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Two different methods for the modelling of real particle shape in 3D DEM simulations are assessed in this paper.
The first method uses overlapping spheres (clumps), while the second uses a block defined as a closed and convex
polyhedron. The two methods are applied to the modelling of triaxial tests on a railway ballast. The macroscopic
responses obtained with the two methods are compared, and it is observed that with clumps a higher shear
strength, closer to the experimental response, can generally be achieved. A micromechanical analysis is also
carried out to highlight how the modelled particle shape affects the mechanics, and consequently explain the
difference in the macroscopic response. It is observed, in particular, that a key feature of real particle shape is
concavity, that plays an important role in the mechanics of a granular assembly. Finally, the combined effect of
particle shape and interparticle friction coefficient on the shear strength is assessed. This confirms that even for
real (angular) shapes, peak strength increases with interparticle friction, while critical state strength first in-

creases and then tends to saturate above a certain interparticle friction.

1. Introduction

While the mechanical behaviour of a granular material is affected by
a large number of factors, it is well known that particle shape plays a
fundamental role. Most granular materials that are of interest in the
context of soil mechanics are composed of grains with irregular shapes,
that may differ from a sphere. This directly affects the mechanics of the
granular assembly, as grains with irregular shapes are generally more
prone to interlocking and can build more stable configurations, which in
turn leads to a higher shear resistance.

Historically, the Discrete Element Method (DEM) has been exten-
sively employed to numerically model the mechanical behaviour of
granular materials making use of simple shapes (spheres or disks),
sometimes implementing other ingredients such as rolling resistance to
simulate the additional resistance to particle rotation due to irregular
geometries. In the last two decades, the improvements in imaging and
digitalisation techniques have made it possible to acquire real particle
morphology to a very high degree of accuracy. Meanwhile, the increase
in computational power has allowed for the development of several
techniques to model such irregular shapes in DEM simulations. Different
methods are useful depending on the physical phenomenon under
investigation. In this paper, two of the most popular methods available
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in DEM commercial codes are considered, and their efficacy at model-
ling the mechanical response is assessed and compared. The first method
models the irregular shape by means of a set of overlapping spheres of
different sizes, behaving as a rigid body (apart from at surface contacts)
as its internal contacts are neglected. Such an arrangement of spheres is
usually referred to as a “clump”. Clumps have the benefit of a simple
treatment of contacts between bodies, as such contacts are basic in-
teractions between spheres; however, this method can become compu-
tationally expensive as the number of spheres, and therefore the
accuracy of the irregular shape representation, increases. The second
method considered here makes use of convex polyhedra that can be
simply defined by a closed triangular mesh enclosing a volume.

In the following sections, the principles of the two methods will be
summarised; then, the two methods will be used to model a specimen of
railway ballast subject to triaxial compression, and the mechanical
response in the two cases will be compared. A micromechanical analysis
will then be performed to relate the macroscopic response to local
quantities that can describe the influence of particle shape. Finally, some
results will be presented on the effect of a change in the interparticle
friction angle on the mechanical response for an assembly of real-shaped
particles.
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2. Real particle shape modelling in DEM

The advances in imaging techniques such as 3D laser scanning and X-
Ray Computed Tomography (XRCT) made it possible to acquire ever
richer information on the shape of real particles, especially for those
composing coarse-grained soils such as sand and gravel' .

Exploiting the long history of DEM simulations employing spheres
(and equivalently disks in 2D), the first attempts to capture the geometry
of the grain followed the same path, i.e., using collections of spheres to
fill the volume of an irregularly shaped particle*®.

Another popular way of modelling particle shape in 3D uses convex
polyhedra, defined by a closed triangulated mesh describing the grain
surface that can be easily derived from the most common digitalisation
techniques.

When modelling railway ballast, particle shape plays a particularly
important role, both because of the angular nature of the clasts
composing a typical ballast, and because the usual laboratory experi-
ments (e.g., large triaxial compression and direct shear tests) generally
involve a rather low number of single grains, in the order of 102, which
from a computational point of view makes it easier to focus on modelling
irregular shapes than it would be with, e.g., sand specimens where the
number of grains can be at least 1-2 orders higher. Therefore, both these
methods have seen an extensive application to the case of ballast; ex-
amples include, among others, °'° for clumps, and '*° for convex
polyhedra. Because of this, and considering the popularity of the two
methods in general DEM applications, as well as their implementation in
the most popular DEM codes (e.g. PFC3D), it was decided to focus on
these two modelling schemes and assess their mechanical performances.

Alternative methods to the modelling of real shapes also include the
use of hybrid shapes such as sphero-polyhedral clumps used in '’, the
explicit modelling of the exact particle surface, such as the use of level
set (LS) imaging that mathematically represents the surface of each
grain as obtained from XRCT"'®'°, or Fourier descriptors to replicate
the geometry of 2D grains?’.

When assessing the fidelity of a shape modelling method to the
corresponding real shape, it is essential to define relevant metrics for the
quantification of shape. In the next section, the method adopted to this
purpose is briefly presented, followed by a detailed description of the
two methodologies considered for shape modelling, ie., clumps and
convex polyhedra.

2.1. Shape quantification

The analysis of particle morphology is conventionally divided into
three levels, describing the scales at which shape irregularity can be
characterised: these are typically referred to as form, angularity and
roughness. In this work it was decided to assess the fidelity of particle
reconstruction only based on form, discarding the other two levels, as
angularity still lacks a clear and unique definition, and cannot be easily
determined for clumps where the identification of corners could be
problematic, whereas roughness is directly accounted for through the
contact law (interparticle friction angle). Form was quantified based on
the recent work of Orosz et al.?!. This method avoids the arbitrary
definition of a basic, equivalent shape (e.g., a bounding box or a best-fit
ellipsoid), and at the same time exploits the richness of information
coming from the description of the whole surface of the particle. Given a
3D polygonal mesh enclosing the particle’s volume, a Surface Orienta-
tion Tensor (SOT) is defined for a single particle as a weighted fabric
tensor obtained from the normal vectors at each of the mesh facets: f; =

k.
%Zrﬂ-‘n]’»‘Ak, where 7" is the normal vector to the facet of area A¥, and
k
A = Y Ak is the total surface area. Form metrics are then defined based
k

on the three eigenvalues of this tensor (f; > f, > f3), namely the
compactness index C = f—f, flatness F :flﬁfz and elongation E = fzf;lﬁ
These metrics proved capable of capturing the features of irregular
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morphologies while keeping the objectivity of their definition and were
therefore adopted in this work to quantify form of all the shapes
considered, i.e., the particle surface description obtained from 3D laser
scan, and the clumps and polyhedra used to model it in DEM.

2.2. Clumps

The main advantage of using clumps to model real particle shape is
that all interactions between bodies are reduced to simple sphere to
sphere contacts, which can be very easily and efficiently resolved.
However, the ability of a clump to simulate the mechanical effect of
irregular shape will depend on the accuracy of the geometrical
description, which is a function of the number and size of spheres used to
build the clump. This, in turn, affects the computational effort that is
required. A compromise should be sought between these two aspects.
While in general a relatively low number (~10-20) of spheres has
proven capable of capturing at least the first order of particle shape (i.e.,
form), it is generally not sufficient to reproduce the sharp corners that
characterise angular grains; moreover, unless a very high number of
spheres is used (> 200), clumps will tend to show an unnatural
“bumpiness” of their surface, which does not reflect the reality.

In this work, the generation of a clump to replicate an irregularly
shaped body follows the method proposed by 22 and integrated in the
commercial software PFC3D?®, The algorithm takes as input a closed
surface S defined by a triangular mesh and fills it with spheres. Two
parameters control this operation: the size of the smallest sphere,
defined as the ratio p to the size of the largest sphere that can be fitted;
the proximity of two spheres, described by the angle 6 between the two
tangent vectors at the intersection between two spheres (Fig. 1). This
angle is a measure of how much two spheres can overlap, ranging be-
tween 0° (no overlap) and 180° (complete overlap). The first parameter
is particularly important for very angular shapes, as it acts on the
sharpness of corners, while the second parameter controls the smooth-
ness (and, in contrast, the “bumpiness”) of the surface; both parameters
affect the total number of spheres. An example of a clump is shown in
Fig. 2.

The influence of such parameters on shape was assessed by
computing shape metrics as presented in Section 2.1. While the defini-
tion of such metrics naturally applies to particle scans and polyhedral
shapes, both of which are already defined by a 3D triangular enclosing
mesh, the surface definition of clumps needed to be discretised in a
similar way, with its smoothness depending on the resolution (number
of faces/nodes) adopted. A similar resolution as in the particle scans
(~ 10* — 10° faces) was found to give a sufficiently smooth approxi-
mation of a clump’s surface.

The shape analysis is performed on a dataset of 50 clumps obtained
from a single particle shape — a triangular mesh with 38000 nodes and
76000 faces captured from a 3D laser scan of one granite ballast grain —
using a range of values for the two parameters p and 6. Fig. 3 shows the
compactness, flatness and elongation as defined from the Surface
Orientation Tensor; unsurprisingly, these parameters approach the
value of the reference mesh as the resolution of the clump and the
number of spheres increase, i.e., for decreasing p and increasing 6.

In previous applications of the clump technique to model angular
grains such as the clasts composing railway ballast, the number of
spheres used has increased as technological advancements allowed for
higher computational power, starting with 10-20 (e.g., *'') and then
rising up to 30-40 2, 60 '° and eventually 200 '°. The DEM simulations
presented in this paper make use of clumps obtained with p = 0.3 and
6 = 140° (as in Fig. 2), with an average of 60 spheres each, which was
found to be a good trade-off between computational efficiency and
shape accuracy'®, with form descriptors very similar to the grain’s,
although at the cost of some corner sharpness and surface smoothness. A
detailed study on the effect of these two parameters — and, more
generally, of clump resolution — on the mechanical and volumetric
behaviour of a specimen is out of the scope of this work, although it will
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0=180° 0=0°

Fig. 1. Illustration of ball proximity defined by the angle 6. Left: generic case with 0° < § < 180°; centre and right: smoothest and roughest case, with ¢ = 180° and

6 = 0° respectively.

Fig. 2. Left: a triangular mesh made of 76000 faces from a 3D laser scan of a
granite ballast grain. Right: a clump made of 56 spheres, obtained from the
mesh on the left, having set p = 0.3 and 8 = 140°.

be worth exploring in the future.

2.3. Polyhedra

Polyhedra can also be used in the software PFC3D to model complex
morphologies, provided that a closed, convex and manifold triangular
mesh is used to define the particle’s surface. Where the reference mesh is
concave, its convex hull, i.e., the smallest convex volume that contains it,
is computed and used instead. Convexity is required because the typical
algorithms of contact detection work with convex shapes; for concave
shapes, a complicated decomposition of the object into many non-
convex objects would be necessary, making this approach impractical.
The influence of this morphologic constraint on the mechanical

behaviour will be discussed in Sections 4.1-4.2. From a computational
point of view, convex polyhedra have the advantage of requiring the
treatment of fewer interactions than would be the case with an analo-
gous clump assembly, because, for the same number of polyhedra and
clumps, the pairs of bodies to which the contact detection algorithm is
applied is significantly smaller for the former compared to all the pairs
of spheres making up clumps; moreover, the number of actual contacts
itself is also generally lower, since contact between two convex bodies
can only occur at one point, while pairs of clumps generally have mul-
tiple contact points, due both to their natural concavity and to the
bumpiness of their surface. On the other hand, the contact detection
algorithm itself is in general more cumbersome than it is for basic sphere
interactions, due to the determination of the overlapping volume be-
tween the two irregularly shaped bodies, and it can become expensive as
the number of faces grows. A comparison of the computational effi-
ciency of the two strategies is not straightforward, as the two effects tend
to balance out, and out of the scope for this work, which focuses on the
effect on the mechanical response.

To limit the computational effort when using polyhedra, the refer-
ence particle mesh used in this work, made of 10* — 10° faces, is first
subjected to a simplification process through the quadric edge collapse
decimation algorithm, that reduces the number of faces’*. To analyse
the effect of this procedure on shape, several levels of simplification
have been considered for one unit-volume reference shape, from
extremely simplified meshes made of few tens of faces to few thousands.
Then, the convex hull was computed for each of these simplified meshes.
Fig. 4 and Fig. 5 show respectively, for these convex shapes, the volume
and the form descriptors (compactness, flatness and elongation
computed from the Surface Orientation Tensor) as a function of the
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Fig. 3. Shape descriptors (left: compactness; centre: flatness; right: elongation) based on the Surface Orientation Tensor for clumps with different p (each corre-
sponding to a different line) and 6. The dashed lines show the reference values for the original mesh.
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Fig. 4. Volume of polyhedra obtained as convex hulls of unit-volume meshes with different levels of resolution for one particle morphology. The dashed line

represents the volume of the convex hull of the reference (full resolution) mesh.
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Fig. 5. Shape descriptors (left: compactness; centre: flatness; right: elongation) based on the Surface Orientation Tensor for polyhedra obtained as convex hulls of
unit-volume meshes with different levels of resolution for one particle morphology. The dashed line represents the values for the convex hull of the reference (full

resolution) mesh.

number of faces. All these quantities tend to diverge from the reference
value (the convex hull of the non-simplified mesh) for low number of
faces (few tens to few hundreds), while for convex hulls with more than
400-500 faces all metrics seem to converge, showing that a further in-
crease in resolution of the convex hull beyond these values does not alter
the main morphologic features. Therefore, all simulations presented in
this work will make use of convex polyhedra with an average of about
450 faces each; the computational cost was comparable to that for
60-spheres clumps.

3. Simulation of a large triaxial test on railway ballast

DEM simulations were performed to reproduce a typical experi-
mental test on railway ballast carried out in the large triaxial device in
use at the University of Nottingham?®. This machine allows testing of
cylindrical ballast specimens with a diameter of 300 mm and a height of
450 mm. The specimen is enclosed laterally by a flexible natural rubber
membrane with 4 mm thickness, and vertically by two stainless steel
platens; after confinement is carried out, vertical loading is applied by
moving upwards the lower ram and platen. Sample preparation in these
tests follows a standard, three-steps vibro-compaction procedure that

has proven to consistently give an initial voids ratio close to 0.700 with
respect to the initial volume of the cylindrical sample (corresponding to
a total mass of about 49 kg). The particle size distribution (PSD) follows
the British Standards for railway ballast gradation®®.

In the simulations, the same voids ratio was targeted, although the
preparation procedure was not replicated; particles were instead
generated with random positions and orientations inside the cylindrical
volume, following a size distribution scaled down from the target PSD,
and then slowly expanded until the target voids ratio was reached. This
process was kept sufficiently slow so that the final sample would be
stress-free. The PSD of the prepared sample is shown in Fig. 6. Particle
shape was modelled with reference to a library of three different mor-
phologies captured via 3D laser scans and shown in Fig. 7; shape metrics
for such particles are reported in Table 1. A total of 747 particles were
generated, which were uniformly distributed in the three different
shapes.

To allow for a consistent comparison in terms of shape modelling
strategies between clumps and polyhedra, two perfectly equivalent
samples were created with the two methods. The first sample uses
clumps with an average of about 60 spheres (with parameters p = 0.3
and 0 = 140°). Once this was prepared following the previously



M. Tolomeo and G.R. McDowell

100
90
80
70
60
50
40
30
20
10

Mass passing [%]

20 30 40 50 60 70
Particle size [mm]

Fig. 6. Particle size distribution for the numerical specimen (solid line) and
limits defined by the British Standards (dashed lines).
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Fig. 7. The three shapes used to build the sample: original mesh (left), corre-
sponding polyhedron with 450 faces (centre) and clump with 60
spheres (right).

described procedure, a second sample was created by replacing each
clump with a polyhedron obtained from the same original shape, with
the same position, orientation and volume as the parent clump (Fig. 8).

A simple linear contact law in the normal direction, and linear elasto-
plastic with Coulomb friction in the tangential direction, were used to
model contact interactions, assuming for ballast grains an arbitrary
normal and tangential stiffness k, = k; = 3-10°N/m. A relatively high
interparticle friction coefficient y = 0.8 was chosen, which is not un-
usual for ballast simulations™>'*. During confinement, however, a lower
friction coefficient (1 = 0.3) was used, in order to have a slightly denser
and better coordinated (more contacts) sample and compensate for the
sample preparation technique, which, compared with the experimental
procedure, had no phase of vibratory compaction. A density of 2650 kg/
m® — a typical value for granite — was assigned to ballast clasts. Given the
quasi-static nature of the problem, it was safe to employ Cundall’s local
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damping?® to help the system reach equilibrium; a (inertial) damping
coefficient « = 0.7 was adopted. In all these simulations gravity was not
included. The main model parameters are summarised in Table 2.

The two end platens were modelled by (fixed) disks (no rotation),
that were assigned the same stiffness properties as the ballast grains, and
were assumed to be frictionless, which is a fair assumption considering
that the end platens are carefully lubricated using sheets of greased latex
before testing.

3.1. Flexible membrane

Modelling a flexible membrane in DEM simulations of triaxial tests
can be crucial for the correct application of a uniform lateral pressure
and for an accurate estimation of volumetric deformations. This is
especially important when simulating ballast, since the relatively large
size and small number of clasts cause a particularly irregular profile of
the membrane, far from the assumption of right-cylinder deformation,
with the shape of single clasts clearly emerging from underneath the
membrane as this gets wrapped around the sample and folded into gaps
between clasts. Several attempts have been made in the past to model a
flexible membrane in 3D DEM, mostly including — but not limited to, see
e.g. 27?8 _ the use of a layer of bonded monodisperse spheres’'*?%%0, A

Fig. 8. Image of the two triaxial samples made of 747 grains, respectively
modelled with clumps (left) and polyhedra (right). The same random colour-
isation was used for the grains in the two images.

Table 2

Main model parameters.
Number of particles 747
Initial sample dimensions (height x diameter) 450 x 300 mm
Interparticle friction coefficient — confinement 0.3
Interparticle friction coefficient — shearing 0.8
Platen friction coefficient 0
Normal contact stiffness — ballast grains 3-10° N/m
Tangential contact stiffness — ballast grains 3-10° N/m
Normal contact stiffness — platen 3.10° N/m
Confining pressure 60 kPa
Particle density 2650 kg/m®
Damping coefficient 0.7

Table 1
Shape properties for the three particle morphologies used in the DEM large triaxial simulations and for the corresponding clumps (p = 0.3 and # = 140°) and
polyhedra.
Compactness Flatness Elongation
Scan Clump Poly Scan Clump Poly Scan Clump Poly
Shape 1 0.521 0.568 0.518 0.398 0.347 0.396 0.080 0.084 0.086
Shape 2 0.541 0.577 0.526 0.365 0.329 0.366 0.095 0.093 0.108
Shape 3 0.520 0.560 0.517 0.205 0.203 0.212 0.275 0.237 0.271




M. Tolomeo and G.R. McDowell

similar approach is also adopted in this work; the main properties are
summarised in Table 3. Fig. 9 shows this membrane in the undeformed
configuration and after isotropic confinement, where the irregular
profile is clearly visible. In the initial configuration, spheres have a little
overlap with their neighbours, to help avoid gaps; a lower density than
that for natural rubber is therefore assigned to each sphere, to
compensate this effect as well as the excess thickness, so that the total
mass matches the membrane mass.

4. Macroscopic response and micromechanical analysis

After grain generation and expansion, the sample (at ey = 0.700)
was confined by gradually increasing the applied pressure up to the
target value of 60 kPa. As previously mentioned, during this phase only a
lower interparticle friction coefficient (1 = 0.3) was used, in order to
achieve a better coordination. After equilibrium was reached, friction
was set to the final value of 0.8 and the two samples were sheared
through the application of a constant velocity v = 10~3m/s to the lower
platen, until an axial strain of 30% was reached. This velocity is larger
than the velocity generally used in experiments, which, if used here,
would cause simulations to be impractically long. To verify the
assumption of the problem being quasi-static, so that inertial effects

could be neglected, the inertial number I = ¢ # was calculated,

where ¢ is the strain rate applied, m is the typical mass of a grain, p the
mean pressure, d the average grain diameter and D the dimension of the
system. With the chosen platen velocity, a value of I < 1072 was ob-
tained, satisfying the condition of quasi-staticity>'.

The mean stress in the assembly is computed directly from the con-
tact forces, as is common practice in DEM, following the expression o;; =
%,Zfiljgz, where contact quantities 7 (contact force) and T (branch

N,

vector connecting the centroids of the two bodies in contact) are sum-
med over all contacts N, lying inside volume V. The evolution of the

e P =1 {01—0 .
mobilised friction angle ¢ = sin (Gi +a§) , where o7 and o3 are the major

and minor principal stresses respectively, is shown for the two simula-
tions and for an equivalent laboratory experiment in Fig. 10. Polyhedra
show a sensibly softer behaviour in the early stages of deformation and a
generally smaller strength throughout the whole test, while clumps
allow for a closer fit with the experimental curve (which is however
limited to an axial strain ¢, = 12% due to constraint imposed by the
volume measurement system). A peak friction angle g, = 43.8° is
reached by the sample made of clumps, while with polyhedra the peak
angle is lower (41.3°). At critical state, the two curves tend to approach a
common value close to 30°.

Having managed to isolate particle shape from all the other factors
that may affect the mechanical response, it is possible to speculate on the
nature of this difference with reference only to morphology. However,
this difference cannot be easily explained by only looking at the classic
shape metrics: as shown in Table 1, the metrics which describes the form
of the particle are similar between clumps and polyhedra, and in both
cases they reflect well the modelled morphology. Since shape metrics
alone seem not sufficient, it was decided to carry out a micromechanical
analysis to find a clearer connection between shape and the local

Table 3

Main parameters of the flexible membrane.
Number of spheres 5600
Membrane dimensions (height x internal diameter) 450 x 300 mm
Membrane sphere linear bond model — membrane normal stiffness  2.10% N/m
Membrane sphere-ballast linear model — membrane normal 10°N/m

stiffness

Sphere-grain friction coefficient 0
Membrane sphere density 385 kg/m®
Sphere radius 6.1 mm
Damping coefficient 0.7
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Fig. 9. Layout of the membrane spheres in the undeformed configuration (left)
and after isotropic confinement at 60 kPa (right). Spheres are colourised with
respect to their distance from the sample initial axis.
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Fig. 10. Stress-strain response of triaxial tests on the two numerical samples
and analogous experimental curve for a 60 kPa confining pressure.

mechanics, and therefore look for the origin of the macroscopic
differences.

4.1. Concavity and multiple contacts in clumps

One crucial difference between the two shape modelling strategies is
that polyhedra are convex by definition, while clumps, being simply
agglomerates of spheres, can reproduce the concavity which naturally
occurs in real ballast clasts. The concavity of clumps can in fact come
from two distinct features, i.e., the intrinsic concavity of the shape being
modelled, and the gaps between neighbouring spheres which reflects the
typical irregularity of clump surface, particularly when a low value of
the parameter 0 (and consequently of the number of spheres generated)
is used when building the clump, as explained in Section 2.2. The effect
that this has on the mechanics is in the number of possible interactions
between two grains: while a contact between two convex polyhedra can
only happen at a single point, with clumps several contact points be-
tween the same pair of grains can occur. In general, when there is more
than one contact between two bodies, this gives a more stable configu-
ration, because of the better ability of the grains to resist to rotations.
However, not all multiple contacts between clumps have the same effect
on the mechanics. In the same way as the concavity of clumps comes
from two distinct sources, multiple contacts can also be associated with
either of these sources; only those that occur because of the natural
concavity of the particle shape are expected to have a substantial effect
on the mechanics of the system. As for all those multiple contacts that
are simply due to the bumpiness of the surface (resolution of the clump),
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it can be assumed that they do not contribute much, i.e., they could be
replaced by a single contact force without much effect on the stress state
of the particle.

A simple algorithm was defined to clearly separate multiple contacts
in two groups based on this criterion. In the context of an interaction
between two clumps, if this occurs at more than one contact point it
means that multiple spheres are involved. If two spheres from the same
clump are found to share a contact with the same sphere of the other
clump, they are assumed to be “interconnected”, and their contacts to be
part of the same clump-clump interaction. By applying this criterion to
all spheres involved in contacts between two clumps, groups of inter-
connected spheres and contacts can be defined. A group of such inter-
connected contacts can be seen as one unique mechanical interaction;
such contacts will typically be relatively close to each other (with
respect to some relevant dimension of the particle) and have similar
normal orientations. If, on the other hand, no shared sphere can be
found between two (groups of) contacts, that means those will form two
distinct mechanical interactions. As confirmed visually (see examples in
Fig. 11) and by metrics such as, e.g., the distance between contact points
or the orientation of the normal to the surface, this criterion proved
successful at classifying contacts with respect to their contribution to the
particle’s mechanics. It should be noted that the examples in Fig. 11
refer to clumps built with a higher number of spheres, for which the
visualisation of the distinct groups of contacts was easier; however, the
algorithm has proven to work well also for clumps with a smaller
number of spheres, as those used in the simulations presented here.

After identifying and grouping contacts in this way, it was possible to
focus on separate groups of contacts and look at their contribution to the
macroscopic stress response. The ratio of the number of contacts in each
group, NM%e and N4 to the total number of contacts remained
fairly constant throughout the whole test (about 60% of all contacts
were identified as belonging to multiple interactions). Stress contribu-
tions of groups of contacts can be determined from contact quantities
(force and branch vector) just like for the global average stress, taking
only part of the contacts, so that two stress tensors are defined as fol-
l?"mple =3 ¥ fil and 6™ =1 3 fi;. For each stress contri-

Nicnuhiple Nlcmlque
bution, the deviatoric part can be assessed, e.g., through the mobilised
friction angle ¢. The evolution of ¢ for the two categories of contact is
shown in Fig. 12, together with that for the whole assembly of clumps

lows: ¢

b)

Fig. 11. Two examples (top row and bottom row) of application of the algo-
rithm to identify and group multiple interactions between clumps. The same
interaction is shown in two different views (grains in contact on the left;
exploded view to show the contact locations on the right). a), b): a group of
contacts that can be reduced to a single interaction. c), d), e): two groups of
contacts can be identified here, defining two distinct interactions; d) is a close-
up view of one of the two clumps with clear indication of the spheres engaged
in contact.
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and for the sample made of polyhedra (i.e., the same two curves as in
Fig. 10). The contribution of contacts that belong to multiple grain-grain
interactions shows a substantially higher shear strength than that of
contacts that belong to single interactions, confirming that clumps allow
for more stable configurations, where grains are globally more resistant
to rotations. This difference becomes more evident as the applied strain
increases; it is still small or negligible when strains are low (below 2%)
and little rearrangement of grains has occurred. The contribution of
unique contacts between clumps is globally very similar to the overall
strength of polyhedra, that can only have unique contacts due to their
convexity. This suggests that the main difference between the two types
of modelling shape, with respect to the mechanical behaviour, lies in the
concavity of clumps and in their ability to build more stable local
configurations.

4.2. Mechanics-based particle shape index

When the purpose of analysing shape is to look at its influence on the
mechanics of the assembly, the common shape parameters can be
replaced by alternative descriptors that are especially tailored to this
purpose. Kawamoto et al.' have proposed an index which measures, for
each point on the surface of a particle, the angle a between the contact
normal (i.e., the normal at the surface of the particle at that point) and
the radial vector that connects the point with the particle’s centre of
mass. This parameter is closely related to the additional rotational
resistance that a particle can offer due to its irregular shape, as can be
seen in Fig. 13: while a sphere has @ = 0°, and the only rotational
resistance comes from interparticle friction (unless artificially added in
the contact law), real shaped particles can have a > 0°, which means
that even normal forces can generate a moment with respect to the
centre of mass, and therefore they can potentially offer additional
rotational resistance. By measuring a only at the contact points around a
particle, one obtains a parameter () that is more suited to describe the
effect of shape on the current mechanical state of the assembly.

In the context of the comparison between clumps and polyhedra, the
role of concavity and asperities can be seen to influence also this aspect,
as is schematically shown in Fig. 14 (for concavity), where a concave
grain is compared with its convex hull (as can be used in the simulations
with polyhedra). When generating a convex hull, depressed regions
typical of concave shapes get flattened, and this has the effect of rotating
the normal at the surface in a way that its angle o with the radial vector
becomes smaller than it would be if the concavity was preserved.

This is confirmed by the statistical distribution of . for all the con-
tacts in an assembly, as shown in Fig. 15 for a state near the peak of the

60
5 50
o
o0
g 40 M%
= 0
=} m i
= 7z vY %
2 30 A %k\ﬁ',\lw‘;"-," V‘i
2 W
:2 20 = Clumps
= —— Clumps - multiple contacts
= 10 -Clumps - unique contacts
Polyhedra
0
0 5 10 15 20 25 30

Axial strain [%]

Fig. 12. Mobilised friction angle ¢ as a function of axial strain for clumps and
polyhedra. For the simulation with clumps, ¢ is also shown for groups of
contacts respectively belonging to multiple clump-clump interactions (ie.,
occurring at more than one point) and single interactions (occurring at one
single point).
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Fig. 13. Left: illustration of the shape parameter «, with 7 being the normal at the point p and p¢ the radial vector. Right: illustration of a, at four contact points
around a sphere and an irregular particle (no additional contribution to rotational resistance for a sphere with a, = 0°). Images from '°.

Fig. 14. Schematic illustration of the effect of concavity on the angle a (and therefore on the rotational resistance linked to shape). Left: 2D view of a scanned ballast
grain, with indication of the normal to the surface at one point inside a concavity, the corresponding radial vector and the angle between them. Right: same
illustration obtained for the convex hull of the shape on the left, giving a smaller a.

deviatoric stress for the two simulations shown before (though similar
distributions were obtained also for an isotropically confined state).
Contacts between clumps, due to their concavity, can form angles a.
even up to 80° — 90° which can offer a high rotational resistance, and
more generally they show a higher probability of making angles above
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40° than contacts between convex polyhedra. This also has an effect on
the load transmission properties of the assembly. If contacts are
grouped, based on their a, into 10°-wide classes, then the stress tensor
for each of these classes can be computed, in a similar way to what has
been done in Section 4.1 for multiple and single contact interactions. For
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Fig. 15. Classification of contacts between grains near the peak of the curves in Fig. 10 (¢, = 7%) for two identical samples, made respectively of clumps and
polyhedra. Left: probability distribution function (PDF) of angles a.. Centre: ratio of mean pressure for each class of contacts (same intervals as in the PDF on the left)
to the global mean pressure. Right: ratio of octahedral shear stress for each class of contacts to the global octahedral shear stress.
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each class j with principal stresses o1, 02j, 03, mean pressure p; =
(61j+ 025,+03;)/3 and  octahedral  shear  stress
(014 — 02)* + (025 — 63)* + (015 — 03)*)"/?, the contribution to the
global mean pressure p = (61 + 02 +03)/3 and global octahedral shear

Toctj =

stress 7o = 3((01 — 62)? + (62 — 63)2 + (01 — 03)})'/* can be deter-

: ._Db . Toctj : .
mined as wp; =7 and wy,,; = 2. Fig. 15 shows that, in an assembly of

oct

concave clumps, the contribution to load transmission in terms of both p
and 7, for contacts with a, > 30° is higher compared with an assembly
of polyhedra, consistently with the higher number of such contacts.
Therefore, a larger part of stress is carried by contacts which can offer a
higher rotational resistance and thus can support a higher deviatoric
stress, resulting globally in a higher macroscopic shear strength.

5. Combined effect of particle shape and interparticle friction

Together with particle shape, another ingredient that plays a crucial
role in the shear strength of granular materials is interparticle friction.
Since this is typically modelled through the simple Coulomb model, that
only requires the definition of one single parameter - the interparticle
friction angle &, or the corresponding coefficient y, defined as y =
tan~'d;, — its influence on the peak and ultimate resistance has been
widely studied in DEM, long before shape was taken into account. It is
generally acknowledged that interparticle friction affects both peak and
critical state strength. Some results, both from experiments on
spheres®>>% and DEM simulations on different basic particle morphol-
ogies (including disks®>>*°, 2-disk clumps®’, polygons>>?, spheres’® >
and ellipsoids*®), indicate that the peak strength monotonically in-
creases with y while the critical state angle tends to saturate for large y.
However, the effect of microscopic friction on real-shaped, angular
particles has not been investigated yet.

The influence of y was therefore studied in this work for two different
samples, respectively made of clumps and polyhedra. The two samples
were created by radial expansion of two sets of particles, similarly as in
the procedure explained in Section 3; however, instead of reaching a
target voids ratio eg = 0.700, grains were slowly expanded until they
jammed, ie., they started developing persistent force chains. The
densest stress-free configuration that was achieved in this way, imme-
diately before jamming, was considered to be the densest state for that
specific shape and PSD; this corresponded to an initial voids ratio (based
on the volume of an undeformed cylinder) e, = 0.490 for clumps and
eo = 0.460 for polyhedra. While particles underwent a further expansion
and were therefore generally larger than the particles used in Section 3,
the two PSDs still lied within the boundaries defined by the British
Standards. These two samples were then confined under a 60 kPa
pressure with a very low friction angle (4 = 0.01), so that both

—_ [\ (O8] B (¥4 (o))
[w] (=] (e S o [w]

Mobilised friction angle ¢ [°]

o
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assemblies were in their densest state at the end of confinement and the
effect of sample density could be ruled out, as for both clumps and
polyhedra the initial relative density could be assumed to be close to
100%. To investigate the effect of friction on the mechanical response,
friction coefficient y was then tuned only before the start of the shearing
phase, with values between 0.1 and 0.7.

Fig. 16 shows the mobilised friction angle ¢ as a function of the local
friction p, for samples made of clumps and polyhedra. Shear strength
was reported at different stages of the tests, namely at the onset of
dilation (¢4) - i.e., when the initial contraction turns into dilation and
(%Z =0 -, at peak (¢,,) and at critical state (¢.). The latter seems to

confirm what observed in previous works: critical strength substantially
increases between y = 0.1 and ¢ = 0.3, but then remains almost un-
changed for 4 > 0.3. The other two strength values, on the other hand,
show a clearer correlation with y, as they monotonically increase up to
u = 0.7. Rowe already showed that the shear strength at the onset of
dilation can vary with local friction (and initial density), but assumed it
could not be larger than ¢;; Guo & Su*® showed that for angular par-
ticles ¢, can be substantially higher than ¢, in line with what is
observed here for y > 0.3. This can be explained in relation to the
interlocking effect that, for angular particles, is more significant in the
early stage of deformations, and then decreases as grains are forced to
roll over each other, breaking the stable and “interlocked” initial con-
figurations. The difference between peak and critical state strength also

increases with y, as does the maximum dilation rate ( - g%) ; Fig. 17
@/ max
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Fig. 17. Difference between the peak and critical state strength against the
maximum dilation rate for clumps and polyhedra. In both cases a good fit with a
linear relation, as postulated by Bolton®, is observed. The dashed line shows

the slope of Bolton’s relation ¢p,oc — @ = 10( - L‘%) .
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Fig. 16. Mobilised friction angle ¢ for clumps and polyhedra at different stages (onset of dilation, peak, critical state) and for different values of interparticle friction

coefficient p.
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shows the relation between these two terms, which is in line with the
linear correlation proposed by Bolton based on laboratory experiments
on different types of sand*®.

6. Conclusions

In this paper, some aspects of the influence of particle shape on the
mechanical response of a granular assembly were studied, with appli-
cation to a particularly angular material such as railway ballast. Two of
the most common modelling strategies that can be alternatively adopted
to represent an irregular shape in DEM, and that are readily available in
some of the most popular DEM codes, were analysed, namely clumps, i.
e., clusters of overlapping spheres with no internal contacts, and poly-
hedra. It was shown that, when constrained to be convex, the latter may
systematically underestimate the shear strength as they do not repro-
duce concavity, which is found to play a crucial role in the mechanics of
irregularly shaped granular materials. On one hand, concavity allows for
multiple contact points between two bodies, which can lead to more
stable configurations; on the other hand, it allows for contacts that can
offer a larger rotational resistance, as measured by the angle between
the contact normal and the radial vector connecting the contact point
with the particle centre of mass. By isolating the part of the stress tensor
due to concavity, the important role of concavity on mobilised friction
was highlighted. This suggests that clumps, or other schemes capable of
modelling concavity, should be preferred when choosing how to
reproduce real shape features in coarse-grained soils.

The combined effect of shape and interparticle friction was also
studied, with focus on how a change in the friction coefficient y affects
the mechanical response of an assembly of real-shaped angular particles.
It was observed that the peak strength monotonically increases with
interparticle friction, while the ultimate strength only increases for low
values of y and then tends to saturate for larger values. All these ob-
servations are in line with classic results for granular assemblies with
basic morphologies (disks/spheres, polygons, ellipsoids).

While in this work the effect of real shape features on the mechanics
of a granular material has been studied with a main focus on a first scale
definition of shape, in the future also finer scale features should be
considered, especially particle angularity and the effect of sharp corners
on both the shear strength and the volumetric response. This could
involve the use of higher resolution clumps, which preserve the
simplicity of the contact resolution algorithm while offering a high ac-
curacy in reproducing such morphologic features. While particle
breakage can generally be excluded when low stress levels are consid-
ered, as in most applications on railway ballast, it might still be neces-
sary to model some form of local damage when asperities and sharp
corners are used, such as the chipping of asperities or a smoothening of
the surface. These features, together with a better understanding of the
mechanical behaviour at the contact between two grains, should com-
plement a correct representation of particle shape with the purpose of
accurately reproducing, and eventually replacing, some classic labora-
tory experiments with DEM simulations.
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