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Introduction
Ballasted tracks feature a two-stage elastic support, with
the ballast layer and the rail pad both contributing to
the vertical and lateral track elasticity. Many common
slab track systems replace the two-stage elastic support
with a one-stage elastic support, requiring a compara-
tively softer rail pad [1]. The resulting decoupling of the
rail from its support leads to higher vibration levels in
the rail and consequentially to higher levels of airborne
noise radiation from the rail [2].

Increasing the rail pad stiffness is usually not a viable op-
tion on slab track systems with a single stage elastic sup-
port as this increases the stress on the track components,
leading to higher rates of wear and possibly damage. Fur-
ther, the transfer of vibrational energy into the slab and
ground could increase ground vibrations and noise. How-
ever, slab track systems with a two-stage elastic support
exist, such as systems with booted sleepers. The low-
vibration track [3], which is often found in tunnels due
to its vibration isolation properties, is such a track. The
aim of this work is to explore, starting from the stan-
dard parameters of the low-vibration track, the implica-
tions of changing the rail pad stiffness and boot stiffness
for the receptance, radiated sound power, slab vibrations
and rolling contact forces. It should be noted that the
work is conducted independent of a specific track manu-
facturer and in principal, the method can be translated
to any track with a two-stage elastic support.

Method
The modelling of the dynamic response and the radia-
tion from the railway track is carried out numerically.
The dynamic model of the track is consists of numeri-
cal models for the rail and the slab layers, as well as an
analytical model for the sleeper response. The rail and
the slab are modelled using the Waveguide Finite Ele-
ment method [4]. This method makes use of the waveg-
uide properties of long structures such as the rail and
the slab by assuming propagating, decaying waves along
the length of the structure. Thus, only the cross-section
of the structure is discretized, allowing a computation-
ally efficient solution of the finite element problem. The
calculated transfer functions to any point on the struc-
ture include the complex interaction of all relevant wave
types.

The rail has a standard rail geometry with a weight of
60 kg/m. The discretization of the cross-section is shown
in Figure 1. The validated model for the dynamic slab
track response is described in [5]. Half of its symmetric
geometry is shown in Figure 2. Both the rail and the slab
use 9-node quadrilateral elements with quadratic shape
functions.
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Figure 1: Discretized cross-section of the rail geometry.
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Figure 2: Discretized cross-section of the slab track geom-
etry, with (top to bottom) the pre-stressed concrete slab, an
adjustment layer, a concrete base layer and the ground. The
ground layer has a fixed boundary condition at its base.

The two waveguides, rail and slab, are coupled via spring-
mass-spring systems in 99 locations, where the springs
and masses are modelled as linear, lumped elements.
Damping is included in the springs using complex loss
factors. The ground receptance below the track support
layers is included in the WFE model. A principal setup of
the model is shown in Figure 3. The coupling is carried

WFE model
for free rail

WFE model for
slab / support / ground

Analytical model for
sleepers / rail support

Figure 3: Principal sketch of the combined model for rail,
sleepers and slab track.

out by evaluating the transfer functions in the waveg-
uides from all coupling positions to all coupling positions
and formulating a linear system of equations, which can
be solved for the reaction forces in the pads and sleeper
boots, comparable to [6, 5]. The connection forces can
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then be used to determine the surface velocity at any
point on the rail and slab surface for a harmonic unit ex-
citation, as well as the sleeper vertical and lateral veloc-
ity. The point receptance at the top of the rail calculated
using the model is used to compare different track setups
and serves as the input to a time-domain calculation of
the wheel-rail interaction forces. Further, the model is
used to compare the track decay rates of the different
tracks.

Finally, the surface normal vibration of the three com-
ponents rail, sleepers and slab produced using the dy-
namic track model serve as the input to a Boundary El-
ement (BE) model, likewise formulated in the frequency-
wavenumber domain. This wavenumber-domain BE
model includes the surface vibrations from all compo-
nents and thus takes into account their acoustic cou-
pling [4, 7].

Four combinations of the two elasticities are compared as
summarized in Table 1. The central mass of the sleeper

Table 1: Vertical stiffness of rail pad and boot in the four
different cases.

A B C D
Rail pad (kN/mm) 100 200 400 800
Boot (kN/mm) 40 33.5 31 30

is set to 99 kg in all cases. This way, the first track setup
closely resembles the properties of a track that is in oper-
ation in the Swiss railway network. The other three cases
were generated by multiplying the rail pad stiffness with
a factor of two and adjusting the boot stiffness such that
the static stiffness of the series of springs ktot remains
roughly constant,

1

ktot

!
=

1

kp,i
+

1

kb,i
(1)

with i representing case A, B, C, or D.

Results
The total vertical track receptance is shown in Figure 4.
It is clear the the track receptance is almost identical for
all cases up to about 100 Hz. Four relevant resonances
occur in the track in vertical direction below 1 kHz, this
being (I) the resonance at which the whole slab is mov-
ing up and down (f0) typically below 50 Hz, determined
by the mass of the slab and the ground stiffness, (II) the
resonance of the sleepers on the slab f1 at around 100
Hz and determined mostly by the boot stiffness, (III) the
antiresonance at which the sleeper vibrates out of phase
with the slab and the rail, effectively acting as a dynamic
absorber for the rail vibration, and (IV) the resonance of
the rail on the sleepers f3, which is largely determined
by the rail pad stiffness. The largest differences in the
track receptance are observed between 150 Hz and about
1 kHz, between f1 and f3. The increased track stiffness
and with that, the stiffer coupling of the rail to the sleep-
ers expectedly leads to an increase of the track decay rate
as shown in Figure 5. A distinct increase in the TDR can
be observed above 250 Hz and up to 4 kHz, which cov-
ers the frequency range relevant for the noise radiation
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Figure 4: Total vertical track receptance for the different
cases, with the excitation above a sleeper.

from the rail. Based on this, a decrease of the radiated
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Figure 5: Comparison of the track decay rate cases A to D.

sound power is expected. Figure 6 shows the total sound
power radiated by the track for the different track setups
for harmonic unit excitation, as well as the differences of
cases B to D relative to case A. Significantly decreased
sound pressure levels are observed above about 250 Hz,
where a decrease of about 10 dB is seen up to about
2 kHz. An increase in the radiated sound power can be
observed at 63 Hz and around 200 Hz.

An investigation into the contribution of each component
to the total radiated sound power shows that in the fre-
quency regions with an increased radiation, the slab and
the sleeper are the dominant noise sources. The individ-
ual contributions for case A and D are shown in Figure 7.
The slab vibration is the dominant noise source below
about 80 Hz to 125 Hz, depending on the setup. Above
that, the sleepers take over and dominate the spectrum
up to about 300 Hz to 600 Hz. With stiffer rail pads, the
frequency up to which the sleepers are dominant is shifted
up because of both the increased sleeper vibration as well
as the decreased rail vibration. For higher frequencies,
the rail dominates the sound power spectrum.

As low-vibration tracks are often used in situations where
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Figure 6: Total sound power radiated by each track for a
harmonic unit force excitation.

ground-borne vibration isolation is of concern, a compar-
ison of the slab vibration is relevant. Figure 8 shows the
insertion loss, a comparison of the transfer receptance
for an excitation on the top of the rail to the slab centre
position. Up to about 80 Hz, no large difference is ob-
servable. The lowered boot stiffness leads to an increased
vibration isolation up to 10 dB in the frequency range up
to about 300 Hz. Above about 400 Hz, the slab surface
vibrates up to 20 dB more for case D compared to case A.
However, this frequency range is not typically considered
relevant for ground-borne vibration and noise [8, 9].

The in-house software WERAN [11] was used to evaluate
the influence of the changed track stiffness on the rolling
contact forces. This time-domain simulation discretises
the contact patch and solves the interaction of wheel and
rail based on moving Green’s functions. A train speed of
100 km/h and a pre-load of 55 kN were assumed. The
identical combined roughness of wheel and rail as well as
the wheel response is used in all cases to make the results
comparable. Finally, an auto-spectrum of the calculated
time-history in third-octave bands of contact forces is
generated and shown in Figure 9. Changing the track
parameters affects the contact forces mainly in the fre-
quency range between 50 Hz and 1.2 kHz. While for
stiffer pads an increase of up to 6 dB is observed in the
250 Hz third-octave band, a decrease of about 4 dB can
be seen in the 630 Hz band. Comparing this to Figure 4,
it is clear that generally, higher forces in the rolling con-
tact are found in frequency regions with a decreased track
receptance due to the stiffer rail pads.
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Figure 7: Contributions of individual track components to
the overall sound power. Top: Case A, Bottom: Case D.

Discussion and Conclusion
A short discussion of excluded research, an outlook on
open questions and a summary are given in the following.
This study neglects the influence of the radiation from
the wheel. As seen, the contact force spectra change,
and with an increased contact force, an increased radia-
tion from the wheel should be expected. However, this
study suggests that for the given changes in the track
stiffness, the forces mainly increase below 400 Hz. Typ-
ically, railway wheels do not have a high radiation effi-
ciency in this frequency range [2, 10], and thus no large
differences are expected in this context.

In the future, this study could be extended to ballasted
tracks by including under-sleeper pads. This way, combi-
nations of the stiffness above and below the sleeper can
be produced analogously to the method shown above,
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Figure 8: Insertion loss, comparing slab track surface vibra-
tions for Cases B to D to case A.
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Figure 9: Autospectra of the rolling contact force.

similarly to the approach used in the article by Diehl et
al. [12]. Further, the use of rail pads with higher damping
coefficients can be explored in this context. By providing
a stronger coupling between the rail and the sleeper, rail
pads with high loss factors can use their full potential.
The influence of the lateral stiffness has been neglected
in this study, as the construction of the sleeper boot has
the primary goal of providing an extra elasticity in the
vertical direction.

Increasing the rail pad stiffness is a known method to
reduce the rolling noise radiated from the rail. However,
a studies of the noise reduction often neglect the disad-
vantages of this method, namely the increased ground-
borne vibration, stresses on the components, and in-
creased rolling contact forces. This study quantifies the
effects on these related issues while providing a possible
solution for a specific type of slab track. Increasing the
rail pad stiffness while reducing the stiffness below the
booted sleeper reduces the radiation from the rail while
it maintains or increases the ground borne vibration iso-
lation up to about 300 Hz. An increased sound radiation
from the sleepers of up to 6 dB is observed at the sleeper
resonance.
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