The
University
O Of
‘e Sheffield.

This is a repository copy of DEM simulation of single sand grain crushing in sanded
wheel-rail contacts.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/232008/

Version: Published Version

Article:

Suhr, B. orcid.org/0000-0002-0259-4418, Skipper, W.A. orcid.org/0000-0001-8315-2656,
Lewis, R. orcid.org/0000-0002-4300-0540 et al. (1 more author) (2024) DEM simulation of
single sand grain crushing in sanded wheel-rail contacts. Powder Technology, 432.
119150. ISSN: 0032-5910

https://doi.org/10.1016/j.powtec.2023.119150

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.powtec.2023.119150
https://eprints.whiterose.ac.uk/id/eprint/232008/
https://eprints.whiterose.ac.uk/

Powder Technology 432 (2024) 119150

journal homepage: www.journals.elsevier.com/powder-technology

Contents lists available at ScienceDirect

Powder Technology

Check for

DEM simulation of single sand grain crushing in sanded wheel-rail contacts &=
Bettina Suhr?, William A. Skipper ™", Roger Lewis ", Klaus Six

2 Virtual Vehicle Research GmbH, Inffeldgasse 21/A, Graz, 8010, Austria

b The University of Sheffield, Department of Mechanical Engineering, Mappin Street, Sheffield, S1 3JD, UK

HIGHLIGHTS

GRAPHICAL ABSTRACT

Sanding process: sands grains fracture
when entering the wheel-rail contact.
Single grain crushing tests: two sands,
dry/wet contact, 900 MPa contact pres-
sure.

Different spread of fragments and for-
mation of solidified clusters at high load.
DEM model development: particle break-
age and material behaviour at high load.
Successful calibration of DEM model for
both sand types and contact conditions.

wheel-rail sanding

single grain crushing at 900MPa

experiment DEM simulation

ARTICLE INFO ABSTRACT

Dataset link: zenodo.org

Keywords:

Single grain crushing
DEM modelling

High loads

Sanded wheel-rail contact

In railways, low adhesion conditions lead to problems in braking and traction. Sanding increases adhesion
by blasting sand grains towards the wheel-rail contact. Which physical mechanisms increase adhesion during
sanding is poorly understood, as research in this field has been almost exclusively experimental. This work
is the first step in developing a DEM model describing the sanding process. Previous experimental studies
involve single grain crushing tests focusing on initial breakage and repeated breakage under realistic wheel-
rail contact pressures of 900 MPa. Tests on two types of rail sand under dry and wet contact conditions,

showed different spread of fragments as well as the formation of clusters of solidified fragments at high
stresses. The developed DEM model captures the observed behaviour for both types of sand, and both contact
conditions. Combining experimental research and DEM modelling aims to improve the understanding of
adhesion increasing mechanisms in sanded wheel-rail contacts.

1. Introduction

For many years, sanding of wheel-rail contacts has been used to
overcome low adhesion conditions. The maximal adhesion coefficient
(AQ) limits the transferable tangential force in the contact. In general,
the wheel-rail contact is characterised by an extremely high normal
stress, up to 900 MPa, accompanied by extremely high tangential
stresses, which are caused e.g. by traction or braking. This results
in severe plastic deformation of the near-surface layers [1], damage,

* Corresponding author.

wear and a roughness change of both wheel and rail, which affects
the AC. The contact condition has a large influence on the AC. Under
dry conditions, the AC is around 0.35 or higher [2,3]. So-called third
body layers (3BLs) can be embedded between wheel and rail: liquids
(e.g. water, oil), solids (e.g. leaves, wear particles, iron oxides or
even sand fragments) or combinations thereof. Under some contact
conditions low adhesion occurs, e.g. damp (wet) contact conditions [4]
(‘wet rail’ phenomenon) or when the rail surface is contaminated with
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Fig. 1. Phases during wheel-rail contact sanding.

leaves [5,6]. In such cases, the AC is below 0.1 [7,8] and this directly
influences the traction and braking behaviour of railway vehicles in
service. Therefore, low adhesion can cause safety issues in the worst
case [6,9].

Under low adhesion conditions, the AC can be increased by spraying
sand from a nozzle towards the wheel-rail contact. The process can
be divided into three phases, see Fig. 1. In phase I, the particles are
applied: some are expelled and some are entrained into the contact.
In phase II, particles fracture repeatedly in the wheel-rail contact and
influence the adhesion. Finally, in phase III particles leave the contact
and some of them remain on wheel and rail. While sanding does
increase the AC under low adhesion conditions, it can also lead to
increased damage on both wheel and rail [10,11].

Wheel-rail sanding is a field of active research, where the adhesion
increasing aspect is more extensively investigated [12] than the damage
or isolation aspect [13]. This research has been almost purely ex-
perimental, e.g. measuring adhesion coefficients (ACs) under different
contact conditions (dry, wet, ...) applying different sands or other
particles.

Despite the active research in this field, the physical mechanisms
causing the change in ACs under sanded conditions are still poorly
understood. When entering the contact, sand grains will fracture re-
peatedly and some of their fragments will be expelled. The amount
of sand in the contact determines whether the metal surfaces are
(partially) separated or not, allowing for different mechanisms of load
transfer, see Fig. 2. Under high loads sand fragments solidify and
form clusters, which indent into wheel and rail surfaces (affecting
roughness) [14]. Adhesion could also be increased via form closure
effects, or the sand powder solidifies and partially covers the rough
wheel-rail surfaces, increasing the effective contact area between sand
and steel and thereby the AC. The role of water in wet contacts is also
unclear. This mentioned lack of understanding is caused by the fact that
current experimental abilities do not allow for any monitoring of the
aforementioned mechanisms in the contact zone during roll-over.

Research work on developing localised numerical models of the
sanding process are very sparse. In [15], a DEM model was used to
study electrical isolation, which can occur during the sanding process.
In phase I of the sanding process, particles are sprayed towards the
wheel-rail nip, but a large number of particles do not reach the wheel-
rail contact. Therefore, the particle entrainment efficiency was studied
in [16] by coupling computational fluid dynamics (CFD) and DEM.
Including CFD in the analysis, clearly increases the computational time.
In their analysis, the geometry was scaled down and a gap in the
wheel-rail interface was introduced as it was not possible to simulate
crushing of the sand particles. In [17], particle entrainment efficiency
was studied in a computationally more efficient way employing DEM
only. A full-scale rail-sanding set up was simulated and results were
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Fig. 2. Possible mechanisms for increasing adhesion via sanding.

validated using experimental data for various positions of the sander
nozzle.

This study is part of a research project, where sanded contacts are
experimentally investigated in detail and an advanced DEM model is to
be developed to better understand the phenomena responsible for the
positive effect of sand on adhesion in phase II, see Fig. 2. To separate
the involved effects, the behaviour of the sand is studied first, ignoring
the roughness change in the metal surfaces mentioned before. As a
first step, the breakage behaviour of single sand grains was studied
experimentally, [14]. For two types of rail sand, initial breakage tests
and single grain crushing tests under a realistic wheel-rail contact
pressure of 900 MPa were conducted.

This work presents the next steps, where a DEM model is developed
to simulate the aforementioned crushing tests. In the initial breakage
tests, the model needs to capture the experimentally observed differ-
ences in fragments’ spread of the two types of rail sand under dry
and wet contact conditions. In the high loading tests, experiments
show the formation of solidified clusters of crushed material, whose
size and spread differs again for the considered type of sand and
contact condition. This must be reflected by the developed DEM model.
Moreover, the repeated breakage under high loading conditions should
not lead to an artificial loss of mass due to the chosen modelling
approach.

This work is organised as follows: Section 2 gives a brief overview
of particle breakage modelling in DEM. A short summary of the experi-
mental results obtained in [14] is given in Section 3. Section 4 describes
the DEM model development and contains subsections on the general
material modelling and the developed breakage model. In Section 5,
the calibration of the developed DEM model is presented, comparing
simulations to experimental results for initial breakage tests as well
as for high loading tests. Then, simulation results using the calibrated
model are presented in Section 6. The last Sections contains conclusions
and an outlook.

2. Literature overview on particle breakage in DEM

The DEM method has been used to model particle breakage in may
applications, including confined uniaxial compression [18-20], triaxial
tests [21,22], impact on particle beds [23], crushers [24] or mills [25].
There are two main modelling approaches: the agglomerate and the
replacement method.

In the agglomerate method, the parent particle is modelled as ag-
glomerate of smaller unbreakable particles, usually spheres, connected
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by breakable parallel bonds, [18,19,26-31]. When the shear or tensile
force at a bond exceeds its strength, the bond breaks. The agglomerate
breaks into fragments of different size and shape. A drawback of this
method is its high computational effort, if large specimen are consid-
ered or if the unbreakable particles involve very small sizes. Moreover,
the parallel bonds introduce five additional parameters to the model,
whose calibration to the breakage behaviour of a given material is a
challenge frequently omitted in the literature. The big advantage of this
approach is its capability to take into account both the initial shape of
the parent particle, [32], as well as shape evolution during breakage,
i.e. non-spherical fragments of different sizes.

The replacement method is mostly applied for granular materials
represented by spheres. At first, a failure criterion must be defined to
check for breakage of a sphere. This failure criterion uses the given con-
tact forces of the particle for a simple approximation of the unknown
inner stress field of the sphere. Several different failure criteria can be
found in the literature, [33,34], and a comparison between frequently
used criteria can be found in [35]. When the failure criterion is reached
for a certain particle, this particle is replaced by an arrangement of
smaller particles, called the fragment replacement modes. Different
approaches have been suggested in the literature for these fragment
replacement modes, [36]. To preserve the mass of the replaced particle,
the daughter particles can be placed overlapping, [21], which leads to
large repulsive forces due to the overlapping. If the daughter particles
are placed non-overlapping, then the mass of the initial particle cannot
be preserved, [22]. To compensate for mass loss, a time dependent
volume increase of the daughter particles was applied in [18,33]. This
approach can generate artificial contact forces with neighbouring parti-
cles. Alternatively, nearby voids can be filled with daughter particles to
compensate a mass loss, [37]. To locate such voids needs a local search
at every particle breakage, which increases the computational effort. In
general, the replacement method is the fastest and quickest method to
model particle breakage in DEM. However, when the fragmentation is
not limited, the increase in the number of particles is unlimited and
the decrease in their size is unlimited, which decreases the time-step
size. Moreover, the replacement method cannot capture the evolution
of particle shape during breakage, because the broken particle is always
replaced by an arrangement of spheres.

3. Experimental sand crushing behaviour

This section summarises experimental findings published in [14],
which will be used for the parametrisation of the developed DEM
model.

3.1. First breakage: single grain crushing tests

Two types of rail sand were investigated, from Great Britain (GB)
and Austria (AT). Single sand grains were crushed between two hard-
ened steel plates under both dry and wet contact conditions. For GB
sand, 21 tests were conducted under dry and 23 under wet conditions.
For AT sand, it were 23 tests for dry and wet conditions each. In each
test, photos were taken before and after crushing. Using the photos
after crushing, in a post-processing step the area of fragments was
determined as well as the distance from the initial position of the sand
grain. A visualisation of the fragments travelled distance, d, and its
area, A, can be seen in Fig. 3.

In the sanding process, the first fracture will take place several
centimetres in front of the contact patch due to the narrowing gap
between wheel and rail. Some of the resulting fragments are expelled
from the running band (and are thus not active any more), while others
stay inside and get crushed again. Therefore, it is of interest to ask how
much of the mass of the initial grain would stay within a radius of 5 mm
after first breakage. This radius corresponds to a typical running band
half-width when the tread of a wheel is in contact with the rail head.
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Fig. 3. Photograph taken after crushing tests including a visualisation of calculation
of the distance d travelled by a fragment and its area A.

Table 1

Parameters of the fitted Weibull statistics for both GB and AT sand.
sand type d, [mm] o, [MPa] m [-]
GB 1.54 22.74 2.85
AT 1.25 22.49 2.72

This question is answered in Fig. 4. It shows cumulative histograms
of the fragment distance applying a weighting by the fragment area
divided by the sum of all fragments. The area of the conceptual
wheel-rail contact is shown as grey box. For GB sand, the contact
condition makes a big difference: under dry conditions 68% of the
fragments’ area stay within the conceptual wheel-rail contact, while it
is 98% under wet conditions. This influence of the contact condition
is less pronounced for AT sand: Even under dry conditions 93% of
the fragments’ area stays within the conceptual wheel rail contact and
under wet conditions it is 100%.

In addition to the analysis of fragments’ spread, Weibull statistics
were fitted to the measured breakage force/probability of survival for
GB and AT sand. No distinction between dry and wet contact condition
was made, as it was assumed that the contact condition does not
influence the breakage force.

The survival probability of a grain of diameter d under stress o is
described using Weibull statistics [31,38-40]:

d 3 o "
Fd)=exp Hd—o) (a) ] W

here d, is the reference diameter, m is the Weibull modulus and o is
the characteristic stress such that a particle of size d, has 37% survival
probability.

A comparison of measured values from the experiment and the fitted
Weibull statistics is shown in Fig. 5 for both types of sand, see e.g. [40]
for details of the fitting method. The parameters of the fitted Weibull
statistics are given in Table 1. The results are surprisingly similar for
both types of sand, considering the differences found in the analysis of
the fragment spread.

3.2. High loading: single grain crushing tests

After investigating initial grain breakage, single sand grains were
crushed between hardened steel plates under realistic wheel-rail con-
tact pressures of 900 MPa. This stress is considerably higher than in
e.g. geotechnics and the condition of the sand grain after crushing is
of interest. For both types of sand and for both dry and wet contact
conditions, 5 tests were conducted. Before and after the test, photos
were taken and after the test a non-contact imaging and measuring tool
named Alicona InfiniteFocus SL was used to take high resolution 3D
scans of the crushed grain.
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Fig. 5. Fitted Weibull statistics.

In these tests, a varying amount of fragments were expelled from
the contact during repeated breakage. Nevertheless, in all cases clusters
of solidified sand were formed. GB sand under dry conditions showed
a high variation in the amount of material, which stayed within the
contact area. Examples can be seen in Fig. 6(a), Fig. 6(c) and their
corresponding Alicona scans Fig. 6(b), Fig. 6(d). The smaller cluster had
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(d) Alicona scan of lower plate

Fig. 6. Example result for high load testing of GB sand under dry conditions.

a length of 1 mm and a height up to 70 pm, while the larger cluster had
a side length of 3.8 mm and a height up to 140 pm.

A typical result for AT sand under dry conditions can be seen in
Fig. 7. This cluster has side length of about 3 mm and showed a height
up to 140 pm in the Alicona scan.

Under wet conditions, both types of sand typically showed only one
big cluster of solidified sand powder, see Figs. 8 and 9. The cluster of
GB sand shown in Fig. 8 had a side length of 4.4 mm and a height up
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Fig. 7. Example result for high load testing of AT sand under dry conditions.
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Fig. 8. Example result for high load testing of GB sand under wet conditions.

to 220 pm. In contrast, the cluster of AT sand shown in Fig. 9 was much
smaller with a side length of about 3 mm and heights up to 160 pm due
to a smaller initial diameter of AT sand grains.

(a) photo of lower plate

Height pm

(b) Alicona scan of lower plate

Fig. 9. Example result for high load testing of AT sand under wet conditions.

4. DEM model development

For all DEM simulations in this work the software YADE [41]
was used. It is Open-Source and utilises the soft contact approach
together with explicit integration in time. A DEM model will be de-
veloped to simulate the described initial grain breakage tests as well
as the high loading tests. In general, the aim was to find the sim-
plest approach working, w.r.t. both computational time and number
of parameters. Next, the general material modelling in DEM is de-
scribed. The following subsection deals with DEM modelling of particle
breakage.

4.1. DEM material modelling

The first choice to be made is about particle shape representation in
the DEM model. The sand grains and their fragments are clearly non-
spherical, see e.g. [19,32,42] for an accurate shape representation and
related computational demands. In DEM, a computationally efficient
way to mimic the behaviour of non-spherical particles is to use spheres
with rolling resistance, [43-45]. The calibration of rolling resistance
and inter-particle friction coefficient can lead to ambiguous parameter
combinations if no proper experimental data is available, even for
cohesionless material without external load, see [46]. For this work,
such data on sand fragments were not available yet. Therefore, sand
particles and fragments will be represented by spheres, which are not
allowed to rotate. To block all rotation is computationally fast and
avoids the additional rolling resistance parameter.

Next, a contact law has to be chosen for particle-particle and
particle-wall contacts. In the literature, DEM simulations of sand in-
cluding grain crushing frequently utilise the Hertz-Mindlin contact
law, [19-22,47]. The Hertz-Mindlin contact law, including a viscous
damping, [48,49], is also used in this work. The model parameters
are listed in Table 2. In [50], several rail sands were characterised,
including the two types considered in this work. A re-evaluation of
this data provided the Young’s modulus, E, of both sand types as well
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Table 2

Parameters of Hertz-Mindlin contact law for considered materials.
Material E [GPa] v [-] u -1 /4 [%] e, [-]
GB sand 86.5 0.3 0.5 2650 0.5
AT sand 79.1 0.3 0.7 2650 0.3
steel 200.0 0.28 0.4; 0.2 7833

as the coefficient of restitution, e,. The sands’ density, p, was taken
from the literature, see [21]. The Poisson’s ratio, v, was assumed to be
0.3. The coefficient of friction, x, was unknown for both types of sand.
In [50], the angle of repose was measured for three different types of
sand, one of which was the same GB sand considered in this work. GB
sand showed the lowest angle of repose of the measured sands, which
can be hint of a low friction coefficient, while the angle of repose is
clearly also influenced by particle shape and size. In this work, the
friction coefficient is assumed to be 0.5 for GB sand, in accordance
with [21], and 0.7 for AT sand. The material parameters for the steel
plates were taken from literature. The coefficient of friction of the steel
plates is assumed as 0.4 and 0.2 under dry and wet contact conditions,
respectively.

As already mentioned in the introduction, the external loading
applied during the wheel-rail sanding process is much higher than in
other applications, where the crushing of sand grains occur. From the
conducted tests on the initial breakage behaviour, the sand fragments’
behaviour was clearly cohesionless under dry contact conditions. Under
the applied high loads, the observed material behaviour changed:
fragments stuck together and formed clusters of material, which de-
formed like one would expect from an elasto-plastic solid. Further
experimental investigations are needed to improve understanding. The
process is likely to be comparable to powder caking, which is com-
plex physical process and can involve both intrinsic and extrinsic
factors, [51]. The process of powder caking can be modelled in DEM
by using piece-wise linear/non-linear elasto-plastic contact laws, [52—
55]. These models have a higher computational effort, need to store
internal states for every contact and involve at least four parameters,
which makes calibration challenging. Another possibility to introduce
the experimentally observed behaviour to the DEM model is to add
cohesion to the Hertz-Mindlin contact law. Frequently used cohesion
models are the Derjaguin—-Muller-Toporov (DMT) model, [56], and the
Johnson-Kendall-Roberts (JKR) model, [57,58]. Both of them involve
only one cohesion parameter, y, but the DMT model is more simple in
implementation and evaluation. Therefore, the DMT model will be used
in this work and the cohesive force acting on the contact is given as
Faap =—47 Ry, 2

a

where R* is the equivalent radius of the contact partners. To model
the observed change in behaviour from cohesionless to cohesive, the
cohesive force is only activated if one of the contact partners has
a radius below a parameter R,. Both parameters, y and R, will be
calibrated in the simulations of high loading tests.

The DEM model described so far deals only with dry contact
conditions and a computationally efficient way to consider wet contact
conditions is needed. In the experiments, under wet contact conditions
the spread of fragments was reduced for both the initial breakage tests
and the high loading tests. An efficient way to model this effect is to
add a drag force, F,,,,, following Stokes’ law to each particle, given by

Firqg = 67010, 3

where r is the particle’s radius, v its velocity and # the dynamic
viscosity. As the assumption for deriving Stokes law are not entirely
given, e.g. Stokes law considers laminar flow, the parameter # will be
calibrated to experimental results.

Powder Technology 432 (2024) 119150

Fig. 10. Fragment replacement mode used.

4.2. DEM breakage modelling

This work uses the particle replacement method to model particle
breakage. As mentioned in the introduction, it is both computationally
fast and comparably easy to calibrate. At first, the particles are assigned
initial strength by choosing a random probability of survival 0 < p < 1
(using a uniform distribution). Together with the particle diameter, the
Weibull statistic, (1) and Table 1, is used to calculate the strength of
the initial particle. After breakage, the same probability p is used to
calculate the strength of the emerging fragments. In the replacement
method, a particle breakage criterion must be chosen, and in [35]
four frequently used criteria are compared. The so-called F,,, stress
criterion is fast to compute and gives the correct macroscopic behaviour
in [35]. Therefore, it is used in this work and it is computed as o, =
F,../d*, where F,,. is the largest contact normal force acting on the
particle and d is the particle diameter.

If the stress on a particle exceeds its strength, then it is replaced
by fragments. To avoid infinite breakage of particles, a minimal radius,
Ry, is introduced, below which particles are considered unbreakable.
As the considered high loading tests involve a high number of repeated
breakage events, it is important to avoid mass loss during replacement.
To preserve the mass of the replaced particle, the fragments are placed
overlapping, [21,23,24,59,60]. Fig. 10 shows the used overlapping
fragment replacement mode, which consists of 20 spheres. The arti-
ficially overlapping of the fragments would lead to artificially high
velocities of the fragments making the simulations unrealistic. Differ-
ent numerical strategies have been proposed to prevent this problem,
e.g. damping using a relaxation factor in the contact force calcula-
tion, [23,59], a global damping combined with ignoring the fragment
overlap caused by fragmentation, [60], or the introduction of freezing
steps to dissipate the artificial energy introduced by the fragments’
initial overlap, [24]. In this work, an adaption of the freezing approach
introduced by [24] will be used. Fig. 11 shows a flow chart of the
chosen approach. After particle breakage, the fragment replacement
mode is placed with arbitrary orientation. Fragments are assigned a
coefficient of friction of 0, to allow them to move easily in both normal
and tangential direction. When the system is frozen, the velocities
of all particles are stored and then set to O, the external loading is
stopped and gravity is set to zero. In this phase, all particles are
fixed, except those whose distance to a broken particle is less than
10 times the radius of the broken particle. In this freezing state, the
free particles are allowed to move for a given time period #,. If the
maximal velocity of all particles is larger than model parameter V,, all
velocities are set to zero and the system evolves again for time period
to. If the maximal velocity of all particles is below model parameter
V,, the system is unfrozen: all particles are free to move again, they
are assigned their previous velocities, gravity and external loading is
restored and the newly introduced fragments are assigned the original
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Fig. 11. Flow diagram of DEM breakage model.

value of coefficient of friction. After unfreezing the system, the loading
continues. With this approach, the artificially high velocities caused
by the high particle overlap, mentioned above, are controlled directly.
Moreover, the spread of the fragments after breakage can be controlled
via the parameter V. This is necessary, as the two considered types of
sand show a different behaviour in their particle spread in the initial
crushing experiments.

Although the presented method is not entirely physics-based it is a
very efficient approach to describe the experimentally observed effects.

5. DEM model calibration

In this section, the developed DEM model will be used to simulate
the initial breakage test as well as the high loading tests under dry
and wet contact conditions for both types of rail sand. How the model
parameters will be calibrated using these tests is outlined in the next
subsection. The actual calibration and simulation results are presented
subsequently.

5.1. Calibration strategy
Apart from the parameters of the contact law stated in Table 2, the

developed DEM model contains the following parameters ¢, V7, R;;,»
7, R,. The experiments used for their calibration are stated in Table 3.
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Table 3
Parameters in the DEM model and experiments used for their calibration.

par ini. breakage, dry ini. breakage, wet high load, dry and wet
1y X

v, X

n X

Ry X

4 X

R X

14

In the initial breakage tests under dry conditions, the particle frac-
tures only once and fragments are cohesionless. Therefore, under these
conditions the parameters R;,,7, R,,n are not active. This allows for
a choice of a common value for 7, and to calibrate ¥V, for each type
of sand such that fragment spread in simulations and experiments are
similar.

Next, the initial breakage tests under wet contact conditions can be
used to find one value for # such that the experimental fragment spread
is in good accordance with the simulated one for both types of sand.

The parameter R, is the radius below which spheres are not
allowed to break. Measurements of particle size distributions after the
high loading tests would allow for the determination of this parameter,
but unfortunately such data is not available at the moment. Neverthe-
less, when a fragment replacement mode is given, then parameter R,
can be used to calculate an upper bound for the number of fragments,
assuming that all particles with a radius larger than R;;,, would break.

The available data from the high loading tests is not sufficient for
a unique calibration of parameters y, R,. Additional experiments are
needed to narrow down the space of possible parameter combinations
or ideally to make parametrisation unique. Crushing tests at different
normal loads could be helpful to see, where the formation of solidified
clusters starts. From the available data, a set of parameters is searched
such that simulation results and experimental results are qualitatively
in good accordance.

5.2. Initial breakage tests

In the simulations of the initial breakage tests, one sand grain of
the average size dj;, see Table 1, is placed between two steel plates. A
probability of survival is chosen randomly between 0 and 1 (from a
uniform distribution) and the corresponding strength is assigned to the
particle. The loading is applied until the first breakage occurs. Then,
the system goes to freeze mode. The parameter ¢, = 10~ s is chosen for
both types of sand. When the velocity of all particles after 7, time period
is below the parameter V,, the system is unfrozen and the particles
are allowed to settle. For the initial breakage tests, 150 repetitions are
simulated (using a random probability of survival) and the spread of the
fragments, the travelled distance and fragment area, is evaluated in the
same way as the experimental data, compare Fig. 4. In a very simple
calibration, parameter V, is varied and the corresponding simulation
results for GB and AT sand are shown in Fig. 12. For the assessment of
the best simulation results, the spread of the material in the conceptual
area of wheel-rail contact, i.e. with a distance less than 5 mm. Thus,
for GB sand ¥V, = 0.12 m/s and for AT sand V}, = 0.08 m/s is chosen.

The initial breakage test under wet conditions were simulated to
calibrate #. Comparing GB and AT sand under dry conditions, GB
sand shows higher material spread and thus, a higher value for n was
needed to reach the experimentally observed small spread under wet
conditions. Therefore, n was calibrated for GB sand and results for a
variation of # are shown in Fig. 13(a). Simulation results for both n =
0.010 and # = 0.012 Pas were in good agreement with the experimental
results. 7 = 0.012 Pas was chosen, as a higher value is beneficial in
the later simulations of the high loading tests. The dynamic viscosity
of water at room temperature is roughly #,,,,.,, = 0.001 Pas, [61]. The



B. Suhr et al.

GB sand, dry contact conditions
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Fig. 12. Calibration of DEM model parameter V, using initial breakage tests under dry
contact conditions.

obtained value of # in this work was thus higher by a factor of 12.
As mentioned before, not all assumptions of Stoke’s law are valid and
in this application the drag Force computed by Eq. (3) was seen more
than a damping of the fragment’s velocities. Using # = 0.012 Pas, the
initial breakage tests were also simulated for AT sand, see Fig. 13(b).
The spread of sand fragments for AT sand under wet conditions was
very low, already the first bin of the histogram contains 100% of all
fragments. This is to be expected, as the same value of  was used in
simulations of both types of sand and GB sand shows generally a higher
spread of fragments than AT sand.

5.3. High loading tests

In the high loading tests, three parameters are left to calibrate:
Ryjns 7. R,. As already mentioned, the available data is not sufficient
for a unique parametrisation. The data available are the photos and
height measurements from the five experiments conducted for each
sand type under both dry and wet contact conditions. Additionally
needed would be measurements of the fragment size distribution after
the high loading test to determine R;;,, and loading tests under varying
normal load to see when the fragments’ behaviour changes from non-
cohesive to cohesive to determine R,. Some of these measurements are
planned in future work.

It is an important first step to understand the influence of the
different parameters on the simulation results. Therefore, a one-at-a-
time variation was conducted for AT sand under dry contact conditions.
In the reference run, the parameters had the following values: y =
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GB sand, wet contact conditions Vp =0.12 m/s

100 +

80

I_';U\_ﬂ

60

404

weighted by area in %

=3 sim: n=0.008
20 A =3 sim: n=0.010
=1 sim: n=0.012
= exp

0 T T T T T
0 5 10 15 20 25 30 35 40

distance [mm]

(a) GB sand

AT sand, wet contact conditions Vp =0.08 m/s

100 + |

80

60 -

40 -

weighted by area in %

20 1
= sim: n=0.012
= exp

0 T T T T T
0 5 10 15 20 25 30 35 40

distance [mm]

(b) AT sand

Fig. 13. Calibration of DEM model parameter » using initial breakage tests under wet
contact conditions.
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Fig. 14. Upper bound for number of particles changing with R, for both GB and AT
sand.

800 J/m?, R, = 160 pm, R;;, = 53 um. For the cohesion parameter,
a lower value, y = 400 J/m?, and a higher value y = 1600 J/m?,
were considered. In this model, cohesion was a substitute to represent
the observed behaviour of cluster formation. Therefore, the values for
y were not of the same order of magnitude as for natural cohesive
granular materials. R, is the radius, below which particles are cohesive.
In the reference run, R, was chosen such that in the first breakage
event all fragments were non-cohesive, but became cohesive from the
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Fig. 15. Calibration of DEM model AT sand under dry contact conditions. Parameters of reference run: y =800 J/m?, R, = 160 ym, Ry, =53 pm.

second breakage on. Therefore, two lower values were considered in
the parameter variation, R, = 100,50 pm. The parameter Ry, is the
radius below which particles are considered unbreakable. For given
R;;,, and fragment replacement mode the maximum number of particles
in the simulation could be calculated by assuming that under the ap-
plied high load all particles would fracture until they are unbreakable.
This is shown in Fig. 14 for both types of sand, remember that the
initial grain size was higher for GB sand than for AT sand. For R, a
lower and a higher value was considered in the one-at-a-time variation:
R,y = 47,56 pm.

For better comparability of the results, all simulations are conducted
with an initial probability of survival p = 0.5 and instead of inserting
the fragment replacement mode at a random orientation, always the
same orientation is used.

The evaluation of the obtained results is shown in Fig. 15. A top
view of the reference run’s result under full load can be seen in
Fig. 15(a). For size comparison with other results, a 1 mm scale bar is
included. The majority of fragments formed one large and three smaller
clusters, while only a few fragments spread out. In these tests, the load
was applied via a square plate of 10 mm side length, which corresponds
to the area of wheel-rail contact. All fragments, which were expelled
from this area were deleted from the simulation. Fig. 15(d) shows the
relation between the total mass remaining, in percentage of the initial
mass, and the final height of the specimen under full load. To get a
better overview of the spreading behaviour in the samples, the forming
clusters were analysed. Here, clusters were defined via the contacts in
the simulations and their mass was calculated. Fig. 15(e) shows the
cumulative mass (as percentage of the initial mass) of the ten largest

clusters. Combining the specimen height, total mass remaining and
largest cluster mass helped to understand the influence of the three
parameters on the simulation results.

For parameter y, decreasing its value to y = 400 J/m?, decreased
the specimen height by 20 pm, the total remaining mass by 15% and
the mass of the largest cluster forming by 24%. The top view of
the simulation result, shown in Fig. 15(b), shows a larger spread of
fragments, which can be directly related to the reduced cohesion. On
the contrary, increasing cohesion to y = 1600 J/m? had little effect on
specimen height, reduced the mass remaining by 2% and gave nearly
identical masses for the forming clusters.

Decreasing parameters R, to 50 pm, also strongly influenced simula-
tion results: the specimen height was reduced by 26 pm, the total mass
remaining by 12% and the mass of the largest cluster by 32%. This
parameter combination gave the largest spread of fragments, which can
be seen in the top view in Fig. 15(c). With a lower value of R, more
breakage events took place before particles were considered cohesive
and thus more spread was observed. When R, was reduced from 160 pm
in the reference run to 100 pm, this increase in spread was seen only
to a small extent. The specimen height and total mass were almost not
affected, only the mass of the largest cluster was reduced by 11%. Both
parameters y and R, showed a strong influence on fragment spread and
thus on the obtained size and height of forming clusters.

As mentioned before, the parameter R, directly influences the
number of spheres in the simulation. From the conducted simulations,
this parameter had surprisingly little influence on the obtained results:
Specimen height reduced by about 12 pm for both variants and the
total mass was nearly same or reduced by 4%. Only the masses of the
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Fig. 16. Typical examples of DEM simulations of GB and AT sand under dry and wet contact conditions.
largest clusters increased by about 18% for both simulations containing Table 4
more and less spheres. Thus, the influence of this parameter was not as Parameters of developed DEM model. .
. . m
clearly seen as in the two previous cases. sand Vy [;] n [Pas] Ry [pm] /4 [ﬁ] R, [um]
For the calibration for AT sand, the parameters must be chosen GB 0.12 0.012 64 800 100
in a way to obtain little spread of fragments under dry conditions. If AT 0.08 0.012 53 800 160

this is achieved, the spread will be automatically reduced under wet
conditions. The parameter set of the reference run already fulfils this
aim for AT sand. The value of y = 800 J/m? was the lowest value
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seen to avoid a strong spread of fragments. Similarly, R, = 160 pm is
the option, which resulted in the least spread of fragments: after the
initial breakage, fragments were non-cohesive, but became cohesive
after following breakage events. The parameter R;,, = 53 pm limited
the number of spheres in the simulation to roughly 11000. For GB sand,
the aim was to obtain high spread of fragments under dry conditions
and low spread of fragments under wet conditions. First, the parameter
y was chosen to be the same as for AT sand. Then, the parameter R,,
was reduced stepwise, such that a strong spread of fragments under
dry conditions was obtained, while under wet conditions the spread
was low. Choosing the parameter R;;,, = 64 pm resulted in a similar
minimal particle size for GB and AT sand, which came at the price of
nearly 15000 spheres in the simulation. The set of parameters used for
both types of sand is summarised in Table 4.

6. DEM simulation results

With the chosen set of parameters, high loading tests are simulated.
Due to higher computational time, the number of conducted simula-
tions is limited. Therefore, the probability of survival of the initial grain
is chosen manually to obtain better comparability between the sand
types and the contact conditions. For both types of rail sand and both
types of contact conditions ten simulations are conducted, with p =
0.1,0.5,0.9. Fig. 16 shows typical results obtained in the four different
cases with p = 0.5. In addition to the obtained final configurations,
Fig. 16(c) shows the corresponding analysis of the remaining mass of
the ten largest clusters and Fig. 16(f) shows a cumulative histogram of
the particle radii in the final configuration. GB sand under dry contact
conditions, Fig. 16(a), shows a strong scatter of particles. There is a
formation of clusters seen, but they remain small and are scattered over
the loading area, which is also quantified in Fig. 16(c). The amount of
spheres expelled can be seen in Fig. 16(f), by comparing results for
wet and dry conditions. Under wet conditions, GB sand shows little
particle spread, Fig. 16(b). The formation of one large cluster and five
smaller clusters can be observed, compare Fig. 16(c). More than 99% of
the initial mass remains in the contact area, which corresponds to the
high number of spheres in Fig. 16(f). AT sand under dry conditions,
Fig. 16(d), also shows little spread of fragments. The formation of one
large cluster and five smaller clusters can be observed. In Fig. 16(c), the
obtained results are by coincidence very similar to the case of GB sand
under wet conditions. The raining mass is about 95% and the particle
size distribution is given in Fig. 16(f). Under wet conditions, AT sand
shows the least spread of fragments, Fig. 16(e). Only one large cluster
forms, which contains more than 99% of the remaining mass, Fig. 16(c),
Fig. 16(f).

For both types of sand and for dry as well as for wet contact
conditions, the final configurations were in good qualitative agreement
with the experimental results shown in Figs. 6 till 9. This shows the
successful calibration of the developed DEM model.

The experimental results obtained show a certain scattering and in
the DEM model also non-deterministic components cause a scattering,
i.e. the probability of survival of the particle and the random orien-
tation at which the fragments are inserted after breakage. This can
be seen in Fig. 17, where the results of all conducted simulations are
summarised, using p = 0.1,0.5,0.9. The specimen’s final height over the
remaining mass is shown in Fig. 17(a). The cumulative mass per cluster
is shown in Figs. 17(b) and 17(c) for GB and AT sand respectively.
For GB sand, the difference in both mass remaining and specimen
height is quite large for most of the conducted simulations. However,
two cases with similar results exist, where an unusual spread occurred
under wet conditions and an unusually large cluster formed under dry
conditions. Such cases with unusual results were also observed in the
experimental results, [14]. For AT sand, the results obtained under dry
and wet conditions are relatively similar. In general, fragments spread
is lower and specimen height is larger under wet conditions. Also, for
this sand type, some of the simulation results showed a stronger spread
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Fig. 17. DEM simulations of GB and AT sand under dry and wet contact conditions.

than usual, which could also be observed in the experiments. From the
analysis of the results, no clear influence of the probability of survival
on the final specimen height or the cumulative mass per cluster could
be seen. This is most likely caused by the interaction of the DEM models
other non-deterministic component, the random orientation of inserting

fragments.
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Fig. 18. Analysis of contacts and local stresses with loading plate.

When the obtained simulation results were viewed under zoom,
a problem with very high overlapping of particles became apparent.
Examples are shown in Fig. 18(a) for GB sand under wet conditions
and in Fig. 18(b) for AT sand under wet conditions. The observed high
overlaps are clearly larger for AT sand. The reason for this behaviour
is most likely related to the extremely high stresses in the wheel-rail
contact. A map of local stresses is shown in Figs. 18(c), 18(d) for the
final configurations shown in Figs. 16(b) and 16(e). As the sand grains
of AT sand are smaller, the resulting local stresses are much higher,
which shows in the observed high overlaps. To some extent, these high
overlaps, will also disturb the correct calculation of obtained masses.
An adaption of the developed model is ongoing work. Currently, the
steel plates are simulated as non-deformable, while in experiments

12

Powder Technology 432 (2024) 119150

indentations in these plates were observed (which is also expected
under realistic wheel-rail contact conditions). To simulate the steel
plates as deformable objects which can form indentations and allow for
force transfer between the two metal plates will reduce local stresses,
which is expected to reduce the observed overlaps.

7. Conclusions and outlook

The sanding of wheel-rail contacts is a complex process, whose
adhesion increasing effect is not yet understood on the level of physical
mechanisms. This study is part of a research project, which tries to
improve this understanding: sanded contacts are experimentally inves-
tigated in detail and an advanced DEM model is to be developed. As a
first step, experiments on single sand grain crushing were conducted for
two types of rail sand under dry and wet contact conditions, [14]. These
experiments consisted of initial breakage tests and tests under realistic
wheel-rail contact pressure of 900 MPa. In this work, a DEM model
was developed, which can simulate the aforementioned experiments.
After parametrisation, this model can capture the fragments’ spread in
the initial breakage tests for both types of sand and both dry and wet
contact conditions in a quantitative comparison with the experimental
results. For the high loading tests only a qualitative comparison with
experiments is possible. Still, the spread of fragments and the formation
of solidified clusters is similar in DEM simulation and experiments for
both types of sand and both contact conditions.

The developed DEM model is not limited to study single grain
crushing, but can also be used to study multiple grain interactions
during crushing. This will be a mandatory step from the lab experiment
towards real world application.

Future work will aim to obtain more experimental data to improve
model parametrisation in the high loading tests, e.g. the application
of several lower normal loads to see where the formation of solidified
clusters starts. Also, for the sanding application the shearing behaviour
of the two sand types is very important and small scale shear box tests
are planned to be conducted. Moreover, modelling and experimental
work is planned to include the observed indentations in the steel plates
in the model.
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