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Abstract We present experimental and numerical results
for particle alignment and stress distribution in packings of
faceted particles deposited in a small-scale bi-dimensional
silo. First, we experimentally characterize the deposits’ mor-
phology in terms of the particles’ aspect ratio and feeding
rate. Then we use the experimental results to validate our
discrete element method (DEM) based on spheropolygons.
After achieving excellent agreement, we use contact forces
and fabric provided by the simulations to calculate the coarse-
grained stress tensor. For low feeding rates, square particles
display a strong tendency to align downwards, i.e., with a
diagonal parallel to gravity. This morphology leads to stress
transmission towards the walls, implying a quick develop-
ment of pressure saturation, in agreement with the Janssen
effect. When the feed rate is increased, both the disorder and
the number of horizontal squares in the silo increase, hin-
dering the Janssen effect. Conversely, for elongated particles
the feed rate has a weak effect on the final deposit proper-
ties. Indeed, we always observe highly ordered structures of
horizontal rods where the stress is transmitted mainly in the
vertical direction.
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1 Introduction

In the last decade there has been an increasing interest in
exploring how particle shape affects stress transmission in
two classical granular systems: sandpiles [1–5] and silos. For
this latter case, previous works have paid attention to both
charge [6,7] and discharge processes [8–11]. Moreover, some
authors have attempted to investigate the special behavior of
particles with flat faces, which are widely found in geomate-
rials and food processing, and their understanding becomes
a major issue for handling of raw materials. For instance, it is
known that polyhedral particles reduce flowability because
they increase the material shear strength [12–15], a factor of
vital importance to civil-engineering applications [16].

Previous efforts at capturing particle shape in DEM
have been focused on including rolling friction and torsion
between the particles [17–19]. Other authors have chosen to
reproduce the real particle shape as closely as possible. Parti-
cle shapes have been identified directly from digitized images
[21], represented either by superquadrics [22], polygons or
polyhedra [6,7,23–29], spheropolygons or spheropolyhedra
[30–33] or by clumps of disks or spheres [8,9,19]. Moreover,
advanced models that included contact geometry and parti-
cle geometry have been developed by combining DEM with
finite element formulations [34–36].

In granulate systems, macroscopic fields (density and
momentum) can be extracted from the local properties of the
interacting particles using averaging strategies and coarse-
grained formulations [37–43]. These approaches allow a con-
stitutive description of the granular media, which usually
feature as a compressible complex fluid [44]. Within these
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micro-macro formulations, the load transmission in granu-
lar systems has been examined by using the fabric and stress
tensors, which have been defined for both dynamic and quasi-
static systems [37–43]. This framework has been exploited
to find correlations between the packing morphology and the
stress transmissions in the granular media [6,7,12].

An intriguing characteristic of particulate materials in a
static configuration is that they are history-dependent. This
implies that one should consider the building mechanism
from which the grain assembly has been attained. For the
case of piles, it has been shown that the dip size at its base
may be strongly modified and even disappear depending on
the pouring protocol [45,46]. It is also well known that the
silo filling method importantly affects wall stress transmis-
sion [47–50].

In this paper, we investigate the effect that the silo feeding
rate has on stress transmission between faceted particles. The
filling rate is controlled by fixing the mean velocity of the par-
ticles as they are fed in while changing the volume fraction
of the granular material. We examine three cases, each with
particles of a different aspect ratio, to find the importance of
particle shape for understanding the properties developed in a
static granular sample. Finally, the comparison of experimen-
tal and numerical results allows the discovery of non-trivial
rearrangements of the particles, and unexpected pressure pro-
files, which could be relevant when handling faceted particles
in real silos.

2 Experimental procedure

A two-dimensional silo was filled at different feeding rates
with grains of different shape. The experimental setup is a
variation of the one originally described in Ref. [48,49]. The
system has two compartments, both of width W = 258 mm: a
top reservoir of height 750 mm (B in Fig. 1), and a silo below
of height 750 mm (D in Fig. 1) into which the particles are
deposited. The whole system is built with four glass plates
6 mm: two for the reservoir (front and rear), and two for
the silo (see Fig. 1). The two lateral walls are stainless steel
strips 1650 mm high and 3.3 mm thick, keeping the front and
rear glass plates at a distance larger than the thickness of
the particles (3 or 3.16 mm) to confine them with freedom
to move in a mono-layer. Between the two compartments,
a removable flat metal piece of length 258 mm and width
1 mm keeps the particles from falling into the silo when they
are initially poured into the top reservoir. The flat bottom of
the silo is formed by two metal pieces that are drawn apart
to allow discharge of the particles from the silo, after every
experimental realization.

At the bottom of the B reservoir, (indicated with C in
Fig. 1) a series of obstacles (1 mm length) are uniformly
placed to control the feeding rate: increasing the obstacle den-

Fig. 1 Left experimental setup showing the top reservoir, the silo, and
dimensions of the compartments. The label E marks the region at which
the deposits were recorded. At top right is a sketch of the particles’
interaction model. (see text for details) At the bottom-right is the scheme
of the experimental particles used in this work

sity reduces the mean feeding rate. For each particle shape,
three or four obstacle configurations are used to obtain dif-
ferent feeding rates. Moreover, a measurement was taken in
an additional configuration also: pouring the grains in at the
top of the system with neither the obstacles nor the remov-
able metal piece between the two compartments in place.
Provided that this pouring was quite slow, we could obtain
the smallest feeding rate that is comparable with previous
results reported in Ref. [6].

The experimental procedure to generate the deposits is as
follows. First the top reservoir B is filled homogeneously
along its whole width through a hopper from above (A in
Fig. 1). When all the particles are deposited, the metal piece
that was previously placed at the bottom of the B reservoir
is removed, and the grains fall into the silo under gravity.
Images of the deposit are recorded in a region that covers the
whole width of the silo and a height that goes from 290 mm to
410 mm from the bottom of the silo (the region marked with E
in Fig. 1). This region was chosen to ensure that any possible
local effect of the bottom boundary is negligible, a fact that
was proven in Ref. [6]. The images are processed to obtain
the centres and orientations of the particles. We have shown
earlier that the vertical (lateral) walls induce local particle
alignment [10,51]. The contribution of this local alignment
is removed by discarding particles whose centre of mass is
closer than 40 mm to the lateral walls. Once the deposit is
recorded, the outlet at the bottom of the silo is opened until
it is completely emptied. One hundred realizations were per-
formed for each feeding rate and particle type, to achieve
good statistics.
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Stress transmission in systems of faceted particles 413

Fig. 2 Photographs of the deposits (region E in Fig. 1) obtained for
particles with three different aspect ratios: left column d = 1, central
column d = 5/3, and right column d = 3. In each case, experimental

deposits are presented for several initial volume fractions (φ0), and its
correspondig final packing fraction (φ f ) as indicated in legends

The square particles were DIN 557 M4 nuts with D =
6.9 side and 3.16 mm thickness. The other two types were
monodisperse cylindrical stainless steel rods (diameter D =
3 mm), of lengths L S = 4.9 mm and L L = 8.9 mm. Hence
the aspect ratios of particles were d = D/D = 1, d =
L S/D = 1.63 (d ≈ 5/3), and d = L L/D = 2.97 (d ≈ 3).
About 8.0×103 rods of d ≈ 3 were used, and about 1.4×104

of d ≈ 5/3. About 5×103 square particles were used. Some
examples of packings obtained for different feeding rates
(initial volume fractions) are shown in Fig. 2.

With the purpose of estimating the feeding rates as accu-
rately as possible, we performed all the measurements dur-
ing each experimental realization in the same section of the

silo where the deposits are analyzed. The feeding rates were
measured using a high-speed camera at 3000 frames per
second that registered a region of height 330 to 370 mm,
(region marked with E in Fig. 1) and across the whole width
of the silo. The recordings were performed during one sec-
ond when the front of accumulating particles, where deposits
were being formed, was still below the recording region. For
each experimental condition, we calculated the average feed-
ing rate for five different depositions. Note that the feeding
rate f (measured as number of particles per second) depends
on the mean volume fraction, φ0, and the mean particle veloc-
ity, v, at the recording region: f = vφ0W/A; where W is the
width of the silo and A the area of a single particle. As the

123



414 M. Acevedo et al.

particles are all poured from the same position, their velocity
in the region described above is measured to be constant at
350 ± 10 cm/s. Hence, in our experiments the placement of
the obstacles affects the feeding rate by modifying the initial
volume fraction, φ0, at the region of measurement. There-
fore, φ0 will be used as the control parameter. It is important
to remark, that the control parameter φ0 should not be con-
fused with the final packing fraction of the deposit φ f . The
correlation between φ0 and φ f have been carefully examined
in previous works [48,49].

Variation of the feeding rate by modifying φ0, while keep-
ing constant the velocities of the particles (at a given height),
corresponds to the usual situation in real silos where grains
are deposited from a given height at zero initial velocity.
Alternative experiments where the feeding rate is varied at
constant φ0 are of great interest but outside the scope of this
work. Let us note that the effect of higher velocities on the
morphology of deposits is negligible for low values of φ0. We
have established this by comparing our findings with results
from other studies, where the silos are filled from lower posi-
tions and differences are not recognized [7].

3 DEM simulations

The numerical method used in this paper is based on the
Minkowski sum approach introduced for DEM simulations
[30–32]. For our bidimensional model we adopt the concept
of spheropolygons [31] that has been implemented in the in-
house software SPOLY. This software consists of a simulator
that is written in C++ following the object-oriented-design
philosophy, and a Visual Basic graphical interface for pre-
and post-processing and rapid construction of models. The
simulator uses an explicit numerical scheme that solves the
translational and rotational particles’ equations of motion in
two dimensions [32]. To achieve high-performance simula-
tions, the code uses dynamic allocation of memory, and a
combination of the linked cells and Verlet lists that reduces
the amount of calculation of contact forces between the spher-
opolygons [32].

A 2D granular system of spheropolygons with four ver-
tices was numerically implemented (see Fig. 1). We use
smoothed rectangles with aspect ratio d, defined as the ratio
between particle length and width. The system is confined
within a rectangular box of width W = 256 mm and with
lateral and bottom boundaries built of fixed particles. Parti-
cles are continuously added at a volume fraction φ0 at the
top of the box, with a prescribed feeding rate and random
orientation. This is achieved by choosing an initial particle
velocity parallel to gravity with a magnitude close to the mean
value observed experimentally. Particles settle due to grav-
ity, and relax until their mean kinetic energy is several orders
of magnitude smaller than their elastic potential energy. We

have simulated 3 × 104 squares with side 6.9 mm (d = 1),
9 × 103 rods of d = 5/3, and 5 × 103 rods of d = 3. For
both rods the shorter side is 3 mm. To get good statistics,
results are obtained averaging over at least eight different
realizations for each case.

The contacting force between a pair of particles, i and j ,
is determined by the repulsive force, Fi j , they exert on each
other. This force can be decomposed as Fi j = F N n̂ + FT t̂,
where F N is the magnitude of the force along the normal
direction n̂ to the contact plane that characterizes the over-
lap between the two particles, and FT is the magnitude of
the force acting along the direction parallel to the contact
plane, identified by the unit vector t̂. The normal interac-
tion, F N , has a conservative and a dissipative contribution.
The former is expressed as an elastic force, proportional to
the overlap distance δ. The latter corresponds to a velocity-
dependent viscous force. Hence, the total normal force reads
F N = −k N δ−γ N mrv

N
rel , where k N is the spring constant in

the normal direction, mr = mi m j/(mi + m j ) = m/2 stands
for the pair’s reduced mass, γ N is the damping coefficient,
andvN

rel is the normal relative velocity between the pair of par-
ticles. The tangential force FT also contains an elastic term
and a tangential frictional term accounting for static friction
between the grains. We take into account Coulomb’s fric-
tion which reads FT = min{−kT ξ − γ T mr · |vT

rel |, μF N },
where γ T is the damping coefficient in tangential direction,
and vT

rel is the tangential component of the relative contact
velocity of the overlapping pair. ξ represents the elastic elon-
gation with spring constant kT at contact, which increases as
dξ(t)/dt = vT

rel as long as there is an overlap between the
particle pair, while μ is the corresponding friction coefficient.

The values for normal and tangential elastic constants are
kT

k N = 0.1 and k N = 104 N/m. The ratio between normal and

tangential damping coefficients is taken as γ N

γ T = 3, while

gravity is set to g = 10 m/s2 and the time step to �t = 10−6

s. We have ensured that the kinetic energy loss and the dynam-
ics of sediment formation are analogous to those observed
experimentally. We have converged to γ T = 102 s−1 and
μ = 0.4 as the best parameters to fit the coefficient of resti-
tution and sliding resistance between two faceted particles.
In all the simulations reported here we have kept constant
the previous set of parameters modifying only the volume
fraction of the initial configuration, φ0.

4 Results

4.1 Packing morphology

Let us start by describing the experimental photographs dis-
played in Fig. 2. For square particles, d = 1, the smallest
initial volume fraction, φ0 = 0.01, leads to an almost per-
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(a) (b) (c)

Fig. 3 Orientation distributions for particles with three different aspect ratios: a d = 1, b d = 5/3, and c d = 3. In each case, experimental results
are presented for several initial volume fractions as indicated in legends

fectly ordered configuration. Interestingly, in these deposits
all the particles align pointing downwards (i.e., with their
diagonal parallel to gravity). When the initial volume frac-
tion is increased to φ0 = 0.03, the order decreases as some
defects start to develop in the deposit. At larger initial volume
fractions, for φ0 = 0.25, there is clear reduction in both the
particle order and the tendency of the squares to align with
their diagonal parallel to gravity. Finally, a further increase
of φ0 does not reveal a significant effect in the structure and
order of the deposits. For short rods, d = 5/3, a similar trend
is observed concerning the ordering: increasing the initial
volume fraction leads to a reduction of order in the structure.
Yet the disorder achieved in the deposits of rods of d = 5/3
is smaller than for squares. Longer rods, d = 3, display once
more the same behavior and a significant fraction of rods
oriented horizontally.

The particle-orientation distribution function, f (θ),
expressed in terms of the angle θ that the particle’s long axis
makes with the horizontal (or a side for square particles),
is shown in Fig. 3. Due to symmetry, the angle satisfies
0 < θ < π for rods and 0 < θ < π/2 for squares. As sug-
gested by the photographs shown in Fig. 2, squares strongly
align with their diagonal parallel to gravity, θ = π/4, espe-
cially for the smallest feeding rate. This is evident from the
distributions shown in Fig. 3a, where a marked peak is always
observed at θ = π/4. Increasing φ0 leads to a reduction of
the peak, although for the highest φ0 the number of particles
oriented at θ = π/4 increases again. Conversely, the number
of squares aligned horizontally (θ = 0 or θ = π/2) increases
with φ0. Again, for φ0 = 0.47 the tendency is reversed and
a reduction of the number of particles oriented at θ = 0 or
θ = π/2 is observed.

The outcomes for elongated particles are markedly differ-
ent. Fig. 3b shows that the preferred orientation of rods with
d = 5/3 is around 2π/11, independently of the initial vol-
ume fraction. Interestingly, rods aligned vertically (θ = π/2)
correspond always to the least probable orientation. Further-
more, another minimum in f (θ) is found for rods aligned
horizontally (θ = 0 or θ = π ). Elongated particles are less

sensitive to the filling method; only a small effect is found in
the number of horizontal particles seems to increase with φ0.
Finally, Fig. 3c shows that d = 3 rods have a marked pref-
erence to align horizontally; that is, perpendicular to gravity.
Again, the minimum in the distribution is found for the ver-
tical orientation. As in previous cases, increasing φ0 leads
to a slight increase in the fraction of horizontally aligned
particles.

We quantify the morphology of the deposits and the degree
of local ordering by means of the radial distribution function,
which can be expressed as:

g(r) =
〈

N (r + δr)

ρ2πrδr

〉
(1)

where ρ = NT /S is the average number of particles per
unit of area and is measured by counting the total number
of particles, NT , whose of mass lies in the analysed area,
S. N (r + δr) accounts for the number of particles with its
centre of mass at a distance r , measured in units of the rod
diameter D (or square side), within a differential of area
δS = 2πrδr , where we choose δr = 0.1. Note that for very
dense system of perfectly aligned particles, the value of this
parameter controls the height of the peaks of g(r). In order
to avoid finite size effects, we have performed our analysis
only for those particles a distance 4r away from the border of
the analysed region; accordingly, we obtain results reliable
for r < 4.

Figure 4 displays the g(r) for all the particle shapes and
feeding rates analyzed in this work. Fig. 4a shows that square
particles display marked peaks for r = 1, 2, 3, 4, . . ., denot-
ing the high degree of order in the deposits. Surprisingly, a
peak at r = √

2 ≈ 1.41 is not observed in any of the distri-
butions. This indicates that, despite the high degree of order
within the sample, a perfect alignment where four particles
contact each other through their corners (as schematized in
the top structure of Fig. 5a) does not develop. This fact can be
corroborated by visual inspection of the deposit of squares
poured at φ0 = 0.01 (top left picture in Fig. 2). Effectively,
the squares align face to face, but this order seems to be prop-
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(a) (b) (c)

(d) (e) (f)

Fig. 4 Top: g(r) for deposits obtained with particles of three differ-
ent aspect ratios: a d = 1, b d = 5/3, and c d = 3. In each case,
experimental results are presented for several initial volume fractions

as indicated in legends. Bottom: g(r = 1) for different values of the
initial volume fraction: for d d = 1, e d = 5/3, and f d = 3 particles

(a) (b) (c)

(d) (e) (f)

Fig. 5 Top: g(r) for deposits obtained numerically with particles of
three different aspect ratios: a d = 1, b d = 5/3, and c d = 3. In each
case, numerical results are presented for several initial volume frac-
tions as indicated in legends. In the insert of Figure a two structures of
squares are schematized. The one at the top, where squares are aligned

through their corners, is not observed within the deposits. The one at the
bottom, where squares align face-vertex, is observed for high values of
φ0. Bottom: g(r = 1) for different values of the initial volume fraction:
for d d = 1, e d = 5/3, and f d = 3 particles

agated in rows at π/4 radians, either to the left or to the right.
The squares belonging to different rows are not perfectly
aligned, having their vertices separated. From Fig. 4a it is
also revealed that the height of the peaks at r = 1, 2, 3, 4, . . .

slightly decreases as φ0 increases, indicating that the order
within the sample is reduced on increasing the feeding rate.
In order to explore this behavior further, Fig. 4d shows the

magnitude of the peaks for r = 1 (g(r = 1)) as a func-
tion of the initial volume fraction. As expected, g(r = 1)

decreases with φ0 except for the case of the highest value of
φ0 where the tendency is reversed and g(r = 1) increases
again. Another indicator of the disorder developed within the
deposit when the feeding rate increases is the emergence in
Fig. 4a of a small peak around r ≈ 1.18 for the two high-
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est values of φ0. This peak is associated with a configura-
tion where two squares contact face-vertex (as schematized
by the bottom structure in Fig. 5a) and their separation is,
indeed, r ≈ 1.207.

Figure 4b shows a richer structural behavior for d = 5/3
rods; the number of peaks of g(r) is not restricted to inte-
ger values of r . Besides the peaks at integer values, r =
1, 2, 3, 4, . . . (which correspond to rods aligned along their
long faces), new peaks are visible. The most obvious ones
are at r = 1.31, which corresponds to a long face L, aligned
with a short face S, L-S; and at r = 1.63, which corresponds
to two rods aligned along their short faces, S–S. Small peaks
are also appreciable at r = 2.31 and r = 2.62, corresponding
to faces aligned in combinations L-L-S (r = 1 + 1.31) and
L–S–L (r = 1.31 + 1.31) respectively. The peaks observed
at larger separations can correspond to more than one com-
bination of alignments. For example, the peak appearing at
r ≈ 3 represents S–S–L (r = 1.63 + 1.31 = 2.94) and
L–L–L–L alignments (r = 3). Finally let us to note that for
d = 5/3 rods, the feeding rate has a minor impact on the
ordering observed, as depicted in Fig. 4e, which indicates
that g(r = 1) varies weakly with φ0 and does not follow any
particular trend.

Figure 4c shows that the g(r) for d = 3 rods only displays
peaks at r = 1, 2, 3, 4, . . .. This is an expected result because
for this particular aspect ratio, the distance corresponding to
a L–S alignment is r = 2 and coincides with the distance
for an L–L–L configuration. The same happens for r = 3
which is the distance resulting for S–S, L–L–S, and L–L–
L–L configurations. Hence, the heights of the peaks cannot
be straightforwardly related with the number of particles in
a given configuration. Indeed, the fact that the peak at r = 3
is systematically higher than the one at r = 2 is due to the
fact that the number of different conformations that can be
formed at r = 3 is larger than for r = 2. The dependence of
g(r = 1) on φ0 displayed in Fig. 4f indicates that for these
elongated rods, the feeding rate has an effect analogous to
that observed for square particles: increasing the feeding rate
leads to a reduction of the order within the sample.

To validate our DEM simulations with the experimental
results, the values of g(r) obtained numerically are depicted
in Fig. 5. Clearly, the numerical outcomes reproduce the
experimental ones very accurately. Fig. 5a–c show that the
peaks of g(r) for the three different aspect ratios analyzed
appear exactly at the same positions as in experiments. In
particular, the dependence of g(r = 1) on the initial volume
fraction reveals strong analogies with the experiments. For
square particles, g(r = 1) decreases with φ0 up to φ0 ≈ 0.2,
where the tendency is reversed and the order within the sam-
ple starts increasing. Simulations allow us to reproduce more
feeding rates than experimentally, providing stronger evi-
dence for the non-monotonic dependence of the local order-
ing on φ0. The monotonic dependence of g(r = 1) on φ0 for

rods is also reproduced for the two aspect ratios considered.
However, we expect a further increase of g(r) = 1 as φ0 fur-
ther increases, based on recent experimental work. Indeed,
there has been found a non-monotonic behavior of the final
packing fraction (which is another indicator of order within
the deposit) in deposits obtained when pouring the particles
from different initial volume fractions [52] or tapping the
samples at different intensities [53,54]. Unfortunately, our
numerical method does not allow us to achieve larger values
of φ0 without introducing a predefined order in the initial
configuration of rods.

4.2 Packing micro-mechanics

We can further take advantage of the information provided by
the DEM model and calculate the mean stress tensor within
the granular column, from which we can subsequently derive
the pressure profiles. Goldhirsch [41] has introduced a very
elaborate definition of the mean stress field σ̄αβ(r) at position
r which reads

σ̄αβ(r) = −1

2

∑
i, j;i �= j

fi jαri jβ

1∫
0

ds Φ[r − ri + sri j ], (2)

where the sum runs over all the overlapping particle pairs i, j ,
whose centres of mass are at ri and r j respectively. The vector
fi j accounts for the force exerted by particle j on particle
i , and ri j ≡ ri − r j . The coarse-grained (CG) function,
Φ(R), is positive a semidefinite normalized function, with
a single maximum at R = 0. In our case, we have used a
Gaussian coarse function, Φ(r) = 1

πω2 e−(r/ω)2
, where the

sign convention is that compressive stress is negative. The
value of ω defines the coarse-grained scale.

For assessment of the impact of CG scale on the mea-
sured pressure profiles, Fig. 6 displays the trace of the stress
tensor as a function of the silo depth h, normalized with the
deposit width W , for various values of ω for squares and rods.
The trace is derived from the stress tensor components com-
puted within specific areas where the contact contribution
within the selected area is weighted by the function Φ(r).
The pressure profiles were calculated fixing the horizontal
coordinate at the center of the silo, and varying the verti-
cal one (up–down). The results reveal that stress fluctuations
at fixed depth vanish when increasing the value of ω. This
indicates the existence of a CG scale for which the stress ten-
sor field is independent of resolution. In our case, however,
the stress profiles are not homogeneous, due to the action of
the gravity field. Consequently, one must carefully choose a
value of ω small enough to accurately describe the spatial
dependence of the stress field. We have also found that the
particle’s shape slightly affects the specific value of the CG
scale ω. For squares, we have estimated ω = 4d as the opti-
mal value, while for rods with d = 5/3 (data not shown) and
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Fig. 6 Profiles of the trace of the mean stress tensor, defined by Eq.
2, after silo loading with a squares using an initial volume fraction
φ0 = 0.025 and b rods of d = 3 with φ0 = 0.04. The depth of the silo

(h) has been normalized with the width of the deposit h′ = h/W . The
results have been calculated using a Gaussian coarse-grained function,
Φ(r) = 1

πω2 e−(r/ω)2
, and several values of w as displayed in legends
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Fig. 7 Profiles of the trace of the mean stress tensor, defined by Eq.
2. The depth of the silo (h) has been normalized with the width of the
deposit h′ = h/W . The results have been calculated using a Gaussian
coarse-grained function, φ(r) = 1

πω2 e−(r/ω)2
. In a we illustrate results

for squares using ω = 4d, and in b outcomes for rods (d = 3) using
ω = 3d are shown. In each case, data values for several feed rates
are shown. For comparison, the corresponding overburding pressure
assuming φ = 1.0 are also drawn

d = 3 (Fig. 6b) good convergence is already reached with
ω = 3d.

In Fig. 7 we illustrate the pressure profiles for deposits of
squares and d = 3 rods obtained with different initial vol-
ume fractions. The pressure values have been estimated with
the trace of the mean stress tensor using the corresponding
optimal value for ω. In Fig. 7a deposits of squares built with
different feeding rates are shown. For very low feeding rates,
the high degree of order and the alignment of particles in
rows along the φ = π/4 direction lead to stress transmission
towards the walls [48] and give rise to a stress profile that
quickly saturates, as predicted by Janssen’s mechanism [55].
When increasing the initial volume fraction, however, the
stress profiles come closer to the overburden pressure (i.e.,
the stress produced by the weight of the granular material),

with a linear increase according to silo depth. This behavior
correlates with the preferential up–down stress transmission,
caused by the increase of horizontally aligned squares and
enhancement of the disorder within the deposit [48]. Elon-
gated particles, i.e. d = 3 rods, display similar behavior,
since increasing their feeding rate also hinders pressure satu-
ration (Fig. 7b). In this case, however, the preferred orienta-
tion is always horizontal, independently of the initial volume
fraction φ0. Consequently, up-down stress transmission is
always favored and the changes in the stress profile are less
noticeable.

Finally, it is remarkable that for both kind of particles,
pressure values higher than those corresponding to the over-
burden profile (dotted line in Fig. 7) may be obtained. This
effect is particularly marked for the highest feeding rates, for
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which particle interactions become important and the time
that particles take to cool down is reduced. The velocities at
which particles impact the deposit are rather large; hence,
it seems plausible that they get stuck in metastable config-
urations with strong over-stresses. These over-stresses are,
then, responsible for the unexpectedly high values of pres-
sure obtained in Fig. 7, and they agree with the negative wall
pressures recently reported in en masse-filled 3D silos [50].
In en masse filling, all the particles are simultaneously gen-
erated inside the silo at the beginning of the simulations,
and then they are allowed to fall by gravity until equilib-
rium is reached. It is reported that in en masse filling the
wall friction on the particles may develop unrealistic contact
forces, yielding pressure predictions that deviate from those
expected.

5 Conclusions

We have combined experimental and numerical analysis to
explore the effect that the elongation of faceted particles has
on their orientation, morphology, and pressure transmission
within a silo. We have also studied the role of rate of fill-
ing, in conditions ranging from very low feed rates to en
masse filling. Elongated particles usually reveal a strong ten-
dency to orient horizontally. This tendency is reduced as the
elongation lessens. However, square particles tend to orient
mainly with the diagonal parallel to the gravity. This distinc-
tive behavior causes important differences in the pressure
profiles depending on the aspect ratio of the particles.

For very low feeding rates, the packing-structure of square
particles leads to stress transmission towards the walls that
implies a quick development of pressure saturation. When the
feed rate is increased, both the disorder and the number of
horizontal squares in the silo increase, hindering the Janssen
effect. For elongated particles, however, the feed rate has a
weaker effect on the final deposit properties. In this case,
increasing the feeding rate induces a larger fraction of hor-
izontally aligned particles, which slightly enhances of the
stress transmission in the vertical direction. We also noted
pressure values above those corresponding to the overbur-
den pressure. This behavior might be attributed to a sudden
arrest of the particles that drives the deposits to metastable
configurations where the grains are over-stressed. Never-
theless, further investigation is required to understand the
effect of wall friction on the bulk distribution of stress in
silos.

The main limitation of our analysis is the extrapolation of
our results to real silos. Studying small-scale bi-dimensional
silos has allowed us to explore the effect of particle shape and
feeding rates on stress profile and particle arrangement. How-
ever, there is still a gap to reach the real scale of industrial silos
that involve several millions of particles. Very recently, using

a DEM algorithm on general-purpose Graphics Processing
Units (GPUs) has become an attractive alternative to simulate
large-scale granular systems [56–59].
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