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ABSTRACT

Granular materialshavenumerousindustrial and geophysical applications. However,
many phenomenon exhibited by granular mediaarenot yet fully explained. Nowadays
simulation hasemer ged asan important tool toinvestigatethe complex properties
exhibited by granular media. Theinfluence of sidewalls movement of a granular
column isinvestigated by discrete element, molecular dynamics simulations. The
evolution of stressprofileand deflection of vertical stressesisdueto different bead
sizes, coefficient of friction between grainsand confiningwall isinvestigated by using
lar ge-scalediscreteelement M D smulationsin 3D. In such aconfiguration, it isfound
that apparent masssystemically increaseswith theincreasein diameter of granules.
Assoon asthewall stopsmoving, thecolumn attainsequilibrium. Thestressprofiles
arein good agreement with the Janssen form for high friction coefficient, whilesome
deviationsremain for smaller valuesof friction coefficient. Thewall movement augments
thenumber of particle-wall and particle-particlefor cesat the Coulomb criterion. The
resultsindicatethevariation in shielding of vertical stressesin granular column; it
can beattributed tothefiction between thebeadsand the confiningwallsof thecontainer.

1 INTRODUCTION

ranular materialsarefound every where around

us and are frequently manipulated in industry

after water [ 1-5]. Despite ubiquity their numerous
features are still not well understood. One of them issilo
problem. Where the force measured at the bottom of silo
does not increases with the height of packing. In order to
interpret such a counterintuitive phenomenon Janssen
presented his pioneering theoretical model [6]. Inthemodel
he made some assumptions. In particular, the medium was
considered as continuous. The average horizontal stresses
are proportional to vertical stressesgiven by theratiok. A
significant assumption was to consider the friction
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between the bead and the confining wall of container to
be at coulomb yield criterion, also known as incipient
failure. In case of granular column having radius R, wall
friction p, and the column height as z,, according to
Janssen prediction the vertical stress at height z would
be:

a4
o72(2) = pdl {1—exp(— ZOI )} @

wherethe effective screening lengthisgiven asl=R/2u k .k
isthe ratio of horizontal stressto the vertical stress, p is
the density of material, g is acceleration due to gravity,
and z;is height of the granular column.
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After that many experiments have been designed in order
to verify thetheory. But, thevariationsin resultswith any
small external perturbation, posed achallengeto perform
precise experiments. However, Vaned and Clement devised
anovel and robust measurement device that can measure
accurately and reproducibly the mass and its fluctuation
at the bottom of agranular packing. In addition, they found
some minor discrepancies between their experiments and
Janssen model, they proposed two parameter model [7].
With the addition of another free parameter in Janssen
model includes the hydrostatic like region at the bottom
of column, whiletherest of region behavesin accordance
with the Janssen prediction:

zo—z<a:azz(z):pg(zo—z)

zo—z>a:ozz(z)—pg[a+l|:1—®<p(— ‘0 _IZ_aJD @

Similar form was also observed in molecular dynamics
simulations of granular columns in 2 and 3 dimensions
[89].

Various questions are still unexplained concerning the
stresses in granular columns. A granular packing can be
agitated in various manners that lead to vary the stress
profile and physical appearance. One of them is tapping
which causes packing to compress [10-11]. Another way
to perturb the granular column is to move the confining
wall [12-13].

Infew of the recent experimentsthesilowallsareallowed
to move while keeping the base fixed. It is found that
Janssen law remainsvalid for wide range of wall velocities.
However, itisexperimentally difficult toinvestigate certain
parameters such as friction between the beads and the
container wall, vertical stress profile, in this regard
computer simulation isemployed.

Although Janssen model has been extensively studied,
however, no or few simulation studies have investigated
the role of friction in connection with the screening of
mass for moving walls[8-9]. Here we present large-scale

3D discrete element model for molecular dynamics
simulations of granular packingsin cylindrical containers
(silos) withmovablesidewalls.

We carry out large scale discrete element simulationin 3D
silos. We have varied the bead diameter as well as
coefficient of friction between the silo wall and beads, so
asto determinetheir effect on the variation of pressure at
the bottom of silo.

2. SIMULATION METHOD

Thediscrete element, molecular dynamicssimulationshas
been carried out in a3D silo. The system comprises of N
mono-dispersed grains of mass m and diameter d. The
system is bounded by a cylinder of radius R centered on
x=y=0, whereasitsaxisisaong thevertica z direction.

The interactions among the grain are according to
Hertzian, history dependent contact forces. For instance,
two adjoining grainsi andj positioned a r, and r experience
arelativenormal compression s = |rj - d| , where r=rer
whichresultsin aforce:

an = Fn + Ft (3)

WhereF isthenormal force:

1) m
Fo=1f q Kndhjj — 5 Jovn )

and F, isthe tangential force:

)

whereas V and V, represent the normal and tangential
components of therelative surface velocity. Whilethek
andy, areelastic and visco elastic constants, respectively.
For Hertzian, f(x) = \fx . The particle-particlefriction has
been kept constant, i.e. 0.5, two types of experimentshave
been carried out. First, for the same bead sizei.e. d=2 units
the particle-wall friction coefficient p ischanged as0.2,
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0.4,0.6,0.8and 1.0. Theconvenient time unitis = \/a .
We use atime-step of =101, kn=4x10° mg/d and K =2/
7kn and damping coefficients 70 = =100yd/g . We
collect five sets of stress profiles of the same bead-sized
packing. Inthenext trial, for thefixed coefficient of friction
the bead size have been changed from d=2, 4, 5to 6 units.
In all simulations run the size of silo has been kept
constant.

We run all simulations with fixed set of parameters
mentioned above and are measured in the dimensionless
units based on m, g and d. We use pouring technique to
generate static packing. The model and techniques can be
found here [8]. In order to reduce fluctuations all the
simulations begin with the sameinitial packing. In order to
achieve this packing is prepared by pouring N mono-
dispersed particlesin from afixed height of z=280 units
and then come to rest due to gravity. Theinitial volume
fractionwas0.13 and our final volumefraction reaches at
0.615. Thesiloisfilled up to height ~6D, where D isthe
diameter of silo. Thesimulationswererun until the K.E of
every grain became least. In this case the packing is
considered asquiescent. Thisisdone by moving cylindrical
wall. The quiescent packing is used for further analysis.

The investigation of piling has been carried out during
and after the pause of wall. Fig. 1 depictsthe structure of
apilingwithwall velocity (0.001d/t) intheupward direction
(+2). In the case of confining wall movement significant
particlerearrangement takes place and anumber of beads
originally in contact with the wall move upward. The
varying velocity of particlescan beobservedin simulation
by alteration of color band(s). During wall movement, the
height of the packing does not change.

3. RESULTSAND DISCUSSION

First we investigate the apparent mass as a function of
filling masspouredin asilo using different size of granules.
The grains we used have diameters 1d, 2d, 3d, 4d,
respectively. Fig. 2 depictsthe evolution of effective mass
asafunction of filling mass. It isrevealed that for smaller

filling mass, the apparent mass varies somewhat linearly
which suggests the hydrostatic behavior of granular
column. With theincrease in filling mass saturation state
is pronounced and screening effect is evidenced. In
addition, it can be observed that the state has some
fluctuations. The stress saturation curves exhibit similar
trend however, the splitting occurs and it increases with
increase in diameter of grain. This phenomenon needs a
thorough investigation, as stress propagation is greatly
influenced by the variation in grain diameter [1]. The
splitting of stresssaturation curvesarein accordance with

z

b

Velocity Magnitude
1.2767599

1.2

0.8

unnunsnssARRRRRRRRRARRRL

0

FIG 1. EFFECT OF WALL MOVEMENT ON GRANULAR
PACKING
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the Janssen model. For the case of bead 1d the fitting of
datalinesisexcellent, whileitisfair for the case of 4d due
to larger dispersion of data points. The results appear to
coincidencewith the one obtained for the case of moveable
base. Inthat experiment we have kept thesilowall at fixed
position[2].

Thusit is number of contacts with silo walls that induce
the variation in apparent mass at the bottom of granular
column. Thedifferent sizesof grains have different contact
points, intermsof area, with the container walls. Thesmaller
the bead size in the contai ner the more contact points and
vice versa. Similarly larger grains have less number of
contacts with silo wall. Because of this the larger beads
illustrate the higher apparent mass than the smaller one.
Thisfinding isin accordance with the previously reported
studies that the denser packing of grains decreases the
apparent mass [1]. Such findings can be explained with
the role of friction between the beads and the confining
walls. It may be explained that thewall movement enhances
thetangential force between thegrainsand silowall. With
thewall movement the tangential force Ft augmentswith
the time, since it depends on displacement 5_. Thus the
wall movement induces Ft towards the coulomb limit for
the beads in proximity with the silowall. If Ftiscloseto
coulomb limit, then stress profile follows the Janssen
prediction throughout the packing. Moreover, the larger
thebead - wall contact pointsinyield criterion, thesmaller
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FIG 2. EVOLUTION OF APPARENT MASS AS A FUNCTION
OF FILLING MASS

isthe value of saturation mass. Thuswith theincrease in
bead size the most of beads are away from coulomb
criterion that givesriseto apparent massand also variation
in shielding of vertical stressesin granular columns.

It appears that size of beads has to do with the friction
between the grain and the confining wall, also in the case
of moving silowall. Therefore, inthe next simulation trial
we change the coefficient of friction, while keeping the
bead sizes same. The beads of diameter 2d have been
used, whilethe coefficient of friction varied using u=0.2,
0.4, 0.6, 0.8 and 1.0. The evolution of apparent mass as
function of filling massisinvestigated in thisconfiguration
asdepictedin Fig. 3.

It is revealed from Fig. 3 that as the value of fiction is
augmented the apparent mass exhibitssmaller values. Itis
alsoillustrated in Fig. 3 that for smaller values of friction
i.e. 0.2 the hydrostatic behavior of granular material in a
silo is more pronounced. Similar behavior has been
observed for different bead diameter, however theresults
presented here are only of diameter d=2 units. Here also
splitting of stress saturation curves occurs for different
coefficient of friction. It corroborates our previous
conjecture that with the increase in bead size the friction
between the bead and silo wall is reduced. In addition to,
the shielding is weakened with the decrease in friction,
resulting in more vertical stressto reach at the bottom of
silo.
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FIG. 3. EFFECT OF DIFFERENT COEFFICIENT OF
FRICTION ON APPARENT MASS
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Now, we investigate the influence of wall movement on
stress profilesof piling inthe course of time. Fig. 4 shows
the variation in the stress profile of a piling with wall
velocity 50.01d/t. The stress profile with the largest
saturation stress corresponds to t=50, before wall
movement.

Thestressprofileisin accordancewith the Vanel-Cle’ ment
form[7], for thetop of silo, however, the bottom of granular
pile Janssen form is pronounced. With the initiation of
confining wall movement decrease in saturation state is
observed and the height of column is augmented. With
the moving silo wall the saturation stress augments,
however just before the cessation of movement, the system
attains steady state. While the stress profile do not vary
much. Noticeable particle rearrangement has been
occurred. Aswell asthe linear stress vanishes as soon as
the confining wall startsto move.

Inthe next smulation runwe systemically vary thefriction
coefficient, while keeping the bead size same. In order to
see the influence of coefficient of friction between beads
and silowall on stressprofile, weplot it in unique diagram
asillustrated in Fig. 5. It can be observed that for higher
values of friction the stress curves smoothly follow
Janssen curve, i.e. when p is increased from 0.6-1.0.
However, for smaller values of coefficient of friction such
as 0.2 and 0.4 the stress profile clearly deviates from the
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FIG 4. VERTICAL STRESS p,, AS A FUNCTION OF DEPTH

DURING THE WALL MOVEMENT

Janssen prediction. It isreported that the main reason for
the splitting of stress profilesisthetangential force at the
bead and the container wall. According to Janssen model
the bead at the silowall are at the coulomb yield criterion.
Thus the presence of large number of beads far from the
yield criterion givesrise to deviation of Janssen model.

5. CONCLUSION

In this paper our aim is to investigate the variation of
apparent mass when the silo walls are dragged upward.
Janssen model predictsthe screening of top massin silos,
have al so been observed in our simulation. The shielding
isfound to depend on the friction between the beads and
the confining walls of cylinder in the moving silo wall
configuration. It is also shown that the presence of most
of bead and silo wall contacts at coulomb yield criterion
results in stronger Janssen stress profile. It is expected
that simulation investigation will be helpful in better
understanding of deflection of vertical stressesin silo. In
futurethiswork will be expanded to investigate the stress
on container wall.
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