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Abstract. Numerical and experimental studies have been undertaken to analyze three parameters control-
ling the compaction of granular media submitted to sinusoidal horizontal vibrations. We have characterized
the influence of the dimensionless acceleration I', the geometry of the container and the friction coefficients
on the grain velocities and on the packing densities. Above a critical acceleration [¢,i, the velocities in-
creases with I'. For low values of I', the surface layers are compacted, whereas the bottom layers remain at
their initial density. For high values of I', the bottom layers get compacted, the surface layers are fluidized
so that the bulk dynamic and relaxed densities decreased. In the same way, the effect of the dimensions of
the container and of the friction coefficients on the packing properties has been studied for given heights of
sand, acceleration and frequency. It has been shown that the influence of the two last parameters is similar
to that of acceleration. The numerical results given by the Discrete Element Method appear to be in good
agreement with experimental results.

PACS. granular medium — compaction — horizontal vibrations — friction — acceleration — Discrete Element

Method — density — velocity — experiment — simulation

1 Introduction
1.1 Industrial context

Vibrations-based processes are frequently used in industry
to compact granular packings. For instance, in building
and civil engineering works, vibrating rolls or vibratory
plate compactors are used to compact and stabilize soils.
Vibrations are also used in food industry; by lowering the
apparent volume of granular packings, the packaging and
transport costs are reduced. In electrical protection, a field
that has inspired this study, vibrations or taps are used to
densify and homogeneously arrange sand grains around a
silver blade so that the electrical arc is extinguished prop-
erly in case of overload.

The industrial know-how, often empirically obtained
in a narrow operating window, usually suffers from poor
scientific understanding and thus cannot be optimized or
surely extrapolated to new designs. It is hence far from
easy to choose the vibrations parameters that optimize
the densification process in a given situation (grains pop-
ulation, container geometry and dimensions ...).

Send offprint requests to: O. BONNEFOY
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1.2 Literature survey

From a scientific point of view, numerous works have ex-
plored granular systems submitted to periodic mechanical
solicitations, either with experiments or computer simula-
tions.

Their phenomenology appears highly governed by the
intensity of the mechanical excitation, which can be quan-
tified by I', the maximum acceleration adimensionnalized
by the earth gravity g. Vertical and horizontal vibrations
exhibit the same sensitivity to I :

For gently driven systems, i.e. I below or close to 1, a
densification process is usually observed. During a seminal
experiment lead by the Chicago laboratory on spherical
beads submitted to vertical taps, a logarithmic decrease
of the global packing density has been reported (Nowak
et al. [1], Knight et al. [2]). In the commonly accepted
explanation, the mechanical energy input induces a lo-
cal and temporary stress release that allows the granular
column to unjam. In this state, grains can roll, slide or
move freely, thus exploring a new configuration that will
be selected if the gravitational potential energy of the as-
sociated packing is lowered. The kinetic behaviour of such
a process has been compared to glass relaxation [1|. This
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experiment has been further analyzed in details by many
authors. For instance, Philippe et al. [3,4] have shown by
Monte-Carlo simulations that a negative vertical gradient
of the packing fraction was induced by vibrations.

For vigorously driven systems, i.e. I" above 1 and be-
low a fuzzy threshold around 3, densification is not any-
more the predominant phenomenon. In some or all regions
of the granular packing, because of the high energy input
level, the system is not moving continuously in the config-
uration space towards a denser state but is “re-initialized”
at each period, loosing memory of any previous minimiza-
tion of its potential energy. In this state, convection can
arise.

For higher accelerations, i.e. I" above 3, convection be-
comes the predominant effect, the grain packing is flu-
idized and the global density decreases [5-7].

Numerous driving mechanisms have been identified to
explain the convection: a sufficiently high negative vertical
gradient of the packing as described above [1,2], hysteretic
phenomena like those induced by sawtooth shaped vibrat-
ing walls [8], collision inelasticity evidenced for instance in
ratchet convection [9]. In the present study, convection ap-
pears because of another mechanism, namely avalanching.
This driving mechanism has been reported by Tennakoon
et al. [10] in the case of horizontal vibrations and precisely
detailed by Raihane et al. [5-7].

The convective patterns of vibrating granular media
are amazingly various. Here, for sake of conciseness, we
only report literature results concerning horizontally vi-
brated systems. In a numerical study on a 2D granular
medium combining a hard sphere model and particle dy-
namics, Liffman et al. [11] showed that, under horizontal
vibrations, there is one single convection roll for I' < 1 and
two counter-rotating convection rolls for I" > 1.2. In this
second case, grains are moving upwards along the lateral
walls. The experimental work conducted by M. Medved et
al. [12] showed two counter-rotating convection rolls in the
upper part of a horizontally vibrated bed, and even four
counter-rotating convection rolls for particular situations
(highly frictional walls and large values of I"). They also
noticed that the number of convection rolls depends on
the filling height to container length ratio. In our labora-
tory, vertical and horizontal vibrations have been experi-
mentally investigated by Rouéche et al. [13] and Raihane
et al. [5-7,14] respectively. Whatever the vibrations di-
rection, it has been observed that two counter-rotating
rolls appear, in the opposite way of [11]: grains are mov-
ing downwards along the lateral walls and upwards in the
central region. Concerning the competition between den-
sification and convection processes, experiments carried
out on an initially loose sand grains packing vibrated in
a rectangular container, [5-7] have shown that the global
packing density is maximized for a given value of the ac-
celeration. The authors hypothesized the existence of a
maximum as follows. With increasing acceleration, a den-
sification front moves downwards and the thickness of the
granular packing able to be densified increases. In parallel,
convection gradually develops in the upper part and pre-

vents the densification process in this area. These conclu-
sions are close to those established by Richard et al. [15]
in the case of a vertically vibrated granular media. The
main difference between vertical and horizontal vibration
appears to be the lift up of the granular medium: in ver-
tical solicitations, the whole sand packing unjam easily at
low acceleration (I" = 3 for {=50 Hz, I' = 2 for {=20 Hz
[13]).

After this phenomenological literature survey, let us
focus on the numerical method used in this study. The
Discrete Element Method (DEM) elaborated by Cundal
et al. [16] is now a classical tool in granular media prob-
lems and gives good agreements with experiments even for
complex processes. For instance, Delaney et al. [17] stud-
ied industrial processes combining a granular flow, seg-
regation and vibration effects and Cleary [18] reported
large scale DEM simulations. To our knowledge, few lab-
oratories are using this method to study dense vibrated
granular media. We report that Yao et al. [19] have used
DEM in order to model the influence of high frequency
vertical vibrations (600-1200 Hz) on the densification of
granular media. Matchet et al. [20] have compared DEM
and experimental results concerning the energy loss by
vertically vibrated granular media, and have shown that
this method is partially satisfying since the calculation of
the applied force was not successful.

Close to DEM, another method called “Molecular Dy-
namics”, is also used for studying various phenomena. In
this method, Coulomb friction is differently implemented
and the rotation of particles is neglected[21]. Gallas et al.
have employed this method to study the influence of verti-
cal vibrations on a granular medium. It has been reported
that the friction, the geometry, the presence of an obsta-
cle [22] and the dissipation coefficient [21] have a large
influence on the behaviour of the medium. The segrega-
tion phenomenon can also be reproduced by this method
[23]: for a big sphere immersed in a medium, no segrega-
tion occurs for the lower frequencies (f<20 Hz), segrega-
tion has been evidenced for f~40 Hz, and a more complex
behaviour for {£>50Hz (up and down displacements of the
big sphere). Saluena et al. have shown that the dissipation
coefficient also has a major influence on the shape and
intensity of the convection rolls in horizontally vibrated
granular media [24]: the intensity of the convection rolls,
their number and direction can change when varying these
parameters. We must notice that numerical results are not
systematically compared with experimental results.

As a consequence, we think that the study of a vibrated
dense granular medium combining experimental and DEM
modeling, is an interesting contribution to the literature.

1.3 Issues

In the previous section, we have mentioned that I" presents
a great influence on the vibrated granular system. This
influence will be studied in this paper both experimentally
and by simulation. Other parameters as the frequency f,
the amplitude of the vibration A, the recipient geometry,
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Fig. 1. Counter-rotating convection rolls observed experimen-
tally when f=50 Hz and I" > 1.5

the vibrations direction, the grains size and mass, (...),
are somewhat less studied. Hereafter we have chosen to
characterize the influence of two other parameters: the
container length (in the direction of the vibrations) and
the friction coefficients fig,qin/grain ad fwall/grain-

The influence of these three parameters is presented
in this same paper in order to show the similarities of the
response when varying one of them. The studies concern-
ing the influence of I' and of the container size combine
laboratory experiments and numerical simulations. The
influence of the friction coeflicients is mainly studied with
DEM.

2 Materials and methods
2.1 Experimental set-up and materials

Our experimental conditions are inspired by the indus-
trial manufacturing process of electrical fuses, which are
made out of a ceramic recipient containing a silver blade
with sand grains in-between. Here, we use a rectangular
recipient driven horizontally by an electromagnetic vibra-
tor. The delivered force is continuously adjusted so that
the motion is sinusoidal, with a frequency f=50 Hz. The
forcing intensity is described by the peak acceleration.
More conveniently, we use the dimensionless acceleration
I' = A(27f)?/g, where A is the amplitude of oscillations
and ¢ the earth gravity, the values of I" ranging between 0
and 5. The container is made out of 10 mm-thick transpar-
ent PMMA walls. The dimensions of the container are de-
noted L., L, and L. respectively along the vibration axis
x, the horizontal transverse axis y and the vertical axis z.
The vertical walls are labeled north/south, east/west(fig.
1). The granular medium is made of rounded sand grains,
composed by more than 99.2% of quartz (controlled by
XRD). The number size distribution of the grains, as mea-
sured by Laser granulometry, is very well approximated
by a skew normal distribution with an average diame-
ter < d >= 370 pm, a standard deviation ¢ = 216 pum

and a skewness of 3.6. The wall-grain friction coefficient
has been measured by shear tests performed with a pow-
der rheometer (FT4, Freeman Technology); its value is
Huwall/grain = 0.3. The heap angle of repose of the gran-
ular medium has been experimentally determined and is
equal to ¢ = 30°. As it will be established in section 3.4, it
corresponds to a numerical grain-grain friction coefficient
Hgrain/grain = 1. Table 1 summarizes these data, as well
as other parameters useful for numerical computations like
shear ratio G = ﬁ (E, v : Young’s modulus and Pois-

son ratio, with standard values for silica sand grains [25]),
numerical and viscous damping D,, and D, [26].

The sample preparation protocol consists in pouring
the granular medium in the container with the help of a
funnel of 2 cm diameter and then flatten the free surface by
suction (bed height of Hgunq). Such a protocol generates
initial loose packings with a density of 59.5%4—0.5%.

2.2 Experimental data acquisition tools

Two main data are used to characterize the state of the vi-
brated granular medium: the global packing density and
the velocity field of the grains moving along the trans-
parent container walls. To accurately measure the global
density, we use a confocal optical pen, whose 200 pm di-
ameter light beam scans the free surface of the packing. By
integration, we then compute the apparent volume of the
granular medium and its global density (averaged density
in the granular media). The accuracy of the global den-
sity is estimated at 0.5 %, both in dynamic (with vibra-
tion) and static conditions. The density measurement de-
vice is detailed in [14], where it has been extensively used
to analyse the densification of a vibrated sand packing.
The 3D grains trajectories can be experimentally mea-
sured with sophisticated tools such as Positron Emission
Particle Tracking (see Hoomans et al. [27]). Here, we have
chosen a simpler method, namely the Particle Image Ve-
locimetry. A fast camera takes pictures of the grains at
the immediate vicinity of a given face of the recipient at a
rate of 50 frames per second, that is to say in phase with
the forced oscillations. Then, with a specially designed
method, we analyse a set of 50 pairs of images to produce
the velocity field. On the north/south walls, this 2D veloc-
ity field is "summarized" in a 1D velocity profile, where,
for each altitude Z, we compute the vertical component
of the mean grain velocity (the horizontal component is
comparatively, negligible).

2.3 Modeling method and data analysis approach

The Discrete Element Method is used in this work with the
commercial software PFC3D from ITASCA. A sinusoidal
horizontal motion is imposed to a rectangular recipient
containing a collection of grains. Each grain is modeled
by a soft sphere and its position is computed at each time
step on the basis of the gravitation force and contact forces
that apply on it. For the contact force, we use the standard
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Table 1. Default main parameters

Parameters Experimental Model

Mean grain diameter dg [em] 450 900 or 450 (1 exp)
Density p [kg m™3] 2700 2700

Shear ratio G [MPa] 40 40-10°
Poisson’s ratio v [-] 0.18-0.27 0.25

Friction coeff. Hawall/grain [-] 0.3 0.3

Friction coeff. Kgrain/grain  |-] ? 1 (see sect. 3.4)
Container size L, [mm)] 40 40

Container size L, [mm] 40 periodic
Restitution coeff. e [-] 0.7 0.7

Viscous damping coeff. D, [N.sm™] - 0.1

Numerical damping coeff. D, [-] 0 0.1

Number of grains N [-] mazx ~ 107 max ~ 5.10"

20 25 30

18
-©-Ly=1.25mm
16" = Ly=2.5 mm|]
—Ly=5mm
144 —Ly=10 mm
—Ly=15mm
121 - Ly=20 mm ||
- - Ly=30 mm
(2]
I 10
E
> ol
4,
2,
%

Fig. 2. Influence of the size of the periodic cell on the velocity
of spheres along the north face and focus on the maximum
velocities, =50 Hz, I' = 3, L,=40 mm

Hertz model with a friction coefficient x4 and a stiffness co-
efficient k. Results of modeling works found in literature
are usually difficult to reproduce because the set of pa-
rameters is not extensively indicated. Table 1 presents the
values chosen in our study. We point out that, numerical
simulations have been carried out using a truncated gaus-
sian Particle Size Distribution almost proportional to the
real one. The polydispersity offers the advantage of pre-
venting crystallization [28]. When not specified, the mean
diameter is twice that of the experimental one to keep the
particles number below 80,000 and hence the calculation
time under 150 hours. We assume that the difference of

shape does not affect the qualitative behaviour of the sys-
tem [29]. The initial state is prepared by sedimentation of
spheres randomly created in space. After the force balance
is reached, the density is measured. It is rather loose with
a value of 59.5%40.5%.

In order to represent a wide system with the minimum
number of particles (to get a reasonable calculation time),
we have used periodic boundary conditions along the hor-
izontal y-axis that is orthogonal to the vibration x-axis.
The influence of the size of the periodic side on velocities
is shown on fig.2. The minimum length of the unit cell
required to avoid finite-size effects appears to be 10 grain
diameters. For larger values, the velocity profile along the
north face becomes independent of the unit cell size: the
container behaves as if the transverse dimension L, were
infinite, i.e. without the influence of the side walls. Let us
remark that the maximal velocity on north face can be
considered as one of the most sensitive parameter to the
periodic size and we assume that if this scalar remains
the same, the global behaviour of the system remains un-
changed. The reader can notice that the minimum unit cell
size depends on the numerical experiment. For instance,
[30] found that a unit cell of 2 grains size is enough for
describing the discharge of a rectangular hopper.

Moreover, we have transformed the natively used La-
grangian description (grains are followed individually) into
an Eulerian description (continuum described by density-
, velocity-, stress-, ... fields) in order to better visualize
the modeling results and easily compare them with the
experimental ones, especially with the velocity fields. The
averaging procedures are standard ones. It should be no-
tice that, in order to smooth the fluctuations due to the
chaotic nature of the medium behaviour, the data have
been averaged over a series of 10 oscillation periods. The
velocity of a grain for one oscillation period has been cal-
culated by considering its displacement during one cycle
of vibration and dividing it by the period of the oscil-
lation. Afterwards, the velocities have been averaged in
space (eulerian procedure).
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Fig. 3. East side view. Velocity field measured experimentally
by PIV technique and averaged over 10 cycles of vibrations.
Observation of the counter-rotating convection rolls. I" =3 and
f=50 Hz. In these conditions, the rise of the grains is not located
at the wall surface for this acceleration, but in the bulk of the
granular packing. dgeqsp=500 pm

3 Results

We have chosen to study the influence of the dimensionless
acceleration I, the length L, of the vibrated box, and the
friction coefficients upon the global packing fraction and
the velocities of the grains along the transparent walls of
the container. In section 3.1, we present results where the
particles diameters in the simulation are the same as in
the experiments. In the following sections, the diameter in
simulation is twice the experimental one.

3.1 Convective pattern and simulation calibration

For f=50 Hz and an acceleration above the critical value I
= 0.8 (under which no bulk movement is noticed), the rhe-
ological behaviour of the granular medium can be mainly
described by two counter-rotating convection rolls in the
upper region as described in fig. 1, fig. 3 and fig. 4. This
convective motion is driven by the avalanching mecha-
nism: the vibrations imposed along the north-south axis
create an intermittent gap between the granular medium
and the north or south wall alternatively. Medved et al.
[31] have studied the existence and evolution of this gap
with I'. By gravity, the grains can fall down into this gap.
Then, they penetrate into the bulk, are pushed horizon-
tally by the walls and go upwards in the central part of

EAST

S5mms!
25+ - . 4
20} 1
?/&“&Q\ -~ v ﬂﬂ% ‘;

=AY S ST e
\PTT?TTfffT?\\ l |

E"IS’ l* /J
.g, \////'ff‘y?'\\\\\\/
N A /
&
4

/

N A LAy

R S A A N N T .

Fig. 4. East side view. Numerical velocity field averaged over
10 cycles of vibrations. Observation of the counter rotating
convection rolls. I" =3 and =50 Hz. dgmoq = dgezp = 500 pm.
Due to periodic boundary conditions, the surface velocity fields
coincide with the bulk one.

the container. When they arrive at the top of the pile, the
grains may fall down again and the loop is closed [7].
The validity of the parameters chosen in the model has
been checked by two experiments and simulations where
most geometrical parameters (size of the grains, width of
the box and height of sand, ...) were the same. The only
difference is the periodic side created in the simulation.
Figure 3 and fig. 4 show respectively the experimental
and numerical velocity field averaged over 10 cycles of vi-
bration at I' = 3, {=50 Hz, L,—20 mm, H,,,q—20 mm,
and L,=40 mm in experiment and L,=10 mm periodic
in modeling. The reader will notice that the rise of the
grains is evidenced in the simulation (fig. 3) but not in
the experiment (fig. 4). Effectively, the grains seem mo-
tionless at the surface wall and they go up in the core of
the medium. In addition, the extent of the region at rest
is larger in DEM than in experiments and is attributed to
the difference of grain shape (perfect spheres vs. rounded
sand grains) and boundary conditions (physical walls vs.
periodic boundary conditions).Apart from these two dif-
ferences, with identical diameters, the convective patterns
and the order of magnitude of the velocity fields show a
good agreement. Figure 5 shows that, for the same diame-
ter, the numerical and experimental velocity profiles along
the north face are qualitatively and quantitatively similar
(error~15 % on the maximal velocity on north side). We
can point out that for low z-values, i.e. at greater depth,
the grain velocity is larger in the numerical simulations
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Fig. 6. Experimental relaxed density as a function of Z and
I' for f=50 Hz (from Raihane et al.[7])

than in the experiments. We attribute this mobility in-
crease to the spherical shape of the modeled grain that
allows them to move more easily by rotation or sliding
than it would be with more polyedric grains. It also shows
that in the given conditions, multiplying the diameter by
two implies a division of the maximal velocity by 7.

In the following sections, to avoid excessively long cal-
culation time, simulations are performed with grains twice
as large as the sand grains used in experiments. Therefore,
we draw the attention of the reader on the fact that the
numerical results exposed in the next sections will give a
more qualitative than quantitative description of the gran-
ular medium behaviour.

3.2 Influence of acceleration on packing properties
3.2.1 Density

Ezxperiments
On exactly the same system, Raihane et al. [14] have mea-
sured the local relaxed density of the packing (fig. 6). For
low accelerations, it has been shown that the bottom lay-
ers remained at the initial density, whereas the upper lay-

5001
457\\\%)3\?&\k . g 1‘\\?% ~
40 \Qb\\ \\ \65’\
NN
35! \ \\\’XE\}\\\
'§30f / ) ? /w
£ g, (\ /\\ ©;
N 20 0[,\ \6’ 3\\
15 \\ o \\\
ol \\Oﬁ \\\;} \/ 6‘3/\/
5 e /
; Ny
0 1 2 3 4 5

Fig. 7. Computed relaxed density [%] as a function of Z and
I for f=50 Hz

30
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-3-8Sim
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251 A
///
_ 20¢ pd
A //
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5- 7 I
,/8///—///
= |
9.5 2 25 3 35 4 4.5 5

Fig. 8. Maximum velocity on north face vs. I'. Experimental
velocities averaged on 50 vibration cycles (standard deviation
~ 15%). Modeled maximum velocity averaged on vibration
cycles 90-100 (standard deviation =~ 30%). f=50 Hz, L,=40
mm, H=40 mm

ers undergo a densification. For higher accelerations, the
bottom layers get compacted, but the density decreases in
the upper layers. We can explain this latter drop by the
fact that the upper grains acquire a significant velocity. In
this case, the free volume is enhanced and when vibrations
are stopped, the density keeps low.

Stmulations
An assembly of 32000 spheres of density C; = 59.5% is cre-
ated. This relaxed state can be characterized by the bulk
density map (fig. 7). The behavior of the granular packing
during the vibrations depends on the acceleration.

For low accelerations (I" < 1.5), the density at the bot-
tom of the container remains equal to the initial density.
This occurs because the Coulomb criterion has not been
reached in this region, which indicates that the compres-
sive stress is high compared to the shear stress.

For high accelerations (I" > 3.0), the shear stress is
high enough and the Coulomb criterion is fulfilled, even
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Fig. 9. Experimental velocity profile dependence upon I for
f=50 Hz, L,=40 mm.
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Fig. 10. Simulated velocity profile dependence upon I for
f=50 Hz, L,=40 mm.

in the deeper layers. Therefore, the grains can move and
the packing can densify even at the bottom of the con-
tainer. In the upper layers, the granular medium becomes
fluid and the density decreases.

The local relaxed density increase ranges between 0
% in the jammed bottom layers and 3 % in the fluidized
top layers of the packing. The mapping of the density in
the dynamic state is given in fig. 7. Experimentally and
numerically, we can observe a further small gain in densifi-
cation (max =~ 0.5%), when vibrations are stopped. Sim-
ulation results on the density evolution ws. the relative
acceleration are in agreement with Raihane [14] experi-
mental data.

3.2.2 Velocity of particles at north and south walls

Experiments and simulations have been undertaken in or-
der to obtain the evolution of the maximal velocity along
the north face with I' (fig. 8). Both experimentally and
numerically, for 0<I'<b, the velocity of the grains in-
creases linearly with the acceleration. We notice a good
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Fig. 11. Density increase due to vibrations as a function of
Ly, for Hsuna=60 mm : experimental and numerical results.
Typical error + 0.5%, I" = 3, {=50 Hz
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Fig. 12. Modeling result : density field as a function of L, and
7, I'=3, {=50 Hz

qualitative agreement between modeling and experimen-
tal results (fig. 9 and fig. 10). The quantitative differences
between the experimental and computed velocities can be
attributed mainly to the size of the grain (double in the
model), and secondly to the shape of the grain and the
choice of a periodic side L, in simulations.

3.3 Influence of the container size on the packing
properties

3.3.1 Density

The granular medium behaviour obviously depends on
many parameters. Hereafter, we focus on the influence of
the size of the container. Indeed, we have to be cautious
when considering the influence of I' on the bulk dynamic
density of the system (fig. 6, fig. 7): these results are valid
only for a given container dimension. Numerical simula-
tions and experiments have been performed to evaluate
the influence of the length L, (measured along the vibra-
tion axis) upon the density (fig. 11, fig. 12).
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Fig. 14. Numerical velocity profile dependence upon L, for
Hsana = 60 mm, I'= 3, =50 Hz

Numerical simulations (fig. 12) show that, for small
values of L, (20 mm), only the upper layers are com-
pacted, whereas for greater values (starting from L,=60
mm) all the packing is compacted. This behaviour can be
explained by a larger constraint on the displacement of
the grains in small containers. Comparing fig.7 and fig.12,
we can see that increasing L, has got a similar effect to
imposing a larger acceleration I': the mobility of grains
increases and it enables to compact the bottom layers.
Experimentally, for Hq,,q=60 mm, we verify that the dy-
namic or relaxed density increases with the size of the
container (fig. 11). The modeling results suggest that the
compaction of the bottom layers occurs only if L, is long
enough. This behaviour explains the experimental evolu-
tion of the global density with L.

3.3.2 Velocity of particles at north and south walls

For a given bed height (Hq,q=060 mm), experiments show
(fig. 13) that the velocity along the north face and the
fluidized zone thickness increases with the size of the con-
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Fig. 15. Modeling result : heap angle as a function of the
grain/grain friction coefficient imposed in the DEM.

tainer in the range L,=20-60 mm (Flemmer et al. have
anticipated this type of behaviour in [32]). For small con-
tainers (L,=20 mm), no motion is observed at the bottom
of the container.

In fig. 14, we have plotted the velocity profiles along
the north face obtained in simulation. The grain assembly
exhibits qualitatively the same behaviour in experimental
and modeled systems: the velocity increases with L, until
L,=60 mm.

Experimentally and numerically, the velocities can pro-
portionally increase with L, (for small values of L,). To
explain this phenomenon, we suggest that the steric con-
straint is weaker when the size of the box increases and
the grains can move faster and in the deeper layers. Fur-
thermore, we can state that the geometry and especially
the length of the box have an similar influence to that of
the acceleration I" (fig. 9 and fig. 10).

3.4 Influence of the friction coefficients on the packing
properties

In this section we use simulations to analyze the influence
of the friction coefficients fig,qin/grain a0d fwail/grain ON
the packing behaviour.

3.4.1 Heap angle

For a given powder, the heap angle depends on many pa-
rameters such as the attractive or repulsive forces acting at
distance, the friction contact forces due to surface rough-
ness of each individual grains and the contact morphol-
ogy and associated entanglement. When a specific “real”
powder is modeled by perfectly spherical particles, the co-
efficient of friction fig,qin/grain Must be chosen carefully.
One robust way to do so is to adjust this parameter so
that the heap angle of the model packing is the same as
the experimental one. Experimentally, the heap angle of
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Fig. 17. Computed evolution of the dynamic global density
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our sand grains packing has been found to be 30°. We have
undertaken a numerical analysis where this angle has been
evaluated as a function of the microscopic friction coeffi-
cient fig,qin/grain- The results plotted on fig. 15 shows that
the heap angle increases with fig,qin/grain and reaches a
plateau for fig,qin/grain >1. Hence, we can consider that
a coefficient fiy,qin/grain Of 1 gives a good agreement. We
did not consider larger values of figrqin/grain because of
its poor physical meaning.

3.4.2 Density

Figure 16 shows that the global dynamic density gently de-

creases with the grain-grain friction coefficient tigqin/grain-

We can also see that the density profile is similar for
Kgrain/grain = 0.1 and Hgrain/grain = 1.

Let us just notice a global increase of density of ap-
proximately 1 % for lower frictional grains (fig. 17). This
observations correlates well with Vandewalle et al. [33],
who experimentally found a difference of 1 % on the re-
laxed density after compaction between smooth and rough
particles. The normalized volume fraction is defined as
D’ = (D — Dgy)/(Dpmaz — Do) where D is the density, Dy
the minimal density, and D4, the maximal density. Van-
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Fig. 18. Numerical study of the dependence of the velocities on
Hgrain/grain a0 [lwail/grain- When the influence of one friction
coefficient is studied, the value of the second coefficient is fixed
equal to 0.5.
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Fig. 19. Calculated velocity field indicating a reverse convec-
tion roll for Hgrain/grain = 0 and Hwall/grain = 0, I'=3, =50
Hz

dewalle et al. also found that D’ does not depend on the
friction coefficient of grains (simulation result).

3.4.3 Velocity of particle at north and south walls

We have observed that numerical velocities strongly de-
pend on the values of fiyrqin/grain a0d flwail/grain- In fig.
18, one can see that velocities increase sharply with both
friction coefficients. An unexpected result is obtained when
grain-grain friction coefficient is very low: the velocity be-
comes negative for g qin/grain<0.1 (fig. 18) and the con-
vection rolls are reversed (fig. 19). In this case, the grains
climb along the north and south walls and fall in the mid-
dle of the granular medium. Liffman et al. [11] have also
shown this type of behaviour, which can be explained by
the lack of grain/grain friction coefficient in their model.
We can remind that this result is essentially numerical
and cannot be reproduced experimentally: at our knowl-
edge, there is no real granular medium with null friction
coefficient.
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4 Conclusion and prospect

In this work, we have shown the strong influence of I', the
length L, of the container, and the friction coefficients on
the density and on the velocity fields of a granular medium
submitted to horizontal sinusoidal vibrations.

The velocity always increases, when any of these param-
eters is increased. For high values of I and L,, a densi-
fication of the deepest layers occurs, whereas the surface
is fluidized. For low value of I" and L,, densification of
surface layers may occur, whereas the bottom layers re-
main unjammed. The correlation between experimental
and modeling results is qualitatively good, but we have
to carefully interpret the numerical results. Particularly,
it has been shown that the particle size has a large impact
on the behaviour of the system. We have also underlined
that the friction coeflicient may have a major influence
on the rheology of the granular medium. Increasing nu-
merically the friction coefficient leads to convection rolls
flowing in opposite direction. It is probably not possible
to establish such experimental results. However, modeling
results suggest that the roughness influences the veloci-
ties of the grains. As the influence of the three parameters
appears to be qualitatively the same in simulations and ex-
periments, an experimental study of the influence of the
roughness on the velocity of the grains would be interest-
ing to verify if the velocities of particles implied in the
rolls are affected by friction coefficient. The influence of
the grain size has also been suggested by the simulation:
a specific study on this size effect would also complete our
knowledge. Further studies on the influence of the particle
shape are also planned.
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