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A B S T R A C T   

Low adhesion in the wheel/rail contact is a problem for the rail industry in Great Britain as it causes significant 
scheduling and safety issues. Applying sand to the wheel/rail contact is used to mitigate against low adhesion 
however, there is not a consensus on what makes a “good” particle for restoring adhesion, especially with regards 
to when the particle has entered the wheel/rail contact. The aim of this work was to investigate what particle 
characteristics had the greatest effect on wheel/rail adhesion and surface conditions, using a process of particle 
characterisation, tribological testing and statistical modelling. Particle size, shape, and hardness were all found 
to affect tribological performance. This knowledge can help guide future changes to sanding operations.   

1. Introduction 

1.1. Background 

Low adhesion1 within the wheel/rail contact of a train is estimated to 
cost the British rail industry ~£345 m/annum [1]; the loss of traction 
when accelerating and braking can lead to timetable delays [2] and 
safety issues (e.g. signals passed at danger or in the worst case collisions 
[3]) respectively. Low adhesion conditions can be created by the con-
taminants in the wheel/rail contact, such as: oils [4], water [5], wetted 
oxides [6], and leaves on the line [7]. 

Sanding has been used for increasing adhesion in the wheel/rail 
contact for centuries in the UK. Typically, dry sand particles are applied 
via an air stream directed at the contact [8]. Particles can also be applied 
to the wheel/rail contact within a gel, these are generally called friction 
modifiers (FM) [2]. These are typically applied using track-side appli-
cators, applying FM directly onto the rail head via a pumping system. 
These can also be applied using train-borne applicators. 

Whilst the application of particles to increase traction has long been 
used, there is currently little consensus on what makes a “good” sand for 
increasing traction in the wheel/rail contact, or whether sand particles 
are necessarily the best type of particle for mitigating low adhesion. In 

addition, minimising any possible negative effects from the application 
of adhesion restoring particles is also important when deciding how well 
a particle performs, e.g. wheel/rail damage, or a loss of train detection. 
Full reviews concerning previous work on this topic, and the identified 
knowledge gaps remaining, have previously been published to this effect 
[9,10]. 

In this paper, an investigation has been conducted to determine what 
characteristics of a particle have an effect on tribological performance, 
and to what extent, under a variety of different test conditions. To 
achieve this a range of particles, some sourced from various interna-
tional railway operators and some from the surrounding rail industry, 
were applied to high pressure torsion testing and the effects of different 
characteristics were evaluated using an ordinary least squares model. 

1.2. HPT concept 

High pressure torsion (HPT) rigs have become an emerging tech-
nique for studying aspects of the wheel/rail contact such as: traction 
behaviour [11], the impact of water and oxides on adhesion [12], & 
investigating the effect of surface roughness on contact stiffness [13]. 
The HPT method is especially suited for experiments with granular 
material (limited studies have previously been performed using this 
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1 The term “adhesion” is an industry term, defined as the amount of traction present in the wheel/rail contact. The terms “adhesion” and “traction” are used 
interchangeably in this paper, unless specifically stated otherwise. 
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method [14,15]), as certain limiting aspects of twin-disc tests with 
granular material are avoided, e.g. smaller interface, recycling layers of 
material [16]. The HPT works by compressing two specimens together, 
at realistic contact pressures, and then moving a specimen through a set 
sweep length; the tangential stress throughout this movement is calcu-
lated and the ratio between it and normal stress is used as the measured 
coefficient of traction. 

The typical output of a single HPT test run has been included in 
Fig. 1. The “elastic” region (ER) is characterised by an initial steep linear 
increase. The “pseudo-plastic” region (PPR) begins when asperity level 
contacts begin to plastically deform, work hardening the contact and 
leading to the coefficient of traction continuing to increase in the PPR. 
This asperity level plasticity was referred to as “local” or “tribological” 

plasticity by Six et al. [17], who also specify that this plasticity should 
not be confused with “global” plasticity, i.e. plastic deformation in the 
bulk material. For clarification: “global” plasticity can occur in the HPT 
contact during initial load cycles until reaching a shakedown limit, this 
will be discussed in further detail in later sections. 

2. Methodology 

In this section, the methodology surrounding the assessment of 
multiple particle types is presented. The particle characterisation 

process was used to obtain the most relevant particle characteristics for 
assessing their effect on tribological performance, which was evaluated 
using HPT testing, for which the methodology of these tests has also 
been presented. In addition, the methodology conducted for assessing 
HPT specimens’ roughness is also presented here. Lastly, the ordinary 
least squares model used to elucidate the significance and extent of the 
effect of particle characteristics on tribological performance is also 
described. 

2.1. List of particles 

Particles were sourced from multiple areas: some particles were 
taken directly from the railway industry, some for their abrasive prop-
erties, and some for providing an extreme point of difference from 
typical abrasive particles i.e. lubricating particles. The list of particles 
that were tested included:  

• Various rail sands:  
o British rail sand (GB);  
o Central European rail sand (CE);  
o Derbyshire sand previously used in sanding tests (DY);  
o Austrian rail sand (AT);  
o Finnish rail sand (FI);  
o Lithuanian rail sand (LT);  
o Californian rail sand (CA);  
o Illinoisan rail sand (IL);  
o Japanese rail sand, no longer in use (JPD);  
o Japanese rail sand, currently in use (JPA);  

• Other particles:  
o Aluminium oxide (AL);  
o Diatomaceous earth (DE);  
o Steel (NSS);  
o Zeolite (ZL);  

• Soda lime glass beads:  
o Large glass beads, 1.75–2 mm (GL);  
o Medium glass beads, 0.75–1 mm (GM);  
o Small glass beads, 0.2–0.4 mm (GS);  
o Crushed glass beads (GC). 

2.2. Particle characterisation 

The particle characterisation tests included in this paper are a 
reduced version of the particle characterisation framework described in 
[15]. Here, the particle characteristic tests being included are only those 
with relevance to their tribological performance, i.e. tests describing 
bulk behaviour have not been included. 

2.2.1. X-Ray diffraction 
X-ray diffraction (XRD) was used to discern mineral phases of each 

material. A Siemens D5000 X-ray powder diffraction system was utilised 
and scans were performed with Cu Kα1 radiation between slit angles of 
5–80◦. Post-processing was carried out with ICDD PDF-4 + software to 
identify mineral phases based on each material’s respective intensity 
peaks. 

XRD was not appropriate for all particles and some particles came 
with chemical consist data as part of their respective technical data 
sheets, so XRD has not been performed on all particles exhaustively. 

2.2.2. Image analysis 
The Morphologi G3S was used to carry out image analysis of each 

material’s respective particle size and shape. Particles were dispersed 
onto the optical area under high pressures to ensure particle separation, 
and post-processing to segment each particle was performed using in- 
built software. Circular equivalent diameter was utilised to character-
ise particle size; this measurement represented the diameter of a circle 
with the same area as the measured particle. A representative 5–10 mm3 

Fig. 1. Typical Example of HPT Output.  

Fig. 2. Schematic of HPT Rig.  
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of material was measured for each particle type (representative test 
quantities were produced using a chute splitter [18]). 

Particle shape measurements were also computed at the same time. 
The shape parameter used in this paper was the circularity of the par-
ticle. This is defined as the ratio between the perimeter of a circle of 
equivalent area to the particle and the actual perimeter of the particle 
and takes a value between 0 and 1 with 1 denoting a circle. 

2.2.3. Micro-indentation 
Micro-indentation was performed using the Durascan 70 G5 with 

HV0.3 loading conditions. Particles were mounted in epoxy resin and 
subsequently ground and polished to a roughness of ~1 µm. 

Three indents were made into eight particles of each material (24 
indents per material). Indents that were unmeasurable were subse-
quently discarded, e.g. being unable to locate the indent due to local 
brittle fracture. 

2.3. High pressure torsion testing 

The high pressure torsion (HPT) rig is shown in Fig. 2, where (1) and 
(2) denote a top specimen (made of R8T wheel steel) and a bottom 
specimen (made of R260 rail steel) respectively, that when compressed 
together create an annulus contact; third body layers can be applied to 
the contact and a torque applied to the bottom specimen until it has 
moved through a set sweep length at a low speed (<1 mm/s). The two 
specimens are held in place by sample holders (3) made of 431 

martensitic stainless steel. The axial position/force is controlled by a 
linear hydraulic actuator (5) and the actual axial position/force is 
measured by a linear variable differential transducer (LVDT)/load cell 
(7). The torsional position/force is controlled by a rotational hydraulic 
actuator (4) and the actual torsional position/force is measured by a 
rotary variable differential transducer (RVDT)/load cell (6). The 
attached controller (8) regulates the movement/applied force via PID 
loops and records both command signals and feedback signals. The 
crosshead (9) can be moved up and down to accommodate test appa-
ratus between 500 mm and 2000 mm in length. The actuators are 
pressurised by a hydraulic ring main (10). 

The wheel specimen is made of R8T steel cut directly from an actual 
train wheel; the contacting surface of the wheel specimen is annular 
with an inside diameter of 10.5 mm and an outside diameter of 18 mm. 
The rail specimen is made from R260 steel cut directly from an actual 
rail; the contacting surface is flat. The dimensions of the annular contact 
between these specimens were produced from an iterative method, 
which is fully outlined by Evans [19]. 

During a test run, the two specimens come into contact at an initial 
rate of 1 mm/s. Once contact is made, the desired normal force is 
applied at 20 kN/s. The test sweep is then commenced for the desired 
sweep length. 

The procedure for a typical HPT test is thus:  

1. Three run-in sequences are carried out to bring the specimen surfaces 
to their shakedown limit; 

2. Two dry runs are performed to further run-in the surfaces and pro-
vide a dry unsanded benchmark before every test that could be used 
to assess whether the specimens were fully run-in. The second test 
start point is moved forward 10º from the previous test start point to 
avoid running over the same surface;  

3. Any third body material is applied by hand directly to the contact 
patch;  

4. Three test runs are performed, traction data is accrued for each test 
and the effect of third body materials over several runs can be 
deduced. Each subsequent test start point is moved forward 10º from 
the previous test start point to avoid running over the same surface;  

5. Test specimen surfaces are analysed post-test to evaluate roughness.  
6. The parameters used for run-in sequences have been included in 

Table 1. Tests were performed at 0º, 30º, & − 30º, with two oscilla-
tions at each angle. A “loose” PID tuning was incorporated here 
because this has previously been shown to effectively condition the 
surfaces and it was much quicker than using “tight” PID tuning. 

The parameters used for HPT test runs have been included in Table 2. 
Unless otherwise stated, these parameters were used for all tests. It 
should be noted that minor changes to the test script were made to 
reduce the effect of stick-slip in comparison to Evans et al. [11]; a full 
explanation of these changes is included in [20]. 

2.3.1. Third body application 
Particles were applied to the contact by hand, ensuring an even 

spread throughout the annular contact. A typical example of particle 
placement in dry conditions is included in Fig. 3. 

For all tests with particles present in the contact, 0.025 g of material 
was used. This amount was selected as the sand concentration in the 
contact would be equal to 0.15 kg/m2, or the maximum allowable sand 
concentration for British railways [21,22]. 

For tests conducted under wet conditions, 20 µl of distilled water was 
pipetted into the contact with care taken to ensure an even spread in the 
contact. When both water and particles were applied, the particles were 
applied first in the manner shown in Fig. 3 and the water was applied 
afterwards. 

For tests conducted with a leaf layer present, 0.025 g of sycamore 
leaf powder was applied to the contact, ensuring an even spread. This 
powder was then wetted with 20 µl of distilled water using a pipette. 

Table 1 
Run-in Parameters.  

Parameters Value 
Contact Pressure (MPa) 900 
Sweep Rate (º/s) 0.1 
Oscillation End Conditions Max Sweep Length (mm) 0.2 

Max Torque (Nm) 950 
Slip Detected N/A 

PID Loop Proportional Term 0 
Integral Term 0.1 
Derivative Term 0  

Table 2 
HPT Test Parameters.  

Parameter Value 
Contact Pressure 900 MPa 
Sweep Length 0.4 mm 
Sweep Rate 0.02 º/s 
Test Progression 10º 
PID Loop Proportional Term 5 

Integral Term 0.3 
Derivative Term 0  

Fig. 3. Example of Sand Placement.  
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One test run was then performed to condition the layer. After this con-
ditioning run, another 20 µl of distilled water was pipetted onto the 
contact. For leaf tests with particles present, the particles were applied 
after the conditioning run and before the second application of 20 µl of 
distilled water. This method for creating leaf layers is different to the leaf 
tea method employed during previous HPT testing [15]. 

All particles were tested in all conditions, i.e. dry, wet, and leaf 
contaminated. Repeat tests were run for every test condition. 

2.3.2. Post-processing of HPT data 
The HPT data included in this paper were post-processed, firstly by 

isolating each test run, i.e. from the test start point to reaching the test 
finish point. The coefficient of traction was then calculated by dividing 
the tangential force (torque at the effective radius of friction (see Evans 
et al. [11])) by the axial force. Displacement was adjusted to account for 
a rig stiffness of 0.0005 º/Nm (see Evans for calculation [19]). 

For the sake of clarity, runs under the same conditions were aver-
aged. The traction data includes two or three runs for each condition 

which have been interpolated and averaged for every 0.0001 mm, and 
the data has been plotted with error bars denoting one standard devia-
tion above and below every 200th data point for the sake of clarity. 
Unless otherwise stated the runs that are being plotted are the initial test 
run after surface conditioning/material application. 

2.4. Post-test surface scanning 

Measurements of the surface roughness of the tested specimens were 
taken using the Alicona InfiniteFocusSL 3D optical profilometer with 
some post-test analysis performed within the in-built software. At the 
end of all test runs, each respective wheel and rail specimen was scanned 
in two different locations. A 3D scan was taken covering a 
3.66 mm × 3.66 mm area (vertical resolution of 500 nm) for each 
specimen, though it should be noted that when this was not possible (e.g. 
due to immovable contamination), a smaller area was used to obtain 
measurements. The measure of roughness used was the root mean 
square (RMS) height, Sq, from the reference plane of each surface 
(calculated from an in-built function of the software). The roughness 
(Sq) of the pre-test specimens was 2.46 µm for the wheel specimen and 
2.40 µm for the rail specimen. 

For presentation purposes, RMS height, Sq, was calculated for each 
set of test specimens and averaged over repeat runs, with the standard 
deviation included as an error bar. Where further analysis is undertaken 
individual measurements were used. 

2.5. Ordinary least squares models 

Ordinary least squares regression models were generated to assess 
the existence of any links between particle characteristics and perfor-
mance in the HPT contact. The models took all particles previously 
mentioned in Section 2.1. 

Before data were modelled, they were scaled according to a normal 
distribution, where the mean was equal to zero and unit standard de-
viation was used. In this way, coefficients could be more easily 
compared. The null hypothesis used was that the particles did not affect 
tribological behaviour. The models were generated using the ordinary 
least squares techniques contained within the Statsmodel library in 
Python. 

3. Results 

The following tests conducted as part of this paper were utilised to 
measure the particle characteristics and HPT performance of all particles 
mentioned in Section 2.1. The results from only three selected materials 
(GB, AT, and AL) have been shown here with all results included in 
Appendix A; the intention of this was to provide an example of the 
process that was undertaken for all tested particles as well as their po-
tential difference, whilst maintaining clarity and brevity. The ordinary 
least squares models at the end of this section were generated using all 
tested materials, not just the selected materials shown. 

3.1. Particle characterisation 

The particle characterisation included in this paper includes only 
tests for which parameters for generating ordinary least squares models 
were produced. A full particle characterisation framework for assessing 
adhesion materials was included in a previous paper by the authors [15]. 
For some of the tested materials data sheets were used, where appro-
priate, to produce particle characteristics. 

3.1.1. Mineralogy 
The XRD analyses for GB, AT, and AL have been included in Fig. 4, 

where the constituent materials and their respective maximum intensity 
peaks are highlighted. Both GB and AT involved pure silica, with the 
latter including another silicate phase. AL was found to be pure alumina. 

Fig. 4. XRD Analysis for Selected Particles.  

Fig. 5. Image Analysis Measurements of Circle Equivalent Diameter for 
Selected Particles. 

Fig. 6. Image Analysis Measurements of Circularity for Selected Particles.  
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3.1.2. Particle size 
Measured particle size distribution for each selected particle has 

been included in Fig. 5, where inferences about the typical particle size 
and the uniformity of sizes can be made. The selected particles range 

from ~300 µm up to ~1800 µm in size, this size range was typical for all 
tested particles. 

The uniformity of selected particles also varies (inferred by the 
gradient of the lines). For example, GB has a relatively large spread 
compared to AL; this difference in uniformity was seen for all tested 
particles. 

3.1.3. Particle shape 
Measured particle shape distribution for selected particles is illus-

trated in Fig. 6. All the particles shown here are relatively circular in 
nature, being between 0.6 and 0.9. This was generally the case for all 
tested particles. 

3.1.4. Particle hardness 
Measured particle hardness has been included in the box plot form-

ing Fig. 7. AL was the hardest particle tested. GB & AT presented 
hardness values that were representative of other tested sand particles, 
although AT produced generally lower hardness values. As hardness is 
an intrinsic value of the material itself, it is strongly linked to miner-
alogy; alumina is generally harder than silicates, and pure silicates 
(quartz) are stronger still than those with other constituent phases, this 
may explain the differences in measured hardness. 

3.2. High pressure torsion testing 

3.2.1. Traction data 
There was a spread in the traction values measured during HPT tests 

conducted in dry conditions, with this spread being apparent in Fig. 8. 
For all traction data presented in this paper, error bars denoting one 
standard deviation on either side are plotted for every 200 points for the 
purposes of clarity. GB produced similar traction data to the unsanded 
case, with AL eventually producing a similar level of traction as well. AT, 
however, produced noticeably lower traction than the unsanded case. 

In wet conditions, the coefficient of traction was reduced in all cases 
compared to dry conditions, as can be seen in Fig. 9. In the unsanded 
case, the coefficient of traction peaks at just below 0.5 before a gross slip 
occurs in the contact, reducing shear stress and bringing the coefficient 
of traction down to just above 0.2; upon gross stick-slip occurring, the 
variation in measured coefficient of traction for wet unsanded data also 
increased substantially. Similar stick-slip behaviour and traction values 
were observed by Buckley-Johnstone et al. [12], where it was thought 
that the water mixing with oxide was the root cause. This gross stick-slip 
was not apparent when the selected particles were applied to the contact 

Fig. 7. Micro-Indentation Measurements of Hardness for Selected Particles.  

Fig. 8. HPT Traction Data for Dry Conditions with Selected Particles.  

Fig. 9. HPT Traction Data for Wet Conditions with Selected Particles.  

Fig. 10. HPT Traction Data for Leaf Contaminated Conditions with 
Selected Particles. 
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(this was not the case for all tested particles). Similar to dry conditions, 
in wet conditions AT produced lower values of traction than both GB & 
AT. 

In leaf contaminated conditions, coefficient of traction was markedly 
reduced compared to both dry and wet conditions, as can be seen in 
Fig. 10. In the unsanded case, peak coefficient of traction did not go 
above 0.05. As the minimum level of traction required for braking is 
0.09 (as specified in a review by Fulford [2]), it can be considered that 
low adhesion is apparent in the unsanded, leaf contaminated contact. 
GB, AT, and AL all increased traction above 0.09 with the latter pro-
ducing slightly higher traction than the former two. 

3.2.2. Post-test surface analysis 
Example images of the HPT contact after testing with no applied 

traction enhancing material are shown in Fig. 11. The dry specimens 
appear to be shinier than the wet specimens, possibly due to the distilled 
water present in the latter case more easily retaining wear debris. There 
is a black layer present in the leaf contaminated condition, though the 
visible steel underneath seems to be shinier than in the wet case. 

Example images of the specimen surfaces after testing with the 
selected materials have been included in Fig. 12. From comparing the 
post-test specimens that were subjected to dry conditions, it is apparent 
that there is a difference between the different particle types relating to 
the amount of material remaining in the contact, suggesting one possible 
reason for the differences observed in their respective coefficients of 
traction. When water was applied to the HPT contact, more material 
appeared to remain, this is especially apparent for GB. Much of the 
material applied into the leaf contaminated HPT contact also remained 
within the contact as it embedded itself into the leaf layer, there also 

appears to be a difference in the amount of leaf layer remaining 
compared to the leaf layer shown in Fig. 11, especially when AL was 
applied. 

The post-test surface roughness data from HPT tests conducted in 
dry, wet, and leaf contaminated conditions has been included in Fig. 13. 
Whilst comparing the average roughness values is of interest, the vari-
ation in measured values between different tests is also noteworthy, GB 
for example producing a very wide variance in roughness measure-
ments. This variance in results infers the underlying probabilistic nature 
of single particle crushing. Generally, the specimen made of wheel steel 
tended to see greater roughness after testing, possibly due to being softer 
than the rail steel [23]. 

When water was applied to the contact, a reduction in roughness was 
observed in unsanded conditions. Similar magnitudes of roughness were 
observed between dry and wet conditions when traction enhancing 
materials were applied, with perhaps a small increase in roughness 
observed in wet conditions. 

From the roughness measurements taken after tests conducted in leaf 
contaminated conditions it can be seen that similarly to wet conditions, 
the unsanded case saw lower measured roughness values than was 
observed in dry conditions. One particular material of interest from 
these tests is the lower amount of roughness generated by AL in these 
conditions; most other materials produced roughness values of a similar 
magnitude to the aforementioned dry and wet conditions. 

Fig. 14 includes the post-test surface roughness scans taken by the 
Alicona. In unsanded conditions, the dry scans showed greater changes 
in height than both wet and leaf contaminated scans. In the leaf 
contaminated scans, the areas where a leaf layer was still present are 
noticeable due to their pronounced magnitude and sudden change in 
height. 

The applied particles all seemed to behave differently across the 
contact conditions. GB made little impact in dry conditions, more in wet 
conditions and significantly more in leaf contaminated conditions 
compared to the unsanded case. AT seemed to have an impact in all 
conditions, though potentially slightly less in leaf conditions. AL had 
some impact in dry and wet conditions, though remarkably little impact 
in leaf contaminated conditions compared to the unsanded case. These 
scans seem to corroborate the data exhibited in Fig. 13. 

3.3. Ordinary least squares models 

The results of the HPT testing were used to fit several ordinary least 
squares regression models to statistically test links between particle 
characteristics and peak coefficient of traction or surface roughness. All 
particles mentioned in Section 2.1 were used to generate these models, 
not just the highlighted particles presented in the previous results sec-
tions. The results for all particles with respect to their respective size, 
shape, and hardness have been summarised in Fig. 15. The raw, tabu-
lated data is available upon request. 

Separate models were generated for dry, wet, and leaf contaminated 
conditions with regard to analysing the effect of particle characteristics 
on the peak coefficient of traction (CoT) and surface roughness as they 
presented non-linear differences in their respective traction behaviours. 
Normality of the model residuals was checked by inspection of the QQ 
plots which are included in Appendix B. 

Table 3 summarises the coefficients between multiple particle 
characteristics and traction calculated by ordinary least squares models. 
In both dry and wet conditions both the circularity and hardness were 
found to be positively, and significantly correlated with the peak coef-
ficient of traction, no significant effect with particle size was observed. It 
should be noted that whilst the model for dry conditions identified 
significant factors, the overall model was not as well fitted to the data 
(indicated by an R2 value of 0.40), reducing the explanatory power of 
the model. 

In leaf contaminated conditions significant links were identified 
between size (both as a linear and a quadratic term), circularity, and 

Fig. 11. HPT Specimen Surfaces after Testing conducted with No Applied 
Traction Enhancing Material. 
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hardness. The existence of a link, between size and size2 respectively, 
suggests that the link between particle size and traction is non-linear and 
that there is an ideal particle size for increasing traction in leaf 
contaminated conditions (similar observations were made by Arias- 
Cuevas et al. [24,25]). As opposed to wet and dry conditions, circu-
larity is inversely proportional to traction, whereas the link between 
increasing hardness and traction was also observed in leaf contaminated 
conditions. Particle size had the biggest impact on traction, then hard-
ness, and lastly circularity. 

Table 4 summarises the links between particle characteristics and 
surface roughness of the rail and wheel specimens respectively. 

Compared to the models generated from coefficient of traction data 
(specifically the wet and leaf models), the models are not as well fitted to 
the data, decreasing their explanatory power. 

For both the rail and wheel surfaces, both particle circularity and 
hardness were observed to be negatively correlated in dry conditions, 
whereas in wet conditions only the effect of particle circularity was 
found to be significant. In leaf contaminated conditions, both the rail 
and wheel surface roughness were positively correlated with particle 
size, however only the wheel surface roughness was observed to be 
negatively correlated with particle circularity. 

Fig. 12. HPT Test Specimen Surfaces with Remaining Material encircled in Red & Expelled Material encircled in Blue.  

W.A. Skipper et al.                                                                                                                                                                                                                             



Tribology International 179 (2023) 108190

8

4. Discussion 

The following section proposes possible mechanisms for the signifi-
cant trends found by the ordinary least squares models. 

4.1. Expulsion of particles 

In dry conditions, the amount of remaining sand seemed to play a 
large part in both the traction performance and the post-test surface. 
There did appear to be less remaining material, when compared to wet 
and leaf contaminated conditions, possibly due to crushed material 

Fig. 13. Post-Test Surface Roughness Data from Dry, Wet, and Leaf Contami-
nated Conditions with Selected Particles. 

Fig. 14. Post-test Surface Scans of HPT Contacts.  
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being free to be expelled from the contact, as demonstrated in Fig. 16. 
Those sands where noticeable amounts of material remained at the 

end of the test, also tended to exhibit lower traction data and greater 
surface damage. This indicates that in dry conditions remaining sand 
particles have the capacity to act as a dry lubricant layer, similar con-
clusions were arrived at from twin-disc work by Arias-Cuevas et al. [26]. 

In wet conditions, all sands appeared to have an amount of material 
remaining in the contact post-test, due to the surface tension of the water 
retaining particles, as represented in Fig. 16. Therefore, any differences 
in traction performance and surface characteristics cannot be attributed 
to the mere presence of rail sand alone and must be dependent on the 
effect of the particles when in the contact. 

When material was retained in the contact, it tended to clump 
together; this was especially noticeable in wet conditions. This clumping 
in wet conditions may be due to the surface tension of the water keeping 

the particles more cohesive as they crush down. The inference of this is 
that the crushed particles retain some of their initial size, such as shown 
in Fig. 16. 

4.2. Dry & wet conditions 

It was observed that harder particles were linked with increasing 
traction in dry and wet conditions. As particle hardness is an intrinsic 
property of the material it is dependent on mineralogy. The effect of 
mineralogy was apparent when assessing the HPT data from the selected 
particles in this paper as well as from all particles (see Appendix A). 

Particle hardness being such an important characteristic with 
regards to traction may be due to harder particles creating deeper in-
dents between the two surfaces, transferring tractive force more effec-
tively. A schematic of how a harder particle may behave in comparison 
to a softer particle has been included in Fig. 17. The harder particle is 
able to indent into the specimen surfaces, creating large areas against 
which the applied force (FA) acts, creating a couple force (FP) on the 
particle, which is then transferred in turn to create a reactive force (FR). 
This mechanism can still take place for the softer particle, however as 
the particle has indented less into the surfaces, it cannot transfer as 
much tractive force as the harder particle. 

The effect of particle shape on traction in dry conditions could be 
explained using previous work from Nakata et al. [27]; they found that 
more circular particles had higher initial crushing stress. This greater 
initial crushing stress may result in greater stored elastic energy, thereby 

Fig. 15. Summary of Particle Characteristics vs Peak Coefficient of Traction and Surface Roughness of Rail & Wheel Specimen Surfaces Respectively.  

Table 3 
Summary of Variable Coefficients with respect to Peak Coefficient of Traction 
(Asterisks denote Statistical Significance i.e. ns= no significance/p > 0.05, 
p < 0.05 =*, p < 0.01 =**, p < 0.001 =***, p < 0.0001 =****, 
p < 0.00001 =*****).   

Dry (R2
¼0.40) Wet (R2

¼0.81) Leaf (R2
¼0.84) 

Size ns ns 1.47*** 

Size2 ns ns –1.65**** 

Circularity 0.52** 0.42***** –0.24*** 

Hardness 0.50** 0.85***** 0.69*****  

Table 4 
Summary of Variable Coefficients with respect to Surface Roughness (Asterisks denote Statistical Significance i.e. ns= no significance/p > 0.05, p < 0.05 =*, 
p < 0.01 =**, p < 0.001 =***, p < 0.0001 =****, p < 0.00001 =*****).   

Rail Sq Wheel Sq 

Dry (R2
¼0.34) Wet (R2

¼0.27) Leaf (R2
¼0.29) Dry (R2

¼0.52) Wet (R2
¼0.28) Leaf (R2

¼0.43) 
Size ns ns 0.39** ns ns 0.44*** 
Circularity –0.51** –0.48** ns –0.60**** –0.42** –0.38** 
Hardness –0.33* ns ns –0.38** ns ns  
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resulting in a more explosive initial fracturing of the particle, leaving 
less material in the contact to act as a dry lubricant. However, in wet 
conditions the presence of remaining material helps to provide break up 
the liquid lubricating layer, thus it is better for more material to be 
retained upon crushing. A less circular particle may break up the 
attractive meniscus formed by the water (see Fig. 16), leading to more 
material being expelled, thereby making less circular particles less 
effective at increasing traction in wet conditions than more circular 
particles. 

One notable characteristic that did not have a statistically significant 
link with peak coefficient of traction in dry and wet conditions was 
particle size; it should be stressed that this does not mean that particle 
size did not affect traction in the HPT contact, rather no statistically 
significant link was observed. Previous work by Arias-Cuevas et al. [26] 
found there was a link between particle size and traction in dry condi-
tions when twin-disc tests were conducted, with larger particles seeing 
higher traction. The proposed explanation of this was that larger 

particles were less easily entrained into the contact; therefore, less ma-
terial was present to act as a dry lubricant. 

Due to the nature of the HPT contact, the entrainment mechanism 
was different to a twin-disc test, this may explain the lack of a statisti-
cally significant link across all tested particles. In addition, the two test 
methodologies were rather different, with these twin-disc tests using a 
continual application of sand over many cycles. This could have led to a 
build-up of material on the surfaces of the discs as more material was 
being applied over recycled material, thus exaggerating the lubricating 
effect of sand application. There was, however, some evidence from 
glass bead tests that the largest bead size produced the highest traction. 

As in dry conditions, particle size did not possess a statistically sig-
nificant link with coefficient of traction. Twin-disc tests performed by 
Huang et al. [28] did see a link between particle size and traction in wet 
conditions, though the methodology differed from HPT testing, as par-
ticles were continuously applied over thousands of cycles. As noted 
when discussing the link between particle size and traction in dry con-
ditions, this may have resulted in a build-up of material in the contact 
and a change in effect vs application at representative amounts. In 
addition, in their discussion of the results, it is mentioned that for the 

Fig. 16. Schematic of Particle Entrainment upon Crushing.  

Fig. 17. Schematic of Two Particle Types in the HPT Contact: (Top) Harder 
Particle; (Bottom) Softer Particle. 

Fig. 18. Influence of Particle Size in Leaf Contaminated Contact: (a) Larger 
Particle; (b) Smaller Particle. 

Fig. A.1. HPT Data from All Particles in Dry Conditions.  
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“early period” (when sand first begins to be applied) “adhesion coeffi-
cient fluctuates intensely” and only after many cycles does it then 
become stable, suggesting the effect of particle size is not as clear when 

sand is being initially applied (similar to HPT testing). 

4.3. Leaf contaminated conditions 

When analysing leaf contaminated conditions different trends 
compared to dry and wet conditions were apparent. With and without 
soft particles (AC & NA) being included, hardness was positively 
correlated with peak CoT and size had significant first-order and second- 
order terms. When only hard particles were included these trends 
became stronger, and shape also became a significant factor. 

Fig. A.2. HPT Data from All Particles in Wet Conditions.  

Fig. A.3. HPT Data from All Particles in Leaf Contaminated Conditions.  

Fig. B.1. QQ Plot for Dry Model with respect to Coefficient of Traction.  

Fig. B.2. QQ Plot for Wet Model with respect to Coefficient of Traction.  

Fig. B.3. QQ Plot for Leaf Model with respect to Coefficient of Traction.  

Fig. B.4. QQ Plot for Dry Model with respect to Rail Sq.  
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The existence of an optimum particle size for restoring traction in 
leaf contaminated contacts was also observed in twin-disc and field trials 
conducted by Arias-Cuevas et al. [24,25]. Fig. 18 illustrates how a large 
particle may act upon being crushed in a leaf contaminated, HPT con-
tact; after the particle has embedded into the leaf layer it will begin to 
break apart. The particle breakages occurring above the leaf layer would 
expel particles in a similar manner to what is seen in a dry contact, 
whereas breakages below the leaf layer would retain the ejected parti-
cles within the leaf layer itself. Thus, the larger the particle, the more of 

it will be above the leaf layer and be expelled from the contact. Fig. 18 
also includes a schematic of a small particle in a leaf layer, in this case as 
the entire particle is embedded into the leaf layer the entire particle will 
act upon it. A smaller particle, however, will act over less of the leaf 
layer area, thus not having as great a cleaning effect on it. 

The link between decreasing particle circularity and increasing 
traction can be explained by the less circular particle potentially being 
more elongated and therefore acting over a larger area of the leaf layer 
(in comparison to a more circular particle of the same volume). The link 
with hardness is probably the same mechanism as previously discussed 
for dry and wet conditions, though in this case, the particles’ effect on 
the leaf layer is more important than the wheel/rail surfaces below, thus 
making particle hardness less important than for dry and wet conditions. 

4.4. Post-test surface roughness 

In all conditions, particle circularity had a statistically significant 
effect on surface roughness (albeit not on the surface of the rail specimen 
in leaf contaminated conditions). A less circular particle will correlate 
with being a more elongated particle, thereby creating a greater surface 
area between the particles and the top and bottom specimens (an 
elongated particle will lie on its most stable surface i.e. the largest 
surface). 

In dry conditions, decreasing particle hardness was observed to in-
crease surface roughness. Whilst this may seem counter-intuitive, this 
relationship can be explained by the link between particle strength and 
fracture mechanism identified by Wang and Coop [29]. They observed 
that particles with greater crushing strength (such as quartz) were more 

Fig. B.5. QQ Plot for Wet Model with respect to Rail Sq.  

Fig. B.6. QQ Plot for Leaf Model with respect to Rail Sq.  

Fig. B.7. QQ Plot for Dry Model with respect to Wheel Sq.  

Fig. B.8. QQ Plot for Wet Model with respect to Wheel Sq.  

Fig. B.9. QQ Plot for Leaf Model with respect to Wheel Sq.  
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likely to produce “explosive” fractures, resulting in multiple fragments 
with high kinetic energy being formed, by comparison, particles with 
lower crushing strength (such as non-pure silicates, feldspars etc.) were 
less likely to see this fracture mode. In the context of HPT testing, 
explosive fracture would make the likelihood of material remaining in 
the contact less likely, thus decreasing the amount of debris roughening 
the surface. In wet and leaf contaminated conditions, this effect may be 
lessened due to the factors outlined in Fig. 16. 

Previously, it was theorised that harder particles may indent more 
deeply into the surface, increasing traction in the contact. However, this 
was not apparent from the links between hardness and surface rough-
ness presented in Table 4. A possible explanation for this may be due to 
the differences in indentation depth between particles of different 
hardnesses being small, but as the relationship between indentation 
depth and indent surface area is non-linear, this small increase in depth 
can lead to a much higher surface area upon which the tractive force can 
act (see Fig. 17). As the measurement of surface roughness for each point 
was one-dimensional, only the small increase in indentation depth 
would be measured. 

A statistically significant link between particle size and surface 
roughness was only observed in tests conducted in leaf contaminated 
conditions. The effect of increasing particle size increasing surface 
roughness was also observed in work undertaken by Huang et al. [28], 
though these tests were conducted using a twin-disc set-up in wet con-
ditions. This relationship only being statistically significant in leaf 
contaminated conditions could be explained by the leaf layer retaining 
the structure of a particle upon crushing, with the layer physically 
constricting the particle; some evidence of this can be observed in 
Fig. 12, especially for GB. If the initial particle structure is better 
retained, the influence of the initial particle size will have a greater ef-
fect on the final surface roughness, much as outlined in Fig. 18 (though 
no non-linear relationship was identified as statistically significant with 
regard to surface roughness). 

5. Conclusions 

In this paper, the high pressure torsion (HPT) rig was adapted for 
testing granular material in low adhesion conditions. The HPT rig sim-
ulates the wheel/rail interface through high contact pressures and the 
stick-slip nature present in the contact. Numerous particle types were 
applied to the HPT contact in dry, wet, and leaf contaminated 
conditions. 

For both dry and wet conditions, increasing particle hardness and 
circularity increased the measured peak coefficient of traction, with 
hardness being the stronger of the two trends. Hardness also appears to 
have a positive effect on peak CoT in leaf contaminated conditions, 
though the effect of increasing particle size is much stronger. This 
relationship between particle size and peak CoT is non-linear and sug-
gests the existence of an optimum particle size for mitigating against leaf 
layers. Particle circularity is negatively correlated with peak CoT when 
leaf layers are present. 

Post-test surface roughness increased with decreasing particle 
circularity in all tested conditions. In addition, in dry conditions, there 
was a statistically significant link between decreasing particle hardness 
and increasing surface roughness, whilst in leaf contaminated conditions 
the relationship between increasing particle size and surface roughness 
was found to be statistically significant. 

These analyses suggest that harder particles are the most effective at 
restoring traction in low adhesion conditions (such as leaves on the line). 
In addition, a less circular particle is preferable and an optimum particle 
size for low adhesion conditions exists (though the impact on the 
application of the particle from the hopper up to the wheel/rail contact 
may temper this). 

The analysis of trends regarding the effect of particle characteristics 
on wheel/rail traction and surface conditions will aid the selection and/ 
or design of prospective particle types for use in railway sanding. In 

addition, the inferences made concerning the mechanisms by which 
particles restore adhesion in the wheel/rail contact can create a better 
understanding of the sanding process and may be used to optimise 
sanding products and systems. 

Further work may focus on adapting the HPT method to analyse the 
effect of particle characteristics on wheel/rail isolation. This work 
would allow for a better understanding of what type of particle is most 
compatible with track circuits, and what possible compromises may 
have to be made with respect to what particle characteristics are most 
effective for restoring adhesion. In addition, understanding the effects of 
particle characteristics on particle application and entrainment into the 
wheel/rail contact, combined with the work in this paper, would create 
a more holistic understanding of the effect of particle characteristics in 
the sanding process. 
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