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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Mixing conductive and non-conductive 
sands enhances interfacial electrical 
isolation.

• Small fraction of conductive sand 
significantly reduces the interface 
resistance.

• A heatmap is produced to estimate the 
percentage of conductive sand required.

• Heatmap links the resistivity of various 
sands with their required percentage.
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A B S T R A C T

This paper investigates the electrical behaviour of an electrically conductive sand particle when mixed with non- 
conductive silica sand, commonly used in the railway industry. Laboratory tests and numerical simulations are 
conducted to assess the effect of mixing on the electrical conduction properties at the metal-to-metal interface 
under mechanical loading. Results from compression tests demonstrate that mixing with even 5 % mass of 
conductive particles can significantly reduce electrical resistance at the interface; however, the decrease in 
electrical resistance gradually slows down when the mixing ratio of conductive particles exceeds 10 %. Discrete 
element modelling of high pressure torsion tests – enhanced with a newly proposed electro-mechanical contact 
model – reveal that fine conductive particles are more effective than coarse particles in reducing interfacial 
electrical resistance at equal mixing ratios. A heatmap is proposed to estimate the percentage of conductive 
particles required to bring the resistance of the interface below the critical threshold of 10 Ω for track circuit, 
which links the resistivity of various conductive particles with their required mixing ratio.
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1. Introduction

A key component in railway operations is the use of detection sys-
tems to locate trains [1]. In the UK, railway tracks are divided into 
blocks, each forming a “track circuit” designed to detect trains. These 
track circuits, typically bounded by insulated joints, operate by trans-
mitting an electrical signal from a transmitter at one end of the section to 
a detector at the other end [1]. When a train occupies a block, the track 
circuit is shorted out, thereby allowing the system to detect the presence 
of the train. However, when contaminants (e.g., leaf layers) accumulate 
at the wheel-rail interface, this can result in electrical isolation, poten-
tially preventing the system from detecting the train [2]. The Rail Safety 
and Standards Board (RSSB) [3] in Great Britain has indicated that 
contaminants are responsible for 97 % of all instances of electrical 
isolation between wheels and rails.

Since the early days of the railway industry, sanding has been 
employed as a solution to mitigate low adhesion1 conditions at the 
wheel-rail interface [4]. This method is crucial in situations where the 
adhesion between the wheel and rail is insufficient to ensure effective 
braking and acceleration of the train. In addition, surface roughness of 
sand particles [5] and inter-particle friction [6], can influence the me-
chanical behaviour of the particulate systems at both macro- and 
microscopic scales. These effects, then, can impact the transmission of 
electrical current within the particulate system [7], potentially dis-
rupting the proper operation of track circuits [8]. According to research 
by the RSSB [3], only 3 % of instances of electrical isolation between 
wheel and rail are attributable to sand application. This conclusion is 
based on current sand usage rates, which are restricted to 7.5 g/m. If 
more sand is applied to further minimise the effects of low adhesion due 
to more difficult conditions (e.g., oil [9], water [10], oxides [11]), there 
will be an increased risk of rail isolation.

There have been several studies investigating the electrical isolation 
at the wheel-rail interface [12,13] and trying to offer solutions on how to 
alleviate its adverse effects [7,14,15]. To examine the impact of sand 
particles on electrical isolation, twin-disc tests were conducted [12,13] 
which showed that larger sand particles and lower sand flowrates 
decrease electrical isolation. However, the geometrical scale and the 
operational conditions of the twin-disc set-up are vastly different from 
real-world applications and thus should only be considered as “a guide 
to what will happen in the full-size wheel-rail contact” [12,13]. Chap-
teuil et al. [14] used Discrete Element Method (DEM) to numerically 
model the presence of a copper/graphite mixture at the wheel-rail 
interface. Though highly simplified and qualitative by design, their re-
sults demonstrated that an optimal copper/graphite ratio could achieve 
a balance between electrical and tribological properties. Skipper et al. 
[7,16] utilised a high pressure torsion (HPT) test set-up to explore 
changes in electrical resistance and adhesion at the wheel-rail interface, 
using several newly developed conductive particles as alternatives to 
standard rail-sand. Their findings showed that Product B and D particles 
significantly reduced resistance even in leaf-contaminated conditions, 
and also effectively mitigated low adhesion. Zhang et al. [15] numeri-
cally simulated the same HPT set-up utilising their novel electro- 
mechanical contact model implemented into DEM to study the electro- 
mechanical behaviour of two types of electrically conductive particles 
as well as the standard rail-sand. The combined findings of Skipper et al. 
[7] and Zhang et al. [15] indicate that substituting conductive particles 
for the standard rail-sand can enhance electrical conduction at the 
interface but the associated costs of manufacturing these commercial 
conductive particles could pose a significant constraint.

In addition, several studies have investigated particle breakage [17], 
entrainment efficiency [18], and traction effects at the wheel-rail 

interface [19] using experiments and numerical simulations, offering 
some guidance for understanding the relationship between traction 
improvement and track circuit compatibility. Suhr et al. [17] developed 
a DEM model to simulate sand particle breakage under dry and wet 
conditions, successfully capturing fragment diffusion and solidified 
cluster formation. Maramizonouz et al. [18] used CFD-DEM coupling to 
model sanding at wheel-rail interface, showing that particle density, 
size, shape, and uniformity significantly impact entrainment efficiency, 
with flat and elongated particles achieving 50 % and 30 % higher 
entrainment rates than spherical ones. Skipper et al. [19] studied wheel- 
rail contact under low adhesion conditions using an HPT test, finding 
that harder and less round particles improve traction, especially in leaf- 
contaminated environments. However, these studies do not yet provide 
a practical solution for balancing adhesion performance and electrical 
isolation in railway applications.

To reduce costs, the usage of commercial conductive particles could 
be reduced by mixing them with standard rail-sand. The effects of 
mixing conductive and non-conductive particles on the electrical con-
duction of the wheel-rail interface and determining the optimal mixing 
ratios to specifically regulate the electrical behaviour remain an open 
scientific challenge. This study aims to investigate the electro- 
mechanical properties of mixed conductive and non-conductive sand 
particles at the wheel-rail interface. A 1-D compression test and HPT 
modelling are utilised to examine the fragmentation behaviour and 
contact mechanics of mixed particles under load, as well as to investi-
gate the effects of these mixtures and their mixing ratios on electrical 
response at the interface. To evaluate the contribution of conductive and 
non-conductive particle mixtures to electrical conduction under adverse 
conditions, a worst-case scenario of wheel-rail contact—specifically, the 
electrical response of a light vehicle, which induces a contact pressure of 
600 MPa at wheel-rail interface when passing through sand fragment 
layer—is conducted [7,20]. If the particle mixture enhances electrical 
conductivity in such challenging conditions, it is likely to be effective in 
less severe scenarios as well. The findings contribute to ongoing efforts 
to enhance railway safety and performance by providing a cost-effective 
approach to managing electrical isolation challenges.

2. Experimental investigation

2.1. Testing set-up

Fig. 1a shows a modified one-dimensional (1-D) compression test for 
measuring the electrical resistance at metal-to-metal interface. The 
piston and the base specimens are both fabricated from O1 tool steel, 
which is hardened and tempered to 58–60 Rockwell C grade hardness, 
with high resistance to abrasion and toughness to ensure the test can be 
completed under high pressure conditions. The piston specimen is a 
cylinder with a diameter of 35 mm and a height of 50 mm. The di-
mensions of the base specimen are 50 mm × 50 mm × 40 mm. In 
addition, a circuit is developed to measure the electrical resistance be-
tween the piston and the base specimens when they are in contact, as 
shown in Fig. 1b. To prepare the circuit mentioned above, the piston and 
base specimens are sanded using 400-grit silicon carbide abrasive paper 
to ensure that the surfaces are smooth. Then, an electronic glue is used to 
adhere the wires to the surfaces of the specimens and keep good elec-
trical contact between them, and the wires are fixed by using hot-melt 
adhesive. A TENMA 72-7732A Digital Multimeter is used, which ap-
plies a constant current and then measures the electrical resistance value 
between the interface of the piston and the base specimen using the 
instrument’s voltmeter.

The test materials are spread evenly on the base specimen and then 
the piston specimen is placed on the top of the materials. The spherical 
platen is positioned directly above the piston specimen to ensure parallel 
alignment, preventing uneven loading in the system. Moreover, an 
electrically insulating lubricating layer is applied to the surface of the 
spherical platen, as shown in Fig. 1c. This arrangement ensures that 

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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current flows only through the closed circuit between the piston and the 
base specimens.

2.2. Particle characteristics

The results of particle characterisation by Maramizonouz et al. [21] 
and HPT testing by Skipper et al. [7] indicated that the sand-like com-
mercial conductive particles (referred to as Product D for confidenti-
ality) are a type of alumina particles with a coating and are particularly 
promising for further investigation. Therefore, silica sand and Product D 
particles are selected for compression tests, the latter having an elec-
trical resistivity ranging from 1.66 × 10-8 

Ω⋅m to 4.31 × 10-5 
Ω⋅m [21]. 

These two types of particles are shown in Fig. 2a and b, respectively. The 
particle size distribution (PSD) of silica sand and Product D are 

characterised through sieve analysis following BS1377–2:1990 [22], 
and their PSD is presented in Fig. 2c. It can be seen that PSD of these two 
materials ranges from 0.6 mm to 2 mm. More details on the other par-
ticle characteristics of these two materials can be found in the previous 
work [21].

Powder X-ray Diffraction (XRD) of product D and silica sand particles 
is performed by a Bruker D2 Phaser with LynxEye detector using Cu Kα 

radiation. For phase identification of finely ground samples, the 
diffraction parameters including divergence slit, 2θ range, step size and 
step-1 are set to 1.0 mm, 10–100◦, 0.033◦ and 0.5 s, respectively. The 
phase compositions of Product D and silica sand particles are shown in 
Fig. 3. The highest diffraction peak of Product D particles, located at 2θ 

= 53◦, is identified as the Al2O3 phase (reference code 96–100-0033) 
[21]. For silica sand particles, the principal peak appears at 2θ = 27◦, 

Fig. 2. (a) Photos of silica sand and (b) Product D used in the tests, (c) particle size distribution of the two tested materials obtained by sieve analysis.

Fig. 1. (a) 1-D compression test set-up for measuring electrical resistance at the interface between piston and base specimens, (b) schematic of a simple circuit used 
in the compression test, and (c) spherical platen with electrically insulated lubrication coating.
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corresponding to the SiO2 (quartz) phase (reference code 96–153-2513) 
[21]. To ensure the reliability of these XRD results, they are corrobo-
rated with Scanning Electron Microscope (SEM) and Energy-Dispersive 
X-ray (EDX) analyses provided by the School of Engineering at New-
castle University, United Kingdom.

2.3. 1-D compression test scenarios

To investigate the effect of silica sand and Product D particles, both 
individually and in combination, on the interfacial electrical resistance 
between the piston and the base specimens, the experimental scenarios 
employed in this study are listed in Table 1. Following the practice of 
Skipper et al. [7], a total mass of 10 g particles is used in each test. This 

quantity ensures complete physical separation between the piston and 
the base specimen throughout the experiment, preventing direct metal- 
to-metal contact and allowing the particles to fully occupy the interface. 
The test scenarios in Table 1 are systematically designed to examine the 
influence of different mixing ratios on electrical resistance. Two extreme 
cases are first defined: one consisting entirely of Product D particles and 
the other consisting solely of sand particles. Afterwards, the mass of 
Product D particles is gradually increased from 0.5 g while maintaining 
a total mixture of 10 g, allowing for a controlled investigation of how 
electrical resistance transitions across different mixing ratios. To ensure 
the reliability of the results, each test scenario is repeated three times.

For sample preparation before each test, a precision balance 
(±0.001 g) is utilised to weight silica sand and Product D particles 
following Table 1, with a total sample mass of 10 g. A standard sieve 
stack collection pan with a sieve lid is used to mix the two particle types 
by manually shaking for around 15 s. A cylindrical steel ring with inner 
diameter of 35 mm, 7 mm wall thickness, and height of 40 mm is 
positioned at the centre of base specimen to minimise particle loss and 
ensure uniform placement. The mixed particles are air-pluviated into the 
ring using a funnel, after which the ring is carefully removed. The piston 
specimen is then gently placed on top of the deposited mixture, and the 
compression test is carried out. During each test, a loading force is 
applied at a rate of 20 kN while continuously recording the electrical 
resistance across the interface. Once the loading force reaches 577 kN, 
corresponding to a contact pressure of 600 MPa between the piston and 

Table 1 
Mass of Product D and silica sand particles in each test scenario.

Test No. Silica sand (g) Product D (g)
1 10 0
2 9.5 0.5
3 9 1
4 8 2
5 7 3
6 5 5
7 0 10

Fig. 4. Photos of the surfaces of the piston and the base specimens, accompanied by silica sand particles (10 g), a mixture of silica sand (5 g) and Product D particles 
(5 g), and Product D particles (10 g): (a) before test, (b) after test.

Fig. 3. XRD spectrum of the Product D and silica sand particles.
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the base specimen [20], it is maintained for 10 s, and the stabilised 
electrical resistance values are measured and recorded.

Silicon carbide abrasive paper is used to polish both the piston and 
base specimens before each test to ensure a smooth surface finish. Fig. 4a 
and b display examples of the surfaces of the piston and the base spec-
imens before and after each test, including silica sand particles (Test 
No.1), a mixture of silica sand and Product D particles (Test No.6), and 
Product D particles (Test No.7).

2.4. Scanning electron microscopy

After completing each 1-D compression test, the fragment layer 
formed at the interface between the piston and the base specimen due to 
particle fragmentation is collected. The fragment layers obtained from 
silica sand particles (Test No.1), a mixture of silica sand and Product D 
particles (Test No.6), and Product D particles (Test No.7) are shown in 
Fig. 5a, b and c, respectively. To analyse the microstructure of the 
different fragment layers, Scanning Electron Microscopy (SEM) 

technique (JSM-IT510, JEOL Ltd., Japan) is utilised as presented in 
Fig. 5d.

2.5. Effect of conductive particle content on interfacial electrical 
resistance

Fig. 6 shows the evolution of the electrical resistance at the interface 
between the piston and the base specimens under mechanical loading 
for various mixing ratios of Product D and silica sand particles. The 
figure clearly shows the electrical isolation between the interface of the 
piston and the base specimens when the test material is 100 % sand 
particles. However, for each mixing scenario, a significant decrease in 
the interfacial electrical resistance is shown as mechanical loading in-
creases. Previous studies suggest that as the mechanical loading in-
creases, the contact area between two metal particles expands and the 
oxide layer on the surface of the particles is crushed, leading to the 
formation of more conductive micro-channels in the oxide film, through 
which current can be transferred [23,24]. This means that the fragment 

Fig. 5. Photos of fragment layer of crushed (a) silica sand (10 g), (b) mixture of silica sand (5 g) and Product D (5 g), (c) Product D particles (10 g) and (d) 
SEM analysis.

Fig. 6. Variation of electrical resistance at the interface between piston and 
base specimen with increasing mechanical loads for different mixing ratios of 
Product D and silica sand.

Fig. 7. Ultimate electrical resistance at the interface between piston and base 
specimen versus the percentage of Product D particles under constant normal 
mechanical load (ultimate electrical resistance is the measured resistance value 
after 10 s of constant 600 MPa contact pressure).
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layer has a similar mechanism to the oxide film, and the current can be 
transferred along the conductive micro-channels. For 100 % silica sand 
particles, a higher load increases the contact area between the fragments 
and the specimen surfaces after sand fragmentation; however, the 
intrinsic electrical properties of the sand impede current transmission 
within the fragment layer. Instead, when Product D particles are 
included, their contact area with the piston and the base specimens in-
creases under high contact pressure, leading to more conductive micro- 
channels within the fragment layer.

Fig. 7 displays the correlation between mixing ratios (Product D: 
silica sand particles) and the interfacial electrical resistance when the 
load reaches 577 kN, i.e. a contact pressure of 600 MPa at the interface 
between the piston and base specimens. A significant drop in the ulti-
mate electrical resistance at the metal-to-metal interface is observed 
when the mixing ratio increases. In particular, the interfacial electrical 
resistance falls abruptly from ~55 kΩ to ~220 Ω when the percentage of 
conductive particles is raised from 0 % to 5 %. This sharp decline in-
dicates that Product D particles effectively enhance the conduction 
performance of the fragment layer and establish good electrical contacts 
with the specimens. In addition, the ultimate electrical resistance at the 
interface between piston and base specimen becomes progressively 
smaller as the percentage of Product D particles increases. However, the 
decrease in the ultimate electrical resistance is most pronounced as the 
percentage of Product D increases from 0 % to 10 %, and particularly 
from 0 % to 5 %.

2.6. Fragment layer microstructure

The SEM images depicted in Fig. 8 reveal the morphological char-
acteristics and layered structure of different composite particles. The 
thickness of each fragment layer is around 1 mm and can become 
densely packed after Product D particles (Test No.7) are crushed under 

high contact pressure (Fig. 8a and b). Mechanical loading causes some 
particles to break, and the resulting fragments are compacted and 
interlocked, forming a relatively homogeneous texture with larger 
angular fragments. Additionally, the uniform brightness of the fragment 
layer observed in the SEM images, combined with the XRD results from 
Fig. 3, suggests that the fragments are primarily composed of Al2O3 
crystals. These crystals effectively dissipate electrons, helping to prevent 
the accumulation of charges. Fig. 8c shows the fragment layer generated 
by crushing a mixture of Product D and silica sand particles (Test No.6), 
with the interface between the two particles clearly visible. The distinct 
contrast between the bright and dark areas in the image suggests that 
SiO2 may be concentrated in the bright regions. This concentration 
could promote localised charging, potentially leading to an accumula-
tion of charge in these areas. It is also notable that Al2O3 crystals are 
interspersed in the matrix, showing that mechanical interlocking may 
exist between these particles and that conductive micro-channels are 
established in the fragment layer. The fragment layer of silica sand 
particles (Test No.1) exhibits a relatively uniform texture and compo-
sition (Fig. 8d). The high brightness in Fig. 8d suggests that SiO2 is 
evenly distributed throughout the matrix, leading to charge accumula-
tion. This charge build-up underscores the difficulty in forming 
conductive micro-channels in the fragmented silica sand layer, sug-
gesting that the material properties of silica sand impede the efficient 
transfer of current through the fragments.

3. Numerical investigation

A numerical model of the HPT test is set up to investigate changes in 
electrical resistance when a mixture of conductive and non-conductive 
particles is applied to the wheel-rail interface under relatively high 
contact pressure conditions.

Fig. 8. SEM images of the side of the fragment layer: (a) Product D particles (10 g) (b) zoomed in view of Product D particles, (c) mixture of Product D (5 g) and silica 
sand particles (5 g), and (d) silica sand particles (10 g).
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3.1. Electro-mechanical contact model

For a particulate system connected to a direct current (DC) circuit, an 
electro-mechanical contact model in authors’ previously published work 
[15] is employed to evaluate its electrical properties. The motion of the 
particles is modelled using DEM, with Newton’s second law and Euler’s 
law used to describe the translational and rotational motion of indi-
vidual particles [25,26]: 

mi
d v→i
dt =

∑

j=1,j∕=i

(

F→n
c,ij + F→t

c,ij

)

+mi g→ (1) 

Ii
dω→i
dt =

∑

j=1,j∕=i

(

ri × F→t
c,ij + M→r,i

)

(2) 

where νi→, ωi, mi, Ii, ri and Mr,i are defined as translational velocity, 
angular velocity, mass, moment of inertia, particle radius, and the 
rolling resistance torque of particle i. Fn

c,ij and Ft
c,ij are contact forces in 

the normal and tangential directions, respectively, when particle j acts 
on particle i. Additionally, g is the gravitational acceleration.

As the particles are moving under load, contacts occur between 
particles or between particles and the wall. During this process, elec-
trons flow freely from one conductive object to another through the 
contact region, constructing a conductive path [27]. A reasonable 
analogy can be drawn between contact paths in a particulate system and 
an electrical circuit, following the nodal analysis method [28,29]. For 
two particles in contact, each particle is regarded as a node and the path 
between the particle centres as a branch. Fig. 9a illustrates the electrical 
resistance (Rij) on the conductive path of particle-to-particle contact: 

Rij = Ri +Rc,ij +Rj (3) 

where Ri, Rc,ij, and Rj are defined as the particle resistance from the 
centre of particle i to the contact plane, the contact resistance between 
two contacting particles, and the particle resistance from the contact 
plane to the centre of particle j.

In this regard, the contact resistance can be solved using the Holm 
resistance model [30], while the particle resistance can be calculated 
based on the geometric transformation characteristics between the two 
particles in contact. Therefore, Eq. (3) can be written in the following 
form: 

Rij =
∫

ri−δi

0
ρi

dz
π(ri2 − z2)

+
ρi + ρj

4rc
+

∫

rj−δj

0
ρj

dz
π
(rj2 − z2) (4) 

where ρi and ri are defined as the electrical resistivity and radius of 
particle i, while ρj and rj are the electrical resistivity and radius of par-
ticle j. δi and δi are the overlaps arising from contact between the particle 
i and particle j, respectively. rc is the contact radius for two contacting 
particles, which can be solved by the classical Hertz theory [26,31]. In 
addition, D and Lij are the distances from the centre of particle i to the 
contact plane and between the centres of the two overlapping particles, 
respectively. These distances can be determined via the characteristics 
of the geometrical transitions of particles in contact. Therefore, Eq. (4)
can be written as follows: 

Fig. 9. Schematic of the components of the resistance when two objects are in contact, including their geometric characteristics, together with a pseudo-code for 
calculating the corresponding resistance: (a) particle-to-particle contact, (b) particle-to-wall contact, (c) pseudo-code.
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Rij =
ρi

2πri
ln
(r2

i − r2
j + L2

ij + 2riLij
r2
j − r2

i − L2
ij + 2riLij

)

+
1
2
(

ρi + ρj
)

̅̅̅̅̅̅̅̅̅̅

E*

6fnr*
3

√

+
ρj

2πrj
ln
(r2

j − r2
i + L2

ij + 2rjLij
r2
i − r2

j − L2
ij + 2rjLij

)
(5) 

where E*, fn, and r* are defined as the equivalent Young’s modulus, the 
normal contact force, and the effective radius, respectively.

To calculate the resistance Riw for particle-to-wall contact, as shown 
in Fig. 9b, the contact resistance Rc,iw between the particle i and the wall 
should be considered, as well as the particle resistance Ri from the centre 
of particle i to the contact plane of the wall: 
Riw = Ri +Rc,iw (6) 

The contact resistance between the particle and the wall follows the 
same method as for the particle-to-particle contact, while the distance 
from the centre of the particle to the contact plane is S. Then, Eq. (6) can 
be written as: 

Riw =

∫

S

0
ρi

dz
π(ri2 − z2)

+
ρi + ρw

4r’c
(7) 

where ρw and ŕc are the electrical resistivity of the wall and contact 
radius when the particle is in contact with the wall. The overlap δ be-
tween a particle i and the wall due to loading is used to determine the 
distance S. Therefore, Eq. (7) can be written as follows: 

Riw =
ρi

2πri
ln
(2ri

δ
−1
)

+
1
2 (ρi + ρw)

̅̅̅̅̅̅̅̅̅̅

E*

6fnri
3

√

(8) 

After determining the electrical resistance of the particle-to-particle 
and particle-to-wall contacts, and then incorporating Ohm’s law and 
Kirchhoff’s current law allows the electrical properties of the entire 
particulate system to be estimated. The electromechanical contact 
model is then implemented in the EDEM™ software package [32] using 
the C++ programming language. Moreover, in a particulate system 
consisting of conductive and non-conductive particles, a classification of 
the type with respect to particle-to-particle and particle-to-wall contacts 

under loading is required. For particle-to-particle contacts, three cate-
gories are identified: (i) two conductive particles, (ii) one conductive 
and one non-conductive particle, and (iii) two non-conductive particles. 
Particle-to-wall contacts are classified into: (i) conductive particle-wall 
contact and (ii) non-conductive particle-wall contact. The particle’s 
electrical resistivity is used to determine whether it is conductive or not, 
and the appropriate contact classification is applied based on this 
property. Fig. 9c shows the pseudo-code of the complete computational 
workflow for calculating the resistance of particle-to-particle and 
particle-to-wall contacts.

3.2. High pressure torsion tests

This section analyses the effects of mixing Product D or a finer 
conductive material (Product B, with median diameter d50 = 0.5 mm 
[15]) with silica sand particles on the electrical conduction properties at 
the wheel-rail interface in the HPT system. Numerical simulations are 
used to investigate how these mixtures, and the use of conductive par-
ticles of different sizes, influence interface conductivity. An example of 
the HPT simulation set-up with a mixture of Product B and silica sand 
particles at the contact area of the wheel and rail specimens is shown in 
Fig. 10a. A constant voltage of 0.5 V is imposed to the wheel specimen, 
while the rail specimen is maintained at 0 V, effectively simulating a DC 
circuit, with 0.5 VDC representing the worst-performing low-voltage DC 
track circuit in the UK railway operations [33]. A normal load is applied 
to the wheel specimen to achieve a contact pressure of 600 MPa at the 
wheel-rail interface to simulate a light vehicle with an axle load of 
approximately 80 kN [20]. This is because a light vehicle is less capable 
of breaking down the contamination layer, leading to weak conductive 
performance at the wheel-rail interface. For dynamic similarity, 
dimensionless analysis is used to scale down the contact pressure from 
600 MPa to 6 MPa [34]. During the above process, the whole HPT sys-
tem constitutes a closed circuit, and the current is transmitted from the 
wheel specimen to the rail specimen via the fragment layers. When the 
wheel specimen does not continue to displace and the contact pressure 
at the wheel-rail interface reaches 6 MPa, a uniform angular velocity of 
1 deg./s is applied to the rail specimen. Meanwhile, the collected voltage 
and current data can be used to calculate the electrical resistance of the 

Fig. 10. (a) The simulation set-up for HPT tests connected to a DC circuit, where the normal load is applied before torsion begins and (b) modelling of cluster 
particles for silica sand, Product B and Product D with a diameter of d50 (the pink particles represent Product B while the blue particles represent sand). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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HPT system.
To model the conductive and non-conductive particles, d50 in the 

PSD curve obtained by sieving is selected as the diameter of particles. 
Laser diffraction is used to analyse the size distribution of fragments 
from crushed conductive and non-conductive particles collected from 
the railhead. From this data, spherical elements representing the cor-
responding fragment sizes are generated using an in-house Python code. 
In addition, the bonded particle model (BPM) [35] is used to reproduce 
the fragmentation behaviour of conductive and non-conductive particles 
under the mechanical loading. Each cluster particle is composed of in-
dividual spherical elements that are bonded together with finite-sized 
bonds. Detailed information on the breakage process of the particles at 
the wheel-rail interface can be found in the authors’ previously 

published work [36]. The models of cluster particles for Product B, 
Product D and silica sand used in the HPT simulation are shown in 
Fig. 10b. The simulation parameters for the HPT test are listed in 
Table 2, which are taken from [7,15,16,36].

3.3. Mixing scenarios

To locate the mixed particles at the interface between the wheel and 
rail specimens, a geometry bin in the shape of a cylindrical shell with the 
same inner and outer diameters as the wheel-rail contact area (Fig. 10a) 
and a height of 2 mm is created. Following the operations of the pre-
viously published HPT simulation [15], a consistent volume fraction of 
the mixture is maintained to ensure that there is no direct contact be-
tween the wheel and rail specimens. The simulated mixing scenarios for 
Product B with silica sand and Product D with silica sand are shown in 

Table 2 
Simulation parameters utilised in the HPT test.

Simulation parameters Value
Particle properties Product B Product D Silica sand
Poisson’s ratio (−) 0.3 0.3 0.3
Density (kg/m3) 3.81 × 104 3.75 × 104 2.65 × 104

Young’s modulus (Pa) 7 × 108 7 × 108 7 × 108

Particle diameter (mm) 0.5 0.9 1.45
Fragment diameter (mm) 0.06–0.2 0.06–0.3 0.06–0.38
Electrical resistivity (Ω⋅m) 1 × 10−6 1 × 10−6 5.56 × 106

Geometry properties Wheel specimen Rail specimen
Poisson’s ratio (−) 0.28 0.3
Density (kg/m3) 7850 7850
Young’s modulus (E) 2.3 × 1011 2.1 × 1011

Electrical resistivity (Ω⋅m) 1.43 × 10−7 1.43 × 10−7

Bond properties
Normal stiffness (N/m3) 1 × 1010

Shear stiffness (N/m3) 1 × 1010

Critical normal stress (Pa) 1 × 108

Critical shear stress (Pa) 1 × 108

Interaction properties
Coefficient of restitution (−) 0.8
Coefficient of static friction (−) 0.5
Coefficient of rolling friction (−) 0.01

Fig. 11. Simulation scenarios with various mixing ratios of conductive and non-conductive particles: (a) mixing of silica sand and Product B, (b) mixing of silica sand 
and Product D (The blue, pink, and red clump particles represent silica sand, Product B, and Product D, respectively). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.)

Table 3 
Mixing scenarios of conductive and non-conductive particles in the HPT 
simulation.

Case 
No.

Conductive particle Non-conductive particle

Product B Silica sand
Number of 
particles

Volume 
ratio (%)

Mass 
ratio 
(%)

Number of 
particles

Volume 
ratio (%)

Mass 
ratio 
(%)

a1 52 5 7 41 95 93
a2 105 10 13.7 39 90 86.3
a3 210 20 26.7 34 80 73.3
a4 315 30 38.2 30 70 61.8
a5 524 50 58.4 22 50 41.6

Product D Silica sand
Number of 
particles

Volume 
ratio (%)

Mass 
ratio 
(%)

Number of 
particles

Volume 
ratio (%)

Mass 
ratio 
(%)

b1 9 5 6.9 41 95 93.1
b2 17 10 12.9 39 90 87.1
b3 38 20 27.4 34 80 72.6
b4 55 30 38.3 30 70 61.7
b5 88 50 57.5 22 50 42.5
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Fig. 11a and b, respectively. In addition, the number of particles, the 
volume ratio, and the mass ratio of conductive and non-conductive 
particles under each simulation scenario are listed in Table 3.

3.4. Simulation results

Fig. 12a and b show the electric potential distribution of the frag-
ment layer in the wheel-rail contact region for silica sand particles mixed 
with Product B and Product D, respectively. As the number of conductive 
particles increase, the interlocking between the crushed conductive 
fragments and sand fragments induced by mechanical loading makes the 
fragmented layer denser. In addition, fragments from conductive parti-
cles are interspersed in the matrix, and thus the potential distribution on 
the upper surface of the fragment layer gradually becomes more even as 
the percentage of conductive particles increases. Fig. 12c visually 

supports this statement, showing that as the percentage of conductive 
particles increases, the number of fragments with a potential exceeding 
0.3 V on the upper surface rises apparently, particularly for Product B 
particles.

Fig. 13 presents the current intensity distribution in the fragment 
layer after a mixture of conductive and non-conductive particles is 
crushed in each mixing scenario. As shown in Fig. 13a, increasing the 
percentage of Product B particles leads to a noticeable rise in current 
intensity across most areas of the fragment layer. Mixing the crushed 
Product B fragments in the fragment layer results in the creation of 
conductive micro-channels which facilitate current transfer, similar to 
Fig. 8c. Also, as the fragment layer becomes denser and more uniform, 
the interaction between the fragments becomes stronger, leading to 
improved transmission of the electric current across the fragments (from 
side view). The trend of the current intensity distribution in the 

Fig. 12. Snapshots of the electric potential distribution in the fragment layer at the end of simulation for silica sand mixed with (a) Product B and (b) Product D, and 
(c) compare the number of fragments at the upper surface of the fragment layer greater than 0.3 V in each scenario for Products B and D.
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fragment layer for a mixture of Product D and silica sand particles is 
shown in Fig. 13b, which is generally consistent with Fig. 13a.

Fig. 14a and b show the variation of electrical resistance for the HPT 
system when using different mixing ratios for Products B and D 
respectively with silica sand under a constant mechanical loading. 
Before the wheel specimen comes into contact with the particles, the 
entire HPT system is in open circuit with infinite electrical resistance. 
Due to the mechanical action of the wheel specimen, the particles are 
gradually crushed, increasing their contact area with both the wheel and 
rail specimens. During this process, the fragments are detached from 
particles and realigned by the mechanical behaviour, and the conductive 
micro-channels for current transfer from wheel to rail specimen are 
built. At t = 0.005 s, the electrical resistance of the HPT system decreases 
to a measurable value. At the initial stage of the torsion of the rail 
specimen, the HPT resistance appears to fluctuate before stabilising. For 
100 % silica sand particles, the high electrical resistivity of the sand 
particles prevents efficient current transmission through the fragment 
layer, leading to a resistance of 58 kΩ in the HPT system. However, the 
resistance of the HPT system drops dramatically when the proportion of 
conductive particles (Product B or D) in the test material increases to 5 
%. As the percentage of conductive particles continues to increase to 30 
%, the HPT system resistance decreases below 10 Ω, an acceptable 
resistance for these systems according to Skipper et al. [7].

Fig. 15 compares the effect of the size of conductive particle (i.e., 
using either Product B or D particles) at each mixing ratio on the HPT 
resistance in the final stage of the simulation. Although an effective 
reduction in the electrical resistance of the HPT system can be achieved 
by mixing either Product B or Product D particles in the silica sand 
particles, Product B reduces the electrical resistance of the HPT system 
better than Product D at the mixing ratios. This is because the particle 
size of Product B is smaller than Product D, so that for the same volu-
metric mixing ratio, more Product B particles are included, and thus 
more conductive micro-channels are built, as shown in Fig. 13a and b.

3.5. Effect of electrical resistivity of conductive particles on HPT 
resistance

The electrical resistivity of the investigated conductive particles 
Product D ranges from 4.31 × 10−5 to 1.66 × 10−8 

Ω⋅m according to 
Skipper et al. [16]. To investigate how electrical resistivity of conductive 
particles effects the electrical resistance at the wheel-rail interface of the 
HPT system, the resistivity of Product D is altered, taking the resistivity 
value in Table 2 as a benchmark. The electrical resistivities of Product D 
particles used in the HPT model are listed in Table 4.

Fig. 16 shows that the electrical resistance of the HPT system is 
strongly influenced by both the proportion of Product D particles and its 
electrical resistivity. When the resistivity of Product D is constant, the 
electrical resistance of the HPT system decreases as the proportion of 
conductive particles increases, likely due to an increase in the conduc-
tive micro-channels in the fragment layer formed by contact paths, 
which are the main reason for current transfer under dry contact con-
ditions [37]. When the proportion of conductive particles is constant, 
Fig. 16 shows a dramatic drop in the electrical resistance of the HPT 
system as the resistivity of Product D decreases from 10−5 

Ω⋅m to 10−8 

Ω⋅m. This occurs because lower resistivity more effectively reduces 
electron-atom collisions within the material, lowering electrical resis-
tance and enabling more efficient current transfer through the conduc-
tive micro-channels in the fragment layer [38].

The above investigations have demonstrated that incorporating even 
a small amount of conductive material with low electrical resistivity into 
silica sand can significantly reduce the electrical resistance at the wheel- 
rail interface of the HPT system. Effective electrical conduction between 
the wheel and rail specimens is typically achieved when HPT electrical 
resistance falls below 10 Ω [7]. Both the resistivity of the conductive 
material and its proportion in the mixture play a critical role in deter-
mining the resistance of the HPT system. To better understand the 
relationship between electrical resistivity and the mixing ratio of 
conductive material, a contour cloud plot was generated using data from 
25 simulations (Fig. 16). Interpolation was applied to enhance visual-
isation of the electrical resistance distribution under different condi-
tions. Fig. 17 shows that selecting the appropriate resistivity and 
proportion of conductive material can reduce the HPT resistance below 
a critical threshold (10 Ω). Specifically, if the resistivity of the conduc-
tive material is less than 1 × 10−7 

Ω⋅m, silica sand mixed with only 5 % 
of the conductive material to achieve good electrical contact. 
Conversely, if the resistivity of the conductive material is higher, a larger 
proportion of the material is required—potentially up to 100 % in some 
cases with high electrical resistivity values—to ensure effective elec-
trical conduction in the HPT system.

4. Discussion

Building on experimental and numerical studies, this work summa-
rises four distinct current transfer mechanisms at the wheel-rail inter-
face, as illustrated in Fig. 18: (a) no particles, (b) the presence of only 
non-conductive particles, (c) a mixture of conductive and non- 
conductive particles, and (d) the presence of only conductive particles. 
Fig. 18a shows that in the absence of particles, at the microscopic level, 

Fig. 12. (continued).
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current flows through the asperities—tiny contact points—where the 
two metallic surfaces physically meet [39–42]. The mechanical forces 
increase the real contact area by deforming the asperities and breaking 
through any thin insulating layers that may form on the surface, such as 
oxides or contaminants. Fig. 18b illustrates current transfer when only 
non-conductive particles (e.g., silica sand) are present at the wheel-rail 
interface. The crushed particles form a dense, insulating fragment layer 
that prevents direct metal-to-metal contact, significantly restricting 
electron flow. As depicted in Fig. 18c, when a mixture of conductive and 
non-conductive particles is applied to the wheel-rail contact area, the 

mechanical loading leads to particle fragmentation and compaction, 
forming a dense fragment layer at the wheel-rail interface, commonly 
referred to as a friction film.2 Although this fragment layer induces an 
indirect contact between the wheel and rail, the conductive fragments 
become distributed throughout the layer. Under continued mechanical 
loading, the contact area between these conductive fragments 

Fig. 13. Snapshots of the current intensity distribution in the fragment layer at the end of the simulation for silica sand mixed with (a) Product B and (b) Product D.

2
“Friction film” refers to a compacted layer formed at the interface due to 

particle fragmentation and compression under mechanical loading, which alters 
tribological and electrical properties.
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progressively increases, facilitating the formation of conductive micro- 
channels. These channels enable the transfer of electrons from the 
wheel to the rail, thereby allowing partial electrical conductivity 
through the otherwise insulating friction film, and thus significantly 
reducing the electrical contact resistance at the interface. When all the 

particles present at the wheel-rail interface are conductive, their frag-
mentation results in the formation of a fragment layer that not only 
contributes to the repair of surface defects and interfacial microcracks 
on the wheel and rail but also facilitates electron transfer. In this sce-
nario, the conductive fragment layer enables continuous and efficient 
electron flow from the wheel to the rail, ensuring effective electrical 
conductivity across the entire interface, as shown in Fig. 18d.

5. Conclusions and outlook

The present work proposes an approach for using a mixture of 
conductive and non-conductive particles at the wheel-rail interface. 
Combining laboratory tests and numerical simulations, the effect of 
mixing conductive and non-conductive particles in different ratios under 
mechanical loading on the electrical properties of the wheel-rail inter-
face is analysed. The effect of the resistivity of the conductive particles 

Fig. 14. The electrical resistance of the HPT system for each mixing scenario of conductive and non-conductive particles at constant mechanical load: (a) mixing of 
silica sand and Product B, (b) mixing of silica sand and Product D.

Fig. 15. Comparison of the effect of Products B and D on the ultimate electrical 
resistance of the HPT system at each mixing scenario.

Table 4 
Resistivity values of Product D and sand particles used in the HPT simulation.

Case No. Unit Product D Silica sand
1

Ω⋅m

4.31 × 10−5

5.56 × 106
2 5 × 10−6

3 1 × 10−6

4 1 × 10−7

5 1.66 × 10−8

Fig. 16. Comparison of the effect of Product D with different resistivities on the 
electrical resistance of the HPT system.
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on the interfacial resistance is also investigated. The main findings are: 

1) As the percentage of Product D particles increases, the electrical 
resistance at the interface of the piston and the base specimens de-
creases rapidly with the increasing load. In addition, when the load is 
maintained at 577 kN, the resistance at the interface decreases as the 
ratio of Product D in the mixture increases. In particular, the inter-
facial resistance drops sharply from about 55 kΩ to less than 220 Ω 

when the percentage of Product D increases beyond 5 %.
2) For Product D particles, their fragments are interspersed in the 

fragment layer during compression and conductive micro-channels 
are established. As the ratio of Product D increases, the tendency 
for localised charge build-up caused by the SiO2 in the sand particles 

is gradually reduced, leading to improved conductivity in the frag-
ment layer.

3) An increase in the proportion of either Product D or (the finer 
grained) Product B particles in the mixture can effectively minimise 
the resistance of the HPT system. When an equal content of Product B 
or D is mixed with sand particles, the finer fragments of crushed 
Product B particles with their larger surface area can better inter-
penetrate with the fragment layer, creating more conductive micro- 
channels. Therefore, the size of the conductive particles appears to be 
an important factor in reducing electrical resistance at the wheel-rail 
interface in HPT systems.

4) The electrical resistivity of the conductive material and its propor-
tion in the mixture both strongly influence the electrical resistance at 
the wheel-rail interface of the HPT system. If a low-resistivity 
conductive material is mixed with silica sand, only a small percent-
age of conductive particles is needed to reduce the electrical resis-
tance of the HPT system to less than 10 Ω. Conversely, if the 
resistivity of the conductive material is higher, a significantly larger 
proportion of the mixture must be conductive particles to achieve the 
same reduction in electrical resistance.

5) Future studies will investigate the effect of mixtures of conductive 
and non-conductive particles on the coefficient of traction (CoT) at 
the wheel-rail interface. The long-term environmental impact of 
introducing conductive particles into railway operations require 
further work. Lastly, given the potential segregation of conductive 
and non-conductive particles when mixed in sandboxes, future tests 
will examine how storage, vibration, and transport conditions affect 
their performance.
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