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ABSTRACT

This work presents a constitutive modeling approach for the behavior of granular materials. In the
granular micromechanics approach presented here, the material point is assumed to be composed
of grains interacting with their neighbors through different inter-granular mechanisms that
represent material’s macroscopic behavior. The present work focuses on (i) developing the
method for modeling more complicated material systems as well as more complicated loading
scenarios and (ii) applications of the method for modeling various granular materials and granular
assemblies.

A damage-plasticity model for modeling cementitious and rock-like materials is developed,
calibrated, and verified in a thermo-mechanically consistent manner. Grain-pair interactions in
normal tension, normal compression, and tangential directions have been defined in a manner that
is consistent with the material’s macroscopic behavior. The resulting model is able to predict,
among other interesting issues, the effects of loading induced anisotropy. Material’s response to
loading will depend on the loading history of grain-pair interactions in different directions. Thus
the model predicts load-path dependent failure.

Due to the inadequacies of first gradient continuum theories in predicting phenomena such as shear
band width, wave dispersion, and frequency band-gap, the presented method is enhanced by
incorporation of non-classical terms in the kinematic analysis. A complete micromorphic theory
is presented by incorporating additional terms such as fluctuations, second gradient terms, and spin
fields. Relative deformation of grain-pairs is calculated based on the enhanced kinematic analysis.
The resulting theory incorporates the deformation and forces in grain-pair interactions due to
different kinematic measures into the macroscopic behavior. As a result, non-classical phenomena

such as wave dispersion and frequency band-gaps can be predicted. Using the grain-scale analysis,



a practical approach for calibrating model parameters corresponding to micromorphic continua is

also presented that can be used for any given material system or grain assembly.
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1 INTRODUCTION

1.1 Motivation

Macroscopic mechanical behavior of materials is highly dependent on their microstructure. The
significance of micro-scale mechanisms influencing macro-scale behavior has been recognized in
the context of continuum mechanics 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]). In particular, in materials
with granular structure, the microstructure plays a clear role in defining the macroscopic properties
of the material.

In some granular materials, grains can be identified due to their distinct grain boundaries, such as
in the cases of grain packings and clean sands. However, for a preponderance of granular
materials, grain structure identification is not straightforward although they exhibit a strongly
granular texture. Hydraulic cements, clays, concrete, rocks and certain polymers are examples of
such materials. In any case, the microstructure and the corresponding micromechanical properties
have significant effect on the macroscopic behavior of the material. Thus material modeling
without microstructural consideration, as it is done in traditional continuum mechanics, invariably

leads to neglect of certain characteristic features. In order to incorporate the microstructure of



different granular materials into models of their macroscopic behavior many approaches applicable
at different scales can be used as depicted in Figure 1.1.

At the smallest scale, one can conceive of atomistic models which investigate the material behavior
by modeling atomic interactions. The building block scales for atomistic models are of the order
1 A=10'"m. Using this approach, the material can be modeled in the finest scale possible and can
lead to highly accurate results [11-13]. It should be noted, however, that atomistic models and

multi-scale models are prohibitively expensive for computations at large scales.

A Atomic

Grains, boundaries, and contacts

typicallyill-defined

Meso-scale Qo
particle models 6

) - : SR _—
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Computational Demand
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107 10 107 10° 100 10% 10° 107
Length scale. meters

Figure 1.1. Schematic representation of modeling length scales and the corresponding computational
demand

At the scales ranging from atomistic (~10° m) to continuum (>10-3 m), a number of coarse grained
methods of incorporating micro-scale effects can be conceived, such as molecular models, bead-
spring models or discrete element models [14-17]. These models also pose significant challenges,
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including, among others, the specification of local interaction laws between coarse grained
particles, the generation of highly idealized microstructure, defining particles, their shapes and
sizes, their contacts and interaction relationships, the evolution of their contacts during loading,
surface properties and their change during loading, and the sheer computational expense associated
with performing parametric studies. Finally in a larger scale, the method of granular
micromechanics incorporates data from the material microstructure into the continuum model [18-
22]. In this approach, it is neither needed, nor intended to study the exact behavior of all grains
within the material point. The macroscopic behavior of the material is derived by averaging the
behavior of grain-pair interactions in different direction.

The granular micromechanics method offers an attractive paradigm for developing continuum
models of granular material systems by incorporating micro-scale effects [21, 22]. In the method
of granular micromechanics the material is envisioned as a collection of meso-scale grains
mutually interacting with each other. The interactions of all grains contribute in defining the
macroscopic behavior of material. This approach traces its genesis to the continuum models of
grain assemblies developed in the second-half of the last century (see for example [18, 23-27]).
This approach has been applied to model a range of issues germane to granular material behavior,
including among others elasto-plasticity [28], rate-dependent damage and plasticity [22],
instability analysis [29, 30] and second gradient and micro-polar effects [31-33], to give a small

subset of contributions along these lines.

1.2 Objectives and scope

Although there have been lots of improvements on this modeling methodology, there are multiple

challenges in the method of granular micromechanics to be faced and the method can be developed



for more and more sophisticated material systems and complex loading scenarios. The wide range
of potentials of the method for predicting different phenomena happening in different complex
materials and the possibility of further developments on the model and its applications on different

material systems serve as the main motivation for this PhD work.

The accomplishments in this PhD work can be decomposed into the following two distinct parts:

1. Theoretical developments on the model methodology in order to enable it to model more

complicated material systems as well as more complex loading scenarios

2. Application of the method for modeling infrastructure materials (e.g. cementitious
materials and certain rocks) and prediction of their behavior under different loading

conditions

A more detailed description of the content of the dissertation is given in the following section.

1.3 Dissertation outline

In Chapter 1 an introduction on different approaches for material modeling and a motivation for
using the method of Granular Micromechanics is presented. Then an outline of the current work

IS presented.

Chapter 2 is devoted to the introduction of the method of granular micromechanics. Two general
types of the method (method with kinematic constraint and method with static constraint) are then
presented. In both methods, macroscopic constitutive equations relating macro-scale stress and

strain tensors are derived based on microscopic intergranular force-displacement relationships.
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Global stiffness and compliance tensors are then derived using the methods with kinematic and
static constraint respectively. All these derivations are done within the linear-elastic region in
which the intergranular force-displacement relationships are assumed to be linear resulting in a

linear constitutive relationship in the macro-scale.

Chapter 3 focuses on the derivation of the nonlinear damage-plasticity model and its application
for modeling cementitious materials. First the method of granular micromechanics with damage
and plasticity is derived from a completely thermo-mechanical viewpoint. The internal energy
density and dissipation potential functions are defined as functions of their corresponding
kinematic measures and damage and plasticity parameters in both macro and micro scales. Setting
the macroscopic internal energy density and dissipation potential functions equal to the volume
average of their corresponding microscopic functions and substituting the results in the macro-
scale Clausius-Duhem inequality, a Clausius-Duhem type inequality is derived for grain-pair
interactions. The resulting force-displacement relationships show the effects of damage and
plasticity in macro-scale. Force-displacement relationships for loading, unloading, and reloading
steps are then presented after the criteria for defining whether the contact is undergoing loading,
unloading, or reloading. In order to derive the behavior of cementitious materials, the free energy
and dissipation potential functions in micro-scale are defined in a way that the resultant
macroscopic behavior replicates the experimentally observed behavior of these materials. The
derived model is then calibrated with conventional triaxial test results and then verified by

simulating multiple loading scenarios.

In Chapter 4, a study of failure of materials, in particular cementitious and rock-like materials, has

been studied. First, the concept of material failure has been investigated and then, the presented



material model is used for checking different failure criteria and also predicting failure behavior

under different loading paths.

In Chapter 5, a framework for incorporating the effects of grain-size into the macroscopic behavior
of the material is formulated. Using this approach, multiple experiments on materials with
different grain sizes have been simulated and it is seen that by incorporating the size-effect from

micro-scale into the material behavior, the macroscopic effect can be predicted.

In Chapter 6, the method of granular micromechanics with both static and kinematic constraints
has been developed for modeling materials with all different levels of inherent anisotropy.
Properties of grain-pair interactions in different directions have been formulated in a systematic
manner that is consistent with the elastic symmetries resulting in different levels of isotropy in the
material. Macroscopic stiffness tensor for anisotropic materials as a function of microstructural
and micromechanical properties are then derived. It is shown that the derived macroscopic
stiffness tensors comply completely with the symmetry requirements of materials with all different

levels of anisotropy.

In Chapter 7, a complete micromorphic theory which takes into account, among other measures,
the spins of grains is presented. The kinematic analysis is enhanced by incorporating terms that
represent 1) average displacement and spins of grain, 2) fluctuations in the gradient of grain
displacements and spins, and 3) second gradient of the fluctuations in grain displacements and
spins. Corresponding to each one of these kinematic measures a work-conjugate stress measure is
introduced in the model. Stiffness tensors correlating the macroscopic stress and strain tensors are
then formulated based on intergranular stiffness coefficients and geometry of the grain assembly

(or the granular material).



Chapter 8 is focused on the identification of a material or grain assembly as a micromorphic media.
A practical approach has been formulated for calibrating the inter-granular stiffness coefficients
corresponding to all different kinematic measures of the micromorphic material and using those
grain-scale stiffness coefficients, the macroscopic stiffness tensors for the given granular assembly

is derived.

In Chapter 9, the micromorphic model derived in Chapter 7 has been used for studying wave
propagation through materials. First, applying the balance of internal potential energy, external
work, and the kinetic energy in the micromorphic material, equilibrium equations and boundary
conditions pertinent to the micromorphic materials with grain spins have been formulated.
Implementing the constitutive theory of micromorphic media, formulated in Chapter 7, into the
balance equations, equations of motion are derived. These equations of motion are then used to
solve the problem of elastic wave propagation through isotropic and transversely isotropic
materials. For modeling the properties of transversely isotropic materials, the method presented

in Chapter 6 has been used.

Finally in Section 10, a summary of the findings of the present work, conclusions, and a discussion

on possible future works are presented.



2 GRANULAR MICROMECHANICS MODEL

It is known that material microstructure and its corresponding micromechanical features play a
significant role in defining its macroscopic behavior [34, 35]. In the method of granular
micromechanics, the material microstructure is taken into account in direct manner when modeling
the macroscopic response of the material to loading. In this method, the material point is modeled
as a collection of grains, each one interacting with its neighbor grains through different inter-
granular mechanisms.

Equating the internal energy created by all the grain-pair interactions with the macro-scale energy
created by the macroscopic stress and strain tensors result in a microscopically sound model of the
macro-scale behavior of the material. Thus in this model response of all grain-pair interactions to
loading contribute in deriving the overall macroscopic response of the material. By implementing
the behavior of grain-pair interactions in all generic orientations, the method automatically
incorporates the effect of material’s microstructure, micromechanical properties, and the micro-
scale phenomena that take place at the interacting grains. The approach is consistent with the idea
of coarse graining for modeling polymeric or complex multi-atomic systems [12, 36, 37] and
follows a similar paradigm as that of peridynamics [38] and quasi-continuum mechanics [39]. The
method also bears similarity to the microplane model [40] and the virtual internal bond (VIB)
model [41] where the material behavior is derived considering the behavior of planes or bonds of

every generic orientation.



The method generally can be categorized in two distinct categories which are called a) Granular
micromechanics method with kinematic constraint and b) Granular micromechanics method with
static constraint. In this chapter, the two types of the first gradient method will be developed and
for both of them, global constitutive equations are derived. Macroscopic stiffness tensors from the
two methods are presented based on inter-granular stiffness coefficients and micro-structural

parameters of the model.

2.1 Granular Micromechanics model with kinematic constraint

As it is already mentioned, in the method of granular micromechanics, the material point is
envisioned as a collection of grains, each one interacting with its neighbors through different grain
scale mechanisms [42]. The first step in the micro-macro identification in this method is to identify

the kinematics of grains inside the material point. Let us consider two neighbor grains inside the
material point, say grains n and p, with position vectors xip and xn respectively. The displacement

of grain p can be written using Taylor series expansion of the displacement of grain n, thus

resulting in the relative displacement of the two grains to be formulated as

p__ N na p n a _ P n_ , Na p ny_ _.na p n\_ .na
u’ =ui +u (xj —xj) = o =u’-u'=u} (xj —xj)—gij (xj —X )—gij l; (2.2)

where U; represents the grain displacement field and the vector |; represents the vector joining the

centroids of the two neighbor grains. Superscripts n and p corresponds to grains n and p, and the
superscripts o corresponds to the o contact of the grain. Subscripts follow the conventions of

index notation and summation over repeated indices is implied here and throughout this work



unless explicitly noted otherwise. It should also be noted that in this derivation terms of order 2
and higher and also grains rotation have been neglected in order to derive the first gradient model.
From Eqg. 2.1 it can be seen that the inter-granular displacement vector is derived as the projection
of the strain tensor in the direction of the grain-pair interaction line and then scaled with the length
of the interaction line. This assumption is generally known as the kinematic constraint.

In order to facilitate defining intergranular force-displacement relationships, a local coordinate
system has been defined for each inter-granular contact. This coordinate system is composed of
three mutually orthogonal axes, namely axes nj, si, and ti. In this local coordinate system, n is the
unit vector in the direction of the line connecting the centers of the two particles and s and t are
two orthogonal unit vectors in the plane whose normal vector is n. Generally, the two vectors s
and t can be chosen arbitrarily in the tangential plane (the plane with normal vector of n) but for
future derivations and without loss of generality, the following three unit vectors are used in the

derivations.

n, =(c0s #,sin & cos 4,sin Fsin ¢)
(—sin 8, cos O cos ¢, cos Osin ¢) (2.2)
(0,—sin ¢,cos ¢)

S, =
=

where 0 and ¢ are the polar and azimuth angle in the spherical coordinate system as depicted in

Figure 2.1.

Figure 2.1 Local inter-granular Cartesian coordinates shown at an intergranular contact location
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The relative displacement vector is then decomposed into three components along these three
coordinate axes. The component in the direction of the vector joining particle centroids, denoted
by on, represents the relative normal displacement between the two grains while two others, Js and
ot, represent the two components of tangential displacement between them. These components
can be found simply by dot product of the displacement vector and the unit vectors in the three

directions as dn=0ini, ds=0diSi, and dt=dit;.

For elastic granular systems, the Helmholtz free energy may be defined in terms of the micro-scale
kinematic quantities belonging to grain-pair interactions. Thus, the internal energy density, /¥, can be

written as the volume average of the energies of all grain-pair interactions as

N

LShwe (s
W=VZW(@) (2.3)

a

where W (57) is the energy belonging to the a™ grain-pair interaction written in terms of that

particular grain-pair’s relative displacement and N is the total number of grain-pair interactions.
Each grain-pair interaction is counted just once. Now since the Cauchy stress is defined as the
work conjugate of the symmetric part of displacement gradient tensor (i.e. strain tensor), applying
chain rule of differentiation and Eq. 2.3, macroscopic Cauchy stress of the Volume Element (VE)

is derived as

N a a
5, _ow 1 6Wa 06 2.4)
Og; Vo3 06, Ogy

In micro-scale, the work conjugate of inter-granular displacement vector, represented by

intergranular force vector and denoted by fi, can be defined as

_owe
o8¢

fe (2.5)
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By substituting Eq. 2.5 into Eq. 2.4 and using Eq. 2.1 the Cauchy stress of the granular system can

now be obtained as a function of grain interactions as follows

N no
0y = iz fl Oc (2.6)
V a=1 1

0¢.

ij

Note that /; can be replaced by /n; where the scalar value / denotes the length of the vector joining
the two centroids.

For further simplification a relationship between grain-scale strain and the overall Representative
Volume Element (RVE) strain is necessary. However it should be noted that for being able to
derive such a relationship, exact knowledge of the material’s microstructural properties such as
grain shapes and sizes, their boundaries, surface properties, inter-granular bond mechanisms, and
also problem’s initial and boundary conditions, etc. are needed. Such detailed information is
generally unattainable for most, if not all, materials [43].

However, this unfortunate missing information is compensated by the fortunate fact that generally in
solving the problem we are not interested in the precise and detailed solution and the exact motion of
each and every grain in the RVE. The difference between the approximate average solution and the
exact solution belonging to each particle can be explained in statistical mechanics sense in terms of
grain displacement fluctuations. So the huge amounts of complexities in the problem dictate the use
of statistical approximations which are not affected by the aforementioned missing information while
in fact those average solutions are what we are looking for. Furthermore, it can be proved that the
amount of fluctuations of the response has an inverse relationship with the size of the RVE. So using
RVE with sufficiently large number of grains will imply less and less relative fluctuations from the

average values that are determined from the statistical approximations of the average values [44].
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In the light of this argument, the mean field assumption, albeit approximate, provides a feasible
approach for the derivation of the RVE constitutive law and has been shown to describe a number of
phenomena exhibited by granular materials [18, 20, 42]. Thus the grain scale strain is set equal to the

overall RVE strain tensor. Eq. 2.6 is therefore simplified as

13 og)* 1 1Y
o == foF =K =N £ 05,5, == £ 2.7
ij V ; k I agij V ; k "I ikl V ; [ ( )

Inter-granular force vector is now decomposed into one normal component, f,, in the direction of

the contact line and two tangential components, f, and f,, in the plane whose normal vector is the

contact line. This will be useful for writing the inter-particle constitutive equations in a more
convenient and physically meaningful manner. Inter-granular governing equations can now be
written as

k S (2.8)
0

f.] (k, 0 0)(5
0
k) 14

»

o O
%
)

It is seen, in Eq. 2.8 that the microscopic stiffness components in directions n, s, and t are taken as
kn, ks, and k; respectively. However, for modeling isotropic materials, the stiffness coefficients in
the two tangential directions, ks and ki, should be equal. For further derivation, it is useful to write
the intergranular force-displacement relationships in the RVE coordinate system. This may be

done using the rotation tensor that should be defined as follows for each inter-granular contact

n s
T= n, s, tz (2.9)
ng, s, t,

Thus, the inter-granular force-displacement relationship can be written as

=K Ky =Tk,T, (2.10)

ij~] ip"pa ” jq
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Where Kk is the stiffness tensor in grain’s local coordinates (See Eq. 2.8) and K is the stiffness
tensor in RVE coordinates. At this point the kinematic assumption that defines microscopic

displacements as a function of RVE strain tensor is utilized.

5% =& 1% =19, n" (2.11)

i ij'] i

Now substituting Eq. 2.11 into Eq. 2.10 and the result into Eq. 2.7 will lead to
13 13 13
Gijj z_zfialja=_2Kik5ka|ja=_ZKikllalja€kl (2.12)
v a=1 \ a=1 \Y a=1

Since the strain tensor, &, is constant for the RVE it can be taken out of the summation resulting
in
1 2

o, = (Vg((la) neneKe )j £ (2.13a)
Cyo = \%Z((I“ ek (2.13b)
The relationship provided in Eq. 2.13b can be used to calculate the material point’s stiffness tensor
for a discrete system where the location of all grains and their inter-granular contacts and stiffness
coefficients are known. However, since we are interested in an approximate solution, it is intended
here to change this summation to integration over the whole domain. For this purpose, Np is
defined as the number density of grain-pair interactions within the assembly and & as an inter-
granular contact directional density distribution function [18]. Using these parameters and
assuming that the assembly is sufficiently large and contains sufficiently large number of grains
and inter-granular contacts in different direction, the summation in Eq. 2.13b can be changed into

integration as

Cy=I’N, f 2f(Kiknjn,)ajsinad(,/solﬁ (2.14)

6=0 =0
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Similarly Eq. 2.7 can be rewritten in integral form as

oy =IN, [ ] 1,(0.6)n,(0.6)£(0,9)sin 0000 (2.15)
00

The directional density distribution function serves as a statistical tool that defines the probability
distribution of the properties of contacts (namely bond length and stiffness) in different directions.
It should be noted that this density distribution function should be normalized in a way that its
integral around the surface of a sphere is guaranteed to be equal to unity.

It is clear that the introduction of the density distribution function facilitates modeling inherently
anisotropic materials (See Chapter 6 of the present work). However, for modeling isotropic
materials, it is evident that there should be no directional preference for the grain-pair interactions
and their properties. So the number density of grain-pair interactions and their stiffness and lengths
in different directions should be independent of the direction. Having this in mind, in addition to
the requirement of having a normalized distribution, for modeling inherently isotropic materials in
3D domain, the directional density distribution function should be &£=1/4~. In this case, the
integrals presented in Eq. 2.14 can be calculated analytically. After calculating all components of

the stiffness tensor, Cij, material’s young modulus (E) and Poison’s ration (v) are derived as

E—I°N k 2k, + 3K
P4k, +k, 216
kn_ks ( " )
y=—"=1_5
4k, +k,

Note that in Eq. 2.16, the subscripts n and s represent normal and tangential components of
stiffness which are scalar parameters. Throughout this work, subscripts n, s, ant t have been used
for referring to the components of force, displacement, and stiffness in the three directions, n, s,

and t. Index notation conventions do not apply to them.
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The above results are consistent with the stiffness tensors for isotropic materials that need only
two constants to show their linear elastic behavior. However, for modeling inherently anisotropic

materials, different functions of the orientation within the space need to be defined and used as
5(0,415). A comprehensive discussion on modeling materials with all different levels of inherent

anisotropy using this approach is presented in Chapter 6.

2.2 Granular Micromechanics model with static constraint

In order to formulate the method of granular micromechanics with static constraint, the Gibbs free
energy may be defined in terms of the micro-scale force measures belonging to grain-pair interactions.

Thus, the Gibbs energy volume density, G, is written as
G=2G(f) (2.17)

where G“ (f J.“) is the energy belonging to the o' grain-pair interaction written in terms of that

particular grain-pair’s force measures. The average displacement gradient tensor (strain tensor) is

defined as the work conjugate of the Cauchy stress tensor and is derived, using chain rule, as

N a a
g”:ae EZGGQ of
oo; V = of’ ooy

(2.18)

In the statically constrained approach, grain displacements are defined as work conjugates of the

inter-granular force vector and can thus be derived as

5= G
of *

(2.19)
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Traditionally, statically constrained methods contend that the inter-granular force vector is equal
to the projection of the stress tensor in the direction of grain-pair interaction line and then scaled
by the distance between the two centroids. In the present method, however, using a least squares

approximation, this static constraint has been enhanced and can be written as
-1
fi= IO—ij Njk Ny (2.20)

where the second rank fabric tensor Nj; is defined as [45, 46]
P (2.21)

For a more detailed description of the derivation of Eq. 2.20 based on least squares approximation

see [29]. Now substituting Eg. 2.19 and 2.20 into Eq. 2.18, the strain tensor can be rewritten as

oG 1 IN:"
g =—="S6IN"n =—L > 5n 2.22
1] ao_” V Z;- ] Jr r V ; 1 r ( )

Constitutive equation in the grain-scale needs to be introduced in the formulation at this point.
That is a set of equations relating inter-granular force vectors to the inter-granular displacement
measures. For this purpose, as it was done in the method with kinematic constraint, displacement

vector is decomposed into components in the normal and tangential directions.

oy =o'n; o =0"s; o =01, (2.23)

Having defined the normal and tangential components of displacement vector, constitutive

equation in the grain-scale can be written as

s) [yk, o o],
{5}3X1 = [S]3x3 { f }3><l : 55 = 0 ]'/ks 0 fs (2.24)
5t 0 0 ]/kt ft
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Note that the each compliance coefficient is defined simply as inverse of its corresponding stiffness
coefficient. Now in order to write the constitutive equations in the RVE coordinate system, the

rotation tensor defined in Eq. 2.9 should be used
0 =St Sy =TS T (2.25)
where S and s are the compliance tensors in RVE coordinate system and in the local grain-pair nst

coordinate system. Now substituting Eq. 2.25 along with the static constraint given in Eq. 2.20

into the equation derived for macroscopic strain, Eq. 2.22, we get

12N N *
& = ( \J/r : Zslznranalakl (2.26a)
a=1
12N ‘1N =
Sy =———= ngnfn“ (2.26b)

Now using the same number density of grain-pair interactions and the directional density
distribution function, Np and &, as what was used in the method with kinematic constraint, the
summation in Eq. 2.26b can be changed into integration as

| erlN |Sl z 2T
v [ J(sunn,)&sinadgdo (2.27)

6=0 ¢=0

Si]kl

For the case of isotropic materials, the contacts density should be independent of the orientation
and the density distribution function should be always equal to 1/4x regardless of direction. In this
case the integrals presented in Eq. 2.27 can be done analytically and closed-form solutions can be
found. After computing all components of the compliance tensor, Sij, materials constitutive
parameters, Young’s modulus and Poison’s ration, can be derived. For an isotropic material (or
granular assembly) where grain sizes are all equal, Poison’s ratio and Young’s modulus are derived

as follows
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_5L2NP KnKs
3 2K, +3K,
Kn _Ks
V=——""—"—
2K, + 3K,

(2.28)

Since the grain-scale constitutive equations in both kinematic and static methods, Eq. 2.8 and 2.24
respectively, are defined linearly, the macroscopic stiffness and compliant tensors derived in Eq.
14 and Eq. 26 respectively will also be applicable for problems in linear elastic region. In order
to model material’s non-linear behavior in macro-scale, constitutive equations in micro-scale

should be defined in non-linear fashion.

2.3 Two-dimensional model used for modeling 2D grain assemblies

The same approach that was discussed in the previous sections can be used for modeling two-
dimensional problems. Two-dimensional modeling approach is justifiable when the problem size
in one direction is significantly smaller than that in the other two directions. This is the case for
the biaxial loading experiment presented in Figure 2.2. In this experiment grain assemblies formed
of equal-sized circular rods (of 9.5 mm diameter and 25 mm height) were used. The undeformed
dimensions of the typical rod assembly are 400mm x 250 mm. The loading and the data acquisition
procedures have been described in detail in the paper by Misra and Jiang [47]. Briefly, the loading
was applied in an incremental manner and sufficient time was allowed for equilibration for each
load increment. Figure 2.2(b) shows a schematic of the undeformed and deformed rod assembly.
At the end of each loading step, the assembly was imaged and analyzed to determine particle

locations and orientations.
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Figure 2.2 (a) Schematic view of the biaxial shear experiment, (b) undeformed and deformed shape of the
granular assembly under applied biaxial shear loading

The method discussed in the previous sections should be reformulated in two-dimensional space
in order to model this kind of experiments. In the two-dimensional framework, for each contact,
the local coordinate axes are defined separately. The unit vector joining the two centroids of two

particles is called n and the tangential unit vector is called s (see Figure 2.3).

Figure 2.3 Two grains in contact, showing local and global coordinate axes and geometry of the contact in
2D Granular Micromechanics
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The Cartesian components of the unit vectors in two-dimensional analysis can be written as

n, =(cos®,sin )

(~sin@,cos ) (2.29)

S;

where @ is the polar angle measured from the positive x axis. Note that in the 2D formulation, the
indices can take values of only 1 or 2 and the summation over repeated indices holds. Normal and
tangential components of displacement vector are computed as dn= dini and Jds= disi, and the

microscopic (contact) force laws can be written in the following general form

f, = £.(6,.6,) (2.30)
fo=1,(5,.9,) '

The tangential stiffness tensor for the RVE can now be derived as the derivative of the stress tensor

with respect to the strain tensor and using Eq. 2.13a

oo o(f
Cilj(klzﬂ: lz(———Z' S a
dsy, VT Ogy 88k| 0gy
:lzli n, of, 06, N of, 09, is of, 00, N of, 00, (2.31)
V4 00, Og, 00, Og, 00, 0s, 00 0g,

S N S AL PP [P S
A o0&y o0&y o0&y o0&y
where superscript k stands for the kinematic method. Note that it is assumed that under small

deformations, the terms associated with the change of volume, V, and vector, l;, are negligible

0 0 (n)=6,5,0,n =n)

og, 0O&y 232
D 2 (5)8)=88,1,5 =5,

o0g, 0O&y

It should be noted that for contact of grains of different shapes and materials, many solutions have

been presented which can be used as intergranular force-displacement relationships. For instance,
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for contact of spherical particles, Hertz-Mindlin contact theory of elastic spheres can be used for

interaction in normal direction [48]
f,o=—akls,[™ (2.33)

while the shear (tangential) force-displacement relationship is obtained as follows [49].

By

3
2
fo = p|f,| 1—(1— —J sign(s,); where 3, = O (2.34)
y7] A0,

n

In Egs. 2.29 and 2.30, u is the friction coefficient, parameters k, 1, and » are material properties

given as
i 27v o L8R s (2.35)
2(1-v) 3(2-v)

where v is Poison’s ratio, R is the radius of particles, and Eq. 2.34 is valid for fs <u. When Ss

exceeds 4, the shear force becomes f, = x| f,|sign(s,) [29].

It is important to note that the force-displacement relationships can be defined in a general manner
and the inter-granular stiffness matrix shown in Eq. 2.8 need not be diagonal and the stiffness

matrix shown in Eq. 2.8 is used only for linear elastic isotropy.

2.4 Summary

In this section the basic frameworks of the method of granular micromechanics in two categories: 1)
with kinematic constraint and 2) with static constraint are introduced and developed. A schematic

representation of the two approaches and the usual continuum approach are shown in Figure 2.4.
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Figure 2.4 Schematic description of the granular micromechanics approach with both kinematic and static
assumptions and comparing with traditional continuum mechanics approach

In the traditional continuum mechanics approach, the macroscopic Cauchy stress tensor is
calculated as the product of the fourth rank stiffness tensor and the strain tensor. In the granular
micromechanics method with kinematic constraint, knowing the macroscopic strain tensor, inter-
granular displacement vectors are defined as projections of the strain tensor in the direction of grain-
pair interaction line and then scaled by the length of the contact line (kinematic constraint). Then by
defining inter-granular force vectors as work conjugates to the inter-granular displacement vectors,
internal energy of each inter-granular contact is calculated. Setting the macroscopic strain energy
density equal to the volume average of grain-pair internal energies, macroscopic stress and stiffness
tensor are derived.

The method with static constraint will be used for cases where initially the stress tensor is known,
typical case for load control experiments. In this method inter-granular force vector is defined as the
projection of the macroscopic stress tensor in the direction of grain-pair interaction line, scaled with
contact length and then modified using a fabric tensor defining the geometry of the assembly (static

constraint enhanced by least squares). Having defined inter-granular displacement vectors as
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conjugates of the force vectors, internal energy of the contact is calculated. Finally equating
macroscopic and microscopic energies, the macroscopic strain and compliance tensors are derived.

The critical step in both of these two approaches is defining the inter-granular force vectors as a
function of the intergranular displacement vectors. In the most general case, the three components of

force vector can be defined as

fn = fn(5n155’5t)

fS = fS (5n,55,5t) (2.36)
ft = ft(é‘n’é‘s’é‘t)

where each component of the inter-granular force vector is defined as a function of all the three
components of inter-granular displacement vector.

Using linear functions for the force components and avoiding coupling between normal and
tangential components of force and displacement vectors, results in a linear elastic theory for
isotropic materials. On the other hand, defining the functions in a general manner, as shown in

Eqg. 2.36, results in a nonlinear model for nonlinear anisotropic materials.
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3 NONLINEAR GRANULAR MICROMECHANICS: MODELING DAMAGE
AND PLASTICITY

Modeling damage and plasticity using traditional tensorial continuum mechanics becomes very
complicated when it comes to complex materials and granular assemblies. Defining 3D yield
surfaces, their evolution during loading, material hardening or softening, flow rule, etc., all make
modeling damage and plasticity within continuum framework a very complicated task [50, 51].
In the method of granular micromechanics, the behavior of grain-pair interactions is used as
building blocks of the macroscopic behavior of the material. Part of the problem of dealing with
stress and strain tensors, as it should be done in traditional continuum mechanics, stems from the
fact that these parameters are tensorial entities and imagining the evolution of their different
components will be difficult, especially when dealing with damaged and plastic material. In the
method of granular micromechanics, instead, the terms that are dealt with are normal and tangential
components of the intergranular displacement and force vectors. These are scalar variables. So
defining the relationship between them and their evolution becomes significantly easier and more
straightforward. Defining the force-displacement relationships as scalar function, even multi-
variable functions, results in a theory that will be able to predict the macroscopic phenomena
happening in the material automatically. Without dealing with the complexity of defining yield
functions, hardening or softening, flow rules, etc., in the three-dimensional stress or strain spaces,
material’s macroscopic behavior will be predicted.

In this chapter, a granular micromechanics model suitable for cementitious materials has been
derived in a thermos-mechanically consistent framework [52, 53]. In the subsequent discussion,
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the thermodynamically consistent derivation of the model is first presented. By including a
properly defined energy density and dissipation potential function in both macroscopic and
microscopic (grain-scale) level, a Clausius-Duhem type inequality is derived for inter-granular
interactions. The inequality is then applied to derive constitutive equations for the grain
interactions that incorporate damage and plasticity at the grain-scale. The inter-granular
constitutive equations are devised in a way that is compatible with the macroscopic behavior of
cementitious materials as observed by experimental data available in the literature [54, 55]. In
order to ensure that the model can correctly predict the material behavior in complex loading
scenarios, specifically in cyclic loading, a loading-unloading-reloading criterion is proposed in the
grain-scale which decides whether each grain-pair interaction is undergoing loading, unloading,
or reloading at any given instant during its loading history.

Model parameters are calibrated by simulating certain experimental observations. Using the
calibrated parameters, the developed model is then applied to simulate the behavior of
cementitious materials under various multi-axial loading conditions. The model results are
verified by comparison with experimental observations and the advantages of the current approach
are discussed. Specifically, the relationships of the grain-scale behavior and the macro-scale
behavior are investigated with the aim to understand the mechanisms that control behavior under

different loading conditions. This work has been published in 2015 [56].

3.1 Thermomechanical framework for granular micromechanics with damage and

plasticity

We consider a Volume Element (VE) of cementitious material of mass densityp. From first law of

thermodynamics, the variation of internal energy density of the VE is written as follows
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pe=p' —q,, +ph (3.1)

where, e is the internal energy per unit mass, p' is the power density of internal forces, g is the heat
flux vector, and 4 is the heat source per unit mass. The superimposed dot () denotes the time
derivative. Further, the second law of thermodynamics, stating that the change of entropy of the

system is greater than or equal to supply of entropy through heat, provides the following inequality

0
PO~ phtq,, — 2k 50 (3.2)

where, s is the entropy per unit mass, and 6 is the thermodynamic temperature. Making use of
Helmbholtz free energy per unit mass, w, expressed as

w=e—sf (3.3)
Eq. 3.1 can be written as

p0s=p' —q, +ph—pbs— pW (3.4)
Eq. 3.2 and 3.4 are combined to yield the well-known Clausius-Duhem inequality which neglecting
heat flux can be written as

p'—pW—pfs=d >0 (3.5)
where d denotes the dissipation per unit volume [57]. For small deformations, Helmholtz free energy
and entropy per unit volume may be defined as:W = pw and S = ps leading to the following useful
form of Clausius-Duhem inequality

p—W-S=d=>0 (3.6)
For further discussion, we assume that the power density of internal forces, p', is a function of the

symmetric part of first gradient of displacement, that is p' =oyU; ;) =0;¢

i»Where gjj is the

Cauchy stress. In general, the power density of internal forces could be a function of higher gradients
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of displacements as well as rotations which would lead to higher gradient models or micromorphic
material models (see [6, 58-60]). However, the discussion on this chapter deals with the traditional
first gradient model (See Chapter 7 for a complete micromorphic theory). The Helmholtz free energy

density of rate-dependent materials with damage and plasticity is taken to be a function of the

independent kinematic variable, &j; an internal variable associated with plastic strain, &, ; a second

ij?
internal variable associated with damage, Dj;; and the temperature, 6, expressed in the following

general form:W =W (g &P, D, 0) In addition, the dissipation density, d, is defined as

ijr<ij 1 Hije

=a—.'//D +8_1,// & =0 (3.7)
oD, " ogf

where ://zx//(g”,ﬁ D,J,D,J,g“,g ) Is a dissipation potential function. Differentiating the

Helmbholtz free energy, W, with time we obtain

W :6W ‘C}ij +8W é‘iJP,-l-aW Dij +8W (9
e, " 0V oD, ' 06

ij

(3.8)

and combining Eq 3.6, 3.7 and 3.8, the following equation is found

e e A N (3.9)
0¢; ob; by Ogf  0&) 00

1

Since Eq. 3.9 should hold for any arbitrary values of ¢, D,, 4, and ¢ it would appear that their

coefficients should be simultaneously equal to zero. However, it is notable that the coefficients in

second term and third term of Eq. 3.9 can, in general, be functions of p, and .p, respectively, such

that these coefficients cannot be completely arbitrary. In this case, a weaker conclusion stating

orthogonality of aw/ap, +ay /oD, and b, , and similarly of aw/as? + oy /osP and s, must be made

[61]. According to Ziegler [52], the stronger statements of the terms inside the parentheses being
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equal to zero can be made for idealized materials. Here, we proceed with our derivation using the

weaker, more conservative conclusion of orthogonality. Thus

UL, (3.10a)
Geij

W oy B, =0 (3.10b)

oD, oD,

@_V\{’Jra_% &P =0 (3.10c)

6gij Ggij

% +S=0 (3.10d)

In a purely phenomenological continuum approach, appropriate forms of free energy and
dissipation would be formulated and further derivation performed to determine the constitutive
relationship, the yield function, and damage and plastic potentials. Here we depart from this

conventional approach and consider the granular system from its micro-scale (grain-scale).

3.2 Thermomechanical formulation for granular systems

3.2.1 Kinematics of granular meso-structure

When the external load is applied, the grains translate and rotate resulting in a relative displacement
between them [18, 19]. Relative displacement di between two nearest neighbor grains n and p

ignoring the grain rotations is written as

8 =u’ —u" (3.11)

29



Where, u; is the particle displacement; superscripts refer to the interacting particles. To obtain the
continuum description of this discrete model, we utilize the Taylor series expansion of the

displacement such that the displacement of grain p may be written as:

u’ =u +u{fj(xjp—x?) (3.12)
where, the point of expansion is chosen as the centroid of grain n. In Eq. 12, u;; is the displacement
gradient, and x/" and x/ are the position vectors of the centroids of grains » and p, respectively. Thus,

the relative displacement, di, between two nearest neighbor grains n and p representing the a-th

inter-granular interaction is given by

i 117

5% =ul, (xjp —x?) =u 1* (3.13)

where |; is the inter-granular branch vector joining the centroids of grains n and p.

3.2.2 Thermomechanics equations for granular system

We observe that for a granular system, the VE free energy, dissipation potential and temperature may
be defined in terms of the micro-scale quantities arising from the inter-granular interactions. For that

purpose, the Helmholtz free energy volume density, ¥, and the dissipation potential, y, are written as

follows:
1 N

W=o 2w (67,67.D1,6) (3.14a)
18 . .

v :\72_1;,/1 (67,D5, Dy, 57, 6%,0°) (3.14b)

where each inter-granular interaction, denoted by superscript «, has been counted once and N is the
total number of inter-granular interactions. W* and y* denote the contributions of the o grain
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interaction to free energy and dissipation potential, respectively and are functions of the following

variables: the inter-granular displacement vector defined in Eq. 3.13, 0°'; the internal variables

associated with damage and plasticity of the inter-granular interactions, D{ and &7“,

respectively; and the temperature, 6.
Now, substituting Eq. 3.14a into Eq. 10a, the following expression for the macroscopic Cauchy

stress of the RVE can be obtained

1 G OW 06y
S

. 3.15
APy o5 Os; (3.15)

Further, by substituting Eq. 3.14a and 3.14b into the orthogonality conditions given in Eg. 3.10b

and 3.10c, the following equations are derived using chain rule:

LW oy oD

*D. =0 3.16
2| o aDa]aDi,- "J -
N (oW op” )05 .
2 a(skw*askw]a;p %F]O (.160)
a=. ij

where we have considered that the time dependence of the micro- and macro-scale quantities are

same such that oD’ /oD = 8D“/8D and 85""‘/88," = 85"“/88“" . Using Eq. 3.14aand Eq. 3.10d

leads to
N awa N
+>.8=0 (3.16c)
o= go“ 00 =
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N
In Eg. 3.16¢ the VE temperature is defined as 9=Z¢)“¢9“,where ¢ is the volume fraction

a=1

associated with the «™ grain-interaction, and the entropy per unit volume is defined as

1 N
S==)> §“
v
We note that the microscopic inter-granular force vector conjugate to the displacement vector can

be defined as

fo - W (3.17a)
85¢

Further, the summations in Eq. 3.16 should hold for any value of N, and thus, the equality should
be satisfied in a term-by-term manner. So the following set of equations which resemble the ones

in Eq. 3.10 are obtained

LU 7 L o (3.17b)
oDy oy ) oB, !
a a S pa
W™ L oW |20 4o _ g (3.17¢)
o7 057 | oep
1 owe
s =2 (3.17d)
p° 00

Under the assumption that the inter-granular damage parameter may be obtained as the projection
of the VE damage tensor in the direction of inter-granular branch vector, nj, the terms outside the

parentheses in Eq. 3.17b can be simplified as follows:

e« . 0(D,n,) . L
Z% Dij :% Dij = nré‘iké‘erij = ijn
i }

1

=Dy (3.18a)
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Similarly, assuming that the inter-granular plastic displacement is the projection of the VE plastic

strain to the inter-granular branch vector, Eq. 3.17c leads to

& =& =00, &5 =64l =6 (3.18D)
88“9 88“9

Eqgs. 3.17 and 3.18 can now be combined to obtain

fja_aW S - oW® oy DY - oW® |, oy* P — LW gelge 2o (3.19)
05" oD? D¢ 05" " a5P" o° 90"

which leads to the following micro-scale Clausius-Duhem type inequality for the /" inter-granular

interaction:
ffof -W*-8%9" =d”“ >0 (3.20)
In Eq. 20, the microscopic dissipation, d*is defined as

de =Y e OV seesg (3.21)
o7 1 a5 )

and the time derivative of micro-scale free energy, W¢, is

e 2 QW o N g W g W (3.22)
o5 oDy T a6 00"

3.3 Inter-granular coupled damage-plasticity relationships

For convenience a local Cartesian coordinate system, nst, is now defined separately for each contact
composed of three unit vectors: normal vector »; in the direction of inter-granular branch vector, /;,
and two orthogonal vectors lying in the tangential plane denoted as s; and #, whose direction cosines

are repeated here for convenience
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n, =(cosd,sin & cos ¢,sin Fsin @)
= (—sin 6, cos 6 ¢cos ¢,cos #sin @) (3.23)
(0,—sin ¢,cos @)

Si
t;

with #and ¢ the polar and azimuth angle in the spherical coordinate system as depicted in Figure
2.1. Now displacement vector between the two particles, d;, can be decomposed into two parts: one

along the normal vector given as o,=omni, and the other in the tangential plane given as

2 :\/(@Si )+ (5t)

The inter-granular free energy and dissipation potential considering grain-scale damage and
plasticity can be conveniently written as follows in terms of the normal and shear components
following the above decomposition

We =W+ W
v =yy vy

(3.24)

For the coupled damage-plasticity phenomena addressed in this work, the inter-granular free

energy is assumed to take the following form

n

a __ 1 a a a 2 a a
W =~ (1-Dg) (55 ) —hesr

a 1 a a a 2 a Qpa (325)
W, =G (1-Dg)(sz) —hgo;

WhereE, and G, are the inter-granular elastic stiffness,’ and N, are the inter-granular

generalized forces, and O, “and O, are the inter-granular plastic displacements in normal and

shear directions, respectively. The inter-granular dissipation potential components are taken to be
represented by the sum of damage and plastic dissipations in the following classical form [61]
Dy

5™(>0

a
+2Z;

A

3.26
v =Y D3]+ 2 o

8|z 0
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where dissipation coefficients Y and Z denote generalized forces that are conjugates of the inter-

granular damage and plastic dissipation, respectively. Using Egs. 3.17b and 18a, it follows that

W™ LoV Ipe =g, | W, 0¥ e _g (3.27)
D7 oD” D7 oDr

Thus, the dissipation coefficient, Y, defined as the dual of inter-granular damage D is found as

follows
e L olca i (na). va L malcal? i (e
W =€ (00 san(07): i =565 (41 ) sion(55) 620

In view of positive semi-definiteness of the dissipation potential in Eq. 3.26, it is clear from Eq.

3.28 that damage is irreversible, that is the rate of damage must be satisfy D,f >0 and Dv‘j >0, It

is also notable that the dissipation coefficient, Y, is the undamaged elastic energy of the inter-

granular interaction. Similarly, using Egs. 3.17c and 3.18b, we find

W= OV Ngoe g, |V, OV 5o _g (3.29)
57 " 057" 50 " o5p"

Thus, the dissipation coefficient, Z, defined as dual to the inter-granular plastic displacements is
given as

Z = h,f‘sign(Snp“); Zy = hgsign (85 (3.33)
Again, in view of Eq. 3.26 it is clear that plastic displacements are only admissible when the inter-
granular generalized forces take the same sign as the rate of plastic displacements. The grain-scale
free energy and dissipation defined in the manner of Eq. 3.24-29 represent coupled damage and
plasticity wherein the dissipation due to damage is partly independent and partly coupled with
plasticity. Similar coupling has been proposed in the context of purely continuum modeling (see
among others [62-65]). Note that for modeling materials that are isotropic in the initial unloaded

state, the terms that cross-link normal and shear components have been neglected and the response
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on the shear plane (s-t plane) is taken to be isotropic. It is noteworthy that in the granular systems
composed of many components possibilities of sinks that trap the macroscopic energy in
microscopic (grain-scale) motions may be present as shown by [66-68]. Further in lattice models,
dissipation due to rupture of elastic links are used for describing material damage [69-71]. Such
losses are modeled in the approach presented here in a phenomenological sense using inter-
granular dissipation mechanism given by Eqg. 3.26. Now, using Eq. 3.17a and 3.26, the inter-

granular forces are obtained as follows

fo= W _ keoy =Ey (1-Dy )¢
FER
) (3.31)
fo= awa =kgo; =Gy (1-Dg ) 5
BB

3.4 Inter-granular loading-unloading-reloading relationships

To complete the inter-granular constitutive relationships for coupled damage-plasticity, we
introduce the following criterion for loading, unloading, and reloading conditions at the inter-

granular scale utilizing “yield” function, F:

(1) Loading — F =0, and 6“ >0,and F* =0, and 5 >0.
(2) Unloading — F* <0, and8° <0,and F.“ <0, and 8“ <0.
(3) Reloading — F* <0, and5“ >0,and F.“ <0, and §° >0.
The “yield” function is defined as

max

Fe=|s7]- ™" |s5°]<0;
Fo =57 —™5% <0

(3.32)
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where the left superscript refers to the instantaneous maximum normal and tangential displacement
components belonging to the ' contact. It should be noted that the instantaneous maximum
normal displacement takes different values for tension and compression. Thus, the “yield”
function is evaluated separately for tensile and compressive interactions. The grain-scale

constitutive relationships during unloading are defined as:

fr =k

5 =B (™)
fr =k (o0 - 4,(™ )

(3.33)

where the parameters 0 < fn <1 and 0 < fw <1 are constants defined as the ratio of maximum

plastic displacement to the instantaneous maximum displacement as follows

max5pa max5pa
— n ’ » — w 334
ﬂn maxé\na ﬁ maxé\v(\;; ( )
and K" is the inter-granular unloading stiffness given as
E¢ (1-™D;)
A
" (3.35)
G (1-™ Dy
ko
(1-4.)

To model nonlinearity during reloading, the force-displacement relationship is assumed to be
similar as that given by Eq. 3.30, where the reloading initial stiffness is a constant times the
unloading stiffness and the resultant curve passes through the point at which unloading initiates.

It is notable, that different sub-granular mechanisms govern the deformation behavior under
tension and compression leading to asymmetric inter-granular interactions [20]. As the grains are
pulled apart under tension, the behavior is governed by accumulation of sub-granular scale (micro-
and nano-scale) de-cohesion, void growth, and strain localization, which contribute to both

damage, plasticity and eventual separation . In contrast, when the grains are compressed against
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each other, the behavior is governed by a combination of stiffening due to increasing confinement
and the loss of stiffness due to sub-granular scale pore compaction and shear localization.
Consequently, the inter-granular stiffness increases with increasing confinement even as there is
accumulation of damage and plastic displacement. Within the genre of modeling approach
considered in this work, these diverse mechanisms are not modeled explicitly but rather they are
represented in practical manner by utilizing appropriate functions for evolution of damage, plastic
displacements and elastic constants. The normal component of inter-granular damage coefficient

is modeled as follows

; 0,20 (tension)

D, = tanl( 5, j (3.36)
1l—— N7nc/

; 0,<0 (compression)

where constants Bn and Bnc are the model parameters. The resultant inter-granular force-
displacement curve has a peak and subsequent softening under tension and an asymptotic behavior
under compression as shown in Figure 3.1a. Parameter B, corresponds to the peak in the tensile
inter-granular force-displacement curve, while the parameter Bnc corresponds to the point of
departure from linearity in the compressive inter-granular force-displacement curve. The
tangential component of inter-granular damage coefficient is modeled as

()‘W

B,

D,=1-¢e (3.37)
where the effect of compression on the tangential behavior is modeled by defining By as a bi-linear
function of the normal displacement governed by model parameters a1, a2, and oz as depicted in

Figure 3.1b and expressed as
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Buo : 6,20 (tension)
B, =1 B, — 0, ; 1o B,, <5, <0 (compression) (3.38)
a,
,B,0- a;p(6, - I~ Byo) ; o, < -a) B,, (compression)
a, a,

Since the parameter By is the displacement at the peak in the tangential inter-granular force-
displacement curve, the maximum tangential force becomes larger as the grains are compressed
together. Further, to model the effect of stiffening under compression, the inter-granular normal

stiffness coefficient, En, is taken to be a function of the mean stress, p, as follows:

no

E,1+a,p) ; 0,<0 (compression)

E =

n

{ E ; 0,>0 (tension) (3.392)

Where the constant @, defines the growth of normal stiffness with increasing confinements and the

stiffness coefficient in compression (with zero mean pressure) is given as

2BiErRr 023aBipR (3.39b)
ﬂ'e no 5 no

n n

c _
Eno_

Defining Enco using Eq. 3.39b guarantees two important properties of the material. First, it

guarantees equal stiffness coefficients at the unloaded state in tension and compression. Further,
it also guarantees the maximum normal force in compression to be equal to R times the maximum
normal force in tension, making R a parameter with clear physical significance that needs to be
calibrated for the material.

Using these force functions, the normal and tangential behavior of the grain-pair contacts are
derived and shown in Figure 3.1. Figure 3.1(a) shows the force-displacement relationship in
normal direction while Figure 3.1(b) shows the dependence of the tangential damage parameter on

the normal component of displacement.
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Figure 3.1 Normal force-displacement relationship in compression and tension (a) and the shear direction
damage parameter as a function of normal displacement (b). The local Cartesian coordinate system is
shown in the inset

The inter-granular generalized forces, N and h; , conjugate to the plastic displacement are taken

as
E, (1-™D,) G,(1-™D,)
ha:—épa; a:—5v5a 340
! ﬁn " rlvv ﬂW ( )

so that the dissipation is equal to the plastic work.

3.5 Constitutive relationship for granular cementitious materials

The constitutive relationship for an RVE of a granular system can now be obtained by introducing

Eq. 3.17a into Eq. 3.15 and using Eq. 3.13 as follows

N n
o; :\%Z £ ng' where & = U, (3.41)
a=1 ij

]
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in which strain gy is the symmetric part of the displacement gradient. It is clear that relationships
between grain-scale strains and the overall RVE strain are needed for further development.
However, such relationships are unique for each grain neighborhood and can only be obtained for
well-defined granular micro-structures and inter-granular interactions (see for example [19, 72]).
For most cementitious materials, the granular-structure and inter-granular interactions are ill-
defined, since these materials are formed by conglomerations of grains of atomic sizes and larger
with many different shapes, sizes, aspect ratios, and compositions. Computational approaches
based upon simulated discrete coarse-grained granular structures can be conceived. However,
these discrete models suffer from the need to simulate a coarse-grained structure at an appropriate
scale as depicted in Figure 1.1, define appropriate grain-scale constitutive laws, implement effective
computational schemes, and be coupled to higher scales. Such discrete models not only add to the
computational expense, but fail to offer the versatility of systematically investigating the influence
of the macro-scale parameters, such as material density and inherent anisotropy, as well as the
grain-scale parameters, such as effect of inter-granular degradation, presence of boundary layers,
different shapes and sizes. In light of this difficulty, the mean field assumption, albeit approximate,
provides a feasible approach for the derivation of the VE constitutive law and has been shown to
successfully describe different phenomena exhibited by granular materials [18, 20, 42]. In this case,

the average stress tensor of an RVE given by Eq. 3.41 is simplified to:
1 N
V a=1

which is a widely used expression for Cauchy stress tensor in granular mechanics (see for example
[23, 73]). The stress defined in this way is also traced to the virial of Clausius [74, 75], has
counterparts in the statistical mechanics of fluids [76, 77], and has been a subject of recent
discussion in the context of molecular and atomistic modeling [78, 79]. For sufficiently large RVE
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containing variously oriented grain interactions, the summation in Eq. 3.42 can be approximated

by the following integral under certain simplifying assumptions [23, 42, 73]
2r 7w

oy =N [ [ 1,(0.9)1,(0.9)£(6.¢)sin 0d6d (3.43)
00

where N is the number density of pair interactions, and &(6,¢) is a directional probability density
function defined such that the product N&(6 @)sin@dGd¢ gives the number density of pair
interactions in the solid angle sin@d@d¢. Using Eq. 31, the inter-granular force vector, f;, can be

written as
f.=K;0, (3.44)
where K =k nn; +k, (Sis ; H ) Thus the macroscopic constitutive relationship can be

obtained as

o, :(IZN j TKiknjn,é’(G,qﬁ)sin ededgzsjgk, =Cyatu (3.45)

6=0 =0
3.6 Results and Discussions

The derived damage-plasticity granular micromechanics model is applied for simulating the
behavior of cementitious materials under various loading conditions. The simulation results are
compared to typical experimental data available in the literature [54, 55]. Since the inter-granular
forces are nonlinear functions, a numerical approach is required for evaluating the overall stress-
strain behavior. Simple forward Euler method utilizing adequately small increments appears
sufficient for the simulations presented in this work. Numerical approaches based upon Newton’s
methods or other incremental approaches may be used when the model is implemented for solution

of boundary value problems [21, 80].
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3.6.1 Calibration and identification of model parameters

Model parameters were calibrated using conventional triaxial test results. In particular, under
elastic conditions Eq. 3.45 can be integrated to obtain closed-form expressions, such that for
isotropic materials the model parameters can be obtained in terms of measured Young’s modulus,
E, and Poisson’s ratio, v, as follows

E 3E(L-4v)
Eno = 2 ’ GW = 2
NIZ(1—2v) NIZ(L—2v)(1+v)

(3.46)

The mean inter-granular distance, I, is assumed to be 10 pm and the number density of pair
interactions, N,, is taken to be 10'm=. These assumptions are reasonable estimates for
cementitious materials formed from powder precursor whose particle sizes are in the order of ~10
um. Parameters Bn, Bne, and Bwo govern the strain at which the peak-stress or failure occurs in
uniaxial compression, thus they are obtained by minimizing the error between the calculated and
predicted peak or failure stress-strain state. Table 3.1 lists the above parameters used in the
calculation based upon a cohesive material with Young’s modulus = 78 GPa, the Poisson’s ratio
= 0.167, the peak stress under uniaxial compression = 40 MPa and corresponding strain = 0.15%,
and a ten times smaller peak stress under uniaxial tension = 4 MPa and corresponding strain =
0.015%. Parameters a2, a3, and a4 represent the stiffening effect due to confinement and can be
calibrated using results of confined axisymmetric triaxial test results. For simulations reported

here, typical values that lead to results similar to those available in the literature have been used.
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Table 3.1 Model parameters used in this study

Model Parameters value
E, 3.5 kN/m
R 17.5
Gw 1 kN/m
Bn 7x10%m
Bre 3x10° m
Bwo 1.5x10° m
o1 10.5
02 7
03 0.01
04 0.05 MPa'

3.6.2 Model prediction under confined compression and extension

Predicted stress-strain behavior under confined compression and tension are presented in Figures
3.2through 3.7. In Figure 3.2, the overall stress-strain curves are plotted in terms of the deviatoric
stress, g=o11—022 (vertical axis), versus e and & (positive and negative horizontal axis
respectively) for different confinements, o22=c33=0c. These curves are calculated by first applying

a hydrostatic confinement, o11=022=033=0c, and subsequently, increasing axial strain &1

incrementally while keeping constant o22=033=0c.
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Figure 3.2 Compressive stress-strain behavior (a), and tensile stress-strain behavior (b) under different
confinement levels. The inset in part (a) represents experimental measurements from Bazant et al [54]

From Figure 3.2 it can be observed that by increasing the confinement, the stress-strain behavior
under both compression and tension transitions from brittle to ductile. At low confinement, the
stress-strain curves are characterized by peak stress followed by strain-softening. With increasing
confinement, softening is suppressed and at very high confinement, the stress-strain curves show
gradual ‘yield” followed by hardening. Furthermore, the strain corresponding to the peak stress
and the nominal ‘yield’ point increases with increasing confinement. The effect of confinement
on the behavior can be further seen from the plot of deviatoric stress, g, normalized by the initial
mean stress, p=oc given in Figure3.3. These observations are in agreement with experimental

results as seen from the measured stress-strain curves from [54] given in the inset of Figure 3.2.
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Figure 3.3 Stress-strain behavior for confined compression (a) and tension (b) in terms of the deviatoric to
mean stress (g/p) ratio and applied axial strain
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It is also noteworthy that with increasing confinement, the lateral strains become smaller. Under
small confining pressures, the lateral strains tend to be particularly large in the post-peak regime.
The lateral strains influence the volume change behavior of these materials. Figure 3.4 plots the
volumetric strain versus the applied vertical strain for both compressive and tensile tests under
different confinement levels. It can be seen that under low confinement for compressive loading,
the volumetric strain is compressive (negative) in the pre-peak regime, but as loading proceeds,
becomes dilative (positive) in the post-peak regime. Under high confining pressures the
volumetric strain always remains compressive. For tensile loading, the volumetric strain is always

dilative; however, with increasing confinement, the volumetric strain becomes increasingly

smaller.
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Figure 3.4 -Evolution of volumetric strain with loading for both confined compression (a) and tension (b) at
different confinement levels. Initial compression followed by dilation can be seen for confined compression
tests at low confinement

To illustrate the model capability of replicating the observed behavior, the failure behavior of the
simulations is plotted in deviatoric stress, g=o11—022, and mean stress, p= gii /3, space. Figure 3.5
shows the loading stress-path which begin from the initial confinement and end at failure. The
failure envelope is formed by connecting the end points of the stress-paths. Under compression,

the failure envelope is predicted to be nonlinear with increasing confinement which agrees with
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experimental observations. Further, the failure envelope has a cap signifying that the material fails
by collapse under hydrostatic loading at p=260 MPa.
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Figure 3.5 Stress paths plotted in the deviatoric stress—mean stress (q-p) space for both confined
compression (a) and tension (b). The failure envelope is shown by joining the end-points of the stress paths
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In Figure 3.6 and 3.7, model’s capability to describe the behavior under cyclic loading is
demonstrated. The overall stress-strain curves for the cases of unconfined compressive and tensile
loading are shown in panels (a) and (b) of Figures 3.6 and 3.7. Typical inter-granular normal and
tangential force-displacement curves under compressive and tensile loading are shown in panels

(c) and (d) of Figures 3.6 and 3.7.
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Figure 3.6 Results from unconfined compressive cyclic loading: stress-strain curves for axial (a) and lateral

(b) directions, and example inter-granular force-displacement curves for the normal (c) and tangential (d)
directions

(c)

In these figures, compression is shown as negative following usual convention. These results
illustrate the unloading-reloading scheme for inter-granular normal and tangential force-
displacement described in section 3.4 of the current chapter. It is notable that the unloading
stiffness decreases as the displacement of unloading point goes higher which is a manifestation of
inter-granular damage. The effect of damage is particularly significant for the cases of softening
that is modeled in the inter-granular tensile and shear behavior seen from the curves of Figures

3.6d, 3.7c and 3.7d.
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Figure 3.7 Results from unconfined tensile cyclic loading: stress-strain curves for (a) axial and (b) lateral
directions, and example inter-granular force-displacement curves for the (c) normal and (d) tangential
directions

It is evident from the developed constitutive relationship that the overall stress-strain behavior is
determined by cooperating and competing mechanisms described by the inter-granular force-
displacement relationships under the applied loading. When the applied loading is specified as a
mix of stress and strain components, as in the case of confined triaxial loadings discussed above,
both the inter-granular forces and displacements evolve in a complex manner. In Figures 3.8 and
3.9 the evolution of forces and displacements in different inter-granular directions is shown for the

case of (1) a confined compressive loading, and (2) a confined tensile loading.
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Figure 3.8 Inter-granular forces and displacements in different 0-directions for confined compressive
loading: normal force (a), tangential force (b), normal displacement (c), and tangential displacement (d).
Unloading and subsequent loading in the tensile regime can be clearly seen from (a) and (c). The grain-
scale mechanism of volume-change behavior can be seen from (c) as the inter-granular displacements
become increasingly tensile with loading

Since the loading is axisymmetric, the inter-granular forces-displacements are independent of
azimuthal angle, ¢. Thus, the curves in Figures 3.8 and 3.9 represents the force-displacement
relationship for grain-pair interactions with different values of 6 and arbitrary ¢. Under
hydrostatic confinement, all inter-granular interactions have equal initial compressive normal force
and displacements, while the tangential forces and displacements are zero. For confined
compressive loading, as the axial strain is increased, the inter-granular interactions that are oriented

closer to the loading direction experience compressive loading. On the other hand, those closer to
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lateral direction experience unloading and enter tensile regime, while intermediate orientations

may undergo compressive loading followed by unloading and loading in tensile regime.
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Figure 3.9 Inter-granular forces and displacements in different 6-directions for confined tensile loading:
normal force (a), tangential force (b), normal displacement (c), and tangential displacement (d). Unloading
and subsequent loading in the tensile regime can be clearly seen from (a) and (c)

For confined tensile loading, the inter-granular interactions that are oriented closer to the loading
direction undergo compressive unloading, then enter tensile regime and fail in tension.
Orientations closer to lateral direction experience further compression and hardening. Further for
both the cases of overall compressive and tensile loading, the inter-granular shear forces are higher
for @ =4 orientation at the early stage of loading. However, as loading progresses, the inter-
granular interactions that bear higher shear forces undergo damage and softening, resulting in a

progressive crossover of orientations that are required to sustain larger forces. Moreover, the
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tangential behavior is influenced by the inter-granular normal displacement. Thus, those
orientations that undergo increasing compression exhibit stiffening in tangential response, while
those unloading or in tensile state exhibit smaller stiffness. It is clear that as the loading proceeds,
different grain-scale mechanisms contribute differently to the overall behavior of VE at various
loading stages. The advantage of the developed approach is that the evolution of these mechanisms
is not specified a priori; instead this evolution develops in response to the overall loading and the

loading state of each inter-granular interaction.

3.6.3 Failure prediction under multi-axial loading

Failure at macro scale is usually characterized by a number of phenomena which progressively
make the transition in the system from a stable continuum state into an unstable discontinuous
state [81-84]. Based upon stability analyses, three general failure criteria have come to be widely
accepted in continuum mechanics, 1) material instability, 2) diffuse failure, and 3) localized failure
(see for example [29]). The loss of material stability or strain uncontrollability is characterized by
singularity of the symmetric part of tangent stiffness matrix.

In Figure 3.10, the results of failure analysis under biaxial loading paths in which the loading is
within the biaxial stress plane o11-022 and o33=0 are presented. Figure 3.10a shows the failure
envelope (plotted as dashed line) for loading stress paths starting from an initially unloaded
condition. The stress-strain behavior for each loading path is simulated by applying stress as
follows: o11=Ac0s(y), o22=Asin(y) and a33=0, where A is the loading stress-level, and y is the angle
between the loading line in 611-622 plane and the positive 611 axis. The failure envelope is then

generated by joining stress conditions for which the tangent stiffness matrix becomes singular. For
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the numerical results in this work, the calculations are terminated when the determinant of the

tangent stiffness matrix becomes 0.001 times the determinant of the initial tangent stiffness matrix.
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Figure 3.10 (a) Failure envelope in biaxial loading condition material loaded from initially unloaded state
shown by the dashed line. Also loading-paths for two-stage loading used to illustrate the effect of induced
anisotropy. (b) Failure envelopes for material that has been loaded in stage 1 along the solid line in part (a)
up to one of the depicted points and then loaded in stage 2 in different directions till failure

Clearly, the simulated envelope replicates very well the experimentally observed behavior of
cementitious materials. It is particularly remarkable that the model predicts the compression-
tension asymmetry of the failure envelope. The asymmetry results from the force laws which are
defined independently for compressive and tensile interactions, leading to fundamentally different
macroscopic behavior of the material in compression and tension. A comparison with
experimental data has also been presented with an earlier version of the present model derived
from purely mechanistic arguments [20]. It is noteworthy, that the present work utilizes
significantly revised inter-granular force-displacement relationships derived in thermomechanical
framework that permit modeling of phenomena not addressed in the previous versions.

Cementitious materials modeled here are assumed to be initially isotropic, but since inter-granular

interactions oriented in different directions experience different damage and plasticity at different
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loading levels, as discussed in the case of axisymmetric loading, the material will exhibit
anisotropic behavior (called induced anisotropy) once it has been loaded in one particular
direction.

The effect of induced anisotropy is illustrated by a set of two-stage simulations. The loading
process is shown in Figure 3.10a by the solid line passing through the origin. In stage 1, a
proportional loading originating from unloaded state is first applied up to a prescribed load-level
given as a fraction of the uniaxial compressive strength, oy. In stage 2, several different
proportional loading paths that originate from the end of stage 1 are applied until failure is
achieved. Figure 3.10b shows calculated failure envelopes. It is seen that the failure surface
derived in this manner is different from the one derived for the material which has not experienced
the initial loading. The effect of induced anisotropy can be clearly seen as the envelope no longer
retains its symmetry about o11=022 line. Moreover, the effect of induced anisotropy becomes larger
with the stage 1 loading-level, such that the failure stress magnitude along some stress-paths could
be ~20% smaller than that of the virgin material.

In Figure 3.11, the failure behavior under triaxial loading is shown. For computing the triaxial

behavior, the stress components are varied such that, o11=Acos(»)sin(¢), a22=Asin(y)sin(¢) and

a33=Ac0s(¢p), where A is the loading stress-level, yand ¢ are constants between [0-2x] and [0-7],
respectively such that /o2 + o2 + 02 = A. If p=r/2, then the biaxial stress-path is recovered.

Again the failure was identified by singularity of the symmetric part of tangent stiffness matrix
using the numerical criterion used for biaxial loading case. The stress state corresponding to failure
is plotted as a point cloud on the stress space o11-022-033 as shown in Figure 3.11, which gives 4
different views: row 1 gives the isometric view and the subsequent rows present views along z-,

y- and x-axes.

54



122 8 4 01 13 8 4 01 B 10 5 01

Figure 3.11 Triaxial failure envelopes for material from the unloaded stage (al-a4), material initially loaded
in compression hydrostatically up to 20 MPa (b1-b4), material initially loaded in compression biaxially up
to 20 MPa (c1-c4). Different views presented are the isometric 3D view (al-cl), top view (a2-c2), front
view (a3-c3), and side view (a4-d4). Solid lines inside the isometric 3D graphs represent the normal to -

plane

55



The failure surfaces in Figure 3.11a are for material loaded from an initial unloaded state. It should
also be noted that the hydrostatic compression direction reaches failure in a stress level which is
significantly greater than the uniaxial compressive compression strength. In hydrostatic
compressive loading, all inter-granular interactions are compressive in normal direction and in
tangential direction there is no force or displacement. Compressive force-displacement
relationship has a horizontal asymptote as it can be seen in Figure 3.1a and the asymptote happens
later as the mean pressure increases.

In Figure 3.11b and 3.11c the effects of induced anisotropy caused by an initial loading is shown,
by performing the loading in two stages. In the simulations leading to Figure 3.11b, the material
has been initially loaded in hydrostatic compression up to 611=62>=033=20 MPa and then in stage
2, loaded in different directions until failure state defined previously is reached. In Figure 3.11c,
the initial compressive loading is performed in biaxial plane (033=0) up to 611=622=20 MPa and
then the material is loaded up to failure in different directions. The failure stress states are plotted
as point clouds to represent the failure envelope. In the 3D views of the failure surfaces (Figures
3.11al, 3.11b1, 3.11c1), the vector normal to the “n-plane” is also included (solid line) to facilitate
visualization of the failure surface. The views of the 3D failure surface are presented in Figure
3.11 which show the effects of the anisotropy induced in the material by stage 1 loading. It is seen
that the failure surface derived for the material initially loaded in hydrostatic compression (Figure
3.11Db) has significantly changed in size compared to that of the virgin failure envelope (Figure
3.11a). The surface belonging to the material initially loaded in biaxial direction (Figure 3.11c)
also appears to have rotated. Since the initial loading was in xy plane, the rotation is visible in
Figures 3.11c3 and 3.11c4. In addition, the size of the failure envelope has increased significantly

compared to the virgin failure envelope.
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When the material is loaded hydrostatically in all its inter-granular contacts, regardless of their
direction, only normal forces and displacement components of the same magnitude will develop
and no contact will have tangential force or displacement components. It is clear that since all
grain interactions are experiencing the same loading history, no anisotropy will be introduced in
the material in the sense of implying different behavior in different directions. At the end of stage
1 in this type of loading, parameters defining the constitutive equations for all grain interactions
have the same values and they all behave in the same manner. So the failure envelope does not
rotate and only changes size because the constitutive parameters have changed compared to those
of the virgin material. However, in the case of material being previously loaded biaxially, it is
clear that grain interactions in different directions will undergo different force-displacement
history in both normal and tangential directions. Thus at the end of loading stage 1, interactions
in different directions will react differently to the next loading phase due to their different
constitutive parameters. This then implies that the macroscopic behaviors in different directions
will be different leading to rotation of the failure envelop seen in Figure 3.11c.

It is noteworthy, that different mechanisms lead to failure under different loading paths. The
failure mechanism at the macro-scale can be investigated by considering the evolution of
eigenvalues of the symmetric part of tangent stiffness matrix. The eigenvalues represent the six
Kelvin deformation modes [85]. In Figure 3.12, we show the evolution of eigenvalues with loading
for 4 loading paths — hydrostatic compression (Figure 3.12a), biaxial compression (Figure 3.12b),

uniaxial compression (Figure 3.12c), and biaxial compression-tension (Figure 3.12d).
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Figure 3.12 Eigenvalues of the tangent stiffness tensor for the material under hydrostatic compression (a),
biaxial compression (b), uniaxial compression (c), and biaxial compression-tension (d). Eigenvalues are
normalized with three times the bulk modulus. Horizontal axis is normalized with the uniaxial compressive
strength showing that the failure stress under hydrostatic compression is ~14.5 times, biaxial compression
~2.5 times, and biaxial compression-tension ~0.2 times of uniaxial strength, respectively

The eigenvalues have been normalized by three times the initial bulk modulus of the material (39
GPa), which is equal to the highest eigenvalue in the unloaded state. The three eigenvalues in the
unloaded isotropic state represent the dilatational and shear modes in a descending order. The two
shear modes are related by factor 2. In the case of hydrostatic loading (Figure 3.12a), as the loading
progresses, the material isotropy is maintained such that only 3 eigenvalues are obtained and the
two shear modes are related by factor 2. In this loading case, the eigenvalues first increase as the
material experiences stiffening, reach a peak and then decrease till material failure which is clearly
governed by the dilatational mode. In the remaining three cases of biaxial compression, uniaxial
compression, and biaxial compression-tension, loading results in anisotropy, such that there are 5
distinct eigenvalues and their associated deformation modes which are combination of extension,

58



compaction, and shear. In these three loading cases, the failure is governed by the mode that
combines extension and compaction.

It is observed from Figure 3.11 that the tensile failure strength, represented by the root mean square
of failure stress, is significantly higher under isotropic loading (o11=022=033) in comparison to that
under uniaxial loading (o110, 022=033=0). This observation as well as the predicted characteristic
shape of the failure envelope in the tensile octant in Figure 3.11 and tensile quadrant of Figure
3.10 agrees with those widely reported for cementitious materials under triaixial and biaxial
loading (see for example [86]).

In Figure 3.13, the stress-strain curves as well as the eigenvalues of the symmetric part of tangent
stiffness matrix under hydrostatic and uniaxial tensile loading are presented. The peak stress under
isotropic loading is o11=022=033=3MPa, such that the tensile strength is 5.2 MPa. In contrast,
under uniaxial loading the strength is 3.4 MPa. The failure in the two cases is governed by different
mechanisms as seen from the evolution of eigenvalues in Figure 3.12b and 3.12d. In the
hydrostatic loading case, the behavior is exclusively governed by the inter-granular behavior in
the normal direction. The grain-scale mechanism is reflected in the behavior of the eigenvalue
corresponding to the dilatational mode which reaches zero and hence governs the material failure

as seen from Figure 3.13d.
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Figure 3.13 Stress-strain curves (a and ¢) and eigenvalues of the tangent stiffness tensor (b and d) for the
uniaxial tensile loading and hydrostatic tensile loading cases, respectively

However under uniaxial tension, loading develops in both normal and tangential inter-granular
directions as shown in Figure 3.14, resulting in dissipation of energy through multiple
mechanisms. Thus in uniaxial loading, the material reaches failure sooner than what is indicated
by Von-Mises type failure criteria. Again, the grain-scale mechanism is reflected in the behavior
of the eigenvalue corresponding to the combined mode which reaches zero and hence governs the

material failure as seen from Figure 3.13c.
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Figure 3.14 Inter-granular forces and displacements in different [ -directions for a uniaxial tensile test:
existence of tangential force (b) and displacement (c) and mixed-mode nature of deformation and failure
can be discerned

3.6.4 Behavior under strain control loading

Many laboratory tests on cementitious materials are performed by controlling the boundary
displacements. The results of these tests can be simulated by assessing the stress-strain behavior
under strain controlled loading. In Figure 3.15, the results from simulations of a ‘so called’
constant displacement ratio test are presented. In this simulation, two principal strains are
specified with a negative constant ratio, such that deii/de»=y (constant), where the axial strain,
a1, 1S compressive while the lateral strain, &, is tensile. In addition, a confining stress is

maintained in the third direction, such that o33/o11=constant. Figure 3.15 plots the axial stress, o11,
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versus the lateral stress, o22, for different values of y and 033/611=0.1 (note that compression is

shown as positive in this plot).
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Figure 3.15 Results from simulations of constant displacement ratio tests showing the calculated stress-
paths for different strain ratios, y=de11/de22, and 33=0.1 ¢11. The bottom right inset presents the evolution
of volumetric strain versus the axial strain. The top left inset presents experimental data from the literature

The simulated curves replicate the experimental observations reported by [55] and shown as top
left inset in Figure 3.15. At low loading levels, the resultant stress components, o11 and o22, are in
the pre-peak phase. As the loading progresses, the stress component in lateral direction, o22,
reaches a peak tensile stress, and eventually becomes compressive. At this state, all the three
principal stress components are compressive. Upon further loading, the stress component in the
compression direction, 11, reaches failure and can undergo softening leading to overall material

failure. The magnitude of peak tensile stress as well as the stress state where overall failure occurs
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is determined by the ratio, y. This result is a clear manifestation of directionally dependent
nonlinearity that evolves with loading. For y=-0.6, the grain interactions whose orientations are
closer to 2-direction experience larger tensile loading, such that they achieve peak forces and
softening. The tensile softening in the 2-direction leads to an induced anisotropy and contributes
to the overall weakening of the material.

In contrast, for y=-0.2, the grain interactions whose orientations are closer to 2-direction
experience low or even no (for y=0) tensile loading. In this case, the material behavior is governed
primarily by compressive inter-granular behavior and the overall failure occurs at a higher loading
level caused by a combination of shear and normal inter-granular failure. For some intermediate
values of y, the grain interactions whose orientations are closer to 2-direction may first experience
tensile loading followed by unloading and subsequent compressive loading. Clearly, for these
experiments, the tensile peak observed in the lateral stress, o22, is not always related to tensile
failure in the 2-direction which is in contrast to conventional interpretation of these experimental
results. Volume strain curves for different values of y are presented also as an inset in the graph.
It is seen that in all y values, the overall behavior of the material is first compressive as expected.
However, as the loading progresses the material experiences positive (tensile) strain in the 3-
direction leading to an overall dilative response.

Figure 3.16 gives the simulated results for the volume control tests. In this simulation, an isotropic
confining pressure is applied first. Subsequently, a completely strain control loading regime is
applied on the material. Compressive strain increment is applied in the axial direction while in the

two lateral directions, tensile strain increments equal to dex2=dess=ade11 are applied, where a is a

constant. The volumetric strain can be calculated as de, =de; =de;, (1+2a) implying constant

volume in the case where a =-0.5. For a>-0.5, the volume change is compressive, and for a<-
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0.5, the volume change is dilative. Figure 3.16 shows the resultant stress paths plotted in the

deviatoric stress, g=o11—022, and mean stress, p=aii/3, space (compression is shown as positive).
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Figure 3.16 Stress paths plotted in the deviatoric stress—mean stress (g-p) space for volume control tests
with different ratios, a, between lateral strain and axial strain. Simulations are done for different initial
confining pressures of 10, 20, 30, and 40 MPa, respectively. The thick dashed line with filled squares
represents the envelope derived from Figure 6 and shows the consistency of the results of two different
simulations. Change of lateral stress vs axial strain is presented in the insets for two initial confining values
The failure envelope obtained under confined loading shown in Figure 3.5 is also plotted in Figure
3.16 as dark dashed line with square dots. It is observed that the stress paths under volume
controlled loading reach failure that agrees with that under confined axial loading, which is also
in agreement with experimental observations of weakly cemented materials [87, 88]. It is seen
that for simulation under compressive volume change (a>-0.5), the mean and the deviatoric

stresses generally tend to increase up to the failure point. However for the case of large initial

confinement, p>30 MPa, some softening is observed especially for the case of a=-0.3.
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In contrast, for simulation under dilative volume change («<-0.5), the mean stress first decreases
and then increases until failure. The stress path behavior under compressive and dilative loading
is governed partly by the stress evolution in the lateral direction as the loading progresses. In the
insets, we plot the lateral stress, o22, against the applied axial strain, e11, for two initial
confinements, p=10 MPa and 40 MPa and different a values. Except for the highly compressive
case of a=-0.1, the lateral stress first undergoes unloading, in some cases into tensile regime,
followed by varying rates of reloading. The inter-granular orientations close to the lateral direction
first unload and reach failure under tensile conditions. Thus the material is unable to sustain further

lateral loads, except in the case of large initial confinement.

3.7 Summary and Conclusions

In this chapter a granular micromechanics model applicable to damage and plasticity of
cementitious material is formulated and derived in thermomechanics framework. The resultant
model is found to capture many features of the macroscopic and microscopic behavior exhibited
by these materials. We observe that continuum models for materials that show damage and
plasticity abound in the literature (see reviews in [89, 90] as well as some recent models that
include more refined description of damage and plasticity including nonlocal effects [64, 65, 91-
95]). These citations, that represent only a small subset of a vast literature base, proceed from
purely continuum concepts and require a priori assignment of a complex set of evolution laws
regarding yield criteria, plastic potentials, damage and hardening functions, that have to be
phenomenologically motivated. In the absence of adequate experimental results the formulation

of such evolution laws becomes rather daunting. The advantage of the presented approach is that
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it uses simple scalar functions defined for interactions of two neighboring grains. Thus, the
macroscopic response is obtained as integration of the responses of inter-granular pair interactions
in all different directions, whereby the material’s microstructure and the corresponding
micromechanical characteristics are inherently included in the macroscopic behavior.
Furthermore, the derived model can be used to describe behavior of different material systems that
possess granular characteristics by specifying two scalar functions at the grain-pair interaction,
namely the free energy function and the dissipation potential function.

Using the dissipation potential and free energy functions along with the macroscopic
thermodynamic constraints, a Clausius-Duhem type inequality applicable to grain-pair interaction
was found. The inequality was applied to find inter-granular constitutive equations that
incorporate damage and plasticity, and include unified loading-unloading-reloading criteria at the
grain-scale. The derived model was then particularized to simulate cementitious materials’
behavior. Microscopic constitutive equations and their corresponding parameters were defined
such that the resulting overall macroscopic response is compatible with the known behavior of the
material under consideration. For this purpose, following the previous efforts on modeling these
materials using granular micromechanics, modifications to inter-granular constitutive equations
were made. By using appropriate choices of the grain-scale damage functions and the parameters
of the microscopic constitutive equations, compressive-tensile asymmetry in macroscopic
behavior was ensured. In the normal direction the stiffness coefficient was taken to be dependent
on mean stress to model the effect of stiffening under compression. In the tangential direction, the
damage functions were formulated to be dependent upon both tangential and normal
displacements, and the mean pressures thus incorporating the effects of friction and confinement

on shear behavior.
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The model parameters were calibrated by fitting the experimental data corresponding to
conventional triaxial test results. The simulations were performed for axisymmetric triaxial
loadings with different confining pressures, biaxial loading, confined cyclic loading, confined
volume control loading, and constant displacement ratio tests. The results were seen to agree very
well with the available experimental data in the literature. Notably, the model provides insight to
the grain-scale behavior within a continuum material point responsible for different macroscopic
features of the material. By observing the evolution of inter-granular forces and displacements the
mechanisms that govern the experimentally observed phenomena are explained. Detailed analyses
are performed to understand the relationship between grain-scale mechanisms and macro-scale
behavior of volume change, softening, and failure behavior under different multi-axial loading
conditions.  These reveal interesting correspondence between microscopic inter-granular

mechanisms and what is observed in macro-scale behavior of the material.
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4 FAILURE, AS A FUNCTION OF LOADING PATH AND EFFECT OF
INTERMEDIATE PRINCIPAL STRESS

In this chapter, the nonlinear damage-plasticity model derived in Chapter 3, in the context of
granular micromechanics approach, has been applied for studying failure of cementitious and rock-
like materials. Inspired by the results of simple loading scenarios in both two- and three-
dimensions, (see Figures 3.10 and 3.11), the author decided to study the complex phenomenon of
failure more in depth.

The work in this chapter is focused upon different failure criteria that are in use as well as study
of the different mechanisms involved in load-bearing and failure. This work is currently under

review in International Journal of Solids and Structures [96].

4.1 Introduction

Failure and instability are key interrelated phenomena that govern the mechanical behavior of
material and structural systems [81, 97, 98]. Failure is most appropriately described as a sequence
of events which progressively take the material from the initial stable state into an unstable and
discontinuous state [99, 100]. The essential feature of a material system at failure stage is that it

cannot continue bearing further external load which is often characterized by its inability to sustain

higher stress (i.e.6; =0). Consequently, the failure criterion may be defined as 4, (cijk,)zo
where 4 is the eigenvalue and Cijx is the tangent stiffness tensor. However, in practice, material
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failure criteria are seldom specified in this form. In some case, material failure criteria are defined

in terms of displacement, displacement gradient, strain or invariants of strain tensor [101]. Such

criteria, which in the most general case can be written as F(gij ) =0, have the practical advantage

that strains can be conveniently measured during loading. Strain/elongation based failure criteria
was stated as early as the 17" century by Mariotto [102] and similar criteria was advanced by Saint
Venant [103]. In this type of model, it is assumed that the material fails when the maximum strain

reaches the value of strain and yield point in simple shear test. Failure criteria are also written in

terms of energy, that is F(oy&;)=0, such as those of maximum strain energy or maximum

distortional energy [104]. But most commonly, failure criteria are described as a general function
of the stress tensor acting on the material, which in its most general case can be written as
F (aij ) =0.

The general form of failure criteria as a function of the stress tensor can be visualized as a surface
in the 3-dimensional (3D) stress space where the coordinate axes represent the three components
of principal stress. For many geomaterials, failure has been observed to often occur along planes.
Thus, some classical failure criteria have been written as functions of the normal and tangential
components of the stress acting on that specific plane. In these cases, the failure criteria, which
were initially written in 3D stress space, are usually transformed into a function in the 2D plane of
normal-tangential stress. Naturally, the failure state is defined as a critical combination of normal
and tangential components of stress (¢ and 1) on a plane of a critical direction (such as the Mohr-
Coulomb failure criteria). Defining failure in this manner, typically, results in the neglect of the
intermediate component of principal stress since the maximum shear stress is a function of the
maximum and minimum components of principal stress alone and is independent of the

intermediate principal stress as shown in Figure 4.1 for illustration.
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Figure 4.1 Failure criteria on normal-tangential stress plane

Conventional axisymmetric triaxial tests are ideal experiment settings for evaluating such a failure
criteria and are widely used for measuring failure behavior of geomaterials [105, 106]. In these
tests, which are usually performed on cylindrical samples, the specimen is first loaded
hydrostatically until a desired level of confinement is reached. Subsequently, while keeping the
two components of lateral stress constant, the vertical stress is increased incrementally until the
desired level or the failure state. It is evident that in these experiments, during the whole loading
process, the two lateral components of stress tensor are equal. Thus the minimum and intermediate
components of stress tensor (o3 and o2 respectively) are equal during the loading process and at
failure, and hence, there is no effect of intermediate principal stress. True triaxial tests for rocks
and other geomaterials were developed in late 1960s and early 1970 (see for example Mogi [107-
109] and [110] for a comprehensive historical account) in order specifically to illustrate the effects
of intermediate principal stress. In these experiments, rectangular prismatic specimens are loaded
in three orthogonal directions such that throughout the experiment the three principal stresses can
vary independently and it is possible to reach failure at a state in which none of the two principal
stresses are equal. The true triaxial tests show that failure stress does depend on the intermediate

principal stress in contrast to the results of failure criteria in terms of stress components on the
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shear failure plane [110]. In the past decade or so, Haimson and coworkers [111-113] have
conducted comprehensive true triaxial tests on different rock samples demonstrating the effects of

intermediate principal stress on both the failure stress state and failure direction.

Further, as it is clear from the expression F (aij ) =0, even the most general form of failure criteria

presented in terms of stress tensor neglects the effect of loading path. Using such criteria, failure
is defined as a function of the stress state. But it is well known that failure is the cumulative effect
of the loading process through which the material transforms from a continuous state to an unstable
state. Since the response of a material to loading depends upon the loading-path, as noticed
experimentally for different materials [114-116], failure stress should also be a function of the
loading-path rather than stress state itself.

In this chapter, the nonlinear damage-plasticity method of granular micromechanics presented in
Chapter 3 has been used to study failure of cementitious and rock-like materials. Since the grain-
pairs oriented in various directions experience their own unique loading history, the failure stress
state depends upon all components of stress tensor. Similarly, the orientation of the failure plane
also depends on the collective responses of grain-pair interactions. In addition, since the micro-
scale contact force laws are nonlinear, the material’s overall response is highly loading path
dependent as the grain-pair interactions in various directions experience unique loading histories.
During a loading path, grain-pairs oriented in various directions can be in different loading stages
including initial loading, hardening, softening, and unloading, or reloading stages. As a
consequence, the response of the material at any loading stage is not only a function of the stress

state at that point, but is a function also of the loading path reaching to that stress state.
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4.2 Loading procedures

The derived granular micromechanics model (See Chapter 3) is used to demonstrate the effect of
(1) intermediate principal stress, and (2) loading path on the failure stress state and failure plane
orientation in cementitious materials. Two different types of triaxial loading paths (denoted here
as Type 1 and Type 2) have been simulated in order to illustrate the aforementioned effects (shown
in Figure 4.2). Loading of Type 1 has been previously used in rock mechanics [110, 112] to
illustrate the effect of intermediate principal stress on failure state. In this loading process, as seen
in Figure 4.2a, the material is initially loaded hydrostatically in compression until a prescribed
confinement level is reached. One of the stress components, a3, is then kept constant and the other
two increased further to a prescribed level. The intermediate principal stress, o2, is then kept
constant at this prescribed level while the major principal stress, o1, is increased until failure is
reached. Note that all these loadings are performed in linear fashion and with identical loading
increments for all components of stress. It is clear that in this type of loading, stress components
at failure point are ordered as o3 = gcont < 02 < 1. In this study, the material response have been
simulated for different levels of confining stress (o3=aconf) as in the physical experiments. Further,
for every confining stress (o3=cconf) Value, the simulations have been performed for different levels

of intermediate principal stress, o>.

To evaluate the loading-path dependency of material response, an alternative loading sequence,
denoted as Type 2, was simulated. In this alternative loading sequence, depicted in Figure 4.2b,
all the three principal stress components are monotonically increased but with different values of
stress increments for the three principal stresses. The increment sizes are defined by dividing the

failure stress states computed for each simulation in Type 1 loading by the desired number of
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increments. The expectation is that in this way the three stress components will increase
monotonically towards the Type 1 loading failure stress state. The intention is to investigate
whether the material will fail at a different stress state than that of Type 1 loading path. As seen
in Figure 4.2, a key aspect of Type 2 loading is the absence the initial hydrostatic confinement

which is applied in Type 1 loading.
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Figure 4.2 Schematic of the applied principal stress components for (a) Type 1and (b) Type 2 loading paths.

Schematic representations of: (c) the two types of loading paths in the octahedral plane, and (d) the
evolution of Lode angle during the loading paths

The difference between the two types of loading is best seen in the octahedral stress space shown
in Figure 4.2c. In loading of Type 1, during the hydrostatic phase of loading, octahedral shear
stress remains zero and only the octahedral normal stress is increasing. Subsequently, the

octahedral shear stress increases as the minor principal stress is held constant, and once the

intermediate principal stress is also held constant, the rate of octahedral shear stress increase
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becomes larger. In contrast, for Type 2 loading, both shear and normal components of octahedral
stress increase monotonically with a constant slope during the entire loading procedure. In Figure
4.2d the evolution of Lode angle [117] during the loading process for the two loading Types is
presented. Lode angle is shown, experimentally to be an important parameter in defining failure
[118-121] and failure models for incorporating its effect on failure stress state have been proposed
(see for example [122, 123]). It is seen in Figure 4.2d that in loading of Type 1, Lode angle is
equal to (30°) during the whole hydrostatic confinement process. Immediately after confinement,
it reaches the value of 60° and remains constant during the loading phase in which the intermediate
principal stress is increased. During the final part of the loading in which both the minor and the
intermediate principal stresses are constant, the Lode angle decreases to a final value determined
by the failure stress state. On the other hand, in loading of Type 2, the value of Lode angle is
constant during the whole loading procedure and is equal to the final value of Lode angle from

Type 1.

4.3 Results and Discussion

4.3.1 Failure in loadings of Type 1 and Type 2

For the stress-controlled loading paths, it is expedient to consider the diffuse failure defined as the
stress state at which the rate of stress increase vanishes. This failure state corresponds to singular
tangent stiffness matrix. In Figures 4.3a and 4.3b, the maximum principal stress, o1, at failure is
shown (vertical axis) versus the intermediate principal stress, o> (horizontal axis), for the two
loading types, respectively. Different curves in the graphs belong to tests with different values of
minimum principal stress, 3. The furthest left point of each curve in both Figures 4.3a and 4.3b

belong to the conventional triaxial tests in which the intermediate and the minor principal stresses
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are equal (o2 = o3). Thus by joining the aforementioned points, the failure surfaces for the
conventional triaxial compression tests are obtained and is shown in thick solid line indicated by
022 = 033. The furthest right point of each curve belong to cases in which the intermediate principal
stress, o2, is equal to the maximum principal stress, o1. These points are joined by the dashed lines
and indicated by o11 = 022 Iin Figure 4.3. It is clear that the two thick solid lines (representing
failure in 022 = 033) and also the dashed lines (representing failure in o11 = 022) are very different

for the two different loading types.
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Figure 4.3 Maximum principal stress, o;,, at failure versus intermediate principal stress, o, , for different

values of minimum principal stress, o, in loadings of (a) Type 1 and (b) Type 2

As expected, increasing level of minimum principal stress leads to a higher failure stress for both
loading types. However more importantly, for a given minimum principal stress it is seen that the
failure stress depends upon the intermediate principal stress as seen from the behavior of each
curve separately. For both loading types, the maximum principal stress at failure (o1, shown in
vertical axis) initially increases by increasing the intermediate principal stress (o2, shown in

horizontal axis) up to a peak value and then decreases. It is also noteworthy that the results in
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Figure 4.3a are consistent with those given in [107, 112] and summarized in [110] from other
investigations. The predicted behavior is, needless to say, at stark variance with many traditional
failure criteria, such as traditional Mohr-Coulomb, for which all these loading paths would lead to
failure at the same value of o1 since the intermediate principal stress does not affect the normal
and tangential stress components on the failure plane.

The effect of initial confining stress on the failure state and path dependent nature of material
behavior is clearly demonstrated by comparing the results from the simulations for Type 1 and
Type 2 loadings. The failure stresses derived in Type 1 loading path are significantly higher than
those in Type 2. The clear difference in the ability of the material to sustain loads is attributed to
the difference in the loading-paths. While it is apparent that failure criteria that ignore the effect
of intermediate principal stress cannot adequately predict the failure behavior, it is also evident,

from these results, that even the most general form of failure criteria defined in terms of stress

tensor F(Gij)=OWi|| not be able to sufficiently describe failure behavior of the material. A

successful failure criterion needs to consider the stress-path rather than only the stress state and
failure criteria that need to evolve with loading path need to be conceived. The predicted effect of
loading path is significant as the relative difference between failure-stresses derived from the two
paths can reach up to 50%. Failure states for both the loading types in octahedral stress space are
also presented in Figure 4.4. As it was clearly seen from Figure 4.2c, in both loading paths the
normal component of octahedral stress increases during the loading process. But the evolution of
tangential octahedral stress is qualitatively different in the two loading types. In Type 2 loading,
immediately with the start of loading process tangential component of octahedral stress begins to
increase. In contrast, in loading of Type 1 during the hydrostatic confinement, octahedral

tangential stress is absent. From Figure 4.4 it is clear that at failure both components of octahedral
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stress are significantly higher (up to 30%) in Type 1 loading compared to Type 2 loading. This
shows that the failure criteria defined in octahedral stress space are also inadequate for predicting
failure state (see for example [124]). Clearly, the application of initial confinement has the effect

of shifting and enlarging the failure surface as briefly introduced in Chapter 3.
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Figure 4.4 Failure stress state in octahedral plane for different values of minimum principal stress, o, for
the two loading types (a) Type 1 and (b) Type 2

4.3.2 Macro-scale failure analysis

To understand the failure behavior under different loading paths, it is useful to examine the macro-
scale failure mechanisms. To illustrate the failure mechanism three loading paths corresponding
to three confining stress conditions are selected for each loading type. For the Type 1 loading,
three values of confining stress are considered a) unconfined case: ocont = 0.0 MPa, b) moderately
confined case: ocont = 4.0 MPa, and c) highly confined case: ocont = 20.0 MPa. For each of these
three confining stresses, three cases of intermediate principal stress are considered as follows: 1)

03 =02<01, 2) 63 <02 <oy, and 3) 63 < o2 =o1. The resulting 9 cases are labeled al to a3, bl to
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b3 and cl to c3. For comparison, the Type 2 loading paths that correspond to the failure stress
conditions for these 9 cases are also studied.

The failure mechanism at the macro-scale can be investigated by considering the evolution of
eigenvalues of the symmetric part of the 6x6 tangent stiffness matrix. The eigenvalues represent
the six Kelvin deformation modes [85, 125, 126]. Since the macro-scale failure is defined by
singular tangent stiffness matrix, it is characterized by the vanishing of one of the eigenvalues.
Figures 4.5 and 4.6 present the evolution of all the eigenvalues of the tangent stiffness matrix

during loading for all the aforementioned cases until failure point is reached.
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Figure 4.5 Evolution of normalized eigenvalues of the tangent stiffness tensor during the application of the
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For the numerical calculations performed here, the failure point is defined as the point at which
one of the eigenvalues is equal or less than 0.001 times the corresponding eigenvalue of the initial

tangent stiffness matrix.
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Figure 4.6 Evolution of normalized eigenvalues of thels%[h‘]:‘r:ess tensor during the application of the 9 loading
cases (al-c3) in Type 2 loading until failure
In Figures 4.5 and 4.6, the eigenvalues have been normalized by three times the initial bulk
modulus of the material, which is same as the highest eigenvalue in the unloaded state. To further
facilitate the comparisons, the maximum principal stress (shown in horizontal axis) is also
normalized by the uniaxial compressive strength (fc). The three eigenvalues in the unloaded

isotropic state for all the cases represent the dilatational and shear modes in a descending order.

The two shear modes are related by a factor of 2. For Type 1 loading, the initial maximum
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normalized eigenvalues for cases b and ¢ (Figure 4.5) are larger than 1 as the material in these two
cases have been subjected initial hydrostatic loading and as a result the stiffness has increased. For
Type 2 loading, in all cases, the initial maximum normalized eigenvalue of the stiffness tensor start
from 1 since no initial confinement is applied on the material. As the loading progresses, the
number of independent eigenvalues increase in all the cases as the material suffers loading induced
anisotropy.

An examination of the graphs shows that the number of independent eigenvalues clearly depends
upon the loading path. It is noteworthy that the largest eigenvalue representing the dilatational
model shows an increase (except in cases al of Figure 4.5, and al and bl of Figure 4.6) which
indicates hardening due to increasing mean or octahedral normal stress and may represent an initial
material volume contraction followed by volume dilation. In most cases for low confinement and
small intermediate principal stress, the failure is controlled by a shear mode (see Figures 4.5al-a3
and 4.5b1-b2, Figures 4.6al-a3, b1-b2 and c1-c2) which tends to agree with the shear plane failure
observed in laboratory tests. However, for simulations with higher confinement and intermediate
principal stress, the modes tend to be mixed as almost all eigenvalues tend towards failure criterion

at the same step.

4.3.3 Micro-scale behavior; load-bearing and failure mechanisms

The difference in results from two loading paths is captured automatically in the method of
granular micromechanics. Grain-pair interactions in different directions go through different
loading histories based upon their directions and the macroscopic loading path. This accompanied
by the nonlinear nature of the grain-pair interaction force laws and the possibility of loading-

unloading-reloading switch, results in path dependent macroscopic response from the material. At
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any point during the loading process, the state of grain-pair interaction in any direction directly
depends upon its loading history. In Figure 4.7, the evolutions of normal and tangential forces
(vertical axes) are presented versus the normalized value of maximum principal stress. Columns
1 and 2 present normal component of force, and columns 3 and 4 show the tangential component
of force for different polar angles (6) for the cases where o622 = 633 (cases al, b1 and c1 for Type 1
and 2 loading paths). Since the loading is axis-symmetric in this case, the behaviors of grain-pairs
oriented in different azimuthal directions (¢) are same. Thus only curves giving the evolution of

forces in the polar angles (different 6) are presented.
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Figure 4.7 Normal and tangential components of forces for different polar angles in loadings of Type 1 (first
and third columns) and Type 2 (second and fourth columns) for cases where the minimum principal stresses
are 0 (case al, first row), 4 MPa (case b1, second row), and 20 MPa (case c1, third row)

From Figure 4.7, it can be observed that for the case of zero minor principal stress (set of curves
in top row) both Type 1 and 2 behaviors are identical since the initial conditions are the same. In
contrast, for cases with non-zero minor principal stress, all the directions are initially under
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compression for Type 1 loading, while for Type 2 loading the initial normal forces are zero. As
loading progresses, the grain-pairs oriented in the direction of loading experience compression and
those inclined in the direction perpendicular to loading experience unloading for Type 1 loading
and tension for Type 2 loading. In addition, grain-pairs oriented in the intermediate directions
which are under compression in early part of the loading, at some point, due to the macroscopic
dilation, go through unloading and eventually experience tension. The effect of normal component
on the tangential component of force vector can be readily seen by examining the tangential force
curves. Itis seen that the tangential force components for directions which are under compression
are significantly higher than those of the tensile directions.

Also, the grain-pairs which are initially under compression and go through compressive unloading
and finally become tensile, exhibit change of stiffness in tangential direction. For loading with
non-zero minor principal stress, since all directions are initially under compression for Type 1
loading, their unloading and tensile failure in the normal direction as well as shear failure are
delayed in comparison to the Type 2 loading. This difference in the micro-scale distribution and
evolution of grain-pair behavior eventually results in considerably stiffer behavior with higher
failure strength for Type 1 loading compared to Type 2 loading. In addition to the macroscopic
strength behavior, the discontinuities observed in the eigenvalues of stiffness matrices shown in
Figures 4.5 and 4.6 correspond to the tensile grain-pair failures. When the grain-pair interactions
that are undergoing tension fail, they cause minor instabilities in the macroscopic response of the
material which manifest as discontinuities in eigenvalues of the stiffness tensor.

Similar micro-scale analysis is performed for other loading cases (with different relative values of
minimum, intermediate, and maximum principal stress components) to understand the load bearing

and failure mechanisms of the material and their load path dependence. Here the evolution of
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normal and tangential components of inter-granular force vectors for other cases that were
simulated, which include cases a2, a3, b2, b3, c2, and c3 for both loading types 1 and 2 are
described. Analysis of the evolution of force vectors for these cases is different from those for the
axisymmetric cases (al, b1, and c1). Inthese loading cases, the lateral components of stress tensor
(o022 and o33) are not equal and thus loading is not axis-symmetric. So the behavior of grain-pair
interactions in different directions inside the 2-3 plane will not be identical. For this reason, study
of the behavior of grain-pair interactions in different azimuth directions is also required.

In loading of Type 1, case a2, the material is first loaded, in biaxial direction until 611 = 622 = 30
MPa and is then loaded uniaxially in 11 direction until failure (loading path for which the
eigenvalue behavior is shown in Figure 4.5.a2). Loading of Type 2, case a2, also corresponds to
a loading path in which o33 is always kept at zero while 622 and c11 are increasing linearly but with
different increments (The evolution of eigenvalues of the stiffness tensor for this simulation is
shown in Figure 4.6.a2). In Figure 4.8, the evolution of normal and tangential components of
inter-granular force vectors in different directions are presented for loading of case a2, in both
Type 1 and 2. Note that the grain-pair interactions for which the azimuth angle (¢) is 0°, 45°, and
90° are chosen and shown in, the first row (Figure 4.8.a-d), the second row (Figure 4.8.e-h), and
the third row (Figure 4.8.i-I) respectively. Note that the same numbering scheme is used for all
figures in this section (Figure 4.8 through 4.13).

For Type 1 loading, it is seen that for the grain interactions where ¢ = 0 (grain-pair interactions
lying on the 1-2 plane), during the loading sequence where 611 = 622 normal components of force
are all equal and tangential components are zero. Also, these directions always remain
compressive through loading and never experience any unloading or tension and thus their

tangential force components are also monotonically increasing because the amount of compressive
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force on them is always increasing (See Eq. 3.38 for the dependence of the tangential damage

parameter on normal displacement component).
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Figure 4.8 Normal and tangential components of forces for different polar angles in loadings of Type 1 and
Type 2 in azimuth angles of 0, 45, and 90 degrees (first, second and third rows respectively) for 63=0.0
MPa and 5,=30 MPa

In other azimuth directions however (45° and 90°), some polar angles are experiencing

compressive loading and consequently high tangential forces, while other directions experience

compressive unloading and even tensile loading and consequently smaller tangential force and

tangential strength. In this case also, it is seen that the discontinuities present in the eigenvalues

of the stiffness tensor (seen in Figure 4.5.a2 and Figure 4.6.a2) correspond to failures of the

tangential contacts. It is interesting to note that the results for the two types of loading (Type 1

and 2) are just marginally different (1% difference in the failure stress is seen). This similarity in
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the in the microscopic scale is reflected in the macroscopic stress conditions. For this case, neither
of the two loading paths have an initial confining stage.

In loading of Type 1 and 2, case a3, the specimen is loaded biaxially (o1 = o2) until failure is
reached without any initial confinement. Note that this loading scheme is identical for both types
1 and 2. The normal and tangential components of force vector for different directions are

presented in Figure 4.9.
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Figure 4.9 Normal and tangential components of forces for different polar angles in loadings of Type 1 and
Type 2 in azimuth angles of 0, 45, and 90 degrees (first, second and third rows respectively) for 63=0.0
MPa and 6,=60 MPa

Considering the macroscopic stress tensor in this condition, it is evident that all grain-pair
interactions that lye in the ¢ = 0 plane will have the same amount of normal force and thus no
tangential force will develop in that direction. In other azimuth directions, some polar directions

are always under compression while others experience unloading and eventually tension. The

85



effect of this change of normal force is seen in the tangential force as well. Again, note that the

discontinuities in the eigenvalues of the stiffness matrix (Figure 4.5a3 and Figure 4.6a3) coincide

with the failure of tensile contacts.

Same comparison has been made for cases b and ¢ (cconf = 4 MPa and cconf = 20 MPa). Normal

and tangential components of force vectors for case b2 are shown in Figure 4.10.(a), (e), (i) and

Figure 4.10.(c), (j), and (k), respectively for Type 1 loading. And for the corresponding Type 2

loading the force evolution is given in Figure 4.10. (b), (f), (j) and Figure 4.10. (d), (h), and (I)

respectively.
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Figure 4.10 Normal and tangential components of forces for different polar angles in loadings of Type 1
and Type 2 in azimuth angles of 0, 45, and 90 degrees (first, second and third rows respectively) for 63=4.0

MPa and c,=44 MPa
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In this case, it is seen that, the results from the two loading types are significantly different. The
Type 1 is characterized by an initial confinement, while for Type 2 loading there is a monotonic
increase of all components of principal stress simultaneously but with different increments in
different directions. This difference results in significant qualitative and quantitative differences
between the microscopic responses of the material to the two loading types.

In loading of Type 1, after the initial hydrostatic pressure and during the biaxial loading, normal
contacts in the directions where ¢ = 0 experience the same amount of normal force (biaxial loading
o11 = o22) and zero tangential force. In the subsequent loading sequence, these directions always
experience compressive loading and the tangential forces are always increasing. In other azimuth
directions (¢ =45° and 90°) however, some polar directions experience further compression and
some undergo compressive unloading and eventually tensile loading and failure. In loadings of
Type 2, however, no hydrostatic confinement or biaxial loading is applied. The three components
of stress are always increasing and with different increments. Thus normal components of force
vector in all directions evolve differently. Some only experience compressive loading (such as
those in the azimuth direction of ¢ = 0) while others experience compressive unloading and tensile
loading as well. In the planes for which ¢ = 45° and 90° all these different cases can be found.
The effects of these different loading stages exhibit themselves in the tangential components of
force vectors too. So it is seen that in this case, loading of Type 2 results in failure significantly
earlier than Type 1. The underlying reason is the change in the behavior of grain-pair interactions
due to the presence or lack of hydrostatic and biaxial loading stages.

In simulation for case b3, the normal and tangential components of inter-granular forces for Type

1 loading have been presented in Figure 4.11.(a), (e), (i) and Figure 4.11.(c), (g), and (k)
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respectively. And for the corresponding Type 2 loading, the forces are given in Figure 4.11.(b),

(), () and Figure 4.11.(d), (h), and (I) respectively.
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Figure 4.11 Normal and tangential components of forces for different polar angles in loadings of Type 1

and Type 2 in azimuth angles of 0, 45, and 90 degrees (first, second and third rows respectively) for 63=4.0
MPa and 5,=84 MPa

In this case in both loading types (Type 1 and Type 2) and during the whole loading stage, the two

horizontal components of stress are equal, 62 = 63. So in the directions where ¢ = 0 the normal

force components are all equal and compressive and no tangential components in the inter-granular

force vector develops. However in other two azimuth directions (¢ =45° and 90°), the grain-pair

that are more inclined to the vertical direction are compressive while those inclined towards the

horizontal direction experience unloading and eventually tension. The effect of the qualitative and
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quantitative change of normal response on the tangential response can also be seen in the evolution
of tangential components of force.

Same analyses have been done for the cases where minimum principal stress is 20 MPa and the
results for both loading types are presented in the following graphs. Figure 4.12 presents the forces
for the case where at failure 63 < 62 < 61 (Case c2) while Figure 4.13 shows the results for the case

where 63 < 62 = o1 (Case c3).
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Figure 4.12 Normal and tangential components of forces for different polar angles in loadings of Type 1
and Type 2 in azimuth angles of 0, 45, and 90 degrees (first, second and third rows respectively) for 6s=20
MPa and 6,=85 MPa

The results in Figures 4.12 and 4.13 are similar to Figures 4.10 and 4.11 respectively. The only
difference is that in Figures 4.12 and 4.13 the confinement is equal to 20 MPa (for Type 1) while

in Figures 4.10 and 4.11 it is 4 MPa. This in turn plays an important role in the large difference
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between the failure stresses for the two loading types. Since in loadings of Type 1 the material
has experienced a relatively large amount of confinement (20 MPa) and this is missing in Type 2,
loading of Type 1 results in a much higher failure stress compared to Type 2 (See Figure 4.12 and

4.13, and also Figure 4.3 for the stark difference between the failure stress state in the two loading

paths)
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Figure 4.13 Normal and tangential components of forces for different polar angles in loadings of Type 1
and Type 2 in azimuth angles of 0, 45, and 90 degrees (first, second and third rows respectively) for 6s=20
MPa and 6,=160 MPa

Note that in these two cases, there is a significant part of the loading process for which in loading
of Type 1, no tangential force is developed in any direction, while in Type 2 the tangential forces

develop from the very beginning of the loading procedure. This contributes to a higher strength

for Type 1, because tangential force components will fail later. Further, in loadings of Type 1,
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most of grain-pair interactions remain compressive or go through unloading very late in the loading
process. While in Type 2, from the beginning, there are many grain-pair interactions that go
through tensile loading and will natural fail very early. The additive effect of these two
mechanisms (normal and tangential) contribute to a much higher failure strength in Type 1

compared to Type 2 (72% increase in failure strength in case c2 and 62% increase in case c3).

4.3.4 Localized failure and fault angle

The orientation of macro-scale failure plane, known as fault angle, can be investigated by
considering the localized failure that manifest as discontinuities in the displacement gradient field
leading to localization of weakened discontinuities within the material [29]. To evaluate the

localized failure it is necessary to calculate the localization matrix (also known as the acoustic

tensor) for all generic directions within the material. Localization matrix,I';; , is the matrix derived

ji o
from contracting the tangent stiffness tensor with the normal vector.

Fjl = Cijkl nn (4.1)

It is clear that the acoustic tensor is calculated for a given direction, characterized by its unit normal
vector, ni. The material is said to have reached the state of localized failure when the minimum
eigenvalue of its localization tensor for a given direction vanishes. The key benefit of evaluating
localization failure is that the localization tensor is a function of the direction, unlike the stiffness
tensor which is a property of the material point. Singularity of localization matrix of a given
direction implies that failure has localized on that particular plane. For consistency with
experimental measurements of failure planes, we call the polar angle between the failure plane’s

normal vector and the o1-direction the fault angle and denote it by «, as depicted in Figure 10.
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Figure 4.14 Directions of principal Stress components and the fault angle

It is known that for traditional Mohr-Coulomb criterion the failure direction is given as 45°+¢/2,
where ¢ is the friction angle of the material. However, experimental studies show that for different
stress states at failure, failure plane directions vary significantly and are not a constant material

property [97, 112, 127, 128]. Moreover, even in the general case of failure envelopes defined in
the tangential-normal stress plane (F(a,r) =0), although the fault angle is not prescribed by the

friction angle of the material, it is still only a function of the maximum and minimum principal
stress components (as it can be inferred from Figure 4.1).

In the method of granular micromechanics presented here, the macro-scale localized failure is
determined by the overall cooperative and competitive grain-scale mechanisms which depend on
all components of the macroscopic stress tensor. For this reason, failure plane depends on both
the stress conditions and the loading path. Variation of fault angle versus the intermediate principal
stress for all the simulations with Type 1 loading is given in Figure 4.15a. Different sets of data

points in figure 4.15a belong to different values of minimum principal stress, os.
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Figure 4.15 The variation of fault angle versus the intermediate principle stress for different values of
confining stress in loadings of Type 1. (b) The determinant of the acoustic tensor versus directions for

Type 1 loading with different values of 0,, =033 =0

It is seen that the fault angle, a, changes within a large interval of 24° to 58° by changing the
loading conditions in Type 1. By increasing the amount of minimum principal stress, o3, the fault
angle decreases significantly. For the two limiting cases where the intermediate principal stress,
o2, i1s equal to the minimum principal stress (cases al, bl and c1), and also, where it is equal to the
maximum principal stress (cases a3, b3 and c3) the following two linear relationships are found
relating the fault angle to the intermediate principal stress

a =-150,+55.2,
a=-0.340,+76.4,

where o, =0, 4.2)

where o, =0,

Further, fault angle is seen to depend not only on the minimum principal stress, a3, but also on the
intermediate principal stress o2. For a constant confining pressure, the value of the fault angle
generally decreases by increasing the amount of intermediate principal stress, however, a
completely uniform trend is not seen here. In simulations with zero or small confining pressure,

fault angle does not change much by changing o2 while in higher confinements it decreases by
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increasing o2. Results from experiments on siltstone by Haimson and Rudnicki [112] show also
decreasing fault angle by increasing o3. However they report increasing fault angle by increasing
the intermediate principal stress o> which is in contradiction with the present results.

It should be noted that minimum principal stress, o3, and the intermediate principal stress, a2, both
lie in the lateral direction and increasing them will result in higher mean stress. Now the fault
angle, a, is defined as the angle between normal to the failure plane and the vertical direction. So
it is not measured with respect to any of the two horizontal directions, 2 or 3. Thus it seems
reasonable that the effects of the two lateral components of stress on fault angle, o, are qualitatively
similar. Increasing both of the lateral components of stress leads to decrease in the fault angle (as
seen in Figure 4.153).

Figure 4.15b shows the determinant of acoustic tensor (normalized with its maximum value for
each particular simulation), in the vertical axis versus direction in the horizontal axis. The cases
that are reported here include results from loadings of Type 1, with all different values of confining
pressure, oconf, aNd o2 = 03 = ocont. Different curves correspond to different values of minimum
and intermediate principal stress. It is observed that the polar angle corresponding to the direction
at which the determinant of the acoustic tensor becomes zero shifts from larger values (~60) to
smaller values (~25). For the cases with small confinement, the determinants of the acoustic tensor
are largest in the horizontal directions. While for the cases where confinement is high, determinant
of the acoustic tensor in vertical directions are highest. The localized failure is given by the lowest
point of the curve, which represent the numerical value that was associated with failure as
discussed in section 4.3.2. It is noteworthy that failure at low confinement is characterized by
large fault angle which will manifest itself as shear bands. On the other hand, failure at high

confinement is characterized by shallow fault angle and will manifest a combination of compaction
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and shear bands. The distinction between these two different mechanisms is a macroscopic one

[129, 130].

However, the shift from failure due to the formation of shear band to mixed

compaction or shallow shear bands can be understood from micro-scale mechanisms using the

study of grain-pair force distributions. The hardening mechanism implemented in the tangential

behavior of grain-pair interactions at high confinement (through the definition of By in Eq. 3.38)

ensures that the failure is only partly determined by shearing mechanism.

The eigenvalues of the acoustic tensor at the failure point for loadings of Type 1 with o2 = 03 =

ocont have been shown in Figure 4.16 for confinement stress of 0, 4, 18, and 20 MPa. The three

eigenvalues correspond to one dilatational mode (labeled as P in Figure 4.16) and two shear mode

(labeled as S in Figure 4.16).
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It is seen that in cases where confinement is low (Figure 4.16a and b), the eigenvalues
corresponding to the shear mode are lower and responsible for failure and determination of the
localized failure direction. However, in cases with high confinement (Figure 4.16¢ and d), the

smaller eigenvalue corresponds to dilatational mode which controls the localized failure.

4.3.5 Fault angle with Matsouka-Nakai criterion

An alternative approach for determining the fault angle as a function of the principal stress

components is through the Matsouka-Nakai failure criterion [131] defined as

F(aﬁ:ﬁ—KM v=0;  where K, ,=9+8tan’¢ (4.3)

I, -
where 11, I2, and I3 are the first, second, and third invariants of stress tensor respectively and ¢ is
the internal friction angle. Using this criterion along with the well-known equation for fault angle,
a=45°+¢/2, it is possible to derive the direction of failure plane. It is noteworthy that in Matsouka-
Nakai method also since the failure criterion is a function of all the invariants of stress tensor,
failure state and the failure direction are functions of all the three principal stresses, which is in
contrast with other traditional criteria which neglect the effect of intermediate principal stress. The
internal friction angle, ¢, relevant to the Matsouka-Nakai failure criterion was calculated using Eq.
4.3 and the failure stress states obtained from all our simulations. Figure 4.17 shows the resultant
fault angle as a function of the intermediate principal stress derived from Matsouka-Nakai

criterion.
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Figure 4.17 Fault angle versus intermediate principal stress for different values of minimum principal stress
for loadings of Type 1 (a) and Type 2 (b), derived using Matsouka-Nakai criterion

From Figure 4.17 it is observed that the failure directions for both loading scenarios are similar
although the stress values at failure for the two loading types, Type 1 and Type 2, are significantly
different. Again it is seen that linear relationships between the fault angle and the intermediate
principal stress can be found for the limiting cases. The equations provided in Figure 4.17 for
these limiting cases are not identical solely due to differences in the failure stress components, but
the values of the fault angles in two loading types derived with Matsouka-Nakai method are
identical. Results from application of Matsouka-Nakai criterion show that the fault angle
decreases significantly by increasing the minimum principal stress. Contrary to the results from
the present method, fault angle is increasing by increasing the intermediate principal stress for the
constant minor principal stress. Furthermore, this criterion predicts far larger fault angles than

those determined by the present method in Figure 4.15a.
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4.4 Summary and Conclusions

Thermo-mechanics based granular micromechanics formulation for the constitutive relationships
of cementitious materials is applied to study the failure behavior of rock-like cemented granular
materials under true triaxial loading condition. A wide range of simulations are performed under
the true triaxial loading conditions designed such that they represent the model’s ability to capture
the effect of intermediate principal stress and the loading path on the failure behavior.

For a given loading path, maximum principal stress at failure is clearly seen to depend upon, in
addition to the minimum principal stress, the intermediate principal stress component. As
expected, maximum principal stress increases with increasing the minimum principal stress
component. Moreover, it is shown that by increasing the intermediate principal stress, the
maximum principal stress will also change, which is in contrast with traditional failure criteria
defining failure as a function of the normal and tangential components of stress on a failure plane.
It is observed, in the results of the present model, that by increasing the intermediate component
of principal stress the maximum principal stress at failure increases, reaches a peak value, and then
decreases. This result is seen to conform very well to the recent experimental results.

Path dependent nature of the material response to loading is also demonstrated in the failure
behavior through simulations performed for two types of loading paths. Loadings of Type 1, in
which an initial hydrostatic confinement is applied on the material, lead to higher strength from
the material and higher maximum principal stress at failure compared to loadings of Type 2 where
all principal stress components are increased simultaneously but with different increments. The
macro-scale failure mechanism is investigated by considering the evolution of eigenvalues of the
symmetric part of the 6x6 tangent stiffness matrix which indicate the Kelvin deformation mode(s)

at failure. For low confinement and small intermediate principal stress, the failure is controlled by
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a shear mode. In comparison, for simulations at higher confinement and larger intermediate
principal stress, the modes tend to be mixed as almost all eigenvalues tend towards failure criterion
at the same step.

Evolution of normal and tangential components of inter-granular force vectors is presented and it
is seen that the two loading types result in different behavior in grain interactions in different
directions. Grain-pair interactions in different directions go through different loading history due
to their orientation and also the stress state applied on the material. Most notably, the presence
and lack of initial hydrostatic confinement (as seen in loadings of Type 1 and 2 respectively) plays
a significant role in defining the failure stress state. The effect of confinement, in the micro-scale,
is characterized by compressive hardening in normal direction and zero force in the tangential
direction. Cumulative effect of these two factors ultimately results in a much higher failure stress
compared to the cases that lack initial confinement. To a smaller degree, the presence of biaxial
loading phase (with equal increments in the two directions), has similar effect. Overall, it is seen
that the interactions between grains in different directions provides a useful insight to the failure
from a microscopic view.

Direction of failure plane is also studied and it is seen that the fault angle also depends on all
component of the principal stress. By changing the stress state at failure, fault angle varies in the
interval of 24° to 58° for loading of Type 1. In particular, it is seen that the fault angle decreases
significantly by increasing the minimum principal stress in both loading types. It is also seen in
loading of Type 1 that the fault angle decreases with increasing the intermediate principal stress.
The reason is that both the minimum and intermediate principal stress components are in the
horizontal direction and lie in the plane perpendicular to the direction of application of axial

loading. Thus increasing both horizontal components of principal stress (which leads to increasing
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the lateral confinement) leads eventually to smaller fault angle. The eigenvalue analysis of the
localization tensor shows change in the macro-scale failure mechanism from shear dominated at
low confinement to a mixture of shear and compaction at higher confinement, which agrees with
the decreasing fault angle. Similar transitions from shear to compaction bands have been observed
experimentally in true triaxial tests on rock samples.

In general, based on the results presented here, it is concluded that failure criteria in the traditional
form, defining failure as a function of the stress state, are not sufficient for reliably evaluating
failure state of the material. A given stress state might be a failure stress state in a given loading
path leading to that state, while another loading path reaching that same stress state might not result
in failure. Failure is a gradual process that happens through the loading process. Stress-state at
any time during the loading cannot be used to evaluate whether the material has failed at that point.
Rather, it is the path of loading leading to that particular stress-state which may or may not cause

failure.
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5 GRAIN SIZE EFFECT USING GRANULAR MICROMECHANICS

5.1 Introduction

The motivation to develop the method of granular micromechanics is to have a material model for
modeling the behavior of a continuum while incorporating effects from micro- (grain-) scale. In
this approach, the main advantage stems from the fact that the macroscopic response of the material
is derived based on the behavior of the grain-pair interactions in all different directions within the
material point [43, 96]. This results in implementing the differences in the behavior of grain-pair
interactions in different directions, in both the initial state and also during the loading procedure
and affected by the loading history, into the macroscopic behavior in an automatic manner.

But in addition to this, the fact that the macroscopic behavior is derived from interactions between
grains, makes the method particularly powerful in representing the effects of material’s
microstructure into the continuum model. One of the most important microstructural properties of
the materials is grain size [132]. The effects of grain size on the macroscopic behavior of
materials, especially cementitious and rock-like materials, has been studied extensively [133-138].
Recently, Yin et al devised an approach for implementing grain size effect into the macroscopic
behavior of the material by incorporating its effect into the micromechanical properties of grains
[139].

In this chapter, the nonlinear damage-plasticity granular micromechanics model has been

enhanced by implementing the effects of grain size into the material model from a grain-scale
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viewpoint. The effects of grain size has been implemented on the grain-scale properties, including
intergranular contact length, inter-granular stiffness coefficients in both normal and tangential
directions, inter-granular strengths in both normal and tangential directions, and also the volume
density of grain-pair interactions. Implementing these effects into the material model,

macroscopic behavior of the material has been derived as a function of grain size.

5.2 Scaling laws for grain-size effect

The objective of this section is to incorporate the effect of size of grains within the material point
in the modeling procedure. The granular micromechanics approach used for this study, is the one
that was formulated and calibrated in Chapter 3. In order to include the effects of grains sizes in
the formulation, let us consider two grain assemblies with average grain sizes of d; and d2. The
two assemblies are assumed to be similar otherwise; meaning that properties of contacts and grains

are the same for the two assemblies. In this case, it is reasonable to assume that

d,
L, =1, (d_l] (5.1)

It should be noted that the volume density of grain-pair interactions in the RVE will also be

changed by changing grain size in the following manner

e o fd)Y
p2=p1[—2j (52)
dl

where a is a numerical parameter that can be different for different problems and will also depend

on the number of dimensions of the problem (whether the problem isin 1, 2, or 3 dimensions) and

also geometry of the grains [136]. In any case, it is evident that the value of the parameter should
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be negative. Further in order to incorporate the effects of grain-size on the material behavior, the
initial inter-granular stiffens coefficients are assumed to depend on the grain-size as

6 Y 6 Y
O RN CRRCN S 3
where £ is a numerical parameter that shows how the inter-granular stiffness coefficients depend
on grain-size. Considering size-effect law [136], it is evident that value £ should also be negative.
It should be noted that in this equation the subscripts 1 and 2 refer to the number of grain assembly
only.
We should also note that by changing the grain size, the relative displacement between neighbor

grains will also change due to the change in the magnitude of branch vector, |, as seen from Eq.

5.1. So the model parameters that represent the position, in displacement axis, where the force
reaches its peak (See the definition of damage parameters given in Chapter 3) should also change.

Thus the following size-effect relationships are proposed.

dZ d2 ’

ORI ECRRCRI T R CRRNCN E Ik 654

Now considering the relationship between different components of inter-granular force and
displacement vectors (Eg. 3.31) and the micro-scale size-effect relationships provided in Eq. 5.1
and 5.3, the normal and tangential components of inter-granular force vectors can be shown to

follow this relationship

d p+1 d p+1
( 1En )2 = ( fn )1 (_Zj and ( fw)z :( fW)l (_Zj (5'5)

dl dl
In this manner, the microscopic measures of displacement, stiffness, and force have been modified
according to the grain size. Thus the resulting macroscopic measures of stiffness, Cijx, and stress,
oij, Will be changed automatically. Substituting Eq. 5.1, 5.2, 5.3, and 5.5 into the relationships for
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stress and stiffness tensors (Eq. 3.43 and 3.45) the size-effect relationships for stiffness tensor and

stress tensor will be derived as

d 2+a+p d 2+a+p
(S~ (el (&) 5 (@), =) (%] )

It should, however, be noted that the relationships in Eg. 5.6 are only valid for the undamaged state
of the material. In addition, if the linear material model discussed in Chapter 2 is implemented,
the proportional relationships given in Eq. 5.6 would be applicable. But in the case of the nonlinear
damage-plasticity model that is used here for modeling cementitious and rock-like materials, the
change of damage parameter as a function of grain size (given in Eqg. 5.4) will create more
complicated changes in the macroscopic behavior of the material. In fact this effect will be
enhanced by the change that is applied on the damage parameters in normal tension and
compression, as well as tangential direction. Nevertheless, in the initial stage, it is seen that, as
expected, the scaling effect of grain size on stress tensor is similar to that on stiffness tensor

components

5.3 Model calibration

Inspired by the experimental results presented in [132], multiple simulations of conventional
triaxial tests on cementitious materials have been performed. Samples with grains of different
sizes (ranging from 0.02 mm to 0.00001 mm) have been used in simulating triaxial compressive
tests with different initial confining pressures (0.0 MPa to 400.0 MPa). Note that the model
properties that were presented in Chapter 3, Table 3.1, belong to the specimen with grain size of

10 um = 0.01 mm. Size-effect parameters used in this study are shown in Table 5.1.
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Table 5.1 Size effect parameters used in this study

Size effect " B
Parameters v
value -1.2 -1.0 1.0

5.4 Results and Discussions

Using the constitutive model derived in Chapter 3 and model parameters presented in Tables 3.1
as well as the size effect parameters presented in Table 5.1, two well-known types of experiment
have been simulated on cementitious materials with different grain sizes. Triaxial compression
tests with different amounts of initial hydrostatic confinement have been first simulated for grain
sizes ranging from 0.02 mm to 0.00001 mm. Constant volume tests have also been performed on
the material with the given model parameters and with grain sizes ranging from 0.02 mm to 0.001

mm.

5.4.1 Triaxial compression results

A number of triaxial compressive tests on samples with different grain sizes have been simulated.
These experiments are performed in two steps, an initial hydrostatic confinement followed by a

deviatoric loading in the vertical direction. In the confinement step, a hydrostatic stress of desired

conf

value is applied incrementally to the specimen (011:022 =0y, =0, ) Afterwards in the

deviatoric loading step, keeping the values of the two horizontal components of stress
(0, and o,;) constant, loading proceeds in the vertical (1-1) direction.

It is well-known that by increasing the initial confinement, tangential stiffness and the failure stress

increase. In this study, it is intended to show, not only the effect of increase on initial confinement,
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but also that of grain-size change. In order to show the results more clearly, the results of the

triaxial compression simulations have been divided into two parts, small confinement and large

confinement. Figure 5.1 shows the evolution of the deviatoric stress, q=o0,, —o,,; , Versus &,

during the deviatoric loading process for triaxial experiments with 0.0, 5.0, and 20 MPa of initial

confinement, on grains of different sizes.
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Figure 5.1- Evolution of the deviatoric stress, q=011-622, during triaxial loading (application of €11) for initial
confining pressures of 0.0, 5.0, and 20.0 MPa for all grain sizes

The same set of results for triaxial compression tests with large amount, 50, 100, 200, and 400

MPa, of initial confinement are also presented in Figure 5.2.
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Figure 5.2 Evolution of the deviatoric stress, q=c11-G22, during triaxial loading (application of €11) for initial
confining pressures of 50, 100, 200, and 400 MPa for all grain sizes

In Figures 5.1 and 5.2, each graph presents the g-e11 curves for different values of initial

confinement. There are multiple points that can be inferred from the results. It is seen that
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simulations for all grain sizes show an increase of stiffness and also strength by increasing the
amount of initial hydrostatic confinement. This effect is seen for both large and small amounts of
confinement, though it is more obvious in higher confinements (Figure 5.2).

It is also interesting to note the shift that happens from “brittle” failure to “ductile” failure. It is
well-known that without changing grain sizes, by increasing the initial confinement, failure
transforms from brittle to ductile. In this context, brittle failure is characterized by an obvious
peak point in the stress-strain curve, i.e. failure point where the stiffness (slope of the stress-strain
curve) reaches zero. Whereas ductile failure is used to describe the nonlinear behavior for cases
in which the material has a yield point (i.e. a point of sudden significant reduction in stiffness),
followed by hardening behavior, with no apparent peak in the stress-strain curve. This transition
from brittle to ductile failure by increasing confinement has been observed previously for multiple
granular materials by different sets of experimental data [54] and also using the method of Granular
Micromechanics for grains of size 0.01 mm [56].

The results in this study, while confirming the above observation, show that this transition can take
place by reduction in the size of grains as well. It is seen, from both Figures 5.1 and 5.2, that
reduction of grains’ size results in transition of failure from a more brittle type to a more ductile
type. This effect is most obvious, by comparing the behavior after 20 MPa of confinement for
different grain sizes, in Figure 5.1. It is seen that for larger grain sizes (d >0.0001mm) an obvious
peak point exists in the stress-strain curves, representing a brittle behavior. While for smaller grain
sizes, the stress-strain curve shows only a yield point followed by strain-hardening.

It is also interesting to observe the evolution of failure points and yield points by changing the
grain-sizes. In Figure 5.3a, the evolution of the deviatoric stress component at failure for different

sizes in simulations with confinement values of smaller than or equal to 20 MPa have been
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presented. However, as it was stated before, for higher confinement values no obvious failure
point is observed. For these cases, Figure 5.3b presents the evolution of the deviatoric component

of stress at yield point for different sizes.
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Figure 5.3 Change of failure stress for lowly confined cases, Geont < 20 MPa, and yield stress for highly
confined cases, 6conf > 20 MPa by change of grain size

Note that the horizontal axis in these graphs present ]/ Ja . oItis interesting to note that both

failure points and yield points grow significantly with decreasing the grain size. Failurel/yield

points are seen to be changing in a proportional manner, with a very good approximation with
increasing 1//d . This is in agreement with the experimental observations such as [132].

In order to study the behavior of the material in the lateral directions (2 and 3), Figure 5.4 presents
the evolution of volumetric stress (&, = &; = &, +&,, + &5 ) during the deviatoric loading process.

It is seen here that triaxial tests with small amount of confinement result in a small period of
compaction (compressive volume strain) followed by dilation (tensile volume strain). As the
initial confinement increases the volumetric strain tends more and more toward compressive
region. This happens to the degree that for very large amounts of initial confinement, no dilation
is measured and the volume is always decreasing. However, here again the effect of grain size can
be observed readily. By decreasing the grain size, the volume strain tends significantly toward
tensile region. The effect is such that for the smallest grain size (d=0.00001 mm) the volume strain

is always tensile, regardless of the amount of initial confinement and no amount of initial
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confinement can force the material to experience dilation. So a specimen made from very small
grains, will always go through dilation in a triaxial compressive test, regardless of how large the

value of the initial hydrostatic confining pressure is.
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Figure 5.4 Evolution of volumetric strain during loading for all sizes and different initial confinement values
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In order to calculate the direction of failure localized failure is studied. At this stage the
displacement field still remains continuous, while the displacement gradient has become
discontinuous and stress concentration bands (compression band, dilation band, shear band, or a
combination of these) emerge within the material [29]. The nature and direction of these strain
localization bands depends on the properties of the material as well as the loading procedure. This
step of failure corresponds to singularity of the tangential localization tensor (See Chapter 4,
section 4.3.4 for a more detailed description on calculation of failure direction). As it was
mentioned before, the obvious advantage of the study of localized failure (i.e. loss of positive-
definiteness of the localization tensor) is that it deals with the localization tensor, which is uniquely
calculated for each direction within the material and it will thus predict the direction of the failure
plane (i.e. the so-called fault angle). For this purpose, the eigenvalues of the localization tensor at
failure state are calculated for every generic orientation. The orientation for which the eigenvalues
reaches zero earlier, is the direction of failure plane.

In Figure 5.5, the eigenvalues of the acoustic tensor belonging to different directions are shown at
failure state. The results belonging to grain sizes of 0.02 mm, 0.002 mm, 0.0002 mm, and 0.00002
mm are presented in first, second, third, and fourth rows of Figure 5.5, respectively. It is important
to note that only for triaxial tests with confinements of 0.0, 5.0 and 20 MPa a clear failure point
(peak in the stress-strain curve) was observed. For this reason, the results presented here also
include triaxial compression tests with 0.0, 5.0, and 20 MPa of confinement (First, third, and
second columns in Figure 5.5, respectively).

The eigenvalues of the localization tensor (acoustic tensor) correspond to one longitudinal wave
(P wave) and two shear waves (S waves) [140]. It is seen, from Figure 5.5, that in all these

experiments, the eigenvalue that reaches zero earlier belongs to the shear component of the
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acoustic tensor. This implies that for conventional triaxial tests, failure will consist of formation

of shear bands.
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Figure 5.5 Eigenvalues of the acoustic tensor at failure state for different directions in triaxial experiments
with 0.0, 5.0, and 20 MPa initial confinement, on specimens with grains with size of 0.02, 0.002, 0.0002,
and 0.00002. The orientation of the failure plane (fault angle) is also shown for each case
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In addition, it is seen that increasing the confinement leads to decrease in the fault angle. This
result is also consistent with the observation made by an extensive set of experiments on rocks
where the fault angle is reported to decrease by increase of confinement in conventional triaxial
tests [112]. On the other hand, by decreasing the grains’ sizes, while keeping the amount of initial
hydrostatic confinement constant, it is seen that the fault angle increases significantly. So the grain
size is seen, not only to affect the strength of the material, but to control the direction of the failure
plane as well. In Figure 5.6 the change of direction of failure plane with change of grain size and

initial confinement is presented.

| 100 [} [} 10
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Figure 5.6 The effect of grain size on the direction of failure plane (Fault angle vs. 1/Nd)

Figure 5.6 presents the change of fault angle vs. 1/Vd. The three sets of data presented in this
figure present the fault angle for simulations with 0.0, 5.0, and 20 MPa of confinement. It is seen
clearly in this figure that for the case with no initial confinement, the fault angle for large grain
sizes is very close to 45°, implying pure shear band. However by reducing the grain size, the fault
angle increases up to ~60°, implying a failure plane that is more inclined toward the vertical
direction. This shows that by reducing the grain size failure mechanism shifts from complete shear
band to a combination of shear and dilation bands. Further, for the cases with some amount of
initial confinement, 5.0 and 20 MPa, fault angle for the largest grain size is much smaller than 45°,

implying a failure plane that is more inclined toward the horizontal direction. The fault angle is
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then increased up to about 60° by decreasing the grain sizes. It is thus seen that for cases with
some initial confinement the failure mechanism shifts from compression-shear band to dilation-

shear band by decreasing grain size.

5.4.2 Volume control test results

In order to further demonstrate the ability of the method to incorporate the effect of grain size on
the material behavior, volume control experiments are also simulated. This experiment is also
composed of two parts. First, a desired amount of hydrostatic confining stress is applied on the

specimen. This step is then followed by a completely strain control loading in the three principal

directions. Compressive strain increments, de,, , are applied in the vertical direction, while tensile

increments, d¢,, =d &, =a(dé,,), are applied on the two horizontal directions. Note that o is
negative constant.
In this step, the volumetric strain increment can be calculated as dg, =d&; =d &, (1+2a). So

the parameter a will directly control the value of volume change. A very common subset of

volume control tests is the constant volume test where a is kept equal to -0.5 resulting in no volume

change (dg =0) during the whole loading process. The results of these experiments are

v
commonly shown in the p-q (mean stress-deviatoric stress) plane. Figure 5.7 presents the g-p
graphs for the constant volume tests with initial hydrostatic confinements of 0.0, 5.0, and 20 MPa
and for grain sizes of 0.02 mm, 0.01 mm, 0.002 mm, and 0.001 mm. In all these cases it is seen
that during the first increments of loading, mean stress remains constant and then decreases (the
amount of reduction in mean stress increases with increase of initial confinement). The mean

stress then reaches a minimum and starts increasing. However the deviatoric stress, g, is increasing
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monotonically until failure. After failure in the vertical direction, the deviatoric stress will also

start decreasing.
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Figure 5.7 Evolution of deviatoric stress against the volumetric stress for constant volume tests after initial
confinements of 0.0, 5.0, and 20 MPa, on grain sizes of 0.02, 0.01, 0.002, and 0.001

The trend of change in the deviatoric and mean stress components are governed by the evolution
of vertical and lateral components. In Figure 5.8 the evolution of vertical and horizontal
components of stress for the above cases has been reported. It is interesting to note that the vertical
component of stress is always monotonically increasing from its initial value (the confining
pressure) until failure state is reached. The reason is that in this direction, the loading is always
compressive. However, the lateral directions which are loaded in tension, as expected, initially
undergo compressive unloading and even occasionally reach tensile region (note that the strain
controlled loading in the lateral direction is tensile). However, since the tensile strength is much

smaller than compressive strength, soon the grain-pair interactions in tensile direction fail and they
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also become compressive. Consequently the overall behavior of the material becomes more and

more compressive as well.
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Figure 5.8 Evolution of 611 and o2, against €11 for constant volume tests after initial confinements of 0.0,
5.0, and 20 MPa, on grain sizes of 0.02, 0.01, 0.002, and 0.001
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An important advantage of the present method is the fact that the macroscopic response is derived
by studying grain-pair interactions in all different directions separately. For this loading
procedure, in Figure 5.9, the evolution of normal and tangential components of intergranular force

vector for experiments with 0.0 and 20 MPa of confinement on grain size of 0.01mm has been

presented.
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Figure 5.9 Evolution of the normal and tangential components of intergranular force vectors in different
directions for simulations made on material with grain sizes of 0.01 and with confinements of 0.0 and 20
MPa

Note that these graphs present the evolution of the forces since the end of the initial confinement

and the beginning of the strain controlled deviatoric loading. For the case of non-confined
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experiment, normal components of intergranular force in all directions start at zero. In the

directions that are more inclined toward the lateral direction (2-2 and 3-3 directions) the grain-pair
interactions experience tension (since ¢,, and &,, have been applied in tension). These directions,

however, fail very early since the tensile strength is much smaller than the compressive strength.
On the other hand, the grain-pair interactions that are more inclined toward the vertical direction
are under strain controlled compressive loading and will continue carrying the displacement
without failing. The effect of the normal interaction on the tangential component of the force is
also seen by comparing the tangential components of force corresponding to compressive and
tensile grain-pair interactions (See Eq. 3.38 defining the damage parameter in the tangential
direction as a function of normal component of displacement).

For the case where some initial confinement has been applied on the material, as it is seen in Figure
5.9, the material remains isotropic in the confinement step. Grain-pair interactions in all directions
undergo same amount of normal force and displacement and zero tangential force and
displacement. By starting the strain controlled deviatoric loading process, grain-pair interactions
that are more inclined to the lateral directions (that are loaded in tension) will undergo compressive
unloading and finally lose all their compression. They will continue being loaded in tension and
finally fail in tension. However, the grain-pair interactions that are more inclined to the vertical
direction experience more compression and carry the compressive displacement without failing.
So it is seen that eventually and in both cases (confined and unconfined), after some point, tensile
interactions are failed and the behavior is governed fully by compressive grain-pair interactions.
The result of this micro-scale phenomenon can be seen in the evolution of macroscopic stress
components (shown in Figure 5.8). It is seen in Figure 5.8 that even the lateral components of

stress, 622 = o33, after a relatively small period of compressive unloading and occasionally a tensile
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loading, will become more and more compressive. The reason is that, as it was discussed before,
the tensile grain-pair interactions fail very quickly and they will not have any more contribution to
the macroscopic stress tensor.

In order to understand the failure mechanism, a study on the evolution of the eigenvalues of the
stiffness tensor for all these experiments is also performed. Figure 5.10 presents the evolution of
eigenvalues of the volume control tests with the three values of initial confinement of 0.0, 5.0, and
20 MPa and for grain sizes of 0.02 mm, 0.01 mm, 0.002 mm, and 0.001 mm vs. the axial
compressive strain. In the figure, the graphs in the first, second, third, and fourth row represent
results for grains sizes of 0.02, 0.01, 0.002, and 0.001 mm respectively. As expected, the initial
eigenvalues of the stiffness tensor increase by both, increasing the initial confinement and also
reduction of grain size. By the end of the hydrostatic confinement step and at the beginning of the
deviatoric loading, the material is still isotropic (because grain-pair interactions in all different
directions experience the same amount of normal force and displacement and no tangential force
or displacement). In this stage the stiffness tensor has only three distinct eigenvalues. One of
these eigenvalues (the largest one) belongs to the dilatational mode. The intermediate component
belongs to the deviatoric component in the normal direction and the smallest value (which is equal
to half of the deviatoric component) belongs to the shear (isochoric) component.

However, during the deviatoric loading process, it is clear that the loading is axisymmetric.
Because of the nonlinear force-displacement relationships used in this study, the normal and
tangential stiffness coefficients will change due to the displacement they experience. So the
loading will induce anisotropy into the material and the material will change into a transversely
isotropic material. For a description of the elastic properties and eigenvalues and eigenvectors of

the stiffness matrix of transversely isotropic materials see Appendix A.
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Figure 5.10 Evolution of the eigenvalues of the stiffness tensor against €11 for constant volume tests after
initial confinements of 0.0, 5.0, and 20 MPa, on grain sizes of 0.02, 0.01, 0.002, and 0.001

It is seen, from Figure 5.10, that at the beginning of the deviatoric loading process, the largest
eigenvalue is A1, which belongs to the dilatational model. While A4, which belongs to the shear
mode, is the smallest eigenvalue. However, during the loading process and due to the induced

anisotropy, the intermediate eigenvalue, A2, is decomposed into two distinct values, A2 and As.
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After very few steps of the loading, these two branches decrease very rapidly and are the ones that
will reach zero first. It is inferred that failure will be due to the combined action of dilatational
and deviatoric (shear) modes. This implies that failure consists of formation of shear-dilation or
shear-compression bands, rather than only shear bands in the 45° direction

It is seen, by close study of Figure 5.10, that all the eigenvalues decrease during the loading
process. Initially, the smallest eigenvalue belongs to the shear mode in the plane of rotational
symmetry (23 plane). However, as the loading proceeds, the eigenvalues corresponding to the
other shear term (in 12 plane) and deviatoric component also decrease very rapidly and tend toward
zero. So, itis concluded that in constant volume experiments, the failure is a combination of shear-

compression or shear-dilation bands.

5.5 Summary and Conclusions

The method of Granular Micromechanics for the damage-plasticity behavior of cementitious
materials, that was previously derived and validated in Chapter 3, has been expanded in the present
Chapter to incorporate the effects of grain size. Grain size effect has been implemented into the
modeling process from a micromechanical viewpoint.

The effects of grain size on the volume density of grain-pair interactions, relative displacement
between two neighbor grains, initial stiffness of the intergranular contact in normal and tangential
directions, and finally the damage parameters in normal and tangential directions have been
incorporated in the model by introduction of simple size-effect proportional laws. These
proportional laws are then incorporated into the macroscopic behavior through the developed

modeling procedure.
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The proposed model is then applied to simulate two different types of experiments. Triaxial
compressive tests and also volume control tests have been simulated for materials with different
grain sizes. It is seen that ultimately in all these cases, reduction of grain size, just like increasing
the initial confining pressure, results in an increase in the initial stiffness, increase in the failure
stress, increase in strain at failure, and a transition of failure from brittle to ductile type of failure.
Also the change of grain size is seen to change the direction of failure plane significantly.

It is seen that incorporating the effect of grain size on the macroscopic behavior of the material
from a microscopic viewpoint results in significant change in the behavior of grain-pair
interactions. This will in turn affect the macroscopic behavior of the material. It is seen that not
only the materials’ macroscopic stiffness and strength are affected by change of grain size, but the
failure plane direction and consequently the failure mechanism are also affected by change of grain
size. In the triaxial test with no initial confinement, failure in a material with large grain size is
mainly due to the formation of shear bands. Whereas decreasing the grain size results in a
significantly higher fault angle (failure plane more inclined to the vertical direction), implying the
formation of shear-dilation band. On the other hand, increasing the lateral confinement (by
increasing the amount of initial hydrostatic confinement) results in a smaller value of fault angle.
This implies that failure due to formation of shear-bands (for unconfined test) will be changed into
formation of shear-compression bands (for highly confined tests). In the volume control test,

however, failure is always in a combination of shear and dilatational modes.
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6 MODELING INHERENT ANISOTROPY USING GRANULAR
MICROMECHANICS

6.1 Introduction

Many materials show direction dependent response to loading or anisotropic behavior at macro-
scale. In the broadest scheme, the directional dependency of material behavior is categorized into
two major categories; namely inherent anisotropy and induced anisotropy. If the material shows
direction dependent response to loading from the initial unloaded state, it is said to have inherent
anisotropy. These include granular materials in which inter-granular mechanisms in different
directions are not same, multiphase materials and materials with micro-cracks and fissures [140-
145]. Directional dependent nature of materials response to loading is enhanced further by effect
of loading, even for initially (inherently) isotropic materials. As loading progresses and the
material is no longer in its initial unloaded state, different micro-scale mechanisms in different
directions lead to the evolution of material directional dependent behavior. These phenomena
include, but are not limited to, change of the inter-particle interactions, change in the shapes and
sizes of particles, change of surface properties, change of contacts, damage and fracture, pore
collapse, bond breakage, hardening or softening of the generally non-linear inter-particle behavior.
Accumulation of effects of these phenomena results in enhanced direction dependent behavior
which is usually referred to as induced anisotropy [47, 146-150].

For analyzing structures that are made of anisotropic granular materials, it is beneficial to use

material constitutive models that are derived by considering the microscopic properties. One of

124



the most promising approaches for predicting the behavior of this class of materials is using
micromechanical models where micro and macro scales are related to each other using a proper
set of assumptions with constitutive laws defined in microscopic scale. This allows for the
constitutive laws to represent more conveniently the directional properties of the material.

Other researchers have previously attempted to model anisotropic materials with similar methods,
particularly microplane model. Traditionally, efforts for modeling anisotropic materials were
through defining microscopic stiffness coefficients as functions of the direction of the contact [151,
152]. This approach was shown to be helpful for materials with less severe anisotropy and also
not general anisotropy. More recently, the spectral decomposition approach was presented [153]
which uses a spectral decomposition of stiffness tensor. Using this approach, it is possible to
model transversely isotropic and orthotropic materials, however the method has been unable to
model materials with higher level of anisotropy (namely materials with only one plane of elastic
symmetry and completely anisotropic materials with no elastic symmetry). The granular
micromechanics approach provides a feasible method for incorporating the influence of micro-
scale mechanisms into continuum models [18, 56, 154].

For modeling isotropic materials, the method uses two micro-scale stiffness coefficients, one for
the normal and one for the tangential direction. This is consistent with the number of independent
components in the stiffness tensor of isotropic materials (Lamé constants). In the extended
granular micromechanics model presented here, a directional density distribution function with
maximum 18 parameters has been introduced which accounts for the directional distribution of
number, length, and stiffness of grain-pair interactions. Further, in the most general case, 3
independent inter-granular stiffness coefficients (one for normal and two for the two tangential

directions) govern the inter-granular behavior of the material. Thus, in its most general case the
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model uses a total of 3+18=21 parameters (equal to the number of independent components in the
stiffness matrix of a completely anisotropic (triclinic) material.

In this chapter, both methods of granular micromechanics (that with kinematic constraint and that
with static constraint) have been enhanced to incorporate the effects of inherent anisotropy. For
modeling isotropic materials, the method uses two micro-scale stiffness coefficients, one for the
normal and one for the tangential direction. This is consistent with the number of independent
components in the stiffness tensor of isotropic materials (Lamé constants). In the extended
granular micromechanics model presented here, a directional density distribution function with
maximum of 18 parameters has been introduced which accounts for the directional distribution of
number, length, and stiffness of grain-pair interactions in a systematic manner that is consistent
with the elastic symmetries resulting in different levels of isotropy. Further, in the most general
case, 3 independent inter-granular stiffness coefficients (one for normal and two for the two
tangential directions) govern the inter-granular behavior of the material. Thus, in its most general
case the model uses a total of 3+18=21 parameters. This is equal to the number of independent
components of a fully populated symmetric 6x6 matrix where are components are independent
from each other.

Further, by appropriately modifying the distribution function according to the elastic symmetries
of materials with different intermediate levels of isotropy, the method is shown to be able to
recover the symmetries in the resulting macroscopic stiffness components. The distribution
function is modified for one plane of elastic symmetry to obtain monoclinic materials, three
mutually orthogonal planes of elastic symmetry to obtain orthotropic materials, and for an
additional axis of rotational symmetry to obtain transversely isotropic materials. Closed-form

solutions for stiffness components of completely anisotropic materials using both kinematic and
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static approaches are presented. Finally, as a measure to show the effects of the micromechanical
parameters of the model on the macroscopic behavior, elastic wave velocity [155] is discussed and
its variation by changing micromechanical parameters is shown. Parts of this work have been

published in 2016 [43].

6.2 Discussion on materials with different levels of anisotropy

In this section, a review of the stiffness matrix of materials with different levels of anisotropy is
presented and the effect of planes of elastic symmetry on the number of nonzero independent
coefficients in the stiffness matrix has been studied.

For a completely anisotropic material with no elastic symmetry the stiffness tensor, Cjji, can be
written as a fully populated, symmetric, 6x6 matrix with 6x(6+1)/2=21 independent

components. If the material has only one plane of elastic symmetry, the number of independent
components of the stiffness matrix will be reduced to 13. Provided that the plane of elastic
symmetry is a coordinate plane, stiffness tensor will have 13 nonzero, mutually independent
components and all the other components will be equal to zero. Otherwise, there will be more
non-zero components in the stiffness tensor, but there will still be only 13 independent parameters
[156, 157]. The stiffness tensor for materials whose only plane of elastic symmetry are 23, 13,

and 12 planes respectively can be written as

Cll C12 ClS cl4 0 0
ClZ C22 CZS C24 0 0
C13 C23 033 C34 0 0 (6 : 1 a)
Cl4 024 CS4 C44 0 0
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c].3 CZS C33 0 C35 O (6. 1 b)

013 C23 C33 O O C36 (6. 1 C)

If the material has two orthogonal planes of elastic symmetry, then the plane perpendicular to those
two planes will also be a plane of elastic symmetry and the material is called an orthotropic
material. Stiffness matrix of orthotropic materials has 9 independent constants and in material’s
principal directions, there will not be any interaction between normal and tangential components
of stress and strain tensor. Stiffness tensor for an orthotropic material in its principal coordinate
system will be of the following form

Cll C12 C13 O

(6.2)

O O ©O O o

0 0 0 0 0 c

Note that it can be easily to shown that if the stiffness tensor is written in a coordinate system
different from the material’s principal coordinate system, the stiffness tensor will have more non-
zero terms than that shown in Eq. 6.2. Nevertheless, the number of independent components of
the stiffness tensor of an orthotropic material will always have 9 independent components,
regardless of the coordinate system in which it is written.

If, furthermore, the material has a single axis of rotational symmetry and every plane containing

that axis is a plane of rotational symmetry, the material is called transversely isotropic. In this
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case, number of independent components of elastic stiffness matrix will be reduced to 5. Assuming,
without loss of generality, that axis / is the axis of axisymmetry, the stiffness matrix will have the

following form

Cll C].Z ClZ O O
C, Cp Cy 0 0 O
Cs Gy Cp 0 0 0 (6.3)
0 0 0 2% g o
2
0 0 0 0 ¢ O
0 0 0 0 0 c

And finally if the material behaves identically in all different directions, it is said to be isotropic.
For a completely isotropic material, all components of elastic stiffness tensor can be formulated
using the two well know Lamé’s constants (4 and x) or alternatively modulus of elasticity (E) and

Poisson’s ratio (v).

At2u A 2 00 0
A A+2u A 0 0 0
2 A A+2u 0 0 0 (6.4)
0 0 0 u 00
0 0 0 0 u 0
0 0 0 00 u

It is seen that the number of independent components of the stiffness tensor depends on the elastic
symmetries of the material. By taking into account the elastic symmetries present in materials
with each level of anisotropy, the distribution of inter-granular contacts and their stiffness

coefficients can be modified to represent their macroscopic behavior.

6.3 Modeling anisotropy using granular micromechanics with kinematic constraint
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6.3.1 Derivation of stiffness tensor

In chapter 2, the general derivation of the model and calculation of the different components of
stiffness tensor were presented. In particular, the summation formula for calculating the stiffness
tensor was presented in Eq. 2.13 which is repeated here for convenience.

1 o 2 [ea"N 24 a
Ciu :\72““ ) nenfKG (6.5)
Writing the grain-pair stiffness tensor in the RVE coordinates, [K], in terms of its normal and
tangential components using Eq. 2.10, the stiffness tensor given in Eq. 6.5 can be written in

expanded form as
C — 1 - Al IO{ 2Ka ad " IO{ zKa a~0 IO! ZKatata 66
ijkl_V;njnl (( ) nnink+( ) ssisk+( ) tik) ()

Not that the subscripts n, s, and t represent the normal and tangential stiffness coefficients and do
not follow the index notation conventions. It is clear from Eq. 6.6 that the terms in the summation
are products of the direction cosines, the branch length and stiffness coefficients associated with
grain-pairs. For statistical modeling, these product terms can be binned into discrete solid angles.
Thus, the summation in Eq. 6.6, over the total number of contacts within the system, can be
rewritten as a summation over € and ¢ as

NP

Ci =\%Z€:Z¢“H§(|P)Z Kf]njnlnink {Nﬁ(lp)2 K;’Jnjnlsisk +[§(|p)2 K{’]njn,titk} (6.7)

P P
where NP(H, (15) is the total number of grain-pair contacts for a given solid angle defined by

6 and ¢, such that

N :29:; N”(6,¢) (6.8)
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and the summation over pis the sum of the product of branch length square and the grain-pair stiffness
for all grain-pairs in that solid angle. We now introduce a directional density distribution function,
£(6,9), defined as

S(1°) K?

§(0.9)=4——F— (6.9)
2 (1) Ky

a=1

which represents the relative measure of material stiffness in a given direction resulting from a
combination of grain-size, number of grain-pair interactions and the grain-pair intrinsic stiffness.

Further, we observe that for materials composed of many grain sizes and grain compositions, it is

useful to define an average product of branch length square and the grain-pair stiffness, Ian ,as

I’K =<1 - N=VN (6.10)

where | may be regarded as the average branch length, K, as the average grain-pair normal stiffness
for the material, and Np is the number density of grain-pair interactions. The second and the third
terms of the stiffness tensor in Eg. 6.7 can be treated in a similar manner. Thus, Eq6. 6.7 through

6.10 can be combined and written in an integral form as follows

T

2z
I (K.nymnin, +Konins;s, + Knins;s, ) £(0,¢)sin odgd 0
6=09=0 (6.11)

T

=I’N, | 2f(Kiknjn,)g(a,gﬁ)sin Odgde

6=0 $=0

Cija :|2Np

The fourth rank elastic stiffness tensor, Cy, in its most general form has 3*=81 independent
constants. For the purposes of discussing material anisotropy, we consider symmetries of the stress
and strain tensors (minor symmetries of stiffness tensor), thus reducing the number of independent

constants to 36. Further, taking into account the major symmetries of stiffness tensor (Cjjx=Chij)
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reduces the number of independent constants needed for completely anisotropic materials to 21
constants. The stiffness components are computed by imposing the symmetries of the stress and

strain tensors as follows

(Cpqrs + Cpqsr ) - (qurs + qusr )
4

Opa T 0¢p _ (Cpqrs +Cpqsr)+(cqprs +qusr)(8 te )+
2 4 rs sr

(6s—&) (6.12)

where the left hand side is the average Cauchy stress and shear strain is taken as y = gu + &x and
the anti-symmetric part (&u-gi) is discarded. In Eq. 6.12, the indices p, q, 1, and s do not follow
the index notation conventions. Further reductions on the number of independent components in
stiffness matrix are brought about due to the presence of elastic symmetries [156] as discussed in

the previous section.

6.3.2 Density distribution function

It is clear from Eq. 6.11, that the directional density distribution function, £(8,¢), plays a key role

in the determination of material anisotropy in granular micromechanics method. This function
determines the density of number, stiffness, and grain-size of grain-pair interactions in different
directions. The anisotropy arising from a smooth variation of grain-pair properties can be
represented using a directional density distribution function expressed as spherical harmonic

expansion given as
£(6,9)= 4i {1+ i '[akOPk (cos9) + i R (cos &) (a,, cosmg+b,, sin m¢)} (6.13)
T k=2 m=1

In the above equation, the summation over k& (shown by ') is done only with respect to even

indices of k. P, (cos @) s the k™-degree Legendre polynomial with respect to cos@, R™(cos®) is

its m™ associated Legendre function, and ax, aim, and b are directional density parameters

representing the directional dependence of the mechanical behavior. The equation used for the
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distribution function has the characteristic that all its terms are orthogonal to one, such that its

integral over the surface of a unit sphere will always be equal to unity regardless of the number of

terms included in the function, given as I J'g(e, @g)sinddddg =1. This is consistent with the
0

definition of the density distribution function, £, given in Eq. 6.9.

It is shown that inclusion of first three harmonics with the following parameters: azo, as, az2, as.,
a44, as4, b2z, bz, bas, bss, b21, byi, bas, bss, azi, as1, ass, and ass, 1s both necessary and sufficient to
model completely anisotropic materials with a fully populated stiffness matrix in which all
components are mutually independent. In addition to these 18 geometric parameters, 3
microscopic stiffness components, kx, ks, and k; make-up the necessary 21 constants to form the
completely anisotropic stiffness matrix. Chang and Misra [158] used a limited expansion to

demonstrate the feasibility of this approach for modeling materials with orthotropic properties.

Substituting the directional distribution function presented in Eq. 6.13 into the relationship for
stiffness matrix in Eq. 6.11, closed-form solutions for all stiffness components can be found as
listed in Table 6.1. It can be seen that the derived components of stiffness matrix are mutually
independent which is consistent with completely anisotropic materials and do not satisfy the
Cauchy relations discussed by Love in [159] as one of the four tests for an adequate structure
theory of solid bodies. It is also notable that by including appropriate terms in the distribution

function, &(6, @), materials with different levels of anisotropy ranging from completely isotropic

to completely anisotropic can be modeled.
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Table 6.1 Closed form equations of all components of stiffness matrix of a completely anisotropic material,
derived based on the present method

Cu | N { (3, +2K, )+ 1o (6K, K )+

8

15 =9 (kn - ks )}

1 3 5 1 7 1

—1 3k, +=k, +=k, |+——=a,| -8k, +k,—=k, |+——a,(k,—k
|15( n 4 S 4ktj 140 20( n s Sktj 105 40( n s)
1

C22 LZNp
2 4 1
+35 a,, (6k, +ks)+—1a42(—kn +k5)+§a44 (8k, +k, — 9k, )+3ag, (k, —k,)

3 2 4 1
’N 3K, +—K, +— -8k, +k,—— ——a,(K, —k, )+ =—=a,, (-6k, —k )+ —a, (k, -k )+ =a,, (8k, +k, -9k, )+3a, (K,
Css | UM {25 oo ok i o ) Lok )+ B )ik
Crz | UM {gm =k jogan (k) + 315%( )+ oy () s (6, k)
Ciz | Ny {5plk =k o (k=K )+ s (-, k) o, (ky +k,)+ S (K, +k )}
1 1 1
Cos | N, 2 (koL qu] a8 4T k5)+§a44(—8kn—k5+9kt)+3a54(kt—ks)}

10 1 1
ks+§k1] (- 8kn+ks—7kl)+ﬁa40(kn—ks)+§a44(—8k,‘—ks+9k‘)+3a64(k,—k5)}

280

|
{
Cu | 4
{

||
:W
+
[ NN N

1 4 1 1 1
k, +=k +—Kj 420.3120(4k —4k +7k )+ I ay (<K, +k, ) +=—=a, (- len—19k5+7k[)+@a4z(—32kn+llk5+21kt)+§aﬁ2(k(—ks)}

Css

1 7 5 1 4 1 1 1
Ces LZNp{E[kH +Ek5 +§k|)+mazo(4kn —4k, +7k1)+ﬁ% (—k,‘+-ks)+%azz (16k, +19k5—7k|)+@a42 (32K, —11ks—21k|)+§aﬁz(ks —K)}

Cua Lsz{s—zsbzz(k”—k5)+%b42(k"—ks)}

Cos L?Np{%bu(ekn+k 2D (K, )+ Sy (8 K, ~9K) 3y (K, )}

C34 LZNF{?];s b,, (6k, +k )+—b42( K, +Ko)+= bM( —8k,, —k, +9k, )+ 3bg, (—k, +k)}
Cse LZND{i 22 (16K, +19k, — 7k )+ b42(32k —11k, —21k‘)}

Cis LZND{%bﬂ(—Gk k)b (K, +ks)}

Cys | LN, % by, (~8K, +k, +7K)+ by, (k, K )+ by (—ak, +k, +3k )+ = bez(k‘ K )}

Cas | N, —b21(—24kn+3ks—7k()+£b41(k —k)+= b43(4k —k, =3k )+= bas(k —k)}

1 1
Cus | UN, 2,T,Obzx—skn+ks—7k1>+gb‘u(kn—ks>+gu.z(—4kn+ks+sm+5bm(kt—ks>}

{
{
{
Cis | ENo{7gan (-0 —k) gk, +k)|
{280
£
{280

1 1
Cy L°N, a,, (—24k, +3k, —7k‘)+—a41(k —k )+—a43(—4kn+k +3k, )+—a53(k —k )}

Css | N,

C45 L*N »

By (<80, 1 7k ) i (k) + S (A e ~3) s (k) |

a,, (—8k, +k, —7k )+—a41(k k5)+ga43(4kn—ks—3k‘)+5a63(k5—k()}

The necessary terms can be identified based upon the planes of elastic symmetry that determine
the structure of the stiffness matrix. For isotropic materials, it is clear that the density distribution
function should be a constant in all directions and thus all the directional density parameters in Eq.

6.13 should vanish. Further, the grain-pair stiffness coefficients in the two tangential directions
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should also be equal. Applying these modifications to the stiffness tensor presented in Table 6.1,

the expressions for isotropic elastic constants are obtained (see Eq. 2.16)

These expressions are consistent with the thermodynamic limits for isotropic elastic constants for

appropriately specified inter-granular stiffness coefficients. For example, the expression for
Poisson’s ratio is v =(k, —k,)/(4k,+k,), which varies in the classical thermodynamically

admissible range of -1 for k,=0 to 0.5 for ks=-2k,/3. It is seen that if the grain-pair tangential
stiffness coefficient were to be always positive, Poisson’s ratio would take values between -1 and
0.25 as discussed in a previous works [18, 45]. However, the inter-granular tangential stiffness
coefficient does not represent the stiffness of isolated grain-pair; instead, it represents the collective
stiffness behavior of the grain-pair and its extended neighborhood [154, 160, 161]. In this case, a
negative value for tangential stiffness coefficient is admissible. Alternatively, the normal grain-
pair behavior can be treated using a volumetric-deviatoric split of the normal displacement and the
conjugate normal forces as in the microplane model [40]. This split leads to two different normal
stiffness coefficients for the normal force-displacement relationship (volumetric and deviatoric).
Under this type of volumetric-deviatoric split, the current model will also yield Poisson’s ratio

ranging between -1 to 0.5.

For modeling transversely isotropic materials in which the /-7 axis is the axis of rotational
symmetry, it is known that material behavior within the 2-3 plane is independent of the direction.
So the density distribution function should be a function of only the polar angle from the vertical,
0, and independent of the azimuth angle, ¢. In this case, the terms in density distribution function
will be only the Legendre polynomials. Thus, the only non-zero directional density parameters

are az and ay49. Considering the anisotropy in the material behavior, different inter-granular
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stiffness coefficients in tangential direction are needed, that is ks#k. Thus, for transversely
isotropic materials, following 5 constants are used: &, ks, ki, @20, and a4p, which is consistent with
number of independent components in macroscopic elastic stiffness matrix. It can be readily
verified from Table 6.1 that the symmetry requirements for this class of materials (shown in Eq.
6.3) are satisfied by the resultant expressions.

For materials with higher levels of anisotropy, the density distribution function should be a
function of azimuthal angle, ¢, and will include terms with associated Legendre functions. For
orthotropic materials, the behavior in each of its three principal directions is different and four
additional directional density parameters, az2, a4, as4+, and as4, are needed leading to the expected
9 independent constants in the macroscopic stiffness tensor. Again from Table 6.1, it can be seen
that the resulting stiffness tensor satisfies the requirements for this class of materials (shown in Eq.

6.2).

For materials with only one plane of elastic symmetry, choice of directional density parameters
depends upon the plane of elastic symmetry. For plane 2-3 as the plane of elastic symmetry, the
relevant parameters are b2,, b2, bss, and bsy, for plane /-3 as the plane of elastic symmetry, the
relevant parameters are b2, byi, bys, and bss, and for plane /-2 as the elastic symmetry plane, the
needed parameters az;, a4i, a4, and ass. For this class of materials, the model has 13 constants and
from Table 6.1, it is seen that stiffness components obtained using these 13 constants satisfy the
requirements for materials with one plane of elastic symmetry (shown in Eq. 6.1a, b, and c,
respectively). Finally, if none of the planes act as planes of elastic symmetry, all of the
aforementioned directional density parameters should be included in the formula resulting in
altogether 21 independent microscopic constants which is equal to the number of components of

a fully populated 6x6 stiffness matrix. The resulting stiffness components presented in Table 6.1,
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can be easily shown to be mutually independent which is consistent with the requirement for

completely anisotropic materials.

Table 6.2 gives the terms that should be included in the directional density distribution function,

& (9, ¢) , for modeling materials with different levels of elastic symmetries. First row shows the

&(6,¢) function for isotropic materials, and the following rows show terms that should be

progressively added for materials with diminishing elastic symmetries. In the case of a material
with no plane of elastic symmetry and 21 independent constants in the stiffness tensor, all the terms

in Table 6.2 should be included in the directional density distribution function.

Table 6.2 Directional density distribution function, used for materials with different levels of anisotropy

= Isotro
4 py
1
s [a0P; (cos 0) +a,,P, (cos 0)] Transverse Isotropy
+ i {[(azz P?(cosd) + a,,P? (cos 9))] cos 2¢ onth
rthotropy

+ |:( Ay, P44 (cosO) +a, P64 (cos®) ):| cos 4¢}

l 2 2 -
R {[(bzz P, (c0s0) +b,; Py (cos ) )] sin 2¢ 1 Plane of elastic symmetry:

+ [(b44 P (cos 8) + b, P (cos 8))] sin 4¢} 2-3 Plane

1 ] ) .
Y ar {[(bzle (cos 0) +b,,P; (cos 6'))]sm ¢ 1 Plane of elastic symmetry: | No elastic

+ [( b,,P? (cos @) + b, P (cos ) )] sin 3¢} 1-3 Plane symmetry

1 1 1
T an {[(a21P2 (cos ) +a,; Py (cos 6))] cos ¢ 1 Plane of elastic symmetry:

1-2 Plane

+ [( a,;P; (cos 0) + a,, P (cos 49))] cos 3¢}

The shapes of directional density distribution functions for all of the aforementioned levels of

anisotropy are presented in Figure 6.1. For each case, the isometric 3D view and also the views

137



from 2-3 plane, 1-3 plane, and 1-2 plane are shown. Note that the elastic symmetries that result in
different levels of isotropy in the material, manifest themselves in the geometrical symmetries (or

lack thereof) that are evident in the distribution functions for different classes of materials.
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Figure 6.1 Density distribution function for materials with different levels of elastic symmetry and the
parameters that need to be included in the harmonics expansion in order to show the required anisotropies
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6.4 Modeling anisotropy using granular micromechanics with static constraint
6.4.1 Derivation of compliance and stiffness tensors

In chapter 2, the general derivation of the model with static (least square) assumption was
presented resulting in Eq. 2.26b for the compliance tensor that is repeated here for convenience.

|2N —1N -1
Sy =—21— I Zslﬁnfn“ (6.14)

Using Eq. 2.25 (showing the intergranular compliance matrix as a function of the normal and
tangential components of inter-granular compliance coefficients), Eq. 6.14 can be expressed as

Sija = N'_rlN'q Zn“ “(( “) kla n“n¢ +(I“)2kiasf’sg‘ +(I“)2kiat|“t“j (6.15)

s t
where summations are over all grain-pair interactions in the RVE. Note that throughout this work,
the subscripts n, s, and t represent the inter-granular properties is normal (z), and tangential (s and )
directions respectively and thus do not follow the index notation conventions.

For an RVE containing many (>10°) interacting grains, the exact knowledge of the material
composition and properties, grain shapes and sizes, interfacial properties, etc. are unknown. Such
detailed information is generally unattainable for almost all engineering materials. Therefore, the
precise and true nature of every grain-pair interactions is unknown. However, this unfortunate
missing information is compensated by the fortunate fact that generally for the determination of
collective behavior we are not interested in the precise and detailed solution for exact motion of each
and every grain in the RVE. In this work, we have chosen to treat the problem in a statistical sense
by considering mean behaviors. Such statistical approximations are reasonably justified when firstly

there is the absence of complete information about the microstructure and the micromechanical
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parameters, and secondly, an incomplete solution, such as the mean behavior, based upon incomplete
data is sufficient. With the aim of obtaining the estimate of the mean behavior, Eq. 6.15 can be
rewritten observing that the terms in the summation are products of the direction cosines, the branch
length and compliances associated with grain-pairs, which can be binned into discrete solid angles.
Thus, the summation in Eq. 6.15, over the total number of contacts within the system, can be

rewritten as a summation over 6 and ¢ as

o 2 2 2
Sij = N, lN'quZ Z(I;p) n.n,nn, + Z(Ik;p) n.n,s;s, + Z@ NNt (6.16)

n P S P kt

where the three summations over p represent summations over all inter-granular contacts whose

orientation lies in a given solid angle range centered at # and 4. For example, the term Z(l g ) / ky
P

represents the sum of all (I”)z/k;’ terms for all grain-pair interactions whose orientations are

contained within a given solid angle range. For anisotropic materials, these sums will be different
for different binned directions, which can be described using directional density distribution

function, £(o,¢), that represents the directional distribution of the number, length, and stiffness

of grain-pair interactions as
o ) ke /k”
>
Sefhe Sefhe S0 ke
a=1

afl al

6.4) (6.17)

where it has been assumed that all the inter-granular compliances also follow the same distribution.

In addition, it is useful to define an average value of the terms (I“)2 / ke (and similarly for the

shear terms) as
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(1) ke (1 /ka (1) ke

S =1P/k,; =1/ —“ =1%/k, (6.18)

where 12/, 12/K, , and I*/k are average values for the RVE. Combining Egs. 6.17 and 6.18

with Eq. 6.14, and defining p° as the volume density of total number of grain-pair contacts (
»° = NV ), the compliance tensor given in Eq. 15 can be written in integral form as
12 NN % 1 1 .
Sim =1"P°N N j f nrnqn,n +k NS, + ” —n,ntt, |£(0,4)sinodgd o
0= o¢ 0 t

(6.19)

PINENG | j (Syn.n, ) (6, 4)sin odgd 0
0=0 ¢=0
Now the fabric tensor, Njj, introduced in Eq. 2.21 can also be treated from a statistical viewpoint

such that the summation in Eq. 2.21, over the total number of contacts within the system, can be

rewritten as a summation over € and ¢ in a manner similar to Eq. 6.16

Ny =y 24K \%z;(z(u)] nn, (6.20)

Subsequently the average branch length I, and directional density distribution of number and length

of the grain-pair interactions, £'(9, 4) may be introduced

ey XY
a=1N —I: g(la)z =£'(0,9) (6.21)

a=1

As a result the second rank fabric tensor given in Eq. 6.20 can be written in an integral form as

= j jl g'(9,¢)sin9d9d¢=|2p°T Tninjé'(e,qﬁ)sinededqﬁ (6.22)

6=0 $=0 6=0 ¢=0
It is noteworthy that the two directional density distribution functions, £(@,¢) and £'(9,¢), are

distinct since they represent the distribution of different parameters, in contrast to the assumption
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widely made in previous derivations of this type [45, 158, 162]. However for simplicity of
subsequent discussion and calculations, the two directional density distribution functions are
assumed to be the same in the remainder of this work where the focus is on elastic behavior. For
inelastic behavior, the use of distinct distributions may be representative as observed from the
analysis of regular grain assemblies using the described approach in [29], wherein the stiffness
coefficients of grain-contacts in different direction evolves with loading whilst the micro-structure
or fabric persists.

The fourth rank compliance tensor, Sjx;, in its most general form has 3*=81 independent constants.
However, symmetry of stress and strain tensors leads to minor symmetries of compliance tensor
and the constitutive equations can then be written in Voigt notation [163]. In this manner, the
compliance tensor can be written as a 6x6 matrix with 36 components. The components of such
compliance matrix are calculated as follows

O-FS + O-SI’

Yoa = Epq T éqp = [(Spqrs S ) + (qurs + Sopse )] o + |:(Spqrs S )_ (qurs S )] T ;65r (6.23)

In this equation, shear strain is taken as y; = & + gi. Further, average value of the two shear

stresses is taken as the Cauchy stress, and the difference, &, o, , is discarded. Note that the

indices p, g, r, and s used in Eq. 6.23 do not follow the index notation conventions.

After constructing the 6x6 compliance matrix with this approach, major symmetry (Sjjx=Sk;) is
also applied on the compliance matrix implying that the 6x6 matrix is also symmetric and has only
21 independent constants. The macroscopic stiffness matrix can also be derived as the inverse of

the global compliance tensor.
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6.4.2 Density distribution function

The method using static constraint also uses the same form of density distribution function as that
was presented in section 6.3.2 for the method with kinematic constraint. The expanded form of
the density distribution function (in which all the coefficients and the Legendre polynomials and

the Legendre associated functions have been expanded) is presented here.

+a,,(3sin” @ cos 2¢)

1 3cos’ 6 -1 35co0s* @ —30c0s? 0 +3
é(ﬁqﬁ) = E 1 20 +a4o 3

2
+a,, (105(:05%sin2 0 cos 2¢) +a,, (105sin* O cos 4¢)
83160cos’ # — 7560
16

2 _—
+b,, (wsinz @sin 2¢) +b,, (105sin* @sin 4¢)

+ag,( sin* @cos4¢) +b,,(3sin® &sin 2¢)

83160 cos” @ — 7560
16
_ 3
35¢0s 92+ 15c0s0 sin @ cos ¢) +a,,(—105cos sin® & cos 3¢p)

3 f—
27720cos fG 7560005‘95in36?0053¢5)+b21(—35in 6 cosdsin @)

—35c0s® @ +15c0s 6
2

3 J—
27720cos fG 7560C0593in3¢93in3¢)

Note that the terms that should be used for modeling materials with all different levels of inherent

+bg, ( sin* @sin 4¢) +a,, (—3sin & cos & cos ¢)

+ay, (

+ a‘63 (_

+b,,( sin @sin ¢) +b,,(—~105cos @sin® Gsin 3¢)

j (6.24)

+bgy (—

anisotropy are the same for the two methods. Eq. 6.24 is in fact the expanded form of the
distribution function used for completely anisotropic materials shown in a more compact form in
Table 6.2.

Using the complete distribution function (that presented in Eq. 6.24) the components of the fabric

tensor for the fully anisotropic material is derived as follows
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20 28a,,+5 -3a,, -3b,,
N; = 1[; =38,  —a,+6a,+5 6b,, (6.25)
-3b,, 6b,, —-a,, —6a,, +5

It is seen here that, although the complete &(6,¢) function given in Eq. 6.24 is used in calculating
the fabric tensor, only the terms from the first harmonics expansion (terms with k=2 in Eq. 6.13)
appear in after the integration. The derived fabric tensor is used in Eq. 6.19 for calculating the
compliance tensor for the completely anisotropic material. For modeling materials with any level
of isotropy, the distribution function needs to be modified in the manner that was discussed in
section 6.3.2 for the kinematic method and was summarized in Table 6.2.

Since, the closed-form solutions for triclinic materials will have very large number of terms, for
illustration purposes only the stiffness coefficients for transversely isotropic and completely
isotropic materials have been presented here. It is seen that by including the first two harmonics
with coefficients a0 and aso the method can produce all the five independent components of the
stiffness matrix of a transversely isotropic material while satisfying the symmetry requirements.

The macroscopic stiffness matrix is found in the following form:

(4 £ £ 0 0 0]

ECSCE 0 0O
c PNJE B § 0 00 (6.26)
9 |0 0 0 SE 0 O

000 0 & 0

000 0 0 &

Where parameters A~H are given in Table 6.3. Note that the parameters A~H are introduced here

merely to simplify the representation of the stiffness matrix.
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Table 6.3 List of parameters defined for showing components of stiffness matrix of anisotropic materials

A 2kn(2a20+5)*[21 (knt4ks)+kn(3a20-4a40)+ks(4a10-24a20)]

B 35(3kn+2ks)+kn(15a20-20a40)+ks(20a20+20a40- 14a20°)
kn(220-5)?[kn?(882(kit+5ks)+ks(-252a20-840a40+168a20a40- 1262207 )+ki(252a20-336a40-
48az0a40+168a20%+32a407) ) +knks(ks(6615+2457a20+840a40-168a20a40-756a20-

¢ 2)+ki(18081+2321a20-3108a40+96a20a40-36a20%-64a40°) )+
kZki(14112+4032a20+3444a40-48a20a40-2628a20>+32240°)]
kn2[ks(11025-630a20-2100a40+420a20a40-3 15a20°)+k(2205+630a20-840a40-

D 120a202401+45220%+80a40%) [ +knks[ks( 73 50+630a20+2 1 00a40-420a20a40- 1 890a20>+294a20-

)+ ki(10290-630a20-1120a40+520a20240-594a20°- 1 60a40>+56a207 as0-42a20°) |+
kszkt(5880+ 1960a40-400a20a40-1656a20°+80a40>-56a20> a40+336a203)

E 2kn(kn — ks)(2a20+5)(5-a20)(21+3a20-4a40)

-kn(220-5)?[ ks?ki(3528+1008a20+1596a40+48a20a40-900a20°-32240?)+ knks[-
ks(6615+2457a20+840a40-168a20a40-756a207) +k(8379+1449a20-1932a40-
96a20a40+36a20°+64a40%) } -kn? {ks(4410-252220-840a40+168a20a40- 1 26a20%)+
k«(8824252a20-336a40-48a20a40+18220°+32240°)]]

G 252Kknkski (a20-5)%(2a20+5)?

Kn[ks (2625-3152a20*+42a20°)+ ki(3675+1710a20+800a40-160a20a40-477a20>+8a20>a40-
132a20°)] +kiks(4200+1440a20-800a40-160a20a40+162a202-8a20%as0+6a40”)

It is known that in transversely isotropic materials, the Poisson’s ratios will be different based on
the directions in which they are acting. In Figure 6.2, the variations of the two Poisson’s ratios
(vi2 and v23) are shown with respect to the microscopic parameters, where the ratios of the
tangential and normal inter-granular stiffness coefficients are defined as Ps=ks/kn and Bi=ki/kn.
Figure 5.2 also shows for comparison the Poisson’s ratios predicted using the alternative kinematic
approach.

The closed-form solutions for Young’s modulus, E, and Poisson’s ratio, v, using least-squares
approach will be as follows. Note that this close from solution for isotropic materials has been
presented previously (see for example [18, 45])

2 ¢ _
L AL S il O (6.27)

3 2k, +3k, 2k, +3k,
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Figure 6.2 Variation of the two Poisson ratios of transversely isotropic materials with changing (sections
al and bl) Bs while Br=azx=a4=0.5; (sections a2 and b2) B while Bs=az=a4=0.5; (sections a3 and b3) ax
while Bs= Pt =a40=0.5; (sections a4 and b4) as while Bs= B=a40=0.5

For the positive values of grain-pair stiffness coefficients, the Poisson ratio is predicted in the

range of -1/3 to 1/2 for least-squares approach and -1.0 to ¥ for the kinematic approach. From a
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practical viewpoint, these ranges of Poisson’s ratio are valid for many engineering materials. It is
also noteworthy that from the viewpoint of positive semi-definiteness of macro-scale deformation
energy, negative grain-pair stiffness could be admissible. In this case, the whole
thermodynamically admissible range of Poisson’s ratio (from -1.0 to 0.5) can be modeled with
both approaches. At the inter-granular scales, the negative stiffness represents certain mechanisms
that are manifested due to the immediate and extended neighborhood. For the least-squares
approach, the normal stiffness must take negative values (up to -2ks/3 for v=-1). The negative
normal stiffness for these highly auxetic materials connotes severe dilation attributable to grain-
pair as the grain neighborhood experiences shear. For the kinematic approach, the shear stiffness
must take negative values (up to -2k,/3 for v=0.5). In this case, the negative shear stiffness for
these materials approaching incompressibility implies shear softening attributable to grain-pair as
the grain neighborhood experiences compression or extension. It has been noted earlier that the
inter-granular stiffness coefficients model the effects of immediate neighbors as well as the
extended granular microstructure. Such a view is in contrast to the past derivations of these
expressions, including expressions for anisotropic materials, in which the inter-granular stiffness
coefficients were restrictively taken to represent the stiffness of two isolated grains interacting
with each other. Furthermore, the grain-pair behavior can potentially be treated using a
volumetric-deviatoric split of normal displacement as in the kinematic constrained microplane
model [40]. Such split provides an alternative way to model the thermodynamically admissible
range of Poisson’s ratio. However, it leads to two different normal stiffness coefficients
(volumetric and deviatoric) in the case of the kinematic approach. Similar volumetric-deviatoric
split of shear displacement will likely result in two different shear stiffness in the case of the least-

squares approach.
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6.5 Elastic wave propagation and effects of model parameters

The velocity of elastic waves propagating within granular and porous media and the effects of
material properties thereon has been studied extensively using experimental approaches [164-166]
and numerical techniques [167-169]. In this section, the elastic wave propagation velocity is
discussed with the view to show change of material macroscopic behavior resulting from changing
microscopic parameters. The velocity surfaces that represent the velocity of waves propagating in
different directions through the material have been calculated by varying the micro-scale
parameters. These surfaces are composed of three sheets, one quasi-longitudinal (P) and two
quasi-shear waves (S7 and S2) [170]. The wave velocities in the material is obtained from the

Christoffel equation
det(T, —-G&, )=0 (6.28)
where 7 is the Christoffel matrix (acoustic tensor) which is derived by contracting the stiffness

tensor with the unit normal vector twice given as Cyn;n,. From Eq. 6.28, it is clear that G is the

eigenvalue of the Christoffel matrix and represents phase velocity. By solving the above equation,
three eigenvalues of the Christoffel matrix and their corresponding eigenvectors are derived. The
biggest eigenvalue belongs to the quasi-longitudinal wave and the two others belong to the shear
waves, one being pure shear and the other quasi-shear wave. For each case, the value of wave
velocity can be derived as I';g;g; where g is the corresponding eigenvector [171].

Here, the velocity surfaces for transversely isotropic materials for a range of micro-scale
parameters have been presented. It is recalled that for transversely isotropic materials, 5 micro-
scale parameters are used, namely, kn, ks, ki, @20, and aso. Stiffness tensors and subsequently the

velocity surfaces have been calculated using both kinematic and static approaches. In figures 6.3-
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6.6 sections of velocity surfaces with coordinate planes showing the change of elastic wave
velocities resulting from varying the values of Bs=ks/kn, Bt=ki/kn, @20, and aaso, respectively, are
presented. For comparison, the wave velocities have been normalized by kn. In all these figures,
sections a, b, and c represent sections of the velocity surfaces (P, S1, and S2 waves respectively)
with 1-2 plane while sections d, e, and f represent sections of the same surfaces with the 2-3 plane.
It is noted that since the axis 1 is the axis of rotational symmetry, material behavior in all directions
inside the plane whose normal vector is axis 1 are identical. Thus, sections of velocity surface
only with 1-2 plane and 2-3 plane are provided and section of the surface with 3-1 plane will be
exactly same as that with 1-2 plane. We also note that, because of this rotational symmetry, the
velocity surface section with 2-3 plane will be always a circle regardless of the values of fabric
parameters (a2 and aso) and ratios of inter-granular stiffness coefficients.

Sections a-f represent results calculated using kinematic approach while sections a’-f” show the
same results from least-squares approach. It is evident that using same set of micro-scale stiffness,
the wave velocity computed based on least-squares approach are smaller than those of kinematic
approach. However, the trend of change of velocities resulting from change of microscopic
properties is generally similar between the two methods. The exception is seen for the quasi-shear
wave, in which discrepancies in the shape of the wave velocity profile derived from the two
different methods can be observed. These differences in the results of the two approaches are due
to the fact that the two methods use different approaches to link micro and macro scale kinematic
measures, force/stress measures, and material properties. Thus the efficacy of the two approaches
to represent different types of granular solids could be judged by a systematic variation of their

average micro-scale parameters.

150



From Figures 6.3 and 6.4 we can observe that the tangential stiffness ks appears to affect the
longitudinal velocity more in the 1-direction, while stiffness k: primarily influences the behavior
in the 2-3 plane as seen from comparison of figures 6.3a (6.3a’) with 5.4a (6.4a’). It is also
interesting to see that the tangential stiffness k: significantly affects the shape of the quasi-shear
wave velocity surface as seen in figures 6.3c (6.3¢’) and 5.4c (6.4c’). The directional density
parameters axo and aso also have a significant influence upon the shape of the velocity surfaces in
the 1-2 plane (see in Figure 6.5 and 6.6). Thus, by changing the micro-scale parameters (stiffness
and directional density parameters) a wide range of transverse anisotropic behavior can be
modeled. Similar anisotropy descriptions can be obtained for materials with other types of inherent

anisotropies
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Figure 6.3 Sections of the quasi-longitudinal, pure shear and quasi-shear components of wave velocity
surface with 12 plane (graphs a-c respectively) and with 23 plane (graphs d-f respectively) while changing
ratio of fs =0.1~0.9 with ax=a1=2.0, f: =0.5. Arrows represent the direction of variation of the surface
while increasing fs. For visualization purposes the values of wave velocities are reduced by 0.025.
Calculations are done with kinematic approach (a-f) and static approach (a’-f*).
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Figure 6.4 Sections of the quasi-longitudinal, pure shear and quasi-shear components of wave velocity
surface with 12 plane (graphs a-c respectively) and with 23 plane (graphs d-f respectively) while changing
ratio of S =0.1~0.9 with ax=a4=2.0, fs =0.5. Arrows represent the direction of variation of the surface
while increasing f:. For visualization purposes the values of wave velocities are reduced by 0.025.
Calculations are done with kinematic approach (a-f) and static approach (a’-f*)

153



Figure 6.5 Sections of the quasi-longitudinal, pure shear and quasi-shear components of wave velocity
surface with 12 plane (graphs a-c respectively) and with 23 plane (graphs d-f respectively) while changing
ratio of az=-0.5~2.0 with a,=2.0, s = f: =0.5. Arrows represent the direction of variation of the surface
while increasing ax. For visualization purposes the values of wave velocities are reduced by 0.025.
Calculations are done with kinematic approach (a-f) and static approach (a’-f*)
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Figure 6.6 Sections of the quasi-longitudinal, pure shear and quasi-shear components of wave velocity
surface with 12 plane (graphs a-c respectively) and with 23 plane (graphs d-f respectively) while changing
ratio of as=-0.5~2.0 with a»=2.0, fs = £ =0.5. Arrows represent the direction of variation of the surface
while increasing as. For visualization purposes the values of wave velocities are reduced by 0.025.
Calculations are done with kinematic approach (a-f) and static approach (a’-f*)
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6.6 Summary and conclusions

A method for modeling materials with different levels of anisotropy using granular
micromechanics with both static and kinematic approaches has been developed. For isotropic
materials, using a normal and a tangential microscopic stiffness coefficient, identical for all the
inter-granular contacts, is sufficient for modeling the material behavior and finding the
macroscopic stiffness components. For modeling materials with different levels of anisotropy, the
present method uses two different microscopic stiffness coefficients for the two tangential
directions and a directional density distribution function is introduced in the model which can
sufficiently represent the anisotropy of the material. It is shown that using spherical harmonics
expansion with sufficient number of terms can result in stiffness tensors consistent with materials
with different levels of anisotropy.

The constitutive relationship is established by using inter-granular stiffness coefficients defined
on the basis of the conjugate relationship of inter-granular displacement and forces. The clear
implication of the inter-granular stiffness coefficients introduced in this manner is that they are
different from that of isolated grain-pair and model the behavior of grain-pair embedded in a
granular material and represent the effect of immediate neighbors as well as the extended micro-
structure. They function as parameters that need to be determined as back-calculations from
macro-scale measurements and not through direct measurements of two-isolated grains as in
contact mechanics. Two directional density distribution functions are defined; one related to the
average directional distribution of number, length, and stiffness/compliance of grain-pair
interactions and the other related to average directional distribution of number, length of grain-

pair interactions.
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Subsequently for ensuring that the model is capable of reproducing different levels of anisotropy,
the distribution density function is parameterized using spherical harmonics expansion with
carefully selected terms. It is shown that using the density distribution function with 18 parameters
is sufficient for modeling a completely anisotropic material. These 18 directional density
parameters along with the three inter-granular stiffness coefficients make a total of 21 independent
micro-scale constants and will result in 21 mutually independent, non-zero components of a 6x6
stiffness matrix.

Different levels of isotropy in materials arise from the presence of planes of elastic symmetry
and/or axes of rotational symmetry. In this study, the density distribution function is
systematically modified for modeling materials with only 1 plane of elastic symmetry, orthotropic
materials, and transversely isotropic materials. In all these cases, the derived stiffness matrices are
consistent with the symmetry requirements of that particular material. For each anisotropy level,
number of micromechanical parameters is equal to the number of independent constants in the
stiffness tensor of that particular anisotropy level.

As a measure to demonstrate the effects of change of micromechanical properties included in the
model on the macroscopic behavior of the material, acoustic wave propagation velocity through a
transversely isotropic material is discussed within both kinematic and static approaches. Variation
of wave velocity by changing microscopic properties is shown. It is found that the velocity
surfaces quasi-shear can show different trends for the two methods suggesting that wave
propagation can be applied to evaluate the efficacy of the two approaches to represent different

types of granular solids.
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7  Micromorphic granular micromechanics

In usual continuum theories, the only kinematic measure used as strain is the average displacement
gradient field. However, it is obvious that the displacement field within material point is not
necessarily linear and the average displacement gradient will not be able to completely represent
the kinematics of the material point. Experimental evidence for existence of non-affine grain
movements and consequently fluctuations from the average in displacement gradient imply the
necessity of including these fluctuations and their second gradient in the kinematics [47, 172, 173].
Also, experimental observations on granular assemblies prove existence of grain rotations and
their effect in the macroscopic behavior of the material [47, 172, 174].
In this Chapter, the granular micromechanics approach is extended by incorporating, in addition
to the traditionally used average displacement gradient, the following non-classical terms in the
kinematics:

1- Fluctuations in displacement gradient

2- Second gradient of displacement fluctuations

3- Grain spins’ average, fluctuation, and second gradient
The first two terms in the above list are added to the model considering the kinematic analyses of
Mindlin-Eringen micro-structural elasticity [2] or micromorphic mechanics [4] and the third term
is added due to the experimental and numerical observations implying their existence in granular
assemblies. By including the aforementioned terms in defining the kinematic fields, kinematic

measures in grain-scale are also enhanced. Conjugate to each one of the inter-granular kinematic
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measures an inter-granular force (or moment) measure is introduced using a corresponding grain-
scale stiffness coefficient defined separately for each kinematic measure. Macro-scale and Micro-
scale deformation energy densities are defined in terms of macroscopic kinematics fields and inter-
granular displacement measures respectively. Also different macro-scale stress measures are
introduced as work conjugates of the different strain measures and are derived as derivatives of
the strain energy density function with respect to their conjugate strain measure. Thus
relationships for macro-scale stiffness tensors in terms of grain-scale stiffness parameters and

geometric parameters are derived.

7.1 Kinematics of Granular Media

In order to model the material point as a continuum, a Volume Element (VE) defined as a collection
of grains is considered in the global coordinate system, x. For any grain, p, inside the VE, the
vector field of displacement can be derived as a Taylor series expansion of the same vector field

in a neighboring grain, n.
P n n l n n n n
& =4" +4';1; +E Vil o=+ BN g e (7.2)

where ¢ is the displacement of grain, |; is an inter-granular branch vector joining the centroids of
grains n and p, and the tensor product ljl /2=Jj is a geometry moment tensor. First and second
gradient terms have been included in the analysis and summation convention over repeated indices
is implied unless noted otherwise.

It is known that, in general, finite rotations are not vectors and do not follow vector analysis rules
[156]. However, for small rotation measures, which is of interest in this study, vector analysis

rules can be applied to them. In order to study the rotation field within the VE, the same approach
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as that used for studying the displacements is used. Thus the rotation of a grain, p, within the VE

is written as the Taylor series expansion of the rotation of a neighbor grain, n.
P R N SO e S 7.2
K =K TK i+§Ki,jk I R A LR W T (7.2)

where x; is the rotation of the grain, |j is an inter-granular branch vector joining the centroids of
grains n and p, and the tensor product ljlk /2=Jjx is a geometry moment tensor.

In a continuum model, the VE plays the role of a material point P, as depicted in Figure 7.1. In
order to enable us to capture the non-uniformities of the displacement field within the VE, a local
coordinate system, x’, is defined for the material point with its axes parallel to those of the global
coordinate axes and is attached to its barycenter. This local coordinate system is able to distinguish
different grains inside the material point and thus the displacement of a grains are written as
functions of not only the coordinates of the VE, but also the local coordinates of the grain within

the material point, i.e. ¢(x, x°).

X3

Figure 7.1 Schematic representation of the two coordinate systems, x and x* and the neighbor grains in the
material point

160



As a development from the previous work on this issue, in this study in addition to the actual
displacement field, ui, (which consists of displacement of grains inside the material point) grains’
pure spins field, wi, is also taken into account. Total displacement of a point on the grain is derived
as the sum of the displacement of grain’s centroids and the cross product of its rotation with the
position vector of the point under consideration.

@ =u, +€ K 1 (7.3)
where ry is the position vector of any point on the grain with respect to grains’ centroids. Thus it

is noted that at grains’ centroids (I, =0) total displacement is equal to the actual displacement

field and grains’ spins play no role in the displacement of its centroids. Further, each grain’s total
rotation field is also derived as the sum of grain’s pure spin, wi, and curl of the total displacement
field. Thus the total rotation field is defined as

K =y + O (7.4)
Along the lines of the methodology of micro-structural elasticity described by Mindlin [2] and
micromorphic mechanics of Eringen [4], the total displacement and rotation fields are decomposed
into two components, one representing an average field and the other representing the local
fluctuations from average. Thus the displacement and rotation fields and their gradients can be

rewritten as
¢|=¢|_¢;| = V/i?:¢|,j:¢l,j_¢|,j:a|,j_7/i? (7.59)
K=K-K = Vi=K;=K;-K;=K,;-7; (7.5b)

where the overhead bar and tilde represent the average and fluctuation fields respectively. In Eqg.

73, ¢ ;. jand (/3, | = yi? are the average macro-scale and the fluctuations in displacement gradient

(due to the combined effect of grains’ displacement and spins). Also «; ;and &, ; =y; are the
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average macro-scale and the fluctuations in rotation gradient (due to the combined effect of grains’
displacement and spins).

It should be noted here that the average displacement gradient field and the average rotation
gradient field are constant for the material point and therefore their gradient (i.e. the second
gradient of the average displacement and rotation fields) will be zero. Thus the second gradient of

the total displacement and rotation fields are derived as
4 i :l//i?,k :(%,j_yi?)’k :_yi?,k (7.63)
Ki ik =Vii :(Ei,j —K ; ),k =—7ii k (7.6b)

In order to calculate the relative displacement of two neighbor grains, the first and second gradients

of displacement, Eq. 7.5a and 7.6a, are substituted into Eq. 7.1

n n - 1 m
é‘ip:ﬂp ¢ ¢|J J+¢I,jk‘]jk:¢|,j 7/U|1+2V/'Jkljlk_5i =9, +5ig (7.7)
where
_ 1
§' =4l o =rl; & ZEWi?,kUk =¥ (7.:8)

As seen from Eq. 7.8, the inter-granular relative displacements between two interacting

(contacting) grains is decomposed into three terms: (1) & due to the average displacement
gradient, (Z,J ,(2) 6" due to the gradients of the fluctuation in grain displacement, Vi (x) ,and (3)

67 due to the second gradient of the total displacement field l//i?,k'

Further, the relative rotation of two grains is also derived by substituting the first and second

gradients of the rotation field, Eq. 7.5b and 7.6b, into Eq. 7.2.

n| n n n b 1 m
OF =i! - ="+, 3y = ) -yl += (//”kljlk:@i'\" +0" +6° (7.9)
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where

1 .
JIJ; _7u| & 2‘//uk|1|k Wik i (7.10)

oM =

Thus the relative inter-granular rotation field has been also decomposed into three terms: (1) HiM
due to the gradients of the average rotations, (2) 8™ due to the gradient of the fluctuations in grain

rotations, and (3) #° due to the second gradient of the total rotation field of the grains.

The fact that grains undergo relative rotations is also known from measurements of kinematic
fields in grain assembles [47, 172]. The above decomposition of both displacement and spins field

within the RVE into average and fluctuation terms allows us to include both mean field grains’

displacements and spins in addition to their fluctuations. Since the second rank tensors y; ?(%,)

and y;(x, ) are independent of coordinates x’« (homogeneous within the material point), the

fluctuation modeled in this way is 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 6.5a is supported by the experimentally measured
kinematic fields of grain assemblies [47, 172, 173] that show strong non-affine motions in a
volume element comprising large number of grains. The presence of grain displacement
fluctuations have also been recognized in previous works related to continuum modeling of grain
packing within the rubric of classical continuum mechanics [19, 175]. 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

[176, 177].
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7.2 Macro-scale and Micro-scale Dynamics

The kinematic measures contributing to the deformation energy are the gradients of the average

and fluctuations of the displacement and rotation fields, in addition to the second gradients of the
total displacement and rotation fields (Wi(j'j,k =¢ , and wi, =x ;). Thus the macro-scale
deformation energy density of the granular continua can be defined as a function of these kinematic
fields: W =W (gZ,J WL G LYW ) Conjugate to each one of the above kinematic fields,

a macro-scale stress measure is defined using the deformation energy density as:

. oW _6&_ o _6&_ " = oW
] 5¢, ! 68” ’ ij 673 ’ ijk ﬁlﬂfk (7 11)
M3 - P :aWK ; Qi :al,c

aKi,j 67”' a'/’ij,k

where the stress measures conjugate to the displacement fields are shown with Greek letters while

the moment stress measures conjugate to the spin fields are shown with Latin letters. z; and o
are Cauchy stress and relative stress, while s, is the double stress tensor conjugate to the second

gradient of grains’ displacement field. Also the two second rank tensors, Mj; and Pj; are the average
and relative moment stress tensors conjugate to the average and fluctuations in grain rotations
respectively, while the third rank tensor, Qij« is the double moment tensor conjugate to the second
gradient of grains’ rotations.

For a granular material system, the macro-scale deformation energy density, W, can be derived as
the volume average of the micro-scale deformation energy components caused by the relative
displacements and relative rotations of grain-pairs. The micro-scale deformation energy, W%, is

defined as follows for the o interacting pair as a function of the micro-scale kinematic measures:

W ¢ (é‘iM 0,60 oM 0", 6° ), where for simplicity of presentation the superscript a has been
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dropped from the micro-scale kinematic variables. The macroscopic energy density of the RVE

is thus given as

W =V£Z\N (8".5".58.0".6".6°) (7.12)

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

(displacements and rotations) as:

?g/ag =f.*; where &M, m,g
| (7.13)
2\/(\9/&5 =m/; where &M, m,g

Substituting Eq. 7.12 into Eq. 7.13, applying chain rule of differentiation, and making use of the
definition of microscopic kinematic measures in terms of their macroscopic counterparts, Eg. 7.8

and 7.10, the following expressions for the macro-scale stress measures are derived:

oW _ Zawa o5
! VL8t o, .
ow 1
= Sl == M 7.14
85|<M a(‘qkqlqa) @ . 285'\” Ky ; ol ( )
85". B 6(gij) 5 5Jq|q é}klj
OW* 86,
o a_: Z 57 0 .
7 i __Zaw PTEEL e .15
aakm 6(}/kq|q ) Ia Ia 85m ik"j V ~ [
oy? - oy? =6i0igly =il
] ij
OW * 95/
Hijk :—:—z
Wi 057 0y 1. oW “ 1
859“ a(l/jl J ) :>'Llijk = Z aég é‘ll‘]Jk :\/_Zfig‘]jk (716)
ar_ar a a a
6’1//I¢ = a ¢ é‘llé‘jqé‘kr‘]qr _5 ‘]
ij k l//u,k
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oK, Ok Tiata
i i,j
1 [awaae"‘
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0 l//i’j(,k 0 '//i,j(,k N

where the superscript a has been dropped from the micro-scale kinematic and force measures.
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, l;, and geometry moment tensor,
Jik. We observe that the inter-granular forces f, f™, andf? are related to the Cauchy, the
relative, and double moment stresses, respectively. Further, the inter-granular moments,
m", m™, and m? contribute to the average and relative moment stresses and double moment

stress tensors respectively.

7.3 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, all displacement and rotation terms are decomposed
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into components in the contact’s coordinate system, nst, defined previously in Eq. 2.2. Thus, the

micro-scale deformation energy, W, is written in the following simple form

W= 3 (f 00 +F,50 +1,5%
Eand &

+M 0% +m* 9% + mt"‘%{“{)

&M, m, g

ZM.m. g (7.20)

where the subscripts n, s, and t represent the components in the local coordinate system and do not
follow the tensor summation convention. For modeling elastic isotropic materials cross-linking
terms implying interaction between normal and tangential components of force-displacement and
moment-rotation pairs are ignored. Furthermore, in order to guarantee linear elasticity in macro-
scale, all the terms of the micro-scale deformation energy are quadratic in terms of the kinematic
measures. Thus for linear isotropic elasticity, the micro-scale deformation energy is defined as

w :1{ S KE (6 ) K (82 ) + K (5%)

2 gand ¢ §:M,m,g

7.21
M, m, g ( )

G (0 ) +6 (0 ) +6 (0 )2}
where K and G represent the inter-granular stiffness parameters for forces and moments,
respectively. Note that the subscripts, n, s, t, and w represent kinematic and stiffness terms in local
coordinate system defined in Eq. 2.2 and do not follow the summation convention for repeated
indices. Since the material is assumed to be isotropic, the behavior of grain interactions in different
directions within the tangential plane are similar leading to a single stiffness coefficient (K for
forces and Gw for moments) for the two directions s and t. For inherently isotropic materials,
different stiffness coefficients should be used for the two tangential directions (See Chapter 5). It
is also noted that 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 components

conjugate to different micro-scale kinematic measures that contribute to inter-granular relative
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displacements and rotations. These stiffness parameters do not represent the stiffness of two
isolated interacting grains. In the derived model we have introduced 3 types of inter-granular
stiffness parameters for force-displacement equation, namely, the average, the fluctuation, and the
second gradient, distinguished by their superscripts &: M, m, and g, respectively. Also for moment-
rotation equations, three stiffness parameters are used in local scale, namely the average,
fluctuation, and the second gradient term, distinguished by their superscripts {: M, m, and g,
respectively. The typical micro-scale constitutive equations for forces and moments in terms of
displacements and rotations in the contact local coordinate system nst, after dropping the

aforementioned superscripts, can be written in matrix form as

f1 [K, 0 07(s) [m) [G, 0 07(6
fl=l0 K, 0|{st {mit=l0 G, 0|0 (7.22)
f] o o K,/l&] |m] |o o Gll6

Having found the force and moment vectors components in nst coordinate, they are rotated along
with their corresponding stiffness tensors in the direction of the material point coordinate system.
Local constitutive equations and stiffness tensors in the material point coordinate system are found

using the tensors and vectors rotation as

=Ko K =Kenn, + K< (s;s; +tt;);  where &M, m, g

M =G“0°; Gy =G2nn, +G (s;s; +t;t; ); where ¢:M, m, g

I 1 ] ! 1

(7.23)

By substituting the micro-scale constitutive equations, Eq. 7.23, into Eq. 7.14-7.19, the macro-
scale constitutive relationships are derived linking the macro-scale kinematic measures to their

conjugate stress tensors as follows

T ZvlzfiMW:ViZKiWy'f’—( ZKrll I ) Ci}\clgkl (7.24)
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l mja 1 m mja l mja m
G :V_Zfi Ij =V_ZKik5k Ij :(V_ZK.kh I, ]7& =Cijk|7l?l (7.25)

1 « 1 a
Hijk :V_Zfig‘]jk :\/_ZKi?é]ngk :( ZKngn‘]jk) m,n :Aijmmn‘//(r)n,n

a

(7.26)

Mi] :V_zmi'vI Ij :V_ZGlt/I ekM Ij :(V_ZGIIIYIII Ij j DukIKkI (727)
1 mja 1 m mja 1 mjpoj o m

Pij =\/_Zmi Ij =V_ZGik 0, Ij = \/_zGikll Ij Ya —Duk|7k| (7.28)
1 gqa _ 1 909 1 g K K

Qijk :Vzmi ‘ij :VZGH 6 ‘]jk an Janjk Vinn = Bijklmnl/llm,n (7.29)

It is seen that following this approach leads to four forth rank stiffness tensors (2 for average and
fluctuation terms in displacement and 2 for average and fluctuation terms in rotation) and two sixth
rank tensors for the second gradient terms in displacement and rotation. It is notable that the
derived constitutive relationships in Eq. 7.24-7.29 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*, given in Eq. 7.20 and 7.21. The inclusion of cross-linking
between different microscopic kinematic and force measures will lead to coupling terms in the
macro-scale constitutive equations. Were the interactions between different kinematic and stress
measures to be taken into account, the analysis would have led to extra stiffness tensors. Those
extra stiffness tensors will include fourth, fifth, and sixth rank tensors. It is, however, known that
there are no isotropic tensors of odd rank. So the fifth rank tensors implying cross-linking either
between the second gradient kinematic measures and the second rank stress measures or between

the first gradient kinematic measures and the third rank stress measures will be always zero for
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isotropic materials. The other cross-linking terms might be included in the model by taking into
account the interactions in the micro-scale which will be pursued in the future.

Note that the summations in Eq. 7.24-7.29 are over all grain-pair interactions within the material
point. The quantities within the summation can be evaluated provided we know the grain-pair
stiffness and branch vectors. In principle 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 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 direction.

In principal, the distribution of grain-pair interactions and their properties (length of the interaction
line and also the inter-granular stiffness coefficients) depend on the direction of the contact. 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. In isotropic materials all directions have the same properties and bond length and stiffness
for all directions are equal. Thus the directional density distribution function is just a constant of

normalization in all directions

§(9,¢)=%:>j§d§z=”§sined9d¢=1 (7.30)
Q 0 ¢
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where dQ =dé#sindd¢ denotes the solid angle corresponding to given 6 and ¢ values. Using a

properly defined density distribution function can lead to models for materials with different levels
of inherent anisotropy satisfying all symmetry requirements due to the presence and lack of elastic
symmetries (See Chapter 6). Other efforts for modeling anisotropic materials using other forms
of directional density distribution functions can be found in [18, 46, 178]. Considering the volume
density of grain-pair interactions in a material point to be Np, and assuming an average grain-pair
stiffness within a solid angle dQ, the stiffness tensors derived in Eq. 7.24-7.29 can be rewritten

in the following form by converting the summations to integrations

Va

Cij“ﬂ,_ ZK,k 171 =1°N J' j Ki'n;n,)&sinodgdo (7.31)
0-0 4=0
m 1 m a T 1
Cuk|=\72K.k|| I =N, | I Kin;n, )&sinodgd 0 (7.32)
a 0=0 ¢=0

T

uklmn: ZKI?‘]anJ{T( = |I jUk'm n (7'33)
6= o¢o

T 2r

Uk,: Ze,k 15 =1°N, [ [ (Gifnjny)&sinodgdo (7.34)
6=0 =0

Dh, = ZG,kI, 17 =I°N, | j Gy, ) £sinodgdo (7.35)
6=0 ¢=0

uklmn: ZGI?JanjT(_ |Injnknmnn §SIn6d¢d0 (736)
6=0 $=0

It is seen from the above equations that the granular micromechanical view of the material behavior

gives rise to six constitutive tensors. These include three fourth rank constitutive tensors, Ci?,"(, ,

Cik » D”“ﬂ, ,and Dj,, and two sixth rank constitutive tensors, A, and By,,,. The grain-pair

ijklmn

stiffness parameters in these constitutive tensors are conceived, in a statistical sense, to describe
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the essential grain-scale mechanisms in a collective granular system and do not represent the
behavior of two interacting grains, isolated from the entire assembly. This view is in contrast to
the previous continuum models of granular media in which the grain-pair stiffness coefficients are
often taken to be those of isolated interacting grains (see for example [19, 31, 32, 179]). 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 parameters vanish. However, it is clear from the kinematic analyses presented
here that these mechanisms should have non vanishing contributions. The need for including the
fluctuation and second gradient terms is supported by analyses of grain packing [19, 175] as well
as computer simulations and experiments of grain assemblies [47, 172, 173] that show strong non-

affine motions in a volume element comprising large number of grains.
It is clear from Eqgs. 7.31, 7.32, 7.34, and 7.35, that the four tensors Cji, , Ci, , Dy, and D, , are
formally similar. The difference between them is merely due to the difference between the micro-

scale stiffness coefficients of the grain-pair. For isotropic elasticity the following closed form

expressions for the fourth rank stiffness tensors are derived by performing the integrations

I°N I°N
Ci?ii = : (3KE+ZKV€); Ci?" = : (KE _Kvév)
15 T
S IZNP 4 4 4 IZNP 4 Y g gl-
Cijij=?(Kn+4KW) Cii =1z (Ki=Kgy); i#jp; &=Mand m (7.37)
Ciy =0; otherwise
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12N 1N
DS, =—" (3G +2G); D =—-2(Gi-Gi)

15 15
i, - Ne(G:44GE) D= Ne(Gi-Gi)i ixil: &M and m (7:38)
i g n w i~ g n w ) g - '

D;, =0; otherwise

In Eq. 7.37 and 7.38, the subscripts take values 1, 2, or 3 and summation over repeated indices is

not implied. A closed form presentation of all components of the sixth rank tensors A. and

ijklmn

B are also calculated for isotropic elasticity by calculating Eq. 7.33, and 7.36 respectively.

ijklmn
5K 9 +2K ¢
35

_ _ _14
Allllll - A222222 - A333333 - I N p

A111122 = A111133 = A112112 = A113113 = A122111 = A133111 = A221221 = A222233 = A222211 = A223223

3K S +4K !

_ _ _ _ _ _ _ _ _ 14
- A233222 - A331331 - A332332 - A333311 - A333322 - A211222 - A311333 - A322333 - I N p 105

A1 = Atz = Arisss = Ao = 3Arizas = 3Auioa3 = Arizazs = Arizans = 3Puianss = 3A1iaan
= Ao = 3A10331 = 3Aa0s1 = 3Aaa12 = Az = 3Auzznn = Agpiin = Aginzy = 3Rz

=3A 1331 = Aoon1z = Aoanszr = Aoozazs = Aosgane = 3Asai13 = 3R aans = 3Ans11 = 3Ass13m

= Az = 3A233112 = A = Agannzs = 3'6‘331122 =3Ag31001 = Asanor = Az = 3A332112

= 3A332211 = A333113 = A333223 = A211112 = 3A211332 = A311113 = 3A311223 = 3A312123 = 3A312231

K9 _KS9
=A =3A =|*N —n _—w
322223 322113 p 35
A122122 = 3A122133 = 3A123123 = A133133 = 3A133122 = 3A231213 = A233233 = 3A233211 = A211211
K r? + 6KV§J
= 3A211233 = A311311 = 3A311322 = 3A312312 = A322322 = 3'6‘322311 =I"N p T
Aiiamn = Aiimn = Aijanm = Aicjinm (7.39)
Ajimn =0;  otherwise
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5G 0 +2G

_ _ _ 14
Bllllll - B222222 - B333333 - I N p

35
B111122 = B111133 = B112112 = B113113 = B122111 = B133111 = B221221 = B222233 = B222211 = B223223
— By = Baossss = Baaos = Bossns = Bassass = Bosts = Bassass = Buggs = 1 N, 2 -9
= D233200 = Da33i1331 = Paazzze = Paszzin = Passzzz = Poi1222 = Parizsz = Paoogzz = P 105

B111221 = B111313 = B112222 = B112211 = 38112233 = 38112332 = B113333 = B113311 = 38113223 = 35113322
= B122221 = 38122331 = 38123231 = 3B123312 = B133331 = 3B133221 =B 221111 — B221122 = 35221133
=3B 221331 — B222112 =B 222332 = B 223333 — B 203322 = 3B 223113 — 3B 223311 — 3B 231123 — 3B 231321

B233332 = 38233112 = B331111 = B331133 = 38331122 = 38331221 =B 332222 — B332233 = 38332112

= 38332211 = B333113 = B333223 = B211112 = 38211332 = B311113 =3B 311223 — 38312123 = 38312231

GI_GY
4 n w
= B322223 = 38322113 =1"N p T
By = 38122133 = 38123123 =Bz = 38133122 =3B 231213 = B ogaas = 3B 23311 = Bonion
G} +6G,}

=3B 11233 = Barigi1 = 3Bniane =3Bz = Bagazy =3B apsn = 1N p T

ikimn = Bikjimn = Bijanm = Bijinm (7.40)

jamn = 0; Otherwise

We note here that the six stiffness tensors presented in Eq. 7.37-7.40 comply, in form, with the
general form of fourth and sixth rank isotropic tensors that can be derived based only on
mathematical considerations (see for example [2, 180]). In order to facilitate the following
discussion and, in particular, deriving the equations of motion for the micromorphic media under
consideration, it is advantageous to write these stiffness tensors (given in Eq. 7.37-7.40) in the
indicial notation used by Mindlin [2]. Using the definition of the most general form of fourth and
sixth rank isotropic tensors, the stiffness tensors corresponding to the displacement field (given in
Eqg. 7.37 and 7.39) are rewritten as follows

Ciw = 48,04 + 15,8, + 14,6,

Ci;TI](I = blé‘ijé‘kl + bzé}k5j| + b35i|5jk
Ajklmn = alé}jé‘kl 5mn + a‘Zé‘ijé‘kmé‘nl + 335”5 5 + a45jk5il5mn + a‘55jk5 5 (741)

kn™ml im~nl

+a65jk5in5Im +a75ki5jl mn +a85 5 5 +a9§ 5 é‘lm +a105ilé‘jm5kn

ki™ jm*™nl ki* jn

+a115jl5km§in + a125kl5im6jn + a135ilé‘jn5km + a145jlé‘kn6im + a155kI5 5

in™ jm
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while those corresponding to the rotation field (given in Eq. 7.38 and 7.40) are given as

Di'j\ﬂl =110;;04 + V10,0 + V0,0

Di;Td = d15ij5k| + d25ik51| + d35i|5jk

Biimn = €195940m T ;00O +€3000 0 + €405, 0, + €50, 6,16, (7.42)

km™nl kn™ml im~nl

+e65jk5in§lm +e75ki5jI5mn +e85 5 5 +695 5 5Im +e105ilé‘jm5kn

ki™ jm*nl ki™ jn

+€,0;10n0in +€,0401,0 5 +€13040,,0, +€140;10,,0i, +€5040,,. 01,
The parameters used in Eg. 7.41 and 7.42 are macroscopic stiffness parameters that define the
linear elastic behavior of isotropic micromorphic media. By equating the components of the
stiffness tensors derived in Eq. 7.37-7.40 with those given in the index form in Eqg. 7.41 and 7.42,

the parameters used in the index form are derived based on the micro-scale intergranular stiffness

coefficients. The stiffness parameters corresponding to displacement field are derived as

A=u :IZNP(KM—KM)' ,ulzlsz(KM+4KM) (7.43a)
2 15 n w )1 15 n w
1N I*N
_ _ P m my. _ p m m
b, =b, =~ (KP=Kp); b= = (Ky+4Ky) (7.43b)
I4Np 9 g
8 =8 =8 =8 =8, =8 =8 =8 =8y, =&, =&, =&, = (K] -K]) 7439
43c
[N
_ _ _ p
8, =ay, =&, =— (K7 +6K))
while those corresponding to the rotation field are
I°’N I°N
_ _ P M M. _ p M M
n—vz—?(Gn -Gy ); v = = (G +4G)) (7.442)
I°’N I°’N
_ _ P m my. _ p m m
d, =dy = (Gr-Gp); d,= = (G +4Gy) (7.44b)
I4NP [¢] 9
€, =6,=6=6=6=6=6=6=06,=6,=6€,=€;= 105 (Gn _Gw) (7.440)
A44c

4

I"N
€, =€, =63 :F;(Gr? +6G\Ag/)
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Note here that the parameters A and u=(z4+,)/2 in Eq. 7.43a are the well-known Lamé

parameters used in first gradient isotropic elasticity.

7.4 Summary

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 materials is
obtained by considering the interactions of grain pairs. Since the complete granular microstructure
and micromechanics of a material is seldom known, it is impossible to know the displacement of

all the grains within a material point.

The relative displacement of interacting grain-pairs are 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. Further grains’ spins and their effect on the inter-granular
relative displacement and rotations are also taken into account.

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

different inter-granular stiffness measures.
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In the macro-scale, conjugate to the different strain measures, a stress field has been introduced.
Helmholtz free energy density has been defined as a function of all the strain measures (average
displacement gradient, displacement fluctuation gradient and second gradient, average spin
gradient, spin fluctuation gradient and second gradient). The different terms are assumed not to
be interacting in the formation of energy (No coupling terms in the energy functional are allowed).
Finally by equating the Helmholtz free energy with the average deformation energy of all grain-
pair interactions, macroscopic stress tensors and stiffness tensors have been derived as based on
microscopic inter-granular stiffness coefficients.

Close form solutions for all components of all the defined stiffness tensors have been presented
for elastic isotropy and the equations in index form have also been formulated. This formulation
will be useful for deriving the equations of motion for solving wave propagation problem which

is the topic of next chapter.
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8 IDENTIFICATION OF HIGHER ORDER MICRO- AND MACRO-SCALE
STIFFNESS COMPONENTS USING GRANULAR MICROMECHANICS

8.1 Introduction

One of the most common critiques on extended continuum models, methods that include higher
order and fluctuation terms, is the lack of a practical approach for calibrating the relevant material
properties. Especially for the second gradient terms, since the number of the components in the
6" rank stiffness tensor is very large, the task of calibration of material properties becomes
increasingly difficult.

In this chapter, a practical approach has been presented that can be a beginning point for calibrating
the stiffness components for higher order and micromorphic models. Using this approach, it is
possible to calibrate all the inter-granular stiffness coefficients corresponding to all kinematic
measures (average, fluctuation, and second gradient) for any given grain assembly. However, in
order to apply it to a material system that cannot be identified as an exact grain assembly with
identifiable grains, grain boundaries, contacts, etc., more work needs to be done.

The presented approach is based on the concept of deformation energy. All components of the
inter-granular relative displacement and rotation contribute separately to the internal deformation
energy in the material. In this approach, the boundary conditions pertinent to each component of
the total displacement are applied on the material point separately. Using a discrete analysis,
equilibrium (minimum energy state) is enforced on the granular assembly. As a result the total

energy of the assembly is calculated and the stress measure that is conjugate to the applied
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boundary condition can be derived. Performing this analysis for different boundary conditions, all
components of the macroscopic stiffness tensors corresponding to all kinematic measures can be
derived.

The analysis is performed with a slightly different micromorphic theory compared to the theory
presented in Chapter 7. In the micromorphic theory that was used for this analysis, the effects of
grain spins are neglected. However, note that the same analysis can be performed on the complete
micromorphic theory presented in Chapter 7, which can be a topic of a future work.

In this chapter, first the micromorphic theory without considering the effects of grain spins is
presented. Following that, the equilibrium conditions and the corresponding boundary conditions
for the micromorphic theory are presented. Then a brief description of the discrete analysis
performed on the assembly is given. Finally, for different grain assemblies, the discrete analysis
is performed and the material parameters for the micromorphic theory are calibrated. The grain-
pair stiffness coefficients relevant to the effective continuum medium are then back-calculated
treating the assembly as a unit cell which is randomly oriented to yield an isotropic material.

The identification process shows the clear need for the additional macro-scale deformation
measures for the continuum modeling of granular materials and exemplifies the need for
partitioning the grain-pair (micro-scale) deformation energy into the corresponding micro-scale

mechanisms. The work presented in this chapter is published in 2015 and 2016 [160, 161].

8.2 Micromorphic Granular Micromechanics, without grain spins

8.2.1 Kinematics of Granular Media
To develop the measures that describe the kinematics of a granular assembly, while neglecting the

effects of grain spins, the relative displacement of two contacting neighbor grains, n and p, within

a continuum material point in the coordinate system of x is considered. Displacement of grain p

179



IS written using a Taylor series expansion of the displacement of the neighbor grain, n, with terms

up to 2" order as follows

¢|p:¢|n+¢:j|j+%¢|rjjkljlk+“' (8.1)
where ¢ is the displacement of grain centroids, lj is the vector joining the centroids of the two
grains, n and p. The gradient of the displacement field, ¢ ;, (the micro-scale displacement
gradient) is decomposed here into two parts, one representing the average or macro-scale
displacement gradient, ¢7,J , and the other, y;, representing the gradient, with respect to x’, of the
displacement fluctuations in the following manner

Vi E¢|,j :%,j —7i (8.2)
Figure 8.1 shows the schematic representation of a material point in 2D coordinate system and the

macroscopic coordinate system, X, as well as the microscopic coordinate system, x’.

X2

A

X,2

> X1

Figure 8.1- Representation of material point and the global coordinate system, x, and the local coordinate
system, x’, located at the material point’s center of mass

Note that the macro-scale displacement gradient, 5,] , Is independent of coordinates xx. Grain

displacement fluctuations are assumed to be linear functions of the local coordinate system, x’ and

this leads to a micromorphic theory of degree 1 in the terminology introduced by Germain [6, 181].

This implies that the second rank tensor y; is independent of the local coordinates (it is
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homogeneous within the material point) and is a function only of x. Now considering the second
gradient terms in the formulation and using Eqg. 8.1 and Eq. 8.2 the relative displacement of two

neighbor grains, n and p, is derived as

n n n 1 e l m
o =4 ¢ =(¢|.j _7ij)|j +§ |,jk|j|k :¢|,j|j _7/ij|j "'E |,jk|j|k :5iM —&"+07 (8.3)
where
SM=g l; "= |'5g—1 Il =¢.J., = J 8.4

i —¢|,j ir % =7l 6 _§¢|,jkjk_¢|,jk ik = VijxY ik (8.4)
In this equation, the tensor J; =kl;/2 represents a moment tensor which is introduced for

simplifying further derivations. As seen from Eqg. 8.3, the inter-granular relative displacements

between two interacting (contacting) grains is decomposed into three terms: (1) & due to the
macro-scale displacement gradient, qZ,’j , (2) 6" due to the gradients of the fluctuation in grain
displacement, y; (x ) and (3) & due to the second gradient term, ¢ jk, which is same as the

gradient of the relative displacements, 7;,. A similar analysis could be done for the contact
problem [182, 183].

Further, the relative rotation of grains within the granular assembly can be related to the rotation
field within the material point defined as the curl of displacement field [154]. Now using this

definition of rotation and applying Taylor series expansion, the relative rotation of two neighbor

grains, n and p, denoted as @ is obtained as

OF =i = =l = (&) , 1o =Gt sl (8.5)
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The inter-granular relative rotation between two interacting grains is, thus, related to the second
gradient term, g jk. That grains undergo relative rotations is also known from measurements of

kinematic fields in grain assembles [47, 172].

8.2.2 Macro-scale Stress and Micro-scale Force Conjugates
In the formulation presented hereafter, anti-symmetric part of the average displacement gradient

tensor, ¢

;» Is discarded and only the symmetric part, ¢7(i’j), is retained as the classical small

deformation strain tensor. 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 (J(i,,-),?/ij ,¢i,,jk)

. Consequently, the macro-scale stress components conjugate to these kinematic measures are

obtained as
W W W W

T =aa——:2_; Ojj ZZ_; Hiji :aa— (8.6)
¢(i ) &jj Vi Vi k

where 7;;, 0y, and 1 are Cauchy stress, relative stress, and double stress respectively. It is now

noted that the macroscopic strain energy density function can be obtained as the volume average

of the deformation energies of the grain-pair interactions written as

1 a M m g u
W=D W (6,667, (8.7)
where the superscript o denoted the o grain-pair interaction and it has been intentionally dropped
from the kinematic measures to simplify the equations. Now conjugate to each one of these

displacement measures and the rotation measures, force and moment vectors are defined as

derivatives of the strain energy function with respect to the corresponding kinematic measure
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2\2; = f“; where &M, m,g
| (8.8)
oW *“ ”
= mi
aei(lu

Now substituting Eq. 8.8 and Eq. 8.7 into Eq. 8.6 and using the definition of inter-granular
displacement and rotation measures presented in Eq. 8.4 and Eq. 8.5 respectively, macroscopic

stress tensors conjugate to each one the macro-scale kinematic measures can be derived as follows

oW * 85“" 1

__—_= =3 fM)@ 8.9
i 285M 88 Z b 89
Oy = _:_Zawm % =12fim'f’ (8.10)

9% 0o, Oy; V3

a g a u

Hijx = —:_ w 85 8W 56’, :l ZfingkJer.”e,-u'.f’ (8.11)

a¢.,k V050 oy 00 ody ) VL .

In Eqgs. 8.9-8.11, the superscript a has been dropped from the micro-scale kinematic and force
measures. We contrast the expressions for the stress tensor conjugates obtained here with those
reported in literature [184] that are typically based upon the virial theorem [185]. Here, we have
introduced separate force measures conjugate to the grain-pair (micro-scale) counterparts of the

continuum deformation measures.

8.2.3 Miicro-scale and Macro-scale Constitutive Equations
A set of constitutive equations is now introduced at the micro-scale that link the micro-scale
kinematics measures to their conjugate force and moment measures as

fmf_

aé gcaé. .
Kj 5J. X where &M, m, g
leLI — Gljxugjau’

(8.12)
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Here, we note that for simplicity and without the loss of generality, the cross coupling between
different force and kinematic measures has been ignored. Thus each of the inter-granular force
and moment components are dependent only on their conjugated displacement measure. The
consequence of this assumption will be that uncoupled constitutive relationships will be obtained
for the continuum model. Further, it should be noted that the micro-scale stiffness coefficients in
Eq. 8.12 represent inter-granular stiffness measures in a statistical sense. Since the total relative
displacement between two neighbor grains were previously decomposed into different terms,
representing the average and fluctuation displacement gradients and also second gradient terms,
the stiffness coefficients corresponding to them will all contribute, in a statistical sense, to form
the overall response of the interaction to the grains’ relative displacements. Now substituting the
micro-scale constitutive equations, Eq. 8.12, into Eq. 8.9-8.11 and noting that the macro-scale

strain measures are constant throughout the material point, macro-scale constitutive equations are

derived as

1 Mja 1 M cMja 1 Mjaja M
Tij =\72 fi Ij =\72Kik O Ij = VZKik I Ij &y =Cijklgkl (8.13)
Gj =\72fi Ij =\72Kik5k Ij = VZKikII Ij Y :Cijk|7k| (8.14)

1 S 1 @ qa , 1 y
Hijk ZVZ( ig‘]jk +m, ejillk)z(szilg‘]mn‘]jk +\726pqem|qejip|klnj<4,mn

a

- (AJgk'mn + A:'Jklmn )ﬂ,mn = Ajklmn¢l,mn

(8.15)

Here it should be noted that the summations in Eq. 8.13-8.15 are performed over all grain-pair
interactions inside the material point. The quantities inside the summation (stiffness coefficients
and geometric parameters li and Jjj) are all different for every single grain-pair interaction. It is,

however, possible to find an average value for all these quantities for grain-pair interactions in any
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given orientation. Using these average values, the summation over all grain interactions can be
changed to integration over all generic orientations. This is done using two new parameters, Np,
representing the number density of grain interactions defined as the number of grain-pair
interactions divided by the volume of the VE, and a normalized directional density distribution
function, &, defining the density of contacts in different orientations within the material point (See
Chapter 6 for a complete description). For isotropic materials (or for randomly distributed grain

assemblies) the density distribution function in 2D and 3D domains will be

5(9):%:]@9:%2%:1; for 2D (8.16a)
T Y, T

1 . 1
5(0,¢)=E:>”5(3m6’d6’d¢)=E(27z)(2)=1; for 3D (8.16b)

0¢
In Eq. 8.164a, 4 is the polar angle of the 2D polar coordinate system while in Eg. 16b, 8 and ¢ are
the polar angle measured from the vertical axis and the azimuth angle in the 3D spherical

coordinate system respectively.

8.2.4 Constitutive coefficients for 2D Granular System

For further development in this chapter, the focus will be on two dimensional (2D) material
systems and grain assemblies for demonstrating and visualizing the model applicability. In two-
dimensions, the local coordinate system is composed of a unit normal vector, n;, in the direction
of the branch vector joining the two grains’ centroids and another unit vector, Si, lying in the
direction of the tangential plane, whose normal vector is n. These Cartesian components of the

unit vectors are defined as

n, =(cos®,sin ) (8.17)
s; =(—sin6,cos O) |
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Following the previous discussion about using an average value for the geometric tensors | and Jj
in any given orientation, and using the 2D density distribution function introduced in Eq. 8.16a,

the summations in Eq. 8.13-8.15 are rewritten as integrations in the following form

2z
Cit = ZK,kl I =I°N, [ (Ki'njn)&do (8.18)
6=0
Cila = ZK.TM Iy =I’N I Kynn, ) &do (8.19)
1N, 2
Ajgklmn = ZKl?‘]mn‘]ﬁ = 4 I (K|?njnknmnn)§d0 (8203)
0=0
Aljjklmn - Zqu mlq jip k n _I N J Gu elmqeupn n )§d9 (820b)

Note that since the method is applied here for only 2D modeling, the indices i, j, k, I, m, and n take
the value of either 1 or 2. It should be noted here that in a 2D domain (with in-plane coordinate
axes 1 and 2) the only possible rotation is the rotation about the axis normal to the plane under
consideration, 3 axis, denoted as &3 which gives rise to the moment component ms. Now, In Eq.
20b, eijp and eimq denote permutation symbol and since the indices i, j, I, and m can take only values
of 1 and 2, the indices p and g should only take the value 3. So the rotational stiffness tensor, G,
can have only one component, Gpq = G33 = G. Having this in mind and considering Eq. 8.12
defining the general constitutive equations in inter-granular scale, the moment-rotation
constitutive equation in grain-scale can thus be written simply as

m, =G6, (8.21)
For the force-displacement constitutive equations in micro-scale, inter-granular force and

displacement vectors are decomposed in the local directions into two components, one normal and
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one tangential. Constitutive equations, in its most general case, in the local level are then defined

in this coordinate system as

i <)

= (8.22)
f, K. K]l

where we have for convenience not shown the superscripts. As it is seen in Eg. 8.22, in the model
presented here, the interaction between normal and tangential components of inter-granular force
and displacement vectors is included. In the previous versions of the method of granular
micromechanics this coupling term was ignored and the stiffness tensor was composed of one
normal component, Ky, and one tangential component, Ks. It should be pointed, however, that the
stiffness tensor is still kept symmetric. The stiffness tensor used in Eq. 8.22 should then be rotated

to the VE coordinate system to result in the stiffness tensor Kij which will be used in the grain-

scale constitutive equation fi=Kjjoj and also in Eq. 8.18, 8.19, and 8.20a.

’ K21 K22 n2 82 Kns Ks S1 SZ
For isotropic materials and in linear elastic limit, constitutive equations and their corresponding

stiffness tensors can be derived in close-form by performing the integrations presented in Eg. 8.18-

8.20. The 2D form of constitutive equations and corresponding stiffness tensors are thus derived

as follows
2
o ! 8Np(3k,$ﬂ +k!")
T Cy Ch 0 )[e& 12N
7, 1=|Ch Ci 0 |1, where | Cy = 8p(kr:v| +ksM) (8.24)
T1 0 0 Cg)lan 12N
e M)
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It is noteworthy that the two fourth rank stiffness tensors, Cij“ﬂl and Cg, , are formally similar. The

only difference between the two tensors is that their components are derived based on grain-pair
stiffness coefficients corresponding to different inter-granular phenomena. It should also be noted
that since the average strain tensor is the symmetric part of the macro-scale displacement gradient,

the strain and its conjugate stress tensor have 3 components. Thus the stiffness matrix linking the

average strain tensor to Cauchy stress, Cij"ﬂ, , is also symmetrized into a 3x3 matrix while Cfj, is a

4x4 matrix.

8.3 Variational principle and balance equations

To complete the governing equations of the system we derive the balance equations and the
boundary conditions applicable to the current modeling approach. Using the definition of different
kinematic measures introduced in Eq. 8.2 and Gauss’s divergence theorem, the variational of the

macro-scale deformation energy functional is derived as

SW =[SNAV = [(;5; +0y 8, + 11y O,y )V

=—[ (7 +oy), GAAV [ (4, +03 ) Sy, dV (8.27)
+J(rij +0; )njé‘ﬁds +I,uijknk51//ijd8

If the system is to be in static equilibrium, the internal potential energy should be equal to the

external energy created by all the external forces applied on the system. The variational of external

energy is written as

SW = [ 040V + [0,V + [t 54dS + [ Tyoy,dS (8.28)
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where f. is the non-contact volumic (body) force per unit volume, t; is the contact traction defined
as a surface force per unit area, ®; is the non-contact volumic (body) double force per unit

volume, and Tij is the contact double traction defined as double force per unit area. Now equating

the external energy performed by external forces (given in Eqg. 8.28) and the internal potential

energy (given in Eq. 8.27), results in

J.[fi +(rij +0; ),j Jé‘ﬁdv +J.[q)i’j +(:uijk,k +0; )]51//ijdV
' ‘ 8.29
[t = (7 +0y )n; |64dS + [Ty - sy |owds =0 o)

Now it is noted that Eq. 29 should be satisfied for any arbitrary set of variational of kinematic

measures, 5@, and Sy, . This implies that the terms inside square brackets in Eq. 8.29 should

always be identical to zero resulting in the following balance equations and boundary conditions

{(rij +0; )‘j +f, =0 (8.30)

M i Top + Dy =0

{(Tu oy )n; =t, (8.31)
Hij Ny :Tjk

where the stress measures ij, oij, and uijx are defined using the constitutive equations given in Eq.

24-26 respectively.

8.4 Ildentification of macro and micro-scale constitutive coefficients

To show the applicability of the derived continuum model, a methodology for identification of the
constitutive coefficients for particular instance of granular materials is developed. To this end, we

perform discrete simulations or ‘numerical experiments’ as controlled surrogates to physical
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experiments. Here, the numerical experiments are performed using a randomly generated

assembly of disks whose heterogeneity is impacted by varying the disk size (See Figure 8.2).

8.4.1 Numerical simulation methodology for discrete 2D granular system
For each grain within the assembly, say n" grain, the variational of the total potential energy can

be written as

SW" = Zé\Nna (é‘ina’eina): Z finaé‘é‘ina +Z(mina +eijk fjnarkn)aana (832)

a
where the summation over o denotes summation over all grains which have interaction with n'"
grain. So f"*, m"*, ¢"*, and @"* denote the inter-granular force, moment, relative displacement, and
relative rotation between grains n and a respectively. Now denoting the total force exerted on the
n" grain Fi and the total moment M, the variational of the total potential energy can be equally

written as
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OW"=F"54" + Mo’ (8.33)
Now considering the definitions of inter-granular kinematic measures 6, and 6™ given in Eq.
8.3 and 8.5 respectively, the variation of these relative kinematic measures can be derived based

on the variation of displacement and rotations fields.

5ina:¢la_¢ln — 5ina:_5¢ln

ana — Kia! _K_in — 5 ina — _5K__n

(8.34)

Setting the right hand sides of Eq. 8.32 and Eq. 8.33 equal and substituting Eq. 8.34 results in

ijk " j

Frog + M6 ==y £ 0g" =3 (m™ +ey, 1) o (8.35)

Now it should be noted that the above equality should hold for any arbitrary set of kinematic

variables. This results in the following balance equations for the particular grain, n.

Fin — _Z fina

(8.36)
M in _ _Z(mina + eijk fjna rkn)

Further, we know that these inter-granular force and moments tensors are attainable using grain-
scale constitutive relationships relating them to inter-granular kinematic measures. If the inter-

granular stiffness coefficients in normal, tangential, and normal-tangential coupling are taken to
be K_n, K_S ,and K_ns respectively and the inter-granular moment stiffness is taken to be G , grain-

scale constitutive equations are written as

_ (8.37)
m nNa :G agna

{fi"" =Kyo7“; where Ki“ =Ksnins +Kesisy + K (nfsy +s7nf)
It should be noted here that these stiffness parameters represent the stiffness of an interacting grain-
pair isolated from the assembly. Now by combining Eq. 8.36 and Eq. 8.37, the total force and

moment vectors acting on the n" grain can be derived as a function the relative inter-granular
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displacements and rotations that are in turn defined as the difference of the displacement and
rotation of the grain-pair as in Eq. 8.3 and Eq. 8.5, respectively. In view of this, expressions for
the total force and moment in the terms of grain motions can be established. These expressions
can be assembled to form an overall force-displacement equation governing the behavior of the

assembly as a whole written as [186]

{F Fawa =[S Low o U am (8.38)

where M denotes the total number of grains within the whole assembly. For each grain there are
3 kinematic measures (2 displacements and 1 rotation) resulting in a total number of 3M kinematic
variables represented in u. Also each grain has 3 force measures (2 forces and 1 moment) resulting
in a total number of 3M force variables represented in F. So the overall number of variables in
Eqg. 8.38 is 6M, knowing any 3M of which the other 3M can be derived by solving the system of

equations represented in matrix form in Eq. 8.38.

8.4.2 Methodology for identification of constitutive coefficients

As it is seen in Eq. 8.13-8.15, constitutive equations governing the behavior of micromorphic

materials and grain assemblies are characterized by three different stiffness tensors, Cij“ﬁ, » Ci s

+AS

ijklmn *

=A"

ijklmn

and A

ijklmn

These stiffness tensors correspond to the average displacement

gradient field, the fluctuations in displacement gradient, and second gradient of displacement,
respectively. From a continuum viewpoint, the strain energy can be written as the sum of the

energies derived from these three terms as

W :Ci}\CI &ijbu +Ci;?<| Yii Vi +Aijk|mn‘//ij,kl//lm,n (8.39)
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For finding the components of these stiffness tensors, numerical experiments are performed with
the 2D grain assembly using the simulation methodology presented in section 8.4.1. These

numerical experiments are performed in a manner akin to physical experiments by applying

boundary conditions on the grain assemblies. Thus to obtain the components of Cij“ﬂl , we purely

apply on the boundary of the grain assembly a specified macro-scale displacement gradient while
holding the fluctuation displacement gradient, 7; , and the second gradient term, y; , , to be zero.

In order to achieve this type of displacement at the boundary, boundary grains and their immediate
neighbors are displaced by the amount that is compatible with the specified macro-scale
displacement gradient. In this manner, the fluctuations in the displacement gradient and the second
gradient of displacement are ensured to be zero. The schematic of the movement applied on the
boundary grains for this type of loading is seen in Figure 8.3.al. For the assembly loaded in this

manner, the strain energy will be

|(yij s0.4y,20) =C K Ea i (8.40)

Applying any component of strain on the assembly and deriving the energy using Eq. 8.32 and
equating it with the right hand side of Eq. 8.40 results in an equation based on the corresponding
components of the stiffness tensor. Before symmetrizing the stiffness tensor, it can be written as
a 4x4 matrix with major symmetry. Thus it has 10 independent components. So in order to
calculate all its 10 independent components, 10 different displacement fields on the boundary need

to be applied on the assembly.
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Figure 8.3 Schematics of the boundary grains’ displacement applying average strain, fluctuation strain, and
second gradient strain (a.1, a.2, and a.3 respectively), grains displacement in the three loading schemes (b.1,
b.2, and b.3), histogram of normal component of inter-granular displacement (c.1, c.2, and c¢.3), histogram
of tangential component of inter-granular displacement (d.1, d.2, and d.3), and histogram of grain
interactions’ energies (e.1, e.2, and e.3)
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Four of the above loading scenarios will include applying displacement gradient only in 11, 22, 12
and 21 directions while the next six will be in the direction of combinations of those. Writing Eq.

40 for all these 10 cases will lead to a system of 10 equations and 10 unknowns solving which will

result in all components of Cij“ﬂl . The 4x4 stiffness matrix is then reduced to the 3x3 stiffness

matrix by imposing symmetry of strain and conjugate stress.

m

For finding the components of C,, , we purely apply fluctuations in displacement gradient while

keeping the macro-scale displacement gradient and the second gradient of displacement to be zero.
For this type of boundary condition, the boundary grains are kept stationary while their immediate
neighbors are moved according to a fluctuation in displacement gradient and using Eq. 8.3. The
schematic of the movement applied on the boundary grains for this type of loading is seen in Figure

8.3.a2. By loading the assembly in this manner the strain energy of the assembly will be

) =Ci %7 (8.41)

(&;=0, vij =0
Applying the same components of fluctuation strain as it was done for finding Ci;”k, and loading
the assembly in 10 different directions and solving the energy equation from Eqg. 8.41, all the 10
components of the tensor C; are derived.

And finally for finding the components of the sixth rank stiffness tensors, second gradients of
displacement fluctuations are applied on the assembly while keeping the average and fluctuations
in displacement gradient to be equal to zero. For this purpose the boundary grains are kept
stationary while their immediate neighbors are moved in consistence with the second gradient in
the displacement fluctuations. Boundary grains’ neighbors’ movements are derived using Eq. 8.3

with the desired value of v, . The schematic movement of boundary grains for this type of
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loading is presented in Figure 8.3.a3. In this loading scheme the internal strain energy will be

derived as

Wiy =0, 7 0) = Aikamn ik ¥im (8.42)

As it is seen in Eq. 8.26, in a 2D granular system, the sixth rank stiffness tensor A can be

ijklmn
written as an 8x8 matrix with 36 independent components. To find all these components, second
gradient of displacement in 36 different combinations need to be applied on the material. Eight of

these combinations are indicated by the eight different components of ;, and the 26 remaining

ones are composed of their combinations. Finding the energy for each one of these cases using
Eq. 8.32 and writing Eq. 8.42 result in a system of 36 equations and 36 unknowns that when solved

will yield all components of the second gradient stiffness tensor.

8.5 Results and Discussions
Random assembly of 3 sized disks was generated with 576 total disks composed of 301 disks of
size 19 um, 150 disks of 22 um, and 125 disks of 28 um, within a cell of period Immx1mm as

depicted in Figure 3. The total number of grain-pair interactions is 1384. Two sets of simulation

were performed: in case 1 the stiffness were specified as K, =K =17.5 KN/mm and

K, =G =0.0; whileincase 2 K =100K, =17.5 KN/mm and K =G =0.0. It is noteworthy

that for case 1, the normal and tangential stiffness coefficients are same, while for case 2, the
tangential stiffness is negligible thus potentially generating contrast in the emphasis of fluctuation
and second gradient terms.

To illustrate the identification process, in Figure 8.3 sample results from three different types of

boundary conditions described in section 8.4.2 are presented. Figure 8.3(al-el) present the results

197



from application of €11=0.01, while all other components are held zero. Figure 8.3(a2-e2) present
the results from application of y11=0.01, while all other components are held zero. Figure 8.3(a3-
e3) present the results from application of y11,1=0.1/mm, while all other components are held zero.
A schematic of boundary grains' movement applied to the grain assembly in these three different
loadings can be seen in Figure 8.3(al-a3). Figures 8.3(b1-b3) show the movement of grains due
to the applied strain component while Figures 8.3(c1-c3) and 8.3(d1-d3) present the average and
standard deviation of the normal and tangential components, respectively, of the relative
displacement for grain-pair contacts in different directions.

Figure 8.3(el-e3) present the average and standard deviation of the strain energy created in grain-
pair interactions in different directions. It is remarkable that in the cases where the average
displacement gradient applied on the assembly is zero, (cases in Figures 8.3b and 8.3c) the average
of both normal and tangential components of relative inter-granular displacement vectors are zero
for contacts in all different directions. The standard deviations are, however, not negligible
compared to the case where average displacement gradient is applied. Most importantly, the
overall energies for the type 2 boundary conditions are similar to type 1 at the given strain-level.
Further, the second gradient deformation also results in comparable energy-level at the given level
of deformation. There is a clear need for partitioning the grain-pair (micro-scale) deformation
energy into the corresponding micro-scale mechanisms.

The identified constitutive coefficients are listed in Table 8.1 and 8.2 in column titled unit cell.
Due to the finite size, the disk assembly show small degree of anisotropy and has completely
populated constitutive matrices although, quite evidently, the minor terms have a small numerical
value. For identification of the grain-pair stiffness relevant to the effective micromorphic

continuum medium which is isotropic, we consider that the unit cell (Figure 8.2) is randomly
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oriented as in polycrystals. As a result, an isotropic stiffness tensor of an RVE with many unit
cells through the VRH directional averaging process [187] is estimated, which are listed in Table
8.1 and 8.2 in column titled RVE.

Table 8.1 Components of two fourth rank stiffness tensors (CM and C™) for the two sets of grain properties,
derived for the unit cell, the RVE, and using the present model

Case 1 Case 2
Component Unitcell | RVE |Model results| Unitcell | RVE |Model results

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
Ch | 426 | 426 | 426 | 273 | 279 | 279
Cp | 428 | 426 | 426 | 281 | 279 | 279
Cu | 204 | 205 | 205 78 | 76 7.6
Cyy 16 | 16 16 130 | 128 | 128
Cys 03 | 00 0.0 05 | 00 0.0
Cy 0.1 | 00 0.0 04 | 00 0.0
Cj 78 | 73 7.3 45 | 41 4.1
Cx 68 | 7.3 7.3 41 | 41 4.1
Cy 67 | 7.2 7.2 26 | 31 3.1
Cu 76 | 7.2 7.2 31 | 31 3.1
Cp 01 | 01 1.6 03 | 05 12.8
C 0.2 | 00 0.0 02 | 01 0.0
Cu 01 | 00 0.0 00 | -01 0.1
Cy 0.0 | 00 0.0 01 | o1 0.0
Co 01 | 00 0.0 01 | -01 0.1
Cy 01 | 01 0.1 02 | 05 0.5

It is noteworthy, that the unit cell and the estimated RVE have small differences, implying that the
unit cell (shown in Figure 8.2) is only slightly anisotropic. Subsequently, grain-pair stiffness
coefficients relevant to the effective micromorphic using Eq. 8.24-8.26 are calculated and provided

in Table 8.3. The parameters thus found are then substituted into Eq. 8.24-8.26 and the constitutive
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coefficients from the method of granular micromechanics derived and listed in Tables 8.1 and 8.2
in column titled model.

Table 8.2 Components of the sixth rank stiffness tensor for the two sets of grain properties, derived for the
unit cell, the RVE, and using the present model

Case 1 Case 2
Component | Unit cell RVE |Model results| Unit cell RVE |Model results
(105 KN) [ (105 KN)| (105 KN) (10 KN)[(105 KN)| (10 KN)
Auun | 241 | 253 253 145 | 144 144
Auaz | 142 | 128 84 68 62 41
Awaz | 239 | 254 254 89 104 104
Aman | 243 | 254 254 94 104 104
Anzziz | 140 | 128 84 66 62 41
Awzzzz | 238 | 253 253 146 | 144 144
e 0 0 -3 2 2
Az 10 -3 84 4 1 41
Awnzn 0 -3 -3 -3
Az 1 1 0 8 10 10
At11222 0 3 0 0
At12122 16 0 0 2 2
Auzz -1 -1 0 7 10 10
Au12212 0 0 0 1 0 0
Anzzzz 1 1 0 6 10 10
Ar22211 0 0 0 3 0 0
Auzzz12 -1 -1 0 5 10 10
A122222 0 0 0 2 3 3
Amziz | 11 0 0 -8 -2 -2
A2z 10 -3 84 10 1 41
Anzezz 15 0 0 6 -2 -2
Aazrzzz 15 0 0 6 -2 -2

The model results have a perfect match with discrete simulation for the constitutive coefficients
associated to macro-scale displacement gradients and the fluctuations in displacement gradient.

Since the number of independent material properties used in the method of granular
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micromechanics is less than the number of independent components in the second gradient

stiffness tensors, an optimization scheme is used to find the microscopic stiffness parameters.

Table 8.3 Table of micro-scale constitutive coefficients derived for the assembly (units: K in KN/mm and
G in N.mm)

Discrete M M m m m 9 | KUY g
Case Simulations Kn Ks Kn Ks Kns Kn s Kns G
K,=K, =175
1 K —G-00 168|143 | 2.8 | 2.7 | 6.6E-03 | 0.67 | 0.68 | 8.6E-05 Neg.
K =100K. =175
2 K" foOSO 155|-40| 1.7 | 1.0 | -54E-02 | 0.41 | 0.25 | -1.4E-02 Neg.

A good agreement is also found for the constitutive coefficients associated to the 2nd gradient of
displacement. Most importantly, the orders of different terms and the major non-zero terms are in
concurrence. It is also remarkable that there are non-zero coupling terms, Kps (the terms which
are responsible for the coupling between normal and shear components of force and displacement
vectors and vice-versa) in the micro-scale constitutive relationships which affect the macroscopic
stiffness tensors. Although their effects are of smaller order compared to that of the diagonal
stiffness coefficients, Kn and Ks, nevertheless they conform to the relationships derived from the
present model. Asseen from Eq. 8.25 and 8.26, some macro-scale constitutive coefficients include
these coupling coefficients. In traditional continuum models, these components are zero for
isotropic materials. However, it is seen that the relationships between them are satisfied in the
results derived here. It is also noted that the micro-scale moment stiffness coefficients, G, are
negligible (of the order 101 N.mm), which implies that for this particular simulations the grain
rotations do not have a insignificant role. However, this is likely a result of assumed zero rotational

stiffness in the discrete simulations.

201



Finally, the back calculated micro-scale constitutive coefficients in Table 8.3 are compared with
those assigned in the discrete simulations. It is clear that the needed micro-scale constitutive
coefficients are significantly affected by heterogeneity introduced by microstructure, such that the
continuum modeling with only macro-scale displacement gradients is not sufficient even for the
relatively uniform system analyzed here, wherein the stiffness coefficients assigned to all grain-
pairs all identical. Grain neighborhoods affect the behavior of grain interactions significantly,
such that the effective grain-pair stiffness cannot be just estimated from the stiffness of two isolated
grains. Additional macro-scale deformation measures are, therefore, necessary for the continuum
modeling of granular materials. Similar observations have been made for other material systems
such as pantographic trusses [176, 177], biomaterials [188, 189], and in fiber composites [190]. It
is also noted that the application of isolated grain-pair stiffness to estimate the energies and stresses
associated with different deformation measures as have been proposed in some multi-scale

modeling that aim to bridge discrete-continuum models also need to be carefully considered.

8.6 Summary and conclusion

In the present chapter the granular micromechanics approach, previously derived in three
dimensions and with considering the effects of grain spins, has been derived in two dimensions
and with neglecting the effects of grain spins. By equating the macroscopic strain energy density
to the volume average of inter-granular energy functions, macroscopic stiffness tensors
corresponding to each of the kinematic measures have been derived based on the inter-granular
stiffness coefficients and the geometrical properties of the grain assembly. For isotropic 2D

assemblies, closed-form expressions of the stiffness tensors components have been obtained.
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A practical method to identify the macro- and micro-scale constitutive coefficients from discrete
simulation has been described. The procedure was applied to obtain the stiffness tensors
corresponding to the macro-scale displacement gradient, fluctuations in displacement gradient and
second gradient of displacement for a particular grain assembly. This kind of approach can be
used for any given material system or grain assembly.

Based upon the identification results it can be concluded that the effective grain-pair stiffness
coefficients in the method of granular micromechanics, or perhaps any micromechanically-based
continuum model, are different from the isolated grain-pair stiffness coefficients used in discrete
simulations. In the continuum models, the stiffness coefficients represent, in a collective manner,
the average behavior of grain-pair interactions. These effective stiffness coefficients are unique
for each material or granular assembly since, the inter-granular mechanisms are affected not only
by the two grains under consideration, but also by the grains in the neighborhood and by extension
the whole assembly. It is also found that the stiffness coefficients corresponding to the average
displacement gradient terms have the largest values but the coefficients corresponding to
displacement gradient fluctuations are also significant and of a similar order.

It is seen that using the method of granular micromechanics, results that are equally accurate
compared to results of discrete analyses and it is achieved by much less computational effort. This
makes the method applicable for more complex and realistic materials and grain assemblies. The
micromorphic and second gradient terms are necessary for modeling some frequency dependent
wave transmission/reflection phenomena at material interfaces [154, 191-193]. The micromorphic
behavior of granular materials indicates the possibility of realizing materials with alternate
synthesis pathways which show specific wave propagation behaviors that can be used for vibration

control as alternative to piezoelectric materials [194-200] or for identification [190, 201, 202].
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Alternatively, such materials can be applied to help the optimize control procedures [188, 189] or
for optimal biomaterial design [203] in bone mechanics.

The identification process described herein can be used for extending the applicability of
micromorphic models or its micropolar and second gradient simplifications to describe post-
instability macro-scale behavior, such as boundary and localization layers in micro-structured

media [33, 60, 204, 205].
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9 BALANCE EQUATIONS AND WAVE PROPAGATION

9.1 Introduction

As the last step for completing the formulation of the micromorphic theory with considering grain
spins, within the framework of the method of granular micromechanics, in this chapter, the
differential equations governing the equilibrium of these materials are derived. For this purpose,
all the sources of energy are calculated. These include 1) the internal potential energy due to the
different strain measures and their conjugate stress measures, 2) the external work performed on
the material by the body forces and moments, and 3) the kinetic energy due to the different sources

of deformations in the material point.

Utilizing the action functional [2, 159], imposing the balance of internal, external, and kinetic
energies, equilibrium equations and relevant boundary conditions are derived. By substituting the
constitutive equations for linear elastic isotropic micromorphic materials (derived in Chapter 7)
into the balance equations, displacement equations of motion for isotropic materials are derived.

Using these equations propagation plane waves through the material is studied.

Propagation of waves within isotropic and anisotropic media are fundamentally different. If the
material studied is isotropic, the direction of wave propagation will not affect the results. Whereas,
for anisotropic materials, for which the formulation was presented in Chapter 6, the direction of
wave propagation will change the results. Waves propagating in different directions will behave

differently.
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In this chapter, plane wave propagation within both isotropic and transversely isotropic materials
has been studied. Dispersion graphs representing the relationship between the wave frequency
and wave number have been derived showing interesting phenomena that cannot be captured with
usual first gradient continuum theories. Some parts of the results presented here have been
published [154], and the study of wave propagation within micromorphic media with grain spins,
and also for anisotropic materials will be published later. Moreover, a parametric study has been
performed showing the effect of model parameters on the wave-propagation behavior of

anisotropic materials.

9.2 Variational principle and balance equations

In this section, the balance of internal potential energy, external work, and the kinetic energy, for
a general micromorphic medium is studied in order to derive the equilibrium equations and
boundary conditions for such media. Then using the constitutive relationships derived in chapter
7, equations of motion in terms of the kinematic measures are derived. For this purpose, the
variation of internal potential energy is defined using the definition of the stress measures for the
micromorphic media and the conjugate kinematic measures presented in Eq. 7.11.
W = T 55” +0; 5}/5 + L 51,/4?k +M i OK, gt Pij 57/(].‘ +Qijk é‘l/li’j(yk

=7,6%, ; + 0y (06, ; — Oy )+ ty Syl +M 5K, | +Py (5, —Swry ) +Qy o,

:|:(Tij +0 )55, 1]_ —(rij +0; )’j 54, — o, Oy +[,uijk é‘l//i‘ﬂk — ly OV

+[(M ii +Pij )572 1]. _(M i +Pij ),j Ok, _Pij 5l/ji’j( +|:Qijké‘l//i’j{:|1k _Qijk,k§V/i’;

(9.1)

where, using Eq. 7.5a and 7.5b, the microstrain tensors corresponding to displacement and rotation,

)/if and y;, have been replaced with 5¢3,1 j —51//{]? and o, — oy respectively. The variational of
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the macro-scale deformation energy functional is thus derived as the integral of the variation of
internal potential energy over the volume, V, which using Gauss’s divergence theorem can be

rewritten as
SW = j SWdv

=—[(z;+oy ) ohaV ~ [ (o + g ) Swidv = [ (M, + P, ) ordV - [ (P +Qui ) dwiav (9:2)

[ (zy + 0y ), | 6408 + [ [ sy, JSwgds + [[ (M + By )n; |7 dS + [[ Qun, Jowsds
s s s s

where S is the surface covering the volume element V and its outward unit normal at any point is
the vector n.

In order to calculate the kinetic energy of the micromorphic material, it is divided into two main
components, T¢, which is due to grains’ displacements, T, which is due to grains’ rotations. In
order to calculate the different components of kinetic energy of the material point, one needs to
define the material’s mass and its moments of inertia. For this purpose, the parameter p’ is defined
as the density of the grains (solid particles) in the material point. On the other hand, density of the
unit cell that is made of grains and its surroundings (i.e. the density of the grain and its surrounding
space) is referred to using the parameter p. Using these parameters, material point’s mass and

second rank moment of inertia are derived as
m'= [ pav

[ (9.3)
l; :IpxixjdV'

While it is noted that since the local coordinate system is placed at the material point’s center of

mass the moments of inertia of odd rank will vanish (I,ox'i dv'= jpx XX dVi=..-=0).

\ v
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In calculating the kinetic energy due to both kinematic components of grains (their displacement
and rotation) one needs to take into account both the average and the total gradient of the total

kinematic measures. Thus the Kinetic energy due to displacement, which herein is called T¢, will
have two terms, one due to rate of ¢7, and one due to rate of y/i?. In the same way, the kinetic

energy due to displacement, which herein is called T*, will have two terms, one due to rate of x,

and one due to rate of ;. Considering all these terms, the kinetic energy is formulated as
T=T+T =2 (M +—l//ug//,k Lz +l,t//i,-”l//i,-”J (9.4)
m' m
where J = Iprzdv ‘and y = Ipr“dV' are the second and fourth order polar moments of inertia.
o v
So the variation of the kinetic energy over the material point can be written as
5T = 5”,0Tdth ——p5”(¢¢\ +—l,//”l//,k +%m + 7{ y)i}‘y)i}‘Jdth

Epl‘\_!.((é‘%%"‘%é‘%)‘Fm_Jh( ul//n( +l//u§'//,k)+%(5 -I? +I?|6_I) mi(é‘l’//lll//u +l//” 51//” )jdth (95)

Y % od 1. 0ow! Ayt i Ok, ooy 0
[[| 2%%20 , L 00y ovic | 3 0%, O, | i Vil Vi | tav
oot m oot ot moot ot om ot ot

which using integration by parts, can be rewritten as

5T = jpﬂ&/) a"i} j5¢ “h dt}dv

1 A
+[p i&//f’@ﬂ} —Im 5'#.?8'”* dtjdv
\Y 0 0

m' Y ot ot?

(9.6)

r — b 4 2—
+[p ilaz?i%} —jilazaa’j dt |dv
v lLm ot |, ym ot

;c 6l//.h X o o«
ol oot T o

V/" dtJdV
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Now noting that all kinematic measures (5, v, K, and 1//i].‘), and their rates vanish at the initial

and final time values [159], variation of kinetic energy will be simplified to
oT = If[p¢§¢ +p w 5% +piK§K +p W oy )dth (9.7)

Now the only remaining source of energy is the external work of long range forces and moments.
One needs to calculate the variational of the external works done by long range body (volume),
surface, and edge forces and moments acting on the material point to have the complete

formulation for the energy of the material point.

SW™ = jf 54V +jm S,dV +jq>”5y/ dv +IQ“5l//”

+ j t, 54,dS +jq Sic.dS +jTU Sy ids + JTU SV (9.8)

In Eqg. 9.8, f; is the non-contact volumic (body) force per unit volume, t; is the contact traction
defined as a surface force per unit area, while m, is the volumic moment per unit volume and g,
is the contact moment 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, both associated

with the total displacement gradient. The two tensors €}; and I'; are the non-contact volumic

(body) double force per unit volume and contact double traction both associated with the total
gradient of spins. Now utilizing the action functional, the variational equation of motion is written
using Hamilton’s principle as
t t t
SA=[[(8T —oW)dvdt+[sWdt = [(s W™ =6 W+5T )dt =0 (9.9)
0v 0 0
Substituting Eq. 9.2, 9.7, and 9.8 into Eq. 9.9, and dropping the integration over time yields the

following equation for the balance of potential and Kinetic energies of the material point.
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" .
_p¢i:|5¢idv +I|:(Dij +(Gij +:uijk,k)_pm;k,l//iﬁ:|5l//i?dv

5A=‘\‘[fi+(rij +Gij)J

+_[ m,+(M, +P, ),j _p%’?i}é"adv'i_”:gij +(P, +Qijk,k)_p§l/7i’i(:|5l//i’i(dv (9.10)

[t~ (z +a”)nj}5g$ids + [T = e, Joprgds

+j_qi ~(My+ Pij)nj}&zids + [Ty - Qun, Jowsds =0

For the variational of the action functional to be always equal to zero, all the integrals in Eq. 9.10
should simultaneously be equal to zero. Setting the volume integrals equal to zero results in
equilibrium equations, while setting the surface integrals equal to zero results in the corresponding
boundary conditions. It is also noted that these integral should be equal to zero for arbitrary
kinematic measures. So all the terms inside square brackets in Eg. 9.10 should vanish
simultaneously.

The four equilibrium equations, in terms of stress measures, for micromorphic media with grain

spins are therefore derived as

(Tij +Gij ) j + fi = pé (9113.)
.
Oy + My T Dy me;kll//iﬁ (9.11b)
J .
(Mij_}_PiJ)’j—'_mi:pFKi (9.11c)
X

B +Qux +<=p ‘/’.T (9.11d)

ml

and the four boundary conditions given in terms of the stress measures and body forces are

J 1

(Tu +o‘ij)n. =t (9.12a)
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(M.. +F>..)nj =q, (9.12¢)

9.3 Displacement equations of motion

The objective of this section is to derive the general form of displacement equations of motion, i.e.
the equilibrium equations in terms of kinematic variables, for elastic micromorphic media. For
this purpose, the macroscopic constitutive equations derived in 7.24-7.29 are substituted into the

equilibrium equations, Eq. 9.11, resulting in the following equations of motion

':Ci:'\l/ld +Cilg ]%@u —Ci}LWﬁ,j = p4, (9.13a)
m (7 I .
Cijkl (¢k| _l/jlﬁ )+ Ajklmnngr}n,nk = pn%l//iﬁ (9.13b)
M m — m K J L
[Dijkl + Djj ]Kk,lj — Dy, = pFKi (9.13c)
Di?l]d (Ek,l _l/llfl)_’_ Bijklmnl/lllr(n,nk = p%w.’f (9.13d)

where the noncontact volumic forces and moments corresponding to grain displacements and
rotations, f; and m;, and the double forces and moments, ®; and €, , are assumed to be absent.
It is notable that the first two equations, Eg. 9.13a and 9.13b, only contain terms corresponding to
the kinematic measures associated with grain displacement (¢3, and '//ff ). Also the third and fourth

equations, Eqg. 9.13c and 9.13d, just contain terms corresponding to the kinematic measures

associated with grain spins (i and w;'). Therefore, the four equations of motion can be
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decomposed into two sets of equations, one for the displacement terms (Eq. 9.13a and 9.13b) and
one for rotation terms (Eq. 9.13c and 9.13d).
In order to further simplify the equations of motion, the second and fourth rank moments of inertia

are calculated. For regular 3D shapes that can be used to represent a unit-cell, the second rank

moment of inertia tensor is a diagonal matrix whose diagonal elements are all equal ( | =am' Rz)

while the polar and the fourth rank moments of inertia are also equal to J=a,m'R* and

;(=Ot3m'R4 respectively, where m’ and R represent the unit cell’s mass and radius and

o, a,, and a, are shape factors (See Table 9.1 for values of the shape factors o, a,, and «; for

spherical and cubic unit cells)

Table 9.1 Shape factors for spherical and cubic unit cells

Characteristic

Shape length

(041 a2 a3

Sphere r (radius) 1/5 | 2/5 |12/35

Cube d (edge length) | 1/12 | 1/6 | 7/360

Now substituting the stiffness tensors of an isotropic micromorphic media, given in index form in
Eq. 7.41 and 7.42, into Eq. 9.13, the equations of motion in terms of the stiffness coefficients are

derived as

(At +0,+0y) i+ (140, )y =B =yl | byl = péh

9.14
31[5}1' (Zan,nk +l//fk,nn)+ Z(Wfk,ij —H/jlfi,jk —H//?k,ki "’l//z,ik)"“/fﬁ,kk]"' a, (2‘//;1{,1@ +l//i?,kk) ( &

+(b15ij (¢7kk _‘//fk)"'bz (ﬁj _l//i?)+b3 (a“ _‘//ﬁ )) = IO(%RZ)V;Sj
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(n+v, +d1+d3)1?jyji +(1/1+d2)KLjj —dy i —dyi  —dy =p(a2R2)1'_<'j

9.14b
el|:5ij (2'//1:1,nk +Wlfk,nn)+ Z(Vllﬁmj -Hr//lfi,jk +W]'(k,ki +ng,ik)+l//;'(i,kk]+e4 (Zl/li’;,kj +Wilj(,kk) ( )

+(d15ij (’?k,k _l//li)"'dz (I?I] _Wi,j()_'_ds (Ej,i _lr//}(i)) = P(%Rﬂ')lﬁi’;

These two sets of equations are decoupled from each other and should be solved separately.
However, it is noted that the two equations in Eq. 9.14a contain both the average and the total
gradient of the displacement field. Also the two equations in Eq. 9.14b contain both the average
and the total gradient of grains’ spins field.

First equation in each one of the above system of equations represents 3 equations for the three

components of 413, and . while the second equations represent 9 equations for the 9 components
of y/i? and ;. So the 12 equations contained in Eq. 9.14a should be solved simultaneously for
all components of 5' and t//fj” and the 12 equations contained in Eq. 9.14b should be solved

simultaneously for all components of &, and ;.

In order to solve these problems, two types of waves, one displacement wave and one rotation
wave are considered. What follows contains a complete analysis of the propagation of these two

types of waves.

9.4 Plane wave propagation within isotropic micromorphic media

For studying wave propagation in isotropic media, wave propagation in all directions are identical

and hence, study of the propagation of waves in only one direction will be sufficient. Here, without

loss of generality, propagation of waves along X, axis is studied. In this case for a plane wave

213



solution, all kinematic measures should be only functions of the axis X, and time in the following

manner.
4=4(xt) and =y (x,t) (9.15a)
K=k (xt) and yi=y(x.t) (9.15b)

Due to material’s isotropic behavior, the two directions perpendicular to the direction of wave

propagation, 2 and 3, are identical. Having this in mind, a linear decomposition of second rank
- @ K - . -
tensors has been applied on both w; and y; (total gradients of the displacement and rotation

fields) as follows

v'=yif3 and yfP =yl -y’ (9.162)
v =y /3 and wP =y -y (9.16b)
where y? and y* represent the volumetric component of the total gradients of displacement and

rotation respectively, while l//le and l//l"lD are the deviatoric components of the total gradients of
displacement and rotation respectively. Using this decomposition, the diagonal components of the
aforementioned second rank tensors can be rewritten in terms of the volumetric and deviatoric
components as follows
D D

vi=y'+yl  and gyl =2y (9.173)

K K xD K K K xD
vin=y ity and e =20 -y (9.17b)
A set of general solutions for the differential equations of motion are given by the Harmonic wave
functions below
&, _ Aiei(gxl—wt); l//f _ Bijei(cfxl—wt); (9183.)
K =Cie'™;  yr =D, (9.18b)
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where £ is the wave number with units of 1/m, w is the frequency with units of rad/s, and the

coefficients A, B;, C;, and D; represent wave amplitudes corresponding to the average

i1
displacement, displacement gradient, average spin, and spin gradient fields respectively. The
volumetric-deviatoric decomposition is applied on the solutions presented in Eq. 9.18a and the
result is substituted into the displacement equations of motion (Eq. 9.14a) resulting in dispersion
relationships for different components of displacement waves. The same decomposition is applied
on the solutions presented in Eq. 9.18b and the result is substituted into the spins equations of
motion (Eq. 9.14b) resulting in dispersion relationships for different components of spin waves.
Since the two sets of equations of motion (Eq. 9.17a and Eq. 9.14b) are formally identical, the
solutions and the dispersion relationships will be identical as well. The only difference between
the two waves originates from the difference in the kinetic energy corresponding to the two terms
(See Eqg. 9.7) and also the difference between the values of stiffness coefficients corresponding to

the two fields. What follows contains the derivation of dispersion relationships for different

components of both displacement and spin waves within isotropic micromorphic media.

9.4.1 Displacement waves in isotropic media

The proposed solutions for the average displacement field and the total gradient, given in Eq.
9.184, are substituted into the corresponding equations of motion, Eq. 9.14a. Using the volumetric-
deviatoric decomposition of the total gradient of the displacement, the equations of motion are

decomposed into four parts:

. Longitudinal waves; for which the kinematic components are ¢, w*, and w
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Il.  Transverse waves in 2- or 3-direction; for which the kinematic components are either
(¢2’ l//{iz), and ‘//[41152]) or (¢3' 2‘//(?3)’ and 2‘//[?3])

I1l.  In-Plane shear waves; concerning the shear waves inside the plane perpendicular to the

direction of wave propagation, 23-plane here. The kinematic components here are
2l//(”23) and 2%’;3]

IV. Relative in-plane normal wave; for which the kinematic component that is being studied is
W?z _‘//3¢3-

The above decomposition guarantees that the differential equations corresponding to the four

groups of waves are mutually independent and can be solved separately.

I.  Longitudinal waves

This system of equations belongs to the components of the displacement field which are in the
direction of propagation of the wave (direction 1). The system of equations and unknowns can be

written in the following matrix form

L.&* - po’ L,S LisS & 0
L6 L,&" + Ly, = 3pa, R0’ Lye&” xqy’ =10 (9.19)
2 2, 3 2 2 i 0
Li.S L, S Lysd™ + Ly _EpalR @
where

L, =1°N, (3K} + 2K} +3K[" +2K) /15
L, =I’NK"/3; Ly =1°N, (2K +3K]) /15
L, =1"N_K?/3; L, =I’N_KI"; L,=2I"NK?/15

Ly, = 1N, (22K$ +27K$)/210; L =1*N, (2K] +3K) /10

(9.20)
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In order for the system of equations and unknowns presented in Eq. 9.19 to have non-trivial
solutions, the determinant of the coefficients matrix should be zero. The matrix is evaluated at
any given wave number (&) and the determinant is set equal to zero resulting in a sixth order
algebraic equation in terms of frequency (w) with 6 real-valued solutions, three negative valued
and three positive valued. The three positive values represent the frequency of the three wave
components in the longitudinal direction. The results are presented in form of dispersion graphs
(frequency vs. wave-number) later.

II.  Transverse waves

This system of equations belongs to the components of the displacement field which are inside the
plane perpendicular to the direction of propagation of the wave. The plane can be either the 12

plane or the 13 plane. The system of equations and unknowns can be written in the following

matrix form
Tnéﬁ2 - pa)z T,¢ Ts6 (Zu 0
T,¢ Tzz‘:tz +T, - 2pa1R2a)2 T23§2 x W(ﬁi) =40 (9.21)
Tiee Tyl Tl” + Ty —2po,R* 0’ !//[?i] 0

where i = 2 and 3 and

Tl 1

N, (K) +4K) + K[ +4K]) /15;
T, =N, (2K +3K]) /15; T, =—-1°N,K7/3

T, =4I'N, (3K +4K¢)/105; T, =I°N, (4K +6K])/15; T, =-2IN,K$/15
Ty, =4I°N K /15; T, =2I°N K[ /3

(9.22)

Note that due to the isotropy of the material, wave components in the two transverse directions (2
and 3) are identical. In order to ensure having non-trivial solution, the determinant of the

coefficients matrix in Eq. 9.21 is set equal to zero at any given wave number (¢). This results in a
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sixth order algebraic equation in terms of frequency (w) with six real-valued solutions, three
negative valued and three positive valued. The three positive values represent the frequency of
the three wave components in the transverse direction.

[1l.  In-plane shear waves

This system of equations belongs to the symmetric and anti-symmetric shear components of waves
inside the plane perpendicular to the direction of propagation of the wave. The system of equations

and unknowns can be written in the following matrix form

. ¢
S,&E2+S,, — pa,R*0’ 0 . 2 () _Jo ©.23)
0 S$x&" +8, — payR’0’ 2‘//{;3] 0

where

811:I4Np(2Kr?+5Kv%)/105' S, =1°N, (2K +3K ) /15;

(9.24)
S, =1"N K¢ /105; 2 =1°N K /3;

It can be noted from Eq. 9.23 that the symmetric and anti-symmetric parts of the in-plane shear
component of the total gradient of the displacement field are fully decoupled from each other. In

order to ensure non-trivial solution to the problem, the frequencies should be

w= ’Slléjz—i_s]:l

a,R?

paT (9.25)
w= Spé” +5y

pa,R?

IV. Relative in-plane normal wave

The only remaining equation will be concerning the difference between the two in-plane normal
components of the total gradient of the displacement, l,//f2 —l//fs, and is formulated as
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(Dllgz + Dlll_palea)z)X(‘//gz _’//3¢3):O (9.26)
where

D, =1N, (2K? +5K¢)/105; D, =I’N (2K +3K}')/15 (9.27)

The trivial solution for Eq. 9.26 is obviously w4, —w& =0. This, however, implies that there is

no such wave since its amplitude will be always zero. Thus, for the equation to have non-trivial

solution, the frequency should be

-
W= ID1195—+ZD11 (9.28)
payR

9.4.2 Spin waves in isotropic media

As it was stated before, the analysis of spins waves is identical to that of displacement waves.
However, for completeness purposes, results of the analysis of different components of spins
waves are presented here.

Applying the volumetric-deviatoric decomposition to the spin waves (see Eq. 9.16b and 9.17b),

equations of motion are decomposed into four parts:
I Longitudinal waves; where the kinematic components are i;, v, and
Il.  Transverse waves in 2- or 3-direction; where the kinematic components are either
(%ar Wi 2nd wiy) o (%, wiy, and vy

1. In-Plane shear waves; concerning the shear waves inside the plane perpendicular

to the direction of wave propagation, 23-plane here. The kinematic components

here are 2/, and 2y,

23]
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IV.  Relative in-plane normal wave; where the kinematic component that is being

studied is y,, —¥s,

With this decomposition, the dispersion equations are fully decoupled and can be solved
independently.

I.  Longitudinal waves

This system of equations belongs to the components of the kinematic fields which are in the

direction of propagation of the wave (direction 1).

L& - pa,R*e’ LS LisS Ky 0
L& L,&* + L, ~3pa,R e’ Lyal” xyp' =40 (9.29)
2 2, 3 4 2 ‘/’ﬁD 0
LisS Ls,S Lysd™ + Ly _EpasR @
where

L, =1°N, (3G} +2G) +3G] +2Gy ) /15
L, =1’N,GI"/3; L,=I°N,(2G] +3Gy /15
| (9.30)
L, =1‘N,G? /3; L, =I’N,G"; L, =2I'N G} /15
Ly, =1°N, (22G? +27G¢ ) /210; L, =1'N,(2G] +3Gy ) /10

Dispersion relationships for the longitudinal spin waves are derived by setting the determinant of

the coefficients matrix in Eq. 9.29 equal to zero.

Il.  Transverse waves

The system of equations belonging to the components of the spin field which are inside the plane

perpendicular to the direction of propagation of the wave can be written in matrix form as
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T.&" — pa,R'0’ T8 T8 K 0
T8 08" + Ty, —2pasR' e’ Tyl XMWy + =10 (9.31)
T8 Tyl Tl + Ty —2paR* 0" Wy, 0

=

where i =2 and 3 and

T, =I°N,(GY +4G) +G] +4Gy ) /15;

T, =I’N,(2G] +3G})/15; T, =-1’N,GJ/3

T, =41'N,(3G? +4GJ) /105, T, =I’N, (4G +6G])/15; T, =-2I"N,G¢ /15
T, =41'N GJ /15; T, =2I’N, G, /3

(9.32)

Note that due to the isotropy of the material, wave components in the two transverse directions (2
and 3) are identical. The dispersion relationships concerning this group of waves is derived by

setting the determinant of the coefficients matrix in Eq. 9.31 equal to zero.

[1l.  In-plane shear waves

Equations of motion belonging to the in-plane shear spin waves are written in matrix form in the

following fashion.

2 o 4 2 2 K
(sﬂg +S,, — pa,R*w o 0 4 ZJX l//(:s) :{o} (0.3
0 S,,E°+S,, —pa,R'@ 21//[23] 0

where

sll:|4Np(2G§+5GV$)/105- S, =1°N,(2G] +3Gy) /15;

(9.34)
S, =I'N G2 /105; S, =I’N_G, /3;

Since the two equations inside Eq. 9.33 are fully decoupled, a closed form solution for the

dispersion relationships is derived as
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= S11§2 + Sil
\j a,R*
P | (9.35)
= Szzf2 + 55
pa,R*

IV. Relative in-plane normal wave

The only remaining equation will be concerning the difference between the two in-plane normal

components of the total gradient of the spins, w5, -4, and is stated as

(Dng2 + D1I1_pa3R4a’2)X(‘//§2 _'//;(3):0 (9.36)
where
D, =I°N,(2G? +5G)/105;  D;, =I°N,(2G]" +3G})/15 (9.37)

In order to ensure a non-trivial solution, the dispersion relationship for this component of spin

waves will be derived as

—
0= /an—ﬂ?n (9.38)
po,R

9.5 Plane wave propagation within transversely isotropic micromorphic media

In this section, the focus is on the analysis of propagation pf displacement plane waves within
anisotropic media. First thing to note is that for anisotropic media, the dispersion behavior in

different directions will be different based on the material properties and the elastic symmetries
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present in the material. For demonstration purposes here, propagation of displacement plane
waves inside transversely isotropic media has been studied only. Analysis of spin waves might be
performed in the same manner. Moreover, analysis of wave propagation within materials with
higher levels of anisotropy can also be done with the same approach as what will be presented
here.

The displacement equations of motion presented in Eq. 9.13a and 9.13b should be rewritten for
transversely isotropic materials. In fact, the stiffness tensors should be replaced by stiffness

tensors corresponding to transversely isotropic materials. As a first approximation, it is assumed
that only the macroscopic stiffness tensor C,JkI is transversely isotropic, while the other stiffness

tensors remain isotropic. For this kind of material, the displacement equations of motion will be

different from the one presented in Eq. 9.14 for isotropic materials. The general form of
displacement equations of motion for a material whose macroscopic stiffness tensor C,JkI Is

anisotropic can be given as

Ci'j\{l(lgklj (b1+b) o ji ( )¢|u bll//jjl 2[//”] 3‘//JIJ ,0¢

9.39
31[(3}] (ZV/fn,nk +lr//liék,nn)+ Z(Wk¢k,ij _H//I?i,jk +'//?k,ki +Wz,ik)+‘/lﬁ,kk]+ a, (Zl//i”i,k,- +lr//i?,kk) ( )

+(b1§ij (¢7kk _‘//k¢k)+b2 (5.1 _‘//i?)"'bs (51. _l//?i )) :/9(051R2)‘/7i?j

Now, without loss of generality, let us consider a transversely isotropic material whose axis of
rotational symmetry is axis 1. For this kind of material, the stiffness tensor will be such as the one
shown in Eq. 6.3. For calculating the stiffness tensor of such a material, the approach presented
in Chapter 6, section 6.3 is adopted. In the approach, material’s microscopic properties include

stiffness coefficient in normal direction, two stiffness coefficients in the two tangential directions.
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Moreover, the directional density distribution of inter-granular properties (number of contacts,
contact lengths and stiffness coefficients) are governed by the two fabric parameters azo and aso.

In such a material, the properties in the two directions y and z are identical. While the properties
in the x direction is different from these two. So the propagation of waves along two directions, x

and y, have been studied here.

9.5.1 Propagation of displacement waves in x direction

When studying propagation of plane waves along x axis, the two displacement fields (average

displacement field and the total displacement gradient, should be only functions of x; and time.

d=¢(xt) and y=y(x1) (9.40)
For the second rank tensor t//i‘f , the same decomposition of volumetric and deviatoric components

as the one presented in Eq. 9.16 and 9.17 is utilized. Harmonic wave forms identical to the ones
presented in Eq. 9.18a are used as solutions to the equations of motion.

In a manner identical to the one presented in section 9.4.1, the displacement waves are decomposed
into longitudinal, transverse, in-plane shear, and Relative in-plane normal waves. By a closer
look at the dispersion equations pertinent to all these wave groups, given in Eqg. 9.19-9.27, it is

seen that only the first two groups (i.e. longitudinal and transverse waves) are affected by the

macroscopic stiffness tensor components (represented in macro-scale by Ci}\ﬁ, , and in micro-scale

by K”M). In what follows, the dispersion relationships for propagation of longitudinal and
transverse components of displacement waves in x direction are presented. For the two other
classes (i.e. the in-plane shear and the relative in-plane normal waves) the equations for isotropic
materials given in section 9.4.1 are valid.

I.  Longitudinal waves
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The system of equations pertinent to ¢, w?, and /> will form the longitudinal dispersion

relationships and it is given as follows

Lll(:gz _pwz L,& L8 ¢71 0
LS L,,&* + L, ~3pa R0’ L& xqp’ =10
2 2 . 3 2 2 ‘//1¢1D 0
LisS Ls,S LyyS™ + Ly —5 poR°0
2 (9.41)
where
) KM KM
L, =N, [(3—1”5(63+36a20 +8a40)+3—155(42+6a20 ~8a, )}r(sKn +2K )/15}
L, =I’N K" /3; Ly =1°N, (2K +3K})/15 (9.42)
L, =1'N_K?/3; L, =I’N_ K" L, =2I"N_K? /15

Ly, =I°N, (22K? +27K2)/210; Ly, =1*N, (2K +3K7) /10

In order to ensure that the above system of equations and unknowns will have non-trivial solutions,
the determinant of the coefficients matrix should be set equal to zero. The resulting equations will
be the dispersion equations for displacement plane waves propagating in x direction within a

transversely isotropic material.

Il.  Transverse waves
This system of equations pertinent to (52 z//(ﬁz), and w["jz]) or (53 t//g3), and y/[‘f3])components of

the displacement field which are inside the plane perpendicular to the direction of propagation of

the wave. The system of equations and unknowns can be written in the following matrix form

Tllé:z - pa)z T,¢ LS i 0
T,¢ Tzzétz +T, - Zpalea)z T23§2 x W(ﬁi) =40 (9.43)
TisS Tyl " + Ty —2po,R* 0’ Wﬁi] 0

where i =2 and 3 and
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KM KM KN
2 n S
T, =N, H 31 (21+3a,, —4a,, )+ 31 (31.5+18a,, +4a,, )+ 3t0 (5+ 2a20)j

K?+4K$}

+—

15

T, =1’N, (2K +3K])/15; T, =1°N K] /3 (9.44)
T, =4'N, (3K? +4K$)/105; T, =I°N (4K +6K)/15; T, =2I'N K¢ /15

Ty, =41'N K$ /15; T, =2I°N K} /3

It is noted that due to material’s transverse isotropy (axis 1 being the axis of rotational symmetry),
the behavior of the material in 2 and 3 directions are identical. Dispersion relationships for these
wave components will be derived by setting the determinant of the coefficients matrix in Eg. 43

equal to zero.

9.5.2 Propagation of displacement waves in y direction

The two displacement fields (average displacement field and the total displacement gradient) are
defined in this case as a functions of x. and time.

g=0(%t) and y=y(x,t) (9.45)
The volumetric-deviatoric decomposition of the second rank displacement gradient tensor in this
case will be slightly different, because the longitudinal wave will be l//2¢2. The volumetric and
deviatoric components of displacement gradient tensor will be given as

v'=yi[3 and v =yl -y’ (9.46)
where ? represents the volumetric component of the total gradients of displacement, while t//fzD

is the deviatoric component of the total gradients of displacement. Using this decomposition, the

diagonal components of the displacement gradient tensor can be rewritten as
vh=y'+yy  and  yfHyh =20~y (9.47)
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The general form of solution for harmonic waves propagating in y direction will be given as

§=Aie" Yyl =B, (9.48)

]

where £ is the wave number with units of 1/m, w is the frequency with units of rad/s, and the
coefficients A, and Bj represent wave amplitudes corresponding to the average displacement and

displacement gradient. Substituting the solutions given in Eq. 9.48 into the displacement equations
of motion given in Eq. 9.39, 12 equations for different components of the kinematic measures of
the problem are derived.

By applying the volumetric-deviatoric decomposition to the displacement gradient, it is possible
to decompose the waves into distinct categories. Longitudinal, transverse, in-plane shear, and
relative in-plane normal wave components will be formulated separately. However, it should be
noted that, in contrast to the case of wave propagation in isotropic media or wave propagation in
x direction in transversely isotropic media, the transverse components of waves in the two
transverse directions will be different here. In this analysis of plane waves propagating in y
direction, the two transverse directions will be directions x and z. The material does not behave
in an identical manner in these two directions, since x is the axis of rotational symmetry and z lies
on the plane whose normal is x.

For this reason, the waves will be categorized as follows:
. Longitudinal components: ¢,, v*, and y2>

For these components, the dispersion relationship will be given as

L.&" - po’ L,S LisS & 0
L6 L,&" + Ly, —3pa,R* 0’ Lyod” xqp’ =10 (9.49)
2 2, 3 2 2 725 0
Li.S L,S Lys8™ + Ly _EPOQR @
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where

oy |[ K K’ K"
L, =I’N, (21-6a,, + a40)+m(21+3a20 - 2a40)+E(5—a20)

315
3K 4+ 2K
+—
15
L, =I’NKI"/3; Ly =1°N, (2K +3K])/15 (9.50)
L, =1"N_K?/3; L, =I’N_K"; L, =2I"N_K?/15

Ly =1°N, (22K¢ +27K¢)/210; Ly, =1°N, (2K] +3K]) /10
In order to guarantee having non-trivial solution for Eq. 9.49, the determinant of the coefficients

matrix is set equal to zero, resulting in the dispersion relationships pertinent to longitudinal wave

components.

Il.  Transverse components in Xy plane: 51 l//gz), and Wﬁz]

The dispersion relationships for these wave components are given in matrix form as

Tllgz - sz T,6 T8 51 0
T8 T,06° +Tp, —2poy R0’ Ty x W{iz) =10 (9.51)
T8 Tped’ Toel” + Ty —2pa,R* 0’ '/’[?2] 0
where
KM KM K™ +4K"
T, =N, (315 (21430, — 40y, )+ (84~ 20, + 42 ) + = " j
T, =1°N, (2K +3K]7)/15; T, =1°N K] /3 (9.52)

T, =4°N, (3K? +4K?) /105, T, =I°N (4K +6K[)/15; T, =2I'N,K?/15
Ty =41°N K¢ /15; T, =2I°N K /3

Dispersion relationships for wave components 51 1//{;2), and 1//[";2] are derived by setting the

determinant of the coefficients matrix in Eq. 9.51 equal to zero. However, as it was stated before,
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for propagation of plane waves in y direction within transversely isotropic materials, the other set

of transverse wave components will have a different behavior.

Il Transverse components in xz plane: ¢, 1//{;3), and 1//[“;3]

For these components, the pertinent equations of motion can be written in matrix form as

T.&" — po’ T8 T8 ¢73 0
T8 T,06° +Tp, —2poy R0’ Ty X ‘//fzs) =10 (9.53)
T8 Ty Toel® + Ty —2pa,R°0’ l//[¢23] 0
where

M M M
Kn

K K
T,=I’N, (315 (21-6a,, +a40)+12;0(21+3a20 —4a40)+2—t0(5—a20)

K +4K}
+
15

T, =I’N, (2K +3K[)/15; T, =—I°N K} /3 (9.54)
T, =4I°N, (3K? +4K$) /105, T,, =1°N, (4K +6K])/15; T, =—-21"N K? /15
Ty, =41'N K$ /15; T, =2I°N K] /3

Setting the determinant of the coefficients matrix in Eq. 9.53 equal to zero results in the dispersion
relationships for (33 1//{;3),and l//[ﬁa] components of displacement waves propagating in y
direction.

IV.  In-plane shear waves: 21//33) and 2;1/[?3]

The equations of motion pertinent to the in-plane shear components of displacement waves can be

written in matrix form as

. ¢
S,,£%+S,, — pa,R*a’ 0 y 2y, _J0 (9.55)
0 $p¢” +S, — poR’@’ 2‘//[?3] 0

where
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311=|4Np(2|<,$+5|<v3)/105- S, =1°N, (2K +3K]) /15;
S, =1*N K¢ /105; 2 =1*N K7 /3;

(9.56)

It can be seen that the system of equations given in Eq. 55 is fully decoupled. So the equations
can be solved independently. The dispersion relationships giving the frequency of these wave

components as a function of their wave number can be given in close-form as

— ’Slléz + Slll
PR (9.57)
— 82252 + Slzz
pa,R?
V. Relative in-plane normal waves: v, v,

Finally, the dispersion relationship for V/ﬁ —l,//f3 component of the displacement wave propagating

iny direction is given as

(Dllgz + Dlll_palewz)x(‘//fz _'//??3):0 (9.58)
where
D, =I'N, (2K? +5K¢)/105; D, =I’N (2K +3K}')/15 (9.59)

The trivial solution for Eq. 9.58 is obviously i, —w% =0. This, however, implies that this

component of wave is always absent, since its amplitude will be always zero. Thus, for the

equation to have non-trivial solution, the frequency should be

_ [Dué®+Dy (9.60)
po,R?

The above equation gives the dispersion relationships for this component of displacement waves.
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9.6 Results and Discussions

In this section, the dispersion behavior of both isotropic and transversely isotropic materials are

studied with numerical examples.

9.6.1 Dispersion behavior of isotropic materials

Here, the equations of motion derived in section 9.4 are solved for an isotropic rock-like material.
The microscopic material parameters used in this analysis along with the resulting macroscopic
properties of the material are presented in Table 9.2. Note that, as it is clear in Table 9.2, in this
study, for all kinematic measures, the stiffness in the tangential direction is assumed to be one half
of the stiffness coefficient in the normal direction (For a complete analysis of the effect of ratios
between normal and tangential components of inter-granular stiffness coefficients see [206]).

It is worthwhile here to note the inter-granular mechanism that is controlled by each one of the
inter-granular stiffness coefficients. The stiffness coefficients K, and Kw (normal and tangential
stiffness coefficients) control the normal and tangential displacement between two grains. While
the two coefficients Gn and Gw (rotational stiffness coefficients around normal and tangential axes)
control torsion and bending between two neighbor grains respectively. Using this analysis, it is
clear that K is, in a sense, representing the axial stiffness of the contact mechanism between the
two grains, while G, could be conceived to represent the torsional stiffness of the contact
mechanism between two neighbor grains. This simplified analysis has been used here in order to

find the stiffness coefficients presented in Table 9.1.
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Table 9.2 Micro-scale parameters (left) and the corresponding macro-scale constitutive parameters (right)

Model Macroscopic

Parameters Values Parameters Values

I 10°m A 6.67 GPa

d 10°m 7 23.33 GPa

Np 10° 1/m?3 b1=bs 6.67 GPa

PR 3000 Kg/m® b2 40.00 GPa

P 1570 Kg/m? ar 9.52x10° MN

& 14r au 7.62x10° MN
KM, =2KM,, 200 MN/m n=v2 166.67x10° MN
K™ =2K™y 200 MN/m Vi 1000.0x10° MN
K9, =2K9, 2 MN/m di=ds 166.67x10° MN
GM, =2GM, 5000 N.mm d2 1000.0x10° MN
G™h =2G"y 5000 N.mm €1 5.95x101* N.mm?
G% =2G% | 1.25x10® N.mm es 4.76x101° N.mm?

In Figures 9.1 and 9.2 the dispersion curves for different components of the displacement and spin
waves have been presented. In both figures, the components corresponding to longitudinal,
transverse, in-plane shear, and relative in-plane normal wave components have been presented in

separate sections. The kinematic component corresponding to each one of the curves is also

specified on the figures.
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Figure 9.1 Dispersion graphs for different components of displacement waves

Here, it is interesting to point the contrast between the results of this kind of micromorphic theory

to that of a usual first gradient continuum model. In the classical analysis, only two components

of wave (compressive, or P, wave and shear, or S, wave) propagate through. These waves always

have a constant velocity, Cp and Cs respectively. Waves with constant velocity are named non-

dispersive waves and their frequency has a linear relationship with wave number as

a)chpf:L«’/i;Zﬂjg; wS=Cs§=[\/%J§ (9.61)
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Figure 9.2 Dispersion graphs for different components of spin waves

However, as it is seen in Figure 9.1 and 9.2, almost all components of waves in the micromorphic
media are dispersive, since their dispersion graphs are not straight lines.

In studying the propagation of waves two types of velocity are studied, namely phase velocity and
group velocity [207]. Phase velocity, vp, is the velocity of propagation of each wave front and is
calculated as the secant slope of the dispersion graph. Whereas group velocity, vg, is the velocity
of propagation of an envelope of a wave packet and can be calculated as the tangential slope of the

dispersion graph [208]. The two velocity measures are formulated as
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0]
Up = E
9.62
oo (9.62)
Ug =—
0

It is obvious from Eq. 9.62 that if the waves are not dispersive, meaning that dispersion graphs are
lines and not curves (w=vx¢), these two velocities would be identical (w/& =0w/0& =v).

However for the micromorphic materials modeled here, the two velocities are in fact different.
Figures 9.3 and 9.4 show the evolution of phase velocity and group velocity, respectively, for

displacement waves.
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Figure 9.3 Phase velocity of different components of displacement waves vs their frequency
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Figure 9.4 Group velocity of different components of displacement waves vs their frequency

Note that in these two figures, i=2 and 3. It is interesting to note that the phase velocity for all

components of displacement waves are monotonically decreasing. It is also interesting to note the

small frequency band that some components of displacement waves, including ", y/[ﬁi], 1//(“;3)

1//[@2], and y?, —wf, components. The group velocity curves (representing the derivative of the

dispersion curves) show a more complicated behavior. They represent a combination of
decreasing and increasing behavior.
Also Figures 9.5 and 9.6 show the evolution of phase velocity and group velocity, respectively,

for spin waves.
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Figure 9.5 Phase velocity of different components of spin waves vs their frequency

As it was expected from the equations of motion governing the displacement and spin waves, it is
seen that the behavior of phase and group velocities of the two waves are qualitatively similar.
Again, phase velocities are decreasing monotonically, while group velocities show a combination
of decreasing and increasing behavior. In addition, it is observed that the multiple components of

waves propagate in a very narrow frequency domain.
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Figure 9.6 Group velocity of different components of spin waves vs their frequency

9.6.2 Dispersion behavior of transversely isotropic materials

As it was stated before, in transversely isotropic materials, wave propagation behavior will be a
function of the direction of propagation. This section contains dispersion analysis for a
transversely isotropic material where ax = as = 2.0. Afterwards, a parametric study will be
performed to show the effect of microstructural parameters on the dispersion behavior.

For waves propagating in x direction (along the axis of rotational symmetry), the two transverse

components of waves will be identical, since they will lie on the symmetry plane. Figure 9.7
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presents the dispersion curves, as well as phase velocity and group velocity of different
components of the displacement wave propagating in x direction. The figure contains the
dispersion graphs and also the velocities for longitudinal, transverse, in-plane shear, and the
relative in-plane normal waves.
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Figure 9.7 Dispersion, phase velocity vs. frequency, and group velocity vs. frequency for displacement
waves propagating in x direction in transversely isotropic materials
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Note that in Figure 9.7, and in transverse wave components, i =2 and 3. This is because the
material is transversely isotropic and axis 1 is chosen as the axis of rotational symmetry. Thus the
behavior of waves in the two directions 2 and 3 will be identical. This is in contrast with
propagation of waves in the y direction, where the two transverse directions, 1 and 3, will be
different.

For waves propagating in y direction in a transversely isotropic material, the two transverse
directions will not behave identically. Thus the wave will be decomposed into one set of
longitudinal components, two sets of transverse components, one in-plane shear set, and one
relative in-plane normal wave component. Figure 9.8 presents the dispersion curves, as well as
phase velocity and group velocity of the aforementioned components.

Comparing the results presented in Figure 9.7 and Figure 9.8, it is seen that the dispersion behavior
for the in-plane components of waves propagating in the two directions, x and y, are identical.

Since, as it was stated in section 9.5, the dispersion relationships belonging to these components
are not functions of the macro stiffness tensor, Ci'j‘,ﬂ, , which is the tensor that is assumed to be
transversely isotropic here. For longitudinal and transverse components, however, the behavior is
clearly affected by changing the macro stiffness tensor, Ci?,"(l (See Eg. 9.20 and 9.22 for the

parameters affecting dispersion relationships in longitudinal and transverse waves and compare
with Eq. 9.24 and 9.27 for the parameters affecting the dispersion relationships belonging to in-

plane shear and relative in-plane normal components).
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Figure 9.8 Dispersion, phase velocity vs. frequency, and group velocity vs. frequency for displacement

waves propagating in y direction in transversely isotropic materials
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To study the effect of model parameters on the dispersion behavior of the material in different
directions, ratio of phase velocities of longitudinal and transverse components of waves
propagating in x and y directions have been calculated by changing az. Change of ratios of the
phase velocities of the waves propagating in x and y directions for small and large values of wave

number has been presented in Figure 9.9.
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Figure 9.9 Evolution of ratios of phase velocities of different components of longitudinal and transverse components
of displacement waves propagating in x and y directions by changing azo

As it was mentioned in Chapter 6, section 6.3.2, for modeling transversely isotropic materials, the
model needs the following five independent parameters: kn, Ks, ki, @20, and aso. In other owrds, the
introduction of two different stiffness coefficients in the two tangential directions, as well as axo
and aso impose transverse isotropy on the material. In this analysis, however, the focus is on
studying the effect of azo on the dispersion behavior. For this purpose, the two stiffness coefficients
in the tangential direction are assumed to be equal and also aso is assumed to be equal to zero. In

this way, the only parameter imposing anisotropy on the material is a»o and its effect is thus studied.
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When a20 is zero, the material is in fact still isotropic and the dispersion behavior for waves
propagating in the two directions, x and y, are identical. On the other hand, by increasing azo, the
material becomes more and more anisotropic and the difference between the dispersion behaviors
of the waves propagating in the two directions become increasingly accentuated. However, as it

can be seen in Figure 9.9, the effect of increasing a20 is not the same for different components of

wave. Figure 9.9a shows the ratio of the two longitudinal components of & , while Figure 9.9d

presents the transverse component belonging to ¢ . In both these cases, it is seen that in small

wave numbers (large wave lengths), change of velocity is much more significant compared to the
case when wave lengths are small. This result is expected since large wave lengths correspond to
macro behavior of the material.

Further, the wave components corresponding to the total gradient of displacement are also seen to
be affected by changing the parameter ax and hence introducing anisotropy in the material
behavior. Figure 9.9b shows the ratio between phase velocities of the volumetric components of
waves propagating in x and y directions, while Figure 9.9¢ shows the same ratio for the deviatoric
components. Figure 9.9e and 9.9f show the ratio between the symmetric and anti-symmetric parts
of the transverse waves propagating in x and y directions. It is seen in these figures that these
components are affected by changing a>o and imposing anisotropy only when the wave number is
very large (small wave lengths). When the wave lengths are large, these components of waves
will have a similar behavior in the two directions. Even with az = 2, which implies severe
anisotropy, the dispersion behavior of these components of waves propagating in the two

directions, x and y, are very similar.
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9.7 Summary and conclusions

In this chapter the balance equations for the complete micromorphic continuum theory, presented
in Chapter 7, were formulated. These balance equations, including equilibrium equations and the
relevant boundary conditions, are the equations that should be used in any type of analysis for
micromorphic media. In this chapter, the equations of motion were solved for studying
propagation of elastic waves through the material.

Study of wave propagation through materials using usual first gradient elasticity results in the two
well-known longitudinal and shear components of wave (P waves and S waves). Studying the
material as a micromorphic media shows that other components of wave will also propagate in the
material. In the analysis using micromorphic theory, two general groups of waves were studied:
displacement waves and spin waves. Each one of these groups are then decomposed into different
sets of waves: longitudinal waves, transverse waves, in-plane shear waves, and relative in-plane
normal waves.

Dispersion behavior of all the above components have been studied and it is seen that all the
components of waves in such media are dispersive (as opposed to the usual P and S waves, in
which the relationship between frequency and wave number is linear, resulting in identical phase
and group velocities). Phase velocities and group velocities of all these components are also
calculated.

For isotropic materials, wave propagation is independent of direction of propagation, while for
anisotropic materials, the behavior will depend on the direction of propagation. As an example of

an anisotropic material, propagation of waves in transversely isotropic materials is studied. As a
first approximation, it is assumed that only the macro stiffness tensor, Ci?f'd, is transversely

isotropic. For such a material, the stiffness tensor is derived in the manner presented in Chapter
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6. Equations of motions have been modified for the existence of anisotropy in the material and
wave propagation in the two principal directions, x and y, have been studied separately.

The results show that the dispersion behavior in the two directions are significantly different.
Interestingly, for waves with large wave lengths, the anisotropy seems to affect the behavior of
macro displacement components (terms corresponding to average displacement field). While in
higher wave numbers (small wave lengths) dispersion behavior of the wave components
corresponding to displacement gradient seem to be most affected by the anisotropy. In addition,
the effect of changing the microstructural model parameters that impose directional dependence
on material properties on the dispersion behavior of the material is studied using a parametric
study.

In conclusion, the micromorphic theory presented in Chapter 7, and completed in this Chapter by
presenting the pertinent equilibrium equations and boundary conditions, is shown to be able to
predict non-classical phenomena which the usual elasticity theories fail to predict. Namely, the
dispersion phenomena is captured by using a simple linear set of constitutive equations. Moreover,
it is shown before [154] that the method is capable of predicting frequency band-gaps. That is
regions in the frequency domain for which no waves with any real wave number can propagate
through the material. The ability of the presented micromorphic theory to predict these non-
classical phenomena point to the necessity of including terms such as fluctuations in grain

movements, second gradients terms, and grain spins in the analysis of continuum media.
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10 CONCLUDING REMARKS AND FUTURE WORKS

10.1 Concluding remarks

The method of granular micromechanics for deriving the constitutive model for granular materials
is presented in this dissertation. In this approach, the material point is envisioned as a collection
of grains, mutually interacting with their neighbors. Material’s continuum response is derived, in
this model, as the average of the behavior of all grain-pair interactions. The approach presented

here is general and can be used for different types of materials and grain assemblies.

The method’s advantages that have been utilized, worked upon, and developed in this study are

briefly summarized below.

1. In this method, the macroscopic behavior of the material (typically represented by the two
second rank tensors of stress and strain, as well as the fourth rank stiffness tensor) are
calculated using the scalar values of normal and tangential components of force,
displacement, or stiffness. This, simplifies modeling non-linear plastic behavior of the
materials significantly. In particular, the difficulty associated with defining yield surfaces,
flow rules, hardening rules, etc. in the three tensorial framework is avoided when working
with scalar values and scalar functions that couple them together. The behavior of the
material is formulated as scalar functions in a simpler manner.

2. The physical phenomena that can best be described in terms of interactions between grains

(e.q. slip, friction, effects of confinement, etc.) can now be addressed in a straightforward
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manner and there is no need to find tensorial parameters that might approximately address
such issues. By defining the force-displacement relationships in a manner consistent with
the physical behavior of grain interactions, as well as the macroscopic behavior of the
material, all these physical phenomena will be modeled automatically.

During a loading process on a non-linear material, grain-pair interactions in different
directions will undergo different loading histories. Many different scenarios and loading
combinations can take place in different directions. Grain-pair interactions in different
directions can undergo loading, unloading, reloading, hardening, softening, etc. Thus the
overall behavior of the material will be completely load-path dependent. During loading,
even simple monotonic loadings, the properties of grain-pair interactions in different
directions will change and the induced anisotropy effect, due to the change of properties in
different directions will be modeled automatically. As a result, the material behavior will
be highly load-path dependent and material’s response will be, at any point during the
loading, a function of the loading history. This best manifests itself when studying the
failure behavior of the material. As it is shown here, defining failure as a function of the
current stress state will not be able to sufficiently failure of the material. Studying the
behavior in different directions enables the model to incorporate the loading history in all
different directions separately and to define failure as a function of the loading history.
Since the macroscopic response of the material is derived by averaging the grain-pair
interactions in all different directions, the model is naturally strong for modeling inherently
anisotropic materials. For this purpose, a directional density distribution function is
introduced in the formulation that defines the directional distribution of number, length,

and stiffness of grain-pair interactions in different directions. The density distribution
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function is defined in a manner that is consistent with the elastic symmetries that lead to
the different levels of isotropy in the material. As a result, materials with all different levels
of inherent anisotropy can be modeled.

5. In this model, the macroscopic kinematic measures are interpreted in the sense of relative
movements of grains. This allows for a better interpretation of additional kinematic
measures that are needed for deriving enhanced continuum theories, such as micromorphic
continuum theory. Additional kinematic measures such as relative deformation, second
gradient of displacement, and rotation gradient tensors can be linked to the displacements
and spins of grains in a meaningful manner. Utilizing this link between the kinematics of
grains and the macro-scale kinematic measures, paves the way for establishing a practical

approach for calibrating the micromorphic material parameters.

In summary, a robust, yet computationally efficient approach has been presented for modeling
granular materials. This approach incorporates material’s microstructure and its corresponding
micromechanical properties into its macroscopic behavior in a statistical manner. Using this
method, we bridge between traditional continuum mechanics-in which the effect of microstructure
and its evolution during loading on continuum behavior is either neglected or taken into account
using approximations- and atomistic calculations-in which the exact microstructure of the material
might be used to derive material’s exact behavior but with a huge amount of computational

demand, making it inapplicable to macro scale problems.

10.2 Future works

Following recommendations are made for future works on this topic.
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Implementation of the damage-plasticity model into Finite Element Method schemes: The
non-linear constitutive approach for modeling cementitious materials presented here is
fully calibrated and verified for the behavior of a material point. The next step in the
verification and application of the material model would be its implementation into FE
software. This will allow the model to be used for modeling different boundary value
problems in structural level.

Implementation of rate-dependent terms for modeling viscos materials: The model can be
significantly enhanced by incorporation of viscos terms in the constitutive model from
grain-scale viewpoint. This enables the method to model rate-dependent materials such as
asphalt mixtures. In addition, this will help the method significantly in stabilizing the
model results especially in post-peak softening region.

Modeling large-deformation problems: The present work utilizes the infinitesimal strain
theory for calculation of kinematic measures and consequently the conjugate stress
measures. However, in order to generalize the model, the kinematic analysis of grain
movements (displacements and rotations) can be enhanced to include finite deformations.
Modeling multi-phase (composite) materials: The method can also be developed for
modeling composite materials. For this purpose, a unified approach, which is based on the
micromechanics of the behavior of materials is needed. In this approach, different phases
of these materials and their interface should be modeled separately. These should then be

integrated together to yield the behavior of the resulting composite material.
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Appendix A

Transversely isotropic materials have a single axis of rotational symmetry and moreover, every
plane containing this axis is a plane of reflection symmetry [156]. The plane whose normal axis
is the axis of rotational symmetry can be called the plane of rotational symmetry and the properties
of the material in all directions in that plane are identical. If an initially isotropic non-linear
material is under uniaxial loading (or conventional triaxial loading) in the 1 direction, it develops
an axisymmetric behavior resembling that of a transversely isotropic material. In this situation,
axis 1 will be the axis of rotational symmetry and the 23 plane (the plane in which the two lateral
strains are applied) is the plane of rotational symmetry. The constitutive equation for such material

can be written as follows [43].

o, Cyy Cp, Cp, 0 0 O é
Cyp,  Cy 0 0 O
Oy &9
o, C,, 0 0O O &
= C,y — Cyg (A1)
O3 5 0 0 || 72
O Symm. c; O V1
Oy Cee 712

As it is seen in Eqg. A.1, the stiffness tensor of a transversely isotropic tensor is composed of 5
independent components. In order to study the failure mode of the material, it is worthwhile to
calculate the eigenvalues and eigenvectors of the stiffness tensor. The stiffness tensor is written
here as a 6x6 matrix and thus has 6 eigenvalues. However, for the case of transversely isotropic
materials, only 4 independent eigenvalues exist. The closed-form solution of these eigenvalues

are as follows
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1 2 2 2 2
Al = E (Cll +Cyp +Cy + \/Cll - 2C11C22 - 2011023 +Cyp + 2C22C23 +Cyp t 8C12 )

1 2 2 2 2
A”z = E(Cn +Cyp +Cp5 — \/Cn - 2011022 - 2C11C23 +Cp + 2szcza +Cypt 8C12 ) (A-Z)
A’s =Cyp —Cy
Ay = Csg

As stated before, the two remaining eigenvalues are not independent from the ones that are
presented here. The fifth eigenvalue is equal to A4 and the sixth one is equal to As/2. Study of the
eigenvectors corresponding to these eigenvalues demonstrate the deformation mode associated

with each one of them. The eigenvectors corresponding to each one of the above eigenvalues are

given below
;Clé /120120 0 0 0
11 2 11 _1 O O
1 1
| |1 |1 |0 g 0
Via) = D V) T VT o VT3 (A3)
0 0
0 1 0
0 0 0 0 1
0 0

Note that the above eigenvectors are not necessarily normalized. The deformation mode is inferred
directly from the eigenvector corresponding to the eigenvalue. For A1 and A, the eigenvector
clearly belongs to the normal directions, and thus the deformation mode is clearly dilatational. For
A3, the eigenvector shows a deviatoric component between the 2 and 3 directions, and thus
corresponds to the deviatoric mode. As it was stated before, two of the eigenvalues of the stiffness
matrix are equal to A4 and the eigenvectors corresponding to both of them belong to the (isochoric)

shear mode of deformation. The eigenvalue corresponding to the last eigenvalue (which is equal
to As/2) is equal to (0, 0, 0,1 0, 0) and thus belongs to the isochoric (shear) mode of

deformation.
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