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Abstract Granular materials are typically characterized by complex structure and composition. Continuum
modeling, therefore, remains the mainstay for describing properties of these material systems. In this paper, we
extend the granular micromechanics approach by considering enhanced kinematic analysis. In this analysis, a
decomposition of the relative movements of interacting grain pairs into parts arising from macro-scale strain
as well as micro-scale strain measures is introduced. The decomposition is then used to formulate grain-
scale deformation energy functions and derive inter-granular constitutive laws. The macro-scale deformation
energy density is defined as a summation of micro-scale deformation energy defined for each interacting grain
pair. As a result, a micromorphic continuum model for elasticity of granular media is derived and applied to
investigate the wave propagation behavior. Dispersion graphs for different cases and different ratios between
the microscopic stiffness parameters have been presented. It is seen that the model has the capability to present
band gaps over a large range of wave numbers.

Keywords Granular materials - Micromechanics - Micromorphic continuum - Dispersion - Wave
propagation

1 Introduction

Continuum modeling of granular media continues to be attractive and, arguably, the most feasible approach
for describing their mechanical response at the macroscale. However, the imperatives of including the grain-
scale information in macro-scale models have been widely recognized. The necessity of modeling micro-scale
mechanisms in broader sense, within the rubric of continuum mechanics, is clear in the pioneering works
of Cosserat [1], Mindlin [2], Toupin [3], Eringen [4], Green and Rivlin [5] and Germain [6]. Indeed, the
early developments of continuum mechanics are known to proceed from some micromechanical conception
of deformable materials (see Navier [7], Cauchy [8], and Piola [9,10]). For granular material systems, the
grain-pair interactions and granular structures have a strong effect upon the collective behavior of grains.
Consequently, approaches are needed that are different from the many micromechanical or multi-scale methods
that have been conceived with the framework of continuum mechanics (see among others [11]). For example,
the thermodynamics of granular materials can be described in the framework of mixtures [12] for the purpose
of grain-size distribution evolution or of anisotropy evolution [13].

Here we follow the granular micromechanics approach which offers a robust methodology for developing
continuum models of granular material systems by incorporating micro-scale effects [14—16]. This methodol-
ogy considers grains and their interactions as the building block of the material and its macroscopic behavior.
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A continuum material point is therefore modeled as a granular volume element whose response is derived in
terms of the meso-scale behavior of interacting grain pairs, orientation vectors, and average tensorial fabric
measures. The granular micromechanics approach traces its genesis to the continuum models of grain packing
developed in the second-half of the last century (see, for example, [17-22]). This approach has been applied
to model a range of issues relevant to granular material behavior, including among others elastoplasticity [23],
rate-dependent damage and plasticity [15,24], instability analysis [25,26] and second gradient and micro-polar
effects [27-29], to give a small subset of contributions along these lines.

In this paper, the granular micromechanics approach is extended by considering the kinematic analy-
ses of Mindlin—Eringen microstructural elasticity [2] or micromorphic mechanics [4]. The kinematics for
a continuum material point is therefore enhanced by non-classical terms, including terms that model grain
displacement fluctuations and higher gradients of deformations. The decomposition of interacting grain-pair
relative displacement arising from different continuum kinematic variables in the kinematic analysis is then
derived. The macro-scale stress measures conjugate to the introduced strain measures are defined by use of
macro-scale deformation energy density. For granular material systems, the macro-scale deformation energy
density is written as the volume average of grain-pair deformation energy. The macro-scale stress measures are,
consequently, obtained in terms of the inter-granular force measures and the local geometry parameters. The
micro-scale constitutive equations relating the inter-granular force and kinematic measures are then defined.
As a result, macro-scale constitutive equations relating the stress measures to the strain measures are obtained
in terms of the micro-scale stiffness coefficients and geometric properties. Further, the balance equations and
displacement equations of motion for the derived theory are obtained and applied to investigate wave propa-
gation phenomena. The resultant dispersion equations for different wave types are expressed in terms of the
micro-scale properties to study the relationship between dispersion behavior and micro-scale parameters of
granular media.

2 Kinematics of granular media

For the purpose of continuum modeling, consider a volume element (VE) of a granular media defined in the
global coordinate system, x. The displacement of grain, p, in this media can be expressed as a Taylor series
expansion in terms of the displacement of neighboring grain, n, as follows

1

where ¢; is the displacement of grain centroids, /; is an inter-granular branch vector joining the centroids of
grains n and p, and the tensor product /[ (=J ) is a geometry moment tensor. Terms of gradient up to second
order have been included in the expansion. Summation convention over repeated indices is implied unless
noted otherwise. In a continuum model, the VE plays the role of a material point P, as depicted in Fig. 1. A
new coordinate system, x’, is now attached to the material point P that can distinguish the different grains
comprising P (see Fig. 1), such that the displacement of grain centroids can be denoted by ¢; (x,x’). The origin
of x’ is at the barycenter of P and moves with the displacement of P and its axes are parallel to coordinate
system, x.

Along the lines of the methodology of microstructural elasticity described by Mindlin [2] and micromorphic

mechanics of Eringen [4], the displacement gradient, ¥;; (xx) 2 @i, j (xx), is decomposed as follows

¥ij 2 bij =i — Vi ()

where ¢;, ; is the macro-scale displacement gradient independent of coordinates xi, and y;; (xx) is the relative
deformation. The second rank tensor y;;(xx) is interpreted as the gradient, with respect to the coordinates,
x;, of the grain displacement fluctuations within the material point. The decomposition in Eq. 2, therefore,
not only models the mean field grain displacements as in previous granular micromechanics theories [18-20],
but also includes fluctuations in grain displacements as discussed in [30,31]. Since the second rank tensor
vij(xx) is independent of coordinates x,/c (homogeneous within the material point), the fluctuations modeled
this way are taken as linear within the material point, which leads to a micromorphic theory of degree 1 in the
terminology introduced by Germain [6]. The decomposition of displacement gradient in Eq. 2 is supported by
the experimentally measured kinematic fields of grain assemblies [32—34] that show strong non-affine motions
in a volume element comprising large number of grains. The presence of grain displacement fluctuations has
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Fig. 1 Schematic of continuum material point, P, with its granular microstructure and the coordinate systems x and x’

also been recognized in previous works related to continuum modeling of grain packing within the rubric of
classical continuum mechanics [30,35]. The second and higher gradient of deformations have also been shown
to be necessary for continuum modeling of pantographic trusses due to their unique structural arrangements
and stiffness of the truss elements [36,37] and also for bone mechanics [38]. The relative displacement of
grains n and p can now be obtained by substituting Eq. 2 into Eq. 1 as follows

- 1 - 1
57 = — ¢ = (¢ij —vij) j + SPiikljle = bijli = vijlj + 5 bijuljle = s —s"+8f (3

where
- 1
SN =i jlyi 8 =vyijly; 8 = 5%ijkljlic = i jicdji “4)

As seen from Eq. 3, the inter-granular relative displacements between two interacting (contacting) grains are
decomposed into three terms: (1) (SiM due to the average displacement gradient, ¢;,;, (2) §;" due to the gradients
of the fluctuation in grain displacement, y;; (x), and (3) (Sf due to the second gradient term, ¢; jx, which is same
as the gradient of the relative deformations, y;; . A similar analysis could be done for the contact problem
[39,40].

The rotation of grain p can also be written as a Taylor series expansion in terms of the rotation of neighboring
grain, n, as follows

il =i+ ui Ly (5)

where «; is the grain rotation and terms of second order and higher are ignored. Further, the rotational field
inside the material point P can be derived as the curl of the displacement field as

Ki = ejkiPr, | (6)

where e ji; is the Levi Cevita permutation symbol, and the derivative is taken with respect to the local coordinates
system (x’). Combining Eqgs. 5 and 6, the relative rotation of two interacting grains, n and p, denoted by 6;, is
then obtained as

00 =« — k' = k], lp = ejridijplp @
The inter-granular relative rotations between two interacting grains are, thus, related to the second gradient
term, ¢; jx. That grains undergo relative rotations are also known from measurements of kinematic fields in
grain assembles [32,34].
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3 Macro-scale and micro-scale dynamics

The macro-scale deformation energy density of the granular continua can now be defined as a function of the
continuum kinematic measures as: W = W (¢(i, s Vij> bi j,k). Consequently, the macro-scale stress compo-
nents conjugate to these kinematic measures are obtained as

. ow ow ow ow ®)
= = 0= Mijt=
Y 09, j) deij Y Vij Y 0Vijk

where 7;;, 0;;, and u;j;x are Cauchy stress, relative stress, and double stress, respectively. For a granular
material system, the macro-scale deformation energy density, W, can be written in terms of micro-scale
deformation energy caused by the relative motion of interacting grain pairs. The micro-scale deformation
energy, W%, can be defined as follows for the ath interacting pair as a function of the micro-scale kinematic
measures: W% (SlM , M, 8%, 6;'), where for simplicity of presentation the superscript a has been dropped from
the micro-scale kinematic variables. The overall energy density of the RVE is then given as

:%ZW"‘ (s, 577,55 61) ©)
o

Further, the inter-granular force and moment conjugates are introduced as derivatives of micro-scale energy
function, W, with respect to each of the inter-particle kinematic measures as:

ow« ok
35“5 :fl. ; where £:M,m,g
i
ow« au
— =m! (10)
aelqu 1

Substituting Eq. 9 into Eq. 8, applying chain rule of differentiation and making use of Eqgs. 4 and 10 lead to
the following expressions for the macro-scale stress measures:

gy = AW 1y owe
IJ = 3 —V asM deij 1 oW«
voal) == 3 Gty =y M an
ot _ donti) s e 9k
de; () | OikCiatq T Ok
3 15 awe 3%
Oij =9y, TV 2 G 1 W
i k ij W 1
b a(mats) = o= D ety = 2 M (12)
B = ) 58,1 = 5yl® o« % @
3vij i ikOjqlq ikt
o= W L (awe 957 pwe 96 )]
Mle - B(Pi,jk -V % ( 38[5’ 8¢i,jk + 89]” 3¢l’,_ik
“ 1 IWe IWe
oo Woardiy) _ L = ik = — — 8%+ D ——ejulf
T (am,k = BujqbricJg, = it M=y Z o Z ag
801 o\ erqiPq.rply
a¢11/k = 3k = (qu(sjrtspkerqll = e]zll

1
= (Z SIS+ Zm;‘eﬁ,l,‘;‘) (13)

Thus, the macro-scale stress measures have been defined in terms of the inter-granular force measures and the
local geometry represented by the branch vector, /j, and geometry moment tensor, J j;. We observe that the inter-
granular forces fi"‘M , f", and fiag are related to the Cauchy, the relative, and the double stresses, respectively.
Further, the inter-granular moment m{" is related to the double stress. In Eqgs. 11-13, the superscript o has
been dropped from the micro-scale kinematic and force measures.
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4 Micro-scale and macro-scale constitutive equations

For formulating micro-scale constitutive equations that relates the micro-scale kinematic measures to the
conjugate inter-granular force measures, it is beneficial to define a local Cartesian coordinate system for each
interacting grain pair. This coordinate system is composed of a unit normal vector, n, along the direction of
inter-granular branch vector, /;, and two orthogonal axes, s and £, lying in the tangential plane between the two
particles, defined as

n; = {cos 6, sinf cos ¢, sin 0 sin ¢)
si = (—sinf, cos b cos ¢, cos b sin ¢)
t; = (0, —sin ¢, cos @) (14)

The inter-granular force and moment vectors, as well as the displacement and rotation vectors, are decomposed
into components along the axes of the local coordinate system. Thus, the micro-scale deformation energy, W¢,
is written in the following simple form

W= 37 FRESE 4 £ [N 4w O O O & Momg (19)
3

where the subscripts n, s, and t represent the components in the local coordinate system. The terms that cross-
link the normal and tangential directions have been neglected for simplicity and subscripts do not follow the
tensor summation convention. For linear isotropic elasticity, the following quadratic form of W€, is formulated

we = % SR (525) + K (52¢)” + K (3;"5)2
§
+G (o) + 6o (0) + 6o (0)’ ] & Mum.g (16)

where K and G represent the inter-granular stiffness parameters for forces and moments, respectively, and
tensor summation convention is not applicable. Notably, the terms that cross-link the different micro-scale
kinematic measures have been ignored for simplicity. The introduced grain-pair stiffness parameters define
the force conjugates associated with different micro-scale kinematic measures that contribute to inter-granular
relative displacements and rotations. These stiffness parameters do not represent the stiffness of two isolated
interacting grains. In the derived model, we have introduced four types of inter-granular stiffness parameters,
namely the average, the fluctuation, the second gradient, and the rotational, distinguished by their superscripts
M, m, g, and u, respectively. In this case, the generic micro-scale constitutive equations, after dropping the
aforementioned superscripts, can be written in matrix form as

fn K, 0 0 1[s, my G, 0 07 (6,
fst=1 0K, 0 8¢ ¥V mg t =] 0 Gy O 05 )
fi 0 0 Ky &t m; 0 0 Gy 0;

Utilizing the rotation tensor that relates the local nst coordinates with the global coordinates, the micro-scale
constitutive equations and the stiffness matrices can be written as

fio‘E = Kf‘ij.‘g; K;xjg = K%ninj + K% (sisj +1it;); where &£ : M, m, g
mi" = Gi'o%"; G = Gy'ninj + Gy (sisj + tit}) (18)

By substituting the micro-scale constitutive equations, Eq. 18, into Egs. 11-13, the macro-scale constitutive
relationships are derived linking the macro-scale kinematic measures to their conjugate stress tensors as follows
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1 M 1 MM 1 M 1 M M
T = > M = v > kNN = v > Klerglgls = v > KR e = Clyen (19)
o o o

o

1
0ij = sziml? = —ZK,";@ K= ZK il 1§ —( ZKlil ])sz = Cliyv (20)
1
Hijk = 3 Z (fg jk ffjillk) v > (Kngg + Gy mejillk)
o

= v Z (Kﬁ(ﬁl,mn-]rzn Jjk + quemlq¢l mnln ejlplk)
a
= ( Z KI5k + = Z Ggemigejipliln )¢l mn = (A;gjklmn + A?jklmn) b1.mn 2n

It is notable that the derived constitutive relationships in Eqs. 19-21 are uncoupled as a consequence of the
assumption made to ignore the coupling terms between the different kinematic measures in the micro-scale
deformation energy, W%, as given in Eq. 16. The inclusion of cross-linking between different microscopic
kinematic and force measures will lead to coupling terms in the macro-scale constitutive equations. These
coupling terms will include two additional fourth rank stiffness tensors that link the Cauchy stress to the
relative deformation tensor and relative stress to the average strain tensor. Additionally, there will be fifth rank
stiffness tensors that cross-link the third rank double stress to second rank strain measures (and second rank
stress tensors to the second gradient of displacements). Since fifth rank isotropic tensors do not exist, the later
will always be zero for isotropic continuum. More complete relationships that include the cross-linking terms
will be pursued in future.

The summations in Eqgs. 19-21 are over all grain-pair interactions within a material point. The quantities
within the summation can be evaluated provided we know the grain-pair stiffness and branch vectors. In prin-
ciple, these properties are different for every interacting grain pair. However, the spatial distribution of these
properties within the material point is not known. It is notable though that the quantities within the summation
are functions of the orientations of the branch vector, that can be written in terms of the direction cosines as
given in Eq. 14, and the product of grain-pair stiffness and branch length. For describing the mean behavior
of a random granular material, the micro-scale parameter, represented by the product of grain-pair stiffness
and branch length, can be taken to be averages for a given branch vector. Since the micro-scale parameters
are defined separately for different branch vector orientations, the method is naturally powerful for modeling
anisotropic materials. Thus, the directional distribution of the inter-granular interactions plays an important
role in defining the constitutive tensors. In order to approach the directional dependency in a systematic way,
a directional density distribution function, & (6, ¢), is introduced. This distribution function is intended to
represent the directional dependence of number and stiffness of the interacting grain pairs. For isotropic mate-
rials, there is no directional preference, and the directional density distribution function can be simply written
as

£, ¢) = b =>//§sin0d9d¢=1 (22)
4 0Jo

For describing materials with general inherent anisotropy, directional density distribution functions may be
formulated as described in [13,18,41,42]. Considering the volume density of grain-pair interactions in a
material point to be N, and assuming an average grain-pair stiffness within a solid angle d2 = df sin6d¢,
the summations in Eqs. 19-21 can be converted to integrations in the following form:

1 b/ 2
=+ > K = lsz/ O/ (K njni) & sin6dgdo (23)
o 6=0J¢=0

1
Clly = VZK;;Q;U;‘ =I’N /0 0/¢ K[{n;n) & sin 0depdo (24)

o
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I*N 2 ,
Afikimn = _ZKzl wunjk = 4p/0 0/4) . (Kin jninmny) & sin 6dgde (252)

b4 2
Al = LS G emigesipliln = PN, /9 ) /¢ . (Glyeimgeispnins ) € sin6dgdo  (25b)
< —0Jg=

It can be seen from the above equations that the granular micromechanical view of the material behavior
gives rise to three constitutive tensors. These include two fourth rank constitutive tensors, Cz%z and Cl?;?kl,

and a sixth rank constitutive tensor given as the sum of tensors, A; kdmn® and A ikimn- The grain-pair stift-
ness parameters in these constitutive tensors are conceived in a statistical sense to describe the essential
grain-scale mechanisms in a collective granular system and do not represent the behavior of two isolated
interacting grains. This view is in contrast to the previous continuum models of granular media in which the
grain-pair stiffness is often taken to be those of isolated interacting grains (see, for example, [27,28,30,31]).
In the current model, these stiffness parameters function as the fundamental material properties, which are
related to their measurable continuum counterparts. Needless to say, results of classical continuum model
will be recovered if the fluctuation, the second gradient, and the rotational inter-granular stiffness parame-
ters vanish. However, it is clear from the kinematic analyses presented here that these mechanisms should
have nonvanishing contributions. The need for including the fluctuation and second gradient terms is sup-
ported by analyses of grain packing [30,35] as well as computer simulations and experiments of grain
assemblies [32-34] that show strong non-affine motions in a volume element comprising large number of
grains.

It is clear from Eqs. 23 and 24 that the tensors Cglkl and Ci’;?kl are formally similar. The differences between
the two are the grain-pair stiffness components. For isotropic elasticity, the following closed-form expressions
can be obtained by integrating Eqs. 23 and 24:

2N,

Ciiii = _1\5[ (BKy +2K3): Cfij; = 75" (K = K3)
Ci?zf:i(K“HK“) Coy= e (ke — k%) ipj[r @=mM (26)

l.jkl =0; otherwise

In Eq. 26, the subscripts take values 1, 2, or 3 and summation over repeated indices is not implied. It may
be recalled from Eq. 8 that the second rank stress tensor 7;; is defined as conjugate to the symmetric part of
the displacement gradient; therefore, these symmetry conditions need to be imposed upon the stiffness tensor
Cl.’ykl. The stiffness tensor can be decomposed into the following symmetric part

I’N I’N
M M 7AW M M M
Ciiii = 15p (3Kn +2Kw ) ’ Cll]j = 15p (Kn - Kw)
M lsz M M . .
Canin = 30 (ZKn +3K, ): 1] 27)
cM ; = 0; otherwise

ijk

and an antisymmetric part, which is discarded for the remainder of this paper.

I>N I>’N
cM . o=—L (KM) cM =——r (KM); | # j
i) = g 1101 6 w )i LFT )

Clj,d 0; otherwise

The components of the sixth rank tensors A% and AY

are

defined in Egs. 25a and 25b for isotropic elasticity

ijklmn ijklmn
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[ 48 _ A8 A8 4N SKE+2KS
AT = Ao = Agzazsy = Np =35
8 _ A8 _ A8 _ A8 _ A8 _ A8 __ A8 __ A8 __ A8 __ A8
A2 = ATii3z = ATz = ATz = A1 = 4133111 = 421221 = 4220033 = 42011 = 422323
A = A = AR = Al = ASe = AS = AR = AR = AN, SKLAKD
233222 = A331331 = 4332332 = 4333311 = A333300 = 4211222 = A311333 = 430333 = ' Np 03
Af1ao1 = AT 11313 = AT 100 = AT 1oan1 = 34T 10033 = 34T 0330 = AT 3333 = Af 13311 = 34T 3003 = 34T 13320
= Afyoon) = 3400331 = 3AT,5031 = 34T 03310 = Alaaa31 = 34T33001 = A%y1111 = A551100 = 345113
=3A%) 1331 = %0112 = A300330 = Adpaazs = ASpzann = 34593113 = 3437331, = 3433153 = 345355,
= AS33330 = 34333110 = A331111 = AS31133 = 34531120 = 34530001 = A%30000 = A3 = 3453110 (29)
=3A%011 = A%33113 = A%33003 = A511112 = 343 1330 = A%11115 = 343 1003 = 34512103 = 3451003
KS8—K$
= A3 = 345,113 = 1*Np it
g _ _
Atyoio = 340133 = 3AT53105 = Afs3133 = 34133100 = 34331013 = A333033 = 34333, = 45,101
248 a8 248 _ _ _ _ 4y KE+6KS
= 34311233 = A% 11311 = 3451300 = 345 0310 = Ap0300 = 3485031, = 1Ny T
g 8 ~ 8 8
Al]klmn - Aikjlmn - Aijklnm - Aikjlnm
Af;klmn =0; otherwise
Ay = Al oy = Al A At Al = P (G g
21121 = Al = 123123 = Al31131 = A133133 = 4230030 = 433033 =
u u
Alzp13 = Aj31031 = 15 L (2Gy +3Gy,)
— — u — u — u — u _ u
Ala1233 = Al22313 = Alossr = A123312 = AT31322 = A32213 = Al32321 = Al33212 = 4231123 (30)
u u
= A31312 = Aso311 = A233121 = AR 15 L (G —Gy)
u — —
Az]klmn - _Ajiklmn - _Aijkmln
A?/klmn =0; otherwise

The nonzero components of the sixth rank tensor A are same as that obtained in [43].

5 Variational principle and balance equations

For completeness of our presentation and harmony of notations, the variational principle and the balance
equations are briefly discussed following the works of Mindlin [2] and Germain [6]. Utilizing the definitions
in Eq. 8, the variation of the internal potential energy can be written as follows

SW = ijdeij + 0ij8vij + ijkdi jk = Tij8ba.j) + 0ij (8ba.j) — 8bi.j) + wijdi, j
= [(zij + i) 543i]‘j — (mj +0ij),j 8¢i — 01jWij + (1ijkdWij) , — MijkkSVij €1y}

where Leibniz differentiation rule and Eq. 2 have been used. The variational of the macro-scale deformation
energy functional can now be obtained utilizing Gauss’s divergence theorem of integration as follows

SW = /3de = —/ (vij + 0ij) ; 8idV — / (1ijk.x + 0ij) 8ijdV
v v v
+/(‘L’l’j +Uij)nj5¢ids+//Lijknk51ﬁijd5 (32)
N N
Further, following Mindlin [2,44], the variational of the kinetic energy functional can be written as,

8T = /6Tdt— /dt/ (p¢,3¢, pdkcpk,a(p,,)dv_ /dt/ (p¢,5¢l+ p’dkwk,aw,,)dv

(33)
where p is the overall mass density, p’ is the micro-scale mass density, and the superimposed dots indicate
time derivative. According to Mindlin, d is a second rank tensor defined as

dl = dpdy (8p18g1li1Lj1 + 8 padgalinl o + 8p3dgalialys) = dj; (34)
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where d; is equal to half of the length of the micro-volume in ith direction and /;; is a matrix containing the
direction cosines of the micro-volume with respect to the internal coordinate system, x’. For micro-volumes
with edges of length 2d parallel to the axes of x’, we get

di=dr=dy=d
— (35)

where §;; is the Kronecker delta. Finally, the variational of the external work done by (1) the long-range
volumic (body) forces and moments and (2) the contact surface forces and moments is defined as

syext =/ﬁ8¢_ﬁ,~dV+/d>,-j81/f,~jdV +/tl-8q§,~dS+/T,~j(31ﬁide (36)

In Eq. 36, f; is the non-contact volumic (body) force per unit volume, #; is the contact traction defined as
a surface force per unit area, ®;; is the non-contact volumic (body) double force per unit volume, and T;;
is the contact double traction defined as double force per unit area. Now utilizing the action functional, the
variational equation of motion is written using Hamilton’s principle as

t t t
8A=/ /(8T—8W)dth+/ (SWex’dtzf (W — W +8T)dr =0 (37)
0 Jv 0 0

Using Eqgs. 32, 33, 36, and 37 yields the following after dropping the integration over time
1

3,0/61?;{%1} 8ijdV

SA = / [f, + (‘L’,’j +Gij),j — ,oq_ﬁi] 3$idV +/ |:CD,',]' + (Mijk,k +0',~j) _
v
v

+/ [ti — (zij + 0ij) nj] 8¢:dS + / [T:j — wijkni] 8vi;dS =0 (38)
N N
Since Eq. 38 should hold for any arbitrary kinematic measures, for the action functional to be always identically

zero, all integrands should vanish. This will lead to two balance equations stated in terms of the stress measures
as

(vij +o0ij) ; + fi = péi (39a)
1 .
Wijki + 0k + Pjx = gp/dzl/fjk (39b)
and two boundary conditions given in terms of the stress measures as
(‘L’,‘j —|—Ul‘j) nj=t (40a)
wijkni = Tk (40b)

6 Identification of Mindlin’s model using granular micromechanics

The constitutive relationships derived using the granular micromechanics approach can be identified with the
constitutive coefficients introduced by Mindlin [2] and Eringen [4] from purely continuum viewpoint. We
follow Mindlin’s model which includes the following constitutive equations neglecting the coupling terms of
his formulation to compare with the model derived in this paper

Tij = Cijkicki
0ij = Bijkiy
Mijk = Aijklmn’clmn 41

where the stiffness tensors are defined as
Cijii = 18ij8 + w (8ixdj1 + 8i18 k)
Bijxi = b18;j6k1 + b28ixdj1 + b38i16 jk
Ajjkimn = a18ij0k18mn + A28 Skm0n1 + a38;jSkndmi + a4d jk8i18mn + as6 jx8imu
+0a68 jk8inim + a78ki0 jiSmn + agdkid jmSui + a98kid jndim + a108:18 jmSkn
+a118j18kmSin + a120k18im0 jn + 136718 jnSgm + @146 j18knSim + a156k18ind jm 42)
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The identification of the constitutive coefficients of Mindlin’s model with those derived from the granular
micromechanics approach can be easily achieved by comparing the components of C;j;, Bijki, and A;jximn

with those of C fyk I cm Dk and A, ikimn and Al kimn® Remarkably, the nonzero components in Mindlin’s stiffness

tensors are same as the nonzero components derived from the present model, and the following relationships
between Mindlin’s coefficients and inter-granular stiffness measures are found

A=l (kM _ gy

°N (43a)

n="g (2KM+3KM)

!bl P o o ) (43b)
by = (K”’+4K’")

Val =ay =43 =046 =49 = lios (Kii — Kib)
a4:al3:l105 (7(- GM+G")+12(Kg+6Kg))
as=a7=aj =dap = 105 ( (G G”)+12(Kg Ki))
as = ais = ‘g (7(~G4 + G4) + 2 (Kf - k) e
a0 = o2 (7(3GY +2GY) + 2 (K +6K5))

[ 414 = ljos (7(-3G% —2G%) + 1> (K§ — K3}))

To illustrate the effects of the inter-granular stiffness coefficients on the macro-scale properties, the following
ratios between tangential and normal components of inter-granular stiffness measures are defined.
KM p Ky P K& p GY,

’ m g = g G =
KM K K; G
It is usually assumed that normal components of the inter-granular stiffness are larger than their corresponding
tangential values and they are both nonnegative. So these ratios are varied in the interval from O to 1. In Fig. 2,
macro-scale constitutive coefficients are plotted as functions of their corresponding inter-granular stiffness
measures. For the fourth rank stiffness tensors, the coefficients in Eqgs. 43a—43c are presented while for the
sixth rank stiffness tensor, the nonzero components provided in Egs. 29 and 30 are shown. The sixth rank
stiffness tensors from Mindlin can be derived using the presented components of A% and AS

Bu = (44)

ijklmn ijklmn*

7 Displacement equations of motion and wave propagation

The derived model is applied to study the influence of micro-scale parameters upon wave propagation in an
infinite medium. The displacement equations of motion are obtained by substituting the constitutive equations,
Eqgs. 19-21, into the balance equation, Eqs. 39a and 39b to find:

(CM+ i) ras — Cligta.j = pd (45a)
L a2y, 45b
3 1»”]k ( )
where the non-contact volumic forces and double forces, f; and ®;;, are assumed to be absent. Without loss

of generality, we investigate the propagation of waves along x; axis. In this case for a plane wave solution, all
kinematic measures should be only functions of xj [45]

¢i = ¢i (x1.1)
Yij = Yij (x1,1) (46)
There are altogether twelve equations of motion in terms of the three average displacement field variables, ¢;,

and nine micro-displacement gradient field variables, v;;. For isotropic media, these twelve equations can be
decomposed into three independent equations plus three systems of three equations and three unknowns by

g u . m m —
(Aijklmn + Aijklmn) Vimni + Clggm®tm — ClggmVim = Zp
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Fig. 2 Normalized macro-scale constitutive coefficients shown as functions of the ratio between normal and tangential components
of the micro-scale stiffness parameters

using linear combination following Mindlin [2]. To this end, the second rank tensor v;; is decomposed into a
volumetric part, a skew-symmetric part, and a deviatoric part as follows

1 1
Vij = glﬁkk(sij +Yiij) + (W(i/) - glﬁkkfsij) = 1//,-‘; + 1//5 + %? (47)

where 1//,.‘; = %Wkkaij is the volumetric part, wf;. = Vi) is the skew-symmetric part, and z/filj? = Vi) —

%I/Ikk 8;jis the deviatoric part. The twelve separated equations of motion include two uncoupled equations for
two transverse shear waves and one for a transverse rotational wave

1

(a10 + a13) ¥Y3),11 — (b2 + b3) Y23y = 3,0/6121;(23) (48a)
1 . .
(a0 + a13) (Vo211 — ¥33,11) — (b2 + b3) (Y22 — ¥33) = gp/dz (V22 — ¥r33) (48b)
1 .
(a10 — a13) Y2311 — (b2 — b3) Y3) = gp'dzlﬁm] (48¢)

Other equations will not be in the decomposed fashion like Eqs. 48a—48c. These will include one system of
equations for longitudinal waves
ki1 — k12W1D1,1 - leW,‘f = poi
kaii1 + k¥l 1 — Kl + ks ) = 3p'd* ] (49)
k31 + kaoyr ]y + kssy Yy — Kygu = pld*y Y
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and two sets of equations for transverse waves

kiide 11 — kivae).1 — kisypen = oo
ka1@e1 + ke 11 — kb wae) + kasvienn = 30'd* g [ 2§ =2and3 (50)
k311 + kaarae) 11 + Ky wpienn — kssvpg) = 30'd* Vg

The stiffness constants used in Eq. 49, k;;, and klf i derived in terms of the micro-scale stiffness components
used in this model are given as

2N
k= —<" |Gk +2K0) + (3K + 2K |
I’N
ka = Wsp [ (11K5 + 10K§) + 15G% ]
k33 = lzﬂ 17 (K$ +2K8) +2G*
33 = 3 [ ( nt w) + w]
2
koys =k _ Ny 212 (K8 — K8) — 5G"
2 =kpn = —"[21° (Kif — K) = 5G},] (51)
2N
ki3 = k3 = 3"1(,’,"
2N
k1o = ko = 15p (2K +3K}))
I’N
Ky = 1—0” (2K +3K])
2
kyy = "N, K}
and the ones used in Eq. 50, IEU, and Iglfj, are
_ 2N
ki = —" (k3 +ak) + (ko + 15K |
ky = LN, 12 (12K8 + 16K8) + 7 (G* + 4G"
22 = 105[ ( n+ w)+ (n+ w)]
_ 2N
k3 = —== (G +4G7)
_ 2N
k3 = ksp = —L [lng + (G — Gy)]
_ 2N
kis = k3 = —2K})
13 = K31 = 3 w
_ 12N
kip = ko = 15P (2K +3K}))
- 2N
kb, = 151’ (4K} + 6K)))
_ 202N

Harmonic wave functions given below serve as solutions to the above set of equations (Egs. 48a—48c)
¢ = Aii expli (Ex1 — on)]
Vij = Bijexpli (§x1 — wt)] (53)

where £ is the wave number with units of 1/m, w is the frequency with units of rad/s, and the coefficients A; and
B;; represent wave amplitudes. Substituting these solutions into the decomposed set of equations of motion,



Granular micromechanics-based micromorphic model 227

dispersion equations can be derived relating the frequency, w, to the wave number, &. Thus, from Eqs. 48a and
48b, we get the following for uncoupled transverse shear waves

1
3 o d*w? = by + by + (aj0o +an3)é 2 Uncoupled Transverse Shear Waves (54)
From Eq. 48c, we get the following for uncoupled transverse rotational waves
1
3 o d*w?* = by — b3z + (a9 — a13) 52 Uncoupled Transverse Rotational Wave (55)
Further from Eqgs. 49 and 50, we get
king? — pw? k12§ ki3&
ko & kno&? + Ky — 30'd*0? koz&? =0; Longitudinal Waves  (56)
k31& k3p&? k33E% + Kyy — p'd*0?
and _ _ _
ki8> — pw? kiok ki€
ko1& k&2 + 1%2 — %,o’dzcu2 koz&? =0; Transverse Waves (57)
k31& k3p&? k3382 + ki3 — %p'd?0?

By using Eqs. 43a—43c, the dispersion relationships can be obtained in terms of the micro-scale stiffness and
length parameters. For example, Eqgs. 54 and 55 will yield the following relationships

PN, [2KI +3K2  (2K§ +12K$ ,  2G" +3G"
I’N 4G" + G*

The explicit forms of dispersion relations for the case of longitudinal and transverse waves are not shown here
due to their complexity. Numerical results for these cases will be presented later.

There are two distinct categories of waves: propagative waves and standing waves. Standing (evanescent)
waves are waves for which the wave number is imaginary. These waves do not propagate through the material
and just oscillate in a limited part of the material. Propagative waves for which the frequency is a real number
are in turn categorized into two distinct types based on the value of their frequency cutoff defined at vanishing
wave numbers (zero for acoustic waves and nonzero for optic waves). The frequency cutoffs are obtained from
the dispersion equations, Eqs. 54-57, as follows

wg=0 = wps Uncoupled transverse shear

wg=0 = w; Uncoupled transverse rotational (60)
0 0

wg=0 = | @, ; Longitudinal wg—o = ] wns ; Transverse 61)
Wps Wy

where

[ (>N, |(I’N I2N,\ 2K + 3K}
®n = <p1d§)Krrtn; Ws = (pld§>K$; w’”:\/(p’dg) . 5 - (62)

It should be noted that since normal stiffness coefficient is usually assumed to be higher than the tangential
stiffness coefficient, the frequency cutoffs can be usually ordered as 0 < w; < w,s < wy. It is clearly seen
that all branches of the uncoupled transverse waves are optical. The coupled waves (both the longitudinal and
transverse) have one acoustic branch and two optical branches. It is noteworthy that the frequency cutoffs
are functions of the stiffness components associated with the displacement gradient fluctuation, which is not
included in classical first gradient continuum theories. By assigning the value of these stiffness coefficients,
K" and K, to be zero, it will be seen that all branches of all different wave types will turn into acoustic
branches with frequency cutoffs equal to zero.
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Now, taking derivatives of the equations governing the frequencies of the uncoupled transverse waves with
respect to wave number, we get

2Kg+12Kw 24 2G;+3GY,
I>N, A 5 §
Shear —= ;
p'd? \/2K"’+3K"’ 2KE+12KS ) 2Gz+36“w)gz
5

35

4G"+G”
Rotational _a) =o = 5 ¢ (63)
/dz \/K 4G +Gw$2

The limit of the two equations as the wave number approaches infinity yields the constants that are the slopes
of inclined asymptotes for the two dispersion graphs given as

2N, (2K§ + 12K} 2GH + 3G
Sh = = =1 L
ear \/,o/dz ( 35 + 5 &

I’N, 4G" + G%
p'd? 5

Rotational o = \/ & (64)

It is observed from Eq. 63 that for vanishing rotational stiffness coefficients, G% and G, the slope of the
transverse rotational optic wave dispersion graph will be always zero. In this case, the medium will support
transverse rotational optic waves of single frequency, w;. If in addition, the second gradient stiffness coefficients,
K& and K$, also vanish, the slope of the shear wave will also be always identical to zero and the medium will
only support transverse shear optic wave of single frequency, wy;.

8 Results and discussions

To illustrate the relationship between the micro-scale parameters and the dispersion behavior, a parametric
study is performed by varying the ratios of tangential to normal inter-granular stiffness parameters defined
in Eq. 44. Dispersion plots showing the wave propagation frequencies versus the wave number for the eight
different waves (3 longitudinal, 3 transverse waves, and the 2 uncoupled transverse shear and rotational waves)
are presented in Fig. 3 for ratios of tangential to normal stiffness parameters ranging from O to 1. These
calculations are performed for the micro-scale parameters and the resultant macroscopic parameters as given
in Table 1, which could represent a hard to medium hard granular rock. The average grain size, /, has been
assumed to be 1 mm, and the micro-volume is assumed to be composed of a grain and its immediate neighbors
such that, d = 1 mm. For the assumed average grain size, the number of grain-pair interactions, N, is
estimated. Figure 3a—d, show the effect of variation of ratios Bys, B, Be, and Bg, respectively, while keeping
all other parameters constant. For the set of parameters as proposed in Table 1, we see a rather unique dispersion
behavior characterized by distinct band gaps over a wide range of wave numbers. To refrain from adding further
clutter in Fig. 3, the specific band gaps, especially those for which no kind of waves can propagate, are shown
later in Fig. 4. From Fig. 3, it is seen that, in general, longitudinal waves include two optic branches with
frequency cutoffs equal to w, and wyg and an acoustic branch. Typically, transverse waves also have two optic
branches with cutoffs of wg and wyg along with an acoustic branch, while the uncoupled waves consist of two
optical waves with frequency cutoffs of wg and wy. There is an exception for the case of 8,, = 0 which implies
that frequency cutoff wg = 0 leading to one less optical branch for both transverse and uncoupled waves. The
dispersion behavior of longitudinal and transverse waves (Fig. 3al—d1, a2—d2) is similar characterized by (1) an
optical branch, which has a nonlinear monotonically increasing curve starting from a higher-frequency cutoff;
(2) a second optical branch beginning at lower-frequency cutoff, which shows initial increase before reaching
an asymptote; and (3) an acoustic branch which is an increasing function prior to reaching an asymptote.
The uncoupled waves are typically characterized by optical wave with a weak dependency upon wavenumber.
This is expected since the coefficient multiplying the wave number is composed of only stiffness parameters
associated with the second gradient and the rotation terms (see Eqs. 58 and 59), which are significantly smaller
than the other stiffness measures.
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Fig. 3 Dispersion behavior of longitudinal waves (al—d1), transverse waves (a2—d2), and uncoupled transverse shear and rota-
tional waves (a3—d3). Dispersion graphs are given for different ratios between normal and tangential components of the micro-scale
stiffness parameters

It is interesting to note that there are regions in the frequency domain where none of the three distinct
wave categories show the existence of a wave number, which is non-imaginary. Thus, for the set of parameters
proposed in Table 1, complete band gap exists as none of the waves can propagate through the material.
Figure 3al, a2 show that the stiffness components associated with the average displacement gradient field
change only the value of the asymptotes of the acoustic branches. Figure 3 also shows that the dispersion
behavior and the predicted band-gap phenomena are most affected by the tangential component of the inter-
granular stiffness parameter related to fluctuations (see the effect of S, in Fig. 3b1, b3). When the tangential
stiffness coefficient is zero (B8,, = 0), for both the coupled and uncoupled transverse waves, the dispersion
curve for acoustic branch is linearly increasing, implying that at all frequencies we have non-imaginary wave
number ruling out the possibility of a band gap. In this case, the skew-symmetric part of le’;kl vanishes or

equivalently for Mindlin moduli b1 (= b3) = b>. The situation is similar to the case in which, uc; in the recently
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Table 1 Micro-scale parameters (left) and the corresponding macro-scale constitutive parameters (right)

Model parameters Values Macroscopic parameters Values
l 103 m A 6.67GPa
d 103 m m 23.33GPa
N, 10° 1/m? E 51.85 GPa
o 3000 Kg/m? v 0.111
) 1570 Kg/m® by = b3 6.67 GPa
KM 200 MN/m by 40.00 GPa
Bum 0.5 Af 2.29x107¢ MN
Km 200 MN/m Af 1 9.52x10~7 MN
B 0.5 Af 1001 9.52x 1078 MN
K3 2 x 1072 MN/m A 10 7.62x1077 MN
Be 0.5 Ao 4.00x107% MN
G 2% 1078 Nom Al 4.67x107% MN
Bc 0.5 AY, 02 6.67 x 1077 MN
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Fig. 5 Microstructural effects upon the dispersion behavior of longitudinal, transverse, and uncoupled transverse waves

proposed relaxed linear micromorphic model vanishes [46,47]. The results obtained are similar in this case to
those given in [45] for u,. = 0. However, as $,, becomes nonzero, an additional optic branch instead of the
acoustic branch appears for both the coupled and uncoupled transverse waves. Further, above a certain value of
Bm, band gap appears. These effects are exemplified in Fig. 4, where we have separately shown the dispersion
curves for B, = 0.05, 0.5, and 1.0. As reference, the classical compressive, P, and shear, S, waves are also

included in Fig. 4 using
A2
wp=Cps=(,/ p“)s; ws=css=(\/§)s (65)

The band gap for which no kind of waves can propagate is shown by the shaded region in Fig. 4. In addition,
band gap for transverse waves is shown by the hatched region. Clearly, the band-gap region changes with
Bm. For B, = 0.05 and 1.0, the frequency region between the maximum value of the acoustic branch of the
transverse waves and w; represents a band gap for all transverse waves, coupled and uncoupled. For g, = 1.0,
the two optical branches of the longitudinal waves, transverse coupled waves, and transverse uncoupled waves
all have the same frequency cutoff, and their dispersion graphs show monotonically increasing curves. The
acoustic branches of the longitudinal and the coupled transverse waves have clear horizontal asymptote, which
is smaller than the nonzero frequency cutoff. The region between the horizontal asymptote of the longitudinal
wave and the nonzero frequency cutoff is a complete band-gap region. It is noteworthy that optical rotational
and transverse waves as well as frequency band gaps have been observed both in experiments and in discrete
models of regular hexagonal closed-paced grain packing [48,49]. Further, frequency band gaps have been
predicted for elastic metamaterials with resonators [50].

The microstructural effects upon dispersion behavior are further illustrated parametrically by varying the
following ratios dealing with the fluctuation, second gradient, and rotational inter-granular stiffness parameters

K™ KM K$  K§ G" G,
~ KM Pt =903 = gm T pgm T pgh (66)
n n w n w

= K
Kw

IBmM

The ratio, B,,um, is varied between 0.50 and 1.50, while the remaining parameters kept same as in Table 1.
Figure 5al-a3 gives the resultant variation in dispersion behavior. In all these cases, dispersion behavior is
similar with a characteristic band gap over the computed wave number range. The size of band gap increases
with B,,a; the frequency cutoff of the optical branches is particularly affected since they depend upon the
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fluctuation-related inter-granular stiffness. Furthermore, since K, and K represent the stiffness related to
fluctuations caused by the microstructure, larger B, implies a larger effect of microstructure. Figure 5b1-b3
gives the effect of varying Sy between 10~2 and 107°. Again all the remaining parameters are kept same as
those in Table 1. The ratio B,y is related to the influence of characteristic length-scale associated with second
gradient moduli; thus, larger 8,37 implies stronger long-range effect. In this case, the initial cutoff frequencies
do not change, however, the band gap disappears for larger B;,s. Thus, for strongly second gradient media, no
band gap will be observed, which agrees with the finding by Madeo et al. [45].

9 Summary and conclusion

The granular micromechanics approach has been applied to find a micromorphic continuum model for elasticity
of granular media. In this approach, continuum model of granular material is obtained by considering the
interactions of grain pairs. Since the complete granular microstructure and micromechanics of a material are
seldom known, it is impossible to know the displacement field of all the grains within a material point. In this
paper, we have adopted the kinematic analyses of Mindlin—Eringen microstructural elasticity or micromorphic
mechanics. As a result, the relative displacement of interacting grain pairs is decomposed into an average
term compatible with the macro-scale field, a micro-scale fluctuation term defined within a material point,
and its second gradient. In addition, the second gradient terms are found to give rise to relative rotations
between grain pairs. The macro-scale deformation energy density is thus modeled as a summation of micro-
scale deformation energy defined for each grain-pair as a function of inter-granular relative displacements and
rotations. Consequently, inter-granular force conjugates are defined for each micro-scale kinematic measure and
the macro-scale stress conjugates are obtained in terms of these inter-granular forces. Furthermore, for linear
elasticity, the micro-scale deformation energy is formulated as a quadratic function of the kinematic measures,
which requires introduction of four different inter-granular stiffness measures. The macro-scale constitutive
relationship is then obtained in terms of these inter-granular stiffness measures. These relationships are shown
to be consistent with Mindlin—Eringen model, and the constitutive coefficients of Mindlin’s model are identified
in terms of the inter-granular stiffness parameters. We note that the coupling between different strain and stress
has been neglected here and might be topics of future work.

The derived model is applied to investigate wave propagation phenomena. Dispersion graphs for different
cases and different ratios between the microscopic stiffness parameters have been presented. It is seen that
the model has the capability to present band gaps over a large range of wave numbers. In most cases, there is
a complete band gap in the frequency domain, wherein for none of the three wave categories (Longitudinal,
transverse, and uncoupled transverse), there exists a non-imaginary value for the wave number. It is shown that
the frequency cutoffs in the dispersion graphs which define whether the waves are optical or acoustic are only
functions of the stiffness parameters associated with the fluctuations in displacement gradient. Consequently,
in classical continuum where the fluctuations in displacement and their associated stiffness components are
ignored, all waves will be of acoustic type and there will be no possibility of frequency band gaps. Furthermore,
for relatively large values of stiffness measures associated with second gradient terms, the band gaps also
vanish. It is noteworthy, however, that second gradient terms are necessary for modeling some frequency
dependent wave transmission/reflection phenomena at material interfaces [51,52]. The calculations shown in
this paper indicate the possibility of designing materials with specific wave propagation behaviors that can
be used as alternates to piezoelectric materials used commonly for structural vibration control [53-59] or
for damage identification [60-62]. Alternatively, such materials can be applied to help the optimal control
procedures [63,64] or for optimal biomaterial design [65] in bone mechanics. The granular micromechanics-
based micromorphic model derived here or its micropolar and second gradient simplifications can also be used
to describe post-instability macro-scale behavior, such as boundary and localization layers in microstructured
media [66,67].
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