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Abstract

The microstructure of materials is becoming an increasingly essential tool for the optimization of the me-
chanical properties of structures, however, the transition to a continuous description often leads to a too
drastic simplification of reality and a significant loss of information rendering the optimization efforts useless.
Nowadays, the developments of continuum mechanics, of the computational tools and of the experimental
techniques make it possible to account for scale-effects observed in mechanics of materials and structures.
The primary goal of this thesis is to integrate the effects of a complex microstructure, as well as the asso-
ciated characteristic lengths, in a continuous framework. Therefore, enriched continuous models have been
used to describe in detail the mechanical behavior of woven composite reinforcements and metamaterials.
Within the framework of this thesis, numerical simulations have been developed using the software COMSOL
Multiphysics and Mathematica to show the importance of the terms added for the correct description of the
mechanical behavior of these materials.

There are several approaches that take into account the effects of micro-structure on the macroscopic
behavior of materials, that can be divided in the two following categories:

e description of the behavior at the macroscopic scale starting from considerations at the microscopic
scale;

e direct description of the macroscopic behavior indirectly taking into account the presence of a micro-
structure.

There is an abundant literature based on the first point of view: obtaining the homogenized properties of
the mechanical behavior of complex materials on a macroscopic scale from a detailed description of their
microscopic properties. However, we must also mention the limits of this type of micro-macro approaches,
most of which are related to the simplifying hypotheses necessary for the description of the microstructure.
The second type of approach starts directly from the description at the macroscopic scale, by developing
models capable of describing the average behavior of the material with a relatively limited set of parameters.
The fundamental advantage of this type of approach lies in the possibility of describing the behavior of the
microstructured material via the introduction, on a macroscopic scale, of this restricted number of parameters.
Theories of enriched continuous media belong to the second class of the models cited. In this work, we tried
to analyze the situations in which their use brings obvious advantages.

Within the framework of enriched continuous theories, the systematic use of a so-called Cauchy theory
sometimes leads to an oversimplification of reality. Indeed, certain characteristics of the microstructure
are implicitly neglected in these approaches. However, even if all the materials are heterogeneous on a
sufficiently small scale and therefore possess a microstructure, this does not necessarily induce a specific
behavior on a macroscopic scale. In this case, the Cauchy theory would be perfectly adapted to their
description. On the other hand, other materials possess microstructures on a large-enough scale (micron,
millimeter, centimeter), whose effects have repercussions on macroscopic behavior. The Cauchy model is
then insufficient to describe their specific global behavior related to what occurs at smaller scales, e.g.
concentration of forces or deformations, or strong local gradients.

One of the most promising fields of application of enriched continuous theories concerns the study of the
mechanical behavior of woven composite reinforcements. This class of materials, made up by weaving yarns
(made up themselves of many thinner fibers), possess very different rigidities in tension and in shear: the
yarns are very stiff in tension but the angle between two yarns can vary very easily. This very marked con-
trast of material mechanical properties makes it necessary to describe its homogenized properties within the
framework of a second gradient theory (or a constrained micromorphic one). The macroscopic manifestation
of the meso-structure can indeed play a major role for composite reinforcements, since these reinforcements
are forced to take very complex geometries during the forming process. It is mainly for this reason that a
theory of enriched continuous media becomes an important tool for their macroscopic modeling.
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Abstract

In the case of woven composite reinforcements of textile composites, enriched models are suitable to
integrate the effect of the bending of the yarns at the mesoscopic level in the continuous modeling. This
has been demonstrated in the case of the bias extension test and the deep drawing of a composite 2.5D
interlock. For the bias extension test, the second gradient terms allow for the description of certain boundary
layers, i.e. transition zone between two regions with constant shear angle, and also asymmetric effects in the
case of unbalanced reinforcements. Concerning the deep drawing of composite interlocks, it has been shown
that second gradient terms are necessary to correctly describe the onset of wrinkling. In the two examples
discussed, the effect of mesoscopic bending of the yarns is the main mechanism giving rise to effects that are
not included in conventional models. The same line of reasoning could be followed for composites consisting
of fibrous reinforcements in a soft matrix. In this case, the theories of enriched continuous media would be
applied to the whole material: fibrous reinforcement -+ soft matrix.

Cauchy models are also not well-suited for the description of the dynamic response of certain microstruc-
tured materials showing dispersive behaviors or band-gaps. Enriched continuous theories (and in particular
the relaxed micromorphic model) can be good candidates for modeling these materials in a more precise and
realistic way, since they can include the macroscopic manifestation of their microstructure. In the current
state of knowledge and technology, it is interesting to focus efforts on the design of microstructured materials
that may have original properties, to improve and optimize the responses of the structures that use them.
Indeed, these structures are designed using such microstructured materials - also known as metamaterials -
to exhibit improved strengths, shaping facilities, minimized weights, and much more. They can also possess
innovative properties in the field of vibration control or in the field of stealth technology. In particular, some
microstructures possess very specific properties with respect to wave propagation, which give the resulting
structures possible applications as a screen or a wave absorber. The new concept of metamaterials is attract-
ing more and more physicists and mechanics. These materials are obtained by the optimal assembly of several
individual elements arranged in periodic or quasi-periodic substructures, which makes it possible to obtain
very original properties. Indeed, the shape, geometry, dimensions, contrast of the mechanical properties,
orientation and arrangement of these elements can influence, for example, the propagation of waves in a way
impossible in classical materials. The properties thus created can certainly lead to innovative applications in
engineering.

Recent papers provided the evidence that the relaxed micromorphic model, even when restricted to the
isotropic case, is usable to characterize the mechanical behavior of band-gap metamaterials, i.e. microstruc-
tured materials which are able to “stop” the propagation of elastic waves due to local resonances at the level
of the microstructure. The enormous advantage of using the relaxed micromorphic model for the description
of such metamaterials is undoubtedly that of mastering the behavior of complex media via the introduction
of few elastic coefficients (Young modulus, Poisson ratio and few extra microstructure-related homogenized
coefficients). This simplified modeling of metamaterials allows for the conception of “metastructures”, i.e.
structures which are made up of metamaterials as basic building blocks and which preserve their unconven-
tional behavior at the scale of the structure (i.e. wave absorption).

Keywords: enriched continua, relaxed micromorphic model, second gradient theories, woven fibrous com-
posite reinforcements, metamaterials, phononic band-gaps, bias extension test, deep drawing of composite
interlocks.
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Résumé

La microstructure des matériaux est un levier essentiel pour 'optimisation des propriétés mécaniques des
structures. Le passage a la description continue de la matiére conduit souvent & une simplification trop
drastique de la réalité et a une perte significative d’informations. Les développements dge la mécanique des
milieux continus, des moyens de calcul numérique et des techniques expérimentales permettent aujourd’hui
de rendre compte des effets d’échelle observés en mécanique des matériaux et des structures. Le but primaire
de cette thése a été celui de développer des modéles continus pour intégrer dans la modélisation continue les
effets d’une morphologie complexe des microstructures ainsi que les longueurs caractéristiques associées. Ces
modéles continus enrichis ont ensuite été utilisé pour décrire en détail le comportement mécanique des renforts
de composites textiles et des metamateriaux. Des simulations numériques qui montrent 'importance des
termes ajoutés pour la correcte description du comportement mécanique de ces matériaux ont été développées
dans le cadre de cette thése a I'aide des softwares COMSOL Multiphysics et Mathematica.

Il existe plusieurs approches qui prennent en compte les effets de la micro-structure sur le comportement
macroscopique des matériaux, elles appartiennent a I'une des catégories suivantes :

e description du comportement & I’échelle macroscopique a partir d’une description de celui-ci & ’échelle
microscopique,

e description directe du comportement macroscopique tenant indirectement compte de la présence d’une
micro-structure.

Il existe une littérature abondante qui se fonde sur le premier point de vue : obtenir les propriétés ho-
mogénéisées du comportement mécanique des matériaux complexes & 1’échelle macroscopique en partant
d’une description détaillée de leurs propriétés microscopiques. Cependant, on doit aussi mentionner les
limites de ce type d’approches micro-macro, limites pour la plupart liées aux hypothéses simplificatrices
nécessaires pour la description de la microstructure. Le deuxiéme type d’approche possible consiste a partir
directement de la description & 1’échelle macroscopique en développant des modéles capables de décrire le
comportement moyen du matériau par un ensemble relativement limité de paramétres. L’avantage fondamen-
tal de ce type d’approche réside dans la possibilité de décrire le comportement du matériau microstructuré
a partir de 'introduction, & 1’échelle macroscopique, de ce nombre restreint de paramétres, ce qui est d’un
grand intérét pour les sciences de 'ingénieur. Les théories des milieux continus enrichis appartiennent a la
deuxiéme classe des modéles cités. On essaiera d’analyser dans ce travail les situations dans lesquelles leur
utilisation permet d’apporter des avantages évidents.

Dans le cadre des théories des milieux continus enrichis, 'utilisation systématique d’une théorie dite de
Cauchy conduit souvent & des simplifications trop fortes de la réalité. En effet, certaines caractéristiques de
la microstructure sont implicitement négligées dans ces approches. Cependant, méme si tous les matériaux
sont hétérogénes a une échelle suffisamment petite et possédent donc une microstructure, celle-ci n’induit pas
forcément un comportement spécifique & une échelle macroscopique. Dans ce cas, la théorie de Cauchy sera
parfaitement adaptée a leur description. En revanche, d’autres matériaux possédent des microstructures a une
échelle beaucoup plus grande (micron, millimétre, centimétre), dont Ueffet se répercute sur le comportement
macroscopique. Le modeéle de Cauchy est alors insuffisant pour décrire leur comportement global spécifique,
lié par exemple a la concentration d’efforts ou de déformations, ou encore & des modes de déformations
particuliers caractérisés par de forts gradients locaux induisant des comportements eux-mémes liés & ce qui
se passe & des échelles plus petites.

Un des domaines d’application les plus prometteurs des théories de milieux continus enrichis concerne
I’étude du comportement mécanique des renforts tissés de composites. Cette classe de metamatériaux est
en effet constituée par le tissage de méches (constituées de nombreuses fibres plus fines), dont les rigidités
sont trés différentes en traction et en cisaillement : les meéches sont rés raides en traction mais 1’angle
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Résumé

entre deux méches peut varier trés facilement. Ce contraste trés marqué des propriétés mécaniques de la
meso-structure du matériau permet de décrire ses propriétés homogénéisées dans le cadre d’une théorie de
deuxiéme gradient. La manifestation macroscopique de la meso-structure peut en effet jouer un role majeur
lors de la mise en forme des renforts de composites puisque ces renforts sont contraints de prendre des formes
trés particuliéres pour permettre la réalisation d’éléments structuraux de géométrie complexe. C’est pour
cette raison, principalement, qu’une théorie de milieux continus enrichis devient un outil important pour la
modélisation.

Dans le cas des renforts de composites textiles, il a été montré que des models enrichis sont nécessaires
pour intégrer dans la modélisation continue 'effet de la flexion des méches au niveau mesoscopique. Ceci
a été mis en évidence pour le cas du “bias extension test” et de ’emboutissage emispheric d’un interlock
2.5D de composite. Pour le cas du “bias extension test” les termes de deuxiéme gradient permettent la
description de certaines couches limites qui déterminent une zone de transition entre deux régions a angle
de cisaillement constant et aussi des effects asymétriques dans le cas des renforts déséquilibrés. Pour ce qui
concerne l’emboutissage des interlocks de composite, il a été montré que les termes de deuxiéme gradient
sont nécessaires pour décrire correctement la formation des plis. Dans les deux exemples traités, 'effet de
la flexion des méches a 1’échelle mesoscopique est le mécanisme principal donnant lieu aux effets qui ne sont
pas descriptibles avec des modéles classiques. Des raisonnements du méme type que ceux exposés jusqu’ici
peuvent étre formulés pour les composites constitués par des renforts fibreux englobés dans une matrice
molle. Dans ce cas, les théories de milieux continus enrichis s’appliquent lorsque 1’on considére I’ensemble du
matériau fini : renfort fibreux + matrice molle.

Les modéles de Cauchy ne sont pas non plus adaptés a la description de la réponse dynamique de cer-
tains matériaux microstructurés montrant des comportements dispersifs ou des band-gaps. Les théories de
milieux continus enrichis peuvent étre des bonnes candidates pour modéliser ces matériaux d’une fagon plus
précise et plus réaliste, aussi bien en statique qu’en dynamique, puisqu’elles peuvent décrire, méme d’une
fagon simplifiée, la manifestation macroscopique de la présence d’une microstructure. Dans ’état actuel des
connaissances et de la technologie, il est intéressant de faire porter les efforts sur la conception de matériaux
microstructurés pouvant présenter des propriétés originales afin d’améliorer et d’optimiser les réponses des
structures qui les utilisent. En effet, ces structures congues en utilisant de tels matériaux microstructurés —
aussi connus sous le nom de matériaux architecturés ou metamatériaux — peuvent présenter des résistances
améliorées, des facilités de mise en forme, des poids minimisés, etc. Elles peuvent également posséder des
propriétés innovantes dans le domaine du contréle des vibrations ou dans le domaine de la furtivité. Certaines
microstructures générent en effet des propriétés trés particuliéres vis & vis de la propagation d’ondes, ce qui
confére aux structures résultantes des solutions de choix comme écran ou absorbeur d’ondes.

Des articles récents ont fourni la preuve que le modéle micromorphique relaxé, méme s’il est restreint
au cas isotrope, est utilisable pour caractériser le comportement mécanique des métamatériaux & bande,
c’est-a-dire des matériaux microstructurés capables de “stopper” la propagation des ondes élastiques due aux
résonances locales au niveau de la microstructure. L’avantage énorme de 'utilisation du modéle micromorphe
relaxé pour la description de ces métamatériaux est sans aucun doute celui de maitriser le comportement des
milieux complexes grace a Uintroduction de peu de coefficients élastiques (module de Young, coefficient de
Poisson et quelques coefficients supplémentaires liés a la microstructure homogénéisé). Cette modélisation
simplifiée des métamatériaux permet d’ouvrir la porte vers la conception des “métastructures”, ¢’est-a-dire des
structures qui sont constituées de métamatériaux en tant que blocs de construction basiques et qui préservent
leur comportement non conventionnel a 1’échelle de la structure (c’est-a-dire absorption des ondes).

Le nouveau concept de metamatériaux est en train d’intéresser de plus en plus les physiciens et les mé-
caniciens. Ces matériaux sont obtenus par ’assemblage optimal de plusieurs éléments individuels disposés en
sous-structures périodiques ou quasi-périodiques et permettent ainsi ’obtention de propriétés trés originales.
En effet, la forme, la géométrie, les dimensions, le contraste des propriétés mécaniques, l'orientation et la
disposition de ces éléments peuvent influencer par exemple la propagation d’ondes, d’une fagon telle qu’aucun
matériau naturel n’est capable de concurrencer. Les propriétés ainsi créées peuvent certainement donner lieu
a des applications innovantes en ingénierie.

Mots-Clés : milieux continus enrichis, modéle micromorphe relaxé, théories de second gradient, renforts
fibreux de composite, metamatériaux, band gaps, bias extension test, mise en forme, emboutissage.
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General introduction

Modeling in continuum mechanics is an art encompassing mathematics, mechanics, physics and experiments.
Many researchers have been attracted to the field of enriched continuum mechanics, following the master works
of Mindlin and Eringen, and have dealt with the description of particular aspects of enriched continuum
theories, usually introducing “ad hoc” terms to provide sensational additional effects. Nonetheless, some
fundamental questions concerning the range of applicability or the descriptive power of enriched continuum
mechanics had not been settled, leading to an understandable skepticism of the majority of researchers in
continuum mechanics. On the contrary, we believe in the usefulness of enriched continuum mechanical models,
even if we are aware of their current shortcomings.

We are deeply convinced that scientific advancements do not consist in producing a zoo of possibilities
and to combine more effects (which are themselves not yet properly understood), but in reducing complezity
and in explaining in simpler terms previously non-connected ideas, without losing the accuracy of the mathe-
matical description of the physical problem we are interested in. A major guidance for enlightened modeling
certainly comes from the experimental side. Basing ourselves on the considered phenomena, we should not
use superfluous information (superfluous because in practice, it cannot be determined) and, among valid
competing hypotheses, the one with the simplest assumptions should be selected. In this work, we deal with
enriched continuum models in this spirit: directed towards simplification. Whether we have achieved a step
into this direction must be judged by the reader.

Recent years have seen a colossal increase of interest in so-called generalized or enriched continuum
models. This exponential growth is mainly due to the need to incorporate additional phenomenological
features like the discreteness of matter, characteristic length scales, dispersion of waves, etc. As a matter of
fact, complex (meta-)materials may exhibit superior mechanical properties with respect to more commonly
used engineering materials, also providing some advantages as easy formability processes, light weight and
exotic behavior with respect to wave propagation. All these features are not fully captured by standard
elasticity approaches. The idea of using enriched continuum models to account for the homogenized behavior
of microstructured materials has extensively been exploited in the last years (e.g [71-75]).

The first main focus of this manuscript is a class of complex engineering materials which are known as
woven fibrous composite reinforcements. These materials possess a hierarchical microstructure, since they
are constituted by woven yarns which are themselves made up of thousand of fibers. We will show that the
meso- and micro-structures of fibrous composites have a strong impact on the overall mechanical behavior
of the macroscopic engineering piece. A classical Cauchy model is not able, alone, to take into account all
the possible effects that the microstructure of considered materials have on their macroscopic deformation.
More precisely, some particular loading conditions, associated to particular types of boundary conditions
may cause some microstructure-related deformation modes which are not fully taken into account in Cauchy
continuum theories. This is the case, for example, when observing some regions inside the materials in which
high gradients of deformation occur, concentrated in relatively narrow regions. One way to deal with the
description of such boundary layers, while remaining in the framework of a macroscopic theory, is to consider
so-called “enriched continuum theories”. Such enriched theories allow for the introduction of a class of internal
actions wider than in the case of classical Cauchy continuum theory. These more general contact actions
excite additional deformation modes, which can be seen to be directly related with the properties of the
microstructure of considered materials.

The second main focus of this manuscript is the relaxed micromorphic model. Recent papers [131,132]
provided the evidence that the relaxed micromorphic model, even when restricted to the isotropic case, is
fit to characterize the mechanical behavior of metamaterials with unorthodox dynamical properties. More
precisely, it has been shown that the isotropic relaxed micromorphic model can be effectively used to model
band-gap metamaterials, i.e. microstructured materials which are able to “stop” the propagation of elastic
waves due to local resonances at the level of the microstructure. The enormous advantage of using the relaxed
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General introduction

micromorphic model for the description of such metamaterials is undoubtedly the introduction of few elastic
coefficients (Young modulus, Poisson ratio and few extra microstructure-related homogenized coefficients).
This simplified modeling of metamaterials will allow for the conception of “metastructures”, i.e. structures
which are made up of metamaterials as basic building blocks and which preserve their unconventional behavior
at the scale of the structure (e.g. wave absorption).

The present manuscript is organized as follows:

e In Part I, some fundamental details concerning classical continuum mechanical models are recalled.
Moreover, enriched continuum models are introduced and discussed presenting their characteristics and
their differences with classical continuum mechanics. A brief presentation of the Principle of virtual
work for enriched continuum models is presented.

e In Part II, a general description of fibrous composite reinforcements is given, with particular attention
to the micro- and macro-structural mechanical properties. Furthermore, some discrete and continuum
models are presented for the description of the mechanical behavior of 2.5D woven composites. In
particular, it will be shown how to describe some deformation modes related to the effect of the local
bending of fibers and the overall macroscopic deformation of fibrous composite reinforcements.

e In Part ITI, we present the relaxed micromophic continuum model that will be used in Part IV to describe
phononic band-gap metamaterials. This model allows for a very general set of micromorphic effects,
while keeping the number of material coefficients reasonable. A homogenization formula is derived to
relate the parameters of the relaxed micromorphic model to an equivalent macroscopic classical model.

e In Part IV, we study the dispersive behavior of the relaxed micromorphic model and of some other main
micromorphic models. In particular, we focus on the description of phononic band-gap metamaterials
and the relaxed micromorphic model is applied to some real engineering band-gap metamaterials.

Notational agreement

We denote by R3*3 the set of real 3 x 3 second order tensors and by R3*3%3 the set of real 3 x 3 x 3 third order
tensors. The standard Euclidean scalar product on R3*3 is given by ( X,Y") = tr(X - Y7T) and, thus,
the Frobenius tensor norm is || X|[|? = (X, X >]R3><3' Moreover, the identity tensor on R3*3 will be denoted
by 1, so that tr(X) = <X, 1 > We adopt the usual abbreviations of Lie-algebra theory, i.e.:

R3x3

e Sym(3) := {X € R3*3 | XT = X} denotes the vector-space of all symmetric 3 x 3 matrices

e 50(3) := {X € R3*3 | XT = — X} is the Lie-algebra of skew symmetric tensors

e 5((3) := {X € R¥*3 |tr(X) = 0} is the Lie-algebra of traceless tensors

o R¥3 ~ gl(3) = {sI(3)NSym(3)} ®s0(3) ®R1 is the orthogonal Cartan-decomposition of the Lie-algebra

For all X € R3*3, we consider the decomposition

1
X = devsymX + skewX + gtr(X) 1, (INT.1)

where:
e symX = %(XT + X) € Sym(3) is the symmetric part,
o skew X = 2(X — XT) € s0(3) is the skew-symmetric part,
e devX =X — L tr(X)1 € sl(3) is the deviatoric part .

Throughout all the paper, we denote:
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the sixth order tensors L : R3X3%3 _ R3x3x3 by a hat

the fourth order tensors C : R3*3 — R3*3 by overline

e without superscripts, i.e. C, the classical fourth order tensors acting only on symmetric matrices
C : Sym(3) — Sym(3) or skew-symmetric ones C. : s0(3) — s0(3)

the second order tensors C : R® — R® or C : R3 — R3 appearing as elastic stiffness by a tilde.

Throughout this paper Latin subscripts take the values 1,2,3 while Greek subscripts take the values
1,2,3,4,5,6 and we adopt the Einstein convention of sum over repeated indices if not differently specified.
We denote by C X the linear application of a 4*h order tensor to a 2"? order tensor and also for the linear
application of a 6" order tensor L to a 3"¢ order tensor. In symbols:

(TX),; = Ciynr X, (ﬂ A) = Lijnpar-Apgr - (INT.2)
ij
The operation of simple contraction between tensors of suitable order is denoted by a central dot, for example:

(C-v) =Cyvy,  (C-X) =CuXay. (INT.3)

% ]

Typical conventions for differential operations are implied, such as a comma followed by a subscript to
— 90)

denote the partial derivative with respect to the corresponding Cartesian coordinate, i. e. ()

Jo Ozt
Given a skew-symmetric matrix A € so(3) we consider:
B 0 A Ap B -
A=1-4z 0 A, axl (A) = (—Ags, A1, —A12)". (INT.4)
—Aiz —A 0
ore equivalently in index notation:
— 1 — 1 _
[ax] (A)]k = Ttk Aij = 5 Ckig Aji s (INT.5)

where € is the Levi-Civita third order permutation tensor.
Inversely, we Introduce the canonical identification of R® with s0(3), A can be expressed as a function of
a € R3 as:

0 —as an
A = anti(a) = as 0 —a |. (INT.6)
—a9 ay 0

Copyright statement

Some passages have been quoted verbatim from the published papers of the author [11-13,49, 50, 129-131,
136-138,179].
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CHAPTERI.1

Classical vs enriched continuum mechanics

This part of the thesis is meant as an introduction to enriched continuum mechanics. Most of the concepts
presented are taken from [176] and from the work of the late professor Maugin [149,150].

The study of enriched continuum mechanics can not be developed without considering its fundamentals,
namely what is usually referred to as “classical continuum mechanics”. The huge possibilities of the continuous
modeling of materials have been shown since Gabrio Piola (1789-1857) and Augustin L. Cauchy (1789-1857)
in the 19th century. In his pioneering work [196], Piola theorized the need of complex constitutive equations
including derivatives of the displacement of higher order than the usual first gradient. Nowadays, this feature
would not be considered proper of “classical continuum mechanics” due to the great impact of Cauchy’s
approach to modeling [32]; the French mathematician presented a rather simplified model that was still
rich enough to describe a wealth of mechanical behaviors. This impressive feature was the outcome of his
novel concepts and the work of other major researchers: Leonard Euler (1707-1783), Joseph L. Lagrange
(1736-1813) and George Green (1793-1841) (see [150]).

In his work, Cauchy generalized Euler’s notion of pressure, valid in the case of fluids, stating that the
interactions between parts of a solid can be described via the symmetric Cauchy force-stress tensor o : 2 C
R3 — R3*3. The proof of this concept was obtained via its celebrated tetrahedron argument, which is still
part of almost every continuum mechanics class worldwide. Afterwards, Cauchy determined the equations
of motion that balance inertiae, external forces and stresses (see [32, Eq. (35)]) considering the equilibrium
of an elementary parallelepiped (as Euler did for fluids). In the equations of motion, one can recognize the
divergence operator, even if the term “divergence” was not used by Cauchy since the operation was formally
defined by Green in the same year [87].

The simplicity of the entire theory is based on two fundamental assumptions that, even if reasonable in
most applications, can be restrictive in some specific cases, namely:

1. the displacement u : Q C R? — R3 from a reference configuration is the only kinematic field, which is
equivalent to assume that the only possible motion of each point of the body is a translation;

2. the stress o in each material point X is a symmetric tensor (Boltzmann’s axiom of symmetry) and
depends only on the gradient Vu of the displacement evaluated in the same material point X.

Following Green and considering the entirety of the described properties, the resulting model can be defined
in the case of infinitesimal deformations via a strain energy density and a kinetic energy density as:

1 1
W =5 {Cat sym (V) sym (Vi) Vg T =5 plludl?, (L)

where Cy : Sym(3) — Sym(3) is a fourth order tensor with 21 independent coefficients and p is a scalar mass
density. This format (with its non-linear/plastic variations) is still the standard for engineering and it is still
general enough to comprehend a huge variety of engineering applications. However, the new fields of research
on metamaterials and their unconventional behaviors demand more complex models. As a matter of fact, the
Cauchy model falls short for most of the materials in which a micro-structure, with a high contrast of material
properties, determines the overall behavior of the resulting piece. For example, as it will be shown in the rest
of this work, both phononic crystals (see [129,131,132] and Part IV) and fibrous composite reinforcements
(see [11,13,70,130,134] and Part II) need more refined models to fully describe their experimental behaviors.

In order to set up an enriched continuum model, it is sufficient to discard one of the two basic assumptions
made by Cauchy. Indeed, most of the newly proposed models can be described in this manner, assuming
either:

1. the displacement u is NOT the ONLY kinematica field;
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Part 1 Chapter 1. Classical vs enriched continuum mechanics

Figure 1: Enriched kinematics for a micromorphic continuum.

2. the stress o in each material point X is NOT necessarily a symmetric tensor AND does NOT depend
ONLY on the gradient Vu of the displacement evaluated in the same material point X.

The most prominent examples of case 1 are the micromorphic continuum models: the kinematics is enriched
by introducing an additional field of micro-distortions P, beyond the classical macroscopic displacement
(see Fig. 1, chapter 1.2, and Parts III and IV). This new set of degrees of freedom can be used to describe
a substructure attached to each macroscopic material point x € €2, so describing micro-structure related
phenomena.

To understand the possible models generated in the case 2, we must analyze the reasoning behind the
corresponding Cauchy’s assumption. The functional dependence derive from the notion of contiguity intro-
duced by Euler: the mechanical action on each material point is caused only by its “direct environment” [150],
which excludes the influence of different points in the body. However, it is possible to find cases in which
other parts of the continuum have an influence, even if secondary, on the local response (e.g. molecular
dynamics). Such models are usually referred to as peridynamics (from the Greek prefix wepi- (peri-, “around,
surrounding”)). Applications of such models can be also found in the study of crack propagation, in which
the possibility to introduce an energy depending on the derivatives of the displacement is rendered impossible
by the discontinuity on the displacement fields. The peridynamic models are strongly non-local, but we can
also assume a weaker kind of non-locality, whose response depends only on the local displacement field but
includes its higher derivatives. The non-locality is given by the influence that a broader neighborhood of the
material point exerts on the local response. Such models are the so-called higher gradient models and will be
the object of chapter 1.3 and Part II.

In what follows, a presentation of the main micromorphic models and of the higher gradient models will be
made. For a more detailed treatise, we refer the reader to [149,150,176]. In the final chapter, the Principle of
Virtual Work is presented and some aspects of its application to enriched continua are analyzed. We remark
here that the following presentation will be made under the hypothesis of a linearized strain measure on Vu
(and P for the micromorphic continua) while some applications in Part II will employ non-linearized strain
measures on the Cauchy-Green deformation tensor C.
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CHAPTER 1.2

Micromorphic models

The French Cosserat brothers, the mathematician-astronomer Eugéne (1866-1931) and the civil engineer
Francois (1852-1914), were among the first researchers to propose the introduction of additional kinematical
fields to the standard displacement for the description of micro-structured materials. In their model, the
added micromorphic displacements were meant to describe rigid rotations at the microscopic level (see [44]
and section 1.2.2), therefore the additional degrees of freedom take the structure of a skew-symmetric tensor
A € 50(3), complementing the classical macroscopic displacement u : Q@ C R? — R3.

The worth of the Cosserats’ contribution wasn’t really appreciated and built upon until the second half of
the 20th century, when Mindlin [155,156], Green and Rivlin [86], Toupin [225,226], Eringen [65,67-69] and
Germain [78] developed their work lending it credibility. In Mindlin and Eringen’s work, the kinematics was
enriched introducing an additional non-symmetric field of micro-distortions P € R3*3: in each macroscopic
material point z € Q there is a substructure attached. This micro-deformation was generalized to include
micro-stretches, micro-strains, micro-shear, micro-distortions and micro-rotations, and it was described by
an affine mapping 1 + P (see Fig. 1 and section 1.2.1).

In time, many variations of the micromorphic model have been proposed to take into account microstruc-
tures with specific deformation modes. Not considering the full non-symmetric field of micro-distortions, the
resulting models are simpler and easier to apply, but lose the generality of the standard Mindlin-Eringen
model. However, the gained simplicity is of paramount importance for some applications, giving value to the
proposed models. This variety of models, that differ for the deformation modes of the microsctructure and
for the resulting format assumed for P, (see Figure 2 for a graphic representation) includes:

e the Mindlin-Eringen micromorphic model in which P describes micro-shearing, micro-rotation and
micro-stretch (isotropic expansion and contraction), i.e. P € R3*3 (see [67,156] and 1.2.1)

e the Cosserat micropolar model in which P describes only micro-rotations, i.e. P € s0(3) (see [44] and
1.2.2)

Tr P#0 Skew P#0

Dev Sym P#0

Figure 2: Classification of the micromorphic models based on the microdistortion tensor P.

Cette these est accessible a I'adresse : http://theses.insa-lyon.fr/p%blication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Part I Chapter 2. Micromorphic models

e the micro-stretch model in which P describes micro-rotations and micro-stretch (isotropic expansion
and contraction), i.e. P € R-1 @ s0(3) (see [66] and 1.2.3)

e the micro-voids (or micro-dilatation) model in which P describes only micro-stretch (isotropic expansion
and contraction), i.e. P € R-1 (see [46,186] and 1.2.4)

e the micro-strain model in which P describes microshearing and micro-stretch (isotropic expansion and
contraction), i.e. P is a symmetric tensor P € Sym(3) (see [74] and 1.2.5)

e the incompressible micro-strain model in which P describes only microshearing, i.e. P is a traceless
symmetric tensor P € {sl(3) N Sym(3)} (see [74] and 1.2.5)

e the incompressible micromorphic model in which P describes micro-rotations and microshearing, i.e.
P € 5l(3) (see [74] and 1.2.6)

A different approach to the simplification of the the standard Mindlin-Eringen’s is the relaxed micromorphic
model, which was first proposed in [176] (see section 1.2.7 and Part III). Instead of reducing the generality
of the micro-distortions described by P, the authors propose to consider a more structured energy leading
to an important decrease in the number of constitutive parameters and to an easier interpretation of the
associated micro-macro deformation modes.

In the following sections, we present briefly the already mentioned enriched micromorphic models, referring
the reader to [74,150,176] for more details.

2.1 The standard Mindlin-Eringen model

One of the most known enriched continuum models is the micromorphic continuum model introduced by
Mindlin and Eringen [43,65,67-69,155,156] in the early sixties of the last century. It includes many special
cases among which the much older Cosserat-type models [44]. Considering P € R3*3 (9 additional degrees
of freedom), the elastic energy of the general anisotropic centro-symmetric micromorphic model in the sense
of Mindlin-Eringen (see [156] and [67, p. 270, eq. 7.1.4]) can be represented as:

1, 1
W = 3 <(Ce (Vu — P),(Vu — P) >]R3><3 + 3 <(Cm sym P, SymP>R3X3 (1.2)
full anisotropic elastic — energy micro — self — energy
1, —
+ §< Cross (vu - ) SyIIlP> >]R3><3x3 )
anisotropic cross — coupling full anisotropic curvature

where C, : R3*3 — R3*3 is a 4!" order micromorphic elasticity tensor which has at most 45 independent
coefficients and which acts on the non-symmetric elastic distortion e = Vu — P and Ecyoss : R3*3 — Sym(3) is
a 4" order cross-coupling tensor with the symmetry (Ecmqq)” Xl = (Ecross) jikl having at most 54 independent
coefficients. The fourth order tensor Cy, : Sym(3) — Sym(3) has the classwal 21 independent coeflicients
of classical elasticity, while L : R3x3x3 _ R3%3x3 ig 5 6" order tensor that shows an astonishing 378
parameters. The parameter > 0 is a typical shear modulus and L. > 0 is one characteristic length, while
Laniso 18, accordingly, dimensionless. Here, for simplicity, we have assumed just a decoupled format of the
energy: mixed terms of strain and curvature have been discarded by assuming centro-symmetry. Counting
the number of coefficients we have 45 + 21 + 54 + 378 = 498 independent coefficients. R

Even assuming an isotropic behavior of the curvature, we obtain that the 6! order tensor L has still
11 independent non-dimensional constants [67]'. On the other hand, the local energy has 7 independent
coefficients in the isotropic case: C. has 3, Cp ~ 2, Ecross ~ 2 adding up to the usual 18 constitutive
coefficients to be determined in the isotropic case. One of the major obstacles in using the micromorphic
approach for specific materials is the impossibility to determine such multitude of new material coefficients.

1 This is due to the fact that the general isotropic 6t" order tensor has 15 coefficients which, considering that in a quadratic
form representation we can assume a major symmetry of the type ]szklmn = ]lemﬂm reduce to 11 (see [160,214]). The 11
coefficients of the curvature in the isotropic case reduce to 5 in the particular case of second gradient elasticity (see [57]) which
is obtained from a micromorphic model by setting P = Vu.
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Chapter 2. Micromorphic models Part I

Not only is the huge number a technical problem, but also the interpretation of coefficients is problematic
[37-39]. Some of these coefficients are size-dependent while others are not. A purely formal approach, as is
often done, cannot be the final answer.

2.2 Cosserat’s micropolar model

In Cosserat’s micropolar model [44], the underlying microstructure is assumed to have two orthogonal rigid
directions and, therefore, the microdeformation field can only describe micro-rotations. With this hypothesis,
it is sufficient to consider a skew-symmetric micromorphic distortion field A € s0(3) (3 additional degrees of
freedom) instead of P € R3*3. It would be possible to obtain this particular case from a general micromorphic
model, but we refrain here from showing the proof. The strain energy density of the resulting model is?:

1 1
W = 3 (Cy sym Vu, symVau ) s + 3 (C. (skew Vu — A), skew Vu — A)pqq (1.3)
anisotropic elastic — energy invariant local anisotropic
L2 rotational elastic coupling

+ L (T Vaxl 4, VaxlA) .

curvature

where Cyy : Sym(3) — Sym(3) is the classical 4" order constitutive tensors acting on the symmetric strains
symVu, C. : 50(3) — s0(3) is a 4" order tensor acting on the 2"¢ order tensor skew-symmetric strain
skew (Vu — A) and L : R3*3 — R3*3 is a 4'" order constitutive tensor acting on the 27? order tensor
V axl A.

Even if a wide set of materials seems to fit the hypothesis of a microstructure that can only rotate, it
is still difficult to fit the additional parameters in a reliable manner [150]. Some success has been obtained
by Lakes to describe natural porous bone, metallic foams and cellular materials [116,117], where the author
has been able to determine and verify for consistency the Cosserat elasticity constants and to show how a
Cosserat model obtains better results than the classical elasticity ones. Among the resulting properties of
this application of the Cosserat model, some notable ones were the size effects, the negative Poisson ratio
and the dispersive behavior.

2.3 The micro-stretch model

The micro-stretch model presents an intermediate possibility between the Cosserat micropolar model and the
full Mindlin-Eringen micromorphic model. In particular, Eringen (see [66]) proposed a micro-structure that
can have rotations (as in the Cosserat model) but also stretch (expand and contract, as in the micro-voids
model) leading to a micro-distortion tensor P € R -1 @ s0(3) (4 additional degrees of freedom). The micro-
distortion tensor can be decomposed as P = (1 + A, where the skew-symmetric part A € s0(3) represent the
rotations and ( is a scalar function that represents the stretch. The energy associated with this model can
be written as:

1 1
W= B (Ce sym (Vu — (1), sym (Vu — (1) >R3><3 + 5 (C. (skew Vu — A), skew Vu — A>R3X3 (L.4)

anisotropic elastic — energy invariant local anisotropic
rotational elastic coupling

2

1 wLz ~ _
+§mm<2_~_? (<]L VC,VC>R3 + (L VaX1A7VaX1A>R3X3) .

micro — self curvature

where C. : Sym(3) — Sym(3) is a classical 4" order constitutive tensor acting on symmetric tensors,
C. : 50(3) — 50(3) is a 4*" order tensor acting on the 2"? order tensor skew-symmetric strain skew (Vu — A),

2The operator axl gives a vector with the three independent components of a skew symmetric tensor, as defined in the
Equation (INT.4).
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Part I Chapter 2. Micromorphic models

km > 0 is a constitutive parameter, L:R3 — R3 is a 27 order tensor acting on vectors and L : R3%3 — R3*3
is a 4*" order constitutive tensor acting on the 2"¢ order tensor V axl A.

2.4 The micro-voids (or micro-dilatation) model

The micro-voids (or micro-dilatation) model was proposed by Cowin and Nunziato [46,186] (see also [99]) for
thermomechanical applications. The fundamental idea of this model is that the micro-structure attached to
the material can only expand or compress isotropically. Therefore, the micro-distortion tensor P € R-1 (1
additional degree of freedom) can be described with a scalar function as P = (1. This case can be considered
as a limiting case of microstretch elasticity (see section 1.2.3) in which no internal-rotation is considered. The
energy associated to this model can be written as:

1 1 Lz ~
W =5 (C.sym (Vu— (1), sym (V= (1) Yoy + 35m ¢+ MT (LVEVC g - (L5)
anisotropic elastic — energy micro — self curvature

where C. : Sym(3) — Sym(3) is a classical 4*" order constitutive tensor acting on symmetric strains, #my, > 0
is a constitutive parameter and L : R® — R3 is a 2”¢ order tensor acting on vectors.

2.5 The microstrain model

In the microstrain model proposed in [74], the micro-distortion tensor assumes the form of a symmetric strain
P € Sym(3) (6 additional degrees of freedom). Therefore, this model does not account for possible rotations
in the microstructure. This model respects Boltzmann’s axiom of symmetry because the symmetry of the
micro-distortion tensor allows for symmetric stresses. The resulting energy is:

—_

1
(Cesym(Vu — P),sym(Vu — P) )oas +§ (CosymP, symP ), , (1.6)

anisotropic elastic — energy micro — self — energy

W:§

L2~
+ EE(LVP VP s

full anisotropic curvature

where C,, C,, : Sym(3) — Sym(3) are classical 4" order constitutive tensors acting on symmetric tensors
and L : R3x3%3 5 R3%3%3 ig 4 6" order tensor acting on 3"¢ order tensors.

In [74], the incompressible micro-strain model was proposed as a possible variation of the micro-strain
model. In this case P would be a traceless symmetric tensor P € {s[(3) N Sym(3)} (5 additional degrees of
freedom). The energy assumes the same form and will not, therefore, be written again.

2.6 The incompressible micromorphic model

The micro-incompressible micromorphic model was proposed in [74] to complete the set of possible micro-
morphic models. In this case the micro-distortion tensor is assumed to be traceless (i.e. P € sl(3) with 8
additional degrees of freedom)). The energy would assume the same form of the Mindlin-Eringen format (for
simplicity the cross coupling tensor Ecross iS discarded):

1 1 wL?
2 2

full anisotropic elastic — energy micro — self — energy full anisotropic curvature

W =

(Ce (Vu — P),(Vu — P) Yoy + = (Coy sym P, sym P ), + (LVP,VP) vy » (LT)

[\)

where C, : R3*3 — R3X3 is a 4" order micromorphic elasticity tensor, C,, : Sym(3) — Sym(3) is a classical

fourth order elastic tensor, and L : R3X3%3 — R3X3%3 ig a 6" order tensor.
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Chapter 2. Micromorphic models Part I

2.7 The relaxed micromorphic model

The relazed micromorphic model [139,140,175,176] is one of the main objects of this work. It will be briefly
presented in this section, see Part III for the theoretical framework and Part IV for dynamic applications.
The model has been introduced in 2013 in [176] and endows the standard Mindlin-Eringen’s representation
with more geometric structure. In particular, the full P € R3*3 is considered with its 9 additional degrees of
freedom, but the energy assumed for the model is:

1 1
W = 3 (Cesym (Vu — P), sym(Vu — P) )pq.q +3 (Cw sym P, symP ), (1.8)
anisotropic elastic — energy micro — self — energy
pL?

+ 5 (Cc skew (Vu — P), skew (Vu — P) Yoo s+ (L Curl P, Curl P)

R3x3 *

N =

invariant local anisotropic curvature
rotational elastic coupling

For the energy, the underlying assumptions are the decoupled format and the replacement of the full gradient
V P with the dislocation density tensor & = — Curl P3. Therefore, the energy has separate parts for the
symmetric part of Vu — P, the skew-symmetric part of Vu — P, the symmetric part of P and the curvature
« = — Curl P. This simplification leads to:

e the 4" order constitutive tensors C. : Sym(3) — Sym(3) and C,, : Sym(3) — Sym(3), which have the
same structure as in classical elasticity with at most 21 independent constants, acting on the 2" order
symmetric strains sym (Vu — P) and sym P, respectively;

e the 4*" order tensor C. : s0(3) — s0(3), which has at most 6 independent constants, acting on the 2"
order skew-symmetric strain skew (Vu — P);

e the 4" order constitutive tensor L : R3*3 — R3*3 which has at most 45 independent constants, acting
on the 2™ order tensor a = — Curl P (for comparison the 6" order L : R3*3%3 — R3X3X3 acting on
V P has at most 378 parameters);

e the absence of Mindlin-Eringen’s cross coupling constitutive tensor Ec;oss, which is of difficult interpre-
tation.

Counting coefficients we now have 21+21+6+45=93, instead of Mindlin-Eringen’s 498 coefficients. The main
advantage at this stage is that C. and C,,, unlike C,, possess all the symmetries that are peculiar to the
classical elasticity tensors acting on sym Vu . Nevertheless, the structure of the model continues to be very
rich.

The large number of constants in the standard Mindlin-Eringen model (even in the isotropic case) has
always been of concern. Previous attempts to endow the Mindlin-Eringen model with more structure include
Koh’s [112,190] so-called micro-isotropy postulate which requires, among others, that sym o is an isotropic
function of sym Vu only. This reduces the number of isotropic coefficients to 5 (similarly to our relaxed
model) but the fact of connecting symo to sym Vu only cannot be considered a well-grounded hypothesis.

Another interesting property of the relaxed micromorphic model is that certain limiting cases of the
anisotropic relaxed micromorphic model give as a result other micromorphic models (e.g. the Cosserat
model, the micro-voids theory, the micro-incompressible micromorphic model, the micro-stretch theory and
the microstrain model), as shown in Appendix A.1.

Some variation of the relaxed micromorphic model have also been proposed in [138]. For example, a
curvature term depending on the second order tensor Div P could be considered in the strain energy density

3The dislocation tensor is defined as a;j = — (Curl P)ij = — Pin k€jnk, where € is the Levi-Civita tensor.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/r}L?incation/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Part I Chapter 2. Micromorphic models

leading to:
W = % <(Ce sym(Vu — P), sym(Vu — P) >R3><3 —&—% <(Cm sym P, SymP>R3><3 (1.9)
anisotropic elastic — energy micro — self — energy
+ % (C, skew (Vu — P), skew (Vu — P) >R3X3+”2Lg (L Div P,Div P )y, -
invariant local anisotropic curvature

rotational elastic coupling

Imposing that the curvature term vanishes, we obtain as a limit case the so-called internal variable model:

1 1
W = 3 (Cesym (Vu — P), sym(Vu — P) )pq.4 +3 (Cwm sym P, symP ), (1.10)
anisotropic elastic — energy micro — self — energy
1
+ B (C. skew (Vu — P), skew (Vu — P) >R3><3'

invariant local anisotropic
rotational elastic coupling

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/r}ﬁlblication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



CHAPTERI.3

Higher gradient models

Higher gradient models derive from the hypothesis that the stress ¢ in each material point X does not depend
only on the displacement u of the material points and its first gradient, but also on higher gradients of w.
The idea of a higher gradient theory seems to be a natural generalization of the classical Cauchy model in a
more inclusive setting. However, due to the inherent complexity of the model, the definition of a well-posed
higher gradient model directly by the stress o is very complex, if not downright impossible. On the other
hand, it is possible to define a gradient theory of the n-th order via strain and kinetic energy densities that
do not depend only on Vu but also on its successive gradients up to order n, i.e.,

W = W(Vu,Vu,Viu,..), J=J(ug, Vu 4, Vu,, Viuy,..). (I.11)

The classical Cauchy model is included as a gradient theory of the first order', see chapter I.1. Moreover, we
will call second gradient continua (sometimes referred to a first strain-gradient continua) those media whose
strain energy density depends both on the first and second gradients of the displacement field, i.e.:

W =W(Vu,V?u). (1.12)

In a second gradient model, the concept of contact actions needs more general treatment than the one due
to Cauchy, for example new types of actions can be applied: surface double-forces and edge forces. As
mentioned before, higher gradient models are weakly non-local, i.e. the response depends only on the local
displacement field but it is influenced by a neighboring region via the higher derivatives of the displacement.
This is a weaker non-locality with respect to the peridynamic models, whose strain energy density depends
on the displacement of the entire body.

Since the first formulation of higher gradient models, their spreading has been limited by the complexity
of the underlying mathematical structure and by a still unclear physical interpretation of the boundary
conditions. Furthermore, different approaches to the determination of the boundary conditions lead to
different results rising doubts on the validity of the resulting conditions [135]. For this reason, it makes sense
to come up with two possible strategies to deal with second gradient continua:

e directly use kinematics uniquely based on the macroscopic displacement field and consider higher gra-
dients of the displacement in the strain and kinetic energy densities;

e start from a richer kinematics (as done for micromorphic media) and then impose suitable constraints
on the extra kinematical descriptors in order to obtain the desired second gradient model as a limiting
case.

Let us first consider the first approach and the simple case of a second gradient model. The characteristic
which makes a second gradient theory different from a first gradient one is the fact that the strain energy
density does not depend only on first gradient of the displacements. A simple, infinitesimal strain theory
would give, therefore, an energy of the type?:

1 ?  ~
W =3 (Cyn sym Vu, sym Vu >]R3><3 + % (LV (symVu),V (symVu) >R3X3X3 (1.13)

On the other hand, the second approach would lead to an energy of the type:

%
2

1From now on, we will refer to the Cauchy model also as first gradient model.
2For the sake of simplicity, the cross terms between the first and the second gradient of the displacement are omitted.

1 ~ 1
%1% =5 <(CM sym Vu, sym Vu >R3><3 + <]LVsymP,VsymP>R3X3XS + §AH Vu — PH]?Rgxg ,  (L.14)
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Part 1 Chapter 3. Higher gradient models

where A is a Lagrangian multiplier that weakly enforces the condition Vu = P. We note here that it is
not possible to suitably restrict the parameters of the relaxed micromorphic model, which is one of the main
subjects of this manuscript, to obtain a full higher gradient elasticity model, in sharp contrast to the standard
Mindlin-Eringen model where C, — oo implies Vu = P and |[VP|?> — ||[VVu/|/?, see Appendix A.2 for the
one dimensional case.

Which of the two strategies has to be used to deal with the application of a second gradient theory is a
matter of convenience. In this manuscript, we mention all the available possibilities for the sake of a complete
description of enriched continuum theories. The direct implementation of a second gradient model has the
following advantages with respect to the micromorphic theories:

e the number of degrees of freedom is lower;
e the differential system of associated Euler-Lagrange equations counts less equations.
On the other hand, the strategy with micromorphic theories gives three main advantages:

e easier physical interpretation of internal and external internal actions related to microstructure (see
section 1.4.4);

e the differential system of associated Euler-Lagrange equations is of lower order;

e FEM implementation with traditional shape functions: no need to impose the continuity of the deriva-
tives on the mesh boundaries.

Notwithstanding the previous considerations, we want to stress the fact that the correct continuum framework
which we found to be well-adapted for describing the mechanical behavior of fibrous composite reinforcements
is the one of second gradient theories, even if the numerical implementation could be eased by passing through
a constrained micromorphic model.
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CHAPTER 1.4

The Principle of Virtual Work and the equilibrium of enriched
continuous models

The Principle of Virtual Work (PVW) is one of the first quantitative laws in the history of mechanics.
Historically, the principle of virtual work and the associated calculus of variations were formulated to analyze
systems of rigid bodies, but it has been extended for the study of the mechanics of deformable bodies. Let
us consider the following statement of the Principle of Virtual Works:

Considering a Galilean frame with an absolute Newtonian chronology, the virtual work of
internal actions P, spent by the inertial forces minus the internal ones, balances the virtual
work of external actions P°*, spent by the external forces impressed on the system, for any
virtual displacement field.

In formulas, the Principle of virtual work says that a configuration is in dynamical equilibrium if and only
ift:
Pint + Pezt =0. (115)

Suitable generalizations of the Principle of Virtual Work can be introduced to account for dissipative effects,
but we refrain here from presenting such more complex framework. Therefore, the most fundamental questions
which have to be confronted to properly set up a mechanical theory by means of the Principle of Virtual
Work is to establish:

e the constitutive form of the work of internal actions P in terms of the displacement and, eventually,
of the micro-descriptor (such constitutive choice is related to the intrinsic nature of the medium that
one wants to study),

e the expression of the work of external actions P¢*t, which allows to establish how the external world
acts on the considered medium and to define the concept of force, double force, or other more complex
interactions.

Furthermore, we can consider different kinds of external actions applied to the boundary (or to the bulk)
of the continuum body that either restrict the set of admissible configurations or that spend some energy on
its displacement?. As a matter of fact, we can imagine acting on the boundary of the considered body by
imposing either

e kinematic (or essential or geometric) boundary conditions: the displacement and/or eventually the
micro-descriptor are assigned on some portion of the boundary 0B,

e traction (or natural) boundary conditions: forces and/or, eventually, other more complex external
interactions are assigned on some portion of the boundary 9B and/or of the bulk B.

Imposing a kinematic boundary condition is tantamount to reduce the admissible deformed configurations
that the body can assume, so reducing the number of admissible fields. This will be analyzed with more care
in section 1.4.1. On the other hand, imposing traction boundary conditions means that an external action
is acting on the body and therefore a corresponding term must be considered in the work of external forces.
However, the set of actions that can be applied to the body depends on the kind of model considered, see
sections 1.4.2, 1.4.3 and 1.4.4.

1We remark that, depending on the conventions which are used for the signs in the definition of the work of internal and
external actions, slightly different versions of the Principle of Virtual Work can be found in the literature.

2In what follows, we will call continuum body a set of material particles occupying the volume B in its reference configuration
and its boundary will be denoted with 0B.
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Part 1 Chapter 4. The Principle of Virtual Work and the equilibrium of enriched continuous models

4.1 Space of configurations and spaces of admissible variations

Depending on the intrinsic nature of the considered body (first gradient or micromorphic or second gradient),
the expressions for the work of internal and external actions take specific forms which will be better specified
later on. However, independently of the specific form taken by the internal and external work and the type of
continuum, finding the equilibrium configuration under specific kinematic boundary conditions is equivalent
to searching, in some suitable set, for the kinematic fields which satisfy the Principle of Virtual Work for
any admissible virtual variation. Therefore, the definition of a suitable set @, that contains all the possible
solutions of the equilbrium problem, is of paramount importance. The set @ is called space of configurations
of the considered medium and contains information about the kinematical constraints applied on the body,
which must be verified by the kinematic fields.

In the case of a Cauchy continuum, the form assumed by the space of configurations is:3

Q={u | u=1u on Xk, CIB}, (I.16)

where @ is a suitably assigned function and g, is the subset of 0B on which the kinematic boundary
conditions are applied. Roughly speaking, the set () represents the set in which we look for the solution of
our minimization problem and contains only those displacement fields which satisfy the imposed kinematical
boundary conditions. Furthermore, we define the set of admissible variations (i.e. the admissible virtual
displacement field) as:

T,={ou |u+dueQ}. (I.17)

We explicitly remark that, since v = @ on Xg,, in order to have du belonging to the set of admissible
variations, one must have that & + du = % on Xk, . This clearly implies that du = 0 on Xk, , and hence the
set of admissible variations takes the form T;, = {ou | du =0 on Xk, }.

Setting up suitable minimization problems can be extended in a natural way to higher gradient continua
by suitably restricting the space of configurations Q with a richer set of possible kinematic constraints.
Considering for instance a second gradient continuum, () assumes a form analogous to the first gradient
case but some boundary condition can be applied to components of the gradient Vu on 0B and/or to the
displacement u on boundary of the boundary d0B (e.g. constrained edges in the 3D case). The components
of Vu that can be constrained depend on the form of the second gradient energy, therefore we show only
one of the possible space of configurations:

Q={u | u=u on ¥k, CIB,Vu-n=1u, on Xk, CIB}, (I.18)

where @ and w, are suitably assigned functions and ¥, and Yk, are the subsets of 0B on which the
kinematic boundary conditions are applied. The set of admissible variations 7}, is formally analogous to the
first gradient case. It could be be noted that all the considerations made on the first gradient type boundary
conditions apply now to the richer set allowed in the higher order gradient case.

The equilibrium problem for a micromorphic continuum can be set up by suitably generalizing what was
done for Cauchy continua. In particular, a supplementary set D must be defined to specify the space of
configurations for such a continuum:

D={P| P=P on Yg, CIB}, (L.19)

where P is a suitably assigned function and Y, is the subsets of 9B on which the kinematic boundary
conditions are imposed. Roughly speaking, the set D represents the set in which we look for the solution
for the micro-motion of our minimization problem and contains only those micro-motions which satisfy the
imposed kinematical boundary conditions. We remark that, in the spirit of Mindlin [156] and Eringen [67],
such a supplementary kinematical field represents the motion of a microstructure which is embedded in the
considered body. In principle, such micro-motion is completely independent of the macroscopic motion of
the matrix. Nevertheless, in some cases of physical interest, it is worth relating such micro-descriptors to
the derivatives of the macroscopic displacement field. Moreover, we define a supplementary set of admissible
variations as

Tp={6P | P+6P € D}. (1.20)

3The space of configurations should also contain informations concerning the desired regularity on the corresponding kinematic
fields, but we limit ourselves here by talking about “suitably regular” functions.
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Chapter 4. The Principle of Virtual Work and the equilibrium of enriched continuous models Part T

4.2 The equilibrium of a first gradient continuum

The equilibrium of a Cauchy continuum body subjected to given boundary conditions can be studied by means
of the Principle of Virtual Work. This fundamental principle of Mechanics states that a body, subjected to
specific external actions, is in equilibrium if the work of internal actions is balanced by the work of external
actions. In formulas, we say that a displacement field v* is in dynamic equilibrium if and only if:

Pt (u*, du) + P (u*, du) = 0, (1.21)

for any admissible du. With the introduced notations, we can formulate the equilibrium problem for a Cauchy
continuum as:

Find u* € Q such that P™ (u*, du) + Pt (u*,6u) = 0, Vou € Ty-.

In most cases, the external and internal works can be seen as the first variation of suitable functionals
A" (u) : Q@ — R and A*** (u) : Q — R, so that the Principle of Virtual Work (1.21) actually implies the
minimization of a functional A := At + A°**. More specifically, we can write

Pint (u, §u) + P (u, 0u) = 6 A(u, o) 1= lim ALt tOW) = Alw)

t—0+ t ’

ue®, oueT,, (I.22)

where the sets @@ and T, were defined in the previous section and §.4 is the first variation of the functional
A.

As it has been previously pointed out, to establish the equilibrium problem for a given continuum body
subjected to specific external interactions, the expressions of both the work of internal and external actions
must be specified. For a first gradient continuum, the work of internal actions can be defined by the action
functional A™*:

A = — /O /B (W (Vu) — J (4)) dB dt, (1.23)

where W is the strain energy density which, in a Cauchy continuum, constitutively depends only on the first
gradient of displacement, and J is the kinetic energy density.
In the case of first gradient theories, the work of internal actions can be written as

—/OT/B((SW—JJ)dBdtz—/OT/B<<§1V/I;7V5u> —<g‘;,5u>> dB dt

T oW d oJ T oW
Div{ — | — —— Bdt — —_—
/0 /B<< iv <8Vu> TR 5u>) dB dt /0 /68 <8Vu n, (5u> dsdt
T
B \0U 0

where, to obtain the last identity, the divergence theorem and the integration by parts have been used.
Equation (1.24) provides the irreducible expression of the work of internal actions for a first gradient contin-
uum. Following Lagrange, it is generally assumed that the set of admissible motions is included in the set of
isochronous motions between two instants, i.e. motions which start from a given configuration at instant 0

4

pint (u, du)

(1.24)

and arrive to another given configuration at the instant T. Therefore the term [ / B <3iu , 5u> dB]Z vanishes.
No more integrations by parts can be performed to ulteriorly manipulate this expression of P"*. We remark
here that, from this irreducible form of the internal work, only quantities expending work on the virtual dis-
placement du (i.e. forces) appear. It is for this reason that, based on the validity of the Principle of Virtual

4The operator Div stands for the classical divergence operator. For a tensor field A of any order n > 0, we define its divergence
as the n — 1 tensor (DivA)i1 iy = Aiy, . inin- Finally (a,b) = aiy,...i, by, is the scalar product between two tensors of

any order n > 1 and the Einstein convention of sum over repeated indices is used.

in
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Part 1 Chapter 4. The Principle of Virtual Work and the equilibrium of enriched continuous models

Work, we can affirm that the only external actions which can be sustained by a first gradient continuum are
forces per unit area or volume, i.e. external actions expending work on du. These observations are at the
heart of introducing the work of external actions for first gradient continua in the form

Pt (u, Su) = /B (b, 6u) dv + /(9 _{f,bu)ds, (1.25)

where b: B — R3 and f : 0B — R? are external actions in the bulk and on the boundary of B, respectively.

Having assigned the specific form for the work of internal and external actions, the equilibrium problem
for a first gradient continuum can be reformulated as follows (P, Pe** @ and T~ being as in Eqs. (1.24),
(1.25), (1.16) and (1.17)):

//<<DIV(8W) (Za‘] +b, 6u>>dBdt—/ /aB<aw —f,5u>dsdt:o,

which is identically verified for every variation du if and only if:

d J . [ OW

T 5 =Div (avu) +b, VX € B, (1.26)
oW

= X B.
Vu n=f, VX €0

Defining the stress o = % and considering a simple kinetic energy of the type J = p||u||?, the equilibrium
equations take the usual form:

pii = Divo + b, VX € B, o-n=f, VX € 0B. (1.27)

4.3 The equilibrium of a micromorphic continuum

Suitably generalizing the definitions given above for first gradient continua, the Principle of Virtual Work
can be reformulated for a micromorphic continuum by saying that a couple (u*, P*) is in equilibrium if

pint (u*, P*,6u,d P) + pext (u*, P*,éu,é6 P) =0, (1.28)

for any compatible (du,d P). With the introduced notations, we can formulate the equilibrium problem for
a micromorphic continuum as:

Find (u*, P*) € Q x D such that
Pint(u*, P* 6u,d P) + Pt (u*, P*,6u,6 P) =0, V(6u,dP)€ Ty x Tp«.

Once again, the external and internal works can be seen as the first variation of suitable functionals
A (u, P): Q@ x D — R and A** (u, P): Q x D — R, so that the Principle of Virtual Work (I.28) actually
implies the minimization of a functional A := A" + A°®*. More specifically, we can write

' téu, P+t5P)— P
P (u, P,6u,d P) + P (u, P,6u,0 P) = 6 A(u, P,6u,6 P) == lim A +t )= AW P)
t—
(1.29)
where we denoted again by §.A the first variation of the functional A, where (u, P) € @Q x D, (du,d P) €

T, x Tp and the sets Q, D, T,, and T p will be defined in more detail later on.

For a micromorphic continuum, the work of internal actions can be defined through the definition of the
action functional A™ as

Aint — _ / ' / (W (Vu, P,VP) —J (u P)) dB dt, (1.30)
0 B

where, once again, W is the strain energy density which and J is the kinetic energy density .
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Chapter 4. The Principle of Virtual Work and the equilibrium of enriched continuous models Part T

The internal work can be rewritten as in the case of a first gradient theory but the variation must be
done also in § P. The power of internal actions P*™ contains a set of terms which depends on éu that are
formally analogous to the first gradient case with the addition of the following terms in 0 P :

T oW oW J :
T ) (2 sy (2 sh) ava
[ OW d J T oW
/ /(<_+D1V<avp>—dtapﬁp>> dBdt—/O /BB<aVP'"’ 5P> ds dt

L or) .

where, to obtain the last identity, the divergence theorem and integration by parts have been used. Equa-
tion (I.31) furnishes the irreducible expression of the additional tems in the work of internal actions for a

(1.31)

micromorphic continuum. As in the first gradient case, the term { / B < 55 6 P> } vanishes. We remark

here that, from this irreducible form of the internal work, only quantities expendmg work on the virtual
displacement § P can be recognized. Therefore, we include additional external actions expending work on
0 P, since they can be sustained by a micromorphic continuum. These considerations are at the origin of a
work of external actions of the form

Peﬁ(u,éu):/B(<bu,(su>+<bp,5p>)d3+/ ((fu,6u) + (fp,6 P))ds, (1.32)

0B

where b,,bp : B — R? and f,, fp : 0B — R? are external actions in the bulk and on the boundary of B,
respectively.

Once the specific form for the work of internal and external actions is assigned, the equilibrium problem
can be reformulated as follows:

A/<<Dw<avu> dt 9u +b“’5“>) dBdt — //<avu —fu,6u>dsdt (1.33)
//<<_+D <3vp) ;ltaJP‘FbR 5P>> dB dt
—/OT/6B<;VM;~n—fp,6P>dsdt:0,

which holds for every variation du and § P if and only if:

dJ (W d J oW [ oW

a5 (Gwa) e g ap V() e YXER s
oW oW
ova "I ovp "I TReon.

This expression can be simplified by assigning a strain and a kinetic energy. The equations obtained for the
relaxed micromorphic model will be shown in Part III.

4.4 The equilibrium of a second gradient continuum

The second gradient continuum is analogous to the first gradient case, apart from the functional dependency
of the strain energy density. The equilibrium problem for a second gradient continuum is therefore:

Find u* € Q such that P™ (u*, du) + P (u*, 6u) =0, Vou € Ty
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Part 1 Chapter 4. The Principle of Virtual Work and the equilibrium of enriched continuous models

However, the work of internal actions is defined through the action functional 4™ that depends on the
first and the second gradient of displacement:

At = / / (Vu, VVu) — J (%)) dB dt, (1.35)

where W is the strain energy density and J is the kinetic energy density. As we did in the other cases
we can write the power of internal actions P! that has an additional term compared to the first gradient
continuum, namely:

Pt (u, 510 / / (<avv vv5u>+<§3/ Vou > <8Ju , 5u>) dBdt.  (L36)

Once again, we can work on this expression obtaining terms in the bulk B, on the boundary 0B and on also
the boundary of the boundary 00B (e.g. constrained edges in the 3D case), meaning that a second gradient
model is able to react to bulk, surface and also edge forces. However, the interpretation of boundary contact
actions, namely forces and double-forces, depends on the type of manipulation which is done on the work of
internal actions by means of integration by parts (see e.g. [135,156,157]). More particularly, if one decides to
stop after integrating by parts a specific amount or times, or to continue the procedure, the definition of force
and double force is not the same®. On the other hand, when considering micromorphic continua in which
only first gradient of the introduced kinematical fields appear in the strain energy density, integration by
parts is possible only once: the boundary contact actions are uniquely defined and take immediate physical
meaning when framed in the considered physical problem. Therefore, it is possible to keep a more general
micromorphic model and to subsequently constrain its strain energy density in order to let it tend to a
second gradient one. This choice is preferable to directly interpret in a unique way the external actions of
the considered continuum.

5We need to mention the fact that no common agreement is currently available concerning the choice of different but equally
legitimate sets of boundary conditions deriving to different levels of integration by parts.
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Introduction

In material science, a composite material is defined as a heterogeneous material with two or more distinct
components whose resulting material properties exceed the ones of the single components. Such a wide
definition can be interpreted to include a wide set of materials both natural (e.g. wood and bones) and
man-made (as the well-known reinforced concrete). As in most engineering cases, the development of our
ability to design and build composite materials has been driven mainly by the wish to optimize both the
resulting mechanical pieces and the economical investments; nonetheless, applications which were unthinkable
centuries ago are now feasible through this endeavor. Among the sectors influenced by composites, it is worth
mentioning the domains of aeronautical and aerospace engineering, where the need for light materials, which
still possess outstanding mechanic properties, lead to big investments in the field.

The most widespread kind of composite are built from two components which have a very different
function: a reinforcement, that gives the material the desired physical properties, and a matrix, that gives
cohesion to the assembly. Certainly, it is possible to find composites made by more than two components
(e.g. if more than one physical property is targeted) but the two-phase composite is already adaptive enough
for most applications. The matrices of composite materials currently developed are generally classified into
two categories:

e organic matrices (thermoplastic polymers, thermosetting polymers and elastomers): they represent the
vast majority of matrices used industrially due to their low cost and ease of implementation of the
manufacturing process;

e Mineral matrices: ceramic (oxides and carbides) and metallic matrices (aluminum, magnesium, iron,
cobalt, copper) are intended for advanced applications where hostile environmental conditions do not
allow the use of an organic matrix (high temperatures, unfavorable hygrometry).

The other component of this kind of composite materials is the reinforcement. We can define a classifi-
cation considering their geometry: particle reinforcements, staple fiber reinforcements and continuous fiber
reinforcements. In particle reinforcements, the matrix is reinforced by a dispersed phase of particles (granular
inclusions, lamellar or short fibers) with or without a preferred orientation. On the other hand, considering
staple fiber reinforcements, the matrix is reinforced by a dispersed phase of short fibers (lengths less than 100
times their diameters) with or without a preferred orientation. Finally, in fiber reinforcements the matrix
is reinforced by a dispersed phase of continuous fibers whose length is close to that of the final part, whose
privileged directions give the final part its main mechanical properties. Our focus will be put on fibrous
composite reinforcements, in which two distinct sets of continuous fibers are interlaced to form a fabric or a
cloth.

This part is structured as follows:

e in chapter II.1, the multi-scale structure and behavior of fibrous composite reinforcements is analyzed
in detail;

e in chapter II.2, an overview of the possible models for the description of fibrous composite reinforcements
is presented, with particular attention to the enriched continuous model put forth in this manuscript;

e in chapter I1.3, a first application of enriched continuous modeling in the case of the bias extension test
on an unbalanced fabric is presented;

e in chapter I1.4, the enriched continuous model is applied to the case of the dry preforming of woven
fabrics with particular attention to the phenomenon of wrinkling.
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CHAPTERII.1

The multi-scale structure and behavior of fibrous composite
reinforcements

In the last decades, one kind of material has sparked an ever increasing amount of interest among engi-
neers: textile composites made of woven fabrics. The range of applicability includes fields such as aircraft
engineering, aerospace engineering, automotive and various other industrial applications. Moreover, even
greater potentialities are related to the use of such kind of materials, but a comprehensive model capable
of describing their mechanical behavior is needed to exploit their excellent mechanical properties (e.g. a
very high specific-strength and excellent formability characteristic). Therefore, our effort is directed to the
development of new theories and softwares for the modeling of the response of such materials during the
forming processes of industrial products and components.

The internal micro-structure of the woven fabrics strongly characterizes their mechanical properties and
complicate the modeling of these kind of materials. During the process of weaving, small yarns or tows are
woven in order to form a very complex texture. These yarns are made by materials which possess high specific
mechanical properties such as the almost traditional carbon and glass fibers or even polymeric and ceramic
fibers. Furthermore, in the case of carbon fiber reinforcements each yarn is itself a composition of thousands
of small carbon fibers. This very complex microstructure characterizes the global features of the material
response, mainly due to the interaction between the yarns and their behavior at a mesoscopic level.

The two main directions of woven yarns (warp and weft), each composed by a high number of fibers, define
the structure of the fabric. These direction, which are usually orthogonal, possess a very high extensional
rigidity. Moreover, the friction between the fibers both prevents slipping and generates the shear rigidity
of the fabric that, being usually different orders of magnitude lower than the elongation stiffness of the
yarns, fundamentally determines the overall behavior of the fabric. The characteristics of the fabric are also
influenced by the weaving scheme and, consequently, to each kind of weaving correspond different mechanical
properties of the relative woven composite. One more characteristic that can profoundly determine the
response of the material is the ratio between the weight (or size) of the yarns in the warp and weft directions.
If the ratio is different from one, the woven fabric is called “unbalanced”, otherwise it is called “balanced”.
In an unbalanced fabric, the properties in the two weaving directions differ generating a stiffer and stronger
direction that can be of use for particular engineering applications. For instance, if there is one main direction
of loading, the use of an unbalanced fabric allows for the optimization of the material bringing real designing
advantages.

Woven fabrics are materials that possess very important features in terms of specific stiffness and strength,
deformability, dimensional stability, thermal expansion, corrosion resistance, and many more due to the
efficient exploitation of the fiber material. Of all these positive features, the deformability allows for these
materials to be formed in various shapes without complex forming processes. However, without tools to
forecast of phenomena such as the onset of wrinkling and slipping that limit the admissible deformation
during the forming process, it is not possible to fully exploit the huge potential of these materials. Hence, it
is of paramount importance to develop a comprehensive model for the description of the forming of this kind
of materials.

As already pointed out, woven reinforcements consist of a succession of subassemblies resulting to a
multiscale material. The overall mechanical behavior of the woven fabric is inherited from the behavior of
its constituents and their interactions at lower scales (see Figure 3). Three scales of observation can be
distinguished:

e microscopic scale for the fibers;
e mesoscopic scale for the yarns;
e macroscopic scale for the reinforcement.
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Figure 3: Multi-scale behavior of fibrous composite reinforcements [146].

To comprehensively describe the macroscopic behavior of woven fabric, it is not enough to describe the
macroscopic shear stiffness of the fabric and the elongation stiffness given by the yarns since each scale
includes specific problems of mechanical behavior, interactions and defects. When the yarns that compose
the fabric are thick they possess a relevant bending stiffness at the meso-level, leading to some particular
experimental response and, in the case of unbalanced fabrics, some interesting asymmetric phenomena (see
section I1.3.2). The aim of this work is to model the macroscopic behavior of dry composite reinforcements
including some mesoscopic phenomena that are overlooked by the classical models. The purpose of the
following sections is to describe the known mechanisms governing the behavior at each scale to understand
both the material as a whole and the assumptions necessary for modeling.

1.1 Microscopic scale: the fiber

The behavior of a fiber, the smallest components of woven reinforcements, is studied at the microscopic
scale. The fibers’ behavior is given by the properties of the constituting material, even if treatments or
transformations of the fibers can influence the resulting properties. Moreover, the constituting material can
be of various nature and with very different properties. For example, we can find applications for:

e organic fibers (carbon, thermoplastic, aramid, high-modulus polyethylene);

e glass fibers;

e ceramic fibers (oxide, silica, alumina, silica/alumina, silicon);

e metal fibers (aluminum, aluminized plastic and nylon, and historically also gold and silver);
e vegetable fibers (seed, leaf, bast, core, stalk);

e animal fibers (animal hair, silk, avian fibers) constituted by proteins.

Carbon fibers will constitute the main focus of this manuscript. In the case of carbon fibers, a non-linear
behavior is observed: the tangent stiffness of the fiber increases slightly as the applied force is increased until
rupture [48,98]. This non-linearity is quite low, often leading to the use of linear models in simulations. For
ceramic fibers also, the mechanical behavior is generally accepted as linear (the studies on these materials are
rather focused on problems of creep, influence of temperature and the chemical treatments they undergo).

The mechanical characterization of the fibers used for the fibrous composites can be complicated due to
their small size, in the order of a micrometer. A single fiber is generally tested to determine the mechanical
properties (see [98]); however, at such a scale both the precise measurement of the deformation and the initial
diameter and constraining a single fiber with an experimental device are real challenges.

1.2 Mesoscopic scale: the yarn
The fibers are assembled to form yarns, with possible additional treatments such as:

e milling or twisting to improve their mechanical characteristics and to reduce their separation;
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e texturing to give swelling and elasticity, thus modifying the appearance and comfort of the fabrics;

e wrapping that consists of covering a core wire by a helical winding of one or more single wires called
cover wires, to protect certain fragile yarns such as carbon or ceramic fibers during the transformation
operations of yarns into textile surfaces.

Once assembled, each yarn generally contains between 3000 and 50000 fibers in the case of carbon and less
than 500 fibers for ceramics. The characteristic quantities generally used to describe a yarn are the following:
material, type of assembly, number of fibers, diameter of fibers, linear mass (in tex, 1 tex = 1 g.km), rigidity
and strength in traction.

The mechanical behavior of the fibers and their interactions defines the overall behavior of the yarn.
Therefore, the only effective mean to study the yarn’s behavior is by observing these microscopic phenomena
via a X-microtomography. This technique is promising for the precise evaluation of the yarns’ movements,
that constitutes nowadays a widespread problem of research [59,119,165]. This method has the additional
advantages of being non-intrusive, non-destructive and usable in conjunction with mechanical experiments.
The phenomena associated with the stress of the yarns are identifiable by physical considerations and simple
experiments.

Longitudinal behavior of the yarn As said before, the yarns are made up of a large number of fibers.
However, not all the fibers tighten simultaneously when a yarn is pulled, but one after the other. The
progressive traction of the fibers causes a non-linearity of the yarns’ behavior at the beginning of the stress.
This phenomenon is strongly dependent on the characteristics of the yarn and its method of manufacture.
For example, a twisted yarn will behave in an only slightly non-linear manner.

The notion of stress is not easily adaptable to the yarns to evaluate the stiffness. For instance, let
us consider the case of two different yarns with the same number of fibers, but distributed in sections of
different area (i.e. the space between the fibers is different). In this case, the force needed to obtain a specific
deformation is identical for the two yarns but, considering the sections’ area, the stress obtained is not, see
Figure 4. Since the behavior is based on the fibers’ number and stiffness, considering a force per unit area is
not coherent. It is more logical to characterize the tension behavior by a rigidity in N (ratio of the force on
the deformation), rather than by a modulus.

For compression behavior, it is difficult to evaluate a longitudinal stiffness, which is of the order of the
one in tension, because the relatively low rigidity to bending causes an almost immediate buckling of the
yarn.

Transversal compression of the yarn The behavior in transverse compression of the yarns is associated
with a change of area in the transverse plane: when the yarn is compressed, the fibers come closer to each
other and fill the vacuum. This mechanism can be divided into two main steps, namely the rearrangement
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Figure 4: Traction of the yarn and problems in the evaluation of the effective stress [34].
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and compression of the fibers. Initially, the fibers rearrange filling the empty spaces and, when no free space
can be filled by fibers, the compression rigidity of the yarn will progressively tend towards the stiffness of
compression of the material constituting the fibers. Directly related to the compression of the yarns, the
density of fibers within the yarn has a considerable influence on the local permeability, and therefore on the
quality of the resin injection carried out after the shaping of the woven reinforcement. The quality of the
modeling of this behavior directly impacts the studies of permeability which could follow.

Shear of the yarn Two shear deformation modes can be identified for a yarn: a distortion mode (shear
in the transverse plane of the yarn) and a transverse shear in the main direction of the fibers. The direct
identification of these modes, as well as for transverse compression, appears difficult.

The distortion refers to the change in the shape of the yarn’s section without the intervention of transverse
compression. During this process, the fibers slide against each other and rearrange themselves in a new shape.
It is clear that distortion is facilitated if no compression is present, because, the fibers will have less space
and more friction during their rearrangement if the yarn is compressed. This coupling mechanism is difficult
to identify directly. Furthermore, a slight bending of the fibers can also occur during the stress.

The transverse shear refers to the longitudinal sliding of the fibers against each other. This sliding is
constrained, ideally, only by the friction existing between the fibers but the twisting of the yarns stiffens
this mode of deformation. Even in this case, it can be assumed that the transverse shear is stiffened by the
presence of transverse compression.

Bending behavior of the yarn Although the bending behavior of the yarns is relatively unknown, it
influences the weaving process and even the flexural response of the entire reinforcement during forming.
There are many phenomena related to the bending of the yarns. For instance, three deformation mechanisms
are likely to occur in the simple case of the three-point bending (see Figure 5):

e transverse shear of the yarn, linked to the almost inextensibility of the fibers (strong longitudinal
rigidity) compared to its low shear strength;

e bending of the fibers composing the yarn, directly related to the variation of their curvatures;

e lateral buckling of the fibers at the central support, strongly reduced by cohesion treatments such as
sizing, twisting or wrapping.

The bending behavior of the yarns is thus controlled by both the transverse shear and the flexural behavior
of the fibers, i.e. their resistance to a local change in curvature. This behavior is, moreover, very interesting
from the point of view of continuous media, because it is directly related to the local curvature of the material
(a variable, linked to the second derivative of the displacement, that is not influential in classical theories).
This influence of the local curvature of the fibers on the overall behavior of the yarns makes it possible to
affirm that, even at the mesoscale, woven fabrics do not respond to the hypotheses of classical continuous
medium: the dependence on local rotations makes it a higher gradient or micromorphic medium, see Part 1.
Bending stiffness characterization devices exist, but were developed initially for the characterization of the
flexural behavior of the woven fabrics and need, therefore, some adaptation.
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Figure 5: Bending of the yarn before the lateral expansion (a) and after (b) [34].
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1.3 Macroscopic scale: the reinforcement

1.3.1 Types of reinforcement

The focus of this manuscript is put on composite reinforcements obtained by weaving. Depending on the
type of weaving and on their thickness they can be divided into three categories:

e 2D (surface);
e 2.5D (interlock);
e 3D (three-dimensional).

The 2D reinforcements, usually referred to as reinforcement armor, are an intersection of yarns in two preferred
perpendicular directions, warp and weft. For the 2D case, the traditional weaves of the textile industry are
used. On the other hand, a third yarn direction is added in the thickness of the reinforcement to obtain a
3D weaving. The weaves called 2.5D are located at the border between 2D and 3D woven fabrics: some of
the yarns connect the upper and lower layers to bond them together. These fabrics are often derived from
conventional 2D armor, making it possible to obtain woven fabrics that are resistant to delamination and
very thick (of the order of about ten centimeters). Only 2.5D armor will be studied in this manuscript, but
it is interesting to detail the 2D armor that is the basis of these more complex armors and can also be used
to obtain thick pieces of composite materials.

Weave 2D In the case of 2D fabrics, there are three main kinds of weaves (Figure 6):

e plain weave (or taffeta weave) is the simplest weave: each warp yarn alternately passes above and below
each weft yarn;

e twill NxM: the weft yarn passes over N and then below M warp yarns by shifting one yarn at each pass;

e satin: the binding points of the warp and weft are disseminated so as to attenuate the diagonal effect
present on the twill. The weft yarn passes over N warp yarns and then below 1.

The combination of these three families of armor, with the multiplicity of geometries and materials available
for the yarn, allows for a wide variety of woven reinforcements. In general, a fabric can be characterized by
its weave, the relative arrangement of the warps and wefts, and its the relative difference between the length
of the fabric in one direction and the length of a yarn in that same direction.

Thick pieces can be made with these 2D armors by superimposing them. The structure thus obtained
makes it possible to optimize the stiffness of the finished material by playing on the orientation of the layers,
but the different armors do not possess links other than the resin. These materials are then very sensitive to
delamination, which can propagate leading to a complete failure of the piece. In addition, the stacking of the
various layers (a few millimeters thick each), results in long manufacturing times for parts of considerable
thickness.

Plain Weave Twill Satin

Figure 6: Schemes of weaving for 2D fibrous composite reinforcements.
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Figure 7: X-ray tomography of a 2.5D woven interlock.

Weave 2.5D To overcome the delamination problems inherent in superimposed 2D armors, thick woven
reinforcements have been designed [19]. These reinforcements can be seen as the superimposition of different
layers that are structurally assembled together during weaving. Instead of continuously intersecting in the
same plane, the weft yarns intersect several layers in the thickness of the material (see Figure 7). The fabric
obtained can then reach thicknesses of the order of ten centimeters, making it possible to manufacture parts
with comparable mechanical qualities to superimposed 2D armors that avoid the phenomenon of delamination.

The geometry can become quite complex by varying the weaving pattern within the same preform. How-
ever, this possibility allows for an optimization of the resulting characteristics as a function of the stresses
undergone. The use of 2.5D woven fabrics also makes it possible to minimize the variations in mechanical
properties between two finished composite parts which are supposed to be identical, a common problem for
2D laminates where the operator’s working method is preponderant.

1.3.2 Mechanical behavior of the reinforcement

When considering the macroscopic scale, the reinforcement is considered as a whole. However, woven rein-
forcements are influenced by the properties associated with the yarns, of which they are assemblages, thus
leading to a complex resulting behavior. Some characteristics can be directly linked to the yarns’ structure,
and in particular to their weaving (e.g. the non-slipping between warp and weft yarns, the variations of
stitching, the locking for in-plane shear and the transverse shear stiffening). Specific tests aimed to the
interpretation of the deformation modes are necessary. In what follows, we will briefly describe the main
deformation modes and the related characterization challenges.

Non-slipping between warp and weft At the macroscopic scale, it is usually assumed that there is
no relative slipping between the warp and weft yarns. Considering the complexity of the slipping problem,
it should not come as a surprise that this hypothesis is conventionally used for the macroscopic simulation
of woven fibrous media. However, there is one main implication of this fundamental hypothesis: strong
interactions must exist between the constituent networks of the woven fabric, so that relative sliding can
be considered negligible and the displacement of the two sets of yarns can be considered continuous. When
dealing with materials, geometries and loading cases for which this consideration can be thought as sensible,
the material can be modeled as a continuous medium. However, the results obtained with the theory of
continuous media cannot be considered reliable when relative movements appear.

To validate this hypothesis, a study based on stamping with a hemispherical punch can be carried out
(see Figure 8). This test consists in stamping a woven reinforcement plate at low speed, shaping it in a
hemispherical shape. Before stamping, traces are drawn in the warp and weft directions at regular intervals.
After the experiment, a crossing of the lines at the same points as in the initial state indicates that there was
no relative sliding between the locks. The relative non-slipping hypothesis, which will be considered in the
remainder of this manuscript, can also be tested for complex loads.

Traction behavior Let us consider the solicitation of a woven fabric in uniazial traction in the warp (or
weft) direction. This loading case is influenced by two successive phenomena induced by the reinforcement’s
weaving studied:
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Figure 8: Validation of the hyphotesis of non-slipping via a hemispherical punch [34].

e the gradual straightening of the yarns in the direction of stress, due to the strong increase in the traction
of the yarn and a bending of the yarns in the orthogonal direction;

e the elongation of the yarns once they are totally straightened.

From these two mechanisms results a strong non-linearity of the traction behavior for the first percentages
of deformation: the initial rigidity is low because the yarns can easily straighten without important stress.
Afterwards, the yarns themselves must elongate to allow for bigger deformations increasing sharply the
rigidity of the reinforcement. The actual length of the woven fabric decreases in this orthogonal direction
with a corresponding bending of the yarns.

The simultaneous traction of two orthogonal directions is interesting to study. As in the case of uniaxial
tension, the traction in one direction has an effect in the orthogonal direction leading to complex results. The
biaxial traction test consists in subjecting both of the directions to a tensile stress which is not necessarily
identical. However, the implementation of this type of test is difficult for 2D woven fabrics, and even more
so for thick woven fabrics, since the user must ensure that all the warp and weft yarns are stressed at the
same time.

Compression behavior The compression behavior in the direction of the yarns of the woven reinforce-
ments is difficult to characterize. Taken individually, a yarn will tend to buckle in compression, but when
woven they are bonded together in the reinforcements. Their movements are constrained by the positioning
of the neighboring yarns. Therefore, the weaving directly influences the behavior of the yarns in compression
and, thus, the macroscopic behavior of the material. No test is commonly accepted or even used for the
characterization of woven fabrics compressed in the direction of the yarns. Furthermore, buckling appears
fairly rapidly, allowing for a characterization only for small deformations. However, considering the usual
loading during the shaping of the woven reinforcements, knowledge of the compression behavior for small
deformations could be sufficient.

The transverse compression of a thick woven fabric can be easily characterized experimentally. This
deformation mechanism directly influences the parameters and the quality of the injection during the RTM
process. The volume density of fibers, mainly associated to the compression behavior, must be controlled
to optimize the mechanical performance, the permeability and the flow of the resin inside the reinforcement
[18,89].

Shear behavior in the plane of the yarns During the forming tests, the shear flexibility of the fabric
allows for a shape with a double curvature. Also, the low stiffness associated with this mode of deformation
makes it possible to give the reinforcement a non-developable geometry'. Hence, the characterization of shear
behavior is essential for the study of the characteristics of the reinforcement (see Figure 9), namely:

e the deformability, i.e. the capacity to take complex forms without defects appearing;

1A developable surface can be flattened onto a plane without distortion (i.e. "stretching" or "compressing").
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Figure 9: Shear behavior in the plane of the yarns of fibrous composite reinforcements.

e the permeability that determines the resin injection process.

The shear behavior of the reinforcement is highly non-linear because various mechanisms of deformation
are involved. From the kinematic point of view, these can be divided into three stages:

e for low shear deformation, the yarns pivot almost as rigid bodies and the stiffness is generated principally
by the friction of the yarns on each other;

e progressively, the interstices fill up and a transverse compression of the yarns is added to this friction;
e the transverse compression increases and it becomes the only mode of deformation.

All the interstices do not fill simultaneously, which results in a progressive stiffening. Once the interstices are
filled, the phenomenon of locking in shear appears, for which the weaving of the material plays a fundamental
role. The average distance between the yarns conditions the freedom of movement: the higher the volume of
fiber induced by the armor, the lower the clearance will be and the sooner the locking will occur. Furthermore,
when the shear locking angle is reached, the local permeability of the reinforcement is considerably reduced,
rendering the resin injection more difficult. Apart from the kinematic constraints, the shear also presents
several sources of dissipation such as the inelastic dissipation caused by the rearrangement of fibers within
the yarns and the friction. Therefore, the sample does not return to its initial position at the end of the test
but a residual deformation persists. Two conventional tests can be used to study the shear behavior: the
frame test and the bias extension test, see section I1.3.

Transverse shear behavior Contrary to the majority of the woven materials studied in the literature,
the 2.5D interlocks do not have a negligible thickness. The transverse shear becomes a predominant mode
of deformation in the shaping of these woven fabrics. This mode of deformation has been studied little
so far because of the current low use of thick woven fabrics, but it is possible to find a test protocol in
Charmetant [36]. In the work of [235], a new test device is proposed, taking into account the specificities of
transverse shear behavior of thick woven fabrics. At present, no device or experimental protocol is commonly
accepted due to the small number of studies performed.

Bending In analogy to the mesoscopic scale, a local flexural rigidity is present for each yarn constituting
the woven reinforcement. This local rigidity is accentuated on a macroscopic scale by the existence of an
armor. This presence of local resistance to curvature was notably demonstrated by the development of
wrinkling during shaping tests [28,90]. Several experimental devices enable the characterization of this

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/;)Qh?incation/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Part 11 Chapter 1. The multi-scale structure and behavior of fibrous composite reinforcements

rigidity of curvature. However, there is no common agreement on how to measure it and its influence on
the global behavior. This characteristic is commonly overlooked when the modeling of the fibrous composite
reinforcement is made in a continuous framework. The object of this manuscript is to find a continuous
model to include the effects of this mode of deformation in an enriched continuous model.

1.3.3 Consolidation processes

Liquid Composite Molding (LCM) processes are used to form woven reinforced composites with organic
matriz. The principle of these processes is to mold the dry reinforcement and then to inject the resin to
solidify the part. Molding the dry reinforcement makes it possible to obtain a final composite part very close
to the desired part and, thus, to minimize the production steps and costs. These processes, known as closed
mold processes, allow strict control of the volatile organic compounds emitted during manufacture, the resin
then not being in direct contact with the atmosphere. Among the LCM methods, the most widely used are:

e the vacuum infusion: the dry woven reinforcement is placed between a mold and a sealed membrane,
afterwards the pump presses the reinforcement against the mold and initiates the flow of the resin by
vacuuming the area;

o the Resin Transfer Moulding (RTM): the dry woven reinforcement is shaped (or stamped) in a mold
by means of a punch. Afterwards the resin is injected and the assembly is then heated to polymerize
the resin (in the case of a thermosetting matrix).

The advantage of the RTM is to have two rigid parts which allow to better control the compression of the
reinforcement during shaping and therefore its final thickness. The ability of the reinforcement to deform,
adapting to the mold, has a major influence on both the injection step (quality of impregnation, mold filling
time) and the mechanical characteristics of the part. During the forming processes, some problems can be
encountered such as fiber fracture, the appearance of wrinkles and/or the creation of either dry zones or parts
without yarns. These defects are usually due to uneven mechanical solicitations during the dry forming that
locally result in large tension in the yarns, excessive shearing or compression and/or uneven fiber density.
Therefore, to check the feasibility of a mechanical piece by RTM, the dry forming must be studied in detail
and its results must be used for a permeability study. The final mechanical qualities are intimately linked to
this stage that will be analized in detail in chapter I1.4.

On the other hand, woven reinforced composites with ceramic matriz are commonly manufactured by
infiltration methods. This means that the ceramic matrix is formed by the infiltration of a matrix into the
fibrous structure, in this case a woven reinforcement. Depending on the nature of the injected matrix it is
possible to differentiate between:

e the Chemical Vapor Infiltration (CVI) in which the matrix is introduced as a gaseous constituent;

e the Liquid Phase Infiltration (LPI) (e.g. Polymer Infiltration and Pyrolysis (PIP)) in which the matrix
is introduced as a liquid constituent.

Many other molding processes exist, but their recollection goes beyond the scope of this work. We will
limit ourselves to point out that such processes vary according to the nature of the materials constituting the
reinforcement and the matrix, the importance of the series to be carried out, the rate and cost of production
sought.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/pqﬁ'blication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



CHAPTERI1.2

Modeling of fibrous composite reinforcements

The reliable simulation of the forming processes of fibrous composites is a strong need for every industrial
manufacturer, since a thorough understanding and predictability of the reinforcements’ behavior would im-
prove the efficiency and affordability of the production processes. Furthermore, the characteristics of the
finished piece could also be enhanced considerably. In the common practice, the production processes are
characterized by a series of iterations that lead to the final result. Therefore, the aim of modeling is to avoid
(or at least shorten) this iterative process via an effective numerical modeling. Such a model should be able
to predict both the mechanical and geometrical resulting characteristics, including:

e the mechanical characteristics of the piece, before and after curing;
e the eventual onset of wrinkling, unweaving and fracture of the fibers;
e the fiber orientation after forming;

e the permeability in every point of the deformed interlock.

The problems in describing precisely all of these characteristics lie in the multi-scale behavior of fibrous
composite reinforcements: each problem must be studied at a different scale. This issue led to the creation of
a variety of models that, considering their scale, can be divided in microscopic, mesoscopic and macroscopic
models (see section II.2.1). The object of this thesis is the definition of a macroscopic enriched continuous
model for the description of the mechanical behavior of fibrous composite reinforcements, whose fundamentals
will be described in section II.2.2. Finally, in section I1.2.3 a discrete mesoscopic model, used as a compari-
son/validation for the enriched continuous model in the case of the bias extension test (chapter 11.3), will be
put forward.

2.1 Modeling approaches for fibrous composite reinforcements

In this section, a brief description of the possible approaches for the numerical simulation of thick composite
reinforcements is made (see [146] for more details):

e microscopic models;
e mesoscopic models;

e macroscopic models.

2.1.1 Microscopic modeling

The underlying idea in the microscopic modeling is to simulate the behavior of the most fundamental part
of the fibrous composite reinforcements: the fiber. This concept implies the determination of the fibers’
material behavior and the mechanisms governing the interaction between different fibers. The evaluation
of the mechanical properties of the materials constituting the fibers is straightforward, but managing the
description of the contact between different fibers can be very complex. On this subject, a wealth of different
studies have been conducted, considering simplified models with a limited number of fibers which geometry
is somewhat descriptive of the woven yarn (see for example [106,166]). However, the application to the yarns
used for composite reinforcements is less common, due to the elevated number of fibers per yarn. For the case
with a limited number of fiber, we can refer to [236] as a possible example. Moreover, it has been proposed to
model groups of fibers as continuous to reduce the computational cost while accounting for their repositioning
(see [61] and Figure 10). This approach is very effective for computational purposes, but big groups of fibers
lead to lack of accuracy in the results: big groups tend to behave as yarns more than as single fibers.
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Figure 10: Microscopic modeling of fibrous composite reinforcements [61].

2.1.2 Mesoscopic modeling

The mesoscopic approached is based on the simulation of the yarn as a continuous elementary component,
instead of describing the behavior of the single fiber. Therefore, it is necessary to define and describe the
mechanical behavior of the yarns and their interactions within an armor, from which it is possible to deduce
the overall behavior of the reinforcement. The macroscopic mechanical behavior of the reinforcement can be
derived from the mesoscopic modeling with two possible approaches: modeling the entire mechanical piece
from the mesoscopic scale up, or by characterizing a small macroscopic part with a mesoscopic model and
then injecting the results in macroscopic calculations. An example of a mesoscopic analysis that is commonly
made is the determination of the local permeability that directly feeds injection flow calculations.

The simulation at the mesoscopic scale allows to directly observe the influence of the interlock’s properties
on the overall behavior of a woven fabric and to determine the weaving adapted to the needs. Therefore, the
access to the actual geometry of an elementary mesh is of paramount importance. X-ray microtomography
is the most promising method for the experimental observation of the positioning of the yarns, see for
example [14,59,95]. This technique consists of scanning a representative sample of a reinforcement in order
to obtain a 3D mapping. The images obtained are, then, processed by isolating the constituent elements (the
yarns) and meshing them.

The models at the mesoscopic level can be divided into two different sets:

e analytical approaches;
e finite element modeling.

Analytical approaches have been developed to access the mechanical and geometric quantities of the
interlocks. These approaches are generally based on a simplification of the geometry of the yarns and on
assumptions of mechanical behavior. A model based on the discretization of the mean line by segments, with
a rigidity associated to each segment and at each point of intersection between warp and weft, was proposed
by Kawabata [107,108] (see Figure 11). The behavior of the model is satisfactory for traction stresses of the
reinforcement but remains too poor for transverse compression and shear. In another analytical approach, the
geometry of the reinforcement is obtained by minimizing the deformation energy of each yarn until a static
equilibrium configuration is found, taking into account various mechanical contributions (traction, bending,
torsion, compression of the yarns and interactions) (see [124,125]).

Analytical approaches provide consistent results in the determination of the mechanical behavior of tension
yarns but are more limited in more complex applications involving, for example, shear. Therefore, the
use of finite elements seems a good alternative, but it requires two prerequisites: the geometry and the
boundary conditions of the reinforcement. These two inputs must be obtained either theoretically, from the
characteristics of the yarn and the armor, or experimentally. With FEMSs, it is also possible to consider yarns
with variable non-symmetrical sections along their mean line and with complex geometries. However, the
mesoscopic modeling of an entire composite woven reinforcement during shaping remains difficult because of
the major issue of modeling interpenetration. Therefore, the modeling of a Representative Unit Cell (RUC),
that is the smallest elementary pattern that can be repeated to obtain the entire armor, is commonly used.
The aim is then to study the behavior of the weaving on a smaller scale before extending it to the whole of
the piece.
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2.1.3 Macroscopic modeling

The simulation at the macroscopic scale aims to describe the shaping of woven reinforcements at the scale of
the whole piece. This is the ultimate goal of the research on modeling preforming composite reinforcements:
predicting (and possibly avoiding) the appearance of the various observable defects in the woven fabrics.
The possibility of detecting few or many observable defects arises both from the type of modeling approach
chosen and from the richness of the mechanical characteristics conferred upon them. The input quantities
of such models may be derived from woven-scale tests or from observations/simulations at microscopic and
mesoscopic scales.

In the past years, researchers have proposed different approaches to the problem. One of the first attempts
was based on an kinematic algorithm called “fishnet” that, thanks to its simplicity and fast computability,
was suitable for the implementation in commercial software [128]. This approach is usually referred to as
geometric or kinematic, since it is based on strong purely non-mechanical assumptions:

e the inextensibility of the yarns;

e non-slipping between warp and weft;

e free rotation at intersection points between warp and weft;

e the absence of complex contact considerations (friction) with the shaping tools.

In other words, the reinforcement is described as if composed by articulated bars connected at the crossing
points between networks. The algorithm then calculates the position of the related points on geodesics traced
on the surface to be draped from the current point.

Nevertheless, this approach presented some limitations because it does not take the mechanical behavior of
the fabric into account. For instance, one of the main problems of the fishnet algorithm was the impossibility
to impose static boundary conditions. Furthermore, removing all mechanical and weaving considerations,
the results are identical regardless of the stiffness of the locks and the chosen weave. Shear kinematic locking
and thickness variation in compression are also absent in the basic modeling. The use of this method for
thick woven fabrics is, of course, not recommended other than for preliminary analysis.

A different path can be followed considering macroscopic mechanical approaches, whose models can be
divided into:

e discrete models;
e continuous models;
e semi-discrete models.

Discrete approaches consist in considering the textile as a discontinuous assembly of deformable elements
[40, 110, 210]. These are generally extensions of the theory of the net, that is to say the introduction of
mechanical characteristics in the resolution of the problem of shaping. The reinforcement is modeled by
nodes connected to each other by bars and springs designed to model the elongation, shear, torsion and
bending response.

X Xu
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Figure 11: Mesoscopic modeling of fibrous composite reinforcements [107,108].
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Figure 12: Macroscopic modeling of fibrous composite reinforcements.

On the other hand, continuous approaches assume a continuous material on a macroscopic scale. This
hypothesis stems directly from the consideration of non-slipping between yarns during the shaping phase
leading to a textile that is a homogenized anisotropic continuous medium, see Figure 12. The most crucial
part of continuous modeling is the definition of proper constitutive relations that realistically reflect the
mechanical properties of the analyzed material, whether hypo-elastic [9,109,193] or hyperelastic [35,215,224],
that yield convincing results. The same material is considered in all the points of the fibrous reinforcement and
does not take into account the variations of the mechanical characteristics inherent to the weave studied. In
the literature, reliable constitutive models for the description of the mechanical behavior of fibrous composite
reinforcements at finite strains can be found in [2,35,36]. Moreover, the mechanical behavior of composite
preforms with rigid organic matrix (see e.g. [153,154,189]) is quite different from the behavior of the sole
fibrous reinforcements (see e.g. [35]) rendering the mechanical characterization of such materials a major
scientific and technological issue. Traditionally, the energy used in the simulation of continuous media
comprises only deformations defined as the first derivative of the displacement, thus giving rise to so-called
first gradient theories. However, in various papers dealing with woven composites, it is shown how the
addition of energies related to the local stiffness of the yarns is useful, if not necessary, to describe the
macroscopic deformation behavior of the interlocks (e.g. [11,35,70,130,134]).

Semi-discrete approaches are a combination of the two approaches discussed above. Part of the behavior
is modeled by a continuous solid, while the rest by discrete elements. The interaction between discrete and
continuous parts can be associated in the same Lagrangian element [52,91] or considered totally indepen-
dent [47]. In the first case, the discrete and continuous portions are fixed relative to one another in the
isoparametric configuration but the forces generated by any deformation are subdivided between a traction
contribution associated with the discrete parts and the other contributions (shear, compression) associated
with the continuous part. The advantage of such an element is that it is possible to more accurately and
simply represent the local directions of the yarns in the preform and to account for the complex anisotropy
of these materials. In the second case, the reinforcements are represented by layers of solid elements while
bar elements are added to represent the yarns. Here, the continuous parts are totally decoupled from the
discrete parts, implying the complication of managing their contact.

2.2 Macroscopic enriched continuous modeling

To model the macroscopic behavior of composite reinforcements, the traditional approach is a continuous
model in which a first gradient energy describes all the deformation effects in the material. However, in [35]
it is also underlined that Cauchy continuum theory may not be sufficient to model a class of complex
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contact interactions which are related to local stiffness of the yarns and which macroscopically affect the
overall deformation of interlocks. It has been known since the pioneering works by Piola [196], Cosserat [44],
Mindlin [156], Toupin [225], Eringen [67], Green and Rivlin [86], and Germain [78] that many microstructure-
related effects in mechanical systems can be still modeled by means of continuum theories. More recently,
these enriched continuum theories have been widely developed to describe the mechanical behavior of many
complex systems, such as e.g. porous media [54,133,208]|, capillary fluids [51,56], exotic media obtained by
homogenization of heterogeneous media [3,195,209]. Therefore, our approach has been the implementation of
a second gradient material that describes the energy related to micro-structural properties such as the bending
of the fibers. However, any enriched continuous model must be compared to the classical continuous one
and will therefore be presented in subsection 11.2.2.1. Afterwards, the proposed second gradient hyperelastic
model will be presented in subsection 11.2.2.2.

2.2.1 Hyperelastic first gradient model

In this subsection, the constitutive equations for the first gradient strain energy density W; (C'), which will be
used to simulate the mechanical behavior of this fibrous composite reinforcement in the finite strain regime,
is presented. With this scope, we introduce a Lagrangian configuration B; C R? and a suitably regular
kinematical field x(X,t) which associates to any material point X € By, its current position x at time t in
order to describe the deformation of the considered continuum. The image of the function x gives, at any
instant t the current shape of the body Bg(t): this time-varying domain is usually referred to as the Eulerian
configuration of the medium and, indeed, it represents the system during its deformation. Since they will be
used in the following,we define the displacement field u(X,t) := x(X,t) — X, the tensor F' := Vyx and the
Right Cauchy-Green deformation tensor.

Even at finite strains, well-known expressions for isotropic strain energies descriptive of the behavior of
isotropic materials are available in the literature (see e.g. [187,219]). Quite the opposite happens in the case
of orthotropic materials, for which suitable specific strain energies, well descriptive of real material behaviors
are more difficult to be found. Some results are provided in [102], where some polyconvex energies are
proposed to describe the deformation of rubbers in uniaxial tests. Explicit anisotropic hyperelastic potentials
for soft biological tissues are also proposed in [97] and reconsidered in [10,206], in which their polyconvex
approximations are derived. Other examples of polyconvex energies for anisotropic solids are given in [220].

Notwithstanding the research efforts devoted to the study of polyconvexity, which certainly introduce
rigorous theoretical frameworks for the study of the mechanical behaviors of hyperelastic materials, the use
of such polyconvex models is often limited due to the difficult attribution of a sensible physical meaning to
the wealth of constitutive parameters which are introduced. The approach adopted in this manuscript is
the Ockham’s razor approach, introducing the minimum possible number of physically sensible constitutive
parameters which are needed to describe the targeted phenomena.

In this work, the directions D; and D5 denote the unit vectors in the directions of the warp and weft
yarns in the reference configuration and the direction D3 = Dy x Dy denotes the unit normal to the plane
containing the two sets of fibers. It is possible to fully describe a first gradient orthotropic energy with an
expression of the type (see e.g. [200] and the Appendix B.1 where a theorem for the complete representation
of a first gradient energy is presented):

Wi(C) = Wi(i11,i22, i33, 912, 113, i23), (I1.1)

where i;; = D; - C'- D;, i = {1,2,3} represents the elongation strain in the direction D; and i;; = D; - C'- D;
represents the shear strain (angle variation) between the directions D; and D; with 4, j € {1,2,3} and i # j.
It is possible to develop complex non-linear energies that capture all the details of the mechanical non-
linearities observable in the experimental testing, as done in [2,35,36], but this is not one of the aims of the
present manuscript. Instead, using only a simple quadratic first gradient energy, it is possible to thoroughly
analyze the influence of both meshing and additional second gradient terms on the performed numerical
simulations. Thus, the chosen constitutive expression for the first gradient energy is:
1 - 2, 1 - 2 1 - 2 1 2 1 2 1 )
Wi (C) = §K11(\/E —1)*+ §K22(\/Z; -1+ §K33(\/Z§ -1+ §K12212 + §K13Z13 + 5 asiss, (I1.2)
where K;; are the extensional stiffnesses in the direction of the yarns as well as in the orthogonal direction,
while K;; with ¢ # j are the in-plane and out-of plane shear stiffnesses. The numerical values of the material
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parameters define a material in which the extensional stiffness is much higher than the shear stiffness and the
shear behavior in the plane of the fibers is stiffer than the out of plane. Moreover, the extensional stiffness
in the orthogonal plane is much lower than the in-plane ones, due to the fact that no yarns are effectively
present in the thickness of the interlock. Even if more refined hyperelastic laws can be certainly be introduced
in the spirit of [2,35,36], the proposed expression for the first gradient energy density is representative of the
main macroscopic deformation modes of fibrous interlocks.

2.2.2 Hyperelastic orthotropic second gradient strain energy density

A hyperelastic, orthotropic, second gradient model can be applied to the case of fibrous composite reinforce-
ments at finite strains. The first gradient kinematics of the continuum must be enriched by considering the
second order tensor field VC' which accounts for terms that can be associated with the macro-inhomogeneity
of micro-deformation in the microstructure of the continuum. For the strain energy density W (C, VC)
which shall be used to simulate the mechanical behavior of the fibrous composite reinforcements in the finite
strain regime we will assume a decomposition of the form:

W (C, VC) = Wi(C) + Wi (VC) (11.3)

Considering linear elastic isotropic second gradient media, it is possible to find constitutive laws that are
able to describe a very wide set of behaviors (see for example [57]). In the case of the woven fabrics, the
bending stiffness of the yarns is the main micro-structure-related deformation mechanism which takes place at
the mesoscopic level and is, therefore, the only one that will be considered here. The modeling of the bending
stiffness of the yarns is decisive for the description of some specific phenomena, such as shear transition layers
in 2D experimental tests and wrinkling during the deep-drawing of dry woven fabrics. A second gradient
theory is potentially able to account for other effects related to the derivatives of the elongations but, in
this work, they will be disregarded. The second gradient energy considered is, thus, a function only of the
derivatives of the invariants ¢;; (i # j), that can be used to define rough descriptors of the curvatures of the
two sets of yarns of the fabric.

As a matter of fact, it can be inferred (see also [11,58,70,130,134]) that, given the family of yarns initially
oriented in the direction Dy, the quantity i12 1 is a measure of their in-plane bending'. Analogously i12 2 is a
measure of the in-plane bending of the family of yarns initially oriented in the direction Ds. The quantities
i13,1 and 932 are descriptors of the out-of-plane bending of the yarns initially oriented in the D; and D,
directions, respectively. Since no material fibers are present in the thickness of the considered interlocks,
quantities related to their bending (i13,3 and 423 3) are not likely to play a role in the deformation of such
materials. In light of these remarks, the following constitutive form is introduced for the second gradient
strain energy density:

Wi (VC) = %0‘1 ita1 + %042 i, + %ﬂl i1 + %52 33,2 (IL.4)
where with oy, as and £y, B2 are the in-plane and out-of-plane bending stiffnesses of the two families of
yarns, respectively. For unbalanced fabrics, i.e. fabrics whose warp and weft yarns do not have the same
characteristics, it is likely that a; # ao and 81 # Ba (see also [11,130]). Moreover, it is possible that the two
families of yarns have different in-plane and out of plane bending stiffnesses.

Further investigations are needed to establish a strict theoretical relationship between the microscopic
structure of considered reinforcements and the macroscopic parameters here introduced: it is indeed well
known that the second gradient parameters are intrinsically related to a characteristic length L. which is,
in turn, associated to the micro-structural properties of considered materials. Many identification methods
have been introduced to relate the macroscopic second gradient parameter to the microscopic properties of
the considered medium, e.g. see [3,209]. Suitable multi-scale methods as the one introduced in [163] may
be generalized to be applied to the present case. Moreover, the description of the considered system at the
microscopic scale may exploit some of the results proposed in [6,94, 218].

!Here and in the sequel the term () ; denotes the partial derivative of the quantity (-) with respect to the space coordinates
&; of a reference frame oriented within the directions D;.
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Figure 13: Lagrangian Shape Functions and their First Derivative

2.2.3 Considerations on the numerical implementation of an enriched continu-
ous model

As explained in the introductory part on higher gradient models (Chapter 1.3), the two following approaches
are possible for the numerical implementation of a second gradient model:

e directly use kinematics uniquely based on the macroscopic displacement field and consider higher gra-
dients of the displacement in the strain and kinetic energy densities;

e start from richer kinematics (as done for micromorphic media) and then impose suitable constraints
on the extra kinematical descriptors in order to obtain the desired second gradient model as a limiting
case.

Some consideration on the numerical implementations of the tow models are proposed in this subsection.

Direct implementation of a second gradient model: augmented continuity shape functions In
the finite element method the solution of the problem is searched among a subset of functions approximating
the space of configurations. As well explained in [237], it is implicitly assumed in the derivation of the
equations in the finite element model that no contribution to the virtual work arises at element interfaces.
Therefore, it is necessary to choose displacement functions such that the strains at the interface between
elements are finite (even though they may be discontinuous). In the first gradient models, the strain is
defined by first derivatives and, therefore, the displacements only have to be continuous. If, however, the
strains depend on the second derivatives, as in the second gradient model, the continuity of the first derivatives
must also be granted.

The most used kind of shape functions are the Lagrangian shape functions, that can be found already
implemented in almost every finite element software. These functions are polynomials that, given a set of
nodes, are zero at all the points but one. Considering the one dimensional case, this gives rise to an expression
of the kind:

j=1,..,n
L; = H T (IL5)
Ty — X4
i !

Let us work with the case of a polynomial of degree 2 and on 2 adjacent elements. Figure 13 shows that,
despite having imposed continuity, the first derivatives are still discontinuous. This is due to the continuity
class C° of the Lagrangian functions.

Having said that, it is now important to choose one class of shape functions fit for the analysis of a
second gradient model. In the one dimensional case, there would be various possible choices to be made. For
instance, the Hermitian polynomials were born to evaluate problems such as the beam in which the second
derivatives of the displacement (the curvature of the beam in particular) play an important role. A different
possibility are the Spline functions which guarantee a higher level of continuity (class C"~! for polynomials
of degree n) between elements and would therefore be fit for this application.
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In the case of 2D and 3D solids the problem becomes even more complicated: instead of having to consider
one derivative we have to face the full gradient of the displacements Vu. As a matter of fact, the 2D and
3D Hermite functions have continuous derivatives between mesh elements, but only at the mesh vertices. In
the 2D case, the Argyris functions (5th order polynomials) or B-splines would assure the continuity in the
entire edge of the element (for the use of B-Splines in high continuity 2D problems see for example [84,85]).
Going to the complete 3D case the only existing compatible elements (C! continuity) are of at least 9th
order [234] based on the ZeniSek element [233]. Unfortunately those kind of elements imply such a high order
of polynomials that are not currently implemented in the most widespread finite element softwares.

However, it has to be reminded again that the need for continuity is due to the absence of contribution
to the virtual work at element interfaces. We chose to implement third order Lagrangian polynomials with
augmented continuity adding an a posteriori penalty energy related to the discontinuity of the deformations
i12, 113 and 493 at the element interfaces of the type?:

WInterface = KPenalty (Hi12]]2 + Hi13]]2 + Hi23]]2)- (116)

This energy depends only on the discontinuity of the in-plane and out-of-plane shear deformations 412, 713
and i3 and it is, therefore, not sufficient to render the entire Vu continuous. Nonetheless, the derivatives of
the deformations 412, 413 and is3 are the only ones appearing in the presented second gradient energy and,
therefore, are the only ones on which the continuity has to be imposed.

With this workaround, it is possible to obtain almost continuous deformations and, thus, to implement
directly a second gradient 3D model. In order to use this method on a constant basis, other studies on the
numerical stability and convergence should be made, but the problem remains open for now. The possibility of
adding an energy on the interface between mesh elements is not always granted, but COMSOL Multiphysics®,
the software used for the simulations, has it already built-in.

Implementation of a micromorphic model as limiting case of the second gradient model At
this point, the reader may believe that the fact of considering a micromorphic medium is redundant for
treating the considered problem of fibrous composite reinforcements, since a second gradient model could
have been directly introduced, instead of constraining a micromorphic model to become a second gradient
one. Nevertheless, the intermediary step of passing through a micromorphic model could be helpful, at least
for two reasons:

e the imposed boundary conditions take a simple and more precise meaning;

e the numerical implementation of the considered problem involves lower order differential equations.

The first point, i.e. the unique meaning of the imposed boundary conditions, is crucial to have an easily-
recognizable physically-grounded interpretation. In fact, as far as second gradient theories are concerned,
the boundary conditions that can be imposed may take different, but equally legitimate, forms for the same
physical problem (see e.g. [135]): for example, in a second gradient theory, a given angle can be imposed
either by directly assigning the angle or by suitably choosing the components of the normal derivative of
displacement on the boundary. Depending on whether one choice of the kinematic conditions or the other
one is made, the dual traction counterparts (dual of the angle variation or of the normal derivative) have
different expressions and the definition of the force can be also shown to be non-equivalent in the two cases.
Such non-uniqueness of the way of imposing second gradient boundary conditions is directly related to the
number of integration by parts which one decides to make in the expression of the internal work: in second
gradient theories, the second gradient of the virtual displacement can be integrated by parts twice, by making
use of the standard divergence theorem and of the surface divergence theorem.

On the other hand, micromorphic models only involve first gradients of the introduced kinematical fields,
so that we can integrate by parts only once (only the standard divergence theorem is used in a micromorphic
model). This fact, avoids any sort of indeterminacy for the imposable boundary conditions when micromor-
phic models are considered (see e.g. also [21]). Moreover, the absence of higher order derivatives allows for the
use of traditional shape functions for both the displacement and the additional degrees of freedom. However,
it is not clear how the coupling between the micromorphic degrees of freedom, discretized by the continuous
traditional shape functions, and the macroscopic strains, discretized by the discontinuous derivatives of the
same shape function, could impact the numerical stability and robustness of the model and, therefore, more
detailed numerical studies should be made to choose the best approach.

2The term [[]] denotes the jump at the interface of the quantity - .
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Figure 14: Schematics of the elastic interconnections between warp and weft yarns. (a) rotational spring, (b)
translational spring, (c) interaction between thin yarns and (d) interaction between thick yarns.

2.3 Discrete mesoscopic 2D modeling

In this section, we set up a suitable discrete model in which the motions of the single yarns are singularly
taken into account. The aim of this model is to have a clear comparison/validation for the proposed enriched
continuous model. This discrete 2D model employs long Euler-Bernouilli beams, disposed at 90 degrees
with respect to each other, to describe the two sets of yarns. Their connection is made via rotational and
translational springs that mimic their physical interaction, see Figure 14, and both beams and springs are
considered to behave linearly. The main features of this discrete model are that it allows to:

e explicitly account for the slipping of the yarns;
e better understand the potentialities and limitations of the enriched continuous model introduced.

More particularly, the two families of beams have axial stiffness K1 = FA; and Ky = EAs and bending
stiffness K3 = FI; and K, = El,, respectively, where E is the Young modulus of the material constituting
the yarns, A; and A, are the equivalent cross sections and I, Is the equivalent moments of inertia. To model
the yarns’ interactions, the set of points in which the two families of beams intersect have been defined in
COMSOL Multiphysics®. In this set of points, the interactions between the two yarns are supposed to be
(see Fig 14):

e the shear stiffness, i.e. the resistance to the variation of angle between the yarns, which is accounted
for via a set of rotational springs of stiffness K;

e the friction between two yarns, i.e. the resistance to the slippings, which is described by a set of
translational springs with stiffness Kgp;

e the transverse compression stiffness, i.e. the mutual interactions between parallel yarns due to the
contact and the weaving of the orthogonal yarns, which is modeled with a set of springs with stiffness
Knier applied to every couple of adjacent points belonging to two different yarns of the same family.

A possible downside of such a discrete model is that a very large number of degrees of freedom is needed
for a proper description of big specimens. In this optic, continuum models are preferable to discrete ones in
view of the design of engineering structures. Another main limitation of the discrete model presented is that
the interactions between adjacent yarns are all considered elastic. Even if this simplification is reasonable
up to a certain extent, there are some irreversible mechanisms, such as friction, that are not accounted for.
Indeed, when unloading the experimental specimen, it is not sufficient to let the specimen return in its initial
configuration, therefore a certain part of the deformation is not elastic, but related to irreversible mechanisms
such as friction. Nevertheless a big amount of the imposed deformation is recovered and, hence, this discrete
mode can be a reasonable compromise between the complexity of the real microstructural motions and the
simplicity of the model that one wants to introduce. To make a comprehensive model, the methods presented
in [76] should be followed.
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CHAPTERII.3

The Bias Extension Test

3.1 Characterization of the shear response of woven composite re-
inforcements

The behavior of woven composite reinforcements must be analyzed under different types of loads and, in
particular, the most important feature to be determined is the in-plane shear response of the woven composite.
In fact, due to the quasi-inextensibility of the fibers, the main deformation mode of the woven composites
reinforcements during a forming process is the in-plane shear deformation (angle variation between the warp
and weft).

Two main tests are of current use for the determination of the in-plane shear stiffness of the fabrics. The
first test developed was the Picture Frame Test (PFT), in which a square specimen of the woven composite
is ideally subjected to a state of pure shear deformation. Nevertheless, the state of pure shear is only
theoretical: any misalignment of the specimen leads to an increase of the measured load [120,125,184]. In
addition, the yarns are tightly clamped fixing their direction inside the four clamps and generating bending of
the yarns during the motion. This effect usually implies an overestimation of the shear parameter due to these
boundary effects. The second test used for the measure of the in-plane shear stiffness is the bias-extension
test (BET). In this test one of the edges of a rectangular sample of woven composite reinforcement, whose
yarns are initially oriented at +45° with respect to the loading direction, is displaced in the direction of the
axis [31,93,122,194, 199, 231]. The length/width ratio of the specimen must be larger than 2, while in the
present manuscript the ratio is fixed at 3. When one of the ends of the specimen is displaced by a given
amount, three types of regions appear to have an almost homogeneous behavior in their interior (A, B and

Clamp Area

Clamp Area

Clamp Area

Clamp Area

Figure 15: Simplified description of the shear angle pattern in the bias extension test
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C in Figure 15). In each of these areas, the angle between the warp and weft direction is almost constant.
These specific kinematics are due to the quasi-inextensibilty of the yarns and the absence of slipping between
warp and weft yarns at the crossover points. The advantage of the BET, with respect to the PFT, is that
each yarn has at least one edge which is free, and this free edge is thought to be sufficient to avoid spurious
tensions in the yarns as observed in [92,120].

Nevertheless, there are some phenomena that are not described in the schematics of Figure 15 that are
important for the complete understanding of the BET. As a matter of fact, the transition between two
different areas at constant shear angle is not concentrated in a line, instead it is distributed in a transition
layer with a gradual variation of the angle, as shown in Figure 16. In such transition layers, the angle variation
between the two constant values is achieved by a smooth pattern directly associated to the local bending of
the yarns. One more feature that can be highlighted is that the free boundary does not remain straight during
the test, as is assumed in the scheme of Figure 15, but it shows a small curvature (Figure 9). Both of these
phenomena can be understood by considering that the yarns possess a non-vanishing bending stiffness that
depends on the micro-structure of the fabric: a variation of orientation cannot be concentrated in a point,
creating a boundary layer of non-vanishing size. With the usual first-gradient models, it is not possible to
include such micro-structural related phenomena while, with the aid of second-gradient theories, promising
results have been obtained in [70]. In those models, a specific constitutive coefficient can be introduced,
which can be directly related to the bending energy of the fibers. The second-gradient continuum model
introduced in the present manuscript is able to describe the main macroscopic and mesoscopic deformation
mecanisms taking place during a bias extension test on woven composite reinforcement.

3.2 The BET on unbalanced fabrics

One of the main aims of the present part is to show and discuss some specific results obtained during an
uniaxial BET on an unbalanced specimen of fibrous composite reinforcement. The task of fully exploring
what theoretical tools are needed to optimize the modeling of such unbalanced materials is left as a sub-
sequent work, the scope of the present manuscript being that of explaining the principal micro and macro
deformation mechanisms of such unbalanced fabrics. In fact, based on a phenomenological observation of
some experimental results, it will be shown that the deformation modes which take place in a BET on an
unbalanced fabric are completely different from those specific of the BET on standard fabrics described
above. Moreover, the proposed second-gradient continuum model will be employed for the description of
such unbalanced materials, pointing out the strong and weak points regarding its application to the design of
complex engineering parts. It has to be explicitly remarked that mechanical conditioning was not accounted
for in the present study with the aim of being closer to the conditions of a real forming process.

3.2.1 Experimental setup

In an unbalanced fibrous composite reinforcement, the warp and weft yarns are comprised of a very different
number of fibers and, therefore, the mechanical properties in the two directions can differ considerably. The
material studied in this manuscript is an unbalanced 2.5 D composite interlock with a characteristic weaving

Figure 16: Boundary layers between two regions at constant shear
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Part 11 Chapter 3. The Bias Extension Test

Figure 17: (a) Sample I on top, (b) sample IT at the bottom

pattern in the direction of the thickness. The BET is performed on two samples of 3x3 twill unbalanced carbon
interlocks with different unbalance ratios (Figure 17). For specimen I, a Tomographic image was obtained
(Figure 18 (left)) showing the high unbalance of the specimen and the characteristic weaving pattern of the
2.5 D interlock.

To conduct the BET, the samples are positioned between the upper and lower jaws of a 100 kN Zwick
Meca tensile machine (Figure 18 (right)). The force needed to deform the specimen is of the order of 100 N
and, therefore, an auxiliary load cell of 500 N is used to allow for good resolution of the data from the test.
During the test, the lower clamp is static while the upper clamp is set, with a displacement-control, to move
up from 0 to 60 mm. The displacement speed of the movable clamp is set to 4 mm/min.

To analyze the experimental results and to reveal the characteristic deformation modes of the mesostruc-
ture, high-quality pictures of the samples during the deformation process are valuable. Therefore, a 16MP
camera in combination with a 200x optical zoom and two LED adjustable color lights were used during the
test, nonetheless, the detailed analysis of pictures of a black carbon specimen are still difficult to perform.
For this reason, a white grid of lines aligned with the warp and weft yarns was added on the shear area A of
the specimen I (Figure 17 (a)). However, during the analysis of the first specimen some difficulties following
the deformation of the specimen were still present, therefore, for specimen II, it was decided to locate only
a couple of white points on top of area A that, with a post-processing step, can lead to an easier access

Figure 18: X-ray tomography of the interlock I (left) and experimental setting during testing (right).
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Figure 19: Force/displacement plot

to important data like the local shear angle or the sliding between yarns. The initial configuration of the
interlock specimens and the added reference lines and points are illustrated in Figure 17.

3.2.2 Experimental results and physical interpretation

The results of the tests in terms of the load-displacement curve are shown in Figure 19. The force response
of both of the specimens is almost linear except for a slight increase of stiffness at the end of the test. It is
also easy to notice that the two materials present very different macroscopic stiffnesses due to their different
internal architecture. To precisely identify the maximum strain that the material can withstand before failure
due to excessive slipping, more experimental campaigns should be carried out. We limit ourselves here to
remark that:

e after a first threshold the material behavior presents a softening which can be directly related to slipping;

e if the experiment is prolonged, the slipping becomes so important that some yarns are pulled out of
the specimen compromising the integrity of the material rendering a continuous model unreliable.

Figure 20 shows the deformed shapes for both specimens during the development of the test. The quality
of the test on the second specimen is much lower than that performed on the first one due to a non-perfect
cutting. For this reason, the considerations will be illustrated by using the images relative to the specimen
I, but analogous ones can be drawn for the specimen II.

Figure 20: Deformed shape for both specimens (sample I on top, sample IT at the bottom)
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The main remark which may be inferred from the observation of the macroscopic deformed shape of the
two specimens (Figure 20) is the asymmetric S-shape, which is due to the fact that the properties of the
two families of yarns are very different in the two directions. What needs to be highlighted is that such
an asymmetric shape is related to precise deformation mechanisms of the meso-structure which determine
the behavior of such unbalanced materials. To represent with sufficient detail the mechanical behavior of
unbalanced fabrics, a model must describe accurately:

e the macroscopic S-shaped deformation of the material;
e the mesoscopic deformations of the yarns inside the material.

To this goal, it is essential to observe the characteristic deformation patterns of the yarns inside the unbalanced
fabric subjected to a BET. As will be better demonstrated in the remainder of this chapter, the main
mesoscopic deformation mechanisms which take place during a BET performed on an unbalanced fabric are

e the in-plane shear deformation (angle variation between the yarns with respect to their initial configu-
ration),

e the local differential bending of the warp and weft yarns due to the unbalance of the fabrics,
e the relative slipping of the contact points between warp and weft yarns.

Ideally, if perfect pivots were placed to connect the warp and weft without interrupting the continuity of
the yarns and if the two families of fibers could be modeled as wires with infinite rigidity with respect to
elongation and vanishing bending stiffness, the observed motion would be the ideal one presented in Figure
15. Thus, the only deformation mode would be the variation of the direction of the fibers which could
be directly related to the angle variation between warp and weft. Nevertheless, in the considered material
the yarns present a non-vanishing bending stiffness and a relative slipping of the warp with respect to weft
changing the macroscopic mechanical behavior.

More particularly, the thin yarns possess a very low bending stiffness and, as it is possible to see in Figure
21 (c), there is a very sharp variation of direction that is concentrated in a very narrow layer. Instead, in the
case of the thick yarns (Figure 21 (b)), there is almost no measurable change in direction along the whole
fiber, a feature that can be uniquely related to an extremely high bending stiffness. As a consequence of this

Figure 21: Deformed shape for a displacement of 56 mm (a) and angle variation in the transition layers for
the thick (b) and thin (c) yarns
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Figure 22: Points identifying some sliding phenomena

observation, it must be inferred that it is not possible to describe this specific behavior without accounting
for the bending of the yarns at the mesoscopic level.

It is finally noted that the presence of measurable slipping of the fibers (up to a maximum that is around
10% of the total length of the yarns) strongly characterize this test. This phenomenon should be included
in a complete model for this test and in general for woven composites. Such slippings can be qualitatively
recognized when comparing the undeformed and deformed shape: three points which were initially located
on the white cross marks which were drawn on the specimen have moved, thereby breaking the continuity of
the cross marks themselves (see also points Py — Pg in Figure 22).

A macroscopic indicator of the sliding may be found in the global in-plane thickness of the specimen.
If relative sliding of the fibers is permitted, the height of the specimen measured in the middle of the
specimen itself can be much higher than the height that the specimen would have if no relative motions were
permitted. In some sense, such effect of the sliding can be modeled as a “fictive elongation” of the fibers in the
two directions. More precisely, since the yarns can slide in the real situation, the resulting apparent in-plane
thickness of the specimen is much higher than the theoretical one obtained if the yarns were considered hinged
together. It is clear that the presence of such internal sliding weakens the basis on which a continuum theory
is founded.

Nonetheless, we can continue using a continuum model with the limit of modeling such internal sliding
as a “fictive” elongation of the yarns in the two directions. The price to pay for this modeling assumption is
that the result of the simulations is a microstructure which is not perfectly superposable to the real one (the
“real” sliding is replaced by “fictive” elongations of the yarns). In spite of this, the overall macroscopic pattern
of the deformation can be recovered, together with the main features of the deformation of the underlying
microstructure. Finally, we remark that the presence of the described relative sliding does not allow a direct
interpretation of the in-plane shear deformation as the angle variation between the warp and weft directions.
In fact, the in-plane shear is simply defined as the angle variation between the current direction of the
considered yarn and its initial direction.

Summarizing, it is possible to say that the main mesoscopic deformation mechanisms which take place
during the BET on an unbalanced fabric have been isolated. These significant contributions include the
in-plane shear of the yarns, the differential local bending of the yarns and the sliding of the yarns. In the
next section, three models will be used to capture such mesoscopic deformation mechanisms together with
their macroscopic counterpart:

e a discrete mesoscopic 2D model;
e a first gradient continuous model;
e an enriched continuous model.

These models show how to obtain a sensible description of the macroscopic S-shaped deformation of the
considered unbalanced fabric, as well as a reasonable prediction of the mesoscopic deformation of the yarns.

3.3 Modeling 2D woven fabrics

3.3.1 First gradient model

The first-gradient models are not able to capture the entire set of microstructural-related complex behaviors.
However, it could be possible that the asymmetric S-shape of the macroscopic specimen, which can be
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A4 [ B | K|
[ 0.55 MPa [ 110 MPa | 0.11 MPa |

Table 3.1: Parameters of the first-gradient continuous model for the simulation of the BET.

| Ka | Koo | o1 | oy |
[0.7 MPa [ 21 kPa | 2 kN | 0.02 kN |

Table 3.2: Parameters of the second gradient continuous model for the simulation of the BET.

observed during the BET on unbalanced fabrics, could actually be reproduced by using a simple first-gradient
theory with very different material properties in the two directions. This approach would mean that an energy
of the type in Eq. II.2 could reproduce the observed phenomena. Considering that the invariants i3 and
123 represent out-of-plain angle variations of the yarns and i33 the out-of-plane extensional stiffness, we will
consider a simplified energy for the 2D case of the type:

1 : 1 : I
U, (C,V0) = §A1(\/211 -1)2+ 531(\/222 -1)2+ §K22§2. (I1.7)

The chosen first-gradient coefficients are given in Tab. 3.1. Indeed, when suitably tuning the coefficients
appearing in Eq. (I1.7) by choosing significantly different values for A; and By, it is true that an asymmetry
can be produced in the macroscopic shape of the specimen which qualitatively agrees with the macroscopic
experimental S-shape. Nevertheless, such macroscopic shape is not associated to any reasonable motions of
the yarns at the mesoscopic level. With the considered constitutive choice, the main first gradient deformation
modes allowed for the considered material are:

e the angle variation 712 between the warp and weft direction;

e the equivalent elongations i1; and is5 in the directions of the warp and weft which account for decrimping
and, eventually for slipping.

It must be remarked that this simple quadratic choice for the first gradient strain energy density, even
if providing geometric non-linearities, could be not sufficiently general to describe larger deformations, for
which more complex hyperelastic constitutive laws should be introduced. More than that, since for very
large strains the integrity of the material starts to be compromised by an excessive slipping, there is no
interest in modeling the targeted unbalanced materials after a given strain threshold. We also remind how
the macroscopic effects of the sliding are here modeled as a “fictive elongation” of the fibers in the two
directions.

3.3.2 Second gradient model

For the second gradient model, we consider a decomposition between the first and the second gradient energy.
The first gradient energy is the same used in the first gradient model (Eq. 11.7):

R [V — 12 + (Vi — 1] + LK i, (IL8)

Wi(C) = 5 2

where the parameters K., and K are different from the first gradient case. The two elongation modes
have the same stiffness to underline the difference in bending that drives the asymmetry of the macroscopic
deformation. We also remind how the macroscopic effects of the sliding are here modeled as a “fictive
elongation” of the fibers in the two directions (see section 11.2.2.1). On the other hand, the second gradient
energy (IT.4) reduces in the 2D case to an energy of the type:

. 1 . .
Wir(Viyg) = 5 (a1 12,1 + a2 t12,2), (I1.9)

where a1 and s are the micromorphic elastic parameters that have to be different to account for the
imbalance of the microscopic characteristics of the material. The parameters used in the simulations are
shown in the table 3.2. We notice that even with the insertion of the equivalent elongation the shear stiffness
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Figure 23: Geometry of the discrete model: undeformed configuration.

| Ki | Ky | K3 | Ky | K, | Kaip | Kinter |
[50000 N | 50000 N | 0.4 N-m® | 102 Nom? | 2510 "Nem | 11 N/m | 11N |

Table 3.3: Parameters of the discrete model for the simulation of the BET.

is much lower and, therefore, the main deformation mode is still the shear one as the common knowledge on
the behavior of these materials suggests.

The model was implemented in COMSOL Multiphysics® using a micro-descriptor ¢ numerically con-
strained to be equal to the angle variation i12. The resulting second gradient energy is:

1
Wi (V) = 5 (11 + a2p2), (I1.10)

If, for example, we let ¢ tend to 412, then expression (I1.10) for the strain energy density tends to (I1.9) and,

therefore, accounts for space derivatives of the angle variation and the bending of the yarns. Based on the
physics of the problem discussed in the previous sections, we do not introduce second gradient effects related
to the gradients of the other invariants. We are then excluding that sharp spacial changes of elongation occur
in the considered material. The results obtained with this energy in the simulations are presented in the
section I1.3.4.

3.3.3 Discrete model

To have a comparison for the continuous models, the discrete model presented in section I1.2.3 was imple-
mented in COMSOL Multiphysics® for the Bias Extension Test. The elastic parameters used have been
chosen to be reasonably compatible with yarns of small cross section area and Young moduli of carbon (see
table 3.3). The two elongation stiffnesses K7 and Ks have the same value to underline how the difference
in the bending stiffness drives the asymmetry of the macroscopic deformation. Furthermore, it must be
pointed out that, as long as the elongation stiffness is high enough, it does not strongly influence the results
in terms of both displacement and reactions. The parameters relative to the bending stiffness, the slipping
and the interaction between two fibers of the same set were chosen via a fit of the experimental shape of the
specimen. In particular, the following characteristics were used to fit the different parameters: the width of
the specimen in the central part, the macroscopic S-deformation, the slipping of the fibers and the distance
between the fibers of the same set. The shear stiffness K, was chosen in order to fit the experimental force
with the reaction evaluated with the simulations.

3.4 Numerical results

In this section, the results obtained with the different models presented are shown. To better evaluate the
models, we show the experimental shape for a displacement of 37 and 56 mm (Figure 24(a)) as reference for
all the following considerations. The numerical results shown in this section are obtained with three very
different models, namely:
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e a first gradient continuum model,
e a second gradient continuum model,
e a discrete model.

For each model all the results in terms of displacement, deformations and forces are shown.

Deformed Shape The most interesting feature shown in the experimental results is the S-shape. Even
with a first gradient model, with an appropriate choice of the constitutive parameters it is possible to describe
roughly the outline of the test as shown in Figure 24(b). Even if this results seems promising, the deformation
presented in this picture is completely different from the experimental one. Indeed, the black lines describe
the position of the yarns in the deformed specimen and we see that the lines corresponding to the thick yarns
do change sensibly direction while the thin yarns remain almost unbent. This is opposite to the experimental
evidence and it is a sign of a profound mismatch of the bulk deformation between the first gradient model
and the actual response of the fabric.

------

<

-.--»’/—_\\\\KA

Figure 24: Deformed shape for a displacement of 37 mm (left) and 56 mm (right). From top to bottom: (a)
experimental shape, (b) first gradient simulation (cyan with black fibers), (¢) second gradient simulation (red
with black fibers) and (d) discrete simulation (green). The blue outline is the experimental shape.
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Considering instead a second gradient energy, we notice in Figure 24(c) that the simulation matches
the experimental response very well even for different values of displacement both in the outline and in the
internal deformation. Indeed, the fiber lines are coherent with the experimental evidence and even the width
of the specimen matches the experimental results. This width is obtained with the insertion of “equivalent”
elongation that describe the presence of the slipping and its consequent increase of width.

As for the continuum models, Figure 24(d) shows that the discrete model well describes the s-response
even at different values of displacement. Furthermore, the slippings forecast by the model fit qualitatively
the experimental observation, even if the constitutive law is a simple linear one. The response of this model
shows strong similarities with the second gradient models. Indeed, the different bending stiffness of the two
family of fibers lead to a set of straight thick fibers and a set of strongly bent thin fibers like the continuous
case.

Angle Variation In a material for which the shear is the main deformation mode, one of the most important
features to check is the angle between the fibers. To confirm the errors on the description of the deformation
behavior of the fabrics with a first gradient model, Figure 25 (a) shows that the direction of constancy of the
angle between the fibers is along the thin fibers while the experimental results and the other models show a
constancy along the thick fibers.

On the other hand, we can see in Figure 25 (b) that, in the second gradient model, the angle between the
set of fibers is almost constant along the strong fibers direction well describing the experimental evidence.
This feature is due to the high bending stiffness of the thick fibers that keeps the angle with the orthogonal
fibers almost constant along their fiber direction.

Also in the case of the discrete model, the angle between the fibers has been plotted. As we can see in
Figure 25 (c), even in this model the angle between the set of fibers is almost a constant along the strong fibers
direction, but drastically changes along the think yarns. The results of both the discrete and second gradient
models, even with their very different natures, present the same qualitative description of the experimental
behavior reconfirming the good analogy between the bending stiffness of the yarns and the second gradient
effects in the continuum. This is another hint toward the importance of the insertion of a second gradient
energy in a continuous model in order to fully describe the phenomenological mechanical response of the
woven fabrics.
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Figure 25: Angle between the fibers in the first gradient (a), second gradient (b) and discrete (c) simulations

for a displacement of 56 mm.
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Figure 26: Load-Displacement curve for the first gradient (left), the second gradient (center) and the discrete
(right) model

Load-Displacement Curve To evaluate the overall behavior of the model, an important feature to check
is the response in terms of forces. Considering a first gradient model, we can describe the magnitude of the
response at different values of displacement but there are no sensible increases of the stiffness of the specimen
during the test. The results for this model are shown in Figure 26 (left).

Also in the case of the second gradient model, Figure 26 (center) shows a very good fit between the
simulations and the experimental results in terms of force-displacement curve, despite the simplicity of the
model. The slight non-linearity in the simulated response, that partially reflects the experimental increase of
stiffness, is due only to the geometric non linearity of the problem while the constitutive laws of the problem
are linear. Furthermore, the approximation of the slipping as an elongation seems to not affect the ability to
describe the global response of the specimen.

Finally, the results in terms of a force-displacement curve are shown in Figure 26 (right) for the discrete
model. Once again the force shows a good fit with both the experimental results and the second gradient
model confirming once again the analogy between such different models.

Double Force-Displacement Curve The second gradient model possesses a feature that the first gradient
model does not: the reaction in the clamps is not limited to a force and a moment. Since i15 is fixed, there is
a reaction in terms of double-force; the results obtained are shown in Figure 27in terms of the double-force.
As far as the discrete model is concerned, it is possible to consider a discrete equivalent of the double-force.
Indeed, for each beam there is a moment reaction to the local bending of the beams: an analog to the
double-force. We must point out that the sum of these moments is not the resulting moment acting on the
clamp but a description of an average local bending. While the models are very different in nature, this

10 T

ol Discrete Model 4
—— 2° Gradient Model
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Figure 27: Double-force-Displacement curve 7 (dual of 415) versus sum of the discrete bending moments.
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possibly far-fetched analog of the double-force, as shown in Figure 27, has a magnitude comparable with the
double-force evaluated in the continuous model and is also linear. This analogy can be useful to hint to the
physical meaning of the insertion of a second gradient energy and of second gradient boundary conditions.

Influence of the constitutive parameters on the results Now, we analyze the influence of the con-
stitutive parameters on the response of the second gradient model. As was said before, the peculiar S-shape
assumed during the test was modeled in this work with an asymmetric second gradient energy. Figure 28
(top) shows that when a; = s the axis remains straight and that the S-shape is more pronounced with the
increase of the parameter’s value. The other parameter that strongly determines the deformed shape is K;,
that accounts for the slipping of the fibers by means of an equivalent elongation. It is possible to see in figure
28 (bottom) that the thickness of the specimen in the central part varies with the elongation stiffness. Once
again we remark that this is only an equivalent continuous analysis of the slipping aimed to qualitatively
describe the overall experimental behavior. Finally, we mention that the second gradient model could be
implemented as a classical micromorphic model by weakening the constraint 715 = . The results obtained
in this case are shown in Appendix B.2.
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Figure 28: Vertical displacement of the axis for an imposed displacement of 56 mm and different values of
aq (top) and d Deformed shape for a displacement of 37 mm and different values of K;(bottom).

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/prlﬁalication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



CHAPTER 1.4

Deep Drawing

Woven composite materials are the most widespread choice in the case of mechanical reinforcement, due to
their great formability and the subsequent possibility of designing rather complex mechanical pieces. The
forming processes, such as the Resin Transfer Moulding, (RTM), have received a great deal of attention in the
literature (see subsection I1.1.3.3 and [191,198,202]). The most current forming processes consists basically
of two stages:

e the dry woven fabric is preformed to obtain the desired geometry for the final part;
e a thermoset resin is injected into the woven fabrics filling the pores of the fibrous reinforcement.

The process used in the forming stage is thus followed by the injection and curing of a resin in the woven
fabrics, after which the finished material, union of the reinforcement and the matrix, is obtained. The quality
of the obtained piece is greatly influenced by several factors, such as the characteristics of the preformed
woven fabric and, in particular, its permeability, the characteristic of the resin and the temperature at
which the injection process takes place. In the literature, it is possible to find a great number of articles
studying in detail the injection processes and the characteristic of the resins (see [191,198,202]) and also the
preforming processes of thin woven reinforcements (see [25-28, 30, 52,53, 76, 90,232, 238]). Nonetheless, few
research endeavors concern 2.5D or 3D composite reinforcement forming simulation [35,147,192]. The focus
of this chapter will be on the first stage of the forming process, namely the preforming of 2.5D or 3D dry
reinforcements. The understanding of this step is very important to determine if the preforming process is
even possible. Indeed, the woven fabrics can withstand only a certain amount of shear deformation between
the fibers without dissociating and, thus, an accurate modeling becomes crucial for optimal design.

The process of preforming can become fairly intricate when the geometries are complex (e.g. double
curved geometries) and the prediction of the entirety of the properties of the deformed fabrics is, therefore,
challenging. Several experimental devices have been set up to investigate the deformation modes and the pos-
sible occurrence of defects during forming of textile reinforcements [31,122]. Among them, the hemispherical
punch and die systems (Figure 29) were especially studied because of their simple shape, double curvature
and large shear angle variations between the yarns in the final state.

Reliable models for the preforming process should include information about the fiber directions and
densities in the deformed state, so aiding the simulation of the resin injection and of the structural behavior
of the final composite part. Indeed, the permeability of the 3D interlock fabric is strongly influenced by some
deformation states that can alter or even close the interstices in the micro-structure affecting profoundly the
resulting material properties. Furthermore, the direction and positioning of the yarns, that are determined
solely by the preforming process, have a predominant role in the resulting mechanical properties of the
composite structure (stiffness, damage and fracture, etc.).

Different approaches have been proposed to model the raw fibrous composite materials that can be found in
the literature (see chapter I1.2 and [25,27,30,52,53,76,90]). The most widespread approach to the simulation
of fibrous composite materials is, nowadays, the finite element model that needs the determination of specific
constitutive laws to describe the complex experimental evidences shown by woven composites. In the present
manuscript, additional evidence is provided regarding the fact that neglecting the bending rigidities of the
yarns in the modeling phase can produce inaccurate results of the simulation of 3D woven fabrics (thickness
~1 cm) during the modeling phase. In order to support this statement, a 3D FEM is implemented and a
rather simple constitutive form of the strain energy density is introduced, accounting for:

1. initial orthotropy,

2. geometric non-linearities,
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Figure 29: Experimental setup and deformation for a deep-drawing preforming with a hemispherical punch
[35].

3. in-plane and out-of-plane bending of the yarns (through the introduction of suitable second gradient
terms).

This second gradient model is implemented in COMSOL Multiphysics® looking for solutions that are con-
tinuous, as it is usual in FEM, but that also grant continuity of the first derivatives of the displacement
field.

In this way, the following desirable results are obtained:
e the solution is in agreement with the observed experimental shapes (Figure 29);
e the second gradient energy has a beneficial effect on the mesh-dependency of the solution;

e the presence of suitable second gradient terms which are descriptive of the yarns’ bending allows to
control the onset and evolution of wrinkles during the deep-drawing process. More particularly, if the
second gradient parameter (viz the bending stiffness of the yarns) is sufficiently high, no wrinkling is ob-
served during the simulation. This result is in agreement with the common observations of experimental
results.

The results presented here should be used as a guide towards the throughout implementation of FEM codes
including second gradient constitutive laws for the complete modeling of the mechanical behavior of fibrous
composite reinforcements during their forming process.

4.1 Second gradient energy

The description of woven composites’ mechanical behavior demands important efforts. Through the analysis
of the deformation patterns during experimental testing, it is easy to notice that the condition of material
continuity is not always strictly fulfilled, due for example to some relative slipping of warp and weft. However,
if the amount of slipping between the fibers is low, a continuous model can still be used [35,36]. This is the
approach adopted here, but it must be noted that the possibility of modeling each fiber as a single detached
element still exists, even if it is of difficult applicability for big mechanical pieces [60]. Continuum models
with “fictive” elongations can be also introduced to account for a certain amount of slipping while remaining
in a continuum framework (see for example I1.3 and [130]).

Considering the specific case of deep-drawing preforming, one of the phenomena which is most difficult
to control, with a first gradient energy, is the onset of wrinkling in the deformed fabric. In first gradient
simulations, the presence of wrinkles is observed when a certain amount of in-plane shear stiffness is present

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/;gl?blication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Part 11 Chapter 4. Deep Drawing

‘ Ky, ‘ Ky ‘ K33 ‘ Ky ‘ K3 ‘ Kas ‘
[ 5 MPa | 5 MPa | 0.5 MPa | 50 kPa | 0.5 kPa | 0.5 kPa |

Table 4.1: Parameters of the first gradient energy for the simulation of the deep drawing.

(see for example [29]). Nevertheless, the number and amplitude of such wrinkles is a mesh-dependent phe-
nomenon and such wrinkling is not descriptive of the experimental results. In what follows, this result will
be obtained again for a traditional first gradient finite element model with linear shape functions.

Once again, we choose a very simple constitutive energy, so that it is possible to thoroughly analyze the
influence of both meshing and additional second gradient terms on the performed numerical simulations. The
chosen constitutive expression for the first gradient energy is (see Eq. 11.2):

1 _ 1 - 1 _ 1 . 1 . 1 .
Wi (C) = K1 (Vi —1)* + §K22(\/ igg — 1)% + §K33(v iz3 — 1) + §K127€2 + = Ki3i35 + §K23Z§3,

2 2
(IL.11)

where K;; are the extensional stiffnesses in the direction of the yarns as well as in the orthogonal direction,
while K;; with i # j are the in-plane and out-of plane shear stiffnesses. The parameters chosen are the ones
shown in Tab. 4.1.

The following constitutive form is introduced for the second gradient strain energy density (see Eq. 11.4):

Wi (VC) = % o i?2,1 + % Q2 i%2,2 + % B1 Z%3,1 + % B2 133,27 (IT1.12)
where with aj, ag and 1, [ are the in-plane and out-of-plane bending stiffnesses of the two family of
yarns, respectively. For unbalanced fabrics, i.e. fabrics whose warp and weft yarns do not have the same
characteristics, it is likely that ay # a9 and 1 # B2 (see also [11,130]). However, the object of this chapter
are interlocks which are balanced and, hence, it is assumed that oy = as = « and 51 = B2 = 3. Moreover,
it is possible that the two families of yarns have different bending stiffnesses in-plane and out of plane, but
we will neglect this difference setting o = 5. The chosen second gradient energy thus takes the form:

1 . . . .
Wi (VC) = 5% (2?2,1 + 2%2,2 + Z?&l + 233,2) ) (I1.13)

4.2 Modeling geometry and contact interaction between the mold
and the reinforcement

The object of this chapter is the simulation of the deep-drawing process performed on 2.5D composite
interlocks. In particular, the focus will be on a hemispherical punch and die system, as the one shown in
Figure 30. In such test, a square dry woven composite interlock is formed by a hemispheric punch that, along
with the presence of a horizontal plane, makes the deformed shape assume a double-curvature shape.

To implement the contact between the woven composite and the testing machine, a penalty function was
introduced such that, to each interpenetration, it associates a stress ¢t normal to the surface which is applied

40 cm
24 cm

Figure 30: Geometry of the model for a deep-drawing preforming with a hemispherical punch.
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on the fabric, in symbols:
t = Kecontact A n, (1114)

where Kcontact 18 an opportune stiffness that is set to increase in each non-linear iteration to obtain the
minimum interpenetration possible, A is the interpenetration between the woven fabrics and the machine,
and n is the normal to the surface of the punch or the die. The perpendicularity of the stress is equivalent
to assuming that no friction is present between the experimental setup and the specimen. This could be
considered a strong hypothesis, but the results seem to be qualitatively correct and this suffices for the
purposes of this manuscript.

In the presented model, we chose to model the punch and the die as rigid bodies since they are supposed
to have a stiffness of various orders of magnitude higher than the specimen. Thus, the position of the die and
the punch is known a priori in each step of the test, leading to a much easier determination of the contact
stresses in Eq. (II.14). Indeed, considering as origin of the reference system the center of the basis of the
hemispherical punch, the Z axis as the vertical loading direction and the current position (x,y, z) of a point
of the fabric, the interpenetrations between the woven fabric and the hemisphere, the lower plane and the
die, respectively, can be expressed as:

Ay = max(R — /2?2 +y? + 22,0), Ay = max( — z,0), Az = max(z — H 4 wo, 0), (I1.15)

where R is the radius of the hemispherical punch, Hy and wg are the initial position and the applied dis-
placement of the die in the considered step, respectively. The direction of the resulting stress is radial for the
hemispherical punch and vertical for the plane and the die. Therefore, considering once again the center of
the hemispherical punch as the origin of the reference system, we can write:

= B2 ns = (0,0,1), ng = (0,0, 1), (I1.16)

Va2 +y?+ 22

The resulting stresses t; and ty were applied to the lower surface of the specimen, while t3 was applied to
the upper surface. Finally, the resulting contact stresses can be written as:

R
tl = Kcontact max - 17 0] - (xvya Z)v
V22 +y?+ 22
to = Keontact max( — z,()) -(0,0,1), (I1.17)

ts = Keontact max(z - H+ wO,O) -(0,0,-1).

4.3 Numerical results

In this section, the results obtained by the FEM simulation of deep-drawing are presented as follows:

e in the first subsection, the influence of the second gradient parameter o on the onset of wrinkles during
the simulation of the deep-drawing is studied;

e the second subsection presents some observed mesh-dependency results for the first gradient model,
when using linear shape functions or the augmented continuity shape functions, and for the second
gradient solutions in the case of the augmented continuity shape functions. It is concluded that second
gradient simulations are not significantly affected by the choice of the mesh, provided that the size of
the elements is sufficiently small;

e the third subsection shows the influence of cutting the corners of the specimen on the onset of wrinkling.

4.3.1 Influence of the second gradient on the wrinkling

The model here presented implements the augmented continuity shape functions (see 11.2.2.3) in a COMSOL
Multiphysics® finite element model. The energy considered was the sum of the first gradient energy presented
in Eq. (I1.11) and of the second gradient one given in Eq. (I1.13), for which the directions of the fibers D,
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1% gradient model (o =0 N) a=01N

a=1N a=10 N

Figure 31: Dependence of the solution on the second gradient parameter «.

and Dy were chosen to be parallel to the edges of the specimen. The first gradient parameters are the ones
shown in the Tab. 4.1, while various values of the second gradient parameter o were considered. It must be
noted that, in the case a = 0, the model reduces to a first gradient model with the energy in Eq. (IL.11).

The results, obtained for « = 0,0.1,1,10 N, are shown in Figure 31 for an imposed displacement of 90% of
the punch’s radius (9 cm). In the first gradient case, it is possible to notice the presence of a significant number
of wrinkles in the fibers direction causing a considerable out-of-plane curvature of the fibers. Instead, the
insertion of a second gradient energy depending on the curvature reduces the wrinkling effect. If the value of
« increases to the value 10 NV, all the secondary wrinkling disappears and the only principal wrinkle remaining
is due to the natural evolution of the double curvature of the macroscopic configuration. During experimental
testing, it is a spread routine to cut the corners of the specimen as in the simulations shown in Figure 65,
see [35]. The influence that this change in the geometry can have on the onset of wrinkling during the deep
drawing of the fabric is studied in Appendix B.3.

As will be shown in subsection 11.4.3.2, the first gradient model appears to be mesh-dependent even after
the introduction of the augmented continuity shape functions (see Figure 34) and it is, therefore, impossible
to show a representative solution for this case. Thus, it was chosen to show the deformed shape evaluated
with the thinner used mesh, even if it is reasonable to assume that more wrinkles could appear for thinner
meshes. On the other hand, even for small values of the second gradient parameter «, a stabilization of the
deformed configuration is obtained (see Figure 34) and the deformed shape presented can be considered a
representative solution.

The possibility of controlling the onset and evolution of wrinkling during the deep-drawing simulation via
the introduction of a constitutive parameter could be of great use in the forecast of the material behavior in
view of structure design. It must be reminded that the presented simulations are relative to an experimental
test meant for the characterization of the material constitutive properties. It is, therefore not enough to
correctly describe the experimental results but the final goal is to predict the behavior of the woven fabric in

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/mlication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Chapter 4. Deep Drawing Part 11

generic engineering applications.

An issue that has to be covered is the determination of the second gradient parameter via experimental
testing. Considering the proposed simple energy, it could be possible to heuristically choose a in order
to have a qualitative description of the wrinkling phenomenon during a test such as the one proposed here.
Furthermore, there are several experimental phenomena whose description would be useful for the calibration
of a second gradient energy. During a Bias Extension Test, it is possible to observe the formation of some
shear boundary layers the description of which can be used to calibrate the second energy parameters, as
shown in [70]. In the case of a Bias Extension Test on strongly unbalanced fabrics, the bending stiffness of
the fibers can lead to some macroscopic effects like the asymmetric deformed shape analyzed in [11,130].
Finally, the calibration of the second gradient parameter could be attempted via a three point bending of
an interlock, as in [134]. Which combination of these tests is best suited for the determination of the second
gradient parameters is still to be decided, but it is important to have multiple observable effects so that it is
possible to validate the chosen parameters.

The results obtained here are a confirmation of the great potential of a second gradient model for the
description of the wrinkling phenomenon and, more generally, of the behavior of composite materials. In the
author’s opinion, the results presented here and in [11,70,130,134] are starting to clearly show how a second
gradient model can be a potential solution for most of the issues relative to the description of the behavior
of dry woven fibrous composite.

4.3.2 Some considerations concerning mesh-dependency of the performed sim-
ulations

First gradient model with linear shape functions As stated above, the results obtained via a first
gradient model appear to be mesh-dependent, due to the non-stability of the wrinkling description. The aim
of this subsection is to present this issue in the case of a classical first gradient implementation and, hence,
to show the stabilization effect obtained with the insertion of a second gradient energy.

The augmented continuity shape functions introduced for the second gradient model are temporarily
discarded, enabling us to frame the mesh-dependency problem in a more traditional setting. In the simulations
of this subsection, we implement a model with the Lagrange linear shape functions. The study of the mesh-
density’s influence on the first gradient solution is made with two types of mesh, namely:

e hexahedral meshes obtained by sweeping quadrilateral meshes on the boundary over the thickness of
the specimen (Figure 32);

e tetrahedral elements (Figure 33).

The same results cannot be obtained for the second gradient model because with such low continuity shape
functions the insertion of a second gradient energy cannot be detected and, hence, it plays no actual role in
the results.

Figure 32 shows the hexahedral meshes and the resulting deformed shapes of the specimen. It is important
to remark that in this set of meshes the directions of the yarns D; and Do, which are parallel to the edges
of the specimen, coincide with the normals to the mesh interfaces. This property makes it possible to have
a discontinuity on the derivatives in one of the fiber directions without losing the smoothness in the other
direction. In other words, a wrinkle can form at the element interfaces for one set of fibers keeping the other
set of fibers unaffected. This uncoupling can cause the formation of several wrinkles without interfering in
other deformation mechanisms. This effect is strongly related to the positioning and number of interfaces
between meshes, therefore it is not surprising that the result appears to be mesh-dependent. As a matter
of fact, Figure 32 shows how the increase in mesh-density is connected to an increment in the number of
wrinkles.

Changing the type of mesh to tetrahedral elements as shown in Figure 33, the improvement obtained in
the stability is very clear. Despite the solution being once again mesh-dependent, the differences obtained
in the output are much less significant compared to the hexahedral mesh. The explanation for this result is
that, in this case, the normals to the interfaces between the meshes do not always coincide with the direction
of the fibers making the appearance of a wrinkling phenomenon at the interfaces more difficult.

The conclusion on the results presented in this subsection is that a first gradient model with linear shape
function may present unphysical wrinkling phenomena. It is still possible to obtain realistic results from such
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Mesh

Deformed shape

Figure 32: Solution of a first gradient model with linear shape functions and hexahedral meshes of different
sizes.

Mesh

Deformed shape

Figure 33: Solutions for a first gradient model with linear shape functions and tetrahedral elements of different
sizes.

a model, but the dimension and the orientation of the elements should be carefully chosen to avoid unphysical
wrinkling.

First and second gradient models with augmented continuity shape functions Here, a study of
first and second gradient solutions obtained considering augmented continuity shape functions is presented
in Figure 34. At first glance, it could seem that the mesh considered is poorer with respect to the previous
case but, with the third degree polynomials used as shape functions, the number of nodes is comparable to
the linear case.

We see that the first gradient solution still seems to depend on the size of the mesh. The wrinkles are
not spikes corresponding to an interface between two mesh-elements, as they were in Figure 32, because the
augmented continuity shape functions impose the smoothness of the strain during the deformation process.

Figure 34 explicitly shows that the stability of the model seems to increase by adding a second gradient
energy. Indeed, the wrinkling phenomenon is controlled by the second gradient terms and the corresponding
result appears to be mesh-independent even with a small constitutive parameter (a«w = 0.1 N). The fact that
second gradient terms stabilize the numerical onset of wrinkling, thus producing more realistic results, is not
surprising. Indeed, the presence of an out-of-plane bending stiffness of the yarns (which is of course evident
from a phenomenological point of view) makes the formation of wrinkles energetically expensive. On the
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Mesh

1%t gradient

a=01N

Figure 34: Mesh-dependency for the first and the second gradient model with augmented continuity shape
functions.

other hand, since no energetic cost is associated to out-of-plane bending within first gradient theories, the
onset of a myriad of wrinkles is allowed, even if this solution deviates from experimental evidence. If the
value of « is increased, the results obtained with the different meshes considered are the same as in Figure
I1.11 and are, therefore, not included here.

The presented results are very promising, but it must be noted that the augmented continuity shape
functions are just a workaround for the real problem which is that of implementing robust finite elements
for the simulation of woven composite reinforcements in view of structure design. The continuity of the
derivatives is weakly imposed and it is, therefore, not strictly granted. A study on the validity of a model
implementing the augmented continuity shape functions should be made, even if the presented model seems to
be reliable in the description of the analyzed phenomenon. Alternative methods to stabilize the solution can
also be found in the literature [148] consisting in the insertion of small structural elements (such as beams)
in the interior of the FE in the direction of the yarns, so indirectly accounting for the bending stiffness of the
yarns.
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Conclusion

The features of the woven fabrics are very peculiar and possess huge potentialities. Therefore, the engineering
interest towards this kind of materials led to the conduction of various benchmark tests and to the definition
of numerous models. However, there is still no commonly agreed upon approach to describe such materials
during the forming. The opinion of the author is that a comprehensive model is not achievable without the
insertion of higher order terms (or micromorphic terms) in the energy to describe the deformation energy of
the microstructure. The classical models used for the woven composite preforming fail to describe a wealth
of observed experimental evidences. In particular, the description of the wrinkling phenomenon is one of the
weakest points of such models.

This thesis aims to support the validity of an enriched continuous model for the description of the behavior
of woven materials. Therefore an orthotropic second gradient model for an unbalanced composite fabric was
implemented and the onset of these particular phenomena was analyzed. The simple quadratic energy here
used is not likely to be fit for the general description of their non-linear behavior but it does catch qualitatively
all the peculiar phenomena observed during the experimental campaigns.

In this part, an enriched continuous model is introduced to reproduce the Bias Extension Test and the
deep drawing for woven composite interlocks. We have shown that the model is able to account for the main
microstructure related deformation mechanisms up to moderate strains, namely

e the angle variation between warp and weft yarns;
e the onset of boundary layers for the shear deformation;
e the curvature of the boundary;

e the different bending stiffness of the two families of yarns;

the asymmetry in the case of the BET on unbalanced fabrics;
e the wrinkling during the deep drawing preforming;

The results obtained with the model are satisfactory up to moderate deformations so that it is conceivable
to fit the proposed models on more extended experimental campaigns. This would allow for a more precise
identification of the introduced constitutive parameters, above all for what concerns the different bending
stiffnesses which are the main microstructural related characteristics of fibrous composite interlocks.

However, extra experimental campaigns are needed for a complete validation of the proposed enriched
continuous model. More particularly, such more comprehensive campaigns would need the setting up of the
following experiments:

e Bias Extension Test on a set of specimens with the same dimensions and characteristics. These tests
would be needed to identify experimental errors that can be introduced during the experimental cam-
paign and to precisely account for such variability in the performed study;

e realization of the Bias Extension Test and the deep drawing on specimens with various dimensions to
unveil possible size effects which can occur in higher gradient or micromorphic materials;

e conception of independent tests (other than the Bias Extension Test and the deep drawing) which
are suitably engineered to give rise to the same microscopic deformation modes (fibers’ bending and
slipping), but with different loading conditions. This test would allow the confirmation of the values of
the parameters evaluated for the considered materials;
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e realization of specific measurements which are devoted to measure local deformation mechanisms with
due precision. Digital Image Correlation Techniques could represent a good choice to effectively proceed
in this direction.

Notwithstanding the undiscussed interest of the aforementioned tests and their necessity for a complete
validation of the presented model, they are not the primary objective of this work. The primary aim is to
identify the main microstructure-related deformation modes in woven fabrics and to show, via a reasonable
enriched continuous model, that they cannot be neglected. The phase of conception of such extra experimental
campaigns for a precise identification of second-gradient parameters on a given class of fibrous woven materials
is postponed.

Further studies should be also focused on the improvement of the proposed model to precisely describe
non-linearities and irreversible phenomena such as friction, which can have a non-negligible role during the
deformation of woven reinforcements. Moreover, the experimental campaigns should also determine which
is the strain threshold until which the integrity of the material is preserved and a continuum model can be
considered predictive. In fact, after a given macroscopic deformation, some yarns start to be pulled out from
the specimen, so that further modeling efforts intrinsically loose their interest. The fundamental importance
of the results shown in this part stands in the potential impact on the modeling of the forming processes
in important engineering applications. It is very important to stress the potentialities of a simple enriched
continuous model for the description of the apparently complex response of the woven fabrics and the hope
of the author is that effort will be put into further studies on this subject.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/;g.ﬁ)lication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Part 111

The relaxed micromorphic model
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Introduction

In principle, the modeling framework for the micromorphic approach had been completed by Eringen, Mindlin,
and Germain. Mindlin and Eringen also provided extensions of the micromorphic model to anisotropy, even
if such anisotropic models are almost impossible to be applied to real cases, due to the impressive number of
coefficients provided (498 coefficients in the general anisotropic case).

The existence and uniqueness questions for the linear micromorphic model have been completely settled
both for the static and dynamic case, based on the assumption of uniform positive definiteness of the appear-
ing constitutive elasticity tensors. However, the over-reliance on uniform positive definiteness, we believe,
has blinded the eyes for the real possibilities inherent in the micromorphic model. These possibilities have
been consistently overlooked until very recently, when, in a series of articles [80,139,140,175,176], the novel
concept of relaxed micromorphic continuum has been introduced. This model provides a drastic reduction of
the number of constitutive coefficients with respect to Mindlin-Eringens’s one while remaining well-posed.

A fundamental contribution of the relaxed micromorphic model is given by the proof of well-posedness [176]
also for the case where the strain energy density violates strict positive-definiteness!'. In other words, even if
the relaxed micromorphic model can be apparently seen as a particular case of the Mindlin-Eringen model
by suitably setting some constitutive parameters of their model to zero (see [140, p. 555]), such choice is not
acceptable in the Mindlin-Eringen setting due to the loss of positive-definiteness of the energy. Nevertheless,
it is exactly this feature which makes the relaxed micromorphic model unique for the description of a wealth
of unorthodox material behaviors. The existence results proposed in [176], as well as the drastic reduction of
the number of the introduced elastic coefficients, allowed us to open the way to the application of the relaxed
micromorphic model to cases of real interest.

Indeed, the relaxed micromorphic model has already been a source of inspiration for researchers working on
granular materials [158]. Moreover, the clear and transparent application of the relaxed micromorphic model
in the isotropic case has recently been successfully achieved for the description of band-gap metamaterials
(see [131,132]). The isotropic relaxed micromorphic model has proven its ability to fit the dispersion curves of
phononic crystals for large windows of frequencies and wavelengths, arriving down to wavelengths which are
comparable to the size of the unit cell. The most interesting aspect of the description of such metamaterials
via the relaxed micromorphic model is undoubtedly that of predicting their macroscopic dynamical response
through the introduction of few macroscopic elastic coefficients which are independent of the frequency. This
means that the coefficients of the relaxed micromorphic model can be seen as true material parameters,
exactly as is the case for the Young modulus and the Poisson ratio when dealing with classical materials.
Of course, in order to extend the range of applicability of the relaxed model to a wider class of actual
metamaterials, the model must be generalized to the anisotropic setting. This generalization is one of the
principal aims of the present part.

We restrict our attention to the linearized framework noting that the first existence result for the geo-
metrically nonlinear static case has been obtained in [104], which includes a previous result for the nonlinear
Cosserat model [168]. For more details about existence results for micromorphic models at finite deforma-
tions, we refer the reader to [118,169,172,173]. Further existence results are supplied in [62,63, 144, 145].
There are many applications treated within the nonlinear micromorphic framework, among which we limit
ourselves to mention [83,88,96,100,103,111,121,151,201,203, 204,227, 228].

In this part, we want to present an approach to anisotropy for the relaxed micromorphic model. Our
modeling perspective is to simplify as much as possible and indeed to reduce to an essential minimum

11t has to be noted that the new approach is only formally included in the standard Mindlin-Eringen micromorphic model
since we consistently give up uniform positive-definiteness in the elastic distortion e and the curvature tensor V P which are
instead strictly requested in the standard model in order to have well-posedness. For example, controlling only the elastic strain
€e = sym(Vu — P) in the energy does not locally control the elastic distortion e = Vu — P and working with Curl P does
not control the curvature VP.
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Part II1 Introduction

the bewildering possibilities of the standard micromorphic model. Indeed, there is no point in exclaiming
happily that the standard micromorphic model has more than 1000 constitutive coefficients which need to
be determined. The true aim of modeling should consist of the opposite: to discard all unclear complications
without compromising the essence of the model. We believe that the relaxed micromorphic model is just going
in this direction, thereby opening the way for clear-cut experimental campaigns to determine the remaining
fewer extra parameters.

The plan of this part is as follows:

e In chapter III.1, we first recall our new relaxed model showing that it supports a clear group-invariant
framework, opening the way to speak about anisotropy classes. This hinges mainly on transformation
properties of the dislocation density tensor &« = — Curl P. The general anisotropic setting for the kinetic
energy to be used in the relaxed micromorphic model is provided. This step is strongly complementary
to the constitutive choice for the static case featured in equation (III.1). Indeed, if some deformation
mechanisms are introduced in the definition of the strain energy densities, analogous inertiae must be
introduced in the kinetic energy to have a well-posed problem in the dynamical case. This step is
essential to securely proceed towards controllable applications on actual metamaterials subjected to
dynamical loading. Afterwards, a further reduction of coefficients is proposed for those cases in which
one wants to feature a symmetric stress. The dynamic problem is set and the resulting equations of
motion and boundary conditions are derived.

e In chapter II1.2, we study the format of possible anisotropic constitutive tensors, including the local
rotational coupling term acting on skew (Vu — P) and the curvature term acting on Curl P. This is
done using classical Voigt-notation in order to facilitate future applications.

e In chapter II1.3, we consider the long-wavelength limit (characteristic length L. — 0) which must
coincide with a linear elastic model that has lost any characteristic length (improperly called internal
variable model). From this hypothesis, we are able to relate coefficients of the micromorphic scale to
the macroscopic ones. The result is a convincing homogenization formula for all considered anisotropy
classes.
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CHAPTERIII.1

Energy formulation of the relaxed micromorphic model

1.1 Strain energy density

The novel relaxed micromorphic model endows Mindlin-Eringen’s representation with more geometric struc-
ture. Unlike Mindlin-Eringen’s model, the relaxed model mainly works with symmetric elastic (relative)
strains €. := sym (Vu — P), so that standard 4" order symmetric elasticity tensors can be used in order
to define elastic stresses. Moreover, regarding the curvature, the relaxed model considers the second order
dislocation-density tensor « = — Curl P instead of the third order curvature tensor VP with the effect (among
others) that the description of the anisotropy of curvature only needs 4* order tensors, instead of 6" order
ones. Since Mindlin-Eringen’s cross coupling Ec,oss (see equation (1.2)) is difficult to interpret, it is discarded
right-away. Nevertheless, the structure of the model continues to be very rich. We write:

1 1
W = 3 <(Ce sym(Vu — P), sym(Vu — P) >R3X3 +§ <(Cm sym P, symP>R3X3 (TI1.1)
anisotropic elastic — energy micro — self — energy
1 L?
+ 5 (C. skew (Vu — P), skew (Vu — P) >R3X3 + M2 ¢ (L CurlP, Cu1r1P>]R3XS .
local anisotropic rotational elastic coupling curvature
Here C., C,, : Sym(3) — Sym(3) are both classical 4" order elasticity tensors acting on symmetric
second order tensors only: C. acts on the symmetric elastic strain €. := sym(Vu — P) and C,, acts on

the symmetric micro-strain sym P and both map to symmetric tensors. The tensor C. : s0(3) — s0(3) is
a 4" order tensor that acts only on skew-symmetric matrices and yields only skew-symmetric tensors and
L : R3*3 — R3*3 is a dimensionless 4*" order tensor with at most 45 constants acting on the second order
tensor « := — Curl P, that it is usually called the dislocation density tensor.! Counting coefficients we now
have 21+21+46-+45=93, instead of Mindlin-Eringen’s 498 coefficients. The main advantage at this stage is
that our C,, unlike C,, possesses all the symmetries that are peculiar of the classical elasticity tensors acting
on sym Vu.
Let us remark here that the relaxed micromorphic curvature expression can also be written as:

Curl P = — Cwrl (Vu — P) (I11.2)

because Curl P is invariant under P — P+V4, see [175]. We need to highlight also the fact that Curl P is not
just an arbitrary combination of first derivatives of P (and as such included in the standard Mindlin-Eringen
most general anisotropic micromorphic format), but that the formulation in Curl P supports a completely
invariant setting, as seen in [161,170]. Since Curl P is a second order tensor, it allows us to discard the 6"
order tensors of classical Mindlin-Eringen micromorphic elasticity and to work instead with 4" order tensors
whose anisotropy classification is much easier and well-known [33], see chapter I11.2.

The large number of isotropic constants in the standard Mindlin-Eringen model has always been of
concern. Previous attempts to endow the Mindlin-Eringen model with more structure include Koh’s [112,190]
so-called micro-isotropy postulate which requires, among other things, that sym ¢ is an isotropic function of
sym Vu only. This reduces the number of isotropic coefficient also to 5 (similarly to our relaxed model) but
the fact of connecting syma to sym Vu only cannot be considered a well-grounded hypothesis.

1The dislocation tensor is defined as a;j = — (Curl P)ij = — Pin k€jnk, where € is the Levi-Civita tensor.
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Part 111 Chapter 1. Energy formulation of the relaxed micromorphic model

Reduction for a centro-symmetric case In the same spirit as done with the local energy terms, a
possible simplification of the curvature expression is given by:

<E Curl P, Curl P >]R3><3 = <IL8 sym Curl P, sym Curl P >]R3X3 + <]LC skew Curl P, skew Curl P >]R3X3 .
(I11.3)

Here, L. : Sym(3) — Sym(3) is a classical, positive definite elasticity tensor with at most 21 independent
(non-dimensional) coefficients and L. : s0(3) — s0(3) is a positive definite tensor with at most 6 independent
(non-dimensional) coefficients.

Therefore, we propose the following representation of the energy for the relaxed anisotropic centro-
symmetric model, which has maximally 21+21+6+21+6= 75 independent coefficients:

1 1
W = 3 <(Ce sym (Vu — P), sym (Vu — P) >]R3X3 +§ <(Cm sym P, symP>]R3X3 (I11.4)

anisotropic elastic — energy micro — self — energy

1
+ §<(CC skew (Vu — P), skew (Vu — P) >]R3><3

local anisotropic rotational elastic coupling

pL?
T

[ <]Le sym Curl P, sym Curl P >R3X3 + < L. skew Curl P, skew Curl P >R3><3} .

curvature

This constitutive expression of the strain energy density for the relaxed micromorphic model is the most
general one that can be provided in the anisotropic and centrosymmetric framework and it already it provides
a drastic reduction of the constitutive coefficients with respect to the standard Mindlin-Eringen model (75
coefficients against the 498 of Mindlin-Eringen). In a first instance and with a look towards immediate
applications, we can consider non-local effects to be isotropic, so that the curvature coefficients reduce from
214-6=27, to at most 2. We end up with a fully anisotropic model which features at most 51 parameters for
describing:

e the full anisotropy at the microstructural level.
e the full anisotropy at the macroscopic level.
e non-localities through the introduction of suitable characteristic lengths.

Of course, considering metamaterials with particular symmetries, this number of parameters can be further
reduced.

Definite positiveness of the strain energy density It must also be observed that the relaxed micro-
morphic model can be used with C, positive semi-definite or indeed zero (in the isotropic case p. = 0), while
we always assume that the constitutive tensors C,, Cy, (and later Cyy) are strictly positive definite tensors.
Furthermore, we assume the curvature constitutive tensor L is positive definite (or the tensors L. and L),
and the length scale L. and the constitutive parameter ;. are positive. Assuming that C., C,, and L are
positive definite tensors means that:

el >0:VSesym@B):  (CeS, S )pans > cF|1S||Bsxss (IIL.5)
e, >0:¥SeSym3):  (Cm S, 8 )psxs = chllS|Rsxs,
Jef >0: VX e R3*3 (LX,X )psxs = ¢ [ X||Rsxs-

In sharp contrast to the standard Mindlin-Eringen format, we assume for the rotational coupling tensor C.
only positive semi-definiteness, i.e:

VAeso(3): (C.A A), >0 (I11.6)

As already noted, this allows the rotational coupling tensor C. to vanish, in which case the relaxed micro-
morphic model is non-redundant [201].
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Chapter 1. Energy formulation of the relaxed micromorphic model Part 111

The reader might ask himself: how is it possible that the rotational coupling tensor C. can be absent but
the resulting model is still well-posed? This is possible because in that case, the skew-symmetric part of P is
not controlled locally but as a result of the boundary value problem and boundary conditions. In this sense,
allowing for C., = 0 is one of the decisive new possibilities offered by the relaxed micromorphic model.

However, in [140] it has been shown that in the isotropic case (C. = . 1) the presence of C. allows to
control the onset of band-gaps. In subsection II1.2.2 we discuss the possible forms that C. may have for
certain given anisotropy classes.

The case of isotropy The fully isotropic case requires to determine (C, ~ 2, C,, ~ 2,C. ~ 1, L, ~
2, L. ~ 1) altogether 8 constitutive coefficients of which the rotational coupling coeflicient u. can be set to
zero to enforce symmetric elastic stresses g. As seen before, Eringen’s formulation has 18 coefficients and
Koh’s [112] micro-isotropic model still has 10.2 This simplified framework, which allows to describe the full
micro-macro anisotropy and the presence of non-localities via the introduction of “only” 51 parameters, is of
fundamental importance to proceed towards an enlightened characterization of the actual metamaterial.

In general, if we consider an isotropic curvature term, we obtain the following representation:

pL? _ pLZ

(Liso Curl P, CurlP )., = 5 <a1|| dev sym Curl P||? + as|| skew Curl P||* + % [tr (Curl P)]2) ,
(IIL7)

with scalar weighting parameters oy, as, a3 > 0. Since the curvature energy does not usually play a major
role, we mostly just use || Curl P||?, corresponding to oy, s, as = 1.

If we consider the isotropic case and the simplest curvature form, we can reduce the relaxed representation
to (see [131,138-140,176,179]):

Ae Am
W = pie|| sym ( Vu — P)||* + ?tr(sym(Vu — P)’ + pim]| sym P + > (tr (sym P))? (I11.8)

isotropic elastic — energy micro — self — energy

pL?
+ pie|| skew (Vu — P)||* + 3 <|| Curl P|?

. . . . S——
invariant local isotropic isotropic curvature
rotational elastic coupling

In the case of isotropy, strict positive definiteness of the potential energy reduces to the following simple
relations for the introduced parameters [176]:

e > 0, 2pe +3Xe >0, fm > 0, 2t + 3 Am > 0, fe >0, L.>0. (I11.9)

For very large sample sizes, a scaling argument easily shows that the relative characteristic length scale
L. of the micromorphic model must vanish.
For future use we define the elastic bulk modulus k. and the microscopic bulk modulus k., , respectively:

2pe +3 A 2 tm + 3 Am
Ke = L, Km = L (I11.10)
3 3
In terms of these moduli, strict positive-definiteness of the energy is equivalent to:
e >0, Ke > 0, fhm > 0, Km > 0, e >0, L.>0. (I11.11)

Linear elasticity as upper energetic limit The relaxed micromorphic model admits linear elasticity
as an upper energetic limit for any characteristic length scale L. > 0. This can be seen by noticing that
an admissible field for the micro-distortion P is always P = Vu. Thus, we see that the relaxed model
is always energetically weaker than a linear elastic comparison material with elastic stiffness C,, for any
given stiffness C.. This, again, is in contrast to the standard Mindlin-Eringen format which will, in general,

2Note that establishing positive-definiteness of the energy is now an easy matter as compared to [212]: we only need to
require positive definiteness of the occurring standard 4*" order tensors Ce, Cp, Ce, Le, Le.
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Part 111 Chapter 1. Energy formulation of the relaxed micromorphic model

generate arbitrary stiffer response as L. — oo and C, — oo simultaneously. This can be proven via a standard
minimization argument: 3:

1 1

(mi;}){/ 5 (Ce sym(Vu — P), sym(Vu — P) >R3><3 + B (Cpn sym P, symP>]R3X3 (I11.12)
u, Q

pL?
2

1 _
+ 3 (C, skew (Vu — P), skew (Vu — P) >R3><3 + ( Laniso Curl P, CurlP>]R3X3 da:}

1
< / 5 <(Cm sym Vu, sym Vu >R3><3 dx .
Q

1.2 Kinetic energy density

The dynamical formulation of the proposed relaxed micromorphic model is obtained in the following way.
We define a joint Hamiltonian and obtain the equations from the postulate of stationary action. In order
to generalize the kinetic energy density to the anisotropic micromorphic framework, we need to introduce a
micro-inertia density contribution of the type:

1, 1,
Pt 5 (T P Pr) + 5 (T, Vuy, Vuy), (I11.13)

3

1
J= =
2p|u,t|

Cauchy inertia free micro-inertia gradient micro-inertia

Here J,, : R3*3 — R3*3 is the 4'" order free micro-inertia density tensor and J, : R3*3 — R3*3 is the 4"
order gradient micro-inertia density tensor with, in general, 45 independent coefficients each. Eringen has
added a conservation law for the free micro-inertia density tensor J,,, but in this work we assume constant
micro-inertia density tensors J,,, and J, as well as a constant mass density p > 0 ([p] = kg/m?). If the first
two terms appearing in Eq. (III.13) can be directly related to those introduced by Mindlin [156], the terms
of gradient micro-inertia are currently used only when dealing with second gradient continua [16,126], but
usually not when considering micromorphic models. Indeed, Mindlin [156] recognized inertia terms which
are similar to our gradient micro-inertia terms when considering the particular case of the long-wavelength
limit of his micromorphic model. The expression (II1.13) of the energy that we propose here is more general
(i.e. not restricted to large wavelengths) and indeed the gradient micro-inertia will show its higher effect for
relatively small wavelengths (high wavenumbers). Nevertheless, basing ourselves on our first comparisons
with experimental results [131, 132], we are persuaded that gradient micro-inertia is essential also when
considering enriched models of the micromorphic type if the ultimate goal is that of describing the behavior
of actual physical systems.
Considering dimensional consistency, we can always write the micro-inertia density tensor J as:

jm = PEZ Jrmos jg = ng nga (I11.14)

where ijajgo : R3*¥3 5 R3*3 are dimensionless. Here, L. > 0 is another characteristic length [EC] =m. We
also propose a split of the micro-inertia densities, similar to that adopted for the other elastic tensors like:

1
(Jm sym Py, sym Py ) + 3 (Jc skew Py, skew P, ), (II1.15)

~
Il
N = N =

<J]g sym Vu ¢, sym Vu ; > + % <Jd skew Vu 4, skew Vu 4 >

Here, J,,,J, : Sym(3) — Sym(3) map symmetric tensors into symmetric tensors while J., J4 : 50(3) — s0(3)
map skew-symmetric tensors to skew-symmetric tensors. We assume then that both J,,,J,, . and Jq are
positive definite.

3The strict equality in (IT1.12) is trivial considering that replacing P = Vu on the left hand side and recalling that
Curl V¥ = 0. On the other hand, the inequality can be justified by thinking that a solution (u*, P*) of the relaxed micromorphic
problem is a minimizer, in the sense that W (u*, P*) < W (u, P) for any admissible field (u, P). Hence, taking a generic field
P = Vu (which is of course admissible) justifies equation (II.12).
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Chapter 1. Energy formulation of the relaxed micromorphic model Part 111

In the isotropic case, the micro-inertia density tensor J,,q, jgo can be represented by six micro-inertia
parameters 11, 172, 13,71, 72, 73 > 0 such that:

1 1 1 1 1
J = 3P lu ]| + 5m |devsym P, ||* + 31 | skew P> + g™ (trP;)* + §ﬁ1 | devsym Vu ,||*  (II1.16)

1 1
5 772 || skew Vu || + < tr (Vu1)°.

Definite positiveness of the kinetic energy As for the kinetic energy, we assume that the mean mass
density p is positive and J,,, and J, are positive definite, i.e.:
Fef >0: VX e R¥?: (T, X, X Ypous > o 1 X]Fsxs, (II1.17)
Jef >0: VX €: R3S . (Jg X, X )gos > cf | X ||Bsxs-

In the isotropic case, positive-definiteness is equivalent to having the mean mass density and the six
micro-inertia parameters positive, i.e.:

p >0, m > 0, 12 > 0, ns > 0, m, > 0, My > 0, 73 > 0. (I11.18)

1.3 The relaxed micromorphic stress and its possible symmetry

Considering the energy in equation (II1.1), the resulting elastic stress is:
d(Vu, P)= C, sym(Vu — P)+ C, skew (Vu — P), (II1.19)

which is solely related to elastic distortions e = Vu — P. One of the main results of the present part is to
provide a simple but effective homogenization formula which relates the elastic tensors C. and Cp, to the
macroscopic elastic properties of the considered medium that will be encoded in the effective elastic tensor
Cum.

In this subsection, we recall some arguments which allow the possibility of featuring a symmetric stress
tensor for the relaxed micromorphic model by setting the 6 components of the tensor C. to be vanishing.
Considering the scalar product <X , Y> = tr(X - Y7T), we start by noticing that, given the definition of the
fourth order tensors C, and C., they respect a generalized version of the orthogonal decomposition of second
order tensors (X = symX @ skewX), in the sense that:

sym [C, symX + C. skewX] = C, symX, (I11.20)
skew [C, symX + C. skewX] = C, skewX .

We recall that the elastic stress of the relaxed micromorphic model is:
d(Vu, P)= C, sym(Vu — P)+ C, skew (Vu — P), (I11.21)

so that skew-symmetry of the elastic stress o is entirely controlled by the rotational coupling tensor C.. since,
relying on formulas (II1.20), we have

skew o = skew [C, sym (Vu — P) 4+ C, skew (Vu — P)] = C, skew (Vu — P). (II1.22)

For a positive definite coupling tensor C., we note that skew-symmetric stresses skew o £ 0 occur if and only
if skew (Vu — P) # 0.

If C. = 0, the elastic Cauchy stress o satisfies Boltzmann’s axiom of symmetry of force stresses. In
addition, for C. = 0, the elastic distortion e = Vu — P can be non-symmetric, while the elastic stress
& remains symmetric.*
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Part 111 Chapter 1. Energy formulation of the relaxed micromorphic model

In [201] the authors have introduced the original and important notion of non-redundant strain measures in
the micromorphic continuum. As it turns out, the relaxed micromorphic model with zero rotational coupling
tensor C. = 0 is a non-redundant micromorphic formulation. Conversely, the standard Mindlin-Eringen
model remains redundant, as does the linear Cosserat model.

With Boltzmann’s axiom, which is in sharp contrast to standard micromorphic models, the model would
feature symmetric force-stress tensors. Such an assumption has been made, for example, by Teisseyre [222,223]
in his model for the description of seismic wave propagation phenomena (for the use of micromorphic models
for earthquake modeling see also the discussion in [164]).

1.4 Dynamic equilibrium equations

Considering the anisotropic strain energy (III.1) and the anisotropic kinetic energy (III1.13), the dynamical
equilibrium equations for the relaxed micromorphic model take the compact format:

pU — ng Div mgo Vu 7”] =Div|[7d], pfg Jo Pi =0 —s— Curlm, (I11.23)
with the associated natural and kinematical boundary conditions:

ti=(G+I) n=t>" or u = u, Va € 99, (IIL.24)

Tovi=—m-e-n=1>" or P.v;, =up,, 1=2,3, Vr € 01,

where € is the Levi-Civita third order tensor, n is the normal to the boundary, v; and v, are 2 orthogonal
vectors tangent to the boundary, ug, p2, p3, t%, 7" are assigned quantities and we have defined:

d=C,sym(Vu — P)+C, skew (Vu — P), s =Cy, symP, (I11.25)
IT=pL? J0 Vu g, m = p L? Laniso Curl P.

Hence, the dynamical equilibrium equations for the isotropic relaxed micromorphic model, obtained con-
sidering the isotropic strain energy (II1.4) and the isotropic kinetic energy (II1.16), take the form:

puy —Div[Z] = Div[5], Z=5—s— Curlm, Vo € Q, (I11.26)
where

Z =1, devsym Vu y + 7, skew Vu 44 + % tr (Vu ),

I=mn devsym Py + 12 skew Py + 17—33 tr (Py), (I11.27)
o =2pcsym(Vu — P)+ A tr (Vu — P)1 4 2 p. skew (Vu — P),

$ =2y symP + Ay, tr(P)1,

m = p L? Curl P.

Of course, the associated natural and kinematical boundary conditions are also modified considering the new
definition of the parameters.

4Using C. = 0 is similar to the Reuss-bound approach in homogenization theory (stress fields are taken constant but
fluctuations in strain are allowed). Here, analogously, we would assume symmetric stresses o but non-symmetric distortion-
fluctuations in e = Vu — P. Voigt (see [230, p.596]) already discussed non-symmetric states of distortion. However, we can
supply some further support for using C. = 0. Indeed as Kroner notes [114], “asymmetric stress tensors only come under
consideration when a distribution of rotational moments acts upon the body externally, which is excluded here. The question of
whether the (...) rotations produces stresses can also be answered. We must first exclude asymmetric stress tensors, since they
contradict the laws of equilibrium in the theory of elasticity”. Furthermore, Kunin [115, p. 21] states the following theorem:
in the nonlocal theory of a linear elastic medium of simple structure with finite action-at-a-distance, it is always possible to
introduce a symmetric stress tensor and an energy density, which can be expressed in terms of stress and strain in the usual
way.

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/gLﬁ)Iication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



Chapter 1. Energy formulation of the relaxed micromorphic model Part 111

The system of equations in P can be split into their devsym, skew and tr parts obtaining (see [50]):

puy —Div[Z] =Div[2p. sym(Vu — P) + Ae tr (Vu — P)1 + 2 p, skew (Vu — P)],
m devsym Py = 2 i devsym (Vu — P) — 2 piy, devsym P — p L2 dev sym ( Curl Curl P), (111.28)
naskew Py = 2 pi.skew (Vu — P) — p L? skew ( Curl Curl P),

%773 tr (Pyy) = (;“e + )\e> tr (Vu — P) — (;,um + )\m> tr (P) — é/i L%tr (Curl Curl P).

We note here that the presence of the Curl P in the energy generates a non-local term Curl Curl P in the
equation of motion, while the possibility of band-gaps is still present, see [139]. The presence of the Curl P

term is essential to simultaneously allow for the description of non localities and band gap in an enriched
continuum mechanics framework.
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CHAPTER III.2

Analysis of the material symmetry classes

Now, we need to shortly discuss that such a reduced formulation is fully able to be treated in an invariant
setting. Considering the displacement u and the micro-distortion field P, we apply the following coordinate
transformation (generating the so-called Rayleigh-action on it [7]):

r=Q" ¢ PHE)=Q- [P@Q"-9)]-QT, (IT1.29)
u*(€) = Q- u(QF-6), Veu® (€) = Q- V,u(@QF - €)- Q.

Thus, we require that P transforms as Vu under simultaneous rotations of the reference and spatial config-
urations. With this definition, it can be shown [161] that:

Curlg P#(¢) = Q - [Curl, P(QT - €)] - Q. (I11.30)

As explained in detail in [161], possessing a material symmetry is tantamount to requiring, under the trans-
formation (I11.29) with any @ € G-symmetry group of the material, that both the strain energy density and
the kinetic energy density are form-invariant, i.e.:

W (Veu” (€), P¥ (), Curle P¥(€)) = W (Vyu(x), P(z), Curl, P(z)), (IIL.31)
J (¥ (€), Veu™ (€), P#(€)) = J (u(x), Vyu(z), P(z)),
that is equivalent to saying that, V@ € G-symmetry group of the material, we have:
W (Vu, P,CulP) =W (Q- Vu -Q",Q- P-Q",Q  (CwlP) Q") (I11.32)
J(u, Vu, P)=J(Q -u,Q-Vu-Q",Q- P-Q").

The invariance condition depends on the set G in which the transformation matrix @ lives. Depending on
the symmetry properties of the group G, we will be able to define different material classes. For instance in
the case of full anisotropy the group G corresponds to {—1,1}, while in the case of full isotropy we obtain
G is the entire rotation group SO(3). Those are the two extreme cases, the classification of the linearly
elastic materials according to their symmetry includes the classical eight classes of elastic symmetry [33,45].
Symmetry groups for some classes of symmetry are contained within the symmetry group of other class as
schematically shown in Fig. 35.

2.1 The strain energy density in the Mandel-Voigt vector notation

In this section, we consider an equivalent formulation of the relaxed micromorphic model obtained by using
the Mandel-Voigt vector notation for the macro strain sym Vu as well as for the micro strain sym P. This
means that the second order tensors sym Vu and sym P are replaced by the vectors € and 8, in which the
components of the original tensors are sorted column-wise by respecting a given order which is chosen “a
priori”. This representation is more suitable if one wants to specify the anisotropy classes of the constitutive
tensors in a format that is easily found in the literature.

We consider a linear mapping M;; : Sym(3) — RS (as done in [143,229,230]) such that the independent
components of (sym Vu )ij and (sym P)ijare isomorphically mapped in the corresponding vectors €, and
Ba- The same analysis can be made for the symmetric parts of the curvature term and the kinetic energy

obtaining analogous results. We obtain:
€a =Maij (sym Vu)ij . (I11.33)

504 :imm-j (Sym P)Z] . (11134)
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Orthotrop

Tetragonei/”'

Figure 35: Material symmetry classes and their inclusions [113].

Considering the components of the mapping shown in the Appendix C.1, we have:

(symP),, (symVu),,

(sym P)yy (symVu )o,

_ (sym P)4, _ (sym Vu ),
B= c(symP)ys |’ °= c(symVu )y, (IIL.35)

c(symP),, c(symVu ),

c(symP),, c(symVu ),y

The coefficient ¢ depends on the notation used (2 for Voigt notation [229,230], v/2 for Mandel notation [143]).
Let us consider an anisotropic energy term in Vu — P, namely:

1

9 (Ce)ijkl (sym (Vu — P))ij (sym (Vu — P))y, (111.36)
Now, if we consider a quadratic energy in € - § we can always express it as:
1/~ 1 /~
3 ((Ce)aﬁ (ea — Ba) (eg — Bp) = 3 ((Ce)aﬂ Maij Mpr (sym (Vu — P)),; (sym (Vu — P)),,.  (IIL37)

Here, C.: RS — RS is a general second order symmetric tensor on R*®(matrix), with 21 independent
coefficients.
Comparing eq. (II1.37) with (II1.36), i.e.:

1

) (Ce)ijkl (sym (Vu — P))ij (sym (Vu — P))y, = (IIL.38)
1/~
3 ((Ce)aﬁ Maij Mpr (sym (Vu — P)), (sym (Vu — P))y,,
we must have:
-1
_ ™~ -1 _ -1 (7~ -1
((Ce)ijkl - 9:noﬂ,j (Ce>a6 mﬁkl ) ((Ce)ijkl — m”a ((Ce)aB mk16 . (11139)

The second relation can be verified considering:

(Ce)int (Co)pmm =M ((Ee) ;; ML My, (C€>’v6 Myns = ML (@);ﬂl 35, ((ﬁe)w Myns  (IIL40)

:f)ﬁ;ilj (([Nje> - (66)&5 Mns = Em;}j ga(; Mons = f)ﬁ;llj Mmna = Lijmn.

apB

On the other hand, the converse relations read:

~ ~\ -1 3
(Ce>a5 = M (Co)yy Ml (Ce),, = Moy (C)ia Mo (ITL.41)
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In the same fashion, we can obtain analogous equations for Cp,, Le, J4, Jn and later Cy.

With reference to (II1.41) and recalling expression (C.5) (see Appendix C.1) for the components of M~
we see that the second order tensor @e can be written as a function of the components of the fourth order
tensor C, as

(Ce)llll ((Ce)1122 (CE)UBS % ((C€>1123 % (Ce)1113 % ((Ce)1112
(C5)2211 ((Ce)2222 (C5)2233 % (66)2223 % (C5)2213 % ((Ce)2212
(E _ (C€)3311 (C6)3322 (C€)3333 % (C€)3323 % (C€)3313 % ((Ce)3312 (11142)
‘ % (Ce)2311 % ((Ce)2322 % ((Ce)2333 ;% (Ce)2323 ;% (CE)QSIS % (C6)2312 7
% (Ce)ll}ll % ((Ce)1322 % ((Ce)1333 ;i? ((Ce)1323 ;% (66)1313 ;iz (65)1312
% (C5)1211 % (C€)1222 % ((Ce)1233 ;% (Ce)1223 ;iz (66)1213 Q% (C5)1212

which is a symmetric 6 x 6 matrix due to the symmetries of C. according to which:
(Ce)ijra = (Ce)pyiy - (111.43)

Now, we extend the reasoning for the elastic tensors acting on symmetric strain measure to the elastic tensors
C. and L, which instead act on skew-symmetric strain measures and so provide the “rotational coupling” in
the relaxed micromorphic model and the skew-symmetric part of the curvature, respectively.

To that end, we may always represent the 4" order tensor C. : s0(3) — s0(3) acting on skew-symmetric
matrices by its version acting on axial vectors only, i.e. we write:

(C. skew (X)), skew (X) )g5us = ( C. axl (skew (X)), axl (skew (X)) ). (I11.44)
where (Ec : R?* — R3? is a symmetric second order tensor (since it appears in a quadratic form) and the

operator axl defined in equation (INT.5). Therefore, @C has only 6 independent coefficients and so does C..
Given a second order tensor X, it can be verified that:

|| skew (X)||2sxs = 2| axl (skew (X))||2s - (I11.45)
2.2 Constitutive tensors for various anisotropy classes
In this section, we discuss the different anisotropy classes for C., Cp, Ce, L, jg and J,,. In the case of C.

it can be expressed more easily as C,. To respect the invariance relations given in (IT1.32), the constitutive
tensors must be chosen such that, for every @ € G-symmetry group of the material, we obtain:

(Ce)ijkl = (Ce)mnpq QimanQkPQl‘P (Cm)ijkl = ((C )mnpq QimanQkalqv
((Ec)ij = (@C)animanv (E)ijkl ( )mnpq QZmQ]anleq, (11146)
(jg)ijkl ( )mnpq vaQyanlecp (jm)ijkl ( )mnpq le an Qkalq

In what follows, we will consider the split of the curvature term and the inertiae proposed in (II.4) and
(IT1.15). Therefore, instead of the last three condition, we work with:

(L)t = (L) mnpg @im@inQipQig: (Le)ij = (Le)mnQimQjn,
(Jg)ijkl = (Jg)mnpq QimanQkalqa (jc)ij = (jc)animana (11147)
(J )z]kl (Jm)mnpq szanQkalq» (jd)u = (jd)animan-

From these definitions, we can derive the structure of the constitutive tensors for every possible symmetry.

In what follows, we will present some of the main material symmetries and the associated crystal lattices,
giving the form of the resulting constitutive tensors E and K. Indeed, the constitutive tensors C,, (Cm, ]Le,
Jg and Jm acting on vectors in R® (equivalent to symmetric matrlces) must have the form E while (CC, L.,
J, and Jq that act on vectors in R3 (equivalent to skew-symmetric matrices), must have the form K. In
particular, we consider here the following material symmetries:
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e anisotropic;

e monoclinic;

e orthotropic;

e tetragonal;

e transversely isotropic;
e cubic;

e isotropic.

Anisotropic (Triclinic): As far as elastic material symmetry is concerned, the symmetry of the triclinic
crystal system is the same as the absence of symmetry. Triclinic crystal systems do have some symmetry,

but they do not have enough symmetry to restrict the form of the constitutive tensors.

IEll I:EIQ
Ea2
Etric —
sym
. ]Kll H;%21
KtI‘lC — KQQ
Ssym

9
Eos3
E33

Ru
Kas
Kas

IEM
Eoq
Esy
Ea4

IE15
Eos
Ess
E45
Ess

I:Em
Eoe
Ese
Ey6
Ese
Eg6

(IT1.48)

21+6 independent coefficients, no symmetry transformations.

Monoclinic: The monoclinic crystal system has exactly one plane of reflective symmetry. The normal to

the plane of mirror symmetry is taken here to be in the ez direction.

E11 IEIQ
Koo
Emon —
sym
N Ky 0
Kmon _ Koy
sym

IEB
Eos3
E33

Ks1
0
K33

0 0

0 0

~O ~0
Ey Eys
Ess5

Ij[“;m

Eoe

E36
0
0

Eee

(I11.49)

18+4 independent coefficients, one symmetry xy-plane.

Orthotropic (orthorombic):

This crystal system is known by two names, rhombic and orthorhombic.

When the same symmetry is applied to textured materials it is generally called orthotropy. The crystal has

three mutually orthogonal planes of reflection symmetry.
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Eyn Ep Ez 0 0 0
Eos @23 0 0 0
fForth _ Ess 0 0 0
E44 0 0 ’
sym I~E55 ~O
Ee6
Ky 0 0
Koth — Koy 0 |, (I11.50)
Sym K?,s
9+8 independent coefficients, three symmetry planes (xy, xz, yz).

Tetragonal: The tetragonal crystal has a unit cell with the shape of a rectangular prism with a square
basis. Therefore, the material symmetry includes three mutually orthogonal planes of reflection symmetry
plus 90° rotation symmetry with respect to one of those planes.

2pte 4+ Ae Ae A0 0 0
2e+Ae A2 0 0 O
mtetr ve 0 0 0
s pe 00 |
sym te 0
pre”
- 1 # 0 0
Kbetr = = wr o0 , (I11.51)
2\ sym [he
6-+2 independent coefficients, three symmetry planes (ry, xz, yz)
and 90° rotations in the xy-plane.

Transversely isotropic (Hexagonal): Considering elastic materials, the symmetry of the hexagonal
crystal system is the same as the transverse isotropy. The properties are symmetric with respect to a plane
of isotropy (xy-plane). In the crystal, there are three orthogonal planes of reflection symmetry and one axial
symmetry.

20 + Ae Ae A0 0 0
2e+Xe A 0 0 O
~ians ve 0 0 0
Et ans __ Mz 0 0 ;
sym we 0
He
N L[ w00
Krans — 3 we 0|, (I1L.52)
sym e
5+2 independent coefficients, three symmetry planes (zy, xz, yz)
and every possible rotation in the xy-plane.

Cubic: The cubic (or isometric) crystal has a unit cell with the the shape of a cube. Therefore, the material
symmetry includes three mutually orthogonal planes of reflection symmetry plus 90° rotation symmetry with
respect to those planes.
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2pe + Ae Ae Ae 0 0 0

20e + Ae Ae 0O 0 O

Ecubic — 2,“/6 + )\e 0 0 0

O
sym ue 0
Hhe
(I11.53)
Kcubic — & 1.
2
8+1 independent coefficients, 90° rotations in the three
symmetry planes (xy, xz, yz).

Isotropic: Isotropy means that the material properties do not depend on the direction. The representative
shape would have to be a sphere. Therefore, the properties are invariant with respect to every possible
rotation.

2Me + )\e )\e )\e 0 0 0
Ao te + Ae Ae 0 0 0
~. Ao Ao Qe +Xe 0 0 0 Siso | He
1S0 __ 1s0 __ "¢
Eis° = N N 0 w0 o | K =01, (IT1.54)
0 0 0 0 pe O
0 0 0 0 0 pe

2+1 independent coefficients, every possible rotation and symmetry.

After considering the representation (I11.53) and (II1.54), we appreciate the fact that there is no difference
between the cubic and isotropic rotational coupling. Both reduce ((NZC to be a spherical tensor (EC = G 1, with
e > 0. We believe that it is very difficult to make statements about the anisotropic rotational coupling (see
footnote 4), therefore we study the reduction of any given anisotropic rotational coupling to the isotropic
case in Appendix C.3.

Indeed, the first applications of the relaxed micromorphic model to real band-gap metamaterials show
that an isotropic version of the tensor C. is sufficient to trigger band-gap behaviors. We provide here the
general framework to treat any possible degree of anisotropy for the rotational coupling. Nevertheless, if
there is no evidence of the need of anisotropic rotational coupling based on experimental observations, an
isotropic coupling given by the Cosserat couple modulus p. alone should always be preferred. Therefore, it
is possible to consider a reduction of a given anisotropic rotational coupling to the isotropic case as analyzed
in Appendix C.3.
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CHAPTERIII.3

The macroscopic limit of the relaxed model — macroscopic
consistency conditions

The question of parameter identification has already been treated in the general anisotropic micromorphic
model initially proposed by Mindlin-Eringen [69]. However, the resulting interpretation of the material
constants, as well as their connection to the classical anisotropy formulation of linear elasticity, is still not
settled satisfactorily and is presumably impossible. As already seen, in our relaxed model the complexity of
the general micromorphic model has been decisively reduced, featuring basically only symmetric strain-like
variables and the Curl of the micro-distortion P. However, the relaxed model is still general enough to
include the full micro-stretch as well as the full Cosserat micro-polar model, see [176]. Furthermore, well-
posedness results for the static and dynamic cases have been provided in [176] making decisive use of recently
established coercive inequalities, generalizing Korn’s inequality to incompatible tensor fields [15,167,181-183].

In this section, we propose the derivation of the macroscopic consistency condition that is of primary
importance for an effective application of the relaxed micromorphic model to cases of real interest. The
basic idea is that of considering a sample of a specific microstructured material which is large enough to
consider the effect of the underlying microstructure negligible. On this large sample, standard mechanical
tests can be performed allowing for the unique determination of the elastic coefficients Cy;. The existence of
our formula relating Cy (which is well known) to C. and C,, (which are still unknown), allows to further
reduce the number of coefficients that need to be determined to unequivocally characterize the mechanical
behavior of microstructured materials. This unique feature of our relaxed model gives again more credibility
to the relaxed approach by opening the way to a clear experimental campaign to determine some of the new
micromorphic elastic constants.

Thanks to our previous considerations, we are able to establish equivalent relationships between the second
order tensors Cy;, C. and Cy,. The results that we show in this section have the following advantages which
allow us to expectedly proceed towards well-conceived applications on real metamaterials:

e the consistency condition that we derive here relates the macro moduli in Cy; to the micro moduli in
C. and Cp,. We claim that, given a specific metamaterial, the moduli in Cy; can be determined on
the basis of very simple mechanical tests. The idea is to consider a specimen which is big enough that
the effect of the microstructure can be considered negligible. Once the tensor Cy; is known, then C.
and C,, can be directly related via the consistency condition that we present here. This drastically
reduces the number of unknown coefficients that have to be determined, thus providing an effective
tool towards manageable applications.

e the way towards application is made even easier by the introduction of the second order tensors @M,
C. and C,;, whose form can be easily found in the literature once the class of anisotropy of the medium
is fixed, see chapter III.2.

3.1 Some considerations on the isotropic macroscopic consistency
condition

In this section, we want to recall some results concerning the macroscopic consistency condition for the
relaxed micromorphic model in the isotropic case [168,174]. It is of fundamental importance to catch the
power that the introduced homogenization formulas may have for an effective application of the relaxed
micromorphic model. In section I11.3.3, we will present a generalization of such homogenization formulas to
the fully anisotropic framework so opening the way for the effective mechanical characterization of a huge
class of mechanical metamaterials.
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Chapter 3. The macroscopic limit of the relaxed model — macroscopic consistency conditions Part III

The main idea behind the determination of our homogenized formulas is to consider a very large sample
of a given microstructured material. This sample must be large enough that the effect of the microstructure
on the macroscopic behavior of the sample can be considered to be negligible. Under this hypothesis, we can
introduce a macroscopic elasticity tensor Cy; : Sym(3) — Sym(3) which best fits the macroscopic behavior
of the sample and we can suppose that the material behavior can be described by classical linear elasticity
with energy:

1
W = 3 (Cyn sym Vu, sym Vu ). (I11.55)

The corresponding classical symmetric Cauchy stress is clearly defined as:
om(sym Vu ) =Cy sym Vu. (I11.56)

For very large sample sizes, however, a scaling argument easily shows that the relative characteristic length
scale L. of the micromorphic model must vanish. Therefore, we have a way of comparing the classical
formulation (II1.55) to the relaxed micromorphic formulation (II1.1) and to offer an a priori relation between
C., C,, on the one hand and Cy; on the other.

In [168,174], the authors obtained the macroscopic consistency conditions for the isotropic case:

(2Ue + 3)\6) (Q,Um + 3)\m)

2in + 3Am) = , 11157
Rrnt 43700 = 5 3 B T 3w (IIL57)
He Hm -1
= = + fbm m-
= te (He + pm) — p
Or, analogously:
(2pn1 + 3M1) (20 + 3Am)
2 e T 3>\e = y II1.58
_ MM HEm -1
pe=—————=4pM (Bm — M) Hm-
Hm — UM

Note that these formulas determine py; and sy (i.e. the elastic bulk modulus ky = %‘”‘M) to be one half
of the harmonic mean of e, pim, and ke, Ky, respectively.

As a matter of fact, the harmonic mean H (fie, ) defined for real numbers is:

1/1 1 -t 2 fbe
H esMm) — |5 | — + — = — . I11.59
(b ) {2 (Ne Nm)] He + Hm ( )

In the isotropic case, upon inspection of equation (IT1.58), we see that the “macroscopic” elastic response,
embodied by uy and Ay, cannot be equal or stiffer than the microscopic response, embodied by py, and Ay,.
This is certainly physically sound and expresses in short that “smaller is stiffer”. Moreover, py, = pn is
tantamount to “micro = macro” and formally equivalent to pe — co.

The fundamental importance of the equation (II1.58) has already been proven in [132], where it is shown
that the macroscopic stiffnesses provides the slopes of the acoustic curves for band-gap metamaterials. This
will be even clearer in further applications where static test will be conceived to evaluate “a priori” Ay and
MM -

Therefore, we have a way of comparing a classical first gradient formulation with the relaxed micromorphic
model and to offer an a priori relation between the microscopic parameters Ae, Am, fle, b On the one side
and the resulting macroscopic parameters Ay, iy on the other side [12,168,174]:

Re Km _ He Hm

KM = ——— MM = 5 (IH6O
He + Hm )

- b
Ke + Km
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Part 111 Chapter 3. The macroscopic limit of the relaxed model — macroscopic consistency conditions

Furthermore, if strict positive-definiteness (III.11) holds, we have:

Ke + Km > 0, e + fim > 0, Ke > KM, Km > KM, e > M, (I11.61)
Hm > UM,

and, therefore, the following inverse relations stand:

_Hm AM oy = M o = HmHM g = e PM (I11.62)
Re — RM

Re = y
Hm — UM He — UM

Km — KM

3.2 The static macroscopic limit and the dynamic long wavelength
limit

The governing equations for the anisotropic relaxed micromorphic model in the dynamic case take the form
given in (111.23), namely:

PUL — pf? Div ggo Vu }tt] = Div[o], pfg Jpo Pre=0 —s— p L? Curl (Eaniso Curl P) , (I11.63)

The classical continuum theory is the long wavelength limit, corresponding to large length and time scales, and
it predicts properties independent of specimen size. The long wave length limit is given by letting L., L. — 0
simultaneously. In this case, the system (II1.63) formally reduces to:

pu g =Div|[C, sym (Vu — P) + C, skew (Vu — P)], (I11.64)
0=C.sym(Vu — P)+C. skew (Vu — P) —Cp, symP.

Furthermore, considering a static problem for very large sample sizes a scaling argument easily shows that
the relative characteristic length scale L. of the micromorphic model must vanish and no inertia must be
considered. Therefore, equation (III.63) reduces further to:

Div [C. sym (Vu — P) + C, skew (Vu — P)] =0, (I11.65)
Ce sym (Vu — P)+C, skew (Vu — P) —C, sym P =0.

All the calculations made in the following are made in the macroscopic static case for simplicity. It must be
noted that the presence of the macroscopic inertia term pu + does not influence the calculations and all the
results obtained are still valid as a long wavelength limit in the dynamical case.

3.3 The general relaxed anisotropic case in the limit L. — 0

We will show that our relaxed micromorphic model defined by the energy (III.1), or equivalently by the
equations of motion (II11.63), can be reduced to a sort of equivalent “macroscopic model” when letting L. — 0.
Indeed, when L. = 0 equation (II1.63) reduces to (II1.65). In particular, (I11.65)s gives a direct relation
between P and Vu which, when inserted in (ITI.65)1, allows us to rewrite the energy in terms of Vu . Hence,
we can introduce an equivalent macroscopic stress tensor oy (sym Vu ) which is the limit of o( Vu, P) for
L. — 0. In symbols:

om(symVu) = Lligloa( Vu, P). (I11.66)

In the linear-elastic case the tensor oy (sym Vu ) can be written as:
om(symVu ) = Cy sym Vu , (I11.67)

assuming that it is the Cauchy stress tensor of a classical first gradient continuum.

In view of applications, considering very large samples of the anisotropic medium is equivalent to letting
L., the characteristic length, tend to zero. As a consequence of L. = 0, the second equilibrium equation
in (I11.63) loses the Curl Curl P-term and turns into an algebraic side condition connecting P and Vu
(equation (II1.65)3). This equation can be decoupled (by the assumed special mapping symmetry properties
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of the elasticity tensors, see equations (II1.20)) into two equations for the symmetric and skew-symmetric
part, respectively, yielding:

Ce sym (Vu — P) =C,, sym P, C. skew (Vu — P) = 0. (I11.68)

This uncoupling is true since C, and C,,, map symmetric matrices to symmetric matrices and C, skew (Vu — P)
is skew-symmetric by assumption (see subsection III.1.3 for more details). From the second equation in
(II1.68), we can easily derive that:

C. skew Vu = C, skew P. (I11.69)
On the other hand, solving (II1.68); for sym P gives':
(C+C.) symP =C, sym Vu, (I11.70)
—  symP =(Cn+C.) " (C.symVu).

This is an identity between the micro-distortion P and the gradient of the displacement Vu which proves
how, in the macroscopic limiting case, the model is transparent with respect to the micro-distortion, i.e.
only macroscopic deformations involving sym Vu are allowed. We insert (II1.68);, (II1.69) and (III.70)
into (II1.65); and considering the uncoupling between symmetric and skew symmetric parts of the involved
tensors, we get:

Div [C sym P] = 0 <= Div [(Cm (Co + Co) ™" C. symVu | = 0. (IIL.71)

On the other hand, the classical balance equation for the linear elastic macroscopic response is:
Div [Cy sym Vu] = 0. (II1.72)
Comparing the macroscopic balance equation (II11.72) with the one derived from our relaxed model when

letting L. = 0 ((II1.71);), we obtain the following a priori relation between the macroscopic elasticity tensor
Cwum and the microscopic tensor Cp, as well as the mesoscopic (relative) elasticity tensor C,:

Cy i=Cm (C +Co)™' Co, (IIL.73)

which is a generalization of (II1.57) when considering our anisotropic setting. Given the positive definiteness
of Cy, and C,, the resulting macroscopic constitutive tensor Cy; is symmetric and positive definite, as it is

proven in Appendix C.4. From equation (II1.73), we get by simple inversion?:

v =Cal (Cu+C) Cl=Ct+Ct. (IT1.74)

Therefore, we note, surprisingly at first glance, that Cy; is the “parallel sum” of C. and C,,?, that is equal
to one half of the harmonic mean operator on positive definite symmetric matrices (see [17, p. 103]), defined
as:

1 -1 _
H (C,,Cyy) = [2 (C'+ le)} =2Cp (Co 4 Cp) ™' Co=2Cy. (II1.75)

We can obtain the inverse relation with algebraic operations. First, from equation (I11.74) it is immediate
that:

Col=Cy —Ct (IT1.76)

m

1'We note here that the inverse of an elastic stiffness tensor, like (Cin + Ce) has the same symmetry group structure as Cpy +Ce
itself. This can be shown easily by directly looking at its definition of groups.

21t can be checked that, given fourth order invertible tensors A, B and C, the following identity holds: (A- B - C)71 =
c-1.p71.A71

3The parallel sum of two tensors A and B is defined as (A_1 + B_l)fl.
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and, considering that A~' B~ C~! = (C BA)™", we obtain:

Co=(Ci —Ca)  =1(C - Ca) 1 =Ca |G (G - C2) 7 G Cu

A-1pB-1¢C-1
=Cum [Cy (Cif = C3!) Cum] ™ Cy =Cu [(1 - CuCqY) Cu] ™' Cu (IIL.77)
(CBA)~!
=Cp [C —Cu]™! Cut.
So finally, we have the further compact relation:
Ce=Cpn (C — Cn)™ " Cut. (IIL.78)

Note that these results are true without assuming that the tensors Cp,, C. and Cy; commute (and, in fact,
they do not).

3.4 Particularization for specific anisotropy classes

To show how equation (IIL.73) particularizes for some of the anisotropy classes presented in II1.2.2, we use
the vectorial notation defined in subsection II1.2.1. Considering (II1.39), we can rewrite equation (II1.73) as:

Meai; M ((Em + @e)é m-L om-l (Ce)w M pg Mk

mn5 pge

((EM) s iy Myt = (@m) N
— (@m) N F (@m + @e) : ((Ee) oy M M (I11.79)
— (@im)Cw ((Em + @e): (@f")w Mo M -

From this last equation we easily notice that:

-1 -

Cnt = Con - ((:m + @e) .C.. (I11.80)

This formula for second-order elasticity tensors is completely analogous to (III.73), which was obtained for
4t order tensors and allows to pass from micro to macro coefficients just by specifying the special forms of
the 6 x 6 matrices Cyg, Cpn, C.. Using algebraic arguments analogous to those for the 4" order tensors case,
we obtain the inverse relation:

€. =T (T~ T B (I1L.81)

These expressions may be of use when the elastic properties (Em of a unit elementary cell of the considered
metamaterial and the macroscopic properties Cy; of the metamaterial considered as a macroscopic block are
known. Therefore, the elastic coupling tensor C, is easily computable and is, in fact uniquely determined.
In the following subsections, we will particularize equations (II1.80) and (III.81) to specific symmetries,
thus dealing with isotropic, cubic, orthotropic an generally anisotropic materials, as intended in our relaxed
micromorphic framework. For deriving such particular cases, we make the implicit assumption that C., C,,
and Cy; have the same symmetries, which is indeed a sensible ansatz.

3.4.1 The isotropic case

In this subsection, we show how the fundamental formula (II1.80) can be particularized to the isotropic case
so retrieving the homogenization formulas for the Lamé parameters proposed in [168 174].

In subsection II1.2.2, the structure of the 1sotroplc constltutlve elastic tensors (C‘SO and (C‘SO was shown,
see (II1.54). Defining the bulk moduli ke = 3 (2pte 4+ 3Ae), fm = 5 (2m + 3Am) ; kn = 3(2um + 3Am), and
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Part III

using the consistency condition in equation (II1.80) and simplifying, we find:

HM+4/3,U,M KJM—2/3,U,M FCM—2/3MM 0

kv —2/3punm kM +4/3pm kv —2/3pm 0

Niso KM —2/3/11\/[ KM —2/3/,LM IQM+4/3[LM 0
M = 0 0 0 UM
0 0 0 0 um

0 0 0 0 0 pu

0
0
0
0

OO O OO

=

where we set:

Re Km _ He Hm

KM= —"_—, HnM = .
Kze‘i’ﬁ:m l’l’6+um

The relation for k); can also be expressed as a function of uy and Ayr:

(2 + 3Am) (2pte 4 3Ae)
(2 (pe + pm) + 3 (Ae + Am)) .

(2um + 3MM) =

Equations (II1.83) can also be inverted:

_ _hMAm _ -1
Ke = = KM (Km —KM)  Km,
RKm — KM

_ MM Hm -1
fre = ————— = M (ftm — IM) " fm -
Hm — UM

The first equation in (II1.85) can be analogously rewritten in terms of A, and p. as:

(2pn + 3Am) (2p4m + 3Am)
(2t + 3Am) — (2u + 3M1) |

(2,ue + 3>\6) =

3.4.2 The cubic symmetry case

(I11.82)

(I11.83)

(I11.84)

(I11.85)

(I11.86)

In this subsection, we start investigating the interest that the homogenization formula (II1.80) may have in
the case of simple anisotropies, as in the cubic case. In a forthcoming work [49], this formula for the cubic
case will be applied to show how it is fundamental for the mechanical characterization of real metamaterials.

In subsection I11.2.2, the structure of the cubic constitutive elastic tensors CS"" and C'"P was shown, see

(ITL.53).
Via the bulk moduli and the consistency condition in equation (II1.80), we obtain:
I€M+4/3,U,M HM—2/3/LM KM_2/3/~LM 0 0 0
IiM—2/3,U,M :‘<LM+4/3MM KM—2/3/LM 0 0 0
(Ecub: KM_2/3/JM /QM—Q/?)/,LM KM+4/3MM 0 0 0
M 0 0 0 py 0 0
0 0 0 0 py O
0 0 0 0 0 py

where:

Foap = Ke Km 7 v = He Hm , MK/I _ /’L: /“L:fﬂ )
Ke T Km He + Hm He i

The relation for k); can also be expressed as a function of uy and Ay

(2pm + 3Am) (2pe + 3)e)
(2 (pe + pm) + 3 (Ae + Am)) .

(QMM + 3)\1\/[) =
Equations (II1.88) can also be inverted:
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Conclusion

KM Km
© " Km— kM
MM Hm
e = —
Hm — UM
= A
LY

= kM (Km — kM)

= pum (Bm — pm)

Km
1
Hm;

-1
= prg (B — HA1) " M -

The first equation in (II1.90) can be analogously rewritten in terms of A, and p. as:

(2pn1 + 3Am1) (244 + 3Am)

(21e +3Xe) =

3.4.3 The orthotropic case

(2tm + 3Am) — (2pm + 3An1)

(I11.90)

(IT1.91)

In subsection II1.2.2, the structure of the cubic constitutive elastic tensors (E‘c?”h and (E?,fth was shown, see

(I11.50).
We define the sub-blocks C2, C2 and C§; as:

(C)y () (&), ]
= (C)n (&), (C)y | G
(C)y (&), (&),

22 23

)y (), (6w,

. (111.92)

The macroscopic constitutive tensor @ﬁth keeps the orthotropic structure of the two (E‘emh and @g{th. Con-
sidering p = 4,5,6 without the sum over repeated indices and using the consistency condition in equation

(IT1.80), we obtain:

(€),, (C),,

Co, — o ((:g + ) G (@M)W - (@e - @m> (111.93)
Pp
The formulas in equation (II1.93) can also be inverted as:
Ca=Cy- (@; - @;4) e (Ee)pp = (((:gjpp éin;)pp . (IT1.94)
pp
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Conclusion

In this part, we have obtained that for zero characteristic length scale L. = 0 (which corresponds to a long
wavelength limit or to a specimen of arbitrarily large size), we can identify both the symmetric and the
skew-symmetric part of the micro-distortion P as a function of to the gradient of the displacement Vu :

(Cm+Ce¢) symP =C, symVu , (II1.95)
C. skew P =C, skew Vu .

From this result, we obtain that the experimentally observable macroscopic stiffness for an energy-equivalent
linear elastic medium has the stiffness tensor:

1 _
Cu = 5H(Ce,Cu) = (C +C7) "= C. (Cm +Co)™! Cpp. (I11.96)

Here, H is the harmonic mean of the elastic (relative) stiffness tensor C. and the microscopic stiffness tensor
Cp of the relaxed micromorphic model. Inversion of expression (II1.96) yields:

Ce=Cp (Cou—Cy) ' Cy=(Cyt —C31) 7" (I11.97)
In (II1.97), the tensor C. is uniquely determined and positive definite, provided that C,, — Cy is positive
definite. No similar simple expression exists for the standard anisotropic Mindlin-Eringen model.

We remark that the rotational coupling tensor C. is in no way related to either the macroscopic or the
microscopic measurable quantities, in sharp contrast to C,,, Cy, Ce.

Moreover, our presented model allows full use of the well-known Voigt-representation for classical elasticity
tensors. Thus, we do not need to investigate the anisotropy classes based on 6!*-order tensors [7], neither for
the local energy contribution nor for the curvature expression. This makes the presented framework by far
more attractive, due to the transparent comparison to classical linear, anisotropic elasticity.

Our a priori novel macroscopic consistency condition (II11.96) drastically reduces the burden of determin-
ing constitutive coefficients. Indeed, the fundamental importance of formula (II11.96) will be soon provided
in a forthcoming paper in which a “cubic” band-gap metamaterial will be investigated. The macroscopic
coefficients Cy; will be determined on the basis of classical static tests on samples of the considered metama-
terial. This will allow to drastically reduce the constitutive parameters to be determined. Such remaining
parameters together with the micro-inertiae and, eventually, the characteristic length L., will be determined
on the basis of dynamical tests, following what was done in [132] for the isotropic case.
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Part IV

Modeling phononic band-gaps via the
relaxed micromorphic model
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Introduction

Mechanical band-gap metamaterials are suitably engineered microstructured materials which are able to in-
hibit elastic wave propagation in specific frequency ranges due to the presence of their underlying microstruc-
ture. These frequency intervals in which wave inhibition takes place are known as frequency band-gaps and
their intrinsic characteristics (characteristic values of the gap frequency, extension of the band-gap, etc.)
strongly depend on the metamaterial microstructure. Such unorthodox dynamical behavior can be related
to two main physical phenomena occurring at the micro-level:

e local resonance phenomena (Mie resonance): the micro-structural components, excited at particular
frequencies, start oscillating independently of the matrix thus capturing the energy of the propagating
wave which remains confined at the level of the microstructure;

e micro-diffusion phenomena (Bragg scattering): when the propagating wave has wavelengths which are
small enough to start interacting with the microstructure of the material, reflection and transmission
phenomena occur at the micro-level.

Such resonance and micro-diffusion mechanisms (usually a mix of the two) are at the basis of both electromag-
netic and elastic band-gaps (see e.g. [5,127]) and they are manifestly related to the particular microstructural
topologies of the considered metamaterials. In fact, it is well known (see e.g. [5,123,142,213,221]) that the
characteristics of the microstructures strongly influence the macroscopic band-gap behavior.

In recent works [139, 140], the relazed micromorphic model was suggested to account for the onset of
microstructure-related frequency band-gaps [139,140] while remaining in the macroscopic framework of con-
tinuum mechanics. In [141], a comprehensive study of jump conditions for surfaces of discontinuity of the
material properties in relaxed micromorphic media was presented, thus establishing a strong basis for the
systematic study of reflection and transmission phenomena in real band-gap metamaterials. In this part,
we will show that the particular constraint introduced in [141] that we called “macro internal clamp with
free microstructure” is indeed able to reproduce real situations in which a Cauchy material (e.g. steel) is
connected to a phononic crystal (e.g. a steel plate with fluid-filled holes).

The relaxed micromorphic model is, by its own nature, a “macroscopic” model, in the sense that all the
constitutive parameters introduced take into account the presence of the micro-structure in an “averaged”
sense. Nevertheless, it is interesting to validate the estimate of the parameters of the relaxed micromorphic
model performed here against more “homogenization-oriented” methods of the type presented in [8,217]. The
present part is organized according to the following structure:

e In chapter IV.1, we derive the bulk governing equations and the associated boundary conditions for
the relaxed micromorphic model [80, 139,140, 176]. The hypothesis of plane wave is introduced and
a discussion concerning the behavior of the dispersion relations obtained by means of our relaxed
micromorphic model is performed. A derivation of the necessary and sufficient conditions for real wave
propagation is also presented.

e In chapter IV.2, we make a review of some of the available isotropic, linear-elastic, enriched continuum
models for the description of the dynamical behavior of metamaterials. We show that the relaxed
micromorphic model is the only non-local enriched model which is able to describe band-gaps when
considering a kinetic energy independently accounting for micro and macro motions.

e In chapter IV.3, we present some results rigorously derived in [141] concerning the conservation of total
energy in relaxed micromorphic media. The explicit form of the energy fluxes is presented both in the
general case and when using the plane wave ansatz. For completeness, the conservation of total energy
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Part IV Introduction

is recalled also for classical Cauchy continua. Furthermore, a particular connection between a Cauchy
medium and a relaxed micromorphic medium, called “macro internal clamp with free microstructure”,
is introduced. This connection allows continuity of macroscopic displacement at the considered in-
terface together with free motions of the microstructure on the side of the interface occupied by the
relaxed micromorphic medium. The procedure for the determination of the reflection and transmission
coefficients at a Cauchy /relaxed-micromorphic interface is also presented.

e In chapter IV.4, the cases of two real phononic crystals are presented. For the first phononic crystal,
the parameters of the relaxed micromorphic model are determined via the fitting of the dispersion
curves and the the profile of the reflection coefficient is obtained and compared with a FE model. In
the second case, the maximum possible number of constitutive elastic parameters are instead fitted, by
inverse approach, directly on the reflection spectrum based on real experiments on a specific phononic
crystals (see [127]). Furthermore, a first evidence of non-local effects in band-gap metamaterials is
given, by quantifying them through the determination of the characteristic length L. for the phononic
crystal experimentally studied in [127].
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CHAPTERIV.1

Bulk wave propagation in the relaxed micromorphic model

We recall here the strain and kinetic energy densities for the relaxed micromorphic model that will be used
to study the dynamic problem and to model the band gap behavior for specific phononic crystals. The elastic
energy density reads

Ae
W = pe ||sym (Vu — P)|* + 5 (tr (Vu — P)) + pe || skew (Vu — P)||? (Iv.1)
Am L?
+ i [|sym P|2 4+ S (1 P)° + “2 ¢ || Curl P|1%,

where the parameters and the elastic stress are analogous to the standard Mindlin-Eringen micromorphic
model.
For the kinetic energy, we consider:

1 1 1 1 1
J = 3 pus + 3 [|dev sym P||* + 312 || skew P[> + 5 nstr (Py)° + §ﬁ1 || dev sym Vu 4||* (Iv.2)

1 1
+ iﬁQ I skeWVu,tH2 + gm tr (Vu 7t)2 .

1.1 Solution of the dynamic problem

Isotropic equation of motion and plane wave ansatz The dynamical formulation is the one given in
Equation (II1.26):

puy —Div[Z] = Div[s], I=5—-s— Curlm, Va € Q, (1V.3)
where
Z =1, devsym Vu 4 + 7, skew Vu 44 + % tr (Vu ),
7= 11 devsym Py + 1o skew Py + n—; tr (Py), (IV.4)

o =2pesym(Vu — P)+ A tr(Vu — P)1 4 2 p. skew (Vu — P),
$=2pm sym P + Ay, tr(P) 1,
m = p L? Curl P.
Sufficiently far from a source, dynamic wave solutions may be treated as plane waves. Therefore, we
suppose that the space dependence of all introduced kinematic fields are limited to a direction defined by a

unit vector ¢ € R3, which is the direction of propagation of the wave and which is assumed given. Hence, we
look for solutions of (IV.3) in the form:

u=1u(X,t), P=P(X,t), (IV.5)

where X = <§~, x)gs is the direction of propagation of the wave. Since our formulation is isotropic, we can,

without loss of generality, specify the propagation direction E =e;. Then X = (e1,x)rs = x1, and we obtain
that the space dependence of all introduced kinematic fields are limited to the component x;?.

n an isotropic model, it is clear that there is no direction dependence. More specifically, let Ee R3 be an arbitrary direction
and @Q € SO(3) an orthogonal spatial coordinate change such that Q - ey = £. In the rotated variables, the ensuing system of
PDE’s (IV.3) is form-invariant, see [161].
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Part IV Chapter 1. Bulk wave propagation in the relaxed micromorphic model

The uncoupled plane wave propagation systems To express the system (IV.3) in a decomposed form,
we define the following variables:

1

P = _tr(P), PP .= Py — P%, PV := Py — P,

3
P[’Lj] Z:(SkeWP)ij: (Pi‘— Pj‘), P(”) ::(symP)ij: (Pij—f— le‘). (IV6)

N =
N =

Since the dependency is only on the space variables x; and the time ¢, the system (IV.3) can be rewritten
with the help of the newly introduced variable, as:

e a set of three equations involving only longitudinal quantities:

. 2T+,
pur — 7713 = ul,ll:(2.ue+/\e)u1,1172N€P,?7(2'ue+3/\e)P€’
.. 4 1 2
771PD*gueU1,1+§#LzP€1*gﬂsz,?‘l*Q(:“e*“m) PP, (IV.7)
2pe +3Ae

. 1 2
ns P¥ = U1~ g pwL2PY + 3 pL2PY,

3
— (2416 + 3N 4+ 2t + 3Am) PY,
e two sets of three equations involving only transverse quantities in the &-th direction, with £ = 2, 3:

T T
pitg — — D) 2 iig 1 = (te + pe) ug 1 — 2 e Pgya + 2 e Pagj 1,

.. 1 1
M Pe) = preug + 5 wL2 Pagy i+ 3 1 L% Pug 1 (IV.8)
— 2 (He + pm) Pag,

2 Pug) = —peug s + % p L Pagyan + %MLipug],u — 2 pe Ppg,
e one equation involving only the variable P(23):
M Pragy = =2 (ke + ptm) Progy + p L2 Py 11, (IV.9)
e one equation involving only the variable a3 :
72 15[23] = —2 pc Pp3) + ML3P[23],117 (IV.10)

e one equation involving only the variable PV:
m PV = -2 (He + Hm) PY +.uLgP,‘l/lv (IV.11)

Harmonic solutions for the plane wave problem We now want to study harmonic solutions traveling
in an infinite domain of the differential systems (IV.7) involving only longitudinal quantities, the two systems
in (IV.8) involving only transverse quantities and the one composed by the uncoupled equations (IV.9),
(IV.10) and (IV.11). Therefore, we define four unknown vectors that reflect the coupling of the variables in
the equations of motion (see [50,131,132,136-141]):

V1 = (ulaPDaPS) ; Ur = (U’T7P(1T)7P[l7']) ’ T=2,3, Vg = (P(23)aP[23]7PV) . (IV12)

longitudinal transversal uncoupled

Since we want to find harmonic waves, we look for solutions of the form:

vy = ﬂl ei(kawt)7 v, = 5T€i(kX7wt), =23, vy = ﬂ4ei(k:Xfwt)7 (IV13)
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Chapter 1. Bulk wave propagation in the relaxed micromorphic model Part IV

where 8! = (81,834,807 € C3, 8™ = (87,B5,83)T € C3 and p* = (B%,85,85)7 € C3 are the unknown
amplitudes of the considered waves?, k is the wavenumber and w is the angular frequency.
Replacing these expressions in equations (IV.3), we can express the system (see [139,140,179]) as:

Ay -Bl=0, A, - BT =0, T=2,3, Ay Bt =0, (IV.14)
with
—? (14 12 22T ) 4 2 g2 i k2pe/p ik (2pe+3\) /p
Ar(w, k) = —i k3 pe/m —w? + 5O K+ Wl —3 o K )
—%z’k (2pe +3Xe) /13 —%012713]%‘2 —w2—|—§c§n3k2+wg
—w? (1+k2%)+c§k2 tk2pe/p —ik2pu./p
T [T T S O O |
s TN Y. B I
(IV.15)
—w? + c?nl k% + w§ 0 0
Ay(w, k) = —w? + 25 k? + w? 0 ,
sym —w? 42 k% +w?

where the following characteristic quantities have also been introduced:

€L2 8L2 €L2 )\6 2 e e C
Cml = K Ca Cm2 = L Cv Cm3 = a Ca Cp = Ja Cs = u,
Ui 2 n3 p \ p
\/(3/\e+2ue)+(3/\m+2um) 2pc |2 (pe + pim)
wp = , Wg = 4| ——=.
3 2 T

We remark here that, considering the form of the resulting tensors, we can always take the gradient micro-
inertia 77; = 0 and redefine N5 =7, + 7y and 73 = 27; + N3 to obtain an equivalent form.

Now, we want to express the system (IV.14) equivalently featuring only symmetric matrices with real
entries. To do so, we define the diagonal matrix:

diag, = 0 ¥om 0 . (IV.16)
0 0 i3

Setting v = diag, -4 and the matrix 4, (w, k) = diag, - A; (w, k)-diag] !, the problem (IV.14) can be formulated
equivalently as®:

2Here, C3 is the space of complex constant three-dimensional vectors and we understand that having found the (in general,
complex) solutions of (IV.13) only the real or imaginary parts separately constitute actual wave solutions which can be observed
in reality.

3We can face the problem in two more equivalent ways. The first one is to assume from the start that the amplitudes of
the micro-distortion field are multiplied by the imaginary unit i, i.e. 8 = (81,4 82,i83)T € C3, as done in [155, p. 24, eq. 8.6].

Doing so, we obtain a real matrix that can be symmetrized with a real diagonal matrix diag; = (\/p, Vg" and 1/3n on the

diagonal). On the other hand, it is also possible to consider from the beginning 8 = (\/p Bl,i@ B2,i+/3n83)T € C3? obtaining
directly a real symmetric matrix.
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Part IV Chapter 1. Bulk wave propagation in the relaxed micromorphic model

<1+k2 2”1+"3) +Ek B kp/ypm Bk (2pe +3)) /P

_ 4t
Ar-y= —w? + 32, k2 + w? —%cmlcmgkz 72 | =0
73
sym —w? —|— 22 k% + w
(IV.17)
Analogously considering
NZ 0 0
diag, = 0 2y 0 , (IV.18)
0 0 i/2m
we obtain As(w, k) = Ag(w, k) = diag, - As(w, k) - diagy "
(1 + k? "1+"2) + R kN2pe/ /P —k V2 e/ /P2,
ZQ(wv k) = ZS(U% k) = —w? 4+ 2 m1 k2 + w2 %cml Cma k2
sym —w? + %cfng k2 + w?
(IV.19)
In order to have non-trivial solutions of the algebraic systems (IV.14), one must impose that
det A;(w, k) = 0, det A (w, k) = det Az(w, k) = 0, det Ag(w, k) =0, (IV.20)

the solution of which allows to determine the so-called dispersion relations w = w (k) for longitudinal and

transverse waves in the relaxed micromorphic continuum, see Section IV.1.3. The solutions of the eigenvalue

problem obtained via the proposed decomposition are the same as the ones obtained via the standard formu-

lation shown in the Appendix D.4 with the full 12 x 12 matrix, for more details see [50]. For estimates on the

isotropic moduli, we refer to [131,132] and, for a comparison with other micromorphic models, to [137,138].
For solutions w = w(k) of (IV.20) we define the

dw(k)
dk -

phase velocity: v = group velocity: ¢ =

- (IV.21)

Real wave numbers k£ € R correspond to propagating waves, while complex values of k are associated with

waves whose amplitude either grows or decays along the coordinate X. In linear elasticity, phase velocity
and group velocity coincide since there is no dispersion and both are real, see Appendix D.1.

Generalization for the full anisotropic case In the case of anisotropy, the equation of motion is (II1.23)
(instead of Equation (II1.26)):

PUL — p L? Div [J,0 Vu ] =Div[a], pL?T,.0 P, =0 —s— Curlm, (IV.22)
where

o =C,sym(Vu — P)+C, skew (Vu — P), s =Cy, sym P, (Iv.23)
m=pu Li Laniso Curl P.

Assuming again plane harmonic waves, we have:

u(w, t) = del (k& —wt) ieC?, €Nz =1, (IV.24)
P(z,t) = ﬁei(k@’zm*wt), Pe C3x3,
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Chapter 1. Bulk wave propagation in the relaxed micromorphic model Part IV

where u is the polarization vector and P is the polarization matrix. In the anisotropic case, the vector
& cannot be specified without losing generality and the dispersion curves will, therefore, depend on the
direction defined via the vector £ . With this hypothesis, the system (IV.22) can be written as a linear

system in 3 := (u, /]\3) € C'? as:
A&, w,k)-B=0. (IV.25)

where A is a 12 x 12 tensor. To have non-trivial solutions of the algebraic systems (IV.25), one must impose
that

det A(¢,w, k) = 0. (IV.26)

This is the generalization of conditions (IV.20) for the anisotropic case. The various solutions of this equation
give the branches of the dispersion curves. It must be noted that a decomposition of A in sub-matrices is
obtainable only for particular energies and/or directions &.

1.2 Necessary and sufficient conditions for real wave propagation

Investigations of real wave propagation and ellipticity are not new in principle. Indeed, it is textbook knowl-
edge for linear elasticity that positive definiteness of the elastic energy implies real wave velocities (phase
velocities) v = w/k where w [rad/s] is the angular frequency and k [rad/m] € R is the wavenumber of planar
propagating waves. In classical elasticity, having real wave velocities is equivalent to rank-one convexity
(strong ellipticity or Legendre-Hadamard ellipticity). Moreover, ellipticity is equivalent to the positive defi-
niteness of the acoustic tensor. For anisotropic linear elasticity we mention [41], while for anisotropic nonlinear
elasticity we refer the reader to [10,152,205,207].

The same question of ellipticity and real wave velocities in enriched continuum mechanics has been
discussed for micropolar models, e.g. in [211] and for elastic materials with voids in [42]. For the isotropic
micromorphic model results can be found with respect to positive definite energy and/or real wave velocity
[185,212], Mindlin [155,156] and Eringen’s book [67, pp. 277-280]. These latter results present conditions
which are neither easily verifiable nor are truly transparent. This is due to the very high number of material
coefficients of the Eringen-Mindlin theory that are strongly reduced in the relaxed micromorphic model [150].
Indeed, the implication that positive definiteness of the energy always implies real wave velocities is not
directly established and demonstrated. In this chapter, we investigate the relaxed micromorphic model in
terms of conditions for real wave velocities for plane waves and establish a necessary and sufficient condition
for this to happen.

We present a set of necessary and sufficient conditions for real wave-velocities in the relaxed micromorphic
model which is weaker than positivity of the energy, as the strong ellipticity condition is with respect to
positive definiteness of the energy in the case of linear elasticity.

Since we are only interested in real &k (outside the band gap region), the wave velocity (phase velocity) is
real if and only if w is real.

In what follows, we will consider the isotropic case with vanishing gradient micro-inertia. The case with
non-vanishing micro-inertia could be readily obtained considering that the “effective” macroscopic inertiae

pL=p (1 +k? %) and p; = p (1 +K? %) replace the macroscopic inertia p in the matrices and
the parameters’ definition for longitudinal and transverse waves, respectively. These “effective” inertiae are

positive for every k and are always bigger than p; therefore, all the obtained results are to be considered
general. However, considering the vanishing gradient micro-inertia, the matrices become:

—w? 2k S kpo/ e Pk (2pe+3)) /o
Ay (w, k) = —w? + 12 k? + w2 —@ k2 Cmi1cms ’ (IV.27)

24 2122 2
sym —w* + S k73 +w,
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Part IV Chapter 1. Bulk wave propagation in the relaxed micromorphic model

—w? g k? kN2pe/ /P —k V2 e/ /P2,
As(w, k) = A3(w, k) = —w?+ 22 k? + w? 1k2Cmicma . (IV.28)
sym —w? 4+ %c?nQ K2+ w,%

Since w? appears on the diagonal only, the problem (IV.20) can be analogously expressed as an eigenvalue-
problem:

det (Bi(k) —w®1) =0, det (Ba(k) —w®1) =0, (IV.29)
det (Bs(k) —w®1) =0, det (By(k) —w®1) =0,
where
Ak 2 k) om Lk 2ue+3A) /s
B (k) = 22, k2 +w? —g k2 Cm1Cma ) ; (IV.30)
sym 2k g+ w2
Ak kV2uc/pm —kV2pe/ /o2,
By (k) = Bs(k) = 12 k% +w? 2k Cm1Cma ] , (Iv.31)
sym 520 k% + w?
2k 4 w? 0 0
By(k) = 2o k? + w? 0 . (Iv.32)
sym 2 k% +w?

Note that By (k), Ba(k), Bs(k) and By(k) are real symmetric matrices and, therefore, the resulting eigenvalues
w? are real. Obtaining real wave velocities is tantamount to having w? > 0 for all solutions of (IV.29).

Since it is useful in what follows we explicitly remark that:

4 2ue +3Ae 4 4 pe + 3 Ke
2,ue+)\e:*,ue+1u7:*,ue+“e:%a

 Apym +3km
3 3 3 ’

2pm +Am = — 5 (IV.33)
With these relations, it is easy to show how p. > 0 and k. > 0 imply 2 pe + Ae > 0. Moreover, as shown in
the appendix (equations (D.48) and (D.49)), we note here that if only ue + pm > 0 and ke + Ky > 0, then
the macroscopic parameters are less or equal than respective microscopic parameters, namely:

Re Z KM, Rm Z KM, e Z UM, Hm Z HM, (IV34)
and, moreover, the following inequalities are satisfied:

4 punm + 3 ke

2ue+)\ez2uM+AMa 2Hm+>\mZ2HM+)\M7 3

> 2pumM + A (IV.35)
Note that the Cosserat couple modulus p. [170] does not appear in the introduced scale between micro and
macro.

We will show next that all the eigenvalues w? of Bi(k), B2(k) and Bs(k) are real and positive for every
k # 0 and non-negative for k = 0 provided certain conditions on the material coefficients are satisfied.
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Chapter 1. Bulk wave propagation in the relaxed micromorphic model Part IV

Sufficient conditions for real longitudinal wave propagation (k # 0): Sylvester’s criterion states
that a Hermitian matrix M is positive-definite if and only if the leading principal minors are positive [81].
For the matrix By the three principal minors are:

9
(By),, = %?LA (IV.36)
2

3mp
/452

3mp
k?

det (Bl) - MmN p |:6 Ke Km (,ue + u’m) + 8“6/-’/111(/{’6 + Klm) + (2 Ue + )\e)(2 Hm + )\I‘ﬂ)y’ Lg k2:| (IV38)
17/3
k2
" musp [6 (ke + i) (pte + pim) (2 131 + Ana) + (2pte + Ae) (2 pm + A )12 L kQ].

(Cof (Bi))33 =

[6(2 16+ At + 6 pre e+ (2 pc + A L24] (IV.37)

The three principal minors of B, are clearly positive for k # 0 if*:

e >0, L > 0, Ke + Km > 0, 2y + Av > 0, (IV.39)
4dpup + 3 ke >0, 2 pe + Ae > 0, 2 fby + A > 0.

Sufficient conditions for transverse wave propagation (k # 0): Similarly, for the matrix Ba(k) =
B3 (k) the three principal minors are:

e + C
(By),, = %, (IV..40)
k2 21.2
(Cof (Ba))ss = 5, — (4Gt e + pn(pe + 1) + (e + pre) p L2K2]. (IV.41)
k2
det (Bs) = [4 fim e fre + (pe + fe) fian o L?’ﬂ : (Iv.42)
mnzp

Considering positive 1, p and separating terms in the brackets by looking at large and small values of k, we
can state necessary and sufficient conditions for strict positive-definiteness of Bo(k) at arbitrary k # 0:

e > 0, fm > 0, e > 0. (IV.43)

Sufficient conditions for real uncoupled wave propagation (k # 0): Since By(k) is diagonal, it is
easy to show that positive definiteness is tantamount to the set of necessary and sufficient conditions for

k # 0:

e >0, e + fhm > 0, te > 0. (IV.44)

Sufficient conditions for real wave propagation (k =0): Considering the case k = 0, we see that the
matrices reduce to:

0 0 0 0 0 0 w 0 0
Bi(0) =] 0 w? 0 |, B(0)=B300) =0 w2 0 |, Bs0)=]| 0 w2 0 |. (IV45)
0 0 wf, 0 0 w? 0 0 w?

Since the matrices are diagonal for £ = 0, we can show that positive semi-definiteness is tantamount to the
set of mecessary and sufficient conditions :

e > 0, He + fm > 0, pe > 0, Ke + km > 0. (IV.46)

4We note here that 4 upy +3 ke > 0 <= 2 e + Ae > %(ue —uM) <= 2um + AM > KM — Ke. Furthermore, if pre + ptm > 0
and ke + km > 0, we have 3 (2 pe + Xe) > 4 pun + 3 ke > 3 (2 M + A ), see Appendix.
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Part IV Chapter 1. Bulk wave propagation in the relaxed micromorphic model

Sufficient conditions for real wave propagation: Considering all the conditions found until now, we
can state a simple sufficient condition for real wave velocities for all real k:

e > 0, fm > 0, Ke + Km > 0, 2 ppv + Av > 0, (IV.47)
4pun + 3 ke >0, 2pe + Ae > 0, 2 oy + Am > 0.

Necessary conditions for real wave propagation: In order to see a set of global necessary conditions
for positivity at arbitrary k& # 0 we consider first large and small values of k # 0 separately. For k& — +o0
we must have:

2 pte + Ae > 0, (2pe +Ae)u L? > 0, (2 fte + Xe) (2 fim + Am)p L2 > 0, (IV.48)
or analogously:
2 pte + Ae > 0, wL? >0, 2 fim + Am > 0, (IV.49)
while for £ — 0 we must have:
2 e + e >0, (4 un + 3 Ke) (e + pim) > 0, (Ke + Km) (e + pm) (2 unv + Am) > 0. (IV.50)
Since from (IV.43) we have necessarily pe > 0, py, > 0, and from (IV.46) we get ke + £m > 0 and considering

together the two limits for k£ we obtain the necessary condition:
2 e + Ae >0, 2 fbm + A > 0, 4y + 3ke >0, Ke + Km > 0, (IV.51)
e > 0, fim > 0, pe > 0, 2punm + A > 0.
Inspection shows that (IV.51) is our proposed sufficient condition (IV.39). From p. > 0 and uy, > 0, it

follows that gy > 0. Therefore condition (IV.51) is necessary and sufficient. We have shown our main
proposition:

Proposition (real wave velocities). The dynamic relaxed micromorphic model (eq. (IV.3)) admits real
plane waves if and only if

e >0, e >0, 2 e + Ae >0, (IV.52)
fm > 0, 2 oy + Am > 0,
(i1 > 0), 2 + Am > 0,
Ke + km > 0, dpum + 3 ke > 0. |

In (IV.52) the requirement py > 0 is redundant, since it is already assumed that p, g > 0. It is clear that
positive definiteness of the elastic energy (IIL.9) implies (IV.52). We remark that, as shown in the Appendix
D.3, the set of inequalities (IV.52) is already implied by:

e fim > 0, [ > 0, Ke + Km > 0, 2+ A >0 | (IV.53)

Finally, letting p, — +00 and Ky, — 400 (or py, — +00 and Ay, > const.) generates the limit condition for
real wave velocities (te — pinm)

fiag > 0, fie > 0, 2 vt 4+ Am > 0. (IV.54)

which coincides, up to ., with the strong ellipticity condition in isotropic linear elasticity, see Appendix
D.1, and it coincides fully with the condition for real wave velocities in micropolar elasticity, see Appendix
D.2. A condition similar to (IV.54) can be found in [155, eq.8.14 p. 26] where Mindlin requires that py >
0, 2pun + Am > 07 (in our notation) which are obtained from the requirement of positive group velocity at
k=0

dwacoustic, long(o) >0 d(*‘)acoustic7 trans (0)
dk ’ dk
Let us emphasize that our method is not easily generalized to the anisotropic setting [12]. In this case, the
block-structure of the problem will be lost and one has to deal with the full 12 x 12 case, see equation (D.69)
in the Appendix D.4. Nonetheless, we expect positive-definiteness to always imply real wave propagation.

> 0. (IV.55)

5Mindlin explains that such parameters “are less than those that would be calculated from the strain-stiffnesses [of the unit
cell]. This phenomenon is due to the compliance of the unit cell and has been found in a theory of crystal lattices by Gazis and
Wallis [77]”.
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Chapter 1. Bulk wave propagation in the relaxed micromorphic model Part IV

1.3 Dispersion curves for the relaxed micromorphic model

It is clear that the study of dispersion relations for the relaxed micromorphic continuum is intrinsically more
complicated than in the case of classical Cauchy continuum due to its enriched kinematics. For the relaxed
micromorphic model, the formal limit 7 — +o00 shows no dispersion at all giving two pseudo-acoustic linear
curves, longitudinal and transverse with slopes ¢, = \/(2ue + Ae)/p and ¢ = /(e + pc)/p, respectively.

As far as longitudinal and transverse waves are concerned, the expressions for the wave-numbers k£ which
allow for non-trivial solutions are by far more complicated. We refer to [141] for the complete set-up of the
eigenvalue problems which must be solved to find the explicit expressions for the wave-numbers, limiting
ourselves here to denote them by +ki, £k? for longitudinal waves and £k, £k2, o = 2,3 for transverse
waves. Of course, the computed expressions for ki, k%, k., k2 depend on the elastic constitutive parameters
of the relaxed micromorphic model appearing in (IV.1) and on the frequency w.

1.3.1 Longitudinal waves

We present the longitudinal dispersion relations obtained with both vanishing and non-vanishing gradient
micro-inertia (Figure 36). The dispersion curves for longitudinal waves consist in one acoustic branch LA
and two optic branches LO;-LO,. This is made clear after considering the corresponding cut-off frequencies®:

3Ae +216) + (3 Am + 2 i 2 (pe + i
wia(0) = 0, WLOI(O)Z%Z\/< He) + ( M) o (0) =y = | e Bm) oy s

13 Uit

The case k = 0 corresponds to the long wave-length limit. As proven in general in chapter II.3, in the long
wave-length limit the relaxed micromorphic model tends to a Cauchy material with constitutive tensor Cy;.
This is confirmed by the group velocity cpa = Owia/0k in k = 0 of the acoustic branch of the longitudinal
dispersion curves that, as in the Cauchy model, is”:

ca(0) = 4 /M. (IV.57)

To study the asymptotic behavior of the dispersion curves, it is better to consider first the case with vanishing
gradient micro-inertia (7, = 7, = 73 = 0). In this case the longitudinal acoustic branch has a horizontal

6The cut-off frequencies for longitudinal waves can easily be obtained by solving the problem for & = 0, i.e. det A1 (w,0) =0.
Analogously, the problem det A2(w,0) = 0 must be considered for transverse waves.

"The group velocity cpa of the acoustic longitudinal curve for k = 0 can be derived via the equation

2 — 2 —
% (det Ay (w(k), k) lk=0 = 0, as made in [50]. Analogously, the equation % (det Az(w(k), k)) k=0 = 0 must be solved
in the transverse case.

o
0
o
0

S
'G\'EE
S 8
> S

Angular frequency w (10 6 rad/s)
Angular frequency w (10 6 rad/s)

0.4r 0.4
Wy Wy
0.2F LA, w; 0.2
LA
wy,
1 2 3 4 5 1 2 3 4 5
Wavenumber k (rad/mm) Wavenumber k (rad/mm)

Figure 36: Dispersion relations for longitudinal waves in the relaxed micromorphic model with vanishing
micro-inertia (left) and non-vanishing micro-inertia (right).
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Part IV Chapter 1. Bulk wave propagation in the relaxed micromorphic model
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Figure 37: Dispersion relations for longitudinal waves in the internal variable model with vanishing micro-
inertia (left) and non-vanishing micro-inertia (right).

asymptote, while both the optic branches have an oblique asymptote for k — 4oc0:

3 (2 ftm + Am [ +2c2
WA ~Y W = W7 Wro; ™~ Cml k= % k, Wroy, ™~ Cp k. (IV58)

On the other hand, if the gradient micro-inertia is present, the second optic branch keeps its oblique asymp-
tote, while the acoustic and the first optic branch have coupled horizontal asymptotes for k — 4o0:

w?—l—w%—\/(w?—i—w%)Q—élwfle w%—l—w%—f—\/(w%—i—wg)Q—éLw%le
Wpa ~ W, = 9 y WLop ™~ Wi, = 9 ,
(IV.59)
WLo, ~ Cm, k.
where we have:
3(2tm + Am 3(2 e + Ae 3(2 e + Ae 3(2 tm + Am
3CumtAw) - [BCQuetA) 3R FA) H3Chm ) gy
2m + s 27, + 75 2m + 3

The limiting case of the internal variable model Considering the limiting case in which the length scale
L. vanishes, the relaxed micromorphic model reduces to an internal variable model. Considering a vanishing
gradient micro-inertia we obtain one more horizontal asymptote with respect to the relaxed micromorphic
model leading to the asymptotic behavior:

o [2 32 ] [2 32
wra ~wyp =1\/a; —/a; — b7, Wro, ~ Wiy = A/ +1/aj — b7, Wro, ~ Cp K, (IV.61)

in which:

al:?ue 3ke 2m + 13 Hm 3 Km

62*2’% 3 Ke Am + 2m 4u7m3nm
mo s 3e+2u) om0 2m3) P s e 20 mo2ms

The internal variable model with non-vanishing gradient micro-inertia has three horizontal asymptotes whose
analytic expressions are too complex to be written.

(IV.62)

1.3.2 Transverse waves

The dispersion curves for transverse waves consist of one acoustic branch TA and two optic branches TO{-TO5
(see Figure 38). The corresponding cut-off frequencies are:

2 c 2 e T Hm
wia(0) = 0, wro, (0) = w, = n’: , wro, (0) = ws = “‘m“) (IV.63)
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Figure 38: Dispersion relations for transverse waves in the relaxed micromorphic model with vanishing micro-
inertia (left) and non-vanishing micro-inertia (right).

Once again the case k = 0 corresponds to the long wave-length limit. The group velocity ¢ty = Owra/0k
in kK = 0 of the acoustic branch of the transverse dispersion curves is equivalent to the Cauchy model (see
footnote 7):

e (0) = /B (IV.64)

p

To study the asymptotic behavior of the dispersion curves, it is better to consider first the case with vanishing
gradient micro-inertia (77; = 7, = 73 = 0). In this case the transverse acoustic branch has a horizontal
asymptote, while both optic branches have an oblique asymptote for k — 4o0:

2 thm 2 2
Wrp ~ W = L, Wto; ™~ Cmt k= M l{?, Wty ™~ Cs k. (IV65)
Vo + 2 V 2

On the other hand, if the gradient micro-inertia is present, the second optic branch keeps its oblique asymp-
tote, while the acoustic and the first optic branch have coupled horizontal asymptotes for k — +oc:

2,2 2 0 )22 _ 402 W2 2 2 2 1 02)2 — 402 w2
w? + w2 \/(wf—&—wq) dw? w; wz—l—wq—i—\/(wz—i—wq) 4w? wy
5 ,  Wro, ™~ Wiy, = 2 ’

(IV.66)

Wra ~ Wty =

wTOz ~ cmt k?

2 m 2 c e 2 e m c
T oy = (e + pre). oy = (e + pm + pe) (IV.67)
m + N2 M1+ 72 1+ 12

The limiting case of the internal variable model Considering the limiting case in which the length scale
L, vanishes, the relaxed micromorphic model reduces to an internal variable model. Assuming a vanishing
gradient micro-inertia, we obtain one more horizontal asymptote with respect to the relaxed micromorphic
model leading to the asymptotic behavior:

wpa ~ Wiy =\ ag —\/a? — b2, Wro, ~ Wiy = A/ at + y/ai — b2, Wro, ~ Cs k, (IV.68)

in which:

where:

:MCM6+Nch+HeMm He e b2 — 4 pic pre pim
m (pe + pe) 12 (e + 1e) Y (ke + pe)

The internal variable model with non-vanishing gradient micro-inertia shows three horizontal asymptotes
whose analytical expressions are too complex to be written.

ar (IV.69)
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Figure 39: Dispersion relations for transverse waves in the internal variable model with vanishing micro-
inertia (left) and non-vanishing micro-inertia (right).

1.3.3 Uncoupled waves

Considering the solutions of the uncoupled equations, we obtain three dispersion curves: the transverse
rotational optic TRO, the transverse shear optic TSO and the transverse constant-volume optic TCVO. In
the papers [139-141], it was explicitly pointed out that the frequency w for uncoupled waves in relaxed
micromorphic continua can be calculated as a function of the wave-numbers k. These relations can be easily
inverted to find w as a function of k, finding that they do not depend on the presence or lack of a gradient
micro-inertia. Indeed, we obtain:

Wrso = 4/ wg + c%nl kQ, WTRO = \/ UJ? =+ C%n2 :ZCQ, Wrevo = \/ UJ? —+ C%nl kQ, (IV?O)

1

1 1
kE=—yw?—w? k= —yw?— w2, k= —y/w?— w2

Cm1 Cm?2 Cm1

In the limiting case of the internal variable model, the velocities ¢,,; and c¢,,2 are zero leading to constant
frequencies for every k:

Wtso = Ws, WTRO = Wy, Wrevo = Ws- (IV~71)
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Figure 40: Dispersion relations for the uncoupled waves in the relazed micromorphic model (left) and in the
internal variable model (right).

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/wglication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



CHAPTER V.2

Dispersion curves and band—gaps in other enriched continuum
models

Classical Cauchy continuum theories are not always well adapted to cover the wealth of experimental evidences
on the dynamical behavior of real materials. As a first point, in fact, real materials commonly show dispersive
behaviors, which means that the speed of propagation of the traveling wave changes with the wavelength.
Such a phenomenon is not astonishing if one thinks that the structure of matter changes when observing it
at smaller scales: at the scale of crystals or molecules there is always some heterogeneity of matter. For this
reason, considering wavelengths small enough to interact with the microstruture, the waves will propagate
at a different speed than other waves with higher wavelengths. Cauchy continuum theories are not able to
account for dispersive phenomena and are a good approximation of reality only for those materials which do
not exhibit their heterogeneity at the scale of interest. Therefore, Cauchy continuum theories are not adapted
to model dispersive behaviors and more refined models need to be introduced. One possibility is second or
higher order theories that allow for the description of dispersion for the acoustic modes (see e.g. [55,197]).
On the one hand, second gradient theories describe some dispersive behaviors but, on the other hand, they
are often insufficient for microstructures that have vibrational modes independent of the motion of the unit
cell. To describe the complex dynamical behavior of such metamaterials in a continuum framework, the
introduction of enriched kinematics (as in the relaxed micromorphic models in Figure 41) is a mandatory
requirement [67,138-140,155]. Continuum models of the micromorphic type, in fact, allow for the description
of microstructure-related vibrational modes via degrees of freedom additional to the displacement field.

The curvature contribution in the micromorphic model conceptually determines how the substructure
interacts with itself and the associated characteristic length is a measure of the range of action of such micro-
structure related deformation modes. In this sense, we call the full-gradient contribution ||[VP|? (or any
other curvature term essentially controlling VP ) of strong interaction type: neighboring substructures feel
the presence of each other or, equivalently, the generated moment stresses depend on VP. On the contrary,
the corresponding moment stresses depend only on Curl P in the relaxed micromorphic model, connecting
neighboring cells only via tangent micro-interactions. Certain substructure deformations are energetically
free (in fact all compatible parts V¢ in P are not taken into account) while the model remains reversibly
elastic and energy-conservative. We call this a weak interaction. As a matter of fact, the wording relazed is
motivated by this observation.

1 1 -
?_f 0.8 0.8 S 0.8 S PPN
© TO, : ]
S Wp ” TRO, -
S 06f 0.6f 0.6f
g W ) wr o
g B TO, J . s
& 0.4} 04} Wy, 04 | TSO. cho/
£
E Wy Wy [ ws I
)
= 02r 0.2r 0.2f
< .
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1 1 1 1 & , 1 1 1 1 i wll " 1 1 1 1
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
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Figure 41: Dispersion relations for the relazed micromorphic model with non-vanishing gradient micro-inertia,
longitudinal (left), transverse (center) and uncoupled (right) waves.
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Part IV Chapter 2. Dispersion curves and band—gaps in other enriched continuum models

The insufficiency of Cauchy continuum theories becomes even more evident when considering more com-
plex metamaterials which are able to inhibit wave propagation, i.e. so called band-gap metamaterials. In
what follows, we will show that the relaxed micromorphic model, which dispersion curves are shown in Figure
41, is the only non-local continuum model of the micromorphic type which is able to account for band-gaps
with a simple uncoupled kinetic energy [138-141]. Moreover, we show here, following what done in [136], that
the addition of kinetic energy terms which couple the motions of the microstructure to the macro-motions of
the unit cells may have a deep impact on the ability of describing band-gaps behaviors.

2.1 The classical Cauchy medium

The first model to analyze is the classical Cauchy medium. As already mentioned before, this model predicts
neither dispersive behavior nor optic modes. However, we will show how to describe some dispersive behavior
adding an inertia term on the gradient of the displacement Vu . In Figure 42, the dispersion curves for the
longitudinal acoustic wave LA and the transverse acoustic TA are shown and compared to the corresponding
acoustic branches of the relaxed micromorphic model (LAggr, and TAgrgr). In [50], it was shown that the
tangents ¢; and ¢; of the acoustic branches in & = 0 in the classical linear elastic dispersion curves, considering
Lamé constants py and Ay, coincide with the ones obtained for the relaxed micromorphic model, see Figure
42. The energies considered are:

W = g fsym (V)2 + 22 1 9 )P, (IV.72)
J= %p [lue gs %ﬁl I devsymVu,,gH2 + %ﬁg I skequﬂgH2 + é% (trVu }t)2 .
From this energy, we can derive the dynamical equilibrium equations:
puy +Div[Z] =Div|[o], (IV.73)
where
Z =1, devsym Vu 4 + 7, skew Vu 1 + %ﬁg tr (Vu ), o=2pum sym(Vu)+ Ay tr(Vu) 1.

The dispersion curves obtained in the plane wave case are:

Clk Ctk/’

Wra = —2ﬁ el Wt = —ﬁ .
2 1 3 2Mm 2
214k 3 214k 5,

o = dwacoustic, 1ong(0) _ 2 punm + AM o — dwacoustic, trans(o) _ HM (IV 74)
I Ik P t dk p '

where

0.3 0.3 q
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Figure 42: Dispersion relations for the classical Cauchy medium compared to the acoustic branches of the
relaxed micromorphic model with vanishing (left) and non-vanishing gradient micro-inertia (right).
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Chapter 2. Dispersion curves and band—gaps in other enriched continuum models Part IV

The non-linearity of the dispersion curves is due to the gradient micro-inertia. These relations are a gener-
alization of the classical relations (that can be obtained for vanishing gradient micro-inertia):

WA = (] :ZC7 wWra = C¢ k.

2.2 The Cosserat micromorphic model

We present the dispersion relations obtained with a Cosserat micromorphic model with both vanishing and
non-vanishing gradient micro-inertia in figure 43. The number of branches in the dispersion relations is
reduced in comparison to the relaxed micromorphic model. This fact is due to the presence of a skew
symmetric micromorphic tensor A € so(3) with only three independents variables. The case with vanishing
gradient micro-inertia does not allow for band-gaps while, on the other hand, a complete band-gap can be
obtained adding a gradient micro-inertia term.

In the isotropic case, the elastic energy density and the kinetic energy density of the Cosserat model read:

A L?
W = pot | sym V| + SF (tr (Va))? + e || skew (Vu = A)]” + MT | CurlA||2, (IV.75)

1 1 1
J = Ll 4+ B IA + 57 [l devsym Vu o|[* + 57 || skew Vu i]|* + 2 75 (tr Vu 0)°.

where A € s0(3). The dynamical formulation is obtained defining a joint Hamiltonian and assuming stationary
action finding:

pu =Div[2 pn sym (Vu — A) + 2 pe skew (Vu — A) + Ay tr (Vu — A) 1], (IV.76)
nAy = — pL2skew (Curl CurlA) + 2 p1. skew (Vu — A),
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Figure 43: Longitudinal (left), transverse (center) and uncoupled (right) dispersion relations for the Cosserat
model with vanishing (top) and non-vanishing (bottom) micro-inertia.
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Part IV Chapter 2. Dispersion curves and band—gaps in other enriched continuum models

2.3 The internal variable model

We present the dispersion relations obtained for the internal variable model for a vanishing and a non-
vanishing gradient inertia (Figure 44). We notice in Figure 44 that the internal variable model with vanishing
gradient micro-inertia allows for the description of two separate band-gaps for both longitudinal and trans-
verse waves (for higher values of p. and therefore w;., it would allow for two complete band-gaps). Moreover,
by direct observation of Figure 44, we notice that, when switching the gradient micro-inertia on and suitably
choosing the relative position of w, and w,, the internal variable model allows to account for 3 band gaps.
We thus have an extra band-gap with respect to the case with vanishing gradient inertia and to the analo-
gous case for the relaxed micromorphic model, but we are not able to capture non-local effects. The fact of
excluding the possibility of describing non-local effects in metamaterials can sometimes be too restrictive.

The case of the internal variable model is obtained from a micromorphic model by neglecting the curvature
term. We recall (see [176]) that the energy for the internal variable model does not include higher space
derivatives of the micro-distortion tensor P and, in the isotropic case, takes the form:

Ae
W =pe || sym (Vu — P)|? + 5 (6 (Vu — P))? + e || skew (Vu — P)|]? av.77)
Am
+/~Lm|\SymP||2+7 (tr P)?

The dynamical equilibrium equations are:

puy +Div[Z] =Div]s], nPy=0—s, (IV.78)
where
_ _ 1_
Z =1, devsym Vu 4 + 7, skew Vu 4 + 3773 tr (Vu g), (IV.79)
1 - 1
= B,
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Figure 44: Dispersion relations for the internal variable model with vanishing (top) and non-vanishing (bot-
tom) gradient micro-inertia, longitudinal (left), transverse (center) and uncoupled (right) waves.
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0 =2pe sym(Vu — P)+ A tr(Vu — P)1 + 2y, skew (Vu — P), (IV.80)
$ =2y sym P + Ay, tr(P) 1.

2.4 The standard Mindlin-Eringen model

We present the dispersion relations obtained with both vanishing and non-vanishing gradient micro-inertia
with the standard Mindlin-Eringen model in Figure 45. We conclude that when considering the model with
standard Mindlin-Eringen micromorphic model with vanishing gradient micro-inertia, there always exist
waves which propagate inside the considered medium. The only possible effect is to obtain a partial band
gap for the uncoupled waves. On the other hand, the gradient micro-inertia allows for the description of one
complete band-gap. The elastic energy of the isotropic micromorphic model in the sense of Mindlin-Eringen
(see [156] and [67, p. 270, eq. 7.1.4]) is:

Ae
W =g || sym (Vu — P)|? + 5 (o (Vu — P)? + pie || skew (Vu — P)|]? (IV.81)
Am L2
+ pn | sym P2 + 2 (1 P) 4+ B2 VP

The dynamical equilibrium equations are:

pu =Dive = Div[2u. sym (Vu — P) + 2 p. skew (Vu — P) + A tr (Vu — P)1],
NPy =2pe sym(Vu — P)+2p. skew (Vu — P)+ Aetr (Vu — P)1 (IV.82)
— [24m sym P + A\ tr( P)1] + p L2 Div V P.
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Figure 45: Longitudinal (left), transverse (center) and uncoupled (right) dispersion relations for the standard
micromorphic model with ||V P||? with vanishing (top) and non-vanishing (bottom) gradient micro-inertia.
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Part IV Chapter 2. Dispersion curves and band—gaps in other enriched continuum models

2.5 The relaxed micromorphic model with curvature ||Div P|?

The Div-model is obtained from the relaxed micromorphic model by replacing || Curl P||? with || Div P||?. In
the Div-model, a weak interaction similar to the relaxed micromorphic model appears since the corresponding
moment stresses depend only on Div P and, therefore, substructure deformations of the type P = Curl (+V1,
where ¢ : R3*3 — R3*3 ig arbitrary and 9 : R? — R3 satisfies AY¥ = 0, are energetically free. We present
the dispersion relations obtained with both vanishing and non-vanishing gradient micro-inertia in Figure 46.
No band gap on the longitudinal and transverse waves can be modeled and the uncoupled waves have fixed
frequencies (Figure 46). We can conclude that, when considering the micromorphic model with only ||Div P||?
for every value of p., there always exist waves which propagate inside the considered medium independently
of the value of the frequency. The uncoupled waves assume a peculiar behavior in which the frequency is
independent of the wavenumber k. The energy of this model is:

Ae
W =g || sym (Vu — P)|? + 5 (o (Vu — P)? + pe || skew (Vu — P)|]? (IV.83)

A L2
+ pn | sym P2 + 52 (1 P)? + E24 | Div P2,
The dynamical equilibrium equations are:

puy =Dive = Div[2p. sym (Vu — P) + 2 p. skew (Vu — P) + Actr (Vu — P) 1],
NPy =2pe sym(Vu — P)+2pu. skew (Vu — P)+ A tr (Vu — P)1 (Iv.84)
— [2m sym P + Ay, tr( P)1] + p L3 V (Div P).
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Figure 46: Longitudinal (left), transverse (center) and uncoupled (right) dispersion relations for the micro-
morphic model with ||Div P||?> with vanishing (top) and non-vanishing (bottom) gradient micro-inertia.
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CHAPTERIV.3

Reflection and transmission of waves at a Cauchy/relaxed
micromorphic interface

3.1 Conservation of the total energy

Considering conservative mechanical systems, like in the present manuscript, the conservation of total energy
must be verified in the form

% +divH =0, (IV.85)

where F¥ = T + W is the total energy of the considered system and H is the energy flux vector. It is clear
that the explicit expressions for the total energy and for the energy flux are different depending on whether
one considers a classical Cauchy model or a relaxed micromorphic one. If the expression of the total energy
E is straightforward for the two mentioned cases (it suffices to look at the given expressions of T and W),
the explicit expression of the energy flux H is more complicated to be obtained. The explicit expression of
the energy fluxes for the Cauchy and relaxed micromorphic media have been deduced in [141], to which we
refer for additional details on this subject.

3.1.1 The classical Cauchy medium
In classical Cauchy continua the energy flux vector H can be written as

H=—oM-uy, (IV.86)
where the symmetric Cauchy stress tensor oy has been defined in the Appendix D.1 (equation (D.3)) in

terms of the displacement field. The first component of the energy flux vector given in equation (IV.86),
simplifies in the 1D case into

Hy = -1, [()\ + 2/1) U1,1] — Uy [M’U,Q,ﬂ — U3 [/A’LL371] . (IV87)

3.1.2 The relaxed micromorphic continuum

In relaxed micromorphic media, the energy flux vector H is defined as (see [141])

H=-[F+I)" uy—(m"- Py, (IV.88)

s

where the stress tensor o and the hyper-stress tensor m have been defined in equation (IV.4) in terms of the
basic kinematical fields and e is the Levi-Civita tensor.

When considering conservation of total energy, it can be checked that the first component of the energy
flux (IV.88) can be rewritten in terms of the new variables as
Hy=H} +H?+H}+ H} + H> + HY (IV.89)

with
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/2 — A 0 0 2 0 2 2ue+ 3\
Hi =v1;- 0 —“TLz wL? ) vy + 0 0 v+ |00 0 v
I 0  wLZ —2pL 0 0 0 0
[ (= (pte + 2c) 0 0 —L 0 2ue -
HY =way - 0 —pLZ —p Lg) vy + 0 0 Vgt [0 )
i 0 —ulL? —plL? 0 0
(Iv.90)
—(pte + pte) 0 0 —Lil 0 2ue -
H} =ws,; - 0 —pL? —pL2|-vs+ 0 0 vy + |0
0  —ul —pl? 0 )
H =—-2uL? (va) 1 Vats H} = —2u L2 (U5) 1 V5,15 HY = 1 V6.t

3.2 Interface jump conditions at a Cauchy/relaxed-micromorphic
interface

In this section we present a possible choice of boundary conditions to impose between a Cauchy medium
and a relaxed micromorphic medium. Such set of boundary conditions has been derived in [141] and allows
to describe free vibrations of the microstructure at the considered interface. We will show in the remainder
of this part how this particular choice of boundary conditions is capable to describe phenomena of wave
transmission in real mechanical metamaterials. For the full presentation of the complete sets of possible
connections that can be established at Cauchy/relaxed, relaxed/relaxed, Cauchy/Mindlin, Mindlin/Mindlin
interfaces we refer to [141].

When considering connections between a Cauchy and a relaxed micromorphic medium one can impose
more kinematical boundary conditions than in the case of connections between Cauchy continua. More
precisely, one can act on the displacement field v (on both sides of the interface) and also on the tangential
micro-distortion P (on the side of the interface occupied by the relaxed micromorphic continuum). In what
follows, we consider the “-” region occupied by the Cauchy continuum and the “4+” region occupied by the
micromorphic continuum, so that, accordingly, we use the following notations:

f=o0"n, t=G"+I%)-n", T=pL2(CulP) e nt. (IV.91)

It is easy to see that when the normal is n = (1,0,0), the normal components 711, 721 and 731 of the double
force are identically zero. Therefore, the number of independent conditions that one can impose on the
micro-distortions is 6 when considering a relaxed micromorphic model.

Here, we focus our attention on one particular type of connection between a classical Cauchy continuum
and a relaxed micromorphic one, which is sensible to reproduce the real situation in which the microstructure
of the band-gap metamaterial is free to vibrate independently of the macroscopic matrix. Such particular
connection guarantees continuity of the macroscopic displacement and free motion of the microstructure
(which means vanishing double force) at the interface:

[[u]] =0, t—f=0, Ty =7-1v=0. (IV.92)

We explicitly remark that continuity of displacement implies continuity of internal forces and that the con-
ditions on the arbitrariness of micro-motions are assured by imposing that the tangent part of the double
force is vanishing.

Introducing the tangent vectors v; = (0, 1,0) and v = (0,0, 1) and considering the new variables presented
n (IV.6) and (IV.12), the boundary conditions on the jump of displacement read:

v n—uy =0, vy n—uy; =0, vy n—uz =0, (Iv.93)
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Figure 47: Schematics of a macro internal clamp with free microstructure at a Cauchy /relaxed-micromorphic
interface.

while the conditions on the internal forces become (see also [141]):

Ae + 2pte / A / 0
0 (o) + 0 (vi) + —241e =(A+2p) (u7),
0 0 —(3Xe + 2pe)
fie + He ) U , 0 )
0 (v) + 0 c(viw) | 2w | v = (ug), (IV.94)
0 0 20
e+ be [ A ,
0 (vg) + 0 S(vgu) | “2me | vg = p(ug)
0 0 2Hc
The conditions on the tangent part of the double force 7 can be written as
0 l 1% L2 l 2 /
me= | L2 - (ef) + 50 () =0 ma= | o L2/2 ez 5 (v) =0,
pL? pL;
0 0
ro=| pL? |- (v;)/ =0, rg=| pl? |- (vgr)/ =0, (IV.95)
pL? pL?
ras = nL2 (Vi) + (F)') =0, 2 = u L2 ((v1) = (v3)') =0,

while we recall once again that the normal part of the double force is vanishing, i.e.:

T11 — 0, 721 — 0, T31 — 0 (IV96)

3.2.1 Decomposition of the incident, transmitted and reflected waves

When studying the reflection and transmission of a plane wave at a Cauchy/relaxed-micromorphic interface,
we assume that an incident wave traveling in the Cauchy medium impacts the interface. Two waves are than
generated, namely one wave reflected in the Cauchy medium and one transmitted in the relaxed micromorphic
medium. We explicitly remark that the reflected wave contains the longitudinal and transverse parts of the
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Cauchy medium & relaxed micromorphic medium &

transmitted longitudinal waves
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Figure 48: Incident, reflected and transmitted waves at a Cauchy /relaxed-micromorphic interface.

displacement field, while the transmitted wave contains a longitudinal part on the field vy, two transverse
parts on v, (a = 2,3) and the three uncoupled fields vy, v5 and vg! (see also Figure 48.).

Considering the plane wave ansatz and both the incident and reflected wave, the displacement field in the
Cauchy medium can be written as:

uy =@ ez(w/cl T1—wt) + oy ez(—w/clncl—wt)7

U2_ = @y ei(w/ct T1—wt) + as ei(fw/ct T1—w t)’ (IV97)

U3_ =05 ez(w/c,, z1—wt) + as el(—w/ct T1—wt)

and we assume the wave forms (IV.13) for the unknown fields v}, vF, v}, v and v{ in the relaxed micro-
morphic medium, i.e.:

Uis— _ 6%h%ei(k}(w)xrwt) + B%h%ei(l{f(w)gclﬂ;t)7 Ui _ B(lxhtllei(k;(w)mrwt) + ﬁihiei(kfy(w)zﬁw t)7 a=23,
(IV.98)
,UZ- _ 54 e75(1/5,,1 Vw?—w? zlfwt)’ U;— _ /65 ei(l/cm Vw?—w? zlfwt)7 Ug— _ Bﬁ ei(l/cm w?—w? :L’lfwt).

Here @y, @y, @3 € R are the amplitudes of the incident (longitudinal and transverse) waves traveling in
the Cauchy continuum that are assumed to be known, while a7, as, a3 € R are the amplitudes of the
longitudinal and transverse reflected waves. Analogously, 81, 57 € R are the amplitudes associated to the
longitudinal wave transmitted in the relaxed medium, while hl, h? € R3 and ki, k? € R are the eigenvectors
and eigenvalues associated to the eigenvalue problem for longitudinal waves (see [141]). Similarly, 8L, 32 €
R, hl, k2 € R3 kL k2 € R (a = 2,3) are defined for transverse waves transmitted in the relaxed medium
(see [141] for details). Finally B4, 85, Bs € R are the amplitudes of the uncoupled waves transmitted in the
relaxed medium.

Assuming that the amplitudes of the incident waves are known, we can count the 12 unknown amplitudes
ai, ao, as, B, B2, BL, B2 (a = 2,3), Ba, Bs, B which can be calculated by imposing the 12 scalar jump
condition (IV.93), (IV.94) and (IV.95).

3.2.2 The case of purely longitudinal incident waves

In the remainder of this manuscript, we are interested in a first calibration of the constitutive parameters of
our relaxed micromorphic model on a real experiment of wave transmission in a band gap metamaterial.

To do so, we focus on the experiment proposed in [127] in which only longitudinal waves are considered.
We hence consider here the solution of our relaxed problem only for what concerns the longitudinal part.

1v4, vs and vg correspond to the components of v4 defined in Equation (IV.12)
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Cauchy medium & relaxed micromorphic medium &
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Figure 49: Incident, reflected and transmitted longitudinal waves at a Cauchy/relaxed-micromorphic inter-
face.

In other words, we are only considering the longitudinal fields v; and u; together with the field vg which is
coupled to v; through the boundary conditions (IV.95).

In summary, the boundary value problem for longitudinal waves can be written as (see equations (IV.3),
(IV.93), (IV.94), (IV.95) and (D.4))

V= AT (o) + BT (o) + OF o, (IV.99)
vg—,tt = Ag(”;)// + Cé%vg_,
together with the boundary conditions:

+ - _
v -n—u; =0,

Ae + 2p¢ 0
0 () + ~241, of = (A +2u) (u7) (IV.100)
0 —(3Xe + 2pte)
02 +\/ +\/
—nLZ/2 |- (vf) =0, (vg) =0.
pL?

The wave form solution for purely longitudinal fields is given by (see also equations (IV.97), (IV.98) and
Figure 49):

U1_ _— ez(w/clzl—wt) +a ei(—w/clml—wt)7

of = BlhjelMmmen g gipgelkin e, (1V.101)
’Ug_ — BG ei(l/cm \/ufwgml—w t)-

Replacing the wave solution (IV.101) in the 4 scalar jump conditions (IV.100) and setting 1 = 0 (position
of the interface) we can calculate the 4 unknown amplitudes oy, £f, 57 and Bs.

From the condition (vg )/ = 0, it is straightforward to prove that 85 = 0, so that finally v = 0 Vz; and
Vt. As for the other amplitudes, they have more complicated expressions which we do not explicitly show
here since it does not add any fundamental information to the reasoning.
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3.3 Reflection and transmission coefficients at a Cauchy /relaxed-
micromorphic interface

We now want to define the reflection and transmission coefficients for the considered Cauchy/relaxed-
micromorphic interface. To that end, we introduce the quantities

Il I =
Ji = / Hz (07 t) dt, J’r = / HI“ (07 t) dt7 Jt = / Ht (0’ t) dt’
0 0 0

where II is the period of the traveling plane wave and H;, H, and H; are the energy fluxes of the incident,
reflected and transmitted energies, respectively. The reflection and transmission coefficients can hence be
defined as

JIr Jy
R="" = —. IV.102
J;’ J; ( 02)

Since the considered system is conservative, one must have R + 7T = 1.

In the particular case of reflection and transmission of longitudinal plane waves at a Cauchy /relaxed
micromorphic interface, recalling equations (IV.87) and (IV.89) together with the solutions (IV.101) for the
unknown fields we have:

Hy =i (A +2p)uf 4, H, =d{(A+2p)uf ;, H;, = H} + H?, (IV.103)

where we set ull =y eflw/ami—wt) and ul = oy gil-w/aai—wt) We explicitly remark that the fluxes Hl1 and
HY defined in equation (IV.90) must be calculated with the solutions v;” and v obtained for the considered
constraint and given in equation (IV.101).

Since in this particular case we have shown that U6+ is zero, then HY does not contribute to the evaluation
of the transmitted energy. Once the expressions for the energy fluxes have been calculated for the considered
constraint (macro internal clamp with free microstructure), the reflection and transmission coefficients can be
computed by using equations (IV.102). We remark that R and T depend on the frequency w of the traveling
waves.

3.3.1 The degenerate limit case L. = 0 (internal variable model)

We show here that at the interface between a Cauchy continuum and a relaxed micromorphic one it is
possible to model, as a degenerate limit case, the onset of two band gaps whose bounds are [w},ws] and
[w?, wp] (see [141] and equations IV.61 and 1V.62), where:

/ / 2 m
wllz ap — alQ_blzv Ws = (,ue;;'ﬂ )7

(IV.104)
2 e m 3 )\e )\m
le: a,l+ a%—b% wp:\/(/l +M )+ ( + )’
V v n
where we have defined:

2 e e 2 m m 2 e e A1’1] 2 m m m
g = 2He 3Fe Zmt s pmo 3Km p2 = ZHe 3Fe Am ¥ 2m | y fim 3P (IV.105)

m ns 3Ae+2ume)  m 2ms m M3 e+ 2pe m 2ns

In Figure 50, we show a characteristic pattern of the transmission coefficient at a Cauchy /relaxed-micromorphic
interface for a particular choice of the constitutive parameters and setting L. = 0. The main characteristic
feature of the relaxed micromorphic model with L. = 0 (internal variable model) is that two separate band
gaps can be determined and their bounds can be explicitly defined as functions of the constitutive parameters
of the model according to equations (IV.104).

Switching on and slowly increasing the parameter L. produces small changes on the reflection profile of
Figure 50, which corresponds to the smoothening of the sharp corners that can be seen corresponding to the
band-gap frequencies.
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Figure 50: Transmission coefficient of the relaxed micromorphic model with L, = 0 for A\¢ = pe = Ay =
tm = 100 GPa and n =1 kg/m.
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CHAPTER IV .4

Modeling real two dimensional phononic crystals

In this chapter, we consider the application of the relaxed micromorphic model to two real phononic meta-
materials, namely:

e a steel plate with cross-shaped holes;
e a steel plate with liquid-filled round holes.

The relaxed micromorphic model will be fitted using two different procedures and a validation of the model
is presented, thus showing definitive proof of the applicability of our model to real engineering cases.

4.1 The steel plate with cross-shaped holes

In this section, we apply the results presented to describe the reflective behavior of the interface between an
aluminum plate (modeled as a classical Cauchy continuum) and a metamaterial with specific microstructure
(modeled via a relaxed micromorphic model). To show the validity of the enriched continuum modeling
framework previously introduced we will compare it with direct FEM simulations performed with the software
COMSOL Multiphysics®.

4.1.1 Microstructure and FEM analysis of a phononic metamaterial

In a previous work [132], it was shown that the analysis of bulk wave propagation in a metamaterial with
periodic cross-like holes (see Figure 51) can be achieved using the relaxed micromorphic model. More par-
ticularly, the parameters of the relaxed model are fit by superimposing the dispersion curves obtained via
the relaxed model to those obtained via a Bloch wave analysis (Figure 52). The details of the Bloch wave
analysis can be found in [132]; here we limit ourself saying that this study is based on the application of
periodic conditions to the microstructure and a subsequent modal analysis.

The transmission spectra for a Cauchy-material /metamaterial interface are determined via FEM according
to the model represented in Figure 53. An external excitation is applied on the left side by imposing a unitary
harmonic displacement and an analysis for different frequencies is performed by using the structural package
of COMSOL Multiphysics®. The incident wave propagates in the first part of the geometry which consists in

a b (¢} Psteel E v
[mm| | [mm| | [mm] | [ke/m?] | [GPa] | [-]
allle b 1 09 ] 03] 200 [ 70 [033]

Figure 51: Microstructure of the considered metamaterial (left), values of the elastic parameters of the base
material (aluminum) and geometric parameters relative to the unit cell (right).
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Figure 52: Dispersion curves for waves propagating at 0° (left) and 45° (right) obtained with a Bloch wave
analysis of the cell shown in Figure 51.

excitation boundary  periodic boundary conditions

X=0 X=X

"
I
|
b

— .
11 00 A A A R

4 4 y
T T 1

Cauchy microstructured material PML

Figure 53: Schematic representation of the FEM model for the determination of the transmission spectrum,
as implemented in COMSOL Multiphysics®.

a homogeneous strip of the Cauchy material. After a length of 0.6 m an array of 40 unit cells with cross-like
holes of the type described in Figure 51 is added. When the wave arrives at the interface, it is partially
reflected and partially transmitted. Finally, a Perfectly Matched Layer (PML) is added at the end of the
strip to dissipate the transmitted wave and avoid spurious reflections in the metamaterial. On the upper
and lower boundary, a periodic condition is applied to impose the propagation along the strip direction, thus
reproducing the condition of plane wave propagation. The thickness of the strip is set to be equal to the
height of the unit cell.

We are considering an interface between a classical Cauchy continuum on the — side and a microstructured
material on the + side. The object is to see how much energy is transmitted through the interface. A priori, we
have no information about the wave propagation in the microstructured material but the propagation in the
homogeneous Cauchy continuum can be expected to be planar if the source is far enough from the interface.
Therefore, we expect to find longitudinal waves propagating with wavelengths k; = C% and transverse waves

with k; = £%, where ¢ = ,/’\"’% and ¢; = \/g . The plus or minus sign in the wavenumber is due to the

e
possibility that the waves can travel in both directions. Thus, we have that the waveform solution in the
Cauchy material can be written as:

uf(X,t):ui(X,t)—i—uTl'(X,t), u;(X,t):ug(XJ)—l—ug(X,t), ug(X,t)zué(X,t)—|—u§(X,t)7

where, as before, we set:

uj(X, 1) = a0 XY, up(X, 1) = g Y,
uh(X, 1) = age'ler X9, uh(X, 1) = ag e’ Xl (IV.106)
uh(X, 1) = ag e’ KW uh(X,t) = ag el Ta X TwY,

Given the frequency w of the traveling wave, the solution is hence known except for the 6 amplitudes &; and
a; (1=1,2,3).
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Figure 54: Transmission coefficient as function of frequency for an incident longitudinal (top) and transverse
(bottom) wave for the FEM model.

To evaluate the unknown amplitudes in Equations (IV.106), we can use the direct solution obtained via
the FEM simulation. In particular, the solution for the displacement field obtained via the FEM code can
be interpreted as the solution at a given instant (e.g. ¢ = 0) for every point of the domain. Considering the
points X = 0 and X = X (see Figure 53) and the instant ¢ = 0, we can set a system of equations to compute
the unknown amplitudes; we write:

Uy (0, 0) =a1 + o, Uy (0, 0) = Q2 + Qa, Ug (O, 0) = a3 + as, (IVIO?)

e

X

-~ _ ieX —i - . - i
ul (X,0)=are' =" +aje a7, uy (X,0)=age" " +age !

X us (X,0) = age =X fage e X
where u; (0,0) and u; (X,0) are known from the results of the FEM simulation.
From this system, we can evaluate the unknown amplitudes and, therefore, the incident and reflected flux
by using equation (IV.87). Finally, the reflection and transmission coefficients can be computed as:
Iy
R=—, T=1-R. (IV.108)
Ji
We note that this semi-analytical procedure is valid only if the propagation of waves in the Cauchy material
is planar in the FEM solution. It can happen, usually at high frequencies, that the resulting vibrational mode
does not respect this assumption and, therefore, the transmission spectra obtained applying this method may
not be completely correct. However, in the range of frequencies considered here, the solution is constant along
the section and the waveform evaluated with the resulting amplitudes is perfectly described by the solution
obtained using Equations (IV.106) and (IV.107), thus confirming the validity of the procedure.
Actually, the accuracy of the peaks’ height in Figure 54 depends on the frequency step of the calculation
and can be more effectively described by choosing smaller frequency-steps close to the point of interest.

4.1.2 Identification of the material parameters

Macroscopic parameters The first step towards the identification of the relaxed micromorphic model’s
parameter is to find the equivalent macroscopic first gradient material. The first relation that must be
imposed is that the macroscopic material has a density which is the average of the considered metamaterial,
namely:

1
/de:/ Pstecl dA — p= —/ Pstecl AA. (IV.109)
Q G 19| Jem

Afterwards, it is possible to determine the macroscopic elastic moduli pyr and Ay via the tangents in 0 to
the acoustic branches that, in the relaxed micromorphic model, are known (see IV.1.3 and IV.2.1):

Owra v M (w1
o) = /2 — uMp< = <o>) , (IV.110)

Bwin  [2pa + A (0w o\
oL ) = AL — wi=s (%2 ) ~ 2 (av.i11)
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These parameters are enough to describe the metamaterial as a first gradient model. However, the approx-
imation would be sensible only for a body which is large enough to assure that the effect of the underlying
microstructure is negligible. Furthermore, neither dispersive behavior nor optic branches of the dispersion
curves could be described.

Relations between the elastic moduli and the free micro-inertiae We can now use the known
values of the macroscopic parameters, as well as those of the cut-offs, to compute the values of some elastic
parameters of the relaxed micromorphic model, i.e.:

2 8
o = 1% <1i |- S
We = 2 (ﬂe + ,“m) Wy
‘ m — = w} L3 f1- B (IV.112)
e Hm " 4 m wg
v =
He T Hm 8 it
>
2
_ 2w,
w, = P — He =" (IV.113)
2
Ny > 0
w? 12
Re = m?p 1+ 1-— KJl\Q/I
W
3 (Ke + Km) 13 &
wp =4 —— 2
3 = Ko = B9 14+ . /1— 12 kM (IV.114)
Ke Km " 6 3 wg
AM = ————
Ke + Km 12 i
> 5
Wp

With these derived relations, we have obtained the entire set of elastic moduli depending on the free micro-
inertiae. Furthermore, assuming that the elastic moduli are real and positive we also obtain limiting values
for 1, n2 and 73 to be used as a first step in the iterative process for their determination.

Determination of the micro-inertiae We have defined all the elastic parameters apart from the charac-
teristic length L., the gradient and free micro-inertiae, leaving us with 7 free parameters left. The determi-
nation of the micro-inertiae should be made imposing the asymptotic behavior of the dispersion curves. In
particular, considering the internal variable model with non-vanishing gradient micro-inertiae we find that
the three limiting values of the longitudinal curves depend on 71, 7s,7;,7; while the transverse curves de-
pend on 11,72,7,75. As remarked while considering the form of the equations, we can always consider the
gradient micro-inertia 7j; = 0'. Therefore, we obtain that the longitudinal curves depend on 71, 73,75 while
the transverse curves depend on 71,12, 75.

The remaining parameters should be chosen imposing the asymptotic behavior of the dispersion curves.
However, the analytical expression of the asymptotes is very complex, being the solution of a third order
equation in w?, therefore the procedure used for the fitting of the micro-inertiae is iterative. The first set of
values considered for the free micro-inertiae is composed by the lower bounds 7, = % and 73 = 264 and

w2
by 12 = 1. For the gradient micro-inertia, we assume at first 7, = 72 and 75 = ns. P‘uirtherlrnolre7 we start by
setting L. = 0, so assuming a negligible presence of non-local effects. As a matter of fact, the micro-structure
studied in this section can be effectively described considering a vanishing characteristic length L. = 0.

In [132], the material parameters of the relaxed micromorphic model were determined for the considered
micro-structure following the proposed procedure. The values are shown in Table 4.1. The results of the
fitting procedure proposed are shown in Figure 55 in which the dispersion curves obtained via the relaxed
micromorphic model are compared to those issued via a Bloch wave analysis. In the same Figure, we

1Given any set of micro-inertiae 7, 7j, and 75, the set 77 = 0, 75 = 7, + 7, and n5 = 27, + 73 does not change the form
of the equilibrium equations nor of the dispersion curves. Therefore, setting 7; = 0 does not preclude any possibility for the
relaxed micromorphic model.
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P e )\micro Mmicro )\e e Lc
[kg/m®] | [GPa] | [GPa] | [GPa] | [GPa] | [GPa] | [m]
1323 0.272 19.8 0.737 17.7 3.857 0

m 2 13 T_]l 7_]2 7_]3 T_]Q fI‘OIIl [132] 7_73 fI‘OIIl [132]
[kg/m] [kg/m] [kg/m] | [kg/m] | [kg/m] [kg/m] [kg/m] [kg/m]
325x107° [ 325 x107° [ 4 x 107 0 2x107%* [ 6x107%*] 03x107% 1.8 x 1074

Table 4.1: Values of the material parameters (top) and of the micro-inertia parameters (bottom) of the
weighted relaxed micromorphic model. All parameters are the same as the ones measured in [132] except for
’172 and 773.
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Figure 55: Comparison between the dispersion curves obtained with a Bloch wave analysis of the cell shown
in Figure 51 (left) and dispersion curves for the relaxed micromorphic model with the parameters measured
in [132] (center) and with the slightly modified set of the relaxed parameters value proposed in Table 4.1
(right). Longitudinal branches are in blue while the transverse ones are in green.

also propose a slight variation of the parameters fitted in [132] which may provide a more precise result
when considering the transmission spectra. Indeed, the fitting given in [132] is the best one possible when
considering a finite interval of wavenumbers. In order to fit at best the reflection and transmission spectrum,
the fitting of the dispersion curves alone may not be sufficient, since the horizontal asymptotes are approached
for bigger wavenumbers (smaller wavelengths). The third graph in Figure 55 provides the most precise results
for the band gap interval as well as for the reflection/transmission spectra. All the material parameters
considered are given in Table 4.1. The objective here is to show that the parameters derived in [132] using
the bulk dispersion curves alone are true material constants that allow to describe the mechanical behavior
of the considered metamaterial even when considering a complex (meta-) structure of the type presented in
Figure 51. In particular, we will show that such parameters properly describe the mechanical behavior of the
chosen metamaterial so well that the behavior of that metamaterial can be successfully described in more
complex situations as the reflection and transmission at discontinuity interfaces of the material properties.
The interest of using the relaxed micromorphic model resides in the unique possibility it offers to exploit only
few material parameters for the description of the mechanical behavior of an otherwise rather complicated
system.

For a comprehensive description of Figure 55, we refer the reader to [132]. Here, we limit ourselves
to point out the very good description of the band-gap and of the general behavior. The only difference
between the two approaches is given by the absence of a decreasing behavior in the first transverse optic
mode. However, the average behavior of that vibrational mode is still well described. As a matter of fact,
a decreasing behavior of the dispersion curves can be also obtained when considering the non-local behavior
of the relaxed micromorphic model (L. different from zero). The numerical investigation of the fully non-
local case deserves extra attention and will be considered in a forthcoming paper. Indeed, in order to unveil
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Figure 56: Transmission coefficient as function of frequency for an incident longitudinal wave for the FEM
model (left) and for the relaxed micromorphic model (right).

the full effect of non-locality of the relaxed micromorphic model the characteristic length L. plays a crucial
role, together with the conjoint introduction of an extra micro-inertia term associated to the time derivative
of Curl P. We will treat such a delicate extended case in a subsequent work which will finally show the
full potentiality of the relaxed micromorphic model that is representative of the behavior of the considered
microstructures medium for wavelengths spanning in a very large range up to arriving to small wavelengths
comparable to the size of the unit cell.

4.1.3 Validation of the relaxed micromorphic model via the transmission spectra

In this subsection, we compare the resulting transmission spectra for both the FEM model, as computed
with the semi-analytical method proposed in section IV.4.1.1, and the relaxed micromorphic one. In Figure
56, we show the spectra obtained considering a longitudinal traveling wave arriving at the interface for the
FEM model and for the relaxed micromorphic continuum.

The average description of the transmission spectrum at the interface between a homogeneous material
and a microstructured one is very accurate. The transmission coefficient starts around 0.6 and becomes zero
at around 0.7 x 107 rad/s in both the models and the first peak, even if higher in the relaxed micromorphic
model, is comparable. For higher frequencies, the relaxed micromorphic model shows a second peak, while
the FEM does not seem to allow any transmission. It is also useful to point out that, in the FEM model, the
propagation of the wave through the interface is somehow present but the amplitude of the wave decreases
inside the microstructured metamaterial becoming zero after approximately 7 unit cells, see Figure 57 (left).
On the other hand, for the range of frequencies of the central band gap the amplitude of the displacements
becomes zero near the interface and the reflection can be entirely attributed to the presence of the interface
(see Figure 57 (right)). This difference seems to indicate that there is transmission at the interface for the
second optic mode, but the wave continues to reflect inside the microstructured material.

As a matter of fact, for the frequencies considered in Figure 57(left), the corresponding wavelengths of
the incident wave start to become very small with respect to the size of the cell, so that Bragg scattering is
sensible to take place. This fact is somehow captured by the FEM model, but cannot be captured by the
relaxed model which is intrinsically a continuum model. In this case the frequency is too high in order to
ensure the hypothesis of continuum model is still completely representative of reality.

The same analysis can be done for transverse waves, as shown in Figure 58. In this case, the approximation
given by the continuous model is even better because no extra peak can be found for higher frequencies. The
two transmission peaks are fully described even if the value of the transmission coefficient is not exactly
analogous. As before, the height of the peaks is better caught by the FEM model when adding more
frequency points. Also, the width of the peaks is comparable, only with the exception of the second one.

4.2 The steel plate with liquid-filled round holes

In this section we are interested in the modeling of the mechanical behavior of a particular metamaterial

(phononic crystal) which has been known to inhibit elastic wave propagation on an experimental basis (see
[127]).
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Figure 57: Dimensionless displacement on the bottom edge for the vibrating modes in the range of angular
frequencies 1.75 x 107-1.9 x 107 rad/s (left) and 0.80 x 107-1.5 x 107 (right) (FEM simulations).
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Figure 58: Transmission coefficient as function of frequency for an incident transverse wave for the FEM
model (left) and for the relaxed micromorphic model (right).
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Figure 59: Schematics of the sample structure (a) and the experimental setup (b) ( [127, Figure 1(b)]).

The structure presented, which is schematically shown in Figure 59(a) consists of a steel plate with liquid-
filled holes in square array. The lattice constant, denoted by a, is 3.0 mm, the thickness t of the plate is 15
mm, the diameter d of the hole is 1.8 mm and the width of the cavity, w, is 1.5 mm.

4.2.1 Experiments of wave transmission at a Cauchy/phononic-crystal interface

We show in Figure 60 the obtained experimental transmission spectrum of the considered phononic crystal,
i.e. with 8 rows of liquid-filled holes (see Figure 59(a)) as a function of the frequency of the traveling wave.
Given the geometry of the specimen shown in Figure 59, a longitudinal wave is sent in the Cauchy medium
on the left side and the transmission coefficient is evaluated when the wave leaves the metamaterial on the
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Figure 60: Transmission spectrum of the phononic crystal presented in Figure 59a, with liquid-filled holes [127,
Figure 2b].

opposite side. The transmission spectrum is shown in Figure 60. With liquid filled holes the band gap edge
crosses the —3 dB-level at w; = 586k H z. Transmission of acoustic waves is suppressed until the upper edge
at wg = 918 kHz but a single peak arises at wo = 793 kHz, which can be attributed to the resonance of the
liquid-filled holes. The periodic variation of transmission at lower frequencies is caused by Bragg resonances.
The second transmission band extends to about wy ~ 1 MHz.

4.2.2 Identification of the parameters

In this subsection we present the procedure that we used in order to fit in the best possible way the maximum
possible number of parameters of our relaxed micromorphic model on the available data based on a real
phononic crystal. To start with, we assume the macroscopic mass density to be known as the averaged
density of steel with fluid-filled holes. In particular we choose p = 5000 kg/m3. Nevertheless, we verify
a posteriori that the value of p indeed does not sensibly affect the profile of the reflection coefficient for
frequencies between 0 and 1 M Hz. This fact is sensible if, in accordance to [140,141] and to Figure 41,

we notice that the parameter p only intervenes in the definition of the oblique asymptote ¢, = Ae +2“e

for longitudinal waves. Such asymptote governs the slope of the optic wave LO1 which starts playlng a
significant role for frequencies higher than w,. In the considered example, w, will be set to be equal to ws
which is experimentally found to be close to 1 M Hz. For frequencies higher than 1 M Hz variations of p
could eventually produce more tangible changes in the profile of the reflection coefficient.

To perform the fitting of the remaining parameters, we started by imposing the following identities:

Wj (Lhey fhmy Aey Am,y 1) = w1, wWp (e, tim, Aey Am, 1) = ws, (IV.115)

1
1
w?(Uevﬂma/\ea)\man) = w2, ws(uaﬂmﬂ?) =wy —8kHz.

where we recall that the explicit expressions of wll, Ws,s wl2, wp as functionss of the elastic parameters of the
relaxed micromorphic model are given in equations (IV.104). We hence have 4 conditions to determine the
5 elastic parameters e, fim, Ae, Am, 7] setting in a first instance L. = 0. If analogous experiments as the one
proposed in [127] for longitudinal waves would be reproduced on the same metamaterial but for transverse
waves, extra conditions on the parameters of the relaxed micromorphic model would be available that would
permit a more accurate fitting.
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Figure 61: Profiles of the transmission coefficients ob- Table 4.2: Values of the constitutive parameters
tained for different arbitrary values of the parameter obtained via the solution (IV.116) for arbitrary

e (left). values of the parameter . (right).
(a) ] Condition \ Value \ Unit \ (b) ’ Parameter ‘ Value ‘ Unit ‘
- e % | GPa
wj =wp 586 kHz . 17 GPa
wWs = c;zg —8kHz | 785 | kHz o 133 CPa
wj = wo 793 | kHz P 65 | GPa
Wy = w3 918 kHz 0 0.68 | kg/m

Table 4.3: Conditions used for the parameters identification (a) and corresponding values of the obtained
elastic parameters of the relaxed micromorphic model (b).

We start by numerically solving the system of four equations (IV.115) with respect to the parameters
Aes by Am and 1 leaving free the parameter p.. The obtained solution is?

e = 4.58 pue, pm = 7.21 g, Am = —2.57 pe, n=2.66 107" p,. (IV.116)

The free parameter p is then varied in order to evaluate its influence on the reflection coefficient. A para-
metric study on the free coefficient . is performed giving rise to the profiles of the transmission coefficients
shown in Figure 61 with the parameters shown in Table 4.2.

At this point, we are able to choose the value of the parameter p, which respects conditions (IV.116) and
which fits at best the profile of Figure 60. We conclude that, based on the described fitting procedure, the
values of the parameters that best fits the profile associated to the real phononic crystal are those presented
in Table 4.3b. Figure 62 shows the comparison between the profile of the transmission coefficient obtained
in [127] for a real phononic crystal and the one obtained with our relaxed micromorphic model when setting
L.=0.

We see a very good fitting can be obtained up to frequencies of the order of 1 M Hz. In particular, the
oscillatory behavior observed for lower frequencies and which, according to the authors of [127], is due to
Bragg scattering phenomena is caught by our model in an “averaged” sense.

The fitting for higher frequencies is almost perfect up to reaching 1 M Hz, while for frequencies higher

2We explicitly mention that, additionally to the solution (IV.116) we obtain a second solution which, nevertheless must be
excluded since it violates the positive definiteness of the strain energy density W. Solution (IV.116) is then the only possible
solution which can be used to fit the profile of the transmission coefficient. We checked that it is possible to leave free any other
parameter rather than pe to perform the desired fitting of the transmission coefficient and that it yields comparable results for
the obtained values of the constitutive parameters.
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Figure 62: Comparison of the profile obtained in [127] based on a real metamaterial and the one obtained
with the relaxed micromorphic model with the values given in Table 4.3 and L, = 0.

than 1 M Hz the relaxed micromorphic model looses it predictivity due to the fact that the corresponding
wavelengths are so small that the continuum hypothesis is sensible to become inaccurate.

We need to explicitly remark that the peak of reflection, which is obtained around the frequency ws and
that is experimentally related to a resonant behavior of the fluid inside the walls is slightly overestimated
by the simulation via the relaxed micromorphic model with respect to the one observed in [127]. This peak
magnification can be related to the fact that no dissipation is accounted for in our model, while the fluid
viscosity may perhaps play here a non-negligible role.

In what follows, we will show that we can estimate the characteristic length L. of the metamaterial
experimentally tested in [127] to be comparable to the order of magnitude of the diameter of the embedded
microstructure. We will also show that, even if the estimated value of L. is non- negligible with respect to the
characteristic size of the embedded microstructure, its effect on the amount of energy which is transmitted
in the considered metamaterial is very small. This means that the error which is introduced if one uses an
internal variable model instead of a relaxed micromorphic one is energetically small. On the other hand,
non-locality is a fundamental feature of metamaterials with heterogeneous microstructure and as such it
should always be included in their modeling. As a matter of fact, non-local effects are sensible to become
more and more important when the contrast in the mechanical properties between adjacent unitary cells at
the microscopic level becomes more pronounced.

As a general rule, we claim that the degenerate limit case L. = 0 can be used for a first rough fitting of
the elastic parameters of the relaxed micromorphic model. After that, the characteristic length L. must be
switched on in order to achieve a more accurate fitting of the experimental results. This last operation will
allow for the estimate of non local effects in real metamaterials.

The relaxed micromorphic model allows for the possibility of including non-local effects in band-gap
metamaterials. In the next section we will have the twofold task of:

e fitting at best our constitutive parameters on a real metamaterial,
e estimate the order of magnitude of non-localities in such metamaterial.

We now come back to the point where we set L. = 0 in order to start fitting our constitutive parameters
(see subsection IV.3.3.1). This fact allowed us to obtain here the values of the elastic parameters of our
model by a first fitting with the profile of the transmission coefficient (see Table 4.3).
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Figure 63: Fitting of the parameter L. on the experimental profile of the transmission coefficients.

On the other hand, as expected, switching on the characteristic length L. allows an even better fitting as
shown in Figure 63.

Indeed, we notice from Figure 63 that the degenerate limit case L. = 0 lets the calculated transmission
coefficient slightly deviate from the experimental one (sharp corners). Small variations of the numerical
profile can be perceived as far as L. € [0,0.5mm). On the other hand, as far as L. = 0.5mm an almost
perfect fitting is achieved (dashed line in Figure 63 on the right)). This means that we have been able to
estimate the non-locality of the considered metamaterial to be of the order of 0.5mm, i.e. ~ 1/3 of the
diameter of the holes.

We need to explicitly say that the value of the macroscopic density p might slightly affect the variation
of the transmission coefficient as a function of L.. Nevertheless, we need to consider a density of 1 order of
magnitude higher (50000 kg/m3) in order to appreciate a sensible deviation of the profiles shown in Figure
63. We leave to a subsequent work the aim of determining also the macroscopic mass density p by using
extra conditions provided by the fact of considering also measurements on transverse waves.

The determination of the parameter L. completes the fitting of the elastic parameters of our relaxed
micromorphic model on the band-gap metamaterial experimentally tested in [127] (see also Table 4.3). The
Cosserat couple modulus parameter u. cannot be measured as far as only longitudinal waves are considered
and, thus, it remains to be determined. We have to explicitly remark that if an analogous fitting procedure
would have been possible for transverse waves, having access to the related transmission spectrum.

The main scope of the present part, that we think to have successfully achieved, is threefold:

e we give the very first estimation of the maximum possible number of constitutive parameters of the
relaxed micromorphic model based on a simple measurement of transmission of longitudinal waves at
a Cauchy /band-gap-metamaterial interface

e we give the very first evidence of the non-locality in band-gap metamaterials based upon real experi-
ments

e we elucidate the physical meaning of the constraint which has been introduced in [141] and that we
called “internal clamp with free microstructure”: such constraint allows for the description of continuity
of displacement in the solid phase at the Cauchy/metamaterial interface, while the fluid in the embedded
microstructure is free to vibrate. It is exactly the freedom which is left to the micro-motions that allows
for the description of the local resonant peak around the frequency ws which is indeed not possible for
other types of constraints (see [141]).
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Conclusion

Metamaterials are artifacts composed by microstructural elements assembled in periodic or quasi-periodic
patterns, giving rise to materials with unorthodox properties. For some of these metamaterials, the presence
of a microstructure allows for macroscopic wave-inhibition. More particularly, this means that, given the
topology of the microstructure, when the material is solicited at frequencies that fall in the band-gap region,
any of the possible micro-motions is activated at such frequencies. Hence, this results in the impossibility
of waves to travel in the considered metamaterial. The structure of the relaxed micromorphic model allows
to describe complete frequency band-gaps with the simplest possible micro-inertia and without losing the
non-locality of the model. It is decisive to use Curl P instead of the full micro-distortion gradient VP and to
take a positive Cosserat couple modulus p. > 0. Considering that non-locality is an intrinsic characteristic
feature of micro-structured materials, especially when high contrasts of the mechanical properties occur at
the micro-level, models that allow for its description are a necessary requirement.

In this part, we analyzed the behavior of the relaxed micromorphic model in the case of plane wave
propagation. Furthermore, we derived the set of necessary and sufficient conditions that have to be imposed
on the constitutive parameters of the relaxed micromorphic model in order to guarantee

e positive definiteness;
e real wave velocity;
e Legendre-Hadamard strong ellipticity condition.

We showed that, on the one hand, definite positiveness implies real wave propagation, while on the other
hand, real wave propagation is not guaranteed by the strong ellipticity condition. We conclude that in strong
contrast to the case of classical isotropic linear elasticity, where the three concepts are known to be equivalent,
in the case of the relaxed micromorphic continua only definite positiveness of the strain energy density can
be considered to be a good criterion to guarantee real wave speeds in the considered media. The proposed
considerations can be extended to all enriched continua where the equivalence between the three notions is
far from being straightforward.

Furthermore, we made a review of some of the available isotropic, linear-elastic, enriched continuum
models for the description of the dynamical behavior of metamaterials. We show that the relaxed micro-
morphic model is the only non-local enriched model which is able to describe band-gaps when considering
a kinetic energy independently accounting for micro and macro motions. Considering an inertia term which
couples the micro-motions to the macroscopic motions, also other non-local models exhibit the possibility of
describing band-gap behaviors. Nevertheless, the relaxed micromorphic model is still the more effective one
to describe (multiple) band-gaps and non-local effects in a realistic way. In fact, even with the addition of
the new micro-inertia term, the relaxed model is able to account for the description of two band-gaps, in
contrast to the single band-gap allowed by the Mindlin-Eringen model. Finally, the internal variable model
with the new kinetic energy terms allows for the description of up to three band gaps. Nevertheless, the
overall trends shown by the dispersion curves turn to be quite unrealistic due to the fact that all the branches
of the dispersion curves show very low or no dispersion at all.

Afterwards, we consider the application of the relaxed micromorphic model to two real phononic meta-
materials, namely:

e a steel plate with cross-shaped holes;

e a steel plate with liquid-filled round holes.
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Part IV Conclusion

For the first metamaterial, we provide a validation of the material parameters of the relaxed micromorphic
model derived in [132] by means of the study of the transmission properties of a rather simplified meta-
structure made up of 40 unit cells of a metamaterial made of periodic cross-like holes [132]. In particular,
the interface between a homogeneous solid and this meta-structure is considered and the reflection and
transmission coeflicients are derived as a function of the frequency. The transmission spectra are computed
both via a direct FEM simulation and via a direct implementation of the relaxed model with the material
constants derived in [132]. The obtained results show an excellent agreement and the relaxed model revealed
to be more than 10 times faster in terms of computational time with respect to the FEM implementation of
the same problem.

Considering the steel plate with liquid-filled round holes, we give the very first estimate of the resulting
elastic coefficients of the relaxed micromorphic model based upon the experimentally-based transmission
spectra presented in [127] which concern the measurement of the transmitted energy as a function of the
frequency of the traveling wave for this particular band-gap metamaterial. Restricting our attention to the
problem of studying reflection and transmission of longitudinal waves at a Cauchy/relaxed-micromorphic
interface, we are able to reproduce the main characteristic features which are observed in [127] for a phononic
crystal obtained by means of an aluminum plate with small fluid-filled holes (diameter ~ 1.8 mm). Suitably
choosing the values of the parameters of our relaxed micromorphic model, we are able to fit the profile of
the transmission coefficient proposed in [127] as a function of the frequency of the traveling waves. Two
band-gaps which almost collapse to form a unique band-gap can be observed both in [127] and as a result of
the simulations based upon our relaxed micromorphic model.

We conclude recalling the finding that we believe to be the most important to be pointed out. Indeed,
we showed by direct comparison of our relaxed micromorphic model with available evidences that non-local
effects are an intrinsic feature of band-gap metamaterials. A characteristic length L. = 0.5 mm has been
estimated for the real phononic crystal studied in [127] which is almost 1/3 of the diameter of the holes in
the embedded microstructure. Even if the energetic contribution associated to the underlying non-locality is
very small (only small changes in the transmission coefficient can be appreciated when increasing L. from 0
to 0.5mm), such non-locality is intrinsically present in any microstructured material and as such it should
be always accounted for when modeling their mechanical behavior. The macroscopic effects of non-localities
are sensible to become more and more energetically significant when considering stronger contrasts in the
mechanical properties at the microscopic level (e.g. unitary cells with very different stiffnesses). The relaxed
micromorphic model should be always used when one wants to model band-gap metamaterials that show
non-localities.

On the basis of the results presented here, we can claim that the relaxed micromorphic model is the only
macroscopic continuum model known to date which is simultaneously able to account for

e prediction of complete band-gaps in mechanical metamaterials;

e non-local effects (via the introduction of higher order derivatives of the micro distortion tensor in the
strain energy density).

The present part represents the first step towards the use of the relaxed micromorphic model for the
characterization of the mechanical behavior of metamaterials and for their use in view of meta-structural
design in the simplified framework of enriched continuum mechanics. Furthermore, the results presented in
this part allow to give the first physical interpretation of the boundary conditions which can be imposed
at a Cauchy/relaxed-micromorphic interface based upon a real experiment. Work in progress is focused
on the generalization of the results presented here to the anisotropic framework [49] in order to be able to
characterize a wider class of metamaterials, thus increasing the interest of using enriched continuum models
for realistic meta-structural design.
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General conclusion and perspectives

For centuries, continuum theories have been used successfully for the description of the mechanical behavior
of materials at the macroscopic scale. The idea, which is at the basis of such theories, is that the discrete
nature of matter can somehow be neglected when considering sufficiently large pieces of a given material,
which can thereby be regarded as a continuum. This fundamental assumption has been used continuously
since the 19th century, when Cauchy showed how such “averaged” theories are a powerful tool for determining
the mechanical behavior of large-scale engineering structures. Indeed, the advantage of considering a body
as a large-scale object, as opposed to viewing each of its atoms separately, is considered nowadays evident.

However, the systematic use of Cauchy theories may sometimes represent a too drastic simplification of
reality, since some essential characteristics related to the heterogeneity of their microstructure are implicitly
neglected. When considering a scale which is small enough, every material is actually heterogeneous, but
this does not affect the mechanical behavior at the engineering scale, in most cases. Therefore, a Cauchy
continuum theory is a suitable choice for modeling the macroscopic mechanical behavior of the considered
materials in the simplest and most effective way. On the other hand, some materials are heterogeneous
even at relatively large scales and, as a consequence, one cannot neglect the effect of their microstructure on
the overall mechanical behavior. In such cases, a Cauchy continuum theory may not be sufficient to fully
describe the considered material, especially for particular loading and/or boundary conditions. The resulting
structure may possess some microstructure-related behaviors; for example in this manuscript we studied the
case of:

e fibrous composite reinforcement and the macroscopic effects due to the bending of the yarns at the
mesoscopic scale;

e metamaterials and band-gaps due to local resonances.

For those cases we proved that a more complex framework than classical Cauchy continuum theory is needed:
Enriched Continuum Theories.

The fibrous composite reinforcements have been thoroughly studied in light of the broad set of engineering
applications. This lightweight material possesses very high specific stiffness and it deforms to adapt to complex
shapes. The forming process is particularly difficult to describe because, especially before the addition of
the resin, the material is strongly inhomogeneous and local effects characterize its macroscopic behavior.
The modeling of the forming process, however, could lead to a higher quality product and also to a better
cost-efficiency. We showed in this manuscript how a second gradient energy can be used to describe such
phenomena. However, the model presented is still not ready for a complex implementation in real engineering
applications. Even if we proved how the second gradient model can capture the effects due to the mesoscopic
bending of the yarns, a thorough experimental testing is due to define both a non-linear first gradient
energy and the parameters in the second gradient energy. The main perspective of the work is to set up an
experimental procedure to fully characterize the complex behavior of these materials.

The second example of a macroscopic property due to a microscopic heterogeneity is found in some meta-
materials that show an unorthodox behavior with respect to wave propagation. In particular, some of these
metamaterials can inhibit wave propagation for certain frequency ranges, usually referred to as “frequency
band-gaps”. Conceived by assembling small components and arranging them into periodic or quasi-periodic
patterns, these materials are attracting an ever—growing attention both for what concerns its modeling and
the relative experiments. Numerous efforts are currently being made to reliably account for the observed
band-gaps in the simulation of such metamaterials. The most common models are intrinsically microscopic
and based on the use of Bloch’s theorem for periodic microstructures or on numerical homogenization tech-
niques. Nevertheless, a systematic treatment of band-gap modeling based on the spirit of Enriched Continuum
Mechanics is still lacking and deserves attention. In this work, we showed how a relaxed micromorphic model

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/l)?i@lication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



General conclusions and perspectives

can account for some microscopic-related modes of vibration while remaining in a continuous framework.
Furthermore, the needed mathematical tools for the relaxed micromorphic model were derived both in the
isotropic and the anisotropic cases for which the needed existence and uniqueness result can be found in the
literature.

Only in the framework of enriched continuum theories, we can obtain a simplified modeling and a more
effective conception of real large-scale civil engineering “metastructures”, made up of metamaterials as building
blocks, that resist vibrations and shocks in a large range of frequencies. Furthermore, based on the abundant
literature concerning this subject, we believe possible to identify and describe a wide class of periodic and
quasi-periodic band-gap microstructures via the relaxed micromorphic model that can be used as basis for
the design of such metastructures. Considering these remarks and the results presented in this manuscript,
we believe that the relaxed micromorphic model is a suitable choice for the description of the behavior of
band—gap metamaterials in view of the conception of large-scale civil engineering metastructures.

Work in progress is focused on the generalization of the results presented here to the anisotropic frame-
work [49] in order to be able to characterize a wider class of metamaterials, so increasing the interest of
using enriched continuum models for realistic meta-structural design. The main perspective for the relaxed
micromorphic model is its numerical implementation in a Finite Element code for the conception of complex
bad-gap metastructures. The fact of using a continuum relaxed micromorphic model could be an incredibly
powerful tool for the design of complex metastructures which are constituted by metamaterials with already
known mechanical properties. Indeed, the fact of dealing with few macroscopic elastic coefficients should make
the finite element implementation of the model rather easy, thus allowing for numerically efficient models for
the design of complex structures. Once the material parameters of the considered metamaterials have been
estimated by inverse approach, standard finite element codes could be used in order to design structures with
extended sizes and complex geometries. This will allow us to eventually design some prototype structures
which are able to absorb elastic waves in precise frequency ranges (for example by means of 3D printing).

A possible further extension of the relaxed micromorphic model is the insertion of additional micromor-
phic degrees of freedom to account for even more microstructure-related effects. We dubbed this possible
extension the “relaxed multimorphic model”. When the full setting-up of the anisotropic relaxed multimor-
phic model will be concluded (for which advanced techniques of functional analysis and calculus of variations
are required), we will be able to use the a continuous model to perform numerical simulations for specific
metamaterials in even greater detail.
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APPENDIX A

Appendix to part 1

A.1 Micromorphic models as limiting cases of the relaxed micro-
morphic continuum

In this section, we show certain limiting cases of the anisotropic relaxed micromorphic continuum model. Since
we assume C,,, C. to be positive definite and C. positive semi-definite, there exist three positive constants
¢l et el > 0and ¢f >0 such that:

(€. sym(Vu = P), sym(Va = P) )y > ¢ sym (Vu — P2
(Cw sym P, symP ) ., > ¢l [ dev sym P||25.5 + ¢f, (tr (P))? (A1)
(C. skew (Vu — P), skew (Vu — P) )py.5 > ¢ | skew (Vu — P)||Zsxs-

Cosserat model or micropolar model: Let us first consider:
Cmn— 00, C.>0, C.>0, PeR¥>*3, (A.2)

which is the case if we assume c‘gev,c‘& — oo. In this case, the fact that the energy is bounded implies

| sym P||? = 0 formally and, therefore, that P € s0(3). This resulting model is equivalent to the Cosserat
model or micropolar model (section 1.2.2). The appearance of only Curl P in the curvature is consistent
with the classical Cosserat or micropolar model, since for skew-symmetric P(z) = A(x) € s0(3) it holds that
CurlA is isomorphic to VA, see [180].

Micro-voids theory: On the other hand, we may consider:
devsymC, — o, C.>0, C.=0, Pe€Sym(3), (A.3)
where we assume that c¢fj_, — oo and skew P = 0. In this case, we obtain that || devsym P[> = 0 and,

therefore, we can infer that P = R - 1. This model is called micro-voids theory (see [176] and section 1.2.4)
and again, the presence of Curl P is fully consistent with the general micro-voids theory.

Micro-incompressible micromorphic model: One more case is:
trCy — 00, Ce>0, C.>0, PeR>, (A.4)

where we assume that ¢!, — oo and, therefore, tr P = 0. In this case we obtain that P € s[(3). This model
is the micro-incompressible micromorphic model (section 1.2.6).

Micro-stretch theory: Analogously, we may consider:
devsymC,, — 00, C.>0, C.>0, PeR3>3, (A.5)

where we assume that ¢l — co. In this case we obtain only that ||devsym P||?> = 0 and therefore that
P =R-1 +s0(3). This set of models is called micro-stretch theory (see [176] and section 1.2.3).
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Micro-strain model: Instead, if we just consider:
Cn>0, C.>0, C.=0, PeSym(3), (A.6)

which means constraining P in such a way that skew P = 0, then this resulting model is equivalent to
Forest’s micro-strain model, (see [74] and section 1.2.5).

A.2 One-dimensional standard Mindlin-Eringen model versus new
relaxed micromorphic model
We let u : [0,1] — R denote the displacement and p : [0,1] — R the micro-distortion (we note that u

corresponds to the first component of the displacement and p corresponds to Ppy).
Considering a one-dimensional model, we can reduce the energy of the Mindlin-Eringen model to:

N ~ L?
el (t) = D) + pe| skew(:) |* + o [P + M2 Ol (A7)
——
0

Therefore, in a purely one-dimensional setting, the u.-term does not appear. Furthermore, if p. — oo
formally, the energy reads:

2
po () + 225 " (1) (A8)

which is a second gradient elastic energy. The equilibrium equations read:

2p1c (' (8) = D) 0w/ () =0, Vou e C(0, 1], ),

(A.9)
[2pe (u'(t) = D(t)) + 20 D 6D(t) + p L2D'6p" = 0. Vop € C5°([0,1],R),
from which we obtain:
d N N . ~
e W) =N =0, 2 (1) = (D) + 2 D+ L2 = 0. (A.10)
If we consider L. — 0 we obtain:
d - N ~
T 2pe (@(®) =) =0, =2pe (u'(t) = P(#)) + 2um P = 0. (A.11)
This can be reduced to:
d He Bm ] ~ He /
— |o-Eefm | =0, =" W@ . A12
£ [ p= e (A12)
Therefore, this is equivalent to a classical elasticity model with energy:
pot [/ (8)]2, where gy = et (A.13)

fre + fn

Thus, in the one-dimensional setting, the Mindlin-Eringen format obeys our homogenization format as well.
For the relaxed micromorphic model we have instead:

p 0 0
R N L2 p

el (t) = B[ + prel skew (") [2 + pan [P0 + 255 Carl [ 0 0 0 ] 2. (A.14)

—— 2 00 0

=0
=0
Therefore, there are no terms with L. and the equilibrium equations read:
d N N ~

— 2pe (uW'(t) =) =0,  —2pc (W' (t) = P(t)) + 2pm P = 0. (A.15)

dzx

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/l)églication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



End matter Appendices

This is the the same format as the Mindlin-Eringen model with L. — 0.
Here, it must be noted that when p. — 0o, we obtain formally only a first gradient elasticity model with
energy:

o [’ ()2 . (A.16)

This is equivalent to a classical linear elasticity model with puy = pm, contrary to (A.8).

Here, one of the differences of the standard Mindlin-Eringen format, in comparison to the new relaxed
formulation, clearly appears: the relaxed format does not reduce to a higher gradient elasticity model when
specifying certain parameters.

APPENDIX B

Appendix to part II

B.1 Representation Theorems for Hyperelastic Materials

Various hyperelastic constitutive equations for an isotropic strain energy density which are suitable to describe
the mechanical behavior of isotropic materials even at finite strains (see e.g. [187,219]) have been proposed in
the literature. Generalized constitutive laws are also available for linear elastic isotropic second gradient media
(see [57]). The main issue when defining a constitutive law is the choice of the deformation descriptors. In
the literature, we find different theorems that ensure the minimum number of parameters needed to correctly
represent the functional dependence of W on C. All of these results define a minimum number of invariants
for any specific symmetry in the considered medium. For what follows the unitary vector along the preferred
directions, namely the fiber directions in the case of the fabrics, will be denoted by m; and ms and the unitary
vector mg is defined as mg3 := m1 A msy. The invariants considered in the following and a brief description of
their meaning are listed in the table B.1.

We must note that the invariants listed in table B.1 are not all independent. Indeed, it can be shown
(see [200]) that these invariants can be written as functions of only six invariants as:

1o = 141 + (i4 + iﬁ) (il — (’i4 + 26)) - ’Lg — Zg — i%o

ig = (iaig — i3) (i1 — (ia +146)) + 2 igig i10 — 6 i3 — 1443

i5 = i3 + i3 + i3 (B.1)
i7 =g + 1§ + iy

i1 =14 + 46 + 17,

Invariant \ Expression \ Meaning in Terms of Deformation

i1 tr(C) Changes of length

io tr (det(C) C~T) Changes of area

i3 det(C) Changes of volume
14 = 111 my-C-mq Local stretch in the direction m;y

15 my-C?% - my Shear and stretch strain in m;
16 = 129 mo - C - Mo Local stretch in the direction mo

i7 ms - C? - mg Shear and stretch strain in mo
ig = 1192 my - C - mo Shear strain between the directions (mq,mz)
19 = 113 my - C - ms Shear strain between the directions (mq,ms)
110 = 123 mo - C - mg Shear strain between the directions (mq, ms)
17, = i33 ms-C -ms3 Local stretch in the direction mg

Table B.1: Invariants of Deformation
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Representation Theorem for Isotropic Materials: Considering a hyperelastic isotropic material only
three independent scalar invariants of the Cauchy-Green tensor C' are sufficient to correctly represent the
functional dependence of W% on C. In other words, for an isotropic material, it is sufficient to consider an
energy of the type:

Wo(C) = W (iy, iz, i3) (B.2)

Proofs of this theorem can be easily find in the literature (see [97,188]).

Representation Theorem for Transversely Isotropic Materials: Considering a hyperelastic trans-
versely isotropic material only five independent scalar invariants of the Cauchy-Green tensor C' are sufficient
to correctly represent the functional dependence of Wi " on C. In other words, for a transversely isotropic
material (i.e. a material with a unique preferential direction), it is sufficient to consider an energy such as:

Wtran(c) = W(ilviQai37i47i5) (BS)

Constitutive equations for transversely isotropic materials are also well assessed in the literature (see e.g.
[22,23,36,101,102,188]).

Representation Theorem for Orthotropic Materials: As far as orthotropic materials are considered,
clear and exploitable constitutive hyperelastic equations are harder to be found in the literature. Plenty of
authors try to generalize the representation theorems valid for isotropic and transversely isotropic media, but
often there is no apparent agreement between the different versions proposed for such a theorem.

The most diffused version of the representation theorem (see e.g. [97,188,216]) for the hyperelastic or-
thotropic materials states that only seven independent scalar invariants of the Cauchy-Green tensor C are
sufficient to correctly represent the functional dependence of W on C. In other words, for an orthotropic
material, it is sufficient to consider an energy such as:

WO(C) = W (i, ig, i3, ia, 15, 6, i7) (B.4)

Nevertheless, it can be proved that only six independent scalar invariants are sufficient to completely describe
the behavior of an orthotropic material (see the elegant proof given in [200]), so that, even if it is effectively
possible to write the strain energy as function of seven scalar invariants, it must be kept in mind that not all
of them are truly independent functions of C. In particular, following [200], we can introduce the set of six
invariants io := {41, i4, 96, is, i9, 910} to represent the functional dependence of W on C:

WOrth(C) = W (i, ia, i, s, i, i10) (B.5)

Indeed, all the other invariants can be expressed in terms of such six as recalled in equation B.1.

B.2 Alternative numerical implementation of the constrained mi-
cromorphic model: penalty method

In this subsection, we briefly mention a method that can be used in order to numerically implement a
constrained micromorphic model as an alternative to the method of Lagrange multipliers. It is known as
“penalty method” and consists in implementing a strain energy density which takes the form

W(i4a 7:65 7;87 ©, VQO) = WI (7:45 7;67 18) + WII(VSD) =+ WCOUPM"Q (iS? (p)’ (BG)

where Wy and Wy are given in Eqgs. I1.8 and I1.9 respectively, while the coupling energy takes the form

7(90 - i8)27

Wcoupling(iSa SD) = 9

where K is a constant that may ideally tend to infinity. Indeed, in order to guarantee the boundedness of
the strain energy density, it follows that ¢ must necessarily tend to ig. We numerically implemented such a
penalty method in order to test the correct convergence of our equilibrium problem formulated with Lagrange
multipliers. Since K is constant, the considered virtual variations are only du and d¢ and, moreover, the

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/l)éalication/2017LYSEI098/these.pdf
© [G. Barbagallo], [2017], INSA Lyon, tous droits réservés



End matter Appendices

0.003 ——0
— 500
— 1000
— 2000
5000
— 10000
50000
— 100000 | 1

0.0025 -

0.002

0.0015 -

0.001

0.0005 F

v (m)
=

-0.0005

-0.001

-0.0015

-0.002 +

-0.0025

-0.003

® {m)

Figure 64: Vertical displacement of the mean axis for a displacement of 56 mm and different values of K

constant K must be chosen sufficiently large in order to guarantee numerical convergence of the solution.
This last feature can be easily tested by controlling that the solution does not change when increasing the
value of K (see Fig. 64). The constitutive parameters remain the same as the ones used in the numerical
simulation with the Lagrange multiplier (see tables 3.1 and 3.2). We note that by suitably increasing the
value of K, the model converges to the solution obtained with constrained micromorphic simulation with
Lagrange multiplier. Therefore, this penalty method could be a useful tool for the easy implementation of
constrained micromorphic models due to their high numerical stability.

B.3 Influence of cutting the corners on the onset of wrinkling for
first and second gradient solutions

During experimental testing, it is a spread routine to cut the corners of the specimen as in the simulations
shown in Figure 65, see [35]. This change in the geometry can have an influence on the onset of wrinkling
during the deep drawing of the fabric. We notice that cutting the corner leads to a slightly reduced amount
of wrinkling in the first gradient model, while for the second gradient model the wrinkling is already not
relevant and therefore almost no influence is seen by the cutting of the corners. The considerations concerning
the dependence of the solution from the size of the mesh remain the same as in the other cases both for the
first and second gradient case.

APPENDIX C

Appendix to part III

C.1 Linear mapping for the Mandel-Voigt vector notation

The components of the defined mapping 9M,;; can be represented as 3 x 3 matrices once fixing the index o

1 0 0 0 0 O 0 0 0
My; =10 0 0 , Mo = 0 1 0 , Ma;; = 00 0 ,
0 0 O 0 0 O 0 0 1
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Figure 65: Influence of cutting the corners on the onset of wrinkling for the first and the second gradient
model with shape functions with augmented continuity.

0 0 0 0 0 § 0 5 0
Myj= 0 0 5 |, Msij =1 0 0 0 |, Meij=|( 5 0 0
0 5 0 5 00 0 0 O
We define the inverse operator 93“(;]& : RS — Sym(3) as:
(sym vu)i]’ :mti_jla Eas (sym P)ij = ml_jiy Bas (C.1)
with the following property:
Mai; Mty = o, (C.2)

where 4 is the Kronecker § in RS x RS. We can to show that the components of the inverse operator are:

1 0 0 0 0 O 00 0
Myup= 000 ), Myp=|010]),  My=|000],
00 0 00 0 01
(C.3)
00 0 0 0 1 0 1 0
m;ji: 00% ) M= 0 0 0 |, {)Jt;jé: %00
¢ 0 ¢ 00 0 0 0

The mapping 9% has zeros everywhere except in the components {111,222, 333,423,513,612}. Therefore, we
express it compactly as:

o~ o~ ~ c o~ ~
Maij = 60101051 + 00205202 + 6430i3053 + 3 (5a4 (0i2053 + 0i3952) + Oas (0103 + 5i35j1)) (C.4)

C ~
+ 3 006 (051052 + 0i20;1) .
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Analogously for the inverse 911

~ ~ ~ 1/~ ~
93?;1& = 00101051 + 0a20i2052 + 00363053 + - (5a4 (05203 4+ 033052) + das (851053 + 5i35j1)> (C.5)

+ P 006 (051052 + di2051) .

We can check that the application of the linear mapping 9t to a symmetric second order tensor s;; results in
a vector in R® whose first three components are the elements s11, S22 and s33, while its last three components
are ¢ a3, ¢ s13 and ¢ 15 respectively. This is in accordance to classically used notation as in equation (I11.35).

C.2 Non reduction for the standard Mindlin-Eringen model

In this section, we show that the considerations, which allowed the derivation of the macroscopic consistency
conditions for the relaxed micromorphic model, cannot be repeated for the classical Mindlin Eringen model,
which does not provide a transparent connection of the micro and meso elastic tensors to the macroscopic
properties of the medium.

The elastic energy of the general anisotropic micromorphic model in the sense of Mindlin-Eringen is:

W= %@E (Vu — P),(Vu — P) >+%<<cm sym P, symP>+MTL§HVPH2 : (C.6)
anisotropic elastic — energy micro — self — energy ~ curvature
The same expression in index notation is:
1 - 1 wuL?
w 9 ((Ce)ijkl (Vu - P)ij (Vu = Py, + D) (Cm)ijkl (Symp)ij (sym P);; + ?c Pijke Pij k- (C.7)

Here, we have discarded Ecross for simplicity. Note that the coupling of skew-symmetric terms is now also
contained in C, in some hidden way, instead of being explicitly present as in C. and our relaxed model. The
static equilibrium equations are:

Div [C. (Vu — P)] =0, (C.8)
—C. (Vu — P)+Cy, sym P + p L2 Div [VP] = 0.

These can be equivalently written as:

((Co) yu (Vu - Ply) =0, (C.9)
- (Ce)ijkl (Vu - P)kl + ((Cm)’bjkl (SymP)kl +ML§ Pij’kk; =0.

Here we can define the elastic (relative) stress in such a way that it depends bijectively on the non-symmetric
elastic distortion e = Vu — P since C, is assumed to be uniformly positive definite:

c(Vu, P)=C, (Vu — P), 0 (Vu, P) = (@e)ijkl (Vu — P), . (C.10)
We can write in this model:

Vu - P=C, 5, (C.11)

where Cs_l is the Mindlin-Eringen elastic micromorphic compliance tensor.

In order to find the corresponding macroscopic tensor, we have to write the micromorphic elastic (relative)
stress as a function of only Vu.

Considering very large samples of the anisotropic structure amounts to letting L., the characteristic length,
tend to zero. As a consequence of L. = 0, the second equilibrium equation in (C.8) looses the DivVP-term
and turns into an algebraic side-condition connecting P and Vu via:

Ce (Vu — P)=C,, symP. (C.12)
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Or, again in index notation:
(@e)ijkl (Vu — P)kl = (Cm)ijkl (Symp)kl . (C.13)
From this equation we obtain:

Cm sym P =C, sym (Vu — P)+ C, skew (Vu — P)
=C, symVu — C, sym P + C, skew (Vu — P),

(@e + (Cm) sym P =C, sym Vu + C, skew (Vu — P)

sym P = (@e + (Cm)71 C. sym Vu + (@e + (Cm)71 C. skew (Vu — P). (C.14)

In index notation this becomes:

(sym P);; = (Ce + Cun) 1y (Ce) g (57m V1), + (e Can) 1y, (Ce) gy (skew (Vu = P)),,, . (C.15)
On the other hand, replacing (C.12) in (C.8); yields:
Div[Cy, sym P] =0. (C.16)
And again, by replacing this result in (C.14) we obtain:
Div [cm (T.+Cm) " TosymVu + Cyy (Co +Cr) " Te skew (Vu — P)| =0. (C.17)
It is not possible to decouple this last equation due to the presence of the rotational coupling term
skew (Vu — P). Therefore, the only condition we can obtain is:
Cm (@e + (Cm)71 C. symVu + Cy, (@e + (Cm)il C. skew (Vu — P) = Cy sym Vu, (C.18)
or, in index notation:
(Cin) g (Ce + (Cm);mpq (@e)pqij (symVu),; + (C.19)

— _1 —
+(Cw) kimn ((Ce + Cm)mnpq ((Ce)pqij (skew (Vu — P))Z.j = ((CM)k”j (sym Vu)ij )

This has to hold for any sym Vu. Noting that Cy sym Vu € Sym(3) and considering the symmetric part
and the skew-symmetric part individually, we have

Sym{(Cm (@e +(Cm)71 C. symVu + Cy, (@e —&—(Cm)71 C. skew (Vu — P)}

= Cy sym Vu, (C.20)
skew {(Cm (@e + Cm)_l Ce symVu + Cp, (@e + (Cm)_l C, skew (Vu — P)} =0.
Similarly, in index notation we obtain:
— -1 .
¥ { (Co) gt (Ce + Can) g (o) ((sym V), + (skew (Vu = P)),, ) |
= ((CM)klij (SymVu)ij ) (C.21)

-1 —
mnpq (Ce ) Pqij

skew {(Cm)klmn (@e + (Cm) ((sym Vu)ij + (skew (Vu — P)),J)} =0.

A sufficient condition in order to obtain a decoupling of these equations (sym and skew) is exactly the reduced
anisotropic format put forward in our relaxed model.
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C.3 Some considerations about the anisotropic rotational coupling
in the “relaxed micromorphic model”

Before understanding the general anisotropic character of the coupling tensor C., we recall the transformation
behavior of the energy expression in the isotropic case. An energy defined on second order tensors is isotropic
if the transformation:

X-QT - X-Q for QeSO(®3), (C.22)

does not affect the value of the energy. More precisely, we say that a local energy contribution acting on
second order tensors is isotropic if

W(X)=wW(@Q" X Q). (C.23)

Given a second order tensor which is subjected to the transformation (C.22), it is clear that its skew-symmetric
part transforms as follows:

skew (X) — skew (QT - X - Q) = QT - skew (X)-Q  for Q € SO(3), (C.24)
and the corresponding axial vector of skew (X) satisfies the transformation law:
axl (skew (X)) — axl (skew (Q7 - X - Q)) = axl1 (Q" - skew (X) - Q) = Q - ax] (skew (X)), (C.25)

see [161,162]. Based on these transformation laws, we may investigate the anisotropy of the rotational
coupling with the representation in terms of the second order tensor C.. Indeed, for the isotropy of an energy
of the type W (skewX) we require the invariance:

VQeSOB):  (C.skew (X), skew (X) )5 = (Co skew (Q7 - X - Q) , skew (Q7 - X - Q) )povss
(C.26)

which, using (I11.44) and (C.25), is also equivalent to:

VQ eS0@3): (C.- axl(skew (X)), axl (skew (X)) ),
= (C.- axl (skew (Q" - X - Q)), axl (skew (QT - X - Q)) )ps (C.27)
= (C. Q- axl (skew (X)), Q - axl (skew (X)) )y, .

If we now set = axl(skew (X)), the latter is equivalent to:

VQESO(S)S <@c'ﬂaﬁ>R3:<@c'Q'TLQ'77>R3:<QT'@c’Q'77,77>R37 (C'28)

where the transformation laws for the axl-operator given in (C.25) has been used. Since (C.28) must hold
for all vectors n € R® we obtain:

Ce=QT-C.-Q VQeSO®3). (C.29)

Recalling that @ € SO(3) implies Q7 = @1, it can be inferred that this last equation is satisfied if and only
if:

Co=Heq, >0, (C.30)

which is the expression of (Ec for the isotropic case in which g, is called the Cosserat couple modulus [44].
Let us first state again that the relaxed micromorphic model is fully functional even without using C,. at all.
However, our experience in the isotropic case, in which C, reduces to the Cosserat couple modulus ., has
shown that in order to describe complete frequency band gaps, one should take pu. > 0. In the anisotropic
case this would translate to requiring that C,. is positive definite.
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A method to reduce any given anisotropic rotational coupling to the isotropic case is, therefore, to simply
project C3"%¢ to its isotropic part, given by the arithmetic mean of the eigenvalues of C2"° (the Voigt
bound):

1SOarithm (@2“150) = %tr (@3“0) 1. (C.31)

This defines a mapping iS0arithm : Sym™ (3) — RT1. We note, however, that applying (C.31) has certain
deficiencies, e.g. it is not stable under inversion:

ousim ((E22) ) # [sownm ((E))] (€32)

Following the approach by Norris and Moakher [159], we can obtain the closest isotropic tensor to @?“is" with
respect to a geodesic structure on Sym™ (3). This will define a nonlinear operator i80geod : Sym™ (3) > R*1

such that:
iS0geod ((@ﬁnis‘))_l) = {isogeod ((@;mis"))] - . (C.33)

This will be exemplified in a different contribution. In the meantime, we may alternatively propose a mapping
iSO10g : Sym™(3) — R*1 defined by:

ot (o) i e roa(E N1 sl (@ froatn@ )1 = e (E) 1. (00

This is the geometric mean of the eigenvalues of @?niso. This mapping satisfies

o ( (E2) ™) = [isos (E2)] (©.35)

There is also another possibility. We define the harmonic isotropy projector by:

iSOharm ((Eimiso) = [isoarithm <<@iniso) _1>] - . (C.36)

This is the harmonic mean of the eigenvalues of @g“iso (the Reuss-bound [24]). All introduced mappings
satisfy the projection property:

1SOarithm (nyr]l) = iS0ge0d (7+]l) = iSOlog (’y+]l) = iSOnarm (nyr]l) =~t1. (C.37)

Let us discuss the differences between is0aithm and isoj,g. Consider a sequence of Canise:k —, Caniso,o0 for

k — oo, where ((Njgniso*c’o is not positive definite, i.e. some eigenvalue is zero (and det (@ﬁniso’m) = 0). Then:

~ . 1 ~_ . 1 ~ .
soust (€28 = Lz (@08 1 5 L (@anwoe) 1, ©39)

is positive definite. The mapping property is such that isoaitnm : Sym™ (3) — RT1. In contrast, we observe
that:

1
i5010g ((Ci;nismk) - (det (cgniso”f)) * 1 — Ogsxe. (C.39)

Therefore, isojs determines a zero isotropic coupling when eigenvalues of C2™*° vanish. For example,

a

0
0

—_

0 0
0 0], 1SOarithm (@?ﬂso) = %, iSO16g (@?”i“’) = Ogsxs. (C.40)
0 0

T~aniso __
Cz =

At the present stage of understanding, however, we do not have extra arguments for using an anisotropic
rotational coupling instead of an isotropic one. When possible, an isotropic rotational coupling given by the
Cosserat couple modulus g, should be preferred.
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C.4 Properties of the macroscopic constitutive tensors

C.4.1 Symmetry

Let us first consider the direct relation:
Cr=Cp (Cn+Co)™" C.. (C.41)
The constitutive tensor Cy; is the result of a product of the type:
Cu=A(A+B) "B, (C.42)

where A, B and, as a consequence (A + B) are symmetric. In order to show the symmetry of Cyp let us
suppose that (A 4+ B) is invertible and write accordingly:

(A+B)(A+B) 'B=B. (C.43)

We can decompose the product by using the distributive property of the matrix product with respect to the
sum:

A(A+B) 'B+B(A+B)"'B=B. (C.44)
Therefore:
A(A+B)'B=B-B(A+B) 'B. (C.45)

So we have that Cyy = A (A+ B) ™' B is the difference of two symmetric matrices, since B (A+ B) ™" B is
also symmetric.! For the inverse relation, we consider:

Ce=Cp (Con —Cy) ™" Cy1. (C.46)
Similarly, we can derive its symmetry (as long as (Cy, — (CM),:l1 exists):

A(A-B) 'B=B+B(A-B)'B. (C.47)

C.4.2 Positive definiteness
Let us now investigate the positive-definiteness of
Cyv=Cn (Co+Co)™ ' Ce. (C.48)

If we assume C,, and C. to be positive definite, it follows from the properties of positive definiteness, that
their sum as well as the inverse of the sum will be positive definite. Note first that a product AB of positive
definite matrices A and B has real, positive eigenvalues. This can be seen by considering the characteristic
equation:

det(AB — M) =0 <= det(A™Y2[AB — M]AY?) =0 < det(4Y/2BAY2 - 1) =0. (C.49)
Now, AY/2BA'/2 is positive definite since, setting 1 := A'/2¢, we have:
(AVZBAVE ¢ ) = (BAY?¢, AV2E) = (Bn,n ) = Anin(B)|[1]|* = Amin (B)[|[AV2¢]1? (C.50)
= Amin(B) ( AY26, AY2€) = Apin(B) ( A&,€) > Amin(B) Amin (A)][€]|* -

Therefore, the eigenvalues of AB are real and positive. In general, however, the symmetry of the product
AB will be lost. In our case, nonetheless, we proved in subsection C.4.1 that Cy; is symmetric and, therefore,
positive definite.

1'We note again that the inverse of a positive definite tensor, like A + B = Cy, + C. has the same symmetry group structure
as Cpy + Ce itself. This can be easily shown by directly looking at the definition of groups.
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For the inverse relationship, we consider:
Ce=Cpn (Cn — Cn) "' Cut. (C.51)

In this case, in order to obtain the positive definiteness of C. it is not enough to assume that C,, and Cy
are positive definite. However, one sufficient condition to impose is that C,, — Cy; is also positive definite.
This property can be thought of as a generalization of the condition found in the isotropic case in which:

smaller is stiffer
the macroscopic elastic response cannot be equal or stiffer than the microscopic response
Hm > M, (Q,Um + 3Am) > (2,UM + 3>\M)

APPENDIX D

Appendix to part IV

D.1 Bulk wave propagation for the classical Cauchy medium

In this subsection we recall that the strain energy density W and the kinetic energy T for a classical Cauchy
medium in the isotropic setting take the form

A 1
W= pullsym Va |2+ 5 (o (sym Va))?, T = Spllugl?, (D.1)

where A and p are the classical Lamé parameters and u denotes the classical macroscopic displacement field.
The associated bulk equations of motion in strong form, obtained by a classical least action principle,
take the usual form:

pu = Div oy, Vz € Q, (D.2)
fi=om-n=0 or U = U, YV € 09,

where n is the normal to the boundary 92, and oy is the symmetric elastic stress tensor defined as:
om (Vu) = 2psymVu + Atr(Vu)l. (D.3)

Considering the case of plane waves, we suppose that the space dependence of all introduced kinematic fields
are limited to the component z; of z which is the direction of propagation of the wave. With this hypothesis,
see [141], the equations of motion (D.2); become

A+ 2pu W j
Uy 4 = U111, Ug 4 = P U211, us 4 = P U311 - (D.4)
—_——
longitudinal transverse 2 transverse 3

We now look for solutions of the dynamic problem (D.4) of the form
u(x,t) = aelkm—wt), a € R, (D.5)

Considering a wave traveling in an infinite domain no conditions on the boundary are to be imposed and,
replacing the wave form expression (D.5) in the bulk equation (D.2), we can find the standard dispersion
relations for Cauchy media (see also [141]) obtaining

w? = k2, w? = 2k, w? = c2k?, (D.6)

longitudinal transverse 2 transverse 3
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2
cl:”/\—i_ 'u, ctz,/H, (D.7)
P p

are the characteristic speeds in classical Cauchy media of longitudinal and transverse waves, respectively.
The dispersion relations can be traced in the plane (w, k), giving rise to the standard non-dispersive behavior
for a classical Cauchy continuum (see [1,37-39,141]). Indeed it is easily seen that for Cauchy continua the
relations (D.6) can be inverted:

where

1 1 1
E=+—w, k=+—w, k=+—w. (D.8)
Cl Ct Ct
—— ——
longitudinal transverse 2 transverse 3

For classical linear elasticity with isotropic energy density and kinetic energy density:
AM
W(Vu) = | sym Vu |[* + ZF (tr (Vu))?, J =Ll (D.9)
The positive definiteness of the energy is equivalent to:

pint > 0, 2 ping + 3 Ayt > 0. (D.10)

It is easy to see that our homogenization formula (IT1.57) implies (D.10) under the condition of positive
definiteness of the relaxed micromorphic model.

The dynamical formulation is obtained by defining a joint Hamiltonian and assuming stationary action.
The dynamical equilibrium equations are:

pu e =Div[2 pnv sym (Vu) + A tr (V) 1. (D.11)

As before, in our study of wave propagation in micromorphic media we limit ourselves to the case of plane
waves traveling in an infinite domain. We suppose that the space dependence of all introduced kinematic
fields are limited to a direction defined by a unit vector £ € R? which is the direction of propagation of the
wave. Therefore, we look for solutions of (D.11) in the form:

u(a,t) = ael(HEdwm—wt)  Gecd PR =1. (D.12)

Since our formulation is isotropic, we can, without loss of generality, specify the direction E = e1. Then
X = (e1,x)rs = x1, and we obtain:

u(x,t) =uekX—wt) ueC?. (D.13)

With this ansatz, we can write (D.11) as:

As(er,w, k) -u=0 <= (B(e1, k) —w?1)-u=0, (D.14)
where:
2ILMP+>\M k2 — 2 0 0
Ag,(el,w, ]{7) = 0 'LLTMk2 - CU2 0 y (D15)
0 0 EM O E2 )2
P

12 2 v+ AM 0 0
Blei, k) = — 0 uv O . (D.16)

r 0 0 pu

Here, we observe that As(ej,w, k) is already diagonal and real. Requesting real wave velocities means
w? > 0. For k # 0, this leads to the classical so-called strong ellipticity condition:

un > 0, 2 um + Am > 0, (D.17)
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which is implied by the positive definiteness of the energy (D.10).
In classical (linear or nonlinear) elasticity, the condition of real wave propagation (D.17) is equivalent to

strong ellipticity and rank-one convezity. Indeed, rank-one convexity amounts to set (£ = k& with [|£]|? = 1):

d2

el W(Vu +tu®&) >0 < (C(u®E),u ®&)Rpsxs >0, (D.18)

t=0

where C is the fourth-order elasticity tensor. Condition (D.18) reads then:

0 < 2 [ sym (@ @ &)1 + A (tr (@ @ ) = pna [ €17 + (ma + M) (@, €)Za-

We may express (D.19) given £ € R? as a quadratic form in 4 € R?, which results in:
gt @€ + (pnt + Am) (@, €) e = (D(E)U, U, (D.19)

where the components of the symmetric and real 3 x 3 matrix D(¢) read

(2 a4 A)EF + i (65 + €3) (Am + )€ Ea
(A + p)é1 &2 (2 pnr + A€ + i (€7 + €3)
D) = < (AM + )& &3 (Am 4 pvn) €& (Am + )€1 &3 ) (D.20)
(AM 4 )62 €3

2+ A& + i (€7 + €3)
The three principal invariants are independent of the direction £ due to isotropy and are given by:
tr(D(€)) = €11 (4 a4+ Am) = k(4 vt + Awm),
tr(Cof D(€)) = |1€]| na (5 g + 2 A1) = E* vt (5 it + 2 M), (D.21)
det(D(€)) = [I€]1°kR (2, pnt + Ant) = K4y (2 pona + M)

Since D(€) is real and symmetric, its eigenvalues are real. The eigenvalues of the matrix D(€) are k2(2 uar+Ar)
and k?uy (of multiplicity 2) such that positivity at k # 0 is satisfied if and only if:

pn > 0, 2 punm + A > 0, (D.22)

which are the usual strong ellipticity conditions. We note here that the latter calculations also show that
B(e1) = %kz D(ey). Alternatively, one may directly write the so-called acoustic tensor B(£) € R3*3 by

B()-u:=[Cu®¢)] & VieR? (D.23)
in indices we have (B(€));; = Cipjiupty # C(§ ® ). With (D.23) we obtain?:
(@, B(€) - U)gs = ([CADE)] €, Ugs = (B €, Ugs = (B (@ 70), D)gaxa = (B, (€ ®0) 7 )goxa (D.24)
————

:BeRr3x3
= <B,a®§>R3x3 = <(C (a@{),a@fhgsxa,

>l

and we see that strong ellipticity (C(u ® £),u ® §)gaxs > 0 is equivalent to the positive definiteness of the
acoustic tensor B(§).

D.2 Bulk wave propagation for the linear Cosserat model

In the isotropic hyperelastic case the elastic energy density and the kinetic energy density of the Cosserat
model read:

A L?
W = p || sym V|2 + pe || skew (Vu — A)||* + TM (tr (Vu))® + % | CurlA||?, (D.25)

J = Sl + 1A

1The eigenvalues of D(¢) are independent of the propagation direction & € R? which makes sense for the isotropic formulation
at hand.
2The term [C(2®€)]-(WRE) that in index notation reads C; ;U &iUj&m, is different from C[(URE)- (ARE)], i.e. C;jrliémUmé.
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Introducing the canonical identification of R* with s0(3), A can be expressed as a function of a € R? as:

0 —as ag
A = anti(a) = as 0 —a |. (D.26)
—as  ap 0

Here, we assume for clarity a uni-constant curvature expression in terms of only || Curl A||%. Strict positive
definiteness of the potential energy is equivalent to the following simple relations for the introduced parameters

2 unm + 32 > 0, unv > 0, e >0, L.>0. (D.27)

The dynamical formulation is obtained defining a joint Hamiltonian and assuming stationary action. The
dynamical equilibrium equations are:

pu =Div[2py sym (Vu — A) + 2 p. skew (Vu — A) + Ay tr (Vu — A) 1], (D.28)
n Ay = — pnL? skew (Curl CurlA) + 2 i, skew (Vu — A),
see also [104,105,177,178] for formulations in terms of axial vectors. Note that for zero Cosserat couple
modulus p. = 0 the coupling of the two fields (u, A) is absent, in opposition to the relaxed micromorphic

model (Equation (IV.3)). Considering plane and stationary waves of amplitudes © and @, we can express this
system as:

Aglw,k) - (@ @ )T =0,  Ag(wk)- (@ —as )’ =0, Ag(wk)-(as @) =0, (D.29)
where
_( K*(2pm+ ) /p—w? 0
AG(wa k) - ( 0 (2MML§]€2 + 2[%)/77 _ w2 ) (DSO)
_ o R+ pe)/p— w? —2ikpuc/p
Arlw, k) = ( ikpe/n (R L2 4 4pc) /(2n) — w? (D-31)

As done in the case of the relaxed micromorphic model, we can equivalently express the problem with Ag(w, k)
and the following symmetric matrix:

_ 2 . w2
A7 (k) = diag, - A7(w, k) - diags ' = ( K (“\“/%Zufzc/)é% o L\Z/ﬁfiu/ ﬂn) L ) ., (D.32)
where
diag, = < \{)ﬁ z\?ﬁ ) . (D.33)

Since w? appears only on the diagonal, the problem can be analogously expressed as the following eigenvalue-
problems:

det (Bg(k) —w? 1) =0, det (B7(k) —w®1) =0, (D.34)
where
(K2t 2m)/p 0
o) = ( 0 Qi L2k + 200) /) (D.35)
k2 (i + pc)/p V2kpie/ /P )
B7(k) = , D.36
(k) < V2kpe/pn (K LE + 4pe) /(2n) (D-36)
are the blocks of the acoustic tensor B
Bs O 0
B(k) = 0 B; 0 . (D.37)
0 0 Br
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The eigenvalues of the matrix Bg(k) are simply the elements of the diagonal, therefore we have:

[2 g + A |20 L2k + 24,
Wacoustic, long(k) =k %a woptic, long(k) = %7 (D38)

while for B7(k), we find:

Wacoustic, trans(k) — \/a(k) - a(k)2 — b2k2, Woptic, trans(k) = \/a(k) + (L(k)z — b2]€2, (D39)
where we have set:

41 L2k? . Apue + K212 .
_ Aot plek” | it pe o 52 = g Fmpe + KL (pn + pie)) (D.40)

a(k
() n P PN

The acoustic branches are those curves w = w(k) as solutions of (D.33) that satisfy w(0) = 0. We note here
that the acoustic branches of the longitudinal and transverse dispersion curves have as tangent in k = 03

dwacoustic long(o) 2 1231 + AM dwacoustic trans (O) Hwm
= 2 = = - = — D.41
Cl dk P ) Ct dk p ’ ( )

respectively. Moreover, the longitudinal acoustic branch is non-dispersive, i.e. a straight line with slope
(D.41);. The matrix Bg(k) is positive-definite for arbitrary k # 0 if:

2 pun + A > 0, unm > 0, e >0, (D.42)

Using the Sylvester criterion, B (k) is positive-definite if and only if the principal minors are positive, namely:

(Br)in =k (i + pe) ;_ pe) > 0, (D.43)
k? 2 2
det(B7) = %(MM fre + k= pna Lg (o + pic)) > 0,
from which we obtain the condition:
pn + e > 0, v > 0, te > 0. (D.44)

Considering these two sets of conditions, we can state a necessary and sufficient condition for the positive
definiteness of Bg(k) and Br(k) and therefore of the acoustic tensor B(k):

2y + Am > 0, pnm > 0, e > 0. (D.45)

which are implied by the positive-definiteness of the energy (D.27). Eringen [67, p.150] also obtains correctly
(D.42) and (D.44) (in his notation p. = K/2, fim = UEringen + K/2).

In [4,64] strong ellipticity for the Cosserat-micropolar model is defined and investigated. In this respect
we note that ellipticity is connected to acceleration waves while our investigation concerns real wave velocities
for planar waves. Similarly to [171] it is established in [4,64] that strong ellipticity for the micropolar model
holds if and only if (the uni-constant curvature case in our notation):

2pum + v > 0, pM + e > 0. (D.46)
We conclude that for micropolar material models, (and therefore also for micromorphic materials) strong

ellipticity (D.46) is too weak to ensure real plane waves since it is implied by but does not imply (D.45).
This fact seems to have been appreciated also in the study of the Cosserat model [20,79,82,135,162].

3To obtain the slopes in 0, we search for a solution of the type w = ak and then evaluate the limit for a — 0, see [50] for a
thorough explanation in the relaxed micromorphic case.
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D.3 Inequality relations between material parameters

The macroscopic consistency conditions are based on the harmonic mean of two numbers k. and Ky, (or e
and fiy, ). If the two numbers are positive, it is easy to see that:

kM < min(Ke, Km)- (D.47)

Here, we show that the same conclusion still holds if we merely assume that x. + x > 0. This allows for
either ke < 0 or Ky, < 0. Therefore, considering that k. + kn, > 0, even if the energy is not strictly positive,
we find:

KM = fom e = Kim Ko + Hg — I{g = Re fim F Fie K:g = Re — Hg S Re, (D48)
Ke + Km Ke + Km Ke + Km Ke + Km Ke + Km
<0
Kaf = Km Ke :nm/ﬁe—ﬁ—/{fn—/{fn:ﬁmﬁ;m—i—/ie /sfn o — /{fn < ki
Ke + Km Ke + Km Ke + Km Ke + Km Ke + Km
<0
Considering similarly pe + p, > 0, we obtain:
2 _ 2 2 2
[ = Hm e :/Jm,ue-f-% He:ueum-I-Me_ He =ue—L§ue7 (D.49)
Ne + ,Um ,ue + ,Ufm ,Uf(’ + ﬂm He + ,LLm ,Ufe + ,um
N———
<0
fte + Him fe + fim The + i e+ fm o fet fm
<0

Therefore, if e + iy > 0 and ke + Ky > 0, the macroscopic parameters are less or equal than the respective
microscopic parameters, namely:

Ke > KM, Km 2 KM He = HM, P = P, (D.50)

and we can show that:

1 1
26 + Ae = §(4ue+3me) > §(4MM+3/‘€M) =2pupm+ Am > 0,
1 1
2y + A = §(4um—|—3mm) > §(4MM+3/€M) =2pupm + A > 0, (D.51)

(2pe +Ae) + (2pm + Am) > 2(2 v + Am) > 0,
dpng + 3 ke > 4dpm + 3km =3 (2pm + Am) > 0.

Therefore, the set of inequalities (IV.52) is implied from the smaller set:

| >0, pm >0, pe>0,  Ketmm >0, 2pmitAv >0 | (D.52)

We note here that 3 (2 ue + Ae) > 4 unv + 3 Ke > 3 (2 v + Am) because:

3(2pue+Ae) =4 e +3ke = dpum+3ke > 4dpum +36m =3(2uM + Am)- (D.53)

D.4 The 12 x 12 acoustic tensor for arbitrary direction

We suppose that the space dependence of all introduced kinematic fields is limited to a direction defined by
a unit vector £ which is the direction of propagation of the wave. Therefore, we look for solutions of:
pu =Div[2p, sym (Vu — P) 4+ 2 p. skew (Vu — P)+ A tr (Vu — P)1],
NPy = —pL?Curl Curl P+ 2 . sym (Vu — P) + 2y, skew (Vu — P) (D.54)
+Aetr (Vu — P)1 — 2y sym P + Ay, tr( P)1],
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in the form:

u(w,t) =@ ¢M& s —wt) ieC?, ez =1, (D.55)
~—————
s(x,t)ER/C scalar

P(amt) _ ’P ei(k(&,m)m—wt) 7 ’]5 c (C3><37
~—

s(x,t)eR/C scalar

where @ is the polarization vector and P is the polarization matrix. We start by remarking that for A, B €
R3*3 we have that:

Curl(A-B) = Lp(VA)+ A- Curl(B), (D.56)

where Lp : R?" — R3*3 is a linear operator with constant coefficients defined by the appropriate product
rule of differentiation. Therefore we obtain:

Curl( P s(z,t)) = Curl( P - Ls(z,t)) = P- Curl(1 s(z, t)), (D.57)
where:
0 Oss(x,t)  Oas(z,t)
Curl(l s(z,t)) = [ —03s(z,t) 0 Ors(z,t) | € s0(3). (D.58)

Oas(x,t)  —01s(x,t) 0

The derivatives of s(x,t) are:

81 8(33, t) ] ik 61 )
Vas(z,t) = | Oss(z,t) | = ei(k(& @) —wt) ik& | = el(k@’m@*“’t)ikf =ik&s(xz,t). (D.59)
63S($, t) ik 53
We note that:
Curl(s(z, t)1) = anti(Vs(z, t)) = ¢! (F& s =w1)  panti(¢) = s(x, ¢) i k anti(€). (D.60)

Therefore, the Curl Curl P is:

Curl Curl( P s(x,t)) = Curl(P - anti(¢) i ks(x,t)) =ik Curl([P - anti(¢)] - Ls(z,t)) (D.61)
€s0(3)
=ik P - anti(¢) Curl(Ls(z,t)) =ikik P - anti(¢) - anti(¢) s(x, t)

— 12 P - anti(¢) - anti(¢) & (€ Pz = wt)
On the other hand, the second derivative of P with respect to time is:
Py = (P& mm—wi)y - (2 Pei(kEmm—wi)y - 2P g(a,1). (D.62)
Analogously for u, the gradient and the derivatives with respect to time is:
Veu=iks(z,t)u®é, Uy = —w?Us(x,t). (D.63)
The sym, skew and tr of Vu — P can then be expressed as:

sym(Vu — P) = sym(iku® ¢ — fD) s(z,t) = (tk sym(u®§) — sym?’) s(z,t),
skew(Vu — P) = skew(i kT ® € — P)s(z,t) = (i k skew (i ® £) — skew P) s(z,1t), (D.64)
tr(Vu — P) = tr(i kU ® & — P)s(x,t) = (i k (@, &E)gs — tr P) s(a, t).
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Therefore, we have:
Divsym(Vu — P) = Div [(i k sym(@ @ €) — sym P) s(z,t)} = (ik sym(@®¢) — symP) - V, s(x, 1)
= (iksym(@®¢&) — symP) - (ik&s(x,t)) = —(k* sym(@@ &) - £ +ik symP- €) s(z,1),
Div skew(Vu — P) = Div [(z k skew (@ ® €) — skew P) s(x,t)} = (ik skew (@ ® €) — skew P) - V s(z, t)

(D.65)
— (i skew(@® &) — skew P) - (i k€ s(z, >> (8 skew(@®€) - £+ ik skow P €) s(x, 1),
Div(tr(Vu — P)1) = Div [((m@ €)ps — tr P) ) ] (@, E)gs — tr P)L -V, s(a, t)
(e (@, Em — tr PYL - (k€ 5(z, 1) = —(k? (@, E)us + ik tr P)E s(z, ).
Here, we have considered that, given a generic B € R**® and a scalar s(z,t), we have:
Div[B s(z,t)] = Div[B] s(z,t) + B - Vas(z, 1), (D.66)
——

=0
Combining all the formulas above and simplifying s(z,t) everywhere, we can write (D.54) as
—pw?l=— (2 e (B sym(T®&)- E+ik sym P - ) +2pe (k% skew(U®@€)- E+ik skew P - §)
(K (@, E)ps + ik tr P) €],

—nw? P =uL2k? IADanti(f) canti(€) + 2 e (i k sym(@ ® €) — sym P) + 2 pe (i k skew (@ ® &) — skew P)
(D.67)

+ Ae(ik (U, &)gs — tr /p)]l - [Z,um symﬁ—l— Am tr( /P)ll} ,
or analogously:
—pw? U+ k(2 pe sym(@ @) - £+ 2 e skew(@®E) - €+ e (U, §)ps §)
+ik(2,uesym’P- E+2pucskew P €+ Ao trﬁg) =0,

—nw?P - wL2k? /Panti(f) ~anti(&) + 2(pe + fim) sym P + 2y, skew P + (Ae + Am) tr( /P)]l (D.68)
—2petk sym(u®E) —2pucik skew(T® &) — i k (U, E)rsl = 0.

For a given ¢ € R3, this is a linear system in (4, /1\3) € C'? which can be written in 12 x 12 matrix format as:

(75 Uy 0
(5] U2
s s X
Pu Pu 0
Py Py 0
~ P13 ~ P13 0
A(,w, k) Py | =0 B(¢, k) — w1 P | = | 0 (D.69)
ﬁzg ﬁ22 0
Pas Pas 0
Py Py X
P3y P3y 0
P33 PSS

Here, B (&, k) is the 12 x 12 acoustic tensor. It is clear that even with the aid of up-to-date computer software,
it is practically impossible to determine positive-definiteness of the 12 x 12 acoustic tensor B in dependence
of the given material parameters. In the main body of our manuscript, we succeed by choosing immediately
the propagation direction £ = e; and by considering a set of new variables (IV.6). This allows us to obtain a

certain pre-factorization of g(el, k) in 3 x 3 blocks. Since the formulation is isotropic, choosing £ = e; is no
restriction, as argued before.
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