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Rodolfo O. Uñac, Luc Oger and Ana M. Vidales



DOI 10.1140/epje/i2015-15124-2

Regular Article

Eur. Phys. J. E (2015) 38: 124 THE EUROPEAN

PHYSICAL JOURNAL E

Segregation in a model system for tapped wet disks in two
dimensions
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Beaulieu, CS 74205, 35042 Rennes Cedex, France

Received 8 June 2015 and Received in final form 26 August 2015
Published online: 30 November 2015 – c© EDP Sciences / Società Italiana di Fisica / Springer-Verlag 2015

Abstract. The problem of segregation of mixtures in a column of wet disks subjected to tapping is studied
through a simple model that simulates, through a pseudo-dynamics algorithm, the formation of the packing
and the successive tapping of it. The particles consist in a binary mixture of disks with two different sizes
and the capillary forces are simulated stochastically by a sticking probability between the particles. We
have recently shown that arch formation is one of the chief mechanisms determining size segregation in a
non-convecting ensemble of dry disks (R.O. Uñac et al., Eur. Phys. J. E 37, 117 (2014)). In the present
paper, we focus on the special role that capillary bridges can have on this type of segregation process,
besides the proven effect of the presence of arches. We find that humidity between grains can enhance
the segregation process in a binary mixture. In particular, for the case of the segregation of an intruder,
humidity can promote the rise of the big particle even in cases where the number or the size of the arches
would not normally favor the climb.

1 Introduction

The problem of segregation of a granular medium is a
longstanding one and has been studied deeply in the last
decades given that it is present every time that grains with
different properties are manipulated [1–5]. Both the type
of action performed over the grains (vibration, pouring,
shearing, etc.) and their properties (size, shape, density,
roughness, among several others) are very often the causes
of serious industrial problems where the separation of par-
ticles with different properties is undesirable [6–9].

Not all the mechanisms leading to segregation are yet
well understood. In particular, size segregation by shaking
or by tapping is still a matter of several questions [3,10–
12]. The extent and possibilities for segregating a mixture
of grains with different sizes will depend on the external
excitation parameters like shaking intensity, frequency, ex-
ternal relative humidity, waiting time between perturba-
tions, gravity, and so on. Besides, the properties of the
sample are crucial, i.e., the size ratio between particles,
the size of the system, the presence of walls, the asymme-
tries in the response to excitations, the internal humidity
and the presence of electrostatic interactions.

There are numerous models and numerical simulations
of the above situations to study the influence of the vari-
ous parameters, especially in the simple case of bidisperse
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grains with equal density and a smooth surface or, at least,
where both species have the same roughness [13,14].

Despite the many parameters that come into play in
the process of segregation, it is still surprising that the
simple action of tapping a bidisperse sample of dry disks
in a 2D container with a base and two vertical walls, and
the mere presence of an asymmetry, like gravity, is enough
to provoke size segregation. Even if this is a simple exper-
iment, the relationship between arching and segregation
has been demonstrated only recently. Indeed, there is a
correlation between the number and size of the arches
formed by a particle with its neighbours and its chance
for rising in a column of smaller particles [15].

Although in real scenarios the presence of humidity is
a questionless fact, considering capillary interactions be-
tween particles is not easy to model or measure when an
experiment is performed. For that reason, much work still
remains to be done in the field of wet granular matter. In
the particular case of vibrated granular media, progress
has been made in studying the influence of humidity on
the segregation patterns [16,17]. However, there is still
lacking, to our knowledge, of investigation on the effect
that capillary bridges and arches can have in the chance
for wet particles to segregate in a tapped column.

Given the interest of the topic and the results recently
found for dry disks, we propose here studying the effect
that humidity has in the segregation process that occurs
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in bidisperse mixtures of wet disks in a vertical, rectan-
gular container. To this end, we perform numerical sim-
ulations through a simple model that puts into relevance
the geometric hindrance between particles, the asymme-
try imposed by gravity and the changes in the interactions
due to the presence of humidity between the grains. This
last feature is simulated by a simple stochastic model.

2 Simulation model

2.1 Reference model

We base our study on simulations using a pseudo-
dynamics algorithm that puts into interaction inelastic
hard disks. This model has been designed by Manna and
Khakhar [18] and has already been used previously by
other authors [19,20] and in our own investigations [15,21,
22]. Unlike DEM simulations, the evaluation of the forces
between particles (or any other dynamical interactions in-
side the system) is not performed. To govern the evolution
of the system, we take into account the direction of gravity
and the local geometrical constraints due to the presence
of other grains. The disks are deposited in a 2D rectan-
gular box. The pseudo-dynamics method consists in small
falls and rolls of the grains until they come to rest by con-
tacting other particles or the system boundaries. We use a
container formed by a flat base and two flat vertical walls.
No periodic boundary conditions are applied.

A particle in the container can have only two types of
movements: it can either fall vertically along a length δ,
or it can roll an arc-length δ over another particle in con-
tact [19,20]. If, in the course of a fall of length δ, a disk
collides with another disk (or the base), the falling disk is
put just in contact and this contact is defined as its first
supporting contact. Likewise, if during a roll a disk col-
lides with another disk (or a wall), the rolling disk is put
just in contact with this new one. If the first supporting
contact and the new contact are such that the disk is in
a stable position (the horizontal coordinate of the center
of the disk falls in between the ones of the two contacts),
the second contact is defined as the second supporting
contact; otherwise, the lower of the two contacting parti-
cles is taken as the first supporting contact of the rolling
disk and the second supporting contact is left undefined.
If, during a roll, a particle reaches the same height as the
supporting particle, this first supporting contact is left un-
defined (in this way the particle will fall vertically in the
next step instead of rolling underneath the first contact).
Disks with two supporting contacts are considered stable
and left in their positions.

A moving disk can change the stability state of other
disks supported by it, therefore, this information is up-
dated after each move. The full process of deposition is
over once each particle in the system has two supporting
contacts defined or is in contact with the base (particles
at the base are supported by a single contact). The coor-
dinates of the centers of the disks and the corresponding
labels of the two supporting particles, wall, or base, are
saved for analysis.

For very small values of δ, this method yields a realis-
tic simultaneous deposition of grains with zero restitution
coefficient. We chose δ = 0.0124r (with r the radius of the
smaller particle in the system) since results for smaller val-
ues of δ show to be indistinguishable from those presented
here [20]. Simulations are carried out in a rectangular box
of width 49.56r containing 1500 disks of two different radii
r and R, where R is the radius of the big particles. This
number of particles is large enough to avoid scaling effects
and it is small enough to make tractable the simulation
time in a large tapping process like the one implemented
here.

As we will see below, two kinds of situations are stud-
ied here to analyze the effect that humidity has on a seg-
regation process by tapping. First, the segregation under
tapping of a single large particle of radius R (the intruder)
surrounded by smaller particles of radius r is studied. It is
known that for such system in dry conditions, the intruder
may raise to the top of the column or not, depending on
the size ratio R/r and vibration intensity [23,15]. We want
to prove here how humidity can affect the critical size ratio
for the segregation of the intruder with the same tapping
amplitude.

Secondly, the segregation of binary mixtures with a
given size ratio R/r is studied. The concentration of big
particles is defined through the value of X as the ra-
tio of area occupied by big and small disks, i.e., X =
(Nb/Ns)(R/r)2, where Nb is the number of big disks and
Ns the corresponding to small ones. The results presented
below correspond to X = 0.25 and R/r = 3.0, but other
concentrations (where X is always less than 1) have been
inspected. The results are not substantially different than
the ones presented in the next sections.

2.2 Simulation of the cohesion forces

When humidity is present between the grains of a granu-
lar packing, the extent of the changes in its behavior will
depend, as could be expected, on the amount of liquid
distributed between the grains. Thus, several states can
be distinguished for a granular ensemble as a function of
humidity content [24].

In particular, a wet granular sample at low liquid con-
tent presents a network of capillary bridges connecting
the grains and this network will be crucial in determin-
ing the segregation behavior of the system [16]. In the
present study, we consider situations where cohesion pre-
dominates over other effects of the presence of liquid in the
system such as lubrication and viscosity [17]. Our model
represents a granular assembly in the so called “pendular
state” according to the classification by liquid content [24].
In the pendular state, particles are held together by the
attraction of the capillary bridges at their contact points.

As the result of a non-equilibrium thermodynamic sit-
uation, a capillary bridge is formed thanks to the collapse
of the liquid film that covers the surface of two grains, thus
bending with a given curvature and forming the mentioned
bridge [25]. If the particles are moved away from each
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other by a certain distance, a so-called pendular bridge
appears due to the bridge stretching [26].

Among the different factors affecting the total capillary
force in a static liquid bridge [27], we consider here that
the contact angle is zero (complete wet) and that the sur-
face tension of the liquid is constant all over the system.
Other variables as the separation distance between the
two particles participating in the formation of the liquid
bridge and the volume of the liquid bridge, are considered
here as stochastic variables since each bridge in the system
may have a different volume and separation depending on
local conditions and contact history. Moreover, in a real
scenario, the liquid is not necessarily uniformly distributed
over the disks, and the formation of a liquid bridge also
depends on the rugosity of the particle surface [26]. In
our model, the choice of a sticking probability somehow
simulates these variables that are otherwise difficult to
characterize. These important factors are introduced in
the simulations through a single parameter P0 which is
described below. Besides, in our model, we only count as
a capillary bridge, the contact between two particles that
is able, alone, to fully stabilize one of the touching grains.

It is important to notice that, in a real pendular state,
some capillary bridges formed between particles do not
necessarily contribute to the stabilization of the particles.
This situation is not taken into account in our present
simulations.

In fig. 1 we show the force balance situation of two
disks in contact. A given particle i, with a driving force
due to gravity W , is in contact with a lower partner j.
We define γ as the angle formed by the segment joining
the two centers of the two particles in contact and the
horizontal (see fig. 1). Assuming that the suction Fsuc [17]
does not depend on the angle γ, the forces involved will
be

Fn = Fsuc + Wn = (Fsuc + W sin(γ))n̂

in the normal direction of the contact, (1)

Ft = W cos(γ)̂t in the tangential direction. (2)

Provided that particle j is fixed in its position, the
normal force Fn is responsible for the adhesion of particle
i onto the bottom partner j. Further, the tangential force
Ft provides the torque that drives particle i into rolling on
top of particle j. Let us assume that the average suction is
x times the driving force due to gravity for a small particle
(i.e., Fsuc = xW s), where W s is the driving force for the
small particle. We consider bidisperse systems where the
particles have two different driving forces. Then, we have,

for small (or big) particles, F
s(b)
n = W s[x+(W s(b)

W s ) sin(γ)].
This means that the total forces that are responsible for
maintaining the particles (small or big) in contact with

any particle will vary between W s(b)[x + (W s(b)

W s )] and

W s(b)[x− (W s(b)

W s )] for a small or a big particle rolling over
any other particle as γ goes from π/2 to −π/2. For x < 1,
negative values of Fn are obtained for some configurations
of dangling disks. This corresponds to the normal compo-
nent of the particle driving force overcoming the suction,

Fig. 1. Schematic diagram of the forces acting on a particle
i which is forming a capillary bridge after contacting another
particle j during deposition.

which invariably leads to the detachment of the dangling
disk.

In our model, we implement capillary bridges through
a stochastic mechanism so that a particle may be stuck
during its rolling down over another particle due to suc-

tion. The actual sticky probability P
s(b)
sticky is then propor-

tional to the normal force applied on the rolling particle at
a given angle γ measured from the horizontal [22]. Thus,
it is given by

P
s(b)
sticky(γ) = max

⎧

⎨

⎩

0, P0

[

x +
(

W s(b)

W s

)

sin(γ)
]

x + 1

⎫

⎬

⎭

. (3)

In eq. (3) we have divided the normal force by its max-
imum possible value and introduced the proportionality
constant P0 to control the maximum sticky probability:
P0 = 1 means that stickiness is maximum whereas P0 = 0
means that particles do not stick (dry case). Through this
simple modelization, we are able to study different “wet-
ting” conditions between particles, thus emulating differ-
ent degrees of humidity in the pendular state. Moreover,
as we assume that all particles have the same density and

our system is two-dimensional, we can replace W s(b)

W s by

(R
r
)2. It is important to say that, in our model, the incre-

ment of the volume of water present in each bridge is not
defined and only the existence or not of a liquid bond is
considered. Thus, any discussion about the total humid-
ity present in the system is not possible to develop. For
that reason, the link to the wetting status of the column
is made through P0.

The max function in eq. (3) takes care of the situa-
tion where x < 1 for which the second argument may
become negative indicating that the particle must detach

(i.e., P
s(b)
sticky(γ) = 0). Nevertheless, all our simulations

have been carried out setting x = 1.

2.3 Packings of sticky disks

The pseudo-dynamics of the sticky disks follows the same
rules as explained elsewhere [21,22], and it is mainly the
same as for dry hard disks. In this section we will provide
a guide explanation just recalling some of its main aspects
and suggest to the reader to go to [21] for deeper details.
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If in a given iteration a disk already has one single po-
tential supporting contact there are two possibilities: i) to
stick through a capillary bridge to the supporting particle

and so become immobilized (probability P
s(b)
sticky(γ)), or ii)

to move on by either a roll or a free fall. A particle that
sticks is an example of the situation in which the strength
of the capillary bridge is enough to prevent the particle
from further rolling on top of its supporting disk. If the
supporting particle does not move further in future time
steps the disk will remain in its stable position held by the
capillary bridge.

A particle that does not stick to its first potential sup-

port (probability [1− P
s(b)
sticky(γ)]) corresponds to the situ-

ation in which either a capillary bridge does not form at
the contact or the driving force of the disk overcomes the
strength of the capillary bridge. For this reason the par-
ticle can roll down the surface of the lower partner. If a
bridge exists, and the suction is not too weak, one expects
that the particle may keep rolling without detaching from
the surface of the contacting disk even after reaching a
lower position with respect to its partner. All along the

rolling, the disk has a chance to stick [P
s(b)
sticky(γ)] at ev-

ery iteration and become immobilized. At each step, the
chance is independent of the previous iteration. However,
once the particle has rolled to a position beneath its sup-
porting partner, and provided that the particle does not
stick, there is a probability for the particle to detach and
fall freely, and a probability for it to keep rolling in con-

tact. We use again [P
s(b)
sticky(γ)] to set the probability that

a particle dangling beneath its support will roll in contact
without detaching [21]. This probability does not need to
be the same as the sticky probability, but it has to be re-
lated to the strength of the capillary bridge. We have cho-

sen [P
s(b)
sticky(γ)] for this probability in order to reduce the

number of control parameters in the model. Notice that in
this case the disk is not stuck—i.e., it is not immobilized—
but remains in contact. In the next iteration, the disk will
again have the chance to stick. It is worth mentioning that,
since in our simulations P s

sticky(−
π
2 ) = P b

sticky(−γc) = 0

(recall that x = 1), where γc = sin−1[( r
R

)2], all particles
that do not stick but roll dangling from its partner will
eventually detach at the point γ = −π

2 for small parti-
cles and γ = −γc for big ones, unless a second contact is
formed during rolling.

In summary, a particle that contacts another disk with

0 < γ < π/2 has a probability P
s(b)
sticky(γ) to stick and a

probability [1−P
s(b)
sticky(γ)] to roll. However, if (−π/2 < γ <

0) for a small particle, or (−γc < γ < 0) for the bigger, the

particle has a probability P
s(b)
sticky(γ) to stick, a probability

[1 − P
s(b)
sticky(γ)][P

s(b)
sticky(γ)] to roll, and a probability [(1 −

P
s(b)
sticky(γ))2] to detach.

2.4 Tapping process on the columns

Initially, the configuration is obtained by placing the disks
at random in the space inside the simulation box, with

a very low packing fraction. An initial deposition takes
the system to its first stable configuration. After the ar-
ray of particles attains a stable configuration, a tapping
process is started. All vertical coordinates of the parti-
cles are multiplied by a factor A > 1. The disks are also
subjected to Monte Carlo steps (around 20) to randomly
move small displacements, ξ, in both directions, horizon-
tal and vertical, uniformly distributed in the length range
0 < ξ < A− 1 [21]. New configurations having overlapped
disks are rejected. This disordering stage is important to
avoid particles falling back again into the same positions.
Moreover, the upper limit for the random displacements
(i.e. A − 1) is deliberately chosen so that a larger tap
promotes larger random changes in the particle positions.

It should be noted that, before a tap, all particles are
effectively disconnected, with no contacts between them.
Besides, for P0 �= 0, all the liquid bridges are removed,
thereby preventing the formation of permanent clusters.
This of course will avoid the possible correlations that
clumps formed in a previous deposition could introduce
to the structure of the packing.

The tapping intensity A ranges from 1.1 to 2.0. For
each value of A and each size ratio R/r studied, 5 × 103

taps are applied to the sample.
The Manna et al. method [18] has the advantage that

fully static configurations are obtained after each tap with
each disk sustained by other two disks by definition, in the
dry case. All the history of formation of the packing can be
followed during the simulation. This leads to a straight-
forward definition of the arches in the system and the
knowledge of the capillary bridges between particles. This
can be also done, although with much more computational
effort, on molecular dynamic type simulations [28].

2.5 Identification of arches and capillary bridges

As said before, the role of arches in the segregation of
a column of particles of different sizes is one of the key
points to understand the problem [15,23,29,30]. As we will
see in this paper, the behavior of arches in the presence
of humidity is crucial in the explanation of the values of
the segregation indices for mixtures at a given humidity
content represented by P0.

Arches can be readily extracted from our pseudo-
dynamics simulations since they are defined by construc-
tion of the granular sample and we know all the formation
history of the packing [15].

Two disks A and B are said mutually stable if A is the
left supporting particle of B and B is the right supporting
particle of A, or vice versa. Arches are sets of mutually
stabilizing particles in a static granular sample [31,32]. In
our pseudo-dynamics simulations we first identify all mu-
tually stable particles and then find the arches as chains
of particles connected through these mutual stability con-
tacts. Since our algorithm rests on defining which disk is
a support for another disk during the deposition, this in-
formation is available in our simulations.

Details on the properties of arches found in
pseudo-dynamics simulations can be found in previous
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works [15,20,33,21]. One interesting feature to remark is
that arches are much less preeminent in regions where or-
dering is present [15]. In particular, for monosized systems
at different tap intensities where an order-disorder tran-
sition is observed, there is a sudden drop in number of
arches in the ordered phase [33].

One of our objectives in this work is to put into evi-
dence the role that humidity has on the segregation pro-
cess in the case of an ascending intruder. In this case, the
behavior of the capillary bridges as a function of tapping
number and P0 is important to explain the differences
in the critical size ratios for ascension of a dry intruder
compared to that for a wet one. The determination of
this number is straightforward in our simulations. Each
time a particle sticks to another, forming thus a capil-
lary bridge, we label that contact and keep the label as
soon as the bridge is conserved following the rules ex-
plained in sect. 2.3. When the column of disks has at-
tained a stable configuration, we can easily count the la-
bels and determine the number of bridges present in those
configurations.

3 Results and discussion

3.1 Segregation for a wet intruder

As said before, one of our interests consists in studying
the behavior of an intruder, i.e., a single big particle with
radius R, submerged in a bath of 1499 smaller particles
of radius r, all of them contained in a rectangular box, as
described in a previous section, and subjected to a tapping
process.

The first important result is that the critical size at
which an intruder is able to reach the top of the col-
umn is notably changed under the presence of humidity. In
fig. 2(a) we show the height of the intruder (initially placed
at the bottom of the simulation box) as a function of the
number of taps applied to the system with A = 1.1 and
P0 = 0.01. At these low tap intensities, the wet intruder
still rises to the top of the column even for R/r = 4.0.
Surprisingly, this ratio is less than the one expected for a
dry intruder, which was 4.5. Even more, for R/r = 3.0, the
wet intruder reaches higher inside the column than does
the dry one, although neither of them succeed in reach
the top for the tapping numbers investigated [15]. For ra-
tios less than 3.0, the intruder practically remains at the
bottom of the system and, eventually, only rises up a few
small particle diameters, like in a dry system.

Figure 2(b) shows the case for A = 1.1 and P0 = 0.10
where even an intruder with a ratio R/r = 2.5 almost
reaches the top of the column. Note that the top most of
the column (i.e., the maximum height of the packing) is
higher in this case than for the previous humidity value,
in agreement with a looser structure caused by a larger
number of capillary bridges [21]. In simulations and ex-
periments [29,34–36], the reference to a transition between
one state with a trapped intruder to one with an intruder
that reaches the top, is often used and a critical size ratio
is sought for each case. In our present results and in the

context of our model, one can state that capillary bridges
produce a shift down for the critical ratio.

The second result is that an increase in the tapping
intensity enhances both the probability of the intruder to
reach the surface and the rise velocity, even for small size
ratios. This is shown in fig. 2(c). For R/r = 2.0, a small
oscillation is observed after the intruder completely rises
and for R/r = 1.5, the intruder sinks in the bulk after
reaching the top and it is not clear if, in a longer tapping
process, it would eventually rise again. It is important to
remark that the top most height of the tapped column
also increases with tapping intensity [21].

For higher humidity, the intruders of all size ratios
inspected succeed in reaching the surface, as shown in
fig. 2(d). A singular behavior is found in the present sce-
nario. First, for the larger size ratio, the behavior is similar
to the preceding case, i.e., once the big particle rises to the
surface, it stays on it. For intermediate size ratios, the in-
truder gets to the top, then gradually sinks into the bulk,
and it never emerges again. Finally, for the smaller size
ratios studied, the intruder presents oscillations of great
amplitude between the top and the bulk of the column.
These oscillations are not due to convection rolls because,
as explained in earlier papers, they are not present in these
simulations [15]. They are rather due to the competition
between the intruder size ratio (to a larger size, a higher
rising probability) and the probability of occurrence of the
capillary bridges, which depends on the particle size (to
a smaller particle size, a higher probability for the cre-
ation of a capillary bridge). In fig. 3 we show a snapshot
of the trajectory of the oscillating intruder for A = 1.3,
P0 = 0.10 and R/r = 1.5.

Figure 4 shows the mean velocity of the intruders (in
arbitrary units) with different ratios for A = 1.10 and
three different humidity contents. This velocity is calcu-
lated as the mean slope in the corresponding plots of the
height of the intruder vs. tapping number. The effect of
humidity is clear. For the dry case there is a net transition
at R/r = 4.5 [15]. For low humidity, the transition shifts
around R/r = 2.5 to 3.0, while for a higher humidity, it
disappears. On the other hand, at a given size ratio, the
rising velocity is larger for larger humidity content. Notice
however that these values will depend on the vibration in-
tensity.

Another important finding is the role of both, arches
and capillary bridges, in the climbing of the intruders.

As humidity increases, the average size of the arches
where the big particle is participating is smaller during
all the tapping process (fig. 5(a)). Nevertheless, the mean
size of those arches is enough for the big particle to rise.
This is in agreement with the behavior of the percent-
age of configurations without arches (fig. 5(b)), which is
low up to 1000 tappings. As expected, once the intruder
gets to the surface of the packing, the mean size of the
arches becomes smaller (tending to zero) and, as a con-
sequence, the percentage in fig. 5(b) tends to 100%. This
puts into evidence the role of arches in the climb for the
large size ratio 5.0. Besides, it is important to notice that
the increase in the number of capillary bridges enhances
the rise of the intruder, as can be appreciated in fig. 5.
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Fig. 2. Height of the intruder (in arbitrary units) as a function of the number of taps applied to the system for (a) A = 1.1
and P0 = 0.01; (b) A = 1.1 and P0 = 0.1; (c) A = 1.3 and P0 = 0.01; and (d) A = 1.3 and P0 = 0.10. The size ratios, R/r, are
represented as: solid squares, 1.5; open circles, 2.0; solid up triangles, 2.5; open down triangles, 3.0; solid diamonds, 4.0; open
left triangle, 4.5; solid right triangle, 5.0 and open hexagon, 6.0.

The behavior for R/r = 3.0 has some differences
(fig. 6). On the one hand, a reduction in the mean size
of the arches is also observed as humidity increases and,
as in the dry case, the size is, in average, smaller than
for R/r = 5.0 [15]. On the other hand, and even having
a larger mean size for arches in the case of P0 = 0.01
than for P0 = 0.1, it is important to remember (fig. 2(a))
that the intruder for R/r = 3.0 does not get to the top
of the column for P0 = 0.01, while for P0 = 0.1 it does
segregate. Here, the role of capillary bridges becomes even
more important, as we will see below.

The percentage of configurations without arch is espe-
cially high for P0 = 0.1, while for P0 = 0.01 it is more
comparable to the dry case. This would lead to expect
that the intruder will be unable to reach the top of the
column. Nevertheless, as already demonstrated above, for
a high humidity value, the intruder succeeds to segregate.

Finally, in fig. 7(a) and (b), we show the average num-
ber of capillary bridges per particle, in the whole system,
for P0 = 0.01 and P0 = 0.1, respectively. In parts (c)
and (d) of the same figure, we plot the average number
of capillary bridges formed by the intruder. All columns
are tapped at A = 1.1. It is important to say that capil-
lary bridges have their own history of formation. They oc-
cur during the pseudo-dynamical relaxation process, with
a given probability, when two particles are in contact.

Besides, that two particles are in contact, is the result
of the present configuration, which, in turn, is correlated
to the previous history of the packing.

The average number of bridges for all the particles at
low humidity has a mild decrease as the tapping proceeds
(fig. 7(a)), and it is very similar for both size ratios. For
R/r = 3.0, the decrease is greater at the first two hundred
taps and practically stays unchanged for the rest of the
simulation. For R/r = 5.0, the drop is smoother and sus-
tained over all the tapping process. Nevertheless, one may
say that both systems present similar features regarding
the total number of capillary bridges and that the size of
either intruder does not affect greatly the global behav-
ior. The same conclusion could be drawn for the behavior
at P0 = 0.1 (fig. 7(b)), although the average number of
bridges is markedly higher.

The behavior of the number of capillary bridges that
support the intruder at low humidity is different for dif-
ferent size ratios. In average, the smaller intruder forms
less supporting bridges with the bath of particles than
the bigger one (see fig. 7(c)). This lower number, and the
fact that arches are smaller for R/r = 3.0 compared to
R/r = 5.0 (see part (a) in figs. 5 and 6), does not make
the intruder to ascend. For P0 = 0.1, the number of capil-
lary bridges for the intruder drastically increases for both
size ratios, as seen in fig. 7(d). Here the smaller intruder
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Fig. 3. Trajectory of an intruder for A = 1.3, P0 = 0.10 and
R/r = 1.5. The intruder is initially placed at the bottom of the
column. This snapshot can be compared with fig. 2(d), where
one of the curves corresponds to this case. The configuration
of the disks corresponds to their stable position after the last
tap.

forms, in average, the same number of bridges as the big-
ger intruder does in the course of the tapping process.
Thus, the smaller particle has a better chance to rise.

3.2 Segregation in a wet mixture

As in the case of dry binary mixtures previously stud-
ied [15], we work here with the size ratio R/r = 3.0, with
a total of 1500 disks and a concentration X = 0.25, i.e.,
Nb = 40 and Ns = 1460. We also examine other size ra-
tios and concentrations, but the results are qualitatively
the same as the ones presented below. For instance, in the

Fig. 4. Mean velocity of the intruders (in arbitrary units)
for different size ratios and for A = 1.10 and three different
humidity contents: P0 = 0.00 (triangles), P0 = 0.01 (circles)
and P0 = 0.10 (squares).

Fig. 5. (a) Average number of particles participating in the
arch formed by the intruder as a function of the number of
taps for A = 1.1 and R/r = 5.0, P0 = 0.01 (circles) and
P0 = 0.1 (squares). (b) Percentage of configurations where the
intruder does not form any arch as a function of the number
of taps for A = 1.1 and R/r = 5.0, P0 = 0.01 (circles) and
P0 = 0.1 (squares). The size of the arch is averaged over a
dozen configurations taken every ten taps at chosen intervals
along the process.
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Fig. 6. (a) Average number of particles participating in the
arch formed by the intruder as a function of the number of
taps for A = 1.1 and R/r = 3.0, P0 = 0.01 (circles) and
P0 = 0.1 (squares). (b) Percentage of configurations where the
intruder does not form any arch as a function of the number
of taps for A = 1.1 and R/r = 3.0, P0 = 0.01 (circles) and
P0 = 0.1 (squares). The size of the arch is averaged over a
dozen configurations taken every ten taps at chosen intervals
along the process.

case of X = 0.5 or X = 0.75, for the same R/r = 3.0,
the results do not change considerably because the in-
troduction of more big particles in the mixture does not
accelerate the segregation process. In the case of other
size ratios, we have just preliminary inspected size ratios
close to 3.0 (between R/r = 3.0 up to 3.5) and we did
not found any substantial difference. We study three dif-
ferent sticking probabilities with P0 = 0.01, 0.10 and 0.25.
The results for this last humidity value are qualitatively
similar to those for P0 = 0.10.

After each tap, we analyze the resulting stable config-
uration. Two different indices are used to characterize the
segregation process as a function of the number of taps.
The first index is defined as

I1 = 2
Hs − Hb

Hs + Hb
(4)

Cimarra et al. [4] defined the same index, where Hs

and Hb are the mean height for small and big particles,
respectively. I1 is zero if the system is well mixed in the
vertical direction and, when big particles tend to segre-
gate to the top of the column during tapping, I1 becomes
negative. Its minimum value will depend on the particular
parameters of the mixture, i.e., size ratio and concentra-
tion X of disks.

To show the evolution of the contacts between particles
of different sizes, we define a second index I2 that counts
the number of contacts Nsb between disks of different ra-
dius. Thus, dividing this number by the total number of
particles, N , we obtain the second index as: I2 = Nsb/N .
It is expected that, as the segregation proceeds, I2 will at-
tain smaller values. When the phases of big and small par-
ticles completely separate, I2 fluctuates around the frac-
tion number of contacts at the interface between the two
phases, i.e., the upper phase of big particles and the bot-
tom phase of small particles.

Results below show that the increase in the tapping
intensity contributes to enhance the segregation velocity
and, at high humidity, that capillary bridges build a looser
structure, giving a higher segregation degree.

Figure 8 shows the evolution of I1 as a function of the
tapping number until 5000 taps. We compare the results
for different levels of humidity with the dry case and for
different A. Concerning the influence of the tapping in-
tensity in both wet and dry cases, it is observed that an
increase in A contributes to an increment in the segrega-
tion velocity. For A = 1.1, we observe a different behavior
for P0 = 0 and P0 = 0.01 (fig. 8(a) and (b)) compared with
P0 = 0.1 (fig. 8(c)). At low humidity, the column does not
segregate completely even up to 5000 tappings. However,
for high humidity, the system reaches a totally segregated
state. This is because, at a low amplitude and low humid-
ity, the grains significantly compact, favoring the entrap-
ment of the larger particles [15]. On the other hand, for
greater humidity, the presence of capillary bridges causes
a more loose structure, producing a higher segregation de-
gree.

Figure 8(d) compares the segregation process for A =
1.1 and the three different humidity degrees chosen for
simulations. The delay in the segregation process for the
wet cases is clear compared with the dry case. Never-
theless, around tapping 2000, a change in the velocity of
the process is observed and the wet cases segregate more
quickly than the dry one. The increase in compaction with
the number of tappings in the dry and low humidity cases,
as already reported in [21], could explain the crossing of
the curves in fig. 8(d), along with the behavior observed
for arches as humidity increases, as we will see below.

A similar analysis can be performed for the other tap-
ping intensities. At a given A, the segregation process is
slower as humidity is higher. The explanation of this be-
havior is based on the analysis of the arches as the tapping
intensity and humidity increase, as we will show below.

It is worthy to say that the behavior for higher hu-
midities is quite similar to the one found for 0.1 and does
not provide many more elements to the discussion.
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Fig. 7. Results for A = 1.1, R/r = 3.0 (circles) and R/r = 5.0 (squares). Average number of capillary bridges per particle, for
all the particles in the system vs. the number of tappings: (a) P0 = 0.01; (b) P0 = 0.1. Average number of capillary bridges
supporting the intruder vs. the number of tappings: (c) P0 = 0.01; (d) P0 = 0.1. The number of bridges is averaged over a dozen
configurations taken every ten taps at chosen intervals along the process.

In fig. 9 we present the results for segregation index I2.
As in the case of dry columns [15], I2 presents larger fluc-
tuations than I1 all over the segregation process. While
I1 decays slightly initially, the contacts between disks of
different sizes —characterized by I2— do not change sig-
nificantly during the first 50 tap for the dry case, even
at large tap intensities. This effect extends even more as
humidity increases. This is due to the fact that, although
large disks move upwards as soon as tapping begins —
making I1 decrease— they all remain surrounded by small
disks during the initial stages of the segregation process. I1

captures any large scale vertical segregation, while I2 only
features local segregation (such as cluster formation or do-
main growth, also those induced by capillary bridges). The
results shown in fig. 9 indicate that segregation by cluster-
ing is not present in our simulations even in wet columns;
only the formation of a domain of large disks at the top
of the system drives the decrease of I2. This feature may
be related to the fact that we break the capillary bridges
each time a new upward expansion begins.

The behavior of I1 and I2 for a greater concentration
of large disks (always X < 1) is rather similar to the one
shown in fig. 9.

The following results explain the role of arches and hu-
midity in the way that segregation develops in the tapped
columns.

Figures 10(a) and 11(a) show the evolution of the frac-
tion of large particles not belonging to arches as tapping
proceeds, for two different humidity contents, different
amplitudes and R/r = 3.0. Despite the humidity content,
the fraction increases with the tapping number. Besides,
during the first series of taps, this fraction rises with hu-
midity and, for a given P0, it also increases as the tapping
intensity is larger. The slopes of the different curves are
milder as humidity is higher. We recall that for the dry
case, the increment of the fraction is steeper than for the
wet one (see [15] for details). Similarly, the fraction of
particles belonging to arches with at least one large par-
ticle (fig. 10(b) and 11(b)) is, on average, lower for higher
humidity and higher A, while, as the number of taps in-
creases, decreases smoothly. For the dry case, the fraction
drops rapidly from the first 100 taps. This behavior, to-
gether with the corresponding one shown in figs. 10(a)
and 11(a), justifies the crossing of the segregation indices
I1, around 2000 taps, for A = 1.1 (fig. 8(d)).

Figure 12 presents the fraction of particles involved in
arches (regardless of the size of the disks). The first to be
said is that the average number of total particles belonging
to arches decreases for greater values of A and, in turn,
with humidity degree. It is important to note the scale
used in fig. 12(b). The behavior found for P0 = 0.01 and
A = 1.1 is close to the one corresponding to the dry case,
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Fig. 8. Segregation index I1 vs. tapping number. (a) P0 = 0.00, (b) P0 = 0.01, (c) P0 = 0.10. In the three plots (a), (b), (c),
A is represented by squares, 1.1; solid circles, 1.3; up triangles, 1.5; and solid down triangles, 2.0. (d) Comparison of I1 when
A = 1.1 and the three different humidity degrees chosen for simulations.

Fig. 9. Segregation index I2 vs. tapping number. (a) P0 = 0.00, (b) P0 = 0.01, (c) P0 = 0.10, (d) P0 = 0.25. In all plots, A is
represented by squares, 1.1; solid circles, 1.3; up triangles, 1.5; and solid down triangles, 2.0.
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Fig. 10. (a) Fraction number of large particles not belonging
to arches vs. tapping number. (b) Fraction number of all par-
ticles belonging to arches with at least one large particle vs.

tapping number. In both plots R/r = 3.0, P0 = 0.01 and A is
represented by squares, 1.1; circles, 1.3; up triangles, 1.5; and
down triangles, 2.0.

i.e., a decay is observed and the average values are smaller
for the wet case [15]. For tapping intensities greater than
1.1, the fraction remains almost constant throughout the
segregation process, unlike for the dry case. This feature
is due to the frustration of arch formation induced by the
presence of capillary bridges. Indeed, as we will see later,
the presence of a high number of capillary bridges implies
a low number of particles participating in arches and, be-
sides, the tapping process decreases the number of those
bridges. A column with a given wetting degree will start
with a given number of particles in arches and this num-
ber is prevented by the presence of capillary bridges. As
the tapping proceeds, arches decrease but, at the same
time, bridges also do. As a result, the number of particles
involved in arches stays practically constant. This is not
totally true for the case A = 1.1 and P0 = 0.01, where the
order induced by tapping seems to be still more important
to prevent arch formation than for other intensities.

When measuring the size distribution of arches in the
column, a rapid decay is observed as the size of the arches
increases and this is maintaining all over the tapping pro-

Fig. 11. (a) Fraction number of large particles not belonging
to arches vs. tapping number. (b) Fraction number of all par-
ticles belonging to arches with at least one large particle vs.

tapping number. In both plots R/r = 3.0, P0 = 0.1 and A is
represented by squares, 1.1; circles, 1.3; up triangles, 1.5; and
down triangles, 2.0.

cess. Besides, as humidity increases, the size distribution
of arches decays even more drastically.

4 Conclusions

It is known that the segregation behavior of granular mat-
ter is expected to change when humidity is present. Be-
sides, arching has been proven to have an important role in
separating particles of different size. However, the concur-
rent action of arches and capillary bridges is not commonly
underlined. In this work we attempt to bring some light
to the understanding of the interplay between these two
quantities in the segregation process of a tapped column
of disks. It is our intention to show, essentially, a qualita-
tive description for understanding the basic mechanisms
of the segregation phenomenon under the presence of hu-
midity and to compare with the dry case. A high number
of taps simulation, like the one presented here, is a very
time consuming process. It is extremely hard to perform
the adequate number of runs for lowering the statistical
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Fig. 12. Fraction number of particles belonging to arches vs.

tapping number, regardless of the size of the disks and with
R/r = 3.0. (a) P0 = 0.01 and (b) P0 = 0.10. In both plots,
A is represented by squares, 1.1; circles, 1.3; up triangles, 1.5;
and down triangles, 2.0.

errors, and this will not necessarily provide a new insight
into the problem.

As for the case of an intruder in a dry granular column,
we found a critical size ratio (which is expected to depend
on the tap amplitude [15]) below which the big particle
does not rise for the case of low humidity. This critical
threshold is lower for wet columns than for dry ones. For
high humidity, the rising velocity is close to zero only for
a very low size ratio, i.e., the presence of a large number
of capillary bridges favors the climb of the intruder due of
the disorder introduced by those interactions.

Disorder is the key for the segregation of intruders
that, in a less wet environment, would not get to the
surface because of their low size ratio. This is put into
evidence when comparing the number of capillary bridges
that support a bigger intruder and a smaller one, both
particles at the same low humidity, and the same parti-
cles at a higher humidity (fig. 7(c) and (d)).

We prove that not only the disorder introduced by a
higher tapping intensity will alter the intruder ability to

form arches [15] but also the presence of capillary bridges.
Taking into account arches and bridges together is of fun-
damental importance when determining the critical size
ratios for the segregation of an intruder.

For wet mixtures, an increase in the tapping intensity
promotes the segregation process in all cases but, the pres-
ence of a greater number of capillary bridges delays the
separation of particles respect to the dry case, although
the final state of segregation for higher humidity mixtures
after 5000 taps is more evident, especially at low tapping
amplitude (see fig. 8(d) and [16]).

The presence of capillary bridges prevents the forma-
tion of arches and the compaction of the packing, thus, as
humidity increases, the number of particles forming arches
is lower. Nevertheless, the absence of arches is balanced by
the bridges, making the structure more open and suitable
for the rise of the big particles.

It is important to recall again that we do not consider
the effects that lubrication or viscosity may have in the
segregation of particles. However, in the context of this
simple model, we can say that humidity moderates the
segregation process in a mixture, although the final seg-
regation state results in the complete separation of big
and small particles, independently of the humidity value.
This result is in qualitative agreement with the conclu-
sions found in the experiments performed in [16].
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