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1 Introduction

As different divisions within railway departments traditionally have managed the
vehicle and track separately, the dynamics of the track and vehicle are often studied as
two relatively independent problems. For vehicle dynamics, the track is considered as
either a rigid support or as an elastic foundation. But for the track dynamics, the
vehicle is always treated as either a single wheel or a single bogie with two wheelsets
rolling on the rail. As the axle loads and vehicle speeds increase, the cost of damage
to track components and derailment risks increase substantially. This leads to a
widespread interest in the investigation of dynamic interactions of vehicle and track.
More refined analytical models of the track and vehicle system have, therefore, started
emerging. In this report, a comprehensive dynamic analysis model for the vehicle and
track coupled system is used. Since the vehicle and the railway track are symmetrical
about the centreline of the track, only half of the coupled system is considered.

Two models are considered for the upper structure in the coupled system. One
represents the whole vehicle, while the other represents a single wheel as a mass. In
the vehicle model the vertical and pitch motion for both vehicle body and bogie are
considered, but for the mass model and the wheelsets of the vehicle mode! only
vertical motion is considered. The vehicle model with two layer suspension system
has ten degrees of freedom. For a one layer suspension system vehicle, six degrees of
freedom are considered. The mass model has only one degree of freedom.

For the track, simple beams on an elastic foundation are commonly used. More
refined analytical models of railway track have been developed. Cai and Raymond[”
reported a model in which the track was modelled as a 40-sleeper long discretely
supported system of elastic beams representing the rails and the sleepers. Zhai and
Sun' presented a detailed model in which the track is modelled as an infinite Euler
beam supported on a discrete-continuous elastic foundation consisting of three layers
of rail, sleeper, and ballast. Ripke and Knothe® developed Zhai and Sun’s™ model.
They used the Timoshenko beam formulation to model the rail and sleepers. In this
report, Zhai and Sun’s!” model is used, and for the purpose of comparison of the rail
model effect, a Timoshenko beam formulation is also introduced to model the rail.

As models of the track and vehicle become increasingly complicated, greater
computation time is nceded and the interpretation of results becomes more difficult. It
is therefore useful to determine whether the more complex models should always be
used or whether simpler models can be used for some classes of problem. In this
report several track and vehicle models are compared in order to give some guidance
for the selection of model for various problems, in particular for the response to
excitation by wheel flats and dipped rail joints.

2 Track model

A three-layer track model has been established, which includes rail, pads, sleepers
and ballast (with stiffness and damping). The track model is shown in Fig. 2.1.

In this model, the rail has been represented either by an Euler or a Timoshenko
beam in order to compare the difference. The sleeper is modelled as a mass and spring
with stiffness and damping. The ballast is also modelled as a mass and spring, but
adjacent ballast masses are coupled by a shear spring and damping. The equations of
the two types of beam are derived below. All damping is assumed to be viscous.
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Fig. 2.1 Track model.

2.1 Euler beam

The notation used for the Euler beam model is:
N : the number of sleepers in the model,

E : young’s modulus of rail,

I : rail second moment of area,

NW : the number of wheels.

NM : the number of modes.

F_, () : the i™ sleeper (pad) force acting on rail.

G,(t): the jth wheel force acting on rail.

K _.: stiffness of the i™ pad.

C . : damping of the i™ pad.

K,,: stiffness of the i sleeper.

C,; : damping of the i" sleeper.

: stiffness of the i block of ballast.

: damping of the i™ block of ballast.

K _ - shear stiffness between the i™ and (i+1)™ block of ballast.
C,,: shear damping between the i™and (i+1)™ block of ballast.
Z (x,,t): rail vertical deflection at point x,.

Z_(f) : the i™ sleeper vertical displacement,

Z,.(1) : the ™ ballast mass vertical displacement.

p,;(£): the contact force between j™ wheel and rail.

p, - the static contact force between wheel and rail.

G, : contact constant of wheel and rail.

m, : Tail mass per unit length.

!: length of model.

n(t) : displacement irregularity.

The equation of motion for the Euler beam!

4 2
d Zr(4x,t)+mr o Z,,(2
ox ot

is:

Ef

rail
rail pad

sleeper

ballast

%,!) =—iFm.(t)é'(x—x,.)+§Gj(l‘)5(x-xgj) (2-1)



The vertical deflection Z, is obtained using the modal superposition method,
assuming a finite rail of length /.

Set Z,(x,1) = 3.1, (), (1) 2-2)
h=l1

For a simply supported beam, the modeshapes Y, = ’il sin(hTm) (h=1,2,3...)
mr

2-3
Multiplying equation (2-1) by Y, (x), and integrating from 0 to /, and utilising &2
orthogonality equation (2- 4) can be obtained.
El hr, &
g,(0)+ —(—) g,(H) = Z (DT, (X,) + Z}Gj(f)i’h(xc,-,) (2-4)
=
The force, F,, (), acting on the rail from the ™ pad, and G ,(#) coming from the jth
wheel are calculated according the following equations: :
Fu(0) = K2, (2,0 = Z,(0)+ ColZ, (x,) = Z,,0) @-5)
G,t)=p,()—py (2-6)

For the i™ sleeper, the equation of motion is:
.ﬂ st (I) K {Zr (x’t) - Zsf (I)] + Cpi [Zr (x,f) - Z.si (t)] -

. . (2-7)
K Z, () - Z,,O+C,[2,(0)-Z,,(1)]

For the i ballast mass, the equation of motion is:
M, Z, 0= Cm SJO+KZ,0)+C, Zb(z’+1) O+K,Zyy O +C L2y (D) + K 2y (B)

- (Kbi + Kﬁ + 2wa )be (t) - (Cbi + Cﬁ + 2Cwi )Zbi (t)

bi = si

(2-8)
where i is the number of the sleeper in the model, and i=11t0 N

Here the Hertz theory is used to describe the contact force and deflection of wheel
and rail.

O { p;A + L[ Z, -2 (e t) = 1(D] }% when wheel and rail are in contact

p. 1y = Gc W) r ?

’ 0 when wheel and rail are not in contact
2-9)

2.2 Timoshenko beam

For a Timoshenko beam the equations of motion! are:

0*Z (x,t) 0*Z (x 04, N

AT — Gkl 2D =2 Fy®5(x—x)+ Y. G, (050~ x5 )
9* ¢ (x f) 0z, (x,1) B d? ¢r(x,t) _
Pl = GAK(—E 2= g,) = El — 2522 = 0



(2-10)
where Z, is the vertical deflection and ¢, is the angle of rotation of the cross section.
G : shear modulus of rail, p: density of rail, A: cross section area of rail, & : shear
coefficient of rail. The other parameters are same as for the Euler beam.

MNM
Zr(x,t) = Z YZ (hax)qh (r)
set Y @11

8,(x.0) = Y, (hx)®, ()
h=1

A similar method to that used for the Euler beam is used here, to obtain the following
equations.

3,00+ 4,0~ \f )0, =3 FOh5)+ 2,6, 08 (x5
<i>h+[GAk £(’1—”)] ®, \/25—;5(”—”) (=0
Pl
(2-12)

The sleeper and ballast equations are same as that of the Euler beam.



3 Vehicle model

In general, the vehicle is modelled based on the various physical components, such
as wheelset, bogie, body etc. Some simplified model may also be used for some
special aims, for example, the mass-spring model is used for predicting high
frequency vibration'"., In this report, two kinds of vehicle model are used to predict
the vibration in order to compare the difference between them. One is a vehicle with
secondary suspensionm (but no primary suspension), another is a mass-springm
system representing a single wheel. They are shown in Fig. 3.1 and Fig. 3.2
respectively.

M. T M

2 lZc(t) wl_'x
M, EQ@ . v,
TGO 0o T oo :

M| 11 m,

Fig. 3.1 Vehicle model. Fig. 3.2 mass-spring model.

3.1 Car model

The following notation is used to describe the vehicle:

M, M,, M, mass of body, bogie and wheelset respectively.

K _,,C._,: the stiffness and viscous damping of secondary suspension respectively.
J.,J, : the body and bogie mass moment of inertia about horizontal axis.

p; : the force between wheel and rail.

P, static force between wheel and rail.

F,,: excitation force on i™ wheel.

For the vehicle model 1, the equations for each part of the vehicle are:
For the bounce of the body:

M, et 2C,, Wek 2K . = C.y i K w0, —C.y Wiz— KW, = 0 (3-1)

for the pitch of the body

To o+ 202 6,4 2K G126, ~ C ol wa= Koglwy + C ol wirt K plow, =0 (32)

for the bounce of the front bogie

(M, +2M, Y wa+ Cy wa K gy = Coy We= K gw, = Col, b= Kol o+ (1) 3.3,

+ P () —2py = Fy (1) + i (1)
for the pitch of the front bogie

(W, +2M )4+ [0 = O, = [Fop () + Fiy OV, (3-4)



for the bounce of the rear bogie
(M! + 2MW)W12+ CSZ Wi+ KSZWIZ - Csz We— KSQWC + Cs2lc ¢C+ KSZIC¢C +p3 (f) (3_5)

+ Py ()= 2py = Fyy (1) + Fo (1)
for the pitch of the rear bogie

(U, + 2M, 16+ [ps ()~ POV, =[Fos () + Foy Y, (3-6)

3.2 Mass-spring model

For mass-spring model, the equations are as below

M, w1 = F =k, (0, —w,) — e, (wi—ws) (3-7)
m, w2 = By (4, = w,) + ¢, (W= w2) ~ py (3-8)

where M, : unsprung mass, F: static force on wheel (vehicle body load for each
wheel), m,, : fictitious mass added at contact point, &, : spring representing high
frequency modal stiffness, ¢, : corresponding damping, w,: displacement of upper

mass M, and w, :displacement of mass m,, .



4 Excitation model

There are many kinds of irregularity that can excite vibration of the vehicle and
track system, but not all of them excite high frequency components of wheel/rail
vibration. In this report, we focus on a dipped rail joint and a wheel flat excitation
model that can excite high frequency vibration of the wheel and rail.

4.1 Rail joint model

For a dipped rail joint, see Fig. 4.1, an initial
velocity is introduced™ to the wheel. If the total
dipped angle of the joint is 2« , then the initial
velocity is ¥ = 2aV , whereV is the vehicle

forward speed.

2a=e¢,+a,

4.2 Wheel flat model Fig. 4.1 Dipped rail joint model.

For the wheel flat, two models are used here. One
is an initial velocity excitation modelt”, the other is a displacement excitation

modell’".

4.2.1 Wheel flat initial velocity excitation model

Fig. 4.2 The process of wheel flat Fig. 4.3 The process of wheel flat
passage on arail at low speed. passage on a rail at high speed.

When the wheel with the wheel flat runs at low speed, as in Fig. 4.2, the line AB
(wheel flat) will contact with the rail as the wheel flat passes the contact, and after
that moment, the wheel will rotate based on point B. When the speed of the vehicle is
high, the line AB (wheel flat) will not contact the rail (see Fig. 4.3), because the
rotation speed of the wheel is so high that the wheel centre drops less than h (height of
wheel flat). It is assumed the time taken for the wheel centre to drop the distance h is
t1, and the time for the wheel to rotate an angle ¢ (corresponding to wheel flat length

L) is t2. When t1=t2, that speed is defined as the critical speed (¥, ). When the

vehicle speed is faster than the critical speed, the process of the wheel flat passing the
rail will be like Fig. 4.3, and we call that high speed passage, otherwise we call it low
speed passage,



For low speed, the impact velocity consists of two parts. The first part occurs when
the flat impacts the rail when the wheel rotates around point A, and the initial vertical
velocity is :

L

=¥ sin( ) V2R 4-1
The second part is the reaction when the wheel rotates around point B, the vertical
velocity 1s

L
=Y5R 4 (4-2)

where
¥ : vehicle speed.
@ : the wheel flat angle.
L : the length of wheel {lat,
R : wheel radius,
y : coefficient of rotation moment change into displacement moment

6]
For high speed (V' >V,,), it also consists of two parts. One is
alL

Vo = ===
o V+m

while the second part is Voy = M e (4-4)

V++aR

where ais the acceleration of wheel drop, which can be calculated using the
following formulation for the vehicle model.
a=(M,/4+M,/2+M,))g/M, (4-5)

where g is gravity acceleration.

(4-3)

4.2.2 Wheel flat displacement model

A wheel flat can be simulated as an initial displacement modelt”. In the model, an
initial displacement is input instead of an initial velocity. Fig. 4.4 shows the model.

] 6<¢2 p>02¢?2

Fig. 4.4 Displacement excitation model.

The initial displacement 1s :



{r(l —cosf) 0<6<g?2 (4-6)

rll—cos(p—-8)) 02<88<¢gp



S The selection of model length and the number
of modes

5.1 The selection of model length

The length and number of modes of the track model will affect the maximum
frequency of the model. First we decide the length of the model. In vehicle dynamics
calculation, a length of 3 to 4 times the vehicle length is commonly used. Here 75m,
that is at least 3 times for almost any length of vehicle is selected. According to
experience and a lot of results calculated with the model, it is found that a model
length of 75m plus 4 times the distance between the front wheel and the rear wheel is
enough for dynamics predictions.

5.2 The selection of number of modes

The track system consists of the rail, rail pad, ballast etc, but for rail vibration at
high frequency, the pad and ballast have little effect on the rail. The rail appears
therefore almost as a simply supported beam. So a simply supported beam theory is
used to estimate the frequency and decide the number of modes to be included.

For an Euler beam, which is simply supported, the natural frequencies are given by
r’r® |EI
o, =—.— (@=123...) (5-1)
{ pA
r : the mode number, [: the length of model, g : density of rail, A : cross section area
of rail, £: Young’s modulus of rail and 7 : rail second moment of area.
For a Timoshenko beam, the natural frequencies are the solution of

4 2 2 2
Ef[-’i;-} _ pda? —pf(ﬂ) ol ﬁ(—”] w2 +2Lu8 0 52)

) EG\ I kG

where £ is the shear coefficient, r is the number of modes.

Based on equations (5-1) and (5-2), and the model length, a relation between the
number of modes and the cut off frequency for different lengths and rail model are
shown in Fig. 5.1 and Fig. 5.2. The parameters used are listed in the Appendix.

i 75m
50007 4 1}1,6“,". 5000 -
5000 - '
. g
= 4000+ = 40004
oy . oy
o 3000 o
=] =
& .00l g 3000
v ; —uic - y
L O I e Chinese 60 1 4
1 ------ Chinese 50 20004 ¢
04
T ¥ T T ¥ T T ¥ i ¥ T T T T 1 T T T T ] T
00 180 200 250 300 350 400 450 200 400 800
Maode number{N} mode number(N)
Fig. 5.1 The relation of natural Fig. 5.2 The relation of natural frequency
frequency and modes of Euler beam. and modes of Timoshenko beam.
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For the noise analysis, 5000Hz is the rough upper limit of frequency required, so
5000Hz is taken as the frequency limit for the beam. The table below lists the number
of modes required to achieve this and the highest natural frequency obtained.

Table 1 Euler beam : the relation of number of modes and maximum frequency

Rail type Chinese 50 kg Chinese 60 kg UIC60
Rail length(m) 75 116 75 116 75 116
Number of 250 390 240 360 240 370
modes
Maximum 5040 5130 5380 5060 5260 5230
frequency (Hz)

Table 2 Timoshenko beam : the relation of number of modes and maximum frequency

Rail type Chinese 50 kg Chinese 60 kg UIC60
Rail length(m) 75 116 75 116 75 116
Number of 430 660 420 660 420 660
modes
Maximum 5107 5063 5061 5151 5049 5139
frequency (Hz)

If the number of modes is selected according to these tables, the calculation should
be acceptable up to a maximum frequency of 5000Hz. For example, for a calculation
of a mass-spring vehicle model on a 75m Euler beam (UIC60), 240 modes are enough
for 5000Hz.

For a vehicle with the distance between front and rear wheels of 10.25m, and
UIC60 rail, it needs 116m length model and 660 modes for 5000Hz.

11



6 Vibration of wheel/rail system under
excitation

6.1 The vibration of impulse excitation

In order to analyse the difference between the Euler beam
and the Timoshenko beam (UIC60), an impulse force is applied
to the track system, When an impulse force is applied, the
duration of the force is important to excite high frequency.

When the duration equals Az, at least % p Hz can be identified

i clearly. So for a cut off frequency of S000Hz a force with a
Af ¢ duration Af = 0.0002s is applied. The force F' =100kN is
applied.

The time domain rail displacement results are shown in Fig,
6.2. When the results are treated with the FFT method, which
converts time domain results into the frequency domain, the
results are as shown in Fig, 6.3

Fig. 6.1 Impulse
force.

1E-5 o
E — Timoshenko beam z
= .- Euler beam =
@ E 1E-6+
g 2
T ©
o 5 \
B 2 LA
= @ 1E-7 o F
& — & 3 Euler beam k
// \ 1 Timoshenko beam
S T ————r———————
Q.00 0.01 0,02 0.03 0.04 100 1000
Time(s}) Frequency(Hz)
Fig. 6.2 Time domain rail displacement under Fig. 6.3 Frequency domain rail
impulse force. displacement under impulse force.

From Fig. 6.2, it can be seen that, under impulse force excitation, the Euler beam
and the Timoshenko beam have similar responses. At the first peak at about 0.5ms for
Euler beam (0.6ms for Timoshenko beam), a notable difference can be seen in which
the Timoshenko beam has about 10% greater displacement than the Fuler beam. In
term of the frequency responses, (see Fig. 6.3), below 900Hz the Euler beam is a little
stiffer than the Timoshenko beam which can be seen from the smaller displacements
under same force excitation. Around 150Hz there is a resonance for both beams. A
notable difference can be seen above 900Hz. In this range the Timoshenko beam has
two anti-resonances, while the Euler model has only one unclear anti-resonance at
around 1500Hz. The Euler beam has only one anti-resonance as it is stiffer, and the
second anti-resonance is out of the frequency range considered. So the Euler beam
model will cause greater errors in high frequency vibration.
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6.2 Wheel flat excitation

Based on the simply supported beam theory, the maximum frequency of the model
is determined for a designated length. For the Timoshenko beam 660 modes are used
for a maximum frequency S000Hz. But with a track foundation it is no longer simply
supported, and for particular excitation, it is found unnecessary to follow that rule. For
wheel flat excitation, a series of calculations have been done in which the number of
modes are reduced gradually. Tt is found that there is no obvious difference between
the results of 660 modes and 430 modes. Fig. 6.4 is the time domain wheel/rail
contact force for a speed of 30km/h for modes 660 and 430, and Fig. 6.5 is the contact
force result in the frequency domain. From the time domain result it is difficult to
distinguish any difference between the results of 660 modes and 430 modes. In the
frequency domain result in Fig. 6.5, there is no obvious difference, except above
3000Hz where there is a small difference in amplitude between the results of 660
modes and 430 modes. So afterward in calculations for the Timoshenko beam, instead
660 modes, 430 modes have been used in the calculation. For the Euler beam 280
modes have been selected.

1 Wheel flat =82mm  displacement excitation
100 ==

1 Wheel flat=82mm

350 - Disptacement excitation

\\\f v=30km/h
’\\.

) T r\vf\/’\\ﬂ_\ j

f — 430 modes

100 ] i
] =30km/h : - 660 modes "
50-. vESTm 13 W i
04 S— 3

-50
0.000

300;
1| —— 430 modes
20 {1 ----- 660 modes /

2004

150

modulus(mm}
5
I

Wheellrail contact force (kN)

T T
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Frequency(Hz)
Fig. 6.5 The effect of modes number on
contact force in frequency domain.

0.[;05 D.E;‘!O
Time(s)
Fig. 6.4 The effect of modes number on

contact force in time domain.

6.2.1 Wheel flat excitation (displacement excitation)
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Fig. 6.6 Wheel/rail force under wheel flat
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Fig. 6.7 Wheel/rail force under

T
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Fig. 6.6 and Iig. 6.7 show the wheel/rail dynamic force under a displacement
excitation with a vehicle speed of 30km/h and 80km/h respectively. Each shows the
results of both Euler and Timoshenko beam models. For Euler and Timoshenko
beams the force time histories are very similar except that the result of the Euler beam
model has slightly larger force than the Timoshenko beam at the highest peak. When
the vehicle speed is 30km/h, the largest difference in wheel/rail contact force is about
1/6 of the result from the Timoshenko model. The Euler beam is stiffer than the
Timoshenko beam, so the force for the Euler beam is higher.

6.2.1.1 The relation of wheel/rail contact force and vehicle velocity

Calculations have been performed for the wheel flat for vehicle speeds of 30, 50,
70, 80, 90km/h. The dynamic force between wheel and rail is shown in Figs 6.8 and
6.9. From Figs 6.8 and 6.9, the effect of vehicle speed on wheel/rail contact force can
be seen, in this speed range. It is can be seen that the maximum wheel/rail force
increases as the vehicle speed increases.

600 — 500 5 I
500 a00d b —— 30kmih
z T ——— 30kmi/h Z I oo 50K
FRRk I - 50km/h 7 B m
8 1B 8 3004 70km/h
g 300 - : E 41 EYWw |7 80km/h
§ 4 @ 200 < 80km/h
T 200 3 i
£ ] 2
3 100 4 g 100
o B o
T T T T T T T T T T v T T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 C.00 0.01 Q.02 0.03 0.04 0.05
Time(s) time{s)
Fig. 6.8 Wheel/rail force Fig. 6.9 Wheel/rail force produced by
produced by the Euler beam the Timoshenko beam model.
model.

6.2.1.2 The effect of vehicle speed on maximum dynamic wheel/rail contact force

The relation between the peak F)
wheel/rail contact force and vehicle g 507 R S
velocity has been drawn in Fig. 6.10. £5°7 o —
The wheel/rail maximum contact force § 50 K r,,-/"_
increases as the vehicle speed increases, % 57 :
but at higher speeds the increase in 2% \Wheel fiat L=82rmm
dynamic force slows down as the g3 ) Displacement excitation
vehicle speed increases, and it will % 307 ¥ i
increase little when the speed is greater EX T [imoshenko beam
than 160km/h. Comparing the results of g“' e
the two mOde]_S, the maximum contact 0 20 40 60 B0 100 120 140 160 180 200

force of the Euler beam model is Velocity (km/h)

Fig. 6.10 The relation between
wheel/rail force and vehicle speed.
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greater than that of the Timoshenko beam model. This difference becomes larger as
the speed increases. Compared with experimental results, the predicted results are
about 30% greater than those of experim‘ents[5 1 so the Timoshenko beam model is
better than the Euler beam model in wheel/rail dynamic force prediction.

6.2.2 Wheel flat excitation (initial velocity excitation)

As introduced in section 4, wheel flat excitation can be treated as a displacement
excitation or transformed into an equivalent initial velocity excitation. In the previous
section the displacement excitation was used but here the wheel flat is simulated using
an initial velocity excitation.
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3504 Timoshenko 350 Wlhleelﬂat g2mm | 50km/h
1 i e Euller : Initial velocity excitation
.. 300 ;. Speed=70km/h ~ 3008 Tim 70km/h
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Z 2504 |'i Wheel flat 82mm < 250 SOkm/h
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Time(s) Time(s)
Fig. 6.11 Wheel/rail force (initial Fig. 6.12 The relation of wheel/rail force
velocity excitation). and speed (initial velocity excitation).
4.0
.’Q "?Q ) 3.5 -
& #o. Wheel flat L=82mm 5
4 354 NG 2 .
‘E Initial velocity excitation ‘E 304 Wheel flat=82mm
© 7 ! o '_,"
3% 3.0 f _% Speed=50km/h £
8 1 i o 251 e
8 : | o
= 254 =)
g T 291 ---a---Timoshenko beam
[ —s— Timoshenmo 3 ] —o— Euler beam
£ 204 - Euler £
= o] § 1.5+ Wheel flat initial velocity excitation
R T 11 7 "1 71 "1 LI 1 ] T T v T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 20 30 40 50 60 70 8O 9D
Velocity(km/h) Length of wheel flat{mm)
Fig. 6.13 The relation of maximum Fig. 6.14 The relation of maximum
contact force and velocity. contact force and length of wheel flat.

First a wagon travelling at 70km/h is simulated. The wheel/rail contact force is
shown in Fig. 6.11. Compared with displacement excitation, the wheel/rail contact
force is much less for the same speed condition, especially for high train speeds. As is
well known, the displacement excitation model gives an overestimate of the contact
force!™, so the initial velocity model perhaps is better to predict the wheel/rail contact
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force. Another notable difference between the two excitation models is the initial
velocity model has no loss of contact before the force reaches its peak, because an
initial velocity is inputted instead of a wheel geometry change. At first with the initial
velocity model, at low speed a large contact force occurs and after the first peak a loss
of contact happens. The relation of vehicle velocity and peak contact force is shown
in Fig. 6.13, from the figure, it can be seen that as the vehicle speed increases, the
contact force increases and then it decreases when the velocity exceeds about 30km/h.
That is very different to the displacement excitation model in which the contact force
increases as the velocity increases continuously. The comparison of two beam models
shows that the Euler beam produces a greater contact force than the Timoshenko
beam, but the difference is smaller than that found for the displacement excitation
model. With the initial velocity excitation, an effect of wheel flat length on wheel/rail
contact force is shown in Fig. 6.14. From this figure, it is easy to identify that the
maximum wheel/rail contact force is proportional to the length of wheel flat.

6.3 Comparison of two kinds of excitation model

As discussed above the two kinds of excitation model will give a different result.
Here the effect of vehicle speed is shown for the two models in Fig. 6.15. The
difference is particularly noticeable above 30km/h where the force continues to
increase for the displacement excitation model but reduces for the initial velocity
excitation model. So at high speed there will be a great difference in the predicted
maximum contact force with initial velocity or displacement excitation models. For
both excitation models, the Timoshenko beam’s contact force is lower than that of the
Euler beam. In the displacement excitation model the difference in maximum contact
force of the two kinds of beam model is greater than that of initial velocity excitation.

As to the effect of wheel flat length on maximum contact force, the results are given
in Figure 6.16 for a speed of 50km/h. The effect of wheel flat length is clearly seen
from this figure, that contact force of wheel and rail is increased when the flat length
increases, but for the displacement excitation model, the force increases more rapidly
than for the initial velocity excitation model, especially at low wheel flat length.
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Fig. 6.15 Velocity effect on contact Fig. 6.16 Wheel flat length effect on

force of two kinds of wheel flat contact force of two kinds of wheel

excitation model. flat excitation model.
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7 Mass-spring system model

7.1 Choosing number of modes for mass-spring system

Some papersm use a mass-spring system to represent the coach to simplify the
calculation. Here the results of the mass-spring model and the vehicle model are
compared.

The mass-spring model is described in section 3. One mass represents the wheelset,
a spring represents high frequency modal behaviour, and a small mass is introduced
for numerical convergence. The model is shown in Fig. 3.2.

In the calculations the parameters are selected as below: the upper mass is 600kg,
the stiffness of the spring is 5x 10°N/m, damping value is 1.95x 10°Ns/m, and the
small mass is 3.0kg.

First the number of modes to be used should be determined. From equation (5-2),
for a maximum frequency of 5000Hz and model length 75m, 480 modes are needed.
A series of calculations have been carried each with fewer modes. Wheel flat
displacement excitation is used in the calculation because it is difficult to add the
velocity excitation model in the upper mass. The result of the contact force is shown
in Fig. 7.1 and Fig. 7.2 for train speeds 30km/h and 80km/h.

Timoshenko beam Timoshenko beam
The effect of mode number f mod b
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= i
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i T U 220 = R
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] 8 v |—-180
£ 1004 4 £ ‘\ -------- 220
= = 200
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Time(s) Time(s)
Fig. 7.1 Contact force under wheel flat excitation with different modes at
velocity 30km/h.
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Fig. 7.2 Contact force under wheel flat excitation with different modes at

speed 80km/h.
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It can be seen from Figs 7.1 and 7.2, for a higher number of modes, for example
400 modes, the calculation will not converge after about 0.0175s, but for fewer
modes, there are no such problems. In the series of calculations of different number of

modes in the model, there is no obvious difference between the result of 280 modes

and 420 modes. So 280 modes are selected for subsequent calculations.

7.2 The effect of velocity on contact force (Euler beam)

Fig. 7.3 shows the wheel/rail contact force when the mass model with a wheel flat

passes over the Euler beam rail model with different speeds. Fig. 7.4 shows the

relation between the maximum contact force and the train speed. The maximum

contact force is smaller and the decay of the wheel/rail force is slower at low speed

than at high speed. The maximum contact force increases as the speed increases, but

for high speed the increase will slow down.
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When the mass model with a wheel flat passes over the rail, the length of wheel flat
may affect the amplitude of the force. Here the wheel/rail force caused by different
length of wheel flat is shown in Fig. 7.5. Fig. 7.6 shows the relation of maximum
contact force and wheel flat length for speed at 30km/h and 80km/h.

It is clear that the larger the wheel flat length, the higher the wheel/rail contact
force. The contact force increases linearly as the length of wheel flat increases at high
speed, but for low speed its increase slows down when wheel flat is large.

7.4 The effect of velocity on wheel/rail force (Timoshenko
beam)

In this section the Euler beam is replaced by the Timoshenko beam. The wheel/rail
force caused by the mass model with a wheet flat passing over the rail is shown in
Fig. 7.7.

In Fig. 7.7, at first, the loss of contact happens like that in the vehicle model, and
after that loss of contact, the contact force increases and reaches the peak in a very
short time. For high speed, two big peaks appear obviously, but for low vehicle speed
the contact force has more peaks because the vibration needs a longer time to decay to
a stable value. The maximum contact force with increasing vehicle speed has been
drawn in Fig. 7.8. The curve of Fig. 7.8 is very similar to that of the vehicle model in
Fig. 6.10.

Displacement excitation

Timoshenko beam  Wheel flat =82 Displacement excitation
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Fig. 7.7 Wheel rail contact force with Fig. 7.8 The relation of wheel rail
wheel flat displacement excitation maximum contact force with vehicle speed
under different vehicle velocity. under wheel flat displacement excitation.

7.5 The effect of wheel flat length on wheel/rail force
(Timoshenko beam)

Figure 7.9 shows the effect of wheel flat length on wheel/rail contact force. rom
this figure, it is clear that the longer the wheel flat, the greater the contact force and
loss of contact, and more time is required to return to a stable state. From Figure 7.10,
it can be seen that the maximum contact force increases as the wheel flat length
increases, and the relation is a straight line.
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7.6 The comparison of Timoshenko beam and Euler beam

Comparisons between the maximum contact force obtained using the Timoshenko
beam and Euler beam models are shown in Figs 7.11 and 7.12. Fig. 7.11 shows the
contact force for different train speeds under wheel flat displacement excitation. It is
very clear that the Euler beam mode! predicts a higher peak force than the
Timoshenko beam model at the same train speed. The difference of the contact force
between the two kinds of beam increases as the speed increases, from the 7.5% at
30km/h to 14.7% at speed of 90km/h. This is very similar to the vehicle model
(Figure 6.15).

: ~5.0 400
5204 —m=—Timoshenko beam . |
s00-jL—* Euler beam J . 8 & 350 Displacement excitation
480 ] ] £ g 1 _
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340 +— T T 100'|-|'|'J'|‘|“1'0
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Fig. 7.11 The effect of speed on contact  Fig. 7.12 The effect of flat length on
force for two kinds of beam. contact force for two kinds of beam.

Fig. 7.12 shows the effect of wheel flat length on maximum contact force. It shows
that at low speed (30km/h), for the middle length of wheel flat there is little difference
between the Timoshenko beam and Euler beam models. However for the wheel flat
length more than about 60mm, or less than 30mm, the contact force will have obvious
differences.

For short wheel flat length, the Timoshenko beam model gives a higher force, but
for a larger flat, the Euler beam model will predict a higher contact force than the
Timoshenko beam model.
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7.7 Comparison of vehicle and mass-spring model (Euler
beam)

Figures 7.13 to 7.16 compare the results of displacements and contact forces of
wheel and rail between the vehicle and mass models. The calculation condition is the
Euler beam model with a speed of 30km/h and 80km/h under the wheel flat
displacement excitation. From the displacement in Figures 7.13 and 7.15, it can be
seen that for low train speed (Fig. 7.13) the wheel and rail displacement is slightly
different for mass and vehicle model, the wheel in the mass model falls faster and
deeper than that of the vehicle model, because there is no restriction for the wheel in
the mass model, while for the wheel in the vehicle model the secondary suspension
restricts the vibration of the wheel. But for high speed there are no distinct differences
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of displacement between mass and vehicle model, because there is not enough time
for the wheel to fall. For the contact force, a similar conclusion can be reached, that
there is little difference in contact force at high speed. That means that for high speed
most of the component of vibration is at high frequency, so the mass model can be
used to replace the vehicle model for high speed.

7.8 Comparison of contact force of vehicle and mass-spring
model (Timoshenko beam)

The contact forces obtained using the vehicle and mass-spring models under wheel
flat displacement excitation are shown in Figs 7.17 and 7.18 for the Timoshenko
beam model.

For the aim of predicting the maximum contact force of wheel and rail, the mass—
spring model gives almost the same result as the vehicle model under this particular
condition. For the prediction of the vibration period, the mass-spring model gives a
shorter period, because of the effect of bogie and body mass and the suspension. The
vibration attenuation for mass model will be faster than that for the vehicle model,
especially at the condition of low vehicle speed.
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7.9 Comparison of the effect of wheel flat length for car
model and mass spring model

The relation between length of wheel flat and maximum wheel/rail contact force is
shown in Figures 7.20 and 7.21 for the two vehicle models. From these figures it can
be seen that the mass-spring model gives similar results to the vehicle model for short
wheel flat excitation, but for longer wheel flats, it will give an error compared with
the vehicle model, because the longer flat will cause lower frequency vibration while
the mass model does not correctly represent the low frequency component. For the
Timoshenko beam the difference is bigger between the mass and vehicle models with
a longer flat than for the Euler beam model.
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8 Noise caused by rail vertical vibration

8.1 Model for noise radiation

The aim of calculating the vibration is to predict the noise caused by the vibration.
Although the lateral vibration is of the same importance as the vertical vibration for
noise radiation, here only the vertical vibration of the track system is considered.

For the whole rail, the vibration velocity at many points on the rail is output in order
to calculate the noise. As discussed in section 2, the vibration of the rail in the vertical
direction can be expressed as a series of sine functions. To represent each sine
function, at least 5 points are selected per wavelength. If NM track modes are selected
in calculating the vehicle-track system vibration, the vibration at least 2¥*NM-1 points
should be output for predicting the noise.

For each output point, after the vibration velocity is output, the velocity spectrum is
calculated with the FFT method. An integration of this spectrum for each 1/3-octave
band is calculated to get the mean square vibration velocity corresponding to each 1/3
octave band. The data processing procedures are:

From the vehicle/track system simulation, a rail vertical vibration velocity v, () is

output. Here / is the number of the output point, i = 1 ~2*NM+1.
For output point #, the velocity v,(f) can be expressed as a discrete time series v, ,

i and j corresponding to the output point and time step respectively.

For a discrete time series v, , its DFT is ¥, , given by

U’S

N-1
Ve =g 2 e " k=0~ (V-1 (D)
N3
Here N is the total number of time steps.
Then the velocity spectra can be calculated by forming the products (for point /)

S = ViV (8-2)
where ¥, is the complex conjugate of ¥,
For the mean square velocity in a frequency band
Vi =2T [ S,.df (8-3)

Here B is the integration range, for a 1/3-octave frequency band mean square, B is
the 1/3 octave band, 7' is the length of the time series.
For each output point, the sound power can be calculated using the mean square
vibration velocity being gained by this formula:

W = p,c,Sove, (8-4)
Here p, is the equilibrium density of air, ¢, is the speed of sound in air, S is total

radiating surface area, and ¢ is the radiation ratio.
For each output point i, the sound power is calculated using equation (8-4), where
S relates to that output point, and for the whole rail, the sound power is obtained by

accumulation of the power from all output points.
2% NM +1

14 W, (8-5)

rotal = i
i=1
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Here the UIC60 rail is taken as an example. For UIC60 rail the vertical radiation
section area per unit length is 0.4m”. And the length between the adjacent output

points is

AL=L/(2* NM)
Here I is the model length of the rail. NM is the number of the modes.
So the radiation area in equation (8-4) becomes

S=04*%AL
It is convenient to express the sound power in dB, that is:
IWy)

P =10log(W,

otal

Here W, =1.x 107 (W)

—— Vertical

B R Horizontal

40

10l0g, (radiation efficency),dB re 1
8
i

o 1000
Frequency(Hz)

Figure 8.1 Radiation efficiency of

railway rail.

(8-6)

(8-7)

(8-8)

In equation (8-4) the radiation ratio
o is very important to determine the
sound power, here the radiation ratio
drawn in Figure 8.1 is used™®,

When the noise is predicted, two
kinds of vehicle mode! are used, one
is a wagon, and other is a mass
model. For the track, also two kinds
of model are used, Euler beam and
Timoshenko beam. The details of the
model are described in section 2, 3.
The parameters of vehicle and track
are listed in the Appendix.

8.2 Wheel flat initial velocity excitation

8.2.1 Sound power predicted by wagon/Euler beam model: the

effect of train speed
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Figure 8.2 'Train speed effect on
sound power.
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This section considers the noise from the rail for an Euler beam model with a wheel
flat initial velocity excitation using the wagon model.

Figure 8.2 shows the sound power spectrum for different vehicle speeds under
wheel {lat excitation (initial velocity excitation). Figure 8.3 is the relation of total A-
weighted power with the train speed.

From Figure 8.2, it can be seen, that the maximum sound power occurs at about
1600Hz for each train speed. Hence the train speed does not affect the frequency
where the maximum sound power occurs. The relation of the total A-weighted sound
power with train speed is shown in Fig. 8.3. The speed of maximum total A-weighted
sound power occurs at 30km/h (corresponding to the maximum wheel/rail contact
force). For train speeds from 30km/h to 120km/h the sound power decreases as the
train speed increases over the whole frequency range, but for 80Hz-1600Hz, the
change is more noticeable.

8.2.2 Sound power predicted by wagon/Euler beam model: the
effect of wheel flat length

Figure 8.4 shows the sound power radiated by a rail for different lengths of wheel
flat at speed 30km/h. Figure 8.5 is the relation between the total A-weighted sound
power and the length of wheel flat.
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Fig. 8.4 The effect of wheel flat Fig. 8.5 The relation between total
length on sound power. A-weighted sound power and wheel
flat length.

It is clear that the length of the wheel flat has a certain effect on the rail noise from
Fig. 8.4. All frequency components of sound power increase as the length of wheel
flat increases. But for 100Hz to 1600Hz, the effect of wheel flat length is larger than
in other parts of the frequency range. The sound power level increases by about 6dB
for a doubling of wheel flat length. In Fig. 8.5, it can be seen the total A-weighted
sound power is not a straight line, the slope of the line reduces gradually as the wheel
flat length increases.

Figures 8.6 and 8.7 show the effect of length of wheel flat on sound power radiated
and the relation between the total A-weighted sound power and the length of wheel
flat, for a train speed of 80km/h.
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From the comparison of sound power at train speeds 30km/h and 80km/h, the effect
of the wheel flat length on the sound power is almost the same, except for 80km/h the
sound power is smaller due to the effect of train speed seen in section 8.2.1.
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8.2.3 Sound power predicted by wagon/Timoshenko beam model:
the effect of train speed

Figs 8.8 and 8.9 present the Timoshenko beam prediction results, for the same
calculation conditions as in section 8.2.1, except the rail is represented by a
Timoshenko beam instead an Euler beam.
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Fig. 8.8 The effect of train Fig. 8.9 Train speed effects on
speed on sound power. total A-weighted sound power.

The predicted sound power is different using the model of the Timoshenko beam
from the Euler beam. The obvious difference is the frequency at which the maximum
sound power occurs; for the Timoshenko beam it is about 1000Hz, but for the Euler
beam it is 1600Hz. The main reason for the difference in frequency of maximum
sound power is the Timoshenko beam is softer than the Euler beam. Moreover the
Timoshenko beam model gives a greater sound power result than the Euler beam
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model, for example, at 30km/h, the total A-weighted sound power is 118.2dB for the
Timoshenko beam, while for the Euler beam it is 117.2dB. In the speed range from
30km/h to 120km/h, the total A-weighted sound power is about 1dB different between
the Euler beam and the Timoshenko beam models.

For initial velocity excitation, the train speed does not affect the shape of the noise

spectrum,

8.2.4 Sound power predicted by wagon/Timoshenko beam model:

the effect of wheel flat length

Figs 8.10 to 8.13 show the sound power predicted by the Timoshenko beam, at train
speeds 30km/h and 80km/h respectively. The calculation condition is same as section
8.2.2 except the rail taken as a Timoshenko beam.
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From Figs 8.10 and 8.12, it is clear that the length of wheel flat will not change the
frequency at which the maximum sound power occurs. For lengths in the range of
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from 20 to 100mm, the maximum sound power happens at about 1000Hz. This shows
again that the Timoshenko beam and the Euler beam have their maximum sound
power at different frequencies.

At either 30km/h or 80km/h, the sound power will increase as the length of the
wheel flat increases, and the ratio of increase is almost the same at the different
speeds. The sound power level increases by about 6dB per doubling of the length.

8.3 Wheel flat displacement excitation

8.3.1 Sound power predicted by wagon/Euler beam model: the
effect of train speed

Displacement excitation
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Fig. 8.14 The effect of train Figure 8.15 Train speed effects on
speed on sound power. the total A-weighted sound power.

Fig. 8.14 shows the predicted sound power using the Euler beam model and
displacement excitation under different train speeds. Fig. 8.15 gives the relation
between the total A-weighted sound power and speed. Comparing Fig. 8.14 and Fig.
8.2, it is easy to find that the frequency component of noise changes with speed for
the displacement excitation model at low frequency, while in the initial velocity
model, it does not change. As the speed increases, the low frequency component
(especially below 200Hz) decreases. Above 200Hz, the sound power increases as the
speed increases. The frequency of maximum sound power occurs again at 1600Hz
that is the same as for the Euler beam model for initial velocity excitation. From Fig.
8.15, it can be seen that total A-weighted noise increases as the velocity increases.
This is not the same as the results calculated by initial velocity excitation model
shown in Fig. 8.3. '

As to the frequency components, as the train speed increases the amount of low
frequency component decreases. This is more reasonable than the initial velocity
excitation model result in which the frequency components do not change as the
speed changes.
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8.3.2 Sound power predicted by wagon/ Euler beam model: the
effect of wheel flat length

Fig. 8.16 shows the predicted sound power under the displacement excitation for
wheel flats of different length at speed 30km/h. Fig. 8.18 is the same as Fig. 8.16
except it is for a train speed of 80km/h. Figs 8.17 and 8.19 give the effect of wheel
flat length on total A-weighted sound power.

In Fig. 8.16, it can be seen, at low speed, that the noise increases when the length of
wheel flat becomes larger. It is more obvious for low frequency, such as 50-200Hz,
where about 35dB more noise will be produced when the length of wheel flat
increases from 20mm to 100mm. However for the overall noise in Fig. 8.17 the
change is not so much: it changes only by 13.9dB.
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Fig. 8.18 The effect of wheel flat Fig. 8.19 The relation of the total A-
length on sound power. weighted sound power and wheel flat
length.

At 80km/h, the noise at low frequency again increases much more than at high
frequency as the length of wheel flat increases. For 80km/h, the range of rapid
increase becomes 50-300Hz. That means the noise will enhance over a broader
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frequency range. The noise in this region increases about 33dB as the length of the
wheel flat increases from 20mm to 100mm.

8.3.3 Sound power predicted by wagon/Timoshenko beam model:
the effect of train speed

Figs 8.20 and 8.21 give the noise predicted by the Timoshenko beam model under
wheel flat displacement excitation.

From Fig. 8.20, it can be seen that the effect of train speed on noise is very similar
to the result predicted using the Euler beam (Fig. 8.14), the low frequency component
noise decreases and the high frequency component noise increases when train speed
increases.

Compared with the Euler beam model, the noise predicted by the Timoshenko beam
has a peak at about 3000Hz that does not appear in the Euler beam model. The total
A-weighted sound power is 0.4dB to 1dB more than the results predicted by the Euler
beam in the velocity range of 30km/h to 120km/h.
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Fig. 8.20 The effect of train speed Fig. 8.21 The effect of train speed
on noise. on total A-weighted sound power.

8.3.4 Sound power predicted by wagon/Timoshenko beam model:
the effect of wheel flat length

Figs 8.22 and 8.23 give the noise predicted by the Timoshenko beam model with
different wheel flat lengths at speed 30km/h. Figs 8.24 and 8.25 give the
corresponding results for a train speed of 8Ckm/h.

The results are very similar to the Euler beam results. As the length of the wheel flat
becomes large the sound power will increase, and it increases rapidly at low
frequency. The obvious differences between the two beam models are the frequency
at which the maximum noise happens (Timoshenko beam 1000Hz, Euler beam
1600Hz) and the noise peak found for the Timoshenko beam model at around 3000Hz
while the Euler beam model has no such peak.

At the speed of 30km/h when the wheel flat length is shorter, for example 20mm,
the noise predicted by the Timoshenko beam is about 3dB more than that predicted by
the Euler beam, but for a longer wheel flat, there is very little difference in sound
power between the two beam models.
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At 80km/h the effect of wheel flat length on noise reduces compared to the results
at 30km/h, especially for the low frequency component of noise. That is similar with
the result of the Euler beam model (see in section 8.3.2).
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8.4 Mass model

8.4.1 Sound power predicted by Mass/Euler beam model; the
effect of train speed

After the vehicle is replaced with the mass model, the result of noise for the Euler
beam under wheel flat displacement excitation is calculated, and shown in Figs 8.26
and 8.27.

When the vehicle is replaced with the mass model, the radiated noise from the rail
has no visible change except the noise has a higher level at frequency above 3000Hz.
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The effect of speed on noise at low frequency and high frequency, and the change in
noise between 30km/h and 120km/h, are very similar to the results already seen for
the vehicle model. For the total A-weighted sound power, the results predicted by the
mass model are lower by 0.4dB to 1.3dB than that for the vehicle model. The total A-
weighted sound power difference is higher at high speed than that at low speed.
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Fig. 8.26 The effect of train speed on
noise with 82mm wheel flat

8.4.2 Sound power predicted by Mass/Euler beam model: the
effect of wheel flat length

Figs 8.28 to 8.31 show the results for the mass model passing over the Euler beam
rail model under the wheel flat excitation at 30km/h and 80km/h respectively.
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The predicted noise is very similar to the vehicle model results seen in section 8.3.2.
As the length of the wheel flat increases, the noise will increase, and for low
frequency, (below 200Hz for 30km/h and 300Hz for 80km/h), there is a greater
change as the length increases than at high frequency. At 30km/h, the noise at low
frequency changes more than that at 80km/h. When the length changes from 20mm fo
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100mm, the total A-weighted sound power changes by 15.6dB, compared with the
vehicle model where that value is 13.9dB at the same speed (30km/h).
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8.4.3 Sound power predicted by Mass/Timoshenko beam model:
the effect of train speed

Figs 8.32 and 8.33 show the effect of train speed on noise for the mass on the
Timoshenko beam model. The excitation is a 82mm length wheel flat (displacement
excitation).

Comparing Fig. 8.32 and Fig. 8.20, it is easy to see that the effect of speed on noise
for the wagon model and the mass model are very similar except above 4000Hz where
the noise is higher than the result predicted by the wagon model. The mass model can
therefore be used to predict noise from the rail instead the vehicle model for
frequencies below 4000Hz.

For the total A-weighted sound power, it is lower for the mass model than the
vehicle model. The difference increases as the speed increases, it is about 0.8dB when
speed is at 120km/h.,
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8.4.4 Sound power predicted by Mass/ Timoshenko beam model:
the effect of wheel fiat length

Figs 8.34 to 8.37 show the effect of wheel flat length on the noise predicted by the
mass/Timoshenko beam model under wheel flat displacement excitation at speeds of
30km/h and 80km/h. These results may be compared with Figs 8.22 to 8.25, the
results predicted by vehicle/Timoshenko beam with the same kinds of excitation. The
vehicle model (either wagon or mass) does not affect the frequency component of
noise. There is also no effect on the trend of noise with increasing length of wheel
flat. For the total A-weighted sound power, mass model gives less sound power than
vehicle model. The difference of total A-weighted between the mass and vehicle
model is reduces as the length of wheel flat increases. When the length of wheel flat is
20mm, the difference is 1.8dB, while the difference reduces to 0.4dB when the length
of wheel flat is 100mm.
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8.5 Comparison of wheel flat initial velocity and
displacement excitation

Figs 8.38 and 8.39 show the noise predicted by the Euler beam model under wheel
flat excitation at train speed 30km/h and 80km/h. One model takes the wheel flat as a
displacement input and the other transfers the wheel flat into an initial velocity.

Generally speaking, displacement excitation model gives a higher noise in the
frequency range from 100Hz to 2500Hz, this frequency range will move toward high
frequency as the train speed increase. Beyond this frequency range the initial velocity
model give a higher noise level. The frequency at which the maximum noise occurs
does not change; that is decided by the beam model.
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Fig. 8.38 The comparison of noise Fig. 8.39 The comparison of noise
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models at speed 30km/h. models at speed 80km/h.

8.6 Comparison of Euler beam and Timoshenko beam

Figs 8.40 and 8.41 compare the noise predicted by the Euler beam and the
Timoshenko beam under wheel flat displacement excitation at train speeds 30km/h
and 80km/h.
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Fig. 8.40 Noise power comparison of Euler Fig. 8.41 Noise POWCT comparison of
beam and Timoshenko beam under wheel flat Euler beam and Timoshenko beam under
excitation at train speed 30km/h. wheel flat excitation at train speed 80km/h.
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There is little difference between the noise predicted by the Euler beam and the
Timoshenko beam below 800Hz. But for frequencies above 800Hz, there are some
noticeable differences. One is the frequency which maximum noise happens. The
second is that the Timoshenko beam model has a noise peak at 3000Hz, which does
not appear in the Euler model. These two phenomena are consistent with the vibration
characteristics, which are discussed in the previous chapters.

8.7 Comparison of wagon and mass model

Figs 8.42 and 8.43 compare the results for the wagon and mass models of the
vehicle. They give the noise predicted by the Timoshenko beam and the Euler beam
under wheel flat displacement excitation at a train speed of 80km/h.

From Fig. 8.42 and Fig. 8.43, it can be seen that the choice of vehicle model has
little effect on the noise produced by rail vertical vibration.

Displacement excitation
1 Timoshenko beam 1 Wheel flat=82mm

£ "7 speed =gokmih A £ 207 speed=80kmh -
b 1 -/{‘f N - h s e \.
& 110 Pl e . & 110+ ST T
o P & o F
o 1004 o o 1004 j EN
] /| —u— Mass modet ‘. @ Ve .
o ] . .

5 Va -2 Wagon model b 5 /-4 \VO
= 804 n . 2 904 J+: .
g | X \ g | &
= W Displacement excitation el h= g/' —-a—Wagon model \
S s0{ / S 804 —&-- Mass model .
2 ’ Wheel flat=82mm =] /
3 1% w “

od———r—————— 70—y

100 1000 100 1000
Frequency (Hz) Frequency (Hz}

Fig. 8.42 The comparison of noise Fig. 8.43 The comparison of noise

power produced by wagon and mass power produced by wagon and

model (Timoshenko beam). mass model (Euler beam).

For the Timoshenko beam model, the noise difference between the mass and wagon
model occurs in the range 1000Hz to 2500Hz. The noise produced by the wagon
model is about 2dB higher than the mass model result. At other frequencies the
difference in noise is less than 1dB. For the Euler beam model, except the difference
described above, at high frequency, above 3200Hz, the mass model gives higher noise
than the wagon model, the difference being 14dB at 5000Hz.

8.8 Dipped rail joint excitation

8.8.1 Sound power predicted by vehicle/ Euler beam model: the
effect of train speed

In this section the noise is predicted for excitation due to a dipped joint. First the
vehicle/Euler beam model is used, and then the Timoshenko beam is used to replace
the Euler beam.
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Fig. 8.44 gives the noise spectra for different train speeds. Fig. 8.45 shows the
effect of train speed on total A-weighted noise. From Fig. 8.44, it can be seen the
effect of speed on noise for the dipped joint rail is similar to the effect of speed on
noise with the initial velocity wheel flat excitation that is shown in Fig. 8.2.

The noise increases as train speed increases for the whole frequency range, and total
A-weighted sound power increases as train speed increases. The effect of speed on
noise by the dipped joint rail is different with the wheel flat excitation, which has a
highest sound power at middle speed (for initial velocity excitation, it is about
30km/h).
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Fig. 8.44 The effect of train speed on Fig. 8.45 The effect of train speed on
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8.8.2 Sound power predicted by vehicle / Timoshenko beam
model: the effect of train speed

When the Euler beam is changed into a Timoshenko beam, the noise predicted is as
shown in Fig. 8.46. It is again very similar to the same model with the initial velocity
wheel flat excitation. The noise in the whole frequency range increases as the speed
increases. The maximum noise occurs at frequency of 1000Hz. The total A-weighted
sound power increases as the train speed increases.
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Fig. 8.46 The effect of train speed on Fig. 8.47 The effect of train speed on
noise power. total A-weighted noise power.
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8.8.3 Sound power predicted by vehicle / Timoshenko beam
model: the effect of dipped angle

The effect of dipped angle on noise is calculated by taking a fixed train speed of
30km/h, and varying the dipped angle. The results are shown in Figs 8.48 and 8.49.
From Fig. 8.48, it is clear that the noise, for all frequencies, increases as the dipped
angle increases. The total A-weighted noise varies 13.1dB when the dipped angle
changes from 0.02 to 0.08 rad. It increases by slightly more than 6dB for a doubling
of angle.
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9 Conclusions

1 With the initial velocity excitation model of the whee! flat the maximum noise level
happens at a train speed of about 30km/h. At that speed the wheel/rail contact force is
also maximum. For the displacement excitation model, however the noise and force
will continue to increase as train speed increases, although more slowly.

2 When the excitation is modelled as an initial velocity, the train speed and the length
of the wheel flat do not affect the shape of the noise spectra; they only change the
amplitude of noise.

3 In the displacement excitation model of the wheel flat, the low frequency
component of noise will reduce as the train speed increases, but at high frequency, the
noise increases as the train speed increases.

4 The frequency of maximum noise is determined by the rail model. For the
Timoshenko beam model, the frequency is 1000Hz, but for the Euler beam model it is
1600Hz. In the Timoshenko beam model with displacement excitation, there is
another noise peak at 3000Hz that does not appear in the Euler beam model.

5 The vehicle model and excitation model do not affect the frequency at which the
noise caused by rail vertical vibration is maximum.

6 The Euler beam model can be used reliably to predict the noise for frequencies up to
800Hz.

7 The mass model of the vehicle can be used to predict the rail noise for frequencies
below 1000Hz. This frequency range enlarges to 500011z if the rail is modelled as a
Timoshenko beam. Even between 1000Hz to 2500Hz, there is only a 2 dB error
compared with the full vehicle model.
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Appendix

A.1 Rail parameters

Rail Cross-Section area | Second moment of | Mass per unit
area length
UIC 60 76.9x107 m’ 30.55x107° m* 60.4 kg/m
A.2 Parameters under the rail
Stiffness (N/m) Damping (Ns/m) l\gcz;s)s Note
Pad Ballast | Bed Ballast Pad Ballast Bed Ballast Sleeper
shear shear
33 4.9 (86 | (7.84 | n=025 n=1.0 (312 1 (80 1162 71
x10° | x107 | x10%) | x10%) | (124%10% | (5.88x 10% | X10%) | x10%)
Note: the data in brackets are used in this calculation.
A.3 Vehicle or mass-spring parameters
Mass of | Mass of Body Frame Seconde.lry Secondz.n'y
Mass of & heelset t of tof | Suspension | suspension
C62a | body (kg) ame | wheesset | momentos | moment oF, stiffness damping
{kg) {kg) inertia(kg.m®) | inertia(kg.m”) (N/m) (N.s/m)
77000 1100 1200 1.26x 10° 760.0 532x10° | 7.0x10°
Mass- | Mass of Mass of Stiffness Damping
spring | upper mass | lower mass | (N/m) (N.s/m)
(kg) (kg)
600.0 3.0 5.0x10° 1.95x10°
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