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Abstract— The article presents a constitutive framework of large-strain elastoplasticity in both the
Lagrangian and the Eulerian geometric setting which takes into account anisotropic material
response. In summary, the key ingredients of this framework are: (i) the introduction of a plastic
metric which is assumed to describe locally the history-dependent inelastic material response in the
sense of an internal variable formulation. (ii) The definition of a convex elastic domain in the space
of the local stress-like variable conjugate to the plastic metric, denoted as the plastic force. (iii) An
equivalent Lagrangian and Eulerian representation of all constitutive functions as isotropic tensor
functions in terms of an extended set of arguments, denoted as anisotropy variables. (iv) The set-
up of normality rules for the evolution of the plastic metric and the anisotropy variables, yielding a
canonical symmetric form of the elastoplastic tangent moduli. (v) A geometrically exact decompo-
sition of the set of constitutive equations into possibly decoupled volumetric and isochoric con-
tributions. Applications of the constitutive framework are demonstrated by means of several con-
ceptual model problems which cover isotropic, initial anisotropic and induced anisotropic
elastoplastic response. € 1998 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

Foundations general frameworks and formalisms for the construction of constitutive equa-
tions for the phenomenological description of inelastic material response in solids have
been proposed by Noll (1958, 1972), Truesdell and Toupin (1960), Truesdell and Noll
(1965), Coleman and Gurtin (1967), Lubliner (1972, 1973), Coleman and Owen (1974),
Krawietz (1986), among others, see also the references therein. Several sets of constitutive
equations are established in the literature which cover the particular class of large-strain
elastoplastic materials. We refer to the classical work of Green and Naghdi (1965, 1966),
Lee (1969) and Mandel (1972, 1973) in this field, see also the review articles Hill (1978),
Havner (1982), Asaro (1983) and Naghdi (1990) and the references cited therein. The
textbooks Krawietz (1986), Lubliner (1990), Maugin (1992) and Havner (1992) give com-
prehensive and comparative introductions to the subject. In this context, the microstructural
based theory for the description of finite elastoplastic deformations in ideal single crystals,
often denoted as the continuum slip theory, seems to have achieved a stage of common
acceptance in recent years, see for instance the work of Kréner (1960), Teodosiu (1970),
Rice (1971), Mandel (1972), Teodosiu and Sidoroff (1976), Hill and Havner (1982), Havner
(1982, 1992) and Asaro (1983). On the other hand, a broad variety of purely macroscopic
theories of finite plasticity are controversially discussed in the literature. As pointed out by
Naghdi (1990), there is strong disagreement between several existing schools on nearly all
the relevant ingredients which form a finite plasticity theory. Topics under discussion are
for instance invariance requirements, possible geometric settings, identification of plastic
strains and elastic strains, possible decompositions of strain rates, the role of a plastic
rotation and a plastic spin, possible formulations of yield criteria, stress space or strain
space formulations, formulations of elastic response functions, vield criteria functions, flow
rules and hardening laws, etc. Differences of possible approaches thus become particularly
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evident in the description of anisotropic elastoplastic material response. See for example
Casey and Naghdi (1980, 1988), Lee (1980), Nemat-Nasser (1982), Mandel (1973), Dashner
(1986) and Dafalias (1985) for a discussion of some of these issues. In addition, sound
mathematically based theories for so-called materials with elastic range have been developed
in recent years based on the ideas of Pipkin and Rivlin (1965), see Owen (1968, 1970),
Silhavy (1977), Lucchesi and Podio-Guidugli (1988, 1990) and Lucchesi er al. (1992).
Geometrically exact algorithmic counterparts of nonlinear plasticity models suitable for
the numerical simulation of initial boundary problems in context with application of
finite element methods have been developed in the last decade. Due to the controversial
approaches mentioned above, these algorithmic settings are often restricted to isotropic
response where the different theoretical approaches can often be reconciled, as pointed out
for example by Lubliner (1990) and Ibrahimbegovi¢ (1994). We refer in this context to the
work of Simé and Ortiz (1985), Simo (1988, 1992), Sim6 and Miehe (1992), Weber and
Anand (1990), Peric ef al. (1990). Moran et al. (1990), Cuitifio and Ortiz (1992a, b}, Miehe
(19954, 1996a, b) and the references cited therein.

The goal of this work is to present a constitutive framework of large-strain macroscopic
elastoplasticity, suitable for large-scale numerical implementation, which takes into account
anisotropic material response. It can be considered as a subclass of the very general theory
of Green and Naghdi (1965) or the recent work of Antman (1995). However, it has some
new methodical features which are, in the opinion of the author, very attractive with regard
to the construction of concrete model problems, their numerical analysis and algorithmic
implementation. The key ingredients of the framework proposed here are summarized in
the abstract and discussed in the five items below.

(i) The notion of a plastic metric. In the first stage we introduce the notion of a plastic
metric which is assumed to describe locally the history-dependence of the elastoplastic
deformation process in the sense of an internal variable formulation. This notion turns out
to be very helpful with regard to a geometric understanding of the theory and is particularly
instructive for a setting up of concrete model problems. The evolution of the metric is
governed by a constitutive evolution equation, denoted as the flow rule. As a typical initial
condition we identify the plastic metric at the beginning of an elastoplastic deformation
process with the natural metric of the material reference configuration. Note that the choice
of a plastic metric as a symmetric, positive definite tensorial variable with six independent
components excludes a priori a possible plastic rotation of local material elements. Thus,
the frame presented here meets the invariance requirements discussed in Green and Naghdi
(1971), Casey and Naghdi (1980) and Haupt (1985). Observe furthermore, that the consti-
tutive framework discussed here avoids the notion of a ““plastic intermediate configuration™
as used by Lee (1969), Mandel (1972), Kratochvil (1973} and others.

(11) Elastic domain in the space of the plastic force. The next crucial step is the definition
of a plastic force as the stress-like variable work-conjugate to the plastic metric. It appears
in the part of the dissipation inequality which characterizes the local plastic power. Then,
motivated by the structures of irreversible thermodynamics, a natural assumption is that
this variable drives the evolution of the plastic metric. Consequently, we assume an elastic
domain in the space of the plastic force governed by the traditional notion of a yield
criterion function. This assumption is a key ingredient of a constitutive frame of finite
plasticity presented here. In contrast to so-called strain-space formulations as proposed by
Naghdi and Trapp (1975), Besdo (1981), Simé (1988), Antman (1995) and others, we
adhere here to a traditional stress-space setting, which allows an adaptation of constitutive
structures of the geometrically linear theory. The connection of the plastic force with the
stresses depends on the choice of an elastic strain. Note that the elastic strain, which is
assumed to govern the stored free energy of a local material element, constitutes a particular
relationship between the natural metric on the current configuration and the plastic metric.
The introduction of this type of relationship is unnecessary for a general set-up of the
theoretical framework. We consider therefore, the definition of an elastic strain measure
and the resulting identification of the plastic force in terms of the stress as an application
of the theory. Examples are investigated in subsequent sections which are concerned with
applications.
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(iii) Representation in terms of isotropic tensor functions. A further key ingredient of
the constitutive structure discussed here is its obvious invariance with respect to the geo-
metric representation. We demonstrate this important property by considering throughout
the whole paper in parallel the Lagrangian setting relative to the reference configuration
and the Eulerian geometric setting relative to the current configuration. Note that the
Eulerian setting can be attractive with regard to a numerical implementation for the
following reason. If one chooses Cartesian coordinate charts, the current metric has a
diagonal form in the Eulerian setting but is fully populated in the Lagrangian setting. The
evaluation of Eulerian algorithmic representations of constitutive equations then needs less
computational effort than the evaluation of their Lagrangian counterparts, see Simé and
Miche (1992) and Simd (1992). The essential step towards a geometrically unified rep-
resentation of elastoplasticity is to force the constitutive functions to have the identical
structure within the Lagrangian and Eulerian format. The only difference is the variables
which enter the functions. These dual variables are related via fundamental geometric
transformations between the Lagrangian and Eulerian configuration manifold and the
associated local tangent and co-tangent spaces. An outcome of this approach is that the
representations of the constitutive functions are strongly restricted due to the principle of
material frame invariance which permits only representations as isotropic tensor functions.
As a consequence, effects of anisotropic material response must be described by additional
variables, denoted here as anisotropy variables. This implies an advantageous coordinate-
free representation of anisotropy properties independent of particular choices of basis
systems. In the case of initial anisotropic elastoplastic response, the anisotropy variables
are simply defined as geometrical structural tensors, or material parameters with tensor
character, with respect to the reference configuration. We refer in this context to approaches
outlined e.g. in Doyle and Ericksen (1956) and Boehler (1987), see also the references
therein. Note, in this context the general representation theory of isotropic functions as
discussed, for example, in Wang (1969, 1970), Spencer (1971), Smith (1971), Betten (1982),
Boehler (1987) and references therein. In the case of induced anisotropy, the variables
develop during the elastoplastic deformation process and are governed by additional consti-
tutive evolution equations.

(iv) Canonical symmetric constitutive structure. The elastic domain is assumed to be
convex with respect to the plastic force and the anisotropy variables. We exploit this
property by constructing a set of canonical evolution equations for the plastic metric and
the anisotropy variables, denoted as normality rules. Following the conceptual work of
Hill (1950), Drucker (1951), Ziegler (1963), Ziegler and Wehrli (1987) and Krawietz (1981),
we formally construct these normality rules and the associated conditions for elastoplastic
loading and unloading on the basis of a thermodynamic extremum principle. This principle,
often denoted as the principle of maximum dissipation, is an equivalent to the normality
of the evolution direction with respect to the yield surface and the convexity of the elastic
domain. The exploitation of the principle uses standard tools of convex analysis, A par-
ticularly attractive feature is the simple extension of the rate-independent formulation to
the particular class of rate-dependent elastoplastic materials considered by Perzyna (1971).
This constitutive structure can formally be obtained by an approximation solution of
thermodynamic extremum principle of the rate-independent theory. The most important
property of a canonical set of constitutive equations with normality rules is the symmetry
of the elastoplastic moduli. These moduli connect the rate of stress with the rate of total
deformation. Their algorithmic counterparts play a key rule in iterative solvers for the
numerical solution of initial boundary value problems of elastoplasticity. Thus, from the
viewpoint of numerical analysis, the canonical constitutive structure is convenient because
it needs less computational effort than a non-symmetric one. Clearly, it can only be applied
if it fits the phenomenological response of the real material under consideration. The
structure of the moduli within the large-strain formulation is not trivial. To the knowledge
of the author, it is pointed out here for the first time in association with the key assumption
of a flow criterion function formulated in terms of the plastic force.

(v) Decoupled volumetric-isochoric constitutive functions. A further key feature of
the framework presented here is a geometrically exact decomposition of the constitutive
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functions into separate volumetric and isochoric contributions. This decomposition is
motivated by the observation of real material response which is often completely different
for the volumetric and isochoric deformation modes. We set up here a geometrically
consistent approach to the decomposition of the constitutive functions based on the notion
of a volumetric intermediate configuration. This notion induces modified objective rates
associated with the isochoric part of the deformation only based on modified geometric
transformations between the Lagrangian and the Eulerian manifold. To the knowledge of
the author, these geometric relationships have not been outlined in the literature in the
general terms presented here. It results in a split of the elastoplastic constitutive equations
into a volumetric box governed by scalar functions and an isochoric box governed by tensor
functions which we represent again in a Lagrangian as well as an Eulerian geometric setting.
The approach offers in particular the possibility of a restriction of anisotropy properties to
the isochoric part of the deformation.

The paper is organised as follows. In Section 2 we set up the general theory within the
canonical format mentioned above. This framework is then specified in Section 3 with
regard to the decoupled volumetric-isochoric representation. Section 4 discusses possible
definitions of elastic strain measures and the associated identifications of the plastic forces
as a function of the stresses. Section 5 is devoted to an application of the theory to isotropic
elastoplastic response. In this context, we suggest alternative representations in terms of
invariants or eigenvalues of a mixed-variant elastic strain tensor. A key result within this
context is a spectral representation of the isotropic elastoplastic constitutive equations in
terms of dual covariant and contravariant eigenvector triads. Section 6 then discusses the
modelling of initial elastic and plastic anisotropy within the framework proposed here.
Here we consider anisotropic elastoplastic response with respect to the total deformation
and, as mentioned above, a particular class of anisotropic elastoplastic response which is
restricted to the isochoric part of the deformation. The modelling of initial anisotropy is
demonstrated for the model problem of transverse isotropy. Finally, we demonstrate in
Section 7 the application of the theory to the modelling of induced anisotropy phenomena.
Here we consider as a model problem the Bauschinger effect or so-called kinematic hard-
ening phenomenon and proposed a generalization of the classical Melan-Prager approach
to the large strain format.

2. A GENERAL FRAMEWORK OF LARGE-STRAIN ELASTOPLASTICITY

In this section we propose a constitutive framework of large-strain elastoplasticity in
a consistent thermodynamic setting in Lagrangian as well as Eulerian representation. The
output is a box which determines the local stress response as an initial value problem in the
sense of an internal variable formulation. As already mentioned above, the key ingredient
is the representation of all constitutive functions as isotropic tensor functions. They are
formulated in terms of a plastic metric and anisotropy variable, which describe the history
dependence and effects of initial and induced anisotropy, respectively. Within the sub-
sequent setup of the constitutive framework, we first introduce all the thermodynamic
variables which are needed in the further development. Then we construct a canonical set
of the elastoplastic constitutive equations based on an exploitation of thermodynamic
principles within both the Lagrangian as well as the Eulerian geometric setting. Finally, we
prove the symmetric structure of the developed canonical framework and make some
remarks concerning a possibly non-symmetric structure.

2.1. Notation and introduction of thermodynamic variables

We start with the introduction of some basic geometric notation for the description
of the model of large-strain elastoplasticity under consideration. After having defined
fundamental kinematic mappings, we introduce all primary strain-like and conjugate stress-
like thermodynamic variables which are needed in the subsequent development. The sub-
section concludes with definitions of time rates for the Lagrangian as well as the Eulerian
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Fig. 1. Lagrangian and Eulerian variables. Primary thermodynamic variables and work-conjugate

dual variables on the Lagrangian and Eulerian configuration. The Eulerian variable () is connected

with its dual Lagrangian counterpart [-] by a composition with the deformation map ¢ and the

associated linear tangent map F and normal map F~7. That is ()? = F~[*]'F ~' - "' for covariant

fields and ()* = F[]*F": ¢! for contravariant fields. Objective rates of Eulerian variables are

defined by Z,():=F-T8[]'F <o~ and Z,()¥* =F3[]*F =", respectively. The given ref-
erence metric is denoted with G and has the Eulerian forme = F'GF '@,

geometric description. Figure 1 summarizes the notation and geometrical relationships
introduce here.

2.1.1. Fundamental kinematic mappings. We consider elastoplastic deformations at
large strains. Let Z < R’ be the reference configuration of the body of interest and

Qo HB-S (1)

the nonlinear deformation map at time 7eR,. ¢ maps points XeZ of the reference
configuration # onto points x = @(X ;)€ ¥ of the current configuration & < R* as vis-
ualized in Fig. 1. The deformation gradient F(X;f):=Vy@(X;?) with Jacobian
J(X; 1) =det[F(X, )] > 0 maps tangent vectors Te T,# of material curves at X onto
tangent vectors t = FTe T,.% of the deformed material curves at x. Then F~7(X; r) maps
normal vectors N e T%4 at X on material surfaces onto normal vectors n = F~"Ne T*¥ at
x on the deformed material surfaces. Consequently, we denote F and F~7 as the tangent
map and the normal map, respectively, and write

F:T\#—>T.% and FT:Ti3 - T*. (2)

We consider # and & as differentiable manifolds with local tangent spaces T%#, T.% and
co-tangent spaces T¥#, T+ at Xe % and xe &, respectively. # and & are parameterized
in terms of coordinate charts {X“} and {x“} within a neighbourhood #, « # and %, = &
of the points X and x, respectively, We refer to Doyle and Ericksen (1956), Marsden and
Hughes (1983), Simé and Ortiz (1985) and Le and Stumpf (1993) for an addition reading
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concerning kinematic representation in terms of general coordinates. In the subsequent
development we often use for 4 synonyms material configuration and Lagrangian manifold
and for . spatial configuration or Eulerian manifold.

2.1.2. Introduction of covariant metric tensors. Now let g(x) and G(X) denote given
covariant metric tensors on the current configuration and the reference configuration at x
and X, respectively. In what follows, we denote g as the current metric and G as the
reference metric. The corresponding geometric objects on the dual configurations are
obtained by a composition with the deformation map (1) and the associated normal map
(2),. We denote the symmetric and positive definite tensors C(X'; ¢) and e(x; ), defined by

C:=F'(g-@)F and ¢=F "GF 'ogp~’ )

on the reference configuration and on the current configuration as convected current metric
and as convected reference metric, respectively. The index representation associated with
(3) relative to the coordinate charts {X*} and {x°} is C,z =g @)F*,F*5 and
cp = GapF~ " F~ '8, <~ Inthe literature, C is often denoted as the right Cauchy—Green
tensor and ¢ as the left Cauchy-Green tensor or inverse Finger tensor. Note that the current
metric is the primary thermodynamic variable which governs the local stress power and
therefore the elastic stress response. In the subsequent development we describe the history
dependence of the inclastic material response by means of additional local variables. The
evolution of these additional variables is then governed by constitutive evolution equations.
Let G”(X ;) with the initial condition G”(X ;1) = G(X) at the initial time ¢, denote the
covariant plastic metric on the Lagrangian manifold. Then the tensor field ¢*(x; ¢) on the
Eulerian manifold, defined by the composition

¢ =F"7"G'F "<~ with ¢ (x:t)=c(x;t;) 6

with the index form ¢, = GAzF " ,F~'#, ¢, is called the convected plastic metric. G*
and ¢’ are assumed to be symmetric, positive definite tensor fields for the phenomenological
description of the local plastic deformation. Note that this assumption restricts the model
of finite elastoplasticity discussed here a priori to 6-dimensional flow rules. Thisis in contrast
to the so-called intermediate configuration theories which include local plastic rotations.
The evolution of the plastic metric G” and ¢” is determined by a plastic flow rule whose
canonical structure will be discussed in the subsection below.

For the description of induced anisotropy effects, for example the Bauschinger
phenomenon or non-isotropic damage accumulation, we consider as a model problem the
generic covariant second-order tensorial anisotropy variable A(X;f) on the Lagrangian
configuration with the possible initial condition A(X; ) = G(X). A is assumed to be
symmetric and positive definite. Then the Eulerian tensor field a(x ; 1), defined as

a=F TAF "< ' with a(x;1y) =e(x:t,) (5

and oy, = A zF ' F ', ', is the convected anisotropy variable. The evolution of the
anisotropy variable A and « is determined by a constitutive evolution equation whose
canonical structure will be discussed below.

2.1.3. Introduction of contravariant conjugate variables. For the thermodynamic
description of large strain elastoplasticity we now introduce the thermodynamic variables
conjugate to the current metric (3),, the plastic metric (4) and the internal variable (5)
introduced above. Let t(x;1) denote the contravariant Eulerian Kirchhoff stress tensor
work-conjugate to the current metric ¢ introduced in (3). Then the Lagrangian field S(X'; 1),
defined by the composition
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S:=F '(ro@)F T (6)

with the deformation map (1) and the tangent map (2),, is the symmetric Lagrangian—Piola
convected stress tensor on the Lagrangian manifold conjugate to the convected current
metric C in (3),. The index representation associated with (6) is S* = (t* o @)F~'4 F~ '8,
Let the Lagrangian field S7(X';#) be the thermodynamic stress-like variable conjugate to
the plastic metric G introduction in (4), in what follows denoted as the plastic force. The
Eulerian field t°(x; 7), defined by

v =FSF ¢, (N

with the index form % = §P*#F F*,o @~ is the convected plastic force work-conjugate
to the convected Eulerian plastic metric ¢ in (4). Finally, we introduce the anisotropy
variable B(X ; r) work-conjugate to the internal variable A on the Lagrangian configuration,
denoted as the internal force. Then f(x;?), obtained by the composition

p:=FBF ¢! (8)

with index representation f* = B*®F*,F’,-¢ ' is the convected internal force work-
conjugate to the convected internal variable « introduced in (5) on the Eulerian manifold.

2.1.4. Material and spatial rates. Throughout this paper, we consider the covariant
tensors introduced in (3)—(5) as maps

C:T#BxT# R, g T .9xT.¥—>R,
[IP<G":TyBxTy#—-R, and (V" T.¥xT.¥—>R,. 9)
AT BxT,B->R, a.T.xT.—>R,

The contravariant conjugate thermodynamic variables introduced in (6)—(8) are viewed as
maps

JS:T}'}:%XT}Q?—»[R T T*F x TS - R
[1¥S  T3BxTtH ~R and ()* " TS xTEY - R (10)
(BZT}%XT;%—»R [ﬂ:ﬁ<¢xfty~+n§

Now let the symbols [] and () introduced in the equations above denote dual Lag-
rangian and Eulerian tensorial variables defined on # and &, respectively. They are
connected through the geometric transformations (3)-(8) governed by the nonlinear defor-
mation map (1) and the linear tangent and normal maps (2). Following standard ter-
minologies of differential geometry, we denote these transformations of dual geometric
objects on the Lagrangian and Eulerian manifold as pull back and push forward trans-
formations, using the symbolic notation ['] = @*(*} and (*) = @4[']. Now let us denote with
4[] the time rates of Lagrangian objects and with & () objective rates of the associated
Eulerian objects. We choose as objective rates the Lie derivatives of the Eulerian objects,
which are obtained from the time derivatives of the associated Lagrangian objects by a
push-forward transformation, ie. 2.("):=@«{0,[0*()]} = @4{d.[']}. For second-order
tensors, we obtain the relationships

Z.0)F = (?5b+lr(‘)b+(')b]

Z,0)* = (3 =10 =T (an
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P
for covariant fields and contravariant fields, respectively, see also Fig. 1. Here (*) denotes
the material or total time derivative of the Eulerian field (-) and

L= FF ' ogp! (12)

is the spatial velocity gradient. For the second-order tensor under consideration, the Lie
derivative defined in (11) are denoted in the literature as Oldroyd rates. Finally observe the
particular forms of the Lie derivatives of the convected reference metric &,c = 0 due to
8,G = 0 and the current metric #,g = I’g+gl = 2sym [gl] due to § = 0.

2.2. A canonical set of constitutive equations

We now develop a set of constitutive equations in terms of the variables introduced
above. Thereby, we first focus on the partial elastic response governed by a stored free
energy function. Then canonical evolution equations for the plastic metric and the ani-
sotropy variable are constructed by exploitation of a plastic potential function, taking into
account a thermodynamical extremum principle.

2.2.1. Local elastic constitutive response functions. Let  denote the change in locally
stored free energy during the deformation process from the reference configuration to the
current configuration. We assume a functional dependence on the current metric, the
anisotropy variable, the plastic metric and the reference metric introduced in (3),, (5), (4)
and (3),, respectively. Here, we consider the particular form

[V =¥(C.A:G.G.X) = f(ga;.ex). | (13)

Thus, we assume the identical function v in the Lagrangian and Eulerian geometric setting,
resulting in an identical structure of the Lagrangian and Eulerian set of constitutive equa-
tions as pointed out in the subsequent development. The function (13) is then strongly
restricted due to the principal of material frame invariance. It demands in its active form
invariance with respect to rigid body motions superimposed onto the current configuration.
Therefore, we consider the modifications F * := QF and F~7* := QF 7 of the local tangent
and normal map (2) where Q& SO, is an arbitrary rotation, i.e. an element of the special
orthogonal group SO; = {Q | Q7Q = 1 and det [Q] = 1}. Under this rotation, the Eulerian
variables g, «, ¢’ and ¢ transform as g+ .= QgQ”, &" := QaQ’, ¢’ == Qc?Q " and ¢+ = QcQ”"
This is a consequence of the definitions (3),, (5), (4) and (3),. Thus, the principle of material
frame invariance demands

¥(QgQ". QxQ": Qr'Q”. QcQ”, x) = Y (g,x; ¢, ¢, x) VQe SO, (14)

SO;-invariance of all tensorial slots of the free energy function . Recalling the assumption
(13), we conclude in particular the necessity of SO;-invariance of the free energy function
with respect to the Lagrangian yariables

¥(QCQ",QAQ":QG'Q",QGQ", X) = ¥(C,A; .G, X) VQeSO0;. (15)

Thus, the principle of material frame invariance restricts the free energy function of the
structure (13) to an isotropic tensor function of its tensorial arguments. According to the
representation theorems of isotropic tensor functions, see for instance Boehler (1987) and
references therein, the function (13) can depend only on the coupled invariants of its
tensorial arguments which form an irreducible functional basis. Thus, ansatz (13) has a
crucial consequence for the conceptual treatment of elastic anisotropy effects. Anisotropic
elastic response is described based on isotropic tensor functions with an extended set of
arguments, referred to in what follows as anisotropy tensors or structural tensors. A generic
anisotropy tensor is the second-order variable A with the Eulerian counterpart « introduced
in (5) which offers for instance the description of initial transversely anisotropic elastic
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response or orientated induced elastic anisotropy phenomena due to damage evolution.
More complicated initial anisotropic stress response of orientated damage needs possibly
the introduction of more anisotropy tensors, possibly the introduction of fourth or even
higher order anisotropy tensors. However, the conceptual approach does not differ from
that outlined in the subsequent development in terms of a single second-order tensorial
variable A. Particular representations and restrictions of the free energy function are
discussed in Sections 5-7.

The evolution of the free energy takes, based on assumption (13), the Lagrangian and
Eulerian form

O = el : 6.C+ 0l : 0,67+ 8, 1 0,A
=0 Z g0 X+ F (16)

in terms of the rates of the Lagrangian and Eulerian variables defined in Section 2.1.4
above. Thereby, the Eulerian rate form is obtained from the Lagrangian rate form by
operations of the type dcy : 6,C = [FdgrysbF7]: [F~70,CF~'] = 0, : Z.g. We construct
the set of constitutive equations in a way that it satisfies a priori the second axiom of
thermodynamics which postulates a positive entropy production. We use here as a local form
of the second axiom the so-called Clausius-Planck inequality for the internal dissipation, see
e.g. Truesdell and Noll (1965) p. 295, which degenerates in the isothermal case under
consideration to the form

@' =8:30C—8y =1:34,8—04 =0 (17)

in the Lagrangian and the Eulerian geometric setting, respectively. S and t are the stress
fields introduced in (6). The well-known inequality says that the local stress power
S: %B,C =1 :%ff g is greater than or equal to the evolution d.¢ of the local energy storage,
where the equality defines hyperelastic material response. The insertion of the evolution
(16) into (17) yields

D" =[S—20c]:58,C—8¥ 1 8,GF —3pY: 0,A
=[t—200] 1 X g~ 8 "~ Z x> 0. (18)

A standard argumentation, following Coleman and Gurtin (1967) and Lubliner (1990), is
as follows. A local elastoplastic process can be, as a special case, purely elastic in an
arbitrary time interval of the deformation history. Within this interval, the evolution of the
plastic metric and the evolution of the anisotropy variable is assumed to be zero, i.e.
0, = 0,A = F & = Za=0. Furthermore, the inequality (18) degenerates then to an
equality which has to be satisfied for arbitrary rates ; 8,C and ; 2,g of the local deformation.
As a consequence of these assumptions, the brackets in (18) must vanish for all times,
yielding the local hyperelastic constitutive functions for the stresses S and z in Table 1.

Table 1. A canonical constitutive set of anisotropic elastoplasticity

Lagrangian setting Eulerian setting

Free energy ¥ =¥(C.A GG X) ¥ =d(gaccx)
Stresses S =20y . T = 20
Plastic force S = e Qe = Bl
Internal force B:=—d,) Bi=—000

Yield function ¢ = $(9.B;G",G,X) ¢ =, B¢ ¢, x)
Flow rule 2,GF = iﬁ§n¢ e = Lud
Evolution eA=itsd F = Al
Loading 120,$<0:2p=0 i20:$<0;ip=0

[Viscoplastic A= (Ump*) Ae=(Ump 6]
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Taking into account this result, the Clausius—Planck inequality (18) takes the reduced
form

G =86 +B: A= F T+ FLa=0 (19)

where we have introduced per definition the variables S and ¥, denoted as plastic forces,
and B and B, denoted as internal forces, with the identification in Table 1. In what follows,
we refer to &” as the dissipation function. It is an inner product of thermodynamic
forces and fluxes. The dissipation function plays a fundamental role in the subsequent
development.

2.2.2. Local plastic constitutive response functions. What remains is the determination
of the evolution equations for the internal metric and the internal variable. In what follows
we derive the canonical form of these evolution equations which result in a symmetric form
of the elastoplastic tangent moduli as proven in Section 2.3. These canonical evolution
equations can be interpreted as normality rules with respect to a convex plastic potential
function.

As a main characteristic of elastoplastic and viscoelastoplastic material response, we
consider an elastic domain in the stress space. One of the key aspects of this work is the
formulation of the domain in terms of the thermodynamic forces which drive the plastic
dissipation in the reduced dissipation inequality (19). Thus, we assume an elastic domain

Ete= {(S",B) e R® x R® | (S, B; G", G, X) < 0} (20)

in the space of the Lagrangian thermodynamic forces (S, B) and alternatively
Ef = {(z, B)e R* x R® | p(x, B¢, ¢ ,x) < 0} @n
in the space of the Eulerian thermodynamic forces (17, f). Here q3 is a yield function, which

is assumed to depend on the thermodynamic forces, the plastic metric and possibly the
reference metric. In analogy to the constitutive ansatz (13) of the free energy we assume

| = $(S".B;&.G.X) = $(«", B;¢", ¢, %) | 22)

the identical function in the Lagrangian and the Eulerian geometric setting, resulting in an
identical structure of the evolution equations in the Lagrangian and Eulerian format. Then
the yield function (22) is strongly restricted due to the principle of material frame invariance.
Considering again an arbitrary rotation Q€ SO, superimposed onto the current configur-
ation, inducing the modifications F*:= QF and F~7:= QF 7 of the local tangent and
normal map (2), the Eulerian variables 77, B, ¢ and ¢ transform as " := Q*Q7,
Bt =QpQ7, ¢ = Qc’Q” and ¢* = QecQ’. This is a consequence of the definitions (7),
(8), (4) and (3),. Thus, the principal of material frame invariance demands

$(QrQ”.QBQ7; Q' Q7,QcQ”, x) = ¢(v’, ;¢ ¢,x) VQEe SO, (23)

Thus, ¢ is an isotropic tensor function and the ansatz (22) induces in particular full SO;-
invariance of the free energy function with respect to the Lagrangian variables, i.e.

$(QS'Q7,QBQ";QG"Q7,QGQ", X) = ¢(.B;G",G,X) VQe SO;. (24)

According to the representation theorems of isotropic tensor functions, the function (22)
can depend only on the coupled invariants of its tensorial arguments which form an
irreducible functional basis. Anisotropic plastic response is described based on isotropic
tensor functions with an extended set of arguments, referred to in what follows as anisotropy
tensors or structural tensors. A generic anisotropy tensor is the second-order variable B
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with the Eulerian counterpart f introduced in (8) which offers for instance the description
of initial transversely plastic anisotropic response or induced anisotropy phenomena like
Bauschinger’s effect. More complicated initial anisotropic stress response of orientated
damage needs the introduction of more anisotropy tensors, eventually the introduction of
fourth or even higher order anisotropy tensors. However, the conceptual approach does
not differ from that outlined in the subsequent development in terms of the second-order
tensorial variable B. Particular representations and restrictions of the yield function are
discussed in Sections 5-7.

In order to postulate canonical evolution equations, we consider the yield function
(22) as a flow hypersurface in the space of the thermodynamic forces, evaluated with the
plastic metric and the reference metric. The canonical evolution equations are then derived
from the argument.

GP — ¥ = [§ —§*]:8,GP +[B—B* . 4,A
= [t =¥ Z S+ [P a0 (25)

for all admissible variations (S”*, B*)e I* of the Lagrangian thermodynamic forces and
(=*, Bp*) € EF of the Eulerian thermodynamic forces. A geometric interpretation of this
inequality is given in Fig. 2. Applied to the true stresses, this principle is known in plasticity
theory as the so-called principle of maximum plastic dissipation, see for example Hill
(1950), Drucker (1951), Mandel (1972), Lubliner (1990), Simé and Miehe (1992). We use
it here in a more general context by application to the full vectors of thermodynamic forces.
This is in line with conceptual frameworks outline in Ziegler (1963), Krawietz (1981) and
Ziegler and Wehrli (1987). The principle is equivalent to the convexity of the yield function
with respect to the thermodynamic forces and the normality of the evolution equations for
the thermodynamic forces with respect to the flow hypersurface qb = ( in the space of the
thermodynamic forces.

The evolution equations can be formally derived from a saddle point problem based
on the Lagrange function

P = -G+ ¢ > stat. (26)
defined on the Lagrangian manifold at X' # in terms of the Lagrangian variables as well
as on the Eulerian manifold at xe.% in terms of the Eulerian variables, according to the

representation of (19) and (22). This function transforms the constrained optimization
problem (25) into an unconstrained saddle point problem. The solution to the problem

E:={F € R*|¢(F,e) < 0}

OE := {F € R"|¢(F, ) =0}

Fig. 2. Thermodynamic extremal principle. Let E be a convex elastic domain in the space of the

thermodynamic forces %, characterized by a hypersurface (% ;e)=0. The principle

F &> F* EVF* el forces the thermodynamic flux vector & to be normal to the hypersurface
$(F ;8) = 0. Then for smooth functions ¢ the flux & is proportional to the gradient 8 ,6.
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(26) is given by the Kuhn-Tucker equations, see for example the standard literature of
nonlinear convex analysis. The gradients

0P =0 0nZ =0

s nd i 27)

yield the canonical evolution equations for the plastic metric and the anisotropy variable
in the Lagrangian and Eulerian setting, respectively, as outlined in Table 1. They are
completed by the Kuhn—Tucker-type loading—unloading conditions

Az0; ¢<0; =0 (28)

which determine the plastic parameter A.

The classical form of Perzyna-type viscoelastoplasticity, see e.g. Perzyna (1971), can
be formally derived if the constrained optimization problem (25) is solved approximately
based on a penalty approach. We therefore introduce as an alternative to the Lagrange
function (26) the penalty functional

- P
P = _@p+ 5ﬁ(¢+) — stat. (29)

defined on the Lagrangian manifold at X € # in terms of the Lagrangian variables as well
as on the Eulerian manifold at xe % in terms of the Eulerian variables, according to the
representation of (19) and (22). The penalty parameter (1/n)e(0, o0) is interpreted as a
scalar material parameter denoted in what follows as the viscosity. The constitutive function
p: R* > R* is a monotonic increasing C' penalty function which satisfies the condition
F(0) = 0. Furthermore, we denote

. 0 for ¢ <0,
= . (30)
¢ forgp >0
as the viscoplastic loading function. The gradients of the penalty function
0P =0 0P =0
v - (31)

yield the canonical evolution equations for the plastic metric and the internal variable in
the Lagrangian and Eulerian setting, respectively, as pointed out in Table I. The only
difference to the case of plasticity is that the plastic parameter is now per definition
determined by the constitutive expression

A=-plo"] (32)

1
n
in terms of the viscosity 1/n and the constitutive function p of the viscoplastic loading ¢ ™.
2.3. Elastoplastic tangent moduli

We consider now rate equations for the Lagrangian and Eulerian stresses, respectively,
in the form

08=C7:30C and Z,g=c":;2,g (33)

The goal of this subsection is the determination of the fourth-order tensors C* and ¢ in



A constitutive frame of elastoplasticity at large strains 3871

(33), to which we refer in what follows as the Lagrangian and Eulerian elastoplastic tangent
moduli or generalized Prandtl-Reuss tensors. They connect the rate of stress with the
rate of total deformation. Therefore, consider first the rate equations of the stresses and
thermodynamic forces introduced in Table |

0,8 = 40%cy :30,C— A202crYr : O+ 208Y : 0]

0 = 204 :30,.C— U0 ¥ : 05+ 0o : On ) (34)

B = 283cy :30,.C— kot : 09 +03a¥ : Ond]
within the Lagrangian setting and

Fyr = A0 L X g — 202 Corp+ 202,41 0,

F " = 20bg) 5 28— U0ooh : 009+ 0bu) : 0y ] (35)

X8 = 2050 5 78— A0l 00§+ 00 04 9)]
within the Eulerian setting. Here we have inserted the canonical evolution equations for
the plastic metric and the anisotropy variable. In the case of rate-independent plasticity,
the plastic parameter 4 is given by the loading condition (28). Assuming a plastic loading
process with 4 > 0, the plastic parameter can be determined from the so-called consistency
condition 8,¢ = 0, which takes—based on the ansatz (22)—the form

0, = 09 0,8 +0pp: 0B+ 03¢ : 6,6
= Oph: X0+ 05 X\ B+ 00 Z @ =0 (36)

in the Lagrangian and Eulerian form. Then the insertion of the rates of the thermodynamic
forces (34) and (35) into (36) determines the plastic parameter in the form

| P . A .
A=5 (08¢ : 208 c¥ + Onp: 204c¥]:36,C

1 i . " ”
=5 [0 : 2050 + 05 : 2020) 1 ¥ g (37)
with the denominator
D= 5#‘{’ : [5%#(;“/} : aSFQS + aémlp : 5343]
51;(13 : [93&0"/; : 5Sﬂ§13+ 3iA'/; : anlﬁ] - 5@’05 : 59’(13
= 00 [0V 0pd+ 02 : 05
Bp: [020V) : 0+ 0L : 0p) — Br: 0. (38)

The insertion of (37) into (34), and (35), finally gives the identification of the elastoplastic
tangent moduli

. 1 . . N "
C7 = 40tcy — 3 (20} : O+ 20801 - On]
® (O : 20%cy + Opd : 203 ]
. 1 . . . .
e = 405 — 35 200 1 0o+ 200 : 04

®@ [0 : 2054 + 8y : 202,40 (39)
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in (33) in the Lagrangian and Eulerian geometric setting. They are characterized by an
elastic part and a plastic softening part. Clearly, the latter one is only apparent in the case
of plastic loading with A > 0.

The symmetry of the elastoplastic tangent moduli (39) for the canonical set of consti-
tutive equations summarized in Table 1 is a key result of the work presented here. Note
that this property has been achieved when formulating the flow criterion function (22),
which serves in the canonical framework as a plastic potential, in terms of the plastic forces
S or t* in connection with the plastic metric G” or ¢”, respectively. The relationships of this
type of flow criterion function to functions formulated in terms of the true stresses S or =
in context with the current metric C or g is commented on in Section 4. We note that
canonical symmetric forms of elastoplastic tangent moduli in multiplicative elastoplasticity
have been derived by Miehe (1994a).

2.4. Modifications for non-associative flow response

In situations where the canonical normal directions of the evolution equations sum-
marized in Table 1 do not fit the real material response under consideration, we modify the
constitutive set as follows. Firstly, we consider the third fundamental constitutive function
. referred to in what follows as the plastic potential. It is assumed to depend on the same
variable as the flow criterion function (22), i.e.

=48BG G X) =5, B;c, ¢ x) (40)

Then, as a consequence of the material of frame invariance, this function must be an
isotropic tensor function of its tensorial arguments. Based on this function, we postulate
evolution equations for the plastic metric and the internal variable

8,6 = ;,aspx} Z o= ;La,ﬂ;z} an

6/A = ﬂ.aax’: ffva = laﬁi

which replace the normality rules in Table 1. The plastic loading conditions remain
unchanged. Based on these assumptions, the elastoplastic moduli then take the non-sym-
metric form

~2 7 ] T n 2 7 ,‘
C* = 40¢ccy — D (208 : O+ 20EaY < Oni]
® [asﬂlS : 253}%'& + 513(2g : 25ic‘/;]
. | . N
c? =40y — b [20) - Cod+ 200 0pX)

® [0 2050 + dpp : 202,441 (42)
in the Lagrangian and the Eulerian geometric setting in terms of the denominator

D= 08y¢: [0&e : Cof+ Oah : gil]
08 : [Oher¥y : O+ B3aW) < O] — B : Do
= G [0y : 0w+ 0a < 4]
03 : [Gaurt) O+ 8200 2 Bp3] — O O, (43)
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3. DECOUPLED VOLUMETRIC-ISOCHORIC STRESS RESPONSE

Most materials exhibit a completely different volumetric and isochoric response. A
typical example is the case of metal plasticity where the plastic flow is often assumed to be
restricted to the isochoric part of the deformation while the volumetric response 1s assumed
to be elastic. Thus, it often makes sense to decompose a priori the constitutive response
functions into separate volumetric and isochoric contributions. As a consequence, we
discuss in this section a geometrically exact decomposition of the set of constitutive ela-
stoplastic equations summarized in Table 1 into decoupled volumetric and isochoric parts.
Therefore, we first point out the geometry of a multiplicative split of the tangent map into
spherical and unimodular parts. We then set up constitutive sets for decoupled volumetric
and isochoric elastoplasticity, respectively, within both the Lagrangian as well as the
Eulerian geometric setting.

1. Geometry of the volumetric—isochoric decomposition
The geometrical basis for decoupled volumetric-isochoric constitutive modelling is the
multiplicative decomposition of the tangent map (2),

F=J"F (44)

into a spherical J'*1 and a unimodular part F:=J~“*F with the index representations
J'264, and F,:=J "' Fe | respectively. The Jacobian J:=det [F(X;7)] governs the
volumetric part and F(X; 7) the isochoric part of the deformation. Fe SL, is an element of
the special linear group SL.:= {T|det[T] = 1} of unimodular tensors with unit deter-
minant. The decomposition (44) defines locally at X € % a new vector space T\ # with dual
space T%# associated with the Lagrangian manifold #. We refer to this vector space in
what follows as the volumetric intermediate configuration. This geometric viewpoint is
visualised in Fig. 3. Then the tangent and normal maps (2) can be split up in a successive
format into a part

ST B ToB and 19N TEB - T3 (45)
associated with the volumetric part of the deformation and a part
FT#-TY and F7:T%% > Ty (46)
associated with the isochoric part of the deformation.

The volumetric maps (45) transform the Lagrangian variables introduced in (3)-(8)
according to

TxB

Fig. 3. Volumetric intermediate configuration. The multiplicative decomposition of the tangent map
F = J'*F into the unimodular part F with det [F] = 1 and the spherical part J'°1 with J = det [F]
defines a fictive volumetric intermediate configuration.
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C:: J”(Z/B)C S:: JZBS
G =7 "29Gry and S =JYS 47
A::J (2'3)A E!ZJ:)/}B

to the covariant variables C(X; 1), G7(X : 1), A(X; 1) and the contravariant variables S(X ; #),
S(Xx; 1), B(X ;1) with respect to the volumetric intermediate configuration, see Fig. 4. These
variables are then transformed by the isochoric maps (46) and the nonlinear deformation
map (1) to the Eulerian configuration via

g:F776‘F71 (g v ‘[:FSFTo@ I]
C=FTGF "op 'y and v =FSF o). (48)
a=FTAF"'cp ! B=FBF -0 ‘{

The transformations (48) can be viewed as modified pull-back and push-forward operations
governed by the nonlinear deformation map (1) and the modified linear tangent and normal
maps (46). Denoting with [*] a geometric object with respect to the volumetric intermediate
configuration, we introduce the symbolic notation [*] = @*(-) and (*) = @,[*] which extend
the notation introduced in (9) and (10). In connection with these mappings, we also
introduce the modified objective rate Z,(*) = ¢4 {8,[¢*()]} = @4{,[7]} of spatial objects
(). This rate assumes for second-order tensors the form

FA Primary Variables —— g,¢% o

C G
S{so

.8 B —— Conjugate Variables —— 744, 77, 3

Primary Variables: [T]b — ()
Current Metric c -— g
Plastic Metric G —
Ansotropy Variable A —
Conjugate Varigbles: [T]u ()
Stress Siso —=  Tiso
Plastic Force s° — P
Anisotropy Variable B — B

Fig. 4. Variables associated with isochoric deformation. Primary thermodynamic variables and
work-conjugate dual variables on the volumetric intermediate configuration and the Eulerian con-
figuration associated with the isochoric part of the deformation. The Eulerian variable (*) is
connected with its dual Lagrangian counterpart (%] by composition with the deformation map ¢
and the modified linear tangent map F and normal map F~7. That is ()" = F~7*F "= o~ for
covariant fields and (-)* = E[]*F7. ¢ ! for contravariant fields. Objective rates of Eulerian vari-
ables are defined by Z,(-)"=F "2[1"F"'<¢~' and F,(}* :=Fo[F|*F". ¢, respectively. The
reference metric of the volumetric intermediate configuration is denoted with G and has the Eulerian
form&=F""GF ':qp"!
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o . - -
Z.P =0+ + ()1

(49)

N . ~
CNOMEIOLES (OAROME
for covariant fields and contravariant fields, see also Fig. 4. Here T is the part of the spatial
velocity gradient associated with the isochoric part of the deformation and appears in the
additive split
1=0,J7"i1-¢ " +1 with T=0FF ' -¢' (50)

of the velocity gradient (12) into spherical and deviatoric parts.

3.2. Decoupling of the constitutive response
The basis for the decomposition of the constitutive response functions is an assumed
split of the free energy function (13) into decoupled volumetric and isochoric contributions

'1[; = l/;vol'l—l/;lsn' (5])
The functional dependencies of the functions x/}w,, and l/}im are investigated in the two

subsections below. The split (51) is consistent with an additive decomposition of the stresses
into spherical and deviatoric contributions

[é =PC'+8,, and t=Pg '+1,. 52)

Here, P is the volumetric stress contribution, i.e. the negative pressure. The isochoric
contribution to the stresses must be traceless with respect to the current metric, i.e. S;,:
C =0and 1, : g = 0. Thus, S, and 7, are deviators with respect to the current metric

S., =deve [S] and 7, = dev, [1]. (53)

We use the notation deve [7] and dev,(+) for deviator operators with respect to the metric C
and g, respectively. They have the typical structure dev ()’ :=(-)° -% [()":g 'lg and
devg(1)* =()" =3 [(-)’ :glg™' when applied to covariant and contravariant second-order
tensors.

The insertion of the split (52) into the Clausius—Planck inequality (17) results, in
connection with the assumption (51), in an additive decomposition of the dissipation into
volumetric and isochoric contributions

G" =L+, 2 0. (54)
Because both parts of the deformation are a priori assumed to be decoupled and therefore,
independent, each contribution to the dissipation must be positive. This gives the ther-
modynamic restrictions
o= POJT =0 =0 (55)
for the volumetric part of the deformation and

"O/)f;o = gish : %i‘vé* (’:’/lﬁisu = Tiso %gvg - ar'ﬁiso = 0 (56)

for the isochoric part of the dissipation in & geometric setting relative to the intermediate
configuration in terms of the rate Z,C := J~ **'¢,C and relative to the current configuration.
In the subsequent development we exploit both mechanisms separately.
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Table 2. Constitutive set of volumetric elastoplasticity

Free energy Yo = hal/, 4., X)
Stresses P=Jdru
Plastic force Plo= — G
Internal force Bi= =

Flow criterion boot = Do PP, B3I, X)
Flow rule Bd” = et
Evolution 84 = pi s X
Loading uz0; ébu‘wl <0; upy =0
[Viscoplastic He=(1e)Pra (@i

3.3. Decoupled volumetric constitutive response

The volumetric response is per definition isotropic and governed by the Jacobian J in
(44). We take into account possibly elastoplastic volumetric behavior and introduce the
plastic variable J°(X ;1) and the isotropic hardening variable A(X:¢) with some initial
conditions, for example J/(X: 1) = 1 and A(X;#,) = 0. Then

o = Yl A7 X) | (57)

is an ansatz for the volumetric free energy in (51). Insertion of its evolution into the
dissipation inequality (55) then yields

Do = [POIT " — ] 0 — 8t J” — O gtfon @A = 0. (58)

An argumentation similar to that in Section 2.2.1 yields the constitutive functions for the
volumetric stress in Table 2 and leaves the reduced dissipation function

Gy = PreJ 4+ B3,A =0 (59)
with the volumetric plastic force P’(X'; 1) and internal force B(X ;) defined in Table 1. We

consider an elastic domain E, == {(P". B)e R x R| [bw,,(P”, B;J’, X) < 0} in the space of the
volumetric thermodynamic forces governed by the volumetric yield criterion function

[ G = e PP BT, X). ] (60)

The canonical structure of the evolution equations for the volumetric plastic deformation
and the volumetric internal variable follows from the argument

Do — Gl * =[PP — PP*]:0,J? +[B—B*]: 8,4 > 0 (61)

for all admissible variations (P™*, B*)eE,,, of the volumetric thermodynamic forces. A
procedure similar to that in Section 2.2.2 yields the evolution equations in Table 2 including
the loading-unloading conditions for the volumetric plastic parameter p.

3.4. Decoupled isochoric constitutive response

Let .., denote the change in locally stored free energy during the isochoric part of
the deformation process from the volumetric intermediate configuration to the current
configuration. We assume a functional dependence on the current metric, the anisotropy
variable, the plastic metric and the reference metric of the volumetric intermediate con-
figuration. Consider the particular form

L = §(C A, G X) = o (g 2:¢7,8, ) (62)
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where we have assumed similar to (13) an identical function ¥ in the setting relative to the
volumetric intermediate configuration and the Eulerian geometric setting. Then the prin-
ciple of material frame invariance restricts 1;,, to an isotropic tensor function with

10(QgQ7. QeQ7 : Qe’Q7, QEQ7. x) = V.o (g a5 ¢”, &, x) (63)

and
¥ (QCQT. QAQ";QG’Q7,QGQ7. X) = ¢, (C.A;G”. G X) (64)

for all rotations Q € SO,, see also the discussion in Section 2.2.1. Insertion of the evolution
of (62) into the dissipation inequality (56) yields

wﬁo = [giso dCV( ["(/( WI\(\]] j\-c - ch"l;xso : 6rGP - alil/;iso : al‘z‘
= [1,, —dev, [‘.(Llpm,]] :%;’Z;g~&mﬁi\.o T —G,I&,m cF a0 (65)

An argument similar to that in Section 2.2.1 then gives the constitutive expressions for the
stresses in Table 3. Introducing per definition the plastic force §” and internal force B in
Table 3, the reduced dissipation inequality associated with the isochoric part of the defor-
mation takes the form

G =8 0G+B.A=1F o+ T a=0. (66)

Observe carefully that we have formulated the function in terms of rates related to the
isochoric part of the deformation only, i.e. governed by the isochoric maps (46). We
consider elastic domains Ef, = {(§,B)e R° xR* | ¢,,(§.B;5",G,X) <0} and
EZ, = {(7", B)e R* x R® | p,o(z, B1 ¢, & x) < 0} in the space of the isochoric thermodynamic
forces governed by the isochoric yield criterion function

| $ = 65", B:G".G.X) = §,(7", §: .8, ) | (67)

assuming the identical function  in the setting relative to the volumetric intermediate
configuration and the Eulerian geometric setting in analogy to (22). Then the principle of
material frame invariance restricts the admissible functional structure (62) to an isotropic
tensor function with

(f)im(QTPQTw QﬂQI s QCI’QT’ QGQT’ X) = (z;i.m (TII’ ﬂ ; cpa 6~ Y) (68)

and

Table 3. Constitutive set of isochoric anisotropic elastoplasticity

Lagrangian setting Eulerian setting

Free energy o = '!/\ (C.AG.G, X) Wi = sz,(g o e’ € ox)
Stresses S, = dev [u((zp,, y| T = dev, [200h,,,]
Plastic force & = Confr = — ¢ n/x o
Internal force B:= Vow B:= —51147/,.«

Yield function l.u = d).m(gf B:G".G. %) Do = Pice (r", B¢ 8. x)
Flow rule 4G = vig B Foor = ‘(7H¢|s<
Evolution ﬂ.A = v Ga Fa= \fﬂdﬁm
Loading 200 do <0 vy, = vz 0: ¢, <0; v,

[Viscoplastic v (1 )P (hi) v —(11/17,5,,)[;,&,((1),\(,']
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$:.(Q7Q7,QBQ"; QG’Q7, QGQ", X) = ¢,,(5.B.G.G. X) (69)

for all rotations Qe SO,. The canonical form of the evolution equation for the plastic
deformation and the internal variable associated with the isochoric part of the deformation
follows from the argument

Gy — D% =& —5*:0G" +[B—B*]: 0.A
= [t —v*: F &+ [f—p*: Fa =0 (70)

for all admissible variations (S°* B*)e[E., and (z"*, B*)eEE, of the isochoric ther-
modynamic forces. This yields the evolution equations in Table 3 including the loading-
unloading conditions for the isochoric plastic parameter v.

4. ELASTIC STRAINS AND DRIVING STRESSES

The framework of elastoplasticity outlined in the two Sections above is still very
general. Recall that the free energy function (13) is formulated in terms of the current
metric and the plastic metric in a completely general context. This covers a wide range of
approaches for the constitutive description of the local elastic response of an elastoplastic
solid. In this Section we constrict this general framework by considering some particular
definitions of elastic strain tensors. They constitute a priori a relationship between the
current metric and the plastic metric which is assumed to enter the free energy function.
Recall furthermore, that the yield criterion function (22), which serves within the canonical
framework as a plastic potential for the plastic increments, has been formulated in terms
of the plastic force and the plastic metric. This provides several possibilities for the for-
mulation of the local plastic response. We therefore, constrict the possible settings to some
particular applications by the introduction of driving stress tensors. These stress tensors
constitute a priori a relationship between the plastic forces and the plastic metric which is
assumed to enter the yield criterion function.

4.1. Particular formulations of elastic strain tensors
Consider the particular form of the isotropic free energy function (13)

¥ =W(E:G.X) = ji(e;c.x) (71)

where the tensor fields E(X;7) on # and e(x;r) on & denote Lagrangian and Eulerian
elastic strain tensors, respectively. Three examples for the definition of these tensors are

E =C-G" ) e =g—c )
E. =G 'CG'! I and e,=¢" g, (72)
E3 = CGp 1 ) e} e chJ -1 }

The first approach relates the current metric to the plastic metric in an additive format
similar to the geometric linear theory of elastoplasticity. The further two definitions relate
both tensors in a multiplicative format. The a priori definitions (72) of particular com-
binations of the current metric and the plastic metric induce vice verse relationships between
their conjugate thermodynamic variables. In particular, the three definitions (72) induce
the representations of the plastic forces
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S ::%s t ::%r
S5 =sym[G*'CS}; and 5 :=sym[¢’ 'grt]). (73)
S5 =.G"'CS =10 gt

This result follows in a straightforward manner by exploitation of the constitutive function
for the plastic forces in Table 1 where the last formulation is restricted to isotropic response
and has been obtained only by exploitation of commutative properties of isotropic tensor
functions. In the first approach, the plastic force is simply proportional to the stress as in the
geometric linear theory. The second formulation defines the plastic force in a multiplicative
format as the symmetric part of the mixed-variant stress CS and gr, respectively. Note
that these mixed-variant stresses arise naturally as the thermodynamic forces of nine-
dimensional plasticity based on the multiplicative decomposition of the tangent map
F = F°F” into elastic and plastic parts, see e.g. Mandel (1972}, Le and Stumpf (993), Miche
(1994a, 1996a), among others. Here F” is a possibly non-symmetric second-order tensor,
which includes, according to its polar decomposition F” = R’U” a possible local plastic
rotation R”e SO;. However, within the formulation of six-dimensional plasticity proposed
here, the mixed-variant stresses CS and gr are symmetrized by raising the first index with
the plastic metric. Thus, the second approach in (72), is consistent with a formulation of
multiplicative elastoplasticity with a priori assumption F = F'U?, i.e. postulating R* = 1
and identifying the plastic metric G* = U” with the plastic stretch U? e sym , sec e.g. Haupt
(1985) and Lubliner (1990) for a discussion of the restrictions of this approach. In view to
a further extended discussion we refer in this context to the works Schieck and Stumpf
(1993, 1995), where a unique decomposition F = RU‘U” without the assumption R” = 1 is
proposed. In the formulation proposed here, (72), defines the elastic response with respect
to a fictive plastic intermediate configuration which is defined locally at X' € # by splitting
up the tangent map (2), into the plastic stretch G = U” and the part F°, where the latter
describes the elastic stretch and the local rigid body rotations. The third approach in (72),
can be viewed as a short cut convenient representation of the second approach valid only
in the isotropic case where anisotropy variables are not apparent.

Both formulations have a very important property with regard to the description of
isochoric elastoplastic response as outline in Section 3. In this case, the stresses S and 7 are
deviators with respect to the current metric C and g, respectively, see Table 3. Then a few
algebraic manipulations show that the expressions (73), and (73), transform the deviators
with respect to the current metric to deviators with respect to the plastic metric. Thus, if
the stresses are deviatoric with respect to the current metric, then the plastic forces are also
deviatoric but with respect to the plastic metric. This property is crucial with regard to the
modelling of isochoric flow response for plasticity models formulated in terms of the stresses
and the current metric considered below.

TxB

Fig. 5. A fictive plastic intermediate configuration. The tangent map F: 7,4 — T,.% is split up
F = F°G’ = (RU*)G’ into plastic stretch, elastic stretch and local rotation. Then the plastic stretch
G* defines locally at X e # a fictive plastic intermediate configuration.
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4.2. Particular fornmudations of driving stress tensors

The next important point is the formulation of the yield criterion function (22) which
also serves within the canonical approach as the plastic potential for the constitutive rate
equations. Similar to the consideration outlined above we discuss here model problems of
the particular form

¢ =¢Z:G,X) = ¢(a:c.x) (74)
for the case of ideal plasticity. We refer to the tensor fields Z(X; 1) on Z and ¢(x; {) on % as

the Lagrangian and Eulerian driving stress tensors, which drive the local plastic deformation
within the elastoplastic solid. We consider here three different definitions

X, =28=8 o, =2t"=1 ‘
X, = G"S’G = sym [CSG?]; and 6, :=c’tc? = sym[grc’]: (75)
1=2G"S = CS J 6,:=20"7 = gt )

which characterize different plastic flow responses.

Note that we have inserted the relationships (73) for the plastic forces. Thus, we relate,
although not in any cases necessary, the three choices of the driving stresses (75) to the
three choices (72) of the elastic strains. The first approach simply says that the driving
stress is identical with the plastic force. This constitutes a plasticity model based on flow
criterion functions formulated in terms of the stresses and the reference metric of the
Lagrangian configuration. This is in many cases not acceptable where one wants to tor-
mulate the yield criterion in terms of the stresses and the current metric. Considering (75), 5
one realizes that the second and third approach does exactly this, at least for the case of
isotropic response. The plastic driving stress of the third approach is the mixed-variant
stress CS and gt which has also been used in multiplicative elastoplasticity, as already
mentioned above. However, we have a fundamental difference to nine-dimensional multi-
plicative elastoplasticity in the case of anisotropic response where these tensors are sym-
metrized with respect to the plastic metric, see (73),. As mentioned above, in the case of
isochoric plasticity the plastic forces (73}, ; are deviators with respect to the plastic metric.
As a consequence, the flow rules in Table 3 preserve exactly the plastic volume in this
situation. That means the plastic metric G? e SL, and & € SL, are elements of the special
linear group SL; with unit determinant, 1.c.

det[G"] =1 and det[e’] =1 (76)

for all times of the isochoric deformation process. This property is often referred to as the
plastic incompressibility constraint.

In the following Sections we consider particular formulations for isotropic and aniso-
tropic elastoplastic response. Therefore, we restrict the consideration to plasticity models
with yield criterion functions formulated in terms of the stresses and the current metric.
For the description of isotropic response we consider the third approach to elastic strain
tensors and plastic driving forces as the most convenient one. For the description of
anisotropic response in terms of anisotropy tensors we choose the second approach to
elastic strains and plastic driving stresses discussed here.

5. APPLICATION TO ISOTROPIC ELASTOPLASTIC RESPONSE

We investigate now the specification of the constitutive equations proposed in Section
2 to the case of isotropic elastoplasticity where anisotropy tensors of the type (5) and (8)
are not present. The particular model considered here is based on the definitions (72), of
elastic strains and (75); of driving stresses and covers therefore, a model of elastoplasticity
formulated in terms of the stresses and the current metric. We set up first a formulation in
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terms of invariants of the current metric and the plastic force and consider then a for-
mulation in terms of elastic principal stretches and principal stresses.

5.1. Isotropic elastoplasticity in terms of invariants

For isotropic elastoplastic response we assume a dependence of the free energy on the
invariants {1}, ; of the current metric and a generic scalar variable 4 which describes for
instance, isotropic hardening phenomena or isotropic damage effects. Thus, we consider
the particular form

|y =y, L0, A) (77)

of (13). The invariants {},.., ; of the current metric are evaluated with respect to the plastic
metric, which is assumed to play the role of a reference metric for the partial elastic response.
Within this context we introduce the ground invariants

I, == tr [E] I 1, :=1trle]
L=1tr[E*]/2} or I :=tr[e’}/2 (78)
Iy = tr [E']/3) I, =tr[e’)/3

in terms of the Lagrangian and Eulerian mixed-variant elastic strain tensors
E:=CG' and e:=gc" ' (79)

which have already been introduced in (72),. The covariant-contravariant tensor fields
E(X ;1) and e(x;!) have been denoted in Lehmann (1972) and Miche (1994c) as metric
transformation tensors. Taking into account the derivatives dytr [T] = 1, optr [T?}/2 = T7
and &;tr[T°]/3 = T7, we evaluate the constitutive functions in Table 1 and get the
expressions

S= Y CUE and t=3 g e (80)

=
for the stresses,
S§:=.G" 'CS and " :=ic" 'gr (81
for the plastic forces and
Bi=—y (82)

for the conjugate internal variable. Here we have used the notation f , == O,I_x/} and o =08,
for the derivatives of the free energy by the invariants and the internal variable. Note that
the introduction of the variables (79) for the description of the elastic response induce the
relationships (81) between the plastic forces and the stresses, see also (73);. This is of great
importance with regard to the identification of the yield criterion function, which has been
formulated within the canonical framework summarized in Table 1 in terms of the plastic
forces. Here we assume in analogy to (77) a dependence on the invariants {S,},., : of the
plastic forces and the generic conjugate internal variable B defined in (82). Thus,

| ¢ = §(5,.5..5:. B) (83)

is the particular form of (22) which is now under consideration. The invariants {S,},., - of
the plastic force are evaluated with respect to the plastic metric. Therefore, we introduce
the ground-invariants
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= tr[X] S, =tr[o]
Sy =tr[E2)/2} or S, :=tr[6?]2 (84)
Sy =tr[E']/3 Sy = tr[6°]/3

in terms of the Lagrangian and Eulerian mixed-variant driving stress tensors
Y=2G"S=CS and ¢:=2"1" =gz (85)

which are due to (81) related to the mixed-variant stresses CS and gr in the Lagrangian
and Eulerian geometric setting, respectively, as already pointed out in (75),. Taking into
account the derivatives of the ground invariants discussed above, we exploit the constitutive
functions for the evolution equations in Table 1 in a straightforward manner. This results
in the representation

8,67 =1Y 2¢,G/(EY " and Z.«' =iy 2$.(67) (86)
(=1

fem |
for the plastic flow rules and
0A=0idy (87)

for the scalar internal variable with the notation cj;‘, = 05,(]3 and (?),B:= (”7,,d3. The plastic
parameter A is determined by the loading-unloading conditions in Table 1. This rounds off
the particular set of constitutive equations for isotropic elastoplastic response formulated
in terms of invariants.

5.2. Isotropic elastoplasticity in terms of eigenvalues

We specify the set of constitutive elastoplastic equations summarized in Table 1 to
isotropic response formulated in terms of the elastic principal stretches and principal
stresses. This treatment results in a representation of constitutive response functions in
terms of the right and left eigenvectors of the mixed-variant elastic strain tensors introduced
in (79). Thus, we consider the eigenvalue problems

NE = ’N/ ne = An’
R and oo (88)
EN, = /7N, en, = A
Here {4;},.. , are the elastic principal stretches. {N},_, ;e Ty%# and {N,| ., ;€ T}# are

the dual sets of Lagrangian right and left eigenvectors. {n},., ;e T.% and
{n;},..,. 1€ T*Y are their Eulerian counterparts. The Eulerian eigenvectors are connected
with their Lagrangian counterparts via the deformation map (1) and the tangent and
normal maps (2)

n=FN:p ' and n=F "N,:=¢ . (89)
Note that the dual Lagrangian and Eulerian eigenvectors are related via
N“N; =0, and n'-n;, (90)

where &', denotes the Kronecker symbol. We assume in addition a normalization of the
eigenvectors with respect to the plastic metric, which plays the role of a reference metric
for the elastic response, i.e.
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Fig. 6. Eigenvectors associated with local elastic deformation. {N'},_, ; and {IN;},., , are the dual

Lagrangian eigenvectors with N'* N, = &/, N, = G’N', i’N, = CN". {n'},.., ; and {n},_ , are the dual

Eulerian eigenvectors with n''m; =&, n;,=cn' and A'm = gn'. Lagrangian and Eulerian
eigenvectors are connected according ton’ = FN': ¢ ' and n, = F'N,- ¢ "

Q

N'G'N'=1 and n-e'n'=1. (91)

(90) and (91) induce the relationships N; = G’N' and n, = ¢’n’. Within this context, we view
the reference metrics as maps G”: Ty# — THE4 and o . T ¥ — T*¥, respectively, as vis-
ualized in Fig. 6. The normalization (91) with respect to the reference metric generates the
alternative normalization

NCCN = ;2 and ni-gn' = ;2 (92)

inducing the relationships i/N; = CN’ and 47n, = gn'. Thus, we also can view the current
metric as maps C: Ty % — TEB and g: T/ — T as illustrated in Fig. 6. The eigenvalue
problems (88) yield the spectral representations

3 2
E=Y AN, ON and e=) //'n®@n (93)
TR Fem 1

of the mixed-variant elastic strain tensors (79). Using the normalizations (91) and (92), we
derive from (93) the spectral forms

3 3
C=Y ZN®N, g=) in®n,
e ] i=1

and . (94)

3

G =3 N®N, ¢ =3 n®n
P |

Q=]

We assume now a particular dependence of the isotropic free energy

! Y= i{e,. 62,65, 4) ‘ (95)

on the logarithmic elastic principal strains {¢},., . defined by
g=3In[4]] (96)

and the generic scalar internal variable 4. Taking into account the derivatives
fpi; = N'® N, and é.4; = n’ ® n, of the principal strains by the mixed-variant elastic strain
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tensor, we exploit the constitutive expressions in Table 1 in a straightforward manner. This
results in the spectral representation

3 3
S=) (/A/N®N and t= Y r/iin @n (97)
il i=1

of the Lagrangian and Eulerian stresses in terms of the principal stresses
n= (98)

in the eigenvalue space.
Furthermore, we get again the result

§:=1G""'CS and v:=1c" 'gr (99)

for the plastic forces and
Bi=—y, (100)
for the conjugate internal variable. Here we have used the notation W= ’Lp and /=0 b,

Insertion of (97) into (99) yields with (94) the spectral form of the plastic forces. We assume
again an isotropic dependence of the yield criterion function on the mixed-variant driving
stress tensors

=26 =CS and ¢:=2c1" =gr (100)

which are due to (99) related to the mixed-variant stresses CS and gr in the Lagrangian
and Eulerian geometric setting, respectively. These tensors have the spectral form

=Y tN,®N and o=Y tn@n (102)
Fos ] re= ]

which induce the formulation

| ¢ = d(t,.7,,7:, B) | (103)

of the yield criterion function in terms of the principal stresses and the conjugate internal
variable B. Based on this assumption we exploit the constitutive functions for the evolution
equations summarized in Table 1. Taking into account éyt; = N'® N, and ¢,t; = n' ® n, we
get the representations

3 3
66" =2Y 20 N@N, and Z.&" =iy 2¢.n®n, (104)
i= ) i=1

of the flow rule in spectral form and the evolution equation
&A= iy (105)

for the scalar internal variable with ¢ ,:= 7,{(/3 and ¢ = 8,¢. The plastic parameter 4 is
determined by the loading—unloading conditions in Table 1. This rounds off the particular
set of constitutive equations for isotropic elastoplastic response formulated in terms of
eigenvalues. For an additional reading concerning formulations in principal strains we refer
to Ogden (1984), Miche (1994b. 1995b) and references therein.
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6. APPLICATION TO INITIALLY ANISOTROPIC ELASTOPLASTIC RESPONSE

In this Section we consider specifications of the constitutive equations proposed in
Sections 2 and 3 to initially anisotropic elastoplastic response. As already pointed out in
Section 2. we describe effects of initial anisotropy by isotropic tensor functions with an
extended set of arguments. Thereby, we consider as a typical model problem the anisotropy
tensors in (3) and (8) as geometric structural variables. These geometric structural variables
are a priori given and therefore, not governed by a constitutive evolution equation. This is
in line with representations of anisotropic response functions proposed by Spencer (1971),
Smith (1971), Betten (1982), Boehler (1987) and others. In the following two subsections
we discuss on this basis, possible approaches to the modelling of initially elastic and plastic
anisotropic response within both the general framework outlined in Section 2 and the
decoupled volumetric—isochoric framework of Section 3,

6.1. General initial anisotropic elastoplastic response

We discuss first a setting of initial anisotropic elastoplastic response within the general
framework outlined in Section 2. Here we turn our attention in succession to the description
of elastic anisotropy and plastic anisotropy, respectively, and demonstrate the conceptual
approach for the case of transverse initial isotropy.

6.1.1. General elastic anisotropic response. A particular class of anisotropic elastic
response can be characterized by formulation of the free energy function (13) in terms of
the second-order anisotropy variables A and a introduced in (5). The geometric structural
variable A is considered as a priori given. This character of the variables for initial anisotropy
can be expressed by writing

GA=0 and ZF.a=0. (106)

A(X) determines for instance a preferred material orientation with respect to the reference
configuration. Then a(x) is its convected form with respect to the Eulerian configuration.
The anisotropy variables are invariant with respect to rotations Q € 45 of the symmetry
group %5 < SO, which characterizes the elastic response of the elastoplastic material under
consideration. The invariance is expressed by the condition

QAQ '=A and quq '=a with q=F "QF «p"' VYQe% (107

within the Lagrangian and the Eulerian geometric setting, respectively. Note that the
anisotropy is formulated with respect to the reference configuration. Thus, the Eulerian
form of the invariance condition (107) is nothing more than the convected form of the
Lagrangian invariance condition based on the deformation of the Eulerian tensor q with
the property q ' = q, which depends on the local deformation.

As a concrete model problem we consider here the case of transversely isotropic
response. Then the anisotropy variables are given by the expressions

A=M'®@M’ and a:=m'@m° with m :=F "Mcqp! (108)

in terms of the given covariant Lagrangian vector field M¢e T54 at X e # with the nor-
malization M- G~'+M* = 1. This covariant vector is mapped by (1) and (2), to the covari-
ant Eulerian vector field m“e T%¥ at xe.%, which has the normalization constraint
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TxB

Fig. 7. Anisotropy variables for general transverse anisotropy. The given covariant Lagrangian

anisotropy director M* with Eulerian counterpart m* = F "M ¢~ ' describes an elastic anisotropy

direction. The given contravariant Lagrangian anisotropy director M? with Eulerian counterpart
m’ = FM? - ¢ ' describes a plastic anisotropy direction.

m‘-¢”'*m° = 1. Figure 7 visualizes these geometrical relationships. The symmetry group
%< of the transversely isotropic elastic response is given by the rotations

95 = (R = SO, R* [y} (109)

which leaves (108) invariant. Here R,y = SO, are the arbitrary rotations about an axis
with director M¢ and R™ |, denotes a rotation about a vector perpendicular to M by the
angle 7. We discuss in what follows different approaches to anisotropic elastic response
within an elastoplastic solid for this simple example of transverse isotropy. More com-
plicated anisotropic response can be described by equipping the second-order tensors A
with more structure than (108), or even by taking into account higher order anisotropy
tensors. But the approach to the construction of advanced anisotropic response is con-
ceptually identical to that demonstrated here.

For transversely anisotropic elastoplastic response we assume a dependence of the free
energy on the coupled invariants {1}, s of the elastic strain tensor (72), and the anisotropy
tensor (108). We restrict our consideration here to a formulation of ideal elastoplasticity.
The model can easity be extended to a description of isotropic and kinematic hardening
effects by taking into account, in addition, the hardening variables discussed in Sections 3
and 7. Thus, we consider the particular form

U=y, I 1, 1y 1s) (110)

of (13). The invariants {/},. , s are defined by

I, = tr [EG] 1, = 1tr[ec]

I, = 1tr [(EG)*];2 I, = tr[(ec)?]/2

I, = tr [(EG)*]/3 or [y:=tr[(ec)’]/3 (111)
I, =tr[EA] 1, = tr[eg]

I = tr [EGEA] Is = tr [ecea]

in terms of the Lagrangian and Eulerian elastic strain tensors
=G 'CG"' and e:=¢" 'ger! (112)

which has been introduced in (72),. Based on the assumption (110) we evaluate the consti-
tutive functions in Table 1 and the get the representations
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S=6G""[Z.,2) GEG) )G
Si.ciron

+G'[2),A+2) s(AEG+GEA)IG !

samm(mp

t=¢ '[£1, 2 c(ec) ']¢" !

Tisorrop

+07 (2 s+ 24 s (aec+ cea)]e” ! (113)
for the stresses and
S :=sym[G*'CS] and ' :=sym[c¢" 'g1] (114)

for the plastic forces. Recall that the introduction of the variables (112) for the description
of the elastic response induces the relationships (114) between the plastic forces and the
stresses, see also (73), in Section 4. Note furthermore, that the stresses can always be
split up additively into isotropic parts and anisotropic parts where the latter contain the
anisotropy variables. This property 1s very helpful with regard to extensions of isotropic
elastic models to anisotropic elastic response. Due to the formulation of the coupled
invariants I, and /s in (111) in terms of the elastic strain tensors (112) the anisotropy is
defined with respect to a plastic intermediate configuration, see Fig. 5 and the discussion in
Section 4. This assumption makes sense in the case of metal plasticity, where the anisotropy
properties are often assumed to be independent of the local plastic deformation. Alter-
natively, one could define the coupled invariants in (111} in terms of the current metric by
setting for instance /,:=tr [G"'CG 'A] and ;== tr[G'CG'CG'A] in the Lagrangian
form. Then the elastic initial anisotropy is defined with respect to the reference configuration
which yields the alternative representations S,uuomep'=G " '[204A+ 20 (AG™'C+
CG'A)G™" and §”:=sym|[G" 'CS, ) in (113) and (114), respectively. This could
describe a material consisting of elastic fibers within an isotropic elastoplastic matrix.

6.1.2. General plastic anisotropic response. In analogy to the elastic anisotropy dis-
cussed above, we consider a particular class of anisotropic plastic response by formulating
the flow criterion function (22) in terms of the second-order anisotropy variables B and g
introduced in (8). The geometric structural variable B is considered as a priori given and
describes for instance an anisotropy director with respect to the reference configuration.
Thus, we have

dB=0 and Z.fB=0. (115)
The anisotropy variable B(X) and its convected form B(x) are invariant under rotations

Qe % of the symmetry group 4% < SO, which characterizes the plastic response of the
material under consideration. The invariance is expressed by the condition

QBQ '=B and qBfq ' =p with q=F 'QF -¢p"' VQe%, (116)
within the Lagrangian and Eulerian setting, respectively. As a model problem we consider

here again the case of transversely isotropic response where the anisotropy variables are
given by the expressions

B=M"®M" and f=m"@m’ with m’:=FM’op"’ (117

in terms of the given contravariant Lagrangian unit vector MP e Ty# at Xe 4 with the
normalization M?* G+ M? = 1. This contravariant vector is mapped by (1) and (2), to the
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Eulerian vector m”e T.% at xe.” which has the normalization constraint m’-¢c-m” = 1,
see also Fig. 7. The symmetry group %% of the transversely isotropic plastic response is
given by the rotations

/97!; R {R‘Mn = SO;, RN,M""} (] ]8)

where R = SO, are arbitrary rotations about an axis with director M” and R” |y denotes
a rotation about a vector perpendicular to M by the angle . Clearly, in many cases it will
make sense to choose for the plastic response the identical symmetry group as for the elastic
response by setting 4% = %45,

For transversely anisotropic elastoplastic response we assume a dependence of the flow
criterion function on the coupled invariants {S,},_, s of driving stress (75), and the ani-
sotropy tensor (117). By restricting ourselves to the case of ideal elastoplasticity, we then
constder the particular form

‘ (f):(i)(SlﬂSQ'SSﬂSAH‘SS) (119)
of (22). The invariants {S,}; | ;s are defined by
S, =1tr[EG" '] Sy =trlee’ ]
S, = tr [(BG"')?);2 S, = tr[(ee’™1)?]/2
S, = tr [(BEG71)7/3 or S,:=1r[(ec?")*])/3 (120)
S, = tr[ZB] S, =1r{ep]
S¢ = tr [EG’ ' LB| S;:=1r[oc” 'af]
in terms of the Lagrangian and Eulerian driving stress tensors
2:=G'S’G" = sym [CSG”] and o:=¢lt'¢? = sym [gre’] (121)

which have been introduced in (75),. It 1s the symmetrization of the mixed-variant stresses
CS and gr with respect to the plastic metric G” and ¢, respectively. Based on the assumption
(119) we evaluate the constitutive expressions for the evolution equations in Table 1 and
get the representations

OGN = A{ G [Z,’l 1 2(1),(,,,7 HEGr Y- I]Gf)
<

Isetrop

+G’[2¢ ,B+2¢ «(BEG’ ' + G 'EB)]G”!

2 =0 2L 2,00 (e Ty e
Nearor
+ 2 4B+2d 5 (Boc” ' +¢ o)l (122)
N

arosetrop

of the plastic flow rules. The plastic parameter 4 is determined by the loading-unloading
conditions in Table 1. The flow directions can be split up additively into isotropic parts and
anisotropic parts where the latter is a function of the anisotropy variables. This is an
important observation with regard to the construction of anisotropic flow models. As a
consequence of the formulation of the coupled invariants S, and Ss in (120) in terms of
the driving stress tensor (121), the plastic anisotropy is defined with respect to a plastic
intermediate configuration. As already mentioned above, this assumption makes sense in
the case of metal plasticity where the anisotropy properties are often assumed to be
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independent of the local plastic deformation. Alternatively, one could define the coupled
invariants in (120) directly in terms of the plastic force by setting S,:= tr [GS’GB] and
S5:=tr [GSGSGB] in the Lagrangian geometric representation. Then the plastic initial
anisotropy is defined with respect to the reference configuration and we have the modi-
fications Nypisorop = G[2¢ 4B +2¢ s(BGS” + S’GB)]G in (122), respectively.

6.2. Isochoric initial anisotropic elastoplastic response

We consider now a class of initial anisotropic elastoplastic constitutive model which
is restricted to the isochoric part of the deformation by applying the frame outlined in
Section 3. Here we proceed in the same way as in the subsection above and treat successively
elastic anisotropy and plastic anisotropy, respectively.

6.2.1. Isochoric elastic anisotropic response. We formulate the isochoric contribution
(62) to the free energy in terms of the second-order anisotropy variables A and « introduced
in (47) and (48). The geometric structural variable A is considered as a priori given which
induces the properties

¢A=0 and Fa=0. (123)

A(X) determines possibly a preferred material orientation with respect to the volumetric
intermediate configuration, see Figs 3 and 4. a(x) is the convected form with respect to the
Eulerian configuration. The anisotropy variables are invariant with respect to rotations
Q€ %4 of the symmetry group 4% < SO;, i.c.

QAQ"' and qaq ' =a with §:=F TQF ¢ 'vQe¥; (124)

within the Lagrangian and the Eulerian geometric setting, respectively. The Eulerian form
of the invariance condition (107) is nothing more than the convected form of the invariance
condition with respect to the volumetric intermediate configuration, transformed by the
nonlinear deformation map (1) and the modified tangent and normal maps defined in (46).
This defines the Eulerian tensor § with the property § ' = §, which depends on the local
isochoric part of the deformation.

As a model problem we consider again the case of transversely isotropic response by
expressing

A=M'@M‘ and a=m®@m’ with m =F Mg ! (125)

in terms of the given covariant Lagrangian vector field M¢ € 7% at X € % of the volumetric
intermediate configuration with the normalization M+ G ™'+ M* = 1. This covariant vector

1s mapped by (1) and (46); to the covariant Eulerian vector field m* e T*% at xe.%, which
1

has the normalization constraint m*-¢”'*m* = |. See Fig. & for a visualization of these

Fig. 8. Anisotropy variables for isochoric transverse anisotropy. The given covariant Lagrangian

anisotropy director M* with Eulerian counterpart m* = F~"M¢: ¢ "' describes an elastic anisotropy

direction. The given contravariant Lagrangian anisotropy director M with Eulerian counterpart
m" = FM? . ™' describes a plastic anisotropy direction.
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geometrical relationships. The symmetry group %5 of the transversely isochoric isotropic
elastic response is given by the rotations

44 = Ry = SO., R ¢} (126)

which leaves (125) invariant.

For transversely anisotropic elastoplastic response we assume a dependence of the free
energy on the coupled invariants {£},_, , of the elastic strain tensor (72), and the anisotropy
tensor (125). We restrict our consideration again to a formulation of ideal elastoplasticity
and consider the form

[ Vo = bl 5 1 ) | (127)

of (62). The invariants {f;},_, s are defined by

I = tr[EG] I = tr[ec]
I =tr[(EG)?]/2 I, ==1r[(ec)?]/2
o= RG] or i=triee)] (128)
I, =1tr[EA] I, :=tr {eq]
I, = tr [EGEA] I, == tr [ecea]
in terms of the Lagrangian and Eulerian elastic strain tensors
E=G'CG' and e=¢" 'ger! (129)

which has been introduced in (72),. Based on the assumption (127) we evaluate the consti-
tutive functions in Table 3 and get the representations

Si_\o = qe\ff {CPJ : [212,— I 2[/;isoJG(EG)l i l] (—;/)M ] }
Sim.lsmwl‘

+ quC { G[) ! [2'&150,3‘2i + 2'/;i50‘4 (‘&EG + GEA)]C‘D ‘ (}
Sie

iso.anisatrop

1:iso = devg {cp ! [ZIE:I 2!1[/“0‘{6(85)[" I]cp— ,1 }

rl‘;\

risotrop

+devy {0 [ 20 1@+ 20, 4 (e + Eea)]e” ) (130)

TI\(I aniso

rop

for the deviatoric stresses and

§ :=sym[G*'CS,,] and ¢ :=sym[e" 'gry,] (131)

for the deviatoric plastic forces. Recall that (131} transforms the deviators with respect to
the current metric to deviators with respect to the plastic metric. We observe again that the
stresses can be split up additively into isotropic and anisotropic parts. The anisotropy is
formulated with respect to a plastic intermediate configuration as discussed in Section 4. A
conceptual approach to a formulation of the anisotropy with respect to the reference
configuration has been discussed at the end of Section 6.1.1.

6.2.2. Isochoric plastic anisotropic response. Isochoric plastic response can be modelled
by formulating the flow criterion function (67) in terms of the second-order anisotropy
variables B and B introduced in (47) and (48). The geometric structural variable B is
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considered as a priori given and describes for instance an anisotropy director with respect
to the volumetric intermediate configuration, see Figs 4 and 5. Thus, we have

¢B=0 and Z.p=0. (132)

The variables B(X) and B(x) are invariant under rotations Qe %% of the symmetry group
9% = SO, ie.

QBQ '=B and §B§ ' =p with §G=F 'QF -o~! vQe%; (133)
within the Lagrangian and Eulerian setting, respectively. For transverse isotropy we identify
B=W®M and f:=m’®@m’ with m’=FMWogp ' (134)

in terms of the given contravariant vector M” € T at X € # of the volumetric intermediate
configuration with the normalization M+ G - M = 1. This contravariant vector is mapped
by (1) and (46), to the Eulerian vector m"e T.% at xe.% which has the normalization
constraint m’-¢c-m” = |, see also Fig. 8 The symmetry group % of the transversely
isotropic plastic response is given by the rotation

Gt Ry = SOLR 5] (139

which leaves (134) invariant. In many cases it will make sense to choose the identical
symmetry group for the plastic response as for the elastic response by setting %% = %45.

For transversely anisotropic elastoplastic response we assume a dependence of the flow
criterion function on the coupled invariants {S}, 1.4 of driving stress (75), and the ani-
sotropy tensor (134). By restricting it to the case of ideal elastoplasticity, we then consider
the particular form

| ¢ =¢(5.5..5..5)) | (136)

of (67). The invariants {S;},_, , are defined by

S e=tr [(EGr1)?]2 Sy =tr[(gc”" ")?]/2
S, :=tr [(EG”')*)/3 S, = tr [(ec”")?]/3
> [(~~ )] or 2 [< )] (137)
3 == tr [EB] ,S'w = tr [GB]
S, =tr[EG’'EB) S, =tr{oc’ 'af)
in terms of the Lagrangian und Eulerian deviatoric driving stress tensors
L .=devey (PG} = sym [CS\.O@’]} 138)
. (
g :=dev. {¢/T'c’] = sym [gr;,c”]

It is the symmetrization of the mixed-variant stresses CS,, and gr,,, with respect to the
plastic metric G* and ¢, respectively. Based on the assumption (136) we evaluate the
constitutive expressions for the evolution equations in Table 3 and get the representations

¢,G" = videvey (G2 22,26 ,G67 ' (EG Y16

+deve (G20 ;B+2¢,(BEG ' + G 'EB)G}}

Z.er = v{devy {[EL,29.¢ (e’ )]}
Vi isotrop

+deve {[20:8+26 (B’ +¢ o))’} (139)

Mo anisolrap
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of the plastic flow rules. The plastic parameter v is determined by the loading-unloading
conditions in Table 3. The flow directions can be split up additively into isotropic parts and
anisotropic parts, where the latter is a function of the anisotropy variables. For an alter-
native formulation of the anisotropy with respect to the reference configuration we refer to
the discussion at the beginning of Section 6.1.2. Observe furthermore. that the flow rules
(139) preserve exactly the plastic volume. They satisfy the conditions

- ~ P (det [G” - 0, (det [¢”
oG = YD g G S0y
det [G”] det [¢”]

which are often referred to as the plastic incompressibility constraint.

7. APPLICATION TO INDUCED ANISOTROPIC ELASTOPLASTIC RESPONSE

This Section is devoted to a short conceptual discussion of the modelling of induced
anisotropy effects within the framework of elastoplasticity discussed in Sections 2 and 3.
The phenomenon of induced anisotropy is an effect which develops during the inelastic
deformation process. Thus, in contrast to the case of initial anisotropy discussed above, the
anisotropy variables are now not a priori given by develop during the inelastic deformation
process, governed by constitutive evolution equations. A typical example of induced ani-
sotropy is the damage accumulation due to microcracks if one takes into account its
orientated character. Another example is the kinematic hardening phenomenon in metals,
the so-called Bauschinger effect. which is a consequence of the texture development in
polycrystalline metallic materials.

The framework for the description of induced anisotropy has already been set up in
Sections 2 and 3. A particular class of anisotropic elastoplastic materials can be described
by the second-order anisotropy variables introduced in (5) and (8). The canonical form of
the constitutive evolution equations for these variables have been presented in Tables 2 and
3 for general elastoplastic response and sochoric elastoplastic response, respectively. We
consider here as a model problem a particular form of kinematic hardening based on internal
micromechanical free energy storage as suggested by Miehe (1996c¢). It is a straightforward
generalization of the classical Melan-Prager type model of the geometric linear theory.
Because this phenomenon is mainly associated with metal plasticity, we restrict here our
consideration a priori to isochoric response and apply the framework outlined in Section
3.

We assume a dependence of the free energy on the invariants {7}, . of the elastic
strain tensor (72), and the anisotropy tensor (5) and consider the particular form

Eraaan (141)

of (62). The invariants {7}, _, , are defined by
i

[ = tr [E] I} =tr[e]
[ tr [E?]/2 I =tr[e*]2
- o or (142)
F=tr[AG™'] Li=trlae”'] |
|
I =1r[(AG ')*]2 Ii=tr{(ee")*)/2
in terms of the Lagrangian and Eulerian mixed-variant elastic strain tensors
E=CG' and e:=ge ', (143)

see also (72), and (79) and the mixed-variant anisotropy variables AG ~' and a¢~'. Note
that the Lagrangian representation is formulated in terms of the variables defined in (47)
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relative to the volumetric intermediate configuration, see also Figs 3 and 4. Based on the
assumption (141) we evaluate the constitutive functions in Table 3 and get the rep-
resentations

Sio = deve [L 2,,,.C" ‘Fl"] and 1, = dev, [Z Wio 8 ‘e'} (144)
N i=1

for the stresses,
1C8,, and v =1c" 'gr,, (145)

for the plastic forces and

4

4 -
B=—3 2.6 "(AG™")’] and B= -} 2p,c (@ ) ) (146)

i=13

for the conjugate anisotropy variable. The stresses (144) are deviatoric with respect to the
current metric and the plastic forces (145) are deviatoric with respect to the plastic metric.
As a typical assumption for the description of kinematic hardening we consider the yield
criterion function

¢ = $(S,.55) (147)

as a particular form of (67). The invariants {i} i1 2 are defined by

S, = tr[£?]2 S, =tr[6]/2) ‘
. } or } (148)

Sy = 1tr[X°]/3 , = tr[e']/3.

in terms of the Lagrangian and Eulerian driving stress tensors
£i=deve[2G"(S" +B)] and o= deve[2e" (" + B)]. (149)

The conjugate anisotropy variables B and g play the role of the (negative) back stresses.
Note furthermore, that the driving stress (149) is a priori assumed to be deviatoric. Then
the evaluation of the constitutive functions for the evolution equations in Table 3 gives the
representations

2

a,(';f’zvdev@.[z 2¢.,G(ETY '} and ;“)?vc”zvdevcp[i 2&.,1«’(0"{)" L (150)
- H:I -

i=1
for the plastic metric and

3A=0G" and Fa=F (151}
for the anisotropy variable. The plastic parameter v is determined by the loading-unloading
conditions in Table 3. Assuming identical initial conditions for the anisotropy variables A,
a and the plastic metric G”. ¢”, we get from canonical evolution eqn (151) the identification

A=G" and z=¢". (152)

Thus, for the proposed canonical model the anisotropy variables A and « turn out to be
identical with the plastic metric. This is consistent with the classical model of kinematic
hardening suggested by Melan (1939) for the geometric linear theory. Thus, the negative
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back stresses B and B are defined in terms of the general hyperelastic constitutive function
(146) in terms of the plastic metric. Consider as a model problem the ansatz ..
= k[I,—I}]/2 of the free energy for the micro-stress storage associated with kinematic
hardening where k& > 0 is a scalar material parameter. Then we derive from (146) with the
identification (152) the constitutive expressions B= —k[G™'G’G™'—G~'] and

= —k[e 'e’¢' —¢'] for the negative back stresses within the Lagrangian and Eulerian
representation, respectively. These equations constitute a straightforward generalization of
the classical MelanPrager type kinematic hardening model to the theoretical frame of
large-strain elastoplasticity proposed here.

8. CONCLUSION

A constitutive framework of large strain elastoplasticity has been presented for general
anisotropic material response. The proposed representation has a strong underlying geo-
metric accent with an orientation towards concepts of irreversible thermodynamics. The
essential ingredients of the theory are the introduction of a plastic metric with six inde-
pendent degrees for description of the history-dependent inelastic material response and
the definition of a convex elastic domain in the space of the plastic forces conjugate to the
plastic metric. The central constitutive functions for the description of the stored free energy
and the yield criterion, see (13), (22), (62) and (67). are formulated as isotropic tensor
functions in terms of extended arguments, denoted as anisotropy variables. The latter take
into account effects of initial and induced anisotropy which we represent in a coordinate-
free format. The representation of the constitutive functions are forced to have the identical
structure within the Lagrangian and Eulerian geometric setting, thus characterizing a
covariant theory. This has been demonstrated by considering both geometric settings in
parallel throughout the whole paper. The set-up of canonical evolution equations, con-
structed on the basis of a thermodynamic extremum principle, results in the constitutive set
summarized in Table 1. This canonical set is characterized by symmetric elastoplastic
tangent moduli as proved in (39). A further key aspect is the proposed decomposition of
the constitutive set in Table 1 into decoupled volumetric and isochoric parts summarized
in Tables 2 and 3, respectively. This has been achieved based on the notion of a volumetric
intermediate configuration and the split of the free energy and the local dissipation into
decoupled volumetric and isochoric contributions, see (51) and (54), vielding the decompo-
sition (52) of the stresses into decoupled spherical and deviatoric parts. This offers for
instance, a geometric consistent restriction of anisotropy properties to the isochoric part of
the deformation. The proposed constitutive frame of elastoplasticity has been applied to
several model problems. In the context, we considered first, possible elastic strain measures
and investigated the induced identification of the plastic forces in terms of the stresses, see
(72) and (73). The first application was concerned with isotropic elastoplastic response.
Here we proposed two new compact settings in terms of invariants and eigenvalues of a
mixed-variant elastic strain measure, see (77), (83), (95) and (103), respectively. A key
result within this context has been a spectral representation of the isotropic elastoplastic
constitutive equations in terms of dual covariant and contravariant eigenvector triads.
Finally, we discussed the conceptual modelling of initial and induced anisotropy within the
framework proposed here. Here we considered as a model problem the effect of transversely
inttial anisotropy for general and purely isochoric response see (110), (119), (127) and
(136). We then suggested an ¢xtension of the classical Melan-type kinematic hardening
model to the nonlinear framework proposed here, see (141) and (147). The algorithmic
formulation and the numerical implementation associated with the constitutive framework
and the model problems presented here will be discussed in a forthcoming paper.
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