
The remarkable properties of granular materials are 
so familiar that most of us do not even notice them. It is
clear, for example, that we cannot walk on water unless
the temperature has dropped below freezing. However,
we take it for granted that sand will support our weight
as if it were a solid, even though it can also be poured
like a liquid under the same ambient conditions. From
breakfast cereal, sugar and flour to construction ma-
terials, mining products and pharmaceuticals, granular
media are present everywhere in our daily lives.

However, these deceptively simple materials are very
different from the ordinary solids, liquids and gases we
know from physics textbooks. This is because they call
into question some of the fundamental principles that
we rely on when dealing with systems that contain large
numbers of particles. For example, in ordinary liquids
the size of individual particles and the timescales asso-
ciated with their local motion are many orders of mag-
nitude smaller than the observables used to describe the

overall system, which allows us to use averaging tech-
niques from thermodynamics. As a result, it is not nec-
essary to deal with individual water molecules in order to
understand the waves in a pond, nor to track the motion
of gas molecules to determine the pressure of a gas.

In granular media, on the other hand, the particles
are large enough that gravity and friction prevent the
random motion induced by temperature. These sys-
tems are therefore typically far from equilibrium and
highly nonlinear, which means standard thermody-
namic approaches break down. As a consequence, both
the solid-like and the liquid-like states of granular mat-
ter can exhibit striking and often counterintuitive be-
haviour. Indeed, stirring or shaking a granular system
can cause its constituent particles to separate rather
than mix together as one might expect.

Moreover, in the last few years researchers have
realized that many of the intriguing properties of
granular matter can serve as a paradigm for what hap-
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Sand, jams and jets

Highs and lows
Forces do not propagate
uniformly through a
granular medium. 
This experiment shows
the complex network
formed by large contact
forces (yellow/red)
surrounded by regions
of low force (blue).
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pens in more complex and much more microscopic
systems far from equilibrium. What makes granular
materials so fascinating for physicists, and so vexing
for process engineers, is that an astoundingly rich set
of behaviour emerges for even the simplest interac-
tions between particles.

This is true, for instance, in the simplest systems
where the particles do not interact at all except that
they repel each other when they touch. Moreover, since
granular materials consist of macroscopic particles, this
behaviour can usually be observed by eye. But much of
the recent progress in our understanding of such sys-
tems depends on aspects that cannot be obtained from
positional information alone.

Optical measurement techniques and photoelastic
materials, for instance, have recently allowed research-
ers to measure the forces between grains to obtain a
clear signature of the “jamming” transition between
the solid- and liquid-like states, which could shed new
light on the glass transition. Understanding this trans-
ition from an equilibrium liquid into a non-equilibrium
solid-like state is one of the outstanding challenges in
condensed-matter physics. Non-invasive methods such
as magnetic resonance imaging (MRI) are also help-
ing researchers to understand de-mixing phenomena
in granular materials, and ultrafast imaging techniques
have recently enabled us to study extraordinary objects
called granular jets.

Getting out of a jam
Sand is an example par excellence of a granular medium.
Provided the grains are densely packed, sand can sup-
port a load and resist flow even when tilted at large
angles. This stable arrangement requires each grain of
sand to be in contact with some minimum number of
neighbouring grains, but there is a myriad of equally
likely grain arrangements that can achieve this situation.

This is what distinguishes a “jammed” state from a
crystalline solid, for which there is just one unique par-
ticle configuration. As the jammed state is approached,
for example by increasing the packing density, the ma-
terial as a whole starts to stiffen and develops a yield
stress. In other words, it develops the characteristics of
a solid.

The concept of a jamming transition was developed
in 1998 by Sid Nagel of the University of Chicago and
Andrea Liu, now at the University of Pennsylvania, to
provide a unifying picture that could describe a wide
range of different materials that exhibit a dramatic
slowing down or “sluggishness” in their response when
the temperature drops to a certain level or the density
increases above a certain threshold. In addition to gran-
ular materials, this also includes emulsions, colloidal
suspensions, foams and glasses.

A fundamental and unresolved issue has been to un-
derstand the structural changes that turn an unjammed
system that flows like a liquid into a jammed configur-
ation that behaves like a solid, or vice versa. Despite
the striking differences in the behaviour of these two
phases, it has so far not been possible to directly relate
the jamming transition to differences in the type of
grain arrangements. Earlier this year, however, two
groups in the US independently detected characteris-
tic changes in the way forces propagate through a gran-

ular system as the jamming transition is crossed.
Eric Corwin, Nagel and the present author at the

University of Chicago used a rotating piston to exert
both a normal and a shearing force on a 3D system of
spherical glass beads inside a cylinder. Meanwhile,
Robert Behringer and Trushant Majmudar of Duke
University in North Carolina looked at a 2D granular
system of small plastic discs. Both experiments made
use of birefringent materials – materials that cause
polarized light to rotate in response to pressure. Con-
tact areas that experience large stresses therefore ap-
pear as bright spots when viewed through a polarizer.
In the Duke experiment the discs themselves were bi-
refringent, which meant that the local contact forces
between neighbouring discs could be determined by
viewing the whole system through a polarizer (figure 1).

One thing is immediately clear from these images –
the transmission of force in granular media is highly
non-uniform: large forces often propagate along chains
of neighbouring particles, leaving whole areas of sur-
rounding particles nearly force-free. Unfortunately, it
is not possible to directly image these force chains in
the interior of a 3D system. But it is possible to image
the end points of the force chains after they have
“snaked” through the system and hit the bottom sur-
face of the container.

In our experiment at Chicago this bottom plate was

� A granular material is an assembly of individually solid particles that can have
macroscopic dimensions

� Granular media have surprising properties, such as causing large and heavy
particles to accumulate at the surface when the system is shaken

� Granular matter can be solid- or liquid-like, but more often than not it displays
behaviour unlike that of ordinary solids or liquids

� Recent work shows that the forces between particles in a granular system provide 
a signature of the “jamming transition” between the liquid- and solid-like states

� Macroscopic granular media can be used to explore the non-thermal and 
non-equilibrium behaviour found in much more microscopic systems because they
are not affected by thermal fluctuations and typically exist far from equilibrium

At a Glance: Granular media

1 Force networks

The forces between particles in a granular system can be detected via pressure-induced
birefringence, whereby physical deformations in a material cause polarized light to be rotated.
In a 2D system of birefringent plastic discs (left) that is compressed uniformly from above,
large contact forces appear bright and reveal complex force networks. In a 3D system of glass
beads (right) the end points of force chains are imprinted on the walls of the container. In this
image they appear as a series of bright spots where the beads have pressed against a
pressure-birefringent plate at the bottom of a cylinder.
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made of a birefringent material and illuminated from
below with polarized light so that any beads pressing
against it showed up as a bright spot in the image. By
analysing these spots we could then obtain force values
for each imprint (see figure 1).

Characteristic force
The simplest way to characterize the network of forces
is to record the magnitude of the normal force across
each of the contacts in the system. One can then plot
the probability, P, of finding a particular contact force,
F, somewhere in the packing. Most contacts will pro-
duce values close to the average force, but the shape 
of the force distribution, P(F), contains important in-
formation about the deviations from this average.

While each realization of a granular packing will have
its own unique force network, the statistical descrip-
tion encapsulated in the force distribution turns out 
to provide a robust and powerful approach to descri-
bing a jammed state. Over the last few years this has
been corroborated by much theoretical and simulation
work, notably by Corey O’Hern, a former co-worker of
Liu and Nagel who is now at Yale University, and by
Martin van Hecke, Wim Saarloos and colleagues at
Leiden University in the Netherlands.

When our group’s 3D system of glass beads was
jammed, the shape of the force distribution differed
markedly from the usual Gaussian behaviour expected
for random fluctuations around an average value (fig-

ure 2). For instance, the likelihood of finding large
forces decays much more slowly, while the likelihood
of finding forces smaller than the average does not
decay to zero at all. This implies that a large fraction of
the beads hardly participates in the force transmission,
supporting the idea that contact forces are concen-
trated along certain paths through the system.

Importantly, the shape of the force distribution in the
jammed state did not depend on any details about how
this state was produced, such as the size of the load
applied by the piston or whether the particle arrange-
ment was disordered or regular. The only requirement
was that neighbouring grains did not move with respect
to one another.

However, when we provided a local shear force by
rotating the piston, the resulting continual rearrange-
ment of the beads led to a force network that differed
qualitatively from that of the jammed state. In par-
ticular, the shape of the force distribution for the flow-
ing granular material acquired significant curvature
(see figure 2). This characteristic shape change can
therefore be taken as a signature of the onset – or de-
mise – of jamming.

Most intriguingly of all is that the shape of the force
distribution in the unjammed state turns out to be pre-
cisely that expected from a fluid composed of con-
tacting spheres under equilibrium conditions – i.e. an
ordinary liquid state. This has important implications
because it makes it possible to relate the jamming trans-
ition to the glass transition.

Typically, a liquid will freeze into a crystalline solid
as the temperature is lowered, but materials such as
window glass retain their amorphous structure when
they become solid-like. This glass transition is accom-
panied by an enormous change in viscosity, which es-
sentially makes the material completely rigid. What has
eluded researchers so far is a clear-cut way of relating
the onset of this rigidity to any measurable rearrange-
ment of the atoms or molecules in the system.

Tracking the shape of the force distribution suggests
a way round this problem: instead of trying to detect
characteristic changes in the molecular arrangements
by measuring positions directly, as is usually done in 
X-ray or neutron-scattering experiments, it may be
profitable to look for a structural signature of the glass
transition by measuring force distributions.

Rising versus sinking
A granular liquid may look like an ordinary liquid as
far as the shape of the force distribution is concerned,
but it has some surprising features too. Perhaps the best
known of these is the so-called Brazil-nut effect, where-
by larger and heavier particles placed into a mechan-
ically agitated system rise to the surface rather than
sinking to the bottom. This de-mixing phenomenon –
which can easily be observed by placing an object such
as a small marble into a salt cellar and shaking it – has
been the focus of much research in the granular-physics
community during the last 15 years. There are also
many commercial incentives to addressing this issue,
with the aim of reducing the de-mixing of foodstuffs or
chemicals during transit.

Remarkably, new puzzles keep emerging. One rea-
son for this is that collisions between macroscopic

2 Improbable forces
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If a system of glass beads in a cylinder is compressed from above via
a piston, you might think that the distribution of forces between beads
would be Gaussian: most beads would experience an average force
〈F 〉 and the probability of finding forces above and below this value
would tail off in a bell-shaped manner. (Since this graph is logarithmic
on the y-axis and linear on the x-axis, a Gaussian appears as an
inverted parabola and an ordinary exponential appears as a straight
line.) However, for granular materials we found that the likelihood of
finding a particular contact force is very different for forces above and
below 〈F 〉. Furthermore, our research at Chicago showed that the
probability P of obtaining a force F in the jammed state has an
exponential shape above 〈F 〉 (blue line). When we rotated the piston
to apply a shearing force and the material began to flow, P(F) became
curved (red line). The difference in shape between the two curves is a
signature of the jamming transition.

Feel the force
Photoelastic grains
are useful for exploring
the properties of
granular materials.
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grains dissipate energy, in contrast to collisions be-
tween molecules in a gas, which means the agitated sys-
tem needs a continual input of mechanical energy to
sustain its liquid-like character. General thermody-
namic arguments, such as the increase of entropy due
to mixing, therefore do not apply and one has instead to
consider the dynamic interactions – i.e. the forces –
between particles of different sizes or shapes.

For example, at frequencies below about 50 Hz
vertical shaking results primarily in two different size-
separation mechanisms: ratcheting, which tends to
dominate far below the surface, and granular convec-
tion, which can take place closer to the surface. In the
ratcheting mechanism, smaller particles avalanche into
voids that open up beneath larger particles during each
shaking cycle, thereby nudging large particles upwards.

However, closer to the free surface, or if the container
walls are made sufficiently rough, granular convection
will take over and establish a “roll” pattern that extends
from the free surface into the bulk of the material (sim-
ilar to what is observed in a liquid that is heated from
below). In a roughened cylindrical container, for exam-
ple, the flow will be upwards in the centre and down-
wards along the wall. Large particles will therefore be
swept upward with the flow, but will then become
trapped at the surface because the downward-flowing
layer is much narrower.

Both the ratcheting and granular-convection mech-
anisms thus separate particles according to their size.
This “ordinary” Brazil-nut effect is observed as long as
the gaps between grains are sufficiently large so that
they do not impede the gas flow. This typically happens
for bed particles with diameters of about 1mm or larger.

For smaller particles, however, intriguing new physics
emerges via the interaction between three components:
large particles, small particles and interstitial gas. As
Peter King and colleagues from Nottingham University
in the UK have shown, the result is a rich set of seg-
regation patterns in vibrated mixtures that contain two
or more types of particle. Indeed, new behaviour has
already been observed in the simplest case of a single
large particle in a background bed of smaller ones.

A couple years ago, for example, our group at Chi-
cago found that for bed particles with diameters below
0.5 mm, the speed of a single large particle – called the
“intruder” – relative to the bed depends on density.
Intruders with the same density as the bed particles
simply move with the bed, while denser intruders move
faster. However, we found that less dense intruders
move faster too! Even more intriguing was the fact that
less dense intruders can move either to the top or the
bottom of the system, depending on how deep inside
the bed they have been placed initially, while denser
intruders only rise to the top.

The explanation for this counterintuitive behaviour
lies in what happens inside the bed of the granular sys-
tem. In contrast to liquids, which stick to the bottom of
the container during shaking, granular materials can
lift off during each cycle, leaving a gap at the bottom
of the bed. This gap fills with gas that is then squeezed
out again when the bed lands on the container bottom.
The gas flow across the bed establishes a pressure gra-
dient that causes particles with different densities to
experience different forces. For light intruders this

force can easily exceed that expected from simple air
drag on an isolated sphere. Light intruders near the
bottom of the bed are therefore sucked down and sink
with the gas flow into the gap, while those near the top
are pushed upwards and rise when the gas is squeezed
out of the gap.

To observe these interactions, we can use MRI to
peer non-invasively into the granular medium while it
is being shaken (figure 3). These results also provide
an explanation for the “reverse buoyancy” effect – the
sinking behaviour of light intruder particles in fine-
grained, vibrated granular beds – observed by Troy
Shinbrot and Fernando Muzzio of Rutgers University
in 1998.

Granular jets
One of the most spectacular manifestations of liquid-
like behaviour in granular materials is the production
of granular jets. When a marble or ball-bearing is
dropped onto the ground, it will typically land with a
thud. But when the same object is dropped onto a bed
of fine sand that is sufficiently loose, there will be a
very different response: a broad splash of sand on im-
pact followed by a tall, vertical jet of granular material
(figure 4). Curiously, this resembles similar phenom-
ena in ordinary liquids, yet it occurs in the absence of
any cohesion or surface tension. How, then, are these
jets formed?

Granular jets were first observed in 2001 by Amy
Shen and Sigurdur Thoroddsen, who were then at the
University of Illinois at Urbana-Champaign. The pair
investigated how the height of the jet varied with the
velocity of the impacting sphere and with the size of 
the bed particles. Since then, Detlef Lohse and co-
workers at the University of Twente in the Netherlands
have studied such jets in more detail using high-speed
video techniques and computer simulations.

3 The Brazil-nut effect

The “Brazil-nut effect” causes large particles to accumulate at the surface of a shaken granular
material. Using magnetic resonance imaging (MRI) it is possible to investigate the interior of a
granular system without disturbing it. Initially (left) the container is filled with layers of 
MRI-active (bright) and inactive (dark) grains with diameters of about 0.5 mm. After a few
shaking cycles (right), a heavy glass sphere with a diameter of 25 mm (dotted circle) has
moved upward. In fact, due to interactions of the bed of small particles with the interstitial air,
the sphere has risen faster than the convective motion carrying the bed particles up along the
centre and downward along the walls.

Stirring or
shaking a
granular
system can
cause its
constituent
particles to
separate 
rather than 
mix together
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In particular, the Dutch team reported in 2004 that
the origin of the jets is related to the collapse of the
void left behind by the impacting sphere. Driven by
gravity, material quickly rushes into the centre of the
void from all sides, where it collides, which leads to
excess momentum to escape in the vertical direction,
leading to two oppositely directed jets. The team also
elucidated two conditions for jets to occur, namely fine
bed material and an initial bed that was sufficiently
loosely packed.

The particles in the Twente experiment had diam-
eters less than 100 µm and were packed such that they
occupied less than 50% of the total volume of the bed.
The researchers prepared this “dry quicksand” state 
by temporarily flowing gas through the bed to bring it
into a precarious, marginally stable state before the
sphere was dropped. These conditions suggest that in-
teractions between grains and the surrounding gas 
may again play an important role in granular systems.

Indeed, similar experiments performed at reduced
pressures by the present author and colleagues at Chi-
cago showed that the jet height decreases dramatically
under vacuum. Furthermore, a pronounced two-stage
jet shape emerges at lower pressures in which a small,
largely pressure-independent jet is followed by a much
larger second jet that depends strongly on pressure.

To find out what goes on inside the bed during the
early stages of jet formation, very fast imaging tech-
niques are required. The velocity of the impacting
sphere is typically about 1 ms–1, which is outside the
range of MRI, but such speeds can be investigated
using X-rays. Teaming up with collaborators at the
Advanced Photon Source at the Argonne National
Laboratory earlier this year, our group illuminated a

particle bed with a high-intensity synchrotron beam.
This allowed us to video the transmitted signal at rates
of 5000 frames per second and track the motion of the
sphere, and the evolution of the void left behind it, in
unprecedented detail.

Our results indicate that the small jet can be ex-
plained by the gravity-driven collapse of the void, as
envisioned by the Twente team, but that the large jet is
driven upwards by a different mechanism: a bubble of
compressed gas. As we already learned with the Brazil-
nut effect, pressure differences across a granular bed
can produce forces that easily exceed the weight of the
bed. On the short timescales associated with the impact
and subsequent void closure, the gas cannot diffuse
efficiently through the fine-grained bed material. It
therefore gets trapped in the collapsing void, where it
builds up sufficient pressure to propel the material that
forms the large jet. Under vacuum, this mechanism
becomes inoperable and only the small jet remains.

It is also possible that pressure gradients are respon-
sible for keeping the jet collimated as it rises above the
bed. The interaction between interstitial gas and grains
might therefore produce an effect similar to that of sur-
face tension in liquid jets. However, there are alterna-
tive possibilities based on the clustering produced by
inelastic collisions, and it remains to be determined
which of these effects ultimately dominates.

Outlook
Granular materials teach us about an astounding com-
plexity that emerges from simple, macroscopic par-
ticles. The fact that temperature does not play a
significant role in these systems implies that they can
easily get stuck in configurations that are far from equi-

4 High impact

Granular jets are produced when a heavy sphere is dropped onto a loose bed of fine sand. These images (which depict a region 160 mm across) reveal the result of such
impacts at different pressures, with the image on the left being taken at atmospheric pressure and that on the right at 1/70 of an atmosphere. The last remnants of the
initial splash of sand, which were produced as the sphere impacted the bed, are still visible in each image. At reduced ambient pressure, the complex structure of the jet
becomes apparent, consisting of a small and a large jet component (indicated by the blue and red brackets, respectively). Below about 1/25 of an atmosphere, only the
small jet survives.
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librium. And even with the application of an external
force, such as mechanical shaking, these systems may
never reach the lowest energy “ground” state. More-
over, concepts used to describe granular behaviour,
such as the jamming transition, are now being applied
to a wide range of related systems, including micro-
scopic systems such as emulsions, colloidal suspensions
and supercooled liquids.

It will be interesting to see if some of these ideas can
also be applied to biological systems, for example to
situations where crowding and confinement affect the
rigidity of cells. Confocal microscopy and other ima-
ging techniques have recently opened up new possi-
bilities for extracting 3D information about particle
configurations on micron scales, which is ideally suited
for biological and colloidal systems. In fact, in 2003
Jasna Brujic and co-workers at Cambridge University
showed that it is possible to determine the force
distribution by using this technique to measure local
particle deformations.

On the other side of the jamming transition, in the
granular-fluid state, many important questions about
the true nature of this system remain. What is needed
most is a closer coupling between experiment, theory
and large-scale simulation. Full inclusion of the inter-
actions between particles and interstitial gas presents a
formidable challenge, but the deeper understanding
that could emerge would be a substantial reward.
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