
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=nvsd20

Vehicle System Dynamics
International Journal of Vehicle Mechanics and Mobility

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/nvsd20

A railway local degraded adhesion model including
variable friction, energy dissipation and adhesion
recovery

Martina Meacci , Zhiyong Shi , Elisa Butini , Lorenzo Marini , Enrico Meli &
Andrea Rindi

To cite this article: Martina Meacci , Zhiyong Shi , Elisa Butini , Lorenzo Marini , Enrico
Meli & Andrea Rindi (2020): A railway local degraded adhesion model including variable
friction, energy dissipation and adhesion recovery, Vehicle System Dynamics, DOI:
10.1080/00423114.2020.1775266

To link to this article:  https://doi.org/10.1080/00423114.2020.1775266

Published online: 10 Jun 2020.

Submit your article to this journal 

Article views: 87

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=nvsd20
https://www.tandfonline.com/loi/nvsd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00423114.2020.1775266
https://doi.org/10.1080/00423114.2020.1775266
https://www.tandfonline.com/action/authorSubmission?journalCode=nvsd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=nvsd20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00423114.2020.1775266
https://www.tandfonline.com/doi/mlt/10.1080/00423114.2020.1775266
http://crossmark.crossref.org/dialog/?doi=10.1080/00423114.2020.1775266&domain=pdf&date_stamp=2020-06-10
http://crossmark.crossref.org/dialog/?doi=10.1080/00423114.2020.1775266&domain=pdf&date_stamp=2020-06-10


VEHICLE SYSTEM DYNAMICS
https://doi.org/10.1080/00423114.2020.1775266

A railway local degraded adhesion model including variable
friction, energy dissipation and adhesion recovery

Martina Meacci, Zhiyong Shi , Elisa Butini, Lorenzo Marini, Enrico Meli and
Andrea Rindi

Department of Industrial Engineering, University of Florence, Florence, Italy

ABSTRACT
The modelling of the wheel–rail contact is fundamental in the rail-
way field since the contact forces directly affect vehicle dynamics,
wear, safety and maintenance. In this context, the development of
a realistic adhesion model able to describe degraded adhesion con-
ditions is still an open problem because of the complex non-linear
behaviour of the adhesion coefficient. To face this problem, in this
work an innovative degraded adhesion model has been developed
taking into account important phenomena like large sliding at the
contact interface, the consequent energy dissipation and the adhe-
sion recovery caused by the cleaning effect on the rail due to the
friction forces. The new approach, based on FASTSIM algorithm and
Polach theory, is numerically very efficient and has been specifically
designed formultibody applications. The developedmodel has been
validated through the comparison with experimental data related to
suitable braking manoeuvres.
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1. Introduction

The accurate modelling of the wheel–rail contact is a fundamental task in the railway field
since the contact forces are strongly connected with vehicle dynamics, safety, wear and
maintenance. Typically, simplified and efficient multibody contact models consist of three
main tasks: the contact point calculation, the normal problem solution and the tangen-
tial problem solution, including the adhesion model. The contact point detection allows
the calculation of the contact point position on the wheel and rail surfaces. The main
approaches in the literature make use of constraint formulations [1] or analytical proce-
dures focused on the algebraic problem dimension reduction [2–4]. Tipically, the normal
problem is solved by using Lagrangemultipliers [5,6] or Hertz theory [7–9]. As regards the
tangential problem, many approaches have been taken into account in the last years. The
most famous strategies comprise the linear Kalker theory (saturated according to Johnson-
Vermulen formula [10–13]), the non-linear Kalker theory implemented in the FASTSIM
algorithm [13–16], and Polach theory [17,18] that considers variable adhesion coefficient
(decreasing with increasing creepages) in absence of contact spin.
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The tangential problem is particularly challenging because, due to the complex non-
linear behaviour of the adhesion coefficient and the presence of external unknown con-
taminants (third body layer), the development of a realistic adhesion law turns out to be
quite hard. This is especially true when degraded adhesion and the large sliding at the
wheel–rail interface yield a high energy dissipation and, consequently, an adhesion recov-
ery. The adhesion recovery is generated by the cleaning effect of the sliding that removes the
debris at the contact surface and it becomes quite significant under degraded adhesion con-
ditions. In fact, the final adhesion recovery caused by the removal of external contaminants
may deeply affect both the vehicle dynamics and the traction and braking manoeuvres.
The cleaning effect has been taken into account in previous studies as additional flexibility
[7,13] and varying parameters [1,17], or by the introduction of transient adhesion charac-
teristics [19]. During the years, many studies have been performed to investigate the role
of the third body between the contact surfaces and many analyses have been carried out
through both laboratory test rigs and on-track railway tests [20–27]. At the same time, spe-
cific phenomena like the dissipation of energy and the adhesion recovery have begun to be
more accurately studied to have a better understanding of the non-linear behaviour of the
degraded adhesion [28–30].

In some previous preliminary papers [31–34], the authors have focused on ‘global’
degraded adhesion models (i.e. models involving global sliding / creepages and forces)
and have extended the Polach theory [1,17,18] to take into account the degraded adhesion
effects. In this work, the authors present a new ‘local’ degraded adhesion model directly
connecting local sliding / creepages inside the contact area to the local contact pressures.
The effects of the energy dissipation due to the large sliding occurring at the contact inter-
face, of the consequent cleaning action on the rail caused by the large sliding and of the
resulting adhesion recovery due to the removal of the external contaminant have been care-
fully taken into account by properly extending the FASTSIM algorithm [7,13]. To reach
this goal, the friction coefficient has been considered variable inside the contact area. In
this way, the adhesion recovery phenomenon can be investigatedmuchmore in detail with
respect to global approaches. A previous step towards this direction (i.e. considering a vari-
able friction coefficient inside local adhesion models) can be found in [35,36] where the
authors proposed a first preliminary and approximated approach to face the problem.

The presented model can be applied to all the main scenarios in the railway field, i.e.
presence ofmultiple contact points, different wheel and rail profiles, generic railway tracks,
etc. Furthermore, as railway dynamic simulations are usually carried out bymeans ofmulti-
body models, the new adhesion model has to be implemented directly online and in ‘real
time’ within the multibody codes (e.g. Matlab-Simulink or Simpack environments) and,
consequently, has to guarantee a good trade-off between accuracy and numerical efficiency.
For this reason, since the numerical performance is a primary concern, it is impossible
in practise to model the contact by considering the wheel and the rail as generic elastic
continuous bodies [15].

Finally, the adhesionmodel has been preliminarily validated through experimental data
coming from specific railway braking tests under degraded adhesion conditions performed
by Trenitalia S.p.a. in Velim (Czech Republic) on a straight track with the coach UIC-Z1
[37,38]. The preliminary results are encouraging: the model has shown a good accuracy in
reproducing the complex nonlinear behaviour of the system and, at the same time, good
numerical efficiency.
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In Section 2 the general architecture of the model is explained. In Section 3 the mod-
elling details are described, paying attention to the tangential problem. Sections 4 and 5
introduce the experimental data and the validation of the new model. Further simulation
results are presented in Section 6 and conclusions and future developments are proposed
in Section 7.

2. General architecture of themodel

Themultibodymodel is composed of twomain parts interacting during the simulation: the
3D railway vehicle model and the 3D wheel–rail contact model (Figure 1; see [33,35,36] as
well).

At each numerical step of the simulation, the multibody vehicle model computes the
kinematic wheel quantities (position Gw, orientation �w, velocity vw and angular velocity
ωw) and the contact model, using such variables as inputs, calculates the normal and tan-
gential contact pressures pn, pt applied to the wheel into the contact area associated to the
contact point Pc, the sliding s in the contact patch and the friction coefficient μ inside the
contact area.

Typically, simplified and efficient multibody contact models are characterised by three
main submodels: the contact point (Pc) detection [4,16,39], the normal problem, solved
by using the global Hertz theory to calculate the normal contact pressures (pn), and the
tangential problem to compute the tangential contact pressures pt , the sliding s and the
friction coefficient μ (Figure 2 [33,35,36]). The tangential problem solution relies on the
local degraded adhesion model described by the authors in this work. The inputs of the
degraded adhesion model are the wheel kinematic variables, the position Gw, the orienta-
tion �w, the wheel velocity vw,the wheel angular velocity ωw, the normal pressures at the
contact interface pn and the position of the contact points Pc. The local degraded adhesion
contact model enables the calculation of tangential pressures pt , sliding s and friction coef-
ficient inside the discretised contact patch by extending the Kalker’s FASTSIM algorithm
to properly take into account energy dissipation and adhesion recovery.

Figure 1. Architecture of the multibody model [33,35,36].
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Figure 2. Inputs and outputs of the degraded adhesion model and architecture of the wheel–rail
contact model [33,35,36].

3. Modelling

This chapter consists of three subsections presenting the detailed description of the new
degraded adhesion problem, the wheel–rail contact model and the multibody vehicle
model, respectively.

3.1. Local adhesionmodel

The new degraded adhesion model, on which the tangential contact model is based, is
an improvement of the Polach adhesion law [1,17] and of the FASTSIM algorithm [7,13].
Unlike what the authors have done in previous works on this topic [31–34], in this work,
the new adhesion model is ‘local’ and directly connects the local sliding / creepages inside
the contact area to the local pressures. The effects of the energy dissipation due to the large
sliding occurring at the contact interface, of the consequent large sliding cleaning action
on the rail and of the resulting adhesion recovery caused by the removal of the external
contaminant have been carefully taken into account by developing a new local friction law
to be used inside the extended version of the FASTSIM algorithm. To reach this goal, the
friction coefficient has been considered variable inside the contact area and function of the
local sliding and dissipated energy. A first preliminary and approximated approach to face
this problem (i.e. considering a variable friction coefficient inside local adhesion models)
can be found in [35,36].

To calculate the local tangential contact variables (tangential contact pressures pt and
local sliding s within the contact patch), the corresponding normal pressures pn, the
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Figure 3. The reference system at the wheel–rail interface [35,36]. (a) Contact patch discretisation. (b)
Normal abscissa for the wheel and rail profile.

contact points position Pcw and the wheel kinematic variables Gw, vw, R and ωw (position,
orientation and their derivates) are supposed to be known (see Figures 1 and 2).

A new reference system is defined at the wheel–rail interface on the contact plane (i.e.
the common tangent plane between the wheel and rail surfaces): the x and y axes are the
longitudinal and the transversal direction of the contact plane, respectively, while z is the
normal axis, (see Figure 3).

The first step consists in the discretisation of the contact surface: fromHertz theory, the
elliptical contact patch and its semi-axes a and b are discretised in a bidimensional grid (by
using a not constant grid resolution) where the quantities pn, pt and s will be evaluated.

Initially, the transversal axis (with respect to the motion direction) of the contact ellipse
has been divided in (ny − 1) equal parts ofmagnitude�y bymeans ofny equidistant nodes.
Then the longitudinal sections of the patch have been divided in (nx − 1) equal parts of
magnitude �x by means of nx equidistant nodes, as shown in Figure 3(a):

�y = 2b
ny − 1

, �x(y) = 2a(y)
nx − 1

a(y) = a

√
1 − y2

b2
(1)

Thanks to this strategy, the longitudinal grid resolution is not constant but increases
near the lateral edges of the ellipse, where the lengths a(y) are smaller. This procedure pro-
videsmore accurate results right next to the edges of the ellipse, where a constant resolution
grid would generate excessive numerical noise. The values of the nx and ny parameters
have to assure the right balance between accuracy and computational load; good values of
compromise are in the range 25–50.

The extended version of the FASTSIM algorithm is always based on the propor-
tionality hypothesis between the tangential contact pressure ptand the tangential elastic
displacements ut , both evaluated within the contact patch [6,14,16]:

ut(x, y) = Lp
t
(x, y) L = L(ε, a, b,G, ν) (2)
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where the flexibility L (function of the global rigid creepages ε, the semi axes of the contact
patch a, b, the wheel and rail combined shear modulus G and the wheel and rail combined
Poisson’s ratio ν) can be calculated as follows:

L = |εx|L1 + |εy|L2 + c|εsp|L3
(ε2x + ε2y + c2ε2sp)

1/2

vpc = vω + ωw × (Pc − Gw)

εx = vpcx/||vw||
εy = vpcy/||vw||
εsp = ωw · n

||vw|| (3)

with L1 = 8a/(3GC11), L2 = 8a/(3GC22), L3 = π a2/(4GC23) and c = √
ab (the constants

Cij, functions both of the Poisson’s ratio ν and of the ratio a/b, are the Kalker’s parameters
and can be found in the literature [7]). The local sliding s can be calculated by derivation
considering both the elastic creepages and the rigid ones:

s(x, y) = u̇t(x, y) + V
(
ex
ey

)
(4)

with (
ex
ey

)
=

(
εx − yjεsp
εy − xiεsp

)
(5)

where V = ||vω|| is the longitudinal vehicle speed, ex, ey are the local rigid creepages and
εx, εy, εsp are the global rigid creepages. Once the contact patch is discretised, the FASTSIM
algorithm allows the iterative evaluation of both the contact pressures pn, pt and the local
sliding s in order to divide the contact patch into adhesion and slip zone. Indicating the
generic point of the grid with (xi, yj), 1 ≤ i ≤ nx , 1 ≤ j ≤ ny, the normal contact pressure
can be expressed as:

pn(xi, yj) = 3
2

Nc

πab

√
1 − x2i

a2
−

y2j
b2

(6)

where Nc is the normal contact force, while the limit adhesion pressure pA is:

p
A
(xi, yi) = p

t
(xi−1, yj) −

(
ex
ey

)
�x(yi)

L
(7)

Thus, knowing the variable values in the point (xi−1,yj), it is possible to go to the point
(xi,yj) as follows:
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if ||p
A
(xi, yj)|| ≤ μ(xi, yj)pn(xi, yj)

{
p
t
(xi, yj) = p

A
(xi, yj)

s(xi, yj) = 0
(8)

if ||p
A
(xi, yj)|| > μ(xi, yj)pn(xi, yj)⎧⎪⎨

⎪⎩
p
t
(xi, yj) = μ(xi, yj)pn(xi, yj)pA(xi, yj)/||pA(xi, yj)||

s(xi, yj) = LV
�x(yj)

[(p
t
(xi, yj) − p

A
(xi, yj)]

(9)

where μ(xi,yi) is the friction coefficient in (xi,yi); Equations (8) and (9) hold in the adhe-
sion and slip zone, respectively. Iterating the procedure for 2 ≤ i ≤ nx and successively
for 1 ≤ j ≤ ny, and assuming as boundary conditions pt (x1, yj) = 0, s (x1, yj) = 0 for 1≤
j ≤ ny (i.e. stresses and sliding zero out of the contact patch), the desired distribution of
pn(xi, yj), pt(xi, yj) and s(xi, yj) can be determined.

In the previous equations, the local value of the friction coefficient μ(xi, yj) is still
unknown, and has to be modelled. The main phenomena characterising the degraded
adhesion are the large sliding occurring at the contact interface and, consequently, the high
energy dissipation. Such a dissipation causes a cleaning effect on the contact surfaces and,
finally, an adhesion recovery due to the removal of external contaminants. When the spe-
cific dissipated energyWsp is low, the cleaning effect is almost absent, the contaminant level
h does not change and the friction coefficient µ is equal to its original value in degraded
adhesion conditions µd. As the energyWsp increases, the cleaning effect increases too, the
contaminant level h becomes thinner and the adhesion coefficient µ raises. In the end, for
large values ofWsp, all the contaminant is removed (h is null) and the adhesion coefficient
µ reaches its maximum value µr; the adhesion recovery due to the removal of external con-
taminants is now completed. At the same time, if the energy dissipation begins to decrease,
due for example to a lower sliding, the reverse process occurs. Figure 4 illustrates the fric-
tion coefficient μ as a function of the sliding s in a standard situation and in presence of
dissipated energyWsp at the contact interface.

Figure 4. Friction coefficient µ as function of the sliding s: (a) standard behaviour (b) behaviour in
presence of dissipated energyWsp at the contact interface [35,36].
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Since the contaminant level and its characteristics are usually unknown, it is useful try-
ing to experimentally correlate the friction coefficient µ directly with the specific dissipated
energyWsp. To reproduce the qualitative trend previously described and to allow the fric-
tion coefficient to vary between the extreme values µd and µr, the following expression for
µ is proposed:

μ = [1 − λ(Wsp)]μd + λ(Wsp)μr (10)

whereλ(Wsp) is an unknown transition function between degraded adhesion and adhesion
recovery. The function λ(Wsp) has to be positive and monotonous increasing; moreover,
the following boundary conditions are supposed to be verified: λ(0) = 0 and λ(+∞) = 1.
This way it is supposed that the transition between degraded adhesion and adhesion recov-
ery only depends onWsp. This hypothesis is obviously only an approximation but, as it will
be clearer in the next chapters, it well describes the adhesion behaviour.

Initially, to catch the physical essence of the problem without introducing a large num-
ber of unmanageable and unmeasurable parameters, a simple expression for λ(Wsp) is
assumed:

λ(Wsp) = 1 − e−τ |Wsp| (11)

where τ is now the only unknown parameter to be tuned on the base of the experimen-
tal data. In this research activity, the two main friction coefficients µd and µr (degraded
adhesion and adhesion recovery) have been calculated according to:⎧⎪⎪⎨

⎪⎪⎩
μd(xi,yj) =

(
μcd

Ad
− μcd

)
e−s(xi, yj)γd + μcd

μr(xi,yj) =
(

μcr

Ar
− μcr

)
e−s(xi,yj)γr + μcr

(12)

where s = ||s||, µcd, µcr are the kinematic values of µd, µr, Ad, Ar are the ratios between
the kinetic friction coefficients and the static ones, and γ r, γ d are the parameters that
describe the friction decay as the sliding increases. Consequently, according to the previous
consideration, µ can be written as:{

μ(xi, yj) = (1 − λ)μd(xi, yj) + λμr(xi, yj)
λ = 1 − e−τ |Wsp| (13)

The specific dissipated energyWsp can be evaluated as:

Wsp(xi, yj) = p
t
(xi, yj). s(xi, yj) (14)

At this point, the calculation of the unknowns p
t
(xi, yj) and s(xi, yj) is not so simple

because Equations (8, 9, 12–14) constitute a system of non-linear equations to be solved
numerically. To this aim, it can be observed that, thanks to Equations (8) and (9), the
quantities p

t
(xi, yj) and s(xi, yj) can be written as a function of μ(xi, yj):

p
t
(xi, yj) = p

t
(μ(xi, yj))

s(xi, yj) = s(μ(xi, yj))
(15)

Consequently, the specific dissipated energyWsp(xi, yj) = Wsp(μ(xi, yj)), the degraded
and recovered friction coefficients μd(xi, yj) = μd(μ(xi, yj)), μr(xi, yj) = μr(μ(xi, yj))
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and the transition function λ(xi, yj) = λ(μ(xi, yj)) are functions ofμ(xi, yj) as well. Insert-
ing such relations into equation (13), one finally gets the following non-linear scalar
equation in the unknown μ(xi, yj):

μ(xi, yj) = F(μ(xi, yj)) (16)

where F indicates the generic functional dependence.Due to the simplicity of the transition
function λ(Wsp), the numerical solution of (16) can be easily obtained through standard
non-linear solvers [40]. Eventually, once μ(xi, yj) is known, pt(xi, yj) and s(xi, yj) can be
immediately evaluated in the point (xi, yj) of the grid by means of Equations (8) and (9).

This process is repeated for each point of the grid that discretises the contact patch and
requires boundary conditions on the points (x1, yj). In particular, sliding s and pressures
pt on the edge of the contact patch are set equal to zero, while the adhesion coefficients µd,
µr are taken equal to the static values:

s(x1, yj) = 0
p
t
(x1, yj) = 0{
μd(x1, yj) = μcd/Ad
μr(x1, yj) = μcr/Ar

μ(x1, yj) = μd(x1, yj)
withWsp(x1, yj) = 0

(17)

Finally, it is possible to evaluate the tangential force acting on the contact patch area by
integration:

Tx = ∫
p
tx
dA

Ty = ∫
p
ty
dA

Msp = ∫
A (xpty − yptx)dA

Tc = TxJ1 + TyJ2
Msp = Mspn

(18)

3.2. Wheel–rail contact model

As introduced in Section 2, the wheel–rail contactmodel inputs are the kinematic variables
of each wheel (position Gw, orientation �w, velocity vw and angular velocity ωw) together
with the track geometry and the wheel and rail profiles. The outputs are the normal and
tangential contact pressures pn, pt (applied to the wheel in correspondence of the contact
point Pc), the sliding s and the friction coefficient µ. The details concerning the contact
points detection algorithms and the normal contact models used in this work can be found
in [4,16,32,33,39].

3.3. Multibody vehiclemodel

The multibody vehicle model has been developed to investigate the dynamic behaviour of
the vehicle, an UIC-Z1 wagon operated by Trenitalia S.p.a [37] (see Figure 5).

The vehicle consists of one carbody, two bogie frames, eight axle boxes and four
wheelsets. The primary suspension comprises flex coil springs, vertical hydraulic dampers
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Figure 5. The UIC-Z1 vehicle.

and axle box bushings, and links the bogie frame to the four axle boxes. At the same time,
the secondary suspension comprises vertical, lateral and longitudinal ant-yaw dampers,
lateral bump-stops, anti-roll bar and traction rod, and links the carbody to the bogie
frames.

The multibody vehicle model describes the main degrees of freedom (DOFs) of the
system bodies (one carbody, two bogie frames, eight axle boxes, and four wheelsets). The
total number of DOFs is equal to 50.

The standard wheel and rail profiles ORE S 1002 and UIC 60 have been considered.
The main parameters of the railway vehicle are reported in Table 1 while most important
inertial parameters are listed in Table 2. The primary (comprising springs, dampers and
axle box bushings) and the secondary (comprising springs, dampers, lateral bump-stops,
anti-roll bar and traction rod) suspension stages have been described bymeans of 3D linear
and non-linear visco-elastic force elements.

Table 3 summarises the characteristics of the main linear elastic force elements of
both the suspension. Eventually, the UICZ1 Wheel Slide Protection (WSP) system has
been described as well to correctly reproduce the vehicle dynamics during the braking
manoeuvres under degraded adhesion conditions [38].

Table 1. Main geometric characteristics of the
railway vehicle layout.

Parameters Units Value

Total mass (kg) 43,000
Bogie wheelbase (m) 2.56
Bogie distance (m) 19
Wheel diameter (m) 0.89

Table 2. Main inertial properties of the rigid bodies of the railway system.

Body Mass (kg) Ixx (kgm2) Iyy (kgm2) Izz (kgm2)

Carbody ≈ 29,000 76,400 1,494,400 1,467,160
Bogie ≈ 3000 2400 1900 4000
Wheelset ≈ 1300 800 160 800
Axlebox ≈ 200 3 12 12
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Table 3. Linear elastic characteristics of the two stage suspensions of the railway vehicle.

Element Primary suspension Secondary suspension Axle bushing Anti-roll bar

Transl. Stiff. x (N/m) 844,000 124,000 40,000,000 0
Transl. Stiff. y (N/m) 844,000 124,000 6,500,000 0
Transl. Stiff. z (N/m) 790,000 340,000 40,000,000 0
Rotat. Stiff. x (Nm/rad) 10,700 0 45,000 2,500,000
Rotat. Stiff. y (Nm/rad) 10,700 0 9700 0
Rotat. Stiff. z (Nm/rad) 0 0 45,000 0

4. Experimental campaign andmeasured data

Usually, to validate this kind of adhesion model, braking tests are quite useful due to the
critical operating conditions which characterise braking manoeuvres (large sliding, high
energy dissipation, possible presence of degraded adhesion, etc.). Unfortunately, a direct
experimental validation of such models in terms of contact pressures (at a local level) is
almost impossible on-field (it is very difficult in laboratory too). Therefore, in such cir-
cumstances, a good compromise to get a preliminary validation of the adhesion models
is to compare experimental and simulated results in terms of velocities, forces and global
sliding (that is at a global level).

The local degraded adhesion model has been validated by means of experimental data
provided by Trenitalia s.p.a. and coming from on-track tests performed in Velim (Czech
Republic) with the coach UIC-Z1 ([37,38]). The considered vehicle is equipped with a
fully-workingWSP system. The experimental tests have been carried out on a straight rail-
way track. The wheel profile is the ORE S1002 (with a wheelset width dw equal to 1.5m
and a wheel radius r equal to 0.445m) while the rail profile is the UIC60 (with a gauge dr
equal to 1.435m and a laying angle equal to 1/20 rad).

In Table 4 the main wheel, rail and contact parameters are reported. The kinetic friction
coefficient under degraded adhesion conditions μcd changes depending on the specific
test (see [31,33,34]). On the contrary, the kinetic friction coefficient under full adhesion
recovery μcr depends on the wheel and rail material and represents the kinetic friction
coefficient under dry conditions.

In the considered campaign, for each experimental test, the following physical variables
have been measured (acquisition time �ts equal to 0.01s):

• the longitudinal vehicle velocity vspv (the longitudinal wheel velocities vspwj (j represents
the j-th wheel) are taken equal to vspv ).

Table 4. Wheel–rail contact parameters used in the contactmodel.

Parameters Unit Value

Young modulus (Pa) 2.1*1011

Shear modulus (Pa) 8*1010

Poisson coefficient (–) 0.3
Kinetic friction coefficientμcd – 0.06
Kinetic friction coefficientμcr – 0.28
Friction ratio Ad – 0.4
Friction ratio Ar 0.4
Friction decrease rate γd (s/m) 0.2
Friction decrease rate γr (s/m) 0.6
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• the wheels angular velocities ω
sp
wj. The angular accelerations ω̇

sp
wj are evaluated by

derivation and by filtering the signals.
• the vertical forcesNsp

wj on the vehicle wheels. In practice, the vertical forces on thewheels
Nsp
wj are approximately calculated by measuring the primary suspension deflections.

Finally, the vertical contact forcesNsp
cj have been approximately computed starting from

Nsp
wj and by subtracting the wheel weight. This procedure is for sure approximated and

the vertical force dynamic components are considered only in an approximated way.
However, it represents a good compromise between measurement accuracy and cost /
duration / complexity of the experimental campaign.

• the braking torquesCsp
wj applied to the wheels. The braking torques applied to the wheels

have been estimated starting from the measurements of the braking pressures provided
by the vehicle owner and from the knowledge of the braking plant characteristics. In
this specific case study, the geometry and the physical features of the braking plant
components were known for the considered vehicle. At the same time, both the geom-
etry of wheelsets and braking disks and their physical features were known as well.
Naturally, some uncertainties are present as, for example, on the braking disk friction
value and on its behaviour as a function of the temperature. As in the previous case,
the measurement procedure is approximated but represents again a good compromise

Figure 6. Experimental trend of the vehicle velocity vspw1 andwheel velocity rω
sp
w1 (first wheelset) for two

braking manoeuvres: (a) test A; (b) test B.



VEHICLE SYSTEM DYNAMICS 13

between measurement accuracy and cost / duration / complexity of the experimental
campaign.

For instance, in Figure 6 the wheel longitudinal and rotational velocities vspw1and rωsp
w1

(firstwheelset) are plotted for twoof the tests performedduring the experimental campaign
(named test A and test B); the WSP intervention and the adhesion recovery during the
second part of the braking manoeuvre can be easily observed.

The chosen tests start from a vehicle velocity of 32, 5m/s and, after few seconds, a brak-
ing torque is applied to each wheelset. The values of each braking torque are modulated by
the WSP during the run of the train depending on the dynamics of the system.

5. Preliminary experimental validation of the local adhesionmodel

In this section, themodel described in Section 3 is validated and the influence of the param-
eter τ on the vehicle dynamics is analysed. More in detail, in chapter 5.1 the tuning of the
model by using a specific set of experimental tests (namely, the test A) is described and the
optimal value of the τ parameter for this application is found. Subsequently, in chapter 5.2
the validation of the model by exploiting a different set of experimental tests (namely, the
test B) is reported. In this case, both for the tuning and for the validation, suitable braking
manoeuvers under degraded adhesion conditions have been considered.

5.1. Influence of the parameter τ on the vehicle dynamics andmodel tuning

In this preliminary phase, the effect of the parameter τ on the dynamic response of the vehi-
cle is investigated. Furthermore, the model is tuned by using a specific braking manoeuvre
under degraded adhesion conditions (test A) and the optimal value of the τ parameter for
this application is found.

First of all, the behaviour of the system in absence of adhesion recovery (τ = 0m
2

W ) has
been studied (see Figure 7). In this case the tangential contact problem is solved by means
of the standard FASTSIM algorithm. As visible in Figure 7, despite the high sliding present
during the braking manoeuvre and the consequent energy dissipation and cleaning effect
on the rail, no adhesion recovery is observed (for example the slope of the vehicle velocity
curve is quite constant). This effect is mainly due to the fact that the friction coefficient μ

is constant inside the contact area in the standard FASTSIM algorithm.
In Figure 8, the trend of the simulated first wheelset velocity rωsp

w1 is shown by vary-
ing only the parameterτ . As it can be noticed, the adhesion increases as the parameter τ

grows until the limit condition τ = 3 · 10−8m2

W , corresponding to a completely recovered
adhesion.

After this tuning phase, the optimised value chosen for τ has been τ = 8.1 ∗ 10−9 m2/W.
The optimal value has been calculated by minimising the error between simulated and
experimental quantities via standard numerical techniques [40].

5.2. Model validation

In this section, themodel is validated against experimental data by using a different braking
manoeuvre under degraded adhesion conditions (test B). In this way, the capability of the
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Figure 7. Experimental and simulated vehicle velocities vspw1, v
sm
w1 in absence of adhesion recovery: τ =

0m2/W (obtained by using the standard FASTSIM).

Figure 8. Simulated velocity of the first wheelset rωsp
w1 varying the parameter τ .

model in approximating the complex and highly non-linear behaviour of the degraded
adhesion is preliminarily evaluated.

The adhesion model validation is mainly focused on the velocities vsmv , rωsm
wj : v

sm
v is the

longitudinal vehicle velocity, ωsm
wj is the rotational wheelset velocity and, for the sake of

simplicity, r is always the nominal wheel radius. The simulated variables coming from the
3Dmultibody model vsmv , rωsm

wj have been compared with the correspondent experimental
quantities vspv , rω

sp
wj. By way of example, the time histories of the velocities vsmv , vspv and rωsm

w1,
rωsp

w1, are reported in Figure 9 with a chosen τ = 8 ∗ 10−9m2/W.
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Figure 9. Comparison between the experimental and simulated longitudinal velocities of the vehicle
vsmv , vspv and the first wheelset rωsm

w1, rω
sp
w1.

The showed results agrees quite well in terms of translational velocities vsmv , vspv . As
regards the velocities rωsm

w1, rω
sp
w1 the agreement is satisfying. However, these rotational

velocities cannot be directly compared since the system is highly chaotic because of the
presence of discontinuous and non-linear components as the WSP. To effectively compare
the rotational velocities rωsm

w1 and rωsp
wj, the statistical mean ēj and standard deviations �e

j

of the sliding estimation error ej = sjsm − sspj are exploited, in which simulated ssmj and
experimental sliding sspj are evaluated as:

ssmj = vsmv − rωsm
wj , s

sp
j = vspv − rωsp

wj (17)

As usual, the statistical indices are then determined as follows:

ēj = 1
TF − TI

∫ TF

TI
ejdt,�e

j =
√

1
TF − TI

∫ TF

TI
(ej − ēj)2dt (18)

where TI and TF are initial and final times of the simulation. By way of example, the mean
ē1 and the standard deviation �e

1 of the sliding estimation error e1 are reported in Table 5.

Table 5. Statistical comparison in terms of sliding estimation error and adhesion coefficient estimation
error.

Parameters Model Mean ē1
Standard

deviation�e
1

Adhesion Coefficient (–):f1
sm , f sp1 New ‘local’ adhesion model 0.0066 0.0044

Sliding (m/s):s1sm , s
sp
1 New ‘local’ adhesion model 1.21 0.75

Adhesion Coefficient (–):f1
sm , f sp1 Previous ‘global’ adhesion model [32,33] 0.0089 0.0070

Sliding (m/s):s1sm , s
sp
1 Previous ‘global’ adhesion model [32,33] 1.50 0.90
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Figure 10. Comparison between experimental and simulated results for (a) adhesion coefficients f sp1 ,
f sm1 , (b) longitudinal contact force Tsmc1 , T

sp
c1 and (c) sliding s

sp
1 , s

sm
1 .
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Figure 11. Comparison between experimental and simulated torques Cspw1, C
sm
w1 applied to the first

wheelset of the vehicle.

In Figure 10(a) and in Table 5 (in terms of estimation error) the trend of the experi-

mental and simulated adhesion coefficient f spj = Tsp
cj

Nsp
cj
, f simj = Tsm

cj
Nsm
cj

is shown as well, where

Tsp
cj and T

sm
cj are approximately estimated as Ism/sp

j ω̇
sm/sp
wj = Csm/sp

wj − rTsm/sp
cj . Additionally,

the tangential contact forces have been reported for the first wheelset in Figure 10(b) and, to
have a complete overview of the system dynamics, a comparison between the experimental
and simulated sliding has been performed and reported in Figure 10(c).

In order to compare the old ‘global’ version of the adhesion model based on the Polach
theory and developed by the authors in previous works (see the introduction and [32,33])
to the new ‘local’ one, in Table 5 the sliding and the adhesion coefficient estimation errors
obtained by using the old ‘global’ model are reported as well. The match between sim-
ulated results and experimental data is good not only in terms of translational velocities
but also in terms of sliding, rotational velocities and adhesion coefficients. The new ‘local’
model turns out to be slightly more accurate than the ‘local’ one but, at the same time,
the new ‘local’ approach allows a more detailed description of the physical phenomena
characterising degraded adhesion conditions.

Finally, to complete the analysis, the timehistories of the simulated and the experimental
torques Csm

w1, C
sp
w1 applied to the first vehicle wheelset are reported in Figure 11.

In conclusion, the experimental validation of the adhesion model during the braking
manoeuvre highlights the capability of the developedmodel in approximating the complex
and highly non-linear behaviour of the degraded adhesion.

6. Simulation results

In this section, to better understand the behaviour of the contact pressures in the con-
tact area, some simulated results are illustrated. For example, two simulation instants are
considered (see Figure 9 and 10): the first one at 27s (high sliding and degraded adhesion
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Figure 12. Tangential pressures ptx and pty for the first wheelset (left wheel) in a pure sliding condition
(up and down on the left) and in a partial adherence condition (up and down on the right).

conditions on the contact area) and the second one at 13s (lower sliding occurs and partial
adherence on the contact area).

Longitudinal and lateral tangential contact pressures pt for the left wheel of the first
wheelset at 27s, 13s are reported in Figure 12. Similarly, longitudinal and lateral local slid-
ing s for the left wheel of the first wheelset at 27s, 13s are illustrated in Figure 13. Figure
14 shows the dissipated energy Wsp in the contact area at 27s, 13s (left wheel of the first
wheelset).

According to the tangential pressures pt and the sliding s, only the slip area is present into
the contact area at 27s when there is high sliding due to degraded adhesion. On contrary,
both adhesion area and slip area occur at 13swhen there are partial adherence conditions in
the contact area. The dissipated energyWsp behaves in agreement with pt and s: naturally,
the energy dissipation is higher under degraded adhesion conditions where higher sliding
is present.

Concerning the onset of the adhesion recovery, looking at Figure 9 and Figures 12–14, it
is interesting to observe that, during the braking, there are two time intervals characterised
by high sliding: 14s – 17s and 23s – 31s (approximately). Naturally, during the first interval
we have high sliding and energy dissipation but, being the interval quite short, the cleaning
effect on the rail is not strong and long enough to trigger and maintain an adhesion recov-
ery able to influence the global vehicle dynamics (for example the slope of the translation
velocity curve is unchanged). On the contrary, being the second interval much longer than
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Figure 13. Local sliding sx , sy for the first wheelset (left wheel) in a pure sliding condition (up and down
on the left) and in a partial adherence condition (up and down on the right).

Figure 14. Dissipated energyWsp for the first wheelset (left wheel) in a pure sliding condition (on the
left) and in a partial adherence condition (on the right).

the first one, the high sliding and energy dissipation during this period lead to a cleaning
effect that triggers an adhesion recovery long enough to deeply affect the global dynamics
of the railway vehicles (see the important change of slope in the translation velocity curve
during the second time interval).

In terms of numerical efficiency, the new model provided satisfying results. The
computational load associated to the new adhesion model (Table 6 reports the mean
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Table 6. Computational performances of the new degraded adhesion model.

Parameters Unit Value

Machine (–) HP Z620
CPU (–) Intel Xeon 2.60 GHz
RAM (GB) 16
Mean time – new degraded
adhesion model

(seconds to simulate 1s) 4.2

Mean time – FASTSIM (seconds to simulate 1s) 2.5

computational times) is higher with respect the standard FASTSIM algorithm because the
new model is clearly more complex. However, the efficiency of the new modelling strategy
is still suitable for multibody applications (especially for large railway lines).

7. Conclusions

In this work the authors presented a new model to describe degraded adhesion condi-
tions at the wheel–rail contact interface in railway vehicles. The new approach is suitable
for multibody applications and characterised by satisfying computational performances,
making possible implementation of the developed model inside complex vehicle multi-
body models. The new model is based on the main physical phenomena involved in the
degraded adhesion such as the energy dissipation at the wheel–rail contact, the following
cleaning effect and the final adhesion recovery caused by the destruction of the external
contaminants. Since most of the physical characteristics of the contaminants are usually
unknown and difficult to be measured, the new modelling strategy relies only on a few
physical parameters (easy to be experimentally estimated).

The validation of the adhesionmodel is based on experimental data shared by Trenitalia
S. p. A. and measured during some on-track tests performed in Velim (Czech Republic)
with the railway vehicle UIC-Z1. The tests were carried out on a straight railway track
under degraded adhesion conditionswith a vehicle equippedwith aWheel Slide Protection
(WSP) system.

Many important developments are scheduled for the future. Some theoretical improve-
ments of the model will be considered, such as the modelling of third body layer and
contaminants by means of the Reynolds equation. Furthermore, the proposed adhesion
model will be more accurately validated not only through new on-field experimental cam-
paigns but also using specific laboratory tests performed on dedicated test-rigs undermore
controlled conditions. This way a more deep and detailed validation of the new modelling
strategy will be possible. Finally, some important topics like profile evolution due to wear
and profile optimisation will be further investigated by using the newmodels developed in
this work.
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