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ACCEPTED MANUSCRIPT

Highlights

e The Method of Multiscale Virtual Power is used to derive an RVE-
based multiscale model of second-order continua.

e Body forces are considered in the formulation of the problem.
K;.

e The resulting model relies crucially on kinematical hypoth&

Principle of Multiscale Virtual Power.

e Homogenisation formulae and the RVE equilibrium proble ith kine-
matical constraints are consistently derived by means of variational

arguments. (

e Homogenised force- and stress-like quantities are identified as reactions
to postulated RVE kinematical constraintsyand characterized exclu-
sively in terms of RVE boundary dat
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Abstract

A multi-scale model, based on the conceptuof Representative Volume Ele-
ment (RVE), is proposed linking a¢classical continuum at RVE level to a
macro-scale strain-gradient theory. The, multi-scale model accounts for the
effect of body forces and inertiasphenomena occurring at the micro-scale.
The Method of Multiscale Mirtual Power recently proposed by the authors
drives the construction efithe model. In this context, the coupling between
the macro- and microe‘scale kinematical descriptors is defined by means of
kinematical insertion and hemogenisation operators, carefully postulated to
ensure kinematigaliconservation in the scale transition. Micro-scale equilib-
rium equations as wellras formulae for the homogenised (macro-scale) force-
and stress-like'guantities are naturally derived from the Principle of Multi-
scale Virtual’Power — a variational extension of the Hill-Mandel Principle that
enforges the,balance of the virtual powers of both scales. As an additional
contribution, further insight into the theory is gained with the enforcement
of the RVE kinematical constraints by means of Lagrange multipliers. This
approach unveils the reactive nature of homogenised force- and stress-like
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quantities and allows their characterisation of the homogenised stress-like
quantities exclusively in terms of RVE boundary data in a straightforward
manner.

Keywords: second order theory, strain gradient theory, Principle of
Multiscale Virtual Power, RVE, Hill-Mandel Principle, homogenisation

1. Introduction

The development of second gradient theories has long“been an active
field of research aimed at the improvement of the predictive capabilities of
mechanical models, beyond classical continuum mechahics. “Such theories are
developed through the enrichment of the kinematical description of continua
which, in turn, yields a more complex structure of dual stress-like entities,
requiring more complex constitutive models todescribe’the phenomenological
behavior of more complex materials.

The literature in the field is vast and it is hot the goal of the present work
to discuss every aspect of the theory itself. "Fhe interested reader can refer to
[2, 3, 16, 18, 17, 19, 22, 24], which address various theoretical and practical
aspects of such formulations.

In recent years, multi-scale theories have been evolving to deal with in-
creasingly complex materialsyuby linking micro-continuum mechanisms with
macro-continuum theoriesyin a myriad of contexts and applications. Partic-
ularly in the field of sécond gradient theories, the works by Kouznetsova et
al. [9, 10] have provided a/first link between classical micro-scale mechan-
ics and second gradient macro-scale mechanics by means of the concept of
Representative Volume Element (RVE). Similar work was later reported by
Larson et al. in/11, 12], and also by Luscher et al. in [13, 14]. The present
contribution/is placed in the context of these works.

Despite such significant developments, there is still plenty of room to
assess the real capabilities of muti-scale models, as well as to better under-
stand the underlying fundamental model hypotheses and their associated
consequences. Such an understanding can be achieved with the help of an
appropriate variational framework. In fact, a suitable variational structure
should allow a rational analysis of the model by means of a purely kinemat-
ical approach. That is, the definition of the kinematics at both (macro- and
micro-) scales and the way in which they are coupled have a well-defined
effect on the micro-scale (RVE) equilibrium problem, as well as on the ho-



mogenisation rules for the dual (force- and stress-like) quantities conjugated
to the adopted kinematical descriptors. This issue deserves further discus-
sions at present. For example, the kinematical constraints for the micro-scale
fluctuation fields proposed in [9] differ from that of [13]. Therefore, a qués-
tion naturally arises as to the possible equivalence and consistency of these
boundary conditions.

Our goal in this paper, and its major novelty, is to provide<a rational
justification for and a rigorous derivation of the multi-scale fermulation of
a finite strain second-gradient macro-continuum mechanical theory-arising
from a classical first-order continuum theory at the micro-scale-featuring
body forces and inertia phenomena. In this context, the formulation is theo-
retically examined in detail and the consequences of the.adopted kinematical
assumptions are fully explored in the light of the so=called’ Method of Multi-
scale Virtual Power (MMVP) recently proposediby the authors in [1].

The MMVP can be seen as an extension, tosmulti-scale problems, of the
Method of Virtual Power developed in [6], and provides a well-defined, struc-
tured framework to set the mechanical foundations of the multi-scale model
addressed in the present paper. The: MMVP requires firstly the definition of
the kinematics of the macro- and miero-seales, as well as the way in which
the two kinematics are linked.”Then, through mathematical duality argu-
ments, it is possible to identify the force- and stress-like quantities dual to
the kinematical descriptors at both scales. Subsequently, the Principle of
Multiscale Virtual Power (RMYP) also proposed in [1] is used as a general-
isation of the Hill-Mandel Principle [7, 15] to provide the physical coupling
between the two sgales. "As/a variational extension of the classical Hill-Mandel
principle, the PMV®P, postulates that the total virtual powers produced by
duality pairings at both scales are balanced. As described in [1] in a rather
general contextnand demonstrated here in the formulation of the present
higher-order multi-scale formulation, the PMVP yields a complete charac-
terisation of the model, comprising (i) the RVE equilibrium problem with
consistent boundary conditions for the micro-scale fluctuation fields, and (ii)
the homogenisation formulae for body force- and stress-like quantities dual
tosthe’ macro-scale kinematical descriptors. In addition, as a complementary
novel aspect for the multi-scale analysis, an augmented Lagrange multiplier
formulation of the PMVP allows a straightforward characterisation of the ho-
mogenised macro-scale generalised stresses which can be expressed in terms
RVE boundary data alone — in line with the idea postulated by Hill in his
landmark work [7].



Fundamentally, the theoretical framework based on the MMVP employed
in the present work yields a multi-scale model that in some aspects differs
from, and in many cases generalises, those available in previous contributions,
such as [9, 10, 13, 14]. The specific differences between the present approach
and the existing literature will be highlighted throughout the manuscript,
and we should stress that the definition of the micro-scale kinematies in the
present paper leads to different kinematical constraints for the micro-scale
fluctuation fields. Since the RVE mechanical equilibrium is suberdinated to
these constraints, homogenisation of dual quantities will ultimately differ.
These issues are essential for a deeper understanding of the resulting multi-
scale model and will be discussed in detail throughout,the text;

The paper is organised as follows. Section 2 presents fundamental as-
pects of the methodology and basic ingredients of the multi-scale problem.
The macro-scale second gradient mechanical model is reviewed in Section 3.
Kinematical relations coupling both scales are\presented in Section 4, and
the corresponding Principle of Multiscale Virtual Power is formulated in Sec-
tion 5. In Section 6, the RVE equilibrium,. equations as well as the homogeni-
sation formulae for the macro-scale force, and stress-like quantities are de-
rived from the PMVP by means of, straightforward variational arguments.
A discussion on the reactive nature of such homogenised quantities is also
presented. Tangent operators for the present model are derived in Section 7.
The paper closes in Section 8, where a discussion on the model hypothe-
ses and their corresponding, consequences is presented together with some
concluding remarks.

2. Preliminaries

2.1. Method_of Multiscale Virtual Power (MMYVP)

In thisswork'we employ the so-called Method of Multiscale Virtual Power
(MMVP) proposed in [1]. The method relies on three fundamental principles:

e Principle of Kinematical Admissibility: whereby the macro- and micro-
kinematics are properly defined and the link between them is estab-
lished by means of suitable assumptions concerning the procedures of
kinematical insertion (i.e. how macro-scale kinematical quantities con-
tribute to the micro-scale kinematics) and kinematical homogenisation
(i.e. how micro-scale kinematical quantities are averaged in some sense
to produce corresponding macro-scale counterparts).



e Mathematical duality: which allows a straightforward identification of
force- and stress-like quantities compatible with the theory as power-
conjugates of the kinematical descriptors adopted in each scale.

e The Principle of Multiscale Virtual Power (PMVP): a variationalgen-
eralisation of the Hill-Mandel Principle of Macrohomogeneity, from
which the micro-scale equilibrium problem, as well as the homogenisa-
tion formulae for macro-scale force- and stress-like quantitiesj,can be
univocally derived by means of straightforward variatiofal arguments.

2.2. Notation

The indices M and p are used to denote quantities belonging to the
macro- and micro-scale, respectively. Then, the macro- and micro-scale ref-
erence domains (open sets in R3) are denoted, re§pectively, Q,; and 2, with
corresponding boundaries €2, and 0€2,. Maecro- and micro-scale reference
coordinates are denoted xj; and x,. Lettmspeand u, be the macro- and
micro-scale displacement vector fields, respectively. The reference gradient
operators are denoted V in the macro-scalésand V, in the micro-scale, with
corresponding divergence operators'div s \and div,,.

Second-order kinematics is adopted at the macro-scale. Hence, the kine-
matical descriptors that play a role.an the characterisation of the macro-scale
problem are uy;, Vyuy and V., Vasuy,. Each point x), of the macro-scale
is associated to a Represengative Volume Element (RVE) at the micro-scale.
Within the micro-scale, yonlya first-order (classical) kinematics is consid-
ered. Hence, the Kinematical descriptors of the micro-scale are simply u,
and V,u,.

Finally, adsuper-imposed hat (A) is used in variational equations to de-
note kinemfatically admissible virtual actions in both scales. Tensor algebra
operations, (some of them non-conventional) are used throughout the paper
and dre represented using intrinsic tensor notation. These are defined in
Appendix JA. )

Inertia effects will be considered throughout the manuscript, and (-) will
be used to denote the second time derivative. It is important to remark that
the multi-scale analysis considers that the time-scale is the same for both
spatial scales. In addition, and for the sake of brevity, hereafter it will be
assumed that the variational equations are valid V¢ € [0, T], and that proper
initial conditions are defined at t = 0.



3. Macro-scale high-order formulation

At the macro-scale, a high-order model of the continuum body including
inertia effects is formulated by means of the following (equilibrium) varia~
tional problem: find a displacement field u,; € Uy, such that

Qpr
+ / [SM -Vaay + Ry -V Vi — by - ﬁM] dQu =
Qpy

N ou y

a0 0 vy,

Ya,, € YV, (1)

where S, is a second order non-symmetric stressitensor, dual to the first gra-
dient of the displacement and Ry, is a third order stress tensor (momentum
tensor) dual to the second gradient of ‘the displacement and by, is a non-
wnertial force per unit volume. Notice that we have taken into account the
virtual power exerted by the inertia veetor a,; and by the inertia high order
tensors A, and Aj,. In the contexteof @ mono-scale mechanics with second
order inertia, these objects take théyform ay, = pyins, Ay = purliy Vi
and Ay = parlisVar Vi, where pyr is the material density and [j;; and
[ar2 are length scale parameters/for high order inertia effects [20, 21]. We can
understand ay; as being/an inertial force per unit volume, and A ,; and iner-
tial stress tensor/ Also, the linear manifold Uy, of kinematically admissible
displacement fields, is.defined as

ov
_4 2 s
Uy = {V cH (QM), V’(?Qﬁ = uyy, %

= War, Vlpp = ﬁM}, (2)
0D,

and, therefore, the space of kinematically admissible virtual actions 1, is

ov

oab,

Here we have considered a Dirichlet boundary 9Q%; and a Neumann 9Q%;
in which there is, for simplicity, a unique edge I'y;, which is divided into
Neumann and Dirichlet counterparts I'}; and I'}; (lines in 3D, points in 2D),



respectively (see Figure 1). Essential boundary conditions are given by the
displacement 1), the rotation w,; and the displacement 11, at the edge F]\D/[.
For simplicity, we have assumed that all kinematic variables are prescribed
on the Dirichlet boundary (tiy; and Wy, over Q% and 1y over I'}}), and ghe
Neumann boundary is the complementary part. Clearly, 92, = 0QY, U0Q%
and I'y; =I5 UTY, C 0Q. The operator 22 denotes the derivativé in the
direction of the outward unit vector ny; normal to 0§2,;. The problém setting

is schematically illustrated in Figure 1.

Macro-scale

Second order kinematics
Prescribed

ry tu

Insertion

PECE] A (anr, Varuar, Vr V)

90D
()QM
Prescribed
Un, War

(0, V,u,,)

Homogenization (f,P,)

ry
Prescribed ro (Far, Par, Qur) 9,
Sm Prescribed
uyy Micro-scale
Classical kinematics
(Heterogeneous RVE)

Figure(l: Problem setting for the multi-scale model.

The variationaltequation (1) can be solved once the non-inertial force
per unit voluie b,,, the force per unit surface t,;, the moment per unit
surface rpandithe force per unit length s,; are specified, and appropriate
constitutiverelations for Sy, and Ry, are given, i.e.

Sy = Su(Vmun, Vur V), (4)
RM :RM(VMUM,VMVMUM). (5)

where, for the sake of notational simplicity, we shall focus on history-independent
materials, with Sy, and R, denoting constitutive functionals for Sy, and Ry,
respectively. We remark, however, that the developments presented here can
be extended in a straightforward manner to consider history-dependent be-
havior.



In the context of multi-scale analysis, the variational problem (1) can be
written simply as follows: find a displacement field u,; € Uy, such that

/ [PMV]V[flM‘f‘QMVMVMﬁM—fMﬁM] dQM:
Qm
. N oty N . £
tMuMdé)QM+ rM—d8QM+ SM'll]V[dFM
o0y, 0N, on ry
VflM - VM, (6)

where we have grouped the power exerted by quantities of the same nature
introducing equivalent objects, which for the classical high order theory [20,
21] results

far = bar — paring, (7)
Py = Sy + paliy Vi (8)
Qur = Rus + parlyso NN (9)

That is, the vector fy; and the tensors By, and Q,;, have inertial and non-
inertial attributes.

Remark 1. In contrast to the.classical- phenomenological constitutive set-
ting, in the context of the present multi-scale formulation the force fu;, as
well as the functionals for thesstress-like quantities Py and Qyy, will be de-
fined by means of homogenisation formulae involving fields defined over the
micro-scale domain. Thus, thé multi-scale model will naturally account for
contributions from micro-scale level inertia effects.

The Euler-Lagrange equations associated to the variational equation (6)
are obtainedby means of the following procedure. First, integration by parts
in (6) is required

Qg

6911\\74 12/93Y:

o1
mn

o0y, aay,

tM-ﬁMdaQﬁJr/

o0,

F‘N

M



Equation (10) can be reorganised, yielding
/ [—leMPM+d1VMd1VMQM—f]V]] ﬁMdQM
Qum

+/ N ([PM—leMQM}IIM —tM) ﬁMdaQiV/[
o0y

ou .
+ QMHM'VJV[flM d@ﬂﬁ,—/ I'M'% d@Q]]&—/ Sy dFJJ& =0
o0, o0y, iy

VﬁM = VM (11)

Now note that, given a vector v and the surface 9Q%; with.nermal ny;, we
can decompose the gradient V,,v as

8_V
on

where IT); = I — ny; ® ny; is the orthogonal projection operator onto the
tangent plane at the considered point 6f*the surface 9, and V9§, stands
for the surface gradient operator (partial'derivative operator with respect to
the surface coordinates). Then, the product Qumys - Vit is equivalently
written as

VMV = (V%V)HM + My, (12)

" . ou
Qumay - Vartiar = Quettyg - | (V) 00) s + 8—13/[ @ny | =
O ~ aﬁM
(QMIIJ\/[)HM . VMuM + (QMI’IM)IIM . a—n (13)

Integrating by parts over the surface 9 the third term on the left hand
side of (11); welobtain

oL,
9 N Ounr oo
(QMHM)HM'VMUM d@QM+ (QMIIM)IIM c——dO)y, =
aQy, a0y, on
o0, ra

9%
+ / (Qump)nyy - gim doQyyy, (14)
0N, on

10



where my; = 7, X nyy, 7y is the unit vector tangent to the edge F]]\Vf[, div%
is the surface divergence operator and [e] denotes the jump of e.
Replacing (14) into (11) yields

/ [—diVMP]v[+diVMdiVMQM—fM] ﬁMdQM
Qs
295V
o0,

+ / ([(Qurmas )] — sa) - B
L3
a1
0N, on

Finally, by using standard variational arguinents we obtain the Euler-Lagrange
equations associated to the variationalequation (6)

—leMPM+d1VMd1VM Q]V[ :fM n QM, (16)
[PM — leM Q]\/[} ny = le% [(QMIIM)HM] = tM on 6@%, (17)
(Qumy)ny =1y on 90, (18)
[(Quma)my] =sy  on Ty, (19)
which, togethier with the following essential boundary conditions,
uy = uy on 90 (20)
Ju _
8—7]1\/[ =Wy on 00%, (21)
uy = Uy on FJI\}, (22)

fully characterise the boundary value problem associated to the variational
principle (6).

Note that by introducing (7), (8) and (9) in (16), (17), (18) and (19),
the equilibrium equations for high order continua with inertia effects are
recovered. The reader is referred to [21] for further details.

11



In what follows, we denote Gy, = Vyuy, Gy = VuVyuy and, ac-
cordingly, we define GM = Vyuy and CM = VuVuyuuy. Note that the
third-order tensor Gy is such that Gy, = Gj, (symmetric in the last two
indices, see Appendix A for details).

4. Multi-scale kinematics

In the context of the Method of Multiscale Virtual Power-propesed in
[1], the definition of the kinematics of the macro- and micre=scales, as well
as how they are linked, is the only degree of arbitrariness”one has in devel-
oping a multi-scale model. Once such kinematical relations are postulated,
mathematical duality will define the associated force{ and. stress-like quanti-
ties compatible with each scale of the model, and the Pring¢iple of Multiscale
Virtual Power will univocally lead to the RVE equilibrium equations as well
as to the homogenisation relations linking thé micre=-and macro-scale force-
and stress-like quantities. The kinematics of the~macro-continuum has al-
ready been established in Section 3. Here we shall proceed to postulate the
kinematics of the micro-scale as well as the operations of kinematical inser-
tion and kinematical homogenisation, that link the kinematics of the two
scales. These will completely characterise the kinematical description of the
proposed multi-scale model.

4.1. Kinematical insertion

Without loss of geherality, we consider the origin of the coordinate system
of an RVE associated to,apoint x,,; of the macro-scale to be located at the
geometric center of the micro-scale domain €2, that is

/ x,, dQ, = 0. (23)
Qp

Kinematical insertion [1] defines how the macro-scale kinematics at a
given peint of the macro-continuum contributes to the kinematics of the
micro-scale. In the present case, the operation of insertion of the macro-
scale kinematical descriptors — the triad (uys, Gy, Gys) — into the micro-scale
kinematics is postulated as follows:

1 -
u, :uM+GMXp,+§GM[(X;L®XH) _J]+uua (24>

12



where J is the RVE second-order moment of volume tensor defined by

1
J = m‘/ﬂ X“ ®X# dQ”, (25)
K I

and 1, is named the micro-scale displacement fluctuation field.

Note that, by construction, J is an invertible second-order tensor. /The
reason for the tensor J to take part in expression (24) will be cleat later.yFor
the moment, we anticipate that the macro-scale kinematics ingérted this way
allows (along with the kinematically admissibility concept of.Seetion4.3) the
conservation of kinematical quantities in the multi-scale transition process.

It is important to highlight that in expansion (24) the-triad (vys, Gr, Gar)
represents the value of the macro-scale fields uy,, Vigray and Vi, Vuy,
at a point xj,; of the macro-scale, associated to a“givern RVE, that is to
say (uM, Vo, VMVMUM)|XM = (UM, GM, GM) Thus, (uM, GM, GM) S
R? x R3*3 x (R?*3%3)S wwhere (R**3*%)S denotes the set of third order matrices
satisfying AT = A in the sense defined in Appendix A.

Remark 2. The decomposition of the micro-scale displacement field u,, con-
sidered in (24) differs from the ones proposed in [9, 10, 13, 14] since in the
present work the contribution of thesmacro-scale displacement uy is added as
it will be fundamental for the characterisation of the external power exerted
per unit volume that mustde considered at the RVE level when general micro-
scale body and inertia forces are present. This was actually not required in
[9, 10] because external/body forces were not considered in the micro-scale
analysis presented by these authors. In [13, 14], however, such forces were
incorporated in.the analysis, but the macro-scale displacement contribution
to the microsscale displacement was not accounted for. Another difference
between the present paper and these contributions is the form of the second-
order termy While in [9, 10, 13, 1}] the second-order term features the form
$Gul(x,®x%,), in (24) we have incorporated the term —3GyJ (not present in
previous contributions) which is fundamental for a correct characterisation
of the homogenised part of the micro-scale external power per unit volume.
Innfact, this contribution to the homogenisation is obtained in duality with
the constant component of the micro-scale displacement field u,,.

4.2. Kinematical homogenisation

The operations of kinematical homogenisation define how macro-scale
kinematical descriptors are related to averages (in some sense) of micro-scale

13



kinematical descriptors. In the present context, we postulate that the ho-
mogenisation of the micro-scale kinematical fields is given by the following
formulae:

e Homogenisation related to the macro-scale displacement vector

1

:m o uudQu. (26)
H w

Ups

e Homogenisation related to the first gradient of the. maeto-scale dis-

placement vector
1

Gy = ——
1l Ja,

V,u, dQf (27)

e Homogenisation related to the second gradient of the macro-scale dis-
placement vector

1

Gy = ——
1l Jo,

(Vi@ X)) o J_l}s dQd,, (28)

where the (-)° and (- o ) operations are defined in Appendix A.

We remark that the postulatedyaveraging relations (26), (27) and (28)
guarantee the conservation of kinematical quantities. In the case that the
micro-scale kinematics/is exclusively described in terms of the macro-scale
quantities, i.e. 1, =0yin (24), it is a simple exercise to prove that (26), (27)
and (28) hold trivially. This sense of kinematical conservation implies that
if a certain maero-scale kinematical quantity is inserted into the micro-scale
domain, the-same quantity must be retrieved by the homogenisation process.
As a result, we shall see that the fluctuation of the micro-scale displacement
field can inigeneral be non-zero, but cannot be entirely arbitrary. That is, ad-
ditional constraints must be imposed upon displacement fluctuation fields in
order to preserve the macro-scale kinematics in the homogenisation process.
This motivates the introduction of the so-called kinematical admissibility re-
quirement, explained below.

Remark 3. The conservation of kinematical quantities is a novel concept
introduced in the present framework that establishes the need for homogenisa-
tion rules connecting uy, Gy and Gy to the micro-scale field u,,. While av-
eraging relation (27) is standard and has been employed in [9, 10, 13, 14], (26)

14



and (28) are postulated here in order to establish such a connection between
macro- and micro-scale kinematical fields. Differently from the aforemen-
tioned papers, in the present approach the resulting kinematical micro-scale
level constraints are entirely dependent on the definition of these averaging
relations.

4.3. Kinematical admissibility
Following the above discussion, we class as kinematically admissible all
micro-scale displacement fields u, € V,,, where

1 1
VM: {VGHl(QM), m/g VdQu:uM, m . VMVdQM:GM,
1 I K Hi
1
— [(VMV®XM)OJ_1]SdQu=GM , (29)
1%l Ja,

is the linear manifold of kinematically admissible micro-scale displacements.
The kinematical admissibility concept can be eéxpressed equivalently in terms
of the fluctuation of the micro-scale displacement field u,, as follows.

First, by introducing (24) into thexight hand side of (26), and using (23),
we readily obtain

1

Uy = ——
2] Ja,

1
{uM + Gux, §GM[(xu ®x,) —J| + ﬁu} aQ, =
1 .
uy + —/ u,dQ,. (30)
2] Ja,
Then, (26) issatisfied provided that
/ u,dQ, = 0. (31)
Ql"

Next, by replacing (24) in (27), we get

1 . -
GM — m [GM—FGMXM—FV“L'I“] dQH = GM+m V,Lu“ dQH (32)
12 QM 14 Qy,
Then, (27) is satisfied provided that
/ﬂ Vi, d9, = 0, (33)
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or, equivalently,
/ i, 0, do%, — 0, (34)
09,

where n,, is the outward unit vector normal to 0€2,. Further, by introdueing
(24) into (28), and using (23) and (25), we obtain
1 - _
G = m/ [((Gar + Gurxy + V) @ %) 0 1}5 df2, =
1 Qu

1

Gy + o
1l Jo,

[(V,0, ®x,)6 I 20, (35)
Then, (28) is satisfied provided that
/Q (V11 @ x,) 0 T 1240, 0=0. (36)

For any vector v, and recalling that J s symmetric, the following holds

(Vv @x,) 07" = (Vv e (J71%,)), =
(vu((‘]ilxu) W) Ve (Jilvuxu)T =
(Vu(IT'x) @) —ved~ (37)

Hence, from (36), and’bearing/in mind that (31) must hold, we obtain

/Q (Vi @%,)e 7] ) d$, =

"

/Q [(Vu((I7'x,) @ w,))F — 6, © I '] d, =

/Qu [(9.(071%0 @ )" dy, - K /Q K dQH> ® J‘l]s _

[(Vﬂ((Jilx;L) ® ﬁu)>t]s dQ), = /89 [((Jflxu) ®u, ® nu))t}s doQ), =

/BQ [0, ®n, ® (J_lxu)]s dogy, =0, (38)

f

"

where (-)' is a transpose operation defined in Appendix A.
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Then, (36) can be equivalently expressed as a boundary constraint as
follows:

/aQ (1, ®n, ©x,)0J"]"doQ, = 0. (39)

It is importante to highlight that in the derivation of (39) we have made use
of the fact that (31) is satisfied. That is, constraint (36) can be written as a
boundary constraint only if the field 1, has zero mean value over the entire
micro-scale domain.

Remark 4. [t is important to point out that the derivation of the bound-
ary conditions comes naturally as a consequence of the. conservation of ho-
mogenised kinematic quantities in the transition betweem=scales. A different
approach to obtain boundary conditions for a high-order<model is proposed in
[18, 14], where ortogonality conditions are postulated to derive independent
boundary constraints at the RVE level.

Remark 5. Comparing to previous wowks, the-kinematical constraint given
by (31) was not considered in [9, L0]; but it was acknowledged in [13, 14]
for the displacement fluctuation fields Nonetheless, it is not clear in the
latter works whether the constraimtn(31) is effectively considered for the ad-
massible variations of the fluctuation field in the principle of virtual power.
In turn, constraint (36),/which leads to (39), is completely new. Specifi-
cally, constraint (31) allows a,correct characterisation, through duality, of
homogenised forces; and; constraint (39) provides a general form to ensure
the conservation af second/order kinematics in the transition between scales.
In [9, 10] the argument to construct a boundary condition resembling (39) is
similar to the.one employed here; however, it is not the same, because for the
derwation/ of boundary conditions from these constraints it is necessary to
make useof (31), which, as already mentioned, is not considered in [9, 10].
Differently, the criterion to construct boundary conditions in [13, 14] is based
omrorthogonality arguments, which yield different kinematical constraints.

Hence, the micro-scale displacement u,,, given by (24), is kinematically
admissible for a given triad (uy, G, Gy), if it satisfies (31), (34) and (39),
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that is if u, € f/#, where

V, = {v c HY(Q,), / vdQ, =0, / v ®@mn,doQ, =0,
Q, 00,
/ [(V®nu®xu)oJ_1}sdﬁQu :0}. (40)
09,
Note that space ]}u can be equivalently defined using only volume constraints:

f)#:{VGHl(Q#),/ vdQ,=0, [ V,vdQ, =0,

Q. Q.

/ [(%v@xwoJl}sdQu:o}. (41)

Qu

Clearly, the set of constraints (31), (34) afid"(39)that defines V, in (40) is
equivalent to the set (31), (33) and (36) that,defines V, in (41). In fact,
these two sets of constraints over the fluctuation field u, are equivalent to
the original relations between macrosscale and micro-scale kinematical de-
scriptors given by the set of eqaations (26), (27) and (28) which define the
linear manifold V,, in (29). That isjassuming that u,, is expanded as in (24),
then u, € V, if and only if u, € ]}M.

Remark 6. The complete characterisation of the space of admissible dis-
placement fluctuation fields, f}#, provides the kinematical foundation upon
which the principlesof multi-scale virtual power is to be regarded. That is,
the constraints that play a role in (40) (or, equivalently, in (41)) inevitably
affect the microzscale mechanical equilibrium problem. Therefore, since novel
kinematical constraints are derived in the present work, they will result in a
novel’multi-seale model.

Remark 7. The space )}u introduced above is the space of minimally con-
strained displacement fluctuations such that the kinematical relations between
both scales are satisfied. Any subspace, 1}; C f/# can be adopted as a kinemat-
ically admissible space of displacement fluctuations and should serve, in this
sense, to derive more kinematically constrained multi-scale submodels (e.g.
models based on the assumption of null RVE kinematical boundary conditions
for the displacement fluctuation field, or on suitable generalisations to this
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high order setting of periodic boundary constraints). This choice of “working”
space of kinematically admissible displacement fluctuations is rather arbitrary
and, if a realistic model is to be derived, should be made so as to capture the
real kinematics of the physical problem in question as closely as possible.

Finally, it should be noted that, since all the kinematical constraints on u,,
are homogeneous, it follows that the corresponding virtual actions, denoted
u,, satisfy u, € V,.

5. Principle of Multiscale Virtual Power (PMVP)

Having completely characterised the kinematics of the multi-scale model
in question, we shall now proceed to state the Prin¢iple of Multiscale Virtual
Power — one of the pillars of the multi-scale variational framework devel-
oped in [1]. This principle effectively postulates that.the total virtual power
is conserved across scales and, by means ofistandard variational arguments,
leads univocally to the homogenisation formulae for the relevant force- and
stress-like quantities, as well as to the micro=scale equilibrium equations ap-
propriate for the present model.

For the sake of completenesspand togain further insight into the theory,
two equivalent forms of this principle are discussed here, namely the Primal
Variational Statement and“the. Lagrange Multiplier Variational Statement,
presented respectively i Sections 5.1 and 5.2.

5.1. Primal Variational Statement

This version<of the Principle of Multiscale Virtual Power is established
by considering that the kinematical constraints, discussed in Section 4, are
embedded.in the definition of the kinematical functional space ]}u defined by
(40) or (A1)

Let us firstly introduce the total virtual power at a macro-scale point x,,,
acgording to the macro-scale problem (1). The total virtual power is a linear
functional of the triad (ayy, Gu, G ») whose form is

Pyt (G, Gar, Gy) = | (Pas - Gar + Qur - Gay — £y - Gag). (42)
Since our aim here is to describe the micro-scale mechanics by means of
the classical continuum theory with inertia effects, the total virtual power
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of the RVE is, in turn, a linear functional of only the virtual micro-scale
displacement field, 10, and its first gradient, V,1,,. Its classical form is

P;EOt(ﬁm Vuﬁu) - / <Pu -V, — (fu - puﬁu> ) ﬁu) dsd,,, (43)
iz
where P, is the first Piola-Kirchhoff stress tensor, f, and p, are, respectively,
the micro-scale body force and mass density fields.

The Principle of Multiscale Virtual Power for the present case states that
the total virtual power at a given point x,; of the macro-scalemust equal the
total virtual power produced at the associated micro-scale domain €2, for
all kinematically admissible virtual fields. That is, the following variational
equation must be satisfied,

|Qu‘ (PM'GM‘i'QM'GJVI_fM'ﬁM) = / (Pu'vuﬁu_ (fu_puﬁu)'ﬁu) dQu
Qpu

V(ayy, G M G ) and Vigrkinematically admissible.  (44)

Or, equivalently, by introducing (24) in the aboye, the Principle of Multiscale
Virtual Power can be expressed as

) . ) 1 . . .
PMGM"i_QMGM_fMuM:m PM'(GM—FGMXM—FVMUM)(ZQM
wlJa,
1

. . - 1. 2
— T (£, — puity) A s F Gurxy, + 5 Gur[(x, @ x,) — J] + 1, ) dQ,
2] Ja, 2

V(ﬁM,GM, GM> c R3 x R33 x (R3x3><3)5’ Vﬁu c ]}u- (45)

Remark 8. For further'comparison with previous contributions in the field,
note that PMV P (45) takes into account the effect of micro-scale body forces
(including/micro-scale inertia) in the physical coupling between scales. This
effect waswaecounted for in [9, 10]. In turn, although body forces were incorpo-
rated/fin the malti-scale formulation proposed in [13, 14/, recall that the model
developed here is based on a different expansion of the micro-scale fluctuation
field (kinematical insertion operation), resulting in a different expansion of
the admissible variations ﬁ” that, as a consequence, characterises a different
space fiu. This affects the way in which the kinematical descriptors (displace-
ment and deformation gradient) exert power against dual counterparts (force
and stress). Therefore, the mechanical equilibrium is modified, and so are all
subsequent homogenisation procedures derived from the PMVP. This will be
clearly shown in the homogenised formulae derived in what follows.
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5.2. Lagrange Multiplier Variational Statement

The main reason for using this alternative, Lagrange multiplier-based
form of the PMVP is that it naturally unveils the reactive forces and stresses
resulting from the kinematical constraints incorporated in the definitionfof
the space f}u, that takes part in (45). As we shall see later, such reactions
add significant insight into the fundamental link that exists between the
postulated kinematical constraints of the RVE and the homogenised force-
and stress-like quantities that appear at the macro-scale.

For the present model, the Lagrange multiplier variationalstatement is
obtained by simply removing the kinematical constraints of the space f}u
defined by (40) or (41) and then enforcing these constraints/by means of
appropriate Lagrange multipliers in the PMVP. Forweonvenience, we shall
enforce these constraints explicitly in their volume mtegral format. i.e., we
will work with (31), (33) and (36) (as in definition (41)). These constraints
will be associated with the Lagrange multipliers denoted ¢, T and M, re-
spectively. Accordingly, the Principle of Multiscale Virtual Power (45) is
rewritten equivalently as

PM GM+QM GM fM uM— ‘Q ‘/ GM+G]WX +V uu)dQ
m

“ 1. S
‘Q#‘ / — puliy) - (UM + G]V[XM + §GM[(XM ®x,) —J] + uu) ds2),

1 1 .
+C- fus fldQ>+C'(—/ﬁdQ)
(|Qu| o, (Qul Jo, "
. 1 . 1 2
X ], veoee) = (g f, )
K I w I

1
0 (1 [ (9o x) 03 Fan, )
5] o,

1 N
- M. ( (Vi ®x,) 07 dQH>
192 Ja,

V(ﬁM, GM, c]\/j) S R3 R3><3 X (R3X3X3)S, Vﬁu € H1<QM),
V(e, T, M) € R? x R¥*3 x (R¥3*3)S  (46)

where the signs of the terms containing the Lagrange multiplier have been
chosen for convenience.
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It should be noted that the volume constraints (33) and (36) were used to
derive boundary conditions (34) and (39) in Section 4. However, it must be
observed that in order to obtain (39) the restriction (31) has been used. Thus,
the boundary constraint (39) is not independent from (31). In the Prinfal
Variational Statement this fact has no consequences because fields in f)ﬂ
automatically satisfy (31). However, in the Lagrange Multiplier Variational
Statement restriction (39) can not be used, and it requires the enforcement
of the original (volume) constraint (36).

Remark 9. Clearly, variational formulation (46) is valid for the case of the
manimally constrained space of admissible fluctuation fields, that s ]}M. If an
RVE model with additional boundary constraints is conSidereds-it is necessary
to replace the terms associated to constraints (33) and (36), that is, the terms
corresponding to the Lagrange multipliers T and M, and their variations T
and M, by terms with the following form

- / £, -, dOQ, — / r,-u,doQ, r,t,cL, (47)
o0, a0,

where L is an appropriate space that characterises the structure of the La-
grange multiplier r,, and its variationa, In other words, this space charac-
terises the nature of the constraint.“For example, in the case of zero fluc-
tuation @, imposed over Oy we have L = H™Y2(0Q,). For the sake of
clarity, in the forthcoming developments the minimally constrained model
(variational formulation. (46))/is considered, and the connection with other
(more constrained)anodels will be made as appropriate.

6. RVE equilibrium problem and homogenisation formulae

Within the framework of the Method of Multiscale Virtual Power of [1],
the RVE equilibrium problem as well as the homogenisation formulae for the
forced and stress-like quantities are derived from the PMVP, by means of
straightforward variational arguments. The variational equation (45) is per-
fectly suited to this end, as it includes all the ingredients needed to complete
the chiaracterisation of the multi-scale model. Here, however, we shall opt to
use the equivalent Lagrange multiplier formulation (46) instead. Since our
main aim in this paper is to look deeper into the second-gradient multi-scale
formulation, the adoption of (46) will be very useful in providing a clear
insight into the role played by the reactive forces caused by postulated RVE
kinematical constraints.
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6.1. Micro-scale equilibrium problem

We start by deriving the RVE equilibrium equation. To this end, we
simply set iy = 0, Gy = 0 and Gy = 0 in (46), which leads to the
following RVE variational equilibrium problem: find 0, € H*(Q,) and the
triad (c, T,M) € R? x R**3 x (R3***3)S such that

T [P (T4 M) Vi, = (6 i) — ) -]

1 A 1
¢ (= [ w,dQ, ) —T-(— TS
e <m/9u““d ) (rm\/guvﬂ““d )
—M- L/ (Vi ®x,) 0I5 dQ, =0
€20] Ja,
Vi, € H'(Q,), Y(&, T, M) € RE x R x (R*33)S. (48)
0

Next, we set ¢ = 0, T =0 and M = 0 in (48).to-0btain

1P = (T MU5,0) - Vi, S i) ) - 5,] 49, = 0
va, € H'(Q,). (49)
Integrating by parts the first term in (49) gives
— [ LB (P M@ ) + (6~ pii) — ] 8,09

+ /m (P, —{T+ MT'x,)))n, - 1,ddQ, =0  Va, € H(Q,). (50)
Since T ;nd M. are constant tensors, the previous expression is equivalent to

- /Q [div, P, — MI™ + (£, — p,ii,) — ] -0, dQ,

+ /m (P, — (T +M(J 'x,))n, -1,d0Q, =0  Vua, € H(Q,), (51)

which, by means of a trivial variational argument, leads to the strong form
of the RVE equilibrium:

puty, —div, P, =f, — (c+MJ™")  inQ, (52)

P,n, = (T+M(J 'x,))n, on 0€2,,. (53)
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Remark 10. If a model with more boundary constraints is considered (see
Remark 9) then equations (52) and (53) read

p, —div, P, =1, —c in Q,, (54)
P, =r, on 05),. (55)

That s, the traction over the boundary is fully defined by the Lagrangeimul-
tiplier r,,.

This, together with the following equations naturally dérivedyfrom (48),

/iyﬂhzo, (56)
QM
/ Vi1, d09, =0, (57)
QI—L
[ (¥, x,) S350, 0, (58)

M
comprise the subset of Euler-Lagrange equations that characterises the RVE
(or micro-scale) equilibrium problem:*Obviously, from previous developments
we have that equations (56)s(57) and (58) are equivalent to (31), (34) and
(39), respectively.

Finally, we remarkthat thenicro-scale equilibrium problem is completely
characterised when«the mi¢ro-scale force per unit volume f, is given, to-
gether with a consStitutiverelation P, = P,(V,u,) for the micro-scale Piola-
Kirchhoff stress:

6.2. Body force homogenisation formula
Thehomogeénisation formula for the body force can be obtained by simply
setting ¢ =0, T =0, M =0, Gy =0, Gyy = 0 and 1, = 0 in (46). This

gives
1

— i /¢
%l Jo,

Moreover, we could decompose it into inertial and non-inertial contributions
to the macro-scale body force f;;, which allows us to arrive at the following

fr £, — pyit,) dQ,. (59)
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expressions (see (1))

1 .
am = 7577 Pty dS2,, (60)
2] Ja,
1
by =— [ f,dQ,. (61)
2] Ja,

Remark 11. While the homogenisation formula (59) has been-maturally de-
rived within the present framework as the dual object that exertsypower-against
the constant (uniform in space) component of the microsscale displacement
field, i.e. upy, (see (24)), no homogenisation formula whatsoever was derived
in [13, 14] from the balance of virtual power between scales.

6.3. Generalised stresses homogenisation formulae
Seeting ¢ =0, T =0, M =0, @), = 0, Gy, = 0'and u, = 0 in (46) leads
to the homogenisation formula for P;:

1 .
‘ M’ Q;L

As already anticipated, the tensor. Py, possesses inertial and a non-inertial
components, the former being'a,consequence of the inertia forces in the micro-
scale. In the context of @xpression (1), putting Py, = Ay + Sy, we could
arrive here at the following identities

1 .
Ay = _/ Pty @ X, dSY,, (63)
2] Jo,
1
Svy=—1[ (P,—f,®x,)dQ,. (64)
12,1 Ja,

Remark 12. From expression (62) it is seen that Py depends on i, both
explicit“and implicitly. The explicit dependence is easily seen from the de-
composition Py = Ay + Sy introduced above, where Ay accounts for such
explicit dependence. However, it is important to notice that there is still the
implicit dependence through the tensor P,, which, through the equilibrium
problem (49), also depends on W,. This implies that there exists an implicit
dependence of Syr on 4,,.
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A fundamental homogenisation formula equivalent to (62) is proved in
Appendix B. It expresses the macro-scale stress tensor P, as a function of
RVE boundary data alone as

1

Py=——
‘Qu’ 0y,

t, ®x,doS,, (65)
where t, = P,n,.
While expression (62) can be seen as a weak homogenisation formula, the

equivalent formula (65) is understood as a strong homogenjsation,formula, as
its derivation requires the use of the strong form of the equilibrium equations.

Remark 13. For models with more boundary comnstraints, for which (54)
and (55) hold, following the same procedure that led~to<(65) (see Appendix
B), the same formula remains valid, and in this particular case reads

1

Py = ——
[l Jog,

r, & X dOS,, (66)

with r,, the corresponding Lagrange wultiplier (see Remark 9).

Finally, by setting ¢ = 0, T =0, M = 0, @1y = 0, G5y = 0 and u, = 0,
equation (46) gives

1
2] Jo,

Qur ((Pu ® Xu)s - %(fu — puly) @ (X, ® X, — J)) dSd,.  (67)

As with Py we canunderstand the tensor Qj; as having inertial and a
non-inertial~components, that is, we can write Q,; = Ay + Ry, where

1 L.
Ay 5 / SPuly ® (X, @ %, — J) dfy, (68)
2] Ja, 2
1 ¢ 1
Ru =157 (P, ®x,)° — £, ® (x, ®x, —J) ) d,.  (69)
€2, Qu 2

Remark 14. Similar to Remark 12, from expression (67) it follows that Qpy
depends explicitly and implicitly on W, the latter through the relation between
P, and W, established by the equilibrium problem (49).
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In Appendix C it is proved that, like Py, Qps can also be expressed as
a function of RVE boundary data alone

1 1 1
Qu+-QuI ) ®J=— ~t, ® X, ® X, dOQ,. (70)
2 ‘Qu’ 0y, 2

Analogously, expression (67) could be understood as a weak hemogeni-
sation formula, while formula (70) can be seen as a strong homogenisation
formula.

Remark 15. For models with more boundary constraints (54) and<(55) hold.
In such case, the Lagrange multiplier M is not present in_the/formulation,
and following the same procedure that led to (70) (SeesAppendiz C), it is
easy to show that instead of (70), the following formula_holds

1 1
= oA " 5Th ® X, O% o<, (71)

Qum

with r, the corresponding Lagrange multiplier (see Remark 9). Again, a
formula depending solely on boundary data has been recovered.

Remark 16. In the absence of forees per unit volume (f, = 0) and inertia
effects (i, = 0), the homogenisation formulae (62) and (67) coincide with
those derwed in [9, 10, 153, 1/]. Nonetheless, the formulae (62) and (67),
which have been shownto be equivalent to (65) and (70), have striking dif-
ferences when compared o the results reported in [13, 14]. In contrast to the
present results, the homegénised stresses in such contributions cannot be ex-
pressed as a functionof boundary data alone. The present paper extends our
previous findings for the first-order theory [4] to second-order models with
body forces, andhighlights the fact that macro-scale stresses must necessarily
remainsidentifiable in terms of RVE boundary data alone. This is a funda-
mental property in the definition of macro-scale variables, pointed out by Hill
in'f8JBA further difference with respect to [13, 14] is that the contribution of
the body forces £, to the high-order macro-scale stress tensor Qus is generated
hereby the tensorial product with (x, ® x, — J).

6.4. Reactions to RVE constraints and homogenised forces and stresses

In kinematically-based mechanical variational settings, Lagrange multi-
pliers typically used to enforce kinematical constraints are nothing but re-
actions to the constraints they are meant to enforce. In the context of the
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Principle of Multiscale Virtual Power (46), c is the reactive force required to
enforce constraint (31), T is the reactive stress to constraint (33), and M a
higher-order stress reactive to (36).

Further to the above comment, we prove in Appendix D that these
reactive force- and stress-like quantities in fact satisfy

c=fy, (72)
T =Py, (73)
M = Q. (74)

That is, the homogenised body force fj; is simply the, reaction to the kine-
matical constraint (31). The homogenised stress P/ is.the reaction to (33)
and the homogenised higher-order stress Q,; is a reaction to constraint (36).

Remark 17. The characterisation of Lagrange mwitipliers given by (72)—
(74) has been obtained under the assumption ofsminimal constraints for the
RVE kinematics (see variational equation (46)). For models with further
boundary constraints, expression (72) turns‘imto the following

C = fM -

m o I'M d@QM (75)
H 0

while the characterisation’of the Lagrange multiplier r,, depends on the defi-
nition of the space L (See also Remark 9).

Remark 18. Now thatthé meaning of the Lagrange multipliers is fully un-
derstood, the RVE ‘equilibrium problem (49) reveals that the virtual power
exerted by the fluctuation of the stress state given by Pu =P, — (Pu+
Qu (J'%x1)), equals the external virtual power exerted by the fluctuation of
the foree per unit volume £y = (£, — p,ii,) — far, for all 0, € HY(Q).

These findings provide a very significant insight into the nature of ho-
mogenised force- and stress-like quantities in RVE-based multi-scale theories
which; to our knowledge, has not been reported in the literature. Their iden-
tification as reactions required to enforce the postulated RVE kinematical
constraints provide a very clear link between the kinematics of the RVE and
the resulting homogenised force- and stress-like quantities “visible” at the
macro-scale level. Obviously, this implies that RVE kinematical constraints
and homogenisation formulae for force- and stress-like quantities cannot be
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postulated independently and that, if ignored, may lead to inconsistencies in
the resulting theory.

Finally, we remark that for the sake of completeness, we present in Ap-
pendix FE an alternative, yet equivalent, variational formulation in which
the constraints (26), (27) and (28) are directly enforced, and from which the
same physical interpretation of Lagrange multipliers is obtained.

6.5. Generalised “uniform” boundary traction formula

Under the assumption of minimal RVE kinematical constraints«31), (33)
and (36), the tractions on the RVE boundary were found t6 be given by (53),
in terms of the Lagrange multipliers T and M. In light.of the identities (73)
and (74), the RVE boundary traction field in this case (minimal constraints)
reads

P,n, = (Py +Qu(J 'x,))n, orl 0€,,. (76)

This identity generalises, to the present second-gradient multi-scale model,
the concept of uniform RVE boundary\lraetions associated with minimal
constraints in the classical (first-gradient ), RVE-based mechanical theory. In
the classical theory, this reads simply [5]

P, np=Pyn, on 0€,,. (77)

Remark 19. [t should be noted that, if further constraints are incorporated
into the RVE kinematies (e.g. properly generalised boundary periodicity, ho-
mogeneous kinemtatical boundary conditions), then (76) no longer holds in
general. However, all-other findings concerning the reactive nature of ho-
mogenised forees and stresses remain valid, regardless of the particular set of
constraints chosen to describe the kinematics of the RVE.

7., Tangent operators

For the sake of simplicity we shall assume in the present section that the
meehanical problem is quasi-static. We shall also assume that the micro-scale
constitutive behavior is defined through a standard constitutive functional
of the form P, = P,(V,u,), which, in view of (24), can be written as

PM = PM(GM+GMXM+VMﬁu)' (78)
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In addition, we have a relation u, = 0,(Gu, Gas) established through the
micro-scale equilibrium problem, which is repeated here in the quasi-static
case for the sake of readability

/ [P,(Gu + Gux, + V,ii,) - Vi, —£,-10,]dQ, =0 Vi, € V,.(79)
QH

In such case, expressions (62) and (67) state that the homogenisedyobjects
Py and Qy are (multi-scale) functionals of the form

Py =Pu(Gu, Gur), (80)
Qy = Qu (G, Gur). (81)
In fact, we have
1
— Q_/ GM“FGMXM‘FV uu(GM,GM))de (82>

1
_ Q_/ A(Gar + Garxy+ VG, o)) © x,)°d.. (83)

Now, we are interested in calculatingsthe following tangent operators (tensor
order is also shown for clarity,)

4™ order DEPw 06 = %PM(GM + 178G, Guy) L (84)
5™ order DeP 1 [0Gy] = %PM(GM, G + 70Gyy) L (85)
5" order DaQu[0Gy] = diTQM(GM + 178G, Gyy) L (86)
6™ order DeQu[6Gyy] = %QM(GM, Gur + 70Gyy) . (87)

It, can’ be readily verified that these tangent operators are composed of a
Taylor-like component (explicit dependence with respect to Gy, and Gy,
which ignores the contribution of fluctuations) and a fluctuation component
(implicit dependence through the fluctuation displacement field @,). For
example, for the tangent operator DgP,s, the Taylor component, denoted
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by D&P s, is easily obtained as follows
D&P v [0G ] =
1 d -
—/ _PH<GM+T(5GM+GMXM+VMUM(GM7GM>)
‘Qu’ Q dr
1

2] Ja,

7=0

C.(Gur + Gux, + V,i,(Grr, Giy))3G y dS, =

1
H w

where C, is the classical fourth order tangent constitutive operator of the
material in the micro-scale. Therefore, we have
1

2l Ja,

Similarly, the fluctuation contribution to the tangent operator, denoted DcP M,
is obtained as follows:

D&Py = C dy,. (89)

DePy[0G ] =

1 d -
m/ﬂ EPH(GM+GMXM+V}Lu;L<GM+7_5GM7GM))
H Iz

7=0
1 1

m /Q Cu[SuéGM] dQM = |:W /Q CP« o) SH dQP«:| 6GM, (90)
1 o 1 "

that is (see Appendix A'for the definition of operations)

- 1
DePy=—— [ C,0S,dQ,. (91)
12l Ja,

In the“above, the fourth order tensor S, represents the tangent relation be-
tween V,u),'and Gy, i.e. V,0u, = S,0Gy, and is obtained by linearizing
problem=(79). That is, S, is characterised by the following linear problem:

/ C,V,0u, - V,u,dQ, = — / Cu0Gy - V,u,dQ,  Va, eV, (92)
iz Qp

In this manner, the fluctuation component of the tangent operator results

~ 1
PPy = — / C, oS, d2,. (93)
%l Ja,
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Then, we have the complete characterisation of this tangent operator

- 1
DPy = DEPy + DPyy = o] (C,+C,o0S,)dQ,.  (94)
wl JQu

In a completely analogous manner, we have that the Taylor contribution
to the operator DgP )y, denoted by DEPyy, is obtained as follows;

DEPM[(SGM] =

1 d =
m / EPN(GM + (Gup + 170G )%, + V,0,(Gar, Gur))
M Qu

1

2] Ja,

7=0

CM(GM + GMXM + Vpﬁu(GM, GM))((SG]V[XM) dQu =

1
s "

Hence, we obtain
1

2,1\ e,

The fluctuation component of thisstangent operator, denoted DgPyy, is

DEPy, = C, ® x, d,. (96)

DeP 1y [0Gy] =

), =

1 d )
L[ 2p, ,

5 / P (Gl + Gux, + Vi1, (Gar, Gy + 76Gyy))
| “| 2 dr 7=0

1 1
—— | @,[S,.(6Gnx,)] dQ, = [— / (ChoS,) @x, dQH] 0Gyr, (97)
€] Joy 2] Jo,
that is )
DePy = —— [ (C,0S,) ®x,dQ,. (98)
2] Jo,

Then, the complete fifth-order tangent operator reads

- 1
DPyr = DEPy + D6Pay = o (C,+C,o0S,)®x%x,dQ,.  (99)
nl JQ,

Following the same procedure, it is straightforward to obtain the charac-
terisation of the fifth- and sixth-order tangent operators DgQ)s and DgQ,y,
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given by

DcQu[0G ] = DaQM[(;GM} + DGQM[5GM]

1
- m Q ([(Cu+ Cpu08)0GM] ® Xu)s ds2,,, (100)
K I
DeQu[0Gy] = DEQur[0Gas] + DGQM[5GM]
1
=10, Jo, ((Cu+CuoSu) ©x,)06n] & %,)50,. (101
s "

8. Summary and concluding remarks

An RVE-based multi-scale model featuring a magcro-scale second-gradient
theory linked to a first-order classical continuwm description at the micro-
scale level has been derived and examined in detailwithin the general frame-
work of the Method of Multiscale VirtualsPewer. recently proposed by the
authors in [1].

The MMVP has been shown here to provide a robust framework, whereby
multi-scale models can be rationally‘derived in a kinematically-driven fashion
by means of the following clear and well-defined steps:

(i) Postulation of the kinematics of the macro- and micro-scales, i.e., defi-
nition of the kinematical descriptors of each scale of the model. In the
present case we have the triad (ups, Varun, Vi Vaua) = (aa, Gar, Gar)
at the generic,peint x), of the macro-scale, and the pair (u,, V,u,) of
kinematicalfields oyér the RVE domain;

(ii) Postulation of kinematical insertion and kinematical homogenisation
such/that kinematical quantities are preserved in the scale transition.
Here, /kinematical insertion is defined by (24) and kinematical ho-
mogenigation by (26)—(28). This leads to the idea of kinematical ad-
missibility, which automatically defines the minimally constrained func-
tional space of of kinematically admissible fluctuation fields of the RVE;

(ii) Mathematical duality then allows straightforward identification of the
force- and stress-like quantities compatible with the kinematical as-
sumptions at both scales, namely, the triad (fo7, Pas, Qar) at xps, and
(trivially) the pair (f,—p,,, P,) of body force and first Piola-Kirchhoff
stress fields over the RVE;
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(iv) Statement of the corresponding Principle of Multiscale Virtual Power,
(45) (or (46)), based on the duality pairings identified in steps (i) and
(iii), whereby the total virtual power of the macro- and micro-scales are
balanced. This principle leads naturally, by means of straightforward
variational arguments, to the equations of equilibrium of the RVE as
well as to the homogenisation formulae for the force- and stress-like
quantities of the model, and completes the characterisation ofthe multi-
scale model.

In addition, due to its variational basis, the MMVP maynaturally provide
significant further insight into the foundations of the model. ForJexample, by
re-writing the PMVP in the equivalent form (46), using Lagramge multipliers,
the impact of the kinematical hypotheses upon the fesulting model was made
very clear, as the homogenised force- and stress-like quantities of the macro-
scale are identified as reactions to kinematical”constraints imposed upon the
RVE. Also, the equivalent representation<ofssuch quantities exclusively in
terms of RVE boundary data has been obtainéd in a straightforward manner.

Moreover, the present multi-scale model*was developed in the context of
transient problems, also featuring relations that describe the contribution of
micro-scale inertia effects to theshigh-order macro-scale continuum formula-
tion. In this regard, the MMVP allowed these inertia effects to be naturally
incorporated in a straightferward manner in the analysis.

Throughout the paper;conceptual differences and similarities to existing
theories have been highlighted, facilitating the analysis of the contributions
made by present approach,

In summary,«wesbelieve the MMVP to be a powerful tool to address the
development 6f mew multi-scale models in a manner that avoids potential
inconsisteneies: This appears to be particularly true for models exhibit-
ing distinet Kinematics at the macro- and micro-scales, such as the second-
gradient model presented in this paper. The method can be also very useful
in ,analysing existing multi-scale models, as the links between kinematics,
gquilibritm and homogenisation rules are made clear, allowing an easy de-
tection of possible inconsistencies. We also remark that the method is by
no means restricted to classical mechanical problems. Any class of problems
where a Principle of Multiscale Virtual Power makes sense can be addressed
by the MMVP. This encompasses the multi-scale description of a wide range
of phenomena, including the formulation of RVE-based models of multi-scale
fluid mechanics, micro-scale strain localisation [23], micro- and macro-scale
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fracturing [25], multi-scale solid dynamics [4], transient heat transfer, partic-
ulate media, among others. Some of these will be addressed by the authors
in forthcoming publications.
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Appendix A. Tensor algebra

Let a,b,c,...bevectors, A, B, C, .. .second order tensors and A, B, C, . ..
third order tensors. We introduce thefollowing operations, most of them de-

fined in terms of the standard internal product between two vectors denoted
by a - b:

e given A = a; ® ay.and b, then Ab = (as - b)ay;

e given A = a; ®ays/ then AT = a, ® aj;

e given A =(a; ® a, and B = b; ® by, then A - B = (a; - by)(ay - by);
e givennA'=‘a; ® a; and B = b; ® by, then AB = (ay - by)(a; ® by);
o giveniA ='a; ® a; ® ag and b, then Ab = (a3 - b)(a; ® ay);

e given'A = a; ®a; ®az and B =b; ®by;®bs, then A-B = (a;-by)(az-
b>)(as - bs);

® given A= a;®as®ag and B = b1 ®b2, then AB = (ag 'b1)<ag 'bg)al;

[ givenA:a1®a2®a3 andB:b1®b2, then AoB = (ag-bl)(a1®
as ® by);

e given A = a; ® a, @ ag, then AT = a; ® a3 @ a,, and A® = %(A+AT);

35



e given A = a; ® a; ® a3, then A' = a3 ® a; ® ay;

e given A =a; ®a;®az®a, and B =Db; ® by ® by ® by, then Ao B =
(asz - bi)(ag - be)(a; ® ay ® by ® by);

e given A = a; ® a; ® ag ®ay and B = b; @ by, then AB = (a3 - by)(ay -
by)(a; ® as);

o givenﬂ:a1®a2®a3®a4®a5 and B:b1®b2®b3, then'AB =
(az - bi)(as - bs)(as - bz)(a; ® ay).

Appendix B. Homogenisation of Pj; from boundary data

Let us find a homogenisation formula equivalent.to (62) that exclusively
depends on boundary information. To do this we write

/ P, dQ, = / P,V,x, dQ, =
Q

w Q.

—/ divMPM®XMdQM—|—/ P,n, ®x,doQ,. (B.1)
Qu

m

Using (B.1) and the equilibrium form (52) into (62) yields

Py =

_1 ..

0 |U (= divy, P, (£, — puit,) ©x,) dQﬁ/ P,n, ®x, dagﬂ} =
I Q o0,

1
—{—/ (C+MJ1>®XHC[QM+/ tu®xﬂd5§2u} =
|Qu‘ Qu oy
1

m 0 tu®xud89w (BQ)
H w

where we denoted P,n, = t, the traction over the boundary 05, and where
we have used the assumption (23) and the fact that ¢, M and J are constant
entities. Thus
PM = — tﬂ ®X# dE)QH (BB)
2] Jaa,
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Appendix C. Homogenisation of Qp; from boundary data

Let us again find a homogenisation formula for Q;; depending exclusively
upon boundary data. Firstly, in Appendix F it is proved that the following
relation holds

J

1
(P, ®x,)°dQ, = -3 /Q div, P, ® x, ® x,, dS,

1
—|——/ P,n, ® x, x,d0S (C.1)
2 Joq,

Considering (C.1) and the equilibrium (52) into (67) results

Qv =
1 1 _ . 1 ..

m o §<_ div, P, — (£, — putiy)) @ (%, Q%)+ §(<fu — puit,) @ J) | dQ,
© m

P Ny R XX, doS), =

1
Fles MJ™) @ x, ® x,, dS,

1 " 1 1
0 |a(/g<fﬂ‘pﬂ“ﬂ>d9“)®”m o, 200 00 =

1
——<c+MJ 1—m i (£, —puﬁu)dﬂu) ®J
1

1
+ — -t, ®x, ®x,d08,. (C2
1] Jaq, PR (€2)

Hence,using (59), we have

1 1 1
QM+§(c+MJ_1—fM)®J 12 o, 5 b © X @ x, A0, (C.3)
n

In view of the results given by identities (D.3) and (D.9), obtained in Ap-
pendix D, we finally arrive at the following equation

1 1
Qi+ 5 (QMJ NelJ= -t, ® x, ®x, doSY,,. (C4)
[l Joq, 27"
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Appendix D. Physical meaning of the Lagrange multipliers

Let us explore the meaning of the Lagrange multipliers in the variational
formulation (46), that is, for the case of minimally constrained fluctuations.

Consider that ﬁu is the constant vector function in the variational equa-
tion (49). Then, we arrive at the following relation

| (6= pi) = ) d0, = (D1)
Since the Lagrange multiplier c is itself a constant, we have
1 .
=197 (£, — putty) d2, (D.2)
| u‘ Qu
or, in view of (59)

Consider the homogenisation formula for P, derived in (B.3). Now,
introducing the expression for the traction. t, = P,n, obtained in (53) into
(B.3), yields

1

1l Jan,

For simplicity, consider €artesian coordinates and, recalling (23) and that
T, M and J are constant tensors, let us develop the right hand side in the
expression above

P (T+=M(J 'x,))n, ® x, dOQ,. (D.4)

Pl = 5 [ Lt M3 ) bl 4062, =
Tt [ T 400+ Ml I Bl 400, =
% / T+ M3 [ u sy (o) a0, =
byt [ W+ Moy [ (Wbl + W) a9 =
[T+ M3 [ Bl 49, Mgnl3 o / Bolnd =

[T];;. (D.5)
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Hence, we obtain
T =Py (D.6)

Consider now the homogenisation formula for Qs obtained in (C.3). Us-
ing the result derived in (D.3) and the expression for the traction t, = Pj;

given by (53) into (C.3), leads to
1. 1 1 .
Qu+=-(MI"HeJ=— —(T+M(J 'x,))n, ®x,®x%,d0 .7)
2 9] Jog, 2

Analogous to the previous development, let us consider/Carte coordi-
nates, recall (23), take into account that T, M and ::a constant tensors

and that MT = M and J = J7. Then, the develé he right hand
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side in expression (D.7) gives

1 p—

m/@g 5([T]u+ Mt [T [, ) )0 [0 X )k OS2, =
H W

11

210, Joa,

11

+ M ilm Jil mn———
[MJitm[J ] 2197 oo,

11 0

”2’9#‘ Qu a[xu]l
11 P

"2 €2, Qu Ixuli (b

[T} )i [x,] 5 (%K dOS2,
(X Jn Mo [x] (%06 @O =

[T}

([xuljxuli) dS

+ [M]ilm[Jil] [Xu]k> dQ/,L =
Mgy, (Wabes + Wb 9,
1 1
™I QM([I]nl (3¢, (ki T e [ 3¢ - [ [ [ ) A2, =
[T]ij%ﬁ v Xyl SO+ [T]ik%ﬁ /Q ) [(x,); dS2,

1 1
. _1 —_—— .
+ [Mipn [J ]ml2 1, o, [x,u] i [%u] d€2,

Mt [J 7]

11
210 Ja,
11

M [T [y ] 0]k A2

MY 3 i T+ 5 M+ 5 M [T =
5 ML 37 T+ 5 M+ 5 M =
1

5
Now note that the second term in the left hand side is identical to the first

Mt [I ™ im[I]j + [M]ije. (D.8)
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term in the right hand side, therefore we arrive at the following result

M= Q. (D.9)

Appendix E. Alternative analysis of the Lagrange multipliers

Alternatively to the variational formulation (46), let us enforce Kinemat-
ical constraints (26), (27) and (28) through Lagrange multipliers; whichyare
denoted by c¢*, T* and M*, respectively. The Principle of Multiséale Virtual
Power (45) is then rewritten as follows

1 R .. N
Py -Gu+Qu- Gy — -ty = / (P, -V, 0= (f, =p,1,) a,)dQ,
—c* (u /u ) <f1 —L/ﬁdﬂ>
" m " N o,
. A 1
+T*-<G /VudQ) (G - — VﬁdQ)
A ! M) Jg, T
+ M <GM (KV,u, ®x,)0d” }dQM)
1] Jo,
1
+M*-<GM N [(Vuﬁu®xu)oJ‘1}sdQM)
Qpu

V(i GM7GM) AR3 X R3*3 x (Rk%x?,x?,)s7 Vi, € Hl(QM)7
V(é*,'i‘*, M*) c R x R3*3 x (R3><3><3)S. (E.1)
Rearranging terms in, (E.1) leads to

Py — T -Gy + (Qur — M) -Gy — (fyy — ) -y =

|Q_1\/ (B, = (T + M*(I7%,)) - Vil — (6 = puity) — ) - 0] 4,

o 1 . 1
—C - (UM — |Q—M| o, uu dQ/L) —+ T . (GM |Q | o V/Lult dQH)
- 1
+M (GM o] o (V@) o 3 dQ#)
Qp

V(tar, Gar, Gar) € R? x RS x (R¥3)S, vy, € H'(Q,),
V(é*,T*, M*) e R3 x R3*3 x (R3><3><3)S. (EQ)
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Clearly, restrictions (26), (27) and (28) are now natural conditions that follow
as Euler-Lagrange equations from (E.2). Moreover, note that (24) is no longer
taken into consideration. Thus, we readily obtain the physical interpretation
of the Lagrange multipliers

¢t = fM, (E3)
T = Py, (E.4)
M* = Q. (E.5)

Comparing, respectively, (E.3), (E.4) and (E.5) to (D.3), (D.6) and’(D.9), we
obtain that the Lagrange multipliers from variational equation/ (46) are the
same as those from variational formulation (E.2), that.is.ef,= ¢, T* = T and
M* = M. This implies that both variational formulations, (46) and (E.2)
are equivalent. In other words, the enforcement of constraints (26), (27) and
(28) leads to the same result as when the enforcement of constraints (31),
(33) and (36) is considered.

Appendix F. Auxiliary calculations

For simplicity let us considefi@Gartesian coordinates to see that

(P © )ik = %([Pu]ij Xk + [Pulinlxul;) =

% (a[fu]l (B Jalx0l;xu]x) — aa[[ii]];l (X, [%ulke — [Pulalx,l; g[;i]]];)
1 0 e T I B I[P L) < Lix x I[x,; _
b o (2 OB dubebod) - S lube, = [P labe S
a[iu]l (P [xu] [ ]i) — 8@[[1;,;]];1 x5 [Xu]k_%([PM]il %] 50w+ [P %] 0, ) -
8[3}1 ([P pJalxuljxuli) — %[[I:Cﬂzl [, [xpu]k — 1<[Pu]lk [xul; + [Pl [Xﬂ]k) -
0 a[Pu]il
0[x,); ((PuJalxul;lxuli) — [x,; [xp)i[Xule — [(Pu ® Xu)s}ijk- (F.1)
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Thus, integrating over the micro-scale domain €2,,, it results

/Q (P, @ %)% A2y, =

"

/Q [ﬂiun]il[Xu]j[xu}k) - M[Xu]j[xu]k - [(P# ® Xﬂ)s]ijk A,

Xl

that is

2/ [(Pu &® XH>S]ijk dQ}L =

"

O Pl — ARl
[ |G (Pdabsdiod) = T 4. (23

. Lo

and taking the first term in the right hand side to the boundary results
2/Q (P, ® Xu)s]ijk dl, =

H / [Pl b fogd, - / H 0

[Pu]il x. 1. [x
8[Xu]l[ H]J[ u]deu' (F4>

Therefore, this finally itnplies

1
/ (P, ®x,)%dQ, = —5/ div, P, ® x, ® x, dS,
Q Q

W I3

1
+—/ P,n, ®x, ®x,doQ,. (F.5)
2 Joq,
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