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Abstract

A new method to model the abrasion of granular particles using the discrete element method is demonstrated in this paper. This new,
simple method is based on a classical theory of abrasive wear, relating the volume of solid lost to the frictional work at particle contacts.
The modelling technique is demonstrated in simulations of railway ballast using realistically-shaped particles, which are compared to
experimental data. The new abrasion model correctly introduces stress-dependent behaviour at small strains into the simulations, which
is essential for any realistic discrete element model.
� 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Abrasion of railway ballast is a major contributor to
track degradation (McDowell et al., 2005; Abadi et al.,
2018). Abrasive wear of ballast particles reduces the ballast
shear strength, leading to increased strains; and contributes
to ballast fouling, which reduces drainage capacity. A sig-
nificant proportion of the costs of ballast maintenance
can therefore be attributed to abrasion.

Abrasive wear, or simply abrasion, is used here to
broadly refer to the permanent wear or damage caused to
ballast particles by grinding or sliding against one another
under load. Due to the large size of ballast particles, rela-
tively narrow gradation, and very large loads from traffic,
large contact forces occur between ballast particles which
inevitably lead to abrasion. Abrasion typically manifests
itself as a loss of angularity, producing more rounded par-
ticles, and should be considered distinct from particle
breakage or splitting.
https://doi.org/10.1016/j.sandf.2020.05.001
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Abrasion has long been known acknowledged (and is
one reason why granite ballast is preferred over limestone),
however the phenomenon has rarely been quantified. This
short paper seeks to investigate the effects of ballast particle
abrasion on simple discrete element method (DEM) simu-
lations by implementing a very simple abrasion mecha-
nism, accompanied by data from experimental triaxial
tests on real ballast.
2. Ballast wear

2.1. Experimental

Ballast abrasion has been frequently observed experi-
mentally. Brown et al. (2007) and Abadi et al. (2018) for
example both used painted ballast particles to highlight
any surface damage and enable an easy visual comparison
of particles before and after loading. Brown et al. subjected
a large-scale bed of ballast to cyclic loading from three
sleepers. The ballast bed contained vertical columns of
painted particles, located in positions anticipated to experi-
ence the greatest damage. Visual inspection revealed obvi-
ous rounding-off of the corners, although this study had a
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particular focus on the effects of tamping. Similarly, Abadi
et al. (2018) performed tests on a bed of particles loaded
cyclically by a single sleeper, with painted particles dis-
tributed across the top of the bed underneath the sleeper.
Weighing the selected particles before and after revealed
losses of mass in the range 0.1–0.3% after several million
cycles. Other studies such as those by Indraratna et al.
(2005) and Lackenby et al. (2007) have also commented
on the evidence of abrasion and surface damage to
particles.

The large triaxial apparatus at the University of Not-
tingham has been used for a number of years to shear
full-size railway ballast (e.g. Aursudkij, McDowell and
Collop, 2009). A typical sample of ballast in this apparatus,
prepared with a grading satisfying UK rail standards, con-
tains around 600–1000 particles. At most confining pres-
sures (30–90 kPa), visual inspection of samples after
testing reveals very few obviously broken (split) particles,
similar to what has been reported by Indraratna et al.
(2005). However, the fact that the peak shear strength
and amount of dilation both reduce with increasing confin-
ing pressure, strongly suggests that some form of particle
damage occurs, implying that less obvious damage may
occur such as abrasion and/or breakage of asperities.
Anecdotal evidence obtained by the authors from weighing
samples before and after triaxial testing suggests that
approximately up to 0.5% of the total mass is lost to abra-
sion at confining pressures in the region 30–90 kPa, but this
is difficult to reliably quantify, and likely also includes
abrasion resulting from sample preparation and com-
paction. Photographs of ballast particles before and after
being subjected to abrasive damage are shown in Fig. 1.
2.2. Theoretical

Classical theories for abrasive wear relate the volume of
mass lost due to abrasion to the frictional work (e.g.
Archard, 1953) between two materials. This is commonly
expressed in the form:
Fig. 1. Images of ballast particles subjec
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V � F NS ð1Þ

where V is the loss of volume, FN is the normal contact
force, and S is the sliding distance. The proportionality
in Eq. (1) is a function of the material properties, and is
often termed the wear coefficient or specific wear rate.
Attempts to implement abrasion into geotechnical DEM
models most often involve breakable asperities (e.g. Lu
and McDowell, 2006; McDowell and Li, 2016), or chang-
ing contact properties, such as making the coefficient of
friction a function of contact force (e.g. Harkness et al.,
2016). In this work, a very simple implementation of abra-
sion based on Eq. (1) is demonstrated and used in simula-
tions of triaxial tests. Similar (i.e. using DEM) but
unrelated attempts to simulate material wear using Eq.
(1) include Ning and Ghadiri (2006) and Rojek (2014).
3. DEM model

The triaxial tests presented here feature a cylindrical
sample 450 mm in height by 300 mm diameter, enclosed
by a flexible lateral membrane and two rigid platens. The
triaxial tests are performed by applying strain increments
to the upper platen, as is the case in the real tests, whilst
maintaining a constant confining pressure and allowing
free radial deformation. The membrane consists of 4320
triangular facets, and the confining pressure is applied via
a servo-function which moves the vertices independently
to ensure a uniform applied stress. Further details of this
model and images of the membrane may be found in de
Bono and McDowell (2018). In the simulations, the initial
stage of the tests are stress-controlled (following Coop,
1990), to allow better observations of the stiffness during
the early stages. The particles modelled, shown in Fig. 2,
are based on real ballast particles. A surface was generated
from a 3D scan (a), which was then used to form a DEM
particle constructed out of spheres (b). In the triaxial sim-
ulations, only a single shape of particle was used, but with
a distribution of sizes. Each particle has a uniform density,
ted to wear: before (a) and after (b).
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Fig. 2. Simulated ballast particle. Surface scan (a), virtual particle made of spheres (b).
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and is formed of around 200 spheres, which overlap but do
not physically interact with each other. An example sample
is shown in Fig. 3, which adheres to UK guidelines for bal-
last gradation (EN 1345, 2013). The Hertz contact model
(Itasca, 2015) is used with a shear modulus of 28 GPa, a
typical value for quartz-like particles (Ashby and Jones,
1986), and the coefficient of friction is set (arbitrarily) to
0.5. As the simulations are quasi-static and confined,
mechanical damping is used with a damping coefficient of
0.7 (Itasca, 2015), which allows the simulations to achieve
equilibrium efficiently. Provided reasonably high contact
stiffnesses are used, the choice of contact model and actual
stiffness has no effect on the abrasion method (only if extre-
mely low contact stiffnesses were used would there be an
Fig. 3. Virtual DEM triaxial sample (a
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affect, due to large overlaps and greater coordination num-
bers). The abrasion model is however sensitive to the
damping method. Using a much lower damping coefficient
(or none) would result in excessive kinetic energy and par-
ticle oscillations. Without using mechanical damping (for
example if simulating dynamic tests), an alternative means
of reducing kinetic energy would be required such as
collision-based viscous damping or some form of drag.
Nonetheless, all simulations here have the exact same
properties.

To allow abrasion, frictional work is accumulated at
each individual contact. For a single contact between two
ballast particles, the frictional work W accumulated in a
single timestep is given by:
) and particle size distribution (b).
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W ¼ F SS ð2Þ
where FS is the average shear force during the timestep, and
S is the sliding displacement (the total shear displacement
at a contact may include both elastic and sliding compo-
nents). If sliding is occurring, then the shear force FS = lFN,
where l is the coefficient of friction, which is consistent
with Eq. (1). Assuming the volume of solids lost due to
abrasion is proportional to the frictional work (Archard,
1953), choosing a suitable coefficient of proportionality k
allows the volume of solid lost to be calculated as:

DV ¼ klF NS ð3Þ
To facilitate this loss of volume, DV, the individual

spheres in any ballast particle may gradually shrink (flat-
ten), reducing the overall angularity of the ballast particle.
The DEM procedure for abrasion is summarised as fol-
lows: for any given contact, the loss of volume is calculated
using Eqs. (1) and (2) and a given coefficient of proportion-
ality. For simplicity, this volume loss is apportioned
equally to the two individual spheres that are in contact
with each other (in different ballast particles). The loss of
volume is realised by causing each subsidiary sphere to
recede into the ‘parent’ ballast particle. This is performed
in a way so that the surface area of the larger sphere which
is covered by the smaller sphere does not change as the
smaller sphere recedes. This is implemented by moving
the smaller sphere inwards, towards the centroid of the
nearest and largest overlapping sphere, whilst simultane-
ously expanding its radius. A simple diagram illustrating
this method in 2D is given in Fig. 4. This method means
that the protrusion of any individual sphere gradually
diminishes and becomes flatter with abrasion. In nearly
all cases, each individual sphere overlaps several other
spheres, so an exact calculation of how much to move
any sphere in order to achieve the desired nett loss of vol-
ume of the overall ballast particle is non-trivial. Therefore,
an initial estimate is made of how much to recede the
sphere, then a voxelization method is used to achieve the
correct result. The voxelization method divides a small
enclosing volume into finite small cubes, and sums all the
Fig. 4. Method of abra
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cubes whose centroid lies within a sphere belonging to
the ballast particle. Due to the relatively small amount of
abrasion and quasi-static nature of these tests, the lost dust
is not considered to be of significant mechanical impor-
tance in these initial simulations, and is therefore not
accounted for. However, this is a simplification for conve-
nience; for weaker materials at large strains or any other
scenarios in which the dust may be mechanically (or
hydraulically) important, it would be inaccurate to neglect
the loss of mass.
4. Results

4.1. Experimental

Typical experimental triaxial results for real ballast are
shown in Fig. 5, obtained from conventional drained tests
at confining pressures of 30, 60 and 90 kPa. Due to the size
of the sample and constraints of the apparatus, it is not
possible to reach large axial shear strains and/or critical
states. As such, at the end of the tests all three show con-
tinuing dilation, and it can be assumed that continuing
the tests to further strains would allow all samples to
undergo strain softening and eventually reach steady states.

Fig. 5(a) shows the stress ratio (=q/p) responses of the 3
samples of ballast sheared at the different confining pres-
sures. Despite the fact that steady or critical states aren’t
reached, the 3 tests exhibit different peak stress ratios,
meaning the peak envelope in q-p space is curved and
implying stress-dependent behaviour (i.e. particle damage).
Visual inspection of the samples after testing, both in gen-
eral and for these 3 specific tests, reveals limited evidence of
major particle splitting/breakage, which appears insensitive
to the confining pressure. However, the higher confining
pressure tests (in this case 90 kPa), in general do visually
reveal a moderately higher degree of minor damage, such
as the chipping of corners. Fig. 5(b) shows how increasing
the confining pressure suppresses the dilation, as one would
expect, which is also attributable to the particle damage
that occurs.
sion used in DEM.
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Fig. 5. Experimental triaxial test results on real ballast: shear stress (a)
and volumetric behaviour (b). Fig. 6. DEM triaxial results with no abrasion: stress ratio (a) and

volumetric strain (b).
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4.2. DEM

Triaxial results from simulations in which no abrasion
occurs are shown in Fig. 6, which provide a base compar-
ison for the subsequent simulations featuring abrasive
degradation. The first observation is that both the stress
ratio and volumetric responses appear approximately the
same, with no effect from the confining pressure. This has
been shown before in DEM simulations in which no parti-
cle damage occurs (e.g. de Bono and McDowell, 2014).

For each set of DEM results shown here, a single sample
is used. That is, Figs. 6–8 are each based on a single initial
sample. Explicitly, that means a single sample is isotropi-
cally compressed to 30, 60 and then 120 kPa. Separate tri-
axial tests are performed (in parallel) from each of these
stresses. So although the triaxial tests are based on the
same sample, they have been confined to different stresses
and therefore the tests at the larger stresses have slightly
greater densities and have experienced slightly more abra-
sion. The use of the same samples for each set of tests pro-
vides a more controlled comparison for each case
compared to real experiments which would require a
new—and statistically different—sample for each triaxial
test.

Fig. 7 shows equivalent plots for simulations including
abrasion. The loss of volume at all contacts is calculated
Please cite this article as: J. de Bono, H. Li and G. McDowell, A new abrasiv
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using Eq. (3) with a wear rate of k = 10–8 m2/N, which
was chosen arbitrarily as a conservative first estimate.
Comparing the results with Fig. 6 shows that the inclusion
of abrasion introduces stress-dependent behaviour. The
shear stress responses still appear largely similar between
the 3 tests, however at low strains (e.g. ea < 4%) the mate-
rials display slightly different stress ratio responses.
Increasing the confining pressure gives the appearance of
decreasing the initial stiffness of the material, causing the
stress ratio curve to become slightly ‘flatter’. This trend,
which was absent in the simulations without abrasion, is
consistent with the real ballast behaviour (Fig. 5), and is
commonly observed for all granular materials (e.g.
Yamamuro and Lade, 1996). The three materials in
Fig. 7 also exhibit less dilation, which becomes supressed
by increasing confining pressure, which in turn increases
abrasion.

Although the inclusion of abrasion may affect the peak
stress ratio (or friction angle), it should have no effect on
the material’s critical state friction angle, which is a func-
tion of inter-particle friction and particle shape. Although
critical states were not reached in these simulations, the
data in Fig. 7 supports a single critical state stress ratio
independent of confining pressure. Points of minimum
volume in the volumetric responses are often assumed to
e wear model for railway ballast, Soils and Foundations, https://doi.org/
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Fig. 7. DEM triaxial results from simulations including abrasion: stress
ratio (a) and volumetric strain (b).

Fig. 8. Mobilised friction as a function of axial strain using a moving
average technique.

Fig. 9. DEM results with increased abrasion: stress ratio (a) and
volumetric strain (b).
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correspond to the critical state stress ratio. The point of
minimum volume (and zero volume change) at 30 kPa
occurs at around 3.5% axial strain, and at around 4% axial
strain in the 60 kPa and 120 kPa tests. In all three tests,
these points correspond to a stress ratio of 1.2. The dilative
behaviour begins at greater axial strains in the simulations
Please cite this article as: J. de Bono, H. Li and G. McDowell, A new abrasiv
10.1016/j.sandf.2020.05.001
compared to the experimental data; the real triaxial sample
is clearly stiffer. This is a result of the simplified particle
shape used in the simulations. Although more realistic than
using spheres, the simulated particles are still less angular.
It could be possible to compensate for this by implement-
ing an artificially high coefficient of friction or implement-
ing some form of rolling-resistance between the particles,
however the aim of this paper was not to adjust input
parameters in order to achieve an exact calibration, but
rather to capture the general correct stress-dependent beha-
viour caused by abrasion.

It is clear that introducing (and as will be shown,
increasing) the rate of abrasion increases the amount of
fluctuations visible in the stress–strain plots. This is due
to the method of modelling abrasion: when a sphere is
receded, this causes a total removal of the ballast-to-
ballast contact, which would have been transferring a force
as part of a contact force chain. This inevitably causes a
reduction in the measured macroscopic axial stress (which
is not as visible in experimental data where this process
occurs on a much more gradual and finer scale). To give
a clearer idea of the trend in these simulations, the mobi-
lised friction is plotted in Fig. 8 but using a moving average
technique (±4 neighbouring data points) to suppress the
fluctuations.
e wear model for railway ballast, Soils and Foundations, https://doi.org/
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Fig. 10. DEM triaxial results showing effects of rate of abrasion. Stress
ratio (a), volumetric strain (b), lost mass (c).
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It is worth noting that in Fig. 7 (and to a greater extent
in Fig. 9), the tests at lower confining pressures exhibit lar-
ger momentary drops in stress ratio, and therefore larger
fluctuations. This may give the (potentially misleading)
impression that the tests at lower confining pressures
demonstrate a slightly lower ultimate shear strength—
which may also be interpreted from Fig. 8. However, in
all cases, the fluctuations—or more specifically the sudden
temporary losses in shear stress in Figs. 7 and 9—are
Please cite this article as: J. de Bono, H. Li and G. McDowell, A new abrasiv
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rapidly recovered, and it is postulated that for this partic-
ular study, it may be acceptable to only consider the peak
values (i.e., connecting the peaks and discarding the
troughs). The larger fluctuations in stress ratio are a result
of the difference in stress levels between the tests (e.g.
r3 = 120 vs 30 kPa).

Fig. 9 shows similar simulation results but with a 10
times greater wear coefficient (k = 10�7 m2/N). The stress
ratio responses are similar to Fig. 7, with the confining
pressure mainly affecting the initial gradient of the stress
ratio curve. The most notable difference however is in the
volumetric behaviour, with all 3 samples displaying greatly
delayed and reduced dilatancy.

Fig. 10 compares results with the 2 different wear rates
and no abrasion at all, at a confining pressure of 60 kPa.
It can be seen here that increasing the rate of abrasion
causes the stress ratio curves to become flatter, and reduces
the peak stress ratio and dilatancy. The most striking
observation is the difference in volumetric behaviour,
which appears more extreme than the changes in stress
ratio response. Fig. 10(c) shows the cumulative mass lost
throughout these 3 tests. The test with the higher wear
coefficient loses approximately 10 times more mass com-
pared to the lower wear rate, however the total mass lost
still appears small at less than 0.5%, showing just how sig-
nificant abrasion is with regard to the macroscopic
response.
5. Conclusions

A very simple method for implement particle abrasion
has been implemented into DEM models of triaxial tests
on railway ballast. Despite its simplicity, this method has
been shown to introduce stress-dependent behaviour,
namely a flattening of the stress ratio response at low
strains, a reduction in peak strength, and a suppression
of dilatancy with increasing confining pressure and/or
abrasion. All of these well-known aspects of behaviour
are absent in numerical models which do not account for
particle degradation. This study has demonstrated a simple
approach to account for abrasion in DEM models, and
also reveals just how significantly an ostensibly small
amount of abrasion can influence the observed macro-
scopic behaviour, which should no longer be simply
ignored in DEM models. Of key importance is the fact that
the simple wear model only affects the interlock/dilation,
and not the overall form of the particle, and hence this
work would suggest that the critical state is unaffected by
the abrasive wear of particles.
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