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Abstract 29 

Sand particles have been used since the early stages of the railway industry to 30 

increase adhesion at the wheel-rail contact. However, there is a limited understanding 31 

of how sand particle characteristics affect the tribological performance of the wheel-32 

rail contact. In this work, the high-pressure torsion test used as a small-scale simulation 33 

of the interface is numerically modelled using the discrete element method (DEM). The 34 

DEM model is then utilised to investigate the effect of different particle characteristics 35 

on the frictional performance of wheel-rail contact which can provide more insight on 36 

micromechanical observations. The effects of various particle characteristics including 37 

their size, their number, the number of fragments the particles break into, and the 38 

parameters defining the behaviour of the bonds between particle fragments on the 39 

coefficient of traction (CoT) are systematically investigated. Results show that, in dry 40 

contacts, the coefficient of traction decreases when the size or number of sand 41 

particles increase. This can be attributed to the formation of weak shear bands 42 

between the fragments. Further investigation is needed for wet and leaf-contaminated 43 

contacts. It is also found that the CoT is more sensitive to the stiffness of the bond 44 

between the fragments of a broken particle compared to the strength of the bond. A 45 

limiting value for bond strength was identified, beyond which the sand particles 46 

exhibited ductile behaviour rather than the expected brittle fracture. The findings from 47 

this study can be useful for future research on adhesion management in wheel-rail 48 

contact. 49 

Keywords: High-pressure torsion; Discrete element method; Sanding; Particle 50 

characteristics; Coefficient of traction  51 
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1. Introduction 52 

It is estimated that each year, the UK rail industry spends around £350 million to 53 

manage low adhesion2, which is a risk to the safety of the rail transport operation [1] 54 

and can result in accidents due to delayed braking, passing signals at danger, or even 55 

collisions [2]. In addition, low wheel-rail adhesion can prevent trains from accelerating 56 

effectively, leading to timetable delays and thus rising costs [1,3]. One of the main 57 

causes of low adhesion is the presence of a third-body layer (i.e., contaminants) such 58 

as oil [4], water [5,6],  oxides [5], and leaf layers [7] bonded to the railhead at the wheel-59 

rail contact. 60 

One solution to increase the wheel-rail adhesion is depositing dry sand particles 61 

through a hose in a stream of compressed air from an on-board sand hopper onto the 62 

wheel-rail contact surface [8]. The presence of sand alters the characteristics of the 63 

contact area between the wheel and the rail and thus recovers adhesion. Another 64 

solution is utilising friction modifiers [3] that contain sand particles. These are prepared 65 

by mixing the sand particles in a gel medium and can be applied directly onto the 66 

railhead via a pumping system in track-side applicators, or via train-borne applicators 67 

mounted on maintenance trains. 68 

The characteristics of the sand particles such as their size, shape, and hardness 69 

can affect the wheel-rail traction. Experimental studies performing field tests or using 70 

laboratory-based set-ups such as full-scale test rigs [9–13] and High Pressure Torsion 71 

                             
2 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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(HPT) tests [14–16] have been employed to investigate the effects of particle 72 

characteristics on the tribological behaviour of the wheel-rail contact in the presence 73 

of sand particles. HPT test is an experimental approach to study the frictional 74 

properties of wheel-rail contacts with and without the presence of sand particles [14–75 

17]. During the HPT test, two specimens, one representing the wheel and the other 76 

representing the rail, are compressed together at a given contact pressure to form an 77 

annulus contact. The specimens are then rotated a low speed to move to a set sweep 78 

length. The torque required to maintain the rotation is measured and the CoT at wheel-79 

rail contact is calculated (see Evans et al. [14] for more information). 80 

These previous experimental studies mainly focused on either the size [10–13] or 81 

the hardness [9] of the sand particles present in the wheel-rail contact area. These 82 

studies suggest that larger particle sizes and harder particles are more beneficial in 83 

restoring adhesion in leaf contaminated conditions. However, the efficiency of traction 84 

enhancement is reduced when particle sizes exceed an upper limit, or when particle 85 

hardness exceeds that of quartz [9,12]. Additionally, experimental studies have been 86 

performed using the HPT set-up to quantify the effect of particle characteristics on 87 

wheel/rail adhesion [17]. 88 

Although the above studies offer some insights on the effects of sand particle 89 

characteristics on wheel-rail traction enhancement, they are unable to provide a 90 

comprehensive view of the combined effects of particle characteristics on the frictional 91 

performance of sand in wheel-rail traction enhancement. One of the reasons behind 92 

this shortcoming is the complexity of the particle characteristics which makes it 93 
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challenging to target a particular characteristic during experimental tests. 94 

In this paper, the discrete element method (DEM) is used to simulate the HPT test 95 

set-up to individually investigate the effect of different particle characteristics on the 96 

coefficient of traction at wheel-rail contact. At a macroscopic level, the tribological 97 

performance of the wheel-rail contact is quantified by estimating the CoT while at the 98 

microscopic level, the effect of fragments generated by the breakage of the sand 99 

particles during the HPT test is investigated on the tribological characteristics of the 100 

wheel-rail contact. This can help in improving the current understanding of how the 101 

particles affect the tribological performance of wheel-rail contact and lead in proposing 102 

“the best candidate particle” for traction enhancement. 103 

 104 

2. Methodology 105 

2.1 Discrete element method 106 

 107 

DEM is a well-established and versatile numerical technique for modelling 108 

particulate systems which was originally developed by Cundall and Strack [18]. In this 109 

study, DEM is used to model the dynamic behaviour of sand particles in the wheel-rail 110 

contact area during compaction and torsion phases of the HPT test. The sand particles 111 

are assumed to be rigid and discrete objects, and Newton’s laws of motion are used 112 

to model the translational and rotational motions of each individual particle [18,19]: 113 

,
i

i c i i
dvm F mg
dt

    (1) 

 
,

i i
i c i

d I
R M

dt


   (2) 

where i , i , im  and iI  are the particle’s translational velocity, angular velocity, mass, 114 
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and moment of inertia, respectively. ,c iF   is the contact force in the normal and 115 

tangential directions, which results from the interaction between each particle with its 116 

neighbouring particles or wheel and rail specimens. ,c iM  is the contact torque, which 117 

is derived from the normal and tangential contact force, and iR  is the rotation matrix 118 

from the global to the local coordinate system.  119 

In this study, the Hertz-Mindlin (no slip) contact model is employed, in which the 120 

normal and tangential force components are based on Hertz contact theory [20] and 121 

Mindlin-Deresiewicz’s work [21,22]. The damping component of the forces in both 122 

normal and tangential directions and the damping coefficient are linked to the 123 

coefficient of restitution [23]. In addition, the tangential friction force follows the 124 

Coulomb’s law of friction [18] and rolling friction is represented as a directional constant 125 

torque model independent of the contact [24]. 126 

The normal force  nf  and normal damping force  d
nf are given by: 127 

3
2* *4

3n nf E R   (3) 

*52
6

d rel
n n nf S m   (4) 

where *E  , *R  , *m  ,   , rel
n  , n  , and nS   ( * *2 nE R   ) are defined as the 128 

equivalent Young’s modulus, the equivalent radius, the equivalent mass, the damping 129 

coefficient, the normal component of the relative velocity, the normal overlap, and the 130 

stiffness in the normal direction.  131 

The tangential force  tf  and damping force in the tangential direction  d
tf , are 132 

given by: 133 
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t t tf S    (5) 

*52
6

d rel
t t tf S m    (6) 

where rel
t   and t   are defined as the relative tangential velocity and the tangential 134 

overlap. tS  ( * *8 nG R  ) is the tangential stiffness, which depends on the equivalent 135 

shear modulus ( *G ), the equivalent radius ( *R ), and the normal overlap ( n ). 136 

Through the simulations it is assumed that particles can indent into the metal 137 

surface, but as they follow elastic contact behaviour, they will fully recover from their 138 

deformation. For simplicity, the surface damage is not considered here. 139 

The materials used for rail specimen, wheel specimen, and rail sands are: R260 140 

steel, R8T steel, and silica sand. Input parameters for the particles and their geometry 141 

are listed in Table 1. 142 

The EDEMTM software package (version 7.1.0) developed by Altair is used to 143 

investigate the effect of sand particle characteristics on the friction at the wheel-rail 144 

contact. 145 

 146 

2.2 Scaling of the Parameters 147 

 148 

To ensure the stability and accuracy of the numerical computations, the simulation 149 

time step is usually selected to be equal or smaller than 20% of Rayleigh’s time step, 150 

TR [25]:  151 

0.163 0.8766R
m

RT
G

 





 (7) 

where R is the radius, ρ is the density, G is the shear modulus, and m  is the Poisson’s 152 
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ratio of the particle, respectively. 153 

In this study, the 20% of Rayleigh’s time step would be too small due to the size 154 

and stiffness of the fragments, which would increase the computational time. Therefore, 155 

following the scaling criteria proposed in [26–28] and Eq. (7), the actual Young’s 156 

modulus (70 GPa) and density (2650 kg/m3) of sand are adjusted appropriately (please 157 

refer to Table 1 for the scaled parameters) allowing the time step to be increased from 158 

10-8 to 10-7 s. 159 

To test the validity of the results after scaling, HPT simulations with actual and 160 

scaled sand particles have been carried out on a core i5 Dell laptop to compare the 161 

effects of scaling on the numerical data for wheel-rail traction presented in Fig. 1 as 162 

well as the computation time. In these simulations, the contact pressures of the actual 163 

and scaled sand particles are 1000 MPa and 10 MPa, respectively. 164 

It can be observed from Fig. 1 that graphs for coefficient of traction versus 165 

displacement show similar trends for the two cases and the traction value is reduced 166 

by only 0.04 when using scaled parameters. However, the average computation time 167 

for the simulation with the scaled particle characteristics is around 5 hours, while the 168 

simulation with the actual sand particle characteristics takes over a week. Therefore, 169 

the adjusted parameters for sand (i.e., Table 1) are used for all simulations in this study. 170 

 171 

2.3 Bonded Particle Model 172 

 173 

The breakage of a  single sand particle into several fragments under mechanical 174 

load can be modelled in DEM under [29–31], using the bonded particle model (BPM) 175 

developed by Potyondy and Cundall [32]. 176 
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In BPM, each individual particle is represented as a cluster of independent 177 

spherical fragments bonded together with a finite-sized bond which can resist tension 178 

pulling fragments apart [33]. An image of a modelled sand particle is presented in Fig. 179 

2 with the red parts representing the bonds between fragments. 180 

Each bond is modelled as a set of elastic springs distributed on the circular cross-181 

section at the surface of each of the fragments, transferring the translational and 182 

rotational motion that one fragment experiences to the other fragments to which it is 183 

bonded. In addition, this bond introduces forces that can resist normal and tangential 184 

motions, thus limiting stretching between fragments. After bonding, the forces and 185 

moments acting on the bond are adjusted incrementally at every time step which can 186 

be written as follows: 187 

n n nF v k A t    (8) 

t t tF v k A t    (9) 

n n tM k J t     (10) 

2t t n
JM k t     (11) 

where A  ( 2
BR ) is the area, J  ( 41

2 BR ) is the polar moment of inertia, BR  is  the  188 

radius of bond, respectively. nk  and tk  are the normal and shear stiffness of bonds. 189 

n  and t  are the velocities of the fragments in the normal and tangential direction. 190 

n  and t  are the normal and tangential angular velocities of the fragments. In the 191 

above equations, multiplying the time step  t  with the normal velocities  n  and 192 

tangential velocities  t  of the fragments calculates the relative displacement and 193 
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shear displacement increments. Likewise, the relative rotation and tangential rotation 194 

increments can be obtained by multiplying the time step  t   with the angular 195 

velocities of the fragments in the normal  n  and tangential  t  direction, which can 196 

then be used to account for stretching of the bonds in any direction. 197 

In addition, nF  , tF  , nM  , and tM   are the incremental normal forces, 198 

incremental tangential forces, incremental normal moments, and incremental 199 

tangential moments of the bonds, which can be used to simulate the bond breakage 200 

over many time steps. The equations used to determine whether the normal and 201 

tangential stress exceeds some predefined value can be written as follows: 202 

max
2n t

B
F M R
A J

 
 

 
(12) 

max
t n

B
F M R
A J

 
 

 
(13) 

where max   and max   are the critical normal and tangential stress cut-off values 203 

respectively. 204 

To determine the size of the fragments, a sample of the crushed sand collected 205 

from the railhead has been analysed using laser diffraction (Fig. 3). For computational 206 

efficiency of the model, a constant value of 100 µm (<D90) has been chosen as the 207 

diameter of the spherical fragments. Considering the brittle characteristics of sand, the 208 

bond properties such as bond stiffness, bond strength, and bonded disk scale (i.e., the 209 

ratio of the radius of a bond between fragments to the radius of the smallest fragment 210 

in a bond pair) for base case used in the HPT modelling are presented in Table 2. 211 

 212 

 213 
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2.4 High-Pressure Torsion model set-up 214 

 215 

The HPT rig has been used to experimentally assess the frictional characteristics 216 

between two surfaces, in the presence of a third body layer such as sand particles (see 217 

Evans et al. [14] for more details). The geometrical set-up for the DEM model is 218 

constructed in accordance with the HPT rig used for the experiments by Evans et al. 219 

[14]. The geometry of the HPT set-up and the dimensions of the wheel-rail contact area 220 

used in the DEM model is shown in Fig. 4. 221 

 222 

2.5 The effective radius of friction 223 

 224 

In the HPT test, the effective radius of friction (ERF) is calculated using the outer 225 

and inner radius of the contact area which for the set-up used here is equal to 7.29 mm. 226 

The ERF can be more accurately estimated by considering the distance of each single 227 

particle fragment to the centre of the annular contact area. The ERF considering all the 228 

present particle fragments can be computed for each numerical simulation case by 229 

defining the average effective radius of friction (ERFavg): 230 

   2 2
i o i o

i
avg

x x z z
ERF

N

  



 
(14) 

where ix  and iz are the coordinates of each fragment on the x-z plane, ox  and oz  are 231 

the coordinates of the centre of the annular contact area on the x-z plane, and N is 232 

total number of fragments present in the contact area. 233 

Once the ERFavg is calculated, the coefficient of traction can then be estimated 234 

[15]: 235 
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m

avgS

N N

T
ERFFCoT

F F
   (15) 

where NF  is the normal load, SF  is the shear force, and mT  is the torque measured by 236 

the HPT apparatus. 237 

 238 

3. Results and discussion 239 

First, the simulation results for the cases without and with sand particles present 240 

at the wheel-rail contact are compared to the experimental data obtained from HPT 241 

tests. Then, the effects of the properties of the bonds between particle fragments i.e., 242 

bond stiffness and strength on the breakage behaviour of the particles as well as the 243 

traction at the wheel-rail contact is studied. Finally, the effects of the size and the 244 

number of particles present at the wheel-rail contact on the traction at the wheel-rail 245 

contact is explored. For all simulations, a constant velocity of 0.05 m/s is applied to the 246 

wheel specimen in the vertical direction to bring it into contact with the rail specimen 247 

and achieve the required contact pressure of 10 MPa. The rail specimen then starts to 248 

rotate at a constant angular velocity of 1 deg/s until the end of the simulation when the 249 

sweep length reaches 0.4 mm. The details of all the case studies investigated through 250 

numerical simulations is summarised in Table 3. 251 

 252 

3.1 Numerical investigation of the metal-to-metal contact 253 

 254 

The metal-to-metal contact between the wheel and the rail specimens of the HPT 255 

set-up is simulated for two case studies of un-sanded and sanded. To represent the 256 

geometry-to-geometry interaction which is not usually accounted for in DEM modelling, 257 
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steel particles with a 1 mm diameter are used to form a layer inside the rail specimen. 258 

The results of the DEM simulations are then compared to the corresponding 259 

experimental test outputs [34], as shown in Fig. 5. Under dry contact conditions, the 260 

HPT tests achieve a CoT of 0.74 and 0.72 in the absence and presence of sand 261 

particles, respectively. Modelling the dry metal-to-metal contact conditions in the 262 

numerical simulations results in CoT values of around 0.7 and 0.67 for the un-sanded 263 

and sanded conditions, respectively. The difference between the CoT values obtained 264 

through the experiments and the numerical simulations for the un-sanded and sanded 265 

case studies are 5.4% and 6.9%, respectively. In addition, it can be concluded that 266 

metal-to-metal contact dominates the frictional behaviour of wheel-rail contact at dry 267 

conditions, while sand-to-metal and sand-to-sand (where the contact between 268 

fragments can provide a weak shear band) contacts have little effect on the CoT, which 269 

is also in agreement with the analysis of Skipper et al. [16]. 270 

 271 

3.2 Effects of bond properties on the coefficient of traction 272 

 273 

The effects of stiffness and the strength of the bonds between the fragments of 274 

sand particle on the CoT is investigated. The parameters used for each simulation are 275 

presented in Table 3. 276 

Fig. 6, shows the effect of the different values of bond strength on the CoT while 277 

the bond stiffness remains constant. Changing the strength of the bonds between 278 

particle fragments in the range of 1e7 Pa to 1e10 Pa has a negligible effect on the COT. 279 

In addition, the number of fragments generated in the wheel-rail contact area as the 280 

particles break varies slightly for different bond strengths, while the number of 281 



ASME Journal of Tribology 
 

14 

fragments remains stable through the end of each simulation. 282 

To investigate the effect of bond strength on the breakage behaviour of the sand 283 

particle during the HPT test, case study a.7 (see Table 3) with a particle diameter of 284 

1.0 mm, and a bond strength and stiffness of 1.0e10 Pa and 1.0e10 N/m3, respectively, 285 

is chosen. As shown in Fig. 7 (a-1), in the first stage, when the wheel specimen is just 286 

in contact with the sand particle and before a normal load is applied to it, the particle 287 

retains its shape and remains in a steady state. In the second stage Fig. 7 (a-2), as a 288 

normal load is applied to the wheel specimen, the particle is deformed by the 289 

compressive forces with a sudden increase in the compressive forces of the fragments 290 

at the centre of the particle and tensile failure at the edges of the particle. In the third 291 

stage of the compaction process Fig. 7 (a-3), the particle fragments are completely 292 

detached and come into direct contact with the wheel and rail specimens, while the 293 

vertical load remains constant until the end of the test. Fig. 7(b) presents the difference 294 

in the angular velocity of the fragments from the beginning to the end of the torsion 295 

phase. The angular velocity of the fragments present in the central area of the fragment 296 

layer is greater than the angular velocity of the fragments presents in the surrounding 297 

area but the difference is not significantly large. 298 

In Fig. 7(c), it can be observed that the bond force increases sharply in the normal 299 

direction during the second stage of compaction while Fig. 7(d) shows no abrupt 300 

increase in tangential bond force. The bond force in normal and tangential directions 301 

gradually increases, but neither exceeds the corresponding critical bond strength. 302 

However, high bond strengths may lead to inappropriate breakage behaviour of the 303 



ASME Journal of Tribology 
 

15 

sand particles shown in Fig. 7(e), where a small fraction of agglomerates accumulates 304 

at the edge of the wheel-rail intersection region at a bond strength of 1e10 Pa and the 305 

sand particles exhibit breakage behaviour of ductile material rather than the expected 306 

brittle material. 307 

Fig. 8 presents the effect of different values of bond stiffness on the CoT while the 308 

bond strength remains constant. As the bond stiffness is changed in the range of 1e9 309 

to 1e11, its effect on the CoT is more pronounced compared to the bond strength. 310 

Moreover, the difference in the number of fragments generated at the wheel-rail 311 

contact area due to particle breakage is minimal as the bond stiffness changes. The 312 

number of particle fragments generated for bond stiffness values below 5e10 N/m3 313 

remains constant until the end of the rotation. However, when the bond stiffness values 314 

surpass 5e10 N/m3, the number of fragments generated in the contact area gradually 315 

decreases during torsion with the rate of decline even more pronounced with a higher 316 

bond stiffness (i.e., 1e11 N/m3. 317 

To investigate the effect of bond stiffness on the breakage behaviour of the sand 318 

particle during the HPT test, case study b.7 (see Table 3) with a particle diameter of 319 

1.0 mm, and a bond strength and stiffness of 1.0e8 Pa and 1.0e11 N/m3, respectively, 320 

is chosen. When a normal load is applied to the wheel specimen (Fig. 9(a-1)), the force 321 

transfers to the particles and a sudden increase in the compressive force is observed 322 

on most of the particle fragments as they extend outwards from the centre of the 323 

particle (Fig. 9(a-2)). The particle is completely crushed in the third stage (Fig. 9(a-3)) 324 

and is subjected to a continuous normal load until the end of the test. As shown in Fig. 325 
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9(b), there is a significant increase in the angular velocity of the fragments at the 326 

beginning of the twist and the overall angular velocity is greatest in the central region 327 

of the fragment layer. Thereafter, the angular velocity of the fragments decreases and 328 

stabilises from the middle stage of torsion to the end of the test. 329 

In Fig. 9(c), it can be seen that the normal bond strength increases sharply to 330 

about 28 N during the second stage of compaction, and exceeds the critical normal 331 

bond strength (about 67 N) at the third stage of compaction happening 1.8 s into the 332 

test. In Fig. 9(d), the tangential bond force is shown to increase abruptly at the start of 333 

the twist and exceeds the critical tangential bond strength (around 385 N) at around 334 

0.75 s into the test. When a high bond stiffness is used, the forces generated to resist 335 

bond stretching can easily exceed the critical bond strength, resulting in bond breakage 336 

and a gradual reduction in the force exerted on the bond. 337 

 338 

3.3 Effects of particle size on the coefficient of traction 339 

 340 

The parameters used for each simulation investigating the particle size are listed 341 

in Table 4, which shows that the number of particle fragments and bonds between 342 

them increase dramatically as the particle size increases. Fig. 10 shows that the CoT 343 

decreases as the particle size increases. During the DEM modelling of the HPT tests, 344 

as the wheel specimen gradually approaches the rail specimen and compacts the 345 

particles, the sand particles with smaller sizes are completely broken. This results in 346 

the fragments becoming entirely detached from the parent particles and to come 347 

directly in contact with the wheel and rail specimens. However, as the particle diameter 348 

is increased to 2 mm, the particle will not completely break under the load resulting in 349 
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the fragments clustering and forming layers at the wheel-rail contact area. 350 

Fig. 11 presents a closer look at the force transfer mechanism. When the normal 351 

load is continuously applied to the particles with smaller sizes (Fig. 11(a)), the 352 

fragments are completely detached from the parent particle, forming only one layer 353 

and indenting into the surfaces of both the wheel and the rail specimens. This results 354 

in the creation of a reaction force that transmits the torsional force more effectively [5]. 355 

As shown in Fig. 11(b) to 11(d), for larger particle diameters of 1 mm, 1.5 mm, and 2 356 

mm, the fragments break away from the parent particles during compaction, but 357 

numerous overlapping particles can be observed at the wheel-rail contact area. This 358 

indicates that some of the particle fragments have grouped into clusters, resulting in 359 

the formation of weak shear bands and lower traction forces. 360 

Additionally, in Fig. 11(e), it can be observed that for particle diameters smaller 361 

than 2 mm, the number of particle fragments in the contact remains constant during 362 

the test. However, for the particle with a diameter of 2.0 mm, as the sweep length 363 

increases, the number of fragments also increases. This is due to the expansion of the 364 

fragment layer as the wheel and rail specimens twist against each other, thus allowing 365 

more fragments to come into direct contact with the wheel and rail specimens. 366 

The values of the peak CoT for different particle sizes obtained from the 367 

simulations are compared to the experimental data for both the dry and leaf-368 

contaminated contact conditions provided by Skipper et al. [17] in Fig. 12. The 369 

simulation results show that as the particle size increases, the values of peak CoT 370 

decreases, whereas there is no clear relationship between the two in the experimental 371 
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observations for each of the dry and leaf contaminated contact conditions. It is worth 372 

noting that in the DEM simulations, the particles are located at same positions used in 373 

experiments and there are no material heterogeneity effects. The peak CoT values 374 

resulting from the DEM simulations are closer to the case of a leaf-contaminated 375 

contact condition in the experiments. This may be due to the fact that the metal-to-376 

metal contact was ignored in the DEM simulations (Fig. 5). 377 

In Fig. 13, the branch vectors which are defined as lines connecting the centroids 378 

of each two particle fragments are presented for the four particle sizes and are 379 

coloured based on their contact normal forces. It can be observed that the branch 380 

vectors are not overlapping for the smallest sand particle with a diameter of 0.83 mm 381 

(Fig. 13(a)). As the size of the sand particle increases, the number of overlapping 382 

branch vectors at the central region of the particles increases sharply (Fig. 13(b) to 383 

(d)) which shows that the particles are rolling and sliding on top of each other in the 384 

central region during torsion. 385 

 386 

3.4 Effects of number of particles on the coefficient of traction 387 

 388 

Table 5 summarises the fragment properties and the average effective radius of 389 

friction for each simulation investigating the effects of different numbers of sand 390 

particles. 391 

Fig. 14 shows that if 4 sand particles are present in the wheel-rail contact area, 392 

the CoT can increase up to 0.3. Increasing the number of sand particles to 8 or 16, 393 

decreases the CoT to 0.21 and 0.15, respectively. This is due to two reasons. First. 394 

increasing the number of particles increases the contact area between the fragments 395 
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and the wheel and rail specimens (Fig. 14). Second, for higher particle number, the 396 

fragments are able to distribute more evenly over the wheel-rail contact area which 397 

can provide lubrication, consistent with the effects of the particle size. 398 

 399 

4. Conclusions 400 

The effects of particle characteristics on the frictional performance of the wheel-401 

rail contact have been analysed using DEM simulations of HPT tests. The effects of 402 

metal-to-metal contact between the wheel and the rail specimens, the properties of the 403 

bonds between particle fragments after breakage (i.e., bond stiffness and strength), 404 

and the size and the number of the sand particles present at the contact on the frictional 405 

behaviour of wheel-rail contact quantified by the coefficient of traction have been 406 

investigated.  It was presented that the properties of the bonds between the particle 407 

fragments affect the frictional behaviour of the wheel-rail contact to a certain extent. 408 

Compared to the bond strength, the bond stiffness has a stronger effect on the 409 

coefficient of traction. In addition, the bond properties considerably affect the breakage 410 

behaviour of the sand particles. If the bond strength exceeds beyond a limit, during 411 

compaction, the sand particles exhibit the breakage behaviour of a ductile material, 412 

rather than the expected brittle fracture. Increasing the size of sand particles was 413 

shown to decrease the coefficient of traction. As particle size increases, the number of 414 

fragments and the bonds between them increase dramatically. This hinders the 415 

fragments complete detachment from the parent particles during compaction, and 416 

results in the formation of particle fragment clusters. A high number of fragments in the 417 

contact creates weak shear bands and causing a lubrication effect. Further 418 
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experimental tests are needed to confirm the conclusion of this study and refine the 419 

guidelines regarding the particle size suitable for sanding. 420 
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Figure Captions List 527 

 528 
Fig. 1 Comparison of the coefficient of traction obtained from DEM modelling of the 

HPT set-up for the two cases using actual (red) and scaled (black) sand 

parameters 

Fig. 2 Schematic of a sand particle represented as a cluster of spherical fragments 

bonded together using the bonded particle model 

Fig. 3 Particle size distribution of the crushed sand obtained using laser diffraction (“% 

Passing” on the y-axis represents the percentage of particles in the sample that 

have a size smaller than or equal to a particular particle size on the x-axis) 

Fig. 4 (a) The set-up used for numerical modelling of the high-pressure torsion test and 

(b) the dimensions of the annular contact area between the wheel and the rail 

specimens 

Fig. 5 Comparison of the coefficient of traction obtained from DEM modelling of the 

HPT set-up with and without the presence of sand particles under dry contact 

condition with the corresponding experimental data. (The light grey particles 

represent the rail specimen, and the orange particles represent the fragments of 

sand particles) 

Fig. 6 Comparison of the coefficient of traction obtained from DEM modelling of the 

HPT set-up using different values of bond strength (The insert graph shows the 

number of fragments remaining on the contact area for each value of the bond 

strength) 

Fig. 7 The breaking behaviour of the sand particle and the evolution of the bond force 

in the normal and tangential directions for particle with a 1.0 mm diameter, and 

a bond strength and stiffness of 1.0e10 [Pa] and 1.0e10 [N/m3], respectively, 

during the DEM modelling: (a) Changes in the compression force of fragments 

during compaction (side view), (b) Changes in the angular velocity of the 

fragments during torsion (top view), (c) Normal bond force, (d) Tangential bond 

force, and (e) the particle showing ductile behaviour when breaking 
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Fig. 8 Comparison of the coefficient of traction obtained from DEM modelling of the 

HPT set-up using different values of bond stiffness (The insert graph shows the 

number of fragments remaining on the contact area for each value of the bond 

stiffness) 

Fig. 9 The breaking behaviour of the sand particle and the evolution of the bond force 

in the normal and tangential directions for particle with a 1.0 mm diameter, and 

a bond strength and stiffness of 1.0e8 [Pa] and 1.0e11 [N/m3], respectively during 

the DEM modelling: (a) Changes in the compression force of fragments during 

compaction (side view), (b) Changes in the angular velocity of the fragments 

during torsion (top view), (c) Normal bond force, and (d) Tangential bond force 

Fig. 10 Sand particles of different size with a diameter of: (a) 0.83mm, (b) 1.0mm, (c) 

1.5mm, and (d) 2.0mm used in the DEM models and (e) comparison of the 

coefficient of traction obtained from DEM modelling of the HPT set-up using 

different particle sizes 

Fig. 11 Particle breakage in the contact area, the variation in the number of fragments 

depending on the particle size, and the possibility of the formation of fragment 

clusters and weak shear bands during the DEM simulation for particles with a 

diameter of: (a) 0.83mm, (b) 1.0mm, (c) 1.5mm, and (d) 2.0mm, and (e) 

comparison of the number of fragments produced during the DEM modelling of 

the HPT set-up for the above four particle sizes 

Fig. 12 Comparison of the peak coefficient of traction obtained from DEM modelling of 

the HPT set-up (blue diamond) using different particle sizes to the experimental 

results for dry (black square) and leaf-contaminated (green circle) contact 

condition by Skipper et al. 2023 

Fig. 13 The contact force network formed during crushing of a particle with a diameter 

of: (a) 0.83mm, (b) 1.0mm, (c) 1.5mm, and (d) 2.0mm obtained from the DEM 

models 

Fig. 14 The particle distribution used in the DEM models for different number of particles 

present at the wheel-rail contact area (1) before and (2) after crushing shown 

from the top view for: (a) 4 particles, (b) 8 particles, and (c) 16 particles and (d) 
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comparison of the coefficient of traction obtained from DEM modelling of the 

HPT set-up using different number of particles at the contact area 

 529 
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Table Caption List 531 

 532 

Table 1 Material properties used as input parameters in the DEM modelling of the 

HPT set-up 

Table 2 Bond properties used as inputs in the BPM for the sand particles 

Table 3 Particle properties used as input parameters in each numerical case study 

Table 4 Fragment and bond properties as well as the average effective radius for 

each particle size 

Table 5 Fragment properties and the average effective radius for the three different 

number of particles present on the contact area 
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 535 
Fig. 1. Comparison of the coefficient of traction obtained from DEM modelling of the HPT set-536 

up for the two cases using actual (red) and scaled (black) sand parameters  537 

 538 

 539 

 540 
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 542 

 543 

Fig. 2. Schematic of a sand particle represented as a cluster of spherical fragments bonded 544 

together using the bonded particle model  545 

  546 
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 547 

Fig. 3. Particle size distribution of the crushed sand obtained using laser diffraction (“% Passing” 548 

on the y-axis represents the percentage of particles in the sample that have a size smaller than 549 

or equal to a particular particle size on the x-axis) 550 

 551 

 552 
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 554 

 555 

Fig. 4. (a) The set-up used for numerical modelling of the high-pressure torsion test and (b) the 556 

dimensions of the annular contact area between the wheel and the rail specimens 557 

 558 
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 560 

 561 
Fig. 5. Comparison of the coefficient of traction obtained from DEM modelling of the HPT set-562 

up with and without the presence of sand particles under dry contact condition with the 563 

corresponding experimental data. (The light grey particles represent the rail specimen, and the 564 

orange particles represent the fragments of sand particles) 565 
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 567 

 568 
Fig. 6. Comparison of the coefficient of traction obtained from DEM modelling of the HPT set-569 

up using different values of bond strength (The insert graph shows the number of fragments 570 

remaining on the contact area for each value of the bond strength) 571 
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 573 

 574 

Fig. 7. The breaking behaviour of the sand particle and the evolution of the bond force in the 575 

normal and tangential directions for particle with a 1.0 mm diameter, and a bond strength and 576 

stiffness of 1.0e10 [Pa] and 1.0e10 [N/m3], respectively, during the DEM modelling: (a) 577 

Changes in the compression force of fragments during compaction (side view), (b) Changes 578 

in the angular velocity of the fragments during torsion (top view), (c) Normal bond force, (d) 579 

Tangential bond force, and (e) the particle showing ductile behaviour when breaking 580 
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 582 

 583 
Fig. 8. Comparison of the coefficient of traction obtained from DEM modelling of the HPT set-584 

up using different values of bond stiffness (The insert graph shows the number of fragments 585 

remaining on the contact area for each value of the bond stiffness) 586 

  587 
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 588 

 589 

Fig. 9. The breaking behaviour of the sand particle and the evolution of the bond force in the 590 

normal and tangential directions for particle with a 1.0 mm diameter, and a bond strength and 591 

stiffness of 1.0e8 [Pa] and 1.0e11 [N/m3], respectively during the DEM modelling: (a) Changes 592 

in the compression force of fragments during compaction (side view), (b) Changes in the 593 

angular velocity of the fragments during torsion (top view), (c) Normal bond force, and (d) 594 

Tangential bond force 595 
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 597 

 598 

 599 

Fig. 10. Sand particles of different size with a diameter of: (a) 0.83mm, (b) 1.0mm, (c) 1.5mm, 600 

and (d) 2.0mm used in the DEM models and (e) comparison of the coefficient of traction 601 

obtained from DEM modelling of the HPT set-up using different particle sizes 602 
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 604 

 605 

Fig. 11. Particle breakage in the contact area, the variation in the number of fragments 606 

depending on the particle size, and the possibility of the formation of fragment clusters and 607 

weak shear bands during the DEM simulation for particles with a diameter of: (a) 0.83mm, 608 

(b) 1.0mm, (c) 1.5mm, and (d) 2.0mm, and (e) comparison of the number of fragments 609 

produced during the DEM modelling of the HPT set-up for the above four particle sizes 610 
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 612 

Fig. 12. Comparison of the peak coefficient of traction obtained from DEM modelling of the HPT 613 

set-up (blue diamond) using different particle sizes to the experimental results for dry (black 614 

square) and leaf-contaminated (green circle) contact condition by Skipper et al. (2023) 615 

 616 
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 618 

Fig. 13. The contact force network formed during crushing of a particle with a diameter of: 619 

(a) 0.83mm, (b) 1.0mm, (c) 1.5mm, and (d) 2.0mm obtained from the DEM models 620 
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 623 

 624 
Fig. 14. The particle distribution used in the DEM models for different number of particles 625 

present at the wheel-rail contact area (1) before and (2) after crushing shown from the top view 626 

for: (a) 4 particles, (b) 8 particles, and (c) 16 particles and (d) comparison of the coefficient of 627 

traction obtained from DEM modelling of the HPT set-up using different number of particles at 628 

the contact area 629 

 630 
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Table 1 Material properties used as input parameters in the DEM modelling of the HPT set-up 633 

Material Parameters Value 

 
Silica Sand 

Poisson’s ratio (
m ) 0.3 

Density (ρ), kg/m3 2.65E+04 
Young’s modulus (E), GPa 0.7 

 
Wheel 

Poisson’s ratio (
m ) 0.28 

Density (ρ), kg/m3 7850 
Young’s modulus (E), GPa 229.45 

 
Rail 

Poisson’s ratio (
m ) 0.3 

Density (ρ), kg/m3 7850 
Young’s modulus (E), GPa 210 

Interaction Parameters Value 

 
Particle to Particle 

Coefficient of restitution (ep) 0.8 
Coefficient of static friction (µs) 0.5 
Coefficient of rolling friction (µr) 0.01 

 
Particle to Steel 

Coefficient of restitution (ep) 0.8 
Coefficient of static friction (µs) 0.5 
Coefficient of rolling friction (µr) 0.01 

 634 
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 636 

Table 2 Bond properties used as inputs in the BPM for the sand particles 637 

Bond parameters Value 

Normal stiffness  nk , N/m3 
1.0E+10 

Stiffness ratio n

t

k
k

  
 

 
1.0 

Critical normal strength  max , Pa 
1.0E+8 

Strength ratio max

max




  
 

 
1.0 

Bonded disk scale    
1.25 

 638 
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 640 

Table 3 Particle properties used as input parameters in each numerical case study 641 

Case No. Bond strength 
[Pa] 

Bond stiffness 
[N/m3] 

Particle 
diameter 

[mm] 
Number of particles 

Un-sanded - - - - 
Sanded 1.0E+8 1.0E+10  0.83 4 

a.1 1.0E+7 1.0E+10  1.0 4 
a.2 5.0E+7 1.0E+10  1.0 4 
a.3 1.0E+8 1.0E+10  1.0 4 
a.4 5.0E+8 1.0E+10  1.0 4 
a.5 1.0E+9 1.0E+10  1.0 4 
a.6 5.0E+9 1.0E+10  1.0 4 
a.7 1.0E+10 1.0E+10  1.0 4 
b.1 1.0E+8  1.0E+9 1.0 4 
b.2 1.0E+8  2.5E+9 1.0 4 
b.3 1.0E+8  5.0E+9 1.0 4 
b.4 1.0E+8  1.0E+10 1.0 4 
b.5 1.0E+8  2.5E+10 1.0 4 
b.6 1.0E+8  5.0E+10 1.0 4 
b.7 1.0E+8  1.0E+11 1.0 4 
c.1 1.0E+8  1.0E+10 0.83 4 
c.2 1.0E+8  1.0E+10 1.0 4 
c.3 1.0E+8  1.0E+10 1.5 4 
c.4 1.0E+8  1.0E+10 2.0 4 
d.1 1.0E+8  1.0E+10 1.0 4 
d.2 1.0E+8  1.0E+10 1.0 8 
d.3 1.0E+8  1.0E+10 1.0 16 
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 644 

Table 4 Fragment and bond properties as well as the average effective radius for each 645 

particle size  646 

Particle 
diameter 

[mm] 

Number of 
fragments 

Number of 
bonds 

Fragments diameter 
[mm] 

Average effective radius 
of friction in HPT [mm] 

0.83 210 486 0.1 
 

7.52 

1.0 326 739 0.1 7.40 

1.5 1000 2892 0.1 7.24 

2.0 2840 6855 0.1 7.32 

 647 
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Table 5 Fragment properties and the average effective radius for the three different number of 650 

particles present on the contact area 651 

Number 
of 

particles 

Number of 
Fragments 

Fragments diameter 
[mm] 

Average effective radius 
of friction in HPT [mm] 

4 1304 0.1 7.40 

8 2608 0.1 7.11 

16 5216 0.1 7.08 

 652 


