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Preface

This book was assembled for many reasons. The explosion of research over the
last two decades has greatly advanced our understanding of granular materials,
to the point where some broad themes can now be stated with some confidence.
Additionally, the experimental, theoretical, and computational methods of inquiry
have all seen significant development, both individually and in relation to one
another. This book attempts to tie these developments together, providing guid-
ance on how to conduct research in granular materials and also promising direc-
tions for new research.

The book is organized into three sections. Chapters 2 through 5 cover the vari-
ous methods that contemporary researchers use to investigate granular materials.
Chapters 6 through 10 delve into broader themes of investigation, focusing on
results, not methodology. Finally, Chapters 11 through 13 describe three sys-
tems: suspensions, emulsions and foams, and colloids that can be considered as
extensions of granular media. Many of the same approaches are used in these
systems, although the microscopic nature often requires innovative experimental
techniques.

The methods section begins with chapters on computational and experimental
methods and techniques. While no review can be comprehensive, these chapters
aim to provide the reader with an understanding sufficient to serve as the foun-
dation for future study. Theoretical approaches are varied, and so we have chosen
two kinetic theory and statistical approaches that are both broad enough to be
applicable in a number of different situations and make specific predictions and
advances so as to be widely relevant.

Recent research has been rather arbitrarily divided into static/quasi-static and
dynamic effects. Chapter 6 describes computational research on static packings,
while Chapter 7 describes the mechanical response of experimental packings
to very small disturbances. The use of photoelastic material to directly visual-
ize chains of force throughout the granular material has contributed much to
our understanding of the response, and so Chapter 7 includes a description of
this technique. The remaining chapters deal with dynamic features. Chapter 8
describes granular shear in simple systems, followed by a description of an ele-
gant set of experiments and theory on granular avalanches, a system of critical
relevance to natural phenomena such as avalanches, landslides, and earthquakes.
Finally, the tendency of mixtures of two (or more) different materials to segre-
gate under shear flows, covering both shaken and rotating systems, is discussed in
Chapter 9.

The final section contains chapters that are extensions of granular systems:
suspensions, emulsions and foams, and colloids. Each of these deals with various

X
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limiting cases of granular systems, for example, the absence of friction or the
importance of Brownian motion. While the length and time scales of the phe-
nomena may vary widely, the picture that emerges is complementary to that of
canonical granular systems.

A beginning researcher might start, therefore, by choosing three appropriate
chapters: a method, a theme, and an extension. In this way, the student learns
the how, what, and why of their project. This should not be seen, of course, as
implying that the remaining chapters would not in themselves be valuable, and
both the editors of this book have learned a great deal in the process of reading
the chapters.
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CHAPTER 1

Introduction

Scott V. Franklin and Mark D. Shattuck
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1.3.3 Rigidity of Rodpiles .........coooiiiiiiiiiiiiiii 15
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1.3.5 Rheology of U-Shaped Staples .................oooiiiii, 22
1.4 Additional Studies ... 24
1.5 ConcluSiOn .....cooviiiiiiii i 25
RefErenCeS .. ..ottt 26

This introduction discusses historical topics of personal interest. The topics
chosen are not in any way comprehensive, nor motivated by anything other than
models, theories, and experiments that I found particularly enlightening. The
reader is enthusiastically referred to the many existing articles and books that
also give introductions to granular materials, particularly in areas with which I
am less familiar (e.g., engineering, for which readers are referred to the extensive
literature, e.g., [15,25]). The personal retrospective gives an emphasis to simple
statistical explanations, an aesthetic property that has proven exceptionally use-
ful for my own study of granular materials. The section concludes with a review
of my personal area of research: geometrically cohesive materials.
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1.1 Statistical Models
1.1.1 Avalanches, Angles of Repose, and Self-Organized Criticality

In 1987, Bak et al. [3] proposed the idea of self-organized criticality (SOC) to
explain the near ubiquity of noise with a 1/f power spectrum, particularly in sys-
tems where such noise might originate from mechanisms with spatial extents. The
power-law scaling implies the absence of a fundamental length scale, and so the
challenge was to devise a system that evolved to a critical state without such a
length. For their system, they chose a simplified model of granular avalanching, one
whose analogs have been the focus of subsequent research to this day [28,36,42].
One attractive feature of the model is its computational simplicity; a reader with
basic programming skills can likely reproduce the fundamental result in only a few
hours.

The model begins with a surface profile on a discretized lattice z(i,j), with
z representing the height of the granular pile. A site is chosen at random and
the height increased by 1, representing the addition of a single grain to the pile.
Rules then redistribute the material when the height exceeds a critical value. In
the original SOC paper, if the absolute height exceeded a critical value (K), then
an avalanche delivered 1 grain to each of four neighbors (assuming a square lattice
indexed by 7 and j):

2(i,j) > K = z(i,j) — z(i,j) - 4 (1.1)
z(ix1,j) > z(ix1,j)+1 (1.2)
2(i,jx1) > z(i,j+1)+1 (1.3)

Subsequent models [8] considered the difference in height between a point
and its neighbors, with material flowing “downhill” when the height at any point
exceeds that of its neighbors by a critical amount. While the specific nature of the
redistribution is not important, the key point is that the transfer of material from
one point to another can induce subsequent transfers, representing a broad, spa-
tially extended event. Events can be quantified in a number of ways: by the total
number of grains that moved from one position to another, by the number of sites
involved in a transfer, or by the spatial geometry of the involved sites. Bak et al.
found that, for a variety of system sizes in two and three dimensions, the distri-
bution of cluster sizes is a power-law with exponent -1, indicating the absence
of a characteristic event size. Because this occurred for a variety of initial condi-
tions and system dimensions and sizes, Bak et al. asserted it was a fundamental
characteristic of the system that was “self-organized” to the critical state.

Following almost immediately were two experiments of Jaeger et al. [22] on
the angle of repose of a granular pile. The first reproduced the model of Bak et al.,
adding particles at random to a box of sand with one open side. The second con-
sisted of a thin drum, partially filled with material, that rotated slowly. Jaeger
et al. measured the capacitance across the system, which depends on the amount
of (dielectric) material in that volume and is sensitive enough to capture changes
involving even just a few grains (glass beads of diameter .07-.5 mm). This method
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was subsequently used in a number of experiments that measured the evolution
of packing fraction of both spheres [24,33] and rods [48] in response to tapping.

Contrary to the prediction of self-organized criticality, Jaeger et al. observed
the distribution of event size to be independent of frequency, which could be
explained as the superposition of spatially extended events that occupy a very
narrow range of time scales. Jaeger et al. then considered whether the discrepancy
could be explained by the non-unique nature of the dynamic angle of repose. Bak
et al. had assumed that avalanches begin as soon as the local angle exceeded a
single value 0,. Jaeger et al. found instead that the angle at which flow started
typically exceeded 6, by a small amount, which was related to the need for the
particles to dilate slightly in order to flow. By adding energy to the pile through
small vibrations (which dilated the pile and facilitated flow), Jaeger removed the
excess angle from the experiment but still did not capture 1/f power-law scaling.

Despite the apparent quantitative failure of self-organized criticality, the
model spurred a lasting interest in granular avalanching and the close study of
event size distribution. Indeed, an entire chapter of this book—Chapter 9—deals
with contemporary theories of avalanches.

1.1.2 Force Chains and the q Model

When forces are applied to a granular system, the discrete nature of particles, cou-
pled with the random distribution in space, causes the force to be concentrated
into “force chains,” with significant load being borne by a relatively small number
of particles, while many particles feel comparably small forces. A common tech-
nique to visualize this is the use of photoelasticity, where elastic deformations of a
material rotate the polarization vector of light passing through the particle in both
two (e.g., [17,21]) and three [19] dimensions. Viewed between two polarizers ori-
ented 90° to one another, an unstressed particle will appear dark (since the second
polarizer completely blocks the light) while the stressed particles appear bright.
An example is shown in Figure 1.1, and more details are given in Chapters 3 and 7.

The mechanism by which forces can grow large is illustrated by the simple
picture in Figure 1.2. Two grains support the weight of a single grain immediately
above. Because the grains are offset by an angle 0, the force on each grain must
be F = W/(2sin®) in order to balance the forces. As 8 becomes small, this force
becomes quite large. This magnification has significant practical consequences, as
containers must be constructed to support significant lateral forces that arise.

An early attempt to explore the inhomogeneity of the force distribution was
proposed by Liu et al. [19] and Coppersmith et al. [10], and termed the “q” model.
While no longer the dominant paradigm for understanding force chains, its status
as an early appeal to random walk statistics left a lasting mark on subsequent the-
ories. In particular, it bears striking similarity to a later work on jamming of flow
through conical hoppers in two (c.f. To et al. [45]) and three [53,54] dimensions
and anisometric wedge hoppers [41].

An important result was to identify the power-law distribution of Bak’s SOC
model as a rare special case, with more physically realistic situations resulting in
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Figure 1.1 1 cm diameter photoelastic disks in a thin channel, compressed from the top.
The disks are between crossed linear polarizers, and stress-induced birefringence results
in the picture shown: the white streaks are force chains.

Figure 1.2 Simple illustration of two lower grains supporting a third, with weight W.
Because the contact forces are at an angle with respect to gravity, they must be larger in
order for their vertical components to support the upper grain’s weight.

qualitatively different scalings. The model assumes a regular lattice of beads, with
each row supporting the weight of the row immediately above it. The randomness
of a real pile is captured by the rule that a particle distributes a random fraction
of its load to each of its neighbors below. The fraction from the ith particle in a
given layer to the jth particle in the layer below is labeled g;;, and the total weight
on the jth particle is therefore a sum over the i contacting particles from above.
This leads to a recursive relation for the load on the jth particle in layer D:

wD+1,j)=1+ Zqij(D)w(D,i).

The factor of 1 represents the weight of the particle itself, whereas the sum is over
all the contacting neighbors from above, each supporting their own load w(D, 1)
and distributing the fraction g;;(D) to the particle in question. The critical feature
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of the model is that the distributing fractions q;; are completely uncorrelated from
one another; in this way, the problem takes on the form of a random walk.
Coppersmith et al. identified two distinctly different results from this model.
The simplest case, which they termed the critical q(; limit, involved particles
distributing either all or none of their load to a particular neighbor below. That
is, the random variables g;; were either 0 (no load transmitted) or 1 (all load trans-
mitted). This is formally equivalent to a discrete random walk, with paths from
particles above coalescing as they move downward. In this limit they did indeed
find a power-law scaling of the weight distribution function with depth, with

QD(W) o« D74,

When the random values g;; were allowed to assume values other than 0 and 1,
however, thus resembling a random walk with a distribution of step size, the
results were qualitatively different. Allowing the distribution parameters to vary
between 0 and 1 (while summing to 1 to conserve mass) was a much more phys-
ically realistic situation, more closely modeling the random packing of actual
materials. In these cases, the distributions did not show a power-law scaling,
decaying much more rapidly (usually exponentially). Coppersmith et al. pre-
sented both numerical and mean-field theory results to support this finding, and
the agreement with direct simulations of sphere packings and experiments cast
further doubt as to the applicability of self-organized criticality as the mechanism
by which sandpiles form and collapse.

1.2 Flow through Hoppers

The flow of granular material through hoppers is also is well-captured by random
walk-like models that, in their assertion of uncorrelated events, bear a striking
similarity to that proposed by the q-model. Hopper and funnel flow have obvi-
ous industrial importance, and physicists and engineers have focused on both the
flow rate through a hopper and the probability with which particles clog at the exit
aperture. The latter question, intimately connected with the theory of jammed sys-
tems, presents an outstanding problem that involves two- and three-dimensional
experiments and particulate and continuum theories. Clogging of particles at a
hopper outlet affects a wide range of industrial processes that transport granular
media through pipes, silos, and hoppers [7,12]. While early research focused on
the steady-state flow rate [5], more recent attention has turned to the probability
that flow stops, that is, the transition to the jammed state. Here I will describe sev-
eral studies that each take a slightly different approach to understanding clogging
in hoppers. An ultimate unifying theory is tantalizingly close.

1.2.1 Two-Dimensional Hoppers and Mean Field Statistical Theories

In 2001 and 2002, To et al. published a series of articles [44-46] that described a
simple two-dimensional experiment and an elegant statistical theory that captured
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the clogging of disks flowing through a 2D hopper. The experiments allowed disks
of uniform radius to flow through the hopper until a clog occurred and, when flow
had stopped, took a picture of the arch that formed at the exit. They varied the
size of the aperture (measured in particle diameters) and angle of the hopper side-
walls. The critical question was a statistical description of the clogging arch and,
if possible, an explanatory theory.

Experimentally To et al. measured an expected monotonic decrease in prob-
ability to clog as a function of aperture diameter and corresponding increase
in the average number of particles that took part in a clogging arch. The clog-
ging probability was simply the fraction of experiments that experienced a clog;
given the finite system size (200 particles), it was possible for all the particles
to flow through the aperture. Data from To’s 2002 paper showing the probabil-
ity approaching zero as the aperture width approaches five particle diameters are
shown in Figure 1.3. The probability for the particles to clog drops sharply as the
aperture grows larger than three particle diameters, and is practically zero (mean-
ing the hopper empties completely) when the aperture is five diameters in size.

The two-dimensionality of the system allows an explicit enumeration of all the
possible configurations of a jamming arch. In some ways, this presaged a similar
undertaking of O’'Hern et al. [16,51] to count all of the different configurations of
N particles that occupy the same packing fraction and Franklin et al. [41] to inves-
tigate jamming in anisometric (wedge) hoppers. The experimental observations

T * * | T T
*
0.8 |- —
L * i
=z
B 06 —
Na)
I
3 L i
S *
g 04 —
£
=
*
02— —
0 1 I 1 I 1 I 1 *
1 2 3 4 5

Hopper aperture (particle diameters)

Figure 1.3 The experimental probability for a two-dimensional hopper containing 200
particles to clog as a function of hopper aperture (measured in particle diameters).
Hoppers with apertures less than three particle diameters in size almost always clog; hop-
pers with apertures greater than four particle diameters almost never do. (Data adapted
from To, K. et al., Phys. Rev. Lett., 86,71, 2001.)
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can be reproduced by applying a restricted random walk model that assumes that a
disk’s location is uncorrelated with respect to those of its neighbors. For an arch
to form, three constraints/conditions must be met:

* The angle 0; between a point connecting the centers of mass of neighboring
disks must be between +7t/2. This requires the arch to continually progress
across the space, i.e., disk “2” is always to the right of disk 1.

* Arches must be convex (down). That is, the angle between two disks must be
smaller than the angle between the two previous disks.

* The horizontal span of the arch must exceed the aperture width (obvious).

Additionally, to enable the theoretical treatment the disks are assumed hard, so
the distance between two disks in contact is the particle diameter. Given these
constraints, the probability of n disks to span an arch of width x is given by

/2 e2 en—l n
P,(x) = f do, f dos... f dené[d—l—Zcosei) (1.4)
—m/2 —7/2 —7/2 i=2

From Equation 1.4, To calculated the probability that n particles would ran-
domly configure to span a horizontal distance x, reproduced for arches of up to
nine particles in length in Figure 1.4a. For a fixed aperture width D, the prob-
ability of jamming with an arch of n particles is just the cumulative sum of the
individual probabilities of forming an arch with length greater than D, that is,

(o]

Mm:f&uwx (1.5)

D

In determining the total probability of a jam, regardless of arch geometry, To
et al. again assumed that all possible arches were equally probable and considered
the normalized sum over all arch sizes. To properly normalize the contribution
from a particular geometry, they calculated the fraction of jamming (x > D) arches
with n particles compared to the total number of jamming arches:

J»(D)

8a(1) = =+

2uJn(D)

The total jamming percentage is then
J(D)=) ga(m]u(d).
n

This integrated sum is shown in Figure 1.4b. The close agreement between
experiment and model gives strong support to the idea that particles in flow sam-
ple with equal probability the entire configuration space and that, at least in two
dimensions, it might be possible to write down closed forms for the mechanically
stable configurations.
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0.1

0.05

0.8 —

0.6 —

04 —

Jamming probability (theory)

0.2 —

(b) Hopper aperture d

Figure 1.4 (a) Probability for an arch of N particles to span an aperture of a distance
d for N = 2,3,...9. (b) Theoretical jamming probability as a function of aperture width
calculated as in Equation 1.5. (Figures recreated after To, K. et al. Phys. Rev. Lett., 86, 71,
2001.)

1.2.2 Three-Dimensional Hoppers: Cones and Wedges

Where To et al. studied the likelihood of a specific jamming configuration,
Zuriguel et al. [53,54] investigated the amount of material that exited a hopper
before the jam occurred. A conical hopper filled with spherical particles emptied
onto a scale, which recorded the flow of material. When the drainage stopped,
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a puff of air broke apart the arch at the entrance and flow resumed. The event-size
distribution was observed to have a broad exponential tail, which can be explained
with the following simple uncorrelated statistics model. The probability of a par-
ticle (or group of particles) to flow through without jamming is modeled as p, and
is independent of whether neighboring (or prior) particles have flowed. Thus the
probability of exactly N particles (or groups) to exit before the system jammed is

P(N) = N(1-p)

the factor of (1 —p) indicating that the N + 1th particle does, in fact jam. This can
be rewritten as

P(N) = (1-p)exp(N logp)
and, since p < 0 = logp <0, the large N limit goes as
P(N>1)~exp[-|logp|N].

The argument and scaling are essentially unchanged if, instead of a single particle,
p refers to the probability for a correlated group of particles to exit.

More recently, Janda et al. [23] connected the probability of forming an arch
of specific size with the exit mass probability distribution function and also inves-
tigated how the mean flow (N) scaled with aperture diameter. A key finding was
the absence of a critical aperture size above which the mean flow diverges. Rather,
(N grows with aperture diameter D as (N) « exp[D?].

Zuriguel’s work focused on conical hoppers, with a circular aperture. More
recently, Saraf et al. investigated the flow of round particles (acrylic spheres)
through a wedge hopper with a rectangular aperture. In marked contrast with
the data from conical hoppers, Saraf et al. found the probability for N particles to
exit the hopper before jamming to have a broad power-law decay with exponent
« = —2, shown in Figure 1.5. After an initial plateau, the distribution falls off as a
power-law with P(N) ~ N2,

Both the exponential tail seen in conical hoppers and the power-law distribu-
tion from wedge hoppers can be captured in a single model that postulates corre-
lated string-like dynamics over a length scale comparable to the smallest length
scale of the hopper. The probability for a correlated string of particles to exit p
is now a function of the string orientation 6, as strings aligned along the length
of the aperture have a high probability of passing through while those aligned
across the width have a smaller probability. The experimentally observed distri-
bution function is an average over the range of individual string exit probabilities.

Similar to models discussed previously, the strings are assumed to evenly
sample all orientations and be uncorrelated with the orientation of previous (or
subsequent) strings passing through the aperture. Calculating these averages,
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Figure 1.5 The probability for N particles to exit a wedge hopper has a broad power-
law tail with P(N) ~ N2 (dashed line), seen in experiments, Monte Carlo simulation, and
analytic theory. This is in distinct contrast to the distribution function found in conical
hoppers, which decays exponentially. Shown are distribution functions for experimental
hoppers of lengths L = 16.2-22.2 cm. Simulation and theory assume #, = 3 adjacent, sta-
tistically independent cells. (From Saraf, S. and Franklin, S.V., Physical Review E, 83(3),
030301, March 2011.)

therefore, bears a striking resemblance to To’s mean field model. The limits of
the exit probability for strings parallel and perpendicular to the aperture are p,
and p, and the uniform distribution of exit probability between p, < p < p, takes
the form

0(p —px)8(pz —p)
Pz = Px
O(p—py) and O(p,—p) are Heaviside step functions, and p,—p, = Ap is anormalizing

factor. The probability for exactly N strings to exit now requires the averaging over
all allowable exit probabilities with the integral

O(p) = (1.6)

Pz
(P(N)) = pru ~p)O(p)dp. (1.7)
Px

For an isometric (round) aperture, the exit probability is independent of orien-
tation: p, = p,. The orientational probability O(p) in Equation 1.7 is functionally
equivalent to a Dirac delta function at p,, and the event size probability
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(PN ~ pru p)8(p—pa) dp = pN (1 - py) (1.8)

captures the exponential decay seen in conical hoppers.
The assumption that strings assume all orientations with equal likelihood
allows one to calculate the indefinite integral of Equation 1.7

1 N+1 N+2
[ , (1.9)

N¢q_ _+|\p__p

For p < 1, the result is a power-law, scaling as 1/N, with an exponential cutoff
(since the term in the numerator is p" = exp[NInp]). As p — 1 the exponential
cutoff occurs at larger and larger N, however, eventually disappearing when p = 1.
Physically, p — 1 means that a string of particles has no probability of forming
an arch and jamming at the hopper aperture, which implies that the aperture is
longer than the string length. In this limit of p = 1, Equation 1.7 integrates to

N+1 N+2

P(N) 1 1 +px _ px

= 1.1
I1-p|(N+1)(N+2) N+1 N+2 (1.10)

and P(N — oo0) «c 1/N?2. This power-law scaling explains the experimental findings
of Figure 1.5.

The probability distribution for several values of p, is shown in Figure 1.6.
The exponential cutoff is seen to occur for larger and larger values of N as p,
approaches 1. It is natural to assume that transition from exponential to power-
law distribution occurs as the aperture’s long length approaches the length scale
over which correlated motion occurs [9].

Saraf et al. also showed how the model could be extended to still longer
apertures to perhaps capture the spatially and temporally inhomogeneous flow
through anisometric hoppers. The aperture is modeled as a series of n, adjacent
“cells,” each of length equal to the granular string length. The probability for n;
particles to exit the ith cell is given by Equation 1.10 and, following this chapter’s
theme, the probabilities for different cells were assumed to be statistically inde-
pendent. The average exit mass probability distribution is calculated by summing
over all the different ways that N particles can exit n. cells:

N ne 1,
(P(N)) = Z ]_[P(ni)é[N—Zni], (1.11)

ny,M,,...=0 i=1 i=1

where the delta function forces the sum of the particles exiting the individual cells
to total N: ny + n, +--- = N. Interested readers are referred to [41] for additional
details and results.
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Figure 1.6 Evaluation of Equation 1.7 for values of p, approaching 1. When p, < 1 the
curve has a power-law tail with an exponential cutoff. At p, = 1 the exponential cutoff dis-
appears leaving behind only the power-law tail. (From Saraf, S. and Franklin, S.V., Physical
Review E, 83(3), 030301, March 2011.)

1.3 Irregularly Shaped Granular Materials

I conclude the section with a review of work on radically aspherical materials,
primarily long, thin rods, and U-shaped staples. I will focus on statistics of the
packings, which can demonstrate correlations that violate the mean-field assump-
tions of the previous sections, and the peculiar rigidity that particle entanglement
can cause.

1.3.1 Packing of Long, Thin Rods

The packing of long, thin rods of large aspect ratio (« = L/D > 10) can result in
piles that are both remarkably stable and yet form very low packing fractions.
Philipse [37,38] was the first to study the solid “plug like” behavior that rods with
aspect ratio above ~35 displayed when poured from a container and gave a simple
geometric argument, the random contact model (RCM), to explain the very low
packing fractions. The model rests on a mean field assumption that particle orien-
tations are uncorrelated and sample equally all possible orientations and is thus
thematically consistent with the models discussed earlier in this chapter. Coupled
with this is the idea of excluded volume the volume in space forbidden to another
particle due to the existence of another. Onsager [35] had in fact calculated this
excluded volume for spherocylinders (cylinders of length L and diameter D with
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two hemispherical end caps) in his study of phase transitions in colloidal suspen-
sions, finding it to be

T 4
Ve = ELZD +27D%L + §WD3.

If orientations are uncorrelated then each particle can be assumed to occupy a
volume equal to its excluded volume and the pile number density is inversely
proportional to the excluded volume and proportional to the average number of
contacts per particle (c):

2(c)
Vex

N =

)

where the factor of 2 occurs because each contact involves two particles. The pack-
ing fraction is the product of the number density and particle volume (V4 =
(11/6)D3 + (1t/4)D?L) and, for large aspect ratios, does indeed scale inversely with
aspect ratio, confirming the model’s assumptions. Subsequent experiments by
Desmond and Franklin [11] found it necessary to keep the higher order terms in
the excluded volume fraction for aspect ratios from 5 to 50 in a variety of cylinder
packings, but the model otherwise explained 3D packings quite well.

The mean-field assumption of random contacts breaks down, however, for 2D
piles formed under gravitational collapse, as most interactions between particles
bring about alignment and there is not sufficient entanglement to prevent this
from occurring. This was demonstrated in experiments by Stokely et al. [43], who
formed 2D piles under gravity and compared both the packing fraction and ori-
entational correlations with the mean-field predictions.

The 2D excluded area is, to first order, A,y = (2/7)L? [4] and the predicted
number density as a function of aspect ratio « therefore

2{c)

_ _ -2
N(L)_(sz/n)_CL .

Figure 1.7 shows that the number density does indeed fall off as L2 for large L,
but the prefactor is significantly larger than that predicted by the RCM. Piles are
~33% more dense than predicted, with particles occupying ~33% less area than
in an isotropic distribution.

The increased packing results from particle alignment, which can be seen in
correlations between particle orientations. Figure 1.8 shows the angular orienta-
tion correlation function

Q(r) = (cos(246;))), (1.12)

with A®;; the difference in angle between particles i and j and the average over all
particles whose centers of mass separation is between r and r + dr. Two particles
whose centers of mass are quite close must be aligned and so Q(r — 0) — 1. Once
particle centers of mass are separated by more than one particle length L they can
in principle assume any relative orientation and so Q(r — c0) — 0.
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Figure 1.7 Log-log plot of packing fraction ¢ as a function of particle aspect ratio . Data
are grouped by constant dimensionless container diameter D = D/L. With the exception
of a few points at low D (where significant particle alignment occurs), the data are well fit
by a mean-field theory with only one free parameter.

Figure 1.8 shows the Q(r) distribution that results from averaging Equa-
tion 1.12 over all allowable angles, assuming all are sampled equally, as well as
that obtained from Monte Carlo simulations and experimental piles. The theo-
retical Q(r) begins at 1 and rapidly decays to zero as r — 1, as it must. Both the
experimental and simulated piles, however, show significantly greater correlation
between neighboring particles, seen in the divergence from the analytic line for
r/L> 0.5 (between the dashed lines), and reach a nonzero asymptote once particles
are separated by more than two particle lengths. This nonzero asymptote indicates
a long-range ordering, with particles preferring to align with the container walls.
This demonstrates the deviation from uncorrelated behavior assumed in most of
the models discussed in this section and explains the enhanced packing fraction
observed in experiment.

1.3.2 Geometric Cohesion in Granular Materials

Radically aspherical particles may display a cohesion brought about by entangle-
ment. Figure 1.9 shows a pile of rods (aspect ratio 48) suspended by a single point
force applied to the bottom. In this case, the force is applied by a small sphere con-
nected to a string passing through the pile (which can be seen exiting the top of the
pile) and suspended from above. The pile was formed in a large cylinder and then
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Figure 1.8 Orientational correlation function Q(r/L) as a function of center-of-mass sep-
aration scaled by particle length. The solid line is data from an isotropic distribution, with
particles assuming all allowable angles with equal probability. Both experiment (e) and
simulation () show an increased probability of particle alignment and (different) non-zero
asymptotes for large r/L. (From Stokely, K. et al., Phys. Rev. E., 67, 051302, 2003.)

pulled out of the container. Despite the absence of any other means of support,
the pile maintains its original cylindrical shape and is robust to perturbations.

Because this cohesivity is caused by the particle geometry, such materials have
been termed “geometrically cohesive granular materials” [18]. In these materials,
the individual particle geometry enables a bulk cohesivity (as contrasted with,
say, van der Waals forces in powders or capillary forces in wet materials). This
behavior is most pronounced in three dimensions, as demonstrated in experiments
on both long, thin rods, and radically aspherical particles (U-shaped staples). This
rigidity has since been studied in the context of response to localized intruders
and the collapse of columns, extending similar studies previously conducted on
ordinary, round materials [1,26,27,29,30]. More recently, two systematic studies
of U-shaped particles (staples) have characterized the susceptibility of piles to
oscillatory disturbances and direct extensional forces.

1.3.3 Rigidity of Rodpiles

The stick-slip motion of an intruder through ordinary sand was studied by Albert
et al. [1], who found force fluctuations with a characteristic 1/ f 2 scaling. Desmond
and Franklin [11] repeated this experiment for rod-like materials and found three
qualitatively different types of behavior. When the particle aspect ratio is low,
the pile responds with local rearrangements and the drag force on the intruding
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Figure 1.9 Pile of rods (aspect ratio 48) suspended by a single point force applied to the
bottom. The force is applied by a single particle at the bottom which is tied to a string
(exiting the pile at the top right of the image) suspended from above. The pile exhibits
significant stability, resisting even large perturbing forces.

object has a random sawtooth appearance (Figure 1.10a). The linear increase in
force indicates the intruder is at rest; the rapid decrease accompanies a sudden
burst of motion. Importantly, the majority of the grains are at rest throughout
the experiment; while individual particles near the intruder rearrange, there is
no visible collective pile motion. A Fourier transform of the force vs. time data,
shown in Figure 1.11, has a power-law tail that decays as f~2, consistent with
Albert et al.’s earlier experiments on stick-slip rearrangements in round particles.

As discovered by Philipse, piles of particles with large aspect ratios exhibit a
distinct solid-like behavior. When an upward force is applied by the intruder, the
pile as a whole moves upward. There is little observed relative motion between
particles, and the pile acts as a solid. This behavior is reflected in the force vs.
time diagram (Figure 1.10c). Two features are important to note. First, the force
needed to move the pile (normalized by the total pile weight in Figure 1.10) can be
many times the actual pile weight. This is a manifestation of discrete force chains
[10,25] which, when deflected laterally, are amplified (see discussion earlier in this
Chapter) before terminating on the container walls. The unusually large normal
forces on the wall result in correspondingly large frictional forces that the force
from the intruder must be overcome. The second feature to note is the spectrum of
the fluctuations, shown in Figure 1.11, which has a different scaling exponent than
that from granular rearrangements. The spectrum of these fluctuations decays as
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Figure 1.10 (Continued) Force vs. time data for a ball dragged through a pile of rods
of aspect ratio 12 (a), 20 (b), and 40 (c), all in a 5 cm tube. The low aspect ratio particles
show the stick-slip behavior common in ordinary granular materials. The large aspect ratio
particles, however, act as a single solid body, with small fluctuations characteristic of dry
friction. Intermediate aspect ratios show both behaviors in a single experiment on both
large and small (inset) time scales. (From Desmond, K. and Franklin, S.V. Physical Review
E, 73(3), 031306, March 2006.)

f~1, a behavior similar to that found in ordinary dry friction (e.g., [13]), further
supporting the interpretation that the resistance to motion is primarily frictional.

Desmond et al. discovered an interesting combination of granular and solid-
like behaviors displayed by particles of intermediate aspect ratios. As seen in
Figure 1.10b, the pile at first responds to the intruder with the characteristic stick-
slip motion associated with small aspect ratio particles. A close examination of the
force (inset in Figure 1.10b), however, shows that these fluctuations contain small
plateaus. As plateaus correspond to more steady upward motions, these imply
small periods of time in which the pile moves as a solid. The data in Figure 1.10b
show a long period of time, during the middle of the experiment, when the entire
pile jams and all particles above the intruder move together. During this time,
the pile is visually observed to move as a solid. Unlike the large aspect ratio
particles, however, this pile is not as stable to perturbations, and eventually (at
around t = 15 s) the pile collapses around the intruder and the stick-slip behavior
resumes. The length of time spent in the solid state can be interpreted as an indi-
cation of the pile’s stability. A related experiment on column collapse [47] found
a similar combination of granular and solid behaviors in intermediate particle
aspect ratios.
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Figure 1.11 Power spectra for force fluctuations from piles exhibiting granular (O) and
solid (x) behavior. Both show power-law tails, with the different exponents indicating a
different mechanism for the fluctuations. The 1/f and and 1/f? decay are consistent with
previous work on, respectively, dry friction and localized granular rearrangements. Both
data sets taken in a D = 2” diameter tube. (From Desmond, K. and Franklin, S.V. Physical
Review E, 73(3), 031306, March 2006.)

The behavior is dependent not only on the particle aspect ratio L/d but also the
container diameter D. (The normalized inverse container diameter = /D is actu-
ally used as the control parameter.) A “phase diagram” of pile behavior is shown
in Figure 1.12. Figure 1.12 shows that when the aspect ratio is very small the pile
behaves in a canonically granular manner. Nevertheless, the signature character-
istics of the transition region plateaus in the force data and a visual observation of
collective motion are seen in particles with aspect ratios as low as 8 when confined
to cylinders whose diameter is twice the particle length.

1.3.4 Melting of U-Shaped Staples

U-shaped particles entangle significantly, and are considerably more solid-like
than long thin rods. Gravish et al. [18] investigated the response of these parti-
cles in response to oscillatory disturbances, in the process deriving a novel char-
acterization of rigidity. The height of a shaken pile decreased with time as a
stretched exponential, introducing a time scale for the “melting.” This time scale
was inversely proportional to the oscillation strength (measured as the peak accel-
eration), and Gravish characterized rigidity by the proportionality constant of this
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Figure 1.12 Phases exhibited by granular piles as a function of two control parameters—
the aspect ratio o and the inverse container diameter 5 = D~!. Smaller aspect ratio particles
show the stick-slip behavior of granular materials, while larger aspect ratio particles act as
a solid body when the container is small enough. (From Desmond, K. and Franklin, S.V.
Physical Review E, 73(3), 031306, March 2006.)

relationship. Figure 1.13a shows this measure as a function of the particle arm to
spine “barb” ratio; first increasing, and then decreasing.

This behavior can be understood by considering the density of entanglements.
An entanglement for these particles occurred when the arm of one particle passed
between the arms of another. The probability of entanglement is related to the
area spanned by the particle arms, and so increases with barb ratio. The particle
density, however, decreases with barb ratio, similar to the behavior of large aspect
ratio rods discussed earlier. The entanglement density is (roughly) proportional to
the product of these two quantities. Figure 1.13b shows the entanglement density
measured from Monte Carlo simulations, and reveals a peak density at approxi-
mately the same barb ratio as that maximally resistant to oscillations. Gravish et al.
thus naturally concluded that rigidity is due to entanglement density, a hypothesis
currently being explored in simulations.

There is a second interpretation of nonmonotonic dependence with barb ratio.
As the barb ratio increases the “open” end of the particle represents a smaller frac-
tion of the circumference. There would therefore seem to be a smaller probability
of another particle finding this opening and becoming entangled. An intriguing
system in which to study this would seem to be arcs of varying subtended angle.
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Figure 1.13 (a) Rigidity parameter (with regard to oscillation) A as a function of particle
barb ratio //w. Rigidity peaks when the arms are ~40% of the spine length. (b) Entangle-
ment density as a function of I/w from simulations and theoretical fit. The density peaks
at a barb ratio comparable to that corresponding to peak rigidity. (From Gravish, N. et al.
Phys. Rev. Lett., 105, 128301, 2010.)
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Clearly circles (subtending a full 27 radians) cannot entangle, nor are very short
arcs likely to entangle in a meaningful way. This gedanken experiment would
seem to recapture the maximally rigid shape without the dramatic decrease in
packing fraction that the large barb ratio particles have.

1.3.5 Rheology of U-Shaped Staples

The previous sections involved experimental geometries intruder motion, col-
umn collapse, and oscillatory disturbances—originally applied to ordinary, round
granular materials. We conclude with an experiment that cannot be applied to dry
granular materials: extensional rheology. In an extensional test, one end of a gran-
ular sample is held fixed and the opposing end pulled with either a constant force
or (attempted) constant velocity. As there are no cohesive properties in ordinary,
dry granular materials, the very question of effective Young’s modulus does not
apply. The question only makes sense for materials that do demonstrate exten-
sional cohesivity: granular materials that are wet, charged, or, in the case we now
consider, geometrically cohesive.

The experiment consists of a cylindrical pile of U-shaped staples. Particles
have a spine length of 1.3 cm and an arm length of 0.64 cm; the resulting barb
ratio of 1.3/6.4 = 0.5 is very near to that found by Gravish et al. to result in max-
imum entanglement. The staples, ordinary office staples, are made of wire thin
enough to penetrate most voids in the pile, thus explaining the maximal entan-
glement. One end of the pile is held fixed; the other attached to a spring, which
is then pulled with a constant speed. The instantaneous applied force and sample
length can be independently measured to obtain a force-elongation curve such as
Figure 1.14.

Fluctuations in Figure 1.14 are similar to those observed in response to an
intruder through granular materials (e.g., [1,11]), but in this case arise due to the
unsteady growth of the pile length. A yield force can be defined as the peaks in
these graphs; the inset in Figure 1.14 shows peaks identified by computer analysis.
Although there is a slight memory effect, with small differences in the distribution
of forces that occur before and after large events, yield events can be treated as
effectively independent (statistically). As a result, a single experiment effectively
samples yielding at a range of pile lengths.

The most striking observation from this experiment is that longer piles are
significantly weaker than shorter piles. Shown in Figure 1.15, the mean yield
force decays with instantaneous sample length as a power-law with exponent
(0.86+0.12)7L. This gives a powerful clue toward the underlying mechanism, sug-
gesting that yielding is due to a “weakest link” within the sample. Longer piles
have statistically greater chances of containing a weak link and thus are more sus-
ceptible to yielding at lower applied forces.

The theory of weakest link statistics was worked out by Weibull [49] in 1939,
and rests on the sole assumption that a long sample is comprised of multiple
smaller elements, each with a statistically independent yielding probability. For
a sample to not fail or yield, each subelement must similarly not fail. If the
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Figure 1.14 The extension of a geometrically cohesive granular material is accompanied
by fluctuations in the applied force. A decrease in force implies a rapid sample growth;
peaks therefore indicate yield events before a significant rearrangement. Inset shows crit-
ical points where rapid growth starts and stops identified by computer analysis. (From
Franklin, S.V., EPL, 58004+, 2014.)
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Figure 1.15 Longer samples are noticeably weaker than shorter samples. The mean yield
force as a function of instantaneous sample length, with data from all 7500 identified
events, shows the mean force to decay as a power-law with L~1/", The value of m is deter-
mined from the Weibullian analysis to be m = 0.86 + 0.12; therefore this fit has no free
parameters. (Error bars represent the bounds of the power-law fit.) (From Franklin, S.V.,
EPL, 58004+, 2014.)
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probability for a differential length 8L to fail is 8Y = p(F)0L, then the prob-
ability for it not to yield is 1 —8Y and the probability that the entire sample
holds is

1-P(F,L)= r[[l — p(F)SL).

where the product is over the N subelements.

If the probability of each subunit failing is small, this can be simplified by
taking the logarithm of both sides and then Taylor expanding the resulting sum
about 1:

In[1-P(F,L)] = Zln [1-p(F)SL] ~ Zocp(F)ZSL

or,since ) ;8L =1L

1-P(F,L)~ ¢ PHL,

P(F,L) = 1—e PF)L is the probability that a sample of length L fails at instanta-
neous applied force F. In order for an experimental sample to realize that failure,
however, it must first not fail at lower applied forces. Thus, the probability of actu-

ally observing failure at force F is the product of the sample not failing at lower
forces and failing at that force:

Y(F,L)= C(L)efp(F)L (1 _ efp(F)L)

where C(L) is a normalization constant such that fY(F,L)dF =1.

The power-law decay of mean yield force with length suggests we consider
that the subunit yield probability scale similarly as a power-law with force, that
is, p(F) = F™. The mean force is then found by averaging over all yield forces

F(L))= | FP(E,L) dF
]

(5]
— CLl/mJF[e_“ALF'n _ e—ZOCALFm]
0

oc L7 (1.13)

the very power-law shown in the data in Figure 1.13.

1.4 Additional Studies

The study of irregularly shaped particles is still quite new, certainly compared to
that of round particles. Still, our coverage is not meant to be a comprehensive sum-
mary of cylindrical, ellipsoidal or similarly shaped particles, and interested read-
ers are referred to a number of interesting resources. Villarruel et al. [48] found
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that rods of aspect ratio =4 constrained to a cylinder would, when tapped, align
with the cylinder walls and compact. Lumay and Vandewalle [31] extended this
to still larger aspect ratios, and developed a 2D lattice model that reproduced the
salient features of the compaction curves. A subsequent two-dimensional experi-
ment highlighted the importance of rotation in rod rearrangements [32]. Pournin
et al. [29,40] derived an analytic expression for detecting contact between sphe-
rocylinders (a spherocylinder is composed of a cylinder and two hemispherical
endcaps), an integral component of efficient computation. A spherocylinder can
be defined as the locus of points equidistant from a line segment, so the prob-
lem reduces to finding the shortest distance between two segments. Pournin et al.
used these results to develop discrete element method simulations that show crys-
tallization and ordering under various excitations.

More recently, Hidalgo et al. [20] studied the role particle shape plays on stress
propagation through a granular packing, while Azema and Radji [2] examined the
stress—strain relations of rod packings under shear. Attention has also been paid to
the nature of random packings. Wouterse et al. [50] characterized the microstruc-
ture of random packings of spherocylinders and Zeravcic et al. [52] looked at the
excitations of random ellipsoid packings at the onset of jamming.

For review, the reader is referred to Borzsonyi et al. [6], which nicely sum-
marizes the research on shape anisotropic or anisometric [35] granular materials.
Here one will find results pertaining to orientational ordering, the distribution of
stresses throughout the sample, shear studies and fluidization, and/or the gaseous
state that accompanies vigorous input of energy. We agree with and call attention
to the authors, note of the lack of quantitative experiments in 3D bulk piles. It is
quite likely that, as the authors state, we may expect “surprising details” to result
from more complex geometries.

1.5 Conclusion

This chapter began by reviewing several investigations—theoretical, computa-
tional, and experimental—that revealed the power of uncorrelated mean-field
statistics. Many of these were seen to be analogous to some form of a random walk,
and the naive assumptions in the models justified by qualitative (and sometimes
quantitative) agreement with observations. No attempt was made to be compre-
hensive, and it should be emphasized that the understanding has evolved consid-
erably from some of the earlier interpretations. In particular, the theory of force
chain generation is not nearly as simple as originally posited in the g-model, and
the reader is referred to Chapter 7 for more recent theoretical innovations. Never-
theless, each can be considered to have advanced considerably the field of granular
research, and it is quite likely that similarly simple models will arise again in the
future to trigger new understandings.

Moving to radically aspherical shapes such as long, thin rods, and U-shaped
samples, we saw that instances where mean-field approximations began to break
down. These geometries introduce experimental complexities, such as choosing an
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appropriate system size and defining relevant dimensionless quantities, that are

on

ly now beginning to be overcome. While computational work has contributed

greatly to our understanding of these particles, experiments continue to provide
new phenomena that must be understood. As the field progresses, one can imagine
new work that begins to consider mixtures of particles at the same particulate level

of

understanding that is currently only available to more narrow distributions of

particle size and shape.
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2.1 Introduction

From the beach to the sandbox, granular experiments begin at an early age. Even
to a child, it is clear that sand behaves differently than ordinary fluids and solids.
When poured, sand flows like a fluid, but it can form a pile. When stationary,
it supports the weight of a person like a solid, but patterns can form on the sur-
face like frozen ripples on water (Figure 2.1). Dissipation and purely repulsive
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