CHAPTER 1

Introduction

1.1 General introduction

A granular material is an aggregate of discrete solid particles. There are many
systems that follow this description, e.g. oat in a silo, coins in a gambling machine,
but also twigs in a bird’s nest. The categorization ’granular materials’ seems to
be particularly broad. After all, it is easy to predict when the oat fill flow out
of the silo. It is more challenging to predict when the money will flow out of the
machine. And the twigs in the bird’s nest are hopefully not even flowing at all.
It turns out that they are not so different after all from a physicist’s perspective.
There is in fact a strikingly large amount of effects that is shared with all materials
classified as ‘granular’. Typical granular effects that occur throughout this thesis
include the jamming transition [1,2], dissipation [3], Reynold’s dilatancy [4,5] and
the formation of force chains [6,7] - see section 1.2 for more information on these
effects. Avalanching [8], segregation [9-11] and convection [12,13] are more examples
of typical granular effects.

And yet, the ‘grain’ in a silo lead to a very distinct response compared to the
‘grains’ in a bird’s nest. The pressure on the oats in the bottom of the silo is sufficient
to ensure a steady flow. However, the twigs in the bird’s nest would rather break
than flow. The properties of the individual play a large role in determining which
effect is likely to occur and when this will happen. Concretely, it is not the effect
itself that can be tuned, but the moment and circumstance in which an effect takes

placed certainly can.

However, accurately forecasting when a granular effect will occur is often chal-
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lenging — consider the difficulty of predicting earthquakes, landslides, and avalanches.
These events typically result from complex and non-linear interactions between grains,
sometimes triggered by a minor local irregularity. This intricate and dynamic be-
havior makes the study of ’granular materials’ both hard and exciting. The most
pragmatic approach to develop a better understanding of granular materials is to
focus on a specific local property of the grains and systematically change only this
property to measure what the influence is on the global material’s properties. Think
of grain size, grain stiffness, grain shape, dispersity, surface roughness, cohesion and
local packing order - see section 1.3 for more information on these local influences.
As the granular response is governed by the inter-particle contacts, it is especially
important to understand how these contacts are formed. When compacting a granular
packing, the amount of contacts will increase. A lot of emphasis has been on the
interactions between the grains, but not so much on the properties that lead to the
creation of these contacts. Soft grains can be compacted to very rigid dense packings
where the amount of neighboring grains increases as the grains change their shape [14].
The Poisson’s ratio largely defines how the grains will deform upon strain. Granular
studies are virtually always conducted with grains that have a positive Poisson’s
ratio. However, how would a decrease in Poisson’s ratio affect the formation of rigid
granular packings? Or more boldly, how would the granular response be affected if
the Poisson’s ratio of the grains were negative? Exactly that question is addressed in
this thesis. You will find how we constructed a design scheme for auxetic grains and
were successful in creating these grains. Furthermore, we show how we characterized
their individual and collective behaviour both experimentally and numerically and
highlighted how the Poisson’s ratio can be used as a parameter to strongly enhance
the tunability of the granular response. We will begin by providing an overview of

the key granular effects that are central to this thesis.

1.2 General effects in granular materials

1.2.1 Energy dissipation

Energy dissipation in granular systems arises from the interactions between
individual particles. There are usually two main contributing mechanisms to this

dissipation, friction and inelastic deformation. In case of frictional contacts, the
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amount of dissipation is related to the mobility in the granular packing. Additionally,
for large contact forces, the grains might deform. This deformation can be dissipative
even when the grains do not undergo plastic deformations due to an internal dissipative
mechanism like viscoelasticity [15]. The energy dissipation in granular materials is
typically substantial due to the large amount of contacts and collisions occurring in

a packing.

1.2.2 Jamming transition
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Figure 1.1: Schematic of the jamming transition with soft frictionless particles. (A) Left:
at low density (¢), the pressure is zero as there are no contacts. Middle: when the grains start
touching at a critical packing fraction, ¢., the packing transitions to a jammed state. Right:
Higher packing fractions can be obtained, but at the cost of building up pressure and deforming

the grains (reproduced from [16])

We consider a packing to be jammed when the grains are so confined that
movement with respect to other grains is not possible. When the amount of grains
in a packing is small, they are typically not in contact with many other grains (Fig.
1.1A left [16]). In this case, the grains are free to move. This state is often referred
to as the ’liquid-like’ state, since the grains can flow - e.g. in an hourglass. Increasing
the amount of grains in a packing results in an increase of the packing fraction ¢ - the
volume occupied by the grains divided by the total accessible volume. The jamming

point is the moment when ¢ reaches a critical value, ¢.. Adding more grains is still
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possible when the grains are compressible. This will lead to an increase of the elastic
moduli. There will be an increasing amount of stress in the packing as the grains

have to compromise by adapting their shape (Fig 1.1A right).

1.2.3 Reynolds dilatancy

Reynold’s
dilatancy

Figure 1.2: Schematical of Reynold’s dilatancy. (A) Left: a granular packing before shearing.
Right: a granular packing being sheared. A granular packing dilated by shearing.

It is possible that a packing jams albeit the packing fraction being lower than the
critical packing fraction. A major difference between granular materials at packing
fractions below ¢. and liquids comes from the fact that grains are discrete, solid
particles themselves. When grains are sheared, this means that they can not flow in
a laminar fashion. When dragging a single grain over a layer of grains, the single
grain will have to not only move in its shearing direction, but also to the direction
perpendicular to it. This effect is called Reynold’s dilatancy [4]. For a packing under
a constant load, this is depicted in Figure 1.2A. However, often it is not the pressure
that is constant in a system, but rather the available volume (think of pipe flow for
example). Now when the grains dilate, they will be restricted by the walls. The
shearing causes the packing to become effectively jammed while the packing fraction

can be lower than ¢.. This regime is referred to as the shear-jammed regime [17].
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1.2.4 Force chain formation

Figure 1.3: Visualization of force chains. (A) Top: force chains first form in the compressed

direction. Bottom: dilation results in a force network (Reproduced from [18]). (B) Visualization
of force chains in a pile of grains (Reproduced from [19]). (C) The force network in a jammed
hopper (Reproduced from [19]). (D) Visualization of dynamic force transmission upon impact
(Reproduced from [20])

While transitioning from an unjammed packing to a jammed one, there are
stresses building up between the grains. However, these stresses are by no means

homogeneous throughout the packing. The force can only be transmitted at the
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contact points of interacting grains. This means that the force is present in a chain
of grains which connects the boundaries which initiate the stress. The local path of
high force through a chain of grains is referred to as a force chain. Understanding
how these forces chains are in fact being formed and how they change under local and
global deformations is critical for predicting for examples avalanches and clogging
in silos. Experimentally, the first successful visualization of force chains has been
achieved with photoelastic glass beads as early as 1957 [6]. Nowadays, experimental
groups have transitioned to the more suitable photopolymers. When compressing a
packing of grains, it is now well visible that the force chains are initially predominantly
formed along the compressive directions (Fig. 1.3A top). With higher forces, the
chains for a typical network without a strong preferred direction (Fig. 1.3A bottom).
This is a result of dilatancy in the packing, where the grains form strong contacts
with neighboring grains in the transverse direction.

These force chains expose beautifully how granular packings respond to various
environmental changes. For example, it allows us to study how the force in a pile of
grains varies for grains in the middle of the pile and those closer to the edges (Fig.
1.3B [19]) or how much force there is on the blockading arc of a clogged hopper setup
(Fig. 1.3C [19]. We are not limited to investigating static forces, but we can also try
to better understand how the energy of an impacting object is transmitted through a
packing and for example probe how this is varied with different particle stiffnesses
(Fig. 1.3D [20]). Recent experiments have even been conducted with 3D packings by

using magnetic resonance imaging techniques [21].

1.2.5 Yielding, avalanching and intermittency

The transition from a granular materials from static to a dynamic state is
typically referred to as an avalanche. Often the stress in the packing is induced
by the gravitational forces acting on the grains. Once the force on a static pile
of grains exceeds a yielding threshold, the grains will transform into a dynamic
state. Avalanches are studied extensively due to their rich behavior as well as their
significance in describing natural phenomena [22,23,25-27,27]. The striped pattern
formation observed once grains are continuously poured on a pile demonstrates
that avalanches are occurring intermittently (Fig. 1.4A). By pouring a bidisperse
packing of light grains and slightly heavier dark grains onto the pile, the packing

approaches the yielding threshold. Once an avalanche is initiated, the grains will
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Figure 1.4: Yielding leads to avalanching and intermittency. (A) Formation of stripes as

result of an avalanche. The darker grains sediment quicker due to their mass. (Reproduced
from [22]). (B) Formation of a 'Catherine wheel’ pattern. The darker grains, initially sedimented
below the lighter grains, mix in intermittent avalanches (Repoduced from [23]). (C) Yielding of

soft grains in a hopper configuration (Reproduced from [24]).

move dynamically after which they will sediment. The heavier grains will sediment
below the lighter grains as a result of the 'Brazilian nut effect’ [9]. A combination of

a dark and a light stripe is thus corresponding to an avalanche event.

An important setup to study avalanching systematically is the rotating drum

setup [28-30]. The grains are rotated such that the angle of the grains increases.

After yielding, the rotation continues which results in a robust and repeatable way to
study a specific packing. Figure 1.4B shows the intermittency of avalanches in such
a rotating drum experiment. Before rotating, the setup is tapped such that the light
colour grains occur on top [9]. The rotation causes avalanches for which the grains

momentarily mix. This causes the dark coloured grains to transport to the surface.

Yielding and avalanching are by no means limited to packings that are dominated
by the gravitational force acting upon the grains. Especially in soft particle systems,
yielding and intermittent dynamic motion occurs. Figure 1.4C shows a numerical
simulation of grains that are being squished trough a small orifice [24]. The ‘squish
jammed’ particles (see [31]) flow out of the hopper intermittently once the yield
threshold is reached. The addition of deformable grains to a packing of undeformable
grains is observed to have a lubricating effect [32]. Understanding granular avalanching
and its intermittent behaviour shows close resemblance with the intermittent flow of
water-oil droplets through a small orifice [33] or even the intermittent movement of

chloroplast under different environmental light situations [34].
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1.3 Tuning granular effects

The effects discussed in the previous section are intrinsic to any granular system
as they all originate from the contacts between the grains. However, to be able to
predict when a granular effect is about to happen and especially how significant this
effect will be, it is not sufficient to have a general understanding of granular materials.
One requires a detailed description of the local granular interactions as well as other
intrinsic properties of the grains that construct the packing. In this section, we will
highlight the most prominent local granular properties and how this typically affects

the global granular response.

A

Figure 1.5: Tunability by size, order, dispersity and stiffness. (A) Larger grains have the
same effect as larger gravitational force (Reproduced from [35]). (B) Jamming can occur with
lower packig fractions due to specific local granular arrangements (Reproduced from [36]). (C)
Polydispersity increases the packing density for a jamming transition to occur (Reproduced

from [37]). (D) Compressible particles can fill a space more efficiently (Reproduced from [14])

A major parameter in granular packings is the grain size. Changing a particle’s
size has most importantly and effect on the surface to volume ratio. For extremely

small particles, the packing behaviour is dominated by the inter-particle attractive van
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der Waals force. Traditionally, this size regime is not considered to be granular. For
small granular systems, one could for example consider small powders. The relatively
large surface area of powders has especially large consequences in an environment
with a high relative humidity. The particles are likely to form conglomerate structures.
Though, when considering purely dry granular interactions, there is also an effect to
for example the angle of repose. This angle determines how steep a pile of grains will
become if grains are continuously added at the top. Large grains can be considered
physically the same as small grains with a high density. Effectively the large grain
packing responds as if the gravity will have been increased. This increases the
inter-particle strength for which more shear stress is required for a packing to yield.

Additionally, the angle of repose is significantly reduced (Fig. 1.5A [35]).

Secondly, a packing might become jammed well below the critical jamming
fraction when the grains are trapped as a result of specific locally ordered structures.
The order of the grains becomes especially important when the system size is small.
An example of a jammed, but relatively low packing fraction packing is shown in
figure 1.5B [36]. Alternatively, a locally high density of grains can become hard to
mix. A granular conglomeration might still rotate and move easily as a larger unit,
but the smaller scale individual granular movement becomes harder. This is mostly

avoided by using different sizes of grains.

This polydispersity also has a strong effect on the jamming transition. The
voids that are normally occurring in a circular packing are still accessible to smaller
grains. This means that when grains of all sizes are present in a packing, the packing

density can become as high as one (Fig. 1.5C [37]). A similar effect occurs when the

particles are compressible. The compressibility allows the grains to alter their shape.

Since circles are very inefficient in filling an area, the grains are likely to deform to
structures that form tilings with a packing fraction up to one (Fig. 1.5D [14]). Low
stiffness particles are shown to decrease the significance of dilation [38]. By ordering
stiff and soft particles, protected regions can be created where large force chains are
excluded [39]

As we mentioned that circular packings typically have a large amount of void
space, tuning a grain’s shape can lead to a very distinguished global response. For
example, elliptical grains can fill space much more efficiently (Fig. 1.6A [40]. Whereas
circular grains would become jammed, these ellipses are still able to flow. Reversibility

in flow can also be altered with higher aspect ratio grains [42—44]. The orientation
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Figure 1.6: Tunability by shape and frictional contact. (A) High aspect ratio grains fill a
space more efficiently (Reproduced from [40]). (B) Friction increases the yield stress and limits

segregation (Reproduced from [41])

of the grains stores information on the history of the packing as the grains tend to
align with the flowing direction.

By changing the shape of the grain’s boundary, one can tune the amount of
inter-particle friction (Fig. 1.6B [41]). Increasing the friction reduces the flowability
of a packing. By keeping contact for a longer time when interacting, it becomes more
likely that many contacts are formed and the grains are trapped, which will lead
to an earlier jamming transition. Furthermore, it enhances the angle of repose and

decreases the segregation effect [45].

1.4 Granular metamaterials

More extreme adjustments to a particle’s shape can lead to even more extreme
changes in granular response. Once the design of the grain is the dominant contribu-
tion to the granular response, we refer to the grains as ‘metagrains’ and the granular
materials consisting out of metagrains as ‘granular metamaterials’ - named after the
geometry dominated structures found in metamaterials. Our earlier example of a
bird’s nest can be considered a granular metamaterial (Fig. 1.7A [46]). The twigs

typically are different in size and aspect ratio, but the dominating feature to the
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Figure 1.7: From granular material to granular metamaterial. (A) A bird’s nest obtains
its properties primarily by the design of the grains (Reproduced from [46]). (B) A packing of

staples has a large angle of repose (Reproduced from [47]).

response is the high amount of contacts as a result of the grain ‘design’. The large
entanglement is also observed in spikey, staples (see Fig. 1.7B [47]), particles [48] and
systematically studied Z- and U-shaped particles with different arm sizes [49]. The
entanglement leads to interesting avalanche behaviour [50]. There are large industrial
applications of designed entangling grains in architectural structures [51] and for

coastal protection [52,53], but also for selective haptic devices [54].
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Figure 1.8: One grains type leads to multiple granular responses. (A) A particle which
consists of a rigid core with four wooden attachments is shaped like a rod under in an environment
with a low relative humidity. (B) However, with a high relative humidity, the wooden attachments

bend, causing the grains to become entangled (Reproduced from [55]).

There are even more extreme behavioral differences obtains when not only the
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shape of the individual grains is altered, but also additional local properties. Karola
Dierichs et al. designed rod-shaped grains which consist out of a solid rod with four
wooden attachments (Fig. 1.8A [55,56]). These attachments bend strongly once the

relative humidity is increased. This transforms a packing of grains that show no

special interaction to a packing that is highly entangled (Fig. 1.8B).

Figure 1.9: Tunability in granular metamaterials exceeds traditional granular properties.
(A) The open cylindrical shells act as regular particles in the presence of small forces, but they
can snap within each other to reduce the occupied volume which leads to a large dissipation
in the process. (Reproduced from [57]). (B) Highly deformable shells are used to effectively
tune the viscosity of fluids (Reproduced from [58]). (C) The real part of the acoustic index can
be tuned (to almost -1) by changing the density of the specially designed porous microbeads
(Reproduced from [59]). (D) The shear modulus of this grain can be tuned by the normal load,

leading to a lower shear modulus for a larger compressive load (Reproduced from [60]).
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The open circular grains as designed by Tomohiko Sano et al. (Fig. 1.9A [57])
employ a unique energy dissipation feature. When the pressure on the grains increases,
the grains can snap into each other. This reduces the occupied volume of the grains
and therefore relieves the pressure in the packing. A significant amount of energy is
dissipated due to this snapping mechanism. Figure 1.9B shows the grains designed
by Adel Djelouli et al. [58] to create a ‘metafluid’ The highly deformable grains
are shown to effectively tune the viscosity of a fluid. By varying the density of the
designed porous grains shown in figure 1.9C, Thomas Brunet et al. [59] created a
granular material of which the acoustic index can be tuned to reach an acoustic index
up to -1. Lastly, Nidhi Pashine et al. [60] created a grain, consisting of connected
chambers with grains, which has a decreasing shear modulus when the normal load

on the grain is increased (Fig. 1.9C).

1.5 Towards auxetic granular metamaterials

The granular (meta)materials discussed in the previous subsections display very
rich and at times astonishing granular responses by tuning the local parameters of the
individual grains. There is however one local parameter that has received surprisingly
little attention in previous studies, the Poisson’s ratio (v). The Poisson’s ratio
relates the lateral expansion of a material upon compression. The Poisson’s ratio is

usually positive. Most soft materials have a Poisson’s ratio of 0.5 [61] (in 2D this is

1.0). This means that grains will expand laterally and possibly find new neighbors.

As normally the different soft grains display very little differences in the Poisson’s
ratio, it is mostly not even mentioned. One might reason that the Poisson’s ratio has
been neglected undeservedly - changing the lateral expansion or even causing lateral
shrinking must have a significant impact on how contact networks are formed in a
packing. In the theoretical limit for isotropic linear elastic materials, the Poisson’s
ratio can be decreased to a value as low as minus one - this means that the material
shrinks equally as much in all directions upon compression. The large range of
virtually unexplored Poisson’s ratios hints that the global properties of a granular
packing can be tuned significantly. This thesis aims to perform the first explorations
towards a better understanding on tuning these global properties by changing the

grains’ Poisson’s ratio. To become acquainted with the design possibilities, we

highlight the structures that are most importantly returning throughout this thesis.
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Figure 1.10: Key auxetic structures. (AB) The 'holey sheet’ (A) displays a negative Poisson
ratio of -1 when compressed (B) (Reproduced from [62]). (C) It is based on the rotating square
mechanism. (D) In compressed state, the voids in the material have vanished and the boundary
has shrunk. (E) The 'four-bar-linkage’ is another effective auxetic structure used throughout
the thesis [63]. (F) Also the 'six-bar-linkage’ displays auxetic behavior (see Chapter 2) [64].

After the first discovery of an auxetic foam [65], many researchers have con-
tributed to the field we now know as ‘metamaterials’ to the extend that we currently
have many structures and variations that exhibit auxetic behavior. One elegant
structure is the rotating squares structure, which is both easy to produce and reaches
the theoretical limit of v = —1. A molded example of this structure is shown in
uncompressed state in Figure 1.10A and in compressed state in Figure 1.10B [62].
Schematically, this can be simplified to the patterned squares system shown in Figure
1.10C. The structure exists of (solid) squares which are connected with (flexible)
hinges. Once one of the hinges buckles, it fully determines how all the other hinges
will buckle. The neighboring squares will counter-rotate such that all the voids
between the squares vanish (Fig. 1.10D). The volume has effective halved. The

minimal pattern to achieve this auxetic behaviour is highlighted in black. This
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structure is fundamental for the grains discussed in Chapter 5. A second auxetic
structure is the alternating arrow structure (Fig. 1.10E). The Poisson’s ratio is with
-0.8 [63] slightly higher than the the limit of -1. However, it has a major advantage
in the simplicity for the minimal structure - highlighted in black. This structure is
epochal for Chapters 2, 3 and 4. Figure 1.10F shows a third auxetic structure. It

balances the simplicity and Poisson’s ratio and is further discussed in Chapter 2.

1.6 Thesis Outlook

We have reviewed how local changes in granular properties can be used to tune
the global response of granular packings. In this thesis, we aim to expose a very
effective way of tuning the global response of granular packing by studying the
virtually unexplored effect of the grain’s Poisson’s ratio - we study ‘auzetic granular
metamaterials’.

In Chapter 2, we discuss a design scheme for 2D auxetic grains. The scheme is
universally applicable to any auxetic recurring pattern and is therefore very suitable
for tuning the Poisson’s ratio over a large range of values. We manufacture a promising
design and test the mechanical properties extensively. We also present a simple, but
effective model to simulate grains with Poisson’s ratios ranging from -1 to +1.

In Chapter 3, we focus on the mechanical response of the proposed auxetic
grains in Chapter 2. We show that the negative Poisson’s ratio of the grains results
in a low bulk modulus, shear modulus and yield stress. Moreover, we show that the
differences are strongly linked with the forming and breaking of contacts. Numerical
simulations effectively highlight that large avalanches, where both the amount of
grains involved and the drop in force is high, are avoided in auxetic grains.

In Chapter 4, we study how the mobility of the grains is affected by the
Poisson’s ratio under simple shear. With a very accurate artificial intelligence
tracking algorithm, we obtain local data for shearing a packing with various initial
density and shearing amplitude. We first show that a normal packing has a decreased
mobility in case of a high packing fraction. In contrast, we find that auxetic grains
adapt their size significantly when the shear strain and therefore Reynold’s dilatancy
effect becomes larger. As the packing fraction is reduced, the mobility of the grains
is unaltered.

In Chapter 5, we introduce a 3D auxetic grain design. A rotating square
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mechanism is used to create a spherical shell which reduces its radius upon compression.
The change in volume is in 3D even more significant. We find that a confined packing
is much more compressible. We show that the enhanced compressibility directly
enhances the energy dissipation in the packing. On top of that, we show that the
dissipation of a granular packing can be easily and effectively tuned by mixing it

with auxetic grains.



