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Abstract The closest tensors of higher symmetry classes are derived in explicit form
for a given elasticity tensor of arbitrary symmetry. The mathematical problem is
to minimize the elastic length or distance between the given tensor and the closest
elasticity tensor of the specified symmetry. Solutions are presented for three distance
functions, with particular attention to the Riemannian and log-Euclidean distances.
These yield solutions that are invariant under inversion, i.e., the same whether elastic
stiffness or compliance are considered. The Frobenius distance function, which
corresponds to common notions of Euclidean length, is not invariant although it is
simple to apply using projection operators. A complete description of the Euclidean
projection method is presented. The three metrics are considered at a level of detail
far greater than heretofore, as we develop the general framework to best fit a given
set of moduli onto higher elastic symmetries. The procedures for finding the closest
elasticity tensor are illustrated by application to a set of 21 moduli with no underlying
symmetry.
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1 Introduction

We address the question of finding the elastic moduli with a given material symmetry
closest to an arbitrary set of elastic constants. There are several reasons for reducing
a set of elastic constants in this way. One might desire to fit a data set to the a
priori known symmetry of the material. Alternatively, a seismic simulation might
be best understood in terms of a model of the earth as a layered transversely
isotropic medium, even though core samples indicate local anisotropy of a lower
symmetry. More commonly, one might simply want to reduce the model complexity
by decreasing the number of elastic parameters. In each case a distance function
measuring the difference between sets of elastic moduli is necessary to define an
appropriate closest set. The most natural metric is the Euclidean norm in which the
“length” || C|| of a set of moduli! Cij is | C|| = (CijiCijur)'/*. The Euclidean distance
function is, however, not invariant under inversion of the elasticity tensor — one
obtains a different result using compliance as compared with stiffness. Alternative
distance functions have been proposed which do not have this failing. In particular,
the Riemannian distance function of Moakher [1] and the log-Euclidean metric of
Arsigny et al. [2] are invariant under inversion, and as such are preferred general
elastic norms.

The problem of simplifying elastic moduli by increasing the elastic symmetry was
apparently first considered by Gazis et al. [3]. They provided a general framework
for defining and deriving the Euclidean projection, i.e., the closest elasticity using
the Euclidean norm. Several examples were given, including the closest isotropic
material, which agrees with the isotropic approximant derived by Fedorov [4].
Fedorov obtained isotropic moduli using a different criterion: the isotropic material
that best approximates the elastic wave velocities of the given moduli by minimizing
the difference in the orientation averaged acoustical tensors. It may be shown [5]
that the generalization of Fedorov’s criterion to other symmetries is satisfied by the
Euclidean projection of the stiffness tensor onto the elastic symmetry considered.
The Euclidean projection is also equivalent to operating on the given elasticity tensor
with the elements of the transformation group of the symmetry in question [6]. This
approach has been used by Francois et al. [7] to find the closest moduli of trigonal and
other symmetries for a set of ultrasonically measured stiffnesses. The equivalence of
the projection and group transformation averaging will be discussed in Section 5. The
Euclidean projection approach has received attention in the geophysical community
from modelers interested in fitting rock data to particular elastic symmetries [8-11].
The work of Helbig [9] is particularly comprehensive. He considers the problem
both in terms of the 6x6 matrix notation [12, 13] and in terms of 21-dimensional
vectors representing the elastic moduli. The latter approach has been developed
further by Browaeys and Chevrot [14] who describe the projection operators for
different elastic symmetries in the 21-dimensional viewpoint. Dellinger [15] presents
an algorithm for finding the closest transversely isotropic medium by searching
over all orientations of the symmetry axis. Dellinger et al. [16] proposed a distinct
approach to the problem of finding closest elasticity, based on the idea of generalized
rotation of the 21-dimensional elasticity vector.

I Lower case Latin suffices take on the values 1, 2, and 3, and the summation convention on repeated
indices is assumed.
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Although the Euclidean projection is commonly used in applications, it suffers
from the fundamental drawback alluded to earlier, i.e., it is not invariant under
inversion of the elasticity tensor. The projection found using the elastic stiffness
is different from that obtained using the compliance tensor. This fundamental
inconsistency arises from the dual physical properties of the elasticity tensor/matrix
and its inverse. The projection of one is clearly not the same as the inverse of the
projection of the other, although both projections by definition possess the same
elastic symmetry. While there are circumstances in which the Euclidean projection
is preferred, e.g., for the generalized Fedorov problem of finding the best acoustical
approximant of a given symmetry [5], there is a clear need for a consistent technique
to define a “closest” elastic material of a given symmetry. The solution to this
quandary is to use an elastic distance function that is invariant under inversion.
Several have been proposed of which we focus on two, the Riemannian distance
function due to Moakher [1] and the log-Euclidean length of Arsigny et al. [2],
described in Section 3. Moakher [1] describes how the Riemannian distance function
gives a consistent method for averaging elasticity tensors. The only other application
so far of these invariant distance functions to elasticity is by Norris [17] who discusses
the closest isotropic elasticity.

The outline of the paper is as follows. The three distance functions are intro-
duced in Section 3 after a brief review of notation in Section 2. Section 4 defines
the different types of elastic symmetry using the algebraic tensor decomposition
of Walpole [19]. Euclidean projection is presented in Section 5, with results for
particular elastic symmetries summarized in Appendix A. Before discussing the
closest tensors using the logarithmic norms, methods to evaluate the exponential
and other functions of elasticity tensors are first described in Section 6. Section 7
discusses the closest tensors using the logarithmic norms, with particular attention
given to isotropy and cubic symmetry as the target symmetries. Numerical examples
are given in Section 8, and final conclusions in Section 9.

2 Notation

Elasticity tensors relate stress T and infinitesimal strain E linearly according to
T = CE, E = ST, (1)

where C and S denote the fourth-order stiffness and compliance tensors, re-
spectively. They satisty CS = SC = 1, the identity. Although we are concerned
primarily with fourth-order tensors in three-dimensional space, calculation and
presentation are sometimes better performed using second-order tensors in six-
dimensions. Accordingly we define S(d,r) as the space of symmetric tensors of
order r in d—dimensions. Elasticity tensors, denoted by Ela C S(3, 4), are positive
definite, i.e., A € Ela if (B, AB) > 0 for all nonzero B € §(3,2). Components are
defined relative to the basis triad {e;, e, e3}; thus,a=aje;, A = A;je;® e;,and A =
Ajje; ® e; ® ex @ e, where the summation convention is assumed over 1,2, 3 for
lower case subscripts. Symmetry of second-order (r = 2) tensors implies A;; = Aj,
while for A € §(3, 4) the elements satisfy

Aijtt = Ajit = Aijtis Aijrt = Aiij- (2)
@ Springer
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The first pair of identities reflects the symmetry of the stress and the strain, while the
last one is a consequence of the assumed existence of a strain energy function, and
consequently elasticity tensors have at most 21 independent components.

Throughout the paper lower case Latin, upper case Latin and “ghostscript”
indicate, respectively, three-dimensional vectors and tensors of order 2 and 4; e.g.,
vector b, A € §(3,2), A € 5(3,4). The basis vectors are assumed orthonormal,
e; - e; = §;;, 5o that products of tensors are defined by summation over pairs of indices:
(AB);; = Ay Byjand (AB);ji = Ajjpg Bpgri- The inner product for tensors is defined
as

(u, v) = tr(uv), 3)
where tr A = Aj;, and for elasticity tensors, tr A = A;;;. The norm of a tensor is
luell = (u, u)'’>. 4)

We take advantage of the well known isomorphisms between S(3, 2) and S(6, 1),
and between S(3,4) and S(6,2). Thus, fourth-order elasticity tensors in three
dimensions are equivalent to second-order symmetric tensor of six dimensions [20],
with properties BA < Ba AB < AB and (A, B) = (A B) Vectors qu second-
order tensors in six dimension are distinguished by a hat, e.g., vector a, A € §(6, 2).
Components are defined relatlve to the orthonormal sextet {€;, [ =1,2,...,6},
é;-e; =247, by a=ajey, A= Auel ®e,, Wlth the summation conventlon over
1,2,...,6 for capital subscripts. Also, tr A = A;;. The connection between S, 1)
and S (3, 2) is made concrete by relating the basis vectors:

6 — vector dyadic

& &y PN e Qe %(ez®e3+e3®e2) (5)
& & e  se;®e +e e

€3 € e e %(el®ez+ez®el)

This implies a unique AcS (6, 2) for each A € §(3,4), and vice versa. Let C € Ela
be the tensor of elastic stiffness, usually defined by the Voigt notation: Cjjy = ¢4y,
where [ or J =1,2,3,4,5,6 correspond to ij or kI = 11, 22,33, 23, 13, 12, respec-
tively, and ¢, are the elastic moduli in the Voigt notation [21], i.e.,

C11 C12 C13 C14 C15 Cl6
C22 €23 Co4 C25 C26
€33 C34 C35 C36

(6)
Ca4 C45 C46

S Y M C55 Cs6

Co6
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The isomorphism implies that the associated matrix CeS86.,2)is positive definite
and has elements

1 1 1
cii Cr2 c13 22c1422¢15 22¢q6

1 1 1
Clz  Cxn €3 22¢24 272¢5 27Cx6

1 1 1
Ci3 €3 €33 22034 22¢35 22C36

o)
Ml

™)

1 1 1
27c14 2704 27C34 2044 2c45 2c46

1 1 1
27¢15 22095 22¢35 2045 2055 2¢s6

1 1 1
27¢16 2706 27C36 2C46 2C56 2066

The spectral decomposition of elasticity tensors can be expressed in both the
fourth-order and second-order notations [12, 20],

6 6
CZZA[N[@N[ <~ C:ZA[ﬁ[@ﬁ], (8)

I=1 I=1
where Ajandny, I = 1,2, ..., 6 are the eigenvalues and eigenvectors of the matrix 6,

N; are the associated dyadics, with (a;, ;) = (N;, N;) = ;5. Also, A; > 0 by virtue
of the positive definite nature of the strain energy.
The elastic moduli C can also be expressed as a vector with 21 elements [14],

X=(x1, X2, X3, X4, X5, X6, X7, X3, X0, X10,X11,X12, X13, X14, X15, X16, X17, X18, X19, X20, X21)"
= (Cn, 0, €33, ¥ 2€23, V2013, V2¢12, 2044, 2655, 2¢66, 214, 2€25, 2C36,
2(,‘34, 2C15, 2C26, 2024, 26‘35, 2C1(,, 2\/§C56, 2\5&16, 2«5C45)t
= (E11, 622, &35, V223, V2013, V2, Caa, G55, Cas V214, V225, 25,
Vasa, V15, 2, N 2brs, N 235, N s, N Uese, N2, N2l )
The +/2’s ensure that the inner product preserves the norm of the elastic moduli,

whether it is a tensor, matrix or vector. Thus, the norm of an elasticity tensor can be
expressed in various ways depending on how C is represented,

ICII> = (C, C)= CiyuCija =rsC1s = ArAr = | X|I. (10)
@ Springer
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3 Elastic Distance Functions

We consider three metrics for Ela: the Euclidean or Frobenius metric d, the log-
Euclidean norm d;, [2] and the Riemannian metric dg [1]. They are defined for any
pair of elasticity tensors as

dr(Cy, C) =IC; — Gl (11a)
d (Cy, Cy) = |[ILog(Cy) — Log(Cy)|l, (11b)
dr(Cy, C) = [Log(C7 G 7)) (11c)

The Riemannian distance dy is related to the exponential map induced by the scalar
product on the tangent space to Ela at C [1, 22]. The log-Euclidean metric d;, can be
motivated by the following definition of tensor multiplication [2] :

Ci 0 C; =exp (Log(Cy) + Log(Cy)) . (12)

The © product preserves symmetry and positive definiteness, unlike normal multi-
plication. The three metrics have the usual attributes of a distance function d:

1. non-negative, d(C,, C,) > 0 with equality iff C; = C,,

2. symmetric in the arguments, d(C;, C,) = d(C,, Cy),

3. invariant under a change of basis, d(C}, C5) = d(C, C,) for all proper orthog-
onal coordinate transformations {e;, e,, e3} — {e|, €}, e}}, and

4. it satisfies the triangle inequality, d(C,, C3) < d(C,, Cy) + d(C,, C3).

The Riemannian and log-Euclidean distances possess the additional properties
that they are invariant under inversion and (positive) scalar multiplication

dp r(Cy', €Y =dp r(Cy, Cy), and dz g(aC,aC)=d; g(Cy, Cy), a> 0.
(13)

The following inequality between the logarithmic distance functions is a consequence
of the metric increasing property of the exponential [23]

dp(Cy, Cy) < dr(Cy, Cy). (14)

We also have (see [23] for the inequality)
di(C}, C)) =1b1d(C, Cy), beR (15a)
dr(C}, C8) <bdr(Cy, Cy, b el0,1], (15b)

and the Riemannian distance is invariant under congruent transformations, i.e.,
dr(TC, T, TC, T") = dr(C,, C,), VT invertible. (16)

Distance functions satisfying Eq. (13) are called bi-invariant, a property that
makes the Riemannian and log-Euclidean distances consistent metrics for elasticity
tensors. The Frobenius norm, not being invariant under inversion, gives different
results depending on whether the stiffness or compliance is considered. Other metric
functions may be considered. For instance, the Kullback-Leibler metric [1] is invari-
ant under inversion and congruent transformation but does not satisfy the triangle in-
equality, which we take here as prerequisite for consideration as a distance function.
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Each distance function has a geometrical interpretation. For instance, the mid-
point between C; and C, is defined as the unique C; such that d(C,, C3) =
d(Cs, Cy) = %d(@l, C,). Using dF, the midpoint is the vector halfway between the
21—vectors X; and X; as defined by Eq. (9), i.e., C3 = 1(C, + C,). The midpoint
using d; is C3 = (C; ® C,)"/2. The midpoint with dg is [24] C3 = C,(C;' Cy'/?
which can be expressed in several other ways, see [1]. More generally, the midpoint
is the value of the geodesic C(¢) att = %, where

(1-0C +1Cy, Frobenius,
C(r) = {exp((1 —HLog(C)) +tLog(Cy)), log-Euclidean, 0<r<1. (17)
C; exp (tLog((Cf' (Cz)) , Riemannian,

4 Elasticity Tensors of the Different Symmetry Classes

Elasticity tensors for the different symmetry classes are described in this section. The
choice of representation of [Ela is important for discussing the closest approximants,
particularly for the bi-invariant metrics. It should preferably be independent of the
coordinate system, although at the same time, practical application is normally in
terms of the Voigt notation, so the format should not deviate too far from this. We
begin with a review of alternative representations for elastic moduli.

4.1 Representation of Elasticity Tensors

There are many representations of Ela in addition to the standard Voigt notation
of Eq. (6). The 21-dimensional vector format [14] is useful for some applications,
including the Euclidean projection, as we show later. However, these two represen-
tations depend upon the coordinate system. Among the coordinate-free forms of
Ela that can be identified in the literature we distinguish (a) spectral decomposition,
(b) algebraic decomposition, (c) groups and reflection symmetries, (d) harmonic
decomposition, (e) integrity bases.

The first, (a), spectral decomposition dates back to Kelvin [25]. The idea is simple:
the elasticity tensor operates on the six-dimensional space of symmetric second-
order tensors, and therefore has a six-dimensional spectral form. The associated
eigenvalues are called the Kelvin moduli [12, 13]. Recent related developments
are due to Rychlewski [12] and Mehrabadi and Cowin [13, 20], who independently
rediscovered and extended Kelvin’s approach, see also [26, 27]. The associated six-
dimensional tensor representation will be used here for practical implementation.
(b) tensor functions operating on Ela can be greatly simplified using the irreducible
tensor algebra proposed by Walpole [19], and independently by Kunin [28]. This
procedure provides the most efficient means of representing elastic tensors of a given
symmetry class, especially those of high symmetry. We adopt this method to develop
most of the results here. (c) the group of rotations associated with elastic symmetry
provides an irreducible representation [29]. There are various related ways of consid-
ering elasticity tensors in terms of rotational group properties of tensors, e.g., based
on Cartan decomposition [30], complex vectors and tensors [31, 32], and subgroups
of O(3) [33, 34]. These ideas are closely related to definitions of elastic symmetry in
terms of a single symmetry element: reflection about a plane. The necessary algebra
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and the relationship to the more conventional crystallographic symmetry elements
are described in detail by Cowin and Mehrabadi [35]. Comparison between the
rotation-based approach and that using symmetry planes is provided by Chadwick
et al. [18]. (d) Backus [36] proposed a representation of Ela in terms of harmonic
tensors. These are based on an isomorphism between the space of homogeneous
harmonic polynomials of degree g and the space of totally symmetric tensors of order
q. There has been considerable interest in Backus’s representation [6, 37-39]. For
instance, Baerheim and Helbig [40] provide an orthonormal decomposition of Ela
in terms of harmonic tensors. (e) elasticity decomposition via integrity bases has
been studied considerably [41-45]. An integrity basis is a set of polynomials, each
invariant under the group of symmetry transformations, such that any polynomial
function invariant under the group is expressible as a polynomial in elements of
the integrity basis. For instance, Tu [42] used an integrity basis to construct five
hierarchies of orthonormal tensor bases which span the space of elastic constants
of all crystal systems. Any elastic tensor of order four possessing certain symmetry
may be decomposed into a sum of tensors of increasing symmetry. The resulting
decomposition has considerable similarity to the decomposition generated in Sec-
tion 5 using Walpole’s irreducible elements with Euclidean projection. Among other
methods for decomposing elasticity tensors, we mention the scheme of Elata and
Rubin [46] who use a set of six vectors related to a regular icosahedron to form a
basis for Ela. This basis naturally splits a tensor into deviatoric and non-deviatoric
parts.

We use Walpole’s [19] algebraic representation as it provides a consistent and
straightforward means to define projections of fourth-order tensors onto the given
elastic symmetry. This representation is better for our purposes than the spectral
decomposition, since it is independent of the elastic moduli (i.e., no distributors
[13]) and depends only on the crystallographic orientation. It uses the notion of
basis tensors, similar to but not the same as for a vector space, which makes it very
suitable for Euclidean projection. We work mainly with fourth-order tensors directly,
although the associated six-dimensional matrix notation is also provided. The latter
is simpler for purposes of computation, e.g., many of the matrix operations are easily
implemented using MATLAB. We begin with the highest elastic symmetry.

4.2 Tsotropic System

A general isotropic fourth-order tensor is given by

A=alJ+DK, (18)
where J and K are the two linearly independent symmetric tensors defined by
1
J=§I®I, K=1-17. (19)

The component forms follow from [ijkl = %(&«kaﬂ ~+ 66 k) and Jijkl = %51'/'51(1. Note that
the tensors J and K sum to the identity,

I=7J+K, (20)
and they satisfy the multiplication table

FP=J], K=K JK=KJ=O0. (21)
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The Euclidean lengths are || J|| = 1, | K]|| = V5. Tensors J and K form, respectively,
one and five-dimensional Kelvin subspaces [13]. An important result (see [3, 4]) is
that the closest isotropic elasticity tensor in the Euclidean sense is

Cio =3cJ+2uK, (22)

where

Ik = 3(@, J) = 811 + 622 + 633 + 26‘12 + 2613 + 2623,

30p = 3(C, K) =2(¢11 + o + 33 — C1o — Co3 — C31) + 3(Cas + G55 + Co6) . (23)
Gazis et al. [3] obtained Eq. (22) using methods similar to those we will generalize in
Section 5. Fedorov actually found « and p using an apparently different approach —
the minimization of the mean square difference in the acoustical or Christoffel
matrices for the original and isotropic systems. However, it can be shown [5] that
the generalization of Fedorov’s approach to other symmetries is identical to the

Euclidean minimization. The moduli (23) will be derived later in the context of the
general theory for Euclidean projection.

4.3 Cubic System

Let a, b and ¢ be three mutually orthogonal unit vectors that describe the three crys-
tallographic directions of a cubic medium. We introduce the second-order tensors

1 1 1
U=—@®c+c®a), V=—2(b®c—|—c®b), W=—2(a®b+b®a),

V2 V2 V2
1 1 1
V2 V2 V2

and fourth-order tensors L. and M defined by them,

(24)

X (c®c—a®a), Y= bob—-—c®e¢), Z= aAa®a—b®b),

2
L=UgU+VeV+WeW., M= XoX+YoY+ZeZ. (25

The tensors J, . and M sum up to the identity tensor, and L. and M partition K,
ie.,
I=J+L+ M, K=L+ M. (26)
The multiplication table for cubic tensors is
P=J L’=L M=M JL=LJ=JM=MJ=LM= ML= 0,
27)

and the Euclidean lengths are || L|| = +/3, || M|| = /2.
A general symmetric fourth-order tensor for a cubic media is given by a linear
combination of the three linearly independent tensors J, L. and M

A=al]+bL+cM. (28)

The tensors J, L and M form, respectively, one, three and two-dimensional Kelvin
subspaces [13].
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4.4 Transversely Isotropic System

Assume that the unit vector ¢ characterizes the preferred direction of a transversely
isotropic medium. Let P and Q be the second-order tensors

P=c®c, Q:%(I—c@c), (29)

and define the six linearly independent fourth-order elementary tensors
E,=PeP, E=Q8Q E=PQ E=Q&P,
F=WQW+ZQRZ, G=UU+VeV. (30)

Both [E,; and [E, are symmetric but the tensors E; and E4 are not, although they
are the transpose of one another and so their sum is a symmetric tensor. These
asymmetric tensors are introduced because the set {E;, E,, [E; + [E4} is not closed
under tensor multiplication. The multiplication table for the six elementary tensors
is

E, E;, E; E,
E|E, O E; O
E,|]O E, O E
E;|O E, O
E4|Es O E,
F|O O O
G|0O 0O 000G

@31)

The tensors E;, E,, Fand G sum up to the identity,
I=E +E+F+G. (32)

The Euclidean lengths are | E || = [| Ex|| = 1, || Es + E4 = | F| = | G|| = V2.
A general symmetric fourth-order tensor of transversely isotropic symmetry is
given by the five-parameter linear combination

A:a]E1+bE2+c(E3+E4)+fIF+gG. (33)

Note that the base tensors do not correspond to the Kelvin modes, although some
can be identified as such, e.g., G is a two-dimensional Kelvin subspace [13]. The
three bases tensors { |, E,, E; + [E4} together define a two-dimensional subspace.

4.5 Tetragonal System

Nine base tensors are required: {E;, E,, E;, E,, Fy, F,, F;, F4, G}, where the
new tensors are a symmetric pair F, F,, and a pair that are mutual transposes,
F3, Fa,

Fi=WQW, FH=2QZ F;=WeZ F,=ZW. (34)

In comparison with the transversely isotropic system, [ is replaced by the symmetric
pair of tensors, i.e., ' = | + [F,, and the decomposition, of the identity is

H:EI—I—EQ—l—FI—I—Fz—FG. (35)
@ Springer
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The multiplication table of the nine elementary tensors is

E, E, B3 B4 F, F, F3 Fy G
EE, OE O O O O OO
E,)OE, OE, O O O OO
Es OE OE OO O OO
F4/E, OE, 0O O O O O O 36)
F|]O O O OF OF; OO
F,/0 O O O OF, OF, O
F;0 0O 0O 0 OF; OF, O
F,/O O O OF, OF, OO
G|OO0O0OO0OO0OOOG

Under multiplication the E;’s and F,;’s decouple from one another and from G.
Furthermore, the algebra of the [F;’s is similar to that of the [E;’s. The Euclidean
lengths of the new tensors are || Fi|| = || Fa|| = 1, | F3 + Fy| = /2.

A general symmetric fourth-order tensor of tetragonal symmetry is given by the
six-parameter combination

A=aE; +bE; +c(E; + Ey) + pFi +qFy +r(F; + Fy) + gG. (37)

Tetragonal symmetry is often represented by six rather than seven independent
parameters. Fedorov [4] pointed out that transformation by rotation about the ¢ axis
by angle 6 yields zero for the transformed coefficient r if (see Eq. (9.7) in [4])

tand0 =r/(q — p). (38)

The transformation (38) depends on knowledge of the coefficients. However, it is
assumed here that the only properties of the tetragonal symmetry available a priori
are the orthogonal crystal axes a, b and ¢. The reduction from seven to six parameters
can be achieved after the effective tetragonal material is found, but the axes of the
final six-parameter material depend upon the initial moduli. Hence, it is important to
retain the seven-parameter representation (37).

4.6 Trigonal System

Trigonal symmetry is characterized by three planes of reflection symmetry with
normals coplanar and at 120° to one another. This symmetry class is also known as
hexagonal [19] but we refer to it as trigonal since hexagonal symmetry is often used
synonymously with transverse isotropy. It is advantageous to choose non-orthogonal
basis vectors a’, b’, ¢ with a’ and b’ normals to two of the planes and ¢ perpendicular
to them (the pair a’ and b’ may also be represented in terms of the orthonormal
vectors via, for instance, a' =a, b’ = —%a + @b). In order to describe symmetric
fourth-order tensors of trigonal symmetry, following [19] we introduce the second-
order tensors

2 2
S:\/g(a/®b/+b/®a/+a/®a/), T:\/;(a/®b/+b/®a/+b/®h’), (39a)

1 1
U=—@®c+cxa), V=——

b’ b)), 39b
7 ﬁ( Rc+ecxb) (39b)

@ Springer



226 J Elasticity (2006) 85: 215-263

the two symmetric fourth-order tensors

4 1 1
R1=§<S®S+T®T—ES®T—ET®S), (40a)
4 ! / ! ! 1 ! ! 1 ! !
R2=§<U aU+VeV - UgV-_V ®U>, (40b)
and two pairs of mutually transpose tensors:
4 1 1
Ry=280U+TOV - -ToU - _SgV), (41a)
4 4 ’ 1 ! 1 4
R4:§(U ®S+V ®T—5U ®T_§V ®8), (41b)
and
Rs= —S@V-TaU), Rg=—=(V&S-UaT) (41¢)
5—\/§ E] é_ﬁ ‘

To make the R;’s closed under multiplication, we need to further introduce two
skew-symmetric tensors

2 2
Ri=—T®S-S®T), Ri=—UV -V eU). 42
=5 v (42)
Thus, E;R; = R;E; = Ofori=1,2,...,4and j=1,2,...,8, and the multiplica-
tion table is?

R, R R; R, RsR¢ R; Rg
RfR, O R, O R; O R, O
RfOR, O R, ORs O Ry
R;{OR; O R, OR, O Rs
R(fR, O R, O Ry O Ry O (43)
RO Rs O —-R, O R, O —R;
Rs|R¢ O -Rg O R, O —R; O
R;/R;, O -Rs O R; O —R, O
R O Ry O —Rg O Ry, O —R,

The algebra of the R;’s is equivalent to that of 2 x 2 complex matrices [19]. We note
that R; = Fand R, = G, and hence the decomposition for the identity tensor is

I=FE + E+ R + R,. (44)

The Euclidean lengths of the new tensors are | R;| = | Ry = +/2, | R + Ryl =
IRs + Rl =2.

A general symmetric fourth-order tensor of trigonal symmetry is given by the
linear combination

A=aE| +bE; +c(E; + E») + pRi +qRy +r(Rs + Ry) +5(Rs + Re).  (45)

2 The multiplication table in [19] contains some typographical errors; specifically the elements (3,8),
(4,5), (5,8), (6,3), (8,4) and (8,6) in the original need to be multiplied by —1.
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4.7 Rhombic, Monoclinic and Triclinic Systems

The algebra for orthorhombic (equivalently orthotropic) symmetry is the same as
that of 3 x 3 real matrices plus three real numbers. For monoclinic symmetry it is the
same as the algebra of pairs of 4 x 4 and 2 x 2 real matrices. The lowest symmetry,
triclinic or no symmetry, has algebra the same as that of 6 x 6 real matrices. These
low symmetries are probably better defined in terms of their group properties, which
also serves as efficient means for Euclidean projection, as described in Section 5.

4.8 Six-dimensional Representation
An equivalent six-dimensional matrix format is described for the various elementary
tensors. For each symmetry class the six-dimensional tensors possess the same
algebraic properties as the fourth-order tensors, with the same multiplication tables
and Euclidean lengths.
The six-dimensional vectors {a,b,¢} represent the second-order tensors
{a®a,b®Db, ¢ ® c} that correspond to the axes {a, b, ¢}, where according to Eq. (5),
t

a=uae +ade, +aze; = a= (af, a%, ag, V2aa;, V2aza,, ﬁa1a2> , etc. (46)

The associated 6 x 6 base matrices are given next.

4.8.1 Isotropic System

The six-dimensional analogs of I, J and K are/I\, the 6 x 6 identity matrix, and j, K
where

~ 1 . R R . R . PN
J = g(E] +e2+e3)(e1 +82+E3)[, K=I1-1J. (47)

4.8.2 Cubic System

The analogs of L and M are

I

)
|

=)

L=T-ai'—-bb' —¢, M (48)
4.8.3 Transversely Isotropic System
Define the six-vectors

p=¢ 4=-5G+b), i=J@-h),
W= (ﬁalbl, V2a:by, ax/23b3, (asbs + asby), (asby + abs), (a1bs +azb1)>t, (49)

then the six-dimensional matrices for the tensors E;, E,, Es, E4, F and G are

F=ww+22, G=L-ww. (50)
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4.8.4 Tetragonal System

The six-dimensional representation is as for TI, with the addition
F=ww, F=i' F=w F,=iv. (51)

The trigonal system can be treated in the same manner using equations similar to
Eq. (46) for a and Eq. (49) for w, but the details are omitted for brevity.

5 Euclidean Projection

Euclidean projection is an essential ingredient for determining the closest tensors in
both the Euclidean and the log-Euclidean metrics. It is defined in abstract terms in
the next subsection, with the remainder of the section devoted to explicit procedures
for the projection.

5.1 Definition of the Projection

We wish to find the tensor Csyy of a specific symmetry class which minimizes the
Euclidean distance || C — Cgyy || of an elasticity tensor of arbitrary symmetry, C, from
the particular symmetry. The solution is a Euclidean decomposition

C = Csym + CJ_sym ) (52)

where Cgyy possesses the symmetries appropriate to the symmetry class considered.
The complement, or residue [3], is orthogonal to Cgyp,,

(Csym» (CLsym) =0, (53)

and hence
ICI* = Il Coymll* + Il Coymll* (54a)
I C- Csym”z = | (CJ_symHZ . (54b)

We illustrate the recursive nature of the Euclidean projection for the special case
of isotropy. Any elasticity may be partitioned into orthogonal components as

C = Ciso + Cliso
= Ciso + Ceuvjiso + Cietjeud + Cortjtet + Crmonjort + Cimon, (55)
where
Csyms/a = Cymp — Cyma, (56)

with sym A of higher symmetry than sym B. Eq. (55) partitions C using the path from
no symmetry to isotropy via cubic symmetry, see Figure 1. An alternative decompo-
sition via hexagonal, gives

C= (Ciso + (Chex/iso + (Ctet/hex + Cort/tet + Cmon/ort + (Cj_morr (57)

The different paths in Figure 1 were identified by Gazis et al. [3] and discussed
more recently in greater detail by Chadwick et al. [18]. The idea of sequential
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Flgure 1 The sequence of' trichmc 21
increasing elastic symmetries,

from triclinic to isotropic. The

number of independent elastic
constants are listed. The
dashed boxes for trigonal 6 and

tetragonal 6 indicate that these @A orthotroplc 9
are obtained from the lower
symmetries by rotation, and
do not represent new elastic _tgtr_aéar;af é ______

symmetries. The true
symmetries are the eight

in solid boxes [18]. %A L@

1sotrop1c 2

_____

decomposition in the Euclidean norm is not new, e.g., [14, 42], but the explicit pro-
jection and complement have not been represented previously.

Details of the recursive Euclidean partition of C are given in the Appendix. For
instance, Eq. (A.30) represents || C||*> using three different routes from triclinic to
isotropic. In particular, the length of the isotropic projection is given by

I Cisoll* = 9% + 20, (58)
where « and p are defined in Eq. (23), and the distance of C from isotropy is given by
ICisoll* = | CII” — 9% — 204 (59)

It appears that Fedorov [4] was the first to show that the distance from isotropy is
minimized if the isotropic tensor is as given in Eq. (22).

The remainder of this section details three alternative projection methods using
basis tensors, using symmetry planes or groups, and using 21-dimensional vectors.
The projection operators are valid for all symmetries, but the method based on sym-
metry planes becomes more complicated for the higher symmetries. Conversely, the
projection operator using basis tensors becomes simpler at the higher symmetries.
The 21-dimensional vector procedure is straightforward but is coordinate dependent.

5.2 Projection Using a Tensor Basis

We assume that the set of tensors {V; € Ela} form a linearly independent basis
for the symmetry sym in the sense that any elasticity tensor of that symmetry may
be expressed uniquely in terms of N linearly independent tensors Vi, V,, ... Vy,
where 2 < N < 13 is the dimension of the space for the material symmetry. We have
seen the explicit form of several sets of basis tensors in Section 4, e.g., N =2 for
isotropic elasticity. N = 13 corresponds to monoclinic, which is the lowest symmetry
apart from triclinic (technically N = 21) which is no symmetry. The N elements
of the orthogonal basis are assumed to be independent of the elasticity itself, i.e.,
they do not require “elasticity distributors”, which are necessary for the spectral
decomposition of Ela [13]. They depend only on the choice of the planes and/or
axes which define the group G of symmetry preserving transformations (see below).
The precise form of the basis tensors is irrelevant, all that is required is that they be
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linearly independent in the sense of elements of a vector space, and consequently
any tensor with the desired symmetry can be expressed

N
Coym = Zﬂi Vi. (60)
=1

Minimizing d2.(C, Cgym) with respect to the coefficients a; implies

a
3o 1C= Cym | =2(C, Vi) = 2(Cyym, Vi) = 0. (61)
Hence,
N
Za]-(V}-, Vl) = ((C, Vl) (62)

=1
Let D be the N x N symmetric matrix with elements
This is invertible by virtue of the linear independence of the basis tensors, and so

N
ai=Y_ D;'V; C). (64)

j=1

Noting that C,yym = C — Cgym, we have

N N
(Crsyms Cyym) = (C — ZQ[V[, ZLI,V,‘)
i—1 =1

N

N N
=Za,~(C, Vj>—22aiaj<vis Vi) =o0. (65)

=1 i=1 j=1

Hence, the partition (60) satisfies the fundamental projection property (52). It is
a simple exercise to show that Cgyy, of Eq. (60) minimizes the Euclidean distance
| C — Cgymll iff the coefficients are given by Eq. (64).
The Euclidean projection can also be expressed in terms of tensors of order eight,
Pgym, such that
Csym = Poym C, & (Cf]ykr? = P20 Conrs- (66)

ijklmnrs

The projector can be expressed in terms of dyadics of basis tensors,

N
Pym=Y D;'Vi® V;. (67)

i j=1
We now apply these ideas to particular symmetries, focusing only on the higher sym-

metries since the lower ones (monoclinic, orthorhombic) are relatively trivial and can
be handled using the projector of Eq. (71).
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5.3 Projection Operators for Particular Symmetries

The projector for the symmetries described in Section 4 follow naturally from the
vectorial formulation. In particular, we note that the D is diagonal in each case, and

1

1 1

1
Phex=E1®E1+E2®E2+§(E3+E4)®(E3+E4)
1 1
+;F@F+-GoG, (68c)
1
Ptet=E1®El+E2®E2+§(E3+E4)®(E3+E4)
1 1
+F1®]F1+FQ@F2+§(F3+F4)®(F3+F4)+§G®G, (68d)
1 1
Puig=E1 @ E1 + B2 ® Ep + - (B3 + E4) @ (B3 + E4) + SR @ Ry

1 1 1
+§R2®R2 +Z(R3+R4)®(R3+ Ry) + Z(RS + Rg)®(Rs+ Rg).  (68e)

Expressions can be given for the lower symmetries, but as discussed, the number
of elementary tensors involved is much larger. The form of the projectors in Eq. (68)
are independent of the crystal axes, and provide a coordinate-free scheme for
Euclidean projection. They can be easily programmed using the six-dimensional
matrix representation.

If sym A > sym B, we may convert Pgmp into a form that yields Cgmp and the
complement Cymp/a of Eq. (56). A general procedure for achieving this uses the
fact that basis tensors for a given symmetry are not unique, and accordingly, alternate
forms of Pg, may be found. The decomposition

PsymB = PsymA + PsymB/Aa (69)

can be found by a Gram-Schmid type of process. As an example, let sym A= iso
and sym B= cub, and consider the tensor basis for cubic symmetry { V|, V,, V3} =
{J, K, L — aM]}, where a is a free parameter. Requiring that D is diagonal implies
a = 3/2, and consequently we obtain

1 1
Popb=JT® J+§K® K+ %(ZL—3M)®(2L_3M): Piso+Pcub/iso~ (70)

The analogous partition for isotropy and transverse isotropy is described in Appen-
dix A, with Pheyjiso given in Eq. (A.24).

@ Springer



232 J Elasticity (2006) 85: 215-263

5.4 Projection Using the Transformation Group

Let G be the group of transformations for the material symmetry. G C SO(3), the
space of three-dimensional special (or proper) orthogonal transformations. Under
the change of basis associated with Q € SO(3), an elasticity tensor transforms C —
C’ where Cl]k, Qip Qjq Okr Q15Cpgrs- The projection is

m 1 m m m m
G = 12 O 0 O O o Q)

m 1

where n is the order of the group G, and Q" are elements of the group.

The order of the groups are as follows (see Table 6 of [35]): triclinic 1, monoclinic
2, trigonal 6, orthorhombic 4, tetragonal 8, transverse isotropy co + 2, and isotropy
oo’. The projection defined by Eq. (71) was discussed by, among others, Gazis
et al. [3], and has been applied to ultrasonic data by Francois et al. [47].

The six-dimensional version of the projection (71) is

-~ 1 1 ~ ~a t
Csym = ; Z Q(m)CQ(M) ) (72)

m=1

where Q(’”) € SO(6) is the orthogonal second-order tensor corresponding to Qim,
satisfying QQ’ Q’Q =T A necessary and sufficient condition that CSym has the
correct symmetry is that a(ﬁ’(\lsym(j(ﬁt, corresponding to the transformation Q®, is
also a member of the symmetry class. Thus, for j=1,2,...,n,

AAArlnAA<AA<zA11nAAAr
Q(DCS mQ(D I Q(/)Q(t)CQ(t) Q(D I Q(k)CQ(k) ) 73
Q=13 > 73)
The latter identity follows from Q©?Q® = Q® and the fact that the Q® form a group
of order n. This proves that Cgy, defined in Eq. (71) is indeed an element of the
symmetry class.

The projection formula (71) or (72) may be effected in several ways, e.g., by
referring to the extensive lists of the 6 x 6 matrices Q¥ provided by Cowin and
Mehrabadi [35]. We note that each Q? can be decomposed into a product of
reflection operators [35]. The fundamental operator is R(n) = I — 2n ® n, where the
unit vector n is normal to the plane. Chadwick et al. [18] provide a complete
description of these sets and groups. It is also possible to represent the group of
transformations in terms of elements each corresponding to a single rotation [18, 35].
The equivalence between reflection operator and rotations follows from the identity
Q(e, m) = —R(e), where Q(n, 8) € SO(3) defines rotation about n by angle 6.

We illustrate this general procedure with an example.

5.4.1 Example: Projection onto Monoclinic Symmetry

There is only one plane of symmetry [18], with normal ¢, say, and n =2 group
elements G = {I, —R(¢)}. Using Eq. (71) we have

1 1
Cg'lk(}n = E Cijkl + E Rip (C) qu (C) er (C) Rls (c) Cpqrs . (74)
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For instance, let ¢ = e;, and using the explicit form of R(es) from Eq. (54) of [33]
(where it is called R®),

R(e;) = diag(1, 1, 1, —1, —1, 1), (75)
then Eq. (72) gives
CiiCinciz 0 0 Cie

€ C3 0 0 ¢

R e e ¢z 0 0 Cs
Cmon = EC + ER(eS)CR(e.’J - . (76)
Cas C45 0

S YM Css 0

Co6

The example illustrates that the group projection method is practical if the order
n of the group G is not large. This is the case for monoclinic, orthorhombic and
perhaps trigonal systems, but even for these symmetries it is simpler to implement
the algorithm by machine. It is not practical for isotropy and transverse isotropy,
each with an infinity of symmetry planes. Application of Eq. (71) for cubic isotropy
is unwieldy although has been performed [47]. The explicit orthogonal basis method
of Egs. (60) and (64) provides a simpler procedure for the higher symmetries.

5.5 Projections Using 21-dimensional Vectors

The projection is simplest for this representation of [Ela because the elastic moduli
are explicitly represented as a vector. The operator is a 21 x 21 matrix Pgyp,, and the
closest elasticity is

Xyym = Pym X, (77)

where X is defined in Eq. (9). The various projection matrices can be read off from
the formulas of Appendix A. Thus, the projector for cubic symmetry is

1000000
000000
000000
1000
1o00]. (78)

W= W= W=
W= W= W=
W=

(=)
(=)
(=)

Peub O9x12
Pcub: 5 Pcub = 000

012x9 O12x12 000 3
000000
000000
000000

W= ==
—_
(]
(e]
o

W= W= W)=

W= W= =
W= W= =
Q= W= ] —

Browaeys and Chevrot [14] derived Pgyp, for isotropy, transverse isotropy (hexagonal
symmetry), tetragonal, orthorhombic and monoclinic symmetry. They found that in
all cases except monoclinic that the non-zero part of Pgyp, reduces to a 9 x 9 matrix
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Psym, as in Eq. (78). However, it should be noted that this is not true for the tetragonal
projector derived here, see Eq. (A.6), for reasons discussed in Section 4.5. Nor it is
true for the trigonal projector, see Eq. (A.10).

6 Exponential, Logarithm and Square Root of Symmetric Fourth-order Tensors

Unlike the Euclidean projection for the Frobenius norm, finding minimizers for
the logarithmic and Riemannian distance functions involves evaluation of analytic
functions with symmetric fourth-order tensor arguments. In this section we derive
the necessary expressions with emphasis on exponential, logarithm and square root

functions that will be used to obtain the closest elastic tensors in Section 7. For this
purpose, let & denote the analytic function given by its power series

o]
h(x) = Z ax™.
m=0
The higher symmetries are simpler, and are considered first.

6.1 Isotropic System

Using Egs. (20) and (21), for A defined in Eq. (18) we have

h(A) =) am@] +bK)" = agl+ ) am(@” I +b"K)

m=0 m=1

=agl+ Y an@" J+b"K) —ay(J+ K) =h@J +hd)K.  (79)

m=0

It follows that
exp A =e"J+ e K. (80)

When a # 0 and b # 0, the symmetric tensor A is invertible and its inverse is

A=l (81)
a b

The tensor A is positive definite if a > 0 and b > 0, with square root given by
AV = Ja]+ VP K, (82)
and logarithm

log A=InaJ+mbK. (83)
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6.2 Cubic System

Using Eqgs. (26); and (27), for A defined in Eq. (28) we have

h(A) =Y ag@l +bL+cM)”

m=0

a L+ an@"J+b" L+ c" M)

m=1

oo
=aol+ ) an@"J+b"L+c"M) —ap(J + L+ M)

m=0
= h(a)J + h(b) L + h(c) M. (84)
In particular,
exp(A) = e J + e’ L + ¢ M. (85)

Whena # 0,b # 0 and ¢ # 0, the symmetric tensor A is invertible and its inverse
is given by

A*'=2J+%L+%M. (86)
Ifa > 0,b > 0andc > 0 then A is positive definite. Its square root is
AV = /aJ+ Vb L+ eM, (87)
and its logarithm is given by
Log A=InaJ+InbL +1IncM. (88)

6.3 Transversely Isotropic System

Using Eqgs. (32) and (31), for A defined in Eq. (33) we have

h(A) = an[aBi +bEy + c(Bs + Ey) + fF+gG] ™
m=0

o0

=a)l+ Y an[(@Ei+bEy + c(Es + Ey))" + f"F + ¢g" G]

m=1

=Y am@B; +bEy + c(Es + E))" + h(HF + h(g) G — ay(F + G)

m=0
=h0)(E;+ E, — ) +h@E; +bE, + c(E; + Ey)) + h(f) F+ h(g) G. (89)
Contrary to the two previous classes of material symmetries, the upper left 4 x 4

multiplication table for the elementary tensors of a transversely isotropic medium is
not diagonal. This fact makes the algebra of transversely isotropic tensors a bit more
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difficult. Fortunately, Walpole [19] showed that the algebra for E;, E, E; and Ey4 is
equivalent to the algebra of 2 x 2 matrices. The details are described in Appendix B.

For the sake of simplicity of notation, we use the symbol a to denote the quadruple
(a, b, c, d) and introduce the functions

a(@) = %(u +0b),

Ba) = %(a _b),

y@ = 3@ b7 + 4@ + @),

5@ = \/om (if ab —c* —d* > 0). (90)

The variable d is not needed in this subsection, so we take d = 0. We used it to keep
the number of auxiliary functions to a minimum.
The procedure is to diagonalize the compound tensor argument in Eq. (89),

B=aE; +bE; +c(E;+ Ey) = (@@ +y@)E; + (@@ —y@)E._, (91)
where
1 1
By = o (Ey+ By) & Slcos v @)(Er — Bo) +sinyr@(Es + Eq)l, (92)

with ¥ (a) defined by

comﬁ(a):%, sinw(a)=$, if y@) >0,
y(a) =0, if y(@) =0.

The derivation is apparent from the results below, and explained in detail in
Appendix B. The central feature of this decomposition is that E. satisfy E, Ey =
Ei, EL,E_=0, E; + E_=E,+ E,, and consequently any function, 4, of the tensor
B may be expressed

h(B) = h(x(@) + y@)E; +h(a@ —y@)E_ +h0)(I- E, - Ky), (93)
and hence
h(A) =h(@@ +y@)E; +h(w@ —-y@)E_+h(NHF+h(9G. (%94)

Converting back to the [E;’s gives

h(A)=h"@)(E+ Ey)+h™ @) [B@(E,— Ep)+c(Es+ E)]|+h(HF+h(@) G, (95)

where
(@) = h(a(a) + y(a)) ;—h(a(a) — V(a))’
and
h(a(@) +y(@) —h(a(@ —y@) .
I (@) = 2@ , ify(@) >0,
h(x(@)), if y(a) =0.
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The results of Appendix B and above imply
exp(A) = e; @ E; + e,(@) Ey + e3(@)(Ez + Ey) + e/ F 4+ e5G, (96)
where
¢1(a) = exp(x(a))[cosh(y (a)) + B(a) sinhc(y (@))],
e>(a) = exp(x(a))[cosh(y (a)) — B(a) sinhc(y (@))],
¢3(@) = cexp(a(@)) sinhe(y (@), (97)
and sinhc(+) is the hyperbolic sine cardinal function defined by

1 if x=0,

sinhc(x) = { sinh(x) . (98)
otherwise.
X

Note that sinhc(x) is continuous at 0.
Whenab — ¢? #0, f # 0 and g # 0, the symmetric tensor A is invertible and

!
f

A is positive definite if a > 0, b > 0,ab — ¢*> > 0, f > 0 and g > 0, with square root

1
A~ bE| +aE; — c(Es + Ey)] + IF+§G. (99)

=ab—c2[

1
R
A = sy L@ S@ B+ (b + 3@ By + (B + )

+VfF+ /gG, (100)
and logarithm
Log A=L@E, +L@E; + @ (E;+ Ey) +1In fF+1ngG, (101)
where
i@ =Ins(@) + p@t@),
(@) =Iné(a) — B@y(a),

(@) = c {(a), (102)

with the function £(-) defined by
1 .
2@ ify(@ =0,
o
(@) = 103
@=1 1  s@+ra@ . (103)
n otherwise.

2y(@ a(@-—y(@

Note that for y(a) # 0 we have 2y'(a) In ZE:;J:;E:; = ﬁ tanh ! % and that the limit

of this expression is 1/a(a) as y(a) goes to zero.
6.4 Tetragonal System

Using the decomposition (35) and the multiplication table (36), an analysis similar to
that used for the transversely isotropic system implies that for a tetragonal tensor A
as defined in Eq. (37),
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h(A) =h"@)(E| + Ey) +h™ (@) [B@(E; — Ep) + c(Es + Ey)]
+ (P (Fy + Fo) + A~ (p) [BP)(F1 — Fo) +r(Fs + Fo) |+ h(9) G. (104)

As before,a = (a,b, c,d) (withd =0) and p = (p, q,r,s) (withs = 0).
Thus,
exp(A) =ej@E; +ex(@ Es + e3(@)(E; + Ey)
+e (P Fi+ex(P)Fo+ e3(p)(F3 + Fy) + €2 G. (105)

The tensor A is invertible if ab — ¢? # 0, pg —r*> # 0 and g # 0, and

A !

= h_& [bEl +aE, — c(E; + E4)]

1
+——— [qF1 + pFo —r(Fs + Fo)] + - G. (106)
pq—r 8

A is positive definite if @ >0, b >0, ab —c>*>0, p>0, g >0, pg—r*>>0 and
g > 0, with square root

1
e
AV = @ 5@ [(a+3@)E|+ (b +5@) Er+c(Es+ Ey)]

1
t e o) [P TPIFH @ e +r(Fs + Fol+8G, (107)

and logarithm

Log A=L@E + L@ E; + @) (E; + Ey)
+LE)F 4+ L) F + LE)(F; + Fy) +1ngG. (108)

6.5 Trigonal System

The decomposition (44) and the multiplication table (43) yield for A defined in
Eq. (45)
h(A) = h*@)(E; + E») +h~ (@) [B@(E; — Ey) + c(E3 + Ey)]
+h* (P)(Ri + Ry) + A (P) [BE)(R1 — Ry) +r(Rs + Ry) +5(Rs + Re)]
(109)
where, as before,a = (a,b, ¢, d) (withd = 0) and p = (p, q, 1, 5) (here s need not be

7ero).
Using these results we have

exp(A) =e;@E; + ;@ E; + e3(@)(E; + Ey)

+er(P) Ry +e2(p) Ry + e3(P) (R3 + Ry) + ea(P)(Rs + Ry), (110)
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where ¢;(-), i = 1, 2, 3 are as defined in Eq. (97) and es(p) = sexp(x(p)) sinhc(y (p)).
The tensor A is invertible if ab — ¢* # 0 and pq — r* — s> # 0, with

A !

= m [bE1 +alE, — c(E; + E4)]

ﬁ[qu +pR2—r(R3+ R4)—S(R5+ Rﬁ)] (111)
pq—r*—s

A is positive definite if a > 0, b > 0,ab —c¢*> > 0, p > 0,q > 0and pg —r> —s*> > 0,
with square root

1
p__ b
t 2(x(@) +5(@) [(a+38@)E; + (b +5(@)Ey + c(E3 + Eg)]
1

+———— [(p4+8(P) R + (q+5(P)) Ry +r(R3+ Ry) +s(R5+ Re)],

e Ty [P TP R+ @ H8PN Ry +r(Rs+ Ry +5(Rs+ Re)]
(112)

and logarithm
Log A = 1@ Ei + L@ E; + (@) (Es + E

+LPE) R + LP) R, + L(P)(Rs + Ry) + L(P)(Rs + R), 13)

where [;(-), i = 1, 2, 3 are as defined in Eq. (102) and [4(p) = s£(p).

6.6 Rhombic, Monoclinic and Triclinic Systems

There are no practical analytical results for the exponential, logarithm and square
root for these low symmetries. The purely numerical route is recommended.

7 The Closest Tensors Using Logarithmic Norms

We now consider the problem of finding the closest elasticity tensors using the
Riemannian and the logarithmic distance functions. The solutions use the machinery
developed in the previous Section for evaluating functions of tensors. We begin with
the higher symmetries.

7.1 The Closest Isotropic Tensor Using the Riemannian Norm

We want to find the closest isotropic tensor (Ci;o = 3«krJ + 2 g K to a given elasticity
tensor C,i.e.,find kg > 0 and ug > 0such that the Riemannian distance dg( C, Ci;o)
is minimized, where dy is defined in Eq. (11c). To find the optimality conditions, we
note that minimizing the Riemannian distance is equivalent to minimizing the square
of this distance, and recall the following result [24, Prop. 2.1]

d 2 _ qﬂ
ngMgX@]_m{ngmX mmxm]
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Here X(?) is a real matrix-valued function of the real variable ¢ such that, for all ¢
in its domain, X(¢) is an invertible matrix which does not have eigenvalues on the
closed negative real line. This result applies to fourth-order elasticity tensors via the
isomorphism (7).

Using this general result implies two conditions,

ad%? iso 2 —1 g~iso
Fen(C. CR)_atr[Log((C (CR)J]], (114a)
ad%? isoy 2 —1 m~iso
S (C (CR)_ﬁtr[Log((C CR)K]. (114b)

Hence, the optimality conditions for C%° are
r [Log( c! (Ci;“)u]]] -0, [Log(@*‘ Cio) K] —0. (115)
In view of the partition (20), addition of these two equations yields
tr [Log( c™! Ci,‘z‘o)] =0,

which can be rewritten as? (see Appendix B)

det(C™' Chy =1,
or, equivalently,

det C = det CX°. (116)
This is the counterpart of the fact that, for the Euclidean distance, the closest
isotropic tensor has the same trace as the given elasticity tensor.

7.1.1 The Closest Isotropic Tensor to a Given Cubic Tensor

For C =alJ] + bIL + ¢ M, the conditions (115); and (116), after some algebra, reduce
to

3
=R =0, ab’® =3krQur)’, (117)
a

which can readily be solved to yield
3kr = a, 2ur = (b3AH'.
7.1.2 The Closest Isotropic Tensor to a Given Transversely Isotropic Tensor
For C=aE,;+bE;+c(E;+ Es)+ fF+g G, the conditions (115); and (116) yield

3In8(X) — LX) (B(X) — 24/22) = 0, (ab — c*) f*g* = 3kr(21R)°, (118)

3 Here and throughout, the determinant of a fourth-order elasticity tensor C is det C = ]_[(I’:1 Aj,
where the A;’s are the eigenvalues of C. From Eq. (8) we have det C = detC, where C is the
associated six-dimensional second-order tensor.
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where X = (x, y, z, 0) with

()=ma(d o (29)-2(p)r o

where

z:%(_iﬁ ‘?) A=diag<\/31lTR, \/217}) (120)

Since X is an orthogonal transformation, it follows that AB — C?> =ab — ¢?,
A+B=a+b,xy—27>=(ab —c*)/(6krur)and x + y = (a+ b)/(6kriLR).

Equation (118), can be used to eliminate xg in Eq. (118); and hence we obtain
a single nonlinear equation for a single unknown. An appropriate choice for this
unknown is the positive variable & defined by the ratio

2_3KR 14+ vg

T 2ur 1 —=2vg’

where vg is the Poisson’s ratio of the closest isotropic tensor with respect to the
Riemannian distance. Then Eq. (118) yields the following equation for &

- = A+ BE*+ R(§) g3
A-Be)In=——-——""—REI =—=—= =0 121
(A= B e~ ROM 25 =0 (121)

where

RE) = /(A — B2 44282,

and A = A/(det C©)'/%, B = B/(det C)"/%, C = C/(det C)/°. Note here that for this
type of symmetry det C = (ab — ¢?) f2g%.

The isotropic moduli therefore depend upon three unidimensional combinations
of the transversely isotropic moduli, A, B and C. Once the solution £ of Eq. (121) is
found, the isotropic moduli are given by

3k = (det C)/0£5/3 2ur = (det C)/0g=1/3, (122)

7.1.3 The Closest Isotropic Tensor to a Given Tetragonal Tensor

For C=aE, + bE; + c(E; + Es) + pFi + qF> + r(F5 + F4) + g G, the conditions
(115); and (116) yield

3In8(X) — £X)(BX) —2v22) =0,  (ab — A)(pq — 118" = 3krQur)®, (123)

where again X = (x, y, z, 0) is defined by Eq. (119). The solution is obtained in similar
manner to that for transverse isotropy, thus, kg and pr are given by Eq. (122) but in
this case det C = (ab — c?)(pq — r*)g>.
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7.1.4 The Closest Isotropic Tensor to a Given Trigonal Tensor

For C=aE,+bE)+c(E;+E)+pRi+qgRy+r(R3+ Ry)+5(Rs+ Rg), the condi-
tions (115); and (116) yield

3In8(X) — £(X)(B(X) —2v/22) =0, %(ab — A (pqg —r* —5*)? =3krug)’, (124)

with X = (x, y, z, 0) of Eq. (119). The isotropic elastic moduli are obtained in similar
fashion as for of transverse isotropy, i.e., kg and pg are given by Eq. (122) but now
det C = %(ab —A)(pg —1r* =52

7.2 The Closest Cubic Tensor Using the Riemannian Norm

The optimality conditions that define the closest cubic tensor (C‘j;‘b =3krJ+2ur L+

2nr M to a given elasticity tensor C of lower symmetry, are obtained by minimizing

the Riemannian distance dg(C, C%lb):

0 d%? cub 2 —1 q~cub
Fen(C. CE = atr[Log((C ce )J] =0, (125a)
2
2
gﬂ(«:, cory = [Log( C' ooy ]L] -0, (125b)
KR KR
2
2&(@, coy = 2 g [Log((C*‘ Ci;“’)M] —0. (125¢)
R T

As kg >0, ug > 0and ng > 0, these conditions are equivalent to
r [Log( c! Cj;lbw] -0, V=1J L M (126)

In view of the partition (26);, combining these three equations yields, in the same
manner as for Eq. (115),

det C = det C%° = 3kr(21ur)> 2ng)%. (127)

If C=aE+bEy+c(Es+Ey)+pFi+qF+r(Fs+ Fy)+gG, ie., is of tetragonal
symmetry, then (126) V = J reduces to

3In8(X) — £(X)(B(X) — 24/2%) = 0, (128)

where X = (%, 7, Z, 0) with

YO w4 Qsowax( C)xas, (129)
zZy C B cb

where X is as defined in Eq. (120) and

- 1 1
A = dia , .
g<v3KR v277R)
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Again, since X is an orthogonal transformation, it follows that A B—C?=ab —c?,
A+ B= a+b,xy—z7>=(ab — c*)/(6krngr), and X + y=(a + b)/(6krnr). Eq. (127)
becomes

(ab — M) (pq —r*)g* = 3krur)*2n)% (130)
Let ¢ and o be the nondimensional positive variables defined by

2_3KrR 2 _ MR
2nR’ nR

3

then Egs. (128) and (126) V = L yield the following coupled two equations for ¢
and o

< o AYBRH 0@ tPodet OF
(A - Bt )lnA+B;2—Q1(;) Qi) In -0, (131a)

P+qo’+ Oa0) o lab -

(p—go*)n

where

Qi6) = \/ (A= Be)2+4C%2,  Qx(0) =(p—qo)? + 420>
The three moduli of the closest cubic elasticity tensor are then given by

k=0 (et ©)V8, 2ug = ¢ o(det ©), 2mg =¢ o (det C)V°.

7.3 The Closest Transversely Isotropic Tensor Using the Riemannian Norm

We want to find the closest, in the Riemannian metric, transversely isotropic tensor
(Cl}fx =alE| +bE; + c(E; + Ey) + fF + gG to a given elasticity tensor C of lower
symmetry, i.e., finda > 0, b >0 f >0, g > 0 and ¢ with ab — ¢*> > 0 such that the
Riemannian distance dg(C, C}}fx) is minimized.

The optimality conditions are

3d2
8aR ((C, C}]l"’ex) —

o [Log((C_l chex) (bR, — c]E4)] —o, (132a)

2

5 d3,
—(cc chexy = [Log(C chexy (g |, — c]E3)] -0, (132b)

ab — 2

32
TcR(C’ chexy = r [Log(C*l CheX)(—c R — cE, + bE; + a]E4)] -0, (132)

ab — c?
adz hex hex
a—f(c chs )—?tr[Log((C che )IF] (132d)
9 d% h 2 1 ~h
—((C chex) = ftr[Log(C* (CReX)G] —0. (132¢)
g
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Asa>0,b>0,ab—c*>0, f>0and g> 0, these five conditions are equivalent to
tr [Log( C' ey v] =0, V=bE, —cEy aE, —cEs, E, + E,, F, G. (133)

Combining the conditions for E; + E,, F andG, and partition (32) implies the
constraint

det C = det Ch¢™,

7.4 The Closest Tensors Using the Log-Euclidean Norm

The closest elasticity tensors according to the log-Euclidean metric follow by min-
imizing d3 (C, Cgym). The stationarity condition implies that (Log C — Log Cqyy) is
orthogonal (in the Euclidean sense) to the symmetry class, and hence

Log Ceym = Pgym Log C, (134)
where the Euclidean projector is defined in Eq. (67). We may therefore write

Cyym = exp (Pgym Log C). (135)
This may be evaluated for the particular symmetries using the explicit expressions

for Pgym in Eq. (68), combined with the formulas for the logarithm and exponential
of elasticity tensors in Section 6. We note in particular the Euclidean property,

d2L ((C, CsymA) = dzL ((C, (CsymB) + d% (Csyva CsymA) . symA >symB. (136)
We note the following identity, which is a consequence of the requirement that

(Log C — Log C¥™) is orthogonal to each of the basis tensors,
tr[V;Log C] = tr[ V; Log Cgym]. (137)

In the remainder of this section we apply this to the particular cases of isotropy and
cubic isotropy, for which we derive explicit formulas for the closest moduli.

7.4.1 The Closest Isotropic Tensor Using the Log-Euclidean Norm

There are two basis tensors and therefore the general conditions (137) become, using
Eq. (83) with C}° =3k, J+2uL K,

In3k; = tr[JLog CJ, In2u; = +tr[KLog CJ. (138)
Hence, we obtain explicit formulas
3k, =exp (tr[JLog C]), 2ur = exp (3 tr[KLog CJ). (139)
Using I = J + K and Eq. (B.14), it follows that

3k (2ur)’ = det C. (140)
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7.4.2 The Closest Isotropic Tensor to a Given Cubic Tensor

For C=aJ+ bL + cM, we use Eq. (88) and K = L + M to simplify the conditions
(138). After some algebra we find [17]

3k =a, 2ur = (b3cAH'5.

These moduli coincide with those obtained for the Riemannian norm. This is a con-
sequence of the fact that when two tensors C; and C, commute under multiplication
we have Log(C, (C;l) = Log C; — Log C,.

7.4.3 The Closest Isotropic Tensor to a Given Transversely Isotropic Tensor

For C=aE, +bE, + c¢(E; + Ey) + fF + gG, we use Egs. (101), (138), and (A.22),
to get

1 b — 42 b+2y(a
In3k; = = In(ab — c*) + at fclna+ 2y ). (141)
2 12y (a) a+b—2y@)
Thus,
b—a+4v/2c
b _ b 2 4 2\ 64/ (a—b)2+4c?
3k, =+ab — 2 ath+y )"+ , (142)
a+b —./(a—b)?+4c
and the shear modulus then follows from Eq. (140) as
1 2 2]
2uL=|3—ab—cHfg| . (143)
KL

Note that the Eq. (141) for k, can be cast in the form of Eq. (122);, where & satisfies
an equation similar to Eq. (121),

o 1.7 10/3
A—BymATBERO i £ (144)
A+ B— R(D) AB_C

7.4.4 The Closest Isotropic Tensor to a Given Tetragonal Tensor
For C=aE; +bE; +c(E;z + Ey) + pFy + qF> + r(F5 + F,) + gG, we again use

Egs. (101), (138); and the identity (A.22), to derive Eq. (142) for k. The shear
modulus is

1/5
2y = [iwb — &) (pq - rz)gz] . (145)
3KL

7.4.5 The Closest Isotropic Tensor to a Given Trigonal Tensor

For C=aE; +bE; +c(E; + Ey) + pRl +q]R2 +r(R; + Ry) +s(Rs + Rg), the
condition (142) for « is again recovered, while u follows from

1/5
2up = [i(ab — A (pg—1* - 82)2] : (140)
3KL
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7.4.6 The Closest Cubic Tensor Using the Log-Euclidean Norm
Proceeding in the same way as for the isotropic case, in this case with three basis

tensors, Ci“b =3k, J+ 2, L+ 25, M, we find that the closest cubic tensor has
explicit solution

3kr = exp (tr[JLog C]),

2L = exp (% tr[ L Log C]) ,

20, = exp (% tr[ M Log (C]) . (147)

The moduli satisfy the same determinant constraint as for the Riemannian norm, in
this case

3, 2pr)} (2n1)? = det C. (148)
7.4.7 The Closest Cubic Tensor to a Given Tetragonal Tensor

For C=aE, +bE; + c(E; + Ey) + pFy + qF, + r(F; + Fy) + g G, the bulk mod-
ulus « is again given by Eq. (142). We use

L=F +G, (149)

to obtain

_ 2 4 2\ 2 (p;,?2+4,2
pra+Vp—a*+ r) L (s0)

P+a—v(p—q?+ar

2ur = (pq— )0 g (

The shear modulus 7, follows from

2 2,212
(ab — c*)(pq r)g} _ (151)

2n; =
" [ 3k QuL)
7.4.8 The Closest Transversely Isotropic Tensor Using the Log-Euclidean Norm

In this case there are five basis tensors, (le’x =aE; +bE; +c(Es + Ey) + fF+
g G. Using Egs. (101) and (137), we have

1 1
f=exp (5 tr [ F Log (C]) , g =exp (E tr[ G Log (C]) , (152)
and the remaining three moduli follow from the identities

i@ =tr[E,Log C], L@@ =tr[E,Log C], lz3(a)= %tr[(IE3 + Es) Log C]. (153)
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Thus,
a= SCOSh(i;iEOShQ)! b — SCOSh(igsﬁEOShH)’ c= 8Sinhéf§,095h0) , lf¢ 7& 0,
(154)
a=28¢Y, b=¢8", c=0, ifgp =0,
where
1 1
¢ = 5 tr[(E; + E4) Log C], Y= 3 tr[(E, — E;) Log C], (155a)

1 v (v "
3 =exp (5 tr[(E; + E;) Log (C]) , 0 = log |:¢ + (ﬁ + 1) :| . (155b)

8 Application and Numerical Examples

We illustrate the methods developed above by considering an example of a general
elasticity tensor, with no assumed symmetry. This type of data raises a problem
typically encountered, i.e., find the optimal orientation of the symmetry axes in
addition to finding the closest elastic tensors for a given symmetry axes or planes.
We first present the data, and the isotropic approximations, and then consider the
question of orientation.

8.1 Example

A complete set of 21 elastic constants were determined ultrasonically by Frangois et
al. [7]. The reader is referred to their paper for details of the measurement technique.
The raw moduli are

243 136 135 22 52 —17
136 239 137 —28 11 16
135 137 233 29 —49 3

C=1 12 —28 20 133210 -4 | ©P¥ (156)
5 11 —49 —10 119 —2

—-17 16 3 -4 -2 130

We first search for the presence of symmetry planes, which are an indicator of
underlying symmetry. Following Cowin and Mehrabadi [35], define A and B by

Aij = Cijik, Bij = Cikjk. (157)

If A and B have no common eigenvectors then there are no planes of reflection
symmetry and the material has no effective elastic symmetry [48]. We find that
the two sets of eigenvectors are not coincident, and the smallest angle between
any pair from the two sets of eigenvectors is 16°. Materials with symmetry higher
than orthorhombic have five or fewer distinct eigenvalues A; [20]. For the given
moduli, we find A; = 47,79, 244, 285,312, 512, consistent with the material having
no symmetry plane.

We next consider isotropic approximations to the 21 moduli. The Euclidean and
log-Euclidean approximations follow from Egs. (68a) and (139), respectively. The
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numerical procedure for finding the closest, in the Riemannian norm, isotropic tensor
CR =3krJ + 2nrKis as follows. Define the function

FQ3kr, 2ur) = tr[Log(C™'Grr J + 2z K)) J1.

By the equal determinant rule (116), we have 3kg(21ug)°> = det C, and therefore we
need only solve the equation for one of kg or . In practice, we solve

FQir, (%50 =0

3KR
using Newton’s method.
The isotropic approximations are
|« p
Euclidean, C [170.11 96.87
Euclidean, S {169.33 55.81 (158)

log-Euclidean|169.84 75.91
Riemannian [169.69 75.92

The Euclidean projection is obviously not invariant under inversion. Another way to
see this is to consider the product

Sic0Ciso ~ 1.00T 4 0.74K, (159)

where ClSO and SISO are the isotropic projections for the stiffness C and compliance
§=C", respectively. The product (159) is an isotropic tensor, as expected, but
not the identity. The analogous product sbymcsym of the Euclidean stiffness and
compliance projections becomes closer to the identity as the symmetry is reduced,
although not uniformly. As one measure, we note that the parameter det (Ssym Csym),
which is unity for the full triclinic matrices, takes the values 4.2, 4.6, 6.6, 4.5, 8.1, 5.3,
15.8 for mon, ort, trig, tet, hex, cub and iso, respectively.

8.2 Orientation Effects

This set of moduli present the general problem of finding the optimal orientation
of the symmetry axes, for given symmetries. This can be done by a “brute force”
approach of searching over all possible orientations of the basis vectors. In practice
this is achieved using Euler angles (6, 6,, 63) to transform from f{e;,e,, e3} —
{e}, €}, €;} by first rotating about the e; axis by 6;, then about the intermediate e/
axis by 6,, and finally about the €} axis by 63. The moduli transform as C — C/, and
for each triple (6, 6», 63) the closest elasticity tensors Cgy, of different symmetries
are found. Numerically, we fix the symmetries by reference to the original basis, with
{a,b, c} = {e}, e, e3}.
Let d be any of the three distance functions, and define

& ((Csyma (Ciso)
d2 (Cv (Ciso) .
Thus, 0 < psym < 1, with equality only if the rotated C' has symmetry sym. The pre-

liminary analysis above indicates the absence of any symmetry so we expect pgym to
be less than unity. We also define

ps*ym = 9111}9‘3)2)1 Psym (01, 02, 63). (161)

Psym 01, 0,,03) = (160)
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Table 1 pgym calculated using the Euclidean projection of the stiffness C

dp, C Peub Phex Ptet Port Ptrig Pmon
cub 0.91 0.60 0.91 0.92 0.61 0.94
hex 0.85 0.60 0.91 0.87 0.62 0.93
tet 0.01 0.45 0.92 0.88 0.47 0.94
ort 0.03 0.54 0.90 0.94 0.58 0.95
trig 0.12 0.20 0.21 0.20 0.95 0.22
mon 0.02 0.07 0.35 0.81 0.08 0.98

The diagonal elements in italics are the values of pg,, for the symmetries indicated in the left
column. The other numbers in each row are the values of psym evaluated at the same orientation
as Pym-

Orientations at which pgym = pg,, are candidates for symmetry axes that best approx-
imate the moduli.

Tables 1 and 2 list the results using the Euclidean projection for the stiffness and
compliance, respectively. Table 3 gives the results for the log-Euclidean distance.
The results in Tables 1, 2 and 3 were obtained using 60 x 60 x 60 discretized Euler
angles. In general, larger values give an indication of the proximity of the symmetry.
These numbers taken together suggests that the material is not well approximated
by hex, but that cub and certainly tet are reasonable candidates for approximating
symmetries. The analogous log-Euclidean computations, given in Table 3, reinforce
this view. Also, pZ, = 0.95 for the Riemannian norm, using the method below. We
focus on the cubic approximation for the remainder of this section.

8.3 Cubic Approximations

We note some properties of the optimally oriented cubic approximations. First, the
decomposition (70) for the Euclidean cubic projection has an interesting implication.
Noting that

2L-3M=5]+2K-5@a®a®a®kat+bebobb+c®c®c®c), (162)
and using Eq. (58), we may write the cubic length

” (Ccub||2 = 9K2 + 20/"2 + % (3K + 4//L — Caa — Cpp — ccc)2 ) (163)

Table 2 gy calculated using the Euclidean projection of the compliance c!

dr, S Pcub Phex Ptet Port Ptrig Pmon
cub 0.82 0.54 0.83 0.97 0.54 0.99
hex 0.18 0.71 0.90 0.83 0.72 0.97
tet 0.82 0.35 0.96 0.97 0.35 0.98
ort 0.82 0.35 0.96 0.97 0.35 0.98
trig 0.21 0.32 0.33 0.42 0.84 0.43
mon 0.82 0.54 0.83 0.97 0.54 0.99

The elements are determined in the same manner as in Table 1.
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Table 3 psym calculated using the log-Euclidean distance function, determined in the same manner
as in Table 1

dr Pcub Phex Ptet Port Ptrig Pmon
cub 0.92 0.68 0.94 0.96 0.69 0.96
hex 0.87 0.69 0.93 0.92 0.70 0.96
tet 0.11 0.47 0.95 0.71 0.48 0.96
ort 0.09 0.20 0.37 0.96 0.21 0.98
trig 0.26 0.43 0.43 0.44 0.94 0.47
mon 0.91 0.60 0.92 0.96 0.62 0.99

In particular the diagonal elements are p,.

where « and p are Fedorov’s isotropic moduli, and ¢, = (C,a®@ a® a®a) =
Cijaiajaay, etc. Consider || Ceup|l as a function of the orientation of the cube axes.
Since « and p are isotropic invariants, and ¢, > 0, ¢pp > 0, c.c > 0 on account of
the positive definite nature of C, it follows that the largest length occurs when
Caa + Cbp + Ccc achieves it smallest value. This implies that the best cubic approxi-
mation in the Euclidean sense occurs in the coordinate system with smallest value of
(c1y + ¢ +¢33).

The closest cubic material for log-Euclidean distance function is that which
minimizes dz (C, Cgyp). Using the Euclidean property, see Eq. (136), that

dZL ((C’ Ccub) - dZL ((Cv (Ciso) - di (Ccuba (Ciso) s (164)

and the fact that d;(C, Ci,) is unchanged under rotation, it follows that the
optimal Cgyp, maximizes dp (Ceup, Ciso). Let uy; denote the isotropic modulus, from
Eq. (139),, then since the bulk modulus «; is the same for isotropy and cubic
symmetry, it follows that

nr

Li

log (165)

dL ((Ccuba Ciso) = %

Therefore, the optimal orientation is that for which %(ZTL + %) achieves its largest
value.

Alternatively, if we define the Euclidean cubic approximation for C as (Cfp”b =
3kcpd 4+ 2ur L+ 2npLL, then kg = k and the optimal pp and nF maximize |up — np|
subject to the additive constraint %up + %n F = i, where u is the isotropic (Fe-
dorov) shear modulus. By comparison, the optimal log-Euclidean moduli maximize
|log . — log .| subject to the constraint 3 log puy, + £ logn, = log u.

The closest cubic tensor in the Riemannian norm, (C%‘b =3kpJ +2ugll +2ng M,
is obtained using a numerical scheme similar to that for the isotropic case. Define the
functions

Fy(3kg, 21r, 2ng) = tr[Log(C™' Gkr J + 2ur L + 2 M) J1,
F>(3kr, 21r, 2nr) = tr[Log(C™' BGir J + 2 L + 2ng M) LL).

Using the condition (127) of equality of determinants we can eliminate one of the
three unknowns, and therefore only need to solve two equations for kg and ug

det C 172 det C 12
Fi|3«g, 2up, | —— =0, Fo | 3kR, 2upg, | ——— =0.
1(”’* MK <3KR<2MR)3> 2\ TR SR (3KR(2MR)3>
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These equations are solved by the two-dimensional Newton’s method.

The numerical search for the optimal cubic approximation indicates that the
orientation which yields the maximum p7 , coincides for the three distance functions
for this set of moduli. The optimal cubic moduli are as follows

|k w7
Euc, C  [170.1 139.7 326
Eucl, S |169.3 135.1 29.7 (166)

log-Eucl 169.7 137.5 31.2
Riemannian|[169.8 138.1 30.9

The Euclidean moduli of the first row are in agreement with Francois et al. [7], who
used a method based on transformation groups to effect the projection. Note that the
Euclidean projection for compliance again gives a different answer than for stiffness.
Also, the bulk modulus for the log-Euclidean distance is the same as for the isotropic
approximation, see Eq. (158).

This example illustrates the practical application of all three distance functions.
The procedure is similar for materials in which the closest or best symmetry for
approximation might be, for instance, transversely isotropic. The Euclidean projec-
tion follow from Eq. (68c) and the log-Euclidean moduli from Egs. (152) and (153).
The closest transversely isotropic tensor in the Riemannian norm can be found in a
similar manner as above — in this case a system of four nonlinear equations for four
unknowns is obtained, which can be solved by Newton’s method.

9 Conclusions

Three distance functions for elastic tensors have been introduced and their applica-
tion to elasticity examined. The Euclidean distance function is the most commonly
used, but it lacks the property of invariance under inversion. Two distance functions
with this important property have been described in detail: the log-Euclidean and
the Riemannian norms. For each of the three distance functions we have developed
a coordinate-independent procedure to find the closest elasticity tensor of a given
symmetry to a set of moduli of a lower symmetry.

For the Euclidean distance function we have described a projection scheme using
basis tensors, similar to vector space projections. Explicit forms for the projection
operator have been given for isotropic, cubic, transversely isotropic, tetragonal and
trigonal symmetries. The projection method was compared with the group transfor-
mation scheme and with the 21-dimensional approach. We also described the form
of the projection operator using 6 x 6 matrices, which is easily implemented on a
computer, and derived explicit expressions for the tensor complements/residues, and
for the lengths of the projections. This allows one to decompose, in a Pythagorean
sense, the elastic stiffness or compliance, although with different results for each.

Detailed and practical results have been presented for applying the logarithmic
based distance functions to the same problem of approximating using a higher elastic
symmetry. Both the log-Euclidean and the Riemannian distance functions are invari-
ant under inversion. As such they offer an unambiguous method for determining the
closest moduli of a given symmetry, providing unique results regardless of whether
stiffness or compliance is considered.
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Calculation of the logarithmic distance functions requires evaluation of the
logarithm, square root and exponential of tensors. Semi-analytical procedures for
obtaining these for the most important, higher, elastic symmetries have been derived.
For the first time, practical expressions are available for computing the logarithmic
distances for symmetries higher than orthotropic, that is: isotropic, cubic, hexagonal
(transversely isotropic), tetragonal, and trigonal. The numerical example considered
illustrates how a data set with no symmetry can be reduced to find the optimally
fitting cubic moduli. The Euclidean/Frobenius norm yields different results based on
whether stiffness or compliances is use, but the log-Euclidean and the Riemannian
distance functions provide unique answers.

Appendix
A The Closest Tensors Using the Euclidean Norm

Results for the Euclidean projection are summarized. We first give the explicit form
of the projection for the various symmetries.

A.1 Summary of the Euclidean Projections

The projections onto the symmetry classes are expressed in terms of the elements of
the six-dimensional second-order tensor C of Eq. (7). For the purpose of subsequent
calculations, we take {a, b, ¢} = {e|, e, e3}. The symmetry classes are characterized
by a distinct direction, the direction of the monoclinic symmetry plane, the direction
perpendicular to the plane spanned by the normals to the planes of reflection
symmetry for trigonal and tetragonal symmetry, the axis of transversely isotropic
symmetry, a cube axis. In each case we take this direction as es.

A.1.1 Monoclinic and Orthorhombic Symmetry

ciciacn 0 0 ¢6
CnCn 0 0 ¢

-~ _ ¢z 0 0 Gz
Con = Cas Cas O | (A1)

S Y M Css 0

Ces

Clitncz 0 0 0

CnCz 0 0 O

~ i 0 0 0
Cone = a0 o (A2)

S YM Css 0

Ces
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A.1.2 Tetragonal Symmetry

Ciet as defined in Eq. (37) becomes in 6 x 6 notation

30+ 30 —q) 5c 00

3(b+q) 5c 0 0 -5
Ciet = a 00 0 [, (A.3)

g 0 0

SYM g 0

P

and the norm is

I Cietll® = @® + 6> + 2% + p* + ¢° + 27 +2¢°. (A4)

Performing the inner products using Eq. (64), with N =7 and {V;, V,, V3, V,, V5,
Ve, Vel = {Ey, Ea, (E3 + Eg), Fy, Fo, (F5 + Fa), G} gives

1 1 1
a=2¢y;, b= 5(511 +Cpn+20n), c= \7@(6]3 +¢3), g= 5(544 + Css5),
R 1. R R 1, R
p=Ce, q= 5(611 +Cn—2Cp), r= %(Cm — C26). (A.5)

In summary, the projection is

$@ +éx) 12 $@13+é23) 0 0 3 (@16 — ¢26)
3 @11 +¢2) %(5134-523) 0 0 3 (@26 — E16)
Ciet= €33 o 0 0 0 . (A.6)
5 (€44 + C55) 0 0
SYM §(@as + és5) 0
Ce6
A.1.3 Trigonal Symmetry
Cuig as defined in Eq. (45) becomes
(b +p) i —p) %c %r %s 0
1 1 1 1
i(b -l—P) 7C _ﬁr —ﬁs 0
Ctrig = a 0 0 0 s (A7)
q 0 —s
SYM q r
p
and the norm is
| Cietll® = a* + b2 4262 +2p* 4+ 2¢% + 4r% + 4s%, (A.8)
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where

a=2¢3, b=30@+ein+2p), c= %(513 +¢23), P = Ce6s

(A9)
q=%@u+iéss), r= 21%(@14 —G4) + 3056, 5= 2%/5(515 — &95) — Séus.
In this case,
& = G 7 G+ ) 58 ~ 5% 0
& 5@+ en) —%53‘6 %516 0
= C 0 0 0
C..— €33 A . 2, A.10
e 5 (Cas + Cs5) 0 Che ( )
SYM 1 (Cas + Cs5) &
Cos
where
- L. N R A
&i=3 (3¢11 + 3¢ + 212 + 2C66) » (A.11a)
. L, R A R
Co6 =4 (611 4 €22 — 2812 + 2866) (A.11b)
N 1/, 1. 1.
CZ6 = E <C46 — 72015 + 72625) s (AllC)
s L/, 1. 1.
Cs6 = 5 Cs6 + 726'14 — 726’24 (Alld)
A.1.4 Transverse Isotropy
With Cpex defined as in Eq. (33), we have
%(b—i—f)%(b—f)%c 000
~ 30+ ) 5¢0 00
Chex = a 000, (A.12)
g 00
SYM g 0
f
and
| Chexll® = a® +b> +2¢ + 2 f* +2¢*. (A.13)

The projection onto the basis tensors {Vy, V,, V3, V,, Vs} ={E,, E,, (E; + Ey),
F, G}, yields a, b, c and g as given in Eq. (A.5) and

1 1 . R . N
f= E(P-HI) = Z(C“ + Cop + 266 — 2C12) - (A14)
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Thus,
&y &) — G 3(C13 + E23) 0 0 0
& e+ eén) 0 0 0
Chex = €33 o 0 0 (A15)
5(Caq + Cs5) 0 0
SYM 1(Cas +655) 0
Co6
A.1.5 Cubic Symmetry
The 6-D matrix associated with Cg;, defined in Eq. (28) is
1@+2) 3(a—c) ta-c) 0 0 0
%(a+2c) %(a—c) 000
Caw = 3@+20 0 0 0 [ (A.16)
b 00
SYM b 0
b
with length
| Ceunll* = @* +3b% +2¢7. (A.17)

The Euclidean projection onto cubic symmetry follows from Eq. (64) with N = 3 and
{Vi, V, V3} ={J, L, M}, and gives

L. . . . .

a= 5(011 + Can + €33 + 2C12 + 2¢13 + 2¢23) (A.18a)
L.

b = 5(044 + Cs5 + Ces) (A.18b)
Lo

c= g(cll + o + €33 — €12 — a3 — C31). (A.18¢)

Note that a = 3k where « defined in Eq. (23);. In summary, the projection is

e 5 ¢ 00 0
¢ e 0 00
= AC

Cewp = n }g 0 0f, (A.19)

Cee 0 0

SYM e 0

~C

Ce6

where

R 1 . R . R 1 . . . R 1 . . R
& = 5(011 +éntéy), &= 3(612+613 +8x3), 5= §(C44+c55 +Ce6).  (A.20)
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A.1.6 Isotropy

With Ci, as given by Eq. (22), we have

K+%MK—%MK—%MO 0 0
k+3iuk—210 0 0

Cio = kK+3n 0 0 0 |, (A21)
2u 0 0
SYM 2u 0
2u

where « and p are defined in Eq. (23). These follow from the general projection
formula (64) with N =2 and {V,, V,} ={J, K}.
A.2 The Space Between Isotropy and Transverse Isotropy

We use a Gram-Schmid approach to define an orthogonal subspace between isotropy
and transverse isotropy (hexagonal symmetry). Noting that

1
I=; [E1+2E2+ﬁ(ﬂz3+ﬁ4)], K= [21E1+1E2—ﬁ(E3+1E4)+3F+3G], (A22)

1
3

we introduce

L,=G-F, (A.23a)
1

L, =2E, —2E; + —(E; + Ey), A23b

2 1 2 \/E( 3 4) ( )

L; =8E, +4E;, — 4v2(E; + E4) —3F —3G. (A.23¢c)

Thus, (L;, L) =0, i#j, and (L;, J)=0, (L;, K)=0, i=1,2,3. Hence {V;,i=I,
2,...5}={], K, L;, L, L3} form a basis for Hex, with D = diag(1, 5,4, 9, 180).
Eq. (67) gives

1 1 1 1
Phex = _ K K+-LioLi+-L,@L,+—L;® L
h J®J+5 ® +4 1 ® 1+9 » ® 2+180 3® L3
= Piso+Phcx/iso- (A24)

Thus, we have the explicit decomposition into orthogonal complements Cpex = Ciso+
(Chcx/ism where

Chexfiso = di Ly + da Lo+ d5 L3, || Chejiso||” = 4% + 943 + 1802, (A.25)
with

d1=%(g—f), d2=$(2a—2b+x/§c), d3=%(4a+2b—4\f2c—3f—3g), (A.26)
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anda, ..., g are given by A.5 and A.14. Eliminating the latter gives

1

d; =3 [2(644 + Cs5 + C1p) — (€11 + Con + 2566)] , (A.27a)
1
dy = 5 [E13 4 8 + 2853 — (@ + 82 +280)] (A.27b)
1 ¢ ¢ c P o A A A A
dy = 360 [é11 + Co + 14¢12 + 16(833 — 13 — E23) — 6(Cas + Css + Cee) | . (A27¢)

A.3 Complements
Some orthogonal complements or residues [3] between the symmetry classes are

presented here. These lead to the explicit expressions for elastic lengths in the next
subsection, Egs. (A.30) and (A.31). Thus,

0 Gadss 0 f (A.28a)

o 00 0 ¢
00 0 é
00 ¢
Coonore=[ 020 | (A28b)
SYM 0 0
0
G 0 F@13-é) 0 0 $@16+¢26)
2(022 ) 2(623 ¢13) 0 0 ]( ¢16+C26)
Cmon/tet 0 R 0 R AO €36 , (A.28¢)
5 (€44 —Cs5) C45 0
SYM 3 (@s5—Ca4) 0
0
ro+ 5 (E11—¢20) —70 F@1i3—é) 0 0 0
ro+3@n—¢i1) $(3—E13) 0 0 0
ort/hex 0 1a 0 R 0 0 ,(A.28d)
75 (C44—Cs5) 0 0
SYM $(@ss—¢as) 0
—2r0
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ro—rg 0 0 0 3(E16 — 26)

ro 0 0 0 (¢ — i)
etct/hcx = 000 0 s
00 0
S YM 0 0
—21‘0
ri=2ry r; 0 0 1(&6— )
rir2 00 (& — i)
etet/cub = —2r 00 0 ,
rs 0 0
S Y M r3 0
—27‘3
2r—r—r 0 0 O
2r —r 0 0 O
~ 2r 0 0 O
Ccub/iso = —2r 0 0 s
SYM =2r 0
—2r
where
1. . . . 1 . . .
ro= g(Cn + Cap — 2C12 — 2Ce6)s r = 6(611 + C — 2¢33),

ry = 6(313 + C3 — 2C12),

r=—
15

ry = 6(@44 + G55 — 2Ces),

(Cn +Co +C33 —Cla — €13 — €23 — Ca4 — C55 — C66)~

(A.28¢)

(A.28f)

(A.28g)

(A.292)
(A.29b)

(A.29¢)

Also, Ehcx/iso follows from Eq. (A.27) and (A.25) but is not given explicitly because
of its length, and neither are the complements involving Cy;g.

A.4 The Euclidean Distances

Three projections of the elastic length are as follows

I (CHZ = | Cisonz + ” (Ccub/iso H2 + ” (Clet/cub ”2 + ” (Cmon/lel ”2 + I CJ_mon”z
= | (Cisonz + ” (Chex/isouz + ” (Ctet/hex”z + ” (Cm(m/tet H2 + | (CLmonnz

= ” Ciso”2 + H Chex/iso HZ + || Cort/hexH2 + ” (Cmon/ort ”2 + ” CJ_mon”2 .
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These can be explicitly calculated using

~ 2 S S S S AU
[CLmon]”=2 (C%zt + s+ 3y + G5 + 8y + G5 + e + C%e) : (A3la)
- 2 2 a0
[Cmonort|* =2 (&5 + 36+ G + &s) (A31b)
1 . . R N R . R 1, R
HCorl/heXH =3 (é11+¢E2n—2¢12 — 286s) +5 - é)? + (613 — é03)* + 5 (Caa = és5)%, (A3le)
P 2 1, N R . L. . N R o K
| Crnonytet 5(611 — )+ (@13 —e3) + 5(644 —&55)% + (C16 + 26)* + 2635 + 26%6 , (A31d)
1 R TR D o
”Ctel/cubH s (€11 + ¢ —2633)" + 5(613 +Co3 — 2¢12)
+ 6(544 +&55 — 2866)* + (16 — €26)%. (A3le)
=~ 2 2, N R R . . R R A N2
[Ceubyiso|” = s (C11 + ¢+ &3 — C12 — 13 — €23 — ag — C55 — Cop) (A.31f)
1 ~ o
|Cret/hex H (Cn +¢op — 2612 — 2666) + (E16 — é26)* (A31g)

~ 1. . . . . . .
| Chex/iso H2 =16 [2(Ca4 + &55 + C12) — (€11 + ¢ + 2666)]2

1. N o . . A 12
+ 5 [13 + 23 + 2833 — (&11 + E22 + 2¢12)]
1
+555 [e11 + &2 + 14210 + 16(E33 — &13 — E23) — 6(6as + 55+ E66)] (A.31h)

and Egs. (23) and (58) give
L. .. . . .
I Cisoll* = 5 (611 + Ex + G334+ 2812 + 2813 + 2623)2
t1s [2@11 + Ex 4 633 — 12 — €23 — E31) + 3(Cas + G55 + C66)] (A.32)

All versions of the elastic length in Eq. (A.30) are the sum of 21 positive numbers,
the same as the raw form of the squared length in any rectangular coordinate
system using the Voigt elements. However, the three sets of 21 positive numbers
in Eq. (A.30) contain far more information about the underlying elastic symmetry of
the material.

B Exponential, Logarithm and Square Root of Hermitian Matrices

Let A be the 2 x 2 Hermitian matrix

_ a c+id
A_[c—id b } 1)

where a, b, ¢ and d are real numbers. The matrix can be decomposed into the sum of
an isotropic part and a deviatoric part,

0 id
A:AiSO+AdeV:|:((; o{i|+|:cfl'dcj_ﬂl ]’ (BZ)
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wherea = (a+b)/2,8=(a—b)/2andy = /B2 + 2 + d?. Note that Ag., vanishes
if and only if y = 0,1.e.,a=b and ¢ = d = 0, and that A2, = y*I. The eigenvalues
of A are real and given by

Ar=aty. (B.3)
For convenience we introduce the matrix

1 if y=0,

A= B.4
%Adev if y>0, (B4)
so that A”? = I. The exponential of A is then
eI if y=0,
A = ¢*(coshy I +sinh A”) = inh B.S
P ¢ (coshy I+ sinh A e*(coshyl + i yAdeV) it y>0. (B.5)
When ab — ¢ # 0 the matrix A is invertible and its inverse is
_ 1 b —(c+1id) 1
Al = ———— : =————(al—yA
ab — 2 — d? [—(C—ld) a ] ab—cz—dz(a vA)
1
= m(al — Adev). (B.6)

If a>0, b >0 and ab —c*> —d*> >0, then A is positive definite. Let § =
vab — c* — d?, then the positive-definite square root of A is

1 a+8 c+id 1
e 5 R
4 _\/2((17+(S)|:C—idb+8i|_m[(a+5)I+Adcv], (B.7)

and the inverse of its square root is given by

—1/2 _ 1 b+3 —(c+id)]= 1 _
A WD [_(c_ld) PO W T [(@+8)1— Agey]. (BS)

The logarithm is

Ins/ if y =0,

aty .,
Log A =1Inél+1In A = 1 / B.9
£ o—y Inél + —In mAdev if y > 0. (B.9)
Y a—=y

More generally, for any analytic function f we have

fl ity =0,
fA = fetn+ -y, fetn=fa=p, o o 610
2 2y
The Cayley—-Hamilton theorem states that
det(A)I —tr(A)A + A* = 0. (B.11)

Therefore, any analytic function of A can be written as a linear combination of I, A
and A?, or, if A is invertible, as a linear combination of I, A and A~!. Using the fact
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that 2A4ey = A — 82A~", we have the alternative expressions for the exponential,
logarithm and square roots

inh
expA = e |:cosh yI+ 51121 Y (A - (SZA")] , (B.12a)
Y
1 o +y 2
LogA=1Indl+ —1In (A-5"A7"), (B.12b)
4y a—vy
1
A= ——[sI+ A], B.12¢
2(a +8) [ ] ( )
1
ATV = ———[14+547"]. B.12d
V2(a + 8) [ ] ( )

We recall that for any n x n matrix M we have

det(exp M) = e" M. (B.13)

Therefore, when M = Log P for some matrix P we get

det P = "o D), (B.14)
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