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Abstract: This paper investigates the dynamic behaviour of a two-axle bogie under the influence of in-
terference between the vertical vibrations of bounce and pitch—generated by the track irregularities—
and the roll horizontal vibrations—excited by the asymmetry in the suspension damping that can
be caused by the failure of a damper during exploitation. For this purpose, the results of numerical
simulations are being used, as developed on the basis of two original models of the bogie-track
system, namely the model of the bogie with symmetrical damping of the suspension—track and the
model of the bogie with asymmetrical damping of the suspension—track, respectively. The dynamic
behaviour of the bogie with symmetrical/asymmetrical damping is evaluated in five reference points
of the bogie regime of vibrations, based on the Root Mean Square of acceleration (RMS acceleration).
The results thus obtained highlight the characteristics regarding the symmetry/asymmetry of the
regime of vibrations in the bogie reference points and the location of the critical point of the bogie
regime of vibrations. The influence of the suspension asymmetry upon the dynamic behaviour of the
bogie is analysed in an original manner, hence leading to conclusions that might establish themselves
as the starting point of a new fault detection method of the dampers in the primary suspension of the
railway vehicle.
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1. Introduction

During running, the railway vehicle is subject to a permanent regime of vibrations,
which can affect the dynamic performance of the vehicles—ride quality, ride comfort, safety,
as well as the integrity of the running gear and the load-bearing structure of the vehicle or
the track [1,2].

The vibrations of the railway vehicle are characterized by the fact that they are low-
frequency vibrations, which develop both vertically and horizontally, as simple vibration
modes-rigid modes, or complex vibration modes-flexible modes [3].

The vibrations of the railway vehicle can occur as independent movements or they can
couple with each other. In general, the construction of the railway vehicle is geometrically
and inertially symmetrical. Additionally, theoretically it can be considered that the vehicle
suspension complies with the elastic and damping symmetry conditions. Indeed, in the
primary suspension corresponding to each axle of the bogie, elastic and damping elements
with the same characteristics are used, and the secondary suspensions of the vehicle com-
prise the same types of elastic elements and damping components. Consequently, these
hypotheses are leading into the admission that the vertical vibrations of the vehicle are
decoupled from the horizontal vibrations. However, during exploitation, failures of suspen-
sion components may occur that lead to changes in the elastic or damping characteristics
of the suspension [4]. In terms of reliability, the damper is a critical component of the
suspension in the railway vehicle [5]. The failure of a damper has the effect of reducing
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the damping of the suspension whose part is, thus prompting the damping asymmetry
of the vehicle suspension [6,7]. Under such conditions, interferences arise between the
vibration modes that develop in the same plane (horizontal or vertical) or between the
vertical and horizontal vibration modes, and these interferences that will influence the
dynamic behaviour of the vehicle.

The issue of the asymmetry of the suspension damping of the railway vehicles has been
mostly dealt with from the perspective of detecting and identifying the suspension defects,
a technique known as the condition monitoring [8–15]. Other studies have examined the
dynamic stresses of the track [16], the vertical vibration behaviour of the bogie, and the
car body [17,18] in the case of a damper failure in the primary suspension of the vehicle.
Another direction of research is aimed at how the suspension asymmetry affects the ride
comfort of the railway vehicle [6,19,20].

The research focusing on the evaluation of the vertical vibration’s behaviour of the
bogie upon damper failure of the vehicle primary suspension have been developed on a
simplified two degree-of-freedom model—bounce and pitch. They have pointed out to the
fact that the asymmetry of the vertical damping of the suspension brings about an imbalance
in the system that leads to dynamic interferences between the bounce and pitch vibrations
of the bogie, which are uncoupled for the symmetrical damping of the suspension [17,21].

The hypothesis of the uncoupling of the vertical and horizontal vibrations of the bogie
is no longer valid for the asymmetrical damping of the suspension. Consequently, the
analysis of the vibration behaviour of the bogie should also consider the fact that the rolling
vibrations in the horizontal plan are excited as well, due to the asymmetry of the suspension
damping, and they interfere with the vertical vibrations of bounce and pitch. A study
based on a simplified three degree-of-freedom bogie model has shown that the regime of
vibrations is affected by more combined effects—the effect of the suspension asymmetry
which causes interferences between the bounce and pitch vertical vibrations and the roll
horizontal vibrations of the bogie, the effect introduced by the damping reduction in the
system, and the filtering geometric effect given by the bogie wheelbase [7].

In the paper, the influence of the interference of the bounce and pitch vertical vibrations
with the roll horizontal vibrations on the dynamic behaviour of the bogie is approached
in a new way, based on two original models of the bogie-track system. The first model is
one with 16 degrees of freedom—the model of the bogie with symmetrical damping of the
suspension track—and the second is a model with 22 degrees of freedom—the model of
the bogie with asymmetrical damping of the suspension track. Both models are complex,
which include the mechanical model of the bogie with symmetrical damping/asymmetrical
damping, the model equivalent of the track, and the wheel–rail contact elasticity.

The dynamic behaviour of the bogie with symmetrical damping/asymmetrical damp-
ing is evaluated based on the results from the numerical simulations regarding the RMS
acceleration in five reference points of the bogie vibrations regime—four points on the bogie
frame against the support points on the suspension corresponding to each wheel and a
point located in the bogie center. At the first stage, the characteristics of the bogie vibration
regime are analysed using the model of the bogie with symmetrical damping—the track.
The results obtained in this stage are the reference base for the second stage of the study,
in which we examine the influence of the interference of the bounce and pitch vertical
vibrations with the roll horizontal vibrations generated by the suspension asymmetry
upon the dynamic behaviour of the bogie. The asymmetry of the suspension damping
of the bogie is simulated through various degrees of reduction in the damping constant
of the suspension of one of the wheels compared to a reference value. The influence the
reduction in the damping constant of the suspension upon the dynamic behaviour of the
bogie is analysed in an original way, both from the perspective of the global reduction in
the damping ratio of the bogie suspension and the suspension asymmetry alike.

Further on, the paper is structured in three sections. Section 2 features the two bogie-
track system models used to simulate the dynamic response of the bogie, namely the model
of the bogie with symmetrical damping of the suspension track, the model of the bogie with
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asymmetrical damping suspension track, and the motion equations. Section 3 is dedicated
to the analysis of the dynamic behaviour of the bogie. In this section, the method based
on which the track irregularities are synthesized is described, and the results of numerical
simulations on the dynamic response of the bogie with symmetrical damping/asymmetrical
damping are analysed. Section 4 contains the conclusions of the paper.

2. The Bogie—Track System Model
2.1. The Model of the Bogie with Symmetrical Damping of Suspension—Track

Figure 1 shows the bogie with symmetrical damping—the track model used to study
the dynamic behaviour of a two-axle bogie whilst running on a track with vertical irregularities.
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Figure 1. The model of the bogie with symmetrical damping of suspension—track.

The bogie model comprises three rigid bodies—the bogie frame of mass mb and two
wheelsets, each of mass mw, connected through four Kelvin-Voigt systems, modelling the
bogie suspension. Each of the four Kelvin-Voigt systems has the elastic constant kb and
the damping constant cb. In this case, the bogie suspension is symmetrical from the elastic
perspective and damping, respectively.

While disregarding the coupling effects between wheels generated by the propagation
of the bending waves in rails, an equivalent model with concentrated parameters is adopted
for the track. Against each wheel, the track is represented with a one-degree-of-freedom
system. The track equivalent model has the mass of mr, elastic constant 2kr and the damping
constant 2cr. It is considered that the vertical irregularities of the track ηj are equal on the
two lines, with j = 1, 2.

The vertical vibration modes of the bogie frame are bounce zb and pitch θb, and
the wheelsets only have one vibration mode, which isbounce zwj, with j = 1, 2. The
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displacements in a vertical plan of the wheels in the same wheelset zwjk, for j = 1, 2 and
k = 1, 2, are equal (zw11 = zw12 = zw1 and zw21 = zw22 = zw2). The vertical track displacements
against the wheels are noted with zrjk, for j = 1, 2 and k = 1, 2, with the mention of zr11 = zr12
and zr21 = zr22.

The elasticity of the wheel-rail contact is considered by introducing the elastic elements
with the linear stiffness characteristic 2kH for each wheel-rail pair. The calculation of
stiffness in the contact elastic elements is conducted based on Hertz’s theory of contact
between two elastic bodies via implementing the linearization of the relation of contact
deformation against the deformation corresponding to the static load on the wheel.

On the model in Figure 1, five bogie reference points, B and Bbjk, are marked. The
point B is located against the bogie center, whereas the points noted as Bb11, Bb21, Bb21, Bb22,
are on the bogie frame, against the support points on the suspension corresponding to the
wheels with the same indices.

The motions of the bogie—the track system is described by the equations of the
vibration modes for the bogie frame—include bounce and pitch, the bounce equation of
wheelsets, and the vertical displacement equations of the rails. These equations write
as below:

- equation of the bogie bounce,

mb
..
zb =

2

∑
j=1

2

∑
k=1

Fsjk (1)

- equation of the bogie pitch,

Jbθ
..
θb = ab

2

∑
j=1

2

∑
k=1

(−1)j+1Fsjk (2)

where Jbθ is the pitch inertia moment of the bogie, 2ab stands for the bogie wheelbase,
2b is the lateral base of the primary suspension, whereas Fsjk represents the forces of the
suspension corresponding to each wheel of the bogie (with j = 1, 2 and k = 1, 2), written as:

Fs11 = Fs12 = −cb(
.
zb + ab

.
θb −

.
zw11,12)− kb(zb + abθb − zw11,12) (3)

Fs21 = Fs22 = −cb(
.
zb − ab

.
θb −

.
zw21,22)− kb(zb − abθb − zw21,22) (4)

or, given that zw11 = zw12 = zw1 and zw21 = zw22 = zw2, Equations (3) and (4) can also be:

Fs1 = −cb(
.
zb + ab

.
θb −

.
zw1)− kb(zb + abθb − zw1) (5)

Fs2 = −cb(
.
zb − ab

.
θb −

.
zw2)− kb(zb − abθb − zw2) (6)

- equations of the wheelsets bounce,

mw
..
zwj =

2

∑
j=1

2

∑
k=1

Qjk −
2

∑
j=1

Fsj (7)

where Qjk, for j = 1, 2 and k = 1, 2, expresses the dynamic wheel-rail contact forces,

Q11,12 = −kH(zw11,12 − zr11,12 − η1) = −kH(zw1 − zr11,12 − η1) (8)

Q21,22 = −kH(zw21,22 − zr21,22 − η2) = −kH(zw2 − zr21,22 − η2) (9)

with the mention that Q11 = Q12 and Q21 = Q22.
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- equations of vertical rail displacements,

mw
..
zrj =

2

∑
j=1

2

∑
k=1

(Frjk −Qjk) (10)

where
Fr11,12 = −cr

.
zr11,12 − krzr11,12 (11)

Fr21,22 = −cr
.
zr21,22 − krzr21,22 (12)

with the remark that Fr11 = Fr12 and Fr21 = Fr22.
The motion equations of the bogie-track system are further written as

mb
..
zb + 4cb

.
zb + 4kbzb − 2cb(

.
zw1 +

.
zw2)− 2kb(zw1 + zw2) = 0 (13)

Jbθ
..
θb + 4cba2

b

.
θb + 4a2

bkbθb − 2abcb(
.
zw1 −

.
zw2)− 2abkb(zw1 − zw2) = 0 (14)

mw
..
zw1 + 2cb

.
zw1 + 2(kb + kH)zw1 − 2cb

.
zb − 2kbzb − 2ab(c11 + c12)

.
θb − 2abkbθb−

−2kHzr1 = 2kHη1
(15)

mw
..
zw2 + 2cb

.
zw2 + 2(kb + kH)zw2 − 2cb

.
zb − 2kbzb + 2abcb

.
θb + 2abkbθb−

−2kHzr2 = 2kHη2

(16)

mr
..
zr11,12 + 2cr

.
zr11,12 + (kr + kH)zr11,12 − kHzw1 = −kHη1 (17)

mr
..
zr21,22 + 2cr

.
zr21,22 + (kr + kH)zr21,22 − kHzw2 = −kHη2 (18)

A system of eight second-degree differential equations has thus been obtained, in
which are included the condition variables, displacements, and velocities in the form of

q2i−1 = wi, q2i =
.

wi, for i = 1 · · · 8. (19)

The result will be a system of 16 first-degree differential equations, with the following
matrix form:

.
q = Aq + B (20)

where q is the vector of the conditions variables, A is the system matrix, and B the vec-
tor of the non-homogeneous terms. The system of equations in (20) can be solved via
numerical integration.

According to the motion Equations (13) and (14), the bounce and pitch vibrations of
the bogie with a symmetrical damping of the suspension are uncoupled.

2.2. The Model of the Bogie with Asymmetrical Damping of Suspension—Track

Figure 2 shows the bogie with an asymmetrical damping-track system model, used
in this paper to study at the influence of the interference between the vertical bounce and
pitch vibrations and the roll horizontal vibrations upon the dynamic behaviour of the bogie
while running at a constant velocity on a track with vertical irregularities. Unlike the bogie
model in Figure 1, the four Kelvin-Voigt systems modelling the bogie suspension have
different damping constants, namely cb11 6= cb12 6= cb21 6= cb22 6= cb, where cb represents the
reference damping constant.

In such case, besides the vibration modes in the vertical plan of the bogie frame—
bounce zb and pitch θb—and of the wheelsets—bounce zwj, with j = 1, 2 (see Figure 1)—the
asymmetry of the suspension damping will result in the excitation of vibrations in the
horizontal plan—the roll vibrations of the bogie ϕb and of the wheelsets ϕwj.
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Similarly, the track vertical displacements against the wheels of the same wheelset zrjk,
for j = 1, 2 and k = 1, 2, are different zr11 6= zr12 and zr21 6= zr22.

The motions of the bogie—the track system is described through the equations of the
vibration modes of the bogie—bounce, pitch, and roll, the equations of the bounce and roll
vibrations of the wheelsets and the vertical rail displacements.

The equations of the bounce and pitch vibrations of the bogie frame are shown in
(1) and (2), whereas the equation of the roll vibrations is as follows:

Jbϕ
..
ϕb = −b

2

∑
j=1

2

∑
k=1

(−1)k+1Fsjk (22)

where Jbϕ is the bogie inertia moment to rolling; the forces of the suspension corresponding
to each wheel of the bogie Fsjk (with j = 1, 2 and k = 1, 2) are written as:

Fs11,12 = −c11,12(
.
zb + ab

.
θb ∓ b

.
ϕb −

.
zw11,12)− kb(zb + abθb ∓ bϕb − zw11,12) (23)

Fs21,22 = −c21,22(
.
zb − ab

.
θb ∓ b

.
ϕb −

.
zw21,22)− kb(zb − abθb ∓ bϕb − zw21,22) (24)

The bounce equations of the wheelsets keep their general form given by Equation (7),
and the roll vibrations of the wheelsets are described by the following equations:

Jw
..
ϕwj =

2

∑
j=1

2

∑
k=1

[(−1)keQjk + (−1)k+1bFsjk] (25)
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where the wheel-rail contact forces Qjk, for j = 1, 2, and k = 1, 2, are calculated according to
Equation (9), with the mention that Q11 6= Q12 and Q21 6= Q22.

The equations of the vertical rail displacements against the wheels are described as
in (10), where Frjk are given by the Equations (11) and (12); Fr11 6= Fr12 and Fr21 6= Fr22.

After processing, the motion equations of the bogie with asymmetrical damping—
track can be written as:

mb
..
zb + (c+1 + c+2 )

.
zb + 4kbzb + ab(c+1 − c+2 )

.
θb − b(c−1 + c−2 )

.
ϕb−

−c+1
.
zw1 − c+2

.
zw2 − 2kb(zw1 + zw2) + ec−1

.
ϕw1 + ec−2

.
ϕw2 = 0

(26)

Jbθ
..
θb + a2

b(c
+
1 + c+2 )

.
θb + 4a2

bkbθb + ab(c+1 − c+2 )
.
zb − abb(c−1 − c−2 )

.
ϕb−

−abc+1
.
zw1 + abc+2

.
zw2 − 2abkb(zw1 − zw2) + abec−1

.
ϕw1 − abec−2

.
ϕw2 = 0

(27)

Jbϕ
..
ϕb + b2(c+1 + c+2 )

.
ϕb + 4b2kbϕb − b(c−1 + c−2 )

.
zb − abb(c−1 − c−2 )

.
θb+

+bc−1
.
zw1 + bc−2

.
zw2 − bec−1

.
ϕw1 − bec−2

.
ϕw2 − 2bekb(ϕw1 +ϕw2) = 0

(28)

mw
..
zw1 + c+1

.
zw1 + 2(kb + kH)zw1 − ec−1

.
ϕw1 − c+1

.
zb − 2kbzb − abc+1

.
θb − 2abkbθb+

+bc−1
.
ϕb1 − kH(zr11 + zr12) = 2kHη1

(29)
mw

..
zw2 + c+2

.
zw2 + 2(kb + kH)zw2 − ec+2

.
ϕw2 − c+2

.
zb − 2kbzb + abc+2

.
θb + 2abkbθb+

+bc−2
.
ϕb − kH(zr21 + zr22) = 2kHη2

(30)
Jwϕ

..
ϕw1 + bec+1

.
ϕw1 + 2e(bkb + ekH)ϕw1 − bc−1

.
zw1 + bc−1

.
zb + abbc−1

.
θb−

−b2c+1
.
ϕb − 2b2kbϕb + ekH(zr11 − zr12) = 0

(31)

Jwϕ
..
ϕw2 + bec+2

.
ϕw2 + 2e(bkb + ekH)ϕw2 − bc−2

.
zw2 + bc−2

.
zb − abbc−2

.
θb−

−b2c+2
.
ϕb − 2b2kbϕb + ekH(zr21 − zr22) = 0

(32)

mr
..
zr11,12 + 2cr

.
zr11,12 + (kr + kH)zr11,12 − kHzw1 ± ekHϕw1 = −kHη1 (33)

mr
..
zr21,22 + 2cr

.
zr21,22 + (kr + kH)zr21,22 − kHzw2 ± ekHϕ21 = −kHη2 (34)

with the following notations

c+1 = c11 + c12, c−1 = c11 − c12, (35)

c+2 = c21 + c22, c−2 = c21 − c22. (36)

The Equations (26)–(28) show that bounce and pitch vertical vibrations of the bogie
are coupled and interfere with the roll horizontal vibrations of the bogie, for a bogie with
asymmetrical damping of the suspension.

Should condition variables be introduced in the Equations (26)–(34), namely the
displacements and velocities,

q2i−1 = wi, q2i =
.

wi, for i = 1 · · · 11, (37)

a system of 22 first-degree differential equations is obtained, written in a matrix form,
.
q = Aq + B, (38)

where q is the vector of the condition variables, A stands for the system matrix, while B is
the vector of the non-homogeneous terms.
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3. The Analysis of the Dynamic Behaviour of the Bogie
3.1. The Parameters of the Bogie—Track System Numerical Model

The values for the reference parameters of the bogie with symmetrical damping—the
track numerical model used in the numerical simulations is shown in Table 1. These values
were adopted in compliance with the Minden–Deutz bogie characteristics, for the velocity
of 140 km/h.

Table 1. Reference parameters of the bogie-track system numerical model.

Bogie frame mass mb = 2700 kg

Wheelset mass mw = 1400 kg

Track mass mr = 175 kg

Bogie wheelbase 2ab = 2.5 m

Lateral base of the suspension 2b = 2 m

Semi-distance between the wheel-rail contact points 2e = 1.5 m

Bogie pitch inertia moment Jbθ = 1.728·103 kg·m2

Bogie roll inertia moment Jbϕ = 1.323·103 kg·m2

Elastic constant of the primary suspension per wheel kb = 0.616 MN/m

Damping constant of the primary suspension per wheel—Reference value cb = 9.05 kNs/m

Elastic constant of the track kr = 70 MN/m

Damping constant of the track cr = 60 kNs/m

Stiffness of the wheel-rail contact kH = 1500 MN/m

3.2. The Analytical Description of the Vertical Track Irregularities

The track irregularities are the primary input into the simulation applications for the
dynamic behaviour of the bogie. To include the vertical track irregularities in the numerical
model of the bogie-track system, they are synthesized following a method developed based
on the power spectral density, defined as per ORE B176 [22] and the specifications in the
UIC 518 [23] Leaflet concerning the geometric quality of the track, namely the magnitude
of the standard deviations of the vertical track irregularities.

The power spectral density of the vertical track irregularities is written as:

Φ(Ωp) =
AQN1,2Ω2

c

(Ω2
p + Ω2

r )(Ω
2
p + Ω2

c )
(39)

where Ωc = 0.8246 rad/m, Ωr = 0.0206 rad/m, and AQN1,2 is a constant depending on the
track quality.

The track quality constant AQN1,2 is calculated in such a way that the standard de-
viation of the vertical track irregularities (σηQN1, QN2) due to the components with the
wavelength between Λ1 = 3 m and Λ2 = 25 m should comply with the specifications of the
UIC 518 Leaflet, a function of the track quality index, QN1 or QN2 (see Figure 3):

AQN1,2 = 2π
σ2
ηQN1,QN2

Ω2
c I0

(40)

with

I0 =

Ω1∫
Ω2

dΩp

(Ω2
p + Ω2

r )(Ω
2
p + Ω2

c )
, for Ω1,2 = 2π/Λ1,2 . (41)
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Figure 3. Standard deviations for vertical track irregularities.

Figure 4 features the values of AQN1,2 calculated as per Equation (40), where σηQN1,2
has been assigned different values corresponding to a track of quality QN1 and a track of
quality QN2, as per UIC 518 Leaflet (see Figure 3).
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Figure 4. The quality constant of the track.

To synthesize the vertical track irregularities, the continuous spectrum of the power
density Φ(Ωp) is changed into a discrete spectrum, with the amplitude of the spectral
component‚ p’ in the form of

Up =

√
1
π

Φ(Ωp)∆Ω, cu p = 0, 1, 2, . . . N, (42)

where N + 1 is the number of spectral components, and Ωπ = Ω0 + k∆Ω, for p = 0, 1, 2, . . . N,
The partition of the wavenumber ∆Ω = Ω0 − ΩN is selected within the interval of the

wavelengths of the track irregularities, included between the minimum wavelength Λmin
and the maximum wavelength Λmax, so that,

Ω0 =
2π

Λmax
, ΩN =

2π

Λmin
.

In agreement with the method herein, the vertical track irregularities are described via
a pseudorandom function as in [24,25],

ηj(xj) = f (xj)
N

∑
p=0

Up cos(Ωpxj +ϕp), for xj > 0, (43)
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where xj, with j = 1, 2, depending on the wheelset position,

x1 = x; x2 = x− 2ab,

for x = Vt, where V is the vehicle velocity.
Function f (xj) is a smoothing function applied to the distance L0, in the form of

f (xj) =

[
6
( xj

L0

)5
− 15

( xj

L0

)4
+ 10

( xj

L0

)3
]

H(L0 − xj) + H(xj − L0), (44)

where H(.) is Heaviside step function.

To provide the vertical track irregularities with a random nature, the phase shift
ϕp of the spectral component‚ p’ will be selected, for a uniform random distribution
with values between–π and +π.

A track of QN1 quality is considered to synthesize the vertical track irregular-
ities, for the velocity range of 120–160 km/h. In this case, as seen in Figure 3, the
standard deviations of the vertical track irregularities have the following values:
σηQN1 = 1.4 mm; σηQN2 = 1.7 mm. The vertical track irregularities are synthesized on
a 2 km distance, upon considering the contribution of 300 spectral components, with
wavelengths between Λmin = 3 m and Λmax = 120 m (see Figure 5). For the limit values
of the interval of wavelengths, the minimum excitation frequency due to the track
irregularities is 0.27 Hz, for velocity of 120 km/h, whereas the maximum frequency
is 11.11 Hz. At the velocity of 160 km/h, the minimum excitation frequency due to
the track irregularities is 0.37 Hz, whereas the maximum is 14.81 Hz. These frequency
intervals fully cover the range of the eigenfunctions for the bogie frequencies.
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points of the bogie with symmetrical damping, at the maximum velocity of 140 km/h. In 
the bogie reference points located against the suspension of the wheels in the front wheel-
set, acceleration reaches the maximum value of 5.63 m/s2, whereas for the rear wheelset, 
the value is 6.71 m/s2. In the reference point B, the maximum acceleration is 2.11 m/s2. In 
statistical terms, the values of RMS accelerations are representative, namely 1.46 m/s2—
against points B11 and B12, 1.79 m/s2—against the points B21 and B22, and 0.77 m/s2—against 
point B. Such results show that the level of bogie vibrations against the suspension is al-
most two times bigger than against the bogie center. 

 

Figure 5. Synthesis of the vertical track irregularities.

Figure 6 shows an example for the time evolution of the acceleration in the reference
points of the bogie with symmetrical damping, at the maximum velocity of 140 km/h.
In the bogie reference points located against the suspension of the wheels in the front
wheelset, acceleration reaches the maximum value of 5.63 m/s2, whereas for the rear
wheelset, the value is 6.71 m/s2. In the reference point B, the maximum acceleration is
2.11 m/s2. In statistical terms, the values of RMS accelerations are representative, namely
1.46 m/s2—against points B11 and B12, 1.79 m/s2—against the points B21 and B22, and
0.77 m/s2—against point B. Such results show that the level of bogie vibrations against the
suspension is almost two times bigger than against the bogie center.
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Figure 6. Accelerations in the bogie reference points at velocity of 140 km/h (a,b).

3.3. The Results of the Numerical Simulations and Discussions

This section features the results of the numerical simulations, based on which the
influence of interference of the bounce and pitch vertical vibrations with the roll horizontal
vibrations generated by the suspension asymmetry upon the dynamic behaviour of the
bogie is examined. The dynamic behaviour of the bogie is evaluated as per the values of
RMS acceleration in the five reference points of the bogie.

A first analysis focuses on the influence of velocity upon the behaviour of vibrations
in the bogie with symmetrical damping of the suspension. Figure 7 features the values
of RMS acceleration in all five reference points of the bogie, for velocities ranging from
20 km/h to 140 km/h. The results in diagram (a) highlight that the level of vibrations rises
along with the velocity in all bogie reference points, yet this rise is not continuous due to
the geometric filtering effect given by the bogie wheelbase. It is also observed that, for any
velocity, the vibration level is higher in the reference points located against the suspension
and lower in the reference point located in the bogie center. Consequently, B11 and B12, and
B21 and B22, respectively, can be considered as critical points of the regime of vibrations in
the bogie. According to diagram (b), the critical points of the regime of vibrations in the
bogie are velocity dependent. For the range of 40 km/h . . . 105 km/h, the critical points
are B11 and B12, whereas B21 and B22 become critical points of the regime of vibrations in
the bogie, outside the above speed interval.

It should also be noted the asymmetry of the bogie vibration regime in the reference
points B11–B21, respectively B21–B22, where all the symmetry requirements—geometric,
inertial, elastic, and damping—are being met.
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The observations regarding increasing the vibration level with the velocity and the
asymmetry of the bogie vibration behaviour of the reference points located on one side of
the bogie frame, against the support points on the suspension, are in agreement with the
experimental results performed on a passenger’s vehicle featured with Minden–Deutz-type
bogies [26,27]. Moreover, the RMS accelerations obtained through numerical simulations
are comparable to the RMS accelerations obtained experimentally.

The asymmetry of the suspension damping of the bogie can be simulated through
the reduction in the damping constant in the suspension corresponding to one of the
wheels, compared to the reference value cb (see Table 1). Four cases of reducing the
damping constant of the suspension are considered, as seen in Table 2. Each of these cases
corresponds to the reduction in the damping constant of the suspension of one of the four
wheels by 20%, 40%, 60%, 80%, and 100%.

Table 2. Cases of reduction in the damping constant.

Case I Case II

cb 0.8cb 0.6cb 0.4cb 0.2cb 0 cb 0.8cb 0.6cb 0.4cb 0.2cb 0
cb11 cb11
cb12 cb12
cb21 cb21
cb22 cb22

Case III Case IV
cb 0.8cb 0.6cb 0.4cb 0.2cb 0 cb 0.8cb 0.6cb 0.4cb 0.2cb 0

cb11 cb11
cb12 cb12
cb21 cb21
cb22 cb22
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The reduction in the damping constant of the suspension of any of the wheels leads to
a reduction in the damping ratio of the bogie suspension, defined as below:

ζ =
cb11 + cb12 + cb21 + cb22

2
√

4kbmb
. (45)

For any of the four cases of reduction in the damping constant in Table 2, the values in
Table 3 are obtained for the damping ratio of the suspension.

Table 3. The values of the damping ratio of the suspension when reducing the damping constant of
the suspension of one of the wheels.

cbjk, for j = 1, 2 and k = 1, 2 cb 0.8cb 0.6cb 0.4cb 0.2cb 0

ζb ζb 0.95ζb 0.90ζb 0.85ζb 0.80ζb 0.75ζb

An initial evaluation of the influence of suspension asymmetry upon the dynamic
behaviour of the bogie considers the reduction in the damping ratio of the suspension.
According to the RMS acceleration values calculated at a velocity of 140 km/h, as in
Figure 8, the reduction in the damping ratio of the suspension results in an increase in the
level of vibrations in all the reference points of the bogie. For instance, a rise of 12.3% of
RMS acceleration in the reference points B11 and B12 and of 14.4% for the RMS acceleration
in the reference points in B21 and B22 can be noticed, should extreme values of the RMS
acceleration be taken as reference, namely the ones corresponding to the limit values of the
damping coefficient (ζb and 0.75ζb). In the reference point B, the RMS acceleration increases
by 13.5%.
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velocity of 140 km/h.

It should be noted that the results in Figure 8 show that the level of vibrations in the
bogie is symmetrical in the reference points located against the suspensions corresponding
to the wheels of the same wheelsets, irrespective of the reduction in the damping ratio
of the suspension. These results are nevertheless obtained when having considered the
global decrease in the damping ratio of the suspension, disregarding the asymmetry of the
suspension damping. A more accurate approach of this issue implies taking into account
the asymmetry of the suspension damping introduced by the reduction in the damping
constant in the suspension of one of the bogie wheels.

The diagrams in Figure 9 include the values of the RMS acceleration in the bogie
reference points located against the suspensions of the four wheels for the cases of reduction
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in the damping constant in Table 2. Unlike the results presented previously (see Figure 8),
it is observed that the asymmetry of the suspension damping determines the asymmetry of
the vibration regime of the bogie in the reference points located against the suspensions
corresponding to the wheels of the same wheelsets. This asymmetry is all the more
pronounced as the degree of reduction in the damping constant increases.
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Figure 9. Influence the reduction in the damping constant of the suspension upon RMS acceleration
at a velocity of 140 km/h: (a) reduction in the damping constant of the suspension of the wheel 11;
(b) reduction in the damping constant of the suspension of the wheel 12; (c) reduction in the damping
constant of the suspension of the wheel 21; (d) reduction in the damping constant of the suspension
of the wheel 22.

Another interesting aspect can be also noticed, which is that the increase in the RMS
accelerations is more or less significant, depending on the position of the suspension
for which the damping constant is reduced and on the reduction degree of the damping
constant. The highest increase in the RMS acceleration is recorded in the bogie reference
point located against the suspension for which the damping constant is reduced, yet an
important increment in the RMS acceleration can be also seen in the diagonally opposite
reference point. For example, the increase in the acceleration can reach up to 29.8% in
point B11, 20.9% in point B12, 10.6% in point B21, and 24.6% in point B22 when the damping
constant of the wheel suspension is reduced (diagram a). Under such conditions, the critical
point of the regime of vibrations of the bogie is the reference point against the suspension
for which the damping constant is decreased.

Figure 10 features the values of the RMS accelerations at the velocity of 140 km/h in
the reference point B of the bogie, for all four cases of reduction in the damping constant.
In this case, the reduction in the damping constant in any of the suspension of wheels
of the same wheelset is noticed to have the same affect upon the increase in the RMS
acceleration in the bogie center. In contrast, the increase ratio of the RMS acceleration
depends on the position of the suspension in the axle for which the damping constant is
reduced. For instance, in the case herein, the acceleration increase can reach up to 12.7%
when the damping constant is reduced in the suspension of wheels 11 or 12, and up to
31.6% for the wheels 21 or 22.
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point B, at a velocity of 140 km/h: (a) reduction in the damping constant of the suspension in wheels
11 or 12; (b) reduction in the damping constant of the suspension in wheels 21 or 22.

4. Conclusions

The paper analyzes the influence of interference of the vertical bounce and pitch vibra-
tions with the roll horizontal vibrations generated by the suspension asymmetry upon the
dynamic behaviour of a two-axle bogie. The dynamic behaviour of the bogie is evaluated
based on the results from the numerical simulations concerning the RMS acceleration in
five reference points of the regime of the vibrations of the bogie. The numerical simulation
applications have been developed on the basis of two original bogie-track system models,
which include the bogie with a symmetrical damping of the suspension model and the
bogie with asymmetrical damping of the suspension model.

The basic characteristics of the regime of vibrations in the bogie, velocity-dependent,
have been analyzed using the bogie with a symmetrical damping-track model. An impor-
tant feature of the regime of vertical vibrations of the bogie has been pointed out, namely
the geometric filtering effect generated by the bogie wheelbase, due to which the level
of vibrations in the bogie does not increase continuously with velocity. Characteristic of
the vertical vibration regime of the bogie is also the fact that, regardless of the velocity,
the vibration level in the reference points located against the suspension is higher than
the vibration level in the reference point in the bogie center. As a consequence, the refer-
ence points against the suspension can be considered to be critical points of the regime
of vibrations of the bogie. The position of the critical point of the bogie vibration regime
is influenced by the velocity, however. The asymmetry of the regime of vibrations in the
reference points where all the symmetry requirements—geometric, inertial, elastic, and
damping—are being met is another important characteristic highlighted.

The asymmetry of the suspension damping is simulated via the reduction in the
damping constant of the suspension in one of the four wheels, and the influence of the
decrease in the damping constant of the suspension upon the dynamic behaviour of the
bogie is investigated from the perspective of the reduction in the damping ratio of the
bogie suspension and the suspension asymmetry as well. Although both analyses reveal
an increase in the level of vibrations in all the bogie reference points when the damping
constant is reduced, there are important differences between the results regarding the
characteristics of the bogie vibration regime.

According to the analysis on the reduction in the damping ratio of the bogie suspension,
here are the facts:

- The regime of vibrations of the bogie is symmetrical in the reference points located
against the suspensions corresponding to the wheels of the same wheelsets;

- The vibration level of the bogie increases uniformly at all reference points;
- In contrast, the results of the analysis considering the asymmetry of the suspension

damping show the following:
- The regime of vibrations of the bogie is asymmetrical in the reference points located

against the suspensions corresponding to the wheels of the same wheelset; the asym-
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metry is all the more pronounced as the degree of reduction in the damping constant
increases;

- The increase in the level of vibrations is more or less significant, depending on the
position of the suspension for which the damping constant is reduced and on the
reduction degree of the damping constant; the highest rise in the level of vibrations is
recorded in the bogie reference point against the suspension for which the damping
constant is decreased and in the diagonally opposite reference point.

The last conclusions can form the basis of the development of a method for monitoring
and detecting the operational status of the dampers of the primary suspension of the
railway vehicle, with the following advantages:

- It is based on the analysis of the bogie dynamic behaviour, expressed in the form of
RMS acceleration, and the RMS acceleration is a parameter representative in statistical
terms, which can be easily measured and then compared to a reference value;

- The failure of any of the four dampers of the primary suspension can be detected,
based on the RMS accelerations measured in only two reference points of the bogie
frame.
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