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Abstract The investigation of microstretch and
micromorphic continua (which are prominent exam-
ples of so-called extended continua) dates back to Erin-
gens pioneering works in the mid 1960, cf. (Eringen in
Mechanics of micromorphic materials. Springer, Berlin
Heidelberg New York, pp 131-138, 1966; Eringen in
Int J Eng Sci 8:819-828; Eringen in Microcontinuum
field theories. Springer, Berlin Heidelberg New York,
1999). Here, we re-derive the governing equations of
microstretch continua in a variational setting, providing
a natural framework within which numerical implemen-
tations of the model equations by means of the finite
element method can be obtained straightforwardly. In
the application of Dirichlets principle, the postulation of
an appropriate form of the Helmholtz free energy turns
out to be crucial to the derivation of the balance laws and
constitutive relations for microstretch continua. At pres-
ent, the material parameters involved in the free energy
have been assigned fixed values throughout all numeri-
cal simulations — this simplification is addressed in detail
as the influence of those parameters must not be under-
estimated. Since only few numerical results demonstrat-
ing elastic microstretch material behavior in engineering
applications are available, the focus is here on the pre-
sentation of numerical results for simple twodimension-
al test specimens subjected to a plane strain condition
and uniaxial tension. Confidence in the simulations for
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microstretch materials is gained by showing that they
exhibit a “downward-compatibility” to Cosserat con-
tinuum formulation: by switching off all stretch-related
effects, the governing set of equations reduces to the
one used for polar materials. Further, certain material
parameters can be chosen to act as penalty parameters,
forcing stretch-related contributions to an almost negli-
gible range in a full microstretch model so that numerical
results obtained for a polar model can be obtained as a
limiting case from the full microstretch model.

Keywords Microstretch continua - Variational
approach - Finite element method - Elasticity

1 Introduction and outline

Microstretch continua belong to the class of micromor-
phic continua introduced by Eringen (in e.g. [12,14,
15,17] and cumulatively summarized and extended by
Eringen in [18]) and by Mindlin (in [34], where in the
latter, the terminology “micromorphic” is, however,
not used).

In order to set the stage for the subsequent investiga-
tions, and, also, to determine the “location” of
microstretch theory relative to other continuum field
theories, let us recall that in the standard Boltzmann
continuum, each material point is solely characterized
by its mass and has three translational degrees of free-
dom. Typically, macroscopic descriptions of e.g. engi-
neering materials (steels, concrete, ceramics, fluids etc.),
geomaterials (such as soils, rocks, ice), or biomaterials
(bones, tissues, blood) are based on a Boltzmann contin-
uum. However, it is well known that complex materials
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such as e.g. monodisperse media can not adequately be
described using Boltzmann continuum theories, since
the rotational motion of individual grains gives rise to
an additional dynamic field called intrinsic spin.

Thus, a general continuum theory accounting for the
intrinsic rotational motion has been proposed in [6]
and re-discovered e.g.in [13,19,21,22,47,48] —it is today
known as Cosserat theory, or, polar theory. In this the-
ory, a material point is characterized by its mass and by
microstructural properties described by a rigid triad of
vectors (the so-called directors) attached to each point
so that consequently, each material point has three trans-
lational and three rotational degrees of freedom. Today,
polar theory is commonly used in macroscopic descrip-
tions of materials with rigid microstructure! including
liquid crystals, polymer suspensions, granular media,
and porous materials, see for instance [7,10,32]. More-
over, micropolar continuum formulations have in the
last decades been intensively studied within the con-
text of localization computations. It has been discov-
ered that in the numerical modeling of the behavior
of e.g. strain softening materials, the independent rota-
tional degree of freedom introduced as an amendment
to the standard Boltzmann continuum has a regularizing
effect in the sense that the pathological mesh depen-
dence of the post—peak response (which is observed
for implementations based on the standard continuum
formulation) is overcome, see e.g. [8,11,35,36]. While
the independent rotational degree of freedom is obvi-
ously activated under shearing loads, it is certainly inac-
tive when tensile loads are applied. Consequently, one
can in general not expect to benefit from the regu-
larizing effect of the independent rotational degree of
freedom if numerical schemes based on polar theory
are used to solve problems dominated by the appli-
cation of tensile loads. Besides capturing size effects,
it is well-known that the inclusion of higher gradients
in the constitutive modeling is a physically motivated
option to regularize the pathological mesh dependence
in inelastic softening computations, cf. e.g. [1,8,10,11,
35,36,45]. In many of these cases a micropolar descrip-
tion based on the Cosserat-approach ([6]) is applied for
the regularization of shear-localization, in particular for
granular materials. Nevertheless it turns out that the
inclusion of the curvature does not provide for a regu-
larization of tensile-localization, cf. [11]. This in turn can
be achieved e.g. in 1d by the inclusion of the gradient of
the normal strain, which is demonstrated repeatedly in
the localization community for the examples of brittle

I Obviously, the description of continua which are characterized
by a deformable microstructure such as e.g. materials with chang-
ing porosity is beyond the scope of a polar theory.
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and ductile materials. For isotropic gradient damage the
regularizing effect is demonstrated e.g. in [46]. The mi-
crostretch approach thus clearly promises to combine
the benefits of the two above approaches when it comes
to the regularization of localization both in shear and
tension.

If the deformation of the microstructure is no longer
regarded as rigid—as is the case for polar media—but
restricted to an inflation (expansion) or contraction
(compression), that is, if we consider continuous materi-
als with isotropically deforming microstructure such as
e.g. bubbly liquids and porous foams (where bubbles/
voids inflate and collapse), the so-called microstretch
continuum theory provides the proper framework for a
theoretical description and analysis of those media. In
microstretch materials, each material point is thus char-
acterized by its mass and by microstructural properties
described by an isotropically deformable triad of vectors
attached to each point—consequently, a material point
has three translational, three rotational and one stretch-
ing degree of freedom. After Eringens pioneering work
[12] in the 1960s, recent interest in the theory of elastic
microstretch materials arouse from the 1990s on when
issues related to the problem of stress concentrations
(around a circular hole and around a rigid inclusion, see
e.g. [9,27]), the propagation of waves (see e.g. [29,43]),
the thermomechanical coupling (see e.g. [16]), the exis-
tence and uniqueness of solutions to the static (linear)
boundary value problem as well as to the bending prob-
lem of homogeneous, isotropic plates (see e.g. [5,24,26])
and to deformations of anisotropic microstretch mate-
rials (see [40]) have been investigated. All those cited
works have in common that they take the balance equa-
tions for microstretch materials as derived by Eringen
as a starting point; moreover, they are written in a pri-
marily mathematically spirit,” so that we here take the
opportunity to re-derive the balance equations using an
alternative approach which is simultaneously particu-
larly suited to be used for numerical investigations.

In the long run, we are interested in the question of
whether numerical computations for e.g. elastoplastic
strain softening microstretch materials turn out to be
mesh independent irrespective of whether shear loads
(which obviously activate the independent rotational
degree of freedom) or tensile loads (which activate the
independent stretching degree of freedom) are applied.
However, in order to do one step at a time, we shall in
the present article only be concerned with elastic micro-
stretch material behavior as this already provides ample

2 The mathematical analysis of microstretch solids is at present
restricted to the static case and linear elastic bodies in an infini-
tesimal theory.
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opportunity to get acquainted with phenomena related
to the additional microstretch degree of freedom. The
theoretical and numerical analysis as well as the algorith-
mic treatment of inelastic microstretch material behav-
ior (e.g. in the framework of an associative deviatoric
elastoplasticity) including strain softening phenomena
is the subject of a subsequent article.

The structure of the present article is organized as fol-
lows: after introducing notation in Sect. 2, the balance
equations governing an elastic microstretch continua are
derived in the framework of a variational principle. Fur-
ther, constitutive relations describing hyperelastic mate-
rial behavior are addressed. The discretization of the
resulting system of differential equations is described in
Sect. 3, so that we can turn to the presentation of numer-
ical examples for elastic microstretch materials in Sect.
4. Finally, Sect. 5 contains conclusions and an outlook.

Remark 1 Unfortunately, materials with unconstrained-
ly deforming microstructure such as metallic foams
(where general changes in porosity are due to e.g. the
opening of new channels which may stretch, wring,
inflate and be distorted) or suspensions of deformable
long chain polymers can still not be described by mi-
crostretch theory. So, finally, the so-called micromor-
phic theory has been designed (see again e.g. [14,15,
17,18,34]) to account for all possible deformations of
a microstructure, not just isotropic ones. In a micro-
morphic theory, each material point possesses (in addi-
tion to its three translational degrees of freedom) nine
additional degrees of freedom. While most investiga-
tions of micromorphic continua are limited to elastic
material behavior under static conditions and at infini-
tesimal strains, recent progress in the realm of constitu-
tive modeling has been achieved by Forest and Sievert
in [20], dealing with viscoplastic micromorphic mate-
rial behavior. A constitutive theory for micromorphic
thermoplasticity has been suggested by Lee and Chen
[31], but still awaits its numerical implementation. On
the mathematical side, Neff [38] has recently presented
general existence theorems for elastic, micromorphic
continua subject to finite strain conditions. For the case
of linear, dynamic micromorphic elasticity, Iesan and
Nappa [25] have established existence and uniqueness
theorems, while Nappa [37] establishes variational prin-
ciples which fully characterize the solution of initial
boundary value problems of linear, dynamic micromor-
phic thermoelasticity. In order to pave the way for the
development of efficient algorithms to be used for forth-
coming comprehensive numerical investigations of mi-
cromorphic continua, a unifying discussion of variational
principles for gradient and micromorphic continua has
recently been presented in [28], focusing in particular

on the considerable influence of the theoretical results
derived on forthcoming numerical implementations.

2 Variational principle
2.1 Notation

To set the stage, let us introduce some notation. Unless
otherwise stated, vectors and tensors of rank 2 will
throughout this article be denoted by small, bold letters.
A dot (-) is used to indicate the contraction over one
index, so that we have a - b = a;b; (Vi,j = 1,2,3,a,b €
R3), (a- b); = a;ibj (Vi,j = 1,2,3,a € R x R3,b € R?)
and (a-b); = a;;bji (Vi,j,k=1,2,3anda,b R3 x R3).
Moreover, the contraction of a tensor of rank 3 and a
vector is given by e.g. (€ - @);j = €jjkax. In these rela-
tions, Einsteins summation convention is used through-
out. The complete contraction of two tensors of rank 2
is denoted by a double dot, (:), i.e. @ : b = a;b;; Vi,j =
1,2,3 and a,b € R3 x R3. The twofold contraction of a
tensor of rank 4, say J, and a tensor of rank 2 is given by
(J : @)ij = Tjjrax- The dyadic product of two tensorial
quantities is represented by the symbol ®.

Special quantities encountered throughout the arti-
cle are I,J,J%™ and J$V denoting the second-order,
the fourth-order, the symmetric fourth-order and the
skew-symmetric fourth order identity tensors with com-
ponents &, Sixdji, (Sikdjr + Sudjx)/2, (Sikdji — dudjk)/2,
respectively. Moreover, we define the symmetric fourth-
order deviatoric and volumetric operators as follows:
Jdev — psym _ vol where JVO = (I ® I)/3. With the
help of these definitions, we observe that any 2-tensor
a can be decomposed additively into its volumetric,
symmetric deviatoric and skew-symmetric part, viz.
a=17J"°":a+J%:q+ JW : g Furthermore, € is the
third-order Ricci tensor (permutation tensor), while spn
denotes the spin-operator. Applied to a vector a, it yields
spna = —e - a, or, in index-notation, (spn a);; = —e€;jxa.

As usual, the material body under consideration is
viewed as a subset of the Euclidean space R3, is denoted
by V and has boundary 9V with outward unit normal
vector n. The particles (or, material points) contained
within V are labeled by x, and all further quantities intro-
duced will also be referred to the configuration V. Since
we work here for simplicity in a geometrically linear
setting, the displacement field

u=ukx :V—->R (1)

is one of the primary independent variables which will
later have to be determined by solving (numerically)
the governing equations of microstretch continua.
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Moreover, we introduce the independent vector-valued
field of rotation and the independent scalar-valued field
of microstretch,

w=wx:V->R, £=tx):V—>R )

To be able to account for short-range non-local effects
in the material behavior, we further introduce
k:=Vyw, (Kj=wj) T:=Vié (;=E) (3)
and refer to « and 7 as the curvature tensor and the
stretch gradient, respectively.

2.2 General remarks

A variational approach to describe micromorphic con-
tinua has been presented by Mindlin more then 40 years
ago, see [34]. There, rather then restricting attention to
stationary conditions and applying Dirichlet’s principle,
the stress equations of motion have been deduced in
a geometrically linear setting by defining a Lagrangian
and adopting Hamilton’s principle. A closer re-investi-
gation of variational principles applied in the 1960s to
micromorphic and so-called “second-gradient-of strain
models” is given in [28], where apart from the standard
Dirichlet principle and the restriction to the geometri-
cally linear setting also mixed (regularized) variational
formulations and a geometrically non-linear setting are
considered. The emphasis in [28] is on an identifica-
tion of the inherent properties of the deduced balance
equations for higher gradient and micromorphic con-
tinua with regard to subsequent implementations into
e.g. FEM codes.

Specializing and continuing the analysis presented
in [28], we will here again apply Dirichlet’s principle
and modify the so-called micropolar Dirichlet princi-
ple proposed in [45] in a suitable manner to derive
the balance equations for microstretch materials. As
expected, the microstretch Dirichlet principle proposed
here turns out to be a specialization of the micromor-
phic Dirichlet principle investigated in [28]. Eringen, in
contrast, deduces in his works [16-18] the correspond-
ing equations by considering invariance properties of
(a modified) energy balance. It will be seen that upon
postulating an appropriate form of the (Helmholtz) free
energy, we get exactly the same balance equations as e.g.
in [18].

Remark 2 In mechanics as well as in mathematics, var-
iational principles have been used for more than two
centuries. Historical comments on the role of varia-
tional principles in mechanics can e.g. be found in [39]
where also more detailed bibliographical information is
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gathered. The Dirichlet Principle, which is here in the
focus of our attention, states that any field # minimiz-
ing the potential energy of a system under consideration
is also a solution of the corresponding Euler-Lagrange
equations (also known as the balance equations) asso-
ciated to this system. Moreover, the converse is true
so that fields which are solutions of the balance equa-
tions minimize the potential energy I1. In mechanics,
the Dirichlet Principle is hence also referred to as the
principle of minimum potential energy, yielding the equi-
librium conditions for static, elastic bodies, see [39].
Mathematically, the equivalence of the two statements
“II(u) is minimal” and “u satisfies the Euler-Lagrange
equations” is established under quite general conditions
in a functional analytic framework in the theorem of Lax
and Milgram, see [30].

The application of variational principles in mechan-
ics has two outstanding features that make this approach
favorable against other ones:® as mentioned above, bal-
ance equations are derived, and, in addition, constitu-
tive relations describing elastic material behavior are
obtained as a by-product of the variational analysis.
Should we wish to model e.g. elastoplastic material
behavior, the elastic constitutive relations deduced from
the variational approach have to be complemented by
evolution equations for e.g. the plastic strain which, usu-
ally, are obtained by invoking the principle of maximum
plastic dissipation, see e.g. [23]. Moreover, the varia-
tional formulation provides a natural framework within
which a numerical implementation of the model equa-
tions by means of the finite element method is concep-
tually relatively easy obtained.

2.3 Balance laws and constitutive relations describing
elastic microstretch continua

For simplicity, we restrict attention to hyperelastic mate-
rial behavior in conservative systems and assume the
existence of a total potential energy II under
(quasi)static conditions, which is consisting of two con-
tributions, viz.

= #,o,&) = T"(4,0,8) + T (W@, 0,£). 4)

Extending the micropolar Dirichlet Principle investiga-
ted in [45], we specify T with the help of the free

3 An alternative approach is to deduce the balance equations
from first principles and to establish constitutive relations by
exploiting entropy principles—this is known as the rational
mechanics approach and which has been established by Truesdell
and Noll in [49].
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(Helmholtz) energy  as (p is the mass density)

int .= /pt//(ﬂsymzvxu’ I Vou+ e o,
%
qu:I—E,/c,t) dv, )

while we let

et . _ /p[fu.u+fw.w+fs§]dv
%

—/[tu'u—i—tw-w-i-tsé]da- (6)
oV

Above, f, and ¢, are the usual (volume distributed)
body force vector (such as e.g. gravitation) and the
(surface distributed) traction vector. Moreover, we have
postulated volume- and surface-distributed forces asso-
ciated with the rotation and the stretch, respectively,
which are of the form f, ¢, and fz, ;.

Remark 3 The introduction of additional body tractions
and forces related to the microstructure is carried out in
formal analogy to e.g. [2].

In the following, attention is restricted to the consid-
eration of small strains, and the underlying strain mea-
sures are chosen as

e =Veu+e-w, e=Vyu:I-—E¢. (7

Here, ¢ is a Cosserat-type-strain and e is a volumet-
ric strain referred to as the effective dilatation, cf. also
[44]. Note that e combines micro- and macroscale effects
and can hence (namely by a simple change of sign)
provide information about whether macroscopic effects
dominate microscale influences rooting in the stretch-
ing degree of freedom (e > 0) or vice versa. Since the
arguments of free energy y are given by the symmet-
ric gradient of the displacement (JY™ : V,u), the rela-
tive strain e and a gradient of the microstructural field
quantity (r = V,£&), the representation (5) is in fact a
specification of its general form used to model
micromorphic continua, see [28]. What is however addi-
tionally accounted for in (5) are the arguments stem-
ming from considering independent rotations, i.e. JKY :
Viu+€-wand k = Vyw. Although accounting for those
rotation related fields requires a more complicated anal-
ysis than e.g. carried out for microstretch materials with-
out independent rotations (in which case (5) could be
viewed as a direct specialization of its counterpart given
in [28]), it has the advantage that the results to be derived
can easily be compared to existing results deduced e.g.
for micropolar materials in [45] (namely by switching
off all stretch related effects).

Expressing the principle of minimal potential
energy as

STI(e) = %(n((.) +a5(.)))‘ . Lo, 8)

a=

where § denotes the variation and @ € R is a small
parameter, an exploitation of (8) yields — since the vari-
ations &, 8, and &g are arbitrary and independent of
each other and we tacitly assume sufficient smoothness
of the fields involved — the following balance equations:

div(e' +sh) 4+ pf,=0 inV, 9)
€0 +divm' +pf , =0 inV, (10)
s+divi+pfe =0 inV. (11)

Here, the superscript t denotes the transpose of a
2-tensor, while the symbol div is the divergence-operator
acting on the last index of a 2-tensor. Note that the total
stress o°@ entering the balance of linear momentum is
given by ¢ = ¢ 4 sI, that is, it is additively composed
of the bulk (Cauchy) stress ¢ and the microscopic stress
sI as arising in the description of compressibility effects
of interstitial pore gas in closed cell foams, see e.g. [44].

Provided that we deal with static conditions only,
relations (9)-(11) constitute the balances of linear
momentum, intrinsic spin and microstretch of an elastic
generalized continuum. Equations (9)—(11) are comple-
mented by the boundary conditions

t

[0 +sIl'n=t,, m'n=t, in=t ondV, (12)

derived also from (8) and in which #,, ¢, and # are
(generalized) surface tractions associated with the dis-
placement, the rotations and the stretch, respectively.
In (9)-(12), 0 and m are the Cauchy stress and couple
stress tensor, respectively, while s and A are referred to
as the microstretch pressure and the microstress vector.
With the help of the free energy, ¥, these constitutive
quantities are defined as

(Tt — (Jvol +Jdev +Jskw) . (Tt

oy oy oy
TPyl e T Pypdev. ¢ + Porsw. ¢ (13)
I I
t
=p— =p—, Ai=p— 14
Si=pgos mi=poc, [yl (14)

and have in fact been obtained as a “by-product” in
the course of deducing the Euler—Lagrange Equations

(9)-(11).

Remark 4 1t is emphasized that the balances of linear
momentum and stretch, (9) and (11), are coupled: the
total stress in (9) consists of the “usual” Cauchy stress
o and the microstretch pressure tensor, sI. If the mi-
crostretch vanishes identically, £ = 0, we recover the
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linear momentum balance in its standard from, while
the stretch balance also vanishes. Since the balance of
spin remains unaffected, the system (9)—(11) reduces
thus for & = 0 to the standard balance equations for
polar materials.

To model linearly elastic microstretch continua, we let
the free energy be given by a quadratic function of its
arguments listed in (5), viz.

oY = pr (30 e, ]9 e, IV e e, 1, 7)

= %K[[JVO' i) :I]2 + %ngz + ,u[[J]de":s]2 + lzlcz]

e[ TV 62 + %n;rz. (15)
where we have used
IV V=1 Veu + J9:Veu =16 + J%:¢ (16)
and
T Veu) + €0 = I (Veu+ €-0) = Ve, (17)

In (15), K and K¢ are the “usual” and the microstretch
bulk modulus, respectively, and © and u. denote the
shear moduli. Further, / is a characteristic length, while
g is a parameter related to the microstretch. Combining
(13) and (14) with (15), we derive explicit constitutive
relations of the form

Voo = K[[JO:el: 1|1, ]9:0 =2u]%: ¢,

IV = 20 JW:e, 5= Kge, (18)
m' =2ulrk, A= TET.

Therefore, strain e, effective dilatation e, curvature
and microstretch gradient t are connected to the Cauchy
stress o, the microstretch pressure s, the couple stress m
and the microstress A by the continuum elastic tangent
operator T, as follows:

t

o TKIQI+2uJ%® +2u. 0% 0 0 07l e

m| 0 2ulPT 0 0 |«

. 0 0 ml 0 | 7]

s 0 0 0 Kee
=:Te

(19)

Note that the representation (19) suggests that the stres-
ses o, m, A and s are decoupled on the constitutive level
if linear elastic microstretch materials are considered
(a weak coupling exists however through the kinematic
relations (7)). Moreover, T, can in its form (19) immedi-
ately be used to implement the material behavior of elas-
tic microstretch continua into a finite element program.
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3 Discretization

To make the equations derived in the previous sections
accessible to a numerical treatment, their spatial discret-
ization in the spirit of the finite element method (FEM,
cf. e.g. [3,4,33,41,50] for details) is briefly presented.
As always, the material volume V is spatially discret-
ized by choosing an appropriate triangulation: a collec-
tion of nodes is placed into V forming a grid consisting
of the so-called elements V,, e = 1,. .., ny, which satisfy

V=_JV.

e=1
VA = avinay; if eleme-:ntsi # j are neighbors,
0 otherwise
(20)
for i,j € {1,...,ny}. In two dimensions, the elements

V, are typically given by (sufficiently regular) triangles
or rectangles, respectively. In later applications, we will
decompose V into a varying number n,; of four-noded
so-called Q1-elements.

On the element V., the primary unknowns u, w and &
are approximated by their discrete counterparts u/ /£
given by

n, N
ult = >0 wNk(x), ot = >0 o NF(x),

it 21
Se :Zkzlgka(x), e=1,...,n,.. ( )

=

Above, n., denotes the number of element nodes (here,
Nen =4), Nk k =1,...,n, are the so-called shape func-
tions and the vectors uy,w; and &; are referred to as
nodal values. Note that convergence of the approximate
solution to the exact one, e.g. " — u, can in principle
be achieved by either increasing n., (“p-FEM”) of by
refining the mesh, i.e. increasing n.; (“h-FEM”), see [41].

A characteristic feature of the FEM is that numerical
solutions for a given boundary value problem are sought
starting not from its local form [here given by (9)-(12)]
but taking its corresponding weak form as the point of
departure, viz:

/[at + I : Vedudv
%

:/,ofu-(Sudv—i-/tu-cSuda, (22)
4 v
/[e:at~3w+mtzvx8w]dv

1%
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:/pfw-(Swdv+/tw~8wda, (23)
v A%
/—[s8$+k-5vxé] dv:/,ofgSE dv+/t55$ da.
% % %
(24)

Applying the isoparametric concept, the discrete coun-
terparts of (22)—(24) are obtained by using the relation

nel nel
/(o)dv = /(o) dv = /(o)det JISO dé, (25)

e_lv[:l

stating that the sum of integrals over individual elements
V. can in essence be evaluated on a so-called master-ele-
ment Vg with local coordinates & [in 2d, V7 is typically
given by the square [—1;1] x [—1; 1] so that & = (&1, &2)],
once V, has been mapped onto V7 by means of the
isoparametric mapping, denoted here only by its Jaco-
bian det.Ji5°. The discrete virtual work expression is then
derived with (25) and (21) as

Nel Hen
U D s / [o" + sI- VeN*det/;°dg
e=1 k=1 Vo
el Nep
=JD sm / pNf det/°dg, (26)
e=1 k=1 Vo
Nel Nen

U D sk - / € : 0'N* + m' - V,N*|det/}°d&
e=1k=1 VD

Nel Nen

=JD s / pNf det/isod, (27)
e=1k=1 Vo
Hel Nen

U s& / —[sN* 4+ 1 - V. N*|det/°dé
e=1k=1 VD

Nel Nen

-UXa [

e=1k=1 VD

pN*fedet/i°d .

Remark 5 We have neglected those entries in the dis-
cretized weak form which are due to given generalized
boundary tractions, cf. (12): they can be treated in full
analogy to the classical Boltzmann continuum formula-
tions. In other words, the boundary tractions associated
with the additional degrees of freedom require no spe-
cial attention in coding at all.

With the help of the (element) strain—displacement
operator (typically denoted by B,), the (components
of) strain &, curvature «, stretch gradient = and effec-
tive dilatation e are computed on each element V, for
node k from the primary unknowns u, @ and &. For plane

strain conditions (in the x, y-plane), to which attention
is restricted in the subsequent numerical examples, the
primary unknowns reduce to u = (4,v), ® = w and §
while B, is (at each node k) given by

Nex 0 0 0
0 Ny O 0
0 0 0 0
Ney 0 Ne 0
e R A A (28)
0 0 Ny 0
0 0 0 N
0 0 0 Ny
Nix  Niy 0 —Nj

In (28), Ni (. denotes differentiation of Ny with respect
to (-) and we have used the fact that the discrete analogs
of the strain &, the curvature ¥k = Vyw, the stretch gradi-
ent T = V,& and the effective dilatatione = Vyu : I — &
are given by [cf. (7) and (21)]

SR we ® VeNK(x) + 377 € - ok NF (),

el =
Kl =30 o @ VeNK(x),
h
e
h
e

(29)

th =3 &, VeNk(x),

= >0 uge ® VeNF(x) 1 T — 37, &N (x).

Again, the argumentation used to combine the discrete
strain-displacement operator B,; and the elasticity
matrix T from (19) to form the element stiffness matrix
is of the standard form found in simple linear elasticity
involving the typical multiplication B! T.B,. The same
holds true when computing the internal force vector.

Remark 6 The plane strain condition that will be
imposed in all forthcoming numerical examples is
€33 = 0 as is well-known when dealing with Boltzmann
continuum formulations. However, for a continuum with
additional internal degrees of freedom giving eventu-
ally rise to additional strain measures, cf. (7), it is not a
priori obvious how a plane strain conditions has to be
formulated. Here, we have chosen to leave the second
naturally arising strain measure, namely the effective
dilatation e, unrestricted: this implies that neither the
stretch € nor the rotation w affect the plane condition.
Furthermore, the particular choice of the plane strain
condition utilized is the one which can be most accu-
rately approximated when performing experiments to
identify real material parameters in a further project
stage; it is not clear to the authors how to keep track
of a plane strain condition involving the non-standard
degrees of freedom, thus the choice of the condition is
the only appropriate one.
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4 Numerical examples
4.1 General remarks

To motivate our numerical investigations, we recall that
in the numerical modeling of the behavior of e.g. strain
softening materials, the independent rotational degree
of freedom introduced in polar continuum formulations
as an amendment to the standard Boltzmann continuum
has a regularizing effect. The latter is to be understood in
the sense that the pathological mesh dependence of the
post-peak response (which is observed for implemen-
tations based on the standard continuum formulation)
is overcome, cf. Sect. 1 and the references listed there.
While the independent rotational degree of freedom is
obviously activated under shearing loads, it is certainly
inactive when tensile loads are applied—consequently,
numerical schemes based on the polar theory for prob-
lems dominated by the application of tensile loads can
in general not be expected to benefit from the regulariz-
ing effect of the independent rotational degree of free-
dom. To cure this drawback, we have thus introduced an
additional independent stretching degree of freedom,
cf. Sect. 2, which is in particular activated under ten-
sile and compressive loads. In other words, it is hoped
that by generalizing the polar theory to microstretch
theory numerical computations for e.g. strain soften-
ing elastoplastic microstretch materials turn out to be
mesh-independent irrespective of whether shear loads
or tensile/compressive loads are applied.

As the treatment of localization phenomena in inelas-
tic microstretch continua can be viewed as a long-term
goal, we will here study the effects of the additional
stretching degree of freedom designed to capture micro-
structural properties as well as its influence on typical
macroscopic quantities for (hyper)elastic materials only.
In particular, it has to be shown that the numerical rou-
tines developed for the microstretch continuum exhibit
a downward-compatibility in the sense that micropolar
material behavior is recovered by switching of all stretch-
related effects. Further, we expect to detect possible
mutual interaction between the Cosserat rotational
degree of freedom and the stretching degree of freedom
by comparing a restricted* microstretch model (in which
independent rotations are neglected) and a full micro-
stretch model. For notational convenience, we thus
introduce the following nomenclature for the three
different models investigated in the sequel (degrees of

4 To date, a universally accepted terminology for this material,
which is referred to as “dilating continua of Goodman—Cowin
type” in [44], is not yet available.
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freedom is abbreviated by dof):

— case (D: polar model,
displacement field u + Cosserat rotations e (6 dof in
3d/3 dof in 2d)

— case @ restricted microstretch model,
displacement field # + independent isotropic stretch
& (4 dof in 3d/3 dof in 2d);

— case @ full microstretch model;
displacement field u + Cosserat rotations @ + inde-
pendent isotropic stretch (7 dof in 3d/4 dof in 2d).

4.2 Prelude: referential “volume” element subject to
simple shear

In the first numerical example, a two-dimensional
referential “volume” element exhibiting elastic micro-
stretch material behavior is subjected to simple shear
while plane strain conditions are prescribed. We wish
to show that the rotational degree of freedom w is—
as expected—activated while the stretching degree of
freedom, &, remains inactive.

Consequently, the set of nodal degrees of freedom
is given by {u, v, w, £}, where u and v are the horizontal
and vertical macroscopic displacement (i.e. the displace-
ments in x and y-direction), w is the rotation about the
normal (i.e. the z-axis) to the xy-plane, and & is the
isotropic stretch acting uniformly in the x and y direc-
tion. In its undeformed state, the specimen has a size of
6 cm by 6 cm and is discretized by 24 quadrilateral, four-
noded elements (Q1 elements). However, the authors
are aware of the drawbacks of a simple Q1-element for-
mulation which leads by the particular definition of the
strain measures in (7) to different, incomplete polyno-
mial approximations of the various strains; the easiest
way to cure this drawback is the implementation of
the material model in a Taylor-Hood-type framework
with complete monomials to approximate the macro-
and microscopic strains. Furthermore, this will also to
increase the speed of spatial convergence; the imple-
mentation is scheduled for the next step.

A total horizontal displacement of 0.3cm is
prescribed at the top boundary of the specimen, giving
rise to a global strain of 5%. The material parameters
used in the numerical simulations are given by

Ke =1 GPa, pe=25.77GPa,
kN
=05 =5— 30
mm, 7 =5, (30)
and
K =25GPa, u=11.54GPa. (31)
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rotation o

b) &

Fig. 1 Distribution of a independent rotation and b stretch in a referential 2d region subject to simple shear, cf. Sect. 4.2, as obtained

for model @

Remark 7 Note that the bulk modulus K and the shear
modulus u are determined via prescribing Young’s mod-
ulus E and Poisson’s ratio v as £ = 30,000 MPa and
v = 0.3 according to the formulae

E E

K:m, M=m, (32)

while . is chosen as 0.5..

Prescribing boundary conditions such that o = 0
holds at the bottom nodes of the specimen, the fol-
lowing results are obtained for the full microstretch
model 3): The absolute value of the rotation w increases
from its (prescribed) minimum » = 0 at the bottom to
|w| = 0.024 at the top of the specimen, while the stretch
& is zero everywhere, cf. Fig. 1. Note that a relaxation
of the boundary conditions imposed on w (i.e. leaving
o unconstrained at the bottom) results in a homoge-
neous distribution of independent rotation, w = —0.024,
throughout the specimen. The negative sign corresponds
to a shearing in positive x-direction; the sign changes
if a horizontal displacement in negative x-direction is
prescribed. Obviously, the full microstretch model @
behaves as expected in simple shear tests — we are thus
encouraged to proceed with the investigation of (the
hierarchy of) models D-@) in tensile tests; this is the
subject of the following subsections.

4.3 Non-contracting strip subjected to uniaxial tension

In this second example, a twodimensional strip exhib-
iting elastic microstretch material behavior is subjected
to a uniform tensile load while, again, plane strain con-
ditions are prescribed. Prior to deformation, the strip
has an initial length of 2 cm, while its width is chosen
as 1 cm. The strip is discretized by 32 Q1-elements and
the tensile load acting at the top of the strip is modeled
by prescribing a total displacement of 0.1 cm; hence, the

applied axial global strain amounts to 5%. The mate-
rial parameters are as given in (30), (31). Prescribing
boundary conditions, the bottom nodes at y = 0 are
fixed in the sense that a macroscopic displacement in
horizontal as well as vertical direction is prohibited (i.e.
uly—o = vly=o = 0), while the microscopic degrees of
freedom (rotation and stretch) have no preassigned val-
ues at y = 0 and remain thus unconstrained. More-
over, to avoid transverse contractions of the specimen,
also the nodes at y = const-gridlines are constrained in
x-direction: u|y—const = 0. These particular constraints
will be removed later on to allow for the investigation
of the onset of necking phenomena.

Next we consider the results obtained for the model
hierarchy M-Q): As expected, we observe non-activated
and hence vanishing independent rotations in the Cosse-
rat-model (@, cf. Fig. 2a. Turning attention to the
restricted microstretch model @), we observe the devel-
opment of a non-vanishing uniform stretch-field with
& = 0.005, cf. Fig. 2b. As the stretch is uniform, its

a) 2 b) 2 | stretch &

otation o
| I

0.5

00 0.20.4 0608 1

90 0.20.4 0608 1
X X

Fig. 2 Distribution of rotation a and stretch b in a non-contract-
ing strip subject to uniaxial tension, cf. Sect. 4.3. The rotations are
plotted for model @, while the stretch distribution results from
model @. The microscopic degrees of freedom are unconstrained
at the bottom boundary
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stretch£|  b) 2
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Fig. 3 Distribution of a stretch £, b vertical stretch gradient 7, and ¢ effective dilatation e in a non-contracting strip subject to uniaxial
tension, cf. Sect. 4.3. Results are plotted for model @), and &|,—o = 0 is prescribed as boundary condition

value adjusts itself [due to energy considerations, cf.
(15)] such that the effective dilation e vanishes and
hence does not contribute to the stored energy W. Then,
by virtue of (19), also the microstretch pressure s van-
ishes, s = 0. Finally, as T = V¢, the stretch gradient
vanishes by definition. For the particular set-up chosen
for this first numerical example (tensile loaded non-
contracting specimen), we expect no changes of the
so-far obtained numerical results when turning to the
full microstretch model @Q): as the Cosserat rotations
are not activated, they can not interfere with the mi-
crostretch degree of freedom. Hence, the distribution of
rotation and of stretch are exactly as in Fig. 2. They are
not reproduced here and lead, as for model @), to vanish-
ing microstress T, microstretch pressure s and effective
dilatation e.

Remark 8 It is mentioned that the axial stress oy
assumes a constant value of oy, = 2020 MPa for all

models O-3).

Let us now consider a slightly different situation in
which only the boundary conditions for @ and & are mod-
ified: for the setting described above, we now constrain
the microstructural degrees of freedom at the bottom
of the strip such that w|,—9 = 0 and/or &|y—y = 0 at
the respective nodes holds. The results are as follows:
as the rotations are not activated under tensile loads,
the boundary condition on w has no effects in the polar
model @. Consequently, we have again vanishing rota-
tions. The restricted microstretch model @ however is
influenced by fixing the stretch & to zero at the bottom
of the strip: a stretch field that is varying with y develops
and attains its maximal value & = 0.014 for y = 2.1 and
all x € [0;1], see Fig. 3a. As & does not vary with x, only
the y-component of the stretch gradient T = (y, 7y) is
non-vanishing: 7, assumes values in [0.002; 0.014] and
is strongest developed in a bottom boundary layer, see
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Fig. 3b. Overall, the specimen is dominated by the mac-
roscopic material response as the effective dilatation e
has positive values in the entire strip. Since the maxi-
mum values of e are localized close to the bottom of
the strip and decrease toward its top, micro- and macro-
scale material behavior is recognized to be pronounced
different from each other in this bottom boundary layer
while it is becoming less disparate toward the top, see
Fig. 3c. The stress(like) quantities corresponding to the
(v component of the) stretch gradient and the effective
dilatation are the (y component of the) microstress vec-
tor A and the microstretch pressure s: both are displayed
in Fig. 4a and b. In contrast to the homogeneous distri-
bution of the macroscopic axial stress oy, (which again
assumes a constant value of oy, = 2020 MPa for models
O-Q), cf. Remark 8), the microscopic stresses A, and
s vary significantly with y, albeit their nominal values
are two orders of magnitude smaller than the macro-
scopic axial stress. Turning to the full microstretch model

1]

00 0204 0608 1
X X

0 02040608 1

Fig. 4 Distribution of the vertical component of the microstretch
vector A, a and the microstretch pressure s b in a non-contracting
strip subject to uniaxial tension, cf. Sect. 4.3. Results are plotted as
obtained from model @ , and &|,—o = 0 is imposed as a boundary
condition
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@, the numerical simulations reproduce —as expected —
exactly those obtained for model @ and are hence not
re-displayed.

4.4 Horizontally contracting strip subjected to uniaxial
tension

In the following, a horizontal contraction of the linearly
elastically behaving microstretch strip will be accounted
for. This is achieved by relaxing, in the interior’ of the
strip, the constraints imposed beforehand (in Sect. 4.3)
on nodal degrees freedom in x-direction: we no longer
require u|y—const = 0 but rather let u|y—const unconstrai-
ned. Although the macroscopic contraction is almost
negligible due to the small overall deformation of only
5%, it can certainly be regarded as the onset of necking.
Moreover, it is powerful enough to trigger microscopic
effects: first, the rotational degree of freedom, w, is acti-
vated in regions where horizontal contractions (how-
ever small they may be) occur. Consequently, the two
additional microstructural degrees of freedom, stretch
and rotation, are now competing and their individual
influence on the material response has to be deter-
mined. Moreover, a non-uniform distribution of stretch
is obtained even for unconstrained stretch boundary
conditions as will be seen in Sect. 4.4.2.

Remark 9 As in the preceding examples, we shall inves-
tigate linearly elastic microstretch material behavior
subject to two different types of boundary conditions
given either by £|,—o = 0 (cf. Sect. 4.4.1) or by letting
&|y—o unconstrained (cf. Sect. 4.4.2). It is remarked that
we refrain from varying the boundary conditions for the
independent rotations (w is free to develop as no bound-
ary condition is imposed) since the primary focus is on
the distribution of stretch &.

4.4.1 Constrained stretch boundary conditions

We now apply a tensile load resulting in an axial global
strain of 5% at both ends of the strip introduced in Sect.
4.3. The boundary conditions for the stretch field are
prescribed such that &|,—o = 0 and &|y,—2 = 0, that is,
the stretch is forced to vanish at the top and bottom
nodes of the specimen. The material parameters remain
unchanged and are listed in (30) and (31). Prior to the
presentation of numerical results, we emphasize the role
of the material parameters:

Remark 10 Judging from (15) alone, the parameters K,
e, land g canin principle take any values in R™ —phys-
ically meaningful ranges are only known for the bulk

5 That is, everywhere except at the bottom and the top.

modulus K and the shear modulus w. Thus, a detailed
parameter study revealing the influence and likely range
of K¢, e, e and [ is certainly one of the pressing issues
to be addressed in the modeling of microstretch con-
tinua. However, doing this at an untimely stage (i.e.,
too early) we would (with the words of the statistician
J. Naisbitt) be “drowning in information and starving
for knowledge”. In all here presented numerical exam-
ples, we have hence fixed the material parameters to
the values given in (30) and (31). In addition, we have
performed a first parameter screening the outcome of
which suggests that the parameters K¢, 7, e and [ act
like penalty parameters as occurring e.g. in the (algorith-
mic) treatment of contact mechanics: Large values of /
and u. (whereby “large” means “large in comparison to
K¢ and 7z and has still to be quantified) severely limit
the influence of k = Vo and spne in the minimization
of IT or y, respectively. Consequently, large / and large
e imply that effects due to the independent rotational
field w are suppressed, enabling the microstretch related
effects to dominate the scene. Vice versa, large values of
K¢ and 7¢ penalize the stretch-related contributions and
allow a pronounced development of Cosserat-effects in
a full microstretch model.

The parameter screening addressed in Remark 10 indi-
cates that K¢, mz as given in (30) are “large” penalties
while / and pu. are “small”. Thus, in the mutual inter-
action of w and & in the full microstretch model 3,
the stretch-related effects will be dominated by strongly
developed rotational effects. For the here considered
horizontally contracting strip, we have chosen to pres-
ent only numerical results obtained for model 3): a com-
parison of models O, @ and Q) is postponed to Sect.
4.5 where a modified geometry (enhanced by a notch)
favors the development of differences in the numerical
results.

Starting with the primary macroscopic and micro-
scopic quantities, we plotted in Fig. 5a and b the mac-
roscopic horizontal and vertical displacement « and v,
respectively, and the fields of independent rotation w
and stretch &, views ¢ and d in Fig. 5. The horizontal
contraction manifests itself in the distribution of u, cf.
Fig. 5a, and the slight arching of the isolines in the dis-
tribution of v is attributed to the boundary conditions,
see Fig. 5b. The rotations are antisymmetric about both
symmetry axes (at x = 0.5 and y = 1) and are acti-
vated under the applied tensile load solely because the
material has (due to the relaxed conditions on u|y—const)
gained an additional mobility, cf. Fig. Sc. In Fig. 5d, a pro-
nounced variation in the stretch field is observed: from
the loaded boundaries, where the boundary conditions
enforce & = 0, the values of the stretch increase to reach
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a) 2 displ. uy

0.5

0 02040608 1 0 02040508 1

X X

rotation w | 'st'retch'a

0 020408608 1
X

Fig. 5 Horizontal and vertical displacement a and b, rotation ¢ and stretch d for a horizontally contracting strip subject to uniaxial
tension, cf. Subsect. 4.4. Results are plotted for model 3, and &|,—o = £|y—2 = 0 has been imposed as boundary condition

a maximal value of § = 0.0026 in the central region of
the strip. Yet the stretch effects are small compared to
the overall macroscopic response in volumetric strain as
captured by Vu : I: the effective dilatione = u : I — &
is with e € [0.027,0.042] positive throughout the speci-
men. The distribution of e as shown in Fig. 6a however
suggests that micro- and macroscale effects captured by
Vu : I and &, respectively, are almost equally influential
in an hourglass-like region formed by minimal values
of e and located in the central region of the strip expe-
riencing the largest horizontal contractions. Finally, we
present in Fig. 6b the x-component of the microstretch
vector, Ay. It is, for the linearly elastic material behavior
considered here, proportional to the x component of the
stretch gradient, 7y, via (19). It is observed that Ay, and
hence t, is symmetric about both axis of symmetry and
assumes its largest values for those y where, at x = 0 and
x = 1, maximal changes in horizontal displacements are
detected.

a) ? eff_dilat. e

0.5

0

d—

0 02040608 1 0 0204 08608 1
X X

Fig.6 Distribution of effective dilatation e a and the x-component
of the microstretch vector, A, b for a horizontally contracting strip
subject to uniaxial tension, cf. Subsect. 4.4. Results are plotted for
model @), and £|y—¢ = £|y=> = 0 has been imposed as boundary
condition
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4.4.2 Unconstrained stretch boundary conditions

Relaxing the boundary conditions imposed on the
stretching degree of freedom in Sect. 4.4.1, we now let
& be unconstrained while the remainder of the set-up is
unchanged. The interesting results are the distribution
of stretch and effective dilatation—all other quantities
remain either more or less unchanged or are (in the
linearly elastic regime) directly related to & and e.

The distribution of the stretch field as obtained from
model @ is plotted in Fig. 7a. Recall that in the pre-
ceding examples, unconstrained stretch values at the
boundaries necessarily implied the development of a
uniform stretch field in the specimen. However, in the
present example, where horizontal contraction of the
specimen is allowed, a non-uniform stretch field devel-
ops although the stretch values at y = 0 and y = 2 are
unconstrained. We note that the resulting stretch field
(although positive in the entire specimen as was the case

Tstetchz | b) o

0 02040608 1
X X

0 020405081

Fig. 7 Distribution of stretch & a and effective dilatation e b in
a horizontally contracting strip subject to uniaxial tension, cf.
Sect. 4.4. Results are plotted for model @), and the stretch & is
unconstrained at the boundaries
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Fig. 8 A horizontally contracting, notched strip subject to uniaxial tension is meshed by 768 Q1 elements a, cf. Sect. 4.5. For brevity, the
mesh and the axes are omitted when the horizontal displacement u is plotted for models D-@) in panels b—d

in Sect. 4.4.1) is different from the one obtained if restric-
tions are imposed on & |,—o and £ |,—>. As a matter of fact,
with increasing distance from y = 1, that is for y — 2.05
and y — —0.05, the values of £ increase but it is empha-
sized that the variation in the stretch takes place at a
small scale only: the difference between minimal and
maximal values amounts only to 0.00016. Moreover, it
is recognized that even the “large” stretch values at the
ends of the strip are small compared to the macroscopic
values of Vu : I as the effective dilatation e is positive
at the bottom and the top of the strip, cf. Figure 7.b.
It is in the interior of the strip where, despite “small”
stretch values, microscopic effects dominate over the
macroscopic contribution Vu : I as e < 0. This behavior
is fundamentally different (despite plots looking almost
alike, cf. also Figure 6.a from the one observed for the
effective dilatation e (which in the present example has
values in [—0.002; 0.01]) if & is constrained at the top and
bottom boundaries of the specimen.

4.5 Horizontally contracting, notched strip subjected to
uniaxial tension

In the following, a twodimensional, horizontally con-
tracting notched strip consisting of elastic microstretch
material is investigated. Initially, the strip has a length
of 6¢cm in the y direction and a width of 2 cm in the x
direction. A mesh consisting of 768 Q1 elements is used,
cf. Fig. 8a, and a global axial strain of 5% (elongating
the strip to 6.3 cm) is applied. As before, the material
parameters are taken from (30) and (31). Note that in
order to facilitate the plot-reading, the mesh as well
as the axes are omitted in all forthcoming figures. For

stress Gy stress Gy
5000 3500
4500 3000
4000 2500
3500 2000
3000 1500
2500 1000
2000 500
1500
1000
500
0

Fig.9 Distribution of axial stress oy, in a horizontally contracting,
notched strip in tension, cf. Sect. 4.5. Identical results are obtained
for models @ and @), cf. panel a, while those for model @) shown
in panel b differ. The well-known stress concentration by a factor
3 is reproduced in all models

brevity,® we present only numerical results for uncon-
strained microscopic boundary conditions, i.e. no val-
ues are preassigned to &}y =30 and w|jy=30. Again, this
choice of boundary condition is motivated by experi-
mental capabilities which allow to control macroscopic
displacements but no additional degrees of freedom
such as rotations or stretch; furthermore, no difficulties

6 Prescribing &llyj=30 = 0 merely forces the stretch values to
decrease to zero within a thin boundary layer. The far field val-
ues of &, i.e. the distribution of stretch away from the bottom and
top boundary layer, is not affected by the boundary conditions
imposed on &.
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in obtaining unique numerical results were detected
even without prescribing a single value of the fields.
Macroscopically, the strip is fixed at its bottom bound-
ary to resist a vertical motion so that v|,—_39 = 0. Note
that a horizontal contraction of the specimen can take
place as no conditions on u are imposed.

Investigating this typical, often benchmarked geome-
try, numerical results obtained for the polar, the
restricted and the full microstretch model are presented
now in a synoptical manner in order to demonstrate
the penalizing effect of the material parameters aris-
ingin (15), cf. Remark 10. Starting with macroscopically
observable quantities, we first present the horizontal dis-
placement as obtained for models M—@ in Figs. 8b—d.
For the polar model @), the distribution of horizontal
displacement is antisymmetric about the axis x = 0 and
symmetric about the axis y = 0, cf. Fig. 8b, and has
non-vanishing values in a horizontal layer the length (in
y direction) of which encompasses en gros the notch.
These nonvanishing values of u visualize the horizontal
contraction which is, however, so small that it is hardly
visible in unscaled plots. Comparing the results for u for
the polar model with those obtained for the full mi-
crostretch model @), no differences can be detected,
cf. Fig. 8d. This indicates that K¢ and m¢ have been
assigned values which are large in comparison to p,
and / and that the former penalize the stretch contribu-
tions, cf. Remark 10. If the rotations are omitted as in the
restricted microstretch model @), the distribution of hor-
izontal displacement is qualitatively and quantitatively
different from the one obtained for models @) and 3), see
Fig. 8c. While the axes of symmetry remain unchanged
compared to models @ and @), the action of the micro-
stretch & in model @ gives rise to a pronounced ver-
tically banded distribution of horizontal displacement
throughout the entire strip. It is emphasized that the
overall horizontal contraction is smaller (by a factor 2)

Fig. 10 a Distribution of
rotation in a horizontally
contracting, notched strip in
tension, cf. Sect. 4.5. Identical
results are obtained for
models @ and Q). b, ¢
Distribution of stretch in a
horizontally contracting,
notched strip in tension, cf.
Sect. 4.5. Different results are
obtained for models @ and
@), cf.band ¢
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than in models @ and @). Comparing the restricted and
the full microstretch model, we observe that non-neg-
ligible interferences between the stretching degree of
freedom and the rotational degree of freedom develop:
the responsible agent for this are small values of / and
e which penalize contributions stemming from o only
to a very small extend. Numerical results obtained for
the vertical displacement y exhibit exactly the same fea-
tures as just presented for the horizontal displacement:
models @ and @) yield identical distributions of y, while
it is slightly different for model @ —for brevity, corre-
sponding plots are not shown.

Among the macroscopic quantities, we rather pres-
ent the results obtained for the axial stress oy, in Fig. 9a
(results obtained for models @ and @) and b (results
obtained for model @). As above, the full microstretch
model @ is — due to the choice of material parameters
— dominated by the action of the independent rotation,
which is why models (D and @ yield identical results,
cf. also Remark 10. Note, however, that the well-known
stress—concentration by a factor 3 at those edges of the
notch pointing toward the lateral boundaries of the strip
is reproduced in all models. Turning to the microscopic
quantities w and &, the plots in Fig. 10 are consistent
with the preceding ones in the sense that they confirm
the interpretation of the parameters as discussed above:
The rotations are the same in models ) and @) —in other
words, the rotations are in a full microstretch model not
affected at all by the presence of the additional stretch-
ing degree of freedom, cf. Fig. 10a. We refrain from plot-
ting the rotations for model . In contrast, the stretch is
affected by the presence of a rotational degree of free-
dom, indicating that @ dominates over ¢ for the choice
of parameters given in (30) and (31). As & changes from
2 to 3, differences can also be detected in the derived (e
and ) and conjugated (s and A) quantities, but corre-
sponding plots are not shown for the sake of brevity.
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5 Conclusion and outlook

The investigation of microstretch and micromorphic
continua (which are prominent examples of so-called
extended continua) dates back to Eringens pioneer-
ing works in the mid 1960ies, cf. [12,14,18]. Despite
the fact that 40 years have passed, and despite the fact
that many of todays innovative engineering materials
are characterized by an inherent microstructure calling
for extended continuum modeling approaches, micro-
morphic and microstretch continuum theories have not
gained a broad acceptance in engineering. Consequently,
numerical investigations for micromorphic materials
are rare.

To overcome this drawback, first numerical bench-
marks for microstretch continua in engineering applica-
tions have been established in this article. The numerical
implementation of the model equations by means of the
finite element method is conceptually straightforward
if the governing equations of microstretch continua are
derived in a variational framework as given by the appli-
cation of Dirichlet’s principle —this procedure has been
presented here, cf. Sect. 2, and complements Eringens
approach in a novel way.

Upon postulating a specific expression for the Helm-
holtz free energy, Eringens balance equations have been
re-derived, and constitutive relations describing elastic
microstretch material behavior were obtained as a "by-
product” of the variational analysis, cf. Sect. 2. It has
also been shown that the microstretch model derived
here exhibits a “downward-compatibility” to Cosserat
continuum models in the sense that by switching off
all stretch-related effects, a polar continuum model is
regained. The focus in the numerical analysis presented
in Sect. 4 has thus been on a hierarchy of models, namely
a full microstretch model (denoted by @ and includ-
ing Boltzmann, Cosserat and stretching degrees of free-
dom), a restricted microstretch model (referred to by @
and characterized by Boltzmann and stretching degrees
of freedom), and the polar model (abbreviated by (D and
including Boltzmann and Cosserat degrees of freedom).
The specimens investigated exhibit simple, twodimen-
sional geometries and are subjected to a plane strain
condition. Numerical results have been produced for a
fixed set of material parameters characterizing the free
energy, while various boundary conditions prescribed
for the microstructural degrees of freedom (indepen-
dent rotations, stretch) have been accounted for. It has
been shown that those material parameters in the free
energy which are related to the additional microscopic
degrees of freedom play a crucial role in the numerical
analysis—they can act as penalty parameters as known
e.g. in the algorithmic treatment of contact mechanics.

In order to gain more insight into the complex interac-
tion of microstructural effects described by independent
Cosserat rotations and an independent stretch field, a
detailed parameter study, revealing e.g. conditions under
which an equally weighted co-existence of stretch effects
and Cosserat effects in the full microstretch model @)
is possible, is thus of pressing importance. Adding addi-
tional relevance to this issue, work in progress has shown
that material parameters may not be chosen indepen-
dently from each other—the algorithmic treatment of
plasticity based on the standard radial return algorithm
is only applicable if some of the material parameters are
coupled.

Thus, the modeling, algorithmic treatment and
numerical investigation of inelastic microstretch mate-
rials is the next step to be undertaken. Hoping for a reg-
ularizing effects of the stretching degree of freedom in
tensile test (where the known regularization of the Coss-
erat rotations is not activated), strain softening plasticity
for microstretch materials will be in the focus of a forth-
coming article.

References

1. Aifantis EC (1984) On the microstructural origin of certain
inelastic models. J Eng Mat Tech 106:326-330
2. Allen SJ, DeSilva CN, Kline KA (1967) Theory of simple
deformable directed fluids. Phys Fluids 10(12):2551-2555
3. Braess D (2001) Finite elements. theory, fast solvers and
applications in solid mechanics. Cambridge University Press,
London
4. Brenner SC, Scott LR (2002) The mathematical theory of
finite element methods, 2nd edn. Springer, Berlin Heidelberg
New York
5. Ciarletta M (1999) On the bending of microstretch elastic
plates. Int J Eng Sci 37(10):1309-1318
6. Cosserat E, Cosserat F (1909) Théorie des corps déformable.
Hermann et Fils
7. Cowin SC (1974) The theory of polar fluids. Adv Appl Mech
14:279-347
8. deBorst R (1991) Simulation of strain localization: a reap-
praisal of the Cosserat continuum. Eng Comput 8:317-332
9. DeCicco S (2003) Stress concentration effects in microstretch
elastic bodies. Int J Eng Sci 41(2):187-199
10. Diebels S (1999) A micropolar theory of porous media: con-
stitutive modelling. Transport Porous Media 34:193-208
11. Dietsche A, Steinmann P, Willam K (1993) Micropolar elas-
toplasticity and its role in localization analysis. Int J Plast
9:813-831
12. Eringen AC (1966) Mechanics of micromorphic materials. In:
Gortler H, Sorger P (eds) Proceedings of 11th international
congress of applied mechanics Springer, Berlin Heidelberg
New York, pp 131-138
13. Eringen AC (1968) Theory of micropolar elasticity. In:
Liebowitz H (ed) Fracture. An advanced treatise, vol II.
Academic, New York, pp 621-729
14. Eringen AC (1970) Balance laws of micromorphic mechanics.
Int J Eng Sci 8:819-828

@ Springer



666

N. Kirchner, P. Steinmann

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

Eringen AC (1972) Theory of micromorphic materials with
memory. Int J Eng Sci 10:623-641

Eringen AC (1990) Theory of thermo-microstretch elastic sol-
ids. Int J Eng Sci 28(12):1291-1301

Eringen AC (1992) Balance laws of micromorphic continua
revisited. Int J Eng Sci 30(6):805-810

Eringen AC (1999) Microcontinuum field theories. Springer,
Berlin Heidelberg New York

Eringen AC, Kafadar CB (1976) Polar field theories. In: Con-
tinuum physics, vol 4. Eringen AC (ed) Academic, New York,
pp 1-73

Forest S, Sievert R (2003) Elastoviscoplastic constitutive
frameworks for generalized continua. Acta Mech 160:71-111
Giinther W (1958) Zur Statik und Kinematik des Coss-
erat’schen Kontinuums. Abh. Braunschweigische Wiss.
Gesell. 10:195-213

Green AE, Rivlin RS (1964) Multipolar continuum mechan-
ics. Arch Ration Mech Anal 17:113-147

Hill R (1998) The mathematical theory of plasticity. Claren-
don, Oxford (reprint)

Iesan D, Nappa L (2001) On the plane strain of microstretch
elastic solids. Int J Eng Sci 39:1815-1835

Iesan D, Nappa L (2001) Extremum principles and existence
results in micromorphic elasticity. Int J Eng Sci 39:2051-2070
Iesan D, Quintanilla R (1994) Existence and continuous
dependence results in the theory of microstretch elastic bod-
ies. Int J Eng Sci 32:991-1001

Iesan D, Scalia A (2003) On complex potentials in the theory
of microstretch elastic bodies. Int J Eng Sci 41(17):1989-2003
Kirchner, N, Steinmann, P (2005) A unifying treatise on var-
iational principles for gradient and micro-morphic continua.
Philosophical Magazine 85(33-35):3875-3895

Kumar R, Deswal, S (2002) Wave propagation through a
cylindrical bore contained in a microstretch elastic medium. J
Sound Vib 250(4):711-722

Lax PD, Milgram AN (1954) Parabolic equations. Contribu-
tions to the theory of partial differential equations. Ann Math
Stud 33:167-190

Lee JD, Chen Y (2003) Constitutive relations of micromor-
phic thermoplasticity. Int J Eng Sci 41(17):387-399

Leslie FM (1968) Some constitutive equations for liquid crys-
tals. Arch Ration Mech Anal 28:265-283

@ Springer

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Marsden, JE, Hughes JR, Hughes TJR (1983) Mathematical
Foundations of Elasticity. Prentice-Hall, Englewood Cliffs
Mindlin RD (1963) Microstructure in linear elasticity. Arch
Ration Mech Anal 16:51-78

Miihlhaus HB (1989) Application of Cosserat theory in
numerical solutions of limit load problems. Ing Arch 59:124—
137

Miihlhaus HB, Vardoulakis I (1987) The thickness of shear
bands in granular materials. Géotechnique 37:271-283
Nappa L (2001) Variational principles in micromorphic elas-
ticity. Mech Res Commun 28:405-412

Neff P (2006) Existence of minimizers for a finite-strain micro-
morphic elastic solid. Proc R Soc Edinburgh, A 136:997-1012
Oden JT, Reddy JN (1976) Variational methods in theoretical
mechanics. Springer, Berlin Heidelberg New York

Scalia A (2000) Extension, bending and torsion of anisotropic
microstretch elastic cylinders. Math Mech Solids 5(1):31-40
Schwab C (1998) p- and hp- finite element methods. The-
ory and applications in solid and fluid mechanics. Clarendon
Press, Oxford

Simo JC, Hughes TJR (1998) Computational inelasticity.
Springer, Berlin Heidelberg New York

Singh B (2001) Reflection and refraction of plane waves at
a liquid/thermo-microstretch elastic solid interface. Int J Eng
Sci 39(5):583-598

Steeb H, Diebels S (2005) Continua with affine microstruc-
ture: theoretical aspects and applications. Proc Appl Math
Mech 5:319-320

Steinmann P (1995) Theory and numerics of ductile micropo-
lar elastoplastic damage. Int J Eng Sci 38:583-606

Steinmann P (1999) Formulation and computation of geomet-
rically nonlinear gradient damage. Int J Numer Methods Eng
46:757-779

Toupin RA (1962) Elastic materials with couple stress. Arch
Ration Mech Anal 11:385-413

Toupin RA (1964) Theory of elasticity with couple stresses.
Arch Ration Mech Anal 17:85-112

Truesdell C, Noll W (1965) The non-linear field theories of
mechanics. In: Fliigge S (ed) Encyclopedia of Physics I11/3.
Springer, Berlin Heidelberg New York

Zienkiewicz OC, Taylor RL (1989,1991) The finite element
method, 4th edn, vols 1 and 2. McGraw Hill, New York



	Mechanics of extended continua: modeling and simulation of elastic microstretch materials
	Abstract 
	Introduction and outline
	Variational principle
	Notation
	General remarks
	Balance laws and constitutive relations describing elastic microstretch continua
	Discretization
	Numerical examples
	General remarks
	Prelude: referential ``volume'' element subject to simple shear
	Non-contracting strip subjected to uniaxial tension
	Horizontally contracting strip subjected to uniaxial tension 
	Constrained stretch boundary conditions
	Unconstrained stretch boundary conditions
	Horizontally contracting, notched strip subjected to uniaxial tension
	Conclusion and outlook
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


