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A finite element (FE) model and a boundary element (BE) model have been developed to predict the decay
rate, vibration and noise responses of an embedded rail track. These models are validated using measured
results. The optimisation of the embedded rail track is conducted using these calculated models. The
results indicate that the optimised cross-section of the gutter for the embedding rail can significantly
reduce the radiated noise of the embedded rail track. The embedded rail track using the I-shaped
cross-section gutter reduces the radiated noise of the track by at least by 3 dB(A). Furthermore, combin-
ing the material parameter optimisation with the gutter cross-section optimisation can further reduce
the radiated noise of the embedded rail track. Increasing the Young’s modulus of the rail pad in the
embedded rail track with the I-shaped cross-section gutter can result in a radiated noise reduction of
4 dB(A).

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of urbanisation, urban transport
problems have become an increasingly important issue. Urban rail-
way transit has been encouraged because it can effectively solve
the congestion of road traffic and is environmentally-friendly.
Tramway rail systems on the surface are cost-effective [1] and
often used to facilitate street running [2]; therefore, they are still
applied in urban transit.

An embedded rail track is a type of tramway rail system. In this
type of structure, rails are embedded in an elastomeric material,
which performs well in isolating rail vibrations and reducing the
radiated noise of the track. Embedded rail tracks with continuously
supported rails have better dynamic track responses, better damp-
ing characteristics and provide a more favourable vehicle-track
interaction compared to classic ballasted tracks [3]. Furthermore,
through an analysis using a waveguide finite element and bound-
ary element approach, it can be determined that the embedded rail
track can emit a considerably lower noise level if it is appropriately
designed [4]. For example, an optimised embedded rail track with a
small rail profile can emit between 4 and 6 dB(A) less noise than a
ballasted track [5]. However, the vibration and radiated noise of an
embedded rail track is not always desired; an embedded rail track
without optimisation emits between 1.5 and 3 dB(A) more noise
than the ballasted track [5].

In recent years, an increasing number of embedded rail tracks
have appeared in China. In this report, based on the vibration
and noise measurements conducted on an embedded rail track in
the Xinzhu rail transit industrial park located in Xinjin, Chengdu
suburb, FE and BE models are developed to calculate the vibration
and noise characteristics of the embedded rail track. Using these
models, material parameters and a gutter cross-section of the
embedded rail track are optimised with respect to its vibration
and radiated noise.
2. Embedded rail track

For traditional ballasted tracks and slab tracks, the rails are dis-
continuously supported by rail fasteners whereas for embedded
rail tracks, a pair of rails are continuously supported. As indicated
in Fig. 1, the 59R2 groove rails are placed in two longitudinal rect-
angular gutters created in the slab, and the rails are embedded
with a type of elastomer consisting of rubber crumbs and polyur-
ethane. PVC tubes placed on both sides of the rail web are used
to reduce the amount of embedding elastomer material. Tube hold-
ers and elastic wedges on the two sides of the rail bottom at dis-
continuous equidistant points are used to hold the tubes and
adjust the rail gauge.
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Fig. 1. Embedded rail track.

1 For interpretation of colour in Figs. 4, 27–30, the reader is referred to the web
version of this article.
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3. Experimental analysis of the embedded rail track

3.1. Vibration characteristics of the track

Measurements of the embedded rail track were conducted on
the Xinzhu rail transit industrial park located in Xinjin in the
Chengdu suburb. According to the standard ISO 7626-5 [6], the fre-
quency response functions (FRFs) of the track were measured using
a hammer excitation. As indicated in Fig. 2, accelerometers were
fixed on the rail head, elastomer and slab surface using AB glue
in the vertical direction. Therefore, the response of the elastomer
at higher frequencies can be attenuated by the mounting. Addi-
tionally, the accelerometer mass is 180 g so that the accelerometer
resonance with respect to the elastomer affects the accuracy of the
measurement to a certain extent. The FRFs of the rail head, elas-
tomer and slab surface were measured when the hammer was
used to knock on the rail head in the vertical direction.

Additionally, according to the European standard EN 15461 [7],
the vertical FRFs of the rail head along the longitudinal direction of
the track were measured to assess the vibration decay rates of the
embedded rail track. The decay rate influences the decay of vibra-
tion along the track and determines the length of the excited track;
as the length of the vibrating track increases, more noise is radi-
ated [2].

As indicated in Fig. 3, the thick black line represents the rail, the
rectangular shaded blocks under the thick black line represent the
slabs, and the red circle represents the measuring point of the
accelerometer. The black arrows in Fig. 3 represent the positions
of the hammer impacting on the rail. The accelerometer was fixed
on the rail head to measure the vertical acceleration. The distribu-
tion of the hammer hitting points has three categories: the spot,
the near field and the far field. Their intervals are indicated by
the blue numbers above the arrows.

The measured FRFs were expressed in the form of a one-third
octave band spectra, and the decay rates in each one-third octave
band can be evaluated using the formula [8] as follows:

DR ¼ 4:343
Pi¼29

i¼0
jAðxiÞj2
jAðx0Þj2

Dxi
ð1Þ

where DR is the decay rate, which is measured in dB/m; A(xi) is the
measured FRF when the hammer is applied at the position of arrow
i; and Dxi is the distance between adjacent forcing points associated
with position i, which is measured in m. Fig. 4 depicts the measured
FRFs of the embedded rail track. It can be seen that the measured
rail FRF (black solid line) above 100 Hz increases to more than
0.1 m/s2/N, and it has the highest amplitude in this frequency range.
The first two resonances occur at approximately 160 Hz and 630 Hz.
Additionally, the measured elastomer FRF (red1 dashed line) has
two peaks at approximately 160 Hz and 630 Hz. The peak at
160 Hz of the elastomer reaches more than 0.6 m/s2/N, and it is more
significant than that of the rail, which is partly due to the resonance
of the accelerometer with respect to the elastomer, as indicated in
Fig. 5. The modal analysis results of the FE model for the track,
including the accelerometer, indicate that the accelerometer and
the elastomer have resonant frequencies in the frequency range from
160 Hz to 230 Hz. However, the elastomer peak at 630 Hz and the
elastomer FRF amplitude in the higher frequency range are smaller
than those of the rail. At approximately 630 Hz, the local elastomer
vibration slightly increases along with the rail head. The vibration
response of the elastomer after 160 Hz has a tendency to decline
because of the damping effect of the elastomer in the higher fre-
quency range. Additionally, the amplitude of the elastomer can lar-
gely isolate the vibration propagation from the rail to the slab.

Fig. 6 illustrates the measured decay rate of the embedded rail.
It can be seen that the decay rate of the embedded rail is relatively
higher in the frequency bands below 100 Hz and above 1000 Hz
whereas it drops to less than 1 dB/m in the range from 100 Hz to
1000 Hz. The vibration decays rapidly along the track longitudinal
direction in the frequency bands below 100 Hz and above 1000 Hz
whereas the vibration propagates freely along the track longitudi-
nal direction in the frequency range from 100 Hz to 1000 Hz;
therefore, this embedded rail track vibrates and radiates noise
easily in the frequency range from 100 Hz to 1000 Hz.
3.2. Vibration and noise characteristics during tram running

Furthermore, when a tram was running on an embedded rail
track, the accelerations of the embedded rail track and wheel/rail
rolling noise were measured. The accelerometers were fixed on a
side of the rail head along with the elastomer and the slab surface
using AB glue to measure the vertical responses. The accelerometer
mass is 60 g (lighter than that used in the FRF measurements),
which results in a higher resonance frequency of the accelerometer
with respect to the elastomer, i.e., approximately 300 Hz. Addition-
ally, a microphone was placed in the centre of the tram bogie area
to measure the wheel/rail rolling noise when the tram was run-
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Fig. 2. FRF measurements using hammer excitation.

Fig. 3. Exciting and measuring points.
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ning, and the distance between the microphone and the rail head
was approximately 0.3 m.

Fig. 7 illustrates the measured acceleration spectra of the
embedded rail track when the tram was running at 60 km/h. The
averaging time covers the entire tram passing by the measuring
point. By comparing the spectra with the measured FRFs of the
embedded rail track, it can be determined that the distribution of
the acceleration spectra is similar to that of the FRFs. The rail accel-
eration is dominant in the frequency band above 125 Hz and
appears to peak near 30 dB in the range from 800 Hz to 1000 Hz
whereas the elastomer acceleration is dominant in the frequency
band below 800 Hz, and it vibrates more strongly than the rail in
this frequency band, especially in the range from 400 Hz to
500 Hz, where it reaches 35 dB, which is 12–14 dB more than that
of the rail because the intensive local vibration modes of the elas-
tomer in this frequency range can be easily excited by the tram
moving. The slab acceleration is considerably lower than that of
the rail and the elastomer in the entire frequency band. Further-
more, the elastomer can largely isolate the vibration propagation
from the rail to the slab when a tram is running over the track.

Fig. 8 depicts the measured sound pressure spectrum and the
overall sound pressure level of the wheel/rail rolling noise when
the tram is running at 60 km/h. It can be seen that the overall
sound pressure level of the wheel/rail rolling noise is 98.8 dB(A),
which is obtained by summing the wheel/rail rolling noise spec-
trum in the frequency band of 80–4000 Hz. The noise reaches its
highest levels between 400 Hz and 1000 Hz. By comparing the
wheel/rail rolling noise spectrum with the acceleration spectra of
the embedded rail track, it should be noted that the wheel/rail roll-
ing noise spectrum presents two peaks at 400 Hz and 800 Hz. The



10 100 1000
1E-5

1E-4

1E-3

0.01

0.1

1

10

Frequency (Hz)

 Rail
 Elastomer
 Slab

FR
F

(m
/s

2 /N
)

Fig. 4. Measured FRF of the embedded rail track.

Fig. 5. Mode shape of the track and the accelerometer at approximately 171 Hz.
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Fig. 7. Measured vertical accelerations of the embedded rail track when the tram is
running at 60 km/h.
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Fig. 8. A-weighted sound pressure level measured inside the bogie when the tram
is running at 60 km/h.
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noise peak at 400 Hz is most likely caused by the radiated noise of
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Fig. 6. Measured decay rate of the embedded rail track.
the elastomer, and the noise peak at 800 Hz is most likely caused
by the radiated noise of the rail. Therefore, eliminating the peaks
of the rail and the elastomer may effectively reduce the radiated
noise of the embedded rail track.

Additionally, it should be noted that the track decay rate is rel-
atively low in the frequency band of 100–1000 Hz (see Fig. 6)
whereas the rail and elastomer accelerations are relatively high
in this frequency range. The track decay rate in this frequency
range has a considerable influence on the vibration characteristics
of the embedded rail track. The lower decay rate will result in a
longer track structure vibrating and radiating noise, and properly
increasing the decay rate in this frequency range will be beneficial
to the rail vibration attenuation in the longitudinal direction of the
track and reduce the radiated noise from the embedded rail track.
4. Modelling

4.1. Model to calculate the decay rate

The decay rate is a key factor that influences the vibration and
radiated noise of the embedded rail track. For traditional tracks,
because discontinuous rail pads provide the rails with elastic sup-
port, the decay rate is primarily influenced by the stiffness and
damping of the rail pads. Similarly, for the embedded rail track,
the elastic support for the rails is mostly provided by the elastomer
in the gutters and the continuous rail pads; thus, the decay rate of
the embedded rail is primarily influenced by the stiffness and



Table 1
Material parameters used in the FE models of the embedded rail structure.

Material Young’s
modulus (MPa)

Poisson’s
ratio

Density
(kg/m3)

Damping
loss factor

Rail 2.1e5 0.3 7850 –
Elastomer 5.0 0.45 1000 0.15
Rail pad 2.0 0.44 800 0.15
PVC tubes 3.14e3 0.35 1350 –
Slab 3.6e4 0.2 2400 –
Self-compacting

concrete
3.25e4 0.2 2400 –
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damping of the elastomer and the rail pads. Therefore, a FE model
of the embedded rail track (see Fig. 9) only considering the struc-
tural characteristics in the gutter is developed to predict the decay
rate. It ignores the effects of the tube holders and the elastic
wedges at the equidistant discontinuous points. The length of the
considered track is 30.8 m, and the element size in the length-
wise direction is 0.05 m, which is a result of a compromise selec-
tion between numerical accuracy and computational efficiency.
Fig. 10 depicts the influence of the measurement length of the rail
on the measured decay rate. It can be seen that the decay rates are
close when the measurement lengths of the rail are greater than
14.4 m whereas the decay rates are quite different when the mea-
surement lengths of the rail are shorter; therefore, a length of
30.8 m (equal to the length of five slabs) for the FE model has been
selected. In this model, the boundary of the rectangular gutter is
assumed to be fixed, and the track ends in the length-wise direc-
tion are assumed to be free. The length of the FE model is suffi-
ciently long; however, the free boundary condition can cause
reflections from the rail ends. A unit force is applied at the middle
point of the model, i.e., at the rail head in the vertical direction to
excite the track system. The accelerations at the different response
points on the rail head are used to calculate the decay rate, and the
response points are the same as the black arrows in Fig. 3. The cal-
culation method of the decay rate refers to formula (1).

The material parameters used in this model are listed in Table 1,
which were obtained from handbooks and specifications from the
supplier. However, the Young’s modulus of the elastomer and the
Fig. 9. FE model used to calculate the decay rate.
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Fig. 10. Influence of the measurement length of the rail on the decay rate.
rail pad, which depend on several operational conditions, were
tuned in such a way that the first two measured and predicted res-
onance frequencies agreed as closely as possible [5].

Fig. 11(a) illustrates the measured and calculated FRFs of the
rail in the vertical direction. The calculated FRF of the rail is extre-
mely consistent with the measured one, and the first two resonant
frequencies of the calculated result, i.e., 180 Hz and 620 Hz,
approximately agree with those of the measured one. Fig. 11(b)
depicts the measured and calculated FRFs of the elastomer in the
vertical direction. It can be seen from Fig. 11(b) that the first reso-
nant frequency of the calculated result is 180 Hz, which approxi-
mately agrees with that of the measured one. The calculated FRF
of the elastomer above 300 Hz is considerably greater than the
measured result because the measured response of the elastomer
at higher frequencies is attenuated by the mounting of the
accelerometer. The comparison of the measured and calculated
FRFs of the rail and elastomer demonstrates that the Young’s mod-
ulus of the elastomer and the rail pad are set adequately in this FE
model.

Furthermore, the comparison between the measured and the
calculated decay rate of the embedded rail track is depicted in
Fig. 6. It can be seen that the calculated decay rate is quite close
to the measured one, especially in the higher frequency band.
The calculated decay rate is slightly larger than the measured
one, which is most likely due to the effect of the boundary condi-
tion of this FE model. Although a few differences exist in the two
curves, the calculated decay rate can still reflect the vibration
decay characteristics of the embedded rail track, and the FE model
can thus be used to optimise the decay rate of the embedded rail
track.
4.2. Theoretical method used to calculate vibration and noise

At usual speeds (typically 60 km/h), tram noise primarily
results from the wheel/rail rolling noise. This is caused by the
vibration and subsequent sound radiation of the tram wheels and
the embedded rail track. The vibration is induced by the surface
roughness in the contact patch between the wheel and the rail
[5]. The calculation of the wheel/rail rolling noise of the tram
and embedded rail track refers to a model originally presented
by Remington [9]. However, the radiated noise of the wheels was
not considered in the calculation of this study. The calculated
sound pressure below only represents the noise radiated from
the embedded rail track because it can be seen from the measured
noise spectrum and the track vibration spectra that the measured
noise reaches its highest levels between 400 Hz and 1000 Hz,
which is most likely caused by the noise radiated by the track,
whereas the noise radiated by the wheels typically dominates in
the higher frequency range. Furthermore, the vibration responses
of the tram wheels were not measured; thus, the predicted model
of the wheel noise was not validated.

Based on the calculation method for the radiated noise from the
embedded rail track, the input is the combination of the wheel and
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Fig. 11. Comparison of the measured and calculated FRFs.

Table 2
Parameters used to calculate the wheel/rail
contact force.

Parameter Value

a 1
c 5.526e�3 m
kH 1.18e9 m/N
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Fig. 12. Wheel roughness spectrum and rail roughness spectrum.
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rail roughness through the contact filtering. The contact forces of
the wheel/rail are calculated using the compound roughness and
the wheel, rail, contact receptances (transfer function from the
force to the displacement). A FE model of the resilient wheel with
a 660 mm diameter is used to calculate the wheel receptance, and
an 18.4-metre-long FE model of the embedded rail track consider-
ing the structural characteristics of the gutter with a rectangular
cross-section, slab and self-compacting concrete layer under the
slab is used to calculate the rail receptance and track vibrations.
The length of the track model is a compromise selection between
numerical accuracy and computational efficiency, and the influ-
ences of the model length on the rail receptance and track vibra-
tions are discussed in detail in Section 4.3. The calculated track
vibration is used as the boundary condition for the BE model of
the track to calculate the track noise radiation. Through propaga-
tion, the sound pressures at certain receiver locations are obtained.

The contact filter effect between the wheel and the rail in this
model can be determined using an analytical model developed
by Remington [10]: the shape of the contact zone is simplified as
a circle contact patch with a radius c, and the degree of correlation
between the roughness across the width of the contact zone at a
given wavenumber is described by a. A linearised Herzian contact
spring with stiffness kH is used to describe the contact between the
wheel and the rail. The values of c, a and kH are listed in Table 2.

Fig. 12 depicts the wheel roughness spectrum and the rail
roughness spectrum used in this model. The rail roughness spec-
trum was obtained through the measurement in the field whereas
the wheel roughness spectrum is a statistical result of wheels with
off-tread braking systems. The wheel/rail contact force can be cal-
culated as follows:
F ¼ � R
aW þ aR þ aC

ð2Þ

where F is the wheel/rail contact force; R is the compound rough-
ness spectrum; and aW, aR and aC are the wheel, rail and contact
receptance, respectively. The receptances of the wheel and the rail
were calculated using the FE model of the wheel and the track
excited by the unit force, and the contact receptance aC equals 1/
kH. Fig. 13 illustrates the receptances of the wheel, rail and the con-
tact spring used to calculate the wheel/rail contact force.
4.3. Model to calculate vibration and noise

As indicated in Fig. 14, the FE model analysis considers the
structural characteristics of the gutter with a rectangular cross-
section, slabs, and self-compacting concrete layer under the slabs
while ignoring the structural characteristics of the soil because
the radiated noise of the structures inside the gutter is significant,
and the exposed slab surfaces near the gutter have a certain influ-
ence on the radiated noise whereas the radiated noise of the soil is
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Fig. 14. FE model used to calculate vibration when the tram is running.
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nearly negligible. This FE model only considers half of the track
structure, which is assumed to be symmetrical. The bottom of
the self-compacting concrete layer is assumed to be fixed in this
model. The material parameters used in this model are listed in
Table 1.

The length of the FE model is a key factor that influences the
numerical accuracy and computational efficiency. The rail recep-
tances calculated using the 6-metre-long FE model (equal to the
length of one slab), 18.4-metre-long FE model (equal to the length
of three slabs) and 30.8-metre-long FE model (equal to the length
of five slabs) are compared in Fig. 15. It can be seen that the rail
receptance calculated by the 6-metre-long FE model appears in
small peaks in the frequency range from 200 Hz to 1000 Hz, which
is caused by the reflections of the rail response from the rail ends
because the 6-metre-long FE model is not long enough to handle
the wave decay. However, the rail receptances calculated using
the 18.4-metre-long FE model and the 30.8-metre-long FE model
are significantly smoother in the frequency range from 200 Hz to
1000 Hz, and the rail receptance calculated using the 18.4-metre-
long FE model is mostly consistent with that calculated using the
30.8-metre-long FE model.

Furthermore, the calculated wheel/rail contact force is applied
at the middle point of the model, i.e., at the rail head in the vertical
direction of each FE model to predict the vibration responses of the
track when the tram is running at 60 km/h. Fig. 16 depicts the mea-
sured and calculated accelerations of the embedded rail track at a
contact point. Therefore, the measured data, whose averaging time
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different lengths.
covers one wheel rolling over the measuring point, is selected to
make a comparison. It can be seen that the rail and elastomer
accelerations calculated using the three FE models with different
lengths are mostly consistent. Additionally, by comparing the mea-
sured data with the calculated results, the calculated rail accelera-
tion is in agreement with the measured one below 800 Hz whereas
the calculated result overestimates the rail acceleration in the
higher frequency band, and a similar phenomenon appears in the
calculated and measured accelerations of the elastomer. There
are two possible causes of this phenomenon. First, the bottom of
the track model is assumed to be fixed; however, in the actual
track structure, there is a deformable foundation below the track,
which has a certain vibration-damping effect, and it is not consid-
ered in this model. Secondly, the contact damping of the wheel-rail
is not considered in this model. Additionally, the mounting of the
accelerometer on the elastomer is an important cause for the
attenuation of the measured elastomer acceleration in the higher
frequency band. Therefore, the calculated elastomer acceleration
is higher than the measured one in the higher frequency band.

The BE model used to calculate the radiated noise of the track
includes the surface of the rail head, elastomer and slab exposed
in the air, which are the primary structures radiating noise out-
wards. Fig. 17 depicts the sound pressure spectra (four curves)
and the overall sound pressure levels (four bars) of the measured
wheel/rail rolling noise and the calculated track noise using the
models with different lengths when the tram is running at
60 km/h, and the calculated results are the sound pressure levels
at the middle point of the track and 0.3 m above the contact point.

Comparing the three calculated curves and the three calculated
bars in Fig. 17, there are small differences between the sound pres-
sure results calculated using the models with different lengths. The
sound pressure calculated using the 6-metre-long model is slightly
greater than that calculated using the longer length models in the
frequency range from 250 Hz to 1000 Hz. The reflections of the rail
response from the rail ends are most likely the reason for the
greater sound pressure obtained in this frequency range. The calcu-
lated overall sound pressure levels using the 6-metre-long model,
18.4-metre-long model, 30.8-metre-long model are 99.5 dB(A),
97.8 dB(A), 97.7 dB(A), respectively. It can be concluded that the
radiated noise calculated using the 18.4-metre-long model and
the 30.8-metre-long model are mostly consistent whereas using
the 6-metre-long model to conduct the calculation will lead to a
slight overestimation in the radiated noise.

Additionally, when comparing the measured sound pressure
spectrum, the overall sound pressure level obtained by the calcu-
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Fig. 16. Measured and calculated accelerations of the embedded rail track.
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Fig. 17. Measured and calculated sound pressure level when the tram is running at
a speed of 60 km/h.
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Fig. 18. Decay rate of the embedded rail for different Ee.

Y. Zhao et al. / Applied Acoustics 116 (2017) 70–81 77
lated sound pressure spectrum and the overall sound pressure
level (18.4-metre-long model) in Fig. 17, the overall sound pres-
sure level obtained with the calculated noise above the contact
point is 97.8 dB(A), as indicated by the blue bar. It is not influenced
by the decay rate and slightly lower than the measured one, as
indicated by the black bar. Furthermore, the calculated sound pres-
sure spectrum is close to the measured one in the frequency range
from 160 Hz to 1000 Hz, and the frequency band of the sound pres-
sure peak of the calculated result is essentially the same as that of
the measured result. Additionally, a few differences exist between
the two curves in the higher frequency bands. There are two rea-
sons for resulting in these differences. One reason is that the calcu-
lated result does not contain the wheel radiated noise, and the
other is that the overestimation of the calculated track accelera-
tions leads to an increase in the calculated noise in the higher fre-
quency band. Generally, the calculated sound pressure level
spectrum can reflect the noise characteristics of the wheel/rail roll-
ing noise, and the predicted model can be adequately used to opti-
mise the noise performance of the embedded rail track.

It can be concluded from Figs. 15–17 that the 18.4-metre-long
FE model is sufficiently long to obtain a relatively accurate result
and simultaneously save computing time. Therefore, the 18.4-
metre-long FE model (see Fig. 14) and the corresponding BE model
are used to calculate the track vibration and noise below.
5. Optimisation of the embedded rail track

The radiated noise of the embedded rail track, which is an
important part of the wheel/rail rolling noise of the tram and
embedded rail track, can be optimised through a numerical analy-
sis using the 18.4-metre-long model in this report. The following
optimisation focuses on the rail and elastomer vibration at the con-
tact point as well as the track radiated noise above the contact
point. The optimisation does not include the effects of the decay
rate on the radiated noise during a tram pass-by.

The radiated noise is related to the vibration characteristics of
the embedded rail track. Reducing the vibration level of the
embedded rail track in the frequency range from 100 Hz to
1000 Hz will be beneficial to noise reduction. The following opti-
misations are performed using two approaches: changing the
material parameters and changing the gutter cross-section.

5.1. Material parameters optimisation

Certain material parameters of the embedded rail track, such as
the rail, slab and self-compacting concrete, were considered to be
constant in the current optimisation whereas the material param-
eters of the elastomer and the rail pads were optimised in a rela-
tively wide range. The material parameters of the elastomer and
the rail pads have significant effects on the vibration and noise
characteristics of the embedded rail track. Therefore, the material
parameters of the elastomer and the rail pads are initially
optimised.

Using the calculated model described in Section 4.1, Fig. 18
depicts the decay rate of the embedded rail (only considering the
structure in the gutter) with different values of Young’s modulus
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for the elastomer (called Ee below). The value of Ee used in the cur-
rent model of the embedded rail structure is 5 MPa, which is tuned
based on the measured FRF of the rail. It can be seen that Ee has a
significant influence on the decay rate, the peak frequencies of the
decay rate move towards higher frequency bands with the increase
of Ee, the decay rate increases with an increase in Ee in the fre-
quency range below 250 Hz and above 1000 Hz, an increase in
the decay rate below 250 Hz is approximately between 2 and
4 dB/m when Ee increases from 2 MPa to 20 MPa, and the increase
above 1000 Hz is considerably more significant. However, the
decay rate decreases with an increase in Ee in the frequency band
of 315–500 Hz. In this frequency range, the track vibrates and radi-
ates noise significantly; therefore, increasing Ee will lead to the
vibrating and radiating noise of a longer embedded rail in this fre-
quency range.

Figs. 19 and 20 depict the rail accelerations and elastomer
accelerations of the embedded rail track (consider the structure
in the gutter, slab and self-compacting concrete layer under the
slab) for different Ee. They were obtained using the calculated
model described in Section 4.3. It can be seen that Ee has a slight
influence on the rail acceleration, the rail vibration decreases
slightly with an increase in Ee in the frequency band below
160 Hz, and the rail vibration increases slightly with an increase
of Ee in the frequency band of 160–250 Hz. However, Ee has a sig-
nificant influence on the elastomer acceleration, and the peak fre-
quencies of the elastomer acceleration move towards the higher
frequency band with an increase of Ee. Although the elastomer
vibration decreases with an increase of Ee in the frequency band
below 250 Hz, the elastomer vibration increases significantly with
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Fig. 19. Rail accelerations at the contact points for different Ee.
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Fig. 20. Elastomer accelerations for the contact points with different Ee.
an increase in Ee in the frequency band above 500 Hz. The increase
in the elastomer acceleration is approximately more than 10 dB
when Ee increases from 2 MPa to 20 MPa.

Additionally, using the noise calculated model described in Sec-
tion 4.3, the sound pressure spectra of the embedded rail track for
different Ee are calculated when a tram is running at 60 km/h, as
indicated in Fig. 21. It can be seen from Fig. 21 that the sound pres-
sure spectra of the embedded rail track vary with an increase in Ee
in a similar pattern to that of the rail and elastomer vibration. In
the frequency band of 400–630 Hz, the vibration of the elastomer
increases with an increase of Ee; therefore, the sound pressure of
the embedded rail track also increases significantly with an
increase in Ee in this frequency band. When Ee equals 10 MPa
and 20 MPa, the sound pressure has a high peak at approximately
400 Hz, which is at least 7 dB(A) higher than that of the case in
which Ee equals 2 MPa. Consequently, the overall sound pressure
level of the embedded rail track is 96.8 dB(A), 98.9 dB(A) and
97.8 dB(A) when Ee equals 2 MPa, 10 MPa and 20 MPa, respec-
tively. This result indicates that increasing Ee is not an effective
method for reducing the radiated noise of the track, and decreasing
Ee from 5 MPa to 2 MPa can achieve a slight reduction, i.e., approx-
imately 1 dB(A), for the radiated noise of the embedded rail track.

Similarly, Fig. 22 illustrates the decay rate of the embedded rail
for different Young’s modulus of the rail pad (called Ep below), and
Ep in the current model of the embedded rail is 2 MPa. It can be
seen that Ep have a significant influence on the decay rate. The peak
frequencies of the decay rate stay consistent with an increase in Ep,
and the decay rate rises with an increase in Ep in the frequency
band below 1250 Hz. Particularly, in the frequency band below
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Fig. 21. Sound pressure spectra of the embedded rail track for different Ee.
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Fig. 22. Decay rate of the embedded rail for different Ep.
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Fig. 25. Sound pressure level spectra of the embedded rail structure for different
Young’s modulus of the rail pad.
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315 Hz, the increase in the decay rate is at least 3 dB/m when Ep
increases from 1 MPa to 20 MPa whereas the decay rate decreases
with an increase in Ep in the frequency band above 1250 Hz.

Figs. 23 and 24 illustrate the rail accelerations and the elas-
tomer accelerations for different Ep, respectively. It can be seen
that Ep has a slight influence on the rail acceleration and the elas-
tomer acceleration. The rail vibration and the elastomer vibration
decrease slightly with an increase in Ep below 160 Hz, and they
increase slightly with an increase in Ep in the frequency band of
200–250 Hz. At 200 Hz, the rail acceleration and the elastomer
acceleration increase 8 dB and 7 dB, respectively, when Ep
increases from 1 MPa to 20 MPa. Furthermore, the elastomer vibra-
tion decreases slightly with an increase in Ep in the frequency band
of 500–630 Hz, i.e., a reduction of approximately 2 dB when Ep
increases from 1 MPa to 20 MPa.

Fig. 25 illustrates the sound pressure spectra of the embedded
rail track for different Ep when the tram is running at 60 km/h. It
can be seen from Fig. 25 that the sound pressure spectra of the
embedded rail track vary with an increase in Ep, which is similar
to the pattern of the rail and elastomer vibration. Consequently,
the overall sound pressure level of the embedded rail track is
97.8 dB(A), 97.6 dB(A), 97.6 dB(A) and 97.6 dB(A) when Ep equals
1 MPa, 8 MPa, 15 MPa and 20 MPa, respectively. This result indi-
cates that increasing Ep can slightly reduce the radiated noise of
the embedded rail track; however, the reduction is quite limited.

Increasing the damping loss factors of the elastomer and the rail
pad can slightly increase their decay rate and decrease the track
vibration and the radiated noise. The damping loss factors of the
elastomer and the rail pad used in the current model are 0.15. It
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Fig. 23. Rail accelerations at the contact points for different Ep.

125 250 500 1000 2000
-20

-10

0

10

20

30

40

50

60

 Rail pad Ep=1 MPa
 Rail pad Ep=2 MPa
 Rail pad Ep=8 MPa
 Rail pad Ep=15 MPa
 Rail pad Ep=20 MPaA

cc
el

er
at

io
n 

le
ve

l (
dB

 r
e 

1m
/s

2 )

Frequency (Hz)

Fig. 24. Elastomer accelerations along with the contact points for different Ep.
is difficult to further increase the damping loss factor of these elas-
tic materials, and their noise reduction is thus limited.

It can be determined that the vibration level of the rail and the
elastomer significantly influences the radiated noise of the embed-
ded rail track. By optimising the material parameters of the elas-
tomer and the rail pad, the decay rates can be largely increased
in the frequency band below 315 Hz, and optimising the material
parameters of the elastomer and the rail pad has limited effects
on reducing the radiated noise of the embedded rail track. The
optimisation of the gutter cross-section of the embedded rail track
may be a more effective method to achieve this target.

5.2. Gutter cross-section optimisation

Fig. 26 illustrates the comparison of the current cross-section
and an optimised I-shaped cross-section of the gutter for the
embedding rail. In the optimised structure, the elastomer is omit-
ted between the rail and the rail pad so that the rail is supported by
the rail pad directly, and the support stiffness of the rail in the ver-
tical direction is slightly higher than that of the previous embed-
ded rail structure. The I-shaped gutter cross-section can reduce
the amount of elastomer used on both sides of the rail in the gutter.
Therefore, the lateral stiffness of the embedded rail track increases,
and the lateral stability of the rail increases. Furthermore, changing
the gutter cross-section can increase the deformation and the
energy dissipation of the elastomer when the rail vibrates in the
gutter.

Fig. 27 illustrates a comparison of the decay rates for the
embedded rail for the rectangular and the I-shaped gutter cross-
sections. Figs. 28 and 29 depict the comparison of the rail and
the elastomer accelerations of the embedded rail tracks for the
rectangular and I-shaped gutter cross-sections, respectively. Addi-
tionally, Fig. 30 depicts the comparison of the sound pressure spec-
tra of the embedded rail tracks for the two different gutter cross-
sections. In these figures, the embedded rail track with the rectan-
gular gutter cross-section is the un-optimised track structure
(called un-optimised structure below), which uses the rail pad
with a Young’s modulus Ep = 2 MPa. Furthermore, the embedded
rail track with the optimised I-shaped gutter cross-section uses
the rail pad with the two types of Young’s modulus, which are
2 MPa (called optimised structure I below) and 8 MPa (called opti-
mised structure II below).

Comparing the black solid curve with the blue solid curve in
each figure, it can be seen that the decay rate of the optimised
structure I is higher than that of the un-optimised structure below
630 Hz, and it is lower than that of the un-optimised structure
above 630 Hz. Below 200 Hz, the rail accelerations and elastomer
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Fig. 26. Comparison of two gutter cross-sections for the embedded rail track.
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Fig. 27. Decay rate of the embedded rail track for the rectangular and I-shaped
gutter cross-sections.
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Fig. 28. Rail accelerations at the contact points of the embedded rail track for the
rectangular and I-shaped gutter cross-sections.
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Fig. 29. Elastomer accelerations along with the contact points of the embedded rail
track for the rectangular and I-shaped gutter cross-sections.
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Fig. 30. Sound pressure spectra of the embedded rail track for the rectangular and
I-shaped gutter cross-sections.
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accelerations of the optimised structure I are considerably lower
than those of the un-optimised structure; therefore, the sound
pressure of the optimised structure I decreases at least 4 dB(A) in
this frequency band compared with the un-optimised structure.
In the frequency band of 800–1250 Hz, the rail acceleration of
the optimised structure I is approximately the same as that of
the un-optimised structure, the elastomer acceleration is between
2 and 5 dB lower than that of the un-optimised structure, and the
sound pressure of the optimised structure I in this frequency band
decreases primarily due to the elastomer vibration reduction,
where the noise reduction can reach 2–10 dB(A).

The blue curve with empty triangles in each figure is the calcu-
lated result of the optimised structure II. It can be seen that chang-
ing the cross-section shape and increasing the Young’s modulus of
the rail pad simultaneously can significantly raise the decay rate
below 1250 Hz whereas there is only a small change in the decay



Y. Zhao et al. / Applied Acoustics 116 (2017) 70–81 81
rate of the previous un-optimised structure when the Young’s
modulus of the elastomer or rail pad is changed. This result occurs
because in the modified gutter, there is no elastomer between the
rail foot and the rail pad but does exist in the original one. Thus,
when the Young’s modulus of the elastomer or rail pad is changed
in the original structure, it has minimal effects on the overall stiff-
ness. However, when both are changed in the modified gutter, it
has more of an effect. Due to an increase in the Young’s modulus
of the rail pad, both the rail and elastomer accelerations further
decrease below 200 Hz, and the elastomer acceleration further
decreases in the frequency bands of 315–400 Hz, 800–1000 Hz.
Therefore, there is a greater reduction in the sound pressure in
the frequency band.

The gutter cross-section optimisation can effectively reduce the
radiated noise of the embedded rail track. The embedded rail track
with the I-shaped gutter cross-section (without changing material
parameters, i.e., optimised structure I) can reduce the radiated
noise by at least 3 dB(A), and changing the material parameters
of the rail pad in the I-shaped gutter cross-section structure (opti-
mised structure II) can result in an extra noise reduction of 1 dB(A).

This optimised structure has a better noise performance. Addi-
tionally, this structure can reduce the depth size of the track, which
is particularly suitable for bridge lines and tunnel lines. However,
this structure can considerably increase the difficulty in its con-
struction to a certain extent. This type of track structure has been
used in the bridge of the tram line in Xinjin, Chengdu suburb,
Sichuan Province, China.

6. Conclusions

The decay rate, vibration and noise responses of an embedded
rail track were measured. When a tram was running at 60 km/h,
the overall sound pressure level of the wheel/rail rolling noise
was 98.8 dB(A) inside the bogie, the measured noise reached its
highest levels between 400 Hz and 1000 Hz, and the noise peaks
in the frequency band of 400 Hz and 800 Hz were most likely
caused by the radiated noise of the elastomer and the rail, respec-
tively. The decay rate of the embedded rail was relatively lower in
the frequency band of 100–1000 Hz, which most likely resulted in a
longer track structure vibrating and radiating noise in this fre-
quency range.

FE and BE models have been developed to calculate the decay
rate, vibration and noise responses of the embedded rail track.
These models can adequately predict the vibration and noise
responses of the embedded rail track and optimise the track. These
models have been validated using the measured results. The over-
all sound pressure level of the calculated track is 97.8 dB(A), which
is slightly lower than the measured one. However, it can suitably
reflect the frequency characteristics of noise for the track and
wheel/rail rolling.
The optimisation focuses on the rail and elastomer vibration at
the contact point and the track radiated noise above the contact
point, and it does not include the effects of the decay rate on the
radiated noise during a tram pass-by. Optimising the material
parameters of the elastomer and the rail pad can only achieve a
limited reduction in the radiated noise of the embedded rail track
whereas optimising the gutter cross-section shape of the embed-
ded rail track can significantly reduce the radiated noise of the
embedded rail track. Using the I-shaped gutter cross-section in
the embedded rail track can reduce the radiated noise by at least
by 3 dB(A). In this type of structure, combining the material
parameters with the gutter cross-section shape optimisation may
be the most effective method to reduce the radiated noise. Increas-
ing the Young’s modulus of the rail pad in the embedded rail track
with the I-shaped gutter cross-section can result in a radiated noise
reduction of 4 dB(A).
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