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A B S T R A C T   

In this paper an approach for generating predicted full-scale creep force – creep curves from small-scale tribo-
logical tests has been outlined and examples produced using rail sands and low adhesion contaminants. A high 
pressure torsion rig was used to measure the change in shear stress over increasing displacement for British and 
Austrian rail sands in dry, wet, and leaf contaminated conditions under different normal pressures. In addition, 
tests with just sycamore leaf powder and graphite were also conducted. This data was then used to parameterise 
extended creep force models for each contact condition, from which predictions of full-scale behaviour were then 
made and validated using full-scale data from literature.   

1. Introduction 

Traction in the wheel/rail contact (traction is referred to as "adhe-
sion" in the rail industry) controls the amount of braking and accelera-
tion available to a train. In low adhesion conditions, the available 
traction is low and this can result in timetable delays [1] and safety is-
sues [2], which contribute to the cost of low adhesion to the British rail 
industry to be estimated at ~£355 m/annum [3]. The application of 
sand is one common method for mitigating against low adhesion con-
ditions [4]. 

Predicting real-world traction behaviour from small-scale tests is a 
cost effective way of assessing different low adhesion contaminants (e.g. 
leaves) and mitigations thereof. In addition, there are indirect benefits to 
sustainability arising from this approach. A more cost-effective method 
for predicting the effect on traction of new adhesion materials would 
allow for alternatives to sand (an unsustainable material) to be more 
easily assessed. 

Small-scale simulations of the wheel/rail contact have historically 
been focussed on twin-disc testing [5–12]. The advantages of twin-disc 
testing over field testing are the lower associated costs and better control 
of variables (weather conditions, third body application, etc.). However, 
the smaller contact area of the twin-disc set-up compared to actual 
wheel/rail contacts and the constant recycling of the same material over 
many cycles led to questions over the relevance of the data generated 

when using it to predict full-scale behaviour. Testing the impact of 
granular third body materials (e.g. sand) on the contact is a particular 
problem with small discs being used. It has been found that the impact 
can be overstated due to: the discs artificially recycling the continuously 
applied granular material creating a layer of sand and/or mixing with 
wear debris to form a third body layer [5,12]; and the different contact 
geometry between discs, such as the different nip geometry between the 
discs and the smaller contact area [11], when compared to the wheel 
and rail. In addition, it is harder to control the amount of material 
getting into the contact. 

A different test method for assessing friction in the wheel/rail 
interface, that solves some of the problems associated with twin-disc 
testing, whilst maintaining the greater economy compared to field 
testing, is the high pressure torsion (HPT) method. HPT rigs have 
traditionally been used to test the effects of high strain rates on materials 
[13–16], but have recently been used to also study the wheel/rail con-
tact [17,18]. In addition, recent work has been done to study the effects 
of rail sand [18–20], and top of rail products [21] on tribological 
performance. 

HPT data can be used to parameterise, for example, the extended 
creep force (ECF) model, which can then generate accurate predictions 
of full-scale behaviour [22,23]. The aim of this paper was to extend the 
ECF model to predict behaviour of two different rail sands (British & 
Austrian), as well as two low adhesion contaminants (sycamore leaf and 
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graphite, the latter representing coal dust [24]). 

2. Methodology 

2.1. High pressure torsion 

A schematic of the HPT method is included in Fig. 1. The wheel and 
rail specimens (1 & 2 respectively) were fixed into specimen holders (3). 
Initially, the specimens were out of contact, but were brought together 
during testing and a normal pressure was applied using the axial hy-
draulic actuator (4) (with the axial displacement and force output 
measured by a linear variable differential transducer/load cell (6)), 
creating an annular contact. Once requisite normal pressure was ach-
ieved, the specimen faces were then rotated against each other using a 
rotational hydraulic actuator (5), with the rotational displacement and 
torque output measured by a rotational variable differential transducer/ 
load cell (7). These movements are regulated by the attached controller 
(8), and pressurised via a hydraulic ring main (10); movement of the 
crosshead (9) allows for room to apply third body layers. The third body 
layer being applied into the contact between the wheel and rail 

specimen changed the amount of torque needed to turn through a set 
sweep angle. A full description of the HPT method can be found in 
previous work by Evans et al. [17]. 

Third body materials applied to the HPT in this work were added 
after the surfaces of the top and bottom specimen were run-in and 

Fig. 1. Full schematic of the high pressure torsion rig [19].  

Fig. 2. Example of particle application [18].  

Fig. 3. Formation of leaf layer in the HPT rig: (A) Initial application of dry leaf 
powder, (B) after initial run-in, (C) Post test runs. 

Table 1 
Summary of particle characteristics for GB & at rail sands.  

Characteristic GB AT 
D50 (mm) 1.56 1.03 
Circularity 0.87 0.79 
Hardness (GPa) 12.2 ± 2.0 8.1 ± 2.1  
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traction peaked at a constant level, this run-in procedure was previously 
defined by Evans et al. [17]. The sand particles were applied in quan-
tities of 0.025 g (consistent with the maximum amount of sand 
permitted on the rail head, 7.5 g/m, according to GMRT 2461 [25]), an 
example of this application can be seen in Fig. 2. 

For tests in wet conditions, 20 μl of distilled water was applied by 
pipette ensuring an even spread around the contact; any rail sand was 
applied at the same time. For both sycamore leaf and graphite powder 
tests, 0.025 g of material was applied with 20 μl of distilled water; one 
sweep was undertaken to run-in the low adhesion layer after which any 
rail sand was applied as well as another 20 μl of distilled water. The 
formation of the layer is included in Fig. 3. 

HPT tests were performed using British rail sand (GB) and Austrian 
rail sand (AT) (sourced from respective local depots). Particle charac-
teristics, including shape, size, and hardness can be found in previous 
work [19,26], and a summary has been added in Table 1. Each rail sand 
was tested under three different normal pressures (300, 600, & 900 

MPa) and in dry, wet, and leaf contaminated conditions. 
In addition, tests were performed with Sycamore leaf powder and 

graphite under the same aforementioned normal pressures. The syca-
more leaf powder was collected from fallen leaves in Sheffield and 
blended and filtered through a 160 μm sieve (full details of this process 
can be found in Ref. [27]). Graphite powder was sourced from "Alfa 
Aesar" with an average particle size of 7–11 μm at 99 % purity. (CAS no.: 
7782-42-5). 

Repeat tests were conducted for all combinations of test conditions. 
The typical output of a single HPT test run has been included in 

Fig. 4, where displacement refers to rotational displacement through the 
effective radius of friction (see Ref. [17] for detail) and coefficient of 
traction refers to the ratio between shear load and normal load. 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. [28], 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. 
When a "real" 3rd body layer exists (e.g. leaf, sand) in the contact, this 
PPR may also be a function of asperity deformation and plasticity within 
the real 3rd body layer, though the interplay between these factors is an 
area of ongoing research. 

Fig. 4. Typical example of HPT output [19].  

Fig. 5. Ecf model: Approach and Methodology [17].  

Table 2 
Average peak coefficient of traction at varying normal pressures in dry condi-
tions with british and austrian rail sands.  

Normal Pressure (MPa) Average Peak CoT 
GB AT 

300 0.61 0.52 
600 0.66 0.54 
900 0.75 0.59  
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2.2. Extended creep force model 

2.2.1. Model description 
Fig. 5 summarises the modelling approach of the ECF model. This 

model is used to predict the creep force characteristic of wheel-rail 
contacts (see bottom left subplot). It is based on the idea that there is 
always a third body layer (3BL) between wheel and rail, which has been 
confirmed by lab and field experiments (see e.g. top left subplot). The 

Fig. 6. Ecf fit for dry tests with British rail sand.  

Table 3 
ECF input parameters for dry conditions with british rail sand.  

Material Parameter Nominal Pressure Dependency 
Le 0.252 μm/GPa ∞ GPa−1 

Lp 0.0381 mm 0.548 GPa−1 

τC1 1.49 GPa 0.195 GPa−1 

τC2 2.16 GPa 0.401 GPa−1  

Fig. 7. Ecf fit for dry tests with austrian rail sand.  

Table 4 
ECF input parameters for dry conditions with austrian rail sand.  

Material Parameter Nominal Pressure Dependency 
Le 0.252 μm/GPa ∞ GPa−1 

Lp 0.136 mm 1.64 GPa−1 

τC1 0.228 GPa 0.972 GPa−1 

τC2 1.37 GPa 0.583 GPa−1  

W. Skipper et al.                                                                                                                                                                                                                                
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3BL in the model comprises “real” 3BLs (sand particles, wear debris, iron 
oxides, etc.) and the near-surface layers of wheel and rail including 
roughness and the related “tribological” plasticity phenomena [28]. It is 
assumed that the wheel and the rail behave elastically, while the 3BL is 
assumed to have an elastic-plastic behaviour (see top centre subplot). 
This 3BL is described using a brush model, which consists of indepen-
dent "bristles" perpendicular to the contact plane, with tangential stiff-
ness considered to be constant along each bristle [29]. 

The ECF model can thus be described, in the simplest of terms, using 
two equations. Equation (1) defining shear stress in the elastic region, 
and Equation (2) defining shear stress in the pseudo-plastic region using 
Voce’s hardening law [30]: 

τ=
u3

Le

for τ ≤ τC1 Equation 1  

|τ| = τC1 + (τC2 − τC1)

[
1 − exp

(
−
⃒⃒
u3

⃒⃒
+ τC1Le

Lp

)]
for τC1 < |τ|< τC2

Equation 2 
where τ = (τx, τy) and represents shear stress acting upon a bristle, u3 

represents the displacement of a bristle. The parameters τC1, τC2, Le, & Lp 
are described below and are shown graphically in Fig. 5 (top right 
subplot).  

• The critical shear stresses at which the contact begins to act pseudo- 
plastically and at which the maximum shear stress is recorded (τC1, 
τC2 respectively);  

• The inverted elastic stiffness i.e. initial slope of the graph (Le);  

• The plasticity factor i.e. the shape of the curve in the pseudo-plastic 
region (Lp). 

These four parameters are considered to be dependent on contact 
pressure and temperature dependency (top right subplot). 

This 3BL brush model (bottom right subplot) can be used to predict 
the creep force characteristic (bottom left subplot). The ECF model is 
able to describe measured characteristics much better than classical 
theory e.g. falling friction at high creepage, a gentle transition from a 
steep linear region to a saturated region, speed and load dependency, 
etc. A detailed description of the model can be found in Refs. [12,22,28]. 

2.2.2. Parameterisation 
When parameterising the ECF model using HPT data there are 12 

constants that can be identified using empirical methods. These con-
stants include the critical thresholds (τC1 and τC2), inverted elastic 
stiffness (Le) and a plasticity factor (Lp), where each of these four pa-
rameters can be characterised by the three functions of nominal, pres-
sure dependent and temperature dependent values (notated with a 
superscript 0, p, and T respectively), thus equating to 12 parameters in 
total. 

High pressure torsion (HPT) data can parameterise nominal and 
pressure dependent values, via conducting tests at three different normal 
pressures and fitting the corresponding Voce-Material law [22]. Nomi-
nal values are physical measurements of the layer, where τ0c1, τ0c2, L0e , L0P 
represent the maximum yield stress, maximum shear strength, minimum 
inverted stiffness, and minimum plasticity factor of the 3rd body layer 
respectively. 

With respect to the critical shear stresses, as the HPT can be thought 
of as a one-dimensional experiment with rotation as the only degree of 

Table 5 
Average peak coefficient of traction at varying normal pressures in wet condi-
tions with british and austrian rail sands.  

Normal Pressure (MPa) Average Peak CoT 
GB AT 

300 0.48 0.45 
600 0.54 0.50 
900 0.61 0.51  

Fig. 8. Ecf fit for wet tests with British rail sand.  

Table 6 
ECF input parameters for wet conditions with british rail sand.  

Material Parameter Nominal Pressure Dependency 
Le 0.252 μm/GPa ∞ GPa−1 

Lp 0.0217 mm 0.326 GPa−1 

τC1 0.826 GPa 0.219 GPa−1 

τC2 3.90 GPa 0.166 GPa−1  
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movement, it is considered that the shear force in the contact is equiv-
alent to that of a linear test. Especially as the displacement during a test 
(0.4 mm) is much smaller than its effective radius of friction (~7.5 mm) 
and thus curvature can be neglected. 

The temperature dependency of the parameters was supplied by 
Meierhofer [22], and was acquired from vehicle tests running in the high 
creepage regime to observe falling friction effects. These temperature 
dependent parameters are fed into a temperature sub-model thereby 
allowing for the prediction of full-scale behaviour [17] (more details of 
which are in Ref. [22]). As the HPT operates at very low sweep rates, and 
thus low contact temperatures [23], it is not possible to directly 
parameterise temperature dependency using this method. 

A more detailed overview of the HPT/ECF approach can be found in 
Ref. [22], where the detail behind linking physical characteristics to the 
12 parameters is included. 

British and Austrian rail sands (GB and AT respectively) were used to 
parameterise the ECF model for dry, wet, and leaf contaminated con-
ditions. Each contact condition was tested on the HPT test rig at three 
different normal pressures (300, 600, & 900 MPa) to fully characterise 
the pressure dependency; repeat tests were conducted for each test 

condition. In addition, this same process was repeated to parameterise 
the ECF model with low adhesion contaminants (sycamore leaf and 
graphite). All ECF model predictions were made assuming a train with a 
110 kN wheel load running at 5 m/s. 

3. Results 

3.1. High pressure torsion data & parameterisation 

The following section details the ECF parameterisation process un-
dertaken with HPT data. For each contact condition, a figure showing 
HPT traction data and the fit of the model has been included. In addition, 
the calculated parameters are also presented for each condition. 

3.1.1. Dry sanded conditions 
From HPT tests it is possible to measure the Coefficient of Traction 

(CoT), i.e. the ratio between shear stress and normal pressure. Table 2 
reports the peak CoTs for British and Austrian rail sands under varying 
normal pressures. It can be noted that peak CoTs for AT rail sand were 
lower than for GB rail sand, possibly due to the material being less hard 
(12.2 ± 2.0 GPa for GB & 8.1 ± 2.1 GPa for AT [19]). In addition, there 
appears to be a pressure dependency for both rail sands, with higher 
normal pressures creating higher CoTs. 

Using dry sanded data, rig stiffness (flexion in the rig between the 
HPT surface and the load cell measuring torque) was optimised and 
calculated to be 80 μm/GPa. This value was used throughout the 
parameterisation processes for all contact conditions. 

The ECF model for data from tests with GB rail sand in dry conditions 
has been included in Fig. 6, where the relative error of the model fit was 
calculated as 8.4 %. This error was calculated using the coefficient of 
variation of the root mean square error (RMSE), such that: 

ϵ= 100 •

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
mean

(
[κ − κ̂]2

)√

mean(κ)
Equation 3 

where ̂κ represents model predictions and κ the experimental values. 
L0e was not optimised and remained as the value calculated by 

Meierhofer [22]. In addition, pressure dependency on Le was neglected 
by Meierhofer [22], thus Le = ∞ GPa−1 was also used throughout this 
study. The model appears to fit very well at higher contact pressures, 

Fig. 9. Ecf fit for wet tests with austrian rail sand.  

Table 7 
ECF input parameters for wet conditions with austrian rail sand.  

Material Parameter Nominal Pressure Dependency 
Le 0.252 μm/GPa ∞ GPa−1 

Lp 0.0911 mm 2.70 GPa−1 

τC1 0.276 GPa 0.609 GPa−1 

τC2 2.90 GPa 0.199 GPa−1  

Table 8 
Average peak coefficient of traction at varying normal pressures in leaf 
contaminated conditions with british and austrian rail sands.  

Normal Pressure (MPa) Average Peak CoT 
GB AT 

300 0.22 0.19 
600 0.20 0.16 
900 0.13 0.14  

W. Skipper et al.                                                                                                                                                                                                                                
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with stiffness becoming increasingly over-estimated at lower contact 
pressures. The critical stresses appear to fit very well to the HPT data at 
all normal pressures. 

The parameterisation of dry data with GB rail sand produced the 

input parameters included in Table 3. These parameters are of a similar 
order of magnitude to previous parameterisation processes that were 
performed by Meierhofer [22] and Evans [23]. 

Fig. 7 shows the ECF model parameterised by HPT data produced in 

Fig. 10. Ecf fit for leaf contaminated tests with British rail sand.  

Table 9 
ECF input parameters for leaf contaminated conditions with british rail sand.  

Material Parameter Nominal Pressure Dependency 
Le 166 μm/GPa ∞ GPa−1 

Lp 0.0208 mm 1.45 GPa−1 

τC1 0.182 GPa 0.636 GPa−1 

τC2 0.131 GPa 2.72 GPa−1  

Fig. 11. Ecf fit for leaf contaminated tests with austrian rail sand.  

Table 10 
ECF input parameters for leaf contaminated conditions with austrian rail sand.  

Material Parameter Nominal Pressure Dependency 
Le 80.0 μm/GPa ∞ GPa−1 

Lp 0.0170 mm 93.1 GPa−1 

τC1 0.0201 GPa 2.07 GPa−1 

τC2 0.180 GPa 1.27 GPa−1  

W. Skipper et al.                                                                                                                                                                                                                                
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dry conditions with Austrian rail sand. The relative error of the model 
was 9.7 %, with the accuracy of the initial stiffness of the model again 
becoming lower with decreasing normal pressure. The parameters from 
the dry model with AT rail sand are shown in Table 4. 

3.1.2. Wet sanded conditions 
The peak CoTs in wet conditions are presented in Table 5, where the 

values are generally lower than observed for dry conditions (see 
Table 2). Similar to dry conditions, GB produced higher peak CoTs than 
AT and both rail sands saw increasing normal pressures produce higher 
CoTs. 

The ECF model for wet, GB sanded HPT data has been included in 
Fig. 8, where a relative error value of 7.6 % was obtained. L0e was not 
optimised, as was the case for the previous dry models. The fit is very 
similar to that seen in dry, sanded conditions, with an increasingly over- 
estimated stiffness at lower contact pressures, but with a good fit to 
critical shear stresses. The input parameters from wet, sanded conditions 
are included in Table 6. They remain a similar order of magnitude as the 
input parameters calculated from dry, sanded HPT data. 

The ECF model generated from wet, AT sanded data is included in 
Fig. 9; a relative error of 9.0 % was calculated. The slight overestimation 
in stiffness, which increased with decreasing normal pressure is still 
apparent. Input parameters from the wet, AT sanded model have been 
included in Table 7. 

3.1.3. Leaf contaminated sanded conditions 
The peak CoTs in leaf contaminated conditions with sand applied are 

presented in Table 8, where CoTs are much lower when compared to dry 
and wet conditions (see Table 2 & Table 5). The difference in CoT 

between GB and AT was much less pronounced in leaf contaminated 
conditions, with GB even being lower than AT at 900 MPa. Previous 
work found that adhesion mitigation in a leaf contaminated contact was 
most dependent on particle size instead of hardness [19]; as the rail 
sands were of different sizes this may explain the differences seen here. 
In comparison to dry and wet conditions where increasing normal 
pressure resulted in higher CoTs, the opposite is true in the leaf 
contaminated contact, possibly due to the interaction between sand 
particles and a physical leaf layer. 

As opposed to dry and wet, sanded conditions, L0e was optimised for 
leaf contaminated conditions, due to the large differences in stiffnesses 
in these conditions. The ECF model fitting is included in Fig. 10, where a 
relative error value of 14.5 % was calculated. As can be seen when 
comparing to previous dry, and wet models, the introduction of syca-
more leaf powder has drastically decreased the measured shear stresses. 
Overall, the fitting is relatively accurate, though there is still some slight 
over-estimation of stiffness at lower contact pressures. The calculated 
input parameters have been included in Table 9. L0e has risen by a few 
degrees of magnitude compared to the stiffness calculated for dry and 
wet conditions. Other input parameters maintain similar orders of 
magnitude. 

The ECF model produced from leaf contaminated, AT sanded HPT 
data is included in Fig. 11, where the relative error was 4.5 %. The 
calculated shear stresses are similar to those seen for leaf contaminated, 
GB sanded HPT tests, though there appears to be greater consistency in 
the data between changes in normal pressure. The parameters obtained 
from the fitting process for leaf contaminated, AT sanded conditions are 
included in Table 10. 

Table 11 
Average peak coefficient of traction at varying normal pressures in low adhesion 
conditions.  

Normal Pressure (MPa) Average Peak CoT 
Sycamore Graphite 

300 0.06 0.04 
600 0.05 0.03 
900 0.05 0.03  

Fig. 12. ECF Fit for Leaf Contaminated Tests with No Adhesion Material applied.  

Table 12 
ECF Input Parameters for Leaf Contaminated Conditions with No Adhesion 
Material applied.  

Material Parameter Nominal Pressure Dependency 
Le 57.1 μm/GPa ∞ GPa−1 

Lp 0.0156 mm 1.09 GPa−1 

τC1 0.0147 GPa 3.14 GPa−1 

τC2 0.420 GPa 0.120 GPa−1  

W. Skipper et al.                                                                                                                                                                                                                                
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3.1.4. Low adhesion contaminants 
The peak CoTs from HPT tests conducted with sycamore leaf and 

graphite are included in Table 11. Both materials produced very low 
adhesion, with graphite producing the slightly lower peak CoTs of the 
two. There appears to be very little to no pressure dependency with 
these low adhesion contaminants, unlike all aforementioned sanded 

cases. 
As for sanded, leaf contaminated conditions, L0e was parametrised 

again for the unsanded tests with sycamore leaf powder. The results of 
the fitting process are included in Fig. 12, where and relative error value 
of 11.8 % was calculated. Calculated shear stresses were significantly 
lower than all sanded tests, unsurprising as sycamore leaf is well known 
to act as a cause of low adhesion on the railhead [31]. As before the 
stiffness at lower contact pressures is over-estimated, but the critical 
shear stresses are fairly accurate. 

The calculated input parameters for unsanded, leaf contaminated 
conditions are included in Table 12. As for sanded conditions, the 
calculated L0e is much higher than for wet and dry conditions, again 
demonstrating the reduction in stiffness when a leaf layer is present in 
the contact. 

From HPT tests conducted with the addition of graphite, the ECF 
model included in Fig. 13 was produced with a relative error of 20.9 %. 
This relatively high error value appears to come from the variation in 
measured shear stresses from tests conducted at 900 MPa normal pres-
sure, however, the model still appears to fit fairly well when analysed 
visually. The shape and peak of the graphite curves appear different to 
those produced from leaf tests, with the lines in the pseudo-plastic re-
gion appearing very flat and the calculated shear stresses being gener-
ally lower. The ECF input parameters generated from the graphite, HPT 
tests are shown in Table 13. 

3.2. Full-scale creep curve predictions 

ECF predictions of creep curves for a full-scale wheel/rail contact 
generated using HPT data taken from sanded tests have been included in 
Fig. 14, the process for doing this was as outlined in Fig. 5. The pre-
dictions were made with the assumption of a train with a 110 kN wheel 
load, a 600 mm wheel diameter, and travelling at 5 m/s. The model 
predicted a clear difference between British and Austrian rail sands in 
dry conditions, with this difference becoming less pronounced in wet 
conditions, and practically non-existent in leaf contaminated conditions. 
The sanded, leaf contaminated predictions of traction compare well with 
previously conducted field tests [32,33]. 

Included in Fig. 15, are plots comparing the effect of changing wheel 
load on British rail sand applied in dry, wet, and leaf contaminated 

Fig. 13. ECF Fit for Graphite Tests with No Adhesion Material applied.  

Table 13 
ECF Input Parameters for Graphite Conditions with No Adhesion Material 
applied.  

Material Parameter Nominal Pressure Dependency 
Le 500 μm/GPa ∞ GPa−1 

Lp 0.00904 mm 209 GPa−1 

τC1 0.110 GPa 0.275 GPa−1 

τC2 0.185 GPa 0.181 GPa−1  

Fig. 14. Ecf generated creep curve predictions for British & austrian rail sands 
in dry, wet, and leaf contaminated conditions. 
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conditions respectively. In both dry and wet conditions, the peak coef-
ficient of traction changes very little, however, the creep at which this 
peak occurs tends to occur at higher values for lower loads. In leaf 
contaminated conditions, the peak coefficient of traction increased with 
lower loads. 

The ECF model can also be used as a means of predicting low 
adhesion behaviour, as demonstrated in Fig. 16, where the ECF pre-
diction of creep curves generated from unsanded, Sycamore leaf 
contaminated HPT data is included. There is very little wheel load de-
pendency exhibited, with only a very slight change in the curve shape at 
40 kN. The coefficient of traction remains below 0.05 at all creep values 

above 2 %. 
As a comparison of other low adhesion layers, Fig. 17 includes creep 

curves predicting the effect of graphite powder and sycamore leaves are 
included. Both materials are predicted to create low adhesion condi-
tions, with graphite producing markedly lower traction of the two. 

4. Discussion 

4.1. Traction data 

When sand was applied to the HPT contact, it appeared that CoTs had 
a pressure dependency, though the exact nature of the relationship 
depended on contact conditions. In both dry and wet conditions, peak 
CoT increased with normal pressure, whereas the opposite was true in 
leaf contaminated conditions. 

In dry conditions, the direct relationship between increasing pres-
sure and traction for the sanded contact was unlike that observed by 
Evans et al. [17], they observed that in dry, unsanded conditions, there 
seemed to be no clear relationship between pressure and traction. In wet 
conditions, the direct relationship between pressure and traction was 
maintained. In wet, unsanded tests conducted by Evans et al. [17], there 

Fig. 15. ECF Generated Creep Curve Predictions for British Rail Sand under 
different Wheel Loads in: (A) Dry Conditions, (B) Wet Conditions, (C) Leaf 
Contaminated Conditions. 

Fig. 16. Ecf generated creep curve predictions for sycamore leaf contaminant.  

Fig. 17. Ecf generated creep curve predictions for graphite powder and syca-
more leaf contaminant. 
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was no clear relationship between pressure and traction. 
This trend of decreasing traction with decreasing normal pressure, 

apparent in both dry and wet conditions, may be due to the decreasing 
indentation depth of the particles as less pressure is applied and the 
amount of particle transferring tractive force is reduced. A similar 
mechanism was proposed in previous HPT testing [19] to explain the 
link between increasing particle hardness and increasing traction (both 
higher contact pressure and particle hardness would result in greater 
indentation depth). Similar findings relating lower normal loads, with 
lower friction due to less indentation were observed by Bhushan and 
Kulkarni [34]; they summarised that lower normal loads lead to less 
indentation depth, thus a lower contact area and the coefficient of 
friction being lower as less ploughing occurred. 

In leaf contaminated conditions, as contact pressure increased the 
traction decreased; this was not apparent in the unsanded case. One 
explanation for this may be that as normal pressure increased, the par-
ticles indented further into the steel surface of the wheel and rail spec-
imens, as posited for the dry and wet cases. However, as more the 
particle is indented into the wheel/rail surface there is less of the particle 
acting on the leaf layer itself, thus there is less material to remove the 
leaf layer, see Fig. 18 for a schematic representation. 

4.2. Extended creep force model fitting accuracy 

Overall the fitting of the ECF model to HPT data tended to produce 
error values below 15 % (with the exception of graphite data). Visually, 
the biggest discrepancy between fits and HPT data was at lower normal 
pressures and creep loads, with an overestimate of nominal inverted 
elastic stiffness occurring (L0e ). This parameter was optimised separately 
from the other parameters to decrease computational expense and in-
crease the chances of convergence to a solution, so was kept fixed during 
the fitting process, this may explain these errors. 

The difference in nominal inverted stiffness when a leaf layer was 
present, unsurprisingly suggests that contact stiffness was greatly 
reduced when compared to the dry and wet conditions. This demon-
strates how fundamentally different an HPT contact in leaf contami-
nated conditions behaves. 

4.3. Full-scale validation 

Traction measurement data from vehicle tests conducted with sand 
in dry and wet conditions were included in a thesis by Meierhofer [22], 
which measured a peak coefficient of traction between 0.3 and 0.4 in dry 
and wet sanded conditions. These measurements agree relatively well 
with dry and wet sanded behaviour of Austrian rail sand (see Fig. 14). 

Field test results from trials conducted on leaf layers, with and 
without sanding [33], compare favourably with ECF generated pre-
dictions. Field trials measured a coefficient of traction 0.02–0.04 in a 
leaf contaminated contact, which rose to be between 0.14 and 0.18 
when sand was applied; these were very similar to ECF predictions 
shown in Figs. 14 and 16. 

The predictions of leaf behaviour also compare well with full-scale 
measurements where measurements of traction were recorded at 0.02 
with very little variation in traction with wheel load [35]. This latter 
point agrees especially well with observations from Fig. 16. 

A summary of the aforementioned comparisons with ECF predictions 
is included in Table 14. It should be noted that it was not possible to 
generate predictions of the exact scenarios for each set of full-scale data, 
due to limitations such as not knowing the exact amount of 3rd body 
material being applied, exact wheel profiles, condition of wheel/rail 
surfaces etc. 

5. Conclusions 

HPT data from two different rail sands have been used to parame-
terise the ECF model in dry, wet, and leaf contaminated conditions. The 
ECF model was then used to predict full-scale creep force – creep curves 
for different combinations of adhesion restoring materials and 
contaminants. 

British rail sand was predicted to create peak adhesion levels of be-
tween, 0.4–0.5, 0.3–0.4, and 0.1–0.2 for dry, wet, and leaf contaminated 
conditions respectively for a typical wheel/rail contact. Austrian rail 
sand produced similar values with the exception of dry conditions, 
where the peak coefficient of traction was predicted to be between 0.3 
and 0.4. 

In addition, the method was used to predict creep force – creep 
curves for low adhesion conditions. With Sycamore leaf powder applied, 
a peak coefficient of traction of 0.04–0.05 was predicted and for 
graphite powder, this was approximately 0.03. 

The ECF generated creep force – creep curves proved that differences 
in traction restoring performance between the rail sands could be 
quantified using this HPT/ECF method and predictions compared rela-
tively well with full-scale and field data available. This approach may be 
useful in selecting and assessing adhesion restoring materials before 
validating with field testing, as well as the predicted full-scale creep 
force – creep curves being useful for integration into multi-body dy-
namics simulations to assess train performance, braking, etc. 

Future work would focus on parameterising the ECF model with 
more types of adhesion restoring material and/or low adhesion con-
taminants. In addition, more full-scale would be required for validation. 
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Table 14 
Summary of peak CoTs for ECF predictions and full-scale data.  

Conditions Peak CoT 
ECF Meierhofer 

[22] 
Fischer 
[33] 

Lewis et al. 
[35] 

Sanded Dry 0.37–0.46 0.3–0.4 – – 

Wet 0.35–0.39 0.3–0.4 – – 

Leaf 0.14 – 0.14–0.18 – 

Leaf 0.05 – 0.02–0.04 0.01–0.02  
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