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On the Number of Independent Invariants for m
Unit Vectors and n Symmetric Second Order
Tensors

MHBM Shariff

Abstract—Invariants play an important role in continuum
mechanics. Knowing the number of independent invariants
is crucial in modelling and in a rigorous construction of a
constitutive equation for a particular material, where it is
determined by doing tests that hold all, except one, of the
independent invariants constant so that the dependence in the
one invariant can be identified. Hence, the aim of this paper is
to prove that the number of independent invariants for a set of
n symmetric tensors and m unit vectors is at most 2m -+ 6n — 3.
The prove requires the construction of spectral invariants. All
classical invariants can be explicitly expressed in terms spectral
invariants. We show that the number of spectral invariants in
an irreducible functional basis is reduced to 2m + 6n — 3; a
significant reduction to that obtained in the literature if the
value of m or n is large. Relations between classical invariants
in a classical-minimal integrity basis are given.

Index Terms—Continuum mechanics, Independent invari-
ants, Integrity basis, Tensors and vectors, Relations

I. INTRODUCTION

Tensors and vectors play an important role in continuum
mechanics [1]. The construction of rotational invariants of
sets containing vectors and tensors in continuum mechanics,
especially for anisotropic materials [2], [3], [4], [5], has been
active for around 70 years. The classical invariants developed
by Spencer [1], published in 1971, have been extensively
used in the literature. Spencer [1] stated that ” It frequently
happens that polynomial relations exist between invariants
which do not permit any one invariant to be expressed as
a polynomial in the remainder. Such relations are called
syzygies”. This suggests that some of the invariants in a given
classical-minimal integrity basis may not be independent (see
also [6] ). However, due to the difficulty in constructing
relations (syzygies) among classical invariants, Spencer [1]
did not specifically mention the number of existing syzygies
for a given classical-minimal integrity basis, and in view
of this, the number of independent invariants was, often,
not correctly stated in the literature and it is occasionally
assumed in the literature (see, for example [7], [8] ) that
all the invariants in a classical-minimal integrity (or in an
irreducible functional [9]) basis are independent. To prove
the number of independent classical invariants in a classical-
minimal integrity basis is not straightforward. However,
recently, in the case of an m-preferred direction anisotropic
solid, Shariff [10] proved that the number of independent
invariants is at most 2m + 3 (see also [11], [12], [13], [14])
and in the case of n — symmetric tensors, Shariff [15] (see
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also [16]) proved that at most 6n — 3 classical invariants are
independent. In this communication, using spectral invariants
(2], (3], [17], [18], [19], [20], [21], [22], [23], [24], [25], [26],
[27], [28], we extend these results to prove that the number
of independent invariants for m vectors and n symmetric
tensors is 2m+6n—3. We also give relations (not necessarily
syzygies) between classical invariants in the corresponding
classical-minimal integrity basis. Knowing the number of
independent invariants is crucial in modelling [4], [5] and
in a rigorous construction of a constitutive equation of a
particular material, where it is determined by doing tests that
hold all, except one, of the independent invariants constant
so that the dependence in the one invariant can be identified
[171, [29], [30].

It is important to note that the invariants used to charac-
terize a scalar function, required for a constitutive equation,
cannot have an arbitrary form. They must satisfy the P-
property as described in [21]; we elaborate this property in
Appendix A.

II. PRELIMINARIES

In this paper, the summation convention is not used and
all subscripts 4,7 and k take the values 1,2, 3, unless stated
otherwise. Preliminary concepts of functional and integrity
bases, and syzygies are given in Appendix B.

Consider the set

Stm,n) ={v" A® |r=01....,m,s=1,2...,n},

6]

where m and n are non-negative integers, A (%) are symmetric
tensors defined on a three-dimensional Euclidean space and
v(") are linearly independent unit vectors. Using a fixed
Cartesian basis {g;, g, 93}, we have,

3
v — Z@(r)gi N -
=1

3
Yo AYg 09, @

i,j=1

where ® denotes the dyadic product and since A(®) is
symmetric, AE;) = Aﬁ). Since v(™) are unit vectors, we
have,

r=12...,m. 3)

3
ZEET)Q —1,
i=1

In view of (2) and (3) we can say that at most there are

2m + 6n independent component variables in (1).

Since the classical invariants in a classical-minimal in-
tegrity basis are traces of tensors and dot products of
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vectors [1] and they are explicit functions of the 2m + 6n
components, hence the number of independent invariants in
a classical-minimal integrity basis for the set S(m,n) cannot
be greater than 2m+6n It is important to emphasize that the
components 7" and A( are not invariants and hence they
cannot be explicitly expressed as a function of the classical
invariants. However if we use the spectral basis {u1, us, u3}
where its elements are eigenvectors of AM we have

3 3
AW Z)\iui®uia v ZZUET)W,
i i=1
A(S) = Z A ul®u]7
2,j=1
ro= 1,2,...,m,s=2,3,. 4)

In this case, the spectral components v( i A( %) are rotational
invariants with respect to the rotation tensor Q, since

'Quia

o™ = vy = Qv

S)u]

AY = ;A Qui - QAYQTQu; . 5)

Hence, it is possible that the spectral components can be
expressed explicitly in terms of the classical invariants. Since
v(") are unit vectors,

3

ZUZ(T)Z -1 ’

i=1

r=1,2...,m. (6)

It is clear that the number of independent spectral invari-
ants cannot be greater 2m + 6n — 3 and hence the number of
independent classical invariants for the S(m,n) set is at most
2m 4 6n — 3 < 2m + 6n. Note that v( ") can take a positive
or negative value. If we consider the positive and negative
values of vy) as distinct single-valued functions, in view
of (6), then we can conclude that the number of invariants
in the irreducible functional basis is also 2m + 6n — 3,
since all invariants can be explicitly expressed in terms of
2m + 6n — 3 spectral invariants. We strongly emphasize that,
if the value of m or n is large, the number of invariants in an
irreducible functional or a minimal integrity basis obtained
in the literature (see, for example, references [1], [31]), is
significantly higher than 2m + 6n — 3 .

In the Section III, based on the work of Shariff [2], [10],
[15] and Aguiar and Rocha [16] , we show relations between
classical invariants using our spectral invariants. We assume,
for simplicity, A(") is invertible and its eigenvalues \; are
distinct. In the case when the eigenvalues \; and some
of the eigenvalues of A(*) are not distinct, the number of
independent invariants is far less than 2m 4 6n — 3, as
exemplified in the Appendix C.

In the case of S(0,n) it is shown in references [15], [16]
that the number of independent invariants is 6n — 3 and, in
these references, classical invariant relations are given.

III. CLASSICAL INVARIANT RELATIONS

In this section, we first obtain relations for certain values
of m and n and then derive relations for general m and n.

The construction of these relations require the invariants

3
I = tI'A(l) = Z i s
=1
1 (1)32 (1)2
L o= 3 ((trA )2~ trA ) = MAo A As Ao
13 = det(A(l)) = )\1)\2)\3. (7)

It is commonly known that the above relations are indepen-
dent and since the eigenvalues ); are independent, there are
no relations between the classical invariants and hence the
three classical invariants are independent. The eigenvalues \;
can be explicitly expressed in terms of the classical invariants

[32],1i.e
1 1 .

o= g {neeyEsheos g an- v}

T = 172a3a (8)
where

2(I3 — 9111, + 271
f = arccos (4 ! 2+3 3 , 9)
2[_[12 73]2]5

taking note that since the eigenvalues \; are distinct, we
have, I? — 315 # 0.

A. m = 1,n = 1. Only 5 classical invariants are indepen-
dent

The set S(1,1) is generally associated with transversely
isotropic elastic materials, where their strain energy functions
can be written in the form

W(v® @ v AD) = 17 (vD AWy (10

The 5 invariants in the classical-minimal integrity basis are

i = n, B=n, "=,
3

121,1) — v A(l)v(1)zzvl(1)2>\i’
i=1

3
VL ADY) 2§ 022,

=1

iy (11)

In view of (6), only 5 of the spectral invariants are indepen-
dent and since there are no relations between the 5 spectral
invariants, it is clear that there are no relations between the
classical invariants. Hence, we have 5 independent classical
invariants.

B.m = 2,n = 1. At most 7 classical invariants are

independent

The set S(2,1) is commonly associated with the strain
energy function of an elastic solid with two preferred direc-
tions, i.e.

WD @v) v o v® ALY — (v v A

(12)
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There are ten classical invariants in the classical-minimal
integrity basis, i.e.,

PV=n, V=5, IfV =1, 13
3
If’l) _ Iil’l) _ Z (1)2/\“
i=1
I(21 _I(l 1) 20(1)2)\2 (14)
Ié2,1) v® . ADL® Z (2)2 i,
3
12D =v@ (AWRy® =57 P202 0 (15)
i=1
I(z 1) ( Zv(l) (2)
I(2,1) = (v (2))V(1) A(l) 2
Z €] (2) Z @,
21
Ifo ) = (v V( )) M (AM)2y )
3
— (3 S o, a6
i=1 i=1

Shariff and Bustamante [11] have given 3 classical invari-
ant relations and hence only 7 of the above invariants are
independent. However, below we give alternative invariant
relations to strengthen our claim that only 7 of the classical
invariants are independent.

From (8) and (13), \; is expressed in terms of IZ.(Q’I). From
(6), with r = 1,2, (14) and (15) we have 6 linear equations

in vil ? and viQ . On solving the two 3 linear equations (see
Appendix D) in turn we can express vi(l)2 and 1)1(2)2 explicitly

in terms of L(f’l) ,a=1,2...,7. Taking into consideration

the sign of v(!) and v(?) and the fact that IéZ’l), 1552’1), I{g’l)
can be explicitly expressed in terms of A;, v, v it is
clear that, in view of (16), they can be expressed explicitly
in terms of L(Xl’z) ,a = 1,2...,7 Hence only 7 classical
invariants are independent.

C. m =1,n = 2. At most 11 invariants are independent

An example of a S(1,2) constitutive function of the form
W(v(l) ® v(l),A(l),A(Q)) - W(v(l),A(l),A(2)) (17)

can be found in Shariff et. al. [3]. There are 18 classical
invariants in the classical-minimal integrity basis for the
function (17), i.e.,

' =n, ' =n, 1‘1’2) = I3, (18
109 = ) AWy Zv w2,
[5(1,2) — v A2, szgm 2
i=1
19)
" =uwA® = ZAS’,

=1

P u(A®AW) Z NAY
I = (A®AM2) = Z A2A% 0
i=1
155172) :tr(A(2)2) _ A§21)2 +A(2)2 +A(2)2
+2(A5) + A0 + AR,
1§ = w(A@2AM) = 3 (A7 + 45 + 47F?)

A (AS? + AR + A0)?)
FAs(AQ? + A2 4 AP

177 = w(A@2A02) = 32432 4 43?2 4 427
(AR + AR + AR
2)2 2)2 2)2
A (A5 + AR+ A 1)
[Sﬁ) =vD. A@yD) [1(:1572) = v . A@2y1)
1&2) —trA@3 1-%2) =vh . (AWA@DY
I{éﬂ) = v . (ADA@2yM)y
IS’Q) — v (A(2)A(1)2V(1)),
[P = v (AM2ZA@24)y 22)
We note that the invariants I( 2) ,a=12,13,...,18 can
be explicitly expressed in terms of )\Z, v; Y and Ag) but, for
brevity, we omit such explicit expressions.
From (8) and (18), )\; is expressed in terms of Ii(l’z). From

(6), with » = 1, and (19), we have 3 linear equations in

0(1)2 On solving these linear equations we can express vgl)z

eXPllClt]y in terms of Iy *2) ,a = 1,2...,5. The invariants
2) can be expressed in terms of 1(1’2) ,a=1236,7,8
by solving the 3 linear equations in (20) for A(Q).

Eqn. (21), the invariants A%)Z,A%p, A(2)2 appear linearly.
Hence we can solve the 3 linear equations so that these

invariants (see Appendix D) can be expressed in terms of

ZZ

1&1’2) ,a=1,2,3,6,7...,11. Since the classical invariants
Ié1’2) a = 12,13,...,17 can be explicitly expressed in
terms of )\Z,vl(l), ASJQ), and taking the appropriate sign for

(1,2)

vfl) and A(2) they can be expressed in terms of I, ", =

1,2,.. 11 indicating that only 11 classical invariants are
independent.

D. m =2,n = 2. At most 13 invariants are independent
An example of a S(2,2) constitutive function of the form

WD v v gv® AN A)

- W(v(l),v(Q),A(l),A(z)) (23)

can be found in [27]. There are 37 classical invariants for
the function (23) in the classical-minimal integrity basis and
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they are:
B on o B
3
122 — () Ay = ng”%,
IEE272) — v AWM, — Zv(l)ZAQ
Ié2’2) = V(Q) A(l @) = ZU(2 )
I§2 2) _ =v® . AMD2,(2) — 201(2)2/\? ,
i=1
(25)
I§2’2) —0A® — ZAff) 7
12D (A@ AW = Z)\ AP
R CICE R S
(26)
127 = (A®2) = A2 4 A2 4 A2

+2(A5) + A0 + AR,
Il(z,z) — r(A®2AM) =

FAa(AD)? 4 AR +A<2> ) +
A (AS? + A5 + A5

(AT + AR + A8

157 = w(A®2AM2) = X3 (A + A5 + A5
FABAL + AR+ A +

N (AG) + AR + 4G @7
Iﬁ,z) — v A@yM) 1-1(32) =v . A@2y1)
49 = wA®R | 13D =y (AW ABL).
]1(3,2) — v (A(l)A(2)2 (1))

Ig,?) =vD . (AP ALy

12D — v (A2 A2y

2D = @ Ay

122 _ @ A@2,0)

157 = v (AD AR

122 v (A A@2y(@)

12(?)’2) — (2. (A(2)A (1)2,(2) ),

]2(2’2) —v®@. (A(1)2A(2)2 (2))

1(3,2) = (v . vy (v Ay

129 = (v . y@) (v AQ @)

12D = (v @) (v () AW ARy

11%2) (V(l) V(Q))(V(l) .A(Q)A(l)‘,@))7

Iﬁ’m (v vy (v AMZAR)y )y
1(272) (v . y@) (v AR A2y (2)y

122 — (v y@)(y () AW A@24(2))

122 — (v .y @)y () A@24 (4 (2))

]:g 2 = (v vy (D) AR2A D2y (2))

]éng) = (v . v@) (1) A1D2A()24(2))
2,2

]§7 ) _ (V(l) .V(Z))2.

(28)
From (8) and (24), \; is expressed in terms of 152’2).
From (6), with » = 1,2, and (25) we have 6 linear
equations in viT)Q. On solving 3 linear equations for each

(1)2 (2)2 S

r, we can express v; '~ and v;”’" explicitly in terms of
Ié?’z) ,a = 1,2...,7. The invariants A(Q) appear linearly
in (26). On solving the 3 linear e(éuanons in (26), we can
express Ag ) explicitly in terms of I, ,a = 1,2, 3, 8,9, 10.
The invariants Al(.j)2 .1 # j appear linearly in the 3 equations
given by (27). On solving these equations we can express
explicitly for AEJQP in terms of 1&2’2) ,a=1,2,3,8,...,13.
The remaining classical invariants I (2:2) ,a=14,15,...,37

in (28) can be expressed exphcltly in terms of A;, fr) A(z)

Using the appropriate sign for v(") and Az(j) ,1 # j, we can
express the remaining classical invariants explicitly in terms

of the 13 independent invariants Ié2’2) ,a=1,2...,13.

E. Relations for general m and n. At most 2m + 6n — 3
invariants are independent

In this section we only construct relations between classi-
cal invariants for an isotropic function of the form

W(V(l) v v@ ov® v
AM AG) ANy

(m) v(m),

(29)
Our intention is just to show relations, we shall not construct
all the classical invariants in the general classical-minimal

integrity basis, only the independent 2m + 6n — 3 invariants,
and they are:

g =n, ™ =1, ™ =1, (0

Ié:i;) — v ADG) = Z,U(r)2 .
Ié?:_g) = V(T) . A(l)Qv(r) _ ZUET)Q)\? 7
i=1
742172,...,7’7'[,7 (31)
12(21@%575 —tr AL+ = ZA(SH)

s+1)A(l

Z)\As+1)

IQ(ZZJ:L?ZJer 4 =tr(A
Iéﬁf%m 3= = tr(ACTHAD?)

=Y oaA

(32)
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i) g = tr(ACTI2) = ATFD? 4 AGFD2 4
Aégﬂ)z+2(Ags2+1)2+A§§+1)2+A%+1)2)’

I ey = r(AP2AW) =\ (AfTV2 4
Ag‘g2+1)2+A§§+1)2)+)\2(Aé81+1)2+14(282+1)2+
A;§+1)2)+)\3(A:(ﬁ+1)2+A:(3S2+1)2+Ag§+1)2),
I o, = tr(A@2AM2) = 22(AFTHY? 4
AT AT AT AT
AGP2) 4 XHAGT? 1 AT 4 AT,
s=1,2...n—1,

n>1. (33)

From (8) and (30), \; is expressed in terms of Ii(m’").

From (6), with r = 1,2,...,m, and (31) we have 3m linear
equations in ’UZ(T)2. On solving the 3 linear equations for
each r, we can explicitly express, for all ngﬂ, in terms
of I{™™ o =1,2...,2m + 3. The invariants AT s =
1,2,...,n—1 appear linearly in (32). On solving the 3 linear
equations in (32) for each s, we can express Agf 1) explicitly
in terms of I\™™ | =1,2,3 and @ = 2m+3-+65—5, 2m+
3+ 65 —4,2m + 3 + 65 — 3. The invariants AE;H)Q i E g
appear linearly in the 3 equations given by (33). On solving
these equations for each s, we can explicitly express Ag;H)Q
in terms of I™™ ,a = 1,2,3,2m+4,...,2m+6n—3. The
remaining classical invariants Iézfgn% tar@=1,2,... can

be expressed explicitly in terms of \; , v." AE;H). Using the
appropriate sign for v(") and AE;H) ,© # j, we can express
the remaining classical invariants explicitly in terms of the
independent invariants I\ ,a = 1,2...,2m + 6n — 3.
Note that for S(m,1), we have 2m + 3 independent
invariants, which concurs with the result of Shariff [10].
However, Shariff did not give classical invariant relations in
his work [10]; the relations above for S(m,1) supplement
the results of [10]. In the case of S(0,n), we obtain 6n — 3
independent invariants; this agrees with the result of Shariff
[15], however, the relation forms in [15] are different from

the above.

APPENDIX A: P-PROPERTY

The description of the P-property uses the eigenvalues
A; and eigenvectors w; of the symmetric tensor AWM
A general anisotropic invariant, where its arguments are
expressed in terms spectral invariants with respect to the basis
{u1,u2,u3} can be written in the form

o = W, u;- A(S)uj,ui v()
= W(A, A2, A3, ug, ug, us3) (A1)
where
r=12....m,, s=2,...,m, (A2)

and, in Eqn. (Al),, the appearance of A(®) and v(") is
suppressed to facilitate the description of the P-property. In
view of (4);, W must satisfy the symmetrical property

W(Ala)\za A37’“17’“’27’“3) == W(AQa)‘la A371"'2’11’1711’3)
= W (A3, A2, A1, u3, U2, uq) - (A3)

In view of the non-unique values of w; and u; when \; = A;,
a function W should be independent of w; and u; when

Ai = Aj, and W should be independent of uy, us and wug
when A\; = Ao = )A3. Hence, when two or three of the
principal stretches have equal values the scalar function ®
must have any of the following forms

= W(a)()‘7Ak7’u’k)a Alz)\]:)\7’t§éj7ék?él
W(b)(A), AM=X=A3=A

For example, consider

3
d=aeAWa= Z/\i(a:Oui)Qa

(A4)
i=1
where a is a fixed unit vector and
3
z:(aoui)2 =1. (A5)
i=1
If
Al =2 = A, (A6)
we have
& =Wiy(MAs,uz) = A+ (A3 — A)(aeuz)® (A7)
and in the case of A\ = Ay = A3 = )\,
O =Wgy(A) =A. (AB)

Hence, the invariant (A4) satisfies the P-property and we
note that all the classical invariants described in Spencer
[1] satisfy the P-property. In reference [33], the P-property
described here is extended to non-symmetric tensors such as
the two-point deformation tensor F'.

APPENDIX B: FUNCTIONAL AND INTEGRITY BASES

Let Jl, ..
given in (1).

., Jy be isotropic invariants of the set S(m,n)

1) A single-valued function of Jy,...,J,
f(Stm,n)) =g(,,...Jy)

is called a representation for isotropic scalar-valued
functions of S(m,n). If one of the invariants in the
set {J1,...,J,} can be expressed as a single-valued
function of the remainders, the invariant is declared to
be functionally reducible. We call the representation
to be complete, if any isotropic scalar-valued function
of S(m,n) is expressible in the form (B1). A set
of invariants in a complete representation is called a
functional basis. A functional basis is declared to be
irreducible, if none of its proper subsets is a functional
basis.

2) If the function f(S(m,n)) is constrained to poly-
nomial functions, then we are dealing with integrity
bases. A reducible polynomial invariant is an invari-
ant that can be expressed as a polynomial in other
invariants; otherwise, it is an irreducible polynomial
invariant. An integrity basis is a polynomial invariant
set which has the property that any polynomial scalar
function is expressible as a polynomial in members of
the given set. A minimal integrity basis is an integrity
basis, where none of its proper subset is an integrity
basis. Syzygies are polynomial relations between in-
variants, which do not permit any one invariant to be
expressed as a polynomial in the remainder.

(BI)
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3) A minimal integrity basis is not necessarily an ir-
reducible functional basis. In general, an irreducible
functional basis contains fewer elements than a mini-
mal integrity basis.

APPENDIX C

In this Appendix we only give results for the case of m =
1 and n = 2 and when A\; = Ay = A3 = A. Results when
two of the eigenvalues A; are not-distinct are not given. Our
main intention is to show that at most 2m+ 6n — 3 invariants
are independent and that when the eigenvalues A(®) are not
distinct, the number of independent invariants is less than
2m + 6n — 3.

When A\ = Ay = A3 = A, the eigenvectors u; are
arbitrary. We select u; to coincide with the eigenvectors of
A®) Hence,

3
AV =21, AP =) " Nu; @ u;. (C1)
From Section III-C, we have,
1,2 1,2 1,2
I =3a, IV =322, 1" =3,
I =, 1 =32, (C2)

3
1 = ZA PPur(ADAM) =237

= =1
3
12) Z (C3)
I = Z AT = A Z A2
152 = A2Z/\ (C4)
11 Z ey, | 12 _ Z W2y

12)

Z/\
3
1 2) _ /\ ’U(l “ 1(1 2) _ /\ v§1)2 2
> 2
132 _ 52 Z,Uu)z N

— )2 Z (1)2)\2

It is clear from (C2) to (C5) that only 6 of the classical
invariants are independent and we can consider the indepen-
dent invariants to be

1 2) (C5)

9, A0 00 09 89 o
We also have 6 independent spectral invariants
A, AP =X, o oY (C7)

Volume 29, Issue 2:

The number of independent invariants is further reduced
if, for example, Ay = A2 = A3 = A. In this case, we have,

1 =3x, 18 =3ax, 1M =3a2),
19 =332, 15P = 302,
Y =322, 1Y =X, 1% =32,
I =X, 1y?Y =,
IE2 =232, 132 =2y, 102 =222 ()

Hence, it is clear from (C8) that the classical invariants
are independent of vgl) and only 2 of them are independent.
We can consider the invariants

1,2 1,2
i,

(€9)

)

to be the independent invariants. However, the number of
independent spectral invariants is 4 and they are

A, x, oY el (C10)

It is expected that the number of independent classical
invariants in (C9) is less than that of spectral invariants in
(C10) due to the fact that the classical invariants satisfy
the P-property [21] while the spectral invariants are not
constrained to satisfy the P-property.

APPENDIX D

The solutions in the main body require the results

—1

1 1 1
A A A
AN A
a1dod3 —a1(Aa+A3)
azMA3 —az(A +A3) g (D1)
03)\1)\2 —(13()\1 + /\2) Qa3
and
9 9 P !
AM+A A+ A3 A+ A3
M4+ M+A3 A+ A3
_C%3ﬁ3 043(>\1 + )\2) —Q3
—| 2B a(itdy) e |2 O
_041251 aq ()\2 + )\3) —a
where
ap = L g = L
' M=) —23) 7 2 De— A — Ag)
1
as = ,
’ (A3 = A1) (Az — A2)
Bi = M2+ AAz— A+ o)z,
Ba = AMA2+ A3 — A3+ Aoz,
Bz = MAa+ A3 — A3+ o)z (D3)

June 2021



Engineering Letters, 29:2, EL._29 2 20

[1]

[2]

[3]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

REFERENCES

Spencer, A.J.M. Theory of invariants. In: Eringen, A.C. (ed.) Con-
tinuum Physics, vol. 1, pp. 239 - 253. Academic Press, New York,
1971.

Shariff, M.H.B.M., Bustamante, R. & Merodio, J. ”On the spectral
analysis of residual stress in finite elasticity”, IMA J. Appl. Math.,
vol. 82, no. 3, pp. 656 - 680, 2017.

Shariff, M.H.B.M., Bustamante, R. & Merodio, J. ”"Nonlinear electro-
elastic bodies with residual stresses”, Q. J. Mech. Appl. Math. , vol.
71, no. 4, pp. 485 - 504, 2018.

Soldatos, K.P. A complete set of independent and physically mean-
ingful invariants in the mechanics of solids reinforced by two families
of fibres”, Mech. Res. Commun., vol. 94, pp. 49- 52, 2018.

Soldatos, K.P. "Mass-growth of a finite tube reinforced by a pair of
helical fibres”, Mech. Res. Commun., vol. 95, pp. 71-78, 2019.
Miller, G.H. "Minimal rotationally invariant bases for hyperelasticity”,
SIAM J. Appl. Math., vol. 64, no. 6, pp. 2050 - 2075, 2004.
Ahamed, T., Dorfmann, L. & Ogden, R.W. "Modelling of residually
stressed materials with application to AAA”, Jou. of the Mechanical
Behav. of Biomedical Materials, vol. 61, pp. 221-234, 2016.
Holzapfel, G.A. & Ogden, R.W. “Constitutive modeling of passive
myocardium: a structurally based framework of material characteriza-
tion”, Philos. Trans. R. Soc., vol. A 367, pp. 3445 - 3475, 2009.
Boehler J.P. ”On irreducible representations for isotropic scalar func-
tions”, Z. Angew. Math. Mech., vol. 57, pp. 323-327, 1977.

Shariff, M.H.B.M. ”"The number of independent invariants of an n-
preferred direction anisotropic solid”, Math. Mech. Solids, vol. 22, no.
10, pp. 1989 - 1996, 2017.

Shariff, M.H.B.M. & Bustamante, R. ”On the independence of strain
invariants of two preferred direction nonlinear elasticity”, Int. J. Eng.
Sci., vol. 97, pp. 18 - 25, 2015.

Shariff, M.H.B.M. "Nonlinear orthotropic elasticity: Only six invari-
ants are independent”, J. Elast., vol. 110, pp. 37 - 241, 2013.
Aguiar, A.R. & Lopes da Rocha, G. ”’On the Number of Invariants in
the Strain Energy Density of an Anisotropic Nonlinear Elastic Material
with Two Material Symmetry Directions”, J. Elast., vol. 131, no. 1,
pp. 125-132, 2018.

Aguiar, AR. & Lopes da Rocha, G. “Erratum: On the Number of
Invariants in the Strain Energy Density of an Anisotropic Nonlinear
Elastic Material with Two Material Symmetry Directions”, J. Elast.,
vol. 131, no. 1, pp. 133-136, 2018.

Shariff, M.H.B.M. ”"The number of independent invariants for n
symmetric second order tensors”, J. Elast., vol. 134, no. 1, pp. 119 -
126, 2019.

Aguiar, A.R. & Lopes da Rocha, G. "Methodology to Find Relations
between Invariants of n Symmetric Second-Order Tensors”, Proceed-
ing Series of the Brazilian Society of Computational and Applied
Mathematics, vol. 6, no. 2, DOL: 10.5540/03.2018.006.02.0245, 2018.
Shariff, M.H.B.M. "Nonlinear transversely isotropic elastic solids: An
alternative representation”, Q. J. Mech. Appl. Math. , vol. 61, pp. 129
- 149, 2008.

Shariff, M.H.B.M. ”Physical invariants for nonlinear orthotropic
solids”, Int. J. Solids Struct., vol. 48, pp. 1906 - 1914, 2011.

Shariff, M.H.B.M. “Physical invariant strain energy function for pas-
sive myocardium”, Biomech. Model Mechanobiol., vol. 12, no. 2, pp.
215 -223, 2013.

Shariff, M.H.B.M. "Direction dependent orthotropic model for Mullins
materials”, Int. J. Solids Struct., vol. 51, pp. 4357 - 4372, 2014.
Shariff, M.H.B.M. ”Anisotropic separable free energy functions for
elastic and non-elastic solids”, Acta Mech., vol. 227, no. 11, pp. 3213-
3237, 2016.

Shariff, M.H.B.M. & Bustamante, R. ”An anisotropic model for the
Mullins effect in magnetoactive rubber-like materials”, J. Mech. Mater:
Struct., vol. 11, no. 5, pp. 559 - 582, 2016.

Shariff, M.H.B.M., Bustamante, R. Hossain, M. & Steinmann, P.
”A novel spectral formulation for transversely isotropic magneto-
elasticity”, Math. Mech. Solids, vol. 22, no. 5, pp. 158 -1176, 2017.
Shariff, M.H.B.M. ”On the spectral constitutive modelling of trans-
versely isotropic soft tissue: Physical invariants”, Int. J. Eng. Sci., vol.
120, pp. 199 - 219, 2017.

Shariff, M.H.B.M. "Spectral derivatives in continuum mechanics”, Q.
J. Mech. Appl. Math. , vol. 70, no. 4, pp. 479 - 476, 2017.

Shariff, M.H.B.M., Bustamante, R. & Merodio, J. ”A nonlin-
ear constitutive model for a two preferred direction electro-elastic
body with residual stresses”, Int. J. Non-Lin. Mech., vol. 119,
https://doi.org/10.1016/j.ijnonlinmec.2019.103352, 2020.

Shariff, M.H.B.M., Bustamante, R. & Merodio, J. ”A nonlinear
electro-elastic model with residual stresses and a preferred direction”,
Math. Mech. Solids, vol. 25, no. 3, pp. 838 -865, 2020.

(28]

[29]

(30]

[31]

[32]

(33]

Shariff, M.H.B.M. & Merodio, J. “Residually stressed two fibre
solids: A spectral approach”, Int. Jou. of Engng. Sc., vol. 148,
https://doi.org/10.1016/j.ijengsci.2019.103205, 2020.

Holzapfel, G.A. & Ogden, R.W. ”On planar biaxial tests for anisotropic
nonlinearly elastic solids. A continuum mechanical framework”, Math.
Mech. Solids, vol. 14, pp. 474-489, 2009.

Humphrey, J.D., Strumpf R.K. & Yin, F.C.P. "Determination of a
constitutive relation for passive myocardium: I. A new functional
form”, Jou. Biomech. Engng., vol. 112, pp. 333 -339, 1990.

Zheng, Q.S. "Theory of representation for tensor function. A unified
invariant approach to constitutive equations”, Applied Mechanics Re-
views, vol. 47, pp. 545 - 587, 1994.

Itskov, M. Tensor Algebra and Tensor Analysis for Engineers 3rd edn.
Springer, 2013.

Shariff, M.H.B.M. ”A general spectral nonlinear elastic consistent
tangent modulus tensor formula for finite element software”, Results
Appl. Math., vol. 7, https://doi.org/10.1016/j.rinam.2020.100113, 2020.

Volume 29, Issue 2: June 2021





