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Micromechanical constitutive modelling of granular media:
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Abstract. Micromechanical constitutive equations are developed which allow for the broad range of interparticle
interactions observed in a real deforming granular assembly: microslip contact, gross slip contact, loss of contact
and an evolution in these modes of contact as the deformation proceeds. This was accomplished through a syn-
ergetic use of contact laws, which account for interparticle resistance to both sliding and rolling, together with
strain-dependent anisotropies in contacts and the normal contact force. By applying the constitutive model to the
bi-axial test it is demonstrated that the model can correctly predict the evolution of various anisotropies as well
as the formation of a distinct shear band. Moreover, the predicted shear-band properties (e.g thickness, prolonged
localisation, void ratio) are an even better fit with experimental observations than were previously found by use
of previously developed micromechanical models.
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1. Introduction

Tordesillas and Walsh [1] developed a framework for constructing micropolar constitutive
models for dry monodisperse granular materials. Their method is based on averaging the
interactions within a particle cluster, which consists of a single particle and its immediate
neighbours (see Figure 1). By considering only a small number of particles in its representa-
tive volume element, their method diverges from many previous micromechanical models, with
the subsequent advantage that this high-resolution technique should be capable of capturing
microstructures consisting of only a few particles e.g. shear bands. The generalised constitu-
tive relations derived in their paper were as follows:
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where o,p is the afi-component of stress, i, 1S the a-component of couple stress, R is the
particle radius, v is the void ratio of the Voronoi cell (ratio of the void volume to the total
volume of the cell), f, is the a-component of the contact force, ng is the f-component of
the outward unit vector n from the particle centre in the direction of contact, M is the roll-
ing resistance, egg3 is the permutation symbol, and 2 represents all possible orientations in
space. A repeated subscript signifies a summation over the range of the repeated subscript (in
a two-dimensional model the summation is from 1 to 2). The weighting function @ represents
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Figure 1. The homogenisation process employed by Tordesillas and Walsh [1]: (a) a Voronoi tessellation of the dis-
crete assembly yields a Voronoi cell for each particle and its immediate void space, (b) interactions between a parti-
cle and its contacting neighbours (i.e., forces and moments at contacts) are averaged over the particle’s Voronoi cell,
(c) corresponding micropolar continuum element of the same area as that of the Voronoi cell.
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the angular-contact-density distribution function, and describes the probability of finding a
contacting particle for a given direction. Hence, for a particle with N neighbouring contacts,
it follows that

[ ddn=N.
Q

The function @ may be used to introduce contact anisotropy. The form of this angular-
contact-density distribution function, however, remains an open problem and is an area in
need of further investigation. It has been established experimentally that particle arrangements
(fabric) and rearrangements (fabric evolution) govern bulk behaviour of granular media. A
summary of key experimental findings on fabric evolution is given in [2, Chapter 4]. In par-
ticular, it has been observed that contacts within a granular material tend to align themselves
in the direction of maximum compressive strain [3]. To account for this experimental result,
Walsh and Tordesillas [4] adopted a bipolar contact-density distribution function in which the
highest probability of finding a contact was aligned with the direction of maximum compres-
sive strain. The form of their contact-density distribution function is shown in Figure 2 and
defined by

N
(D(n,m,x,v)zg(1+Xcos(20)), (1.3)
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Figure 2. The contact density distribution function &, in Figure 3. Graphical representation of Coulomb’s
polar coordinates, for the isotropic case x =0, and the law (Equation (2.5)).

anisotropic case 0 <y <1.

where x, the degree of the initial contact anisotropy, can take values in the range 0 < x <1.
The symbol 6 is defined by cosé =m - n, where the ‘dot’ denotes the scalar product and
m is the unit vector pointing in the direction of greatest probability of finding a contact-
ing neighbour. The drawback of this approach is that it limits the fabric evolution to a
predefined mode of deformation, which may compromise a model’s ability to predict the
development of certain anisotropies arising in the formation and evolution of highly local-
ised structures like shear bands (e.g see [2, Chapter 4], [5]). In contrast, Tordesillas and
Walsh [1] use an angular contact-density distribution function in which the maximum prob-
ability of finding a contact is aligned with the direction of highest density increase. This
direction is given by the negative of the gradient of the void-ratio distribution function.
In such a case, the contact anisotropy is able to evolve as the assembly deforms, since
the void ratio is linked with strain; however, in practice the model was difficult to use
without resorting to further simplifying assumptions regarding the evolution of the strain
distribution throughout the whole assembly. Apart from these differences in the form for
@, the two constitutive models [1,4], are identical. In particular, they both neglect: (i) gross
slip and loss of contact, (ii) force anisotropy, and (iii) strain-dependent evolution in the
force and contact anisotropy. In contrast with these previous models, this paper presents
constitutive equations that allow for the possibility of microslip, gross slip and loss of con-
tact. Contact laws, which describe these different modes of contact, are used in conjunction
with strain-dependent contact forces, thereby allowing the current model to capture the evo-
lution of these contact forces, the various modes of contact and contact anisotropy.

2. Incorporating gross slip, microslip and loss of contact

Forces and moments between contacting particles were not explicitly expressed in the previous
discussion. Expressions for these contact forces and moments need to be inserted into the gen-
eralised constitutive laws, Equations (1.1) and (1.2), before the constitutive laws can be used.
In this section, expressions are developed for contact forces and moments, which account for
the broad range of interactions arising in real deforming granular media.
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The contact force, appearing in (1.1) and (1.2), can be separated into normal f”" and tan-
gential f! components,

Jo=f"na+ fta, 2.1)

where 1, is the a-component of the unit vector tangential to the contact. The normal force at
a contact can be thought of as having two parts: (i) the initial normal force at a contact, and
(ii) the normal force resulting from the relative normal displacement of contacting particles. If
it is assumed that the particle deformation is linear elastic and that contacts are cohesionless,
then the normal force at a contact can be written as

initial nA N ; initial noA N
f”:{ f +k" Au if f +k"Au" <0, 2.2)

0 if finitial + K Au" >0,

where finitial ig the initial normal contact force, k" is the particle’s normal stiffness coefficient,
and Au”" is the relative normal displacement of two contacting particles. The previous models
of Tordesillas and Walsh [1] and Walsh and Tordesillas [4] assumed a constant f” and so did
not allow an evolution or loss of contacts.

It is well-accepted that the normal contact force (and for that matter, the tangential con-
tact force) is not generally equal at all contacts, even prior to deformation. That is, particles
rarely share forces equally amongst all neighbours. A striking demonstration of this normal
contact force anisotropy can be seen in the photo-clastic disk experiments of Howell er al
[6]. In these experiments, it is clearly seen that particles tend to transmit forces through only
2 or 3 of their contacts, resulting in the so-called force chains. The other contacting particles
can be considered to be spectator particles, as they have little or no contribution to the force
transmission. Preferential force transmission occurs even prior to deformation of a granular
material (e.g static granular pile). To account for this potential normal force anisotropy, a
weighting function, similar to that used for contact anisotropy (Equation (1.3)), can be com-
bined with finitial gych that the angular dependent normal force at a contact is expressed as

fimital (] 4 x* cos (20 +¢)) + k" Au if finital (14 x*cos (20 4+ ¢)) + k" Au" <0,

0 if finitial (1 4y *cos (20 4+ ¢)) + k" Au" > 0. 2.3)

f”(9)={

In (2.3), x* represents the degree of the initial normal contact-force anisotropy and can take
values in the range 0 < x* <1, with x*=0 corresponding to the isotropic case. Again, 6 is
defined by cos@ =m-n and ¢ is defined such that cos% represents the dot product between
m and a unit vector in the direction of the maximum normal contact force. Note that the
integrals, which, respectively, define the stress and couple stress in (1.1) and (1.2), are to be
evaluated with respect to 6. By defining the normal contact force according to (2.3), not only
has a potential initial normal contact-force anisotropy been introduced, but also the normal
contact-force anisotropy is now able to evolve naturally with strain, as the relative normal dis-
placement can be related to strain via:

Au" =2Reqgngng, 2.4)

where eqp is the of-component of strain. Furthermore, an evolving anisotropy in the normal
contact force results in an evolving angular-contact distribution, as contacts are lost in direc-
tions for which fitial (1 4 y*cos (20 +¢)) + k" Au” > 0.
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In Equation (2.1), the tangential contact force can be related to the normal contact force
by following Coulomb’s contact law (see Figure 3) for the various modes of contact (i.e., mi-
croslip and gross slip) and no contact:

sign(Aul )| f*  if |K'Au'|>|uf"| and f" <0 = gross slip,
=1 KA if |k'Au'| <|uf"| and f" <0 = microslip, (2.5)
0 if >0 = no contact,

where u is the inter-particle friction coefficient, k' is the particle’s tangential stiffness coeffi-
cient, and Au’ is the tangential component of the relative displacement of the contact points
and is related to strain and curvature (gradient in rotation) «, according to

Au' =2R (sqrnrtq — Rn(picw) , (2.6)
such that
1 if e;rnrt, — Rnyky, >0
i Aul)= Lt gre - 2.
51gn( " ) { =1 if ggrn,ty — Rngiy < 0. 27

Strictly speaking, the tangential contact force should have an additional term to represent
the initial tangential contact force acting on a particle. However, the application of the cur-
rent model is restricted to cases in which the granular specimen is prepared such that the
expected initial tangential contact force is zero. Unlike the initial normal contact force, the
initial tangential contact force may be either positive or negative, such that the expected initial
tangential contact force in many circumstances will be close to zero. Applications for which
the expected initial normal force may not be zero are, for now, not considered.

Since f" has an evolving anisotropy, and f! depends on f", it follows that f’ also has
an evolving anisotropy. More specifically, not only do these contact laws (Equations (2.3) and
(2.5)) allow the contact mode to be identified, but they also allow the direction of these con-
tact modes to change with deformation, as the inequality constraints in Equation (2.5) con-
tain an angular dependence due to the angular dependence of f" and Au’. In other words,
the mode of contact will vary with the direction of contact. At any stage in a granular media’s
deformation, a neighbouring particle pair will be sharing only one of the following: a micro-
slip contact, a gross slip contact, or no contact. Therefore, the integration over the angle in
Equations (1.1) and (1.2) can be separated into a sum of integrals, with each integral repre-
senting a contact mode (i.e., gross slip or microslip) or no contact. That is, Equations (1.1)
and (1.2) may be written as

Ci d;
_1-v 3 S8 ngpdo+ [ fMSngpdo 2.8)

i=1|g  gross slip microslip

Ci

d;
_ l1—v i / [MG'S'nO,+Reﬂ¢3fﬁG'S‘nan¢] Ddo+ f [MM'S'na+Re/5¢3fé\4'S'nan¢] @do

Ci

i=1 g gross slip microslip
(2.9)

where the superscripts ‘G.S.” and ‘M.S.” denote the gross slip and microslip terms, respectively.
The integrals corresponding to regions of no contact are not shown, as regions of no contact
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do not contribute (directly) to the stress or couple stress. The integration limits and the upper
limit of the summation index x obey the following relationships:

X

Z [(ci —ai)+(di —ci) +(e; —dp)]=2m, and a;=0;a;41=e¢;; e =27. (2.10)

i=1
Equation (2.10) is a condition that ensures that all possible contact directions (0 — 27) have
been assigned a contact mode. In (2.10), the quantity (e; —d;) corresponds to the range of
angles for which there are no contacts. The gross slip regions (¢; —a;) are further separated
into two regions, (b; —a;) and (¢; — b;), which are related to sign (Au’ ) being positive or neg-
ative, respectively. The limits of integration in (2.8) and (2.9) need to be determined from the
inequality constraints in (2.5) and (2.7). For example, the limits g;, ¢; and d;, demarcating the
regions of gross slip and microslip, must satisfy &’ |Au’| —u|f"=0. The integration limits a;,
d; and e; satisfy f" =0, and the gross-slip integration limit b; must satisfy (sq,nrtq — Rn(px¢) =
0. If, for example, with increasing angle a gross slip region (c3 —b3) is immediately followed
by a region of no contact (e3 —d3), the microslip integration limits are set to have the prop-
erty d3=c3=0. These integration limits will now be referred to as the transition angles. Due
to the form of the constraints in (2.5) and (2.7), involving absolute values of cosine-squared
functions, there exists an upper bound on the value that the summation index x may take.

A linear contact law is used to approximate the rolling resistance for both the microslip

and gross slip contacts, such that

MSS =2k'SS Riyny, (2.11)
where k’G-5 and KM are rolling-stiffness coefficients.

In this paper, the bipolar form for the contact-density distribution function @ used by
Walsh and Tordesillas [4] is adopted (see Equation (1.3) and Figure 2). However, unlike in
[4], no assumption is imposed on the direction of maximum probability of finding a con-
tact m (direction of contact anisotropy) at this stage of the analysis. Hence, the direction of
m can be defined at the point of implementation of the resulting constitutive law. Further-
more, in the present analysis, the form of @ and the direction of m serve only as initial con-
ditions for the contact anisotropy. Since the contact laws introduced earlier incorporate loss
of contacts, then, as deformation proceeds, the contact-density distribution function will be,
in effect, modified (evolving) as various angles are “switched off” for regions in which particle
contacts are broken.

We note that the bipolar form of @ is based on a numerical simulation of the direction
of contacts averaged over a large number of particles [3]. Furthermore, the generalised con-
stitutive equations (1.1) and (1.2) are not restricted to a specific particle-cluster configuration,
which was the original reason for Tordesillas and Walsh [1] to introduce the weighting func-
tion @. Therefore, when interpreting the contact mode and force anisotropy results in Section
4 of this paper, we emphasize that the results will be an expectation rather than an exact pre-
diction of the contact behaviour within a granular specimen.

The form of @ in Equation (1.3) is now substituted in Equations (2.8) and (2.9), along
with the expressions for the contact forces and moments (2.3), (2.5), (2.11) and (2.12). With
these substitutions, Equations (2.8) and (2.9) can be integrated to give the following micro-
mechanical constitutive laws:

Ogp =d (v) [Paﬂ + Qaﬁmngmn + Rotﬂjgl)tj + Saﬂsjgsj] s (213)
o =a (V) Tayky, (2.14)
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where

1 (1—v)[36—4n«/§]—n2
27R 6—m/3

a()= (2.15)

The coefficients Pyg, Qupmn> Rapj, Sapsj and Tyy depend on the transition angles, the various
anisotropy parameters and the physical properties of particles, and are defined in the Appen-
dix. To obtain (2.15) it has been assumed, following Hinrichsen et al [7], that

N=——
6—7m+3 v

for 0 < N <6. Equation (2.16) reflects an expected relationship between the number of con-
tacts per particle and the void ratio and, in a similar manner to (1.3), it was obtained by
averaging over a large number of particles. As such, any results obtained using (2.16) will be
considered to reflect an average or expectation rather than an exact prediction for a specific
particle cluster.

2
! [36—4;1@—1’%] (2.16)

3. Fabric and force evolution in a bi-axial compression test

To demonstrate the capabilities of the micromechanically-based constitutive model, we exam-
ine the formation of shear bands in a bi-axial test, using the method provided by Miihlhaus
and Vardoulakis [8] for micropolar continua. As illustrated in Figure 4, the specimen is com-
pressed in the X,-direction at a constant rate. The vertical boundaries are allowed to deform
such that the normal stress o] remains constant along these boundaries. Prior to shear-band
formation, the deformation is assumed to be homogencous and €1 =¢31 =« =« =0. In addi-
tion to predicting shear-band evolution, specific attention will be given to the model’s predic-
tions of microstructural development (e.g. contact and contact-force evolution).

Briefly, the method originally proposed by Miihlhaus and Vardoulakis [8] involves solving
the rate form of the stress equilibrium equations for a Cosserat/micropolar material, and then
looking for special solutions that may exist within a narrow region (shear band). These spe-
cial solutions correspond to an inhomogeneous deformation that is distinct from the homo-
geneous deformation occurring both prior to the onset of a shear band and outside the shear
band after the band has formed. The onset of the inhomogeneous solution is referred to as
the bifurcation point.

shear band

angle
X, <

L.,

Q) 2 3

Figure 4. Stages in shear-band formation within a bi-axial test: (a) initial specimen, (1) homogeneous deformation
prior to shear band formation, (2) onset of shear band or bifurcation point, and (3) evolution of shear band.
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Adopting the nomenclature employed by Tordesillas ez al. [9], we can write the stress-rate
equilibrium equations in shear-band coordinates (x, y) in terms of time rates of displacement

. do
V and rotation — as:

dr
do” do’
AanV,;/‘i‘AoﬁlW‘i‘AoﬂZE:O’ (3.1
do” do’ dw
A3,71V +A3n2V + A3z —— & +A332d— + A333— ar =0, 3.2)

dQ)

where only the gradients across the shear band (the y-coordinate) are nonzero with ( )'=—=;

a =1, 2; n =1, 2; and the various coefficients (i.e., the subscripted ‘A’s) come from the rate
form of the constitutive law. That is, by writing

ddaﬁ (18,7)L

= Lg% 3.3
< dr > At~ q; (3.3)
dus dep dia

Gia Hiq 2, 3.4
< dt> a4, (3.4)

where ( ) represent the Jaumann time derivative, we can be represent the various coefficients
in (3.1) and (3.2) as

1 1
A =susiLin +sas2Lin — 552520, A =sus1Lion +sasaLioon + 551520,

Azr =sas1Lorin +sasaLoin — %Slszd, Ap =sas1Laiox +sasaLloo + %51510’

Az =ep3siLign +epssaliog, Az =epn3s2Lon. +ena3siLaiga,

A1 =A231=0, A311=551G11+5252G215,

An1=s551G1oa +s052G20n,  Aspp=saLoiin —saLlio,

Az =saLaon—saLlioon, A3z =Hpsast + Hosis,

Azzn=en3s1Gp tenn3saGogn,  Aszz=ep3Lloin —en3Lliog. (3.5)

In Equation (3.5), 0 =011 — 023, s =—sin6, and sy =cos6), where 6, is the shear-band angle
(see Figure 4).

Solutions are then sought for (3.1) which satisfy the following boundary conditions (in
accordance with experimental observations and DEM simulations of Iwashita and Oda [5]
and Oda and Kazama [10]:

(i) across a shear band (i.e.,, —dp >y >d, where 2d, is the shear-band thickness), the dis-
placement rate is an even function of y and the rotation rate is an odd function of y;

(i1) contmulty of traction and couple stress at the *shear -band boundary,

(i) V= 71 and Vz_VTZ at y=d, and V| = —V—‘ and V, = —72 at y = —d,. Since it is
assumed that regions outside the shear band act rigidly after the bifurcation strain is
reached, and that the bi-axial test is strain-controlled, the rate of vertical displacement
of the rigid outer regions of the specimen V; is prescribed. The horizontal rate of dis-
placement V*, on the other hand, needs to be determined from the strain within the
shear band.
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Once the displacement and rotation rates are determined, from solving (3.1) and (3.2) subject
to the boundary conditions, an incremental procedure can be adopted to determine the strain
and rotation within a shear band, and therefore the evolution of the shear band. For a more
detailed discussion of the shear-banding problem and the method outlined here, see [9].

4. Results and discussion

Prior to deformation, we assume that the particles are randomly packed under conditions in
which gravity is negligible. Therefore, the expected contact distribution and the expected con-
tact-force distribution are isotropic, i.e., x = x*=0. Only after deformation occurs would one
expect the contact distribution and the contact-force distribution to become anisotropic and
take on a preferential direction. Model predictions are now presented for the following model
parameters: x = x*=0; my=1; v9=0-2; ¢=0; finitial — _(1/20)Rk"; k" =k =4 x 107 N/m;
R=0-005m. These parameters reflect a moderate particle-packing density with an initially iso-
tropic contact and contact-force distribution.

Figure 5 shows the change in thickness of a shear band inclined at an angle of 65 degrees
to the Xj-axis. The thickness rapidly approaches a value of 4-5 particle diameters. In real
sands for which there is a distribution of particle sizes and shapes, reported shear-band widths
range from around 7-8 particle diameters [10] up to 17 particle diameters [11]. However, two-
dimensional Schneebeli systems, consisting of circular rods, display shear bands that involve
fewer particles (1-4 particle diameters) than those found in real sands [12]. Note that the
thickness predicted by the current model is also consistent with the shear-band analysis based
on the deformation theory of plasticity for frictional materials with internal constraint [§],
[13]. Although not shown, other shear-band inclinations display similar behaviour.

In Figure 6, it can be seen that the expected contact distribution evolves with increasing
strain. Stage 1, the innermost (smallest) ring, corresponds to the initial contact mode distri-
bution. Stage 2, the middle ring, corresponds to the contact-mode distribution at the bifur-
cation point (onset of shear banding). Stage 3, the outside (largest) ring, corresponds to the
contact mode distribution within a shear band at a shear strain of 0-8. Initially, all contacts
are microslip contacts (stage 1). With compression, however, contacts are lost in the direc-
tion perpendicular to the applied compressive strain, and the regions of microslip shrink to a
narrow angle in the direction of the maximum principal strain (stage 2). This pattern of loss
and retention of contacts is consistent with the formation of particle columns at the onset

25

20 A

15

10 1

0

0 01 02 03 04 05 06 07 0.8
shear strain

Figure 5. The variation of the shear-band thickness with shear strain for a shear band inclined at 65 degrees to the
X -axis.
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[ ] nocontact
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Figure 6. Evolution of contact modes for the three stages Figure 7. A polar plot showing the evolution of
of the bi-axial test. the normal contact force for the three stages of the

bi-axial test.

of shear banding. It is thought that the buckling of these particle columns is the underlying
mechanism responsible for the softening observed during shear banding [10]. With a further
increase in shear strain it is seen that there is a rotation of the direction of contacts (and no
contacts) and the contact modes, which is also consistent with observed microstructural devel-
opment inside shear bands (stage 3).

Figure 7 displays the evolution of the normal contact force for the three stages in shear-
band development presented in Figure 6. Firstly, it is confirmed that normal contact-force
anisotropy can develop from an initially isotropic distribution using this constitutive model.
At the bifurcation point the normal contact force has become highly anisotropic, with a max-
imum direction aligned with the maximum principal strain. Secondly, within the shear band,
the direction of the maximum normal force begins to rotate away from the direction of max-
imum principal strain. The direction and rate of rotation of the normal contact force is the
same as the direction of rotation of the contact modes shown in Figure 6, and the combined
contact mode and normal contact force behaviour is consistent with the rotation of particle
columns and force chains in a shear band.

Figure 8 shows the change in the global void ratio (void ratio averaged across the entire
specimen) for stage 1, and the change in the Jocal void ratio (void ratio averaged across
the band) during stage 3. The initial overall compaction by an applied compressive strain is
expected, given that the initial void ratio is 0-2. The observed decrease in void ratio of 0-05
corresponds to an average gain of only one contact per particle. At first glance this result
would seem to contradict the loss of contacts observed in Figure 6. However, one should
recall that: (1) the contact modes are only expectations, and (ii) a void ratio of 0-2 only cor-
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Figure 8. The variation of void ratio with deformation. Figure 9. Total rotation in the region of the shear

band at a shear strain of 0-8.

responds to approximately three contacts per particle, such that a particle can readily accom-
modate an additional contact within the region predicted to have a contact in Figure 6. The
increase in void ratio within a shear band, as shown in Figure 8§, is consistent with the experi-
mental observations of dilation and the appearance of large voids within shear bands in sands
(e.g. see [2, Chapter 4]) and assemblies Schneebeli rods [12].

The total rotation in the region of the shear band, as shown in Figure 9, refers to the net
accumulation of rotation w (see Equation (3.1)) from the start of deformation up to a shear
strain of 0-8. Note that although the shear band thickness at a shear strain of 0-8 is only
4-5 particle diameters (Figure 5), the microstructure beyond 5 particle diameters has been
disturbed (finite rotations) due to prior shear strains for which the shear band thickness was
greater than 5 particle diameters. The shear-band thickness shown in Figure 5 should then be
considered an instantaneous thickness, whereas a shear-band thickness implied by rotations
should resemble that seen in experiments.

Note that the current model predicts rotations to change sign within a shear band. This
would seem to contradict the findings from DEM simulations of Iwashita and Oda [5], in
which particles were seen to rotate in one direction on average. It could be argued that, as
the shear-band thickness in Figure 5 is in the range of 4-5 particle diameters, beyond a shear
strain of 0-8, further rotations will only occur within 4-5 particle radii from the centre of the
shear band, such that the central, unidirectional, peak will begin to dominate the observed
rotations. However, larger shear strains are beyond the small strain limitations of the current
constitutive model.

5. Conclusions

A high-resolution, micromechanically-based, Cosserat constitutive model for the quasi-static
deformation of a dry granular material has been presented. The model incorporates inter-par-
ticle contacts undergoing microslip, gross slip, rolling resistance and loss of contact. Fabric
and contact force anisotropies are also introduced, and the evolution of these anisotropies is
naturally accounted for. When applied to the shear-banding problem, the micromechanically-
based constitutive laws successfully reproduces expected shear-band thicknesses and the con-
tact and force anisotropies evolve in a way consistent with the formation and evolution of
particle columns and force chains within a shear band. Ongoing work is focused on under-
standing the evolution of the anisotropies, through a DEM analysis, in preparation for the
extension of these models to the large deformations encountered in engineering applications.
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Appendix A. Coefficients appearing in Equation (2.13) and (2.14)

The various coefficients in the constitutive equations (2.13) and (2.14) are

pinitial X wi (@i, di) Wp1 + w2 (ai, di) Wepgz +ws3 (ai, di) Weg3

Pop - Fesys (w1 (bi, ¢i) — w1 (ai, b)) Weg1 + (w2 (bi, ¢i) — w2 (a;, b)) W2 | | »
i=1 S 4+ (w3 (b, ¢i) — w3 (ai, b)) Wip3
w4 (a;, di) Waﬁl Winn1 +ws (ai, di) (Waﬂl Winn2 + WaﬂZ Wmnl)
+wg (a;, d;) (Wotﬁl Wins + WotﬁZ W2 + Wotﬂ3 Wmnl)
N +w7 (a;, d;) (WaﬂZWmn3 + Wot,B3 Wmn2) +wsg (@i, d;) Waﬂ3 Win3
0 _ 2RK" (wq (b, c;) — w4 (ai, bi)) Wyg1 Winni
apmn T P + (ws (b, ¢i) — ws (a;, b)) (Wsﬂl Win2 + WsﬂZ Wmnl)
+ueses |+ (we (b, ¢i) —we (ai, b)) (Wsﬁl Winn3z + WsﬁZ Winn2 + WsﬁS Wmnl)
+ (w7 (bi, ¢i) — w7 (@i, bi)) (WYﬂZ Winnz + Wigs Wng)
+ (wg (b;, ¢;) —wg (ai, bi)) W3 W3 A
2RK' &
Ropj = - Z[U@(Ciadi)wjﬂl+w10(ci7di)Wjﬁ2+wll(Ciadi)Wjﬁ3]
i=1
eha3Wrg1t Wsj1 +eng3Wep1 Wiji
w i di) Wegt Wil +w iy d;
12 (ci, di) apl Wsjl 13 (ci l)<+ehﬂ3Wah1Wsjl+ehj3Wozﬂ1Wsh1
Wig18sa0 + Wis1680 + Wsg18ia + Wag1dis
2RK' SN | wig (i, di JjB19sa Jjs10Ba sB10ja apl9;]
Saﬁsz_ = 14 (i, di) +Waj18ﬂs+wasla/3j_6Waﬁlejl s
i=1 enp3 Wiy Wsas +enjzWhg Wi, )
+wis (¢;, d;
15 (ci. i) <+€ha3 Wi Wigs + ens3 What Wiy,
| +wie (cir di) (Wapt Wejt +8 585, — Wip18s, — 85 Wast) |
T :2_R - {kc‘s‘[m(ai,cz')Wawl+w10(ai,0i)Wa¢2+W11(ai,Ci)Waw] J
VT P + (kM5 + R2K") [wo (ci, di) Way1 +wio (ci, di) Waya + wii (ci, di) Ways] |’
where

P 1 if =4,
B=10 if a#p,°

Wapt =mqmpg,
Wapgr = [e¢,,33 Wag1 + e¢a3W¢ﬂ1] )
Waﬁ3 = [Sa[} - Waﬁl] s

12+ x+ A+ x)x*cosg) (y —x)+3(x +4) x*sin¢ (cos2y — cos 2x)
wy (x ):i +3(x+1) x*sing (cosdy —cos4dx) + x x* sin ¢ (cos 6y — cos 6x)

Ly 48 | +3 @ (x+ D+ Bx +4) x*cose) (sin2y —sin 2x) ’
+3(x+(x+1) x*cose) (sindy —sindx) + x x* cos ¢ (sin 6y — sin 6x)

12)*sing (x —y) +3x x™ (cos (¢ — 2x) —cos (¢ —2y))
wr (x,y)=-— | +12(cos2x —cos2y)+3x (cosdx —cos4dy)
+3x™ (cos (¢ +4x) —cos (¢ +4y)) + x x™ (cos (¢ + 6x) —cos (¢ +6y))




Micromechanical constitutive modelling of granular media 105

12— x4+ (-1 x*cos¢) (y —x)
_ +12(x — 1) (sin2y —sin2x) 4+ 3x x* (sin (¢ — 2y) — sin (;w — 2x))
w3 (x,y)= 48 | +6x* (2—x) (sin (¢ +2y) —sin (¢ +2x)) — 3x (sin4y — sin4x)
+3x* (x — 1) (sin (¢ +4y) —sin (¢ +4x)) — x x* (sin (¢ + 6y) —sin (¢ + 6x))

( )_L 38y +12) (y —x)+3(7x +8) (sin2y —sin2x)
Wa ) =56\ 132x 4 1) (sindy — sin4x) + x (sin 6y — sin 6x) | °

1

ws (x, y)= % (B(x+4)(cos2x —cos2y)+3(x +1) (cosdx —cos4y) + x (cosb6x —cos6y)),
1

we (x,y) = % (12 (y —x)+3x (sin2y —sin2x) — 3 (sindy —sin4x) — x (sin 6y —sin 6x)),

1
w7 (x,y)= % (B(x—4)(cos2y—cos2x)—3(x — 1) (cosdy —cos4x) + x (cosb6y —cos 6x)),

( )_i 3(=8x+12)(y—x)—3(=7x +8) (sin2y —sin 2x)
ws (X M) =Ge\ 43 (=2x + 1) (sin4y — sindx) + x (sin 6y —sin 6x) )’

1 . . . .

wo (x,y)= e @GC2H+x)(y—x)+4(1+x) (sin2y —sin2x) + x (sin4dy —sin4x)),
1

wio (x, y)= 3 (cos2x —cos2y) (2+ x (cos2x +cos2y)),

1
wiq (x, y):1_6 @GR2-—x)(y—x)+4(x—1)(sin2y —sin2x) — x (sindy —sin4x)),

( )_L (36+424x) (y —x)+ 3 (8+7x) (sin2y —sin 2x)
wio (x,y T 96 \ +3(1+2x) (sindy —sin4x) + x (sin 6y —sin6x) /°

64+2x+3(1+ x) (cos2x +cos2y)+ x (cos4dx +cos4y)>

1
wi3 (¥, ) = 7g (cos 2x —cos 2y) <+x cos[2 (x — )]+ x cos[2 (x + )]

1
wig (x, y)= % (12(y —x)+3x (sin2y —sin 2x) — 3 (sin4y — sin4x) — x (sin 6y — sin 6x)) ,

wis (¥, y) = 5o + 3 (cosdy —cos4x) + x (cos 6y —cos 6x)

1 <6X (cos? 2x —cos?2y) +3 (x —4) (cos2y —cos2x)>
96 ’

(o yy= - (36=240) (=) +3 (T3 —8) (sin 2y —sin 2v)
W6 Y) =396\ =32y — 1) (sindy —sin4x) + x (sin6y —sin 6x) ) -

For the incremental procedure outlined in Section 3, the change in the void ratio from an
initial void ratio vg is given by

Area — Area of particles Initial Area — Area of particles

V—yy= —
0 Area Initial Area

Area — Initial Areai|

Initial Area

=(1—v)|:

if €17 and &y, are much larger than &1, and &p; yet still much smaller than 1, vy << 1 and
v << 1, then the change in void ratio can be approximated by v —vy= (1 —vg) [e11 + &22].
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