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Abstract
The process of applying sand particles to increase the traction between wheel and rail is reported to be less than 20% efficient.
To better understand entrainment efficiency, the process is simulated using the Discrete Element Method. The simulation
results are validated against full-scale experimental observations in terms of entrainment efficiency and particle velocity for
ten case studieswith different positioning of the sand nozzle. The numerical simulations confirm the experimental observations
wherein the highest efficiency can be achieved when the sander is aimed at the wheel/rail nip. When aiming the sander at the
wheel, the values of entrainment efficiency from simulations and experiments show some discrepancy which can be related
to the numerical assumptions. Calculating coefficients of traction between the rail and wheel from the simulation data for the
four cases of an un-sanded contact, and with the sander aimed at the rail, the nip, and the wheel (all with the same angle)
show an increase in the coefficient of traction for all sanded cases compared to the un-sanded case.
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1 Introduction

The traction or adhesion
1
between wheel and rail has been a

significant area of research formany years with the aim being
to improve railway transportation. This is due to the cru-
cial role traction plays in train kinematics and performance,
especially during acceleration and deceleration phases of
the train dynamics [1–3]. Inadequate traction reduces train
acceleration and can cause train delays. The loss of traction
or its decrease to insufficient levels constitutes risks, safety
issues, and ultimately may result in train collisions [4–6].
Low traction levels can occur when a layer of water, leaf
contamination, oil, or other materials form on or bond to the

1 In the railway industry “adhesion” or “adhesion coefficient” is defined
as the amount of traction present when the wheel–rail contact enters
partial slip. In this paper, the terms are used interchangeably.
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top surface of the rail. One method of increasing the trac-
tion between the wheel and the rail is utilising a train-borne
device to apply sand particles to the wheel/rail interface in
a stream of compressed air, which is called rail sanding [2,
5–7]. Figure 1a shows the schematic of a sander set-up.

During rail-sanding only < 20% of sand particles land on
the desired area and act as a third body layer between the rail
and wheel [1]. In other words, the majority of sand particles
are expelled and wasted. This presents a potential to design
and optimise sanding systems to increase the efficiency of
sand application (entrainment efficiency) which is key to
adjusting the rail-wheel traction levels and thus controlling
the risks of railway transportation. It can also introduce a
more sustainable approach to using sand considering its lim-
ited resources [2, 3, 5].

To optimise the sanding process, Lewis et al. [1] investi-
gated the effects of sander nozzle positioning relative to the
wheel and rail for ten case studies using a full-scale labo-
ratory wheel–rail test rig. They calculated the entrainment
efficiency for each case study by collecting the sand remain-
ing on the rail after the wheel had passed and dividing its
mass by the total mass of the sand exiting the sander. By
comparing the entrainment efficiency results, they were able
to propose optimised positions for the sander nozzle [1].
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Fig. 1 a Schematic of a typical
sander set-up, b geometry layout
for the numerical model of one
case study, and c closeup of the
60E1 rail and P8 wheel profile
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The studies on physical interactions of wheel and rail and
sometimes sand is largely limited to experimental observa-
tions and computational modelling. Experimental studies to
investigate the effects of particle size on adhesion and wear
have been performed through twin-disc experiments [2] and
field tests [8]. Twin-disc experiments have also been con-
ducted to study the adhesion, wear and damage of wheel
and rail in different conditions [9, 10]. The effects of dif-
ferent materials used for rail-sanding on the performance of
track circuits have been investigated aswell [11]. Experimen-
tal investigation in a controlled environment offers accurate
observations, however they are expensive and less accessible
for a wider community and investigation.

Computational modelling of wheel–rail interaction and
rail-sanding are typically performed using finite element
method (FEM) such as the study by Duan [12]. However, the
sanding process is multiscale and multiphase for which FEM
is not themost practical modelling tool especially in address-
ing the dynamics of a third body layer, i.e., sand particles. As
an alternative toFEMmodelling, the discrete elementmethod
(DEM) can be adopted such as the study by Descartes et al.
[13] where DEM has been used to address the wheel–rail
isolation issue. Another example is the modelling method
proposed by Gautam and Green [14] where they coupled
their DEMmodel to computational fluid dynamics (CFD) to
present a high-fidelity computational simulation. CFD-DEM
coupling candrastically increase computational time and cost
which may be a reason why Gautam and Green [14] scaled
down the geometry of their setup compared to the actual
rail-sanding systems. They have also introduced a gap in the
wheel–rail interface between the wheel and the rail which

although simplifies the calculation of entrainment efficiency,
is not a realistic assumption and prevents the investigation of
wheel–rail traction.

In this study, DEMmodelling is employed to directly sim-
ulate the interactions between thousands of particles in a
full-scale rail-sanding setup. The aim is to investigate the
entrainment efficiency of sand particles through DEM simu-
lations and validate the results against the data presented by
Lewis et al. [1] for various positions of the sander nozzle.
Sand particle velocities, coefficient of traction and spread
angle of the sand particles are also investigated.

2 Methodology

2.1 Discrete element method

Particlemechanics during the rail sanding process are investi-
gatedwith the assumption of the particles being rigid discrete
objects. These discrete particles can then be individually
tracked by solving Newton’s and Euler’s laws of motion
[15]. The dynamics of an individual particle can be mod-
elled through the governing equations of its translational and
rotational motion, presented as follows:

mi
dvi

/
dt =

∑
FCi + mi g (1)

d(I i · ωi )
/
dt =

∑
MCi (2)
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Table 1 Material characteristics
and dynamic properties of
simulation components [1, 6]

Simulation
Component

Density
(kg/m3)

Young’s
Modulus
(GPa)

Poisson’s
ratio

Translational
Velocity
(m/s)

Rotational
Velocity
(rad/s)

Coefficint of
Restitution

Sand 2650 70 0.25 5.0 _ 0.5

Sander
Nozzle

7600 240 0.3 0 _ _

Wheel 7600 240 0.3 0 0.098 _

Rail 7600 240 0.3 0.05 _ _

where mi is the particle’s mass, vi is the particle’s transla-
tional velocity, t is time, FC i is the contact force between
each particle and its neighbouring particles and walls, g is
the gravitational acceleration, I i is the particle’s moment of
inertia, ωi is the particle’s rotational velocity, and MC i is the
contact torque which is equal to Ri × FC i the cross product
of the particle’s radius (Ri ) and the contact force [15].

The interparticle and particle–wall interactions are mod-
elled using a Hertz-Mindlin contact model which is an
elastic contact force discussed in detail in reference [15]. The
Hertz-Mindlin contact model although may not represent the
contact dynamics of actual sand grains, can be considered
accurate enough for the application presented in the current
research. However, choosing a more accurate contact model
can result to better prediction of tangential forces. For exam-
ple, Nadimi et al. [16] utilised a combination of Boundary
Element Method (BEM) and DEM to develop a new con-
tact model which can represent the effect of asperities in the
contact. More information on available contact models for
implementing the effects surface roughness in DEM mod-
elling can be found in Nadimi et al. [17].

2.2 Numerical model

The numerical set-up for DEM modelling of rail-sanding
is developed based on the full-scale wheel–rail rig at the
Leonardo Centre for Tribology—The University of Sheffield
[1]. The geometries of the wheel, rail, and sander are defined
as a wheel with a diameter of ~ 1016 mm and a P8 profile, a
60E1 rail with awidth of ~ 70mmand a length of nearly three
times of the wheel diameter, and a cylindrical sander nozzle
with length and diameter of 150 mm and 25 mm (according
to the use of a hose with the same dimensions as the sander
by Lewis et al. [1]), respectively. The wheel and the rail are
modelled as solid bodies while the sander nozzle is modelled
as a hollow cylindrical tube. Particles are represented as a
dilute suspension of spherical particles with 2 mm diameter,
with a density of 2650 kg/m3, a Young’s modulus of 70 GPa,
a Poisson’s ratio of 0.25, and a coefficient of restitution of
0.5 on steel [6]. Figure 1b shows the geometry layout of the
numerical model and Fig. 1c presents a closeup of the 60E1
rail and P8 wheel profile.

The wheel’s translational and rotational velocities are
set to 0.05 m/s, and 0.098 rad/s, respectively. The mass
flow rate of the sand exiting the sander is 0.03 kg/s which
makes the particles’ initial velocities 5 m/s in the direction
of sander nozzle. Table 1 presents the material characteris-
tics and dynamic properties of simulation components. The
coefficient of restitution between sand particles and steel is
a physical property and is implemented in the DEM mod-
elling in order to damp the bouncing of the particles after
their interaction with the geometries [18].

Ten case studies, presented in Table 2, are investigated,
changing the sander’s position and angle relative to the rail
surface based on the work of Lewis et al. [1].

DEM simulations are performed using Altair EDEM soft-
ware (version 7.1.0) and the time step is set to 1e−6. The
results produced through simulations in this study are com-
pared to the data presented by Lewis et al. [1].

3 Results and discussions

3.1 Entrainment Efficiency for Sand Particles

Snapshots of sand entrainment obtained from (1) DEM sim-
ulations, and (2) experiments by Lewis et al. [1] for three
case studies of sander position are presented in Fig. 2: noz-
zle (a) aimed at the rail with a 20° angle, (b) aimed at the nip
with a 20° angle, and (c) aimed at the wheel with a 20° angle.

The entrainment efficiency of the sand particles can be
described as the ratio of the mass of sand that passes into
the nip between the rail and wheel to the mass of sand that
leaves the sander nozzle. The entrainment efficiencies for all
ten case studies obtained from the simulations are compared
to the data reported for each case study by Lewis et al. [1]
and are presented in Fig. 3.

In the experimental work of Lewis et al. [1], the sand that
passed through the contact and remained on the surface of the
rail at the end of the test is collected and its mass is measured.
The entrainment efficiency can then be estimated by dividing
the measured mass by the mass of the sand used during the
experiment [1].
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Table 2 Sander set-up geometry
(based on the work of Lewis
et al. [1])

Sander aimed at Sander aimed at a
point
of the rail from
centre of contact (mm)

Sander distance
from contact
patch (mm)

Sander height
above
rail (mm)

Sande angle
to
rail (°)

Rail 200 350 20 15

200 348 33 20

200 344 45 25

200 340 58 30

Nip 100 330 20 10

100 327 40 15

100 323 60 20

Wheel 300 440 156 5

300 451 104 10

300 448 131 20

Fig. 2 Particle entrainment for
three case studies of the sander
a aimed at the rail with a 20°
angle, b aimed at the nip with a
20° angle, and c aimed at the
wheel with a 20° angle relative to
the rail surface obtained from
(1) current simulations and
(2) experiments presented by
Lewis et al. [1]

In order to calculate the entrainment efficiency for the
DEM simulations, a rectangular geometry bin needs to be
defined in the simulation software to count the number of
particles passing through the contact. Here, three geometry
bins with different dimensions of 35 mm× 20 mm× 20 mm
(Fig. 3(a)) for the small bin, 40 mm × 20 mm × 20 mm
(Fig. 3b) for the medium bin, and 45 mm× 20 mm× 20 mm
(Fig. 3c) for the large bin, all with their centres located at
the point of wheel and rail contact are considered (i.e. x =
27 mm, y = 0 mm, and z = 10 mm). Defining different sizes
and positions for the geometry box affects the value of the
entrainment efficiency, but conserves the trends as can be
seen in Fig. 3.

When aiming the sander nozzle at the rail and at the nip,
the values of entrainment efficiency from simulations and
experiments are comparable. However, aiming the sander at
the wheel results in a large difference between the values
of entrainment efficiency from simulations and experiments.
This can be attributed to the angle of spread when sand par-
ticles exit the nozzle.

In the experiment, the sand particles show a larger spread
angle as they are sprayed out than in the numerical simulation
as depicted in Fig. 2. The spread angle is larger for the cases
where the sander nozzle is aimed at the wheel (Fig. 2c) com-
pared to the other cases (Fig. 2a and Fig. 2b) due to the larger
distancebetween the sander nozzle aimedat thewheel and the
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Fig. 3 Entrainment efficiency for
all ten case studies obtained from
current simulations (depicted by
green) for a geometry bin 1,
b geometry bin 2, c geometry
bin 3 compared to the data
presented by Lewis et al. [1]
(depicted by blue), and
d comparison of the values of the
entrainment efficiency for the
three different sizes of the
geometry bins
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Fig. 3 continued

the wheel/rail nip. This could be the reason why the values of
entrainment efficiency show the most difference between the
experimnts and simulations when the sander nozzle is aimed
at the wheel. It is also worth noting that aiming the sander at
the wheel does not represent a real positioning condition for
the sander used for rail-sanding practice.

Figure 3d compares the values of the entrainment effi-
ciency for the three different sizes of the geometry bins.

3.2 Velocity of the sand particles

To extract the particle velocities, the high-speed videos of
all ten experimental case studies recorded by Lewis et al.
[1] have been reprocessed using the digital Particle Image
Velocimetry (PIV) tool in MATLAB called PIVlab (ver-
sion 2.57) [19–21]. To use PIVlab, the high-speed videos
are loaded into the toolbox and presented frame-by-frame.
Here the first ~ 500 frames of each video are removed due to
the method of performing the experiments which results in
partially blocking the camera lens for a few seconds. Then
the region of interest is defined as the region in which only
the particles exist, move and interact in order to limit the
area being processed and to eliminate other moving parts
such as the wheel and the rail. After that the images are pre-
processed to distinguish between the moving particles and
the background. The toolbox utilises a Fast Fourier Trans-
form (FFT) window deformation method to analyse all the
frames and extract the velocity data. The data can be cali-
brated using a known distance from the experimental set-up
in the video (here the sander diameter of 25mm) and the time
step between every two frames (the videos are captured at 750
fps which results in a time step of 1.333 ms). The extracted
PIV data (dashed line) are compared to the simulation results
(solid line) in Fig. 4 which shows good agreement between
the simulation and experimental results.

The initial discrepancy in Fig. 4 is due to the removal of
the ~ 500 frames from the beginning of each experimental
video. From ~ 0.4 s onwards, it can be seen that the values
for the sand particles’ velocities compare very well for the

simulations and experiments for most of the cases. Particles
exit the sander nozzle with an initial velocity of 5 m/s in
the direction of the sander nozzle. Then they start to descend
from the height of the sander nozzle towards the surface of the
rail under the effects of gravity while their velocity decreases
during the first ~ 0.5 s of the simulation. After that, they
maintain a relatively constant velocitywhich is comparable to
the experimental data extracted from the high-speed videos.

The highest percentage of difference between the simula-
tion and experimental results is ~ 40% which belongs to the
two cases, where the sander nozzle was aimed at the wheel
at 5° (Fig. 4h) and 10° (Fig. 4i) angles relative to the rail
surface.

3.3 Investigating the coefficient of traction

The Coefficient of Traction (CoT) between the rail and
the wheel is defined as the ratio of the shear force to the
normal force experienced by the rail. In typical DEM sim-
ulations, only particle-to-particle and particle-to-geometry
interactions can be studied and the geometry-to-geometry
interactions (in this case between rail andwheel) do not influ-
ence the simulation results. One approach to circumvent this
shortcoming is to represent at least one of the solid geome-
tries as a cluster of bonded fragments. This approach makes
the investigation of the interactions between the discrete frag-
ments and the solid geometries possible.

In this research, the rail is chosen as the only geometry to
be represented as a cluster of bonded, tightly packed spheri-
cal steel fragments. The cluster of spherical steel fragments is
generated inside a physical but hollow geometry in the shape
of the rail. The radius of these spherical fragments ranges
from 3 to 7 mm and they are bonded using solid bonds with
a 3 mm diameter (for more information on bond character-
istics in DEM simulations please refer to [22]). The cluster
representation of the rail is shown in Fig. 5a.

The advantage of considering the rail as a physical but
hollow geometry filled with spherical fragments is that the
third-body sand particles will remain on the top surface of the

123



Computational Particle Mechanics (2023) 10:2009–2019 2015

Fig. 4 Particle velocity obtained
from simulation (lighter colour
dashed line) and extracted from
experimental videos by digital
PIV (darker colour solid line) for
case studies of the sander nozzle
aimed at the rail with a a 15°
angle, b 20° angle, c 25° angle,
and d 30° angle, the sander
aimed at the nip with a e 10°
angle, f 15° angle, and g 20°
angle, and the sander aimed at
the wheel with a h 5° angle, i 10°
angle, and j 20° angle relative to
the rail surface
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Fig. 5 a The representation of the
rail as a cluster of bonded, tightly
packed spherical steel fragments
with radiuses ranging from 3 to
7 mm, and b Coefficient of
traction for the case without
sanding (blue), and with sander
aimed at the rail with a 20°
angle (green), aimed at the nip
with a 20° angle (yellow), and
aimed at the wheel with a 20°
angle (orange) relative to the rail
surface obtained from current
simulations

rail geometry which prevents them from directly interacting
with and hiding inside the asperities between the spherical
steel fragments. It is also worth mentioning that although
replacing geometrywith its cluster sphere representationmay
create an artificial roughness on the surface of the geometry,
this artificial roughness will be similar for all the numerical
simulations and thus the stand-alone effects of the presence
of third-body in wheel–rail contact can be modelled.

With this approach, it would be possible to study the
interactions between the wheel and the spherical fragments
composing the rail and to estimate the value of CoT. To cal-
culate the CoT at each timestep, the values of the tangential
and normal stresses are averaged on all the elements com-
posing the rail. The ratio of the average tangential stress to
the average normal stress is calculated as the coefficient of
traction, and is presented in Fig. 5b.

It can be seen from the simulation data that adding the
sand particles between the train wheel and rail increases the
CoT by ~ 9.7% when the sander nozzle is aimed at the rail
at a 20° angle, by ~ 25.1% when the sander nozzle is aimed
at the nip with a 20° angle, and by ~ 22.3% when the sander
nozzle is aimed at the wheel with a 20° angle relative to the
rail surface.

The coefficient of traction (CoT) can be affected by both
the number of particles in the wheel–rail interface (i.e. the
entrainment efficiency which is calculated for the total dura-
tion of the simulation as the ratio of the average number of

particles in the wheel–rail interface to the total number of
particles) and the rate of sanding (i.e. the particle velocity
which is calculated as the average particle velocity at each
time step).

The entrainment efficiency when the sander is aimed at
the nip, rail, and wheel is 3.56%, 3.55%, and 3.54%, respec-
tively and the particle velocity is 1.30 m/s, 1.24 m/s, and
1.85 m/s, respectively. When the nozzle is aimed exactly at
the wheel–rail interface which is the nip, a higher number of
particles are present at the wheel–rail interface at each time
step. So, the CoT is the highest. When the nozzle is aimed
elsewhere, more particles bounce around and do not enter
the wheel–rail interface at any given time step. Comparing
the two cases of the sander aimed at the rail, and the wheel,
the sanding rate is higher for the latter. So, the CoT is higher
when the sander is aimed at the wheel.

The values of CoT were not reported in the experimental
work of Lewis et al. [1], however, in another research [23]
they investigated the wheel–rail adhesion and reported the
values of CoT between 0.3 and 0.6. The present simulation
may not reflect the exact values of CoT but presented reason-
able trends for the four different cases. Finally, the study of
the coefficient of traction between the wheel and the clump
representation of the rail and can benefit from further inves-
tigations.
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3.4 Introducing particle spread during rail sanding

In full-scale experiments, the sand particles used for rail-
sanding exit the sander nozzlewith a spread angle as depicted
in Fig. 2(a-2), (b-2), and (c-2). This can be a result of var-
ious factors which have not been considered in simulations
reported in Sect. 3.1, such as the interaction and dynamics of
sand particles inside the hopper and as theymove through the
sander hose before exiting the sander. To model the spread
of sand particles, the spread angle can be introduced and
added to the simulations as an input parameter. This can be
done through Altair EDEM’s user interface and by defining
a spray of particles with both a velocity and a spread angle
instead of setting only a fixed initial velocity for the sand par-
ticles. Figure 6a–c show the simulation results of the sander
nozzle aimed at the rail, nip, and wheel with a 20° angle,
respectively, and with a particle spread angle of 60°. Qual-
itatively, these results compare better with the experimental
results of Fig. 2. However, the entrainment efficiency for the
three cases of the sander aimed at the rail, the nip, and the
wheel with a 20° angle and with a particle spread angle of
60° (Fig. 6d) which is calculated using the medium bin is
only scaled down and the trend is as previously reported in
Fig. 3.

Adding the particles’ spread angle as an input parameter to
the DEM simulations results in the values of the entrainment
efficiency to approach the experimental values when spread
angle is large Fig. 6d. The reason why adding the particle
spread angle does not significantly improve the entrainment
efficiency results for the other two cases of aiming the sander
nozzle at rail and nip (Fig. 6a, b) is that here a fixed value
of 60° for the particle spread angle is used for all three cases
which close to the experimental particle spread angle for
the case of aiming the sander nozzle at wheel with a 20°
angle thus bringing the entrainment efficiency closer to the
experimental values.While it is significantly larger compared
to the experimental spread angle observed for the other two
cases of aiming the sander nozzle at rail and nip with a 20°
angle thus resulting in lower entrainment efficiency values
for simulations compared to experiments.

4 Conclusions

In this research, DEM simulation of the rail-sanding appli-
cation for ten case studies with different positioning of the
sander nozzle was performed and the simulation results were
validated against full-scale experimental data. The particle
entrainment efficiency and particle velocity obtained from
the simulation were compared to the data extracted from
experimental videos using digital PIV. The values of entrain-
ment efficiency calculated from the simulations are affected
by the size and position of the geometry box, but the trends

Fig. 6 Particle entrainment for three case studies of the sander a aimed
at the rail with a 20° angle, b aimed at the nip with a 20° angle, and (c)
aimed at the wheel with a 20° angle relative to the rail surface obtained
from current simulations with a sand spray with a 60° spread angle
and d Entrainment efficiency for the three case studies above, obtained
from current simulations (depicted by green) for compared to the data
presented by Lewis et al. [1] (depicted by blue)

remain the same. For seven of the ten cases, when the sander
was aimed at rail and nip, the values of entrainment efficiency
from simulations and experiments compare very well. But
for the three cases when the sander was aimed at the wheel,
the difference between the values of entrainment efficiency
from simulations and experiments was larger. To investigate
the reason behind this difference, the spread angle of the
sand particles as they exit the sander nozzle was modelled
by introducing the spread angle as an input parameter to the
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simulations which produced lower entrainment efficiency of
the sand particles compared to the cases without the spread
which where less accurate for the cases of the sander aimed
at rail and nip. This will need further investigations and is an
area for the future works of this research. The sand particle
velocities obtained from simulations and experiments com-
pared well for eight of the ten cases. For the other two cases,
with the sander aimed at the wheel with 5° and 10° angles, a
difference of ~ 40%was observed. The coefficient of traction
between the train wheel and rail was also investigated for the
cases of an un-sanded contact, and with the sander aimed
at the rail, the wheel/rail nip, and the wheel (all with a 20°
angle) which showed an increase in CoT by ~ 9.7%, ~ 25.1%,
and ~ 22.3% for each respective sanded case compared to the
un-sanded case. Overall, as the sander nozzle is aimed closer
to the wheel–rail interface (the nip), a higher number of sand
particles land exactly at the wheel–rail interface. This will
increase both entrainment efficiency and coefficient of trac-
tion. The simulation results presented here compared very
well and were validated against experimental data. This is an
important step towards developing a predictive model of rail
sanding which can be an essential tool to avoid expensive
testing and can be more widely available to system designers
and operators. In the next steps, the effects of different parti-
cle properties and the existence of moisture content between
particles, different train velocities, and the presence of water
and leaf contamination as well as crosswinds on the entrain-
ment efficiency and CoT through computational simulations
will be investigated.
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