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On the geometric structure of the stress and strain tensors,
dual variables and objective rates in continuum mechanics

C. SANSOUR (STUTTGART)

THE GEOMETRIC STRUCTURE of the stress and strain tensors arising in continuum mechanics is in-
vestigated. All tensors are classified into two families, each consists of two subgroups regarded as
physically equivalent since they are isometric. Special attention is focussed on the Cauchy stress
tensor and it is proved that, corresponding to it, no dual strain measure exists. Some new stress ten-
sors are formulated and the physical meaning of the stress tensor dual to the Almansi strain tensor
is made apparent by employing a new decomposition of the Cauchy stress tensor with respect to a
Lagrangian basis. It is shown that push-forward/pull-back under the deformation gradient applied
to two work conjugate stress and strain tensors do not result in further dual tensors. The rotation
field is incorporated as an independent variable by considering simple materials to be constrained
Cosserat continua. By the geometric structure of the involved tensors, it is claimed that only the Lie
derivative with respect to the flow generated by the rotation group (Green—Naghdi objective rate)
can be considered as occurring naturally in solid mechanics and preserving the physical equivalence
in rate form.

1. Introduction

IN THE LAST DECADE the interest in the simulation of large solid deformations incorporat-
ing finite strains has been immensely growing. The inclusion of finite strain deformations
necessitates a geometrically exact description of the strain measures and enforces a new
look at the corresponding stress tensors. In fact, the generalization of different small
strain theories of solid mechanics such as in the fields of elasticity, visco-elasticity, and
elasto-viscoplasticity to include finite strains turn out to be a difficult task. Alone the defi-
nition of an appropriate objective stress rate has motivated an intensive research without
arriving, according to our opinion, to any satisfactory results (for some more or less heuris-
tic attempts to overcome these difficulties see e.g. [5, 6, 22, 32]). It is our belief that a
deep understanding of finite strain theories cannot be achieved without a corresponding
understanding of the structure of the strain and stress tensors involved.

This paper is devoted to the study of the geometric structure of the stress and strain
tensors and the way the free energy is depending on the latter, defining work conjugate
stresses and motivating the definition of objective rates. For a general account we refer
of course to standard literature, e.g. [9, 19, 21, 31, 33]. Anyhow, the view on the subject
as we intend to give, although classical, provides us, as we believe, with some new results
and allows for a deeper understanding of the subject. As far as a Lagrangian formulation
is concerned, a purely intrinsic approach was discussed recently by ROUGEE [24]; a result
concerning the dual variable of the inverse tensor of the right Cauchy-Green strain tensor
can be found already there.

From the very beginning, it would be constructive to clarify some aspects of the ter-
minology used. First, we will not use the notion of material or spatial tensors since we
believe that such a terminology is misleading and lacks any precise physical definition.
There is of course something like material (Lagrangian) as well as spatial (Eulerian) de-
scriptions. But it is of crucial importance to understand that the kind of description is
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completely independent of any stress and strain tensors used. Physical objects such as
strain and stress tensors cannot be made dependent on the kind of description or on the
coordinate system one is adopting. It is meaningless to consider the Green strain tensor
a material tensor, the Almansi strain tensor a spatial one etc. It is of course another story
whether a special strain tensor is appropriate for a special kind of description (a precise
statement will be given in this paper later on).

Special attention will be focussed on the Cauchy stress tensor and its dual strain
measure. In contrast to many statements to be found in the literature concerning the
dual variable of the Cauchy stress tensor where it is related either to the Almansi strain
tensor or to a logarithmic strain measure (see e.g. [17, 18, 23, 32]), we will show that
such a dual variable does not exist. Consequently there will not be any objective rate for
the aforementioned stress tensor which can be regarded as a physically useful choice. We
believe that by this it is understood why all attempts to define an appropriate objective rate
for the Cauchy stress tensor had failed to give realistic responses as applied to different
theories of solid mechanics.

Overview and basic results

After a short review of the basic geometric relations needed we define the configur-
ation space with a rotation field incorporated explicitly and derive the corresponding
tangent space. The flows generated by the tangent vectors allows for the definition of Lie
derivatives with respect to the velocity vector as well as the angular velocity vector. We
introduce the operations of pull-back and push-forward and adapt them to the convected
coordinate system used. In the following section different strain measures are defined:
most of them are well known in the literature. By analysing their geometric structure,
they will be classified into two families for which we adopt, just for convenience, the
names strain tensors of the first and of the second type. This classification is carried out
completely independent of the kind of description underlying any practical computation
for which the termination Lagrangian (material) and Eulerian (spatial) are frequently
used. In the following section a similar geometric structure is found for the stress tensors
and the same classification is made. A family of new stress tensors is defined and the
notion of physically equivalent tensors is introduced. Hereby isometric tensors related
by a transformation under the rotation tensor R are denoted to by physically equivalent.
In other words, mathematical isometry denotes physical equivalence (this statement is of
course nothing but the requirement of the invariance of physical relations with respect
to the Euclidean group). The subsequent discussion deals with the dependence of the
free energy on the strain tensors. We gain the important result that push-forward/pull-
back transformations of two dual tensors do not preserve the duality. We define a new
stress tensor conjugate to the Almansi strains, and the conjugate strains for the Cauchy
stress tensor will be discussed where it is proved that such a conjugate variable does not
exist. The section closes with a discussion of the material and spatial descriptions where
a justification for our classification of tensors is given. It turns out that what we classified
as tensors of the first type are well suited for a material description, whereas tensors of
the second type are well suited for a spatial one. In the following section the symmetry
of the stress tensors is considered and a unified approach to incorporate the rotation
field as an independent variable is discussed. It is shown that simple materials can be
considered as constrained Cosserat continua. As a by-product of the approach, we obtain
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for the isotropic case a new variational principle which secures the symmetry of the stretch
tensor as well.

We close by a discussion of the objective stress rates, a subject which motivated up
to now many controversial debates in the literature. We believe that in the light of the
geometric structure of the stress and strain tensors, a very satisfying approach to objective
rates can be achieved. We arrive at the result that only one rate, the Lie derivative with
respect to the flow generated by the rotation group (the Green-Naghdi rate), can be
regarded as arising naturally and as physically consistent.

2. Notion and basic geometric relations

Let B C R? be an open set defining a body. The map #(t) : B — R? is an
embedding depending on a well chosen parameter ¢t € R. Hereby ¢, = ¢(t = t,) defines
a reference configuration which enables the identification of the material points, so that
@y is the identity map. With ¢,B = B, and ¢(t)B = B, one can write

(21) qb(l‘) i B() —> Bt B
With X € B() and x € Bt we get

(2.2 x(t) = ¢(X,t)
and

(23) X() = 67 (x,1).

In this paper we consider convected coordinates which are attached to the body.
Given coordinate charts defined on B, by the map ¢ corresponding coordinate charts
are induced on B;. On the contrary, the map ¢! induces coordinate charts on By if
such charts are defined on B,. The first case is given within a material (Lagrangian)
description, where the second is given within a spatial (Eulerian) one. Let now {9} be
appropriately defined convected coordinate charts, 75, and 7 B; be the tangent spaces
of By and B, respectively. We have

(2.4) G; = 0X/0v!  with G;e TB,

and

(2.5) g = 0x/9V"  with g € TB;.

The covariant metrics in both configurations are given by the relations
(2.6) Grg=6Gr-Gy; and g5 =gi-gj,

where a dot denotes scalar product of vectors. Their inverse is denoted by G/, g¥J.
The tangent of the map ¢; 7 ¢ = F well known as the deformation gradient with

(27) T¢) & TB[) — TBt )
or
(2.8) F:Gr — g, detF > 0,

is given as the tensor product
' J
F=08g,®G".
REMARK 2.1 ON NOTATION. In our notation we will use capital indices for components
to be raised or lowered using the reference metric and small letters for indices raised or
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lowered using the actual metric. Using arbitrary coordinates, the deformation gradient
reads F = F'ig; ® G’ with F§ = 0¢'/0X 7. By the identification of a tensor with its
components, the basis can then be dropped (see MARSDEN and HUGHES [19]). Now, in the
case of convected coordinates one has F'i = &% with &/, being the Kronecker delta and the
inclusion of the basis vectors in the description of tensors becomes an unrenouncable part
of it. A considerable simplification is achieved if we come over to apply the summation
convention over same letters, also when they are of different types (capital and small letter
indices). In this case the following rule for the Kronecker delta has to hold: 65 = éF.
Accordingly, it makes sense to write ¢;;G! ® G’ since over the pairs i , [ and j, J is to
be summed. Further, relations of the type U, ;6% = Un6F = Uy hold. If ambiguity
is excluded, the reader may drop the distinction between capital and small letter indices
arriving at a classical notation. The chosen notation has the advantage of allowing for a
compact description as well as making many pull-back/push-forward transformations very
transparent, as will be shown in the subsequent discussion. In addition, we will keep the
same notation for tensors when the components are raised or lowered. From the context
it should be clear which kind of tensor is used.
According to our remark, we may write

(2.9) F=g ®G".
The polar decomposition theorem applies resulting in
(2.10) F=RU, F=0UR, and U=RURT,

with U and U being symmetric and R € SO(3).
Equation (2.9) entails the relation
(2.11) g =FG;.

By that, and in addition to the base system Gj in the reference configuration, the new
base system g; in the actual configuration is defined. On the other hand, and by the polar
decomposition (2.10), we have

(2.12) gi =RUG; or g = URG;.
Two new base systems can now be defined:

(2.13) g :=UG; or g :=Rlg
and

(2.14) 6;, :=RGy or 61 = IAJ'_lg,-.

The base g; can now be interpreted either as a forward transformation of Gy by U or as a
back transformation of g; by RT. Correspondingly, the base G/ can be understood either
as a forward transformation of G; by R or as a back transformation of g; by U~!. We
may say that G; defines a reference base system, g; the actual one, g; a stretched base
system and G the rotated one. As an immediate result we have

(2.15) Gry=Gr-Gy; and gij =8 8-
We note also the important relation

(2.16) g = FIG;.
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It is easily checked that the following very useful relations hold:

g = FGy, G, =F'g,

¢ =FT¢!, ¢!l=¥Tg,
(2.17) " TR ~ T

gizPG[a G[=F 8i

g =F ¢!, G = Fg.

REMARK 2.2 ON NOTATION. For the sake of brevity two isometric tensors are distin-
guished by the use of a "hat”. By this we are forced to denote many tensors differently
than somehow established in the literature (e.g. we are writing U instead of V). Further,
tensors defined with respect to the basis equipped with the reference metric are denoted
by capital letters; those taken with respect to the basis furnished with the actual metric
are denoted by small letters. By that we believe that, in spite of the large number of
tensors used, a maximum of clarity is achieved.

The configuration space and the pull-back/push-forward operations

With the polar decomposition of F introduced in Eq. (2.10), the rotation tensor R is

uniquely determined by means of the symetry of U or that of U respectively, namely by
the condition

(2.18) R”F = F'R.

Anyhow, from practical as well as theoretical point of view it is more attractive to treat
R first as an independent variable. The fulfillment of Eq. (2.18) and hence the achieve-
ment of the polar decomposition is then carried out as a part of the solution of a given
boundary value problem by which the map ¢(X) is determined as well. From theoretical
point of view, this statement is equivalent to the understanding that simple materials are
treated as a special type of a Cosserat continuum. The discussion of these materials,
which we will call restricted Cosserat continua, is postponed until Sec. 6 where a rigorous
justification of our approach is given as well. Meanwhile, anyhow, we just need the fact
that R is not given a priori and is treated, as ¢(X), as an unknown field. In this case and
for the deformation process to be well defined it becomes necessary to give a precise defi-
nition of the configuration space. This is done next. For the mathematical background
the reader is referred to ABRAHAM et al. [1], CHOCQUET et al. [4] or DUBRIN et al.
(8]

The configuration space, denoted by C(B), consists of the set of all admissible configur-
ations of the body. It is defined pointwise by the pair

(2.19) C(B) = {U = (6«(X),Ry) | U : B — R> x SO(3)}.
The rotation group can be parametrized with the help of the exponential map:

e @} sin || 1—cos|0]| ,
2.20 = 0)=1+0+—+—+...=1+ 0+ C)
( ) CXP( ) 2| 3| |9| Ielz

with the skew-symmetric tensor ® = —@7 € s0(3), the tangent space of SO(3) at the
identity (see e.g. [1, 8]), and with 8 € R? denoting the corresponding axial vector.
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For two elements U, V of C with U = (¢,(X),Ry,) and V = (¢d¢—¢,(X), R;—y,) the
group operation is then defined by

(221) U+V-= (¢t()(X), an) + (¢t_t"(X), Rt—t())
= (Pt—t, © ¢1,(X), Ri—¢ Re,) = (0+(X), Ry—4Ry,)-

In the last equation use is made of the fact that ¢, is a one-parameter diffeomorphism for
which the relations ¢; 0 ¢; = ¢4+, (o denotes the composition of maps) and ¢_; = ¢; !
hold. The group structure is not Abelian and the neutral element is (¢;=o(X), 1) where
¢:=y is the identity map.

Of crucial importance for our considerations is the fact that the group SO(3) is a Lie
group, i.e. it defines a manifold. Hence, the configuration space itself defines a manifold.
On this manifold curves are defined as one-parameter subgroups. A curve V(t) on C
passing trough U = (¢¢,(X), Ry,) with V(¢ = {y) = U is then given as

(2.22) V() = [D1-1, © 91,(X), exp(tQ)Ry ], Q€ so(3).
Its tangent at If is defined in the usual manner by

D D
(223) DU = _D—tv“:t” = 'lj—t‘[qbt(x), exp(tQ)R]|t=t0

. D
= (Vi“,QRt“) with Q € 80(3), v= E(bt .

From physical point of view DV defines the way to take variations of a physical quantity
(e.g- free energy) depending on the configuration space. Mathematically, (v;,, QRy,) is
an element of the tangent space 7C(B) at the point defined by (¢(X), R);=¢,- In other
words, a deformation process parametrized by ¢ defines a flow on the configuration space
with tangent vectors given by (v¢, 2R;). From the definition of the configuration space we
see that push-forward/pull-back operations of the tangent space of B are furnished under
the map ¢ as well as under the action of the transformation group SO(3). Moreover,
any deformation process induces a tangent vector field on C(B) with respect to which Lie
derivetives are well defined; a fact which we will need in Sec. 7. That is, Lie derivatives
can be considered with respect to the tangent vector field given by v as well as with
respect to the tangent vector field defined by QR. For more details concerning alternative
definitions of C(B), second derivatives, and possible metrics to be defined on C(B3), the
reader is referred to SANSOUR and BEDNARCZYK [27].

At this stage it is useful to define the pull-back and push-forward operation under F
for both co- as well as contravariant tensors. Both operations make sense since F defines a
diffeomorphism. Here we specialize them for the coordinate system used and the chosen
notation. For clarity we will distinguish between covariant and contravariant tensors. For
the covariant tensors A = A;;G! @ G/, a = a;;g' @ g, the push-forward/pull-back
operations which are denoted by ¢. and ¢*, respectively, are defined as follows:

(2.24) $A=FAF ' = A;jg' @ ¢,
(2.25) ¢*a = FTaF = ¢;;G' @ G’ .

Analogously, the pull-back/push-forward operations for the contravariant tensors Z =
ZVG; @Gy, z=2g; @ g; are defined by

(2.26) $Z =FZF" = Z1;8: ®g; ,
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(2.27) $*z=F "2FT' = :YG; ® G.

An important feature of these transformation is already apparent. The coordinate
of a tensor are invariant under these transformation, the basis only is transformed. In
other words, given any tensor, new tensors are generated by preserving the coordinates
but transforming the basis. It is stressed that this transparent rule is due to the use of
convected coordinates. Analogously, and by the definition of our configuration space,
push-forward/pull-back operations under R are well defined. We will denote them by R.
and R*, respectively. They have already been used by SIMO and MARSDEN [28].

The transformation rules can be generalized in order to encompass transformations
due to the action of tensors like U or U. By the definitions

(2.28) U.=R0¢,, U =¢"o0R.,, U.=6¢.0R*, U =R,o0d",

we arrive at well defined operations which we will call, just for convenience, push-forward/
pull-back operations under U and U, respectively. Note that these transformations are
defined by Eqgs. (2. 28) and not by a flow generated by a tangent vector field. Adding to

A and a the tensors A = A;;G! © G, a = q; ;8 @ g’ as well as the analogously defined
tensors Z and z, we perform in the following these transformations

(2.29) R.(A) = RAR” = 4;;G' ® G’ ,

(2.30) R*(a) =RTaR = a;;8 @ ¢,

(2.31) U.a) =U""AU = Apgt 0,

(2.32) U (@) = UTau = a;;G' ® G’ .

Analogously, the pull-back/push-forward operations for the contravariant tensors read
(2.33) R.(Z) = RZR" = 7" G, ® Gy,

(2.34) R"(z) = R"zR = 2", @ g;,

(2.35) U.(2) = uzu" = 25 0§,

(2.36) Uz =U""2077T = :9G;© Gy.

Equation (2.16) motivates the definition of a further group of transformations under

the action of F'. We denote it by ¢* and ., respectively. Applied to the tensors A, &
and Z, 7 we get

(2.37) ©.A=FIAFT"' = A8 0§,
(2.38) ©*a = FaF! = a;;G' ® G,
(2.39) 0.Z=F'7F = 23, ®%;,
(2.40) e*z=F'3F "' = 2'G; ® G, .

For further purpose we write the metric in absolute notation:
G:=GnGleG7,
G:= G[JG]®GJ,
g:=g,g Og,
and

g:=g,;8 0%,
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REMARK 2.3. It must be stressed that since any configuration of the body is embedded
in an Euclidean space, all these tensors denote one and the same object, namely the
identity tensor. That we are distinguishing them in notation is only a matter of convenience
and to make subsequent operations more transparent. For instance, the right Cauchy—
Green tensor as will be subsequently discussed is defined by: C = FTF. We can also
understand C as the pull back of g : C = ¢*g = FTgF. Both definitions of C are
equivalent since g is the identity. Nevertheless, by understanding C as a “pull back” we
immediately see that the components C;; of C with respect to the reference base are
given by the metric g;;.

REMARK 2.4. It should be clear that the boundary value problem can be formulated
without a direct reference to the rotation tensor R. In this case the rotation tensor is
actually a hidden variable. Further, the definition of the configuration space as given in
Eq. (2.19) is well suited for a material description. In the case of spatial description ¢, (X)
and R should be replaced by ¢{1(x) and by R~! = RT (concerning this point see also
Sec. 5.4).

3. Strain tensors and their geometric structure

In this section we discuss, in a general setting, the underlying geometric structure of
the strain tensors.

By the polar decomposition theorem (2.10), the right and left stretch tensors U, U are
defined as

(3.1) u=RTF, U=°FRT, v=U", U=U".
We consider next the Cauchy—Green tensors

(3.2) C=F'F=17,

and

(3.3) C = FFT = §i?

as well as the inverse of the already defined strain tensors:

(3.4) i:=U",

(3.5) u:=0",

(3.6) FF) L

(3.7) ¢:=C'.

In order to get strain tensors which vanish at the reference configuration one defines
usually

H:= (U-G),
i:={U-0G),
1
E:=-(C-G

5(€C-6),
PO
E:=-(C-06),

(g-“)’

I
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h:=(g—0),
PR DU
e:= E(g_C),
ei= 20,

The tensor E is known as the Green strain tensor, e as the Almansi one. ¢ and ¢ are
named after Finger and E and € are known as Karni-Reiner tensors. Anyhow the labels
are not unique, see e.e. TRUESDELL and NOLL [31], NOLL [21], PRAGER [23], MC VEAN
[20], ERINGEN [9]. The tensors H and h are usually called engineering strains.

REMARK 3.1. Although C and C are functions of U and U respectively, it is useful to
work with both independently. First, U and U are defined by Eq. (3.1), that is, for their
computation a rotation tensor is explicitly needed, whereas C and C are just functions
of the displacement field up to quadratic terms. Second, whereas the conjugate stress
tensors of C and C are symmetric (by the symmetry of the Cauchy stress tensor), those
of U and U are generally not (details are given in the Secs. 5 and 6).

The strain measures exhibit a certain geometric structure which is essential for a correct
physical understanding. To get an insight into that structure, it is useful to resolve the
strain tensors with respect to certain base systems. To this end let us rewrite some of the
mentioned tensors with the help of the relations (2.9)-(2.17) as the tensor product of two
vectors.

One may verify that the following relations hold

(3.8) F=g ®G

or

(3.9) F=G'®g,

(3.10) R=G;®G

or

(3.11) R=gQ®%,

(3.12) U=g®G',

(3.13) U=gRG,

(3.14) i=G/9¢,

(3.15) u=G,@¢g.
Resolving g; with respect to the base G :

(3.16) g = UG’

one gets with Eq. (3.12)

(3-17) U=U;6'®G”.

With Eqgs. (3.17), (2.10)3 and (2.14); we have further

(3.18) U=U;;6' @G’

which leads with Eq. (3.13) to
(3.19) g = UisG” .
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On the other hand, the decomposition of G with respect to the base g/ together with
the relation Gy - g; = U shows that

(3.20) Gr=U;;g" and g =WU"Y'"G, with (U H*U,, =48],

Using Eqgs. (3.8)—(3.15), (3.19), (3.20) the definitions of the strain measure as well as the
symmetry of U and U, we get the following relationships:

(3.21) U = R7F, U=U.,6'®G67,
(3.22) U = FR7, U=UuG'067,
(3.23) C=FF=0) C=y,;6'0G,
(3.24) C=FFT =1?, C=g4,G'®G’,
(3.25) i=F R, i=Uug e,
(3.26) u=RF, u=Ug®g,
(3.27) ¢=F'FT, t=Guio¥,
(3.28) ce=F'"F!  c=Gugog.

Already at this stage a certain geometric structure is apparent. The strain tensors can
be classified into two families, each family consists of two subgroups:

1. Covariant tensors taken with respect to a basis endowed with the metric (71 5;

a) the base system is Gy,

b) the base system is G .

2. Covariant tensors taken with respect to a basis endowed with the metric g;;;

a) the base system is g;,

b) the base system is g;.

For convenience, we call the first family tensors of the first type, and the second family
tensors of the second type. This classification is of great significance when discussing the
material and spatial descriptions. Actually it would be motivated to designate the first
family Lagrangian tensors, the second one — the Eulerian tensors. Unfortunately, the
terminology of Lagrangian and Eulerian tensors to be found in the literature does not fit
our classification (tensors taken with respect to G; are called also Eulerian). Hence, to
avoid ambiguities we stick to the suggested names of first and second type tensors.

For the strain tensors which vanish at the reference configuration we get in analogy
with Eqgs. (3.21)—(3.28)

(3.29) H:=(U-G)=R'F-G), H=(Uy;-Gn)G'a®c’,
(3.30) H=0-G)=@FRT-G), H=WU,-G)G' ®G,
(31)  E=(C-G) = (-G), E=i(g;- GG 06,
=, 5 = & - P 1 5 -
(3.32) E:= %(C—G) = %(Uz—G), E = 5(9:5 -GG e G/,
(3.33) h:=(g-u=(@g-RF"), h=(5-Ui)g®g,
(3.34) h:=(g-8)=@-F'R), h=(-UNgay,
o1 1. 1 A e
(3.35) e=c@-0=5@-1), =36 -CuE e,
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1 1 1 o
(3.36) e:= (g0 = (- w?), e= 50 - Gg 0 g

Adopting now geometric language by considering the push-forward/pull-back oper-
ations as defined in Eqs. (2.24)—(2.40), one can see from Eqgs. (3.21)-(3.36) and by con-
sidering the definitions of the basis in Eqgs. (2.11), (2.13) and (2.14) that the following two
groups of relations hold:

(3.37) U = R.(V),
(3.38) H = R.(H),
(3.39) u = R, (@),
(3.40) h = R.(h),
(3.41) C = R.(C),
(3.42) E = R.(E),
(3.43) ¢ = R.(0),
(3.44) e = R.(e),
and

(3.45) i = .0,

(3.46) u=¢.U,

(3.47) C=4¢'g=U(p,
(3.48) C=¢E=T",
(3.49) T = .G = U,(G),
(3.50) ¢ = $.G = U.(G),
(3.51) ¢ = p.E = U.(E),
(3.52) e = ¢.E = U,(E).

First of all we emphasize again that the use of convected coordinates ensures the
invariance of the coordinate of a tensor under these transformations. Only the basis
is transformed. We have four base systems Gy, Gy, g and g;, correspondingly four
covariant strain tensors with components U;; and further four tensors with components
gij and G'”, respectively. One and the same tensor can be differently interpreted, for

instance C can be understood as the push-forward of C by R, as the pull-back of g by U
or as the pull-back of g under FT. Similar interpretations can be given to other strain
tensors which can be read from Egs. (3.37)-(3.52).

The first group of isometric transformations is in fact the most important one. It
plays in the considerations of this paper a fundamental role. Isometric tensors have the
same components relative to bases differing by a rotation, thus the metric is preserved.
Since any physical relation should be invariant with respect to rigid rotations, we conclude
that, physically, isometric tensors are equivalent. Furthermore, the pull-back/push-forward
transformations under R will play an essential role in defining objective rates as we will
suggest later on in this paper.

The relations (3.37)—(3.52) are of course valid for arbitrary coordinates. Nevertheless,
by the use of convected coordinates the operations of pull-back/push-forward are applied
to physically interesting objects. For instance, geometrically, C can be understood as the
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pull back of the Riemannian metric g : C = ¢*g. In the case of arbitrary coordinates the
components of g are arbitrary and completely independent of the deformation process,
and hence are physically of less interest. The physically interesting object is hidden in
the transformation operators of the “pull back” itself. Not so in the case of convected
coordinates where the components of g are g;;, which depend on the deformation process
alone, and the pull back operation means that the components of C are identical with g, ;.
Thus the transformed object g is at the same time the physically interesting object.

By the pull-back/push-forward operations we were able to avoid inverse operations
on the matrix of the components g;;, U;y or Gr;. Such inverse operations have the
theoretical feature that we can write what we called tensors of the second type with
respect to bases furnished with the metric of the reference configuration, and tensors of
the first type with respect to bases furnished with the actual metric. It is straightforward
to see that the following relations also hold:

(3.53) U=U"Y9geE, H=NH-¢)RE0oE,
(3.54) U=WUH)gee, H=UH -guog,
(3.55) C=G"% 9%, E=1/2G" - ¢7)8 ©8;,
(3.56) C=G"g g, E=1/2G" - ¢ @ g,
(3.57) i= U Y66, h=GY -WUHY"NG;®Gy,
(3.58) u= UG ®G,, h=(@G"Y-WUH)G®G,,
(3.59) t=4"G;®Gy, e=1/2GY - ¢")G;® Gy,
(3.60) ¢ =g¢'G; ® Gy, e=1/2(G"Y - ¢")G;® Gy .

Here the strain tensors are treated as contravariant tensors.

From these equations we see that it is always possible to formulate all tensors with
respect to basis furnished with the reference metric respectively the actual metric. The
price to be paid is given by the inverse operations to be applied on U, s, G/ and g;;.

_This point will later on have considerable consequences by the definition of objective
rates. We remark, that the last equations allow for an alternative interpretation of the
transformation operations. One may read

(3.61) C = ¢ (G™Y) = U,(G™),
(3.62) C=¢.(67") =T0.G™,
(3.63) e=¢"@ ) =U"E™",
(3.64) c=*@ ) =U@e™.

4. Stress tensors
By the Cauchy theorem we have:
(4.1) t=on,

with t as the true stress vector, n as the unit normal vector, and o as the symmetric Cauchy
stress tensor. We consider further the decompositions

(4.2) n= n,—gi ;
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(4.3) n= NG,

and define the following two stress vectors

(4.4) t':=og',

(4.5) T! := oG’ .

From Egs. (4.1)-(4.3) we have immediately t = t'n; = T/ N;. Further the relations hold
(4.6) c=t®g, o=TQG.

Starting from these relations, different families of stress tensors can be generated. For
this purpose we consider the decompositions

(4.7) § i= aijgj s
(4.8) =776y,
and

(4.9) T! .= Zlig;,
(4.10) = X¥g;,
with the help of which we can write for Egs. (4.6)
(4.11) o= oijgj®gi,
(4.12) = YG,;® Gy
or

(4.13) =776, ®z8,
(4.14) = zlg; ® Gy,
respectively. The last two equations motivate the definitions
(4.15) T=79"G;® Gy
and

(4.16) £=20G;®G,,
resulting in

(4.17) o=r07,
(4.18) = [Z.

The different decompositions of the Cauchy stress tensor, Eqs. (4.11), (4.12) on the one
hand and Eqs. (4.13), (4.14) on the other hand, are neither arbitrary nor superfluous. They
are in fact necessary in order to generate all stress tensors needed so as to correspond,
in a sense to be made precise in the next section, to the strain tensors introduced in
the last section. The physical meaning of the different components is apparent from the
definitions (4.7)—(4.10).

It is easily verified that the different stress components are related according to

(4.19) 2 = G™MU oM UNGNT = 4T, GH
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In Eq. (4.17) the tensor T is left multiplied by U, while Z is right multiplicated by U,
to give o. Since o as well as U are symmetric, it follows from Egs. (4.17) and (4.18)

(4.20) z=TT,
respectively
(4.21) zli = 43T,

Hence it suffices to consider only one of both tensors. Here we choose T
For the isometric Cauchy stress tensor ¢ = R*(0), also called the rotated stress tensor
(MARSDEN and HUGHES [19]), we have immediately from (4.11) and (4.12)

(4.22) G =0'g 0%,
(4.23) = 2HG; 6;.

By systematic applications of the pull-back and push-forward operations to the already
defined stress tensors, different families of new stress tensors are generated. First, we
apply the transformation operators on the Cauchy stress tensor and on its isometric tensor:

(4.24) I=¢"c=U"G, L=0G;® Gy,
(4.25) £=¢6=0%), E=0G;00G,
(4.26) A = p.0 = U6, A=V 08,
(4.27) A=¢.G) =Uu(0), A=2"g @g.
Explicitly we have

(4.28) L=F'oF !,

(4.29) L=0"10T",

(4.30) A=UoUT,

(4.31) A =FTgF.

Further relations can be read from Eqs. (4.24)-(4.31). Note the following interesting
analogy. While I is the pull-back of o under F, A is the push-forward of ¢ under the same
map. Correspondingly, while I is the pull-back of o under FT, A is the push-forward of o
under the same map.

Actually, Egs. (4.12)-(4.23) motivate the notation A for o and A for 6. Hence,
according to our classifications, the Cauchy stress tensor as well as its isometric tensor
may be considered tensors of the first as well as of the second type, depending on the stress
components used. This statement reflects an important aspect of this paper. In fact, in
formulating the Cauchy stress tensor in a natural way with respect to (in our classification)
Lagrangian bases we are going beyond the well established treatment of the Cauchy stress
tensor opening new doors to define new stress tensors which turn out to be essential for
a complete understanding of the structure of the stress and strain tensors. This somehow
surprising characteristic peculiarity of the Cauchy stress tensor is confirmed further when
discussing the corresponding dual variables in Sec. 5.

With the application of the different transformations on T we obtain further the stress
tensors

(4.32) r=R*M, r=+YG;®Gy,
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(4.33) y=U00, v=1"g 08,
(4.34) V=eh ¥=1" 08
It is easily checked that the following results also hold
(4.35) y = Uo,

(4.36) ¥ = Ug,

(4.37) T=10zZ,

(4.38) r=uc.

Altogether we have three contravariant components o'/, X' and '/ defining ten stress
tensors of four different bases.
In analogy to the expressions we get for the strains in Egs. (3.53)-(3.60), we may write

the stress tensors of the second type A and A with respect to bases furnished with the
reference metric

(4.39) A= U”;EKLU;,-L(A:’ ® G’ and A= U,‘KZKLU]'LGI ® G’.

Alternatively, owing to Eq. (4.19) and the relation g;; = UipyGMNU;jn we arrive at the
interesting expression

(4.40) A=0,;G'®G’ and A=0,G'0G’,

with o;; = g¢;x0"g);. Similar expressions can be given for tensors of the first type as
well: e.g. one has Z = V;;8' @ g’ etc.

REMARK 4.1. Alternatively, one can multiply these stress tensors by J = det F getting
the so-called weighted stress tensors which are frequently used in the literature. The
most known of them are T = Jo as the Kirchhoff stress tensor, S = JI as the second
Piola-Kirchhoft stress tensor, and r = JT as the Biot-Lurie stress tensor.

REMARK 4.2. By the symmetry of the Cauchy stress tensor the components o'/ and
Y7 are symmetric. This entails that the stress tensors @, A, i, T and I are symmetric
(see (4.24)—(4.27)). The tensors v, v, T and T are in general not symmetric. As it will
be discussed in Sec. 6, it turns out that in the special case of isotropy when T and U are

coaxial, the symmetry of ¢ entails (because of Eq. (4.17)) that of T and, hence, that of ¥,
Y and I'.

5. The Helmholz free energy and the concept of dual variables

For the purposes of this study, it is completely sufficient to consider the simplest
possible theory governed by a free energy function. The results are not affected if the
theory is generalized to include thermal effects or further dissipative processes. First we
define what to understand under a conjugate pair and give for all strain tensors already
defined the corresponding conjugate stress tensor. In the following subsection the question
of the dual variable of the Cauchy stress tensor is discussed and it is proved that, in general,
such a dual variable does not exist. The last subsection is concerned with the conditions
to be fulfilled in order for the push-forward of a stress or strain tensor under F to achieve
a dual variable.
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5.1. Energetically consistent dual variables

We assume the Helmholz free energy ¥ to depend in a suitable way (frame-indifferent)
on the deformation gradient only. Its material time derivative

(5.1) ¥ =0:d
defines then the rate of specific work, with

1 . .
(5.2) d=_(+ 1M, 1=¥%F",

and (:) denoting double contraction (o : d = tr(od”)). From Egs. (2.9) and (5.2); one
gets

(5.3) 1=3,®¢,

and thus for d

(5.4) d=d;jg’ ©¢g' = %Qijgj ®e,
and for ¥

(5.5) oV = %o"igij.

The equation for ¥ can be written in a slightly modified form if one considers the difter-
ence of two metrics, and not the metric itself, as the physically interesting object. Thus
we write

_1D(gi; - G1)

2 Dt '

This modification is clearly admissible since velocities make sense for material points only
and for such a point the placement X and the metric (G;; are time-independent. Since
o7 and g;; are the components of I and C, respectively, with respect to time-independent
bases, it follows immediately

(5.6) dij

. 1_ ;
(5.7) p!P=§Z:C=Z:E.

Now, £ and C have the same components with respect to a rotating, and hence time-
dependent bases. It is interesting that this kind of time dependence (with the metric

being preserved) does not affect the expressions for ¥, and that Eq. (5.7) is equivalent to

(5.8) p¢=%ﬁzé=22ﬁ.
To see this we define

(5.9) Q:= RRT,

and by RRT = 1 we have

(5.10) 0=-0T.

Equations (3.24) and (2.14), yield

A

(5.11) C=4,6'®G’ +ac+ca’
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and

1~ ~ s B
5L (9,6 @ 67 + ac + ca’)
NI

Ea”gij +ZC: 0

| B
EG' Jgij .

Here we made use of ZC = o and of the symmetry of o.

To look for expressions equivalent to Eq. (5.1) but formulated in terms of the other
strain tensors, the free energy is considered as a function of these strain tensors and, via
the latter, as a function of the deformation gradient. According to the second law of
thermodynamics (TRUESDELL and NOLL [31], WANG and TRUESDELL [33]) we have

p¥

= T
(5.12) o—paFF i
where p denotes the actual mass density. For simplicity, the arguments will not be written
down explicitly. It is always understood that within a material description all fields are
defined over the Lagrangian coordinate X, while within a spatial one all fields are defined
over the Eulerian coordinate x. Let € denote a suitable strain measure. By the chain rule
we have

oY e _r
(5.13) c=p e 6FF .
Hence, the derivatives of the different strain measures relative to F are needed. In order
to avoid a large amount of tensor operations we will take these derivatives with respect
to Cartesian tensor components. We get

(5.14) ACij|OF,g = Fribig + Fuibjg

(5.15) OCi;/0F g = Figbpi + Figbrj,

(5.16) OCH [0F .y = -(FF'FF + F U FF' PR,
(5.17) 8C [0F,q = —(F F3'F + F FUEY,
(5.18) QU3 /OF, = Ryiby; . '

(5.19) AU/ 0F g = Rigbyi,

(5.20) UG |dF.q = —F;'F 'Ry,

(5.21) 00U [0F g = —F, F,' Rig,

(5.22) OUL[0F g = RigUy; + RjqUyi.

Hereby we made use of the definitions of the strain tensors (3.21)-(3.28).

REMARK 5.1. In deriving Egs. (5.18)-(5.22) we made use of the considerations of
Sec. 2. That is, the rotation tensor is treated as an independent variable which does not
depend directly on F. This fact will be verified in the next section when the symmetry
conditions of the stress tensors are discussed. Further in Eq. (5.22) the symmetry of U
has been exploited.
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By inserting these derivatives in Eq. (5.13) we arrive at the following relations:

v _r ov -
) = ik = pF—
(5.23) o 2PF8CF pFOEF :
av ov .
5.24 =2p—C= TC,
(5.24) P5cC = "o
' ~ 0V - ~ OV
5.25 =2pU—0U = U—AU,
(5.25) PUSTU = U
IR N
(5.26) = pRaUF = pRaHF 5
~ OV ~ OV
5.27 =pU—= = U—A,
(5:27) PUSS = PUZ=
v
2 i -T =1 —T_F—l
(5.28) 2pF aﬁF F 5 5
(5.29) - npi?Y OO
' TP 8 TPV Be
(5.30) = -2 ugzu = u—a—w-u
' T T T e
5.31 = - R@—p-r‘ = RB—WF"‘
( 4 ) - P aﬁ - a’\ ’
ov ov
G T
The comparison with Eqs. (4.28)—(4.38) shows further that the following relations hold:
ov ow
S. =2p— = p—o
(5-33) =205 =g
- av ov
5.34 L=2p— =p— N
(5-34) P58 = Pom
ow ov
A A= =2p—=p—1,
(5-35) Poc = P oe
5.36 8 sl
( ® ) - pazé - pa»e\ Ll
5.37 SymT = 8—![1 = O—W
( . ) yml = an o paH 9
(5.38) symi = p 2% _ 2
‘ YT P T Pon
5.39 S = Y O—W
(5-39) ymy = —po - =P
5.33 Symy = — 0—![, = Qy’i
(5.33) ymy = —po= = po=,

with Sym denoting the symmetric part of a tensor.

These equations serve as a definition for the dual variables: The derivative of the
free energy function with respect to a strain tensor delivers its conjugate stress tensor. This
definition is completely equivalent to that used by HILL [15], which rests on the material
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derivetive of the free energy function. The latter is equal to the stress tensor times the
material derivative of the dual strain tensor. In other words, equivalently to Eqgs. (5.7)
and (5.8) we can write

(5.41) p¥ =T:U=T:H,
(5.42) =r:U=T:H,
(5.43) = —1/2A:é=A:é,
(5.44) =_—1/2A:¢=1X:%,
(5.45) =—y:u=7v:h,
(5.46) =-3:i=7:h.

Thus we have £ and C or E, I and C or E, I"and U or H, T and U or H etc. as dual
variables. Note that only the symmetric parts of T, T, ¥ and y are expressed by a free
energy function. Their skew-symmetric parts are reactive stresses to be determined by
the symmetry conditions of U and U, respectively. More about this in the next sec-
tion.

We have also the important fact that the Almansi strain tensor has not the Cauchy
tensor as a conjugate variable. In other words, the push-forward of two dual variables by
¢. does not define further dual variables, since the metric is not preserved.

We note the following analogy. The Green strain tensor E is the dual variable of I,
the pull-back of the Cauchy stress tensor (£ = ¢*c). On the contrary, the Almansi strain
tensor e, the push-forward of the Green strain tensor (e = ¢.E), is the dual variable of A,
the push-forward of the rotated Cauchy stress tensor (A = ¢, 0). '

REMARK 5.1. In MARSDEN and HUGHES [19] the so-called spatial relations are gen-
erated from the material relations by pushing-forward the latter under F. An extensive
application of this technique can be found in SIMO [30]. As shown in SANSOUR [25], this
technique does not provide us with new physical relations suitable for a spatial formula-
tion. Moreover, the free energy is always understood as a function of the strain measures
for which the material relation is formulated. A famous example is the Doyle-Ericksen
formula. The push-forward of the relation L = pdW¥(E)/JE leads to the Doyle-Ericksen
formula: ¢ = poW(p*e)/de (originally formulated in terms of g: ¢ = 2p0d¥(¢™g)/0g).
Physically, the Doyle-Ericksen formula is completely equivalent to ¢ = FLZF’, since the
free energy is considered a function of E and not of e; accordingly, we will not adopt this
technique here.

5.2. The dual variable of the Cauchy stress tensor

Now, what about ¢ and ¢? To find their conjugate variable we rewrite Eq. (5.2) using
Eq. (2.10),

1. PR . .
(5.47) d= 5(FF—‘ +FTFT) = ER(UU" + UT-gHRT .
By the definition

(5.48) d:=R'dR =g, 8 0%
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we have p¥ = g :d and

(5.49) d= (U +uT gl

T

Let ¢ and t be the dual strain tensors of ¢ and o, respectively. We have now i = d,
t =d, and
(5.50) ¢ = ReRT |
N .
(5.51) t= 5(UU—' +uT-gh.

Thus the dual variables of ¢ and g are given by solving the differential equation (5.51). If
U is a diagonal tensor, that is R = 1 and U, U coincide with F, then ¢ is immediately given
to In U, which is defined in the usual sense (InU);; = U;é;;, no sum over ). This tensor
is known as the Hencky strain (HENCKY [13], HILL [15], for a generalized definition of
logarithmic strain measure we refer to HOGER [16]). On the other hand, the existence
of two representations of the Cauchy stress tensor and of its isometric (rotated) tensor
suggests the existence of two corresponding representations of their duals. That is, one
may write for € once € = Y;;G! ® G’ and once € = ¢;;8 ® g’. In terms of Y}, the
dual strains of the stresses X1, the differential equation to be solved reads

: 1 e o
(5.52) Y= E(GIK(U Y g + Ga (U0 )
£ij, the dual strains to the stresses o'/, are then given by the equation

(5.53) gij = (f,'sGSMYMNGNRUjR

which stands in analogy to Eq. (4.19),.
In the following we prove that for an arbitrary deformation the tensor t and corre-
spondingly the tensor ¢ does not exist.

PROPOSITION. The Cauchy stress tensor does not have any dual variable.

Proof. If suffices to prove that Eq. (5.52) in the general case does not have solutions.
From Eq. (5.52) it is clear that Y;; can be considered as a function of U, ;. Hence,
using

. 8Y[J .
5.54 Yii= UL,
(5.54) =g Uk
(5.52) can be converted in a partial differential equation resulting in
aY, | :
(5.55) G = TG UYME + 65G(UTHMY).
UL 2
The integrability condition of the last equation reads
aY, aYi;
(5.56) 7= .
AU, 50Uy, OUkL0U,s
With
AU 1 Ji .
(5.57) ( ) = _(U—l)JT‘(U—l)SI

BUTS
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one gets at the end for (5.56) the integrability condition
(5.58)  (UTHMTUTYH@EFGaar + 65G rar)
—(UYMEUYE TG am + 653G ) = 0.

Since the components of U, as far as the symmetry is not violated, can be chosen arbitrary,
the last equation cannot hold. As an example one chooses r = 1,1 =1, s = 1, k = 1,
[ =2, j = 2. The condition then reads

(5.59) Gu(UHMNU M - G HY AU H2 =0

which is in fact a restriction on the admissible deformations. As previously noted, the case
when only diagonal terms are present is much simpler and Eq. (5.52) is easily integrated.
This statement is in fact far reaching and will have considerable influence on the
definition of objective rates in the subsequent discussions. Moreover, and since the result
is surprising because of the very appealing physical meaning of the Cauchy stress tensor,
many questions arise concerning the definition of the physical quantity termed stress. We
believe that such questions cannot be answered without appealing to the micro-mechanical
foundations of solid mechanics, aspects which lie beyond the scope of this paper.

53. Conditions of duality under ¢,

Before leaving this section we discuss briefly the following question. Given a stress
tensor Z and its dual strain tensor Y d_eﬁned in the reference configuration, that is Z =
ZUG;® Gy, Y= YijGI QG! and ¥ = Zi7 . Y'i;. What are then the corresponding
dual variables for ¢.Z and ¢.Y, respectively? The existence of such dual variables is
connected with the fulfillment of certain conditions to be formulated next.

The push-forward operation ¢, can be understood as a push-forward by U followed by
a push-forward by R. Since transformations due to R preserve the duality, it suffices to
consider transformations due to U. Let n be the stress tensor dual to U,(Y) and B be
the strain tensor dual to U.(Z). By the invariance of ¥ with respect to change of dual
variables we have

(5.60) o =2:Y=U.(Z):B,
(5.61) =1 (U(Y)).

For the elaboration of the time derivative of a tensor of the form 3;,;8' ® g’ we calculate

first the time derivatives of the bases gi. Using Eq. (3.20); and by understanding (I/ ~')”
as functions of U;; we get

L oUTY CINTr g —1\Si g C\Siyf  r
(5.62) g = Wq—U,‘SGJ = (U YU HY"'U,sGy = —(UHU,se
and hence
(5.63) B = (Bij — Buj U™ " Uis — Bim(U™)™U )8 @ .

With the last relation at hand, we can consider the two cases formulated in (5.60) and
(5.61).

CASE 1. The dual variable of U.(Z)
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From Eqs. (5.60) and (5.63) we infer that for any Y being an appropriate function of
U the following relation

(5.64) Yij = Bij = Bmi(U ™)™ Uis = Bim(U ™)™ ;s
has to hold. B is then given by solving this equation. As already seen in the case of the
Cauchy stress tensor (Y = U?) a solution, and hence B must not exist. The case Y = U

has been already considered. Equation (5.60) is up to the sign identical with Eq. (5.56),
and B turns out to be —u, that is 3;; = —U, ;. Equation (5.64) is cleary fulfilled.

CASE 2. The dual variable of U,.(Y)

In this case B = U,(Y) is known, that is 8;; = Y;;, and we are looking for the
corresponding stress tensor 1. From Eq. (5.61) we infer that the equation
(5.65) Z9 .Y = i = Yo (U™ Uis = Yim(U™) U js)
has to hold. For Y being an appropriate function of U the time derivatives can be elimi-
nated to give

LAYy OV
5.66 7 0% _ u( o
( ) BUrS ¥ BUTS

The condition of existence of 1 reduces now to that of the invertibility of the bracketed
expression on the right-hand side of Eq. (5.66). A condition which is easier to fulfil than

that of Case 1.

Yo (U™1)™67 — }’im(Lf-‘)‘S"'Lé;‘) :

5.4. Material and spatial descriptions

In this subsection we give a justification for the classification of tensors we were employ-
ing. As already remarked in the introduction, any strain measure can be used irrespective
of the kind of description one is adopting. Nevertheless, it is our concern to demonstrate
that what we called tensors of the first type are well suited for a material (Lagrangian)
description, whereas tensors of the second type are well suited for a spatial (Eulerian)
description.

The free energy function depends on the strain measures through their invariants and
the invariants of their tensor products with possible structural tensors describing specific
anisotropies of the body. Since the inclusion of anisotropies does not affect in any way
our considerations, we keep it out focusing on isotropic free energy functions. We choose
Casa representative of the tensors of the first type and ¢ as a representative of those of
the second type.

The free energy is in both cases a function of the invariants

(567) tré — 1‘9,_2_‘7_6‘1.], tréz e gijgleJKG[L, tra3 - gijgklgmn(}JK(:'A'”JC"[N
and
(5.68) tre=g;;G", wel=GGrLe’*e?, ud =GuGrLGung 9™ g,

respectively. We recall again that isometric tensors have the same invariants reflecting
their physical equivalence.

Now, within the material (Lagrangian) description the reference configuration is given,
thus G/ are a priori known, whereas g;; are depending on the displacement field. g/
are then given as the inverse matrix of g;; and the expressions for them are in general
extremely involved. Contrasting this, the actual configuration x and hence the actual
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metric ¢;; are a priori known within a spatial (Eullerian) description. ('y;, and hence
G, are now depending on the displacement field with the latter necessitating inverse
operations.

Taking a look at Eqs. (5.67) and (5.68) together with the preceding remarks we con-
clude that what we called tensors of the first type are well suited for a material descriptions,
and what we called tensors of the second type are well suited for a spatial description since
inverse operations are avoided. Thus it is a matter of practicality to choose tensors of
the second type within a spatial description and tensors of the first type within a material
one, by no means the matter of theoretical considerations.

6. The independent rotation field and the symmetry of the stress tensors

In the last section, explicitly in deriving (5.18)—(5.22), as well as in Sec. 2 when defining
flows on the configuration space, we made use of the fact that the rotation tensor R
can be considered as an independent variable. This fact turns out to be essential in
analyzing the structures of stress tensors as given in Eqgs. (5.33)-(5.40). In this section
we give a justification of our approach. A corner-stone in our considerations is that the
classical continuum theory of simple materials can be achieved as a limit of a micro-
polar continuum (Cosserat continuum) with independent rotations. The limit case is
characterized by, first, the fact that the micro-rotations coincide with the macro-rotations
furnished by the polar decomposition of the deformation gradient, and second, the fact
that the free energy function is assumed to depend on the stretch tensor alone.

In addition, the question of the symmetry of the involved stress tensors is considered
in this section as well. Here we consider the symmetry of the stress tensors generated
using the components 7;;. The symmetry of those stress tensors generated using the
components 7,,; or Z;; has been already discussed in Remark 4.2.

6.1. The restricted Cosserat continuum
The equilibrium equations of simple materials read

(6.1) dive+f=0,
(6.2) g=07,

where div denote the divergence operation with respect to the actual configuration. With
the help of Eqs. (4.28) and (4.38) the equilibrium equations can be recast in terms of T
to give

(6.3) Div(Rl) + £ =0,
(6.4) url =ru?, u=uT.

Here Div denote the divergence operation with respect to the reference configuration.
We show now that these equations are recorvered by considering a restricted Cosserat
continuum. Let Q € SO(3) denote the independent rotation field of the Cosserat con-
tinuum. By the relation QQT = 1 we have QTQ € s0(3) as well as QTQ; € so(3),
s0(3) being the tangent space of SO(3) at the identity consisting of the skew-symmetric
tensors. Denoting the axial vectors of the skew-symmetric tensors QTqQ, QTQ,,- by w and
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k; we have
(6.5) Q'Q=-ew, Q'Q;=—cki,
where e denotes the three-dimensional Levi-Civita permutation tensor.
The strain measures of the Cosserat continuum are then defined to be (ERINGEN [10])
(6.6) U=0Q'F, K=-kK®G'.

Correspondingly, the free energy is now a function of U and K. U is not symmetric any
more and the stress and couple tensors are defined to be I' = 3¢ /09U and M = dv/IK.
According to the first law of thermodynamics we have (inertia terms are suppressed)

(6.7) fpt/)(U K)dV = f(r viprw)dV+ [ (tov+m.w)dA,
OB,

where f, p denote the force and the couple acting within the body region denoted by 5, t,
m are the corresponding boundary terms, v the velocity field, and dV, d.A the volume and
the surface elements. Using classical methods, the integral statement can be transformed
to differential equations governing the behaviour of the Cosserat continuum, details which
we omit here since they are not important for our purposes. We emphasize again that in
Eq. (6.7), both the displacements and the rotations have to be considered as independent
fields. To pass to the classical simple continuum we restrict Eq. (6.7) to the following
conditions: ¥ = ¥(U), p = O, m = O, U = UT. Whereas the first three conditions
can be directly fulfilled, the last one, the symmetry condition, is new. To account for, we
include it with the help of a Lagrange multiplier in the functional (6.7).

PROPOSITION. The functional

. 1 o7 1
(6.8) Jp;b(U)dV—Bfin.(u U)dV+szn.(U uTydv

—ff vdV — jt vdA =0.
OB,

yields the equilibrium equations (6.3) and (6.4) as Euler~Lagmnge equations.
Proof. First we recall that

(6.9) F=v;®G.

Using Eq. (6.6); and noticing that d1)/JU = symT by the symmetry of U we get

6.10) [ symr:(Q'F+QTk)dV + f Skewn : (Q"F + QTF)dV
B

1. OTF_ '
+f5n.(Q ~FTQ)dv — ff vdV— [t.vdA =0,
B By
which may be rewritten in the form

1 :
(6.11) [ (SymT + Skewn)U” : Q "Qdv+ [sQrikdy
B B 2
+f 241 (QTF — FTQ)dV — ff-vdv_ ft.vdA—o

B4
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From Eq. (6.9) and using the fact that all velocities are arbitrary, and by identifying the
skew-symmetric part of n with that of I' we end up with the local statements

(6.12) Div(QI) + f= 0,
(6.13) ru” = symmetric,
(6.14) Q'F-F'Q=0

and the corresponding boundary conditions. By Eq. (6.14) we have then Q = R (re-
member, R is determined by Eq. (2.18). That is, the micro-rotations coincide with the
macro-rotations furnished by the polar decomposition of F. Hence the statement of the
proposition.

We conclude:

1. Also in a classical theory the rotation field can be considered as an independent
variable provided the symmetry of the stretch tensor is secured. The elaborated rotation
field coincides then with that furnished by the polar decomposition theorem.

2. The stress tensor I' and, consequently, the corresponding family of stress tensors (IA“,
Y, v) are non-symmetric in general. Their symmetric part is expressed by the free energy
function while the skew-symmetric part describes reactive stresses.

The functional (6.8) is equivalent to formulations to be found in the literature con-
structed directly as weak forms of Eqgs. (6.3) and (6.4) without referring to a Cosserat
continuum (see ATLURI [2], BUFLER [3]).

The above treatment is given for a general non-isotropic body. The special case of
isotropy allows for a simpler treatment of the problem without regarding to a Lagrange
multiplier. Moreover, the stress tensor turns out to be symmetric. As a by-product, we
obtain a new variational statement. These aspects will be considered next.

6.2. The case of isotropy

In the following we assume that the free energy corresponding to the Cosserat con-
tinuum is given as an isotropic function of the stretch tensor alone and that no external
couples are acting on the body.

PROPOSITION. Consider the functional (6.7). Let 1p(U) = (1,11,11I) be any function
of the invariants of U defined by

(6.15) I=trU, II=trU% 1I=trU.

Let further m = 0, p = 0. The stress tensor T is then symmetric and the Cosserat continuum
reduces to an isotropic non-polar one.

Proof. The functional (6.7) has now the special form

(6.16) [ ppu,mmdv - [t.vdv - [t.vdA=o0.

B B OBs
It is clear that the Euler-Lagrange equations of this functional coincide with both equa-
tions (6.12), (6.13) with the fundamental difference that no symmetry conditions on U are
a priori employed. The equations read

(6.17) Div (QW} +f=0,
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OP(LIL I

(6.18) 30 = symmetric .
Making use of

01
6.19 —— =1
(6.19) s =1,

oIl ;
6.20 — =207
(6:20) 55 = U7,

oIl
6.21 — =307

we may obtain
0V(LILIL _ 0% 01 3% ou 0y om
au 919U QLU - B YU

where «y, a; and «; are functions of the invariants I, II, III. Inserting Eq. (6.22) in Eq.
(6.18) we obtain

(622) = qpl + U + Cl‘zUT "

(6.23) ap(U — UT) + ay (U2 = U2 ) + (0P = U3 ) = 0

resulting in

(6.24) u=ut.

That is, the stretch tensor is symmetric, hence the symmetry of the stress tensor I' as

claimed in the proposition.

REMARK 6.1. Since U turns out to be symmetric, (1,11, 11I) is a completely repre-
sented isotropic function of U. This does not hold for a non-symmetric U. Anyhow, the
above proposition holds true if one is regarding ¥ from the very beginning as a complete
isotropic function of a non-symmetric U and not only of the three invariants given by
(6.15). A proof can be found in SANSOUR and BEDNARCZYK [27].

7. Objective rates and the case of anisotropy

In this section we discuss different types of objective rates, and look for a natural
definition of an objective time derivative.

Most of the rate-forms of the constitutive relations known in the literature relate an
objective rate of the Cauchy tensor to the symmetric part of the velocity gradient d. Widely
used are the Lie derivative, also known as the Oldroyd rate, and the Zaremba-Jaumann
rate. Applied to o and e, the Lie derivative with respect to the velocity vector v reads

(7.1) Lo = qb*(;—ltqb*o) =6—lo—oll,
il

(7.2) Lje =, (%d)*e) =¢—lo—ol.

The familiar Zaremba-Jaumann objective-rate will be denoted by 7 and is to be under-
stood as a differential operator. It reads

(7.3) J(0) = 6 — Wo — oW,
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(7.4) J(e)=¢—Wo + oWT |

where W = %(l —17),
Since d = L,g = L,e we get

.1
(7.5) pY = 50 cLg=0:Le.

In the literature there are some attempts to consider those strain tensors as dual to ¢
for which a relation of the type (7.5) exists (see e.g. HAUPT and TSAKMAKIS [12], LEHMAN
et al. [18]). Anyhow, having the results of Sec. 5 in mind we can see that these definitions
are by no means natural or useful. The fact that a relation of the type (7.5) exists, can
not automatically produce integrability of a constitutive equation between L,o and Lye.
These aspects have been discussed in detail by SANSOUR and BEDNARCZYK [26] where it
was demonstrated that, for integrability, rate-type constitutive equations in terms of the
Lie derivative has to fulfil certain restrictions; in terms of the Zaremba-Jaumann rate,
integrability is excluded at all. Further, relations of the type (7.5) are not unique in the
sense that the Cauchy stress tensor can appear in conjunction with different strain tensors
depending on the chosen objective rate.

A further physically motivated restriction on objective stress rates is given by consider-
ing the decomposition of tensors in a deviatoric and a spherical part. It is physically
reasonable to claim that the objective rate of a deviator is also a deviator.

We claim now that an objective rate should arise naturally, be integrable for a constant
tangent operator, and be a deviator if applied to a deviator. In the following we show
that such an objective rate in fact does exist for all stress and strain tensors (with the
exception of the Cauchy stress tensor and its isometric tensor) with time derivative being
non-objective.

It is obvious that the same rates had to be chosen for the strain tensors and their stress
duals. We begin with the tensors of the first type and observe (see Egs. (3.21)-(3.36),
(4.24)-(4.34)) that the time derivative of the tensors C, E, U, H, L and T are trivially
objective. The tensors c E U, H, £ and T are taken relative to the rotated basis G 7- The
following derivative, applied to a tensor C, is now motivated:

(7.6) LoC =R, (d(—ltn*((“:)) =C¢-0at-caT,

where we made use of Eq. (5.9). It coincides with the Lie derivative with respect to
the tangent vector field QR (w denotes the axial vector of Q). The existence of such a
tangent vector field, and hence the existence of a corresponding flow, was discussed in
Sec. 2.

This derivative, which was proposed by GREEN and NAGHDI [11] in connection with
the Cauchy stress tensor itself (see also DIENES [6]), defines in a completely natural way
objective rates, since it eliminates that part given by the rotation of the basis. We have:

(7.7 LoC=§;G'®G’, L,L=69G;®G,; et
J

We turn now to discuss the tensors of the second type. Understanding them as the
inverse of tensors of the first type we see immediately, that the time derivatives of the
tensors ¢ = C™!, e = %(@ —¢),u=U"!, and h = g — u are trivially objective. The same
is also true for their stress duals A and .
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If we state that one and the same rate had to be chosen for a tensor and its inverse,
we see that the derivative L, is now a natural choice also for the tensors ¢ = C‘

= Yg—¢),u=1U" and h = g — u. Thus this rate is also the natural choice
for the stress duals A and y. It is easily verified if one observes the structure of the
tensors as stated at the end of Sec. 3 and Sec. 4, Egs. (3.53)-(3.60) and (4.40). For
instance

(7.8) Lyb =G @Gy, Lor=06,;G'®G’ et

We verify further an interesting property of L. Repeat that C = RCRT which we
interpreted as the physical equivalence between C and C. Since the time derivative of
C is trivially objective, the only meanmgful rate for C is clearly L,C. We have then the
isometric relation RCR? = L,C. Thus the relations £ = ME and L, T = NLE, with
TT being the tangent operator and 1 being the corresponding isometric tangent operator,
are physically equivalent. Now we suggest that the same must also be true for the inverse
tensors. Since we have ¢ = ReR” which again stress the physical equivalence of ¢ and
¢, and if we conclude that ¢ as the inverse of C is trivially objective, we see that the only
meaningful rate preserving this equivalence in rate form is again L. That is the relations
LA = mLyeand A = 7e are physically equivalent, where w and 7 are the corresponding
isometric tangent operators. Moreover, it is easily verified that L, A is a deviator for A
itself being a deviator.

Our last argument lead even further. Is there any physical need to objective rates?
Our answer is no, since all constitutive equations can always be defined equivalently in
terms of tensors with time derivative being trivially objective.

As stated in Sec. 5.2, the Cauchy stress tensor does not have any conjugate strain mea-
sure. Hence, there cannot exist any objective rate which may be considered as naturally
arising. In fact, in view of this remark it is not surprising that all attempts to consider
an objective rate for the Cauchy stress tensor had failed to give a physically satisfactory
response as applied to theories of hypo-elasticity and elasto-plasticity.

In formulating the free energy as a function of strain tensors with non objective
rates, that is as a function of C, U, ¢, or u or correspondingly as a function of E, H,

e, or h, it is implicitly incorporated that only isotropic material behaviour is considered.
This is due to the fact that Eqs. (5.24), (5.27), (5.29), and (5.32) does allow only for
isotropic solutions because of the symmetry of o. On the contrary, ¥ may be an arbitrary
anisotropic function of strain tensors taken with respect to the basis G; or g;, that is
tensors with time rates being trivially objective. Hence, in the general anisotropic case
the time rate of the strain tensors in Eqs. (5.8), (5.41), (5.43), and (5.45) must be re-
placed by the objective rate L, since the free energy function is not formulated directly
in terms of these tensors. As an example let us consider the Almansi strain tensor e.
We have p¥ = A:e = A: Lye The last equation corresponds to a free energy for-
mulated as W(R*(e)). That is, from a thermodynamic point of view the active variable
is € and not e (see also SANSOUR [25]). These remarks concerning the anisotropic case
confirm further what we have already noted out: All physical relations can be equiv-
alently formulated by considering isometric tensors with time rates being trivially ob-
jective; these tensors allow, by their definition, for the incorporation of anisotropies as
well.
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