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Abstract. Granular materials play a crucial role in various geotechnical, mining, and bulk-
handling applications. Understanding their mechanical properties is essential for optimal use
in these industries. Traditional experimental methods like Cone Penetration Test (CPT) and
open pile testing have limitations on their repeatability and offer little insight into the contact
mechanics. The Discrete Element Method (DEM) is a powerful tool for investigating and
simulating granular material behaviour at the element scale and provides deeper understanding
in geometry-material interactions. However, due to computational costs, spherical particles are
often preferred, though they may not always capture realistic particle interactions.

In the current study, the packing density and the penetration resistance of particle beds with
different particle shapes, including sphere, multi-spheres and polyhedrons, are compared using
a plate penetration test modelled in DEM. Sensitivity analyses are performed for sliding
friction, consolidation pressure, and Particle Size Distribution (PSD). Results indicate that
polyhedral shapes show lower penetration resistance compared to spherical and multi-spherical
shapes. Sliding friction has the most significant impact on resistance, while consolidation
pressure has minimal effect on porosity. The study highlights the importance of particle shape
in granular media modelling and emphasizes the need for further research in this area.
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1 INTRODUCTION

Granular coarse materials such as gravel, grains and minerals are common in geotechnical,
mining and bulk handling applications. Therefore, thorough understanding of their mechanical
properties is required for optimal application of these granular materials [1]. Several research
methods have investigated the penetration resistance of coarse materials, by using the Cone
Penetration Test (CPT) [2] [3] , plate penetration [4] or open pile testing [5]. However, these
tests have important limitations, especially for coarser materials, where the ratio of median
particle diameter over the width of the penetration tool (dso/w) is close to or larger than 1. They
are difficult to control precisely, which severely impacts repeatability of experiments.
Additionally, the mechanics between a geometry and the granular material are poorly
understood, which forces interpretation by empirical approaches [6].

The Discrete Element Method (DEM) is widely used to investigate the behaviour of granular
material at element scale, as it offers accessible information at each particle-particle interaction.
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Recently, DEM has proven to be suitable for the modelling of penetration as well, such as cone
penetration resistance or large pile jacking [7]. Granular materials are mostly found with non-
spherical shapes, and these show a different material behaviour compared to (near) spherical
particles, such as glass beads and iron pellets. Modelling coarse material has been done
successfully, by implementing a spherical shape to reduce computational costs. To compensate
for the shape effect, the rolling friction coefficient has been calibrated as well [8]. However,
using spheres creates limitations in capturing the geometrical effect, such as interlocking
between particles and particle packing. It is thus preferable to model the particles using more
realistic, non-spherical shapes, like clumps or polyhedrons [9]. With the development of
computer technology and higher requirements of computational accuracy, the influence of
particle shape on the mechanical properties of granular material has become a main concern of
DEM [10]. However, unlike spherical particles, the number of published works on non-
spherical particle behaviour is still very limited [11], and it is not yet clear how the strength of
a particle bed composed of angular polyhedral particles, compares to a particle bed with
spherical particles.

The aim of this work is to compare the packing density and resistance of particle beds with
different particle shapes, including sphere, multi-spheres and polyhedron. A DEM plate
penetration test is designed, which is representative for various applications, such as pile
driving and grabbing processes. For each particle shape a sensitivity analysis is performed
concerning the sliding friction between particles, consolidation pressure and Particle Size
Distribution (PSD).

2 MODELLING METHODS

In this research the Altair EDEM (version 2022.2) software package is used. This is a
suitable solution to simulate both spherical and polyhedral particles that utilizes GPU for more
efficient computation.

2.1  Contact model for spherical particles

The Hertz-Mindlin contact model is the most used model to describe the interaction between
coarse non-cohesive particles and the surrounding geometry [12]. The normal force is
fundamentally based on Hertzian contact theory [13], which determines a contact force using
the contact overlap of two spheres. Decades later the model was improved by adding a
tangential force-displacement relation for elastic spheres under frictional contact [14]. The
normal force F, is a function of the normal overlap &,,, and is given by:

4
F, = 55@53/2 @
E is the equivalent Young’s modulus, which is dependent on the Young’s moduli of the two

particles and the Poisson's ratio, and R is the equivalent radius of the two contacting spheres.
The damping force EZ is subsequently described by:

2
E¢ = —Z\EB,/Snmvﬁel )

In this equation, v/ ¢tis the relative velocity, S,, is the normal stiffness and B is a coefficient
dependent on the coefficient of restitution. The tangential force, F;, is dependent on the
tangential overlap §,, the tangential stiffness S,, and the tangential damping force FZ:
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Ft = —StSt (3)
5
Ftd = —2\/; B,/Stm‘l]{el (4)

A simplified scheme can be seen in Figure 1, and a more detailed model description is given
in [15].

F, tangential
Particle stiffn: rin :
article stiffness (spring) Damping
Friction coefficient
k/
Z
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Figure 1: Schematic representation of a simplified Hertz-Mindlin contact model [15].

2.2  Contact model for polyhedral particles

For the implementation of polyhedral particles, the Nassauer-Kuna contact model is chosen
[16]. In this contact model, each particle is approached as a volume inside a set of half-spaces.
To calculate geometrical characteristics like volume, mass or moments of inertia, the faces
have to be triangulated using their corner points. See Figure 2a and 2b for a visual
representation.

(a) 3D polyhedral particle (b) Polyhedral particle with (c) Contact detection of two particles
triangulation

Figure 2: Polyhedral volume detection

For contact detection, the overlapping region is calculated as a set of half-spaces as well,
which can be used for the calculation of interaction forces. In order to calculate the contact
forces, the application point and the direction of the force have to be determined. The force
application point is located at the center of mass C; of the overlapping region, as illustrated in
Figure 2c. To calculate the force direction n{ the surface normal n{ of the overlapping region
is integrated over the part of the surface that belongs to one of the particles. Additionally, the
relative velocity v]®" of the particles at the force application point is considered, which consists
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of both translational and rotational movements of the particles. The relative velocity is divided
in a normal v7*™™ and tangential v} ' component, and based on this the normal force £ and

tangential force f;* can be calculated [16]:

Normal Force = f* = an"if —  fndypreln ©)

elastic force viscous damping

relt R vt
|vi | 0.1 viscous damping (6)

vrelt 0.1+ |vrett|®
Tangential Force = f = p|f"| — <1— v - ktdyrelt

friction force

2.3  Particle shapes

To make a comparison of spherical, clumped spheres and polyhedral shape, five particle
shapes are created which are visible in Figure 3. For the clumped spheres, two basic shapes
are chosen. The spherical shape has a diameter of 30 mm, the other particle shapes are
generated with the volume equivalent to the sphere.

Figure 3: Modelled particle shapes, from left to right: sphere, two-sphere, four-sphere, tetrahedron, scanned.

The two implemented polyhedral shapes can be seen on the right of Figure 3. The
tetrahedron is the simplest polyhedral, which is a similar geometrical representation to the
“four-sphere”. To investigate how realistic particle shapes perform, six scanned shapes of
limestone particles with a size of 20-60 mm are used. The process of converting a real particle
to a 3D file is shown in Figure 4. This particle shape has been created using a rotating table,
and the 3D-scanning app QLone. For computational reasons, the number of vertices of one
single scanned particle is reduced from the order of 10* to 20.

(@) Limestone particle (b) Particle scanning (c) 3D particle (d) Simplified shape
representation

Figure 4: Particle scanning process of limestone particles
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2.4  Key Performance Indicators (KPIs)

The measured KPIs are the penetration resistance, also called Work, and the porosity of the
particle bed underneath the penetration tool. The Work is the integral of the total measured
force on the geometry over penetration depth, which is expressed in Joules (J) (equation 7).
The porosity, indicated by 6, is a dimensionless number which describes the packing of a
material, and is derived from the bulk and particle density (equation 8). A low porosity
indicates a more dense material bed.

b 7
w = f F(x) dx )
6=1-" 24 100% 8
Pp
3 SIMULATION SETUP
The following simulation has been created to Table 1: Simulation phases
investigate the packing and penetration -
resistance for several particle shapes. To minimize Time Phase
P pes. 0-28s Generation of particle bed

the boundary influences, the periodic boundary
condition is applied in both x and y directions.
Once a particle leaves the domain on one side, it
automatically re-enters on the opposite side. Using this, a continuous particle bed can be
simulated [15]. A particle bed with a height of approximately 0.7 m is created by randomly
falling particles between 0 and 2.8 s (Figure 5a), after which the bed is consolidated with a
certain pressure (Figure 5b). Finally, the penetration tool is inserted with a speed of 0.05 m/s,
until a penetration depth of 0.3 m (Figure 5c).

28-4.2s Consolidation
50-175s Penetration

(a) Particle bed generation (b) Consolidation (c) Penetration

Figure 5: Visual representation of simulation phases for scanned particle shape

The constant input parameters of the simulations are given in Table 2, several properties
like the particle density and sliding friction coefficient between particle and geometry have
been determined experimentally in our previous study [3]. For the shear modulus and density
of the geometry, standard input values have been chosen. The penetration plate has a height
of 400 mm, a length of 200 mm and a thickness of 40 mm. At the tip of the penetration plate,
the width decreases to a blunt tip of 20 mm (Figure 6).
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Table 2: Constant input parameters

Property Symbol | Unit Value
Particle shear modulus Gy MPa 800

. . . . 40,00mm
Rolling friction coefficient, p - p Hrp—p - 0.5
Rolling friction coefficient, p - g Hrp—g - 0.5
Sliding friction coefficient, p - g Usp-g - 0.642
Particle density Pp kg/m? 2650
Particle diameter (median) dso mm 30 ) ‘
Time step At s | 1.32E-05 S0.00mm 1
Poisson's Ratio v - 0.25 Fig;Jre 6: Platz tib
Geometry shear modulus Gy GPa 70 georﬁetry
Geometry density Py kg/m?® 7800

For each particle shape, a base simulation is created of which the varying parameters are
visible in the fourth column of Table 3. Subsequently, for each shape a sensitivity analysis is
executed for the sliding friction, consolidation pressure and Particle Size Distribution (PSD).
In the base simulation, only particles of the median diameter are included. In the first level of
the PSD, a normal distribution with standard deviation ¢ = 0.2 * dg, iS implemented, and
particle sizes are capped at 0.8 and 1.2 d<,. In the second level, the particles are equally
distributed with 50% of the mass 0.8 * ds,, and the other half of the particle sizes 1.2 * ds.
No interaction of varying parameters is investigated, resulting in seven simulations per particle
shape, including the base simulation. This leads to a total of thirty-five different simulations,
which are repeated twice.

Table 3: Varying input parameters

Property Symbol Unit Base Level 1 Level 2
Sliding friction coefficient, p - p Hsp—p - 0.5 0.3 0.7
Consolidation pressure Ocon kPa 150 0 300
Particle Size Distribution PSD - Uniform | Norm, 6=0.2 | 0.8/1.2 *dso

4 RESULTS

In this section, the results of previously described simulations are given and discussed. In
the first section, the base simulations of the different particle shapes are compared
quantitatively. Following this, a qualitative analysis of the impact of each varying parameter is
addressed.

4.1 Base simulation results

The results of the force over penetration depth for each shape are presented in Figure 7a.
The corresponding Work, the force integrated over depth was calculated by equation 7 and is
presented in Figure 7b. The force versus depth curve shows a linear trend for all shapes. The
fluctuations in force are not negligible, which are coming from the release and forming of
contacts between geometry and particles. A difference in total resistance between particle
shapes is noticeable, which could be due to the different implemented particle shapes. A
remarkable observation is the low resistance of both polyhedral particle shapes compared to
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the spherical and multi-spherical shapes. Even though the tetrahedron has a similar porosity as

the four-spherical shape, the total resulting resistance (Work at maximum penetration depth) is
by a factor of 1.9 lower.

Force [kN] Work [J]
0 2 4 6 8 10 12 0 500 1000 1500
0 . . . . ) 0 . . .
?\“ —1-Spherical, 6 =45 — 1-Spherical, 6 =45
‘, —2-Spherical, 6 =50 : — 2-Spherical, 6 =50
0.05 4% 4-Spherical, 6 =52 0.05 K 4-Spherical, 0 =52
WO R [ Tetrahedron, 6 = 52 AN\ e Tetrahedron, § = 52
R S R Scanned, 0 =43 “% ————— Scanned, =43
01F < 01113
ke A
—_ ., > —_
E e E |\
< & < L
30.15 %, X -.5_0.15
8 % :
<L o
R
0.2} % % 02k
e,
\:;" :
0.25F P 0.25
\A
03+t - 03l

(a) Force vs penetration depth

(b) Work vs penetration depth

Figure 7: Resistance of penetration plate in particle bed for all shapes where 6 denotes porosity achieved in the
bed after consolidation.

The impact of consolidation pressure was measured by comparing the porosity before and
after consolidation. The impact of consolidation pressure on the porosity is very small, with an
average decrease of 0.93% in porosity for the spherical and multi-spherical shapes, and an
average decrease of 1.51% in porosity for both polyhedral shapes. The small reduction in
porosity for all particle shapes is as expected as this is a fully elastic contact model. When
investigating position plots of the positions of the particles before and after consolidation, it
was found that the rearrangement of particles is negligible.

4.2 Impact of varying parameters

The effect of the three varying parameters: interparticle sliding friction, consolidation
pressure and PSD (levels are presented in Table 3), are determined by calculating the average

impact on resistance (Wavi) and porosity (favi) and comparing these to the base simulation by
equations 9 and 10.

W, — W, 9
Wam‘ — | nWb basel " 100% ( )
ase
6,—0 1
i = | n basel *100% ( O)
Bbase

For each level of the varying parameter, two repetitions have been run, and the average
absolute difference from the base simulation of all three simulations has been plotted.
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For every particle shape, lowering the static friction decreases the resistance, whereas an
increase in static friction has the opposite effect. The same holds for the consolidation pressure,
a lower consolidation pressure results in a lower resistance, and applying a higher pressure
raises the resistance. For both the different PSDs, the resistance is increased. From Figure 8 it
is clearly visible that changing the sliding friction coefficient has the most impact on the
resistance of the particle bed, with reducing the sliding friction having more effect than
increasing the sliding friction. This could be due to the fact that the relative decrease in sliding
friction from 0.5 to 0.3, is bigger than the increase for the 2" level.

60 60 60
9 9 <
= 40 = 40 = 40
& & &
= 20 = 20 = 20
0 0 0
L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2
Fs pp Teon PSD Hs pp Teon PSD Hs pp Teon PSD
(a) Sphere (b) 2-Sphere (c) 4-Sphere
60 60
9 <
= 40 = 40
> >
© [
= 2 = 20
0
L1 L2 L1 L2 L1 L2 L1 L2 L1 L2 L1 L2
Hg oo Teon PSD Fs pp Teon PSD
(d) Tetrahedron (e) Scanned

Figure 8: Average impact on resistance (Wayi) of varying parameters on base simulation

Figure 9 shows the average impact of each varying parameter on the porosity. A decrease
in static friction leads to a decrease in porosity, whereas a decrease in consolidation pressure
has the reverse effect. For both levels of the PSD, the porosity is further decreased. Of all three
parameters, the consolidation pressure has the least impact for all particle shapes. It does
however have a significant effect on the resistance of the particle bed, which could be due to
rearrangement of the particles on the top layer of the particle bed. The initial penetration
resistance will be higher, which could have an increasing effect on the overall penetration
resistance. For all the shapes, level 2 of the PSD has a bigger decrease in porosity compared to
level 1, which should result in a higher resistance, as the particle bed is more dense. An
exception is visible for the 4-spherical shape, where level 1 has a higher resistance. This could
be attributable to the general relatively small change in porosity (~1.5%), which is in the range
of deviations, subsequently no clear explanation can be given for this behaviour.

An additional remarkable observation is that the relative change to the base simulation in
resistance is in most cases higher than in the case of porosity. For example, level 1 of the PSD
of the tetrahedron has a decrease in porosity of 2.2%, which leads to an increase in resistance
of 18.9%.
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Figure 9: Average impact on porosity (fai) of varying parameters on base simulation

5 CONCLUSIONS

The influence of particle shape on the penetration resistance is investigated by a plate
penetration test in DEM. The penetration resistance is significantly impacted by the particle
shape, however this is not correlated to the impact that particle shape has on the porosity.
Especially using multi-spherical particle shapes, a higher porosity does not have to result in a
lower resistance.

In general, polyhedral shapes exhibit lower penetration resistance compared to spherical
and multi-spherical shapes. This could be due to the implementation of the rolling friction,
which is different for spherical and polyhedral contact models. To fully understand the
underlying mechanisms responsible for this behaviour, a further in-depth investigation is
recommended.

Compression of the particle bed has minimal impact on the porosity due to the elastic non-
cohesive behaviour of granular material. To gain a more comprehensive understanding, future
research could explore the impact of keeping the particle bed in a loaded consolidated state.

Sliding friction between particles has been identified as the most influential factor on both
resistance and porosity for all the particle shapes. In general, a small change in porosity can
lead to a more pronounced change in resistance, highlighting the sensitivity of this parameter.

Overall, this study provides valuable insights into the role of particle shape in granular
material modelling and lays the foundation for further advancements in the field.
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