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ABSTRACT

This paper performs further study on the micro-macro homogenization approach of granular materials
(Li et al., 2010) based on the advancement of Hill's lemma for Cosserat continuum (Liu, 2013). Firstly,
the average couple stress tensor, expressed as the volume integration of quantities over the representa-
tive volume element (RVE) in the average-field theory of Cosserat continuum, is further deduced and
expressed in terms of discrete quantities on the discrete particle assembly RVE of granular materials.
The expression is also discussed and compared with other typical definitions of the effective couple stress
tensor for granular materials in the literature. Then, rate forms of micromechanically based constitutive
models consistent with different types of RVE boundary conditions are derived and discussed. Since the
presented micro-macro homogenization approach is used, not only the micro-macro energy equivalence
is satisfied, but also the microstructure and its evolution can be taken into account in the constitutive for-
mulation with no need of specifying macroscopic phenomenological constitutive model.

© 2013 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Most engineering materials, such as composites and granular
materials are heterogeneous in nature. It is of great importance
to determine the micromechanically based macroscopic overall
characteristics of these materials for engineering applications.
The average-field theory is one of the basic approaches in microm-
echanics dealing with this subject. This theory is based on the fact
that the effective mechanical properties are determined by rela-
tions between the volume averages of the stresses and strains of
microscopically heterogeneous samples. Hence, macroscopic-field
quantities are defined as the volume averages of the corresponding
microscopic-field ones, and the effective properties are determined
by relations between the averaged microscopic-field quantities
under the prescribed boundary conditions on the representative
volume element (RVE). The average-field theory of the classical
continuum has been well developed and widely applied to the
multi-scale analysis and computation of composites. An abundant
literature, including the work contributed by Hill [1], Hashin [2],
Suquet [3], Nemat-Nasser and Hori [4], Michel et al. [5], Miehe
and Koch [6], Qu and Cherkaoui [7], deals with this subject.

* Corresponding author. Tel./fax: +86 411 84105356.
E-mail address: q.liu@hotmail.com (Q. Liu).

Granular material is a typical heterogeneous medium and con-
sists of discrete grains and voids. This discontinuous medium is
represented by an equivalent continuum on the macroscopic level.
The phenomenological constitutive models are needed to describe
the mechanical behavior. These models are usually complex and
contain some fitting parameters which are difficult to be deter-
mined. On the other hand, granular material is naturally modeled
as an assembly of discrete particles in contact from the microscopic
view. However, if a typical macroscopic structure is fully described
as a discrete particle assembly, the computation task is too heavy
to be acceptable. Therefore, it is reasonable and significant to
develop proper multi-scale homogenization schemes combining
the macroscopic and microscopic models.

One major objective of the multi-scale analysis for granular
materials is to determine the effective overall properties and re-
sponses of the heterogeneous medium in terms of the properties
and responses of the microstructure [8,9]. The nature of granular
medium is that each discrete particle possesses rotational degrees
of freedom in addition to translational degrees of freedom in the
kinematics and is capable of bearing and transmitting couples in
addition to forces from one particle to the other in contact in the
kinetics [10,11]. Thus, the RVE, considered as a discrete particle
assembly characterizing the local microstructure, should be
modeled as an equivalent Cosserat continuum [12-15] instead of
a classical continuum in order to link with the macroscopic Coss-
erat continuum. This process implies that Cosserat continuum is
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assumed at both microscopic and macroscopic scales in the
homogenization procedures. Cosserat continuum model has been
successfully applied to the simulation of phenomena with size ef-
fect, which is essentially a multi-scale phenomenon and stems
from the influence of the microscopic structures on the macro-
scopic behavior [16-20]. However, fewer contributions have been
devoted to the development of the homogenization scheme for
the heterogeneous Cosserat continuum in contrast to the case in
classical continuum. Among them are Forest et al. [21], Yuan and
Tomita [22], Hu et al. [23], Sulem and Muhlhaus [24], Trovalusci
and Masiani [25], and Besdo [26].

A micro-macro homogenization approach for discrete particle
assembly - Cosserat continuum modeling of granular materials is
proposed in the framework of the average-field theory [27]. The
interest lies in that the constitutive relation is formulated to take
into account the microstructure and its evolution with no need
of specifying macroscopic phenomenological constitutive model.
Starting from the derivation of a version of Hill's lemma for Coss-
erat continuum, proper RVE boundary conditions connecting the
micro and macro quantities are determined. With the link between
the discrete particle assembly and its equivalent Cosserat contin-
uum in an individual RVE, the boundary conditions prescribed on
the RVE modeled as Cosserat continuum can be transformed into
those prescribed on the peripheral particles of the RVE modeled
as the discrete particle assembly. The average stress and average
couple stress measures are further expressed in terms of the inte-
grations along the boundary of the RVE modeled as a Cosserat con-
tinuum. These measures are then determined by using the
discretized counterpart of the boundary integrations evaluated at
the discrete contacting points of the peripheral particles in the
assembly. Finally, the rate forms of micromechanically based mac-
roscopic constitutive relation taking into account the microstruc-
ture and its evolution is formulated in light of proper RVE
boundary conditions and the definitions of corresponding macro-
scopic average quantities.

Although the primary idea and procedure of the proposed ap-
proach are formulated in paper [27], some basic issues are still
open and need to be further elaborated. On the one hand, the
expression of the macroscopic average couple stress tensor in
terms of microscopic stresses and/or couple stresses is not unique
in the average-field theory of Cosserat continuum [10,14,21-23].
There are mainly two kinds of expression used in the literature,
ie. my=1%J, uzdV suggested by Yuan and Tomita [22] and
Wi =7 Jy (1 — xi€ju01a)dV proposed by Forest et al. [21]. Only the
former definition fi; = [, #;dV was adopted to derive Hill’s lem-
ma of Cosserat continuum and to develop the micro-macro
homogenization scheme of granular materials in paper [27]. On
the other hand, only mixed translational displacement-surface
couple conditions can be prescribed on the RVE boundary accord-
ing to the Hill's lemma in paper [27]. Other types of RVE boundary
conditions commonly used in classical homogenization method
were not properly given for Cosserat continuum. It should be
stressed that the above two issues are vital to the homogenization
approach of granular materials in order to ensure the satisfaction
of the micro-macro energy equivalence (named ‘Hill-Mandel con-
dition’) and to derive the micromechanically based constitutive
models. Recent research on the average-field theory of Cosserat
continuum produces a new version of Hill's lemma based on the
definition p; :%fv(#g — Xi€juo)dV, from which more versatile
RVE boundary conditions are properly given [28]. This motivates
us to reconsider and extend the homogenization approach of gran-
ular materials proposed in paper [27].

This paper performs further study on the micro-macro homog-
enization scheme of granular materials based on the development
of Hill's lemma for Cosserat continuum. Firstly, the average couple
stress tensor, expressed as the volume integration of quantities

over the RVE in the average-field theory of Cosserat continuum
[28], is deduced and expressed in terms of quantities on the RVE
boundary. The definition can be further expressed in terms of static
quantities over the domain of the discrete particle assembly RVE of
granular materials. The significance for the definition of the effec-
tive couple stress tensor of granular materials is presented by com-
parison with other typical definitions in the literature. Then, rate
forms of micromechanically based constitutive models for granular
materials are derived according to three types of RVE boundary
conditions in the strong form, i.e. homogeneous translational and
rotational displacement boundary conditions, mixed translational
displacement and surface couple boundary conditions, and mixed
surface traction and rotational displacement boundary conditions.
Further analysis and discussion are also given on these constitutive
models. Compared to the previous contribution [27], this paper
presents a more comprehensive theoretical reference for the mi-
cro-macro homogenization of discrete particle assembly - Coss-
erat continuum modeling in the framework of the average-field
theory.

2. Cosserat theory: equilibrium and kinematics

In a Cosserat model the independent kinematical degrees of
freedom are the displacements u; and the rotations w;. Accordingly,
in addition to the classical stresses oy, independent couple stresses
L are introduced [16-20], as shown in Fig. 1. The strain measures
&; and x;; (curvatures) are defined as

Ejj = Uji — €jjkWk (1)
Kij = j; (2)
where e;jj is the permutation tensor. The summation rule of tensor

indices will be applied throughout the present paper. The equilib-
rium conditions can be expressed as

04 =0 3)
Miji + e =0 4)
Equilibrium on the surface of the Cosserat RVE requires that

ti= n;oji (5)
qi = Ml (6)

where t; is the surface traction, g; is the surface couple, and n; is the
unit vector normal to the surface.

3. Hill's lemma and RVE boundary conditions of Cosserat
continuum

In this section, Hill’s lemma and RVE boundary conditions in the
average-field theory of Cosseat continuum in paper [28] are briefly

Fig. 1. Stresses and couple stresses for Cosserat continuum in 2-D case.
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listed. Besides, the signification of the average rotational degrees of
freedom is further highlighted from the view of their higher order
essence and the application to the fact of granular materials.

The micro-macro homogenization approach in the frame of
average-field theory for heterogeneous materials can be schemat-
ically demonstrated by Fig. 2. The concept of an RVE is used to esti-
mate the continuum properties under specified boundary
conditions determined by the deformation of macroscopic contin-
uum point and its infinitesimal neighborhood. A typical RVE with
volume V and boundary S is considered to be associated with a gi-
ven sample point, which is usually an integration point of the
macro-mesh. For any microscopic stress fields oy, 1; and micro-
scopic strain fields gy, x;; in the RVE under prescribed boundary
traction (t;, q;) or boundary displacement (u;, ;) conditions, we de-
note the average stresses and the average strains over the domain
of the RVE with G, [ and &;, k;. Hereafter in this paper, as the
over-bar is applied to a microscopic quantity (x), (%) is defined to
denote its volume average over the domain of the RVE. With this
stipulation in symbol, according to the basic assumptions of the
classical homogenization theory, we denote the macroscopic aver-
age strains and curvatures over the domain of the RVE as

_ 1 1 1 1 _ _

Eij :V/Vs,-jdV:V//(u,-_.-—e;jkwk)dV:V//uj,,-dV—e;jkV/vwde:uj,,-—e,-jkcok (7)
_ _ 1 1

K;]-:a)j,,-:v/ij,idV:V/s n,-wde (8)

It should be pointed out that the volume average over the RVE is
usually performed to the differential of the basic kinematical

Discrete particle assembly

O —— Peripheral particles

Interior particles

Cosserat

continuum

quantities in the average-field theory, for example
Uj; = % Jy u;;dV. Then, the volume average can be further expressed
in terms of the integrations along the RVE boundary by use of
Gauss theorem, for example @;; = { [, u;;dV =1 [, nju;dS. However,
Eq. (7) gives oy =1 [, wdV according to the definition of macro-
scopic strains &, i.e., the volume average is directly performed to
the rotational degrees of freedom. The reason lies in that the rota-
tional degrees of freedom essentially belong to higher order terms
compared to the translational degrees of freedom in continuum
mechanics. This has been shown in the governing Eq. (1), in which
the rotational degrees of freedom directly contribute to the strains.
Thus we can conclude that the rotations belong to the order of the
gradient of translational displacements. It has been pointed out
that the continua with local rigid structure belong to the class of
higher-order materials [29], and the strain gradient theory [30]
gave the expression @; = 1eyd;, which also proved this point.
Although the rotational degrees of freedom are independent of
the translational degrees of freedom in Cosserat continuum model,
the higher order essence of rotations compared to the translational
displacements cannot be neglected in the formulation.

Besides, although the rotational degrees of freedom and corre-
sponding intrinsic scale parameters have been successfully applied
as a regularization mechanism in the macroscopic finite element
simulation of the strain localization behavior of granular materials
[16-20], the physical meaning of rotational degrees of freedom in
Cosserat continuum model are still obscure for granular materials.
The expression @y = ¢ [, wdV given in this paper can be further
deduced as @ =} [, @dV = 13" o'V', in which N, is the total

Sampling point

RVE

Cosserat continuum equivalent

Fig. 2. Micro-macro homogenization of granular materials: discrete particle assembly - Cosserat continuum modeling.
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number of particles in the RVE, ' and V' is respectively the rota-
tion and the volume of the i'th discrete particle in the RVE. It im-
plies that, for granular materials, the macroscopic rotational
degrees of freedom @y, are equal to the volume average of the inde-
pendent rotational displacements of discrete particles over the
microscopic RVE, which provides a physical interpretation for the
rotational degrees of freedom of the Cosserat continuum model.

With the use of force, bulk and surface balance and divergence
theorem as known within average-field theory [4,7], the macro-
scopic average stresses are expressed as

_ 1 1 0 1
Gv:V//aljdV:V//@(kaXi)dV:V/snkaijids

1
:VL&WS 9)

There are mainly two kinds of definitions for the average couple
stress tensor expression in the literature. In the first version, the
macroscopic average couple stresses are directly defined as the vol-
ume average of the corresponding microscopic couple stresses [22],
ie.

_ 1
MZVAMW (10)

Based on this definition, Li et al. derived a version of Hill's lemma
for Cosserat continuum in paper [27] as below

o 1 _
Tiie — Oty + Ky — MKy = 5 /S(Ui — Ui jXj) (MO
_ 1 _
— nkaki)dS +V /(CU, — (JJ,‘)
N

X (Mg — i i )dS (11)

In the other version, in addition to the microscopic couple stresses,
the effect of microscopic stresses is taken into account in the defi-
nition of average couple stresses [21,23], i.e.

_ 1
=y /V(#y — Xi€j0j)dV (12)

Recently, Liu [28] presented a new version of Hill's lemma based on
the definition (12) in the following form

- 1 f _
iy — Oyjey + My — ik = / (Ui — UijX;) (MO ki
S

— MNk0y;)dS +% / (@i — (s
S
+ @1j%))] (M by — i) AS (13)

Analysis and discussion [28] also show that more versatile RVE
boundary conditions in the strong form can be properly obtained
from Hill’s lemma (13) including:
(1) Homogeneous translational and rotational displacement
boundary conditions
Uils = UijXj,  Qils = O + DijX; (14)

(2) Mixed boundary conditions I, consisting of the translational
displacement and the surface couple boundary condition

Gils = (M) |s = Ml (15)

(3) Mixed boundary conditions II, consisting of the surface trac-
tion and the rotational displacement boundary condition

Uils = UijX;,

tils = (MOki)|s = Mk Ori,  Wilg = @ + W;X; (16)

These results motivate us to further develop the micro-macro
homogenization scheme of granular materials based on the aver-
age-field theory of Cosserat continuum. The following sections will

focus on the development of micro-macro homogenization formu-
lation of granular materials based on Egs. (12)-(16) as the extension
of the work [28]. To make the formulation more concise and clear,
some symbols used in the following sections are slightly different
from those in paper [27].

4. The microscopic discrete particle model of granular materials
[27]

The microscopic model in this paper follows the discrete parti-
cle model adopted in paper [27]. The primary idea and formulation
are summarized and listed in this section.

It is usually assumed that the medium is composed of rigid dis-
crete circular (spherical in 3D case) particles. Each particle pos-
sesses translational and rotational degrees of freedom. The
movement of a typical particle follows the Newton’s second law.
The interaction between particles consists of both contact forces
and contact moments, as shown in Fig. 3. According to the common
assumption of discrete element method, as addressed in the contri-
bution by Cundall and Strack [31], the particles are allowed to
overlap one another at contact points. This overlapping behavior
takes the place of the deformation of the individual particles. The
magnitude of the overlap is related directly to the contact forces.
However, these overlaps are small in relation to the particle sizes.
The deformations of the individual particles are small in compari-
son with the deformation of a granular assembly as a whole. The
latter deformation is due primarily to the movements of the parti-
cles as rigid bodies. Therefore, precise modeling of particle defor-
mation is not necessary to obtain a good approximation of the
mechanical behavior.

The particles within the RVE are partitioned into two parts, i.e.
the interior and the peripheral. The particles classified into the lat-
ter part are assumed to contact with the material outside the RVE.
The boundary S of the RVE is actually an envelope of the peripheral
particles of the assembly as shown in Fig. 2. There are only a finite
number N, of material points located on the boundary S of the RVE.
We denote the total number of particles within the RVE with Ng
and numbers of the interior and the peripheral particles with N;
and N, respectively, i.e. Ny = N; + Np,. To consider a RVE in 2D case,
the number of contacting points N, of the peripheral particles will
be equal to N, or N, + 4, i.e. Nc = N, or Nc = N,, + 4 for the RVE with a
circular or rectangular boundary respectively. To simplify the dis-
cussion, we provisionally assume N =N, = N being a constant, i.e.
each peripheral particle has only one contacting point with the
boundary of the RVE, as shown in Figs. 2 and 4, and the total num-
ber N of peripheral particles in the RVE is unchanged.

Fig. 3. Particles in contact.
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4.1. Stiffness matrix relating two particles in contact

The rates of the contacting force vector f{"’ applied to a particle p
by a neighbor particle g via the contacting point can be expressed
as [10,31,32]

74 — KPP (17)

where £/ is referred to the local coordinate system defined at the
contacting point as shown in Fig. 3, and d/ is the rates of the dis-
placement vector consisting of both translational and rotational dis-
placements of the two typical particles and is referred to the global
coordinate system. K is the corresponding tangent stiffness matrix
relating to the two typical particles and can be formulated according
to the model used on the microscopic level to take into account phys-
ical and geometrical evolutions of the microstructures [33,34]. For
the 2D case ff" and d? can be expressed with their components as

R X . T
£ = [0 o i) (18)
7= [ @ o ol Wl @] (19)

where subscripts n, t denote the normal and tangential axes of the
local coordinate system, respectively, and x, y denote the global
Cartesian coordinate axes. As the orientation of the local coordi-
nates n-t with respect to the global coordinates x-y is denoted by
the angle @9, as shown in Fig. 3, the rates of the contacting force
vector P applied at the center of the particle p by the particle g
referring to the global coordinates are given by

fra — PfPe (20)
in which the transformation matrix has the form
cospP  —sinpP® 0
T = | sinpP cosp O (21)
0 P 1

where 7? is the radius of the circular particle p. Substitution of Eq.
(17) into Eq. (20) gives
fra — quKfqdpq — KM dp (22)

where KP? is the stiffness matrix referred to the global coordinates.
The sum of the rate contacting forces P4 applied at the center of a
typical particle p by all of the neighboring particles in contacts with
the particle p is given by

. No . No .
fr — prq _ ZKPQqu (23)
q=1 q=1

.L."&.
Q7 ~‘...
1.‘ = ’
k %\i’:f.%o.h-

CX)

X
.
X
(X

<7

=Y
o5

Fig. 4. The microstructure of granular RVE.

4.2. Stiffness equation for the discrete particle assembly

We denote the displacement vector d of the discrete particle
assembly of the RVE with

I I B
d:{gg} with d'={::)l} and dB:{z)B} (24)

where u and » denote the translational and angular displacement
vector respectively, the superscripts I and B stand for the interior
and the boundary (peripheral) degrees of freedom, i.e. d’ and d® list
the displacements of the centers of all interior and peripheral par-
ticles respectively. The rates of the stiffness equation of the discrete
assembly RVE can be expressed by

K, K, |(us fBext
[ { B } = { mbext (25)

uw

b b
K(/)u I((I)LU

in which 8 and mP®e list the external forces and moments di-

rectly exerted on the centers of the peripheral particles,

K, Kb, K and K®  are the block stiffness matrices.

uwm? wu W

4.3. Transformation of the reference point of the RVE stiffness equation

In the discrete element model, the displacement degrees of
freedom and the corresponding forces are usually defined at the
particle centers, as expressed by Eq. (25). In the micro-macro
homogenization, the microscopic discrete particle assembly con-
tacts with the material outside the RVE through the peripheral
points, as shown in Figs. 2 and 4. The imposition of RVE boundary
conditions and the definition of effective continuum quantities are
referred to peripheral contacting points. Therefore, the RVE gov-
erning Eq. (25) should be further transformed.

According to the kinematics and statics of rigid circular particle,
we have

u® = ¢ - RS (26)
m®* = m° + R'f (27)

@ = o,
£B ext £C
fhext — f€,

in which u¢ and @€ list the translational and rotational displace-
ment rates of the peripheral contacting points, f¢ and mC list the
external forces and moments rates exerted on the peripheral con-
tacting points,

Rl 0 0 00 O
0 0 00 O
C

R_|©® O R 00 0 (28)

0 00 00

0 0 00O 0

(0 0 0 0 0 R"|
RO=[-r5 rf] (29)
Substitution of Eqs. (26) and (27) into Eq. (25) leads to
€ = K"a€ + Ko° (30)
m¢ = K™a® + K™ o (31)
where
K" = K,
faor b b
K = (Kuw KUUR> 52

K™ =K, —R'K},
Kmm _ Kb _ RTKb

(Q]0] uw

-K°,R+R'K),R
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Egs. (30) and (31) give the external force rates f€ and the external
moment rates mC¢ applied at peripheral contacting points of the
RVE in terms of u¢ and &€, i.e. the translational and rotational dis-
placement rates imposed to the contacting points.

5. The macroscopic stress and couple stress

To determine the macroscopic average stresses and the average
couple stresses in the homogenization procedure of granular mate-
rials in the frame of the average-field theory, the integrals of Egs. (9)
and (12) should be expressed in terms of the discrete quantities at
the peripheral contacting points of the discrete particle assembly
RVE. The boundary integrals given by Eq. (9) can be discretized as

1 TS, e T, o
afv/sx@)tdeV;x ® t°AS 7V;x ®f (33)
With Egs. (3)-(6), we have
/(/1-4 + € TuXi)dV :/ o [Xi(ll P+ ejkszUmz)]dV
Vv v \% 8Xm m
= / X,'Tlm(,umj -+ ejk[XkO'm[)dS
s

_ /S (xiq; + ejaxixet)dS (34)
On the other hand,
/ (Wi + €jaTux)dV = /(,uij + ejuTiXe)dV — /Xiejkto'kzdv

% v Jv
+ /Xiejklo'kldv
JV
= //(,uij_Xiejklo'kl)dv""ejkl//(Xio'kl""xko'il)dv
:/v(,uij—xiejk,ok,)dV+ej,<l/‘/ %(xixkam,)dv
m

:/V(‘uij—x,-ejk,a,<,)dV+ej,d/sx,-xktldS (35)
From Egs. (34) and (35), we can obtain
1
‘—/ //(,LLU — Xi(?jkIO'k[)dV = /S(xiq]- + ejle,‘thl)dS

— / €jkiXiXk t,dV
14

_ / xiqdS (36)
S

Thus the macroscopic couple stress tensor of Eq. (12) can be ex-
pressed as

1 r 1 1
N=— [ XqdS==) Xq°AS == x*@m° 37
B V/S ads = > K @ qas =3 (37)

The static relation between a discrete particle assembly and its
effective Cosserat continuum model has been discussed by some
authors [10,13,14,35-37]. The definition of effective stress tensor
has arrived at a uniform expression identical with Eq. (33), which
can be further expressed in terms of the contact quantities over
the RVE domain as below

Gij = %foﬁ = % SIS (38)
ceB ceVUB

in which ff is the contact force vector between two particles, c € B

denote the set of peripheral contacting points of the RVE, c € VUB

denote the set of both the internal (V) and peripheral (B) contacting

points over the RVE. I[ = x! —x? is the so-called branch vector con-

necting the centers of two contacting particles p and q.

The definition of effective couple stress tensor of a discrete par-
ticle assembly is still open and does not arrive at a unified conclu-
sion. Some authors give definition and derivation based on a
typical particle and its neighborhood. The representative work in-
cludes the contribution by Suiker et al. [35] and Tordesillas and
Walsh [13]. Others hold that the stress measures should be defined
on the basis of a statistically homogeneous RVE containing a suffi-
cient number of particles so as to preserve the essential character-
istics of the equivalent continuum modeling. This is consistent
with the basic assumptions of the average-field theory. The repre-
sentative work of this type includes the contribution by Kruyt [37]
and Chang and Kuhn [14]. Kruyt gives definition and derivation
based on the scale separation assumption and moments of equilib-
rium equations of the discrete particle assembly. Chang and Kuhn
apply the principle of virtual work to the discrete system and re-
vealed the equivalence of expressions summing over the set c € B
and over the set of ¢ € VUB.

In the previous work of the average-field theory for Cosserat
continuum [27], the macro average couple stress tensor is defined
asEq. (10),ie. i =4 f, udV. According to the derivation in paper
[37], i can be further expressed in terms of the contact quantities
over the RVE domain as below

_ 1 1
L dV == m¢ 39
/'tlJ Vv // :uy VC§B i ( )
in which m¢ is the contact moment vector between two particles.

According to the results from the work by Chang and Kuhn [14],
Eq. (37) can be equivalently expressed in terms of the contact
quantities over the RVE domain in the form

1 1 c

iy =5 X =2 S [l + e — %) (40)
ceB ceVUB

in which

4,49 D yP
lc_{x?—xf cev'c_{xixjxixj ceV 1)

XX ceBT! | xx-xxP ceB

Thus, a new definition of the effective couple stress tensor Eq. (40)
is given for the Cosserat continuum modeling of a discrete particle
assembly in light of Hill’s lemma (13) combining with the contribu-
tion [14]. The first equation in (40), i.e. ji; = %Z%Bxfm]?, is strictly
derived in light of the average-field theory, as shown in Eqgs. (34)-
(37). The second equation in (40), i.e. §> . pXmS =43 cyip

{lfmf + ejaff lﬁ-—xflf)], is one of the essential results from paper

[14], which insures that a shifting of the coordinate system will
not affect the expression of the effective couple stress tensor.

It should be again stressed that the derivation of Eq. (40) is
based on the average-field theory which is essentially different
from the work based on a typical particle and its neighborhood
[13,35]. On the other hand, Eq. (40) is also slightly different from
the macro couple stress [t = 4> .yp [lfmj? + euaf (3J5 —xflic)} de-
fined by Chang and Kuhn [14]. The origin of this difference lies in
that Chang and Kuhn assumed a gradient-enhanced Cosserat con-
tinuum model in which second-order gradients of translational
displacements u; j, is considered. While the standard (first-order)
Cosserat continuum model is adopted in our presentation.

Furthermore, the above formulations inspire us to reconsider
the issue of effective couple stress tensor definition of a discrete
particle assembly from the view of the average-field theory, i.e.
the definition of effective couple stress tensor is not necessarily un-
ique and the two definitions (39) and (40) can both be properly
used in the micro-macro homogenization of granular materials,
provided that corresponding kinematical quantities are properly
chosen and determined in light of Hill’s lemma (11) and/or (13).
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Therefore, it provides an alternative theoretical reference for the
definition and use of effective couple stress tensor of granular
materials with the premise that micro-macro energy equivalence
is satisfied in the homogenization approach.

6. Micromechanically based constitutive models consistent
with RVE boundary conditions

In the homogenization approach based on the average-field
theory in paper [27], the micromechanically based constitutive
relation is consistent with RVE boundary conditions. In other
words, different types of RVE boundary conditions will lead to
constitutive models with different forms. In this section, the rate
forms of micromechanically based constitutive models for gran-
ular materials are derived according to RVE boundary conditions
given by Egs. (14)-(16).

6.1. Constitutive model consistent with homogeneous translational
and rotational displacement boundary conditions

As the homogeneous displacement boundary conditions
uilg = U;jXj, wils = ®; + @;jx; are imposed on the continuous
boundary S of the Cosserat continuum equivalent RVE to ensure
the satisfaction of the Hill-Mandel condition, the discrete counter-
part of the boundary conditions prescribed on the discrete N con-
tacting points of the peripheral particles are written for a typical
contacting point c in the rate form

us = ﬁijxj? or u=x°-E (42)
Of = 0+ XS or O =D +X K (43)
where E = Fﬁ =1u;; denote the gradient of the macroscopic
displacements.

According to Egs. (33) and (37), the macroscopic stress and cou-

ple stress rates can be expressed in terms of the microscopic quan-
tities of the discrete particle assembly as below

N N N
a:d<l>zxf®ff+lzxf®f6+12xf®ff (44)
4 c=1 4 c=1 4 c=1
: N 1 A
ﬂ:d<v>2xc®mf+VZxc®m“+VZxc®mc (45)
c=1 c=1 c=1

It is observed from Eqs. (44) and (45) that the averaged stress and cou-
ple stress rates depend on not only the changes of the contacting forces
and moments assigned to the discrete peripheral particles, but also the
evolutions of geometric configuration characterized by the changes of
the positions of those particles and the volume of the RVE.
According to the definition given in Section 4.3, f€ is the exter-
nal force vector composed of all the external forces applied to the
contacting point of the peripheral particles. The rate of transla-
tional contacting force f¢, which is required to be further deter-
mined in Eq. (44), is applied at the contacting point of the c'th
peripheral particle of the RVE. Eq. (29) can be expanded as

f1 [ uan Ko KN ul
ff — Kfu(cl ) Kfu(cc) Kfu(cN) l'lc
£N _KfU(Nl) K1 No) KON N
(46)
'wa(ll) wa(lc) wa(lN) T (,i)l
+ wa(cl) Kf(u(cc) wa(cN) g
Kf(u(Nl) wa(Nc) wa(Nl) (bN

From Eq. (46), f¢ can be expressed as

N
o =K+ KO i) (47)
b=1

Similarly, m¢ is expressed as

N
e = > K™+ K ) (48)
b=1

To establish the micromechanically based macroscopic consti-
tutive model, the rate form of the macroscopic stress-strain rela-
tions and corresponding consistent tangent modular tensors are
required to be derived. According to the boundary conditions de-
scribed by Eqs. (42) and (43), the macroscopic kinematical quanti-
ties E, @, & will act as “external loads” to apply to the RVE. The
micromechanical analysis for the RVE modeled as a discrete parti-
cle assembly is then performed and the micromechanically based
macroscopic consistent tangent modular tensors are derived.

After a series of derivation as shown in Appendices A.1,A.2,A.3,
the three terms at the right hand side of Eq. (44) can be further de-
duced to result in the following expressions:

N .
d(%)ZxC@)fC:f(&@l) ‘E (49)
c=1
N . - . .
%Zxc ® fe — Du‘rrE—l E+ D“°® . & + D“9% . § (50)
c=1

X of =D"F2 . E (51)

</~
™=

II
—_

C:

with the modular tensors given below

1NN
pUot-1 _ . ngl(jf,;’“b)xﬁe,» Re e e (52)
c=1b=1
1R b
D" = szxfkjfio(c e e @e 3)
c=1b=1
1R b
DLoF — K ZZX?Kj_’Iw(c )Xzei Re e e (54)
c=1b=1
u,cE-2 1 S CfC
RS &
c=1

Substitution of Eqs. (49)-(51) into Eq. (44) results in

6. _ —(6' ® l) ; é+ Du.o’E—l . E + Du,aw . (D + DU.O'K . iC + Du.aE—Z

E=D"" . E+D".&+D"" : k 56
(56)

in which

Du,aE — *(6’ ® l) + Du,aE—l + Du‘aE—Z (57)

The three terms at the right hand side of Eq. (45) can be further de-
duced to result in the following expressions, as shown in Appendi-
ces A4,A5A.6

N .
d(%)Zx“@mC:—(iu@I) -E (58)
c=1
1 - ) .
v > x“@m’ =D E+ DY @4+ DM i (59)
c=1
1¢ =
v > X @m =D""?E (60)
c=1

The modular tensors in the above three equations are given as
below
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N N
pUHE-T _ %ZZ fK]Tu () Xkei e epxe (61)
c=1b=1
-l N N
pUio _ VZ lCKJrz(u (cb) ei ®e e (62)
c=1 b=1
U 1 NN x¢ ma(ch)
D=5 > XK Uxe ce e ve (63)
c=1b=1
1 N
D2 VZ llka CRE Ve e 64

Substitution of Egs. (58)-(60) into Eq. (45) results in

"i‘ — 7(,—‘ ® l) . E+ Du‘uE—l E + Du.,u(u . 6) + Du.;uc . k + Du‘,uE—Z

‘E=D"" .E+ D" . &+ D" . k (65)
in which
D" = —(a@ 1)+ D" 4 P (66)

In summary, micromechanically based macroscopic constitu-
tive relations consistent with the homogeneous translational and
rotational displacement boundary conditions can be constituted

with Egs. (56) and (65), and re-expressed together as below
5 — Du,oE E + Du,(m) . (1) + Du.mc . iC (67)
=D E+ D" . ¢+ D" : i (68)

6.2. Constitutive model consistent with the mixed RVE boundary
conditions [

As the mixed boundary conditions I, i.e. ui|s = U;Xj, q;ls
= (MkMy;)|s = Mkl are imposed on the RVE boundary to ensure
the satisfaction of Hill-Mandel condition, the counterpart with rate
forms prescribed on the discrete N contacting points of the periph-
eral particles are written for a typical contacting point c as

1C C
u- =x- E' (69)
m =n° - pgAS

The macroscopic stress rates have been given by Eq. (44). According
to Eq. (8), the macroscopic curvature rates can be expressed as

N N
k=d (%) > n‘ @ aAS + %ch ® W°AS
c=1 c=1
1.,
+y DM © oA (70)
c=1

in which AS¢is the area weight of the peripheral particle ¢ as shown
in Figs. 2 and 4.

Egs. (29) and (30
following form

) can be equivalently transformed in the

€ = K™u¢ + K""m¢ (71)
(DC — Klo)ul'lc + Klwmmf (72)
in which

K™ = K" — KoK K™

K™ — O™
Klruu _ _[me]*leu
Klwm _ [me]*l

Thus we have

N

Z (lfu (ch) l.l + (Ifm cb ] (74)
N

Z Klwu(cb)l'lb + Klwm(cb) mb} (75)

=1
According to the derivations in Appendices B.1 and B.2, Eq. (44) can

be further expressed under the mixed RVE boundary conditions I in
the following form

()fo(@fc VZxC®fC Vi

- 76
(@@l :E+ D E+ D" i) + D*F2 . E (76)
_ DI,()‘E :ﬁ+DI.6u . ﬂ

where the modular tensors are expressed as
DI,GE — _(— I) + Dl.crE—l + Du.crE—z (77)
) ZfoKJ’{” @xbe; e 0 e, @ e (78)

c 1b=1
1.0, 1 N b Ifm(cb)
D' — VZZ )K" Pnpe v e e @ € (79)
c=1b=1

As shown in Appendices B.3,B.4,B.5, the three terms at the right
hand side of Eq. (70) can be further expressed as

N N N
k=d (%) > n‘ @ o AS + %an ® OCAS + %Zr’nc
c=1 c=1 c=1
® W°AS
_ 7('*‘ ® l) . E + (DI,KI:L] . E + DI.K[,lf‘l . l_l) + (DI.ICEfz
. é'ﬁ‘ Dl,lc,u—Z . ﬂ) _ DI.KE :ﬁ_"_ DI.KH . "—‘ (80)

where the modular tensors are expressed as

DI,JCE — —(iC ® I) + Dl,lcE—l + DI,ICE—Z (81)
DI,lcu _ Dl.xu—l Dl,ku—z (82)
N
DET — %ZZASC ik xtei @ e v e @ e (83)
c=1 b=1
DI,K/I—] _ 1 & SCASb cKl(om (cb) . . 84
- ‘_/ ZZ n jl nkel e e e ( )
c=1b=1
DI,JCE—Z o 1 Ld AS anKlu)u (cb) . . 85
7?22 ] ip Xke1®e]®ek®el ( )
c=1b=1
DI,Ku—z _ 1 N N ASCAS’J canKl(;m (ch) . . 86
*VZZ of Ty nte;ve e e (86)

o
I
—_
=3
I
—_

in which T}g” is expressed by Eq. (B.11) in Appendix B.
Egs. (76) and (80) can be equivalently expressed as

& — D"OF . E LD L g (87)
=D E 4+ DY i (88)
in which

D'7E _ ploE _ plon (DI w) . DIE

p'o* — p'°t . (D" hﬂ) 59
DlHE — _(Dl‘lcy)’] . D'*E

) (DI,K;L)*l



444 Q. Liu et al. /Advanced Powder Technology 25 (2014) 436-449

In summary, Eqs. (87) and (88) are the micromechanically
based macroscopic constitutive relations consistent with the
mixed boundary conditions I.

6.3. Constitutive model consistent with the mixed RVE boundary
conditions II

As the mixed boundary conditions II, i.e. ti|s = (kOu)ls
= MO, Wil = ; + ;;X; are imposed on the RVE boundary to en-
sure the satisfaction of Hill-Mandel condition, the counterpart in
the rate form prescribed on the discrete N contacting points of
the peripheral particles are written for a typical contacting point

C as

f¢ = n°. GAS
) ) - (90)
O =X K

The macroscopic couple stress rates are expressed by Eq. (45), and
we can obtain from Eq. (7)

E,-:aj,,-:%//uj‘,-dV:%/Sniude:%ﬁ;nf@)quS“ (91)
Thus
= NS e e TR 1.,
E:d<v>;n ®UAS +V;n ®u AS“+V;n

@ UAS (92)

Egs. (29) and (30) can be equivalently transformed in the following
form

l-lc _ KIqul':C + KIqu)d)C (93)
mc _ Kllmfl':c + Kllmwa-)c (94)
in which

K" — K
Kllu(u _ _[Kfu}’] Kf(u

(95)
Kllmf _ KmuKlluf
Kllmw _ KmuKIluw +l maw
Thus we have
u = i[l("uf(d])fb + Klluru(cb)d)b] (96)
b=1
N
me — Z[Kllmf(cb)fb + Kllmw(cb)d)b] (97)
b=1

After a series of derivations as shown in Appendices C.1,C.2,C.3, Eq.
(92) can be further deduced to result in the following expression

I+ (E o1 : E — D" . & 4 DM . G 1 DIEF . i (98)
where the modular tensors are expressed as
1 N N b b
DI = T3 Y ASAS K Unje v g e v e (99)
c=1b=1
N

1< ‘
D' = 23 S TAS (mKG Y 4 Thu e e e
c=1b=1

N
c=1

After a series of derivations as shown in Appendices C.4,C.5,C.6, Eq.
(45) can be further deduced to result in the following expression

(100)

DII Ex _

<= <]

N
Y oase (anJ’.f“‘““b)xﬁ n T{}‘“ujxi)e,— pe e e (101)
b=1

i‘ _ DII,;(E :ﬁ+DII./lJ . 6' + Dll,,uu) . (D +DII./LK . RI (102)
where the modular tensors are expressed as
D" — (aol):E (103)
-l N N
DM = 53 (MG + miKG ) AS nley @ € © € @ (104)
c=1b=1
11,1 1 w ¢ j7lima(cb) ¢ lluw(ch)
DM = o33 (XK 4 miK Y e @ g e (105)
c=1b=1
DII,;uc 1 g cKIImw(cb) cKIqu)(cb) b 106
:VZZ(Xi jl + kK >Xkei®ej®ek®el (106)
c=1b=1
Egs. (98) and (102) can be further expressed as
& — D"oE . E 4 ) L 4 Do . e (107)
i‘ _ plHEs E 1 plhHos | G 1 plhie . g (108)
in which
pIoEs _ (DII.Ea)-l M+ (E@ )
Dll‘mu* _ _(DII‘EU)’] . DILE(() (109)
plLoks _ _(DII.EO')’l . plEx
DII,ME* — Dll,;tE + DII,,UO' . DII.JE*
D"‘H‘U* _ DII“uw + Dll./m . Dll.mm (1 ]O)

D”J“C* _ DII.,uK + DII,HG’ . DII.GK*

In summary, Eqgs. (107) and (108) are the micromechanically based
macroscopic constitutive relations consistent with the mixed RVE
boundary conditions II.

6.4. Discussion

The micromechanically based constitutive models developed in
this section are consistent with specific types of RVE boundary
conditions which are extracted from Hill’s lemma and examined
by basic assumptions of the average-field theory [28]. It insures
that the developed homogenization scheme satisfies the micro-
macro energy equivalence condition, i.e. Hill-Mandel condition.

Since the micro and macro models are linked by RVE boundary
in the developed homogenization approach, the discrete particle
assembly is subjected to RVE boundary displacement and/or trac-
tion measures determined from corresponding macroscopic quan-
tities. The mechanical responses of the discrete particle assembly
are then analyzed by using discrete element method (DEM) to
solve for discrete physical variables, i.e. displacements of each par-
ticle and contacting forces between each two particles in contact.
Since the equilibrium conditions for each particle are fulfilled in
the DEM simulation, the overall equilibrium of the discrete particle
assembly RVE is naturally fulfilled, too.

The stiffness matrix K™ relating to two typical particles in Eq.
(17) can be formulated according to the specific model used on
the microscopic level (for example, elastic or elastic-plastic con-
tact models between two particles etc.) to take into account phys-
ical evolutions of the microstructures. It is observed from Egs.
(44),(45), (70) and (92) that the evolutions of geometric configura-
tion characterized by the changes of the positions of those particles
and the RVE volume are also taken into account in the developed
micromechanically based constitutive models.

Three RVE boundary conditions are considered in this paper, as
shown in Eqgs. (14)-(16). The micromechanically based constitutive
Eqgs. (67),(68),(87),(88),(107) and (108) can be used to estimate the
macroscopic responses under corresponding type of RVE boundary
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Macro-scale problem of overall structure
(finite element method, FEM)

CATH

RVE boundary conditions Micro-scale problem within RVE

(discrete element method, DEM)

(macro-to-micro transition)

Fig. 5. The computational homogenization scheme.

conditions, respectively. It has been recognized that the homoge-
neous displacement boundary conditions usually result in a stiff
response, while the mixed RVE boundary conditions yield more
accurate estimate on the macroscopic responses in the micro-
macro homogenization method. However, as the computational
homogenization procedure is considered, as shown in Fig. 5, the
displacement-based finite element method is commonly used on
the macroscopic level. The kinematical quantities E, @, k and/or
their increments E, @, k are determined and given at the macro-
scopic integration points. These kinematical quantities will act as
“external loads” to apply to the discrete particle assembly through
the RVE boundary. Then, the discrete particles within the RVE will
displace and rotate to a new equilibrium status. The stress mea-
sures &, u and the tangential modulus matrix D at the integration
point will be computed and extracted from the discrete particle
RVE to be used in the macroscopic finite element equations. This
procedure is consistent with the homogeneous displacement RVE
boundary conditions Eq. (14) and corresponding micromechanical-
ly based constitutive Eqs. (67) and (68).

An alternative way to yield more accurate responses is to con-
struct RVE boundary conditions in the weak form. The periodic
boundary conditions on the rectangular-shaped RVE are of this
type and have been widely used in the analysis and computation
of composites with periodic microstructures [3-7]. Proper periodic
RVE boundary conditions of Cosserat continuum have been given
in paper [28]. However, granular materials in nature and engineer-
ing applications usually do not have periodic microstructure, as
shown in Fig. 4. Thus the periodic RVE boundary conditions are
not suitable for the physical fact of granular materials. Therefore,
the homogeneous displacement RVE boundary conditions are the
proper choice for the computational homogenization of granular
materials. It can yield stiff, but still reasonable, estimate on the re-
sponses of the heterogeneous material.

It should be noted that the stress rate & and couple stress rate j
in the above sections are not objective. As the macroscopic consti-
tutive relations and the associated tangent modular tensors, some
objective rates associated with ¢ and u known as ‘co-rotational
rates’ should be formulated. Alternatively, a specific material refer-
ence frame should be specified. We will resort to the co-rotational
approach for continua [38-40] in the following work.

7. Conclusion

This paper performs further study on the micro-macro homog-
enization scheme of granular materials [27] based on the advance-
ment of Hill's lemma for Cosserat continuum [28].

Firstly, a new definition of effective couple stress tensor is given
for the Cosserat continuum modeling of a discrete particle assem-
bly in light of the average-field theory. Analysis also shows that
different definitions of the effective couple stress tensor of granular
materials can be used in the homogenization method from the

view of the average-field theory, provided that corresponding kine-
matical quantities are properly chosen to satisfy the micro-macro
energy equivalence condition.

Then, rate forms of micromechanically based constitutive mod-
els for granular materials are derived according to three types of
RVE boundary conditions in the strong form. The micromechani-
cally based constitutive equations can be used to estimate the
macroscopic responses under corresponding type of RVE boundary
conditions, respectively. Analysis and discussion show that the
developed homogenization scheme not only satisfies the micro-
macro energy equivalence condition and RVE equilibrium condi-
tion, but also can take into account the physical and geometrical
evolution of the microstructure.

The following work will focus on the application of the pre-
sented micro-macro homogenization formulation including the
theoretical analysis of effective properties and the numerical sim-
ulation of mechanical behavior of granular materials.
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Appendix A. Derivation of modular tensors under the
homogeneous translational and rotational displacement RVE
boundary conditions

A.1. Calculation of d({) 3V x° @ f°

When the rate of change d (%) of the RVE is calculated, the RVE is
considered as a continuum and can be expressed as

1 dv 1 - 1. =
d<v>:_F:—FVt (B)= - 1:E (A1)
with the macroscopic strain tensor defined as
Then we have with the use of Eq. (33)
NG . =
d<v>2xf®f =-(@®I):E (A.3)
c=1
A.2. Calculation of } YN x¢ @ f¢
With Eq. (47) we have
1 . 1 N
g X ef =53 X @) KW+ Ko (A4)
c=1 c=1 b=1
Substitution of Eqs. (42) and (43) into Eq. (A.4) leads to
1 N . 1 N N
v X of =53 X ey K+ Ko
c=1 c=1 b=1
1 N N fuch b o 1 N N
— VZ;XC ® K" . (xb . E)] +Vz;;xc
= = = =
[l(f (@ +x - k)]
1LY .
= V ZZX?K{;‘ (cb) X,(Ek[ VZZX?K%‘)(CMCO/{
c=1b= c=1b=1
1 Y XK xbic
V Kk VI
c=1b
— D -1 E+ Du.ow . (D +DU,JK . f( (A5)
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where the modular tensors are expressed as

N N
DUoET = ZZ XK@ xbe; 0 e 0 e e (A6)
=1 b=1

N N

puo® — VZZ ch]flzu (cb) e e e (A7)
N N

D" — VZZXI?I(]f,‘”“”)x}:ei Re e e (A8)
=1

A.3. Calculation of L3N x° & ¢
With the use of boundary Eq. (42), we have
N

N N .
S R e = Zuc(g)ff P Eyaf
c=1 =1

c=1

=

= vz(s,-,x;ﬁ,d =D"" 2. E (A.9)
c=1
where

1 N
DY = oY diiffece nee (A10)
c=1

AA4. Calculation of d(£)S°F ;x¢ @ m°
According to Egs. (A.1),(A.2) and (37), we have

()Zx@m —(mol):E

(A11)

A5, Calculation of § "N x¢ @ m°

With the use of Eqgs. (42),(43) and (48), we have

N
Z (mu (cb) l.l +1 ma(cb) wb]
b=—1

</=

ixc @m =
c=1

</=

LMZ EMZ

bz Kmu (cb) (X E)] %szc

® [me(cb) . (d) + Xb . I_C)]

N N N
- 1 )
} S x CKZ’”(Cb)xﬁEk, +V§ D7 )

c=1b=1 c=1b=1
N N (@)
c ma(c b
ZZ G X
1 b=1

— Du,,uE—] . E+ Du.uw . (D + Du,;uc .

<|'—‘

=

=

(A12)

where the modular tensors are expressed as

1 N
DUHET — VZZ K xe ve e oe
—1 b=1

(A13)

N
Z cme (cb) ei®ej®ek

(A.14)

F'qz

) R

=

Z K Uxeive e e (A15)

</=
Mz R

) R

A.6. Calculation of 13N x° @ m¢

With the use of boundary Eq. (42), we have

-l N -l N N
oC c __
pOF om =g 3 em = g3
c=1 c=1 c=1
1 - o =
V;a,xim;Ek, =D"" 2 E (A.16)
where
D2 _ LS s emee o A17
*VZ iXpmee; © e; @ e, © e (A17)
c=1

Appendix B. Derivation of modular tensors under the mixed
RVE boundary conditions I

B.1. Calculation of d(1)-F ;x¢ @ £ and LN % @ f¢

According to (A.3) and (A.9), we have

( >Zx‘®f€ -(@3I):E (A3)
1& =
v > x@f =D""F?:E (A.9)
c=1

B.2. Calculation of { SN x°  f¢

With the use of Eq. (74), we have
N .

%fo of = Zx ® Z[K'ﬁ‘ (lgb | KM gigb) (B.1)
c=1 = b=1

Substitution of the boundary conditions (69) into Eq. (B.1) gives

1 ; 1 N Tfu(ch) b Ifin(ch) y3ab
‘—/Zxc®fcz‘—/z ® Y [KMPub 4 KM m®)
c=1 c=1 b=1
N N I N N
Cl
“YLR K I By S x

® [KI™D . (mb . gAS?)]

S Ifu(cb) N b Ifm(cb) .
~ g KB+ YD A
c=1b=1

c=1b=1

<ZI'—‘
P

_ phoE-t ;ﬁ—i—DIﬁH . ﬂ (B.2)

where the modular tensors are expressed as

phoE-1 — ZfoKj’{” @xbe; e 0 e, @ e (B.3)
c 1 b=1
DI.rm _ 1 L& Sb cKIfm (ch) B4
*VZZ XK"me v e e (B.4)
c=1b=1

B.3. Calculation of d(1)>°N ;n° ® o°AS°

According to Egs. (A.1), (A.2) and (8), we have

( )Zn ©of = (ko) E (B.5)
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B.4. Calculation of L3N /n° @ & AS*

With the use of Egs. (75) and (69), we have

N N
_Zn ® WASE = V Z AS“n¢ ® Z[Klwu(cb)ﬁb + Klwm(cb)mb]
c=1 b=1
1 N N ] ) b <
VZZ ((uu (cl (X . E)}
c=1b=1
N N .
VZZ (lwm (cb) (nb . ﬂASb)]
c=1 b=1

N
Twu(cb)
Z Snek™ X Eyq

<l
ﬂMZ

—

N N
v ZZ ScAsb ICKJI;Um (cb) nk.akl
1 b=1

— p*E-1 . E 4 phrit it (B.6)

where the modular tensors are expressed as

1 N N
D = VZZ ASn IcKjlwu (eh) xke,- R e R e, ®e (B.7)
c=1 b=1
DI.Kp—l _ 1 L SCASb cKlwm(cb) b B.S
*VZZ niK; ne e e e (B.8)
c=1 b=1

B.5. Calculation of 13N /¢ ® wAS®

According to Egs. (105)-(108) in paper [27],

=I-n‘@n°)-N-a =T" - &° (B.9)
where
0 n§ -n§
N om0 o (B.10)
ng$ -n{ O
an:(linc®n6).NC (B11)
With the use of Egs. (75) and (69), we have
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Appendix C. Derivation of modular tensors under the mixed
RVE boundary conditions II

C.1. Calculation of (1)) ;¢ @ ucAS*

According to Egs. (A.1) and (91), we have

1N\ - =
d<v>2nf®uCAsf =—(E®I):E (C.1)

C.2. Calculation of%ZLn“ ® WAS

With the use of Egs. (90) and (96), we have

N
1an®tms‘ ZASCnf@EZK"”f Dt 4 K1) gob]

Cl b=1
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(C.2)
where the modular tensors are expressed as
I1E 1 GRE b IIuf (cb
D" = S ASAS K ke v € e @ @ (C.3)
c=1 b=1
N N
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¢ l; N luw(cb)
) i VZZ AKXt 2 @ v e @ e (C5)
=1b
C.3. Calculation of L3N A @ u°AS*
With Eq. (B.9), we have
1¢ 1¢
_ch ®UCASC _ _ZASC[an . wC} ®uc
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Thus, we have
N N
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— Dll,Eu)—l + Dll.Ew—Z
DII,EK—]

+ DII,EK—Z

C4. Calculation of d(}) ) x¢ © m°

According to Egs. (A.1) and (37), we have

d(&)CXN;xC@@mf:(;‘@l):ﬁ

C.5. Calculation of L3 x¢ @ m¢

With the use of Egs. (90) and (97), we have
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where the modular tensors are expressed as
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C.6. Calculation of LN % @ m*

With the use of Egs. (90) and (96), we have
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(C.12)
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(C.14)

(C.15)

(C.16)
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where
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So, we have
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