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Particle size segregation in a two-dimensional bed undergoing vertical vibration
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We present experimental results on the size-ratio and acceleration dependences of particle size segre-
gation behavior for a single intruder in a two-dimensional bed of monodisperse particles undergoing
vertical vibration at low accelerations. Using trajectory maps based on digital high speed photography
and computer image processing we find that, at all base accelerations, the intruder and surrounding par-
ticles move upwards at the same speed. The motor of such convective motion is slip planes and block
motion of particles slipping past each other which push the intruder and surrounding particles upwards
in a collective motion. Although some of these features have been previously observed, we use these ob-
servations to propose a mechanism for segregation at low accelerations. In this the intermittent steplike
motion is found to be due to the finite frequency of slip planes and dislocations, causing the intruder and
surrounding particles to move upwards in finite-size jumps. The stability of the intruder is not relevant
in our experiments and no fundamental difference in mechanism between the so-called intermittent and
continuous regimes exists; only the frequency of slip planes and block motions is important.

PACS number(s): 46.10.+z, 47.27.Te, 64.75.+g

I. INTRODUCTION

Granular materials are widely encountered in industry,
generally in the form of mixtures of particles of various
sizes. During the processing of these materials, for exam-
ple, in pipe and hopper flow, mixing, and storage, parti-
cles with different characteristics separate out, or segre-
gate [1,2]. This can cause major problems, particularly in
the demixing of solid-solid mixtures [3]. Segregation can
also occur through differences in particle density and
shape, but size segregation is the most important effect
[4]. Segregation is often driven by shaking, and it is this
process that has received considerable attention in recent
years.

A number of possible mechanisms for the segregation
process has been presented in the literature, all having
relevance in different regimes. In the low amplitude and
high frequency regime, convection rolls, driven by
particle-wall friction, control segregation [5]. At higher
accelerations, explored using Monte Carlo computer
simulation techniques [6—-9], the convection rolls become
unstable and the granular material becomes dilated with
free volume introduced during each shaking cycle. The
smaller particles fall relatively freely, while the intruders,
requiring larger voids to fall downwards, are prevented
from doing so by the statistical unlikelihood of collective
motion forming such voids; the intruder therefore rises,
or segregates. In this regime, segregation has been inter-
preted as the result of competition between independent-
particle and collective reorganizations [10,11].

At the other extreme of low accelerations, recent ex-
periments on two-dimensional systems have identified a
transition from a continuous to intermittent motion as
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the particle size decreases [12,13]. At relatively large ac-
celerations, global convection rolls are seen to carry the
intruder at the same velocity [12], leading to the continu-
ous ascent. In the low amplitude, low acceleration re-
gime [13], experiments have indicated that segregation is
no longer driven by convection, and intermittent, steplike
motion is observed. The intermittent regime is accom-
panied by density microfluctuations [13], which clearly
play a role in the segregation process. Under these condi-
tions, an arching effect model has been proposed [14] to
explain the continuous-intermittent transition. A Monte
Carlo algorithm has recently been used by Dippel and
Luding [15] to investigate these geometrical effects when
convection is absent. A triangular hole was observed
below the intruder, which leads to stability criterion for
the intruder, which is again used to explain the continu-
ous and intermittent regimes.

Deterministic, ordered sequential algorithms [16-18]
predict a critical size ratio below which segregation does
not occur [16,17]. This provoked controversy [19-22],
but the critical size ratio has been identified with the
continuous-intermittent transition rather than with a
segregation threshold [13,20]; the simple deterministic
model also exhibits both regimes when noise is included
in the algorithm.

In this paper we present experimental results on the
effect of size ratio, acceleration, and intruder start depth
on the rise characteristics. In contrast to previous re-
sults, we find that convection rolls drive the segregation
process in both the continuous and intermittent regimes.
The intermittent motion is due to the finite frequency of
dislocations (where two close packed regions slip past
each other) and block motions in the matrix of back-
ground particles that are associated with convection and
heaping at very low accelerations and over very long time
scales.
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II. EXPERIMENTAL METHOD

The segregation cell consists of two glass plates (200 by
250 mm?) mounted in an aluminum frame that allows the
plate-plate separation to be adjusted by spacers of vary-
ing thickness. Approximately 5000 oxidized Duralumin,
2-mm-diam spheres form a monolayer between the glass
plates, the spacing being adjusted to be fractionally
greater than the spheres’ diameter. A set of intruders
consists of 1-mm thick Duralumin disks of various diam-
eters, through which three 2-mm-diam chrome steel
spheres are pressed, forming an equilateral triangle. This
method for ensuring stability of the intruder was first in-
troduced by Duran et al. [13] and is shown in Fig. 1;
these steel spheres ensure that the intruder remains verti-
cal. In the experiments, we used seven different sizes of
intruders, 6, 10, 14, 18, 22, 26, and 30 mm in diameter,
and their edges were lightly roughened with emery paper
to standardize the sphere-intruder friction.

The cell was mounted on an electromagnetic shaker
driven by a low distortion sinusoidal signal generator and
a 1-kW power amplifier. Vertical accelerations were
measured using a pair of piezoelectric accelerometers,
mounted on either side of the cell. The cell was il-
luminated from the rear using a stabilized halogen light
source and a plastic fresnel field lens. A Kodak Ektapro
1000 digital high speed camera was used to film the parti-
cle motion. At a resolution of 239 by 192 pixels, record-
ing at 1000 frames per second gave a total recording time
of 1.6 s. Longer time scales are achieved by synchroniz-
ing the camera with the logic pulse from the signal gen-
erator and recording a single frame at a constant phase.
Passing the logic pulse through a divide by » circuit al-
lowed one frame to be recorded every n cycles so that ex-
periments lasting for up to 4 h, in real time, can be ana-
lyzed. The digital frames were downloaded to a Sun IPX
SPARGCstation computer for image processing. Particle
centers are determined using the Hough transform tech-
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FIG. 1. (a) Front view of intruder disk showing the three
chrome steel spheres inserted for stability. (b) Side view of in-
truder between the glass walls. The wall spacing is fractionally
greater than the sphere’s diameter. The method follows that in-
itially proposed by Duran et al. [13].
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FIG. 2. Bit map showing the detection of particle centers,
based on the use of Hough transforms, when two different sizes
are present. Circles are drawn around detected particles.

nique [23], which has been further developed to analyze
systems with several particle sizes [24]. Figure 2 shows
an example bitmap of the intruder and background parti-
cles after the Hough transform has been applied. Circles
drawn around the particles indicate that their centers
have been located. Particle tracking software is then
used to follow the motion of the intruder disk, and at
higher magnifications the background particles can also
be tracked through the frames.

The experiments were performed using a sinusoidal ex-
citation of the form y(t)= A4 sinwt, where 4 is the am-
plitude and @ the angular frequency of the excitation.
Experiments reported here were carried out at 10 Hz,
and all accelerations are expressed by the reduced ac-
celeration parameter I'= A ,0?/g. Further experiments
were also performed using a laboratory-built programm-
able signal generator, which supplies a random displace-
ment to the shaker (i.e., Gaussian velocity distribution
function for the base). The root mean square base ac-
celeration was used to characterize this system.

III. RESULTS AND DISCUSSION

In the experiments reported, the intruder was centered
midway between the walls near the base of the cell with
the background matrix of particles initially about 120
mm deep, thus avoiding surface wave phenomena. (In all
cases the intruder start position was below the field of
view of the camera, and the background matrix was ini-
tially in a disordered state above the intruder and ordered
below.) The effect of the size ratio ®=R /r, where R and
r are the intruder and background particle radii, respec-
tively, on the rise characteristics is shown in Fig. 3 for T
in the range 1.33-1.34, corresponding to 4, between 3.3
and 3.33 mm. The intruder was located midway between
the segregation cell walls for each experiment. The in-
truder center was determined at constant phase, once per
cycle, and filming started when each intruder was clearly
visible in the camera field of view (thus trajectories are
rescaled to a common origin). Figure 3 shows that the
rise velocity increases with intruder radius and shows
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FIG. 3. Intruder height in pixels plotted
- against time for a range of size ratios ®=3, 5,
7,9, 11, 12.5, and 15. The motion was filmed
- at one frame per cycle.
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signs of the intermittent regime at small sizes. The initial
intruder depth was not constant in these early results,
and the result for the 30-mm-diam intruder gave a slower
rise rate than expected, based on the trend shown by the
other intruder sizes.

We therefore investigated the effect of initial intruder
depth. In Fig. 4 the initial start depths of the 14-mm-
diam intruder, from the intruder top to the surface, over
the range 70 to 100 mm were considered for '=1.41,
corresponding to an 4, to 3.5 mm. With this smaller in-
truder the rise rate increases as the starting depth in-
creases, but beyond a certain depth the segregation effect
is suppressed. In all subsequent experiments an initial
start depth of around 95 mm was used. Figure 5 shows
the effect of initial depth of the 30-mm-diam intruder.
Comparing the trajectory pairs (i) and (iii) together with
(ii) and (iv) (see figure caption for details) shows that the
particle rise rate decreases as the initial start depth in-

200

creases from 60 to 70 mm, so the point of suppression
may be higher for larger intruders. These pairs also indi-
cate that slight variations in the acceleration do not
significantly change the behavior at a given start depth.
Curiously, (v) indicates that a trajectory appears to
remember its initial state. Such dependence of segrega-
tion rate on initial position has also been recently ob-
served in computer simulations [25]. The strength of this
height dependence as a function of intruder diameter is
not clear at present. Some discussion about possible in-
terpretations for the height dependence is given later in
this paper, but there is still uncertainty about why this
behavior occurs.

Considering the effect of peak reduced acceleration,
Figs. 6-8 show rise profiles for the 6-, 14-, and 22-mm-
diam intruders, respectively, over the total range
1.24<T'=<1.72. Figure 9 further shows a profile at a
very low acceleration level of I'=1.17 for the 14-mm in-

] 90 mm
40 - 95 mm
100 mm
80 mm
§ 30 - 70 mm
- 1 FIG. 4. Effect of initial intruder depth
% below the surface (measured to the top of the
g intruder) for a 14-mm-diam intruder vibrated
y 207 at I'=1.4. The height of the intruder center
E above the bottom of the camera field of view is
K| plotted against time.
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0 40 80 120 160
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FIG. 5. Effect of initial intruder depth (measured to the top
of the intruder) below the surface on the rise profile. (i)
I'=1.33+0.01, start depth=70 mm; (ii) '=1.28+0.01, start
depth=60 mm; (iii) T'=1.32%0.01, start depth=70 mm; (iv)
I'=1.37+0.01, start depth=60 mm; (v) '=1.35+0.01, start
depth=75 mm. When the intruder reached 60 mm below the
surface, the excitation was stopped, the surface was leveled, and
the vibration then continued. In all cases the camera position
was fixed, and filming took place when the intruder entered the
field of view and the intruder height relative to the bottom of
the field of view was plotted against time. One frame per cycle
was taken.

truder where the particle centers were located once every
48 cycles (approximately 2 h in real time). The intermit-
tent, steplike motion is clearly visible in Fig. 9 but less so
at the higher I' values in the previous figures. Highly
linear rise profiles are seen as I increases, with some tra-
jectories still showing significant fluctuations around this
linear rise. The rise rate increases as I' increases, and
Fig. 10 shows the average rise velocity as a function of T'
for the three intruder diameters. Velocities were estimat-
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ed by the slope of the best fit line through the trajectories,
and the error bars indicate the uncertainty in the reduced
accelerations values. As previously reported [13], we find
a linear dependence of rise velocity with I' that extends
over a wider range of intruder sizes.

Shortly we will consider the segregation mechanism,
but first we want to consider the effect of the input shaker
characteristics. To do this, we consider rise profiles with
a random rather than a sinusoidal excitation. Figures 11
and 12 show the results for the lower and higher accelera-
tion ranges, respectively; the root mean square base ac-
celeration and initial start depth are shown on the figures.
The motion was again filmed at one frame per cycle (of
the random shake), and because the phase is not constant
at this point the profiles take on a spiky appearance. The
rise rate tends to increase with rms value of I', but no
clear trends emerge. Qualitative observations showed
that the same segregation mechanism occurs with the
random and sinusoidal excitations. We subsequently
confine our observations to those experiments using
sinusoidal excitation because the constant phase enables
detailed trajectory maps of the motion to be made.

Initially, to make sense of the above observations, we
have analyzed the recorded frames from the experiment
by snapshots of the particle motion and trajectory maps.
When frames are recorded once every n cycles, the segre-
gation mechanism becomes clear, especially at low ac-
celeration levels. Filming continuously at 1000 frames
per second, for example, as shown in Fig. 13, where a 6-
mm-diam intruder was vibrated at 50 Hz with a peak ac-
celeration of 10g, reveals an important detail. The parti-
cle oscillates up and down with the driving frequency and
multiplies with a gentle linear rise superimposed on the
motion. Over short time scales, of a few seconds, the in-
truder simply moves up and down with the background
matrix of particles (especially at low I' values) and the
segregation mechanism cannot be properly observed.

Over time scales 100 times longer, observation of im-
ages filmed once every cycle shows slip plane events,
where two close packed blocks or regions of particles slip
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E ] FIG. 6. Intruder height in millimeters plot-
= E ted against time for a range of reduced ac-
- S r-1.46 celerations, I =1.72, 1.59, 1.51, 1.46, 1.43, and
= 0 r=1.43 1.38. These plots are at a constant size ratio
] ®=3. The motion was filmed at one frame per
1 cycle.
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FIG. 10. Average rise velocity (from least-squares-fit line
through the trajectories) against dimensionless acceleration.
Crosses, squares, and triangles correspond to ®=3, 7, and 12.5,
respectively. An approximately linear rise in average velocity is
observed for each case.

past one another. These are intimately connected with
the motion of the intruder at small ® and low I and pro-
vide the dominant mechanism for segregation. Previous
experiments [12,13] reported observations of reversible
cracks, which sometimes resulted in irreversible cracks
such as horizontal slip lines. These microfluctuations and
geometrical effects were considered to control segrega-
tion, and an arching effect model was then proposed to
account for the low acceleration behavior. Because of
differences between the experimental setups, we are un-
certain about the precise correspondence between these
two sets of observations. The main differences between
these and previously reported experiments [13,14] are, in
our case, a slightly larger particle size and larger overall
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cell size; Duralumin spheres are slightly harder than
aluminum and therefore have a higher restitution
coefficient; we made no attempt to arrange a regular lat-
tice arrangement at the start of the experiment. Howev-
er, we present a detailed account of our observations,
which then leads to a radically alternative interpretation
concerning the segregation mechanism operating at low
accelerations. We also note that further extensive work
is required to assess, in detail, the precise effect of the
above experimental variables on segregation characteris-
tics and mechanism.

Initially, a distinction needs to be made between block
motion caused by motion of the intruder (this is required
for any intruder motion at low accelerations) and block
motion that causes the intruder motion. It is blocks of
particles moving upwards, from below, that push the in-
truder, together with the surrounding particles, upwards
in finite-size jumps. The origin of slip planes and block
motion is unclear at present, but it appears to originate at
the walls. Particles move downwards along the walls and
some can be pushed inwards from the walls, because of
the local geometry, which then result in blocks of parti-
cles moving upward below the intruder. This also occurs
without the intruder, but its presence may well influence
the ease with which such motion occurs. Further exten-
sive work is required to analyze this behavior and quanti-
fy the frequency and orientation of such slip planes.

To quantify this further, Figs. 14 and 15 show trajecto-
ry maps that are plotted for the 14-mm intruder with T"
values of 1.65 and 1.32, corresponding to 4, values of
4.11 and 3.29 mm, respectively. These maps show the
motion of the background particles relative to the in-
truder together with the motion of the center of the in-
truder disk (motion filmed at one per phase). Figures
14—-16 have been rotated by 90° so that the intruder
moves from left to right over time. A magnification of
0.152 mm per pixel (or around 92 pixels per intruder di-
ameter) is needed to accurately locate the centers of the
background particles. In Fig. 14 the intruder rises
through the convection mechanism previously reported
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FIG. 11. Rise profiles obtained from a ran-
domly shaken base rather than a sinusoidal ex-
citation. An intruder with size rate =7 was
used and the root-mean-square (rms) accelera-
tions and initial start depths %, are as follows:
(i) rms=1.7-1.9g; hy=93 mm; (ii) rms
=1.6-1.8g; hy=95 mm; (iii) rms=1.7-2.0g;
ho=95 mm; (iv) rms=1.5-1.7g, h; =285 mm.
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FIG. 12. Rise profiles obtained from a ran-
domly shaken base rather than a sinusoidal ex-
citation. An intruder with size ratio ® =7 was
used and the root-mean-square (rms) accelera-
tions and initial start depths A, are as follows:
(i) rms=1.9-2.2g; hy=90 mm; (ii) rms
=2.1-2.4g; hy=95 mm; (iii) rms=2.0-2.3g;
hy=90 mm; (iv) rms=2.2-2.4g, hy=95 mm;
(v) rms=1.8-2.1g; hy =95 mm.
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[5,13]. The intruder is carried upwards, at the same

speed as the background particles, by the convective
motion (defined to be consistent with previous work [13],
i.e., that intruder and particles move upwards at the same
speed), so that, relative to the intruder, they appear to
fluctuate around an approximately constant location.
Trajectory maps showing the global convection rolls have
not been plotted because at the low magnifications re-
quired the background particles cannot be accurately
tracked. The fluctuations from the lattice positions in
Fig. 14 are due to the superposition of many local parti-
cle rearrangements and block motions, and it is this
cooperative motion that causes the fluctuation in the in-
truder rise profile. Figure 15 shows a trajectory plot in
the intermittent regime for a I' value of 1.32. This is
around the lowest value at which significant motion
occurs over the time scale of the experiment, but is not so
low that filming needs to be done once every n cycles
(n>1). This map, however, does reflect the features that

occur at much lower base accelerations, namely, that the
fluctuation in the trajectories decreases and a more sharp-
ly defined crystalline arrangement results. Figure 15 indi-
cates that both the intruder and background particles
move upwards together at low accelerations. The local
fluctuations in the traces are due to small scale particle
reorganizations and block motion-slip planes. Such a
block motion-slip plane event has been isolated in the
trajectory map shown in Fig. 16. A total of 32 frames
was used for this map, which was the time scale of the
slip plane event. The block of particles moving upwards
from below the intruder and at the same time pushing the
intruder upwards are given by the regular array of dots
on the right of the figure (recall that plots show motion
relative to the intruder). The lines on the left therefore
show particles falling away, relative to the intruder, and
their curved nature indicates the dilatancy needed for
such motion to occur.
Figures 17(a)-17(c) and 18(a)-18(c)

show three

FIG. 13. Intruder height in pixels plotted
- against time for a 6-mm-diam intruder vibrat-
ed at 50 Hz and peak acceleration 10g. Film-
ing continuously at 1000 frames per second
r shows the linear rise superimposed on the
sinusoidal-like oscillations.
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FIG. 14. Trajectory map showing the position of the back-
ground particles relative to the intruder disk. The intruder,
with a size ratio & =7, and its trajectory are also plotted. A re-
duced acceleration I'=1.65 was used, so that we are in the re-
gime of quite strong convection; the intruder moved over the
field of view in 266 frames, which were used to generate this
plot. The figure has been rotated by 90° so that the intruder
moves from left to right across the page.

snapshots, each illustrating some of the features de-
scribed above (the figures are rotated by 90 °, and the in-
truder therefore moves from left to right over time). Fig-
ure 17 shows the intruder and surrounding particles tak-
en from the profile in Fig. 9, with a low acceleration of
I'=1.17, and Fig. 18 shows three snapshots from the
profiles, with I'=1.65 from Fig. 7. In Fig. 17 the overall
packing density is high because the slip plane events
occur relatively infrequently. In Fig. 17(a) one can see
that the intruder disrupts the packing; the region im-
mediately below the intruder can become disordered but
soon orders when particles are pushed upwards or in-
wards from the sides. Slip planes can be angled, as shown
in Fig. 17(b), where a block moves upward below the in-

FIG. 15. Trajectory map showing the position of the back-
ground particles relative to the intruder disk. The intruder,
with a size ratio ®=7, and its trajectory are also plotted. A re-
duced acceleration I'=1.32 was used, so that we are in the re-
gime with intermittent rise characteristics. The trajectories still
resemble those of Fig. 14, showing that the intruder and back-
ground particles rise at the same rate in a collective motion; the
intruder moved over the field of view in 1355 frames, which
were used to generate this plot. The figure has been rotated by
90° so that the intruder moves from left to right across the page.

FIG. 16. Trajectory map showing the position of the back-
ground particles relative to the intruder disk. The intruder,
with a size ratio, ®=17, and its trajectory are also plotted. A re-
duced acceleration I'=1.32 was used so that we are in the re-
gime with intermittent rise characteristics. 32 frames were used
to generate this plot, which captures a single slip plane—block
motion event. Dots indicate the moving block of particles,
which push the intruder upwards, and the particles on the left
therefore fall away relative to the intruder. The figure has been
rotated by 90° so that the intruder moves from left to right
across the page.

(a3

ib)

FIG. 17. Three snapshots of an intruder with size ratio =7,
taken from the low acceleration (I'=1.17), strongly intermit-
tent profile shown in Fig. 9. These figures have been rotated by
90° so that the intruder moves from left to right across the page.
(a) Regions of disorder often appear around the intruder. Small
gaps may open up below the intruder, which particles can be
pushed into by collective block motion; however, large gaps and
avalanche events are not observed; (b) a slip plane is captured
below the intruder, resulting in the upper block of particles
moving upwards; (c) horizontal slip planes are often observed.
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truder, or they often move horizontally, as shown in Fig.
17(c). Occasionally, a small gap opens up beneath the in-
truder and a layer or group of particles is pushed beneath
the intruder through cooperative block motions.
Avalanche events, where particles fall into a large gap
below the intruder (see, for example, Ref. [15]), have not
been observed. Generally, however, the same particles
stay next to or close to the intruder as it moves upwards.
At higher accelerations, these slip plane events are more
frequent. In Fig. 18 the overall density is lower because
the block slippages occur more frequently in this regime,
where global convection rolls are observed, similar to
those in the experiments of Duran et al. [13]. The three
figures show snapshots from a block slippage event that

(b)

(<}

FIG. 18. Three snapshots of an intruder with size ratio =7,
taken from the higher acceleration (I"=1.65), linear, continu-
ous rise profile shown in Fig. 7. These figures have been rotated
by 90° so that the intruder moves from left to right across the
page. Three stages of a slip plane event are shown, (a) at frame
517, (b) at frame 524, and (c) at frame 531, showing that the
event takes a finite time to occur. It is this fact that allows de-
tailed trajectory maps to be plotted.
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occurs over a finite time and distance scale (Fig. 16 would
be a sample trajectory map for such an event). Heaping
is clearly seen, and nearly continual surface avalanches
are found.

At the lowest accelerations, symmetric heap formation
is also observed, with occasional surface avalanches. At
these low accelerations, previous two-dimensional experi-
ments [26] found that convection rolls were initiated as
small rolls at the walls in the upper corners. These rolls
generate slip planes, and blocks of particles near the sur-
face move upwards, generating the heap. We observe
precisely this mechanism, which is an effect not seen in
computer simulation studies [27-29]. Our new observa-
tion, however, is that whereas the small convection rolls
dominate the heaping process, the block motion and slip
planes constitute a cooperative motion, which even at the
fowest accelerations pushes the intruder upwards at the
same speed as the particles surrounding the intruder.
Such a conclusion is clearly evident because the back-
ground particles in the trajectory maps stay in approxi-
mately the same positions relative to the intruder (which
moves upwards by around two-particle diameters). Visu-
al observation of the low I' images indicates that the fre-
quency of such block motion is very low and such motion
may constitute a convection roll on a much longer time
scale and also have some part to play in the heaping
mechanism. Further experimental work is required to
determine precise trajectory maps in systems deemed to
be undergoing convective motion. The effect of reducing
the acceleration and including intruder particles on the
trajectory map needs to be explored, and careful compar-
isons with plots from computer simulations need to be
made.

Following the previous discussion, we therefore pro-
pose that the intermittent motion, at low T, is due to the
finite frequency of these slip plane events and block
motions pushing the intruder upwards. The intruder and
background particles move upwards at the same speed, so
that the intruder does not move through the particles
“feeling” their local geometrical structure. A stable in-
truder appears to be present at all times so that the slip
planes do not provide a driving force that pushes the in-
truder looking for stable positions; rather intruder jumps
are related to the height a block of particles moves during
a slip event. This is in contrast to other mechanisms that
have been proposed for the origin of continuous and in-
termittent rise profiles [12—-15]. Previous studies have
concluded that convective motion is absent at low ac-
celerations because the upwards motion of the intruder is
not accompanied by upwards motion of the surrounding
particles [13]. A geometrical arching effect model was,
instead, initially proposed by Duran, Rajchenbach, and
Clement [14] and analyzed by Monte Carlo simulation
[15]. Figure 4 in Ref. [14] suggests that the intruder
moves upwards relative to the smaller particles and
searches for stable positions. In this interpretation, inter-
mittent motion occurs with smaller intruders and large
intruders move upwards continually. The intruder has to
be pushed upwards by a fluctuation, with an unknown
mechanism, and find a new stable position. Smaller in-
truders are less likely to be supported by an arch and
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more likely to be held directly by the underlying array of
spheres, thus making it more difficult to find a stable
arch. This means that small intruders remain on a stable
plateau until a fluctuation sufficient to get the particle
onto the next plateau occurs. Such a geometrical arching
effect would require that the intruder sample from a set
of possible stable conditions. Such may be the case at
higher accelerations, but in the regime studied here,
where the intruder and background move largely as a col-
lective, such sampling is not observed. The quality of the
data is insufficient, at present, to analyze the statistics of
the steps in the intermittent motion. When filming at one
frame every 48 cycles, more than one slip event may
occur between frames; however, we are currently trying
to see if correlations between separate slip events exist.

Figures 19(a) and 19(b) show the power spectra for the
velocity versus time profiles in the intermittent and con-
tinuous rise regimes, respectively. Here, we applied a for-
ward difference operator
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FIG. 19. Smoothed power spectra determined from the fast
Fourier transform of height versus time data after a forward
difference operator has been applied; (a) intermittent rise
characteristics shown in Fig. 9; (b) continuous motion from Fig.
7 with I'=1.57. The velocity power spectra show predominate-
ly white noise characteristics in both regimes.
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to the height 4 (¢) versus time data, from Figs. 7 and 9,
with I'=1.17 and 1.57, respectively, before Fourier
transforming. The spectra in the two regimes are re-
markably similar, which indicates that the continuous
rise profile shows intermittentlike characteristics in its
fine structure. The power is dominated by random, un-
correlated events because predominantly white noise ve-
locity power spectra are observed in both regimes. The
transition between the two regimes may therefore be sim-
ply attributed to an increased frequency of block
motions, which develop shorter, more randomly oriented
dislocation boundaries, until the smooth streamlines in
computer simulations [27-29] are seen at higher ac-
celerations. These spectra therefore suggest that the dis-
tinction between continuous and intermittent rise may be
rather arbitrary, with no fundamental difference in mech-
anism between the two regimes. As the acceleration in-
creases, the surface convection rolls increase in size and
strength [25] and influence the dislocation boundary
breakdown at greater depths. The identification of a crit-
ical size ratio for a continuous-intermittent motion
threshold thus has no physical significance.

With these observations in mind, the increase in rise
rate with size ratio can be explained by the fact that a
larger intruder results in a greater distortion of the regu-
lar lattice and a greater frequency of slip planes and
block motions. The increase in rise rate with reduced
peak acceleration, for a given side ratio, is due to the in-
creased strength of convection rolls, also characterized
by a greater frequency of slip planes and block motions.
The reason for the variation with initial height is uncer-
tain at present. Poschel and Herrmann [25] recently
simulated the segregation and convection of 950 approxi-
mately 1-cm-diam disks at low frequencies (about 3 Hz)
and high amplitudes (4,=2 cm). At these higher ampli-
tudes they find a critical frequency where the presence of
the intruder triggers the onset of convection and then
segregation. At this critical frequency, slightly lower ini-
tial placement of the intruder entirely suppresses the
segregation effect. Experimentally, Knight et al. [30]
found an exponential decay in the convection strength
with depth. The computer simulations [25] show that at
a critical frequency, the convection rolls extend deeper
because of the presence of the intruder, which appears to
pull the convection rolls downwards. These results sug-
gest that the segregation is caused by the intruder being
pulled up by the lower parts of the convection rolls. This
is triggered at a critical frequency and is strongly depen-
dent on the initial position of the intruder. We clearly
observe an initial height dependence in our experiments,
but this interpretation does not appear to be consistent
with our observations in which the intruder is predom-
inantly pushed upwards from below.

IV. CONCLUSIONS

We have presented results on the segregation charac-
teristics of a single intruder disk vertically vibrated in a
two-dimensional array of background particles. At small
size ratios and low peak accelerations, intermittent step-
like motion is observed; and at larger size ratios and
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higher accelerations, continuous and approximately
linear rise profiles are observed. The segregation rate in-
creases as the size ratio and peak acceleration increase.
We find, using trajectory maps, that the intruder disk
rises at the same speed as the background particles over
the entire range of accelerations studied. If we call such
a phenomenon convective, then the mechanism of segre-
gation is driven by convection rolls over all accelerations.
Previous studies, which indicate that convection is absent
at low accelerations (i.e., upwards motion of the intruder
is not accompanied by upwards motion of the surround-
ing particles) and that geometrical effects strongly
influence the segregation mechanism, are not supported
by our observations. As in some previous studies [12,13],
we find that motion of the background particles is
characterized by slip planes and block motion of close
packed particles moving past one another. We find that
such motion pushes both the intruder and surrounding
particles upwards in a collective motion, thus explaining
the form of the trajectory maps. The intermittent motion
at low accelerations is therefore due to the finite frequen-
cy of such slip planes and block motions that push the in-
truder upwards in a finite jump. The intruder is continu-
ally stable during this process and does not sample a
configuration space of stable-unstable positions as it
moves. Intensity spectra of continuous and intermittent
rise profiles are similar and indicate no fundamental
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difference in mechanism between the two regimes As the
acceleration increases, we conjecture that the frequency
of slip planes and dislocations increases, so that intermit-
tent motion becomes continuous. Further extensive work
is needed to characterize and understand the origin of
these slip planes and block motions and hence the exact
nature and acceleration dependence of convection rolls.
The relationship between the background particle motion
and the jump characteristics at low accelerations needs to
be explored further to check if stability criteria affect the
behavior on a fine scale. Finally, we note that the effect
of experimental variables, such as particle size, cell size,
and small changes in restitution and friction coefficients,
need to be determined.
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FIG. 17. Three snapshots of an intruder with size ratio ®=7,
taken from the low acceleration (I"'=1.17), strongly intermit-
tent profile shown in Fig. 9. These figures have been rotated by
90° so that the intruder moves from left to right across the page.
(a) Regions of disorder often appear around the intruder. Small
gaps may open up below the intruder, which particles can be
pushed into by collective block motion; however, large gaps and
avalanche events are not observed; (b) a slip plane is captured
below the intruder, resulting in the upper block of particles
moving upwards; (c) horizontal slip planes are often observed.
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FIG. 18. Three snapshots of an intruder with size ratio =7,
taken from the higher acceleration (I'=1.65), linear, continu-
ous rise profile shown in Fig. 7. These figures have been rotated
by 90° so that the intruder moves from left to right across the
page. Three stages of a slip plane event are shown, (a) at frame
517, (b) at frame 524, and (c) at frame 531, showing that the
event takes a finite time to occur. It is this fact that allows de-
tailed trajectory maps to be plotted.



FIG. 2. Bit map showing the detection of particle centers,
based on the use of Hough transforms, when two different sizes
are present. Circles are drawn around detected particles.



