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ABSTRACT
Wheel/rail adhesion plays an important role in rail traffic and significantly influences the
system’s performance, e.g. concerning stability of traffic or also LCC. Nevertheless it cannot
be guaranteed that there is always sufficient adhesion available to transfer the necessary
traction/braking forces. Hence, there are technical solutions for the improvement of the trains’
behaviour at low adhesion conditions. As those can still be enhanced, there need to be
requirements for the according developments. The work described within this paper and
performed in the frame of the collaborative Shift2Rail PINTA project is the basis for the
definition of those requirements.
A collection of adhesion data was performed during a unique measurement campaign using
locomotives at various contact conditions and vehicle parameters. The quality of the
measured data is significantly higher compared to other data available as the measurements
were performed at constant speeds and without the influence of any commercial vehicle
function, as e.g. wheel slide protection (WSP). Analysis showed for example the effect of
sanding on adhesion conditions, the adhesion peak behaviour, the adhesion behaviour
concerning different contaminants and speeds as well as self- and cross improvement effects.
Although the number of measurements performed during the campaign is not fully sufficient
yet, first results, e.g. concerning a new sanding strategy, could be deduced.
INTRODUCTION
The work described within this article was performed in a work package dealing with
adhesion topics in the frame of the EU-funded collaborative Shift2Rail PINTA project (Grant
Agreement Number: 730668). The overall goal of the consortium is to solve issues in rail
operation caused by low adhesion conditions within the wheel/rail contact. These issues for
example are platform and signal overruns as mentioned in (1, 2), whereas safety critical
incidents of the latter once are – depending on the country specific dealing – also known as
SPADs (signal passed at danger).
As those adhesion related issues are known for a long time, much research has already been
conducted on solving them. This has been done by mainly academic (also in collaboration
with an operator), but also industrial parties as (infrastructure) operators as for example
shown in (3).
The work on hand represents an industrial contribution following a comprehensive approach
respecting the needs of operators, vehicle manufacturers as well as brake manufacturers who
were all involved within the work either directly during the conduction of the tests or
indirectly during the specification phase. This overall collaboration was facilitated by the
Shift2Rail project.

During the project, adhesion data has been collected in multiple ways in order to increase the
knowledge on wheel/rail adhesion and understand the physical phenomenon behind it. The
goal was to get unbiased data which is influenced as low as possible by any technical brake
system functions as for example a WSP (wheel slide protection) system. The knowledge will
then be the basis for the development of new adhesion management solutions. Benefits are
expected related to optimised and more reliable or even shorter braking distances relativizing
the issues mentioned above. In addition to the increase of the overall train safety this also
enables another benefit, namely the possibility to increase the line capacity of the railway
network. This is an indirect effect only, since it requires further changes in rail operation, e.g.
in the train traffic control. Beyond, maintenance costs can be reduced if negative effects of
low adhesion, e.g. wheel flats are avoided by an efficient adhesion management.
The work described below represents one method for a standardised collection of adhesion
data used within the project including first conclusions based on the analysis of the measured
data. Figure 1 shows the integration of the activity within the project.

Figure 1: Integration of the adhesion data collection activity within the overall work.

MEASUREMENT OF ADHESION BEHAVIOUR
The basis of development of adhesion related solutions is knowledge about adhesion data and
the interferences between multiple adhesion relevant parameters. Hence, on the one hand data
at multiple operationally relevant adhesion situations needs to be recorded, on the other hand
the influence of different parameters needs to be determined.
Out of literature multiple sources dealing with adhesion measurements are known.
Some of them are focussing on the measurement of the plain adhesion conditions occurring
during regular rail traffic on public tracks. They give a good hint on the adhesion reality
during railway operation for example in the UK or in the Netherlands (4, 5), but lack the
influence of further parameters that are relevant whilst traction or braking, just as
corresponding wheel speed or load values that have an influence on e.g. improvement effects
(self/cross improvement). An example of this kind of measurements is shown in (6) with a
portable tribometer, an easy to use device for adhesion measurements on the track. Due to its
limitation to adhesion conditions only and the fact that it normally gives larger values than are
observed by the train without a general scaling, the use for the development of adhesion
related systems is limited.
Further measurements are regularly done during commissioning of trains. The measurements
are perfectly valid for the commercial validation of brake system functions. But in this case,

with the brake system being active, the influence of the brake system on adhesion and the
adhesion behaviour itself cannot be clearly separated. Besides, as the vehicle speed changes,
multiple test parameters are influenced during the measurements. An example of this kind of
measurements is the recent RSSB test (7). The adhesion is gathered from a real train at
contaminated conditions, limited to water and soap conditions, but the adhesion calculation is
done using the brake cylinder pressures. In this case the characteristics of the electropneumatic brake equipment used during the tests e.g. calliper characteristics and brake
pad/brake disc friction, influences the data quality of the measurements due to its tolerances
and partly uncertain behaviour. Besides, due to the vehicle speed changing during the brake
process, self-improvement effects can only limitedly be differentiated from the effect of
speed. This prevents the use of this approach for the examination of the physical effects
behind adhesion and various parameters as it was focussed on within the work on hand.
Another example of similar measurements is the OREB164 report (3) mentioned above. The
measurements were carried out by DB and SNCF. Pneumatic brake equipment was used for
bringing the wheelsets into slide on a contaminated track before releasing them again. Due to
dedicated force transducers relatively accurate force measurements were performed with these
real train tests. Nevertheless, there was no control over the behaviour of slide during the
measurements and the initial force build up was relatively slow using the pneumatic brake
equipment.
The use of test rigs (scaled/1:1 roller rigs) is known as an additional possibility for adhesion
data generation, also under consideration of the effect of single parameters, e.g. slip values.
Examples can be found in (8) and (9), Figure 2. The test rigs are an attempt to demonstrate
reality and always represent a simplification of the real world. Besides an easy control of slip,
accurate force measurements can be performed at a wide range of parameters, e.g. speed,
contaminants etc. Nevertheless for scaled rigs, the differences in effects occurring due to the
scaling (forces, temperatures) need to be solved whereas for test rigs in general (e.g. ATLAS)
most of the time only one recurring contact point is realised. So no matter if it is full scale or
scaled rollers, the test rigs need to be validated with least influenced real world data. Hence
besides the measurements described within the paper on hand, test rig data has been
generated. And in order to be able to exploit the advantages of the test rig usage, as the
generation of a high number of data at various conditions in short period of time or stable
testing at high repeatability, a validation was made using the data generated within the work
described below.

Figure 2: Exemplary test rigs for adhesion examination: the Knorr-Bremse ATLAS full scale roller rig and the
Faiveley Transport multi-axle roller rig.

Using the approach described on hand, the disadvantages of the state of the art methods shall
be overcome. Hence the generation of data shall respect the following:
- High accuracy of force control as well as measurement due to the use of
electrodynamic brake only; apart from that no usage of specific measurement devices,
- Execution of the measurements at constant speed in order to eliminate effects caused
by continuous speed changes during braking/traction,
- Specific slide/slip control without influences of any adhesion managing system as for
example WSP (wheel slide protection),
- Use of multiple slip profiles for controlling the wheelsets.
Therewith the focus of this major test campaign performed by Siemens, Knorr-Bremse and
Faiveley was laid on the measurement of the original adhesion behaviour at a specific
condition/point of operation (defined variable/parameter combination) and the effect of the
variation of single parameters on the adhesion behaviour, especially the wheel slip/slide
variation. This renders the possibility of finding out single effects as cross- or selfimprovement.
DESIGN OF MEASUREMENTS
Goal of the measurements was the determination of the wheel/rail adhesion at defined
conditions as well as the influence of specific parameter variations (e.g. slip) on it.
In order to be able to do that, the parameters measured and their properties were the
following:
- Set speeds and actual axle speeds at a resolution of +/- 0.0025 m/s and an update rate
of 200 Hz,
- Set forces and actual force values at a resolution of +/- 0.0625 kN and an update rate
of 200 Hz,
- State variables as “sanding active”, “oil dispenser active” etc.
The adhesion was then calculated using actual values of the electrodynamic brake forces
applied to single wheelsets (ED-brake) as well as the corresponding speed/slip values under
consideration of the normal loads and the wheelset inertia. By use of the ED brake/traction
power only, the accuracy of the measured data and therewith the adhesion could be enhanced
compared to the use of pneumatic brakes. The normal loads were estimated using a vehicle
model.
The calculation of the adhesion was done as follows:
μ

;

with F as the tangential force in the wheel/rail contact point and Q as the vertical load on the
wheelset. Therefore the tangential force was calculated as:
∗

;

with J as the wheelset inertia, r as the wheelset radius, and v and t being the wheelset speed
and the time.
In order to generate data at different points of operation, the following main parameters were
changed during the tests:
- Rail condition (contaminant): original (“dry”), water, water/soap (UIC condition),
vegetable oil.

-

Slip/force control profile (including slip level induced: 12 – 25 m/s, ramp times: 0.6 –
10s, constant slip times: 5 - 30s) as shown in Figure 3.
Sanding status: active (multiple sand amounts: 0 – 4g/m)/not active.
Train speed (20 - … - 180 km/h).
Position of measurement: in curve/on straight track.
Actuation status: Traction/braking.

Figure 3: Parameters of the slip control profile during the measurements.

The measurement program compiled by the consortium of operators, vehicle manufacturers
and brake suppliers envisaged the change of only one parameter of the above at a time in
order to get information specific to the single working points. Compared to known trials the
train speed was kept constant during the whole measurement. In order to get a better
reliability of the measured data, the measurement design included the repetition of each test
parameter combination for at least three times.

MEASUREMENT SET UP AND REALISATION
The measurements were performed on a test ring closed for regular rail traffic (VUZ, Velim,
CZ). As rolling stock multiple Siemens Vectron locomotives were used whereas one of them
was defined as the measurement loco which was the only one being equipped with
measurement/conditioning systems.
Out of this loco’s brake system related functions only the sanding function and the traction
motors were active during the tests using control algorithms which were specifically adapted
to the measurements. Hence there was no influence of any project specific braking system
related function.
Of the vehicle’s sanding units only the one in front of the first wheelset in driving direction
was used in order to be able to later also analyse the development of the sanding effect along
the wheelsets. The system used was a standard sander product that has been integrated on the
locomotive. It was able to modulate the amount of sand it delivers to the rail. This feature was
used to measure the adhesion for a same amount of sand (grams per meter) at different
speeds. The flow was adjusted to deliver the following amounts: 0.5 g/m, 1 g/m, 2 g/m and, at
low speed, 4g/m (from 166 g/30sec to 1660 g/30sec). Three different speeds have been
investigated: 50 km/h, 100 km/h and 180 km/h.

For measuring and controlling the brake/traction force, the traction motors were used. The
actual braking force was determined in the traction control unit. For the calculation a model of
the electric machine was used, which considers the characteristic properties of the motors as
well as the installation conditions (length and diameters of the connecting cables, ...) and the
environmental conditions (e.g. temperature). The model has the measured axle speeds, motor
currents and voltages as input parameters and uses these variables to calculate the actual
braking force at the wheel-rail contact point per wheel set. The error in determining the actual
braking force is max. 5%.
As loco-external equipment there were oil and water dispensers integrated. Further on the
loco was equipped with sensor and measurement systems, as cameras or a weather station. All
relevant vehicle parameters as the wheelset diameter were measured and updated regularly.
An overview of the equipment integrated into the measurement loco can be found in Figure 4.

Figure 4: (Measurement) equipment integrated into the measurement loco.

The measurement loco was operated as part of the train consist, where it was the only one
used for performing the measurements. It was coupled at the rear of the other ones used for
keeping the train consist at a constant speed by providing traction/braking power depending
on the measurement or simply providing inert mass (Figure 5).
The measurements conducted followed the procedure below:
1. Accelerate the train to the intended speed approaching the measuring section of the
test ring,
2. Initiate the measurements by starting the measurement system,
3. “Adjust” the intermediate layer; start cleaning of the track behind the loco.
4. Run slip routine and use of the sanding system (if applicable).
5. After slip routine stop all actions with cleaning last.
This procedure was repeated multiple times in each test segment followed by intermediate
conditioning runs and reference measurements as the surface of the wheelsets as well as the
rail both are influenced by the tests. The additional runs and measurements assured to have
approximately the same initial situation for all of the tests at all time.
After each test segment the track needed to be cleaned using water/soap and water. The
amount of sand though remaining on the track after each run was decided to be insignificant
for the following measurements within the section as the number of successive wheelsets of

the other locomotives within the consist was quite high (up to 16 wheelsets). The reference
measurements proved this assumption.
One of the main challenges during the tests was the dosage of the amount of oil as it is not as
common as the application of soap/water solution. With the originally high flow rate used, the
adhesion value was almost too low leading to issues during the measurements (e.g. very low
effect visible). Besides, also the traction locos came into trouble since they could not apply
enough traction power to the train consist. An exemplary integration of the fluid dispensers
into the locomotive can be found in Figure 6.
In total about 200 measurements were made and therewith also the same amount of adhesion
curves was generated during the tests.

Figure 5: Realisation of the measurements using a train consist out of five Siemens Vectron locomotives.

Figure 6: Integration of the water/soap, sand and oil dispenser.

MEASUREMENT ANALYSIS AND RESULTS
In order to allow for an efficient analysis, the acquired data was cut into single events and preprocessed (filtered). With the remaining data packages, first analyses were carried out. As a
result the effect of the major factors investigated on wheel-rail adhesion, as the influence of
contaminants, of the vehicle speed, sub-sequent axles and sanding can be demonstrated.

The effect of the different contaminants applied during the test campaign is shown in Figure
7. It is clearly visible how water and water/soap solution decreases the adhesion as compared
to the original rail conditions (“dry”). Besides, it is also shown that oil causes an extremely
low adhesion.

Figure 7: Effect of different rail conditions (original (“dry”), water, water/soap and oil) on the measured wheel-/
rail adhesion at 100km/h vehicle speed. The adhesion values were normalized with the initial maximum of the
curve corresponding to original conditions. The higher maximum slide at oil condition is due to the test
conditions.

The effect of the vehicle speed on the adhesion for water/soap conditions is depicted in Figure
8. At low slide values (i.e. below 15km/h) the adhesion decreases with increasing speed,
while at larger slips this effect seems to change to the opposite, although somewhat less
pronounced.

Figure 8: Effect of vehicle speed on adhesion for water and soap. The adhesion values were normalized with the
initial maximum of the curve corresponding to 50km/h.

The adhesion changes significantly along the length of the train. This change is demonstrated
for water and soap at 100 km/h by showing the adhesion on subsequent axles. The axle 1 is
the first axle approaching the rail. The rail cleaning effect can be identified by analysing the
adhesion evolution along three consecutives axles. For each axle, the adhesion coefficient
during the slide increase phase and the slide decrease phase, when the axle recovers the train
speed, are shown. The adhesion gap between the two phases points out the hysteretic nature
of the wheel-rail adhesion. The adhesion recovery (i.e. cross effect between axles) is visible
by comparing adhesion curves for the three investigated axles (Figure 9).

Figure 9: Cross effect for water/soap conditions at 100km/h vehicle speed. The adhesion values were normalized
with the initial maximum of the curve corresponding to the first axle.

The adhesion improvement effect of sanding is demonstrated on oil with different amounts of
sand being applied between the wheels and the rail. Even a small amount of sand improves
the originally poor adhesion significantly. This improvement is increasing with the amount of
sand applied, although its magnitude seems to level off towards larger amounts. Also the
improvement is larger and more strongly dependent on the amount of sand applied at lower
slide values as compared to larger ones, but even at higher slide velocities, the increase of
adhesion due to sanding is significant (Figure 10).

Figure 10: Effect of the amount of applied sand on adhesion in the presence of oil at 50km/h vehicle speed. The
adhesion values were normalized with the initial maximum of the curve corresponding to un-sanded conditions.

CONCLUSIONS
Within the frame of the Shift2Rail PINTA project (Grant Agreement Number: 730842)
measurements on wheel/rail adhesion and the influence of wheel slide/slip were performed by
a consortium out of railway operators, vehicle manufacturers and brake suppliers. The
measured data will be used as a basis to develop new adhesion influencing (brake system)
solutions. The measurements using multiple Vectron locomotives were conducted on a closed
test ring and were unique compared to what is known from literature so far. During the
measurements only electrodynamic brake/traction power was used in order to get measured
data at high quality concerning e.g. accuracy or sampling rate. Beyond the data was recorded
at constant speed without any influence of commercial brake system functions.

First analysis of the data has been done in order to examine the impact of slip at low adhesion
conditions under consideration of various boundary conditions. Focuses during the analysis –
work is still ongoing – were: the effect of sand vs. speed, the position of the adhesion peak
according to the slide and the effect of contaminants at different speeds.
One exemplary conclusion based on the analysis on adhesion conditions and slide behaviour
that has been presented within the article on hand showed the profitableness of speed
dependent sanding rates in order to for example realise constant sand rates in grams per metre.
Although an extensive number of tests has been performed, the amount of available data is
not fully sufficient yet. Hence, the first results will be used as a basis for the definition of
further examinations within further endeavours. These might then be used in order to enlarge
the number of tests to get statistically relevant results, but also incorporate the consideration
of a bigger number of variables and parameters, e.g. leaves on the track or other operationally
relevant contaminants.
Once a sufficient amount of data is available, the results can be used as requirements for the
development of new adhesion related functions, as sanding systems. However, the realisation
of such a function might not directly be possible as there are regulatory boundary conditions
as e.g. in the ERA/ERTMS/033281 limiting the maximum sand flow rates. In this case special
care must be taken not to disturb other rail operation functions as automatic train protection or
track circuits requiring discussions to be held with standards bodies.
In future endeavours at Knorr-Bremse besides test vehicles, the ATLAS test rig will
increasingly be used for a simplified generation of relevant adhesion data. Hence, the data
gathered using the Vectron locomotives, besides data from other on train measurements, was
used to validate the test rig’s ability to generate realistic adhesion data. As the results were
highly corresponding to the real train borne data, the contribution of data originating from the
ATLAS test rig up to today is therewith justified and will be continued in future.
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