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Abstract
Proper values of the adhesion coefficient are the key to guarantee good operations of railway transportation systems in terms of
safety, performances and punctuality during both braking and traction manoeuvres. Adhesion can drop to very low values due to
contaminants lying on the track. However, the leading wheelsets have a cleaning effect on the rail, so that adhesion recovery can
be observed on the following axles. A good knowledge of adhesion and adhesion recovery phenomenon is thus fundamental to
optimize the dynamic behaviour of railway vehicles and to develop new algorithms for wheel slide protection (WSP) and antiskid
systems. Several laboratory facilities are used to investigate adhesion, due to the high costs of on-track tests with full vehicles.
Anyway, these devices do not allow a good simulation of the vehicle dynamics and of the real contact conditions. To overcome
these issues, roller rigs usually represent a good compromise in terms of costs, safety, repeatability of the tests and simulation of
the real contact conditions and vehicle dynamics. However, typical roller rigs consist of one or more wheelsets rolling over
separate pair of rollers. An evolution of roller rigs, consisting of multiple wheelsets acting on the same contaminated surfaces, is
thus needed to study the adhesion recovery phenomenon more properly. The paper concerns the experimental setup of an
innovative 1:5 scaled multi-axle roller rig developed at Politecnico di Torino. The rig is intended to allow researchers to obtain
a deep understanding of the mutual interaction of different following wheelsets running on a contaminated track.
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List of Symbols

Latin Alphabet
f Adhesion coefficient
Fb Braking force
Fs Suspension load
Fx Tangential load at the wheel-roller interface
g Gravity acceleration
IR,yy Polar inertia of the rollers
Iw,yy Polar inertia of the wheelset
m Mass of the wheelset
N Normal load at the wheel/roller interface
pF\B F\b pressure at the outlet of the valves
pSET Set pressure at the outlet of the valves
RPAD Braking effective radius
RR Roller radius
Rw Wheel radius

TM Torque produced by the motor
TR,0 Initial resistant torque
TR,b Resistant torque due to braking effort
VIN Set voltage
VOUT FeedBack voltage

Greek Alphabet
α Angle of inclination of the wheelse
ξ Creep
τ Transmission ratio (ration between roller and

wheel radius)
ωR Angular speed of the rollers
ωw Angular speed of the wheels
ω̇R Angular acceleration of the rollers
ω̇w Angular acceleration of the wheelset

Subscripts
b Braking
i Wheelset number (i = 1 ÷ 4)
j Wheel number (j = 1,2)
R Roller
s Suspension
w Wheelset
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Introduction

The adhesion coefficient is a critical aspect for the operation of
railway transportation systems in terms of safety, performances
and punctuality during both braking and traction manoeuvres.
Many contaminants, such as water, oil, grease, leaves and snow
can lie on the wheel-rail interface, causing a drop in the adhe-
sion level. Sand can be spread onto the rails to restore dry
adhesion conditions, whereas friction modifiers are used to
keep adhesion at a constant optimum level. Since all these
substances can be found between the wheel and the rail, it is
of great importance to know how they affect adhesion, in order
to improve the running behaviour of railway vehicles.

On-track tests can be performed to study adhesion, either
with vehicles under operating conditions [1] or with proper
instrumentation, such as hand-pushed tribometers [1] and pen-
dulum rigs [2]. On-track tests with full vehicles are difficult to
perform due to high costs, safety issues, line occupation and
the need of the vehicle itself. Thus, they are not a suitable
solution for vehicles during the early stages of design.
Moreover, tests conditions cannot be reproduced with enough
repeatability. On the other hand, tests with hand-pushed
tribometers and pendulum rigs are less expensive, but they
do not allow the simulation of the real vehicle dynamics and
contact geometry, so they cannot provide useful data to devel-
op adhesion algorithms.

To overcome the issues related to high costs and repeatabil-
ity, several devices are used for laboratory investigation of
adhesion conditions, such as pin-on-disc machines [3, 4],
mini-traction machines [5, 6], twin-disc machines [7–11]
and scaled [12–16] or full-scale [17–19] roller rigs.

Pin-on-disc machines consist of a pin sliding over a rotat-
ing disc. These devices simulate pure sliding motion, without
considering the rolling effect, so they do not represent the
typical real contact conditions, where the contact area is both
in adhesion and slip.

Mini-traction machines are similar to pin-on-discs, but they
allow the reproduction of rolling-sliding relative motion
thanks to a rolling ball (sample), pressed against the rotating
disc. This configuration allows to consider an additional de-
gree of freedom (d.o.f) to the sample with respect to the tradi-
tional pin-on disc devices. These facilities can be used to ob-
tain both adhesion and Stribeck curves, by varying the speed
of the disc.

In twin-disc machines, two discs, usually made of the same
materials of wheels and rails, are pressed against each other.
By controlling the speed of both discs, it is possible to repro-
duce different creep values and to obtain adhesion character-
istics, both for dry and contaminated conditions.

The main drawbacks related to pin-on-discs, mini-traction
machines and twin-discs are that they do not manage to rep-
resent the dynamic behaviour of railway vehicles and that they
do not simulate the real contact geometry. Therefore, these

facilities are used to characterize the materials from a tribo-
logical and frictional point of view, both for dry and contam-
inated conditions.

Researchers make use of roller rigs to obtain a better repro-
duction of the kinematics of the vehicle, as these devices are
intended to simulate the real interaction among contact geometry,
dynamics and forces acting on the wheel-rail interface. Roller
rigs are based on the replacement of the track with rotating rol-
lers, and they are used to study railway vehicle dynamics, wheel-
rail contact and to validate numerical and analytical models [20].
Full-scale roller rigs allow a direct comparison with the real case
of a vehicle running along a tangent track, while scaled roller rigs
require similitude models [21–23]. However, scaled rigs are less
expensive and less cumbersome and thus they are largely used to
investigate adhesion conditions. Both full- scale and scaled roller
rigs differ from the real conditions of vehicle and track due to
these five main aspects [18]:

1) Alteration of the longitudinal creepage as the rolling ra-
dius of the rollers changes when the contact point is
shifted along the lateral direction;

2) Alteration of the spin creepage due to the normal compo-
nent of the roller angular velocity;

3) Curvature of the rollers in the longitudinal direction;
4) Presence of both yaw and pitch angles when the wheelsets

yaw over the rollers;
5) Different stiffness between the real track and the rollers.

Therefore, many authors have suggested methods to obtain
a correlation between the results obtained with roller rigs and
the real wheel-rail case [24, 25].

Related to degraded adhesion conditions is the adhesion
recovery phenomenon. In fact, when a vehicle is running along
a contaminated track, the leading wheelsets have a cleaning
effect on the rails, so that dry adhesion levels can be restored
on the following ones. Adhesion recovery is normally used to
describe the improvement of the adhesion conditions due to
large creep values. Normally this phenomenon is related to a
single wheelset that can experience an increase in the friction
coefficient when the work of the friction forces is able to re-
move or destroy some of the contaminant. In this case the
phenomenon should be defined as wheel adhesion recovery.
The paper describes the improvement of adhesion conditions
due to the mutual interaction of different following wheelsets
running on a contaminated track. In this case still the work of
the friction forces removes the contaminant, modifying the ad-
hesion condition, but in a specific track section. This phenom-
enon should be defined as rail adhesion recovery. Since both
phenomena are related to the work of friction forces the term
adhesion recovery is used in the paper for the sake of clarity.
Modern railway vehicles are equipped with mechatronic de-
vices, such as wheel slide protection (WSP) [26–28] and anti-
skid [29, 30] systems. Therefore, a deep understanding of
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adhesion recovery is crucial to develop new efficient algorithms
for these facilities and to improve the performance and the
safety of the vehicle during braking and traction operations.

Twin-disc machines have been used to assess the retentivity
of different types of grease [31], but also to investigate the
recovery time needed to restore a stable value of adhesion co-
efficient after the application of sand [10, 32] and water-based
friction modifiers [33–35] onto the interface. Similar experi-
ments were performed by Galas et al. [6] with a mini-traction
machine, assessing the performance of oil-based friction mod-
ifiers. However, since both twin-disc and mini-traction ma-
chines are made up of a single pair of bodies pressed against
each other and do not allow a proper simulation of the dynamic
behaviour, these experimental devices are not suitable for the
investigation of the adhesion recovery phenomenon.

Voltr and Lata [36] studied adhesion recovery with a single
wheel test rig and provided an analytical model based on the
data acquired during several series of experimental tests. Allotta
et al. [37, 38] suggested an innovative HIL approach to study
adhesion recovery: the software part includes amultibodymod-
el of the UIC-Z1 coach, a control block and a degraded adhe-
sion model, whereas the hardware part is represented by the
four axles full-scale roller rig in Osmannoro (Florence).

Bosso and Zampieri [39] studied adhesion recovery with a
single wheelset scaled roller rig, making use of a probe, cov-
ered with a porous tissue to apply contaminants over the sur-
face of the roller, and of a cleaning system. The last one was
used to clean the wheel surface and to simulate the contact of a
new wheelset at each rotation of the roller. Anyway, the inef-
ficiencies of the cleaning system could lead to a difficult in-
terpretation of the results obtained with this configuration.
This experimental activity hence pointed out that adhesion
recovery investigation requires multiple wheels rolling over
the same surface. The authors have thus designed an innova-
tive multi-axle roller rig [40] (see Fig. 1), which is able to

simulate the mutual interaction among four following
wheelsets rolling over the same pair of rollers. The typical
operating conditions which can be simulated with the test
bench are shown in Table 1. The design of this test rig is
carefully described in the first part of the paper, which also
shows the control strategy and the acquisition of the signals
provided by the measuring instruments installed on the test
bench. Finally, the calibration procedure of the sensors and
some experimental results (i.e., adhesion characteristics) are
presented in the second part of this work.

Multi-Axle Roller Rig Design

The multi-axle roller rig is a 1:5 scaled roller rig following
Jaschinski’s similitude model [21]. As shown in Fig. 2, each
wheelset is arranged over the rollers at a certain angle of in-
clination αi to optimize the size of the rig and to maximize the
radial component of gravity.

The multi-axle roller rig is derived from the single wheelset
[14, 39] test bench and it is designed in order to fit on the same
pair of rollers. In this way it is still possible to maintain the
modularity that characterizes the test benches realized by the
research group of the Politecnico di Torino.

The rig consists of 5 main modules:

1) Frame;
2) Rollers;
3) Wheelsets;
4) Braking system;
5) Suspension system.

The frame is made up of S235 cold-rolled steel profiles and
properly designed mechanical fittings in order to ease the in-
stallation of the rig on the base.

Each roller is mounted on a separate support (2), see Fig. 3,
to allow an independent drive and the simulation of different
values of the railway gauge. However, during the experimen-
tal activity shown in this article, the rollers were coupled with
a mechanical joint and only one 6 poles brushless AC Motor
(ACM BRL 220 6) was used to power the system. The roller
profiles (4) are produced by machining a 39NiCrMo6 steel

Fig. 1 PoliTo multi-axle roller rig

Table 1 Typical operating conditions that can be simulated with PoliTo
multi-axle roller rig

Name Symbol Value

Wheel radius Rw 460–520 mm

Roller radius RR 184–208 mm

Axle-load Q 2–25 ton

Train speed v 4–310 km/h

Railway gauge 2 s 1435/1524/1667 mm
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rim, which is fastened with bolts to the disc (5). The diameter
of the mounted roller is equal to 368 mm. The surface of the
rim reproduces a 1:5 scaled UIC-60 profile, canted 1:20. This
solution is used in order to replace only the rim in case of
severe wear of the surfaces or in case of the testing of new
rail profiles.

Each of the four wheelsets, see Fig. 4, consists of a
shaft (1), two wheels, two axle-boxes (4) and two brake
discs (6). The wheels, with a radius equals to 184 mm,
are made up of a 39NiCrMo3 steel rim (2), reproducing
a 1:5 scaled S1002 profile, and a hub (3) connected to
the shaft with a parallel key joint (7). Bolts (10)

connect each wheel-brake disc to a brake drum (8).
The axial position of the wheels and the discs is assured
by a lock nut (5) tightened on the shaft. Mechanical
brackets (9) mounted on the axle-box connect the
wheelsets to the frame. These brackets can be regulated
in order to ensure that the force of the spring is always
in radial direction, also when different wheel or roller
diameters are considered.

The braking system, shown in Fig. 5, is based on
two brake calipers (Brembo P32G) mounted on each
wheelset and supplied with compressed air. The module
is fixed to the main frame by two parallel bars (6 and
7). Each caliper (1) is fixed to a plate (2) integral with
the bracket (3). The last one is locked in longitudinal
direction by the load cell (4), while in the opposite side
it is free to translate, but the rotation is prevented by
the anti-rotation device (5). This configuration assures
that the braking force can be measured by the load cell.
Graphite bushings (8) are used in order to allow a fric-
tionless sliding between the caliper brackets and the
supports.

Each axle-box is equipped with a suspension system,
shown in Fig. 6, which applies a normal contact force to the
wheel-roller interface. The system is composed by a hex-head
threaded pin (1) which moves in radial direction with respect
to the threaded element (7) and presses the spring holder (3).
The nut (8) is used to fix the threaded element (7) to the
external frame (2). In order to measure the force generated
by the spring (4) the pin (5) slides inside the hex-head
threaded pin transferring the load to the button cell (6). The
system permits the simulation of different values of axle-Fig. 3 PoliTo multi-axle roller rig: single roller

Fig. 2 Arrangement of the
wheelsets over the rollers
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loads, in order to reproduce several contact conditions for both
freight and passenger vehicles. The suspension system allows
to consider only the vertical behaviour of the wheelset since
the brackets are rigid in longitudinal and lateral directions. The
test bench is hence able to simulate only the longitudinal be-
haviour of the vehicle, which is normally sufficient to simulate
braking and traction operations. Furthermore, this configura-
tion allows to obtain better values of repeatability in the ex-
perimental results. The suspension system allows to indepen-
dently regulate the lateral position of each wheelset before
running the experimental tests. In future works the suspension
system could be modified in order to consider the lateral be-
haviour of the vehicle, which can affect the adhesion condi-
tions especially for high speed values.

Control and Data Acquisition Strategy

The test bench is controlled by an industrial PC (NI
PXIe-8840 quad core processor installed on NI PXI-
1050 chassis), produced by National Instruments and
running the LabVIEW 2016 software. The schematic
view of the acquisition and control strategy is shown
in Fig. 7. The real-time controller allows to acquire
the signals generated by the sensors and to control the
motor and the caliper braking pressure. The communi-
cation between the controller and the drives is per-
formed by the TCP-IP Modbus protocol. The sensors,
see Table 2, installed on the roller-rig allow to calculate
the wheel-rail adhesion coefficient:

Fig. 4 PoliTO multi-axle roller rig: section view of the wheelset

Fig. 5 PoliTo multi-axle roller
rig: section view of braking
system
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& 4 incremental single ended encoders (ELAP REM470–
1024-8/24-R-10-PP2) with resolution of 10 bit (1024
pulses per revolution) to measure the angular speed of
each wheelset. The signals generated by the encoders are
acquired by means of the PXIe-6612 counter/timer mod-
ule that allows a maximum sampling frequency of 1 kHz.

& 8 full bridge load button cells (FUTEK LLB 400 FSH
00877), mounted on the suspension systems, with a max-
imum load of 1000 lb. (453.6 kg) and resolution of 0.5 lb.
(0.27 kg), and 8 full bridge S-beam load cells (FUTEK
LSB 302 FSH 02089), with a maximum load of 300 lb.
(136.1 kg) and resolution of 0.15 lb. (0.068 kg), installed

on the braking system to measure the braking effort. The
signals generated by all the load cells are acquired using
two strain-bridge input modules NI PXIe-4330 that allow
a maximum sampling frequency of 25.6 kS/s.

The angular speed of the rollers is instead directly obtained
from the motor drives by means of the Modbus protocol. The
braking pressure, on each couple of calipers mounted on the
wheelset, is controlled by four compact electro-pneumatic
regulators SMC ITV-0050 3BS, that can set the outlet pressure
in the range 0 ÷ 9 bar. The regulators are voltage-controlled in

Fig. 7 Schematic view of the control and data acquisition strategy

Fig. 6 PoliTo multi-axle roller
rig: section view of the suspen-
sion system

Exp Tech (2019) 43:695–706700



the range 0 ÷ 10 V using the voltage output module NI USB-
9263 managed by the industrial PC. The regulators generate a
feedback pressure signal in the range 1 ÷ 5 V, which is ac-
quired by the voltage input module NI USB-9239 also man-
aged by the industrial PC. The resolution of the regulators is
about 50 mbar. Each roller is powered by a magnet synchro-
nous AC brushless motor controlled in servo mode thanks to
digital inverters. The speed of the rollers and the torque pro-
duced by the motor can be acquired from the drives in the
LabView software environment installed on the industrial
PC by means of the TCP/IP Modbus protocol. The same in-
dustrial PC and the same LabView VI are used to acquire the
signals of the encoders, of the load cells and of the f\b pressure
of the pneumatic valves. At the same time, the software can
control the set pressure of all the four pneumatic valves. In this
way it is possible to precisely control the wheel-roller creep-
age independently for each wheelset. Furthermore, it is possi-
ble to consider several slip velocities by changing the refer-
ence speed of the rollers.

The creep of each axle can be calculated from the angular
speeds of the rollers and the wheelset itself as shown in Eq.
(1):

ξi ¼
ωR−

ωw;i

τ
ωR

ð1Þ

where:

& ξi is the creep of the i wheelset;
& ωR is the angular speed of the rollers;
& ωw,i is the angular speed of the i wheelset;

& τ is the ratio between the roller and the wheel radius. Its
theoretical value should be equal to 2, however it was
experimentally measured equal to 2.006.

The adhesion coefficient fi of each wheelset can be calculated
according to Eq. (2) if the normal (Ni) and the longitudinal tan-
gential load (Fx,i) acting on the wheel-roller interface are known.

f i ¼
Fx;i

N i
ð2Þ

The normal load Ni is the sum of two terms: the load due to
the suspension system (Ns,i), where the subscripts 1 and 2
respectively refer to the right and left side, and the radial
component of the weight (Eq. (3)), given by the product of
the wheelset mass m and the radial component of the gravita-
tional acceleration. The angle αι depends on the arrangement
of the wheelsets as shown in Fig. 2.

Ni ¼ Ns;i1 þ Ns;i2 þ mgcosαi ¼ Ns;i þ mgcosαi ð3Þ

The massm of the wheelset was deduced from a multibody
Simpack model of the rig and it is equal to 15 kg.

The tangential force can be obtained from an equilibrium of
momentum for the wheelset, see Fig. 8 and Eq. (4), if the
braking forces acting on the pad are measured:

Fx;i ¼
Iw;yyω̇w;i þ Fb;i1 þ Fb;i2

� �
:RPAD;i

Rw

¼ Iw;yyω̇i þ Fb;i:RPAD;i

Rw
ð4Þ

where:

& Iw,yy is the momentum of inertia of the wheelset along the
polar axis, calculated from the Simpack multibody model
of the rig (0.025 kg∙m2);

Table 2 Instrumentation installed on the PoliTo multi-axle roller rig

Instrumentation Quantity

Measuring instruments

Encoder ELAP
REM470–1024-8/24-R-10-PP2

4
(One encoder per wheelset)

Load Button Cell
FUTEK LLB 400 FSH 00877

8
(One cell per axle-box)

S-Beam Load Cell
FUTEK LSB 302 FSH 02089

8
(One cell per brake caliper)

Electro-Pneumatic Regulator
SMC ITV0050 - 3BS

4
(One valve per wheelset)

Acquisition devices

NI PXIe-8330 1 x Industrial controller

NI PXIe-1050 1 x Industrial chassis

NI PXIe-4330 2 × 8 Ch. (Load Cells)

NI PXIe-6612 1 × 8 Counters (Encoders)

NI USB-9239 1 × 4 Analog Input Ch.
(F\b Pressure)

NI USB-9263 1 × 4 Analog Output Ch.
(Set Pressure)

Fig. 8 Equilibrium of momentum of the wheelset
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& ω̇w;i is the angular acceleration of the i wheelset, obtained
with a numerical differentiation of the angular speed
signal;

& Fb,ij is the braking effort measured by the S-Beam Load
cells on the right (j = 1) or left (j = 2) wheel of the i axle;

& Rw is the wheel radius;
& RPAD,i is the brake disc effective radius of the i wheelset,

which was experimentally measured as described in the
following section.

Once that the adhesion coefficient fi and the creep ξi are
calculated it is possible to obtain the adhesion curve for each
wheelset.

Experimental Results

This section deals with the laboratory activities carried out
during the early stages of the experimental setup of the
PoliTo multi-axle roller rig. First, a brief description of the
calibration of the load button cells and of the caliper pneumat-
ic valves is shown. Then, attention is drawn to the experimen-
tal determination of the effective braking radius of each
wheelset. Finally, some adhesion characteristics are presented,
obtained by braking either one wheelset at a time or all axes
simultaneously.

Calibration of the Load Button Cells

The experimental calibration of the load button cells was per-
formed thanks to the laboratory facility shown in Fig. 9. The
load button cell (1) is fastened with bolt joints on the head of a
hex-head threaded pin (2), which is tightened on a housing (3).
Some known weight masses (4) are placed on a cylindrical
element (5). The load is transferred on the button cell by
means of a sliding pin (6), which can freely move inside the
hex-head threaded pin (2).

Two series of calibration tests were carried out. First, 5
masses of 1 kg each were sequentially applied on the

cylindrical body, and then the systemwas gradually unloaded.
The second series of tests was performed by applying a 10 kg
mass and 5 masses of 1 kg each, then unloading the system
step by step.

The results of the measuring process showed very good
agreement with the calibration data provided by the producer
of the sensor, therefore the experimental values were used to
carry out the signal acquisition in LabView.

Calibration of the Caliper Pneumatic Valves

The calibration of the solenoid valves led to the determination
of both input and output characteristics for all four valves. The
experimental procedure, shown in Fig. 10, was performed by
imposing a known value of set voltage to the valve in the
range 0 ÷ 10 V with a step of 0.5 V and by measuring the
f\b output voltage, both charging and exhausting the pneumat-
ic circuit. The outlet pressure was registered too, bymeans of a
MetalWork 9,000,600 digital pressure switch. The data sheet
provided by the producer shows that the input voltage can
vary in the range 0 ÷ 10 V, while the output voltage is in the
range 1 ÷ 5 V. Since the pressure can be set in the range 0 ÷
9 bar, the input theoretical characteristic is pSET = 0, 90VSET,
while the output one should be equal to pF\B = 2, 25VOUT − 2,
24. Table 3 shows the input and output experimental charac-
teristics for all four pressure regulators: good agreement with
the theoretical characteristic was found for the input pressure,
so the value of 0,90 bar/V was used in the LabView VI to
acquire the four SET pressures. On the other hand, the exper-
imental values were used for the output characteristics.

Determination of the Brake Effective Radius

A very important term to calculate a correct value of the ad-
hesion coefficient with Eqs. (2–4), is the brake effective radius
of each caliper. A constant radius of 75mm could be estimated
for all four wheelsets from the CAD model of the rig.
However, this quantity has been experimentally measured by
characterizing each pair of calipers, installed on the same

a) b) 

Fig. 9 Laboratory device for load
button cells calibration: (a)
assembly and (b) components
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wheelset. The approach is based on the equilibrium of mo-
mentum of the rollers when a single wheelset is braked, as
shown in Fig. 11.

In fact, when a braking effort is applied on the wheelsets,
the torque produced by the motor TM must balance the total
resistant torque of the test bench TR and the momentum of
inertia, as shown in Eq. (5). The total resistant torque is the
sum of a constant term, which only depends on the angular
speed of the rollers (TR,0) and it is due to the rolling resistances
of the wheelsets, and a resistant torque due to the braking
effort (TR,b), which is a function of the caliper pressure pb of
the braked wheelset.

TM ¼ TR þ IR;yyω˙ R ¼ TR;0 ωð Þ þ TR;b pbð Þ þ IR;yyω˙ R ð5Þ

However, if the pressure is not too high and adhesion is still
maintained between the wheel and the roller, a new quasi
steady-state condition is reached, and the inertial term can be
neglected. With this hypothesis, if the total braking force act-
ing on the pads of the braked wheelset Fb,i and the initial
resistant torque TR,0 are known, the effective braking radius
can be calculated according to Eq. (6), where τ is the is the
ratio between the roller and the wheel radius.

RPAD;i ¼ TM−TR;0 ωð Þ
τ Fb;i

ð6Þ

The experimental determination of the pad radius of each
wheelset was carried out by setting the angular speed of the
rollers equal to 100 rpm and by registering the initial resistant
torque TR,0, calculated considering a moving mean with time
window of 20 s. Then, the braking pressure of the tested
wheelset was set equal to 1 bar and 1,5 bar, and finally the
pads were gradually discharged. The effective braking radius
was calculated with Eq. (6) after detecting the steady-state
condition and measuring the motor torque TM, smoothed
through the same 20 s moving average as the initial resistant
torque TR,0. The values obtained during this experimental ac-
tivity are shown in Table 4.

Adhesion Characteristics

After the experimental setup of the rig and the calibration of the
sensors, some preliminary tests were performed in order to
obtain some adhesion characteristics, simulating a 10-t axle-
load on each axle. The tests were performed by setting a pres-
sure ramp from 0 to 6 bar in 12.5 s on the tested wheelsets and
stopping the tests when high creep values were detected.
During the experimental tests the first wheelset that is in contact
with the roller is the fourth one. Fig. 12 shows the adhesion

Fig. 10 Solenoid valves: scheme
of the calibration procedure

Fig. 11 Equilibrium of momentum of the rollers

Table 3 Solenoid valves: calibration characteristics

No. of The Wheelset Input Characteristics Output Characteristics

Wheelset 1 pSET = 0, 90VIN pF\B = 2, 27VOUT − 2, 26
Wheelset 2 pSET = 0, 90VIN pF\B = 2, 25VOUT − 2, 27
Wheelset 3 pSET = 0, 90VIN pF\B = 2, 26VOUT − 2, 23
Wheelset 4 pSET = 0, 89VIN pF\B = 2, 29VOUT − 2, 26

Exp Tech (2019) 43:695–706 703



characteristics acquired by braking one axle at a time, with an
angular speed of the rollers equal to 190 rpm (i.e., 30 km/h for a
real vehicle). The adhesion characteristics were performed after
cleaning the surfaces of rollers and wheels with a soap-based
degreaser. Differences among the wheelsets could be due to
different adhesion conditions due to the presence of debris gen-
erated by the wear process during sliding.

To investigate the repeatability of the results obtained on
the rig, two new series of tests were performedwith an angular
speed of the roller equal to 390 rpm (i.e., 60 km/h for a real
vehicle), after cleaning the surfaces with sandpaper. In the first
series, all the wheelsets were braked at the same time, whereas
in the second series the braking effort was applied on one
wheelset at a time. Figure 13 shows good agreement between
the two tests, blue colour curve for simultaneous braking and
red curve for single wheelset braking, relative to wheelsets 2
and 3. Similar results were obtained for the other axles.
Figure 13 shows lower values of adhesion when the braking
effort is applied to all the four wheelsets simultaneously with
respect to the case when a single axle is braked. This could be
due to both an increase in the interface temperature and a
contamination of the surfaces related to wear debris produced
by the slip.

The maximum of the adhesion coefficient for the axles
differs between Fig. 12 and Fig. 13, due to the loss of adhesion
in the first test, where adhesion is reduced by the soap which
composes the degreaser. In the second test the soap was re-
moved by the mechanical action of the sandpaper. The pre-
liminary results obtained with the new multi-axle roller rig
demonstrate that the bench is suitable for studying the adhe-
sion recovery phenomenon, where it is necessary to evaluate
the adhesion conditions considering following wheelsets act-
ing on the same pair of rollers. In particular, the results show
that the adhesion condition can be precisely reproduced on all
the wheelsets with low variability. This allows to detect very
small variations of the adhesion coefficient among the four
wheelsets. This characteristic of the test bench is the key to
investigate the variation of the friction conditions due to the
cleaning effect performed by the leading wheelsets rolling
over the contaminated rollers.

Conclusions

This article deals with the experimental setup of an innovative
roller rig that can allow the investigation of the adhesion re-
covery phenomenon due to the cleaning effect of the leading
wheelsets of a railway vehicle running along a contaminated
track. The literature review shows that an experimental device
consisting of more wheels rolling over the same surfaces is
needed to study more properly the phenomenon. Current ex-
perimental devices do not allow to properly perform this type
of tests and the typical limits have been highlighted by several
authors. The work demonstrates that this new configuration of
roller rig is able to overcome these limitations. The 1:5 scaled
multi-axle roller rig is composed of four wheelsets rolling over
the same pair of rollers. Several creep conditions can be in-
vestigated thanks to a compressed air braking system, which
allows an independent control of the braking torque on each
wheelset, so that a difference in the peripheral velocities of the
wheels and the rollers can be imposed. Many axle-load values
can be simulated by means of a suspension system, which can
set a desired load on the contact patch of each wheel-roller
pair. The signals of several sensors installed on the rig are

Table 4 Resume of the experimental calibration of the wheelset braking radius

Wheelset Number RPAD (mm)
Charging Phase

RPAD (mm)
Exhausting Phase

Mean (mm) St.Dev (mm) CoV
(%)

pb = 1 bar pb = 1,5 bar pb = 1 bar pb = 1,5 bar

1 79,40 81,42 84,40 82,36 81,90 2,08 2,54%

2 78,55 80,34 82,72 83,54 81,29 2,27 2,79%

3 78,65 81,40 77,45 81,44 79,73 2,01 2,52%

4 77,70 76,91 80,14 81,29 79,01 2,05 2,59%

Wheelset 1
Wheelset 2
Wheelset 3
Wheelset 4

Fig. 12 Adhesion characteristics by braking one axle at a time
(ωR = 190 rpm)
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acquired to perform the required measurements. The instru-
mentation underwent an accurate calibration process in order
to ensure a good operation of the rig. The paper shows some
experimental adhesion characteristics obtained with different
surfaces cleaning strategies. The results demonstrate that the
test bench allows a good repeatability and that it is able to
detect very small variation of the friction coefficient. This
characteristic is fundamental in order to evaluate the adhesion
recovery phenomenon. In future activities, new adhesion char-
acteristics for several values of axle-load and speed will be
acquired. The rig will then be used to perform adhesion re-
covery investigation and it is expected that the results obtained
on the roller rig will contribute to the development of new
WSP algorithms.
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