)

C (i,jk)=@3,21) | (2.160)
D (2.156)

E G,k =(,32) | (2.158).
Other cases from [4, Theorem 2.3.36] are obtained symmetricaly, by replacing o by —o, and they also correspond to
particular cases of Theorem 3.1.

Remark 3.3. The classical upper Hashin-Shtrikman bound [20] on bulk moduli of isotropic elastic composites can
also be recovered from Theorems 2.2 and 3.1 by taking & (or o) equal to the identity matrix.

4. Concluding remarks

In this paper, we explicitly calculated the upper Hashin-Shtrikman bound on the primal energy and
the lower Hashin-Shtrikman bound on the complementary energy of a composite material obtained by
mixing two well-ordered isotropic phases in three space dimensions. Additionally, we described sequential
laminates that saturate these bounds. Our explicit calculations of Hashin-Shtrikman bounds smooth path
to further results in theory and applications involving the bounds and the G-closure problem. To be more
specific, by explicitly computing the upper bound we have also obtained new (partial) results on G-closure,
in the sense that we specified the maximum value of the linear function A — A& : &, A € Gy, for every
strain &. Thus, one is able to reveal a part of the boundary of the set Gg. Additionally, bounds on energy are
useful on their own. Probably the most obvious application of the energy bounds is for finding solutions in
structural optimization problems involving compliance as a design criterion [4, 10, 11, 32]. Up to now, the
most prominent contribution of homogenization method in 3D optimal design problems was restricted to
finding designs of optimal shape, where one of the two constituting materials is replaced by a void [4, 5].
Thus, our results are expected to have applications to compliance minimization optimal design problem in
the same spirit as it was recently done in 2D case [11]. Other potential applications include the modelling of
the damage accumulation [15], as well as the coherent phase transitions [21]. As a draw back, we pinpoint
that our results are restricted to the well-ordered case. In two space dimensions the non-well-ordered case
was treated by so called translation method [7]. However, in three space dimensions the situation is more
delicate, and, while the lower bound (7) is obtained (but not explicitly calculated) in [9], the optimal upper
bound, to the best of our knowledge, is not yet known.
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