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Abstract

In railways, problems in braking and traction can be caused by so-called low-adhesion
conditions. Adhesion is increased by sanding, where sand grains are blasted towards
the wheel-rail contact. Despite the successful use of sanding in practice and extensive
experimental studies, the physical mechanisms of adhesion increase are poorly understood.
This study combines experimental work with a DEM model to aim at a deeper under-
standing of adhesion increase during sanding. The experimentally observed processes
during sanding involve repeated grain breakage, varying sand fragment spread, formation
of clusters of crushed sand powders, plastic deformation of the steel surfaces due to the
high load applied and shearing of the compressed sand fragments. The developed DEM
model includes all these processes. Two types of rail sand are analysed, which differ in
adhesion increase in High-Pressure Torsion tests under wet contact conditions. This study
shows that higher adhesion is achieved when a larger proportion of the normal load is
transferred through sand-steel contacts. This is strongly influenced by the coefficient of
friction between sand and steel. Adhesion is higher for larger sand grains, higher sand
fragment spread, and higher steel hardness, resulting in less indentation, all leading to
larger areas covered by sand.

Keywords: wheel-rail contact; low adhesion; Discrete Element Method

1. Introduction

This work combines experiments and DEM modelling for the investigation of the
adhesion-increasing effect of sanding in wheel-rail contacts. In railways, the large weight
of the train is transferred from its wheels to the rail on small contact patches, resulting
in extreme normal stresses up to 1 GPa and higher. Tangential stresses in the wheel-rail
contact are also extremely high and are caused, for example, by traction and braking. Due
to these high stresses, severe plastic shear deformations occur in the near-surface layers
of wheels and rails [1-3]. These plastic deformations cause crack initiation at the surfaces,
which results in wear. In some cases, initiated cracks grow deeper, leading to macroscopic
cracks known, for example, as head checks on rails.

The transferable tangential force available for traction and braking is limited by the
maximal adhesion coefficient (AC). Furthermore, the AC is also affected by third body
layers (3BLs) embedded between wheels and rails [4-7]; both liquid (water, lubricants, etc.)
and solid (wear debris, iron oxides, leaves, etc.) 3BLs exist. Such 3BLs can cause, under
certain conditions, so-called low-adhesion conditions where the ACs between the wheel
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and rail are below 0.1 [8,9]. Low-adhesion conditions influence the traction and braking
performance of railway vehicles in service. At worst, they can cause safety issues [9,10].
Typical causes for low-adhesion conditions are damp (wet) contact conditions or when the
rail surface is contaminated with leaves [4].

Sanding of wheel-rail contacts has been used for many years to increase the AC and
thus overcome low-adhesion conditions. The process is shown in Figure 1. Sand particles
are sprayed from a nozzle towards the wheel-rail contact. Some particles are expelled
and some are entrained into the contact. The entrained particles fracture repeatedly and
influence the adhesion, also changing the roughness of the wheel and rail. While sanding
does increase the AC under low-adhesion conditions, it can also lead to increased damage
on both the wheel and rail [11].

nozzle

T 0
phase I: i phase II: | phase IlI:
particle entrainment i adhesion: contact legacy

Figure 1. Scheme of wheel-rail contact sanding: sand is sprayed from a nozzle towards the wheel-rail
contact [12].

There are many experimental studies in the field of wheel-rail sanding [13]. Adhesion
coefficients (ACs) are measured under different contact conditions (dry, wet, ...) [14,15],
applying different sands or other particles [16-18], or studying the influence of wheel slip
and rolling speed [19]. Some studies have investigated wheel-rail isolation or wear in
contacts of sand [20-22]. Moreover, the efficiency of sanding systems, i.e., the number of
particles entrained in wheel-rail contact in relation to the total amount of sand released, is
studied in [23,24].

Modelling the wheel-rail contact, in general, is a complex and well-addressed topic in
tribology. There are models based on classical theory [25-35], which assume purely elastic
material behaviour, perfectly smooth surfaces (half-space theory) and tangential stresses
being limited according to Coulomb’s law of friction. Most of these assumptions are not
met in reality. Besides models based on classical theory, extended models can be found in
the literature [36—41] in review articles as well as recent works. However, numerical models
considering local effects in the wheel-rail contact region during sanding are very sparse in
the literature and focus on electrical isolation, as this hinders train detection, potentially
leading to safety problems [42,43] or particle entrainment efficiency [44,45].

Despite the active research in this field, the physical mechanisms causing the change in
ACs under sanded conditions are not yet well understood. Simulation models can help to
increase this understanding, when they include the relevant features of the sanding process.
Sand grains entering the wheel-rail contact will fracture repeatedly, and some of their
fragments will be expelled. During roll-over, the fragments may spread out or stay close
together and they will solidify under the high load and form clusters [12]. Figure 2 shows
two scenarios regarding possible mechanisms of load transfer: Figure 2a presents a sketch
including descriptions and Figure 2b depicts a DEM modelling approach. In the upper
part of Figure 2a, a larger number of sand fragments with a higher fragment spread could
separate the wheel from the rail. In this scenario, the sand slides over metal, which can be
expected to increase AC compared to the unsanded case of sliding wet metal surfaces. In a
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second scenario illustrated in the lower part of Figure 2a, the sand fragments show little
spread, and the resulting compact cluster might indent deeper into wheel and rail surfaces
(affecting roughness) [12]. The AC could be increased, for example, by form closure effects
in combination with a high shear resistance of the compacted sand fragment cluster. The
role of water 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.

sand slides over metal
sand separates metal surfaces
sand cluster

T =X .
...(;;xi‘.@%{({.}\‘% 'ﬁ'ﬂ“"'}""")""“

sand slides over metal

e

metal-metal
form closure + shearing within sand contact

s>t \

-V

-V
(a) Possible mechanisms for (b) Modelling approach in DEM.

increasing adhesion through
sanding.

Figure 2. Sanded wheel-rail contact. (a) Possible mechanisms of adhesion increase; (b) modelling
in DEM.

Two very recent and different approaches have emerged, aimed at modelling the
wheel-rail sanding process using DEM.

In [46], a DEM model of sanded High-Pressure Torsion (HPT) tests under dry condi-
tions is presented. A sand grain is modelled using bonds between equally sized spheres,
which allow for breakage of the particle. The wheel and rail specimens are modelled as
an undeformable plate and a regular grid of spheres, respectively. Contact between the
wheel and rail specimens is ignored. Under dry conditions, experimental results show
little difference in adhesion between the sanded and the unsanded cases. The simulation
results are in good agreement with the measured adhesion. Furthermore, variations in
bond parameters, in initial sand grain size and number of sand grains in the test, are
shown. The bond parameters naturally influence the breakage behaviour, and the bond
stiffness also has a strong influence on the simulated adhesion. With increasing initial sand
grain size, the simulated adhesion decreased, while this effect could not be seen in the
experimental results.

In [12,47,48], the authors started to build a DEM model of wheel-rail sanding. At first,
for two types of rail sand, single-grain sand crushing tests were conducted under dry and
wet contact conditions [12]. In initial breakage tests and high-loading tests under a realistic
wheel-rail load of 900 MPa, the spread behaviour of sand fragments was investigated.
High fragment spread can lead to the ejection of a certain amount of sand fragments from
the wheel-rail contact; thus, a reduced number of fragments remains inside and potentially
increases adhesion. Under dry contact conditions, a rail sand used in Great Britain, called
GB sand, showed high fragment spread while it showed low spread under wet conditions.
On the contrary, a rail sand used in Austria, called AT sand, showed low fragment spread
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both under dry and wet conditions. In the high-loading tests under wet conditions for both
rail sands, large clusters of solidified sand fragments formed. High-resolution 3D scans
of these sand clusters and the supporting steel plate showed indents in the steel plates
caused by sand clusters in prior tests. This confirms that the form closure effects depicted
schematically in Figure 2 might play a role in adhesion increase.

In [47], a DEM model of these sand crushing tests was developed and parametrised.
Particle breakage is modelled via the replacement method. Sand grains and fragments
are modelled as spheres with blocked rotation. A method from the literature [49] is
adapted to achieve mass conservation during breakage and a different spread of fragments
between both types of sand. After replacement, the fragments are placed with a high
degree of overlapping to ensure mass conservation. Freezing steps allow dissipation of
most of the artificial energy introduced by the fragments’ initial overlap. The definition
of an appropriate condition for unfreezing, thus resuming the normal simulation, allows
control of fragment spreading. The mechanism of the experimentally observed formation
of clusters is modelled phenomenologically by including cohesion, where the cohesion
coefficient is much greater than in normal cohesive materials. Under wet contact conditions,
the spread of fragments was reduced [12], which can be modelled efficiently by adding
a drag force following Stokes’ law to each particle. For both types of rail sand and both
dry and wet contact conditions, a good agreement between experiments and simulations
was achieved regarding the sand fragment spread and formation of clusters. As a first step,
in [47], the steel plates were modelled as undeformable plate objects.

In [48], the DEM model was extended with the experimentally observed indentation
of steel plates during crushing [12]. The starting point was the method presented in [50],
which allows for the DEM simulation of plastic wear of a surface caused by an indenter
sphere. The surface was modelled by a regular hexagonal grid of non-overlapping spheres,
and the indenter sphere is several times larger than the surface spheres. When the stress
at a surface sphere is higher than its given hardness H, then the surface sphere is moved
vertically to ensure surface grid regularity. The method is similar to an ideal plastic material
law. This model from the literature was adapted in [48] to allow the surface to be indented
by a granular material under vertical loading. The representation of the surface using
different overlapping and non-overlapping regular grids was investigated for two test
cases with purely elastic and elastic—(ideal-)plastic behaviour. Experimental measurements
on spherical indentation were conducted to calibrate the hardness parameter H. As a proof
of concept, a sand grain is crushed and loaded up to 900 MPa between indentable steel
plates by combining the developed models of [47,48].

This study continues the previously described works of the authors. In sanded HPT
tests under wet conditions, both types of rail sand increase adhesion but to a different
extent. The mechanisms of adhesion increase and the reasons for the observed differences
between the sand types cannot be studied with current experimental availabilities. Hence,
to enhance understanding of these processes, the developed DEM model is used to simulate
crushing and shearing of both types of rail sands in an HPT test under wet conditions. In
the DEM model, a variation in parameters, e.g., allows to change fragment spread during
breakage or the coefficient of friction during sliding and to study the influence on the
simulated adhesion coefficient. Moreover, the DEM model allows to study all particle
and contact details, e.g., mobilised friction, area of the bottom specimen covered by sand,
transfer of normal force through sand-—steel or steel-steel contacts and so on. The knowledge
gained is used to explain mechanisms and factors increasing the simulated adhesion and
the differences between GB and AT sand. Simulation results will be compared qualitatively
with existing and new measurements from HPT tests. Agreement with experimental
findings increases trust in the DEM simulations and the conclusions drawn from them.
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This work is organised as follows. In Section 2, experimental results of HPT tests
under wet conditions are shown together with high-resolution 3D scans of the surfaces,
showing the formation of clusters of sand fragments and their indents in the metal surface.
Section 3 summarises the developed DEM model, including relevant mechanisms and
parameters. Simulation results of unsanded and sanded HPT tests are shown in Section 4.
Both types of rail sands are studied and parameter variations reveal factors influencing
simulated adhesion. The final section contains conclusions and an outlook.

2. Experimental Results of High-Pressure Torsion (HPT) Tests

In this section, previously conducted HPT tests will be summarised, and new measure-
ment results will be presented. Rail sands from Great Britain (GB) and Austria (AT) are used
in this study. In [51], these rail sands were studied in detail, including particle characterisation
and sanded HPT tests under dry, wet and contaminated (leaf layer) conditions.

The HPT test has previously been used as a laboratory model of the wheel-rail contact.
The HPT rig compresses a square bottom plate onto a ring-shaped top specimen to create
an annular contact. The annular contact has an inner diameter of 10.5 mm and an outer
diameter of 18 mm. After the application of a specified normal load, corresponding to
a contact pressure of 900 MPa, a torque is applied to the bottom plate and rotated at a
low speed (< 1 mm/s) for a set angle of rotation. A schematic of this device is shown
in Figure 3a. Initially, the surface deforms elastically until part of the surface plastically
deforms and the contact surfaces begin to slip against one another. To ensure repeatability
and a realistic state of both the top and bottom specimens, they are run together to fully
condition (shakedown) the surfaces. For wet contact conditions, 20 pL of distilled water
is added using a pipette. The sand particles are placed by hand, 0.025 g for each test; see
Figure 3b for an example. Full details on the testing procedure are given in [51].

—— GB sand, d=1.42mm
AT sand, d=0.98mm

adhesion coefficient

7 T T T T
0.0 0.1 0.2 0.3 0.4
displacement [mm]

(b) sand manually placed on the (c) measured adhesion coefficient under wet
bottom HPT sample contact conditions

Figure 3. HPT test details and measurement results under wet conditions, using average sand grain
sizes: GB d5p = 1.42 mm, AT dsg = 0.98 mm. Results taken from [52].

HPT measurements under wet conditions conducted in [51] are shown in Figure 3c. In
these tests, the bottom plate was made of R260-grade rail, and the top specimen was made
of R8T-grade wheel. The tests were conducted using medium-sized sand grains. For GB
sand, dso = 1.42 mm, 0.025 g of weight resulted in four to five sand grains being placed.
AT sand is smaller, dsp = 0.98 mm; thus, about 19 sand grains were used to reach the same
weight of 0.025 g. For both AT and GB sand, three measurements of the adhesion coefficient
were conducted. Although some scattering can be seen in the measured adhesion, GB sand
shows generally higher adhesion values than AT sand. For both types of sand, adhesion
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increases only slowly after a shear path of 0.2 mm. The final adhesion values range between
0.59 and 0.63 for GB sand and 0.48 and 0.55 for AT sand.

As the sizes of the used grains of AT and GB sand are expected to influence the
measured adhesion, new HPT tests are conducted for this study using the same grain
size for both types of rail sand, 4 = 1.18 mm. Using the same weight of 0.025 g, 10 sand
grains are placed for each test; see Figure 4a. The colour of the GB sand grains varies
between black, grey, brown and yellow, possibly indicating different behaviour of the
grains in the tests. The AT sand grains are much more homogeneous in their colour. For
better comparison with the simulations presented later, both top and bottom specimens are
made from R260-grade rail steel. Using the same procedure as before to run the surfaces
together, for each type of sand, three measurements are conducted, and results are shown
in Figure 4b. Comparing the tests in Figure 3c with those in Figure 4b, a noticeable change
in the shape of the curves is apparent. This difference is most likely due to the different
specimen materials being used in the test. In the tests shown in Figure 3¢, an R260 steel
(rail steel) bottom specimen and an R8T steel (wheel steel) top specimen were used, whilst
the tests in Figure 4b used R260 for both top and bottom specimens. This difference in
material matching may have influenced the run-in process: in the tests shown in Figure 3c,
the softer R8T on the harder R260 conditioned the surfaces to the limit of their plasticity,
whereas the tests in Figure 4b may have conditioned the surfaces beyond this limit of their
plasticity. Matching surfaces have been found to result in higher friction values, and the
higher friction values between both R260 samples may have caused the tangential force
to be exerted in the contact to exceed this plasticity limit. While this makes it difficult to
compare the tests in Figure 3c and Figure 4b, it can be observed that the relative differences
between GB and AT sand remain broadly the same.

0.7

—— GB sand, d=1.18mm

—— AT sand, d=1.18mm
0.6

adhesion coefficient
o o o
w £y w
| 1 f

o
[N}
|

o
-

0.0 -

T T T T T
0.0 0.1 0.2 0.3 0.4
displacement [mm]

(a) Sand placement on bottom HPT sample, left GB sand, right AT. (b) Measured adhesion coefficient under wet contact

conditions.

Figure 4. HPT test details and measurement results under wet conditions using a sand grain size of
d = 1.18 mm for both types of rail sand.

After the HPT tests, a non-contact imaging and measuring tool named Alicona Infinite-
Focus SL is used to perform high-resolution 3D scans of the top and bottom specimens.
Scans are taken directly after the tests, with crushed sand clusters sticking to the surfaces,
and after cleaning, with the surfaces showing indentations under these clusters. The scans
had a vertical resolution of 500 nm. Examples of these scans are shown in Figure 5, with
different colours indicating the sample height in um. Note that the data created in the new
measurements is publicly available at https://doi.org/10.5281/zenodo.15370620. For GB
sand, Figure 5a,c show the state after the tests. Out of ten sand grains placed in the test, five
formed smaller or larger clusters, while the remaining five grains had a higher fragment
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spread during crushing and/or shearing. After cleaning the metal surfaces, Figure 5b,d
each show one larger indent formed under a sand cluster, and several small indents can
be seen. From the three tests conducted with GB sand, the maximal indentation depth
ranged between 80 um and 160 pm. The difference in fragment spread of single grains of
GB sand could be related to different mineral compositions, which could be the reason for
the different colours of the grains.

Height

m
150-'

100-

(a) Top specimen with GB sand. (b) Top specimen (a) after cleaning.

Height
um

St S sool
= 2 450

sand cluster 400
350+
300]

250

200

150

100

50

0

Height
pm

60"

(c) Bottom specimen with GB sand.

Height
pm

zoo-l

150~

sand cluster 1004

Height
pm

120'

100+
80~

sand cluster ! 3 — "‘3!
20
y

(g) Bottom specimen with AT sand. (h) Bottom specimen (g) after cleaning.

Figure 5. Alicona scans of top and bottom specimens after HPT tests under wet conditions using GB
and AT sand. Shown are scans taken directly after the tests with sand clusters still attached to the
surfaces: GB sand (a,c), AT sand (e,g), and the same surfaces after cleaning the sand (b,d,fh).
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The AT sand showed considerably less fragment spread and formed much larger
clusters of sand fragments. It seems that almost every sand grain placed formed a cluster,
which then covered the metal surfaces; see Figure 5e,g. At the cleaned top and bottom
specimens, as shown in Figure 5f h, there are ten indents, which will most likely belong to
the ten sand grains placed in the test. The maximal indentation depths seen in the three
tests conducted for AT sand were comparable to those from the tests with GB sand and
ranged between 80 um and 160 pm.

These results show the differences in the crushing and spread of fragments between
both rail sands. For GB sand, fragment spread is higher, a lower number of large clusters
form, and smaller numbers of sand fragments indent top and bottom specimens. For AT
sand, each sand grain forms a cluster and indents over a larger area in the metal surfaces.
The observed indentation depth is comparable for both types of sand. The differences
in fragment spread between both sand types are consistent with previous experimental
findings [12].

3. DEM Modelling of a Sanded Wheel-Rail Contact

The main objective of developing the DEM model was to include all the above-
mentioned experimental observations. In Section 4, the DEM model will be used for
shearing simulations, investigating the mechanisms of adhesion increase and differences
between GB and AT sand. Involving all available experimental findings makes the DEM
simulations and the conclusions drawn from them more reliable.

This section contains a summary of the DEM model developed in [47,48], which will
be used for simulations of the HPT tests in the following section. The software used for
all DEM simulations is YADE [53,54]. YADE is open-source and utilises the soft contact
approach together with explicit time integration.

In [47], the focus was on modelling sand grain crushing and the resulting spread
of fragments, which were observed in experimental works, [12]. The sand grains were
crushed between steel plates, which were modelled as rigid plates in [47]. Experimental
results from both single-grain crushing tests and HPT tests showed that the crushed sand
fragments can indent in the steel surface. This effect was believed to play an important role
in the shearing and adhesion-increasing mechanisms. Therefore, in [48], a DEM surface
indentation model from the literature was extended such that a sand grain can be crushed
between two indentable steel plates.

The sand fragments are modelled as spheres and using the Hertz-Mindlin contact
law with viscous damping [55]. As real sand grains and their fragments are clearly non-
spherical, it is necessary to restrict the sphere’s rolling in the DEM model. In the literature,
rolling resistance models have been formulated and successfully applied to different appli-
cations, e.g., [56-59]. However, these models introduce at least one additional parameter
to the DEM model, which can lead to ambiguous parameter combinations if no proper
experimental data is available, even for cohesionless material without external load; see [60].
To avoid this problem, in [47], it was decided to block the spheres’ rotation completely.

The crushing of the sand grain was modelled via the particle replacement method [61-63].
If a sphere breaks, it is replaced by 20 fragments (with varying sphere diameters) of the same
mass, which are placed with a high degree of overlapping in the volume of the broken sphere.
This avoids the problem of mass loss due to repeated breakage but requires a special
numerical treatment to avoid high overlaps, which lead to unrealistically high particle
accelerations and velocities. In [47], a method was presented which avoids this problem
and at the same time allows control of the spread of the newly created fragments. After
the replacement of a broken particle, the system goes into a freezing mode. For a certain
time period tp, only the newly added particles and their neighbours are allowed to move.
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During this time, the initially high overlaps of the newly added fragments can reduce, and
the system can tend towards equilibrium. The freezing mode is ended when the maximal
velocity in the system is below a model parameter V}, and the simulation proceeds. Higher
or lower values of V}, will result in higher or lower spread of fragments. To avoid infinite
breakage of particles under the applied high load, a radius R;;,, is introduced in the model,
below which particles are considered unbreakable.

The formation of clusters of sand fragments is mimicked in the DEM model by adding
cohesion to the Hertz-Mindlin contact law. A simple cohesion model is that of Derjaguin—
Muller-Toporov (DMT) [64], which uses 7 to represent a cohesion parameter. To model
the observed change in the behaviour of the sand fragments from initially cohesionless
to cohesive, the cohesive force is only activated if one of the contact partners has a radius
below a parameter R,,. It is important to note that the value of v used here is not in the
same order as for natural cohesive granular materials. This is because the cohesion was
used as a substitute to represent the observed behaviour of sand cluster formation.

In the experiments, under wet contact conditions, the spread of fragments was reduced
compared to dry contact conditions. In the DEM model, an efficient way to model this
effect is to add a drag force, Fy44, following Stokes” law to each particle, given by

Fdrag:67f7770/ 1)

where r is the particle’s radius, v its velocity and # the dynamic viscosity. As the assump-
tions for deriving Stokes’ law are not entirely given—e.g., Stokes’ law considers laminar
flow—the parameter 77 will be calibrated to experimental results.

All aforementioned parameters of the DEM model for both GB and AT sand can be
found in Tables 1 and 2.

Table 1. Parameters of Hertz—Mindlin contact law for both GB and AT sand as well as steel.

Material Young's Modulus E [GPa] Poisson Ratio v [-]  Coeff. of Friction # [-] Density p {%} Coeff. of Restitution e, [-]
GBsand 86.5 0.3 0.5 2650 0.5

ATsand 79.1 0.3 0.7 2650 0.3

steel 200.0 0.28 0.2 7833

Table 2. Further parameters of developed DEM model for both GB and AT sand; see [47] for details.

Sand Vi [T 1 [Pas] Ry [um] v {%] R, [um]
GB 0.12 0.012 64 800 100
AT 0.08 0.012 53 800 125

The steel plates are represented in the DEM model using the surface indentation
model presented in [48]. The plates themselves are modelled as a regular hexagonal grid
of overlapping spheres of radius ;. The contacts to the sand fragments and the second
steel plate are again realised using the Hertz-Mindlin law. These spheres can be vertically
indented, when they are subjected to vertical stress higher than their hardness H. Spherical
indentation tests were used in [48] to parametrise a DEM model. The same set-up will be
used here: steel spheres have a radius of rs = 0.15 mm and an overlap of ov = 1.5 (see [48]
for the definition).

The developed DEM model involves all processes observed in HPT tests: sand grain
crushing with different fragment spread behaviour between GB and AT sand, formation of
solidified clusters under high load and indentation of these clusters into the steel surfaces.
Simulation results are in qualitative agreement with the results of single-grain crushing
tests and high-loading tests from [12].
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4. HPT Test Simulation Under Wet Conditions

The DEM model described in the previous section will now be used to simulate
wet HPT tests. After general comments, unsanded HPT tests are simulated for later
comparison. Then, sanded HPT tests are simulated; split into the crushing and shearing
phase. The shearing phase involves a detailed study on the influence of several parameters
on simulated adhesion. Adhesion-increasing mechanisms as well as differences in adhesion
increase between GB and AT sand are discussed in detail. Comparing simulation results
with the experimental results from Section 2 shows qualitative agreement, which increases
trust in DEM simulations and the conclusions drawn from them.

In the DEM model, the whole geometry of the HPT test specimen is not simulated;
instead, only an area of 10 mm x 10 mm, which is roughly the area of the wheel-rail contact
patch, is modelled. The model has no intrinsic restrictions on simulating this domain size or
a single sand grain. A simulation of the whole HPT contact area with multiple sand grains
is possible but would be computationally expensive. In the HPT tests, first the normal stress
of 900 MPa (i.e., 90 kN normal force) is applied, and then, the specimen is sheared under
constant normal stress. During the application of the normal load, the surface indentation
model is active, such that the sand fragments can form indentations in the steel plates.
It is assumed that no further surface indentation takes place during the shearing phase.
Therefore, the surface indentation model is disabled before the shearing starts.

4.1. Unsanded HPT Test

As a first step, simulations of unsanded HPT tests under wet conditions are conducted.
They will serve as a reference for the adhesion-increasing effect of the sanding process later
on. The two steel plates, modelled as a regular hexagonal grid of overlapping spheres, were
placed on top of each other, loaded normally and then sheared. The simulated adhesion
coefficient was calculated as the sum of forces on the top plate in the shearing direction,
divided by the applied normal load. In the first try, this approach led to huge variation in
the simulated adhesion coefficient over the shear path. The values ranged between 0.0 and
0.5, when the steel-steel coefficient of friction was 0.2. As both steel plates are modelled as
identical regular hexagonal grids of overlapping spheres and were placed exactly on top of
each other, this leads to a strong variation in the number of contacts, causing the described
variation in the adhesion coefficient due to geometrical effects (repeated interlocking of the
two rough surfaces). This problem could be drastically reduced by generating the grid of the
top steel plate with a rotation angle of 10° around an axis perpendicular to the shear plane.
This rotation reduces the mentioned geometric interlocking effect, thereby decreasing the
variation in the number of contacts during shearing. As a result, the simulated adhesion
coefficient ranges between 0.18 and 0.22, as shown in Figure 6.

0.5 4 = identical grid
rotated grid

0.4 4

0.3+

024

adhesion coefficient [-]

0.1+

0.0

T T i
0.0 0.1 0.2 03 0.4 0.5
shear path [mm]

Figure 6. Unsanded HPT test: simulated adhesion coefficient for two grid relative orientations. The
inset shows a cut through the rotated grids. Dark orange: left part of rotated top plate; light orange:
right part of bottom plate.
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4.2. Sanded HPT Tests: Crushing Phase

The first step of sanded HPT tests is the application of pure normal stress. This subsection
deals with the simulation of the crushing of GB and AT sand grains under varied parameters.
For both sand types, two sizes of the initial grain will be considered. Following the measured
particle size distribution (PSD) curves for both sand types given in [51], sizes corresponding
to 25%, 50% and 75% passing are chosen; see Table 3. The grain size corresponding to 25%
passing will be noted as S, 50% passing as M and 75% passing as L. The cohesion activation
radius R, is also varied as it strongly influences fragment spread. For the different initial sand
grain sizes considered, R, is scaled linearly from values stated in [47]. This ensures similar
spreading behaviour of the different initial sand grain sizes. Additionally, R, is set to 1 m,
meaning that all fragments are cohesive from the first breakage incident. In the first case,
there will be a certain amount of scattering of the sand fragments, while in the second case,
the sand fragments will stay together, forming one large cluster, which then indents deeper
in the steel plates. The hardness of the steel plates will also be varied, to study the effect of
indentation depth and possible form closure under shearing. These three influencing factors
will be varied during the normal loading step with the fully loaded configuration saved.

Table 3. Variation in parameters in the crushing phase for both GB and AT sand.

Parameters GB Sand AT Sand
. 1.18 (S: 25%), 0.98 (M: 50%),
grain size [mm] 1.43 (M: 50%) 1.18 (L: 75%)
hesi i dius R,, [um] low: S: 77, M: 100, low: M: 125, L: 150,
cohesion activ. radius Ky KM high: S&M: 10° high: S&M: 10°
hardness H [GPa] 25,10 2.5,10

For GB sand, the indented steel plates, as well as the formed sand clusters for the
parameter combinations, are shown in Figure 7. Additionally, the maximal indentation, the
indentation volume and an estimation of the area covered by sand fragments are given. For
both grain sizes S and M, the effects of varying R, and H show the same trend. While for
R, = 77/100 um, there is some scattering of the sand fragments, in the case of R, = 1 m,
one large cluster of sand forms with only very few fragments spreading out; compare the
given sand-covered area in the figure. The spread of fragments is linked to the maximal
indentation of the steel plates for both hardness values. The case of spreading fragments
shows considerably less (about half) maximal indentation than the case of one sand cluster
forming. Regarding the indentation volume, also given in the figure, the effect is different.
For the softer steel plates, H = 2.5 GPa, the indentation volume is almost independent of R.,,
meaning that the sand fragments are fully enclosed and both steel plates are massively in
contact. This will also be confirmed by later analysis. For the harder steel plates, H = 10 GPa,
simulations with high fragment spread show considerably less indentation volume than
simulations with R, = 1 m, where one large cluster forms.

For AT sand, the results of the parameter variations are shown in Figure 8. As AT
sand is in general smaller than GB sand, here sand grain sizes M and L are considered; see
Table 3. This will allow an interesting comparison between both sand types in later sections,
as GB S and AT L have the same size. In experiments, AT sand showed less fragment
spread than GB sand. This is reflected in the DEM model by parameters involved in the
breakage phase, R, V}, but also by the chosen friction coefficient for sand-sand particles,
Hsasa- Therefore, in Figure 8, the resulting sand areas for low and high R., values differ less
than for GB sand. The maximal indentation values are lower for simulations with more
fragmentation spread, i.e., low R, values. Thus, the same trend is seen as for GB sand. The
indentation volume depends only on the steel hardness H and on the initial sand grain size.
As R, shows nearly no influence, it can be concluded that both steel plates are massively in
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contact and enclose the sand fragments. The reason is the smaller initial sand grain size

and the reduced fragmentation spread, compared to GB sand.
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max. ind. =0.14 mm,
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(f) GB sand, size M, R, = 100 um, H = 10 GPa

max. ind. = 0.15 mm,

S sand area 12.7 mm?
d. vol. 1. T

(h) GB sand, size M, Ry = 1m, H = 10 GPa

Figure 7. GB sand: simulated state of crushed sand grain under 900 MPa normal stress before start

of shearing. Parameter variations for initial sand grain sizes S and M: cohesion activation radius
R, = 77/100 um, 1 m and hardness of steel plate H = 2.5,10 GPa. Shown are the indented steel
plates and the formed sand clusters, all on the same size scale.
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(h) AT sand, size L, Ry = 1m, H = 10 GPa

Figure 8. AT sand: simulated state of crushed sand grain under 900 MPa normal stress before start

of shearing. Parameter variations for initial sand grain sizes M and L: cohesion activation radius
R, = 125/150 um, 1 m and hardness of steel plate H = 2.5,10 GPa. Shown are the indented steel
plates and the formed sand clusters, all on the same size scale.
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4.3. Sanded HPT Tests: Shearing Phase

The saved configurations from the crushing simulations will be loaded and used as
initial states for the shearing simulations. The next subsection investigates the variation
in parameters in the shearing phase for two initial configurations of GB sand. In the
second subsection, the results of shearing simulations for both types of sand for all initial
configurations will be presented.

4.3.1. Parameter Variations in the Shearing Phase

For the shearing phase, the most influential parameters are expected to be the co-
efficients of friction between sand particles, yg,5,, and between sand particles and steel,
Usast; see Table 4. The friction coefficient for steel-steel contacts is always 0.2, as wet
conditions are considered; see HPT test results in [51]. To study the effect of parameters
during shearing, two initial configurations are chosen: GBS, R = 77 um, H = 2.5 GPa and
H = 10 GPa; see Figure 7a,b. In the case of H = 2.5 GPa, the sand fragments indent deeper
in the steel, resulting in contact between the two steel plates. In contrast, for H = 10 GPa,
steel indentation is much lower, and the steel plates are separated completely. Note that the
case of fully separated steel surfaces, over a longer period of time, is very rare in practical
wheel-rail sanding and could also lead to problems in train detection. However, in the
chosen simulation setting, this case occurs.

For further analysis, it will be important to understand what proportion of the normal
force of 90 kN is transferred through steel-steel and sand-steel contacts. Furthermore,
the coefficient of mobilised friction in the different contact groups, steel-steel, sand—steel
and sand-sand, will be important. Mobilised friction is calculated for each contact as the
tangential force divided by the normal force and then averaged for each contact group,
me =4 YN, % Thus, mobilised friction ranges between 0 (no tangential force transferred)
and p (meaning all contacts are sliding).

Table 4. Variation in parameters in the shearing phase for GB sand.

Parameters GB Sand
friction coefficient sand-steel g, [-] 0.2,05,1.0
friction coefficient sand—sand .3, [-] 0.5,1.0

Figure 9 shows the simulation results for five combinations of friction coefficients.
Figures 9a,b are structured as follows: The first subplot shows the adhesion coefficient
over the shear path. The following two subplots have two y-axes. The second subplot
shows, on the left y-axis, the coefficient of mobilised friction for steel-steel contacts and,
on the right y-axis, the normal force transferred through steel-steel contacts. The third
subplot shows the same information for the sand-steel contacts. In the fourth subplot, the
coefficient of mobilised friction for sand-sand contacts can be seen. Also shown in Figure 9
are cuts through the initial and sheared samples. The considered friction coefficients are as
follows: pg,s, = 0.5 in combination with yg,g; = 0.2,0.5,1.0 and additionally pg,s, = 1.0
in combination with pg,s; = 0.5, 1.0.

It is easier to discuss Figure 9D first, as here the steel plates are separated and no
steel-steel contacts occur. The simulated adhesion coefficients are similar for simulations
with the same yg,s;, while variations of ug,s, have little influence. For the lowest value
of pgssr = 0.2, the simulated adhesion is 0.23. Increasing pg,s; to 0.5 and 1.0 increases
adhesion to 0.58 and values above 1, respectively. The sand-steel contacts transfer the
complete normal load of 90 kN, and their mobilised friction (nearly all sand—steel contacts
are sliding) is directly correlated with the adhesion values. In contrast, an increase in the
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(b) Simulated adhesion and mobilised friction in different contact

groups for H=10 GPa.

(d) Cut through initial and sheared sample for
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Figure 9. Sanded HPT tests: variation in coefficient of friction. Initial configurations belong to GB

sand with sand grain size S, R, = 77 um and steel plate hardness H = 2.5,10 GPa.

In all simulations with H = 10 GPa, the simulated adhesion values are roughly

10% higher than the pug,s; friction coefficients. This could be caused by form closure

effects introduced by the indentations or by the artificially introduced roughness from

modelling the steel plates as a regular grid of spheres. This point will be addressed later. For
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visualisation, Figure 9d contains a cut through the initial and sheared samples. Indentations
are relatively low due to the high hardness of 10 GPa. The separation of the steel plates
remains during the shearing.

In the simulations shown in Figure 9a, steel-steel contacts are present, and the simu-
lated adhesion values are mostly lower than in the case without steel-steel contacts. In all
cases, steel-steel contacts are fully sliding as mp = 0.2. Mobilised friction values for both
sand-steel and sand—sand contacts are similar to the case without steel-steel contacts. The
applied normal load is constant, and as the normal force transferred through steel-steel
contacts decreases with increasing shear path, it increases for sand—steel contacts. In gen-
eral, simulated adhesion values are determined by the mobilised friction values between
steel-steel and sand—steel contacts together with the fraction of normal force transferred
in both contact groups. In all cases with steel-steel contacts, the transfer of normal force
through steel-steel contacts reduces the simulated adhesion values in comparison to the
case without steel-steel contact. Again, Figure 9c shows the cut through the initial and
sheared sample for H = 2.5 GPa. Due to the lower hardness, indentations are much larger
compared to Figure 9d. What is more difficult to see might be the increase in sand-steel
contacts/contact area during shearing, which causes the increase in simulated adhesion
over the shear path.

In cases where the crushed sand grain fully separates the steel plates, as shown in
Figure 9b, the reason for the adhesion coefficients being higher than the pg,g; friction coef-
ficients needs to be found. Possible reasons would be form closure effects resulting from
the indentations or the artificially introduced roughness from modelling the steel plates.
For this investigation, the previous simulation of yg,s, = pssst = 0.5 and H = 10 GPa
is compared to a new simulation of yg,5, = pszs: = 0.5 where the steel plates are unde-
formable, meaning that no indentations occur. From the results shown in Figure 10, it is
quite clear that the artificial roughness of the steel plate causes the observed increase in
adhesion above yg,s; values, and form closure effects are negligible. The roughness of
wheel and rail specimens in the experiment and their modelling in the simulation need
further investigation.

0.5
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w
L

adhesion coefficient [-]
e
¥
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0.0 { == H=10GPa === undeformed
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0.00 0.25 0.50 075 100 125 1.50 175 2.00
shear path [mm]

Figure 10. Simulated adhesion over shear path: GB sand with grain size S, Ry = 77 um, pg,5 = 0.5.
Comparison of a deformable steel plate with H = 10 GPa and an undeformable steel plate.

In the simulations conducted, adhesion ranged between 0.23 and 1.1 for the two initial
configurations considered and the different values of coefficients of friction for yg,s, and
Usast. For both initial configurations, the simulated adhesion increased considerably with
increasing ps,s; and slightly with increasing pgs,s,. To choose coefficients of friction for
further simulations, a brief comparison of measured adhesion is performed, as shown in
Figure 4b. The parameter combination closest to the experimental results is yig,5; = 0.5 and
Usasa = 0.5, and thus, these values will be used from now on.
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4.3.2. Shearing of GB and AT Sand

In this subsection, all results from the crushing simulations in Section 4.2 will now
be sheared, and the influence on simulated adhesion will be studied; see Table 3. In
all shearing simulations, friction coefficients between sand and steel particles are set as
Usast = 0.5. Sand-sand friction coefficients remain unchanged from their values in [47]: GB
sand pg,s, = 0.5 and AT sand pug,s, = 0.7.

Sand grain crushing, fragment spread and the resulting indentation of steel plates
naturally involve a certain amount of randomness. The DEM simulations also involve
randomness: after each breakage event, the broken particle is replaced by a set of fragment
particles, which are rotated randomly. Therefore, for each parameter combination in
Section 4.2 of sand grain size, hardness and R.,, repeated simulations of sand grain crushing
and shearing are conducted.

The simulation results for GB sand are shown in Figure 11. Here, Figure 11a,b show
simulated adhesion and normal force transferred through sand—steel contacts over the shear
path of 2 mm for both initial sand grain sizes. Figure 11c shows correlations of the adhesion
coefficient with the normal force transferred through sand—steel contacts, the indentation
volume divided by the initial sand grain volume and the area covered by sand fragments
at the end of the simulations at 2 mm shear path. For the considered initial configurations,
the adhesion coefficient ranges between 0.25 and 0.55 over the shear path of 2 mm. The
main difference between the initial configurations is the amount of applied normal force
transferred through sand-steel contacts. In Figure 11c, a strong linear correlation is seen
between this normal force and the adhesion coefficient for all considered simulations. How
normal force is transferred depends on the steel hardness H, the size of the sand grain and
the spread of fragments during grain crushing, influenced by R,.

All simulations with H = 2.5 GPa, with blue curves and symbols, show a higher
relative indentation volume; see Figure 11c. Note that the relative indentation volume goes
up to 165% because the crushed sand fragments form a polydisperse sphere packing; thus,
the volume is higher than that of the initial sand grain. At the shear path of 2 mm, the area
covered by sand is almost independent of H but strongly dependent on R, and the initial
sand grain size. Thus, for simulations with H = 2.5 GPa and R, = 1 m (dark blue), one
sand cluster forms, with low values of sand-covered area and high relative indentation
volumes. This leads to massive contact between the steel plates and low amounts of normal
load transfer through sand-steel contacts, resulting in low adhesion values. As the larger
sand grains have a higher sand-covered area, here adhesion is slightly higher than for the
smaller grain size.

In simulations with H = 2.5 GPa and low R., values (light blue), the relative indenta-
tion volume is high, but there is more fragmentation spread and thus a larger sand-covered
area. Depending on the initial sand grain size, this allows for a higher amount of normal
force transferred by sand-steel contacts and results in increased adhesion coefficients com-
pared to the previous case. These simulations show a higher variation in adhesion, which
naturally stems from the possibility of fragment spread. For a small initial grain size, the ad-
hesion values reach up to 0.4, while for the medium grain size, two out of three simulations
reach (nearly) maximal adhesion values and (nearly) separate the metal surfaces.

The simulations of the harder steel plates, H = 10 GPa, with green curves and symbols,
show full separation of the steel surfaces and maximal adhesion values around 0.55 for
medium-sized grains and for small grain sizes with low R, values. The higher hardness
leads to clearly reduced relative indentation volumes, while the sand-covered area is almost
independent of H and depends only on R., and the initial sand grain size. It can be seen that
sand-covered areas above 18 mm? combined with low relative indentation volume leads
to steel surface separation; i.e., the entire normal force is transferred through sand-steel
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contacts and results in adhesion values around 0.55. For small initial sand grain size and
R, = 1 m, the sand clusters being formed have low values of sand-covered area, and
despite the low relative indentation volume, steel surfaces are not separated. The resulting
adhesion values range between 0.45 and 0.5 at the end of the simulation.
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area covered by sand fragments at 2 mm shear path

Figure 11. GB sand: simulated adhesion over shear path and adhesion correlations for grain sizes
S, M, hardness H = 2.5,10 GPa and cohesion activation radius R, = 77/100 um, 1 m. For each
parameter combination, three repetitions are simulated.

The same evaluation for AT sand can be found in Figure 12 for both initial sand grain
sizes M and L. The simulated adhesion values for AT sand range between 0.22 and 0.52
and are in general lower than for GB sand. The lower adhesion values are accompanied by
lower values of normal force transferred by sand—steel contacts. This force and simulated
adhesion coefficients show, again, a strong linear correlation; see Figure 12c.
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Figure 12. AT sand: simulated adhesion over shear path and adhesion correlations for grain sizes
M, L, hardness H = 2.5,10 GPa and cohesion activation radius Ry, = 125/150 um, 1 m. For each
parameter combination, three repetitions are simulated.

The simulations of softer steel plates, H = 2.5 GPa (blue curves and markers), have
high relative indentation volumes around 140%. As AT sand is smaller than GB sand and
shows less fragment spread, the sand-covered area is clearly lower than for GB sand. It
increases with sand grain size and decreasing R., values. The combination of high relative
indentation volume and low sand-covered area leads to a low amount of normal force
being transferred through sand-steel contacts. This results in adhesion values below 0.32.

The simulations with H = 10 GPa (green curves and markers) clearly have lower
relative indentation volumes at around 80%. The sand-covered area shows the same
dependencies on initial sand grain size and R, as before, but values are often slightly
higher for the harder steel plates than for the softer ones. In this combination, the amount
of normal force transferred through sand-steel contacts is higher and results in higher
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adhesion values. As the relative indentation volume is nearly constant, adhesion increases
with increasing sand-covered area.

With this simulation model, high adhesion values can be achieved with higher steel
hardness, larger sand grains and some spread of fragments during crushing. Maximal
adhesion values occur for fully separated steel plates.

4.4. Sanded HPT Test: Comparing Results for AT and GB Sand to Experiments

In this subsection, simulation results will be compared with the HPT tests presented in
Section 2. A quantitative comparison is not possible for several reasons. The tests presented
in Figure 3c were conducted using a different type of steel for the upper specimen. The
steel discs were run in using a defined procedure, leaving the hardness of the steel plates
unknown. The simulations contain only one sand grain in a computational domain of
10 mm?, which corresponds roughly to the contact area in a wheel-rail contact. From
the simulations, it was seen that the coefficient of friction between sand and steel plates
has a strong influence on simulated adhesion; see Figure 9. Also, the sand-covered area
strongly influences simulated adhesion; see Figures 11 and 12. In the DEM model, this
value is strongly influenced by parameters R, V},; see [47] for a discussion of problems
with unique parametrisation.

Despite the described problems, simulation results can be compared qualitatively to
experimental ones. From the simulations, high steel hardness, H = 10 GPa, is considered,
as the maximal indentations are closer to the experimental ones. Measured and simulated
adhesion is plotted in Figure 13 over a shear path of 0.4 mm. At first, medium-sized
GB and AT sands are compared, showing that AT grains are smaller than GB grains; see
Figure 13a. The simulated adhesion curves increase very fast to their final values, which
is in contrast to the experiments. For GB sand, parameter R, has little influence, as the
steel surfaces are fully separated due to the initial sand grain size. For AT sand, the steel
surfaces are in contact, and higher fragment spread results in higher adhesion values. The
final values of simulated adhesion are influenced by the previously mentioned factors. In
both measurements and simulations, GB has higher adhesion values than AT sand. From
the simulation evaluation in the previous section, this is related to the larger grain size of
GB sand and higher sand-covered area due to sand grain size and fragment spread.

The HPT test results using equal-size sand grains for GB and AT are shown in Fig-
ure 13b for both measured and simulated adhesion. Here, the difference in initial slope
between simulations and experiments is even higher. GB sand with low R, = 77 um
shows high fragment spread, and steel surfaces are fully separated, resulting in high adhe-
sion values. GB sand with R, = 1 m results in similar adhesion values as AT sand with
R, = 150 um. This is caused by other parameters in the simulations influencing fragment
spread, Vj, ug,;s,, which result in similar indentation volume and sand-covered area. AT
sand with R, = 1 m clearly shows the highest indentation and lowest fragment spread,
which result in the lowest adhesion values. It is helpful to compare the observed fragment
spread and indentation depth in the experiments, as shown in Figure 5, with those in the
simulations; see Figures 7 and 8. For GB sand, the formation of larger clusters resulting in
deep indentations was visible for two to three sand grains per test. The remaining grains
formed smaller clusters with shallow indentations or showed very high fragment spread.
Thus, the simulation results with R, = 1 m are not realistic for GB sand. For AT sand,
nearly all sand grains formed clusters in the experiments. In the simulations, both values
of R, resulted in sand cluster formation, which differed in their size and indentation depth.
Thus, for GB sand, most realistic simulations are with high fragment spread, R, = 77 um,
which yield clearly higher adhesion values than simulations of AT sand with both R,
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values. To summarise, also in the case of the same particle size in both measurements and
simulations, GB has higher adhesion values than AT sand.

Conducting crushing simulations with several grains of varying R, would be an
interesting point for future work, especially for GB sand.
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Figure 13. Simulation results compared to experiments: adhesion coefficient over shear path.

5. Conclusions and Outlook

The combination of experimental work and DEM modelling allows to study the
mechanisms that increase adhesion in sanded wheel-rail contacts under wet conditions.
Experimental works on both GB and AT sand included the following: wet HPT tests show-
ing differences in adhesion increase [51], single-grain crushing tests showing differences in
sand fragment spread [12], and high-loading tests with 900 MPa contact pressure showing
the formations of solidified clusters of sand powder which indent into the metal surfaces
for both sand types [12]. In modelling, first, a DEM model was developed for the crushing
tests that could reproduce the observed differences in fragment spread and the formation
of sand fragment clusters under high load [47]. Second, this model was extended to allow
surface indentations, i.e., the formed sand clusters indenting into the steel surface [48].

In continuation of these works, the present study now focuses on adhesion increase
due to sanding in HPT tests under wet conditions.

Mechanisms of adhesion increase:

¢ The coefficient of friction between sand and steel strongly influences the maximal
simulated adhesion.

*  Associated with this, the higher the amount of normal force being transferred through
sand-steel contacts, the higher the simulated adhesion (assuming that the coefficient
of friction is higher for sand-steel contacts than for wet steel-steel contacts). A
maximal value is reached for separated steel surfaces; thus, the complete normal force
is transferred through sand-steel contacts.

e Larger sizes of the initial sand grain and higher fragment spread both result in a larger
area covered by sand fragments.

¢ Higher steel hardness results in reduced indentation.

*  Both effects lead to a higher amount of normal force being transferred through sand-
steel contacts and thus promote separation of steel surfaces.
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¢ Full surface separation happens very rarely in practical wheel-rail sanding and could
lead to problems in train detection.

Results of comparing simulations with experiments:

*  Two measurements of wet HPT tests are available: First, average-sized initial grains
are used for GB and AT sands. Second, the same initial grain size is used. In both
cases, GB sand shows higher measured adhesion than AT sand.

¢ A comparison between simulations and experiments is conducted qualitatively. For
both cases, simulated adhesion is higher for GB sand. Thus, simulation and experi-
mental results are in qualitative agreement.

In the developed DEM model, several points would benefit from additional measure-
ments/modelling work. In general, the parametrisation of the model conducted in [12]
was not unique. The coefficient of friction between sand fragments and steel surfaces has a
high influence on simulated adhesion and would be interesting to measure. Indeed, first
steps in this direction have already been taken using mini shear box tests. The obtained
results for GB sand will be shown in [65].

In this work, only the crushing and shearing of one single sand grain is simulated.
The DEM model can be used to simulate the crushing and shearing of several sand grains,
with the limitation of high computational times. A speed up of the model would be needed
for this purpose.

Currently, the sand fragments are modelled as spheres with blocked rotation. A
comparison between simulations of free rotating spheres and spheres with blocked rotation
will be discussed in [65]. These two cases of blocked /free rotation present the limiting cases.
It would probably be most realistic to equip the spheres with a rolling resistance. This
comes at the cost of an additional parameter which will make parametrisation of the model
more difficult. Future work should involve the modelling of steel surfaces as a regular
hexagonal grid of spheres. This would introduce a kind of artificial roughness, which
could be compared to the roughness of the steel discs in use. In the current model, surface
indentation is only considered during the application of the normal load. An extension to
the shearing phase of the simulation might be of interest.

The conducted research could be a first step towards the optimisation of future sanding
systems by addressing several open questions: Which size (distribution) of sand particles
is a good trade-off between adhesion increase and wear/damage of wheel and rail? What
fragment spread should used sand particles have? How much sand should be applied? As
low-adhesion conditions are frequently caused by leaf layers, an extension of the model to
include this case remains a task for future work.
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Abbreviations

The following abbreviations and nomenclature are used in this study:

3BL third body layer
AC maximal adhesion coefficient
AT sand rail sand used in Austria
DEM Discrete Element Method
DMT Derjaguin-Muller-Toporov cohesion model
GB sand rail sand used in Great Britain
HPT test High-Pressure Torsion test
PSD curve particle size distribution curve
R8T steel steel used for manufacturing wheels
R2600 steel steel used for manufacturing rails
Nomenclature
d [m] sphere diameter
dso [m] mass median diameter
E [Pa] Young’s modulus
v -] Poisson’s ratio
ul-l coefficient of friction
p [kg/m?3] density
en [-] coefficient of restitution
Vyy [m/s] maximal fragment velocity after breakage
Ryiy [m] radius below which particles are considered unbreakable
7 [J/m?] cohesion parameter
R, [m] radius below which particles are considered cohesive
1 [Pas] dynamic viscosity
H [Pa] hardness
my [-] mobilised friction
References
1.  Eden, H.C.; Garnham, ].E.; Davis, C.L. Influential microstructural changes on rolling contact fatigue crack initiation in pearlitic
rail steels. Mater. Sci. Technol. 2005, 21, 623-629. [CrossRef]
2. Alwahdi, F,; Kapoor, A.; Franklin, F. Subsurface microstructural analysis and mechanical properties of pearlitic rail steels in
service. Wear 2013, 302, 1453-1460. [CrossRef]
3.  Garnham, J.; Davis, C. Very early stage rolling contact fatigue crack growth in pearlitic rail steels. Wear 2011, 271, 100-112.
[CrossRef]
4.  Chang, C; Chen, B,; Cai, Y.; Wang, ]. An experimental study of high speed wheel-rail adhesion characteristics in wet condition on
full scale roller rig. Wear 2019, 440441, 203092. [CrossRef]
5. Descartes, S.; Desrayaud, C.; Niccolini, E.; Berthier, Y. Presence and role of the third body in a wheel-rail contact. Wear 2005,
258, 1081-1090. [CrossRef]
6.  Niccolini, E.; Berthier, Y. Wheel-rail adhesion: Laboratory study of “natural” third body role on locomotives wheels and rails.
Wear 2005, 258, 1172-1178. [CrossRef]
7. Singh, RK,; Shindhe, M.; Rawat, P; Srivastava, A K,; Singh, G.K.; Verma, R.; Bhutto, ] K.; Hussein, H.S. The Effect of Various
Contaminants on the Surface Tribological Properties of Rail and Wheel Materials: An Experimental Approach. Coatings 2023,
13, 560. [CrossRef]
8. Vasic, G.; Franklin, EJ.; Kapoor, A.; Lucanin, V. Laboratory simulation of low-adhesion leaf film on rail steel. Int. |. Surf. Sci. Eng

2008, 2, 84-97. [CrossRef]



Lubricants 2025, 13, 314 24 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

Buckley-Johnstone, L.; Trummer, G.; Voltr, P.; Meierhofer, A ; Six, K.; Fletcher, D.; Lewis, R. Assessing the impact of small amounts
of water and iron oxides on adhesion in the wheel/rail interface using High Pressure Torsion testing. Tribol. Int. 2019, 135, 55-64.
[CrossRef]

Olofsson, U.; Lyu, Y. Open System Tribology in the Wheel-Rail Contact—A Literature Review. Appl. Mech. Rev. 2017, 69, 060803.
[CrossRef]

Huang, W.; Cao, X.; Wen, Z.; Wang, W.; Liu, Q.; Zhu, M.; Jin, X. A Subscale Experimental Investigation on the Influence of
Sanding on Adhesion and Rolling Contact Fatigue of Wheel/Rail Under Water Condition. J. Tribol. 2017, 139, 011401. [CrossRef]
Suhr, B.; Skipper, W.A; Lewis, R.; Six, K. Sanded Wheel-Rail Contacts: Experiments on Sand Crushing Behaviour. Lubricants
2023, 11, 38. [CrossRef]

Foo, C.T.; Omar, B; Jalil, A.S. A review on recent wheel/rail interface friction management. J. Phys. Conf. Ser. 2018, 1049, 012009.
[CrossRef]

Wang, W.; Zhang, H.; Wang, H.; Liu, Q.; Zhu, M. Study on the adhesion behavior of wheel/rail under oil, water and sanding
conditions. Wear 2011, 271, 2693-2698. [CrossRef]

Wang, W.; Liu, T.; Wang, H.; Liu, Q.; Zhu, M,; Jin, X. Influence of friction modifiers on improving adhesion and surface damage
of wheel/rail under low adhesion conditions. Tribol. Int. 2014, 75, 16-23. [CrossRef]

Shi, L.; Li, Q.; Kvarda, D.; Galas, R.; Omasta, M.; Wang, W.; Guo, ].; Liu, Q. Study on the wheel/rail adhesion restoration and
damage evolution in the single application of alumina particles. Wear 2019, 426—427, 1807-1819. [CrossRef]

Shi, L.; Wang, C.; Ding, H.; Kvarda, D.; Galas, R.; Omasta, M.; Wang, W.; Liu, Q.; Hartl, M. Laboratory investigation on the
particle-size effects in railway sanding: Comparisons between standard sand and its micro fragments. Tribol. Int. 2020, 146, 106259.
[CrossRef]

Wang, C.; Shi, L.; Ding, H.; Wang, W.; Galas, R.; Guo, J.; Liu, Q.; Zhou, Z.; Omasta, M. Adhesion and damage characteristics of
wheel/rail using different mineral particles as adhesion enhancers. Wear 2021, 477, 203796. [CrossRef]

Omasta, M.; Machatka, M.; Smejkal, D.; Hartl, M.; Kfupka, I. Influence of sanding parameters on adhesion recovery in
contaminated wheel-rail contact. Wear 2015, 322-323, 218-225. [CrossRef]

Kumar, S.; Krishnamoorthy, P.K.; Prasanna Rao, D.L. Wheel-Rail Wear and Adhesion With and Without Sand for a North
American Locomotive. |. Eng. Ind. 1986, 108, 141-147. [CrossRef]

Grieve, D.G.; Dwyer-Joyce, R.S.; Beynon, ].H. Abrasive wear of railway track by solid contaminants. Proc. Inst. Mech. Eng. Part F
J. Rail Rapid Transit 2001, 215, 193-205. [CrossRef]

Lyu, Y.; Zhu, Y.; Olofsson, U. Wear between wheel and rail: A pin-on-disc study of environmental conditions and iron oxides.
Wear 2015, 328-329, 277-285. [CrossRef]

Roberts, ].].; Green, S.I. Experimental study of train sanding. Proc. Inst. Mech. Eng. Part F |. Rail Rapid Transit 2021, 235, 265-274.
[CrossRef]

Yue, Z.; Zhang, S.; Ding, H.; Song, X.; Lin, Q.; Guo, J.; Wang, W. Experimental study on the influencing factors of particles jetting
behavior in train sanding adhesion enhancement. Powder Technol. 2024, 448, 120302. [CrossRef]

Carter, EW. On the Action of a Locomotive Driving Wheel. Proc. R. Soc. Lond. Series A 1926, 112, 151-157. [CrossRef]

Fromm, H. Berechnung des Schlupfes beim Rollen deformierbarer Scheiben. Zeitschrift fiir Angew. Math. Und Mech. 1927, 7, 27-58.
[CrossRef]

Johnson, K. The effect of a tangential contact force upon the rolling motion of an elastic sphere upon a plane. J. Appl. Mech. 1958,
25,339-346. [CrossRef]

Johnson, K. The effect of spin upon the rolling motion of an elastic sphere upon a plane. |. Appl. Mech. 1958, 25, 332-338.
[CrossRef]

Kalker, J. The computation of three-dimensional rolling contact with dry friction. Int. J. Numer. Methods Eng. 1979, 14, 1293-1307.
[CrossRef]

Kalker, J.J. On the Rolling Contact of Two Elastic Bodies in the Prescence of Dry Friction. Ph.D. Thesis, Delft University of
Technology, Delft, The Netherlands, 1967.

Kalker, ].J. Simplified Theory of Rolling Contact. Delft Progr. Rep. Ser. C Mech. Aeronaut. Eng. Shipbuild. 1973, 1, 1-10.

Kalker, J.J. A Fast Algorithm for the Simplified Theory of Rolling Contact. Vehicle Syst. Dyn. 1982, 11, 1-13. [CrossRef]

Kalker, J.J. Three-Dimensional Elastic Bodies in Rolling Contact; Kluwer Academic Press: Cambridge, MA, USA, 1990; ISBN
978-94-015-7889-9.

Knothe, K. History of wheel/rail contact mechanics: From Redtenbacher to Kalker. Vehicle Syst. Dyn. 2008, 46, 9-26. [CrossRef]
Poritsky, H. Stresses and deflections of cylindrical bodies in contact with application to contact of gears and of locomotive wheels.
J. Appl. Mech—Trans. Asme 1950, 17, 191-201. [CrossRef]

Meymand, S.Z.; Keylin, A.; Ahmadian, M. A survey of wheel-rail contact models for rail vehicles. Veh. Syst. Dyn. 2016,
54,386-428. [CrossRef]



Lubricants 2025, 13, 314 25 of 26

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wang, H.; Wang, W.; Liu, Q. Numerical and experimental investigation on adhesion characteristic of wheel/rail under the third
body condition. Proc. Inst. Mech. Eng. Part | |. Eng. Tribol. 2016, 230, 111-118. [CrossRef]

Spiryagin, M.; Bernal, E.; Oldknow, K.; Persson, I.; Rahaman, M.L.; Ahmad, S.; Wu, Q.; Cole, C.; Mcsweeney, T. Implementation of
roughness and elastic-plastic behavior in a wheel-rail contact modeling for locomotive traction studies. Wear 2023, 532-533, 205115.
[CrossRef]

Fang, C.; Jaafar, S.A.; Zhou, W,; Yan, H.; Chen, J.; Meng, X. Wheel-rail contact and friction models: A review of recent advances.
Proc. Inst. Mech. Eng. Part F ]. Rail Rapid Transit 2023, 237, 1245-1259. [CrossRef]

Liu, B.; Vollebregt, E.; Bruni, S. Review of conformal wheel/rail contact modelling approaches: Towards the application in rail
vehicle dynamics simulation. Veh. Syst. Dyn. 2024, 62, 1355-1379. [CrossRef]

Gao, H,; Pfaff, R.; Babilon, K;; Ye, Y. A comprehensive wheel-rail contact model incorporating sand fragments and its application
in vehicle braking simulation. Veh. Syst. Dyn. 2024, 0, 1-20. [CrossRef]

Descartes, S.; Renouf, M.; Fillot, N.; Gautier, B.; Descamps, A.; Berthier, Y.; Demanche, P. A new mechanical-electrical approach to
the wheel-rail contact. Wear 2008, 265, 1408-1416. [CrossRef]

Zhang, C.; Maramizonouz, S.; Milledge, D.; Nadimi, S. An electro-mechanical contact model for particulate systems. Powder
Technol. 2024, 440, 119759. [CrossRef]

Gautam, A.; Green, S.I. Computational fluid dynamics-discrete element method simulation of locomotive sanders. . Rail Rapid
Transit 2021, 235, 12-21. [CrossRef]

Maramizonouz, S.; Nadimi, S.; Lewis, R. CFD-DEM modelling of particle entrainment in wheel-rail interface: A parametric
study on train characteristics. Acta Mech. 2024, 235, 6077-6087. [CrossRef]

Zhang, C.; Nadimi, S.; Maramizonouz, S.; Milledge, D.; Lewis, R. A Discrete Element Model of High-Pressure Torsion Test to
Assess the Effect of Particle Characteristics in the Interface. J. Tribol. 2024, 146, 081501. [CrossRef]

Suhr, B.; Skipper, W.A.; Lewis, R.; Six, K. DEM simulation of single sand grain crushing in sanded wheel-rail contacts. Powder
Technol. 2024, 432, 119150. [CrossRef]

Suhr, B.; Skipper, W.; Lewis, R.; Six, K. DEM modelling of surface indentations caused by granular materials: Application to
wheel-rail sanding. Comput. Part. Mech. 2024, 11, 2353-2367. [CrossRef] [PubMed]

Li, H.; McDowell, G.; Lowndes, I. Discrete element modelling of a rock cone crusher. Powder Technol. 2014, 263, 151-158.
[CrossRef]

Capozza, R.; Hanley, K. A comprehensive model of plastic wear based on the discrete element method. Powder Technol. 2022,
410, 117864. [CrossRef]

Skipper, W. Sand Particle Entrainment and its Effects on the Wheel/Rail Interface. Ph.D. Thesis, University of Sheffield, Sheffield,
UK, 2021.

Skipper, W.; Nadimi, S.; Chalisey, A.; Lewis, R. Particle characterisation of rail sands for understanding tribological behaviour.
Wear 2019, 432-433, 202960. [CrossRef]

Smilauer, V.; Angelidakis, V.; Catalano, E.; Caulk, R.; Chareyre, B.; Chevremont, W.; Dorofeenko, S.; Duriez, J.; Dyck, N.; Elias, J.;
et al. Yade Documentation, 3rd ed.; The Yade Project; Zenodo: Geneva, Switzerland, 2021. [CrossRef]

Angelidakis, V.; Boschi, K.; Brzezinski, K.; Caulk, R.A.; Chareyre, B.; del Valle, C.A.; Duriez, J.; Gladky, A.; van der Haven, D.L,;
Kozicki, J.; et al. YADE - An extensible framework for the interactive simulation of multiscale, multiphase, and multiphysics
particulate systems. Comput. Phys. Commun. 2024, 304, 109293. [CrossRef]

Thornton, C.; Cummins, S.J.; Cleary, PW. An investigation of the comparative behaviour of alternative contact force models
during inelastic collisions. Powder Technol. 2013, 233, 30—46. [CrossRef]

Iwashita, K.; Oda, M. Rolling Resistance at Contacts in Simulation of Shear Band Development by DEM. ]. Eng. Mech. 1998,
124, 285-292. [CrossRef]

Ai, ].; Chen, J.F; Rotter, ].M.; Ooi, ].Y. Assessment of rolling resistance models in discrete element simulations. Powder Technol.
2011, 206, 269-282. [CrossRef]

Wensrich, C.; Katterfeld, A. Rolling friction as a technique for modelling particle shape in DEM. Powder Technol. 2012, 217, 409-417.
[CrossRef]

Coetzee, C. Calibration of the discrete element method: Strategies for spherical and non-spherical particles. Powder Technol. 2020,
364, 851-878. [CrossRef]

Rofler, T.; Richter, C.; Katterfeld, A.; Will, . Development of a standard calibration procedure for the DEM parameters
of cohesionless bulk materials—Part I: Solving the problem of ambiguous parameter combinations. Powder Technol. 2019,
343, 803-812. [CrossRef]

Ciantia, M.; Arroyo, M.; Calvetti, F.; Gens, A. An approach to enhance efficiency of DEM modelling of soils with crushable grains.
Géotechnique 2015, 65, 91-110. [CrossRef]

de Bono, J.; McDowell, G. Particle breakage criteria in discrete-element modelling. Géotechnique 2016, 66, 1014-1027. [CrossRef]



Lubricants 2025, 13, 314 26 of 26

63. Zhou, W,; Wang, D.; Ma, G.; Cao, X.; Hu, C.; Wu, W. Discrete element modeling of particle breakage considering different
fragment replacement modes. Powder Technol. 2020, 360, 312-323. [CrossRef]

64. Derjaguin, B.; Muller, V.; Toporov, Y. Effect of contact deformations on the adhesion of particles. J. Colloid Interface Sci. 1975,
53, 314-326. [CrossRef]

65. Six, K,; Skipper, W.; Lewis, R.; Suhr, B. A DEM based approach to understand the physics is sanded wheel-rail contacts. In
Proceedings of the 13th International Conference on Contact Mechanics and Wear of Rail/Wheel Systems (CM2025), Tokyo,
Japan, 22-26 September 2025. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction
	Experimental Results of High-Pressure Torsion (HPT) Tests
	DEM Modelling of a Sanded Wheel–Rail Contact
	HPT Test Simulation Under Wet Conditions
	Unsanded HPT Test
	Sanded HPT Tests: Crushing Phase
	Sanded HPT Tests: Shearing Phase
	Parameter Variations in the Shearing Phase
	Shearing of GB and AT Sand 

	Sanded HPT Test: Comparing Results for AT and GB Sand to Experiments

	Conclusions and Outlook
	References

