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Abstract The accurate modelling of the wheel-rail contact plays a fundamental role
in the railway field since the contact forces heavily affect the vehicle dynamics, the
wear of the contact surfaces and the vehicle safety. Concerning the wheel-rail con-
tact, an important open problem is represented by the degraded adhesion. A realistic
adhesion model is quite difficult to obtain because of the complex and highly non-
linear behaviour of the adhesion coefficient and the presence of external unknown
contaminants (the third body); this is especially true when degraded adhesion and
large sliding between the wheel and rail contact surfaces occur.

In this work the authors present an adhesion model particularly developed to describe
degraded adhesion conditions. The new approach will have to be suitable to be em-
ployed within the wheel-rail contact models typical of the multibody applications.
In other words the contact model, comprising the new adhesion model, will have to
guarantee a good accuracy and, at the same time, a high numerical efficiency to be
implemented directly online inside the general multibody model of the vehicles (e.g.
in Matlab-Simulink or Simpack environments). [1][2]

The model analysed in the paper is based on some of the main phenomena character-
ising the degraded adhesion, such as large sliding at the contact interface, high energy
dissipation, the consequent cleaning effect on the contact surfaces and the final adhe-
sion recovery due to the removal of external unknown contaminants.

The adhesion model has been validated thanks to the experimental data provided by
Trenitalia S. p. A. coming from on-track tests performed in Velim (Czech Republic).
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The tests have been carried out on a straight railway track under degraded adhesion
conditions with the railway vehicle UIC-Z1 equipped with a fully-working Wheel
Slide Protection (WSP) system.

The validation highlighted the good performances of the adhesion model in terms of
accuracy and numerical efficiency. In conclusion, the adhesion model turned out to
be able to well reproduce the complex phenomena behind the degraded adhesion.

Keywords Multibody modelling of railway vehicles - Wheel-rail contact - Degraded
adhesion - Adhesion recovery.

1 Introduction

The accurate modelling of the wheel-rail contact plays a fundamental role in the rail-
way field since the contact forces heavily affect the vehicle dynamics, the wear of the
contact surfaces and the vehicle safety.

In the multibody applications the numerical performances (computation times and
memory consumption) are very important; therefore, in practice, it is usually im-
possible to model the contact by considering the wheel and the rail as generic elastic
continuous bodies. Generally the multibody contact models are characterized by three
main logical parts: the contact point detection, the normal problem solution and the
tangential problem solution, that includes the adhesion model.

The contact point detection allows the calculation of the contact point position on the
wheel and rail surfaces. The most important approaches make use either of constraint
equations [39][38] or of exact analytical methods aimed at the reduction of the al-
gebraic problem dimension. [13][31][9][20] The solution of the normal problem is
generally based on the Lagrange multipliers [39][38] and on improvements of Hertz
theory.[6][10][26] Concerning the solution of the tangential problem, different ap-
proaches have been taken into account in the last decades. The most significant strate-
gies comprise the linear Kalker theory saturated according to Johnson-Vermeulen for-
mula [26][27][17][25][19], the non-linear Kalker theory implemented in the FAST-
SIM algorithm [26][27][24][23][29][22] and Polach theory [35][34][36][37] that per-
mits to describe the decrease of the adhesion coefficient with increasing creepage
(excluding the contact spin) and to better fit the experimental data. All the three steps
of the contact model have to guarantee a good accuracy and a high numerical effi-
ciency to implement the contact model direclty online inside more general multibody
vehicle models (developed in dedicated environments like Matlab-Simulink and Sim-
pack), without employing discretized look-up table (LUT). [1][2]

The main approaches followed to solve the tangential problem (including the adhe-
sion model) usually do not consider the important issue of the degraded adhesion
between wheel and rail, that remains still an open problem. The substantial lack of
literature concerning these topics is mainly caused by the difficulty to obtain a real-
istic adhesion law because of the complex and non-linear behaviour of the adhesion
coefficient and the presence of external unknown contaminants (the third body). This
is especially true when the degraded adhesion yields a high energy dissipation and,
consequently, an adhesion recovery.
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Over the years, many important studies and analyses have been perfomed to inves-
tigate the role of so-called third body between the contact surfaces. In particular the
analyses have been carried out both on laboratory test rigs and through on-track rail-
way tests by taking into account natural and artificial external contaminants and fric-
tion modifiers. [7][8][45]1[32][21][18][16][14]

At the same time, to better understand the non-linear behaviour characterising the
degraded adhesion, also the high energy dissipation at the contact interface and the
consequent adhesion recovery have begun to be more accurately studied. [12] [46]
[11] [44] [15] [5] [41[30]

The adhesion model presented by the authors in this work aims to improve the de-
scription accuracy of degraded adhesion conditions in multibody vehicle dynamics
and railway systems. According to the recent trends of the state of the art (see the
previous bibliographic references), the new model focuses on the main phenomena
characterising the degraded adhesion, paying particular attention to the energy dissi-
pation at the contact interface, the consequent cleaning effect and the resulting adhe-
sion recovery due to the removal of external unknown contaminants. Besides, since
most of the physical characteristics of the contaminants are totally unknown in prac-
tice, the followed approach will have to minimize the number of hardly measurable
physical quantities required by the model.

The new model will have to guarantee a good accuracy to well reproduce the non-
linear phenomena behind the degraded adhesion; contemporaneously it will have to
ensure high computational performances so that the whole contact model (compris-
ing the adhesion model) could be directly implemented online inside more general
multibody vehicle models.

The adhesion model described in the paper has been thought to be implemented and
used in all the main interesting scenarios in the railway field: with different wheel
and rail profiles, with generic railway tracks (straight or curving) and with multiple
contact points. In this preliminary research phase, considering the availability of ex-
perimental data, the analysis of the performances of the model is focused on braking
manoeuvres performed on straight tracks (which is a crucial case in the study of de-
graded adhesion).

The adhesion model has been validated thanks to experimental data provided by Tren-
italia S. p. A. coming from on-track tests performed in Velim (Czech Republic) with
the railway vehicle UIC-Z1. The tests have been carried out on a straight railway track
under degraded adhesion conditions with a vehicle equipped with a Wheel Slide Pro-
tection (WSP) system.

In chapter 2 the general architecture of the model will be illustrated while in chap-
ter 3 the multibody model, comprising the railway vehicle model and the wheel-rail
contact model, will be described in detail. In chapter 4 the experimental data will
be introduced and in chapter 5, 6 and 7 the validation of the new model will be dis-
cussed. Finally conclusions and further developments will be proposed in chapter 8.
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2 General Architecture of the Model

The architecture of the multibody model is briefly reported in Fig. 1.
From a logical point of view, the multibody model consists of two different parts

TRACK,
PROFILES

RAILWAY
VEHICLE

3D WHEEL RAIL
CONTACT MODEL

3D MULTIBODY
VEHICLE MODEL

Fig. 1 Architecture of the multibody model.

that mutually interact, directly online, during the dynamical simulation (at each in-
tegration time step): the three-dimensional (3D) model of the railway vehicle (the
geometrical and physical characteristics of which are known) and the 3D wheel-rail
contact model. At each time step the multibody vehicle model calculates the kine-
matic variables of each wheel (position G,,, orientation @,,,, velocity v,, and angular
velocity ®,,) while the contact model, starting from the knowledge of these quanti-
ties, of the track geometry and of the wheel and rail profiles, evaluates the normal
and tangential contact forces N, T, (applied to the wheel in the contact point P_)
and the adhesion coefficient f, needed to carry on the dynamical simulation. Both the
vehicle model and the contact model have been implemented in the Matlab-Simulink
environment.

The wheel-rail contact model comprises three different steps (see Fig. 2). The detec-
tion of the contact points P, is based on some innovative procedures recently devel-
oped by the authors in previous works [31][9][20]. The normal contact problem is
then solved through the global Hertz theory [6][10][26] to evaluate the normal con-
tact forces N,.. Finally the solution of the tangential contact problem is performed by
means of the global Kalker-Polach theory [35][34][36][37] to compute the tangential
contact forces 7', and the adhesion coefficient f.

The strategy to solve the tangential contact problem includes the innovative degraded
adhesion model developed by the authors in this work (see Fig. 3). The main inputs
of the degraded adhesion model are the wheel velocity v,,, the wheel angular velocity
@,,, the normal force at the contact interface N, and the position of the contact points
P.. The model also requires the knowledge of some wheel-rail and contact param-
eters that will be introduced along the paper. The outputs of the degraded adhesion
model are the desired values of the adhesion coefficient f and of the tangential con-
tact force T',..
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Fig. 3 Inputs and outputs of the de-
graded adhesion model.

3 The Multibody Model

In this chapter the multibody model is described in detail. Firstly the 3D railway
vehicle model will be analyzed; secondly the attention will focus on the 3D wheel-
rail contact model (comprising the contact point detection, the normal problem and
the tangential problem) and, in particular, on the new degraded adhesion model.

3.1 The Vehicle Model

The considered railway vehicle is the UIC-Z1 wagon (illustrated in Fig. 4 and 5); its
geometrical and physical characteristics are provided by Trenitalia S.p.A. [41]. The
considered vehicle is equipped with a Wheel Slide Protection (WSP) system.[41][43][5]
The wagon is composed of one carbody, two bogie frames, eight axleboxes and
four wheelsets. The primary suspension connects the bogie frame to the four axle-
boxes and includes flexicoil springs (constituted by two coaxial helical compression
springs), vertical hydraulic dampers and axlebox bushings. The longitudinal primary
stiffness value may seem quite low (see Tab. 3). This is due to the fact that in the pri-
mary suspension stage the traction is transmitted through the links connecting the
axleboxes to the bogie frame and the corresponding very stiff axlebox bushings.
The secondary suspension, usually softer than the primary one for comfort reasons,
connects the carbody to the bogie frames (see Fig. 6 and 7) and includes pneumatic
air springs, dampers (vertical, lateral and longitudinal anti-yaw dampers), lateral
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Fig. 4 The UIC-Z1 wagon.

bump-stops, anti-roll bar and traction rod. Lateral bumbstops and anti-roll bar are
fundamental to limit the carbody soupless and to avoid loading gauge problems while
the traction rod is needed to transmit the traction. In Tab. 1 the main properties of the
railway vehicle are given.

The multibody vehicle model takes into account all the degrees of freedom (DOFs)

PRIMARY 1000
SUSPENSIONS /

SECONDARY
SUSPENSIONS -1500,
. A 1 2
Velocity (m/s)

Fig. 6 Primary and secundary suspensions.

Fig. 7 Example of non-linear characteristic: vertical
damper of the primary suspension.

Table 1 Main characteristics of the railway vehicle

Parameter Units Value
Total mass kel = 43000
Wheel arrangement — 2-2
Bogie wheelbase [m] 2.56
Bogie distance [m] 19
Wheel diameter [m] 0.89
Primary suspended masses own frequency [Hz] ~4.5
Secondary suspended masses (carbody) own frequency [Hz] ~0.8

of the system bodies (one carbody, two bogie frames, eight axleboxes, and four
wheelsets). Considering the kinematic constraints that link the axleboxes and the
wheelsets (cylindrical 1DOF joints) and without including the wheel-rail contacts,
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the whole system has 50 DOFs. The main inertial properties of the bodies are sum-
marized in Tab. 2.[41]
Both the primary suspension (springs, dampers and axlebox bushings) and the sec-

Table 2 Inertial properties of the rigid bodies

Body Mass  [kg] L [kgmz] Ly [kgmz] L. [kgmz]
Carbody ~ 29000 76400 1494400 1467160
Bogie ~ 3000 2400 1900 4000
Wheelset ~ 1300 800 160 800
Axlebox ~ 200 3 12 12

ondary suspension (springs, dampers, lateral bump-stops, anti-roll bar and traction
rod) have been modelled through 3D visco-elastic force elements able to describe
all the main non-linearities of the system (see Fig. 6 and 7). In Tab. 3 the char-
acteristics of the main linear elastic force elements of both the suspension stages
are reported.[41] The non-linear elastic force elements have been modelled through
non-linear functions that correlate the displacements and the relative velocities of the
force elements connection points to the elastic and damping forces exchanged by the
bodies. By way of example the non-linear characteristic of a vertical damper of the
primary suspension is illustrated in Fig. 7.

Finally, also the Wheel Slide Protection (WSP) system of the railway wagon UIC-

Table 3 Main linear elastic characteristics of the two stage suspensions

Element Transl. Transl. Transl. Rotat. Rotat. Rotat.
Stiff. x Stiff. y Stiff. z Stiff. x Stiff. y Stiff. z
[N/m] [N/m] [N/m] [Nm/rad] [Nm/rad] [Nm/rad]

Springs of the 844000 844000 790000 10700 10700 0

primary suspension

Springs of the 124000 124000 340000 0 0 0

secondary suspension

Axlebox bushing 4-107 6.5-10° 4-107 45000 9700 45000

Anti-roll bar 0 0 0 2.5-10° 0 0

Z1 has been modelled to better investigate the vehicle behaviour during the braking
phase under degreded adhesion conditions. [43] [5] The whole vehicle model has
been implemented in the Matlab-Simulink environment. [1]

3.2 The Wheel-Rail Contact Model

In this section the three logical parts of the wheel-rail contact model (contact point
detection, normal problem and tangential problem) will be analyzed with particular
regard to the new degraded adhesion model. The model inputs are the kinematic vari-
ables of each wheel (position G,,, orientation @, velocity v,, and angular velocity
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®,,) together with the track geometry and the wheel and rail profiles while the outputs
the normal and tangential contact forces N, T (applied to the wheel in the contact
point P,) and the adhesion coefficient f.

3.2.1 The Contact Point Detection

Referring to Fig. 2 the contact point detection algorithm allows the calculation of
the contact points P, starting from the wheel position G,, and orientation @, the
track geometry and the wheel and rail profiles. The detection procedure has been de-
veloped by the authors in previous works [31][9][20] and is based on the reduction
of the algebraic problem dimension through exact analytical techniques; this reduc-
tion represents the main feature of the new algorithm. The main characteristics of the
innovative procedure can be summarized as follows:

— itis a fully 3D algorithm that takes into account all the six relative DOFs between
wheel and rail;

— itis able to support generic railway tracks and generic wheel and rail profiles;

— it assures a general and accurate treatment of the multiple contact without in-
troducing simplifying assumptions on the problem geometry and kinematics and
limits on the number of contact points detected;

— it assures high numerical efficiency making possible the online implementation
within the commercial multibody software (like Simpack Rail and Adams Rail)
without discrete LUT. [1][2]

The contact point position can be evaluated imposing the following parallelism con-
ditions [13]:
n(Br) X my(Py) = mp(Pr) X Rymi(Py) = 0
1
m(Py) xd" =0

T
where P} (X, yy) = (xw Yo — W(yw)2 _xvzv) and Pl (x,,y,) = (xr yr () )T are
the positions of the generic points on the wheel surface and on the rail surface (ex-
pressed in the reference systems Gyx,ywzw and O,x,y,2,), w(yy) and r(y,) are the
wheel and rail profiles (supposed to be known), n);, and n) are the outgoing nor-
mal unit vectors to the wheel and rail surfaces (in the reference systems G,,x,, Y2y
and O,x,y,z,), R}, is the rotation matrix that links the reference system Gx, 2w
to the reference system O,x,y,z, and d" is the distance vector between two generic
points on the wheel surface and on the rail surface (both referred to the reference
system Opx,y,zr): dr(wa’Waxhyr) = Bcv(wi)’vv) _B:(XHYr) in which BCV = QCV +
R P (x, ) is the position of the generic point of the wheel surface expressed in
the reference system O,.x,y,z, (see Fig. 8).

The first condition of the system (1) imposes the parallelism between the normal unit
vectors, while the second one requires the parallelism between the normal unit vector
to the rail surface and the distance vector. The system (1) consists of six non-linear
equations in the unknowns (x,,,yy,X,,y,) (only four equations are independent and
therefore the problem is 4D). However it is possible to exactly express three of the
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Fig. 8 Wheel-rail contact point detection.

four variables (in this case (x,,X,,y,)) as a function of y,,, reducing the original 4D
problem to a single 1D scalar equation in the variable y,, [31][9][20]:

F(yw) =0. 2)

At this point the simple scalar Eq. (2) can be easily solved through appropriate nu-
merical algorithms. Finally, once obtained the generic solution y,,. of Eq. (2), the
complete solution (Xy.c, Ve, Xre, Yre) Of the system (1) and consequently the contact

points Pl,. = Pl (Xwe, Ywe) and P, = Pr(x,c,yre) can be found by substitution.

3.2.2 The Normal Contact Problem

Starting from the kinematic variables of the wheel and the contact point position P,
the normal forces N, are calculated through the global Hertz theory for each contact
point (see the Fig. 2, 8, 9 and 10): [6][10][26][9]

NC = Ncﬂw N = Hﬁc” 3)
The scalar value N, of N, can be evaluated as follows:

sign (Vn) — 1] sign (pn) —1
2 2

N = _khlpn‘y+kvlvn| “4)
where p, = max(d" - n!,,0) is the normal penetration, ¥ is the Hertz’s exponent equal
to 3/2, k, is the contact damping constant, v, = V. - n. is the normal penetration ve-
locity (V =v,,+ ®,, X (P.—G,,) is the velocity of the contact point rigidly connected
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Fig. 10 Contact surfaces.
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Fig. 9 Contact forces.

to the wheel). The quantity kj, is the hertzian constant, function both of the material
properties (the Young modulus E, the shear modulus G and the Poisson coefficient
o) and of the contact bodies geometry through the curvatures of the contact surfaces
(easily computable if the contact point position P,. is known).

Finally it is worth noting that the Hertz theory allows also the calculation of the semi-
axes a and b of the elliptical contact patch, depending on the material properties, the
curvatures of the contact surfaces and the normal contact force N, (or, equivalently,
the normal penetration p,). [6][10][26][9]

3.2.3 The Tangential Contact Problem and the Degraded Adhesion Model

In this section the tangential contact forces 7', and the adhesion coefficient f will be
calculated solving the tangential contact problem [35][34][36][37] Particularly the
attention will focus on the new adhesion model especially developed for degraded
adhesion conditions. The inputs of the model are kinematic variables of the wheel
(position G,,,, orientation @,,,, velocity v,, and angular velocity ®,,), the contact point
position P.. and the normal contact forces N, (see the Fig. 2, 3, 8, 9 and 10).

With regard to Fig. 9 and 10, for each contact point P,., it is possible to determine the

sliding s (with its longitudinal and lateral components s, s ):

S=Vy +Qw X (Bc _Qw)
&)

s = ||s|| Sy =S8-1y,, Sy =S-1Iy,

where n,,,, t,, and ¢, are respectively the normal unit vector and the tangential unit
vectors (in longitudinal and lateral direction) corresponding to the generic contact
point P, (see Fig. 10). Subsequently the creepage e can be introduced

(6)
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together with the adhesion coefficient f and the specific dissipated energy W;, at the
contact area:

T =|L| e=|ell f=x%

R (7)
Li=T.t),=T.% T,=T.1,,=T.2 Wy=T.e=Te=fNe

C
in this way the specific dissipated energy W, can also be interpreted as the energy
dissipated at the contact for unit of distance travelled by the railway vehicle (see Eq.
(6) and (7)).

The main phenomena characterising the degraded adhesion are the large sliding oc-
curring 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 specific dissipated
energy W;, is low the cleaning effect is almost absent, the contaminant level 4 does
not change and the adhesion coefficient f is equal to its original value in degraded
adhesion conditions fy;. As the energy W;, increases, the cleaning effect increases
too, the contaminant level # becomes thinner and the adhesion coefficient f raises.
In the end, for large values of Wj,, all the contaminant is removed (% is null) and
the adhesion coefficient f reaches its maximum value f;; the adhesion recovery due
to the removal of external contaminants 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 (see Fig. 11 and 12).

Since the contaminant level % and its characteristics are usually totally unknown, it is

S ADHESION
RECOVERY
ENERGY
ADHESION INCREASE
COEFFICIENT /
r w,t
u
DEGRADED ENERGY
ADHESION /, DECREASE
W\
= e
e
0 0

Fig. 11 Standard behaviour of the adhesion coeffi- Fig- 12 The adhesion coefficient f and the specific
cient . dissipated energy W, under degraded adhesion con-

ditions.

usefull trying to experimentally correlate the adhesion coefficient f directly with the
specific dissipated energy W, (see Eq. (7)). To reproduce the qualitative trend pre-
viously described and to allow the adhesion coefficient to vary between the extreme
values f; and f,, the following expression for f is proposed:

f = [1 - l(‘/Vsp)]fal +)L(Wsp)fr (8)
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where A (W;,) is an unknown transition function between degraded adhesion and ad-
hesion recovery. The function A (W;),) has to be positive and monotonous increasing;
moreover the following boundary conditions are supposed to be verified: A(0) =0
and A (+e0) = 1.

In this way the authors suppose that the transition between degraded adhesion and
adhesion recovery only depends on Wj,. This hypothesis is obviously only an approx-
imation 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 introduc-
ing a large number of unmanageable and unmeasurable parameters, the authors have
chosen the following simple expression for A (W, ):

A(Wyp) =1—e Mo ©)

where T is now the only unknown parameter to be tuned on the base of the experi-
mental data.

In this reseach activity the two main adhesion coefficients f; and f, (degraded adhe-
sion and adhesion recovery) have been calculated according to Polach: [35][34][26]

fa= 1 {71+k“d8‘{ 7 +ar€lg(ksd8d)}

(kaa’ed
(10)
fo= | ket 4 gperg (k)
r T | 1+ (kerer)? srer
where
_ 2Crd®*b _ 2Crd®*b
&= 3N, & =3N, ¢ an

The quantities k,q, ksq and k., kg are the Polach reduction factors (for degraded
adhesion and adhesion recovery respectively) and u,, i, are the friction coefficient
defined as follows

Ha = (%j - “cd) e s + Ued
(12)
Wy = (%F: - Ncr) e hs + Her

in which u.4, U are the kinetic friction coefficients, Ay, A, are the ratios between
the kinetic friction coefficients and the static ones and Yy, }; are the friction decrease
rates. The Polach approach (see Eq. (10)) has been followed since it permits to de-
scribe the decrease of the adhesion coefficient with increasing creepage and to better
fit the experimental data (see Fig. 11 and 11).

Finally it has to be noticed that the semi-axes a and b of the contact patch (see Eq.
(11)) depend only on the material properties, the contact point position P, on wheel
and rail (through the curvatures of the contact surfaces in the contact point) and the
normal force N,, while the contact shear stiffness C (N/ m?) is a function only of
material properties, the contact patch semi-axes a and b and the creepages. More
particularly, the following relation holds: [26]

3G 2 N2
C=— (C1lei) + (0222}) (13)
8a e e
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where c11 = ¢11(0,a/b) and ¢ = ¢22(0,a/b) are the Kalker coefficients.

In the end, the desired values of the adhesion coefficient f and of the tangential
contact force 7, = fN, can be evaluated by solving the algebraic Eq. (8) in which the
explicit expression of Wy, has been inserted (see Eq. (7)):

f=3(f:1) (14)

where 3 indicates the generic functional dependence. Due to the simplicity of the
transition function A (W;),), the solution can be easily obtaind through standard non-
linear solvers. [28] From a computational point of view, the adhesion coefficient f;
can be computed at each integration time #; as follows

fi=3(fi,t). 15)

Eventually, the vector tangential contact force T, has to be calculated. To this aim the
creepage e can be employed:

=15 =17
(16)
IC = szwl + Ty£w2'

In this phase of the research activity concerning the degraded adhesion, the contact
spin at the wheel-rail interface has not been considered. The components of the spin
moment M, = Mspn,, produced by the spin creepage e;, = @, - n,, /vy and by the
lateral creepage ey, can be neglected because they are quite small. On the other hand
the effect of the spin creepage e, on the lateral contact force 7, may be not negligible.
This limitation can be partially overcome thanks to the Polach theory [35][34] that
takes into account, in an approximated way, the effect of the spin creepage on the
lateral contact force Ty):

a7
L=T. & +Typgt
where e, is the modulus of the modified translational creepage e,,, Ty, is the lateral
contact force caused by the spin creepage e, and TC' is the modulus of the old tangen-
tial contact force calculated before. The quantities T, and ¢,, are evaluated in [34]
starting from the geometrical and physical characteristics of the system; however Ty,
differently from TL/ does not consider the decrease of the adhesion coefficient with
increasing creepage and the adhesion recovery under degraded adhesion conditions
introduced by the authors.
More in general, the role of the contact spin under degraded adhesion conditions,
especially in presence of adhesion recovery, is still an open problem.
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4 The Experimental Data

The degraded adhesion model has been validated by means of experimental data
[42], provided by Trenitalia S. p. A., coming from on-track tests performed in Velim
(Czech Republic) with the coach UIC-Z1 (see Fig. 4 and 5). The considered vehicle
is equipped with a fully-working Wheel Slide Protection (WSP) system.[41][43]
The experimental tests have been carried out on a straight railway track. The wheel
profile is the ORE S1002 (with a wheelset width d,, equal to 1.5m and a wheel ra-
dius r equal to 0.445m) while the rail profile is the UIC60 (with a gauge d, equal
to 1.435m and a laying angle equal to 1/20rad). In Tab. 4 the main wheel, rail and
contact parameters are reported. [35][34][3])

The value of the kinetic friction coefficient under degraded adhesion conditions U 4

Table 4 Main wheel, rail and contact parameters

Parameter Units Value
Young modulus [Pa] 2110
Shear modulus [Pa] 8.0% 100
Poisson coefficient [Ns/m] 0.3
Contact damping constant - 1.0%10°
Polach reduction factor kg - 0.3
Polach reduction factor kg - 0.1
Polach reduction factor &, - 1.0
Polach reduction factor kg, - 0.4
Kinetic friction coeffcient .4 - 0.06
Kinetic friction coeffcient p, - 0.28
Friction ratio A4 - 0.40
Friction ratio A, - 0.40
Friction decrease rate ¥, [s/m] 0.20
Friction decrease rate 7, [s/m] 0.60

depends on the test performed on the track; the degraded adhesion conditions are
usually reproduced using a watery solution containing surface-active agents, e.g. a
solution sprinkled by a specially provided nozzle directly on the wheel-rail interface
on the first wheelset in the running direction. The surface-active agent concentration
in the solution varies according to the type of test and the desired friction level. The
value of the kinetic friction coefficient under full adhesion recovery ., corresponds
to the classical kinetic friction coefficient under dry conditions.

During the experimental campaign six different braking tests have been performed.
The six tests have been split into two groups (A and B): the first group has been
used to tune the degraded adhesion model (in particular the unknow parameter 7, see
chapter 3.2.3, Eq. (9)) while the second one to properly validate the tuned model. The
initial vehicle velocities correspoding to the considered tests are reported in Tab. 5.
For each test the following physical quantities have been experimentally measured
(with a sample time At equal to 0.01s):

— the longitudinal vehicle velocity ;" . For the sake of simplicity all the longitudinal
wheel velocities v, (j represents the j —rh wheel) are considered equal to v’
The acceleration of the vehicle ¥ and of the wheels afvpj can be obtained by
derivation and by properly filtering the numerical noise.

— the rotation velocities of all the wheels ]
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Table 5 Test initial velocities

Initial velocities Units Value
Group A, I test [m/s] 42.3
Group A, II test [m/s] 40.4
Group A, III test [m/s] 40.8
Group B, I test [m/s] 40.8
Group B, IT test [m/s] 41.1
Group B, III test [m/s] 41.8

— the vertical loads N,/ on the wheels. The vertical contact forces N, can be ap-
proximately evaluated starting from fo]’. by taking into account the weight of
the wheels. Also in this case the angular accelerations wfv’; can be calculated by
derivation and by properly filtering.

— the traction or braking torques C:V[; applied to the wheels.

By way of example in Fig. 13 the wheel translational and rotational velocities viﬁ
and rwffi are reported for the I test of the group A; both the WSP intervention and
the adhesion recovery in the second part of the braking maneuver are clearly visible.

On the base of the measured data, the experimental outputs of the degraded adhe-

—translational velocity

40 W —rotational velocity
35 v

W
@30 M,
E
£ \’\AM
o
2 20
15 N\“\

~

% 12 14 16 18 20 22 24 26 28 30
time (s)

Fig. 13 Wheel translational and rotational velocities v, and r@,}] for the I test of the group A

sion model, e.g. the adhesion coefficient f;”, the tangential contact force 77 and the
transition function l;p have now to be computed for all the tests. These experimental
quantities are foundamental for the validation both of the degraded adhesion model
(chapter 5) and of the whole multibody model (chapter 6). To reach this goal and to
effectively exploit the measured data, in this phase the wheelset is supposed to be
placed in its centered position; in this way the position of the single contact point P,
can be supposed to be known and nearly constant and the surface curvatures in the
contact points, the semi-axes of the contact patch a, b and the contact shear stiffness
C can be easily calculated [26]. Moreover the following simplified expressions for
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the sliding 57, for the creepage ¢’ and for C hold:

sp_ . Sp sp sp_VJi
Sj = Vi T Oy € = (18)
C 3GL‘11
8a

Starting from s and €', T.7 can be estimated through the rotational equilibrium of

the wheel with respect to the origin G,,:
J@ = CF —rTT (19)

in which J,, = 160kgm? is the wheel inertia. Subsequently Eq. (7) permits to calculate

f;" and the specific dissipation energy Wy, while £,7, f,7 can be computed directly

through Eq. (10). Finally, from the knowledge of W, and f;", f;’; , 127 the trend of

rj ’
the experimental transition function A;”(W:) can be determined by means of Eq.
(8). For instance in Fig. 14 the adhesion coefficient f;” and its limit values f}%, /7
under degraded adhesion and adhesion recovery are illustrated always for the I test
of the group A (the adhesion recovery in the second part of the braking maneuver is

clear). Fig. 15 shows the experimental trend of the transition function A,”.

9
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Fig. 14 Adhesion coefficient f;” and its limit values £}, f'7 for the I test of the group A

5 Tuning and Validation of the Degraded Adhesion Model

In this chapter the tuning and the validation of the degraded adhesion model will be
described. Both the tuning and the validation will be performed without considering
the complete vehicle dynamics that, on the contrary, will be taken into account in the
chapter 6.
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Fig. 15 Experimental transition function A, (W, ) for the I test of the group A

5.1 Model Tuning

During this phase of the research activity, the degraded adhesion model has been
tuned on the base of the three experimental braking tests of the group A. In partic-
ular the attention focused on the transition function A (W;,) and on the 7 parameter.
Starting from the experimental transition functions 7LSP ( Sspp]) corresponding to the
three tests of the group A, the parameter T within PL( W) has been tuned through
a Non-linear Least Square Optimization (NLSO) by minimizing the following error

function: [33][28][1]

O =Y T (AP - MW}”(G))]Z (20)

where N,, is the wheel number and N, is the measured sample number. In this case
the optimization process provided the optimum value T = 1.9% 10~#m/J. For instance
the comparisons between the optimized analytical transition function A (W;),) and the
experimental transition function ASP (W, lfl) are shown for the three tests of the group
A in Fig. 16, 17 and 18.

Subsequently, always for the tests of the group A, the adhesion coefficient f; has
been calculated according to chapter 3.2.3 by means of Eq. (15) starting from the
knowledge of the experimental inputs v,,, @} and N;7; as in chapter 4, the simpli-
fied relations of Eq. (18) have been employed In this circumstance the optimized
analytical transition function A (W;,) has been used. The behaviour of the calculated
adhesion coefficient f; has been compared with the experimental one f3” ;" (see chapter
4). By way of example, in Fig. 19, 20, 21 the time histories of f; and ff"’ are reported
for all the tests of the group A.

The results of the tuning process hightlight the good capability of the simple analyti-
cal transition function, A (W;),) in reproducing the experimental trend of ASP Wy, J) for
all the tests of the group A. The good behaviour of the analytical transmon function
dispite its simplicity (only one unknown parameter is involved), allows also a good
matching of the experimental data in terms of the adhesion coefficient (see the trend
of f; and fj.p and the adhesion recovery in the second part of the braking maneuver).
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p1) for the IT test of the group A

5.2 Model Validation

The real validation of the degraded adhesion model has been carried out by means
of the three experimental braking tests of the group B. Also in this case the atten-
tion focused, first of all, on the analytical transition function A (Wsp) (the same tuned
in paragraph 5.1 with T = 1.9 10~*m/J) and on its capability in matching the be-
haviour of the experimental transition functions l;p (WSSPPJ) The comparison between
A(Wip) and A, (W, 7)) is illustred in Fig. 22, 23, 24 for the tests of the group B.
Similarly to paragraph 5.1 the adhesion coefficient f; has been calculated for the
tests of the group B (see chapter 3.2.3 and Eq. (15)) starting from the knowledge
of the experimental inputs v, @,/ and N, (the simplified relations of Eq. (18) in
chapter 4 have been used). Obviously, the same analytical transition function A (Wj),)
optimized in paragraph 5.1 has been employed. The behaviour of the calculated adhe-

sion coefficient f; and the experimental one f;p (see chapter 4) have been compared
again. For instance in Fig. 25, 26, 27 the time histories of f; and ffp are reported for
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all the tests of the group B.

The results of the model validation are encouraging and highlight the good matching
between the analytical transition function A (Wj,) (tuned in paragraph 5.1 on the base
of the tests of the group A) and the new experimental data l;p (Wfppj) corresponding
to the tests of the group B. At the same time, also for the group B, there is a good
correspondence between the time histories of the calculated adhesion coefficient f;
and those of the experimantal one f;p (see the adhesion recovery in the second part
of the braking maneuver). The satisfying results obtained for the validation group B
confirm the capability of the simple analytical transition function A (W, ) in approxi-

mating the complex and highly non-linear behaviour of the degraded adhesion.

Moreover the new degraded adhesion model present two important advantages. Firstly,
it only introduces one additional parameter (e.g. the 7 rate), very easy to be experi-
mentally tuned, without requiring the knowledge of further unknown physical prop-
erties of the contaminant. Secondly, the model guarantees a very low computational
load, making possible the online implementation of the procedure within more gen-
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eral multibody models built in dedicated environments. [1][2]

6 The Validation of the Whole Multibody Model

In this chapter the behaviour of the complete multibody model described in chapter 3
will be analyzed. The vehicle dynamic analysis is focused on the translation and rota-
tional wheel velocities v,, ;, 7@, ; corresponding to the tests of the tuning group A and
the validation group B; more precisely, in this case v,,; is the longitudinal component
of v, j, @y; is the component of ®,,; along the wheel rotation axis and, for the sake
of simplicity, r is always the nominal wheel radius. These variables have been chosen
bacause they are the most important physical quantities in a braking maneuver under
degraded adhesion conditions.

In the simulations described in the chapter, the inputs are just the braking
torques applied to the wheels Cff; (experimentally measured); besides, of course,
the geometrical and physical characteristics of the track and the vehicle, and
the initial conditions of the bodies (in terms of position and speed), are known.
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Consequently, the translational and rotational wheel velocities v,,;, 7@, ; are in
this case fully simulated and, subsequently, compared to the related experimen-
tal quantities vffj, ra)fv’; (see chapter 4).
By way of example the time histories of the translational velocities v,,1, viﬁ and the
rotational velocities r@,,, roofvp1 are reported in Fig. 28, 29, 30 and Fig. 31, 32, 33 for
all the three tests of the groups A and B.

Additionally the maximum velocity errors E; for all the performed tests are consid-
ered as well (see the Tab. 6 for E}):

E; = max
T t€[TTF]

vapj—ijl. @1)

The results of the analysis show a good agreement in terms of translational velocities
Vijs va’}, especially in the second part of the braking maneuver where the adhesion
recovery occurs. Concerning the rotational velocities @, ;, ra)fv';- (and thus the angu-
lar velocities) the matching is satisfying. However these physical quantities cannot
be locally compared to each other because of the complexity and the chaoticity of
the system due, for instance, to the presence of discontinuous and non-linear thresh-
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Table 6 Maximum velocity errors Ej, sliding means 3y, 5}” and sliding standard deviations Ay, A}”

Parameter Units Al A2 A3 B1 B2 B3

E; [m/s] 205 090 1.84 150 091 168
5P [m/is] 500 525 423 549 541 5383
5 [m/s] 561 496 461 514 530 5.73
AP m/s] 172 219 159 175 177 L78
A [m/s] 149 179 159 158 145 184

old elements like the WSP. To better evaluate the behaviour of r@,,; and ra)i,’;- from a

global point of view, it is usefull to introduce the statistical means §;, E;p and standard

deviations A;, A;” of the calculated slidings s; and of the experimantal ones s

(22)
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the statistical indices are then evaluated as follows:

a1 Tr .
Si=1— fT, sjdt

S | T sp
5; =g Jr sjdt

(23)

1 T; _
Ay =5 I (55— %)

1 T;
AP =7l S (57 —5)dr

where 77 and Tr are initial and final times of the simulation respectively. For instance
the means 51, 5" and the standard deviations A1, A" of the slidings s, s’ are sum-
marized in Tab. 6 for all the three tests of the groups A and B; they confirm the good
matching also in terms of slidings and rotational velocities.

In conclusion, the numerical simulations of the vehicle dynamics during the braking
maneuver highlight again the capability of the developed model in approximating
the complex and highly non-linear behaviour of the degraded adhesion. The result
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is encouraging especially considering the simplicity of the whole model (only one
unknown parameter is involved) and the computational times are very low.

7 Computational Times

As previously said inside the paper, the wheel-rail contact model comprising the new
degraded adhesion model is suitable for multibody applications, very important in
the study of the railway vehicle dynamics. In particular high computational perfor-
mances are required so that the contact model could be directly implemented online
within more general multibody models developed in dedicated environments (in this
case Matlab-Simulink). [1][2]

The data corresponding to the CPU employed in the numerical simulations (see
chapter 6) and the main integration parameters of the ordinary differential equations
(ODE) solver are reported in Tab. 7. [40][1]

To verify the computational efficiency of the new degraded adhesion model, the sim-

Table 7 CPU data and integration parameters

Parameter Units Parameter

CPU - INTEL Xeon E5430 2.66GHz, 8GB RAM
Integrator type - ODES

Algorithm - Dormand-Prince

Order - 5

Step type - Fixed

Stepsize At [s] 1074

ulation times concerning the whole railway vehicle model (3D multibody model of
the vehicle and 3D wheel rail contact model) have been measured. The computation
times reported in Tab. 8§ are referred to the I test of the group A and are divided into
the computation times related to the 3D multibody vehicle model and the ones related
to the 3D wheel-rail contact model. More particularly, four different contact models
(always implemented directly online within the multibody model of the vehicle) have
been considered. All the contact models share the same contact point detection al-
gorithm [31][9][20] and the solution of the normal problem [6][10][26] while, as
regards the tangential contact problem, the following options have been taken into
account: the global Kalker theory saturated through the Johnson-Vermeulen formula
[26][25], the Kalker FASTSIM algorithm [26][27], the Polach model [35][34] and
the new degraded adhesion model.

As the results summarized in Tab. 8 show, the numerical efficiency of the new

Table 8 Computation times of the different wheel-rail contact models

Contact Model Type 3D Multibody Vehicle Model ~ 3D Contact Model =~ Whole Model
Global Kalker theory 232s 118s 350s
Kalker FASTSIM algorithm 235s 213s 449s
Polach model 232s 128s 360s

New degraded adhesion model 232s 130s 362s
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degraded adhesion model is substantially the same of the other wheel-rail contact
models that do not consider degraded adhesion conditions. The achievement of this
goal has been possible thanks to the simplicity of the new procedure and allows an
easy and efficient online implementability of the adhesion model within more generic
multibody models.

8 Conclusions and Further Developments

In this work the authors presented a model aimed to obtain a better accuracy in de-
scribing degraded adhesion conditions at the wheel-rail interface in railway vehicle
dynamics. The new approach is suitable for multibody applications (e.g. in Matlab-
Simulink and Simpack environments), very important in the considered research area,
and assures high computational performances making possible the direct online im-
plementation of the degraded adhesion model within more general vehicle multibody
models.

The new model is based on the main phenomena characterising the degraded adhe-
sion, such as the energy dissipation at the contact interface, the consequent cleaning
effect and the resulting adhesion recovery due to the removal of external unknown
contaminants. Since most of the physical characteristics of the contaminants are to-
tally unknown in practice, the new approach minimizes the number of hardly mea-
surable physical quantities required by the model.

The adhesion model has been validated thanks to experimental data provided by Tren-
italia S. p. A. coming from on-track tests performed in Velim (Czech Republic) with
the railway vehicle UIC-Z1. The tests have been carried out on a straight railway track
under degraded adhesion conditions with a vehicle equipped with a Wheel Slide Pro-
tection (WSP) system.

Many important developments are scheduled for the future. Firstly further experi-
mental tests will be carried out by Trenitalia concerning both braking and traction
phases. The new experimental data will allow a better tuning of the geometrical and
physical parameters of the model.

Secondly some improvements of the model will be taken into account. Particularly
new theoretical and experimental relations among the adhesion coefficient f, the spe-
cific dissipated energy Wy, and the limit adhesion levels fg, f, (degraded adhesion
and adhesion recovery) will be studied.

Finally the new degraded adhesion model will be applied to the study of railway ve-
hicle dynamics and wheel-rail contact on generic railway tracks and networks both
in terms of accuracy (comparing it with different contact and adhesion models that
do not take into account the adhesion recovery) and computational efficiency. To
this end, different kinds of wheel and track irregularities will be also included in
the proposed scenarios. This way some important topics such as the profile evolu-
tion due to wear, the profile optimization and the development of innovative railway
bogies will be further and more deeply investigated.
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