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Connections between response modes in a horizontally driven granular material
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The behavior of a horizontally vibrated quasi-two-dimensional granular system is observed over a wide
range of time scales by mapping the velocity fields at the boundary by using high-speed video and decompos-
ing the behavior of the system into the harmonic, subharmonic, and convective responses. The observed
relationships between these responses, as well as the fast shearing and the gap that opens between the material
and the sidewalls, lead to a refinement of the current convection model, and also reveal that shearing is
completely accounted for by the harmonic response. We find that internal degrees of freedom are always
significant under horizontal vibration, as the specific boundary conditmpen surface and horizontal driving
give rise to a surface layer whose motion is decoupled by a narrow shear band from that of the bulk. All
observed responses are related to this shear band. For example, the specific shape of the shear band gives rise
to the surprising presence of period doubling and period quadrupling. As compared to the case of vertical
excitation, all the observed responses now arise through new mechanisms.
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I. INTRODUCTION vertical boundaries drives the convectipf25,26. Under
horizontal vibrations, convection is also driven {gravity-

Under external excitation, a granular material can mimicinduced shear stresses that cause avalanching down the side
the behavior of solids, liquids or gases, never behaving exwalls [27,28. Further, under both kinds of excitation, the
actly like any of these phases of matfér-15]. In addition, fluidization is initiated at the top free boundary, even though
their jamming property links them to other disordered sys-the type of stress differi28—30. When is the response de-
tems, e.g., glasses, spin glasses, or traffid6—19. This termined by the type of stregshear versus compressjon
rich dynamics arises from a remarkably simple physics. Yetand when by the type of bounda¢gpen versus closg¢®
its theoretical description is still incomplete, due to several In addition to altering the boundary conditions, horizontal
factors. The macroscopic nature of the interactions betweeshaking introduces another change from vertical excitation: it
grains (collisions, rubbing necessarily leads to dissipation, restores the symmetry of excitation,» —x; t—t—T/2. The
as the kinetic energy is transferred to the many degrees sfymmetry breaking due to gravity was found to be at the root
freedom internal to the individual particles. Another compli- of many of the responses studied in vertically vibrated sys-
cating property of granular materials is less obvious: it hagems. What is the observed response in a system with a re-
been found that in granular systems there is no clear separatored symmetry? Interestingly, all the observed responses
tion of the relevant microscopic and macroscopic lengthhave been seen in vertically shaken systems, but now they
scales[1,20]. The macroscopic variables, e.g., density orarise through essentially different mechanisms. A striking ex-
mean velocity, can change significantly over distances omple is the presence of a stable period-doubling response,
only several particle diameters, rendering the statistical “mi-despite the negative theoretical predict{&1i].
croscopic ensemble” meaningless in these systems. In addi- Another advantage of the present work is the wide range
tion, the role of boundary conditions in experiment, and theirof time scales over which the system is studied. Most of the
application to theoretical calculations are poorly understoodwork done on horizontally excited systems has been limited
All these problems notwithstanding, there has been a lot ofo understanding a particular response mode, e.g., convection
effort put into formulating the theory of granular hydrody- [3,13,27,28, fluidization[30], and other model31-36. We
namics, i.e., into describing the granular flow through a systake a different approach, studying several responses of the
tem of uniform and local partial differential equatiofsl—  system on the time scales ranging from 0.1 to 20 oscillation
23]. This is a very challenging task, as even the possibility ofperiods. This enabled us to go beyond understanding indi-
achieving this appealing goal is yet uncertain, given recenvidual responses and to discover important connections be-
evidence that granular materials are intrinsically nonlocatween them, most notably, the presence of a surface layer on
and history dependefh24]. all timescales.

Studying a horizontally vibrated system provides an op- These complex connections, as well as the individual re-
portunity to shed light on some of these issues, most notablygponses and other results are described and discussed in
on the role of boundary conditions. Horizontal vibrations Secs. Il and IV, and summarized in the conclusi@sc. \j.
produce shear stresses at the free surface, and compressioWét begin by describing the gap that opens periodically at the
the vertical side boundaries. This contrasts with the extenside walls, due to the lagging response of the mat¢8at.
sively studied case of vertical vibrations, where there is comill A ). Further, we decompose the system response into com-
pression at the free surface, and shearing at the vertical wallponents at the frequency of excitation and its subharmonics,
How do these differences affect the behavior of the systema@nd at zero frequendgonvective flow. These responses, as
In deep vertically vibrated systems, frictional shearing at thewell as the shearing caused by inertial forces at the top free
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photogate the guides, and the 1 cm thickness of the sled did not allow
any buckling that might lead to a resonance. The system was

et “acunm driven by a Vibration Testing Systems electromagnetic
VS ~ shaker. We describe the motion of the containemxyt)
= A, cos(t+ i), whereA, is the amplitude of the container
' EM shaker / motion, w=27f, wheref is the frequency of the excitation,
and ¢, is chosen such that phage= wt+ ¢ is zero when
the side wall is at the maximum elongation in the direction
away from the granular material. Any residual vertical mo-
CCD camera " tion of the container was determined optically to be at the

same frequency and in phase with the driving of the system,

with an amplitude of<2% of that of the horizontal motion.

| computer The acceleration in the horizontal direction was measured
video processing using a PCB Piezotronics accelerometer. With this system we

) ~were able to reach accelerations ©f=10, where I
FIG. 1. Sketch of the experimental setup. An electromagnetlc:Aowzlg is the peak acceleration, normalized lhy

shaker, controlled by a frequency generator, vibrates a sled to which 9.8 m/2, the Earth's acceleration. The frequency range ex-

a rectangular container is attached. The granular material inside theIored was 8—100 Hz. The end points of this interval were

container is kept under vacuum. A high-speed CCD camera is use%e ined b - | . Bel 8 H h
to record the motion of the particles. These data are later analyze termined by experimental constraints. Below z, the

by a computer. The inset shows the photogate, consisting of a ligithaker could not produce an amplitudg large enough to
source and a photodiode, positioned at the edge of the side walEXcite the system significantly. Above 100 Hz, the response
The photogate is used to measure the duration of the gap that opea$ the material was too weak to be resolved. The mobiliza-
between the material and the side wall. tion of friction between the sled and the Teffomyuides
caused a small discontinuity at the extremes of the accelera-
surface, are described in Secs. Il B—Ill E. For both convectjon trace, typically about 10% of the peak acceleration at
tive and harmonic response, as well as for shearing, we ol =3, |n addition, the accelerometer could detect the impact
serve a surface layer in which the behavior of the materiapf the granular material at the container wall. These features
differs from that in the bulkSec. Ill F). Section IV discusses cqysed the appearance of higher harmonics, but within the
the properties of the surface lay@ec. IV A), the relation of  easured frequency range, no other resonances were ob-
the gap to responses in the systéBec. IVB), and also all  seryved in the accelerometer response.
the observed responses, including their connection to shear- 1o measure the motion of the grains in the container, us-

ing (Sec. IVC-B. ing either Kodak EktaPro or MotionCorder high-speed CCD
cameras, we collect images at the rate of 1000 frames per
Il. EXPERIMENTAL SETUP AND DATA PROCESSING second, or 30 frames per cycle fat 33 Hz. We choose ten

evenly spaced frames per oscillation cycle and quantify the
motion by calculating displacement or, equivalently, the
A sketch of the experimental setup is shown in Fig. 1. Theaverage-velocity fields, for the time interval lapsed between
apparatus consists of a rectangular container filled wit pair of frames. The algorithm for calculating the velocity
poppy seeds. The sample container was constructed frofields is described below, in Sec. I B. This imaging tech-
acrylic, specially coated to prevent electrostatic buildup, withnique allowed tracking of particles on the front or back walls
dimensions of lengtt. =200 mm, heightH=150 mm, and of the container. To obtain the velocity fields, we processed
width W=25 mm. The poppy seeds are kidney shaped, witlata taken over 20 oscillation cycles. After calculating the
an average diameter df=0.8 mm. Their matte surface and depth profiles of various physical quantities characterizing
irregular shape facilitate visualization and prevent crystalli-the responses, e.g., the convection velocity or the amplitude
zation along the walls, while their nonabrasiveness protectsf harmonic response, we track their dependencg andf.
the antistatic coating on the container. Unless otherwis@he depth profiles were taken at a distance ofLOz&vay
specified, the data described in this paper pertain to a filfrom side walls. This distance was chosen because it is in the
level ho=33 mm, i.e., an aspect ratio of 0.17. The relativelyregion where the convective motion of the material is hori-
small width of the systent~35d for poppy seedsensures zontal, hence easy to quantify. In order to obtain satisfactory
that there are no significant variations in behavior across thepatial resolution, only a portion of the visible surface of the
cell. The lateral convection, previously described by Tennamaterial could be included in the field of view at any given
koon, Kondic, and Behringd28] is negligible, due to low- time. With large filling heights and small diameter grains, we
friction boundary conditions. During the experiments thecombined the data from two such fields, positioned one
container was kept under vacuurp<(1 Torr), in order to  above the other, in order to obtain full height information. In
exclude the effects of any interparticle fluid. The containeraddition, on long time scales the motion of the grains, i.e.,
was mounted to a massive steel sled that was constrained tioe convection pattern, was observed over periods of up to
precise horizontal motion by two pairs of Tefforguides. 1000 cycles using a strobed flash that was phase locked to
This construction eliminated any gap between the sled anthe driving frequency.

A. Experimental setup

021305-2



CONNECTIONS BETWEEN RESPONSE MODES INA.. .. PHYSICAL REVIEWES 021305

a) (x+Ax,y+Ay) in F¢, where Ax,Ay) is varied. We evalu-
F; t ate how similar; andl; are by calculatingC(Ax,Ay,At),

CAX,AY, A =((I; =12/ (1)1 ). 1)

We choose this function rather than the more usual correla-
) tion function (11¢)/({1;){I;)) because we obtain a better
g signal-to-noise ratio. For random packing, only for

= Q) (AX,Ay)=(Axq4,Ayq), |; and I; are almost identical and

) C(Axq4,Ayq,At) has a sharp minimum. Thus we measure

VXY, D) =((vy)(vy)) = (AXq,Ayq)/ At 2

b as the velocity vector of the material at positiogy), at time

) F;, t+At t. By choosing different values fakt, we can calculate the
Fm—————- - mean velocity of the material on time scales ranging from
e _— . 0.1 to 20 oscillation periods.

' ! By comparing 83X 3d areas in frame$; and F;, this

. computer algorithm effectively tracks particle clusters, rather

)

) than particles themselves. Consequently, it allows the use of
- = ) images of much lower resolution than would be needed for a
AXgAYa successful single particle-tracking algorithm. This signifi-
Ny cantly speeds up data acquisition and processing relative to
conventional particle tracking, allowing a larger dynamical
range, and a larger field of view. This method is only appli-

FIG. 2. The illustration of the image processing algoritfanF, cable to dense, laminar flows, in which the rearrangements of

is an image of the system taken at tié; is a rectangular area in the particles are rare events. In rapid flows, which exist at the
F;, of given dimensions and originating &ty). The grains con- top and side boundaries of the system, the particle clusters
tained inl; form a cluster whose motion we track) F; is an  rearrange rapidly.C(Axq4,Ayq,At) has multiple random

image of the system taken at tirh¢ At. Over the time intervalt, minima, and the algorithm fails, yielding large amplitude
the cluster contained ih is displaced by £x4,Ayy). | is arect-  random noise.
angular area i of the same size ds, originating in &+ Ax,y

+Ay), where Ax,Ay) is varied. The similarity ofl; and I for IIl. RESULTS
various Ax,Ay) is quantified by functiorC(Ax,Ay,At), defined '
in Eg. (1). When (AX,Ay)=(Axq,Ayq), C(AX,Ay,At) has a A. Gap

sharp minimum. The mean velocity of the grains ower is

(00 (03)) = (AXg Ayg) AL Figure 3 shows the behavior of the system at the side wall
x/\Uy/) = ds2Yd .

throughout an excitation cycle. During part of each cycle, the

; - lar material is pushed by the side wall towards the cen-
At the vertical side boundary of the system, a gap open ranu . ;
between the material and the vertical wall during a fractiongertOf_tT? conk';alrr]l_eBF!?. 333)]' Alter the Wt?llnLetracts,_the
of each cycle, due to the lagging response of the material. Wga erial lags behind it and a gap opens between tHem

dt

observe this gap using a video camera to determine its wi (B)]. Initially, the gap opens uniformly in height, bu_t soon
and maximum depth, . In order to measure its duratiag ecomes wider near the top surface. After the container wall
g- '

we mounted a photogate at the edge of the side wall of th everses its direction at the begipning of the following cycle
container. When the gap is closed, no light can pass throu ig. 3(c)] the gap closes nonuniformly from the bottom up

: ; ig. 3(d)]. The temporal sequence of events with respect to
to the photodiode, and when the gap opens, light pass '9 3( - a5 X
through. The signal from the photogate was captured by o_ntalner motion is shown n Fig(8. Thelshade_d areas in
Pentium Il computer using a National Instruments A/D card ig. 3(e)] cprrespond to the intervals during which any part
and Labview software. Up to 200 cycles were captured in f?f the gap is open.

single measurement, with a typical time resolution of . In Figure 3, the peak _eXC|tat|on acceleratlﬁnl_s suffi-
0.001T. ciently large that the maximum depth of the gépis equal

to the full depth of the system, i.e., the gap is fully open. At
lower I, &4 is smaller,(as shown in Fig. b and the gap
consists of an upper, wider region and a narrow tail, penetrat-
The video processing algorithm is illustrated in Fig. 2.ing deep into the material. This is more pronounced at lower
After taking a high-speed movie, we track the motion offrequencies, while at highdrthere is progressively less dis-
grains between two frame§;,; (Fig. 28 and F; (Fig. 2b), tinction between these two regions.
captured at timesandt+ At, respectively. Over timét, a The maximum gap depth within a cyclé,, is observed
3dx3d rectangular ared;, originating at(x,y) in F;, is  optically by using a high-speed video camera. We defipe
displaced by Axq4,Ayy). This displacement can be found by with respect to the nominal fill leveh,, rather than the
comparingl; to different X 3d areasl;, originating at dynamically changing instantaneous surface level during vi-

B. Video processing algorithm
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X
a b c \d - ]
1 = L Acsqedec il L FIG. 5. A many-cycle superposition photograph of the vertical
0 \/ T oT t boundary of the system, taken di=2, f=20 Hz and hg

=50 mm. The images were taken at the phase of oscillation at
which the gap is at maximum depth, denoteddgy The blurring in

the upper region results from convecting particles, while the sharp
lower portion of the image indicates zero convective motion.

FIG. 3. A snapshot of the vertical boundary at four different
phases in the cycléa) just before the gap begins to opehj at full
extension of the gafdr) when gap is partially closedd) just after

the gap closes fully(e) The time-space diagram shows the position bration. Its dependence dh is shown in Fig. 4. One can

of the container wallx,,, over two oscillation cycles. The gap is . . .

. o / clearly distinguish two regimes. For smél] the gap opens
open during the shaded time intervals. The letters on the dlagramt t lerati litiBe-0.5. In thi .
indicate moments in cycle at which the corresponding snapshot an onse ?Cce e_ra lon amp " e 0. n. Is regime g
were taken. The images were takerat 3.4. grows steadily until’y, where it suddenly jumps to the full
depth of the container, indicated by the dashed lindgat
=41d. BeyondI'; we identify the second regime, in which
the gap extends to the bottom of the container and remains
constant with increasin@’. Data, taken at frequencies be-

tween 8 and 50 Hz, overlap, indicating no frequency depen-

___________________ Gaex —o- dence in this range.
40 1 ° Figure 5 is a long-exposure photograph of the vertical
° boundary of the system, taken Bt=2, f=20 Hz, andhg
30 aX =50 mm, under a phase-locked strobed light, at the phase of
- oscillation at which the gap reaches the maximum depth. The
—~ 20 - X blurring in the upper region is a result of the convective
™ ﬂ{& motion of the grains. The sharp lower part of the image
e corresponds to the nonconvecting region, in which there is
10 7 ﬁ&!ﬂ T no relative grain motion. The maximum depth of the ggp
o QK I, coincides with the depth of the transition between convecting

' T ' T and nonconvecting region—it equals the convection fluidiza-
Y 1 2 3 tion depth in the system.
As the gap closes from the bottom up, we defiges the

FIG. 4. The dependence of maximum gap defigron T. The  interval during which the gap is opeat the height of mea-
data taken at 8 Hz®), 15 Hz (0)), 25 Hz (A), 33 Hz(¢) and 50  suremeni(Fig. 6). It is measured 20—-25 mm above the con-
Hz (*) overlap, indicating no frequency dependence. The gradual@iner bottom, where period doubling in the material was
increase has an onset Bt=0.5. The sharp jump df, brings §, ~ mMost pronouncedry grows nonlinearly withl" and under-
equal to the full filling heighthy=41d. The size of the symbols goes a period doubling bifurcation Bt =3.7, and a period
corresponds to the error bars of the measurement. quadrupling bifurcation at’”=5.9. Figure 6 shows the av-
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: : FIG. 7. A many-cycle superposition photograph of the front
: : container wall reveals two symmetrically positioned convection
r r rolls. A phase-locked strobe light is used so that each frame is taken
0.0 : H at the same phase in the cycle. The streaking is due to the motion of
2 3 4 5 6 7 the tracer particlesdark colored poppy seedmixed with the ma-
r terial (light colored poppy seedlsThe image is taken di=6 and

hy=50 mm, and shows the entire system.
FIG. 6. The dependence of gap duratignon I'. 74 undergoes

a period-doubling bifurcation dt’ =3.7, and a period-quadrupling Fig. 9@ (solid line for f=33 Hz andl'=2.9, one can dis-

bifurcation atl"=5.9. tinguish two regions: The bulk of the material convects

slowly away from the side wall, with an approximately con-
erage values for, in these regimes. The highest branch of stant negative velocity. Above it one observes a surface layer,
74 ON Fig. 6 grows larger than 1 dt=6, indicating gap convecting toward the side walbpositive velocities Be-
duration longer than a full oscillation period. The low valuestween the bulk and the surface layer, there is a crossover
of 74 below I'=2.5 could not be measured reliably. While region in whichv, sharply decreases with depth. The dashed
period doubling is very stable, the period quadrupling wadine on Fig. 9a) represents- dv,/JD, whose maximum ab-
maintained during only 30—50 % of the observation time. Wesolute value determines the depth of the crossover region, or,
found no evidence of hysteresis at the period doubling bifurthe characteristic depth for convecti@,. Its dependence
cation, and only a weak frequency dependenc&'ofOver  on I is shown on Fig. 1(triangles. It grows withI" up to
the 18-50 Hz frequency rangE, increases by only 20%, I'=3, and then levels off to a constant value~ef.6d.
from 3.5 to 4.2.

C. Harmonic response

B. Convection The driving at frequencyf produces a response at the

Convection, the long-range transport of the materialsame frequency. We track the motion of the grains on the
throughout the container, is the slowest mode in the systeniront surface over four cycles and on the time scal@ 4.
The detailed dependence of the convection pattern, i.e., delow I =4.5, outside of a narrow boundary zone at the side
the shape and number of the convection rolls, on the boundwalls of the cell, the motion of the grains is approximately
ary conditions is described elsewhef€3]. In the given sinusoidal, with a well-defined amplitude and phase. Above
setup, the convection is conducted in two symmetrically poI'=4.5 there is a strong subharmonic component at half the
sitioned quasi-2D convection rol{§ig. 7), with the direction  excitation frequency, superimposed on the harmonic re-
such that transport of the material is downward at the wallsponse. Using the image processing software, we can sepa-
and upward in the center of the container. At Idw the rate the two harmonics, fitting the motion of the grains first
fluidization of the system is only as deep as the gap dépth to a harmonic respondgvith convection accounted for by a
(Fig. 5 and the rolls exist only abov&,. Once the material term linear in tim¢ and then fitting the residual response to
is fully fluidized and the rolls reach the bottom of the con-the half-frequency harmonic.
tainer, their shape does not evolve with increadind 3. The harmonic behavior can be seen in Fig. 11. Figure

Figures &b), (c), and(e) show the velocity fields on the 11(a) shows the time and height dependences of the horizon-
front surface of the system, in the region outlined in Fig.tal position of a particle, at the distance 0.2way from the
8(a). The velocity fields are measured as explained in Secside wall, atf =33 Hz andl’=4.5. The vertical axis corre-
[ B, on varying time scales, i.e., averaged over a varyingsponds to the height above the container bottom, while the
time intervalAt. These fields differ greatly in intensity and horizontal axis shows time, in oscillation periodis The x
shape. In particular, Fig.(B) shows the convection velocity coordinate of the particle is shown on a brightness scale: the
field, in which a convection roll is easily distinguishable.  bright regions correspond to positive displacements around

We quantify convection by calculating the depth profile of the mean valuéin the direction toward the side walwhile
its velocity field, at distance OL2[dashed line in Fig. )] the dark regions correspond to negative ones. In Fi¢h)11
away from the wall, where it is mainly horizontal. We track the time dependence of a particle’s position at three different
the motion of the particles over four cycles, with time reso-heights above the bottom is isolated. The vertical scale in
lution of T/10. The horizontal motion is fit to a harmonic Fig. 11(b) measures the horizontal displacement of the par-
function of time, with a linear term accounting for horizontal ticles around the mean value, denoted by the dashed horizon-
convective velocityv,. From this depth profile, shown in tal lines. These lines are offset to indicate the heights at
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a)

! i 5dIT

FIG. 8. (a) A sketch of the system. The dotted square outlines the region sho(ln-ite). After analyzing the particle motion recorded
by the high-speed CCD camera, we obtain the velocity fields at various time gbalese convection velocity field, as measured ovef 20
is shown.(c) The velocity field at the time scale d@#2, resulting from the harmonic response of the system, is sh@yhe shear field
Q, as defined by Eq(3) and calculated from velocity data obtained ®f0 time scale, is shown on a brightness scale, with bright
corresponding to high values @ (e) The period-doubling vector field, significant on time scale3,a6 shown. Note that, when observed
at different time scales, the velocity fields differ significantly in shape and intensity. The dashed vertical lines are positioned at the distance
0.2L away from the side wall, and mark the position at which the depth profiles of various physical quantities are taken.

which the particle displacements were measured, in accocrossover from the bulk to the surface region. Rather, it re-
dance with the height axis in Fig. (. From Figs. 11a) and mains approximately constant in the bulk, increasing
(b) one can distinguish two regions in the material. In thethroughout the transition region, towards the surface layer.
bulk, there is very pronounced horizontal harmonic motionThe phase lag grows slowly with peak acceleration, and is
of the particles. Above the bulk, there is a surface layer, ihigher for deeper beds. At,=95 mm, we observed phase
which the horizontal motion of the grains has a much smallefags of over 360°. The value efy, deep in the bulk is exactly
amplitude and a large phase lag with respect to the bulk. Th&ero for smalll’, since the material is forced to track the
slight slope in the time traces in Fig. (b indicates convec- Mmotion of the container. At highdr, however, the material
tive motion. Note that convection is very slow, compared toS/iPS on the smooth container bottom, which produces a gap
the harmonic oscillations—one can observe it readily only inP€tween it and the side wall, and an offset in the bulk phase
the surface layer where it is relatively strong, and the harvalues. This offset value has been subtracted fromdhe

monic response is very weak. It is also possible to observBrofile shown in Fig. &).
the period-doubling contribution through the alternating high
and low amplitudes of motion in the surface layer. D. Shear
Figures 11c) and(d) show the analogous information for  \yhen the side walls push the material in front of them in
the vertical displacements of the particles. While there is n@nheir motion towards the cell center, their action is only at the
clear distinction between the bulk and a surface layer, thgoundary of the material. Because of inertia of the particles,
vertical motion is more pronounced near the surface. AlsOstrong shearing stresses form at the top free surface, and the
for vertical motion, the sinusoidal time dependence is a googhaterial fails along a plane running at a constant depth be-
approximation near the surface, but not in the bulk. The peneath the surface. This creates a localized shear band, which
riod doubling is clearly seen in the surface layer time traceseparates the strongly moving bulk of the material from a
There is no visible contribution due to convection. more stationary surface layer. Close to the side walls, the
The harmonic motion of the material is characterized bysnear plane curves upwards, ending in the upper corners of
its amplitudeA, and phase offsep;, at every point, obtained the system.
by fitting the horizontal position of a particle to a sinusoidal  \while the isotropic part of the shear tensor describes di-
function of time (with a linear term accounting for convec- |ation in the material, the shearing can be quantified by the
tion). The depth profiles oA, and ¢y, at 0.2 away from the  amplitudeQ of its volume-conserving pattFor the 2D ve-
side wall are shown on Figs(I9 (solid line) and dc), re- |ocity fields that we observe at the front surface, both inside
spectively. The amplitude deep in the bulk is constant and ajnd outside of the shear band, this scalar quantity is obtained
I'<3 scales with the amplitude of the container motion.by a Simp'e expression in E(ﬁ3) We calculate the shear

Abovel'=3, A, does not change value with increasiigin  tensor from the short-time velocity field at a time resolution
a well-defined surface layer, the amplitude is much lower ingf T/10.
value. In the laboratory frame of reference, the surface layer

appears almost motionless, while the bulk moves with a large 1
amplitude. The dashed line showa,,/dD, the depth gradi- )
ent of A,,. Its peak locates the position of the region of

growing A,,, which we call the characteristic depth for har-

monic motion,Dy,. The dependence @p, onI"is shown in  i1hen.dimensional shear tenser; = 3(d,v;+ ;) can be repre-

Fig. 10(diamonds. Dy, grows withI" up tol'=3, after which  gented as the sum of two termsy;; = (1/n) & v+ (v

Jv dvy\? [ov v\ 2]Y?
X_ y + X + y
X Yy ay oX

()

it levels off to a constant value-16d. Note that itsl” depen-  — (1/n) 5, 1), the first one describing the hydrostatic compression,
dence is the same as the dependence of the characteriséigd the second describing the volume-conserving, or pure, shear
depth for convection, defined above. deformations. The absolute val@of the second term equals the

The depth profile of the phase of harmonic respafisés  square root of the sum of squares of its elements. In two dimen-
shown in Fig. 9c). It does not show sharp features at thesions, it reduces to E3).
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Figure 8d) shows a snapshot & at +=108°, the phase
at which it is maximized. The bright band corresponding to
the localized shear band is easily observed. Away from the
boundary and below the period-doubling transitiGhpre-
serves the symmetry of the excitation: at any monterit
has the same values as at the montent/2. We construct
the depth profile of) at the distance Ol2away from the side
wall and at the maximizing phase, and show it in Fi¢d)9
(solid line). The depth at whichQ reaches the maximum
value Q. determines the depth of the shear band, or, the
characteristic depth for sheariig,. The I' dependence of
D, is shown in Fig. 10. Note that it has the same dependence
as the characteristic depths for convection and harmonic re-
sponse, defined earlier.
V/d Ayl d s Q The gradients in the amplitude and phase of harmonic
motion give rise to a shearing contribution of the harmonic
response. Usind\,, and ¢, data and Eq(3), we calculate

©)
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FIG. 9. The depth profiles of the physical quantities used to

characterize the motion on different time scal@s.The depth pro- ; i A :
file of the horizontal convection velocity, (solid line) is shown in this contribution and plot it in Fig. @) (dashed lingfor the

units of 1/cycle. Its negative depth gradientdv,/dD (dashed S@ME€ pOSItIO.n.and th'vlS? of OSCI”atIOh at whighvas mea-
line, on an arbitrary scaleis also shown. The peak in the depth Sured. Surprisingly, within the resolution of our experiment,
gradient determines the characteristic depth for convedipn(b) It coincides with the directly measured shear val@es-ig-
The depth profile of the amplitude of the harmonic respodge, Ure 12 plotsQ,,, at variousl” vs the differenceAAy,, of the
(solid line), and its depth gradiensA, /3D (dashed line, arbitrary ~ corresponding bulk and surface layer harmonic amplitudes,
scalg, are shown. The peak in the depth gradient determines théor three different frequencies. Although there is significant
characteristic depth for harmonic respo®g. (c) The depth pro-  Scatter in data taken at a particular frequency, overall linear
file of the phase lag of the harmonic respongg is shown in  scaling ofQ,ax With AA,, is present. The open symbols cor-
degrees of angle. It is offset so that the phase lag deep in the bulk ispond to the data taken abole=4.5, at which value the
zero.(d) The depth profile oR [Eq. (3), solid line] at the maximiz-  strong period-doubling contribution is first observed in the
ing phase within the cycle is shown, in units of 1/cycle. The peak indepth profiles ofQ. (While the period-doubling onset is well
the depth profile of) determines the characteristic depth for shearpe|ow this value, for lower accelerations its contribution is
Ds. The noise floor of 0.017/cycle, determined from the profilesneg|igib|e at the distance at which the depth profilesQof
measured at lowW, has been subtracted. The dashed line shows thgare taken.Above the period-doubling transition, the mate-
contribution to shear from the horizontal harmonic motion, as calvig| does not have time to fully relax after each shearing, but
culated fromAy, and ¢ . All the depth profiles were measured at g siternately sheared in the relaxed and a dilated state, and
0.2 away from the side wall, &=33 Hz andl'=2.9. the shear band exhibits period doubling. In this c&3eyas
calculated only in the cycle in which the material was re-
laxed before the shearing.

20
oD, E. Subharmonic responses
15 - AD, —$ *’* We have already described the period doubling at the sys-
XD, / tem boundary, as observed via the bifurcation in the gap
lifetime 7, (Fig. 6). However, this is just a signature of the
o 10 - *¥ ) period doubling deeper inside the system: after accounting
a / 9*0*' w for the harmonic and convective responses in the velocity

fields, a period-doubling component remains abbwe3.5.

By fitting this remaining response to a harmonic at half the

excitation frequency, we obtained the amplitude and phase of
the period doubling. Such an approach, though, decouples
the horizontal and vertical components of motion, whose re-
lationship is essential for understanding the mechanism driv-
ing the period doubling.

FIG. 10. The dependence of the characteristic depthsD,,, I_nstead, we quantifieq the period doubling by defining the
andD, onT. Note that, within the experimental accuracy, they all P€riod doubling vector field, as follows. Below the period-
trace the same curve. The dashed line is a fit to the average of thefoubling bifurcation, at the phase of oscillation of, e.g.,
valuesD*, linear up toI'=3, and constant thereafter. The inset =0, a particle is found at the sant,y) position in each
shows the values db* for three different frequencies, 25, 33, and Oscillation cycle(neglecting convectionAbove the bifurca-

50 Hz. There is no observable frequency dependence. The dash#@n, at the same phase of oscillatignthe particle alternates
line is the same as in the main figure, and is shown for referencebetween two different positions from one cycle to the next.
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FIG. 11. The time and height dependence of a particle’s coordinates on the container front, at a distaaeea.2om the side wall,
for f=33 Hz andl’=4.5. (a) The time and height dependence of théhorizonta) coordinate. The vertical axis denotes height above the
container bottom. The horizontal axis denotes time in oscillation peffodghe brightness of the image represents the value ofxthe
coordinate on a brightness scale, with bright corresponding to positive v@lassr to the side wall and dark corresponding to negative
values(further away from the side wall(b) The time traces of a particlelscoordinate are shown for three different heights above container
bottom. The dashed horizontal lines mark these heights according to the vertical dgjs ®hey double as the mean value for the time
traces. The horizontal scale represents time in oscillation periods, while the vertical measures displacement around the nieefhelue.
time and height dependence of a particke'ssertical) coordinates, analogous te). The arbitrary brightness scale is identical to the scale
used in(a). (d) The time traces of vertical displacements, analogoug)to

The vector difference between these two positions we call Comparing Figs. &) and (e) one can see that both an
the period-doubling vector. A representative period-doublingnclined shear band and a pronounced period doubling are
vector field, calculated ap=0, is shown in Fig. &). It is  local features in the upper corner of the system. The corner
largely horizontal, except near the surface, where it acquireg2gions are zoomed in on in Fig. (3, in which the arrows

a vertical component. Note that this vector is defined withrepresent the period doubling field, and the dashed line the
respect to the phasg of the excitation, which is unique for Position of the shear band. The period doubling field is pre-

the whole system. dominantly horizontal below the shear band, and vertical
The period doubling is strongest in the upper corers oftP0Ve it. This is also true away from the corners.
the systems. In fact, at low'(=3.5) accelerations, it is com- _._YVe observed period quadrupling in the velocity fields at

pletely localized to these corners: by stirring the materialr>6’ and also by measuring the duration of the ggpFig.

with a stick, we were able to perturb the motion of the ma—6)' and by observing the shape of the gap using the high-

terial in one of the corners, changing the sign of the period-Speed camera.

doubling field, (i.e., changing the order of alternatirig,y)

positions of a particle a=0), without changing its sign at F. Surface layer
the opposite wall. Thus, the period doubling is a local In the previous chapters, we defined the characteristic
effect—not the response of the body as a whole. depths for convectio., harmonicD,,, and shearing re-
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band. The identical depths of the surface layers observed for
different responses$Fig. 10 lead to the conclusion that a
single surface layer is formed in the system, well defined and
maintained on all time scales, and justify the definition of
D* as a measure of its depth. This surface layer is likely due
to the open boundary condition at the top of the container, as
it is separated from the bulk by the shear band, at dBgth
It is through this surface layer that the fluidization of the
system is initiated. Although the bulk apparently moves with
a larger amplitude, it only passively tracks the motion of the
container.

A similar surface layer was previously observed by Ten-

nakoon, Kondic, and Behringer by observing yet another re-
sponse mode in a horizontally vibrated system: the lateral
AA,/d convection[28]. The experiments agree in that the fluidiza-

tion of the system is initiated at the top free surface, and

FIG. 12. The maximum shear valu€¥,,, (units of 1l/cycle - o . .
scale linearly with the difference between the bulk and surface amprOpagates into the bulk with increasiiig Another experi-

plitudes of horizontal harmonic motiodA,,. The three symbols mgn.t bY R'_St,o_""’ StraBBburger, and Rehbg8g)] also finds

correspond tof =25 Hz (diamonds, 33 Hz (squares and 50 Hz  fluidization initiated at the surface, and reports onset values

(triangles. The dashed line is a guide to the eye. The open symbol®f I'=0.1 and I'=0.8. Also, Pouliquen, Nicolas, and

represent data taken abolie=4.5, at which values there is a con- Weidman([33] achieve crystallization of glass spheres under

tribution from period doubling. low-amplitude horizontal vibrations by continuously adding
small amounts of material at the surface: the body of the

sponseD, (Fig. 9). For all of these responses, one can dis-crystal remains undisturbed, while the surface particles are

tinguish a surface layer of different character from the bulkfluidized just enough to form additional crystal layers. Their

of the material. At the longest time scales, oppositely cononset for crystallization df =0.5, corresponds to our fluidi-

vecting parts of the convection roll are separated at the chagation onset value of 0.5. Moreover, exploring accelerations

acteristic depth for convectioD.. At intermediate time up toI'=2 they observen,=0-6 fluidized particle layers,

scales, the surface layer shows a different fluidization patterfh approximate agreement with oab* /I’ =6d.

from the bulk, moving with a smaller amplitude and a non-

constant phase. Finally, at the shortest time scélganea- B. Gap

sures the depth of the localized shear band forming between

the oppositely moving surface layer and bulk. The depen- We find that, just like the surface layer, the gap is also

dence of characteristic depths,, D},, andDs onT is plot-  related to all the system responses. For example, the gap

ted in Fig. 10. Abovd =6, the data were too noisy to pro- durationr, exhibits period doubling. Furthed, is equal to

cess using our image processing software. Below2, as  the convective fluidization depth in the systéfig. 5), con-

the convection profiles were not fully develop&, was not  sistent with convection being driven by the avalanching of

well defined. TheD¢ data point af”=0.5 was not measured the grains into the open gd@7,28. But, d, is also equal to

by fitting the response of the material to a harmonic functionthe depth of fluidization due to the harmonic response.

but represents the measured onset of fluidization. Rather than being a result of the dilation and compression of

Within experimental accuracy, all characteristic depths esthe material at the boundary, the gap is due to the phase lag
sentially trace the same curve. Thus it is justified to defineand decreasing amplitude of the fluidized material in the sur-
the characteristic deptb* as their mean valuéd* grows face layer. Belows,, the material essentially tracks the mo-
linearly from the fluidization onset &t=0.5 up tol'* =3, at  tion of the container, moving as a solid body. As the constant
which value it levels off and remains constantatéd. The  amplitude and phase do not give rise to shear, andl at
inset shows the measured valuesDof for three different <I'; there is no period doublingd, is actually the total
frequencies. Within the given experimental ran@5-50 fluidization depth of the system. The fact that béghand the
Hz), no frequency dependence was observed. fluidization of the system have an onsetl’at 0.5 is consis-
tent with this statement.

This should not be taken as implying that the sudden jump
in &y atT'y (Fig. 4) is a signature of some dynamical transi-
tion of the system to the fully fluidized state. The lower

In the observed responses, we find a well-defined separaarrow extension of the gap visible in Fig(cBis first ob-
tion of the system into two layers of different character—aservable only at values close kg . At lower peak accelera-
surface layer’s motion is decoupled from the motion of thetions only the wider, upper part of the gap can be resolved.
bulk of the material. This is true for convection, harmonic The jump thus results from the specific gap shape, which
response, and shearing. The period-doubling vector alsitself is due to the properties of the amplitude and phase of
changes direction in the surface regi¢ambove the shear the harmonic response.

0.0 0.5 1.0

IV. DISCUSSION

A. Surface layer
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b) that convection results from material displacements due to
shearing, but we find that shear action is equal and opposite
during first and second halves of the cycle. Still, it is possible
that convection is produced by small asymmetries in the left-
ward and rightward shearing, brought about by differences in
action of the closer or of the farther side wall, or simply by
material not relaxing fully between shearings, i.e., at high
FIG. 13. () The arrows represent the period-doubling vector €n10Ugh derlng._ ) )

field in the upper corner region of the system. The dashed line The current literature, however, cites the avalanching of
shows the position of the shear band in the same region. The peridfl€ material at the side walls as the driving mechanism for
doubling motion is horizontal below the shear band and verticaconvection13,28. Avalanching does break the symmetry of
above it.(b) The two-body model for motion in the upper corner of Motion by accumulating material in the gap during a part of
the system is shown schematically. The material below the shedt@ch cycle, and hence can give rise to convection. But with
band is constrained to horizontal, and the material above it to verSUch a mechanism, there is no explanation of why the cross-
tical motion. The shear band thus acts as an inclined plane, tran&Ver in convective motion, ab., coincides withDg and

forming horizontal into vertical motion. Gravity couples to vertical Dn- Can that model be reconciled with the present findings?
motion, giving rise to period doubling. Yes, by taking into account the differencesAp between the

surface layer and the bulk: as the bulk, with a lafgg is
» . pushed away further by the walls, the surface layer, that had
In addition, theI' dependence of a number of physical hot moved as much, will disproportionately avalanche into
quantities in the system is coupled to thedependence of the gap.
dy. For example, the deptb* of the surface layer grows Of course, the above discussion applies to the case in
linearly up to the value of'* =3, after which it levels off which convection is conducted in two convection raisg.
and remains constartFig. 10. Above I'* there is also no 7). It is known, however, that the convection pattern is de-
change iM,, as apparently the phase lag of the bulk and théermined by the boundary conditions and container dimen-
growing gap width adjust accordingly. Interestingly, it is ap- sions, and that additional rolls can appear, which may have
proximately at this value df that the gap reaches the bottom the direction opposite to the direction of rolls observed in
of the container, and thu§, remains constant, totrig. 4.  this experimen{13]. It is unclear whether, under such con-
Moreover, we find that once the gap has reached the bottoffitions, one would still observe coincidencedf andD...

of the container, the convection pattern does not change with !t IS tempting to try to draw a parallel between the con-
increasingl’ [13]. vection induced by vertical and by horizontal vibrations. In

both cases, it is induced by asymmetries in the shearing and
motion paralel to driving, due to the changing material pres-
sure in one, and to avalanching in the other geometry
The depth of the shear baridl coincides withDy,, the  [13,2§. But, there is a significant difference between the two
depth of the region of high amplitude decéyig. 10 This  cases: while in vertically vibrated systems the shear is lo-
points to high dissipation in the shear region—not surprisingcated at the boundary of the system and coincides with the
as one would expect increased friction or collisions theremaximum speed of convectidi3,4], in the present system
The dense flow suggests that dissipation is caused by inhe shear band is induced deeper in the system and approxi-
creased rubbing between seeds. Further, although there atgately coincides with the stagnation point of convection
small deviations at higher due to period doubling and di- (Fig. 9). This may be due to the fact that the frictional forces
lation in the vertical direction, at small accelerations all ofact at the boundary only, while the inertial forces act
the shear can be accounted for by the gradients in harmonifroughout the volume of the system. But, it could also be
response. This means that there are no faster processes cae to the difference between interaction with a closed and
tributing to shearing, even though in granular materialsan open boundary at which the material is free to expand
shear is often likened to material failure. This result is furtherupon agitation. More research is needed in order to answer
supported by the observation that ok 4.5 the maximum  this question precisely.
shear value,., is proportional toAA,,, the difference be-
tween the horizontal harmonic amplitude in bulk and surface E. Period doubling: Relation to shear
layer (Fig. 12), and that shear, like the harmonic response, i i i
preserves the symmetry of excitation. Thus, while, on one Besides convection, another symmetry-breaking response
hand, the energy dissipation in the shear band produces hatiSes in a horizontally vibrated granular material—the

monic amplitude decay and its observed depth profile, on thBeriod-doubling response. This response has been observed
other, the specific shape of the harmonic response determin d extensively studied in vertically excited granular systems
the strength of the shearing. 37-41]. In these systems, it is well understood in terms of

an inelastic bouncing ball modg37,40,42,43 which essen-

tially treats the granular system as a single body. However,

the origin of period doubling in horizontally vibrated sys-
While it is intuitively clear that shear may arise from gra- tems is puzzling: the extension of the bouncing ball model to

dients inAy, or ¢y, the coincidence oD, andDg, the depth  the horizontal geometry fails to predict [i81]. The model

of shear band, is more puzzling. Naively, one might assumeoes predict period two orbits for certain geometrical condi-

C. Harmonic response: Relation on to shear

D. Convective response: Relation to shear
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tions, but these orbits are realized by the body colliding with  This surface layer is well defined and maintained across
each wall only every other cyclery=2T), while we ob- all observed time scales, and it relates the shearing of the
serve period doubling behavior already fgr=0.7T (Fig. 6). mater_ial to all other observed responses in the sy_stem._The
In addition, such long trajectories are unphysical, as in th&°UpPling between shear and harmonic response is bidirec-

experiment the material contacts the wall in every oscillatio |ongl lonéhetz one han((jj,_ the “tj.bbinggf thelgtre(ljinsdin thecs)het?]r
cycle, both before and after the period doubling bifurcation. and leads to energy dissipalion anc ampiitude decay. ©n the

. ) ) . . other, the gradients in amplitude and phase of horizontal har-
Most importantly, while the inelastic bouncing-ball model monic motion give rise to shearing in the material. Notably,
describes the motion of the system as a whole, we find that ig;; of the shear in the system can be accounted for by the

horizontally excited systems, period doubling is localizedharmonic response—there are no faster processes contribut-
and a signature of internal degrees of freeddwi. ing to it. Further, the surprising coincidence of characteristic
In order to explain the presence of the subharmonic reeepths for shearing and harmonic response, and for convec-
sponses, we model the motion in the upper corners of théon leads to a refinement of the current model for convection
system by using a simple two-body modgtig. 13b)]. in horizontally vibrated systems. Finally, the period doubling
While the material in the bulkbelow the shear bapnds  Was found to be a signature of the internal degrees of free-
forced to follow the container motion, and is thus confined tod®m, rather than a single-body response. It can be under-
the horizontal direction, the material in the surface layerSio0d through a two-body model in which the shear band
(above the shear banis free to move vertically. We observe acts as an inclined plane in the upper corners of the system,

thi . tallv b lculating th locity field in th transforming horizontal into vertical motion.
IS experimentally Dy calculating the velocily Tield In e ) e the surface layer, the gap is also related to all re-

region from the fast video data. The shear band in the COMel§honses in the system: it is shaped by the harmonic response,
of the system thus acts as an inclined plane and transformgexhibits period doubling and quadrupling, and it drives the
the horizontal motion of the material into vertical motion. convection via avalanching. The depth of the gap corre-
Gravity couples to this vertical motion in much the samesponds to the total fluidization depth in the system and, in
way it does in the vertical excitation case, which provides theaddition, a variety of physical quantities describing the sys-
symmetry breaking necessary for driving the period doublingem responses, as well as the convection pattern, do not
and, at larger’, period quadrupling. This response is fed change with increasing after the gap has reached the full
back to the material constrained to horizontal motion via thedepth of the system.
interaction at the inclined shear band. The fact that the AS the motion of the bulk and the surface layer are de-
period-doubling field is horizontal below the shear band, and°uPled for all responses, there are always internal degrees
vertical above i[Fig. 13a)] supports this model. The fact o_f freedom excited, which is unlike the case for vertically
that we observe no hysteresis, and a very weak frequenc t_)rated systems. In_ fact, all the obs_erved responses now
dependence oF ', further strengthens the parallel between rise throu_gh essentially new mechanisms. This can also be
the proposed model and the vertically excited G2 partly ascnbed to the restorgd symmetry of excitation, as,
" o . y under vertical vibration, gravitational symmetry breaking is
In addition, the localization of the penod-doublmg re- responsible for much of the system response.
sponse to upper corners of the system explains the differ- |, concjusion, looking at the responses over a wide range
ences in measured onset valuesl'0f3.7 atry bifurcation, ot time scales revealed many important relationships be-
but as much as 4.5 when observed in the depth profiles Qfyeen the observed responses. These results present an addi-
velocity fields. As the period doubling field decays rapidly {jong| challenge for the theoretical understanding of granular
away from the comers, it takes much higlievalues foritto  materials: not only a description of particular responses is

become (_Jletectable at greater distance. In fact, periOdﬁeeded, but also an explanation of how and why they are
doubling fields calculated very close to the top corners showierrelated.

period doubling already df=3.5.
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