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Granular packings with moving side walls
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The effects of movement of the side walls of a confined granular packing are studied by discrete element,
molecular dynamics simulations. The dynamical evolution of the stress is studied as a function of wall move-
ment both in the direction of gravity as well as opposite to it. For all wall velocities explored, the stress in the
final state of the system after wall movement is fundamentally different from the original state obtained by
pouring particles into the container and letting them settle under the influence of gravity. The original packing
possesses a hydrostaticlike region at the top of the container which crosses over to a depth-independent stress.
As the walls are moved in the direction opposite to gravity, the saturation stress first reaches a minimum value
independent of the wall velocity, then increases to a steady-state value dependent on the wall velocity. After
wall movement ceases and the packing reaches equilibrium, the stress profile fits the classic Janssen form for
high wall velocities, while some deviations remain for low wall velocities. The wall movement greatly in-
creases the number of particle-wall and particle-particle forces at the Coulomb criterion. Varying the wall
velocity has only small effects on the particle structure of the final packing so long as the walls travel a similar
distance.
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[. INTRODUCTION have been dong4,6] that show a deviation from the ideal
Janssen form, which we shall hereafter refer to as the Vanel-
There has been a recent resurgence in interest in the fo6lement form. This phenomenological form with one addi-
mation and structure of granular packings in the physicgional free parameter includes a hydrostaticlike region of lin-
community[1,2]. One particular facet of granular packings ear dependence of pressure with defoéfined by the length
to receive attention recently is their stress profiles, both bea), followed by a region that conforms to the Janssen theory:
cause of the industrial applications of sil&, and because
of new experimental techniques to measure effective stress in Zy—z<ai0,42)=p9(Zp—2)
packings[4—6]. The first theoretical attempt to understand
stress in a silo geometry dates back over 100 years to Janssen Zy—z—a
[7], who obtained a one-parameter form for the vertical stress Zo—Z>a:0,{2)=pg| a+l 1- exp( T
in a silo. Several assumptions were made to arrive at this )
result. One was to treat the granular material as a continuous
medium where a fractior of vertical stress is converted to This form was also found in extensive molecular dynamics
horizontal stress. Another assumption was that the forces @fimulations of granular packings in both two and three di-
friction between particles and walls are at the Coulomb fail-mensions[8,9]. These packings were created both through
ure criterion:F= u,F,, whereF is the magnitude of the pouring and sedimentation and then allowed to settle under

0,42)=pgl

tangential friction forceF,, is the normal force at the wall, the influence of gravity.
andu,, is the coefficient of friction for particle-wall contacts. Many questions about stress in granular packings still re-
This assumption is also known as incipient failure. For amain unanswered. Even after a packing has been formed, it
cylindrical container of radiu® with static wall frictionu,,  may be perturbed in many ways that radically change its
and granular pack of total heiglzy, the Janssen analysis stress profile and physical structure. Many studies have fo-
predicts the vertical stress,(z) at a heightz as cused on tapping as a means to compress the packing and its
logarithmic response timgl0—13. Another method to per-
1—exp( _ Zo—Z) 1) turb a packing is to move the side walls4—16. The effect
I ' of this movement is not well understood and is the focus of
this study.
where the decay length=R/2«u,,. k represents the frac- Recently, experiments have been conducted on granular
tion of the weight carried by the side wallsjs the volumet-  packings in cylindrical containers with movable side walls
ric density,g is gravity, andz, is height of the top of the [14-16. The experiments make use of a movable cylinder
packing. enclosing a granular packing supported by an independent
Numerous experiments have been carried out to verifipase. These experiments find over a wide range of wall ve-
this theory, but precise experiments are difficult. Recentlyjocities good agreement with the Janssen form for the verti-
extremely well-controlled experiments on granular packingsal stress after the system has relaxed following cessation of
wall movement. This is in contrast to the earlier experiments
on packings with fixed side wallg4,6]. Here we present
*Electronic address: jwlandr@sandia.gov large-scale three-dimension@D) discrete element, molecu-
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lar dynamics simulations of granular packings in cylindricaltial relative velocities during elastic deformation for the life-
containers(silos) with movable side walls. Our aim is to time of the contact. The magnitude dfs is truncated as
understand how the motion of the side wall modifies thenecessary to satisfy a local Coulomb yield criterién
stress profiles in granular packings and to compare our re<,F , whereF,=|F,| andF,=|F,| andu is the particle-
sults with the recent experimental findingst—16. We ana-  particle friction coefficient. Frictionless spheres correspond
lyze how wall movement and its cessation affect the stresg, ;,—0. Contact surfaces are treated as “stuck” when
profile of the packings. We also investigate in depth the ef—<1“|:n and as “slipping” whenF,= uF,, which is known

fects of wall movement on the internal structure and particlea the “proportional loading” approximatiof.7]. For this

positions of these packings, .Wh'Ch cannot be easily measureﬁfodel, static and dynamic friction have the sgmeParticle-
experimentally. The behavior of the system under wall

AT : ... __wall interactions are treated similarly, but the particle-wall
movement is similar across a wide range of wall velocities,

Finally, we show that wall movement in the direction 0ppo_fnctlon coefficientu,, is set independently. The side wall of

site to gravity drives tangential forces to the Coulomb criteIN€ container is smooth, and thus the particle-wall normal

rion everywhere, leading directly to the Janssen form for thdOrC€ iS always perpendicular to they plane. A more de-
stress profiles. tailed description of the model is available elsewh&d8.

The simulation technique and model are presented in Sec. These simulations are run with a fixed set of parameters:
II. The stress profiles and their features are discussed in Sek=2X10°mg/d, k= 2k, , andy,=50g/d. For Hookean
ll. In Sec. IV we examine the particle motion during and springs we sey;=0. In these simulations, it takes far longer
after wall movement, while in Sec. V we discuss the forceto drain the energy out of granular packs using the Hertzian
distribution of the resultant packings. A brief summary andforce law, since the coefficient of restitutianis velocity-

conclusions are presented in Sec. VI. dependenf19] and goes to zero as the velocity goes to zero.
We thus use Hookean contadt®0], which for the above
Il. SIMULATION METHOD parameters givee=0.88. The convenient time unit is

=/d/g, the time it takes a particle to fall its radius from rest

We present discrete element, molecular dynanid®)  under gravity. For this set of parameters, the time siep
simulations in 3D of model systems bf=50 000 monodis- =10"“r. The particle-particle friction and particle-wall fric-
persed spheres of fixed massand diameted. The systemis  tion are the samez= u,,=0.5. The simulations are run us-
constrained by a cylinder of radil®=10d, centered orx  ing a parallel distributed memory code on 20 DEC Alpha
=y=0, with its axis along the vertica direction. The cyl- processors. One million time steps takes approximately 7
inder is bounded below by a layer of randomly-arranged im-ours. Our longest simulation for slow wall velocities,
mobilized particles approximately d2 high to provide a =5x10 *d/r, ran fort=1.14x10* r, which corresponds
rough base. This work builds on previous MD simulations ofto approximately 800 h.
packings in silos, where further details of the model can be The simulations all begin with the same initial packing to
found[8]. minimize sample to sample fluctuations. This packing was

The spheres interact through a contact force model degenerated by pouring particles into a container from a fixed
signed to include the major features of granular interactionsheight Z=180d. Particles are inserted over time and rain
The main feature of the model is a spring-dashpot interactiogiown to form the original packing, which then relaxes until it
in both the normal and tangential directions to the lines ofvecomes quiescefi8]. Over the course of a simulation, the
the sphere centers. Contacting sphér@sdj positioned at; cylindrical side wall of the packing moves for a tinte,

and r; experience a relative normal compressiér|r;  which usually is 187, or over a fixed distancaz. After this
—d|, whererj;=r;—r;, which results in a force period, the walls cease to move and the packing settles. We
consider a packing quiescent when the kinetic energy per
Fij=Fnt+F. (3) particle E,=<10 8mgd. The time scale for this relaxation is

very short, usually less than 20The cylindrical side wall is
The normal and tangential contact forces are given by moved either up {z) or down (—z) with a constant veloc-
ity vs varying from 101 to 10 °d/7. As in the experiments
m [14-18, only the side wall moves—the rough base is immo-
Fn= f(5/d)< Kqon;; — EVnVn), (4)  pile throughout the course of the simulation.
The wall velocities used here for upward velocities are in
the range used in the experiments by Berét@l. [14]. In
Ft:f(b‘/d)< —kAs— TYM)’ (5) that study, glass beads with=2 mm were moved with a
2 velocity vg ranging from 21072 to 35 mm/s or 1.4
X 10 * to 0.25d/ 7 over distances up tAz=70 mm=35d.
wheren;;=rj; /r;;, with rj;=|r;;|. v, andv, are the normal Ovarlezet al. [15] use glass beads witti=1.5 mm and a
and tangential components of the relative surface velocityfixed vs=1.5x10 2 mm/s or 1. 10 °d/r over a distance
andk, and y,; are elastic and viscoelastic constants, re-Az~1.5x10 2 mm=10 2d. This is a very low velocity
spectively.f(x)=1 for Hookean(linear contacts while for over a very short distance. In an earlier styéy4], Vanel
Hertzian contact$(x) = \X. As, is the elastic tangential dis- et al. used a higher velocity, in conjunction with tapping, of
placement between spheres, obtained by integrating tangens=2x 102 mm/s for particles of the same diameter. An-
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FIG. 2. Vertical stres,, in units of mg/d? during wall move-
ment with large velocity ;=0.01d/ 7. Profile 1 corresponds to the
packing att=0, the initial packing. Profile 2 is the same packing
after the wall has moved fdr=100r, a distanceAlz=d. The satu-
ration stress has fallen to fiig/d. Profile 3 is the same packing at
t=700r (Az=7d). The saturation stress first decreases to a mini-
mum value and then increases to a steady state.

FIG. 1. (Color online Effects of wall movement on amN
=20000 packing. The particles are shown in dark gii@g) and
the fixed particles that form the base are shown in bladke). All
particles with initial positions between=5 andz=15 have been
colored light gray(green. The cylindrical wall is moved upwards
(+2) with a velocityv,=10 *d/7, a very high velocity.(a) The
starting configuration before the wall movék) The packing after
the wall has moved for §10°r, Az=50d. The packing is now
taller—it has fluffed up as the wall has moved. Significant particle In this section we discuss the effect of wall movement on
rearrangement is occurringc) The packing after the wall has stress profiles of packings. In general, wall movement in-
moved for 167, Az=100d. Particles in contact with the wall have creases the tangential force between particles and the wall.
been dragged significantly up the pilel) The wall has stopped The wall moves in relation to the particles, so the integrated
afte_r 167 and the pacl_<|ng has re_ached equilibrium. There is "ttledisplacemenﬁs increases as the wall moves. Since the tan-
particle movement during relaxation. gential force is proportional tas, F, increases over time.

Wall movement thus driveg, towards the Coulomb limit,
other distinction between the experiments by Ovadeal. F;=u,F,, for particles in contact with the wall. We know
[15] and Vanelet al. [4,6] was the time at which measure- from previous worK 8] that the prime factor determining the
ment occurs. In the experiments of Ovarktzal, measure- form of the stress profile in these packings is the tangential
ment occurs right at the end of wall movement, while in theforce between particle and wall. f; is close to the Coulomb
experiments, of Vanegt al,, the packing is allowed to settle Cfiterion, then we expect the stress to follow the Janssen
before measurements are made and tapping is sometimf@m throughout the pile. In addition, the more particle-wall

also applied. Ovarlez and Gient also studief16] moving interactions that are at the Coulomb criterion, the stronger
the wall downwards with a ranging from —5 nm/s to this effect and the lower the value of the saturation stress in
S

the packing, i.e., the value of the stress in the depths of the
packing, where the stress becomes depth-independent. We
believe this effect is the origin of the experimental measure-

ments observing remarkable agreement with the Janssen

Ill. STRESS PROFILES

—100 um/s, which corresponds to wall velocities ef4
X 10 8d/7——8x%x10 3d/r. This range of velocities over-
laps with our velocity range for downward wall movement,

butPaIslg extends to mthdS|8WEr(;IE|.OC't'eS'I| heory after the side walls of a packing are moyéd,15.
ackings are examine oth during wa movemgnt aNGelow, we investigate the specific effects of wall movement
after cessation of wall movement and settling. Figure 1, the stress profile.

shows the structure of a packing for a smaller system of Figure 2 shows the change in the stress profile of a pack-
20000 particlegused for illustration with wall velocity v ing with wall velocityv=0.01d/ 7, a relatively large veloc-
=10 *d/7 in the upward ¢+ 2) direction. This is a very high ity The stress profile with the largest saturation stress corre-
velocity, so during wall movement, there is significant par-sponds ta=0, before wall movement has begun. This stress
ticle rearrangement, and a number of particles originally inprofile obeys the Vanel-Cheent form[4,8], with a linear
contact with the wall move upward. Particles betweerb  stress profile at the top of the pile crossing over to a Janssen
and z=15 have been colored light graigreen onling to  form in the depth of the pile. After moving the wall far
provide a visual picture of particle movement over time. The=100r, the saturation stress has decreased by more than a
height of the pile changes significantly during wall move-factor of three too,,~11mg/d? and the height of the pile
ment (4.7%), but does not change after the wall movementhas increased. As the wall movement continues, the satura-
has ceased and the packing reaches equilibrium. For mudion stress slowly increases. After a long time 7007, the
slower wall velocities applied for the same time, very little system reaches steady state and the stress profile ceases to
particle movement is observed, and the height of the packinghange markedly. Over the course of the wall movement, the
does not change. height of the pile has increased by approximately 3%, and
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FIG. 3. Vertical stress,, in units ofmg/d2. (a) Stress progression for wall velocity,=10"*d/ 7. Here each stress profile is 208fter
the previous one, with the first profile corresponding to the packing before wall movement. The wall velocity is slow enough that the stress
profile is only incrementally disrupted over time and does not attain the Janssen form=2200r andAz=0.22. (b) Stress profiles for
wall velocity v,=5x10"*d/r. Profile 1 is the minimum saturation stress,~11mg/d? shown att=2.8x 10°r, Az=1.6d. Profile 2 is
aftert=6x10°7, Az=3.1d; profile 3t=9%x10°r, Az=4.6d; and profile 4=1.14x 10*, Az=5.7d. Over time the height of the packing
as well as the saturation stress increase.

there has been considerable particle rearrangement. In addi- We explored the full behavior of the stress profile during
tion, the linear stress disappears almost immediately after theall movement using a low wall velocity ofv,=5
initiation of wall movement. This change in the saturation x 10 4d/r for 1.14x10%r, so that the side walls moved a
stress is consistent with that observed in granular experitotal distance ofAz=5.7d, which is comparable to the dis-
ments performed by Berthet al. [14], where the apparent tance walls were moved for higher velocities. As shown in
mass(effectively the saturation stresgropped quickly after  Fig. 3(b), prolonged wall movement at low velocities does
the initiation of wall movement and then slowly increasedeventually move the stress profile away from the minimum
with time until it reached a saturation value. saturation stress. Prolonged wall movement also increases
The behavior of the stress profile is similar for low wall the height of the pile by 3.3%, which is similar to the height
velocities, although not identical. Unfortunately, computa-change for packings with high wall velocities. As the wall
tional limitations are much more severe for these packingsnoves upward, changes in the stress profile propagate up-
than for high wall velocity packings, because the computawards from the bottom of the pack to the top. This occurs not
tional time required for the side wall to travel the same dis-only at early times, when the minimum saturation stress is
tance is so much larger. Figur¢aBshows the change in the propagated up the pile, but also at later times, when en-
stress profile for a relatively slow wall velocitws  hanced stress is also propagated up the pile as further wall
=10 “*d/7. Each profile is X 10?7 after the previous one, movement increases the eventual saturation stress. This drop
starting att=0. For this wall velocity, the stress drops to a minimum saturation stress followed by an increase to a
quickly at the base of the pile, but initially remains un- larger, stable saturation stress is the same for all observed
changed at the top of the pile. As wall movement continueswall velocities. The drop to a minimum saturation stress oc-
the new reduced stress profile propagates up the pile. Everurs at wall movement distancész~0.3d for all wall ve-
tually, after moving the walls fot=2.2<10°r, which cor- locities measured. In addition, the increase in saturation
responds to a very small vertical distandg=0.22, the stress from the minimum occurs when the wall has moved a
entire stress profile follows the Janssen form. At this point indistanceAz~1.6d. At this distance, particles near the wall
the simulation, the height of the pile has not changed. Thi©iave completely moved past nearby particles, which means
minimum saturation stress is the same as that observed that whatever contacts these particles had initially have been
Figure 2,0,,~11mg/d?, and is stable for a significant pe- destroyed. The minimum saturation stress is thus the opti-
riod of subsequent wall movement. This suggests that this imized stress network for a given initial condition, and wall
the limit for low saturation stress in this packing, and itsmovement of greater thad destroys the initial stress net-
value is controlled purely by geometric factors. work, and forms another, which is no longer optimal. This
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FIG. 4. Vertical stressr,, in units ofmg/d? for packings moved fot=10%7 and then allowed to relaxa) High wall velocity profiles.
Profile 1 corresponds to the initial packing. Profile 2 is the packing fer10™1d/r, profile 3v,=10"2d/7, and profile 4 (=10 3d/r. (b)
Low wall velocity profiles. Profile 1 corresponds #aQ=5x%10"*d/, profile 2 tov,=10"“*d/r, and profile 3 taw¢=10"5d/r.
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FIG. 5. Vertical stress,, in units ofmg/d? for aN=>50 000 particle packinga) Wall velocity v = 0.1d/r for Az=100d after cessation
and relaxation compared to the original packing éndwall velocity v =5x 10 % d/7 for Az="5.7d after cessation and relaxation. The fit
to the Janssen form is shown as a dotted line.

process is not steady, however. The stress changes relativelyth large vg have enough particle rearrangement to com-
abruptly at certain times, then remains essentially unchangegletely disrupt the force network. The higher the velocity, the
for long periods (on order of 3x10°r for v=>5 more contacts both at the wall and in the bulk are broken and
X 10 “d/7), then abruptly changes again. One exception tahe larger the eventual saturation stress. This behavior was
this is that the height of the packing increases smoothly witralso observed by Berthet al. [14]: after the wall stopped
time until it reaches a stable height-a©x 10°7 of 140.5, moving, the packing settled and the apparent mass increased.
after which it remains unchanged under further wall move-n addition, they observed the same trend after relaxation.
ment. The larger thevg, the larger the final saturation stress.

Figure 4 shows the final stress profiles for the same pack- By contrast, small wall velocitiesvg<10 3d/7) do not
ings after moving the wall for=10%7 for high and low wall  change the height of the pile over the same time period,
velocity and then allowing them to settle. The wall move-largely because the wall does not travel far enough to sub-
ment has very different effects on the final stress profile destantially disrupt the force network. Large-scale rearrange-
pending on its strength. As seen in Figay wall velocities  ments do not occur for this time duration. In this case, the
of vs=10 3d/ 7 increase the height of the pile relative to the particles against the wall are fully mobilized and the result-
original packing, even after relaxation. The change in heighant saturation stress is small, because most of the pressure is
is substantial and similar for many different wall velocities, supported by the walls. When the packing is allowed to re-
3.7%, meaning there has been a large change in the densigx, there are no large particle rearrangements, because the
of the packing. The final stress after relaxation is related tavall movement is not large enough to move particle posi-
the magnitude of the velocity,, for vs=10 3d/7. Those tions significantly, and the wall movement has not put very
packings with largew had larger saturation stress in the much energy into the packing. The packing stays in the mini-
final packing. As we shall see in Sec. IV, the larger the ~ mum saturation stress configuration. In addition, if the wall
more the particles rearrange. In addition, the laigeis, the  does not move for long enough to force the entire packing
larger the particle rearrangement after cessation of walinto the minimum saturation stress configuration, the inter-
movement. This suggests that particle rearrangemennediate stress configuration is stable under relaxation, as
strongly influences the final saturation stress. Those packingzhowrl in Fig. 4b) for the packing with wall velocityv

=10""d/r.

25 — If the walls are moved long enough at a low velocity to
L []
il ; | 200 - l
15 it L -
o ] 150 .
T T T T
L } G
L zZZz
0.6 t 1 { ] 100 -
L ]
[ 3 ]
0.4_— ] 50t ]
MR | sl sl L
10" 10° 10° 10" 10°
V O ' | L | '
s 0 50 100 150

FIG. 6. Janssen lengthand fraction of weight« for different z/d
wall velocities after cessation of wall movement and relaxation. FIG. 7. Vertical stress,, in units ofmg/d? for a particle pack-
Fast wall velocities) =102 d/r were applied fot=10° 7, while ing with wall velocity vs=—10"“d/r starting att=0 and every
the v,=5x10 *d/r data were obtained after applying the wall 10?r afterward. The stress at the bottom of the packing increases
velocity for t=1.14x 10% 7. with time. This stress does not dissipate after relaxation.
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FIG. 8. (Color onling &z, distance traveled by particles in thalirection forv,=10 2d/r. (a) Histogram oféz/d starting from static
packing and moving walls far=10°r. Particles have moved upward up td.7b) The same data averaged ovemd presented as an image
map. There is only a small region of rapid upwards movement near the wall. The bulk of the sample moves upward only slowly. The
following two plots cover the changes ifz/d after wall movement has ceased and the packing has sdit)edistogram of5z/d from
cessation of wall movement to a completely relaxed state. Particles settle, but not nearly as much as the particles traveled over the course of
the wall movement(d) Same image map as ib). Here the particles settle more in the center than on the sides.

approach the stable final saturation stré@sigher than the region. For all velocities observed, the linear stress region is
minimum saturation stresshe height of the pile does in- destroyed, but only the high velocity cases fit the Janssen
crease, as shown in Fig(t8 for v,=5x10 %d/r. After  stress form well.
relaxation, however, the stress remains unchanged. The slow We have compiled«’s for the various wall movement
wall movement does not introduce enough energy into theates and show them in Fig. 6. These values can be compared
packing for the stress to change during relaxation, evemith Fig. 4 in Berthoet al. [14]. In both cases, as the wall
though for these long times, there is significant particle rearvelocity increases, the resultant Janssen lemgtitreases.
rangement before relaxation. Sincek=R/2u,,, k decreases with increasing wall velocity
Figure 5 shows a comparison of the stress profile of twa . The x's observed are much lower than those obtained for
distinct packings. The first is the original quiescent packingthe original packings with the Vanel-Gteent form, which
The second packing is this same packing after the wall hagere slightly greater than [B]. In our case, the intermediate
moved fort=10°r at v,=0.1d/7 and then the packing has stresses between the minimal stress and final stress do not
settled. The nature of the stress profile has been radicallfipllow the Janssen form arelfor those stress profiles has no
changed. While the original packing fits very well the Vanel- meaning. Using the observddand R=7.5d given in Ref.
Clement form[4], the same packing after wall movement fits [14], we find «’s ranging from k=0.349 forv =20mm's
the one parameter Janssen fdithwell with k=0.44. Aswe  =0.14d/7 to x=0.405 forvs=0.2mm/s=1.4x10 3d/r.
shall see in Sec. V, the wall movement has forced the tanfhese values are slightly lower but close to our observed
gential force of the particles at the wall to the Coulomb cri-values, shown in Fig. 6.
teria everywhere, eliminating the linear stress region. An- Downward motion of the wall is a very different phenom-
other example is given for a slow velocity =5 enon. In this case, the wall movement merely increases the
x 10" *d/r, wherex=0.63. In this case, however, the Jans-stress at the base of the pile, without changing the stress
sen fit overshoots the actual stress near the top of the pacgrofile elsewhere, as shown in Fig. 7, which shows the stress
the opposite of the case where it fails for the original stresgrofile for a particle packing witly ;= — 10*d/ ~ applied for
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FIG. 9. (Color onling &z, distance traveled by particles in thelirection over time fow=5x 10 *d/r. (a) Histogram ofsz/d starting
from static piles and moving walls fdr=1.14x 10*r. Particles have moved up more thad &s the walls have movetiz=5.7d. (b) The
same data averaged oveand presented as an image map. There is only a small layer of rapid upwards movement. The bulk of the sample
moves upward only slowly(c) Histogram oféz/d from cessation of wall movement to a completely relaxed state. Particles settle, but not
nearly as much as the particles traveled over the course of the wall moved)e®ame image map as {b). Here the particles settle more
in the center than on the sides, though the difference is not as great as in the high velocity case.

ts=10°7. This stress buildup increases with duration of walling move downward and outward toward the walls to fill the
movement and occurs for all the velocities probed, fram  voids created by the upward-moving particles.
=—101d/7 to —10 °d/7. In addition, this stress buildup ~ We present two sets of data for both high and low veloci-
is robust and does not disappear when the packing settleies. The first data set is for a high wall velocity of
after cessation of wall movement. The extra stress is lockee: 1072d/, and is presented in two ways. The first is a his-
in. There is a slight difference between high and low walltopgram of the motion of the particles infrom their initial
velocities. Low wall velocities do not change the height of starting position to the final position after wall movement for
the packing, while high wall velocitieso¢=10"°d/7) in-  {— 13, Az=10d. The measured movement of the particles
crease the density at the bottom of the pile and lower th¢, (e direction sz is recorded and a histogram is generated.
overall height of the packing by a slight amount. Only those particles with an initial position=10d are in-
cluded. In the second method we averade over z and
present an image map of the motion of these particles in
We have studied the motion of particles during and afteBoth the top ¢>120d) and bottom ¢<10d) regions of the
wall movement to understand the effects of wall movementnitial packing are excluded to avoid edge effects. These data
on the position and density of the packing. As the walls aresets are presented for the packing after wall movement for
moved upward with velocity s, they drag particles in con- t=10°r and then after a relaxation to equilibrium in Fig. 8.
tact with the walls upwards by means of the frictional force  For high wall velocities, there is significant particle move-
between them. As particles on the edge of the cylindricament. In this case, particles travel upwards as muchdas 7
container move upward, particles in the middle of the packHowever, all of this movement is restricted to a small ring

IV. PARTICLE REARRANGEMENT
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FIG. 10. (Color onling Ratio of normal forces to tangential forces in packings. The force distributions were analyzed in three different
locations: bulk—in the depths of the packing away from the w@ltdid line), wall—only the particle-wall interactions in the center of the
pile (dashed ling and wall top—only the particle-wall interactions near the top of the (pi#-dashed line {=F,/uF, in the case of the
bulk, {=F,/u,F, otherwise(a) Original quiescent packingb) After v,=10"2d/r for t=10°7, Az="5d. (c) Same as irfh) after cessation
of wall movement and relaxatiofd) After v,=5x10"*d/r for t=10°r, Az=5d.

around the cylinder walls. In the center of the pack, particlethis case, the particles not in contact with the wall show
movement is less thash Particles slide past one another andmuch less difference i#z as a function of radius.
the initial stress networks are quickly destroyed. New force Relaxation is very interesting in this case. The difference
networks are constantly created and destroyed over thia 5z between particles at the wall and particles in the bulk is
course of the wall movement. It is relatively easy for par-much less than in the high velocity case. In addition, relax-
ticles to move past each other in the vertical direction, whileation occurs in discrete jumps with many particles moving
horizontal motion is more difficult. This effect is also ob- together. This is a general featured# relaxation histograms
served in vertically shaken granular materig4,22] for low wall velocity packings. In the low velocity case,

The initial drop in the saturation stress when the side walenergy is imparted into the system very slowly and is dissi-
has moved approximately @3s not enough to move the pated more quickly. There is thus much less energy available
particles past each other. This minimum saturation stress thue rearrange the packing after the wall movement ceases, and
reflects a particle configuration where the initial contactsthe relaxation of the particles is much less. In addition, be-
have been strengthened. Once particles at the wall move pasiuse individual particles have very little kinetic energy
their original contacts, the original stress network is com-when the wall movement ceases, motion happens coherently
pletely disrupted, and later networks as they form and disas many particles rearrange at once. This behavior is also
solve support less stress, causing the saturation stress to iseen in vibrated powdef1,27, where for low intensity
crease. vibrations, collective motion predominates, while for high

When the wall movement stops, the packing settles, anéhtensity vibrations, particles move much more indepen-
the newéz is much smaller in magnitude than tde during  dently.
wall movement. Also, the particles at the wall move much
less than the particles in the center, which suggests that the
particles at the wall are supported by friction at the walls.

Figure 9 showséz for the low wall velocity vg=5 We also examined the force distributions in the packings
X 10 *d/ applied for the much longer time=1.14<10*r  during and after wall movement. These provide further evi-
for a total wall movement oAz=5.7d. The change in par- dence that the final packing state after relaxation is very dif-
ticle heights foréz is similar to that seen in high velocity ferent from the initial state, and also demonstrate the differ-
runs. Particles along the walls move upward much more thaent behavior of the two regimes after relaxation. A useful
those in the center. However, unlike in the high-velocity quantity is the ratio of normal forcds, to tangential forces
case, there is no second ring of particles one ordwofrom F:. Akey assumption of the Janssen analysis is that the ratio
the wall that also shows a larg#z relative to the center. In of these forces =F,/u,F,=1 for particle-wall forces in

V. COULOMB CRITERION
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the packing. These distributions are shown in Fig. 10 fortion and relaxation. In this case, particles move together, and
several different packings. We consider three different districontacts are not destroyed or created, so the force distribu-
butions: forces in the bulk of the sample far from the wall, tion does not change. This lack of change in the force distri-
particle-wall forces in center of the packing, and particle-bution may explain why low velocity packings do not exhibit
wall forces at the top of the packing. In this casg, perfect agreement with the Janssen form after relaxation.
=F,/uF, in the bulk of the sample, and=F,/u,F, for
particle-wall forces. VI. CONCLUSIONS

The original packing has a strong peak néa0.2 in the
bulk of the material, showing that the vast majority of forces
are far from the Coulomb criterion. At the wall, the peak in
the distribution is much closer to the Coulomb criterion at
{~0.9. At the top of the packing, in the hydrostatic region
[8], the distribution of forces is far from the Coulomb crite-
rion.

After wall movement, the distribution of forces is radi-
cally changed. For both the high velocity =10 2d/7)
and low velocity ¢=5x10"*d/ ) cases, all three distribu-

We have explored the effects of side wall movement on
granular packings. Much of the resultant structure of the
pack does not depend strongly on the magnitude of the wall
movement, as long as the packing is moved for an equivalent
distance. Small differences emerge in the behavior after ces-
sation, where high wall velocity packings substantially rear-
range and increase their saturation stress while low wall ve-
locity packings remain essentially unchanged. The main
effect of wall movement is to drive both the particle-wall and
tions are driven toward the Coulomb criterion, with the peakparticle-particle. contacts to the Coulomb c_riterior), S0 that the
in the distributions at the Coulomb criterion. In both cases,ratlo .O.f tangential forces to n(_)rmal fqrces IS max'”?'zed- This

condition forces the packing in the high wall velocity case to

the original distribution is not completely destroyed. For the - L
bulk distribution, a subsidiary peak appears in the new bulkobey the Janssen form, which takes the Coulomb criterion as

distribution where the original peak appeared. This change igne of Its main assumptions. For 'F’V_V.Wa” velocities, 'ghe

PR . . final form is very different from the initial form, though it
the distribution of forces is the main cause for the more

. o does not perfectly match the Janssen form.
Janssen-like stress distributions observed.
— —2
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cessation of wall movement and relaxation in Fig(clOIn
this case, the main change in the distribution after relaxation This work was supported by the Division of Materials
is the increase in particles forces at very IgwThis occurs  Science and Engineering, Basic Energy Sciences, Office of
because some contacts between particles disappear duriBgience, U.S. Department of Energy. This collaboration was
relaxation as particles move relative to their neighborsperformed under the auspices of the DOE Center of Excel-
When new contacts are made, these are far from the Coulence for the Synthesis and Processing of Advanced Materi-
lomb criterion by definition, since particles are not, in gen-als. Sandia is a multiprogram laboratory operated by Sandia
eral, rotating relative to each other during relaxation. By con-Corporation, a Lockheed Martin Company, for the United
trast, the low velocity case,=5x10 %d/r. Figure 10 States Department of Energy’s National Nuclear Security
exhibits no change in the distribution of forces after cessaAdministration under Contract No. DE-AC04-94AL85000.

[1] H.M. Jaeger, S.R. Nagel, and R.P. Behringer, Rev. Mod. Phys.  Nagel, Phys. Rev. 57, 1971(1998.

68, 1259(1996. [12] C. Josserand, A.V. Tkachenko, D.M. Mueth, and H.M. Jaeger,
[2] J. Duran,Sands, Powders, and Grains: An Introduction to the Phys. Rev. Lett85, 3632(2000.

Physics of Granular MaterialéSpringer-Verlag, Berlin, 2000  [13] P. Philippe and D. Bideau, Europhys. Lei0, 677 (2002.
[3] R.M. Nedderman$tatics and Kinematics of Granular Materi- [14] V. Bertho, F. Giorgiutti-Dauphineand J.-P. Hulin, Phys. Rev.

als (Cambridge University Press, Cambridge, 1992 Lett. 90, 144301(2002.
[4] L. Vanel and E. Cleent, Eur. Phys. J. B1, 525(1999. [15] G. Ovarlez, C. Fond, and E. Gtent, Phys. Rev. E7, 060302
[5] D.M. Mueth, H.M. Jaeger, and S.R. Nagel, Phys. Re%7E (2003.

3164(1998. [16] G. Ovarlez and E. Chaent, Phys. Rev. B8, 031302(2003.

[6] L. Vanel, P. Claudin, J.-P. Bouchaud, M. Cates, E.n@at, [17] T.C. Halsey and D. Erta®hys. Rev. Lett83, 5007 (1999.

and J.P. Wittmer, Phys. Rev. Le&4, 1439(2000. [18] L.E. Silbert, D. ErtasG.S. Grest, T.C. Halsey, D. Levine, and
[7] H.A. Janssen, Z. Ver. Dt. In®9, 1045(1895. S.J. Plimpton, Phys. Rev. €4, 051302(2001).

[8] J.W. Landry, G.S. Grest, L.E. Silbert, and S.J. Plimpton, Phys[lg] 3. Sctifer, S. Dippel, and D.E. Wolf, J. Phys6| 5 (1996.

Rev. E67, 041303(2003. ) : ) .
[9] J.W. Landry, G.S. Grest, and S.J. Plimpton, Powder Technoleo] We have made a packing using Hertzian springs and analyzed
' ' ' its behavior under wall movement and found no substantial

139 233(2004. _ o . :
[10] J.B. Knight, C.G. Fandrich, C.N. Lau, H.M. Jaeger, and S.R. difference in its behavior relative to that presented here.
Nagel, Phys. Rev. B1, 3957(2003. ’ [21] G.C. Barker and A. Mehta, Phys. Rev.48, 3435(1992.

[11] E.R. Nowak, J.B. Knight, E. Ben-Naim, H.M. Jaeger, and S.R.[22] G.C. Barker and A. Mehta, Phase Transitidi% 519 (2002.

031303-9



