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Importance of convection in the compaction mechanisms of anisotropic granular media
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We report the experimental observation of vortex patterns in a vertically tapped granular media. Depending
on the tapping acceleration, two behaviors are observed. For high acceleration a convection vortex appears in
the whole media, whereas for low acceleration two unstable vortices appear in the upper part of the media and
slowly compact the lower part. We explain the formation of the vortices and relate them to granular convection.
Our results demonstrate the importance of compression wave propagation on granular compaction.
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In hydrodynamics, flow instabilities lead to the formation packing fraction®~=0.56 and the same packing fraction
of vortex patterns which affect the behavior of the fluid. It is evolution for a giverl'). Sequences of 81 taps are car-
well known that granular media can exhibit both fluidlike ried out. The only control parameter is the tapping intensity
and a solidlike behavior and thus do not behave like classicdl. Here we call “time” the number of taps and the “dynam-
fluids. In order to understand the specificities of granulaiCs” is the succession of static equilibrium induced by the
media, some studies of instabilities have been carried out fd@Ps. The mean packing fraction increases monotically with
vertical vibrated granular layefd—3], granular flowg4-g], ~ time following stretched exponential. All the details on the
and gaze$7]. Moreover, a granular packing under vertical compaction dynamics can be found elsewHdrdj. _
shaking leads to a global compactif®-11], and this com- The first observation is that convection takes place in the

paction can be linked to convectig0,12,13. Since con- cmoeudnl;]erpr:o?;tt?r:gapse?t%;;aT:ct)lrrlr\l/ic(:jt?opnenrgilnsg ggbggf c_)l_rht(\;\;o are
vection in fluids can lead to instabilities, can granular sys—easily identified by tracking a grain’s position after each tap.

tems under compactlpn exhibit vortices? In Fhls paper W.el'o characterize them, we measure the time it takes a grain to
present a vortex creation process that occurs in a tapped p'}gvolve around the center of the roll,y,. Figure 1a) re-

of anisotropic grains and explain the mechanisms of such orts the variations of,,, and 7, with T'. As expected, the
creation. Since it has been recently proved that grain aniscgreater the tapping acceleration is. the smaller these two
tropy is important in pattern formatiof8] we focus on an-  {imes are. Concerning the number of rolls, two cases should
isotropic granular materials. _ be considered. For high tapping intensitypically I' > 3)

The experimental set up consists of a glass cylinder otonvection takes place within the whole medium. After about
diameterD =~ 10 cm filled with 600 g of graingcorrespond-  ten taps, two convection rolls appear but this situation be-
ing to a height of roughly 10 cinThis container is placed on comes unstable. One of the rolls progressively disappears
a plate connected to an electromagnetic exdit&S V406)  and after this transient the whole medium is occupied by
which induces a vertical displacement of the plate. The conenly one roll and the free surface of the medium is tilted
tainer is, in this way, regularly shakdit=1s) by vertical  from the horizontal(for example, about 20° fof'=6). A
taps. Each tap is created by one entire period of sine wave 8ketch and a snapshot of this convection roll is reported in
a fixed frequencyf=30 Hz. The resulting motion of the Fig. 1(b). The arrows represent in arbitrary units the dis-
whole system, monitored by an accelerometer at the bottorplacement field of the grains and clearly demonstrate the
of the container, is, however, more complicated than a simplexistence of convection. A radial displacement profile is re-
sine wave. At first, the system undergoes a positive accelergorted Fig. 1c). An immobile core can be observed. In an
tion followed by a negative peak with a minimumsym.y ideal system this nonmobile part should be reduced to a
After the applied voltage stops, the system relaxes to its noipoint, but due to the formation of spatially correlated clusters
mal repose position. This negative peak acceleration is usetie size obtained is aroundi4After this part a linear profile
to characterize the tap intensity by the dimensionless acceis found with a slope compatible with the value®§,,. This
erationl" =y 9 (with g=9.81 m $§2). It should be pointed part of the packing rotates around the immobile core like a
out that we only used taps for which the grains took off fromsolid. For lower values of the tapping intensitypically I’
the bottom of the glass cylinder, i.e., above the lift-off thresh-<3) two convection rolls roughly equally sized and local-
old. The packing fraction is measured using-gay absorp- ized near the free surface appear. The other part of this pack-
tion set up[10]. The results presented here have been obing (below the roll$ is not submitted to convection. As for
tained using long ricébasmati ricé In order to quantify the the high tapping intensity case, this situation is unstable.
anisotropy, each grain is assimilated to an ellipsoid. TheContrary to the previous case the two rolls do not merge:
mean ratio between the two axes is 2.5 with 10% of dispertheir size continuously decreases until they totally disappear.
sion. The length of the longer axis will be noteld The  Note that the convection turns out not to be a phenomenon in
method used to build our initial packing, already used forcompetition with compaction. On the contrary, the convec-
spheres[10], is reproducible(we obtain the same initial tion rolls create at their base a band of high packing fraction.
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,&"’g ing a tap. Four phases can be visually distinguiskese
@’ 1 Fig. 3:
030-9%696’? —_— 3 (a) the rice follows the motion of the plaighase ;
riD (b) the rice takes off from the bottoriphase 2

(c) the rice lands on the bottoiphase 3

(d) a compression wave propagates throughout the me-
dium (phase 4

The rate of compaction and dilatation is measured during
each phase for the first téfine motion of the grains is greater
here than during the other solicitations and thus the detection
of motion is easier. The data were averaged on two different
experiments and no significant differences were observed. To
On Fig. 2a) taken forI'=2.4 after 1500 taps, this band is track the grains, we use an image processing software that
clearly visible at the base of the two convection rolls and one&computes the gray level profile along a vertical line at the
can observe that the grains in this band have a preferentigidewall. For clarity each profile is reported in the reference
horizontal orientation, due to the motion of the rice in con-frame of the vessel. To improve contrast and thus to have
vection. The band of high density can be distinguished on théharp peaks on the gray level profile, 8% of the grains are
packing fraction profilg¢Fig. 2(b)]. The convection rolls cre-
ate the high-density zone and their size decrease corresponds

FIG. 1. (@) 7app and 7, (See text for definitionvs tapping
intensityI". (b) Sketch of the convection obtained for basmati rice
and forI'=6 (left-hand sid¢ and snapshot of the medium during
relaxation (right-hand sidg where convection roll can be clearly
seen on the wallgc) Radial displacement profile: the granular me-
dium rotates like a solid around an immobile core.

to the growth of this zone. The orientation of the grains is Fhase 1 Phase 2 Phase 3 Phase 4
totally different from the one observed in another compac-

tion experimen{14]. Indeed, the vessel used|ib4] is very | }
narrow (one grain lengthcompared to ourgabout 20 grain v g
lengths. Thus, the nematic ordering observed in this tUDE IS dmmm—m— == L |

likely due to the strong confinement and no convection is
possible[3]. Note that the aspect ratio of the grains is prob- |G, 3. Sketch of the four phases of a tap. The dashed line
ably also an important parameter. corresponds to the repose position of the vessel. The medium follow

To understand the convection creation and evolution Wehe motion of the vesséphase 1, takes off from the bottorfphase
have used a high-speed camét800 images per secontb  2), lands on the bottorfphase 3 and finally the compression wave
analyze the motion and the deformation of the packing durpropagategphase 4
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painted in black. We can then follow the displacement of thethe interaction energy stored by the grains during the previ-
peaks between each pictutE000 pictures per secondand  ous motion phases. This allows the grains to move slightly
thus detect dilatation, compaction, or wave propagation duraround their initial position and to possibly find a more
ing each phase of the motion. The precision on the peaRktable position corresponding to a higher value of the pack-
displacement is 0.3 mm for a packing height of about 10 cming fraction. The velocity of the compression wave is of the
Note that, in order to avoid overlapping, each profile pre-same order of magnitude as that obtained in the same set up
sented here is shifted vertically. On Figa% the two gray with gla_ss bequlS] but smaller than the values obtained in
level profiles correspond, respectively, to the state before an@ ©N€-dimensional granular mediy#. o
after the first tap of =6. These two profiles are similar and _ |t Should be pointed out that in our set up, compaction is

the peaks present can be easily tracked. Let us now examifginly associated with compression, wave propagation, and
with this method the phases of the motion. During the firstCOnvection. Nevertheless, it is not the only one, since com-
action can be observed even without convec{i®h This

phas_e, the rice follows the motion of thg container. As theglso explains why the characteristic times found 10] are
medium is in a stable configuration, this motion does not,Smaller than those obtained [i@]

create a relative displgcement of the grains. As the cylinder . I'=6, the effect of the compression wave is easy to
slows down, the medium takes off from the bottom and &;5)y7e for two reasons. First, the dilatation of the medium
dilatation of the piling is observeldrig. 4(b)]. This dilatation st hefore the wave is still important and its effect is easier
is not uniform: 1 mm for the upper part of the packing andiy gappreciate. Second, the intensity of the compression wave
0.5 mm for the lower part. A study of the orientation of the js high because the medium lands on the plate when the plate
grains during this phase shows that they have a tendency #mes up again.

align vertically. Moreover, as already observed for glass We have also performed such an analysisfer2.4. In
beads in13], all the packing takes off and its bottom is still Fig. 5(a), the two gray level profiles reported correspond,
parallel to the plate. During the third phaleig. 4(c)], the  respectively, to the state before and after the first tap. The
rice lands, which induces a compaction of the medium. Surmotion of the grains is smaller than fbl=6. Many charac-
prisingly, this compaction is smaller than the dilatation moni-teristics of the medium motion are similar to those obtained
tored during the second phase and at this stage the mediumfix I"'=6. During the first phaséhe grains follow the plate
less compact than initially. Note that the vertical orientationmotion) the medium is not affected. During the second
tendency of the rice always exists even if it is less visiblephase, we monitor a small dilatation in the medium. Never-
than during the second phase. In fact, the medium mainlyheless, the mean orientation does not change as much as for
compacts during the last phag@opagation of the compres- I'=6. During the third phase, the packing fraction increases.
sion wave. The evolution of the gray level during that phase What is surprising and different from tHé=6 case is that

is reported in Fig. @) and compaction of the medium is during the last phase, the compression wave propagates in-
indeed observed. The compression wave can be easilyomogeneously through the medium. Indeed, no motion is
tracked on the fast camera movie. Its velocity can then beisible at the bottom, whereas a small displacement of 1 mm
measured. FoF =6 we haveV~=16.5m s. Moreover, itis is monitored on the top of the packing. This is in agreement
only during this phase of propagation that the contribution towith previous analysis: the wave does not affect the bottom
convection appears. Indeed, during phases 1-3 the bottom péart of the packing where no convection is observed, con-
the packing remains parallel to the plate, hence no convedrary to the upper part where both convection and compres-
tionlike grain motions are observed. This result clearly dem-sion wave propagation are present. Note that, as expected,
onstrates that compaction and convection are strongly linkedhe effect of the compression wave is less importantIfor
The compression wave is a consequence of the dissipation ef2.4 than forl'=6.
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We explain this behavior difference by the motion of thethe medium coincides with the motionless, lowest position of
packing relative to the bottom plate. FB=2.4, the medium the plate.
lands as the plate is moving downwards. Therefore, the ap- To summarize, the unique instability presented in this pa-
parent fall velocity of the medium is smaller than in the per leads to a vortices formation during compaction of an-
motionless case and the intensity of the compression wave isotropic granular media at relatively low tapping intensity.
smaller than fod’=6. The other observation is that there is Below the vortices, an ordered compact zone can be created
also a strong correlation between the apparition of convecwhere the grains are oriented horizontally. By analyzing the
tion and of the compression wave. Indeed, in all our experipacking behavior during one tap we showed that the main
ments the compression wave creates a motion only in theompaction mechanism is due to a compression wave propa-
part of the medium where convection will take place duringgation. Furthermore, this compression wave propagation cre-
the other solicitations. This explanation helps understandingtes convection proving the strong correlation between
the transition between the two behaviors: For 3, the fall of ~ granular compaction and convection.
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