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Abstract

Severe rail roughness leads to a series of problems in metro systems, particularly the vehicle noise problem. To ensure
a better acoustic environment, rail roughness control is therefore one of the main concerns for the metro operators.
But the existing roughness acceptance criteria are not suitable for metro interior noise control. It is an appropriate
method to determine the rail roughness limit based on interior noise. A rail roughness acceptance criterion based on
metro interior noise is accordingly proposed in this paper. The relationship between rail roughness and interior noise
can be derived with wheel-rail noise as link. With this objective, a combined test and simulation method is adopted. A
validated wheel-rfigil noise prediction model is thus established to determine the relationship between rail roughness
and wheel-rail noise. Moreover, the transfer function of wheel-rail noise to interior noise is developed based on exten-
sive field test. Using this method, the noise sensitivity to roughness wavelength and acceptance criteria at different
speeds and track structures are investigated. Finally, an eclectic rail corrugation acceptance criterion on curved track is

suggested in consideration of practical application.

Keywords: Rail roughness, Acceptance criteria, Wheel-rail noise, Interior noise

1 Introduction

In metro systems, typical problems, such as severe noise
[1, 2], fastener system failure [3], and bogie damage [4],
are mainly caused by the roughness on the rail top sur-
face [5-9]. Firstly, metro lines carry a heavy burden. Sim-
ply put, operation density and load are extremely high,
particularly during rush hours. Secondly, there are more
sharp curves in metro lines where rail corrugation grows
at extremely high rates [10, 11], leading to a more intense
wheel-rail interaction. In order to provide good riding
comfort and travel safety, track maintenance, i.e., rail
grinding, is therefore one of the main concerns of metro
operators. The maintenance strategy mainly depends on
the rail surface condition, which is determined by regu-
lar inspection. Current maintenance standards, however,
vary with different metro operators.
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To ensure a normalised maintenance process, a sci-
entific and practical roughness acceptance criterion is
required. Recently, researchers have focused on defin-
ing the rail surface roughness limits according to differ-
ent concerns. Most of them focus on either operation
safety or wheel-rail rolling fatigue caused by roughness
[12, 13]. For acceptance purposes, the European standard
EN 13231-3: 2012 [14] defined two classes of longitudinal
profile tolerance, limits are set on the magnitude of the
irregularities that can remain in track after a reprofiling
operation. Also, it clearly pointed out that this European
standard does not apply for acoustic rail reprofiling. In
order to improve the wheel-rail contact state and extend
the service life of rails, the responsible department of
CHINA RAILWAY has formulated a series of rail main-
tenance operation instructions wherein the rail rough-
ness limits under different situations have been precisely
stipulated. The passing by noise control is another major
concern. An existing well-known reference for relating
roughness with noise is ISO 3095 [15], which defines rail
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corrugation limits based on the passing by noise of a roll-
ing stock.

To alleviate traffic pressure in cities, a large proportion
of metro lines are laid underground, where metro trains
are confronted with an extreme acoustic environment
because of tunnel reverberation [16]. The interior noise
of metro trains, to which people are more sensitive than
any other indicators, is an important parameter in the
evaluation of global comfort as perceived by passengers
and train crew, particularly for drivers who are exposed
to cacophonous environments over prolonged peri-
ods during working hours. It is therefore reasonable to
develop a rail grinding strategy based on metro interior
noise. The above-mentioned ISO 3095 standard defines
the rail corrugation limits based on the passing by noise
of rolling stock, but for metro system, interior noise is the
main control objective. A scientific and economical strat-
egy based on metro interior noise control is therefore
necessary. In order to define the metro-suited roughness
acceptance criterion, the relationship between rail rough-
ness and interior noise is established in this study, and
the metro interior noise limit is considered as the con-
trol objective. The remainder of this paper is organised
as follows: first, an experimental study of the effect of
rail roughness on the interior noise is presented in Sec-
tion 2.1. Thereafter, the roughness acceptance criterion
estimation method, wheel-rail noise prediction model,
and their validation are introduced in Section 2.2. Then,
the related results under various operation conditions
are presented in Section 3.2 and 3.3. Finally, an eclectic
rail corrugation acceptance criterion on curved track
in consideration of practical application is suggested in
Section 3.4.

2 Methodology

The wheel-rail noise mechanism has been widely known
over the past few decades, particularly after the introduc-
tion of TWINS, which is a prominent prediction model
[17, 18]. Metros in China typically operate at 40-80
km/h, with some lines running at up to 120 km/h. At
these speeds the dominant source of noise from the rail-
way is rolling noise, which is excited by rail roughness.

2.1 Experimental Study: Effect of Rail Roughness
on Interior Noise

To resolve the noise problem of metro lines in the
major cities of China, in recent years, a group tasked by
the authors has been conducting field tests in which the
wheel/rail roughness and sound emission of the train
are measured. Figure 1 shows the roughness measure-
ment process. Rail roughness is measured using corru-
gation analysis trolley (CAT), the position of the sensor
should be adjusted according to the rail condition in
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order to accurately measure the roughness on the con-
tact surface. The noises at the wheel-rail area and inside
the carriage are measured simultaneously, as shown in
Figure 2.

Numerous characteristics of noise and roughness
are obtained through field tests. It should be noted that
several measured metro lines experience severe noise
problems, typical examples are shown in Figure 3. The
upper diagram in Figure 3 shows that the interior noises
in more than 88% of the operation sections in one line
exceed the limit. The lower diagram in Figure 3 provides
a time history of the interior noise when the vehicle runs
in a section. It is found that the instantaneous sound
pressure exceeds 100 dBA. Those variation is attributed
to different degrees of rail roughness along the track.

Figures 4 shows the effect of rail roughness on the
interior noise. Generally speaking, the corresponding
wavelength of the significantly high roughness level var-
ies with the track structure type, this is usually called rail
corrugation, as shown in Figures 4(a). Before rail grind-
ing, there is a severe rail corrugation in the 25-63 mm
wavelength range. After rail grinding, the amplitude of
rail corrugation in this wavelength range significantly
decreases. When the operational speed is approximately
60 km/h, the interior noise spectrum difference caused
by rail corrugation is reflected in the 297-591 Hz fre-
quency range (Figures 4(b)) according to the relationship
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Figure 2 Wheel-rail noise and interior noise measurement
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between running speed, wavelength, and excitation fre-
quency given by the following equation:

v/3.6

f= 771000’ 1)

where fis the excitation frequency; v is the running speed
(km/h); A is the wavelength (mm).

2.2 Research Methodology, Prediction Model,

and Validation
The analysis in Section 2.1 reveals a strong relationship
between interior noise and rail roughness. It is therefore
feasible to define a rail roughness acceptance criterion
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Table 1 Metro vehicle interior noise limits [19]

Location Operation environment Noise
limits
(dBA)
Driver's cab Ground 75
Underground 80
Carriage Ground 75
Underground 83

based on the interior noise. A combined test and simu-
lation method is used in this research to determine the
rail maintenance strategy, as shown in Figure 5. First,
throughout the research process, different levels of rail
roughness are employed as input excitation, and the
wheel-rail noise acts as a part of the link between the
interior noise and rail roughness. A wheel-rail noise pre-
diction model is accordingly established and modified
by test results. The wheel-rail noise could be affected by
several factors, such as running speed and infrastructure,
which will be discussed in the following section. Second,
the car body sound transfer function concept, which
is another important indicator that influences interior
noise, is employed. An average transfer function is there-
fore calculated based on test data. Finally, considering the
interior noise limit value as a boundary condition, the
interior noise is obtained to determine the critical rough-
ness values under different conditions. The metro inte-
rior noise limit value may vary from country to country,
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Figure 7 Validation of interior noise evaluation method

in this study the Chinese metro interior noise limit [19] is
adopted, as summarised in Table 1.

The transfer function of the train is obtained by cal-
culating the difference value between wheel-rail noise
and interior noise in frequency domain. Figure 6 shows
the sound transfer function of a B-type metro vehicle,
which runs in the tunnel. In Figure 6, the grey solid
lines and red dotted line indicate the measured data
in several operation sections and the average transfer
function, respectively. The feature of the function is
relatively stable. To verify the reliability of the transfer
function and illustrate its scope of application, a com-
parison between the calculated and measured inte-
rior noises in the two consecutive sections is shown in
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Figure 7. The black solid line in the upper graph is the
train speed. The lower graph shows that the calculated
and measured results are in good agreement when the
train speed is increased to a certain level. On the con-
trary, when the speed is lower or the train is motion-
less, there is a considerable difference between the two
results. This is because wheel-rail noise is insignificant
when the speed is low, and the interior noise is mainly
affected by the auxiliary equipment, e.g., air condition-
ing and car radio. As a result, the measured values are
considerably higher than those calculated based only on
wheel-rail noise. It can be concluded that the interior
noise calculation method is reliable when the wheel-rail
noise is the dominant sound source. With this premise,
an accurate wheel-rail noise prediction model is the
most important aspect that should be established.

The wheel-rail interaction deforms the contact area.
The roughness with wavelength shorter than the size of
the wheel-rail contact area does not have any excitation
effect on the wheel-rail system, this is called contact filter.
A filter function, adopted from Ref. [20], is expressed by

\HU)|* =

arctan o )
[J1 (kb sec x)]“dx, 2
o7 ) (kb sec) @
where k is the wavenumber of the roughness; b denotes
the equivalent radius of the contact zone; J; is the 1st
Bessel function; @ denotes the correlation coefficient of
roughness on the interaction surface.
The roughness after contact filtering is an effective
combined roughness, which is the real excitation source
[20]:

Ly_totas = 101g (IOLwheel/ 10 4 10t it/ “’) +10lg|H(K)|*,

(3)
where L, .., and L, , ., denote the wheel and rail rough-
ness (dB), respectiveiy.

The contact force on the wheel-rail interaction surface
is expressed as Eq. (4) [20].

r
Fe= aw +ar +oc’ @)
where r denotes the combined roughness (m); ay and ag
are the vertical receptance of wheel and rail, respectively;
ac denotes the contact receptance of the wheel-rail con-
tact area. Detailed information can be found in Ref. [7].
The wheel-rail contact force acts as an input excitation to
calculate the wheel-rail response. Finally, the wheel-rail
noise is calculated with the boundary integral equation

[21]:
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— — ) 9G(R)
p(x,yrz) =_/(P(x }y)Z)T
S n

+ipwGR)v,(x',y,2))dS

. (5)

where p(x,,z) denotes the amplitude of the sound pres-
sure; v, (&', 9/, Z/) is the normal velocity of the vibration
surface; G(R) is Green function. The equation is solved by
the three-dimensional (3D) boundary element method.

In order to translate the wheel-rail interaction into
noise radiation, the natural characteristics of wheel/rail,
i.e., receptance, and contact receptance must be obtained
first. An ordinary metro wheel and common slab track
vibration prediction model is firstly established based on
the finite element method (FEM), as shown in Figure 8(a).
The wheel, rail, and slab are discretised by solid elements,
and the fastener system is simulated by spring-damper
elements. To verify the reliability of the model, hammer
tests are performed to measure the dynamic characteris-
tics of the slab track and wheel, as shown in Figure 8(b)
and (c), respectively. In the wheel test, an ordinary metro
wheel is hung freely by an elastic rope to simulate a free-
free boundary condition. Meanwhile, the accelerometers
are mounted at the tread, rim, and web. The wheel is
thereafter excited with a force sensor-mounted ham-
mer. The track test is conducted on a metro line with the
sensors mounted on the rail head, and a hammer with a
force sensor is employed to excite the rail. Figure 8(d) and
(e) show the comparison results between the simulated
and measured receptance. It is found that the results well
match in most of the inherent frequencies, indicating
that the prediction model could be regarded as reliable
for reflecting the wheel-rail dynamic feature.

3 Roughness Acceptance Criteria

The necessity and feasibility of defining the rough-
ness acceptance criterion based on interior noise have
been discussed in the first two sections. In this section,
detailed roughness acceptance criteria under different
operational conditions are discussed, so that we can have
an insight into the influencing factors on roughness limit.
Also, in consideration of practical application, an eclec-
tic rail corrugation acceptance criterion is suggested. It is
anticipated that the corresponding results may provide a
reference for metro rail maintenance.

The effective combined roughness is the real excita-
tion source for the wheel-rail system. This means that
when the wheel-rail noise or combined roughness is
fixed, the wheel and rail roughness are a couple of inter-
limitation parameters, as shown in Figure 9. If the rail
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roughness acceptance criterion is defined based on a
rough wheel, then the rail roughness limit will be strict.
On the contrary, it will be extremely relaxed when the
wheel is smooth. Considering that the wheel roughness
spectra measured in many metro lines are similar to the
A-class wheel roughness spectrum in Ref. [22], so, when
rail roughness acceptance criteria is discussed, the wheel
roughness is fixed in A-class spectrum to eliminate its
influence. As a reference for rail roughness, ISO 3095
is widely used and it is at a modest level. The reference
roughness spectrum is shown in Figure 10.
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Figure 10 Reference standard of wheel/rail roughness




Liu et al. Chinese Journal of Mechanical Engineering (2022) 35:36

3.1 Noise Sensitivity to Roughness Wavelength

The complexity of rail corrugation is mainly indicated
by the following. (1) A wide range of wavelength. Rail
corrugation can be classified into three types accord-
ing to wavelength [23]: short-pitch rail corrugation (20—
75 mm), long wavelength corrugation (75-600 mm), and
extremely long wavelength (> 600 mm). (2) The feature
of rail corrugation varies with the type of track structure
and curve radius. After measuring several metro lines,
it was found that the most common wavelengths of rail
corrugations are 31.5-50 mm [13].

Whether the roughness in the all-wavelength range
have the same effect on the interior noise or not is yet
to be determined. The noise sensitivity to roughness
wavelength is investigated herein. Figure 11 presents
the relationship between interior noise and roughness
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wavelength at a speed of 60—120 km/h. As shown in the
figure, not all roughness has the same contribution to
interior noise. When the operation speed is 60 km/h,
the sensitive wavelength is in the range of 10-63 mm,
particularly in 16—31.5 mm. As the speed increases, the
sensitive wavelength band shows minimal movement
toward the longer wavelength. The dominant frequency
range of the wheel-rail noise is responsible for the local
high sensitivity. In the meantime, the roughness, whose
contribution is not in the dominant frequency range,
has a minimal effect on the interior noise. Additionally,
the movement of the sensitive band can be explained
by the relationship between excitation frequency, wave-
length, and train speed, as shown by Eq. (1). With the
increase in speed, a roughness with a longer wavelength
is necessary to provide the same excitation frequency.
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Figure 11 Wavelength sensitivity analysis: (a) v=60 km/h; (b) v=_80 km/h; (c) v=100 km/h; (d) v=120 km/h

20

‘ I 88.80

87.97

87.13

86.29

85.45

84.61

Roughness increment (dB)

83.78
82.94

315 160 80 40 20
Wavelength (mm)

|

20

I 93.79

92.53

91.26

90.00

88.74

87.47

Roughness increment (dB)

86.21

84.95

315 80 40

Wavelength (mm)




Liu et al. Chinese Journal of Mechanical Engineering (2022) 35:36

So, the interior noise is most sensitive to the rough-
ness with wavelength in 20—63 mm band. Furthermore,
this wavelength band has contained the most common
corrugation wavelength band in field track. In the fol-
lowing investigation, this “sensitive wavelength band”
deserves special attention.

3.2 Acceptance Criteria at Different Operation Speeds
The operation speed of the metro system in China is in
the range 40-80 km/h (some lines run at 120 km/h).
With the increase in speed, the interaction force between
wheel and rail become more intense, as well as the sound
radiation. This means that the roughness acceptance cri-
teria will vary with speed since the noise limit is fixed.
Figure 12(a) shows the predicted effect of rail rough-
ness on interior noise for a train at 60 km/h and the
following three cases of rail roughness are considered:
5-315 mm (“all” wavelengths), 20-63 mm (sensitive

—&8— All
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Figure 12 Effect of rail corrugation on interior noise: (a) overall and

(b) frequency spectrum
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wavelength band) and 31.5-50 mm (common wave-
length band). If rail roughness were at the ISO 3095
limit, the interior noise level would be 76 dBA. If the
roughness were increased uniformly by 7 dB over “all”
wavelengths (5-315 mm), the interior noise level would
reach the proposed 83 dBA limit (Table 1). If rough-
ness were increased over the “sensitive” wavelength
range only (20-63 mm), an increase of 8 dB would be
possible before exceeding the 83 dBA limit on interior
noise whereas an increase in roughness of 12 dB would
be necessary over only the “common” wavelength band
(31.5-50 mm). Figure 12(b) shows the spectra of inte-
rior noise and responses of interior noise in different
frequency bands to the three cases of rail corrugation.
Figure 13 illustrates the acceptance criteria of three
types of rail roughness at a speed of 60 km/h. The
acceptance criteria are described as follows, when the
rail is corrugated in a large wavelength band, the rough-
ness level should not exceed the blue dotted line. If
the remarkable corrugation only exists in the sensitive
band (20-63 mm), then the roughness level should not
exceed the green dotted line. If the remarkable corruga-
tion only exists in the common band (31.5-50 mm), the
roughness level should not exceed the black dotted line.
Figure 14 illustrates the rail roughness acceptance
criteria for the all-wavelength band in the 40-120 km/h
speed range. With an increase in speed, the rail rough-
ness level should be continuously reduced. When the
operation speed is less than 100 km/h, the rail rough-
ness acceptance criteria are relatively less stringent
than the ISO 3095 limit. If ISO 3095 continues to be
used to evaluate the rail roughness, then this will lead
to excessive maintenance and increase in maintenance
cost. On the contrary, when the speed is higher than

40 | —&— All+7dB
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—4—31.5-50mm+12dB
30 — — 1S0:3095

20 -

Roughness level (dB re 1 pum)
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Figure 13 Rail roughness acceptance criteria at 60 km/h
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Figure 14 Rail roughness acceptance criteria for all-wavelength

band at different speeds

Table 2 Rail roughness limits at different speeds

Speed (km/h)  Rail roughness limit (dB)
All-wavelength Sensitive Common
band: 5-315mm  band: 20-63 band: 31.5-50
mm mm
40 ISO+14 dB ISO+16 dB /
50 ISO+10dB ISO+12dB ISO+19dB
60 ISO+7 dB ISO+8 dB ISO+12dB
70 ISO+5 dB ISO+6 dB ISO+10dB
80 ISO+3dB ISO+3 dB ISO+7dB
90 ISO+1dB ISO+1dB ISO+4 dB
100 ISO 1SO 1SO
110 ISO—2dB ISO—2 dB ISO—-3dB
120 ISO—3dB ISO—3dB ISO— dB

100 km/h, the rail roughness acceptance criteria are
relatively stricter than the ISO 3095 limit. Hence, when
ISO 3095 is used to measure the rail roughness, it will
lead to insufficient maintenance and severe noise emis-
sions. Three types of detailed rail roughness acceptance
criteria at different speeds are summarised in Table 2.

3.3 Acceptance Criteria at Different Track Structures

Several types of vibration isolation tracks, such as rub-
ber-booted short sleeper track, floating slab, and bal-
last track, are employed in metro lines to satisfy the
vibration isolation requirement. In order to establish
a systematised roughness acceptance criterion, differ-
ent types of track structures must be considered. The
rubber-booted short sleeper track and ballast track are
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taken as examples in the present work. The simulation
models for the two foregoing tracks are established
based on the FEM, as shown in Figure 15. In the mod-
els, the fastener, the rubber pad under the sleeper of the
rubber-booted short sleeper track, and the ballast of
the ballast track are simulated by spring-damping ele-
ments. In order to validate the accuracy of the predic-
tion model, Figure 16 shows a comparison between the
calculated and measured receptance values; it is found
that the results agree well. It should be noted that
because there is no measurement result for the ballast
track, the FEM result is validated by the TWINS model.

The interior noises under these three types of tracks are
shown in Figure 17. It is found that the difference in the
value of the overall interior noise between the slab track
and rubber-booted short sleeper track is only 0.7 dBA
under the same rail roughness excitation. In the significant
noise frequency band of 500—1000 Hz, there is practi-
cally no difference between the two. That is, the roughness
acceptance criteria under these two types of tracks can be
considered the same from the perspective of interior noise
control. The overall value of the ballast track, however, is
3.2 dBA lower than that of the slab track. A remarkable
difference appears in most frequency ranges, especially
in the significant noise frequency band. Simply put, the
roughness acceptance criterion for the ballast track is rela-
tively different from that of the slab track.

Figure 18 shows the acceptance criteria for the three
types of rail roughness for the ballast track at a speed of
60 km/h. The interior noise exhibits a higher tolerability
to roughness because of the lower sound radiation of the
ballast track, indicating that its roughness acceptance cri-
terion can be appropriately relaxed without generating
excessive interior noise.

In reality, the sound radiations of many vibration isola-
tion tracks as well as the common slab track with damp-
ing fasteners slightly differ from those of the slab track
with a common fastener. The roughness acceptance cri-
teria based on interior noise can be considered the same,
and no further detailed description is provided here.
The type of wheel is another factor which might affect
the wheel-rail noise and further affects the rail rough-
ness limits. In fact, compared to common rigid wheel,
most low-noise wheels can effectively reduce the sound
radiation of the wheels themselves. However, since the
wheel-rail noise is dominated by the sound radiation of
track, only reducing the sound radiation of wheel has lit-
tle effect on the total wheel-rail noise [6]. However, the
resilient wheel is an exception. Because the web and
rim are decoupled by the rubber blocks, which leads to
a decrease on the unsprung mass [24]. In this situation,
the wheel-rail force under the same roughness will be
decrease, which leads to a smaller track noise radiation,
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as well as the total wheel-rail noise. As a result, the rail
roughness limit under resilient wheel will be different
with that of the common rigid wheel. However, consid-
ering that the resilient wheels are currently mainly used
in trams, and resilient wheels for metros are still in the
research and test stage, therefore, the influence of the
wheel on the rail roughness limit is not considered in this
work.

3.4 Acceptance Criteria for Practical Application

In Sections 3.2 and 3.3, the rail roughness acceptance
criteria at different operation conditions have been dis-
cussed in detail. With those conclusions, we have a better
understanding in the influence factors on rail roughness
acceptance criteria. Theoretically, it would be more rea-
sonable to define the rail roughness acceptance criteria
at different operation conditions; however, it appears to
be tedious and not applicable for routine maintenance
in terms of practical applications. A compromise must
therefore be proposed to reach a balance between scien-
tificity and practicability.

Rail corrugations occurring on the curves are the most
serious in the railway field [10, 11], one of the reasons
is that the lateral motion of the rails at the curved track
occurs more easily and is much fiercer than the rails at
the tangent track due to the lateral attack of the wheel-
set. That means the metro interior noise on curved track
is much more serious than it on tangent track, this is
confirmed by a large amount of field test. So, the curved
track is the main site to be maintained.

The traveling speed of metro train on curve usually
determined by the necessity of routine operations and
the radius of curve. In general, the curve radius of the
majority of track are in the range of 300-500 m, and the
corresponding operation speed is in the range of 60—80
km/h [13, 25]. Considering both noise control and cost
saving, the rail roughness acceptance criteria on curve
determined by the result of the speed at 70 km/h is rea-
sonable. The main attention is still focused on the wave-
length range of 20-63 mm, as shown in Figure 19, and
the roughness with wavelength longer than 63 mm or
shorter than 20 mm may not be paid much attention
here, because they have little influence on noise emis-
sions. For the longer or shorter roughness, they could
be limited by other criteria for a certain purpose. Fur-
thermore, track types are no longer distinguished since
the sound radiation character between slab tracks is not
remarkable, and the ballast track is less used recently.
Even if ballast track is still widely used in some countries,
the criterion of slab track is enough to ensure an eligible
noise condition of ballast track, because the criterion of
ballast track is less demanding than that of slab track, as
stated in Section 3.3.

4 Conclusions

A combined test and simulation method is used to
investigate the effect of rail roughness on interior noise.
Wheel-rail noise prediction models and the relationship
between interior noise and rail roughness are established



90

Slab track: 75.8 dBA

fffff Ballast track: 72.6 dBA

40k

30 F

Sound pressure level (dBA)

20

10 1 1 1 1 1 1 1

Rubber-booted short sleeper track: 75.1 dBA

g

SNNANNSANARR SNSRI

63 125 250 500
Frequency (Hz)
Figure 17 Interior noises under different track structures

1000 2000 4000 Overall

Liu et al. Chinese Journal of Mechanical Engineering (2022) 35:36 Page 11 of 12
1E-7
Measurement 40 ALL +11dB
— Simulation —&—20-63 mm + 12 dB
—_ —A&—31.5-50 mm + 16 dB
E3N g - = 1S0:3095
% 1E-8 | 2
= m 20 F
g <
=} —_—
2 2
§ 9 10+
3 2
= ek 2
B 0f
=
=]
[
-10 F
lE_] 0 1 1 1 1 1 1 1 | ) ) | ) ) | ) ) | ) ) | ) ) | ) ) |
0 200 400 600 800 1000 1200 1400 1600
315 160 80 40 20 10 5
Frequency (Hz
1E7 quency (Hz) Wavelength (mm)
Figure 18 Rail roughness limits for ballast track at 60 km/h
Results from TWINS model
—— Simulation
z .
g 1E-8 40
3
§ —&— rail corrugation limit based on interior noise
& 30k 1SO: 3095
K g
1E-9 | = a0k
=
m
= S~ ~
10+
(5] ~<
3 .
)
1E_10 1 1 1 1 1 1 1 E O
0 200 400 600 800 1000 1200 1400 1600 2} B
Frequency (Hz) '§D ~o
Figure 16 Wheel-rail noise prediction model validation: (a) ca 10 T
Rubber-booted short sleeper track and (b) Ballast track
220
1 1 1 1 1 1 1
315 160 80 40 20 10 5
Wavelength (mm)
Figure 19 Rail corrugation acceptance criteria on curve

and validated. The interior noise calculation method is
reliable when the wheel-rail noise dominates the whole
metro noise. Additionally, the dynamic features of wheel-
rail noise prediction models match well with measured
results.

With the prediction models and calculation method,
the sensitivity of noise to the roughness wavelength
is investigated. This parameter is related to the run-
ning speed and remarkable wheel-rail noise frequency
range. For the general metro system, noise radia-
tion has a high sensitivity to short-pitch (20-63 mm)
roughness. The interior noise-based roughness accept-
ance criterion varies with the operation speed and
track structure. It is imperative to determine the sys-
tematic roughness acceptance criterion so that either
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insufficient or excessive maintenance can be avoided to
the extent possible. However, practical application has
much difference with academic research, so, an eclectic
rail corrugation acceptance criterion on curved track
have been provided to meet the requirement of practi-
cal application.

It should be emphasised that the transfer function may
be influenced by the operation environment (tunnel and
bridge) and types of vehicles. For a certain metro line,
however, the vehicle type is decided, and the operation
speed and track types in every section are determined. A
modular roughness acceptance criterion analysis method
is proposed in this work; hence, variational parameters,
such as track structures and transfer functions, in differ-
ent metro lines can be regarded as input data to obtain the
roughness acceptance criterion under different situations.
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