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Reverse and intermediate segregation of large beads in dry granular media

N. Thomas*
Laboratoire Magmas et Volcans, CNRS, UMR 6524, 5 rue Kessler, 63 000 Clermont-Ferrand, France

~Received 14 December 1999!

Mixtures of two types of glass beads have been sheared in a chute flow, in a half-filled rotating drum, and
placed in a funnel to form a pile. In the three experimental devices, for small size ratios, there is a segregation
of the large beads at the surface of the flowing phase~usual case!, but for high size ratios~above about 5! the
large beads segregate inside~reverse segregation!. Precise measurements show that the segregation drives the
large beads to an intermediate level inside the bed. In all devices, there is a continuous evolution of the location
of the segregated beads from the surface to deep inside, when increasing the size ratio between the beads. The
location of the segregated beads at intermediate levels is well defined both for high size ratios~above 5! and
for very small size ratios~about 2!, the level being very close to the surface in that case. The reverse and
intermediate segregations are masked when using high fractions of large beads in the experiments. Their
interpretation involves the high mass of the large particles balancing geometrical effects at a particular inter-
mediate level inside the flowing layer.

PACS number~s!: 45.70.Mg, 45.70.Cc, 45.70.Ht
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I. INTRODUCTION

It is well known that when different particles are put in
relative motion by shearing, flow, or vibration, they do n
mix, and have the tendency to regroup in some areas.
segregation appears as soon as there are differences in
@1–3#, density@4#, shape, roughness@5#, or angle of repose
@6,7#. For particles of the same composition, the segrega
of large and small beads has been investigated in nume
studies, and generally the large particles are found at the
surface of a medium composed of small particles~conversely
small particles are found at the bottom of a group of la
ones!. In both cases, the large or small beads are sim
squeezed out of the main bed, either at the surface or a
bottom, and the segregation seems to be independent o
relative volume fraction of the two species mixed togeth
This segregation has been explained by geometrical effe
as particles flow together, it is more likely for a small pa
ticle to find a large enough hole to fall inside than for a lar
one. The small particles go down, and consequently the la
particles go up. This process has been called dynamical s
ing. But this geometrical interpretation does not take in
account the fact that some particles may push their neigh
to create some space and go downwards@8#. Furthermore, it
has been argued that the large particles rolling on the sur
see the small scale roughness of the bed of small ones, w
can lead to an additional relative motion. This can be
served in the formation of a heap@9–12#, where large par-
ticles roll on the side slopes and accumulate at the base o
heap, or in a half-filled rotating drum@2#, where large par-
ticles go further than the small ones and stop at the periph
of the cylinder. In the same way, small particles are trap
in the roughness of a bed composed of large particles, w
leads to a cylindrical central core in a heap@13# or to a
central core of small particles in a rotating drum@3#. This
surface segregation of the large beads can lead to strat
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tion patterns when the way of deposition is complex@6,7,14#.
But once again, the geometrical interpretation of the proc
of segregation assumes that the bed of small beads is
chanically strong enough to support the weight of a la
bead, and that large beads cannot push away the beads o
bed to go down inside.

The present study has been motivated by a volcanolog
application. Pyroclastic flow deposits are the result of a
lanches of blocks of rocks, ashes and gas. These flows
tain particles of various sizes and densities and usually
hibit patterns of segregation. In these natural systems,
particle size varies from one micron to a few meters@15#. We
do not work with such a range, but we will consider the ca
of a large size ratio~from 1 to 40!.

Except for a few studies on vibrated beds of granu
media@16–19#, most of the experimental studies have be
carried out with small size ratios~for example, around 3 for
chute flows@1#, 1.6–3 for flows in a drum@3#, and 3 for
stratification in Hele-Shaw cell@20#!. We are interested her
in the influence of the size ratio when it is larger than
which also induces a high mass ratio between the bead
this paper we show that these conditions will put the bead
a case where a large and, consequently, heavy bead can
away the small ones. The segregation leads then to patt
of reverse-segregation@‘‘reverse’’ means that considering
one single avalanche, the large beads are not segregat
the surface as it is usually the case„see Sec. II B 1~case 2! or
the end of Sec. II B 2 for more accurate definition…# and also
to the surprising existence of segregated large beads gath
at an intermediate level inside the bed. These patterns e
in the deposit of a single avalanche, and the reverse rela
positions of the large and small beads is not the result o
complex deposition of the flow as it is the case in the str
fication described in the Hele-Shaw cell@7,20,14#. In our
experiments, the location of the large beads in the depos
directly related to those inside the flowing phase. To o
knowledge, the segregation of large beads at an intermed
level inside the flow has not been described in a publicati
although the ‘‘push-away’’ effect of a heavy bead was su
961 ©2000 The American Physical Society
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962 PRE 62N. THOMAS
gested in a theoretical paper@8#. The present study is the firs
systematic experimental investigation of this new proces
segregation. Furthermore, at these high size ratios, we ex
that the segregation depends on the relative fraction of
two species: weak fractions of small particles can tra
through the porous medium made by the large particles~for
a diameter ratio larger than 6.46!. On the other hand, for a
large particle placed in a bed of small ones, no geometr
consideration can easily indicate that there will be a criti
value of the size ratio at which the behavior would chan
In some experiments, we will increase the volume fraction
the large beads in order to study the influence of the inte
tion between the large beads on the segregation behavio

We focus our study on experimental setups where
particles are submitted to a shear motion as they are in
type of avalanche. Our flows are created in several ways:
release of a granular mixture from the top of a slope,
formation of a pile, or the rotation of a half-filled drum.

II. EXPERIMENTS

The particles used are glass beads with diameters betw
45 mm and 7.5 mm. The density of the glass is 2.5~from
2.46 to 2.54, with no systematic variation with the size!. We
sometimes color one of the two species by painting the be
uniformly. This process does not change their sha
~checked with an optical microscope!, but may slightly
change the roughness of their surface, inducing a w
change in the angle of repose~from 24.7° to 26.1° for non-
colored beads, and 28.6° for colored beads!. Nevertheless,
we repeated some of the experiments, with colored and n
colored beads, and did not notice any difference in the
havior of both types of glass beads. In our experiments,
effect of the small difference of angle of repose is negligi
compared to the effect of the large difference of size. Gl
beads are either very well sorted beads, in order to work w
‘‘monodisperse’’ populations~Fig. 1!; carefully sorted in a
range of sizes, using sieves; or simply picked from the p
chased bag~ranges of sizes indicated by an asterisk!. In these
latter cases, the diameter ratios are calculated with the m

FIG. 1. Mean values~l! of the diameters of ‘‘well-sorted’’
beads~measured with an optical microscope on a sample of
beads!. Some beads are painted~red-violet-blue!. Minimum ~1!,
maximum ~1!, and standard deviations~errors bars! show about
10% relative spreading around the indicated diameter.
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diameter of each range. In order to minimize the electrost
effect and the humidity cohesion effect between glass be
the humidity in the laboratory room is held between 50% a
55%, and special care is given to the experiments involv
the smallest beads.

Three experimental devices are used in this study. In
cases, an initially homogeneous mixture of two types
beads flows in a slow frictional regime. We follow the b
havior of the minority component~indexed 2! in a bed made
of the majority component~indexed 1!. A mixture is charac-
terized by the diameter ratiod2 /d1 , and by the volume frac-
tion of each type of beads.

A. Flow along a slope

The chute is a 1-m-long, 6-cm-wide channel inclined w
an angle of about 26.5° chosen to produce a frictional fl
~Fig. 2!. The bottom is made of a plastic sheet to which gla
particles have been glued in order to obtain a rough surfa
Glued particles are chosen to have the same size as the
jority component of the mixture. At the top of the slope,
box contains 1 kg of the mixture composed of 10% of t
minority species and 90% of the majority one. Due to t
large quantities of particles required and lost in these exp
ments, we use particles within ranges of sizes. The star
box is filled by alternating fine layers of both species in ord
to obtain a homogeneous mixture at a large scale. At tim
a gate is opened between the box and the chute, so tha
mixture can flow with a mass flux of about 400 g/s. The flo
is stopped when the channel becomes horizontal, or b
perpendicular wall usually located at 90 cm from the t
~Fig. 2!. We observe the surface deposit, then water the
carefully and observe the internal structure by making so
cross sections perpendicular to the direction of the flow. D
posits are between 2 and 5 cm thick, much thicker than
diameter of the large beads.

Many combinations of two classes of particles among
available beads have been used in this device, leadin
different size ratios~from 0.09 to 44!. Two types of segre-
gation patterns are observed, depending only on the size
~Fig. 3!: ~1! the large beads cover the surface; and~2! the
large beads are not at the surface, but inside the bed c
posed of small ones: there is a ‘‘reverse segregation.’’

Case~1! appears ford2 /d1,4: small beads go down an
large beads go up during the flow. We term this phenome
the ‘‘usual segregation’’ of large and small particles, whi

4

FIG. 2. The chute is 1 m long, anda is 26.5°. A ‘‘homoge-
neous’’ mixture ~fine alternate layers of each type of beads! is
placed in the box, and released by the opening of the gate.
deposit is cut perpendicular to the direction of the flow at vario
distances from the source~see Fig. 4!.
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PRE 62 963REVERSE AND INTERMEDIATE SEGREGATION OF . . .
means that large beads are covering the surface. Wor
with 90% of large beads leads to fine particles forming
layer at the bottom of the cross sections@Fig. 4~a!#. For flows
containing 10% of large beads, the deposit exhibits a sur
layer which is composed of large particles. For the smal
size ratios~but still above 1!, the segregation is very effi
cient, and not a single large particle is found underneath
surface layer@Fig. 4~b!#. For larger size ratios~but still lower
than 4!, a few large beads are found inside the bed, the g
majority of the large beads being at the surface. Ford2 /d1
,4, the cases with 10% or 90% of large particles give t
different points on the graph@d2 /d1 and 1/(d2 /d1)# ~Fig. 3!
but correspond to the same physical process. We carried
a few more experiments with 50% of each type of beads
check that the value of the fraction of the two species d
not influence the location of the segregated beads in th
experiments (d2 /d151.75, 2, and 3.5!. These experiments
also lead to large beads at the surface, and small beads a
bottom.

Case~2! is more surprising. It appears for large size rat
(d2 /d1 greater than 5! there are no large beads on the surfa
of the bed. The cross sections in the deposit show that
large beads are randomly distributed through the wh
thickness, except in the area near the surface@Figs. 4~d! and
4~e!#. However, this is not the result of a true mixing becau
there are no large beads on the surface or near the sur
nor at the bottom. We call this ‘‘reverse segregation,’’ f
there is not a single large bead on the surface. For larger
ratios, we notice that the large beads are located closer to
bottom @Fig. 4~e!#. Moreover, one experiment made wi
d2 /d154.3 shows a transitional behavior: the large beads
found both on the surface and inside the deposit@Fig. 4~c!#,
leading to a homogeneous bed. These two last points sug
that there is a continuous evolution of the location of t
segregated large beads from the surface~for d2 /d1,4) to a
deeper interior level when increasing the diameter ratio.

For one size ratio corresponding to case~2! (d2 /d1
58.6), some experiments were performed with chute of
ferent lengths: 30, 60, and 90 cm. No difference has b
observed between the three lengths of the chute, indica

FIG. 3. Experiments in a chute flow. Symbols indicate what p
of beads is involved in order to obtain the corresponding size r
@ranges~* ! or sizes indicated in the frame#; the vertical position on
the graph shows their fraction in the mixture. For a size ratio low
than 4, large beads segregate at the surface of the deposit, wh
they are in the minority or the majority. For a diameter ratio abo
5, 10% of large beads are found inside the deposit. Experim
with a size ratio equal to 4.3 show a transitional behavior, as la
beads are inside the deposit and at its surface@see Fig. 4~c!#.
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that a stationary state is reached almost immediately.
The segregation is completely different in experime

having a size ratio less than 0.2, with those having a s
ratio greater than 5~with the same pair of beads!. 10% of
large particles are located at intermediate levels@case~2!#,
while 90% of large particles are at the surface@case~1!#.
Because a few fine particles percolate through a netw
composed of large beads, we expect this result still to
valid when the size ratio decreases to zero. This means th
majority of large particles is always at the surface, althou
a minority of large beads can be either at the surface
inside the bed depending on the value of the size ratio.
conclude that for large size ratios~larger than 5!, the segre-
gation depends on the volume fraction of the two specie

Briefly, increasing the size ratio results in a lowering
the level of segregated large beads: they tend to segrega
the top ~for 1,d2 /d1,4.3), then to reach an intermedia
level ~for d2 /d1 above 5!, and then to sink toward the bottom
for largerd2 /d1 . At this stage, we did not quantify the po
sition of the large beads in the cross sections. In fact, di
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r
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FIG. 4. Cross sections in the deposits obtained in the chute
experiments~6 cm wide!. ~a! d2 /d150.5: layer of 300– 400-mm*
blue beads under a bed of 600– 800-mm* beads.~b! d2 /d152:
layer of 3-mm blue beads at the surface of a bed compose
1.5-mm beads.~c! d2 /d154.3: beads of 3 mm and of 600–80
mm* constitute an homogenous deposit.~d! d2 /d158.6: large
beads~3 mm! are all inside the deposit~300–400mm* !, and the
surface is free of large beads.~e! d2 /d1544: large beads~3 mm!
are inside the deposit~made of 45– 90-mm* beads!, and seem to be
located deeper than for a smaller size ratio.
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964 PRE 62N. THOMAS
observations of the flow and of the internal structure of
deposit show that the deposit is the result of the deforma
of the main flow when it stops. The bottom layer is n
modified by the deformation, and the surface of the fl
stays on the surface of the deposit when it stops: there i
doubt in diagnosing the usual segregation of fine beads a
bottom ~for d2 /d1,1) or large beads at the top~for 1
,d2 /d1,4). On the contrary, the intermediate area
strongly affected by the deformation of the flow when
comes to a halt. In the case of a reverse-segregation pa
we do not have the opportunity to quantify the exact verti
location of the large beads during the flow. For this reas
we used another experimental device to study the evolu
between the usual segregation of the large particles@case~1!#
and the reverse-segregation of larger particles@case~2!#.

B. Formation of a heap

When a mixture of two types of beads is placed into
hourglass or a funnel, the heap formed beneath exhibits
tures of segregation@21,12#. Very little segregation occurs in
the hopper, and it is focused at the very beginning of the fl
@22#. In fact, the segregation results from phenomena tak
place in the flow along the pile slopes. First, there is a s
regation in the flowing layer by dynamical sieving. Secon
on the slopes of the pile, the large particles roll on a re
tively smoother surface than the small ones, and go fur
than the small ones@23#. Due to the rolling of some beads o
due to the fact that the upper surface of the flow goes fur
than its bottom~for an example, see Ref.@24#!, the particles
of the surface of the flowing phase end up in the lower p
of the surface of the pile and accumulate in a ring@see Fig. 5
or 6~a!#. For vanishing fluxes, only the rolling process tak
place, but in our experiments the funnel has an output a
ture of 1.2 cm in diameter, inducing a flux range between
and 60 g/s depending on the type of particles used. T
means that the flow is continuous along the slope of the
in the first stage, then proceeds as successive avalan
when the pile becomes larger, but never as individual be
rolling along the slope.

We place a homogeneous mixture of the two compone
in the funnel by putting successive fine layers of each type
beads. Large beads are 3-mm, 1.5-mm, and 710-mm colored
glass beads, and represent a fraction varying from 1%
50%. Small beads are either well-sorted beads or compri

FIG. 5. The funnel is filled with alternate layers of each type
beads to obtain a ‘‘homogeneous’’ mixture of the two compone
The pile forms on a rough surface. On the drawing, the segrega
drives the large beads into a ring at the bottom of the pile slop
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range of sizes~see the figure captions!. For most of the ex-
periments, 800 g of small beads are placed in the fun
combined with a known mass fraction of large particles. E
periments with a fraction larger than 25% are made with
smaller amount of small particles for convenience. The p
develops on a rough surface located 5 cm beneath the fu
~the final pile is around 4.5 cm high!, which induces impacts
at the very beginning of the flow, but does not have a
effect on the final figure of segregation. This was checked
keeping the funnel;1 cm above the summit of the heap b
hand during its growth.

1. Variation of the diameter ratio

A first series of experiments was carried out to explore
effect of the diameter ratio on the segregation of a giv
fraction of 3-mm large blue beads among small ones.
small size ratios, the large beads are mainly located on
surface of the heap, and form a ring around the base of
pile @Fig. 6~a!#. This corresponds to the usual segregation
the large beads at the surface of the heap@case~1!#. For large

f
.

on

FIG. 6. Top view of the segregation in the piles. Dark beads
3-mm large beads~20% of the mass! mixed with ~a! 710-mm, ~b!
500-mm, ~c! 425-mm, ~d! 300-mm, ~e! 150– 250-mm* , and ~f!
45– 90-mm* small beads. For small size ratios, the large be
form a ring around the bottom of the pile@~a!, ~b!, and ~c!#. For
large size ratios@~d!, ~e!, and~f!#, the large beads are inside the pil
and the ring is composed of small white particles. We choose
breaking of this ring@between pictures~c! and~d!# as a criterion for
a limit between the usual and the reverse-segregation patterns
scale is around 25 cm long.
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PRE 62 965REVERSE AND INTERMEDIATE SEGREGATION OF . . .
size ratios, we do not find any large beads on the surfac
in the ring area: the large beads are embedded in the
which corresponds to reverse segregation@case ~2!# @Fig.
6~f!#. The evolution between these two patterns is progr
sive with the variation of the size ratio@Figs. 6~a!–6~f!#.
Although the evolution of the segregation pattern is conti
ous, it is convenient to define a limit between usual- a
reverse-segregation patterns. As a criterion, we choose
formation of a ring of large particles or small particles, b
cause the intermediate case@between Figs. 6~c! and 6~d!#
seems to correspond to the more homogeneous pile. C
sponding structures inside the pile are as follows. For us
segregation, the large beads are found in a fine layer a
bottom of the pile, because the growth of the pile covers
previous rings composed of large beads. For reverse se
gation, the large beads are located everywhere inside
pile, except at its bottom, which is purely composed of sm
beads.

During the growth of the pile, the flowing layer is thicke
than a large bead diameter near its summit, because w
not see the large beads totally embedded in the flow
phase. For geometrical reasons, the thickness of the
decreases along the sides of the pile. In the case of rev
segregation, after some traveling, the top of some large b
comes into view emerging from within the flowing layer. W
observe that the beads are not going up toward the sur
during the flow, as they do in the case of usual segregat
but that they move embedded in the small beads. The oc
rence of the top of the large beads coming into view happ
more or less far from the top of the heap, presumabl
consequence of their vertical location in the flowing layer
their ability to go down~or up! during the flow. These large
beads end up stopping on the slope and do not continu
roll individually, even in the case where they are almost ‘‘
the surface’’ due to the extreme thinning of the flowin
layer. Consequently they do not regroup in a ring at the b
of the pile @Figs. 6~e! and 6~f!#. For very large size ratios
this tendency is enhanced, and large particles tend to g
in the central part of the pile beneath the feeding funnel.
these observations made on the heaps suggest a contin
evolution of the location of the segregated beads with
size ratio.

2. Variation of the fraction of large beads

A second series of experiments was conducted with
ferent fractions of large beads. The same evolution can
observed for a fixed diameter ratio and a variation of
volume fraction of large beads from 1% to 50%~Fig. 7!. At
high fractions, the large beads are on the surface of the
and form a ring. At small fractions, the large beads are ins
the pile. Consequently, for each size ratio, we can again
fine the limit between the two patterns of segregation, us
the same criterion. For fractions above this limit, there is
usual segregation, whereas under this limit there is rev
segregation. The limit shifts toward large fractions for hi
diameter ratios~Fig. 8!. It is difficult to define a limit for
small size ratios~under about 3!, because this would corre
spond to very small fractions: there are not enough la
beads to observe a well-marked ring, and our criterion is
longer applicable. Nevertheless, we can observe the i
vidual behavior of the large beads. For a very low size ra
or
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~1.5!, the large beads are on the surface, but they do not
very easily on the surface because the roughness is not
low in comparison with their size: they do not build a ve
well-marked ring. For higher size ratios~but below about 3!,
the large beads roll and reach the ring area. When the
ratio is larger than 3, the large beads are partially embed
in the bed of small beads, and do not move easily along
slope.

Changing both the diameter ratio and the fraction of la
beads can lead to similar final pictures of the pile surface.
an example, the surface of the pile in Fig. 7~a! is intermedi-
ate between those in Figs. 6~d! and 6~e!. Looking at photos
of the surface of the piles all together, without knowing
which experiments they refer, we can form them into grou
with the same pattern. In Fig. 8, experiments with the sa
pattern are joined by lines. Our criterion for a limit betwe
the two fields of segregation is one of these lines. With t
criterion, and for a fraction of 10% of large beads, the lim
corresponds to a diameter ratiod2 /d1 of about 5, which is
compatible with the results obtained with the experiments
the chute. The evolution of all these lines shows that, fo
higher size ratio, a greater fraction of large particles is
quired to obtain the same surface picture of the pile:
deduce that a larger number of large beads are deep in

FIG. 7. The evolution of the surface of the pile with increasi
fractions of large beads is similar to that in Fig. 6. White beads
300-mm beads combined with~a! 15% and~b! 35% of dark blue
3-mm large beads. At low fractions, large beads are embedde
the pile. At high fractions, the large beads accumulate in a ring.
the scale see Fig. 6.
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This point suggests that the large beads are on ave
‘‘deeper’’ for larger size ratios. The location of the larg
beads seems to evolve continuously from the top toward
bottom of the flowing layer when increasing the size ratio

These results are compatible with the well-known case
a heap containing 50% of each type of particles. In this ca
the coarse particles cover the lower part of the surface of
pile and form a ring, even for a size ratio as large as 44~Fig.
8!.

Some experiments have been made with 1.5-mm
710-mm large beads. They were carried out with the sa
flux and the same size pile. Once again, the two pattern
segregation~usual and reverse! are obtained~Fig. 9!. The
three series of results are roughly the same. Except per
for the results at very small fractions, we can conclude t
the limit between the fields of segregation seems to dep
on the size ratio and not on the value of each diameter.
very small fractions, it is difficult to define a ring due to th
small number of large beads. For the same fraction,
‘‘smaller’’ large beads are far more numerous than the 3-m
large beads, and this fact can explain the different res
obtained at small fractions. Moreover, reducing the size
the beads is analogous to studying a larger pile: the trans
between the two types of segregation does not depend o
size of the pile. This agrees with the fact that the segrega
pattern looks the same during the growth of the pile—exc
at the very beginning, when impacts on the rough surface
disturbing the flow.

In conclusion, pile experiments exhibit the same tw
types of segregation of large particles as the chute exp
ments, the ‘‘transition’’ occurring for similar fractions an
size ratios. The main difference between these experimen
the thickness of the flowing layer. Due to a larger flux, t

FIG. 8. Segregation in the piles. Large beads are 3 mm, s
beads are well-sorted beads~see Fig. 1!, except for 150–250mm* ,
70–110mm* , and 45–90mm* ~*see text!. Symbols indicate usua
segregation~l!, and reverse segregation~1! according to the cri-
terion chosen.~m! and ~3! indicate experiments very close to th
limit ~usual and reverse, respectively!. The lines link piles whose
surfaces look identical. For a large diameter ratio, a high fraction
large beads is required for the large beads to form a ring, sugge
that the beads are on average located deeper than for a smalle
ratio. For fractions as large as 50%, large beads always form a
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flow in the chute is much thicker and the large beads
moving upward, may not have enough time to reach the s
face. However in the case of pile formation, the thickness
much smaller, and cannot prevent large beads from reac
the surface. We then deduce that the large beads are pr
entially going to an intermediate level inside the bed rat
than being pushed to the surface.

Moreover, the pile experiments show how the segrega
pattern can be sensitive to the fraction of beads. When
creasing the fraction of the large beads, reverse segrega
shifts more or less rapidly to usual segregation~depending
on the size ratio!, revealing that the segregated large bea
are located more or less deeply at an intermediate level. In
cases, the large beads gather at a preferential level in
flowing layer: at the top~surface!, at an intermediate leve
~more or less deep inside!, or at the bottom; hence a variab
number of large particles are shown at the surface. All th
observations suggest a continuous evolution instead o
abrupt limit between usual and reverse segregation. We
pose to define three types of locations of segregated b
and the associated segregations. If the large beads are o
surface of the flow, we call it ‘‘up segregation’’; if they ar
at the bottom, it is ‘‘down segregation’’; and if they ar
somewhere inside the bed, we speak about ‘‘intermed
segregation.’’ With these definitions, the usual segregat
which corresponds to large beads seen at the surface
cludes the up segregation and the highest levels of the in
mediate segregation; the reverse segregation correspon
the down segregation and the levels of intermediate segr
tion deep enough so that the large beads are not visible a
surface.

ll

f
ng
size
g.

FIG. 9. Comparison between three types of large beads~l! 3
mm, ~j! 1.5 mm, and~m! 710 mm in diameter; open symbols
correspond to a white ring composed of small particles~reverse
segregation!, and plain symbols to a ring of large beads~usual
segregation!. The line is the limit obtained from the experimen
done with 3-mm large beads~Fig. 8!. Experiments with 710-mm
large beads have been carried out with well-sorted beads or with
ranges 300–400mm* , 180–212 mm, 150–250mm* , 70–110
mm* , and 45–90mm* . Those with 1.5-mm large beads have be
carried out with well-sorted beads, or with the ranges 180–212
150–180mm. For 3-mm large beads experiments, see Fig. 8.
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C. Rotation in a half-filled drum „or disk…

The drum is half-filled and turns around its axis, which
placed horizontally, and the flowing layer is located on t
free surface. Two processes take place in a drum: radial
regation@2,3# and axial segregation@25,26#. Here we study
radial segregation: up segregation in the flowing layer pus
the beads as far as possible during the flow, and the bead
then located at the periphery of the drum; down segrega
groups the beads near the center of the drum, as they sin
soon as they are injected into the flow.R is the radius of the
cylinder, andr the mean distance from the considered be
to the center.r /R quantifies the location of the segregat
beads and varies from 1~up segregation! to 0 ~down segre-
gation!, 0,r /R,1 corresponding to an intermediate seg
gation ~Fig. 10!.

The drum is 42 mm long, and 48.5 mm in diameter, ma
of steel ~caps! and glass, and half-filled with the homog
neous mixture of small and large beads. The rotation is
tained manually by rolling the drum on a plane. Rotati
speeds are around 0.06 s21 ~from 0.04 to 0.09 s21!, which
corresponds to a continuous flow on a plane free surface.
beads are pushed toward the surface of the flow by the r
tion in the first half of their travel in the flowing phase
Contrary to the case of the pile experiments, where impa
could drive the large beads deep into the flowing layer,
could consider that the initial location of a bead is on t
whole at the surface of the flow. After few revolutions, w
dip the drum into water. It is then possible to open it and
make several cross sections perpendicular to the axis o
drum.

1. Variation of the diameter ratio

A first series of experiments was made with small be
~ranges indicated in Figs. 11 and 12! combined with 16.6%
of large beads~710 mm or 3 mm in diameter!. Once again,
depending on the size ratio, we observe the up, down,
intermediate segregations. During the experiments, the l

FIG. 10. r i is the distance from each large bead to the cente
the drum, andr the mean value of all ther i for each experiment.
The averaging is done with about 30 measurements for experim
involving 3% of 3-mm large beads, with about 90 measurements
16.6%; with 200–500 measurements for higher fractions; and w
only about ten measurements for experiments carried out with
or 0.5% of large beads, in relation with the number of large be
present in the drum in each case.
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beads roll on the surface for small size ratios or rapidly s
for high size ratios. For very large size ratios, they start
move along the slope before reaching the surface, and
embedded in a layer of small beads.

Experiments with 710-mm large beads show axial and ra
dial segregations. For small size ratios~under 2.3!, the large

f

nts
r
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%
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FIG. 11. View of the cross sections inside the drum for tw
diameter ratios~the drum is 4.85 cm in diameter!. The dark beads
are 710-mm beads, representing 16.6% of the total mass in a
composed of~a! 500-mm and ~b! 45– 90-mm* small beads. The
segregation evolves from usual segregation at the periphery o
drum to a homogeneous bed.

FIG. 12. Some experiments done with 16.6% of 3-mm lar
beads in the drum. For each experiment, all the cross sections
added on the same drawing. The location of the large beads evo
from the usual segregation at the periphery to a homogeneous
when increasing the diameter ratio, and then to a gathering in
central core for very large size ratios. Small beads are~a! 2 mm,~b!
710–850mm, ~c! 425–500mm, ~d! 300–400mm* , ~e! 180–212
mm, and~f! 45–90mm* , and the corresponding diameter ratios a
1.5, 3.8, 6.5, 8.6, 15.3, and 44.
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beads are at the surface, and at the periphery of the d
@Fig. 11~a!#. For size ratios from 2.8 to 4.3, the large bea
are located more or less near the periphery. For very la
size ratios~above 7.8!, large beads are uniformly distribute
inside, except in fine layers near the periphery and at
surface@Fig. 11~b!#. The transition toward this ‘‘homoge
neous bed’’ is progressive for size ratios between 4 and
The same patterns with the same limits are observed in
experiments involving 3-mm large beads, indicating that
process depends on the size ratio and not on the diamet
the small beads~Fig. 12!.

The axial segregation is well marked for experiments w
710-mm large beads, and shows two types of features. W
large beads are on the surface, they accumulate preferen
in two surface bands near the caps and form also two la
touching the caps inside the bed. For a reverse segregati
the large beads, the small beads constitute the whole su
and the two layers touching the caps. The link between
axial and radial patterns corresponds to features seen
magnetic resonance imaging technique@27#. This axial seg-
regation prevents us from precisely studying the radial s
regation because the volume fraction of large beads is
constant along the axis. We work preferentially with 3-m
large beads, for which the axial segregation is not w
marked.

A second series of experiments have been carried out
3% of 3-mm large beads. Small beads are generally w
sorted beads~Fig. 1!. Figure 13 shows, for some exper
ments, all the cross sections~5–12 sections by experimen!
added on the same drawing. For each size ratio, the l
beads gather on a circle at a preferential distance from
centerr: there is a segregation. This circle moves from t
periphery to the center when increasing the diameter ra
The ‘‘homogeneous’’ character of the experiment made w
16.6% of large beads can be interpreted as the large b
spreading around this circle as a consequence of the inte

FIG. 13. All the cross sections added on the same drawing
some experiments with 3% of 3-mm large beads. The small be
are~a! 1.5 mm,~b! 850mm, ~c! 600mm, ~d! 500mm, ~e! 425mm,
~f! 300 mm, ~g! 212 mm, ~h! 150 mm, and~i! 90 mm# (#done with
1% of 3-mm beads!. The location of the segregated beads evolv
continuously from the periphery to the center when increasing
diameter ratio, but is always well marked, drawing a half cir
inside the drum.
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tion between the large beads, and is not the result of a
process of mixing.

For each experiment, statistics have been calculated
the spatial coordinates of the large beads~Fig. 14!. Standard
deviations of the distributions of distances from each bea
the center of the drumr i ~represented as error bars! are al-
ways small, indicating the existence of the segregation.
mean distance~r! for the group of large beads evolves co
tinuously from an up segregation (r 5R) to a down segrega
tion (r 50), when the size ratio increases. The maximu
value of r /R is equal to 0.938, corresponding to the ca
where all the large beads are touching the periphery.
minimum value ofr /R is not equal to 0 because of the thic
ness of the flowing layer at the free surface. We assume
this thickness is at least as big as a large bead, and do
take into account the beads located at less than 3 mm f
the surface during the measurements.

The segregation is slightly more efficient for a small si
ratio than for a large one. The lack of space, or the shor
ing of the distance between the large beads, when they ar
gathered on a small circle near the center, could explain
dispersion of the data. In experiments made with 1% of la
beads, the standard deviation is slightly smaller in the exp
ment using small beads of 90mm ~Fig. 14!. Moreover, there
is a shift of the mean value to a smaller value ofr /R ~also
described in Sec. II C 5!. The shift disappears when beads a
gathered in larger circles~for small beads of 212 and 42
mm!. We deduce that when the large beads are close to e
other, they begin to interact and modify the segregation.

The main result of this series of experiments is the cl
visualization of the segregated beads at an intermediate le

r
ds

s
e

FIG. 14. Segregation of 3% of 3-mm large beads in smaller o
~from 2 mm to 68mm! in the rotating drum. The symbols indicat
the mean~d!, minimum ~1!, and maximum~1! values, and the
standard deviations~represented as errors bars! of the distributions
of the distancesr i . Open symbols~s! correspond to experiment
where a range of sizes was used instead of well-sorted beads:
850 mm, 212–250mm, 150–180mm; 70–110mm*, and 45–90
mm* . Symbols~l! correspond to experiments done with only 1
of large beads. Standard deviations are always small, indicating
there is a segregation. For small diameter ratios, the large bead
stacked at the periphery of the drum (r /Rmax50.938); hence there
is up-segregation. For large size ratios, the half circle of coa
beads drifts continuously toward the center, which correspond
down-segregation. For any other cases, there is intermediate s
gation atr, 0,r /R,1.
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PRE 62 969REVERSE AND INTERMEDIATE SEGREGATION OF . . .
The segregation is always well marked for every interme
ate locationr /R of the segregated large beads, and there
continuous evolution of the location with the size ratio. Th
means that the segregation does not act by squeezing
particles out of the bed, putting them neither at the surf
(r 5R) nor at the bottom (r 50). Large particles are locate
at an intermediate level inside the bed, corresponding to
intermediate stopping distancer (0,r ,R).

r /R varies continuously with the diameter of the sm
beads~Sec. II C 1!, and does not seem to be affected by
small variation of the speed of rotation~Sec. II C 2!. Conse-
quently,r does not correspond to a local change in the ch
acteristics of the flow, as for example, a local change of
slope of the free surface or of the geometry of the flow
layer. Moreover,r /R is the same when changing the sm
beads, keepingd2 /d1 constant~Sec. II C 3!, or changingR
~Sec. II C 6!: the flowing layer is not determined by the sma
beads. We deduce thatr /R corresponds to a ‘‘vertical’’ lo-
cation in the flowing layer at the time when the bead sto
~vertical meaning here perpendicular to the free surfa!.
There are two possibilities. First, the large particle is in re
tive vertical motion compared to the flow. This relative m
tion would be interrupted when the flowing layer stops a
the segregation process would not be fully achieved. Follo
ing this hypothesis, in all the experiments withr /R larger
than a certain value~for example 0.5!, the large beads would
go up to the surface~and r 5R); conversely, in experiment
with r /R less than this value, they would go down to t
bottom (r 50). Thus, as all our experiments have been c
ried out in the same drum~i.e., flowing layers stopping at th
same stage!, r /R would measure the ‘‘speed’’ of sinking o
going up relative to the flowing layer. Second, the large b
reaches an equilibrium level within the flowing layer, a
moves with the flow at this fixed vertical location. In th
flowing phase stream lines are straight, and each interm
ate vertical level stops at a different length.r /R then mea-
sures the vertical coordinate of a large particle. That sec
explanation seems more likely because, while a large bea
moving, we observe that its vertical location in the flo
looks constant: a fixed fraction of the large beads is visi
above the free surface of the flow, indicating that a verti
equilibrium level is held during the travel of the large bea
at the surface.

2. Variation of the speed of rotation

For two cases, small beads of 710mm or within the range
212–250mm combined with 3% of 3-mm large beads, w
varied the speed of rotation by a factor of about 10. The l
speeds correspond to the regime where successive
lanches take place~about 0.02 s21!. The high speeds corre
spond to the point where the free surface becomes visu
curved@26# ~about 0.2 s21!. Surprisingly, the results are ver
similar ~Fig. 15!. Our experimental device does not allow
fine control of the speed, and it is welcome that the sp
does not have any influence on the results in the rang
speeds where we did the experiments.

3. Changing both types of beads

A series of experiments has been carried out keeping
size ratio constant, equal to 10, and changing both type
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beads~from 710 mm to 5 mm, considering the large ones!.
r /R does not change when the diameters of small beads
ies~Fig. 16!. If we assume that the geometry of the flow do
not depend on the type of small beads used, this indic
that the relative vertical position of a large bead within t
flowing layer depends only on the size ratio.

4. Variation of the time of rotation

For an intermediate case, 500-mm beads combined with
3-mm ~3%! beads, we vary the number of revolutions of t
drum. No evolution ofr /R is observed~Fig. 17!, suggesting
that the convergence to a steady state is very rapid~less than
one revolution!, and only the values of the standard deviati

FIG. 15. The speed of rotation of the drum does not have
effect on the location of the segregated beads in the range of s
where we did the experiments~from 0.04 to 0.09 s21!. The large
beads are 3 mm in diameter, and represent 3% of the total mass
small beads are~.! 710mm and~d! 212–250mm in diameter.~1!
are minimum and maximum values, and errors bars represen
standard deviations of the distributions ofr i .

FIG. 16. Nondependence of the location of the segregated b
with the type of beads used. Symbols indicate mean values~d!,
minimum and maximum values~1! and standard deviation~errors
bars!. Small beads are 500mm, 400mm, 300mm, 200mm, 150mm,
and 45–90mm* , and corresponding large beads are 5 mm, 4 m
3 mm, 2 mm, 1.5 mm, and 710mm, leading to a constant size rati
equal to 10.



rs
n

s
en
n

o
an

da
ha

s
f

eads

r of
ric
ese
al-
x-

the

ion

at

ial
n

the
ads

re
; the

are

3.5
nd
ob-
ree

pe
rd

e

d o

e

re-

er-
iph-

reas

970 PRE 62N. THOMAS
shows a little focusing of the segregation during the fi
revolution. This agrees with the study of Cantelaube a
Bideau@3# that shows that the segregation pattern reache
steady state in less than one revolution. As our experim
were carried out with three revolutions, our measureme
concern the steady state.

5. Variation of the fraction of large beads

The main influence of the fraction is that the focusing
the segregation in a circle is masked for high size ratios
the deposit looks homogeneous~Figs. 11 and 12!. Interaction
between the large beads is also obvious from the stan
deviations of the 16.6% experiments, which are larger t
those of experiments with 3% of large beads~Fig. 18!. As a

FIG. 17. The location of the segregated beads does not de
on the number of revolutions of the drum. The convergence towa
stationary state is very rapid~less then one revolution!. There are
3% of 3-mm beads in a bed of 500-mm beads. Symbols indicat
mean values~l!, minimum and maximum values~1!, and stan-
dard deviation~errors bars!.

FIG. 18. Segregation of 16.6% of 3-mm large beads in a be
small ones. Symbols indicate mean values~d!, minimum and maxi-
mum values~1!, and standard deviations~errors bars! of the distri-
butions of the distancesr i from the large beads to the center of th
drum. Small beads are 2 mm, 710–850mm, 600–800mm* , 425–
500 mm, 300–400mm* , 180–212mm, 70–110mm* , and 45–90
mm*.
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consequence of this steric effect,r /R does also not reach it
maximum ~0.938! for small size ratios: some pockets o
large beads stacked at the periphery prevent that all the b
touch the wall. For high size ratios,r /R16.6% is larger than
r /R3% ; however, in that case, we observe that the cente
the drum is still not filled with the large beads. The ste
effect is not able to explain the difference between th
values ofr /R. Large beads genuinely segregate at a sh
lower level in experiments with higher fractions than in e
periments with a smaller fraction of large beads.

A series of experiments investigates the influence of
fraction of large beads using small beads of 212mm com-
bined with large beads of 3 mm in diameter, whose fract
varies from 0.5% to 50%~Fig. 19!. Increasing the fraction
leads to a wider distribution, and to a shift ofr /R from 0.45
~reverse segregation! to 0.74 with a large spreading so th
many large beads are stacked at the periphery~usual segre-
gation!. If the beads just filled the space around the init
value ~0.45!, r /R would be equal to 0.45, and would the
tend to 0.66~homogeneous bed! or would follow the r /R
minimum curve~Fig. 19!. r /R minimum ~or maximum! is
calculated taking account of the volume occupied by
fraction, and considering that the whole group of large be
gather at the center~or at the periphery!. But, for high frac-
tions, r /R is about 0.74 which indicates that many mo
large beads are close to the periphery than to the center
large beads segregate closer to the surface when they
present at high fractions.

6. Segregation in a two-dimensional disk

A clear plastic disk, whose internal dimensions are
mm in thickness and 81 mm in diameter, is half-filled, a
rotates around its axis, placed horizontally. Rotation is
tained with a motor at a speed where the flow on the f
surface is continuous~0.04 s21!, with no clamping or jam-

nd
s

f

FIG. 19. Influence of the fraction of large beads on the seg
gation in the rotating drum~3-mm and 212-mm beads!. Symbols
indicate mean values~d! and standard deviations~errors bars!. The
two curves are the maximum and minimum values ofr /R, taking
into account of the volume occupied by the fraction, and consid
ing that the whole group of large beads gather either at the per
ery or at the center. A homogeneous bed corresponds tor /R
50.66. Small fractions correspond to reverse segregation, whe
high fractions lead to usual segregation.
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PRE 62 971REVERSE AND INTERMEDIATE SEGREGATION OF . . .
ming when only filled with small beads. Large beads are 7
mm, 1.5 mm, or 3 mm in diameter. This is not a true tw
dimensional~2D! experiment, because the small beads ar
lot smaller than the thickness of the disk. The segrega
patterns are qualitatively the same as in the 3D drum,
happen for about the same diameter ratios: for a large f
tion ~20%!, the large beads are dispatched everywhere in
for high size ratios~above about 7!, and stacked at the pe
riphery for small ratios~under about 4!. A smaller fraction
~5%, 1%, or 0.28%! leads to intermediate circles of segreg
tion @Figs. 20~a! and 20~b!# for experiments made with
1.5-mm and 710-mm large beads. Once again, we obse
that while a large bead is moving within the flowing layer,
vertical location compared to the free surface seems c
stant: a constant fraction of the large bead is visible ab
the upper surface of the flow. Moreover, its vertical relat
position depends on the size ratio: the large beads are
the surface,’’ then ‘‘a bit inside the layer,’’ then ‘‘half em
bedded,’’ and eventually ‘‘totally embedded’’ when increa
ing the diameter ratio. These observations indicate that
large beads rapidly reach a vertical level and move with
flow at this level, as long as the flow conditions are identic
Quantitatively, the evolution ofr /R versus the diameter rati
for a few 1.5-mm large beads in small ones~Fig. 21! is the
same as those obtained in the 3D drum~except for the maxi-

FIG. 20. Segregation in a two-dimensional drum~the drum is
8.1 cm in diameter!. The beads are~a! 90 mm with 1% of 1.5 mm
and~b! 150mm with 0.28% of 1.5 mm. In both cases, the diame
ratio corresponds to a segregation at an intermediate distancer from
the center of the drum.
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mum value ofr /R). This is compatible with the fact that th
structure of the flow is proportional to the size of the dru
and seems to indicate that the stopping distancer is related to
this structure. We also noticed thatr /R varies slightly with
the speed of rotation if a large range of speed is used~from
0.002 to 0.4 s21!, but this effect will be dealt with in a furthe
investigation.

Nevertheless, only the experiments with 3-mm lar
beads could be considered 2D experiments, and we obse
that 3-mm beads can act as ‘‘plugs’’ and strongly disturb
flow. Indeed, due to the thickness of the disk, small be
cannot easily pass along the sides of a large bead. This
nomenon does not have any effect when the large beads
regate to the periphery, as the large beads roll above
small ones. However, when a 3-mm large bead sinks into
bed and stops on the slope at a distancer, partially embed-
ded, it prevents the following small beads from flowing o
the free surface. Small beads stack behind this large
push it, or flow above it, after a period of accumulation. Th
process greatly modifies the coordinates of the large be
For high speeds of rotation~about 0.2 s21!, the plugs are
rapidly buried by the rotation, and the large beads are u
formly distributed in the drum. At lower speed~limit of ava-
lanching, about 0.006 s21!, the plugs are sometimes pushe
by the main flow, sometimes not. Moreover, the interact
between the large beads is enhanced in the disk: large b
form radial rows~Fig. 22! because they stack behind ea
other.

Previous studies in a 2D rotating drum@2,3# showed that
the locations of one small particle accumulated during s
eral revolutions are the same as the locations of a grou
small particles at a given time. Unlike these studies, it d
not seem possible to investigate the segregation of a grou
large particles by studying the successive trajectories of
large particle in a 2D drum. Moreover, because of the f
mation of plugs, eventually pushed, the pattern of segre
tion may not be the same in a 2D system as in a 3D syst
even for a single large bead. This observation would nee
be checked and studied in a true 2D device, with small a

r

FIG. 21. Location of the segregated large beads in the disk~d!:
1.5-mm beads represent 0.28% of the mass, and the small bead
well-sorted beads. We observe the same quantitative evolutio
for the 3D drum~see Fig. 14!. Due to the geometry, ther /R maxi-
mum value is 0.981.
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972 PRE 62N. THOMAS
large disks of the same thickness as the drum. Because
mass ratio will be related to the size ratio to the power o
and because the packing density and the mechanical stre
are modified in a real 2D system, we expect that the evo
tion of the location of the segregated large disks toward d
levels may occur for larger values of the diameter ratio.

III. SINKING OF THE LARGE BEADS

The three types of experiments presented in this pa
show that large beads can sink inside the deposit instea
segregating at the surface. Comparing the three types o
periments, a visual ‘‘transition’’ between usual segregat
and reverse segregation appears for a size ratio of aroun
However, precise measurements show that this is not a
abrupt transition, and that the location of the segregated la
beads evolves continuously from the top toward the bott
of the flow.

In the present study, two effects are involved in an exp
nation of the segregation. First, a large bead has a large
and geometrical effects push it to the free surface@1#. Sec-
ond, a large bead is heavier than a small one, and its m
drives it down to the bottom@8#. Usually the free surface is
not located at the bottom of the bed, and these two effects
in opposition. For small size ratios~slightly larger than 1! the
geometrical effect is dominant, and the large beads segre
at the surface of the bed. For large size ratios, the mass e
is dominant, and the large beads sink toward the bott
leading to reverse segregation. Further experiments inv
ing beads of different densities and sizes fully confirm t
hypothesis, and will soon be published@28#. It is important
to note that the effect of the mass acting against the g
metrical effect does not require very large size ratios an
already visible for size ratios as small as 2~Fig. 14!. Actu-
ally, these two effects can exactly counterbalance each o
in the case of particles with different densities and sizes@4#,
ending in a homogeneous mixture of the two components
our experiments, the density is the same for all beads,
their mass is proportional to their size to the power 3~and

FIG. 22. Effect of plugs in the segregation in a two-dimensio
drum. The large beads are 3 mm, and the small beads are 180
mm. At a low rotation speed~about 0.006 s21!, there is formation of
radial rows of large beads resulting from the accumulation of la
beads behind a large bead which stopped on the slope, par
embedded.
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the pressure due to the mass of a large bead on the b
proportional to its size!. A high mass allows a large bead t
push away the other beads, so as to create enough spa
go down into the bed. This suggests that the ‘‘squeeze
pulsion’’ term introduced by Savage and Lun@1# could be at
least mass dependent, which implies that it is size depen
in the case of particles of the same composition and, perh
also, friction coefficient dependent@8#. The tendency to sink
will increase progressively when increasing the size ratio
mass and size both vary at the same time; this can exp
the continuity of the evolution ofr /R.

If the two effects of segregation do not counterbalance
a pair of beads, a large bead will go upward or downwa
and may end up either at the top or bottom of the flow. T
packing density of the bed varies from 0% to about 60
from the top to the bottom of the flowing phase~Fig. 23!.
When beads are far from each other, no dynamical siev
occurs; when they are very close no large bead can p
through the network of small beads, and segregation du
the geometrical effect is very efficient. The mechanic
strength of the bed~acting against the push-away effect! will
also vary with the packing density and with the stress in
flow. If the small beads are far from each other~top of the
flow!, it is easy to push away some small beads to cre
some space. If the small beads are close to each other
furthermore, some pressure is applied onto them due to
weight of the upper layers of beads, a large bead can
move them away easily. Qualitatively, the geometrical eff
is weak at the top of the flow, and strong at its bottom.
the contrary, the push-away effect is efficient at the top a
weak at the bottom. This double evolution with the vertic
coordinate suggests that for each type of large bead the
an intermediate level where these two effects balance~Fig.
23!. The segregation could be a means to study the inte
structure of the flowing layer, because a large bead will
cate at a level corresponding to the characteristics of
beads and to particular conditions of stress and packing d
sity within the flow.

l
12

e
lly

FIG. 23. Because of the value of the packing density in the fl
~spacing enhanced on the drawing!, or because of the weight o
beads located at upper levels, the mechanical strength of the
~acting against the push-away effect! is strong at the bottom of the
flow, and weak at the top. The geometrical effect~dynamical siev-
ing! is efficient when beads are close to each other, i.e., more
cient at the bottom than at the top. Thus the geometrical and p
away effects vary in opposite ways with the vertical location with
the flow, and a large bead moves to the level where the two eff
counterbalance.
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A. Influence of the fraction of large beads

The fraction of beads has a strong influence on the se
gation patterns. One of the most convincing facts is that
reverse segregation of large beads in a heap is totally ma
for every diameter ratio if fractions of large beads as high
50% are used. In both heap and drum experiments, segr
tion switches from reverse to usual when increasing the f
tion of large beads. To move downward, a large bead ha
push away the other beads. This is easy when the bead
the medium are light~i.e., small!, but if the medium contains
many large beads, the considered large bead has to
away these heavy beads too. Consequently, large fraction
large beads do not favor the reverse segregation of the l
beads. The strength of the medium is controlled by the
mation of arches. Let us consider an arch of small beads b
onto large beads. Qualitatively, this arch will be less frag
when constituted by only few beads, which is the case
‘‘large’’ small beads, or ‘‘close’’ large beads. Hence, sm
diameter ratios, or high fractions of large beads, prevent
large beads from sinking into the bed. We assume that if
large beads constitute a continuous network for the propa
tion of the stress, it will not be possible for another lar
bead to penetrate the medium. The sinking or floating of
large particles in or on a bed involves the mechani
strength of the bed and the mass of the large particles.

B. How to escape segregation?

One of the problems in industry is to mix various comp
nents, or to prevent their segregation during their transpo
a mixture. A few possibilities come from this study. In a ca
of a drum mixer, a large size ratio~above 7! and a high
enough fraction of large beads~typically 16%! leads to a
relatively uniform distribution of the beads~Figs. 11, 12, and
16!. This comes from a combination of the average locat
of the large beads around aboutr /R50.5, and the interaction
between large beads which spread the distribution throu
out the bed. In a case of granular material traveling alon
slope, a few large beads, with a size ratio above 5, are
tributed inside the bed@Figs. 4~d! and 4~e!#, and a mixture
with a size ratio 4.3 looks truly homogeneous@Fig. 4~c!#.
Counterbalancing equivalent densities and sizes is one
sibility to obtain a ‘‘homogeneous’’ mixture after shearin
@4#; however, here we propose some conditions which
also be efficient for materials of the same density.

C. . . . and the segregation in a polydisperse medium?

In natural systems, very large blocks are often found
the surface of pyroclastic flows. This observation could
pear to be in contradiction with our experimental results
cause the size ratio between the smallest and the larges
ticles is much larger than 10. But a natural medium is ma
of particles with a wide range of sizes, and not only with tw
types of beads. Because of the strong dependence of the
location of the beads on the size ratio~from up to down!, and
without being able to define this main parameter in the c
of a continuous distribution of sizes, it is not obvious how
predict where the segregation will drive one particular ty
of particle.
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Some heaps have been made with three types of parti
revealing the importance of the shape of the sizes distr
tion on the final segregation pattern. For example,~i! a mix-
ture composed of 5% of 3-mm beads, 5% of 710-mm beads,
and 90% of 300–400-mm beads leads to a heap with th
3-mm beads located inside, and 710-mm beads forming a
ring; and ~ii ! a mixture composed of 5% of 3-mm bead
90% of 600–800-mm beads, and 5% of 425-mm beads gives
a heap where 3-mm beads form a ring, and 425-mm beads
gather in a central core inside the pile. In these two exp
ments, 3-mm beads can be either inside the pile or in
ring, corresponding to reverse or usual segregation. In th
simple cases, a large majority of one of the components
lows us to predict the behavior of the beads, by neglect
the third component. However considering a continuous d
tributions of sizes, it is not possible to reduce the segrega
process to a two-component interaction. The segregation
polydisperse medium will probably depend strongly on t
shape of the particle size distribution, and thus this sub
needs further investigation.

IV. CONCLUSION

In three types of experiments, we show that segrega
by sizes in a granular medium sheared in a frictional regi
does not always drive large beads to the surface of the
as previously described. We found that for a mixture
beads of the same density, there is an obvious reverse s
gation of the large beads for size ratios above about 5:
even one large bead is on the surface. The previous mod
the process of segregation based on the diameters of
bead, and their probabilities of finding a hole of their siz
fails to explain these new features of segregation. This
plies that some other characteristics~mass, friction coeffi-
cient, etc.! are also involved in the segregation process. W
show that the effect of the high mass of large beads pus
them down into the bed. For a small fraction of large bea
the segregated beads locate at a particular intermediate
inside the flow. In the three types of experimental dev
~formation of a heap, flow in a channel, and flow in a ha
filled rotating drum!, the location of the segregated larg
beads evolves continuously from the surface to deeper le
when increasing the size ratio. Because of this particular
pendence of the location of the segregated beads on th
ameter ratio, it will not be possible to easily extrapolate fro
our study, involving only two types of particles, to the ca
of segregation in a continuous polydisperse size medi
such as natural avalanche materials.

In our experiments, carried out with beads of the sa
density and of two different sizes, the intermediate levels
segregated beads are interpreted by the existence of a
tion within the flow, where the geometrical effect pushing
large bead up to the free surface and the mass effect pus
it down to the bottom exactly counterbalance. The segre
tion is the result of a balance between various effects,
not as a squeezing out of one type of particle out of the m
bed. Consequently, for beads of different densities, the s
regation could place the large beads at any intermediate l
depending on their mass and size. We also show that w
ing with large fractions of large beads can lead to ‘‘homog
neous’’ mixtures depending on the vertical coordinate of
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mean level where the segregated beads locate. Adjusting
size and fraction of the components could be a mean
prevent the segregation or to mix the components. T
method could be extended to the case of particles of diffe
densities, leading to a whole range of possibilities to prev
segregation in granular media. Moreover, as the lo
strength of the bed and the geometrical effect depend on
structure of the flow, these segregated bead levels will p
sibly appear at different heights during some other regim
et

.

n

the
to
is
nt
nt
l

he
s-
s

of flow, and the segregation could be a means to study
stress field and the internal structure of the granular flow
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