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Abstract In this work we apply the discrete element
method (DEM) to model packings of spherocylinders. The
so-called composite spheres method was used to construct
particles of different aspect ratio, surface shape and cur-
vature. Using the DEM we probe in detail the effect of
particle curvature and surface shape on packing morphol-
ogy and stress transmission. We find that particle shape has
a remarkable influence on both the packing morphology
(quantified via the solid fraction, particle orientation distribu-
tion and radial distribution function) and stress transmission.
Specifically, elongated particles have a high preference for
horizontal alignment, whereas an increasing particle curva-
ture leads to a more continuous (i.e. less discrete) particle
orientation distribution. Generally, we observe that rough and
curved particles have a stronger tendency for interlocking (in
particular for small particle aspect ratios, i.e. AR = 2 and 3)

leading to the formation of dense packing structures. In addi-
tion packings of rough and curved particles of small aspect
ratios favor stress transmission in the gravitational direction,
thus, limiting stress saturation with depth.
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List of symbols

A Particle cross-sectional area (m2)

AR Particle aspect ratio (−)
dp Primary sphere diameter (m)
dt Time step of DEM simulations (s)
Ek Kinetic energy (J)
Ep Elastic potential energy (J)
fi j Contact force between particles i and j (N)
Fn Normal force (N)
Ft Tangential force (N)
G (r) Radial distribution function (−)
h Dimensionless packing depth (−)
hc Characteristic depth of packing (−)
H Height of container (m)
kn Normal spring stiffness (N/m)
kt Tangential spring stiffness (N/m)
laxial Length of particle major axis (m)
m Particle mass (kg)
N Number of particles (−)
P0 Stress (N/m)
Pj Saturation stress (N/m)
r, r Distance/vector relative to a point (m)
δr Differential distance (m)
vn Relative normal velocity (m/s)
vt Relative tangential velocity (m/s)
W Width of container (m)
X,Y Coordinates (m)

Greek letters

δn Particle overlap (m)
δt Tangential displacement (m)
ηn Normal damping factor (−)
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ηt Tangential damping factor (−)
γ Particle orientation angle (◦)
μ Coefficient of friction (−)
φ Solid fraction (−)
ρ Number of particles per unit area (1/m2)

ρp Particle density (kg/m3)

θ Angle of curvature (◦)
ω Coarse-graining scale (−)
σv Major eigenvalue of stress tensor (N/m)
σh Minor eigenvalue of stress tensor (N/m)
σ̄αβ (r) Mean stress tensor (N/m)
ϕ (r) Gaussian coarse-graining function (1/m2)

1 Introduction

Granular packings are frequently encountered in nature and
industry [1]. However, experimental studies on granular
packings are inherently difficult due to their opacity, thus,
making the use of optical measurement techniques largely
impossible [2]. On the other hand, the advancement of com-
putational techniques, in particular the so-called discrete
element method (DEM) [3] has opened new routes to probe
the physics of granular packings [4,5]. DEM allows us
to perform numerical ‘measurements’ in granular system,
providing e.g. information about the contact forces acting
between particles. Importantly, DEM is capable of modelling
particles of non-spherical shape [6–8]; a crucial aspect, con-
sidering that the morphology and the mechanical properties
of packings are strongly affected by particle shape [9,10].

So far, the majority of both experimental and numerical
studies have considered packings of spherical particles only
[5]. However, the appropriate description of packings com-
posed of non-spherical particles is of significant importance
for practical applications such as the handling of rocks, rice,
wheat or tablets [11]. Hence, in recent years packings of
highly anisotropic particles have received increasing atten-
tion [12–26]. These studies have revealed that most structural
properties displayed by packings of isotropic granular media
cannot be extrapolated easily to (highly) anisotropic particle
system.

For example, it is well known that elongated particles can
pack more densely when compared to spheres [10]. How-
ever, the packing density reaches also a maximum at a certain
aspect ratio [15]. A similar trend was observed for the coor-
dination number, viz. the mean number of contact points
of a particle. In addition, in packings of elongated particles
a preferred particle alignment along their major axis was
shown experimentally [21] and numerically [15,22]. These
ordered structures are believed to affect notably the transmis-
sion of stress in the packing. For example, Azéma and Radjaï
[24,25] performed two-dimensional, bi-axial compression
tests on packings composed of cylinder-shaped particles.

They observed a linear increase of the shear strength of
the material with increasing particle elongation. This phe-
nomenon was attributed to the ordering of particles on a
mesoscopic scale. Similarly, Hidalgo et al. [21,22] found
a preferred particle alignment in the horizontal direction
for quasi-2D packings of steel rods. In such packings, the
authors could not observe a saturating stress with increas-
ing packing height. Instead, a stress profile similar to the
linear hydrostatic stress profile was recorded. However, the
ordered structures disappeared when cohesive forces were
introduced and the conventional stress profile (i.e. saturation
with packing height) was recovered [23].

Despite recent advances in our understanding of packings
composed of anisotropic particles, several questions concern-
ing their mechanical properties are still open. For example,
it is still unclear how the surface shape of the particles influ-
ences a packing’s morphology and stress transmission. A
better understanding of this effect is important as most gran-
ular media possess uneven surfaces, e.g. gravel, rocks or
agricultural goods. In addition, the effect of particle curvature
on the packing properties is also not well understood. This is
particularly important for the handling of fibrous materials,
e.g. cellulose fibers. Thus, this work addresses the question
how particle surface shape and curvature affect a packing’s
structure and stress transmission.

2 Numerical system setup

In this work, we examined two-dimensional granular pack-
ings using the DEM. The composite spheres method was
used to simulate non-spherical particles [10]. A linear spring
and dash-pot model was implemented to model the contact
forces. For two colliding particles (i and j) the contact force
acting in the normal direction was given by

Fn = max
(

0, kni j δn − 2ηn

√
mi j kni j vn

)
(1)

Here δn is the overlap between the contacting spheres, ηn
is the normal damping factor, vn is the relative velocity in
the normal direction and mi j is the effective mass given by
1/mi j = 1/mi + 1/m j . The effective normal stiffness was
calculated as 1/kni j = 1/kni +1/kn j . In the tangential direc-
tion, the maximal contact force was limited by Coulomb’s
law of friction, viz.

Ft = min
(
μkni j δn, kti j δt − 2ηt

√
mi j kti j vt

)
, (2)

where μ, ηt and vt are the coefficient of friction, the tangen-
tial damping factor and the relative velocity in the tangential
direction, respectively. The tangential displacement, δt , was
given by δt = ∫ vt dt and the effective tangential stiffness
was determined as 1/kti j = 1/kti + 1/kt j . The time step dt
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Table 1 Mechanical parameters of the particles modelled

Parameter Symbol Value

Particle density ρ 2500 kg/m3

Normal spring stiffness kn 2000 N/m

Tangential spring stiffness kt 1000 N/m

Normal damping factor ηn 0.2

Tangential damping factor ηt 0.2

Coefficient of friction μ 0.3

Primary sphere diameter dp 3 × 10−3 m

employed in the DEM simulations was set to 1.1 × 10−5 s,
which is less than one thirtieth of the duration of a binary
collision between particles. A third order Adams–Bashforth
integration scheme was implemented to update the parti-
cle velocities and positions. Table 1 shows the mechanical
parameters of the particles modelled in this work. We have
performed additional simulations to assess the sensitivity
of our conclusions drawn to the mechanical parameters of
the particles. We found that varying kn in the range 1000–
4000 N/m (correspondingly kt in the range 500–2000 N/m),
ηn and ηt in the range 0.1–0.4, and μ in the range 0.1–0.5
did not affect the conclusions drawn in this work.

Elongated spherocylinders composed of several primary
spheres were considered. The aspect ratio of a straight sphe-
rocylinder was defined as the ratio between its axial length
and the diameter of a primary sphere, i.e. AR = laxial/dp
as shown in Fig. 1a. A uniform size distribution of ±5 %
was applied to the primary spheres (average diameter 3 mm)
used to model non-spherical particles. The simulations were
purely two-dimensional, i.e. the particles cannot move in the
z direction and cannot rotate about any axis in the xy plane
(Fig. 1). The height of the container was h = 2.0 m. In order
to compare the numerical results of the systems containing
particles of different aspect ratios, the width of the container,
W , was set to 20 times the major axis of the particle laxial ,
i.e. W = 20laxial . The walls of the container had the same
normal and tangential stiffness as the particles. In total 9000
particles were simulated.

Packings were generated by initializing first horizontal
lines of particles, located 1.985 m above the bottom of the
container. Each particle was initialized with a random orien-
tation angle and a random horizontal velocity (in the range
−0.025 to +0.025 m/s). A new line of particles was gener-
ated, once the previous line of particles had settled 0.021 m
under gravity. The filling rate was approximately 270 par-
ticles per second. Once all particles had settled, the system
was allowed to relax until its mean kinetic energy Ek was at
least five orders of magnitude lower than its elastic potential
energy Ep = ∑ 1

2kδ
2). Subsequently, the morphology of the

consolidated packing was analyzed. For each configuration,
30 repetitions were performed using different initial condi-
tions, i.e. different initial velocities and particle orientations.

In the first set of numerical experiments the effect of the
particle aspect ratio (AR = 2, 3, 5, and 7) and surface shape
on the packing morphology and stress transmission through
the bed was studied. Here, the packing of spheres served
as a reference case. The surface shape of the spherocylin-
ders was manipulated by varying the overlap of the primary
spheres (zero overlap or 50 % overlap) as shown in Fig. 1a,
b. Since our aim was to study the effect of surface shape
on the packing characteristics, it was ensured that the mass
and the inertia tensor of the smooth and coarse particles were
identical. During the initialization step the mass of the coarse
particles was set to the mass of the smooth particles with the
same aspect ratio. In addition the inertia tensor of the coarse
particles was calculated in a body (particle)-fixed (or local)
coordinate system, chosen such that the inertia tensor con-
tained non-zero values only along its diagonal. The values of
the inertia tensor of the smooth particles (in the body-fixed
coordinate system) were set to the same values as the inertia
tensor of the coarse particles of identical aspect ratio. A side
effect of this approach was that the density of the primary
spheres varied, resulting in a non-uniform density distribu-
tion in smooth particles.

In the second set of numerical experiments, the effect
of particle curvature on the packing morphology and stress
transmission was assessed. Here, smooth spherocylinders of
aspect ratios AR = 3, 5, and 7 were used (in the packings
simulated the aspect ratios had a distribution in the range
95.2–105.3 %). The curved particles were modelled as pro-
posed by Nan et al. [19]. A curved spherocylinder, Fig. 1c,
was characterized by two parameters viz. its aspect ratio and
angle of curvature. The aspect ratio was the ratio between
the axial length of the particle to the diameter of a primary
sphere. The angle of curvature, θ , was defined as the ratio of
the length of the particle torus (measured along the curved
axis of the particle) and the curvature radius (Fig. 1c). As lim-
iting cases, θ = 0◦ corresponds to a straight particle, while
θ = 180◦ represents a semicircle. The angle of curvature was
varied from 30◦ to 120◦ using a step size of 30◦. The mass
of a curved spherocylinder was equal to the mass of the cor-
responding straight spherocylinder of identical aspect ratio.
However, due to the particle curvature, the inertia tensor of
a curved spherocylinder was different to that of a straight
spherocylinder of the same aspect ratio.

3 Results and discussion

3.1 Effect of surface shape on packing morphology and
stress transmission

Figure 1 shows packings of straight spherocylinders (aspect
ratio AR = 5) of different surface shape. For comparison,
the packing of curved spherocylinders (aspect ratio AR = 5,
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Fig. 1 Packings of a straight, coarse spherocylinders of AR = 5, b
straight, smooth spherocylinders of AR = 5, and c curved spherocylin-
ders (angle of curvature: θ = 60◦) of AR = 5. The colour indicates the
magnitude of the contact forces acting on the primary spheres [(includ-

ing contact forces between particles and walls (the bottom and the lateral
walls)]. The shapes of the particles simulated can be related to for exam-
ple different types of pasta [27–29]

angle of curvature θ = 60◦) is also illustrated. The colour
of the particles indicates the magnitude of the contact forces
acting on the individual particles. Note that due to a larger
number of primary spheres, the volume of a straight, smooth
particle is larger compared to its coarse counterpart (see
Table 2, particle cross-sectional area A). From Fig. 1 it is also
noticeable that coarse particles form highly ordered struc-
tures. In addition, curved spherocylinders lead to higher and

looser deposits when compared to the corresponding straight
particle systems. This observation can be attributed to a more
pronounced ‘excluded volume’ effect for curved particles.
The ‘excluded volume’ in a deposit refers to the void region
around a particle that cannot be occupied by other particles
of the same size and shape [16].

The packings obtained were first characterized by calcu-
lating the spatially resolved solid fraction. Here, we have
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Table 2 Mean solid fraction φ obtained in packings of particles with different aspect ratios and surface shapes

Aspect ratio AR Coarse particle A Coarse particle φ Smooth particle A Smooth particle φ

2 1.41 × 10−5 m2 0.87 ± 0.0021 1.57 × 10−5 m2 0.88 ± 0.0007

3 2.12 × 10−5 m2 0.81 ± 0.0009 2.43 × 10−5 m2 0.87 ± 0.0009

5 3.53 × 10−5 m2 0.76 ± 0.0013 4.15 × 10−5 m2 0.85 ± 0.0015

7 4.95 × 10−5 m2 0.73 ± 0.0015 5.87 × 10−5 m2 0.82 ± 0.0020
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Fig. 2 Spatially resolved solid fractions of different packings: a
straight, coarse spherocylinders with AR = 5, b straight, smooth sphe-
rocylinders with AR = 5, and c curved spherocylinders (angle of

curvature θ = 60◦) with AR = 5; d schematic showing the central
vertical slice that was used for further analysis of the packing structure

implemented a coarse-grain averaging technique to exam-
ine the solid fraction (as well as the stress fields) of the
packing. The coarse-grained solid fraction was obtained as
φ (r) = ∑N

i=1 Aiϕ (r − ri ), where Ai is the cross-sectional
area of a particle. In this context, a Gaussian coarse-graining

(CG) function ϕ (r) = 1
2πω2 e

−
(
r/

√
2ω

)2

, with a coarse-
graining scale ω was applied [30]. In all cases, ω was set
to 3 × AR × dp (dp is the diameter of the primary spheres),
which was consistent with the value chosen by Acevedo et
al. [31] for rod-shaped particles. The spatially resolved solid
fractions φ (r) obtained are plotted in Fig. 2. Note that the
value of ω is sufficiently small to capture accurately the spa-
tial variation of the solid. In all packings assessed, the color
maps show a rather uniform solid fraction in the centre of the
bed (only a slight increase towards the bottom of the container
is observed). Figure 2 also shows that coarse spherocylinders
(AR = 5) pack less densely than straight, smooth sphero-
cylinders of the same aspect ratio. Furthermore, packings of
curved, smooth spherocylinders show a lower solid fraction

than their straight counterparts. The further analysis of the
structure of the different packings is now restricted to the
central vertical section (� = 2 × AR × dp wide) of the bed
(see Fig. 2d), which is located 3ω away from the lateral and
bottom walls [32]. The mean solid fractions obtained in this
region are summarized in Table 2. Here we observe that the
solid fraction decreases with increasing aspect ratio, indepen-
dent of the surface shape. This observation is consistent with
experimental findings in packings of two-dimensional rods
[22] and is attributed to an increasing resistance to particle
re-arrangement for increasing particle aspect ratios [33].

The morphology of the packings was characterized in
more detail by determining the particle orientation distrib-
utions (Fig. 3). The particle orientation angle γ was defined
as the angle formed by the principal axis of the particle and
the horizontal axis of the system. Figure 3 plots the dis-
tribution of the orientation of spherocylinders of different
aspect ratios and surface shapes. To exclude wall effects,
only the central section of the packing was used for data
analysis, i.e. particles located within the distance AR × dp
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Fig. 3 Distribution of particle orientation for spherocylinders with a AR = 2, b AR = 3, c AR = 5, and d AR = 7 (‘+’: coarse particles; ‘©’:
smooth particles)

from the walls were disregarded. Figure 3 shows clearly that
an increase in particle aspect ratio enhances the tendency
of particles to align horizontally (γ = 0◦ and 180◦). This
observation is in agreement with experimental measurements
obtained in packings of elongated, faceted particles [21,22].
However, in our simulations we could also observe that the
particle surface shape has a notably influence on the par-
ticle orientation distribution. For instance, coarse particles
with AR = 2 (dimers) orientated largely at specific angles,
viz. γ = 0◦, 30◦, 90◦, 150◦, and 180◦. These characteristic
orientations indicate the existence of locally ordered struc-
tures. Interestingly, we could not observe any peak in the
particle orientation distribution at 60◦ and 120◦, implying
that these more vertically-oriented positions are not stable
for the dimers. On the other hand, smooth particles with
AR = 2 did not show such highly anisotropic behaviour,
i.e. an appreciably less discrete particle orientation distri-
bution was observed. Similarly, for AR = 3, the surface
shape affected notably the particle orientation distribution.

Coarse particles show local maxima in their orientation dis-
tribution at γ = 30◦ and 150◦, whereas smooth particles
align with the horizontal axis with the highest probability.
For AR > 3, the differences in the orientation distribu-
tion between coarse and smooth particles largely disappear.
Nonetheless, for AR = 7, coarse particles still align slightly
more favorably with the horizontal axis (γ = 0◦ and 180◦).
This effect was not observed for AR = 5.

The packings were characterized further by calculating
their radial distribution function (RDF), given as G (r) =
N (r + δr) /2πrδrρ. Here, ρ is the number of particles per
unit area averaged over the analysis region and N (r + δr)
accounts for the number of particles with their mass centers
located in the differential area 2πrδr relative to a measur-
ing point. For a random packing of monodisperse spheres
G (r) equals to 1. In this analysis, only particles that are
located in the central area of the packing were considered,
i.e. only particles with a distance larger than (10 + AR)×dp
from the walls were analyzed. In this work an incremental
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Fig. 4 Radial distribution function (RDF) of packings of spherocylin-
ders: a AR = 2, b AR = 3, c AR = 5, and d AR = 7 (‘+’: coarse
particle; ‘©’: smooth particle). Packing configurations that correspond
to specific peaks in the RDFs are illustrated. To aid the reader, the cen-
tral primary sphere of each spherocylinder is marked in red (coarse
spherocylinder) or blue (smooth spherocylinder) (colour figure online)

radius of δr = 0.3 mm was used. In Fig. 4, the RDFs of
the different packings studied are plotted. Several packing
configurations that correspond to distinct peaks in the RDFs
are drawn to aid the reader. A general observation that can be
made from the data plotted in Fig. 4 is that G (r) approaches

asymptotically G (r) = 1. A further observation from Fig. 4
is that coarse particles possess more pronounced peaks in
their RDF, indicative of a higher tendency to form crystalized
structures. This effect can be explained by the facile inter-
locking of multiple coarse particles. For example, for coarse
particles with AR = 2, G (r) exhibits several distinct peaks
that correlate with specific packing arrangements as illus-
trated in Fig. 4a. In contrast, smooth particles with AR = 2
show fewer peaks in their RDF and the peaks observed are
due to particle alignment along the principal axis only. In
line with this observation is the fact that for smooth parti-
cles the RDF approaches 1 faster (when compared to coarse
particle packings). A further evidence of particle interlock-
ing is the fact that the peaks in the RDF of coarse particles
are shifted to lower r values compared to smooth particles.
Similar observations can be made for elongated particles,
i.e. AR > 2. For instance, for AR = 5 the RDF of smooth
particles exhibits peaks at r/dp ≈ 1, 2, 3, etc., which cor-
respond to structures in which 2, 3, 4, etc. particles align
horizontally with each other. In packings of coarse parti-
cles the peaks are shifted to smaller values of r owing to
the interlocking of the highly concave surfaces. As shown in
the inset of Fig. 4c, the voids in the proximity of the concave
surface of a coarse particle can be readily occupied by neigh-
bouring particles, thus leading to a pronounced peak at e.g.
r/dp = 1.7 (besides the peak formed at r/dp = 2). From
the RDFs plotted it is clear that the surface shape of a parti-
cle influences critically local particle structures and particle
alignments. Furthermore, comparing the peak heights of the
RDFs of packings of coarse and smooth particles it can be
concluded that crystalized structures are more pronounced in
packings of coarse particles than for smooth particles.

Next we examined the micromechanical properties of the
granular packings allowing us to gain additional insight into
the relationship between the microstructure of a packing and
stress transmission. To this end, the mean stress tensor σ̄αβ (r)
as defined by Goldhirsch [30] was calculated:

σ̄αβ (r) = −1

2

∑
i, j;i �= j

fi jαri jβ

1∫

0

dsϕ
(
r − ri + sri j

)
(3)

In Eq. 3 the sum runs over all contacting particles i and j
whose center of mass is located at ri and r j , respectively.
Here, ri j ≡ r j − ri is the vector joining the two centers of
mass of two colliding particles. The contact force exerted by
particle j on particle i is given by fi j , which points from
particle j to particle i . ϕ (r) is the coarse-grained function.
In all cases studied ω = 3 × AR × dp. Additional analyses
using ω = 2 × AR × dp showed that the stress, σ , obtained
using different coarse-graining scales ω were very similar. To
avoid wall effects, the analysis was restricted to the central
vertical section located 3ω away from both the bottom and
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Fig. 5 Stress profile in a packing of spheres or spherocylinders: P0 =
(σv + σh)/2 as a function of the normalized packing depth h (normal-
ized by dp) for packings of a spheres and b–e elongated, coarse and

smooth spherocylinders with b AR = 2, c AR = 3, d AR = 5, and
e AR = 7. For the packing of spheres, the numerical data is fitted to
P0 = Pj (1 − e−h/hc )

the lateral walls (see Fig. 2d). In regions close to the walls
a more accurate coarse-graining description should be used
[32].

For reference, in Fig. 5a the stress P0 = (σv + σh) /2,
obtained in a packing of spheres, is also plotted (σv and
σh are, respectively, the major (vertical direction) and the
minor (horizontal direction) eigenvalues of the mean stress
tensor σ̄αβ (r). The packing depth h is defined as the ver-
tical distance ranging from the surface of the packing to a
certain position in the packing. The packing depth is nor-
malized by dp. Here “surface” refers to the highest surface

level recorded in 30 simulation repetitions. Note that the dif-
ferences in the packing height were very small i.e. generally
less than 5 × dp. As expected a Janssen-type stress profile
[34] was obtained in a packing of spheres and the numeri-
cal data can be fitted well by P0 = Pj

(
1 − e−h/hc

)
, where

Pj is the saturation stress and hc is the characteristic depth
of the packing. Figure 5b–e plot P0 = (σv + σh) /2 as a
function of the dimensionless depth h for elongated parti-
cles of different surface shape. Our simulation results show
a reduced Janssen effect for elongated particles. For exam-
ple, for particles with AR = 2, P0 saturates with packing
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Fig. 6 Packing morphology of curved spherocylinders: a mean solid
fraction, φ, as a function of curvature using spherocylinders of different
aspect ratios: (©)AR = 3; (�)AR = 5; (♦) AR = 7; b typical pack-
ing structures of cylinders with different curvatures (AR = 7, θ = 0◦,

60◦, or 120◦). For illustration, the red circles mark voids between local
clusters, the green circles mark voids between two contacting particles
facing each other with their concave sides and the blue circles mark the
voids formed between convexly aligning particles (colour figure online)

depth, however, P0 increases continuously for particles with
AR = 7. The reduced Janssen effect is due to the preferred
horizontal alignment of highly elongated particles (Fig. 3),
resulting in a preferred vertical stress transmission. In addi-
tion, for a given aspect ratio an increasing surface shape leads
to higher values of P0 and a retardation in stress saturation.
This effect is more pronounced for smaller aspect ratios, i.e.
AR = 2, 3, whereas for AR = 7 the stress profiles do not
differ appreciably for the different surface shapes modelled.
These results correlate well with the structural morpholo-
gies determined for packings of coarse and smooth particles
(Figs. 3 and 4). The peaks in the RDFs (Fig. 4) of coarse parti-
cles indicate interlocking during deposition, resulting in very
ordered and compact local structures. This interlocking effect
is particularly strong for short particles i.e. AR = 2, 3, which
exhibit a strong preference for specific orientation angles
e.g. 30◦ and 150◦ (Fig. 3). In packings of such materials P0

converges slower to the saturation value when compared to
smooth particles with the same aspect ratio. In packings of
smooth particles the internal disorder induces an isotropic
stress transmission resulting in a faster stress saturation. For
packings of highly elongated particles i.e. AR = 5 and 7,

particle elongation dominates the stress transmission char-
acteristics whereas surface shape plays a minor role.

3.2 Effect of particle curvature on packing morphology
and stress transmission

In the second part of this work, we examine the effect of
particle curvature on packing morphology and stress trans-
mission in packings of elongated spherocylinders. Figure 6a
plots the mean solid fraction of the packings, φ, (in the cen-
tral section of the bed, Fig. 2d) as a function of angle of
curvature θ for different particle aspect ratios. For very elon-
gated particles (AR = 5 and 7) the solid fraction decreases
with increasing curvature. Also for particles with AR = 3,
the solid fraction decreases with increasing curvature (up to
θ ≤ 60◦). However, for θ > 60◦, the solid fraction becomes
nearly invariant to particle curvatures. To understand better
these observations, we confirmed first that curvature does not
affect significantly the cross-sectional area A of the sphero-
cylinders. For example, increasing θ from 0◦ to 120◦ resulted
in a decrease in A by only 0.77, 0.22, and 0.13 % for AR = 3,
5, and 7, respectively. Therefore, we can argue that the change
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of solid fraction with curvature is primarily due to different
packing morphologies. Figure 6b shows exemplary pack-
ings of spherocylinders (AR = 7) with different curvatures.
Straight spherocylinders show a strong tendency for local
alignment, thus reducing appreciably the void fraction of
the packing. In these packings voids occur predominantly
between local clusters. For an intermediate angle of curva-
ture e.g. θ = 60◦, local clusters can be still observed, albeit
consisting typically only of a small number of aligned par-
ticles (∼ 3 particles). Large voids are formed between local
clusters, or when two contacting particles face each other
with their concave sides. On the other hand, small voids form
between convexly aligning particles. For packings of parti-
cles with a high angle of curvature e.g. θ = 120◦, voids are
mainly formed between particles that face each other with
their concave sides or between convexly aligning particles,
resulting in packings with a low solid fraction.

The structure of packings composed of curved sphero-
cylinders was analyzed further by calculating the particle
orientation distribution and the radial distribution function
(RDF). Figure 7 plots the particle orientation distribution for
AR = 3, 5, and 7 and θ = 0◦, 60◦, and 120◦. Here, for
curved spherocylinders the orientation angle γ is defined as
the angle that is formed by the line joining the centers of
the two primary spheres at the ends of the particle and the
horizontal axis of the system (for the particle sketched in
Fig. 1c γ = 0◦). When compared to packings of straight
particles, particle curvature reduces the preference for hori-
zontal particle alignment and increases instead the likelihood
for vertical alignment, in particular for higher aspect ratios.
For curved spherocylinders the particle orientation distribu-
tion is not symmetric around the vertical axis, although the
horizontal orientation (0◦ or 180◦) is always favored. Note,
we can observe generally that curved particles have a higher
probability for particle orientations in the yellow region (cen-
tered at 300◦ and 60◦) than in the green region (centered at
120◦ and 240◦). We speculate that this asymmetry is due to
the sequential deposition process used here. Let us assume
that particle A is located at the top of the pile (Fig. 8a), i.e.
its concave side faces upwards (γ = 180◦). If a depositing
particleB approaches now the top of the pile with its concave
side facing downwards (e.g. γ = 45◦), the spherical-shaped
“end” of particle B can get trapped into the “cavity” of par-
ticle A (Fig. 8b). Subsequently, Particle B rotates until it
finds a stable local configuration, resulting in an orientation
angle close to γ = 0◦ (Fig. 8c). Such a configuration is
more likely for particles with a high angle of curvature (i.e.
θ = 180◦). Indeed, in particles with a high angle of curva-
ture this asymmetry in the particle orientation distribution is
more noticeable (Fig. 7). For other “depositioning angles”,
i.e. 90◦ − 270◦, particle B rotates until it has obtained an
orientation angle close to 180◦. For an intermediate angle of
curvature i.e. θ = 60◦, we observe a higher tendency for a
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Fig. 7 Particle orientation distribution for curved spherocylinders: a
AR = 3, b AR = 5, and c AR = 7. Packings of particles with the
following angles of curvature were analyzed: θ = 0◦ ( ), 60◦ ( ), and
120◦ (×)

180◦ orientation than a 0◦ alignment for curved spherocylin-
ders. This can be explained by a reduced interlocking effect.
As the center of mass does not lie on the axis of the par-
ticle, under gravity a vertically standing particle has a high
probability to rotate such that the convex side of the parti-
cle faces downwards. This would explain the preferred 180◦
orientation for such particles.

In Fig. 9 the RDFs for AR = 3, 5, and 7 and θ = 0◦,
60◦, and 120◦ are plotted. Sketches exemplifying local pack-
ing configurations (corresponding to peaks in the RDFs) are
included for visualization. Our numerical results indicate that
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Time 

A: A: 

B: 

B: 

B: 

(a) (b) (c)

Fig. 8 Schematic sketches showing the interlocking of two particles
for curved spherocylinders (AR = 3, θ = 120◦): a particleB (γ = 45◦)
approaches the previously deposited particle A (γ = 180◦) located at
the top of the pile; b the spherical-shaped “end” of particle B is trapped

in the “cavity” of particle A; c particle B rotates until a stable con-
figuration is obtained, i.e. γ = 0◦. The central primary sphere of the
individual spherocylinder is marked in blue, and the center of mass of
the spherocylinder is marked with a ‘ ’ (colour figure online)

short range ordering is prevented by particle’s curvature. This
observation is consistent with the shape of the particle ori-
entation distribution (Fig. 7), and confirms that curvature
hinders the alignment of elongated spherocylinders in the
horizontal direction. Consequently, large voids are gener-
ated between local clusters, reducing, in turn, significantly
the solid fraction in the bed. For higher aspect ratios viz.
AR = 5 and 7, voids form also around convex particle align-
ments, as shown in the insets of Fig. 9b, c. In particular, for
particles with AR = 7 the peaks in the RDFs indicate that
clusters comprising three aligned particles are commonly
encountered. On the other hand, in packings composed of
particles with AR = 3 and a large angle of curvature viz.
θ = 120◦, the space on the concave side of the particles
is readily occupied by the spherical cap of a neighbouring
particle (see Fig. 9a, peaks in the RDF at r/dp = 1.2 and
1.5). Therefore, dense packings are obtained in such beds.
This observation is in line with the average solid fraction
obtained in packings of spherocylinders with AR = 3 and
large curvature angles (Fig. 6a).

Finally we evaluate stress transmission in packings of
curved spherocylinders. Figure 10 plots P0 = (σv + σh) /2
as a function of packing depth h (normalized by dp). For
AR = 3 (Fig. 10a) we observe increasing saturation stresses
for increasing curvature angles. This can be attributed to par-
ticle interlocking and the preferential horizontal alignment
of elongated particles. As shown in Fig. 9a, these pack-
ings comprise of densely packed clusters in which the space
on the concave side of a particle is readily occupied by

the spherical cap of a neighboring particle. Such packing
arrangements favor a vertical stress transmission leading to
a reduced stress saturation with packing depth. For sphero-
cylinders with AR = 5, curvatures seem to have very little
influence on stress transmission, although there seems to be
some trend for decreasing saturation stresses with increas-
ing curvature angles. This trend holds also for particles with
the highest aspect ratio simulated, i.e. AR = 7. We attribute
this effect to a broader particle orientation distribution for
curved spherocylinders with AR = 7, i.e. these particles do
not align horizontally as preferably as do their straight coun-
terparts (Fig. 7c). Thus, a direct, vertical, stress transmission
is less favorable.

4 Conclusions and outlook

Two-dimensional packings of spherocylinders with different
aspect ratios, surface shapes and curvatures were modelled
using non-spherical DEM. The effect of surface shape and
curvature on packing morphology and stress transmission
was assessed in detail. The following conclusions can be
drawn from this work:

• In a packing of spherocylinders surface shape influ-
ences appreciably the particle orientation distribution.
For example, straight, rough spherocylinders with AR =
2 exhibit a distinct preference for particle orientations
γ = 0◦, 30◦, 90◦, 150◦, and 180◦. These characteristic
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Fig. 9 Radial distribution function (RDF) for packings of curved sphe-
rocylinders: a AR = 3, b AR = 5, and c AR = 7 (‘©’: θ = 0◦; ‘�’:
θ = 60◦; ‘♦’: θ = 120◦). Specific packing configurations that corre-
spond to peaks in the RDFs are sketched. The central primary sphere of
the individual spherocylinder is marked in blue, and the center of mass
of the spherocylinder is marked with a ‘ ’. For AR = 3 and θ = 120◦
also a section of the packing simulated is shown. Packing configura-
tions that correspond to peaks in the RDF at r/dp = 1.2 and 1.5 can be
observed in this inset (colour figure online)

orientation angles indicate the presence of locally ordered
structures. In contrast, packings of smooth particles gave
a more continuous particle orientation distribution. A
general finding was that elongated particles tend to align
horizontally leading to a direct, vertical stress transmis-
sion. In addition, due to enhanced particle interlocking
effects, coarse particles favor a direct vertical stress trans-
mission when compared to smooth particles of identical
aspect ratio. However, the influence of surface shape on
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Fig. 10 P0 = (σv + σh)/2 as a function of the dimensionless pack-
ing depth h (normalized by dp) for packings of straight and curved
spherocylinders: a AR = 3, b AR = 5, and c AR = 7

packing morphology and stress transmission becomes
almost negligible for highly elongated particles, i.e. par-
ticles with AR = 5 or 7.

• Particle curvature leads to a fairly continuous particle ori-
entation distribution. This is in contrast to the preference
for horizontal alignment commonly observed for straight,
elongated particles. In addition, curvature enhances the
probability for particles facing each other with their con-
cave sides and convex particle alignment (“excluded
volume” effect). Owing to the less likely horizontal align-
ment of elongated and curved particles (AR = 5 and 7),
stress transmission is directed to a smaller extent into the
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vertical direction. However, for AR = 3, an increasing
curvature leads to an increasing saturation stresses. This
is due to an increased tendency for particle interlocking.

To increase the practical relevance of this work further, its
extension to 3D is required. In addition, the formation of
a granular packing by discharging through an orifice or an
inclined surface will be an interesting extension of this work.
It is expected that also for such systems the surface shape and
the curvature of the particles will influence appreciably the
packing’s morphology and stress transmission characteris-
tics.
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