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Abstract

The exploitation of the silos requires an accukatewledge of the problems related to the proceststwrage and discharge. The physical
and mechanical characteristics of bulk materiallbameasured and controlled. Meanwhile, a bad neanagt of the interaction between
these characteristics and the storage conditiomgjiea rise to a poor performance of the silo (fi@ate during discharging, arching, etc.),
or a failure of the structure. In order to inveatigythe principal disorders which can be observeihd a filling and a discharge operation,

the stress transmission within bulk materials srahterized with the help of discrete numericalations.
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1. Introduction

Nowadays, different methods and systems are alaitab

silos designers and operators which aim at analyzin

pressure on silos walls [1], [2]. Meanwhile, teclugical
risks such as structure failure or formation ohdiearches
capable of blocking the operation subsist duringila

methods as well, without meanwhile a reliable p#oln of
the kinematic field [10]. In contrast, Distinct Eient

Methods (DEM) which is based on a mechanical model

individual idealized particles and not on a contimuis
more suitable to characterize the statistical ithistions of
contact forces inside the ensiled matter [11]. DM
consist in tracking the motion of individual paltis and
updating any contact with neighbouring elementsibing

emptying process [3]. These defects are causedhby t a constitutive contact law [12]. The program usedhis

interaction between the physical
characteristics of the grains and matters in bdijknfith the

geometrical and mechanical characteristics of tlreand obtained by comparison with the results obtained by
with the storage conditions [5]-[7].The distributi@f the Masson and Martinez [12], [13] for similar configtions.
forces exerting on a pile of dry grains is inhomugeus. A flat-bottomed and a cylinder-hopper silos aresidared,
Certain grains are submitted to high stresses wdtiter the silo aspect ratio and the hopper slope beirg th
neighbouring ones support weaker stresses and ey e geometric parameter in the simulations. While thairg

be free to move [8]. Notably, an external stregsliag to are polydisperse, their number, diameter, den$itgtion
such a pile tends to follow paths involving touahin angles (grain-grain and grain-wall), normal andgtattial
particles. Moreover, increasing the external stigsslied stiffness are the particle parameters.

sets up an enrichment of the stresses paths imeplai

larger number of grains. In this way, ensiled gsai#nd to

redirect the vertical stresses to the wall follogvigiven 2. The PFC 2D program

paths [2]. From Guiata et al. [9], one of the mzdises for

failure of grain silos is due to the excessive guess

exerted on the silo wall during discharge. Predgthow The particles used in the PFC 2D program are riistts
forces propagate into ensiled granular media is theeal which interact only at the contact of another petior a
scientific challenge with major industrial focusgaeding solid wall. At the contact, the interaction induces
the stockage and the handling of food grains. @ootis internal force which is responsible for an elastic

models give satisfactory results for the streskl figithin
the silo at the end of the filling stage. Unforttelg, due to
the large deformations which the ensiled mattereugokes,
they require sophisticated rheological laws and eniral
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and mechanical work is PFC 2D (Particle Flow Code in two Dimengpn
based on the DEM and the validation of the progiam

deformation of the (nevertheless rigid) particleheT
internal forces and the particles displacementohbtained
by tracking the motion of each particle, itself goed by
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the propagation of the perturbations throughout the Where the translational and the rotational velesitare

granular system.

In this model, at a contact point of two particles
interaction force is introduced which is proporabto their
relative velocity and in opposite direction. Thubem two
neighbouring particles get closer the interactiorcé has a
repulsive effect; and when they move away one ampth
has an attracting effect. This interaction forcemisdelled
by a spring. An explicit time-difference scheme nggi
applied on the interaction law, where the normaicdo

(F" )‘ and the shear forc (FS )‘ at a given contact point at
time t are respectively given by:

(R ) =(F: ). +oF: L

(Fs )(:(Fs )t_1+AFS )

where (Fn )‘_1 and (Fs )‘_1 are respectively theormal

and the shear force at tirt=1 and (\F,, AFy) denotes the
incremental normal and shear force, itself beingigiby:

ARy =k AUR +CaVi 3)

AF, =k AU, @

In these equation:l,Qq denotes the spring normal stiffness

and & the normal damping coefficient, WI”A,U", the
relative normal displacement is obtained by intégraof
the normal velocity by:

AUn=wnAAt (5)

Relations analogous to equations (3), (4) and i )aitten
in the tangential direction. Newton’s Second Lawttien

applied to a given particle wit (r‘ ’¢‘) polar coordinates

at time { using the following relations, to determine its
motion:

Mon =Tt +|7'£+A}é (At ©)

Porn = 0 IO )

respectively given by:

2R

rt+%=ﬁ_%+ Im +J At
- )

S|

Wty =y |~ A
- ©)

Zﬁti ZMtzi
In these equation. | and | respectively denote
the summation of all the forces and momenta in zhe

direction (perpendicular to the plane of the maotji@pplied
to the particle at tim{ , while M s the particle mas: |

its moment of inertia an g the gravity ancAt s the time
step. Finally, it should be noticed that a discrepyaexists
in the literature between the values used for fifferdnt

model parameterscn, G knand ks (e.g.: Tsuji and
Oikawa, among others [14]).

3. Digital Simulation

The granular flows are generally classified in ¢hdistinct
modes: the quasi-static mode, the dense mode and th
collision mode. In the quasi-static mode the mowvetno#
the particles is relatively slow or non-existinghile the
granular matter is driven as a liquid in the demsele, and
as gas atoms in the collision mode [15]. In thesgstatic
mode of a grain flow inside a silo, the bulk madkis in
constant disturbance at each filling or dischargeration
with statement that the material reaches the totdsbf
rupture to each use of the silo, which gives rigethte
following fundamental question: how are distributége
strains and the stresses once this threshold eeded? It is
especially a problem of including/understanding s thi
evolution at the contact of the matter with the [svalf the
silo, since it is in this zone that the slip occurgleed the
slip of the grains both on the other grains andhenwalls

is the main parameter for the understanding of such
phenomena as the sticking or the stress peaksbheathe
cell-hopper junction. In this work, we will focusno
cylindrical vertical silos, where two flow types rcabe
identified: the mass flow, characterized by suéfitly
steep and smooth walls of the hopper and the fuftoe!
when they are gently sloping and rough [16]-[19heT
characteristics of the simulated matters are ptedem
Tables 1 & 2, while the procedure of the simulatisn
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presented in Figure 1. In these simulations, abrited
required traditional goals such as the stress fald the
strain field at special locations where the studpesbr
running phenomena take place inside the silo, vwantify

the parameters specific to the granular materiatd s the
coordination number, the contact forces, etc. The
simulation of a silo filling and discharging wasrfeemed
using a DEM software PFC 2D, suitable for a 2D nricaé
modelling of discontinuous media.

n° 03/Juin 2010

X

Creation of the particles in
geometrical space 2d

Decantation under the action
of gravity

¢

[ Static state equilibrium ]

Yes

[ Filling results ]

[ Drain by elimination of the lower wall ]

of the silo

!

[ Discharging results ]

Fig. 1. Procedure used for the simulations.
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Table 1

Input data for a flat bottom silo
1% case Grain-Grain Grain-Wall
Density of material 1.607 -
Angles of Friction ®e=45° D®p=26,5°
Normal & tangential stiffness #50 000N/m K:=50 000N/m

Ks=1 000N/m K=1 000N/m

Rays of grains 0.09m<r<0.11m 0.09m<r<0.11m

Table 2

Input data for a conical Hopper
2" case Grain-Grain Grain-Wall
Density of material 0.835 -
Angles of Friction ®e=25° Op=24°
Normal & tangential stiffness 5 90/m 5 16N/m

Rays of grains 0.09m<r<0.11m

0.09m<r<0.11m
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Table 3

Coordination number for different grain shape

Grain shape Parameters C
Convex Grains Circular Grains net square, equal ray 4
Circular Grains net triangular,equal ray 6
Circular Grains “random ray” ~4
Intergranular Vacuum Triangular 4
Intergranular Vacuum Unspesified <6
Non convex Grains Vacuum in no triangular fornthwgurvilinear Unlimited
edge
4. Results of the Simulation .
A pile of grains is characterized by a network ofitact
which transmits the forces. The random aspect ef th
distribution of the chains of forces was reduced to G = 3.925
statistical approaches taking into account the rermdf
average contacts per grain, also called coordinationber @=35"
[ZO] . v g =20"
=107
4.1.Coordination Number
If n, denotes the number of contacts per particle and N
the number of particles in the défined measurinacepV
(closer to the desired calculated zone), the coatiin
number Cn is defined as S
. Mg % 10°
- _Zm (10) ° o
& 4"\'7_;: Fig. 2b Coordination number in a sample space

Tne geometrical shape of these grains is essetatial
characterize the sample studied. Tables 1-2 pretbent
different mechanical and geometrical charactesstitthe
silo and those of the granular material studied BEable 3,
the coordination number for different grain shapes.

Figures 2a-2b presents the evolution of the coatiin
number against the number of cycles for the taofetur
digital simulations. It is computed at the cell-pep
junction, using the Cundall model [11].

Cn Moo ¥ 107

et

B = 55"
|_|§ =307

Moy % 10°
Fig. 2a. Coordination number in a sample space

4.2 Pressure on the walls during a filling operatio

The vertical and the horizontal stresses on tlevgllls can
be calculated using egs. (11) - (12). Their vaviatalong
the silo vertical wall is shown in Figures 3.a aBdb,
respectively, after a filling operation. In each thfese
figures, the pressures exerted by the grains osikhevalls
using the equations given above are called theséans
equations [21].

_ AR !z—h)gK,us_
o 2K 145 {1 ex{ R } (11)

. _{u{g_ﬂj@ 2]
n \yn (12)

In these equation ,0 is the matter densitgg the gravity,

V=M the unit weight, R the radius of the silo celK
the Janssen coefficient (equal here to 0.4 duririjiag
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Hs the grain/wall static friction coeﬁ‘icient,h the cell

height, h' the hopper height,

_ tgd _
n -2(1+ % 0) 3

a parameter wher,q) P denotes

the grain/wall friction angle an? the hopper slopeZ he

vertical coordinate and finally
horizontal stress.

_Oy
K a part of the
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Fig. 3b Variation of Vertivaltal stress alo
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These curves show a satisfactory agreement inehéeal
part of the silo (1.5m<z<5.3m), and on the loweo thirds
of the hopper (0<z<0.8m). Moreover, a disturbantcéhe
vertical and the horizontal stress can be noticethe right

part of the cell-hopper junction (0.8m<z<1.5m). &hi
phenomenon defines the “switch zone” where depressu

(or overpressure) take place either in a geométsia

walls (silo hopper in Figure. 4a) or fictitiousncarandom
walls materialized by the intersecting lines betwehe
dead zones and the flow zones inside the mattat- (fl
bottom silo, Figure 4.b).The stress peak is a direc
consequence of this preturbation. The discrepaniichw
characterizes the values of the stress obtainethése
curves can be interpreted. Indeed it clearly shthas the
studied medium must not be regarded as a continuous
medium, but as discontinuous medium. This mattefiacf
completely justifies the use of a DEM [22]. By
withdrawing the lower wall of the silo, a dischargitakes
place and as from the first case, we notice thelificgpion

of the network of the contact forcés the altitude of +3.00

m Figure 5. The variation of the stress along theical
wall is plotted on Figure 6, and it clearly shows peak of
stress on the right of the top of the dead zonehasdas a
value of 22 960 Pa, in horizontal stress [23], [24]

radial
/ stress field
C. Sy —=—

Fig. 4a Stress increasing in switch zone

slreza
peals

Oh

Fig. 4b Stress decreasing in switch zone
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Fig. 5 Intergranular force network (silo 2; K=0.4)
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Figure 6: Horizontal stress on the edge (silo 20 K5

5. Parametric study

The mechanical parameters as measurable quarditéees
important for the transmission of the stress.
introduction as micromechanical variables into gitdl
model, using a DEM, can account for the influendgciv
they have on the macroscopic mechanical behavibar o

granular medium. The parametric study was performed

with respect to the two following mechanical partene of
the ensiled medium: the grain-grain friction and train-
wall friction, while the geometric silo parametey the
slope of its hopper walls. The other parameters siscthe
material density, the grain stiffness and the silalls
roughness, the silo height H, the aperture as a®lthe
grain size are kept constant. he different resoittsined
are expressed in terms of force network, evolutain
horizontal and vertical stress (Figures 7a, 7b,asc)vell as
their ratio, given by equations (10) et (11).,

Their

5

o (Pa) x 10"

Filling

+ Horizontal Stress

- < + Vertical Stress

t(six 107

Fig. 7a Evolution of horizontal and vertical stréssing silo usécase 1)
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Fig. 7b Evolution of horizontal and vertical stressing silo usgcase 2)

|
l

Filling Horizontal Stress
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Fig. 7c Evolution of horizontal and vertical stresing silo usécase 3)

The stress distribution can also be shown by drawie

variation (increasing or decreasing) of the stresssing

percentage bars with respect to their values dutheg
filling operation (figs. 8a and 8b). In fig. 8a wan see that
the horizontal stress increasing is more impotf@ant
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+ Horizontal Stress

+ Vertical Stress

t(s) x 107

Fig. 7d Evolution of horizontal and vertical stressing silo usécase 4)

hoppers with a slope of 35° and 45° with low valoégg

(20° and 30°) than for hoppers with a slope of bhere a

decreasing is noticed. The exception of a hoppéh wai
slope of 75° give opposite results as the
obtained is as important as in the three previaysphrs

increpsi

(about 9% forpp = 10°). While for the vertical stresses, the

increasing is much more for the hopper with a slop&5°
whatever the grain-grain and grain-wal.friction®.alhe
increasing fo® = 45°, 55° and 75 withpp = 10°,8 = 55°

and 75° with@p = 45° are also negative. This result
confirms the horizontal transmission of the stres§® the
geometric parameter « hopper slofe» has a clear

influence on the values of the horizontal and tketival
stresses at the switch zone. Slopes lower tharpdifuce

an important increasing of the stresses and coalyers

slopes higher than 45° produce a lower increasinth®
stresses. These increasing cause no major safktiorithe
design of the silos (failure or explosion of theusture),

but their better

understanding allow a better

silo

exploitation (avoidance of dead zones). The anges
friction parametergpp and ¢g have an influence on the
stress transmission as they give to the ensiledemat

preferred orientations to the network of the confaoces.
Masson & Martinez [25] obtained similar result wiflat
bottom silos with variable friction and stiffnes3he
ensiled matter has a variable behaviour accordinghé

state of its use: under geometrical conditions sash

conical silos of very strong slope and slightlyladr it will

run out relative at ease without too much increase

constraint.it will tend to have a behavior of comus

medium.On the other hand under conditions geonagtric

such as silos flat-bottomed and strongly slim, ghenular
matter will undergo a random state of stress causfrthe
notorious dysfunctions, like containment, the pheanon

of the vaults, etc.
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2 4y, o 503
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Fig. 8a Evolution of horizontal and vertical strélssing silo usécase 4)
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Fig. 8b Evolution of horizontal and vertical stresing silo usécase 4)

6. Conclusion

This paper considered the main observable phenomena
during a filling and a discharging operation ofi® @nd
their consequences on the bulk material behavitmr.
particular, using direct numerical simulations, ageliressed
the pressure on the silo walls. We were be abtbserve a
quit relationship between the form of the pressunee of
both horizontals and vertical stress values insihailation
and the real mesearment on the silo obtained osr oth
works [26], in spite of the smallest values of #eestress
value calculted on the simulation. Then a paramettdy
was performed and the time evolution of the pressould
be computed. The results we obtained for case @rslom
figure 7b conclude to a nearly linear ratio of Hwizontal
stress to the vertical stress. This means thaténzone of
cell-hopper junction, whatever the stress incraagiauld
be, the mechanical behaviour of the granular neltési
similar to that of a continuous medium. In oppasiti for
case 4 on figure 7d, the fluctuations in this ratie so high
that the stress field is anisotropic.
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