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The theory of constitutive behavior, with explicit reference to hypo-elastic materials, is addressed with
a geometric approach which, following physical arguments, leads to a covariant formulation. The
essential role played by a careful distinction between spatial vectors, material-based spatial vectors and
material vectors is emphasized. Definite answers to debated issues, such as the proper definition of stress
rate, the formulation of integrability conditions, the fulfilment of material frame-indifference, and the
task of evaluating the stress state evolution, are given. Simple shear and extension of a specimen of
a hypo-elastic material are investigated as applications of the theory. Improper statements and unsound
physical responses of hypo-elastic materials are overcome by the covariant theory, thus restoring the
proper role to this constitutive model, for both theoretical and computational purposes.
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1. Introduction

The notion of hypo-elastic material was introduced by Truesdell
(1955) and subsequently thoroughly investigated by himself and
other renowned researchers, as quoted in Truesdell and Noll (1965).
The definition of stress rate originarily proposed by Truesdell
(1955) takes into account the rate of volume variation by a modi-
fication of the convective rate introduced earlier by Oldroyd
(1950a,b) and investigated, in connection with plasticity, by A.E.
Green (1956). Notably, Prager (1951), Noll (1955) and Thomas
(1955) proposed instead for the stress tensor the adoption of the
co-rotational rate (Zaremba, 1903; Jaumann, 1911). Several stress
rates were investigated by Sedov (1960) and a further objective rate
was proposed a little later by Green and Naghdi (1965). The ques-
tion concerning the choice of a suitable rate for the stress tensor
was in fact the overwhelming feature of subsequent contributions
to hypo-elasticity. In the presentation given by Truesdell and Noll
(1965), co-rotational and convective rates were considered as
suitable and equally scored candidates. As a consequence the
constitutive law resulted to be determinate only to within an
additive isotropic bilinear term in T (Cauchy mixed stress) and D
(mixed stretching). This indeterminacy was imputed to be
responsible of entailing implications in the analytical formulation
of the hypo-elastic constitutive law.

The issue was further investigated by Casey and Naghdi (1988)
in the context of finite rigid plasticity. Many other proposal of
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stress rates have been set forth in subsequent years and in recent
papers by Bruhns et al. (1999) and Liu (2004) on finite strain
elastic—plastic models, as many as ten proposals of objective stress
rates have been listed.

The problematics concerning the formulation of a hypo-elastic
material behavior are addressed here in a general framework
designed to provide a rational formulation of constitutive relations
in continuum mechanics.

The turning point is that the question about the choice of an
objective stress rate is replaced by the more basic one concerning
the criterion to be adopted in comparing tangent vector fields at
two configurations of the body in space. A physical-geometrical
reasoning, based on a careful distinction between spatial vectors,
material-based spatial vectors and material vectors, leads in Section
2 to the statement of the covariance paradigm according to which
material tangent vectors are transformed and compared by push
along the material displacement. The statement of the covariance
paradigm extends naturally to material tensors at displaced
configurations, the push of tensors being defined by invariance as
detailed in Section 3. It follows that the unique, natural definition of
material tensor rate is the convective time-derivative (or Lie time-
derivative (Lie and Engel, 1888)) along the motion. As a conse-
quence, any indeterminacy about the stress-rate formulation is
overcome. The convective time-derivative of the stress is here
called the stressing.

An issue deserving a careful treatment concerns the spatial
description of a material tensor field, which is a material-valued
tensor field defined on the body’s trajectory in space. When
a consistent geometric framework is set up, it comes out that, as
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stated by the covariance paradigm, the spatial description cannot be
acted upon by a covariant time-differentiation along the trajectory.
Moreover, even if this inherent difficulty is ignored, covariant time-
derivatives cannot be expressed as sum of partial time and spatial
derivatives because the regularity required by partial time-
differentiation, at a fixed point in space, is in general lacking. The
needed regularity properties are conceivable in special problems of
hydrodynamics, to which Euler’s original treatment was devoted,
but are usually not fulfilled in solid mechanics. The issue will be
discussed in Section 6.1 with reference to hypo-elasticity where it
plays a decisive role. Most improper statements in the formulation
of constitutive relations have been induced from treating the
spatial description of a material tensor field as it were a time-
dependent spatial tensor field. This confusion is made possible by
the shadowing coincidence of dimensionality of material and
spatial tangent spaces for three-dimensional bodies.

The covariance paradigm provides a general framework for the
discussion of time-independence, invariance and frame-indifference
of material tensors, as illustrated in Section 5. Time-independence
is defined as variance by push under material displacements,
invariance is defined as variance by push under relative motions, and
frame-indifference is invariance under isometric relative motions.
The covariance paradigm, and the physical assumption that the
stress is frame-indifferent, assure that hypo-elastic constitutive
relations fulfill material frame indifference (M.EL), if the constitutive
operators, as seen by two Euclid observers, are related by push
along the isometric relative motion, a result assessed in Section 6.
This is a methodological change with respect to the statement of
form-invariance found in literature, according to which equality
between constitutive operators, with different domains and codo-
mains, should be involved.

The integrability conditions to be imposed on a hypo-elastic
constitutive operator to ensure the existence of strain-valued or
scalar-valued stress potentials, are investigated in Section 7. The
issue was first addressed by Bernstein (1960) and quoted by
Truesdell and Noll (1965), with an analysis which has been
a guideline for subsequent investigations. The formulation of the
hypo-elastic law there adopted did not take however properly into
account the geometry of the problem, as discussed in Section 6.1.
The topic is here investigated ex novo by relying on standard results
of potential theory in linear spaces. A two-steps procedure is
envisaged to show that two symmetry conditions, on the derivative
of the hypo-elastic operator and on the operator itself, ensure
respectively Cauchy and Green integrability of the hypo-elastic
constitutive operator. Explicit integral formulas for the relevant
potentials are provided. The integrability conditions and the proper
definition of time-independence of the constitutive operator, allow
to recover an elastic or hyper-elastic behavior in a fixed natural
reference configuration. The integrability property is shown to be
independent of the choice of a reference configuration and of
alterations of the involved dual tensors, thus leading to a consistent
theory of material behavior. The simplest hypo-elastic law, which
has been widely adopted for computational purposes, is analyzed in
Section 8 and found to be integrable to a hyper-elastic law, contrary
to opposite conclusions drawn in literature on the basis of incorrect
integrability conditions. The theory is illustrated by benchmark
examples of a hypo-elastic specimen subject to simple shear and
extension.

2. Physical-geometrical premise
The physical reasoning, which leads to the formulation of

a geometrically covariant theory of material behavior in continuum
mechanics, is carried out by a careful investigation of the

implications consequent to the basic distinction between material
particles and spatial points, as detailed hereafter.

The ambient space of classical continuum mechanics is the
Euclid 3-D space S in which motions of bodies take place. The
theory developed in this paper is however applicable without
changes to bodies whose placements are manifolds immersed in
a Riemann ambient space, endowed with the Levi-Civita connec-
tion. Illustrations of the relevant geometrical issues may be found
in Abraham et al. (1988), Romano (2007). In the sequel, when
needed, maps with co-domain in the ambient space and spatial-
valued tensor fields will be denoted by the apex S, whose drop-
ping specifies that the spatial-valued map is co-restricted to its
image.

The material body B is a set of labels, the particles p € B, which
become available to physical experience in their motion
0P . B x I~ & through the ambient space during an open obser-
vation time interval I.

1. Spatial vectors are tangent to parametrized lines drawn in the
ambient space. The comparison between spatial vectors based
at different points along a curve is made by a parallel transport
along that curve. The resulting differentiation leads to the
notion of parallel (or covariant) parametric derivative along
a curve, which depends linearly on the parametrization
velocity at the relevant point, as described in Section 3. In the
Euclid space, the translation defines a parallel transport which
depends only upon the start and end points and not on the
particular curve joining them. The corresponding derivative is
the usual directional derivative.

2. Material-based spatial vectors are tangent to time-parametrized
curves tracked by material particles in motion in the ambient
space. The comparison between material-based spatial vectors
at different times is made by parallel transport along the
motion. The resulting time-differentiation leads to the notion
of parallel (or covariant) time derivative along the motion,
which depends linearly on the motion velocity at the relevant
time, as described in Section 3. The velocity of a particle in
motion in the ambient space provides a paradigmatic example
of a material-based spatial vector and its parallel time-
derivative is the acceleration.

3. Material vectors are tangent to lines drawn in the placement of
a body in a given material configuration ¢ : B— 2, with
Q: := ¢4 B). A material line in a source placement £; is trans-
formed to a material line in the target placement £; by the
relative material displacement ¢.;:= @, o(pﬂeC1 (2¢;20),
which is a diffeomorphism, i.e. an invertible map continuously
differentiable with the inverse. Accordingly, material tangent
vectors at the positions of the same material particle in the two
material configurations are linearly related by means of the
tangent displacement, called transplacement gradient in
Truesdell (1991). In differential geometry this is named
a transformation by push and extends to any material tensor, as
illustrated in Section 3. Accordingly, the time-rate of variation
of a material vector field is described by the time-derivative of
its pull-back, along the motion, to the actual configuration. This
is indeed the definition of convective time-derivative.

Material tangent vectors can be merged into the ambient space,
but still cannot be acted upon by parallel transport along the
motion. This observation assumes a clear evidence if reference is
made to lower dimensional continua, such as wires or membranes
moving in the three-dimensional Euclid space, as exemplified in
Figs. 1 and 2 where the red arrows are material tangent vectors
while the black ones denote parallel transported vectors that may
not be tangent to the body’s placement. Indeed parallel transported
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Fig. 1. Push of a 1D material vector and parallel transport of its spatial immersion.

vectors will not retain in general their original nature of spatial
immersions of material vectors.

Once notions and reasonings developed above have been firmly
established, the criterion for the comparison between material
tangent vectors at displaced configurations of a body, can be stated
as follows.

Proposition 2.1 (Covariance paradigm). Material tangent
vectors, based at positions of the same material particle in dis-
placed configurations, are compared by push along the material
displacement.

Basic geometric objects in continuum mechanics are second-
order spatial tensors and material tensors which are bilinear real-
valued maps, the former on pairs of spatial tangent vectors, the
latter on pairs of material tangent vectors or covectors.

According to the covariance paradigm, Proposition 2.1, material
tensors at different locations of the same particle can be compared
only after they have been brought to have the same domain. This is
accomplished by pushing the material vectors, tangent at the
location of one of them, to the location of the other, along the
displacement. The resulting transformation is the definition of pull-
back of a material tensor, as formalized in Section 3 and its time
derivative is the convective time-derivative of the material tensor.

A tensor field assigns to each point in its domain a tensor based
at that point.

The basic spatial tensor field in continuum mechanics is the
metric tensor field g which endows the spatial points xPe & with
symmetric positive definite tensors gysreCl(TysrS, TysrS; R) =
CH(Txr S, TysrS), where Tysr S is the tangent space at x*Pe S and
T;SPS the dual cotangent space. The definition of a metric tensor
field makes the ambient space a Riemann manifold.

A material tensor field assigns to the position of each particle, at
an instant along the motion, a material tensor based at that
position.

The material metric tensor is defined at each configuration of
a body by applying the spatial metric tensor to the spatial immer-
sion of material tangent vectors, as detailed in Section 3. Material
metric tensor fields at a two time instants along the motion are
compared by pull-back, according to the material displacement
map. Their difference (in fact one half of) provides the most natural
definition of the relevant stretch or Cauchy-Green strain tensor
field. This is a material field which measures the variation in the
metric properties of the body when displaced along the motion.

Fig. 2. Push of a 2D material vector and parallel transport of its spatial immersion.

A referential configuration endowed with the pull-back of the
material metric tensor at a given time, provides a paradigmatic
example of Riemann manifold in continuum mechanics.

Material tensors are the ones entering in constitutive relations
describing the material behavior, such being stretch, stress,
temperature, internal energy and so on. The convective time-
derivatives of the material metric tensor and of the material
stress tensor are respectively called stretching and stressing, as
defined in Section 4.

According to the covariance paradigm, the comparison, between
constitutive laws of a material body at any pair of time instants
along a motion, or between the constitutive laws of a body, as
detected by two observers in relative motion, must be performed
by push, respectively according to the material displacement map
or according to the relative motion between the observers.

A pushed constitutive law is defined by requiring that material
fields, fulfilling the constitutive relation in a source configuration,
must be still related, by the pushed law, when they are transformed
by push to the target configuration, as described in Section 6 with
reference to hypo-elasticity. Theoretical notions and properties,
required to develop a treatment of the hypo-elastic model in the
physical-geometrical framework illustrated above, are provided in
the next sections.

3. Push and time-derivatives

At a point X € £, the linear space of Oth order material tensors
(scalars) is denoted by FUNy(£;), the dual spaces of tangent and
cotangent material vectors by Txf2; and T, ;.

Covariant, contravariant and mixed second-order material
tensors belong to linear spaces of scalar-valued bilinear maps (or
linear operators):

COVx(2;) = L(Tx®;, Tx2;R) = L(TxQ¢; TxQy),
CONy(Qp) = L(Ty:, T8t R) = L(ToQ¢; TxR2:),
MIXx(2¢) = L(Tx®;, To@;R) = L(TxR¢; Tx2r).

A generic material tensor space is denoted by TENSy(£2;).

At a given fixed time t € I, a map Cfpe C'(2.; 8), with the co-
restriction {.eC! (2¢; pr(.(l[)) a diffeomorphism, will be called
a geometric displacement to contrast its physical interpretation, of
displacement at fixed time, in comparison with the one of a mate-
rial displacement ¢ := @, o(p;1eC1 (2¢; £2¢) along the motion. This
distinction will become significant in the discussion about time-
independence and invariance in Section 5.

The push of a material scalar fy,(X)e FUNy(£2,), along a geometric
displacement Cfpe C!1(Q; 8), is a change of its base point:

Ce1fo.0) (G (X)) = for(X).

The push of a tangent material vector vy (X)e Tx&; is the
evaluation of  the tangent  geometric displacement
Tx€; € L(Tx2¢; Ty, (58 (2¢)), by the formula:

%) (qu,t(x)) 1= Tth"’q),t(x)v

and the push of a material cotangent vector v, ,(X)e T, Q; is defined
by invariance:

(Mg G Vo) = C T (Vg 1, Vg r)-

The push of a tensor is also defined by invariance. For a twice-
covariant material tensor field s, ¢eC!(2¢;COV(£;)), the push is
explicitly defined, for any pair of material tangent vector fields
Uy, Wy € ! (2¢; Ty), by:
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(Ce1S0) (Cetug e, e tWo ) 1= G (Spt(Wgr, Wo)).

Introducing the cotangent map T ol € L(TZ[<X)Ct(Qt)§T;Qt)
such that:

(Ug,x) ,TxGewx) = (T* (X) Et'“tt x)> Wx),

for every wxeTx@: and ug, eTg x)lt(.Q[) With the abridged
notation sx : = sy ¢(X), the pushes ofL covariant, contravariant and
mixed material tensors are given by:

e | —
GrsQV = Tl TesQOVe Ty 4
CesgON = TG osgON °T£(x)<t’
GersMX = TlosMXoTy o G

The material metric field g, e C'(2;COV(2,)) at time t e [ is
induced in the configuration ¢, : B— £, by the spatial metric field
ge C!(8;COV(S)) according to the definition:

8o (Upt, Wor) := gl (8(ipe Mg, ipe TWy)),

where ip e c! (£2¢;8), is the inclusion map which places the image of
the body onto the submanifold .Q[ =1yt(2;)CS of the ambient
space. The spatial tangent vectorip ¢ T (Vo ¢ (X)) =Txigt Vg (X)€ Tysr S
is the spatial immersion of the material tangent vector vy ¢ (X)e Tx&r.
Alteration of tensors is defined by the relations:

sM 1,500V _ gCON

X
- g ng7

which, in components form, correspond to lowering and rising of

indexes.

The adjoint TA x)tteL(th )Ce(Re); TxR2¢) of the tangent map is

defined by TZ ® Ct =g oT Z["gz . Then:

(Ce L 8, x )MIX = TA x) 6t ° e,

a formula that will be referred to in evaluating the mixed form of
the stretch. The pull is the push along the inverse diffeomorphism:
&l = C;1 1. All these definitions extend directly to the push along
a material displacement.

The convective time-derivative at time t e I of a material tensor
field sy re C!(2¢; TENS(2¢)), along ¢F : B x I~ S, is defined by:

L(p"ts(p = GT:t (pr‘tlS(p,’[.

The pulled-back tensors (¢ | S¢ :)(X) belong, for all 7 € I, to the
same linear tensor space TENSy(£;) so that the derivative 8;_;
makes sense. A simple but quite important property is that the pull-
back of a convective time-derivative is equal to the time-derivative
of the pull-back:

Pisl (Lot Sp) = Ot Pr51Spr

The parallel transport of a spatial tensor along a curve
cPeC!(R; 8) in space is deduced, from the definition of parallel
transport of a tangent spatial vector, by invariance, for a twice-
covariant tensor s’Pe C!(S; COV(S)), according to the formula:
&SP s (P ru, ST w) = s (u,w)ocs¥, 1eR, uweTS,
and similarly for other spatial tensors.

The parallel (or covariant) derivative along a curve c¢SPe C!(R; S)
of aspatial tensor field sSPe C! (S; TENS(S)), is accordingly defined by:

SP . _ SP (| (SP o ¢SP
Vci"s 1= 0)0 G (877 °¢3"),

where cf i= 9, OcAP is the parametrization velocity of the curve at

A=0and clsp I denotes the parallel transport from ¢>7(2) to ¢5(0).
If the curve is time-parametrized the definition of parallel time-
derivative is got.
The parallel time-derivative along the motion

t=Oe_r QRIS

of a material-based spatial tensor field s3, € C'(2¢; TENS(S)) is
called the material time-derivative. The paradigmatic example is
the acceleration of the motion: aa{’t 1= 0 GSRUVE, € cl(Q,Ts)
which is the material time-derivative of the motion velocity field

Vo 1= Ot 93 € C1(24; TS).

SP
sztp

Remark 3.1. The spatial description of a material-based spatial
tensor field is defined on the body’s trajectory:

T(B,9) := {(x°",)|x°" = 9>
by:

ng(&(p) (XSP7 t):=

As a rule, neither the convective time-derivative nor the
parallel time-derivative along the motion may be evaluated by
resorting to Leibniz rule to get a split into the sum of partial time
and space derivatives. This is due to the possible highly irregular
time dependence of a material tensor field, at a fixed point
of space, as a function of time. In this respect, we quote that,
although often misguidedly considered of general validity and
also taken as the definition of acceleration (see (Marsden and
Hughes, 1983), Prop. 1.10, p. 32 and (Truesdell, 1991), 1. 6.4, p.
104), the celebrated d’Alembert-Euler split formula for the
acceleration:

(p,t),pe B,te I},

s (p.t), X = o(p,1).

SP _ SP SP
AT Bt = O=t VI Be T Ve, VT(Bg).t

is in fact applicable only in investigations about continuous flows of
a fluid in a region of space, as in problems of hydrodynamics, where

it was originarily conceived. With reference to hypo-elasticity the
issue will be discussed in detail in Section 6.1.

4. Stretch, stretching, stress and stressing

To a pair of material configurations ¢, : B—&; and ¢, : B— 2
there corresponds a Cauchy-Green strain (stretch) material tensor
field:

€., 1= 3(PeeBpr — Bpo) € C'(26:COV(2Y)),

which is a symmetric covariant tensor field. The mixed form is
denoted by Ey, :=g,1°€,, = 1/2(Cy,, —lps) € C'(Re; MIX(2y))
where I is the identity tensor field and:

Co., = TA‘Pr,t°T(Pt,tv

is the right Cauchy-Green tensor field, extending to lower dimen-
sional bodies the one defined in Truesdell and Noll (1965).

The time-derivative d.— ¢, 8, is a tensor field too because,
for any t e I, the tensors (¢.;|8,.)(X) are all based at the same
point X € ;. We may then give the following definition.

Definition 4.1 (Stretching field). The material stretching at time
t € I is the covariant symmetric tensor field é(,,vteC] (2¢; COV(L2y))
defined as one-half the convective time-derivative of the material
metric tensor field:

1

3 c(p,t g(P .

. 1
€t = Or—t €p,, = Or—t 3 ((Pr,tlg(pI - g(pﬁt) =
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The expression of the stretching in terms of the velocity field of
the body in motion, is provided by a celebrated formula due to
Euler for 3D bodies. Our treatment extends the result to lower
dimensional bodies.

Preliminarily we observe that the parallel derivative of the
material-based spatial velocity field vz,te c! (2;TS), along
a material tangent vector field uq, ceCl (2¢; T;), is a material-based
spatial vector field Vvs ¢ Ug, reCl (£2¢; TS). To get a material vector
field, the spatial vectors are projected over the material tangent
spaces. The result yields the material parallel derivative
VMATYSP & C1 (24 MIX(R;)) defined at x € 2 by:

(VRATVS, Uy, Tudgt- Wor),

8ot Vor Upt, Wo, t) = g(vxvgsa[‘)t
where ug ¢, Wy re ! (2¢; T8,) are material tangent vector fields. The
generalized expression of Euler’s formula then reads (Romano,
2007):
1
Lot 8y = gwosym(VMATvzl}).

The mixed form of the stretching tensor is accordingly provided
by the symmetric part of the material parallel derivative of the
velocity field:

1,1
Dy := dt Ep, = 8,1 °5L0 §p = SYM (VMATvzl}).

The symbol D was adopted by Truesdell and Noll (1965) to
denote the symmetric part of the velocity gradient for a 3D body. In
our treatment the result and the notation are extended to lower
dimensional bodies. The stress field is introduced by duality:

Definition 4.2 (Stress field). The stress field at time t € I is a con-
travariant symmetric material tensor field a4 re C! (2¢; CON(£y)).

Definition 4.3 (Duality pairing). The duality pairing between the
stretching €, re C! (2;COV(£2;)) and the stress o, re C!(2¢;CON(2y))
fields is the scalar material field (0¢¢.€p¢):=]1(0pto€pt)
eCl(Q:;FUN(R,)) of linear invariants of the mixed tensor field
OptoépreC (2 MIX(2y)).

In continuum mechanics, contravariant Cauchy stress fields
are material fields whose duality pairing with the covariant
stretching provides the stress power per unit volume in the actual
configuration. The mixed tensor field, called the Cauchy true stress
because its boundary flux provides the boundary tractions field,
is expressed by:

Tyt = 0gt°8yeCl (2 MIX(R0)).

The previous formula may be written in components as
T’j = a”‘gk withi,j, k=1, ..., nforabody of dimensionalityn =1, 2, 3.

Definition 4.4 (Stressing field). The stressing field is the convective
time-derivative, along the motion ¢%° : B x I8, of the material
stress field, i.e.:

Lot 0p:= d_t @1 0g.cC' (2:;CONRy)).

5. Time-independence, invariance and frame-indifference

As a consequence of the covariance paradigm, Proposition 2.1, we
give the following definitions of time-independence and invariance.

Definition 5.1 (Time-independence of material tensor fields).
Time-independence of a material tensor field sy re Cl(Q¢; TENS (2¢))
under the action of a material displacement ¢, c C1(Q:; Q:) means
that the material tensor field transforms by push along the motion:

Spr = (pf"th(p,lﬁ V1, tel

A relative motion, with respect to the motion ¢F : B x I+~ 8, is
a family of geometric displacements pre C'(Q¢; 8) with a smooth
dependence on time t € I.

Definition 5.2 (Invariance of material tensor fields). Invariance
of a material tensor field s(,,te Cl(.Qt TENS(R;)) under the action of
a geometric displacement Zt eC! (2¢;8) means that the material
tensor field transforms by push along the relative motion, at fixed time:

Stror = CtTS(p,t, Vtel

The material displacement in the pushed motion {1 ¢ is defined
by the commutative diagram:

(@)% ¢ (@)

c,] {l

2

— (CT ¢ Qo'r) o (Ct © (Pt)_l
:C.—O(Pf,LOCt_l

(CT‘P),—,t

Accordingly, the push along the material displacement in the
pushed motion is expressible by the chain composition:

€10)it = Getopertol 't

The next Lemma yields a basic result for the assessment of
invariance of convective time-derivatives.

Lemma 5.1 (Covariance of convective time-derivatives). The
convective  time-derivative of a material tensor field

S t€ ! (2¢; TENS(£;)) and the convective time-derivative of its push
by a relative motion Z?Pe C1(Qy; S) are related by the covariance rule:

L1t (E189) =61 Lo Sp-

Proof. By definition of material displacement from time t € I to
time 7 e I along the pushed motion, we have that:

(CeopeeoC )L (G spr)
Gt ((@eeloCl) (ETS0))
=G 1 (PerlSoyr)-

The result follows by definition of convective time-derivative:

(4 ‘P)r,t l (Cr TS(IJ‘T)

LorSe:= 0=t Prr1Sq1,
Ligro)e (§180) 1= et (§10).¢ 1 (E1Sp),,

and by the linearity of the map ¢ 1eC%(TQ;; TS) at each x e
which provides the commutativity property 8.—:{; 1 = &; 10—

In Marsden and Hughes (1983, Th. 6.19, p. 101) a statement
resembling the one in Lemma 1 is formulated and proved with
reference to time-dependent spatial tensor fields. Both the state-
ment and the proof are however different and that result, per-
taining to spatial fields, cannot be applied to material tensor fields
involved in constitutive relations.

A result concerning invariance, which will be resorted to in the
analysis of hypo-elastic materials, is explicitly stated hereafter.

Proposition 5.1 (Convective time-derivatives of invariant ten-
sors). Invariance of a material tensor field sy e C(Q¢; TENS(Qy))
with respect to a relative motion §t Pec! (8¢; S) implies invariance of
its convective time-derivative:

Stror = GelSpr = Lgrg)eStior = &1 Lot So.

Proof. The result follows directly from Lemma 1 and the
Definition 6 of invariance.
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A change of observer is a time-dependent family of diffeomor-
phic maps K?Bse C'(8; 8) of the ambient space onto itself. It induces
a relative motion from any given motion.

A change of Euclid observer requires that the change of observer

{?BSGC1(S;S) be an isometry: 801 gp = ﬁsngq,‘t. Invariance

under change of Euclid observer is called frame-indifference. The
material metric tensor is frame-indifferent by definition.

Remark 5.1. A basic physical assumption is that the stress tensor is
frame-indifferent, i.e. invariant under a change of Euclid observer. Of
course, in general, the stress tensor will not be time-independent, that
is invariant under a material displacement of the body along the
motion, even if the material displacement ¢, : = ¢, ¢; 'e (@)
is isometric, i.e. even if the material metric tensor is time-independent:
8o: = 918y Time-independence of the stress tensor under
isometric material displacements holds however for elastic materials,
as will be discussed in Remark 4.

6. Hypo-elasticity

A hypo-elastic response of a body 5 in motion ¢° : B x [~ S is
expressed, at each time t € I, by assuming that the stretching at the
configuration ¢, : B— £, is a function of stress and stressing.

Definition 6.1 (Hypo-elastic law). The hypo-elastic response at
time t e I is governed by a stress-dependent constitutive linear oper-
ator Hy¢ which provides the stretching 1/2 Ly g, corresponding to
the stressing Lot 0¢:

. 1
€pr:= 5 Lor8y = Hypt (0g1t) Lot Gp.

The operator H,; is defined on the linear space CON(£,) and takes
values in the linear space L (CON(£L2;); COV(£L;)) whose elements are
linear operators between the domain space CON(L;) and its dual
COV(Q,). Ateach o5 € CON(&;) the tangent compliance Hy (0 ¢) is
assumed to be an invertible linear operator. ,

In Truesdell and Noll (1965) the symbol T has been proposed for
the mixed form of the stressing, there called convected stress rate. In
their notation, the hypo-elastic law is written in components as:

D = Hiy$ (T’.})% "

Definition 6.2 (Time-independent hypo-elasticity). A hypo-
elastic constitutive operator is time-independent in a time-interval |
if the instantaneous operators at any pair of time instants 7, t € I are
related by push along the material displacement:

Hy: = ¢ THgp,
the pushed operator, being defined by:

@0t (Hot(00) Lo10y)
= (@t THot) (9 1001) @t T (Logit g).

This means that time-invariant material tensor fields, fulfilling the
constitutive relation at time t I, are still related by the law at time
Tel

To endow the mathematical definition of hypo-elastic law with
a physical meaning apt to describe a material behavior, it is
compelling to show independence of the change of Euclid observer
of the motion, which is the meaning of material frame-indifference
(M.EL).

The physical assumption, quoted in Remark 5.1, is that the stress
is frame-indifferent, i.e.: aﬁlfow,t _ CItSOT”tp,t for any change of

Euclid observer. Frame-indifference of the material metric tensor
and Preposition 5.1 assure that stressing and stretching are frame-
indifferent too, i.e.

ﬁt[so Gzlso = 150 1 £¢_t Ogp,

Tot T
ISO

LZ]SOW'I gtlsow) =G 1Lyt 8y

so that:

1SO 4 1 1
0 13L0t80 = 53 L¢010: 8001,

Hysoy (GZISOWI> Loy Tgsoy

1SO 1SO
= HZ[SOTq),t(Ct Ta'(p,t) 'ct Tl:q,_f Ogp.

Hence M.EL is expressed by the following condition of invari-
ance under change of Euclid observer on the hypo-elastic consti-
tutive operator:

Hpso,,, = SOt H,.

6.1. Non-covariant stress rates

In literature the following expression is exposed for the con-
vected stress rate (Truesdell and Noll, 1965, formula 36.20, p. 97):

A I T
T=T+LT+TL

According to our notation, when written for the contravariant
stress field o e C1(Q;; CON(R,)), this definition reads:

A
: Sp
Opt = Ggr —25ym(VV, 004¢),

where Vi, is the covariant derivative of the velocity field, for
instance the one induced by a co-ordinate system, and ¢ should
be the material time-derivative, defined by:

Gor = Ot @37 (0g003")eC' (2:; CON(Ly)).

However, in evaluating this formula, the particle is held fixed
and the comparison of material stress tensors at two instants along
the motion is performed by parallel transport, an operation which
is in contrast with the prescription of the covariance paradigm,
Proposition 2.1. Most often, by considering the spatial description of
the stress field, defined on the body’s trajectory 7 (B,¢) by:
0750 (XF,t):= a4(p,t), X = ¢(p,t), the time-derivative
along the motion is split into the sum of partial time and spatial
derivatives:

01 Bt = 0=t OT(Bg)1 + Wiy TT(Bg)t-

Expressions like these ones have been adopted, in components,
in Oldroyd (1950a,b), Truesdell (1955), Bernstein (1960), Sedov
(1960), Truesdell and Noll (1965) and in subsequent treatments,
reproductions or variants, e.g. (Dienes, 1979; Gurtin, 1981; Marsden
and Hughes, 1983; Pinsky et al., 1983; Atluri, 1984; Simé and Pister,
1984; Johnson and Bammann, 1984; Moss, 1984; Sowerby and Chu,
1984; Lo, 1988; Sansour and Bednarczyk, 1993; Xiao et al., 1997;
Bruhns et al., 2006; Yavari et al., 2006) and references therein.
Essential difficulties are involved in the evaluation of the formulas
above. In fact, the covariant differentiation Vy,,,, is an operation
not allowed on the material-valued tensor field o7z ) .. Moreover,
the partial time-derivative 0.t o7 (34) 7, evaluated at a fixed
point in space, is not feasible in general, because the domain of
the spatial description of a material field is the trajectory, so that
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time-dependence, at a fixed point in space, will be quite irregular, in
general. This is witnessed by the example of a spinning cogwheel in
which material particles will cross the peripheral spatial points at
isolate instants of time. The same difficulty holds for material-based
spatial tensor fields.

The source of confusion is that material-based spatial tensor
fields, whose spatial description is defined on the trajectory, are
treated as they were time-dependent spatial tensor fields, defined
over the whole ambient space.

Indeed, a formula, similar to the incorrect one for the convective
stress-rate reported above, holds true for the Lie time-derivative,
along the motion, of a time-dependent spatial tensor field
ssPeC!(S; TENS(S)) with t e I For a twice contravariant spatial
tensor field, in our intrinsic notation, it writes (Marsden and
Hughes, 1983; Romano, 2007):

Lo8F 1= 0 Q2L (¥ o2) = ;7 — 2sym(Vvy os;h),

with the parallel time-derivative along the motion, of the time-
dependent spatial tensor field given by:
¥ ’

1= Or—t (P?EU(S?FO(/)?E = Ot S +Vv¢[ sL.

6.2. Expression in terms of mixed tensors

As stated in Marsden and Hughes (1983), alterations performed
with the spatial metric tensor field and push according to
a displacement map do not commute. This lack of commutativity is
at the root of the list of expressions, of convective time-derivatives
evaluated in terms various alterations of the stress tensor field,
exposed there on page 100, box 6.1. As a consequence, the adoption
of different representations by altered tensors, would lead to
different constitutive laws. This unpleasant feature may be over-
come if a fully covariant approach is taken, by requiring that
alterations of the material tensors, pushed from a natural config-
uration, should be carried out according to the pushed material
metric tensor. Then push and alteration will commute, as illus-
trated, with reference to contravariant and mixed stress tensors, in
the next statement.

Proposition 6.1 (Push and alteration). Push of a mixed stress
tensor is equal to the mixed stress tensor stemming from the alteration
of the pushed contravariant stress according to the pushed material
metric:

Q1 (0p°8pr) = (@ 1001)° (Pr18p1)-

Proof. The result, which is a special expression of the naturality
of push transformations with respect to tensor composition,
follows from the formulas:

@109 = TQ o0gc T*(pr,ta

Ot 180 = T*(pr_,t] °gq).t°T‘Pr—,tl7

0::1(0pr°8pt) =

provided in Section 3.

Once the hypo-elastic law has been formulated in terms of dual
covariant metric and contravariant stress tensors in a natural
reference configuration, its expression in terms of mixed tensors in
the actual configuration may then be got in two equivalent ways:
either by altering with the referential material metric tensor and
then pushing forward the result, or by pushing forward, the stress
tensor and the referential material metric tensor, and then per-
forming the alteration in the actual configuration with this pushed
material metric tensor.

T 1208y TOL,

6.3. Evaluation of the stress field

In most computational algorithms, a basic issue concerns the
evaluation of the stress field along the motion in terms of the hypo-
elastic tangent stiffness at a time t e I:

Ly10p = (Het(ogr))

The computation is conveniently carried out in terms of
a reference configuration x, : B— £,. A schematic view of the
relations between the body, a reference configuration and the
material configurations along the motion, is provided by the
diagram below:

11
5 L‘P,fgga'

REF

Q, Pronan gt

REF

N o=

e ox,
Xo thQ — (p'rt ‘Pfo(ptl
V Pre= P 0 (PfF) 7 = hF
-
B

By pulling back to a reference configuration x, : B— &, the
hypo-elastic law writes:

REF

et 3 N1 8y = (O LHo ) (0K Ly r) -0t 98 L

Its inverse is given by:

Ot (PTREF lOg= (((PtREF l qu‘t) (‘PFEF l U'(p,t))

0= t2 EFl g(pr

so that:

-1 -1
PF L (Hot(096)) = ((0FF LHp ) (9F Lagr))
To evaluate the referential stress increment in a time interval
[s,t], the following integral equation should be solved:

REF EF
@ lOpr — @5 |Ogs

t
= (o) o8 100)) " (s o o

N

The strategy adopted by Pinsky et al. (1983), for the numerical
integration of the rate constitutive equation, should be mentioned
as an iterative algorithm for the solution of the discretized integral
equation.

The converse problem of evaluating the strain field along the
motion is readily solved by integrating the direct hypo-elastic law
pulled back to a reference configuration:

1
JOR gy — 20N g,
t
= /((ngF lH(p,&) ((p];EF ! U(pﬂ) '61:0 (erEF l Oy dé.

N

7. Integration of the hypo-elastic law

Let us now deal with the question about the integrability of
a time-independent hypo-elastic constitutive operator, so that:
Hy: = ¢, THy for any 1, t € I. Reference will be made to the
tangent linear space Txf to a generic configuration ¢ : B— S with
¢(B) = £. In the sequel the subscript in dr and Crrefers to deriva-
tives taken by holding the base point x € £, of the involved tensor
fields, fixed.



G. Romano, R. Barretta / European Journal of Mechanics A/Solids 30 (2011) 1012—1023 1019

The standard potential theory deals with operators defined in
a normed linear space and taking values into the dual linear space.
The mathematical tool to be invoked is the symmetry lemma
concerning the differential of the operator (Volterra, 1913;
Vainberg, 1964). It is a special case of Poincar lemma about exact-
ness of closed forms on differentiable manifolds (Abraham et al.,
1988; Marsden and Hughes, 1983; Romano, 2007).

Integrability in hypo-elasticity is a more involved issue since the
constitutive operator H is defined on the linear space CONy(£) and
takes values in the linear space L (CONx(£2); COVy(£2)).

Definition 7.1 (Integrability). The constitutive operator H of
a hypo-elastic material is Cauchy-integrable if there exists a strain-
valued stress-potential @ such that H = dg® and Green-integrable if
there exists a scalar-valued stress-potential E* such that ® = dgE* and
hence H = d3E".

Let us illustrate in detail the two-steps procedure to be followed
in applying the standard symmetry lemma to the assessment of the
integrability conditions on the hypo-elastic constitutive operator.

Proposition 7.1 (Integrability conditions). The constitutive oper-
ator H of a hypo-elastic material is Cauchy-integrable if and only if the
following symmetry condition holds:

(dpH(0x) - 00 -010%,020%) = (dpH(ax)-00x-0,0%,010%),

for all 6ax,010x,0,0xe CONk(R). The further symmetry condition:
(H(ox)-010x,020x) = (H(0x) 020%,010%),

ensures Green-integrability
Proof. In the linear tensor space CONx(L) the symmetry
condition for the derivative:

<dFH(U'x) 60')(6‘1 Ux, 620’)() = <dFH(o'x) '60')('620')(, 5]0')()7

for any fixed doxe CONx(L2) and for all 610k, 0,0xe CONx(L), is
equivalent to the vanishing, along any loop in the space CONy(£2), of
the integral (Vainberg, 1964):

%H(JX)-éax = 0.

In coordinates, setting (H(ox)-dox); = HjjqdoX, the symmetry
condition writes: dqu,-jkléak’-élapq-éza” = dinquléokl-ézaU-éw"q,
that is:
dpqHijiy = dijHpqu

The vanishing of loop integrals implies that, for any fixed
doxe CONy(R), there exists a scalar potential defined, up to an
additive constant, by the integral:

1

Dig, (o) = [ ((Hoc)(2)-d0. & () d.

0

where ¢x* e CI(I; CON(Q)) with I = [0, 1] is any path between the
points ¢x"(0) = 0x and ¢x"(1) = ox. Hence:

dr @54, (0x) = H(ox) 0.

The dual operators H(ox)eL (CONk(L2);COVx(£2)) and
H'(0x) e L(CONk(2); COVx(R)) are related by the identity:

<H*(‘7x) -020%,01 0'x> = <H(¢7x) -010%, 520'x>7

and hence we have that:
1

Dig,(0x) = [ ((H>€)(0)- (1) d0x)d2 = Do) o,
0

with the strain-valued stress-potential @, defined on each tensor
space CONy(£2) by:

1
B(ox)i= (M ()€ di
0

Being dr®;, (0x) = H(ox)-d0x, for any fixed doxe CONk(£2), we
infer that:

dr® — H.

The fulfillment of the symmetry property
H'(0x) = H(ox) = dr®(0x), implies the vanishing, in the tensor
space CONy(R), of any loop integral:

74 ®(oy) = 0.

This ensures existence of a scalar-valued stress-potential E
whose values on the tensor space CONy(£2) are given by:

1 1 A
Eox) = [(@ecp()-&dh = [ di [(Hocy@) 6
0 0 0

so that @ = dgF* and H = dp® = di°E*.

Remark 7.1. The symmetry condition dpqHjjii = dijHpg differs from
the one reported, with reference to finite elasticity, in Simé and Pister
(1984, formula 3.4) which, in our notations, would read
dpgHuij = dijHkipg-

Proposition 7.2 (Integrability and time-independence). Integr-
ability of a time-independent hypo-elastic constitutive operator, at
a given time, implies integrability at every time. By pushing the
potentials at a fixed reference configuration, time-independent
potentials are got and potentials at displaced reference configura-
tions are related by push.

Proof. Let ¢ c C1(Q:; Q;) be a material displacement. Time-
independence and the integral transformation formula imply
that, at x e £, for any given 0o, e CONx(£;) and for any cycle in
¢’ © CONx(£2;):

7{ Hy (0.t 100c) 011000 = 7{ 0ot (Hpt(0pr) 000)
Jo..(c) Jo. ()

= f Hyt(091) 000,
C

f{ Dy (0 1001) Zj{ 001 (P (091))
@ (C) @e(C)

= ]{ Dyt (0g.1).

The first part of the statement follows. The last part is a simple
consequence of the chain composition of pushes according to
composite maps.

Taking into account that the pull-back of a convective time-
derivative is equal to the time-derivative of the pull-back, the
hypo-elastic law of a Green-integrable hypo-elastic material in
a reference configuration ¥, : B—&,, setting @REF = @ oy 1, is
given by:
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diE (9FF 1 0g) - 0ct 9FF L0y
= Or—¢ dFE ( REFlU(p r)

Or=t ; ( REFlgq; r)

and may be readily integrated along the motion, in the interval [s, t],
to yield the referential hyper-elastic law:

1

j( REFlgw SEFlg(M) — deE" (o REFlUW) dE" (o REFlo.(ps)
If @REF: B3 Qs is a natural configuration, where the stress is

assumed to vanish, the referential hyper-elastic law, being
oREF — ¢, ;- oREF | takes the form:

1 1
3 (oFF 1gy . — o R 13 (@1 18p 1 — o)

_ dFE ( REFlﬂ'(pt)

EFlg¢,5>

The integrability condition in Proposition 7.1, concerning the
symmetry of the derivative of the hypo-elastic operator, is trivially
verified if the operator is independent of the stress state. Moreover,
time-independence of the hypo-elastic constitutive operator
assures that independence of the stress state, once verified at
a given time, holds at any other one. The following chain of inclu-
sions holds true:

time-independent hypo-elasticity
D elasticity
O hyper-elasticity.

It can be shown that integrability is also independent of the
alteration of the tensors chosen to formalize the hypo-elastic
response and that integrability to a hyper-elastic law is equiva-
lent to conservation of mechanical energy. In this respect we quote
the interesting discussion, in a thermodynamical context, by Casey
(2005).

Remark 7.2. A Cauchy-elastic constitutive model is well defined as
a time-independent, integrable hypo-elastic model whose strain-
valued stress potential is strictly monotone. An isometric material
displacement of an elastic body along the motion, leaves the stress
tensor unchanged in time, that is changed by push. To see this, we
observe that an isometric material displacement of a Cauchy-elastic
body along the motion, does not change the Cauchy-Green stretch in
a reference configuration where the elastic law is expressed by an
invertible smooth relation between pulled-back stress and metric
material tensors. The stress tensors at the isometrically displaced
configurations along the motion, are obtained by pushing forward the
same corresponding referential elastic stress and will therefore be
related by push along the isometric material displacement. In accord
with the covariance paradigm and Definition 5.1, the conclusion is
that the elastic stress is time-independent.

8. The simplest hypo-elastic model

The simplest hypo-elastic model, corresponding to the rate form
of the standard linear isotropic elasticity model adopted in the
small displacements range, has been most widely adopted in
computational mechanics, (see e.g. Key and Krieg, 1982). The model
was investigated in Simé and Pister (1984), Sansour and
Bednarczyk (1993) who, by adopting the incorrect integrability
conditions provided in Bernstein (1960), found that this hypo-
elastic material is not hyper-elastic. On the contrary, on the basis
of the covariant theory and of the correct integrability conditions
provided above, it will be shown that the simplest hypo-elastic

model is indeed hyper-elastic. Denoting the mixed forms of
stretching and stressing at time t € I by:

Do = goto 5 (LocBy) Tori= 1 (Cocop)e

ot 1= 8yt 5 0t 89 ) o= 5 (Lot Ty ot

the simplest hypo-elastic model is described by the linear, isotropic
rate law:

1A
Do = 5. Toc — ) (T )loe = HYX(Tp0) Ty

so that the hypo-elastic constitutive operator is given by:

HYX(Ty) = Py ®lyy,

1 I
2u™E
with E Euler (or Young) modulus, » Poisson ratio and u = E/(2(1 + »))
Lam shear modulus. Here I, ¢ (X)e MIXx (2;) is the identity tensor, ®
is the tensor product in the inner product tensor space MIXx(£;) and
It (X)e L(MIXx (Q¢); MIXx (£2¢)) is the identity operator.

The simplest hypo-elastic constitutive operator is evidently
stress independent and symmetric. The integrability conditions of
Proposition 7.1 are then fulfilled and we may conclude that the
simplest model is Green-hypo-elastic. Integrating along a ray from
the origin of the tensor space MIXy(£2;) to a stress value Ty, the
strain-valued stress-potential d)MIX = dpEM™X at the material
configuration ¢, : B— &; is readlly computed

14

1
PN (Ty.c) / HYX (ATp) ‘Tor dd = 3uToe—g 1 (Too)loc.

Time-independency of the simplest hypo-elastic constitutive
operator, is expressed, according to Definition 6.2, by the equality:

1

ﬂ”(p —El¢f®l¢r = (PttT( ”wt—gl¢,t®1¢,t)7

which is inferred from the formulas: ¢ tlyr = loz,
@Myt = Iy and:

0ttt ®Ipt) = (@ Tlpt) ® (‘Pr,tquz,t)-

Let us now assume that ¢, : B—&; is a natural, stress-free
reference configuration. The hyper-elastic law may then be
written in terms of the mixed Green'’s strain tensor, as:

1 v
Ey, = qjmltx((l’r‘tl'r(p,r) =2 @t lTor —Efl (€72 V%3] P

or, in inverse form:

+ ﬁ i (E%.r) Ip¢.

The Cauchy true stress Ty ; € C!(Q;; MIX(£,)) is recovered from
the reference one ¢, ;| Ty € C!(2¢; MIX{£,}) by push forward:

1
ﬂ (pf,flT(/’»T = E‘Pr.t

Tor = T@rro (91 Tpz) o To7 .

8.1. Simple shear

Let us consider a unit cube as a natural stress-free configuration
of a body and a Cartesian reference system. A simple shear, see
Fig. 3, is described by a material displacement whose expression in
the reference system, setting y;; := vy (t — t), is given by:
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0 :(%,y,2) = (X+ v ry)e1+ye; +zes.

The matrices of the relevant tangent map and of its inverse are
given by:

1 /Y‘L'«,t 0 1 _'Yt,t 0
To.(] = |0 1 0f, [To;{]=1]0 1 0f,
0 0 1 0 0 1

The matrix of the mixed Green’s strain E,_, writes:
1 0 ’Y‘E,t 0
[Eo.| =5 |vee 72 O]
0 0 0O

Consequently, the matrix of the referential Cauchy true stress
will be:

1 0 v, O ’ X 1 00
- T = 20| +——= 01 0].
ﬂ[‘l’r,tl ¢,r] 76,t “/6; 0 1—-2 Yrt 00 1

The initial, linearized law is expressed by the usual relation
between shearing stressing and stretching, i.e.

A 010
Tot = 0=t [@celTpc] = wy|1 0 0| =2u0—¢Ep,
00O
ZZ,LL D¢7t.
Being:
1 7., O 0 ver 01 [1 —7v¢ O
0 1 Ofe|y, 7% 0|0 1 0
0 0 1 0 0 O 0 0 1
Y2 Yer O
= | Yot 0 0f
0 0 O

the matrix of the Cauchy true stress is given by

2 1 00
1 ’Y‘[,t /YT,l’ 0 v
—{Tgp,t} = | Yt 0 0 +m ’Y%t 01 0].
K 0 0 0 00 1

8.2. Homogeneous extension

A homogeneous extension, see Fig. 4, is described by a material
displacement, of a unitary cube given, in a cartesian reference
system, setting o := a (t — t) and 8, := 6 (t — t), by:

0.:(%,Y,2) = arrxex+ B yey+ zes.

)

fYT,t

Fig. 3. Simple shear.

The matrix of the tangent map T¢. and the matrix of the mixed
Green strain are:

Ort 0 0
[T(pf,t] = 0 5r,t 0f,
0 0 1
Je2e-1 0 o
Ep]=5| 0o p%-10
0 0 0

According to the simplest rate law, the matrix of the referential
Cauchy true stress, setting ke = v (o2, +6it) —-2)/(1=2v), is
given by

1 a%_’t—l 0 0 1 00
—[0: 1 Tpc] = 0 ,-1 0| k|0 1 0},
H 0 0 0 0 0 1
so that for the Cauchy true stress we get:

1 1, a?yt -1 , 0 0 ; 1 00

—|To:] = 0 B —1 0| —Ket 01 0.

M 0 T’t() 0 0 0 1

Assuming » = 0 and §;, = (a;;)”', which corresponds to a van-
ishing Poisson effect and to an isochoric displacement, the normal
stress Tq1(t) and the resultant axial force N(t) = A(t) T11(t) = u
(arr — 1/(err)), where A(t) = 1/(az) is the transversal area, are
plotted in Fig. 4.

8.3. Comparison with other treatments

The two examples presented in Sections 8.1 and 8.2 were
treated, with a non-covariant definition of the simplest hypo-
elastic law, in Pinsky et al. (1983, examples 6.1 and 6.2) where
spatial expressions for the stress rate, according to Oldroyd,
Truesdell and Jaumann proposals, have been considered. The
former example (simple shear) was also discussed in Sansour and
Bednarczyk (1993). Explicit calculations of the same non-
covariant examples were exposed in Lo (1988, Appendix) by per-
forming a time integration of the spatial form of the constitutive
law, at a fixed point of the ambient space. The analysis for the
simple shear led to a Cauchy true stress depending only of Lam
shear modulus. For the axial elongation the true stress was evalu-
ated to have an exponential expression. Spurious oscillating
responses under monotone shearing were detected in Dienes
(1979) by adopting the Jaumann stress rate. The attainment of
a limit value of the shear stress (the hypo-elastic yield of Truesdell
(1955), see also (Truesdell and Noll, 1965, p. 420) was displayed also
by the logarithmic model proposed in Xiao et al. (1997).
A maximum load effect was reported in Pinsky et al. (1983, example
6.2) for homogeneous monotone extension of a square block
modeled in terms of Jaumann stress rate. All these physically

1

JP\'T(T)

»
xz

Fig. 4. Homogeneous extension.
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normal stress

. axial force

normal stress - axial force

o [

0 0.5 1

1
1.5 2 2.5

axial elongation

Fig. 5. Normal stress and axial force vs elongation.

unsound effects are absent in the constitutive model formulated
according to the covariance paradigm (Fig. 5).

9. Conclusions

Although many partial contributions may be found here and
there in literature, an explicit conversion to a fully covariant theory
of material behavior was never accomplished. A clear hint towards
a covariant theory, with a declared computational bias, was
provided by the treatment of finite strain visco-elasto-plasticity
developed in Pinsky et al. (1983), Sim6 and Ortiz (1985), in the
wake of the treatment of elasticity theory exposed in Marsden and
Hughes (1983).

The covariance paradigm, introduced in the present paper on the
basis of a punctual distinction between spatial vectors, material-
based spatial vectors and material vectors, is an innovative
contribution which provides the comparison criterion between
material tensor fields in displaced configurations of a body. The
involved geometric tool is the push along the relevant displace-
ment. This is in contrast with the requirement of form-invariance in
which an incorrect equality between constitutive maps, with
different domains, is involved, see e.g. (Svendsen and Bertram,
1999). The basic role of the covariance paradigm, in developing
the theory of constitutive relations in the geometrically nonlinear
range, is especially manifest when applied to continua of lower
dimensionality, such as wires and membranes. In the covariant
theory, elastic materials are characterized as integrable time-
independent hypo-elastic materials. The usual definition is recov-
ered, by pull-back to a reference configuration and integration in
time, which leads to a time-independent elastic relation between
the pull-back of the stress tensor and the pull-back of the material
metric tensor. The result is independent of the choice of a reference
configuration. The geometric approach to nonlinear continuum
mechanics developed in this paper, with explicit application to the
theory of hypo-elastic constitutive models, is a major step in
a geometrization program started with the formulation of material

inhomogeneities, shell models, and continuum dynamics in
Romano et al. (2006, 2007, 2009a,b,c). Background mathematical
tools are collected in Romano (2007).
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