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Abstract: Curve squeal is a highly disturbing tonal noise produced by railway vehicles on
tight curves, primarily attributed to lateral sliding at the wheel-rail interface. An essential
step to estimate curve squeal noise levels is to determine the nonlinear self-sustained
vibrations, for which time integration is a commonly used method. However, although
it is known that the initial conditions affect the solutions obtained with time integration,
their impact on the limit cycles is often overlooked. This study investigates this aspect for
a curve squeal model based on falling friction and a modal reduction of the wheel and
provides some insights on the mode competition phenomena and the nature of the final
limit cycles obtained. The paper first details the curve squeal model, stability analysis, as
well as the initial condition derivation, and then discusses the time integration and limit
cycle results in both time and frequency domains. The results reveal two primary families
of limit cycles that can be obtained for both types of initial conditions. The cases where
stationary vibrations result in a quasi-periodic regime converge to a unique limit cycle
which displays three fundamental frequencies corresponding to specific wheel modes, plus
harmonic interactions among them.

Keywords: railway noise; curve squeal; friction-induced vibrations; nonlinear vibrations;
stability analysis; time integration; initial conditions; limit cycle; mode competition

1. Introduction

Curve squeal is a highly disturbing type of railway noise that occurs when the vehicle
is in motion at tight curves under certain operation and environmental conditions. It
is characterized by a high-pitched intense and tonal sound, with sound energy being
concentrated at pure frequencies, typically beyond 500 Hz. The relative lateral velocity
between the wheel and the rail, induced by a high angle of attack due to an imperfect
curving behavior, is widely accepted as the main cause of curve squeal and it is commonly
explained by two potentially coexisting mechanisms: instabilities due to falling friction and
geometrical instabilities at constant friction [1].

Falling friction was first introduced by Rudd [2] in the 1970s and has been used since
as the basis for other more detailed curve squeal models [3-6]. It suggests that a decreasing
friction coefficient at the wheel-rail interface with respect to lateral sliding velocity acts
as an equivalent negative damping that feeds energy into the system, leading eventually
to self-sustained vibrations and hence curve squeal. As explained by Chiello [6], three
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phases may be distinguished in the time domain vibrations: first, the wheel slides with
respect to the rail and, due to falling friction, the equivalent damping is negative, so that
the lateral velocity starts to grow at a rate governed by the modal growth rates until the
saturation velocity is reached. In the second phase, the wheel contact point begins to
creep, as the nonlinearities of the friction force slow down the amplitude growth (the
equivalent damping is positive in some phases of the oscillation); the unstable modes are
in competition until one or some of them become dominant. Finally, the lateral velocity
stabilizes and the solution converges to a stationary regime, or limit cycle. On the other
hand, the geometrical instabilities mechanism, introduced later, suggests that, unlike on
falling friction, instabilities can still occur at a constant friction coefficient, thanks to the
coupling between the tangential and the normal dynamics [7-13], where the rail may play
an important role. As Hoffmann [7] explained, the normal force fluctuations influence
the lateral force, but not vice versa, leading to an asymmetric stiffness matrix, which can
induce mode-coupling instabilities. Moreover, Ding et al. [10], as well as Jiang et al. [12]
showed that single wheel modes can couple with the rail and produce squeal, in a way
that is somewhat different than the mode coupling phenomenon, due to the large apparent
damping provided by the rail at the contact point.

In squeal models, the occurrence of the phenomenon is often determined by a stability
analysis. One commonly used method which is well adapted to a modal description of the
structures is the analysis of the complex eigenvalues of the system [6]. Other methods exist,
however, in which the structures are described in the frequency domain via their mobilities
and the Nyquist’s criterion is used to determine the unstable frequencies of the system
[5]. Stability analysis involves the linearization of the contact forces and, therefore, it can
only be regarded as a first step into the study of curve squeal, as it cannot determine the
vibration levels and excitation frequency of a system subjected to self-sustained vibrations;
determination of the nonlinear self-sustained vibrations is then required. Two families of
methods can be used: those based on the integration (typically numerical) of the dynamic
equations of the system in the time domain [6,10,14,15] and those involving a direct limit
cycle search in the time or in the frequency domain, such as the shooting method [16] and
the Constrained Harmonic Balance Method [17].

Furthermore, time integration methods (for curve squeal models), can be subdivided
into those based on the condensation of the wheel and rail behavior at their contact
degrees of freedom [9,18], which involve computing impulse responses and solving integral-
differential equations, and those based on spatial discretization of the vibration fields of
the structures (mostly of modal type) [6,19], which translates into solving second-order
systems of differential equations.

It is clear that the solution obtained with time integration methods (irrespective of
their classification) depends on the initial conditions used. In spite of this, their choice is
not generally discussed or is partially justified, mostly because the implicit but inaccurate
hypothesis that the final limit cycle is independent of the initial conditions is accepted.
However, previous works in the wider field of friction-induced vibrations have pointed
out the existence of different limit cycles depending on the initial conditions. For example,
Loyer et al. [20] were able to obtain different limit cycles for a simple sliding elastic layer
and these limit cycles could be of periodic or quasi-periodic nature and have different
fundamental frequencies, depending on the parameters of the model, the total number of
unstable modes, and also the initial conditions used. For curve squeal in particular, Chiello
[6] demonstrated that by favoring a particular mode in the initial conditions, by imposing a
non-zero modal contribution to it, led to a different limit cycle than would be obtained with
similar modal contributions for all unstable modes. The influence of harmonically-related
modes on the frequencies that appeared in the final limit cycle was also highlighted in this
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study, where there is a factor of 2 between the natural frequencies of two specific wheel
modes. Lai et al. [21] also stated that initial conditions act on the limit cycle and dominant
frequencies, although no further details were given.

The types of initial conditions generally used on curve squeal models are a zero initial
position at rest (Up, Uy) = (0,0) [22,23], the quasi-static equilibrium (U, Up) = (Ust, 0) [8],
a static disturbance of the equilibrium (Uy, Up) = (Ust(1 £ €),0) [24], a non-zero relative
velocity and initial position at equilibrium (Up, Up) = (Ust, Vo) [6], and a progressive
application of creepage and normal load [9]. These conditions are expressed in terms of
physical quantities such as velocity or position, which means that they could be directly
linked to the operating conditions, such as surface irregularities or the variation of the
angle of attack during the curve. However, for time integration using a modal description
of the structures, initial conditions in terms of the modal contributions (4o, 4o ;) need to
be imposed, as performed by Loyer et al. [20], but these initial conditions do not have a
physical meaning per se, which limits their comprehension.

Finally, in terms of noise levels, it is well established that squeal noise is primarily
radiated by the wheel in axial vibrations [1]. Moreover, the spectrum of radiated noise is
very close to the spectrum of self-sustained vibrations, since the sound radiation factors of
the vibration modes involved in curve squeal are very close to each other. The calculation
of these radiation factors is well controlled and can be carried out in the same way as for
the prediction of rolling noise, using for instance numerical techniques such as Boundary
Element Methods [21] or approximate analytical formulae [25]. Consequently, the main
issue is the determination of the self-sustained vibrations.

The objective of this article is thus to assess the impact of initial conditions on the final
limit cycle obtained with numerical time integration for a curve squeal model based on the
falling friction mechanism and using a modal description of the wheel. Although the track
and the vertical dynamics may have a significant influence on the system vibration (as
mentioned above), the model used in this study neglects the track and considers only the
lateral friction for two reasons: firstly, the inclusion of the track is not necessary to capture
the essence of the falling friction mechanism and, secondly, representing the behavior of the
track in modal terms (so that time integration based on spatial discretization of the vibration
fields can be performed) is inaccurate or, at least, would lead to unnecessary complications,
such as the necessity of a pseudo-modal approach [19,26]. These complications are beyond
the scope of this article. A consequence of this assumption is also that the effect of wheel-rail
roughness on the self-sustained vibrations is neglected. Two types of initial conditions are
studied, the modal-derived and the physically-derived ones, and for the latter a formulation
allowing to relate the physical quantities (Up, V) to the modal quantities (g, qo,i) is
described.

The article is structured in two parts. First, the curve squeal model used is detailed,
with its corresponding governing equations of motion, friction model and main parameters;
the equations of the stability analysis of the system, as well as the derivation of the initial
conditions constituting the test cases of this study, are then presented. Secondly, the results
are discussed, providing an analysis of the limit cycles obtained in the time domain and in
the frequency domain and paying special attention to the mode competition phenomena.

2. Materials and Methods
2.1. Description of the Model

For the wheel-rail interaction model, we consider the inner wheel of the leading bogie
of a vehicle in a right curve (cf. Figure 1). For right curves, the angle of attack « between the

wheel and the rail’s tangent is always positive in the coordinate system shown in Figure 2
for the internal wheels, which are of major interest for curve squeal.
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The contact at the wheel-rail interface is considered point-like, with a Eulerian refer-
ence frame attached to the nominal contact point as shown in Figure 2. The x-coordinate
points along the rolling direction of the vehicle, the y-coordinate is the lateral direction
pointing inwards to the curve and the z or vertical direction points downward into the
rail. A lateral offset with respect to the nominal contact point, Ay,, as well as the contact
plane angle f, is taken into account in the model. These two parameters are assumed to be
constant during the curving behavior and a coordinate transformation is required to pass
from the nominal reference frame to the shifted reference frame.

(@) (b)

Figure 1. Coordinate system on right (a) and left (b) curves.
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Figure 2. Coordinate system of the model, nominal (a) and shifted (b) configurations.

The model comprises only one degree of freedom condensed at the wheel-rail contact
point and the wheel’s modal base is calculated by finite elements using commercial software.
The track is considered infinitely rigid in the lateral direction, which is marked “T” in
Figure 2. The normal dynamics are not taken into account in the model, as the fluctuations
of the normal force caused by the track are neglected and the vibrations are assumed to
occur only along the lateral direction. Because of this, the terms “lateral” and “tangential”
will be used interchangeably from now on and notation u and v, for instance, will refer to
the displacement and the velocity at the contact point and in the lateral direction.
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2.1.1. Contact Forces

Since the normal dynamics are neglected, the normal contact force corresponds only
to the constant static load N of the vehicle’s weight on one wheel. Tangential forces, on
the contrary, which are characterized by rolling friction theory [27], increase linearly with
respect to the relative sliding velocity at small creepages (creepage s is the sliding velocity
normalized by the rolling velocity), due to the deformation of the interface during rolling
[6]; at higher creepages, however, a saturated regime is reached, where the equivalent
friction coefficient is equal to the Coulomb coefficient .

The lateral creepage contains a quasi-static component that is approximately equal to
the angle of attack « and a dynamic component that depends on the wheel’s vibrations. It
is defined as:

Ra+ —
Vy Vi’

Shen-Hedrick-Elkins’ friction/creep law [28] is used to model the nonlinear frictional

s — y+u +u (1)

forces at the wheel-rail interface [25]. Furthermore, in the saturated regime, a decaying
friction coefficient i with respect to creepage s is described by a function of the form
1o(1 — Ae=*/I5l), where A is the parameter that governs the decay rate [14]. This feature is
what the falling friction model mentioned in the introduction suggests is the cause of the
instabilities associated with the curve squeal phenomenon.

2.1.2. Equations of Motion

The system of equations that govern the wheel is directly presented in modal coordi-
nates, where the modal base is calculated by finite elements, with # modes and one physical
degree of freedom corresponding to the contact point [6], as follows:

#Q(t) +¢Q(t) +vQ(t) = @ Nu(s,N) (2)

#, ¢,y € R"" are the generalized mass, damping and stiffness matrices of the wheel,
respectively, and proportional damping is assumed, so that matrix ¢ is diagonal. (s, N)
stands for the creepage and normal force-dependent friction coefficient, according to
the friction law explained previously. The modal base ® € R!*", as well as the modal
contributions vector Q(t) € R"*! can be written as follows (component ®; of ® represents
the modal deformation of mode 7 in the tangential direction):

q>:[q)1q)2...q)i...q)n] (3)
Q=[Q1Q - Qi - Qi (4)

For the study of friction-destabilized systems, it is convenient to express the equations
relative to the quasi-static equilibrium, by eliminating the steady-state component of
the displacement and force. This way, u(t) = U(t) — Us corresponds to the wheel’s
instantaneous displacement relative to the quasi-static equilibrium Us; and the derivatives
of uare 1(t) = U(t) and ii(t) = U(t).

This procedure can be extended to the modal contributions vector in a similar manner
by stating q(t) = Q(t) — Qst and §(t) = Q(t), §(t) = Q(t), for its derivatives. Assuming
the system oscillates stably around Uy, it is possible to obtain Qs from Equation (2), by
setting QO and Q to zero, as follows:

Qs =7 '@ T Npy )



Appl. Sci. 2025, 15, 509

6 of 23

where us; = pt(«, N) stands for the friction coefficient evaluated at the quasi-static condi-
tions. Equation (2), in relative terms, becomes:

p(t) +cq(t) +vq(t) = @ N(p(s, N) — pst) 6)

Differential Equation (6) is solved numerically for q and using each one of the initial
conditions explained in Section 2.3. Newmark’s method [29] for the nonlinear case is
chosen for this purpose and implemented in MATLAB, as it is particularly well adapted
to second-order differential equations and therefore for structural dynamic problems, due
to its good numerical stability and energy conservation properties. An average constant
acceleration algorithm (for which v = 1/2, = 1/4) was implemented, as it is the best
unconditionally stable scheme [30] and the time step At was carefully tuned at 1 x 107 s,
by performing a power conservation verification.

The response of the wheel u(t) at the contact point can be easily found by premulti-
plying the just obtained modal contribution vector q(t) by the modal base ®:

u(t) = Y ai(1)®, %
i=1
u(t) = @q(t) ®)

Likewise, the derivatives of u(t) are calculated as follows:

u(t) = @q(t) ©)
ii(t) = ®g(t) (10)

A tool that is useful to analyze transient nonlinear response is the modal projection, as
it allows us to better understand the evolution in time of each of the modes of the structure.
However, instead of plotting the evolution of the modal contributions to the velocity 4;, the
product 4;P; provides a more physical comprehension.

2.2. Stability Analysis of the Self-Excited System

Stability analysis allows us to determine whether the system’s quasi-static operating
point is stable or unstable and, in the latter case, what the unstable modes are. However,
in order to perform a stability analysis based on the study of the complex eigenvalues, it
is necessary to linearize the equations governing the nonlinear dynamic behavior of the
system (cf. Equation (6)) around the quasi-static equilibrium point (noted with subindex
“st”). To do so, the friction coefficient (s, N) is linearized around («, N) using a first-order
Taylor approximation, as follows:

du(s,N)
ds

du(s, N 1(t

= Ust + %ht% (11)

p(s, N) =~ p(a, N) + [st(s —a)

Replacing this in Equation (6) and applying relation (9) in order to express velocity u
in terms of ¢, leads to:

) + cat) + 7a(t) = - (L5 o wa(n 12

The linearized damping matrix ¢j;, is defined such that:
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N (du(s,N
Clin = €~ 3 <P’(d5)st>¢T¢ (13)

The equation governing the system’s nonlinear behavior (6) is linearized around the
quasi-static equilibrium such that:

#(t) +cinq(f) +q(t) =0 (14)

The associated eigenvalues problem satisfies the following equation, where § repre-
sents the complex mode shapes:

(A2 + Actin +7)a =0 (15)
This quadratic eigenvalue problem is reduced into the generalized eigenvalue problem,
as follows:
(AA+B)d=0 (16)
with

A:

Clin ﬂ] B_[’Y 01 9_[@]
p o0 0 —m Aq

Vector 8 corresponds to mode shapes in state space. Because of the original eigen-
value problem being quadratic, numerical solution of Equation (16) gives two eigenvalues
Ai,, per mode. Furthermore, the instabilities associated to a decaying friction coefficient
with respect to creepage are translated into an equivalent negative damping (hence the
linearized damping matrix ¢j;;, in Equation (13)). Therefore, a convenient way to assess
the degree of instability of mode i is to analyze the associated equivalent damping ¢; ,,
which is proportional to its growth rate. The following formulation is proposed to express

eigenvalues A; , as a function of the equivalent damping ¢; o; and the natural frequency w;

i12
of mode i:

. 2 .
N —Gieqwi T iwi [T =7 i Cieq <1 an

12 —ieqwi T Wiy /37, ,—1 otherwise

By analogy to a positive growth rate #(A;) > 0, a negative equivalent damping
indicates that mode i is unstable. From now on, when referring to the most unstable mode,
understand the mode for which R(A;) is the highest, or as an equivalent, ¢; ., is the most
negative. However, it can be pointed out here that the mode with the strongest real part
is not necessarily the one that will contribute most to the generation of self-sustained
vibrations. Indeed, linear conditions used in the stability analysis are not valid during
transient oscillations. So the nonlinear transient self-sustained vibrations can become very
complex and include more or less contributions of unstable modes and the associated
harmonic components due to the nonlinear phenomena.

2.3. Derivation of the Initial Conditions

In order to numerically solve Equation (6) an initial condition on the modal contribu-
tions (qo, qo) needs to be explicitly specified. However, imposing arbitrary values to the
modal contributions would lead to results lacking in meaning. Therefore, in the present
article, we present two distinct categories of initial conditions to be used in the test cases, de-
pending on how the different components of these vectors are obtained: physically-derived
initial conditions and modal-derived initial conditions.
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In the first one, the values of (qq, qo) are derived from initial conditions having a physical
meaning, such as perturbations in the quasi-static equilibrium due to surface irregularities,
or a progressive application of the operating conditions. In order to study the impact of
physically feasible conditions on the final signature of the limit cycles, several test cases are
proposed—firstly those corresponding to a non-zero initial velocity iy imposed at the contact
point, as well as those corresponding to a non-zero initial displacement 1 at the contact point.
These physical initial conditions originate from disturbances at the wheel-rail contact.

2.3.1. Initial Condition on Velocity

Mathematically, an initial velocity imposed at the contact point is equivalent to a force
impulsion. It is assumed that the system starts at the quasi-static equilibrium position, that
is, Up = Ust — up = 0, which yields, in modal coordinates, Qg = Qs — qp = 0. Now, to
find qo, it is assumed that the system is initially at rest, such that #(0~) = 0, and is then
disturbed by an impulsion in force, with an amplitude of Fy, that sets the vibrations to
1(07) = 11p. By modal projection, the following is implied:

q(07) =0
q(0%) = qo

Now, the left-hand side of Equation (6) is integrated around 0~ and 0" and the
aforementioned conditions are applied:

(18)

[ o)+ catt) + vai = [ @ R0 19)

It is deduced that

qQ=p'®'F (20)

This expression is premultiplied by ® to obtain 1 (cf. Equation (9)), from which Fj is
deduced, as follows:

1y

Fh=——__ 21
07 @p 1T @
Via substitution in Equation (23), it is deduced:
—1gT
. . p P
=g 22
qo Up q)”,1 (I)T ( )

Initial velocity i is chosen as a disturbance ¢ of the imposed sliding velocity AV} = aV;
between the wheel and the rail, such that 11y = exVy.

2.3.2. Initial Condition on Displacement

The displacement initial condition is derived from a static perturbation of the quasi-static
equilibrium, such that Uy = (1 + €)Ust, which is written 119 = el in relative to the quasi-static
equilibrium terms. Modal projection and the definition of Qs from Equation (5) give:

_ 1T
qo = €Y L)) N]/lst (23)
A zero initial condition is given to qp.

2.3.3. Modal-Derived Initial Conditions

In this approach, the values of g are obtained by imposing conditions that may be
physically unfeasible, but which allow for the study of the impact of exciting a particular
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mode or modes of the structure at t = 0, as performed in [20]. All test cases in this category
use a zero initial condition for qg, while imposing non-zero values to specific components
of vector ¢, in order to excite the corresponding modes. Those values are calibrated such
that the initial velocity 1 at the contact point corresponds to a disturbance of the imposed
relative velocity aV, at the wheel-rail interface, using the following rule:

do; = % with 11y = eaVy (24)
1

Go,i stands for the i-th component of vector ¢p, while ®; is the mode shape of mode i
in the tangential direction and n the number of modes excited. The choice of the specific

mode(s) i to be favored at the beginning of the simulation will be detailed in the next
section.

3. Results and Discussion

In this section, the results will be discussed. The values of the main parameters used
in the model will be first presented, followed by the stability results. Then, the choice of the
initial conditions, which is based on the stability results, is detailed. The rest of the section
deals with the time domain results and starts with an overview of the whole time span of
all the simulations performed. The analysis will then focus on the limit cycles obtained at
the end of each simulation, which will be classified and discussed according to two criteria:
(i) the type of initial conditions used (physical or modal) and (ii) periodicity.

3.1. System’s Parameters

The values of the most important parameters of the system, including those related to
the wheel and rail, as well as to the operating conditions, are listed in Table 1. A total duration
of 2 s is used in the numerical time integration, which turned out to be sufficient for all test
cases to reach a final stabilized stationary regime, or limit cycle, as will be discussed later. A
steel monobloc metro wheel with diameter 86 cm is used and its modal base, containing 37
modes, is obtained with a finite element model for the frequency range 0 to 6250 Hz. The
natural frequency and the damping factor of the first three modes, which are related to the
wheelset, are chosen to be 10 Hz and 0.8, respectively, and the damping factors of most modes
above 400 Hz are set to 1 x 10~%. The natural frequencies of significant wheel modes, as well
as the corresponding damping ratios are displayed in Table 2.

Table 1. Main system parameters.

Parameter [Units] Description Value

Vi [km/h] Rolling speed 30
« [mrad] Angle of attack 11
N [kN] Normal load per wheel 51

Dy [m] Wheel diameter 0.86
Ay [mm] Lateral offset of the contact point 15

B [rad] Contact plane angle —0.0145

Ry trans [m] Rail transverse radius 0.3
E [Gpa] Young modulus 210
v[-] Poisson’s ratio 0.3

po [-] Static friction coefficient 0.3

K [-] Parameter for friction law 0.05

Al Falling ratio on saturated regime 0.2
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Table 2. Natural frequency and modal damping of the free modes and the unstable modes (stability

analysis).
Free Modes Stability Analysis
Mode Denomination Frequency [Hz] = Damping Ratio[-] = Frequency [Hz] Eqmve;l{il:itol?jmpmg
5 OLO 304.43 1x 1073 304.43 —1.25 %1073
6 0L2 386.38 1x10~% 386.35 —4.09 x 1073
9 0L3 1028.8 1x 1074 1028.79 —1.49 x 103
12 OL4 1853.9 1x 1074 1853.91 —7.60 x 10~%
16 - 2369.8 1x10°4 2369.8 —1.43 x 10°
17 OL5 2776.3 1x104 2776.3 —423 x 1074
22 0L6 3752.6 1x1074 3752.59 —2.55x 1074
26 - 4561.5 1x10°* 4561.5 —3.79 x 1077
28 0L7 4762.2 1x1074 4762.19 —153 x 1074
33 OL8 5794.7 1x 104 5794.69 —9.09 x 107°

3.2. Stability Results

The equivalent damping (cf. Equation (17)) of the 10 (from a total of 37) modes that
turned out to be unstable is shown in Table 2. Modes of vibration of flat discs and by
extension of wheels are usually characterized by their number m of nodal circles and their
number 1 of nodal diameters, which are related to the stationary points present in each
mode of vibration; wheel modes with predominant axial (i.e., out-of-plane) deformation
are usually called mLn modes according to these nodal numbers [25]. One can observe that
most of the unstable modes identified correspond to OLn modes (without nodal circles),
and that the degree of instability decreases with frequency, with mode 0OL2 being the most
unstable one. From Figure 3, one can observe that the negative damping introduced by the
linearization of the friction force alters the damping ratio of the wheel modes with respect
to that from the free damped system, turning them unstable or, in the best case, reducing
their stability. Although modes 16 and 26 were identified as unstable, their equivalent
damping is small compared to the other modes and so is their degree of instability.

%10

p | o il
I
I

_ l

= I

o 5 I b

B \

> I

£

g- T

R L
C L L

1 1 1
0 1000 2000 3000 4000 5000 6000
Frequency [Hz]

Figure 3. Equivalent damping ratio of wheel modes with respect to frequency (black: damping ratio
of the free damped wheel modes, blue: equivalent damping ratio of stable modes, red: equivalent
damping ratio of unstable modes). For purposes of visualization, several modes do not appear in the
graph due to their high damping.

3.3. Initial Conditions

The choice of the initial conditions based on different conditions on velocity and
displacement is detailed in the following paragraphs.
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3.3.1. Initial Condition on Velocity

The imposed lateral velocity AV, = aVy at the wheel-rail interface due to the imperfect
curving behavior of the rail-guided vehicle, as discussed in the introduction, is a good
reference value for the vibratory velocity in curve squeal. For instance, the wheel vibrations
obtained in [6] reach a limit cycle with an amplitude between the saturation velocity and the
imposed lateral velocity AVj. Considering this order of magnitude for the initial velocity
11, different values of disturbance €, such that 11yp = eaV, are proposed (cf. Equation (22)).
These velocities are represented in the friction/creep law from Figure 4: a value of e = —1
gives an initial velocity inside the creep zone, where the positive equivalent damping helps
slow down the growth of the amplitude of the self-sustained vibrations, whereas € = 1
gives a velocity in the slip zone, where the equivalent damping is negative and the contrary
effect takes place; disturbance € = 0.01, on the other hand, gives a velocity that is closest to
the quasi-static equilibrium, so that a slow growth of the self-sustained vibrations can be

expected.
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Figure 4. Friction/creep law. Initial velocities v, converted to creepage via Equation (1), are marked
in color dots.

Note that in expression (22) the initial velocity 1 is distributed over all the modes via
the matrix p, which translates the inertial behavior of the wheel. Figure 5 illustrates this for
11g = 0.1aV, and it can be observed that the OLn modes are the ones to be excited the most
with this type of initial condition.
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Figure 5. Distribution of initial velocity 1y over the modes.
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3.3.2. Initial Condition on Displacement

Like for the initial condition in velocity, expression (23) distributes the perturbation
€ over all the modes via the matrix ¢, which translates the elastic behavior of the wheel.
This is illustrated in Figure 6. It can be observed that this type of initial condition creates
an excitation that is favorable to the low frequency modes, such as the wheelset modes
(modes 1 to 3), as well as modes OLn with lower order n. Two values of the disturbance €
are chosen empirically, by considering a typical order of magnitude of the displacement.

%1074

Displacement [m]
°
o =

o
=2}

<
~

0.2

L L L L L L
10 15 20 25 30 35
Mode number

Figure 6. Distribution of disturbance € over the modes.

3.3.3. Modal-Derived Initial Conditions and Summary of the Test Cases

Taking into account the stability results, namely that OLn modes display the most
unstable behavior, the modal initial conditions are chosen to excite the following modes:

1.  All unstable modes
2.  ModeOLn, withn =0,---,8

Table 3 presents a compact overview of the initial conditions imposed to the modal
contributions vector qp and its derivative ¢, for all test cases, which belong to either the
physically-derived initial conditions or the modal-derived ones. If unspecified, the value of
the initial velocity 11y used is 0.1a V.

Table 3. Summary of the test cases.

Case name qo0 do

Modal-derived initial conditions

. eaVy
All_unstable_V0.1 0 o oi = i
With i € Unstable modes
and e = 0.1
All_unstable V1.0 0 - i € Unstable modes
ande =1
All unstable V2.0 0 - 1 € Unstable modes
ande =2
0LO 0 - 1 = “mode 0L0O”
OL1 0 - i = “mode 0L1”
OL2 0 - 1 = “mode 0L2”
0L3 0 - 1 = “mode 0L3”
0L4 0 - i = “mode 0L4”
0L5 0 - i = “mode OL5”
OL6 0 - 1 = “mode OL6”
0L7 0 - i = “mode OL7”
0L8 0 - 1= "“mode 0L8”
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Table 3. Cont.

Case name qo do

Physically-derived initial conditions

. 1T

V_-1.0 0 o = eaVig —rgr

Withe = —1
V05 0 e=—05
V_0.01 0 e =001
V0.1 0 ce=01
vV 02 0 e=102
vV 03 0 e=03
V05 0 =05
vV 1.0 0 ce=1
U 05 qo = €7 [@]  Nygt

With € = 0.5%

U_-05 e = —05% 0

3.4. Time Integration Results

This section discusses the results obtained after performing numerical integration in
the time domain of the dynamic equations that describe the system, as presented in Section
2.1.2, and for the test cases shown in Table 3. The physical quantities that will be in the
focus of the analysis are the velocity and the displacement of the wheel-rail contact point,
as well as the nonlinear friction force applied to the wheel because of the imposed relative
velocity between the wheel and the rail; they will be studied both in the time domain and
in the frequency domain.

Figure 7 shows the evolution in time of the tangential velocity for all test cases: the first
12 cases correspond to the modal-derived initial conditions from Table 3, whereas the last
10 correspond to the physically-derived initial conditions. One can observe that velocity
evolves differently in time depending on the initial condition used, which is the expected
outcome of nonlinear time integration; however, inside both categories of test cases, some
major features can already be outlined from these time domain results, according to the
following aspects: final peak-to-peak amplitude, number of stationary regimes reached,
overshoot, stabilization time and maximum amplitude.

In general, the system seems to be able to reach two primary families of final states: a
low-energy regime, with a moderate peak-to-peak amplitude of 0.1172 m/s, and a high-
energy one, with an amplitude almost doubled, reaching 0.2042 m/s. Cases “0L3”, “OL7”
and “0L8” stand out because they display these two types of stationary regimes with a well-
defined transition between them. However, a more detailed analysis that will be presented
later reveals that this apparent intermediate limit-cycle is not yet stabilized. In other cases,
for instance “All_unstable_V_2.0”, the vibrations directly reach a final high-energy regime.

The existence of a low-energy and a high-energy stationary regime, observation
previously made on the time history of the velocity (cf. Figure 7), is more clearly visualized
in Figures 8 and 9, which show the phase plot (velocity vs. displacement) of the simulations,
for the physically-derived and for the modal-derived conditions, respectively. Furthermore,
one can observe that the low-energy cycles display a closed, almost elliptical phase plot,
which corresponds to a periodic regime with one fundamental frequency and some of
its harmonics, whereas high-energy regimes display a rather complex phase plot that
corresponds to a quasi-periodic regime where multiple fundamental frequencies and their
harmonic interactions coexist.
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Figure 7. Evolution of the tangential velocity at the wheel-rail contact point for all test cases from
Table 3.

For test case “All_unstable_V2.0” (cf. Figure 9), in which the initial velocity (marked
with an “x”) is considerably higher than the maximum velocity amplitude reached during
the simulation, the system is still attracted to one of the two observed stationary regimes,
namely the high-energy one; the same is true for cases “U_0.5" and “U_-0.5", which have a
non-zero initial displacement, but they are attracted to a low-energy limit cycle.

An interesting remark, observed for all simulations, regardless of the initial condition
used, is that the mean displacement increases gradually during the transient phase, i.e., the
phase plot shifts slowly to the right. For instance, in both test cases U_0.5 and U_-0.5, which
start at a non-zero displacement, the system quickly returns to the quasi-static position
at u = 0, but then the mean value starts to increase until a stationary regime is reached.
This is related to the inclusion of the wheelset modes (modes 1 to 3) in the wheel’s modal
base, which contribute to the quasi-static behavior of the structure, due to their low natural
frequency.
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Figure 8. Phase plot of the wheel-rail contact point for all physically-derived initial conditions from

Table 3. Grey: complete history, black: final limit cycle reached, "x": initial condition.
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Figure 10 highlights an interesting result, namely, that the two families of limit cycles
identified before (the low-energy and the high-energy ones) can be obtained for both
physical and modal initial conditions. Depending on their value, physically-derived initial
conditions can lead to either of the two, but in the first case, the same periodic limit cycle,
plotted in black in Figure 10a, is always obtained. Test cases with modal initial conditions
can lead to more than one unique periodic cycle, as can be seen in Figure 10b: in total, four
unique periodic cycles have been identified. The quasi-periodic cycles reached for both
categories of test cases correspond in reality to a unique limit cycle that tends to color the
same surface in the phase plot, with each individual instance having a different translation

in time.
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Figure 10. Phase plot of the final limit cycles obtained for the physically-derived initial conditions (a)
and the modal-derived ones (b). Creep and slip zones are below and above the dashed black line,
respectively. (a): red: “V_-1.0”, blue: “V_-0.5", black: all other physically-derived initial conditions.
(b): red: “OL4”, magenta: “OL5”, green: “OL6”, black (curves superpose): “OL3” / “OL7” / “OL8” /
“All_unstable_V1.0” / “All_unstable_V2.0”, blue (curves superpose): all other modal-derived initial
conditions.

Figures 11 and 12 show the velocity spectrum and the friction force spectrum, respectively,
for all the periodic limit-cycles that were identified among all test cases regardless of the type of
initial conditions used. The aforementioned unique periodic cycles have different fundamental
frequencies: 1855 Hz, 2775 Hz, 3750 Hz for test cases “0L4”, “0L5”, “OL6”, respectively, which
are close to the natural frequencies of the corresponding modes, and 385 Hz for all other
periodic cycles, which is close to the natural frequency of mode 0L2.

Amplitude [m/s]

0 2000 4000 6000 8000 10000

Frequency [Hz]
Figure 11. FFT of the velocity of the periodic limit cycles obtained among all test cases (red: “0L4”,
magenta: “0OL5”, green: “0L6”, black (curves superpose): all other cases leading to a periodic limit
cycle).
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Figure 12. FFT of the nonlinear friction force of the periodic limit cycles obtained among all test cases
(red: “0L4”, magenta: “0L5”, green: “0L6”, black (curves superpose): all other test cases from Table 3).

The spectrum in Figure 13 can be considered as quasi-periodic if fy = 384.6 Hz,
f1 = 47632 Hz and f, = 5792.8 Hz are accepted as its fundamental, incommensurable
frequencies (i.e., that have no common integer divisor). In spite of the low amplitude of the
peak at fp, the latter is considered as a fundamental frequency because it explains some of
the harmonic modulations (i.e., linear combinations of the fundamental frequencies) present
in the spectrum. Notice that any two of the three high-amplitude peaks at f, — f1, f; and
f2 could have been labeled as fundamental frequencies and an equivalent understanding
of the spectrum would have been obtained.

For the reader’s comprehension, this spectrum can be qualified as bi-periodic with
fundamental frequencies f; and f, and a secondary contribution of fj. Regardless, these
three frequencies are close to the natural frequencies of modes 0L7, OL8 and 0L2, respec-
tively, and the harmonic modulations at f, — f; = 1029.6 Hz and 2f; — f, = 3733.6 Hz are
very close to the natural frequency of modes OL3 and 0L6, respectively. Indeed, the strong
harmonic correlation between the unstable modes 0L.2, 0L3, 0L6, OL7 and 0OL8 observed in
this limit cycle could explain its quasi-periodic nature.

The existence of this particular quasi-periodic limit cycle illustrates the limitation of
the stability analysis previously proposed in Section 3.2, which is not able to predict the
appearance of some harmonic components based on the combination of the fundamental
frequency of unstable modes and that end up having a strong contribution on the self-
sustained oscillations. It is also observed that the most unstable mode predicted by the
stability analysis (mode OL2 with fundamental frequency of 386.4 Hz) does not have the
most important contribution on the pseudo-periodic limit cycle. This reflects the nonlinear
behavior of the force and interactions at the frictional interface, which the stability analysis
is not able to represent.

It is also interesting to highlight the frequency shift that can be observed in the
spectrum from Figure 13, in which the frequency resolution is 0.8 Hz: while the stability
analysis, a linear approach, predicted unstable frequencies 386.4, 1028.8, 4762.2 and 5794.7
Hz, nonlinear time integration gave a limit cycle with frequency components at 384.6,
1029.6, 4763.2 and 5792.8 Hz; these frequencies are slightly shifted in order to interact
harmonically with each other. Again, this is a feature that the stability analysis alone is not
able to represent.
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Figure 13. FFT of the velocity of a pseudo-periodic limit cycle (test case “All_unstable_V_2")).

Figure 14 shows the evolution of the modal projections of two modal-derived test
cases, “0L1” and “OL2”. Although both cases lead to a periodic limit cycle dominated by
mode 0L2, the modal competition patterns are different in both cases. For instance, in test
case “0L2”, one can observe that, as only the unstable mode 0L2 is excited at the beginning
of the simulation, the other unstable modes remain almost at a constant level, they do not
interact, giving a rather smooth evolution of the vibrations (cf. phase plot of the contact
point, Figure 9). On the contrary, in test case “OL1”, where a stable mode, 0L1, is excited at
the beginning of the simulation, two different stages of the time domain simulation can be
clearly identified: first, a transient phase with exponential modal growth, where the slope
of the curves (i.e., the modal growth rates) decreases with the order n of the unstable OLn
mode. This behavior is in good coherence with the results from the stability analysis (cf.
Figure 3), as the behavior in this phase remains linear-like. Moreover, one can observe that
there is a richer interaction between the different modes in this phase, hence giving a more
complex phase plot (cf. Figure 9). In the end of the transient phase, saturation is reached
and all modes other than OL2 die out, introducing the second stage, where a stabilized
regime is maintained.

Test case OL1 Test case 0L2

Velocity [m/s]

0 05 : s 2 0 05 : 15 2
Time [s] Time [s]
Figure 14. Comparison of the modal projections of the unstable OLn modes for two modal-derived
test cases (Y-scale is shared by both graphs).

Figure 15 shows the modal competition of one modal-derived case (“All_unstable_V1.0”)
vs. one physically-derived case (“V_1.0"). In both cases, the initial velocity 1 at the contact
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point is equal to the sliding velocity between the wheel and the rail, aV,, but the way in
which it is distributed into the different modes, in particular the unstable modes differs: in
case “All_unstable_V1.0”, all unstable modes have the same starting point, whereas for the
case “V_1.0", they start at different levels, as illustrated in Figure 5. Although the initial
velocity at the contact point is the same, in the first case, a quasi-periodic limit cycle is
obtained, whereas a periodic one is reached for the second case. The modal competition
patterns in the transient phase are different for both cases as well: in the first case, mode
OL3 dominates from the beginning, while the other modes die out rapidly; then, modes
that present a harmonic correlation, namely OL3, 0L6, 0L7 and OL8, suddenly revert their
decaying tendency and present an exponential growth until they finally reach saturation
around t = 1s, where the vibrations stabilize and give a limit cycle whose signature is
the one from Figure 13. In the second case, on the contrary, mode OL2, which has the
most negative equivalent damping according to the stability analysis, dominates the modal
competition from the beginning and all other modes die out rapidly; this mode alone
dominates the limit cycle. These results indicate that not only the global value of the initial
condition, in this case the velocity at the contact point, has an impact on the nature of the
final limit cycle obtained, but also the initial condition given to each particular mode.

o Test case All_unstable_V1.0 Test case V_1.0

Mode 0LO
Mode 0L2
Mode 0L3
Mode 0L4
Mode 0L5
Mode 0L6
Mode 0L7
Mode 0L8

o
[N

Velocity [m/s]

102}

1 . . 1 1.5 2
Time [s] Time [s]

Figure 15. Comparison of the modal projections of the unstable OLn modes for a modal-derived test
case vs. a physically-derived test case (Y-scale is shared by both graphs).

Figure 16 shows the evolution of the modal projections of the harmonically-correlated
modes for the test cases in which only one of these instabilities is excited in the initial
condition (test case “0L2” is included for reference). Here, the development of a quasi-
periodic cycle is more clearly visualized: while for test case “OL2” the modal projections of
non-excited modes cease to grow in amplitude and stabilize completely at a certain point,
in the other three test cases, the non-excited but harmonically-correlated instabilities are
growing exponentially in the background, while an apparent stationary regime dominated
by the initially-excited mode is reached. This is why the existence of an intermediate limit
cycle, as discussed at the beginning of this section and as shown in Figure 9, could be
nuanced by considering that all modes are not yet completely stabilized, which results in
an apparent limit cycle that is slowly evolving to the definitive, stabilized limit cycle.

From test case “All_unstable_V1.0” (Figure 15 ) and test cases “0OL3”, “OL7” and “0L8”
(Figure 16) it can be pointed out that the harmonic correlation phenomenon between modes
in order to give birth to a quasi-periodic limit cycle occurs after saturation of the friction
has taken place, so that the nonlinear domain of the friction law is fully established. This
implies that in this stage, the modal growth rates of modes such as 0L6, OL7, OL8, no longer
correspond to that predicted by the stability analysis, which is the case of the linear phase
in test case “OL1” from Figure 14: the slopes of the curves differ.
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Figure 16. Comparison of the modal projections of unstable OLn modes for test cases “0L2”, “0L3”,
“0L7”, “0L8”, linear scale (a) and logarithmic scale (modes other than 0L3, OL6, OL7, OL8 have been
removed for visualization purposes) (b).

In summary, physically-derived initial conditions lead to only two scenarios: either a
periodic limit cycle with a moderate peak-to-peak amplitude, or a quasi-periodic limit cycle
with a higher peak-to-peak amplitude. The same two cycles (one periodic and the other
quasi-periodic) were always obtained. In addition, the results suggest that the appearance
of the quasi-periodic limit cycle is related to initial conditions quite far from the quasi-static
equilibrium. On the other hand, modal-derived initial conditions lead to more scenarios:
the same quasi-periodic cycle as that obtained with physically-derived initial conditions
but several periodic limit cycles with different fundamental frequencies (related to the
modal content of initial conditions). Thus, it is worth noting that some periodic limit cycles
could only be obtained with modal initial conditions and not with physically-derived ones.
Moreover, contrary to the case of physical-derived initial conditions, the quasi-periodic
limit cycle can be obtained with initial conditions close to the quasi-static equilibrium but
with a specific modal content.

4. Conclusions

The impact of initial conditions on the limit cycles obtained with time integration for a
curve squeal model based on the falling friction instability mechanism was studied in this
paper. Two types of initial conditions were used, the modal-derived and the physically-
derived ones and, in order to implement the latter, a formulation allowing to relate a
physical initial condition on velocity and on displacement to its equivalent initial modal
contributions was presented.

The limit cycles that were obtained for both types of initial conditions were found
to belong to either of two primary families: on the one hand, low-energy cycles with a
moderate peak-to-peak amplitude and a periodic regime and, on the other hand, high-
energy cycles with a high amplitude, almost doubling that of the low-energy ones, and
presenting a quasi-periodic regime. It was shown that, irrespective of the initial conditions,
the cases where a quasi-periodic regime was obtained converged to a same unique limit
cycle, which displays three fundamental frequencies, corresponding to specific OLn wheel
modes. High amplitude peaks were identified at some harmonic interactions among these
modes, which corresponded as well to specific wheel modes. In order for this type of
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cycle to develop, it was observed that the natural frequencies of the concerned unstable
modes slightly shifted with respect to the frequencies predicted by the stability analysis;
this kind of feature is typical of nonlinear systems and cannot be fully addressed by a
stability analysis.

It was shown that exciting a specific unstable mode at the beginning of the simulation
could lead in some cases to a periodic limit cycle with a fundamental frequency corre-
sponding to that particular mode. However, in other cases where a specific mode was
excited, it was obtained either a periodic limit cycle with fundamental frequency close to a
different unstable mode, or a quasi-periodic cycle with multiple fundamental frequencies,
corresponding to the natural frequencies of specific wheel modes that have a strong har-
monic correlation. Moreover, due to this harmonic coupling, these specific modes are not
able to exist alone in a limit cycle, because of their strong interaction. Physically-derived
initial conditions, on the other hand, such as an imposed initial velocity or displacement
at the contact point, led either to a unique periodic limit cycle, in which the fundamental
frequency corresponds to the most unstable mode identified by the stability analysis, or to a
unique quasi-periodic limit cycle (the same found for the modal-derived initial conditions).

The results presented in this paper stress the importance of an adequate choice of the
initial conditions when it comes to the study of curve squeal via time integration methods,
and more generally the field of friction-induced vibrations. The nonlinear nature of these
phenomena introduces some complexities, such as a strong dependence of the final limit
cycle to the initial conditions, as well as harmonic coupling between specific modes of
the structure. It is worth studying these aspects in detail, not only in order to have a
better understanding and control of the initial conditions on the final results, but also
to produce more robust and reliable simulations, which is of great interest for industrial
purposes in particular. Finally, future developments allowing for the correlation of time
integration results to those obtained with direct nonlinear methods would help deepen the
understanding of the problem treated in the present study.
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