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ARTICLE INFO ABSTRACT

Keywords: With the development of non-ballasted track forms (often referred to as slab tracks) over the few last decades, it
Ground-borne vibration is important to understand their behaviour with respect to ground-borne vibration compared with the traditional
Slab track

ballasted tracks. This is important in deciding between the use of the two track forms. The present work aims to
quantify the differences between slab tracks and ballasted tracks numerically by using the MOTIV model. This is
a general and fully coupled three-dimensional model that works in the wavenumber-frequency domain. It can
predict the vibration levels of the track and the ground due to the gravitational loading of a passing train and the
wheel and rail unevenness. A comparative analysis between the two track types is presented in terms of ground
vibration with emphasis given to the influence of the stiffness and inertial parameters of the two track forms. It is
shown that, for the same fastener stiffness there are only small differences in ground vibration behaviour, with
the mass of the track slab leading to reductions of 1-3dB at frequencies above 16 Hz. However, if softer rail
fasteners are used in the slab track, as is usual, this leads to further reductions above 63 Hz. The critical velocity
on soft soil is also considered. Although there is little difference between the different tracks for a homogeneous
ground, for grounds with a soft surface layer the critical velocity is increased by the slab bending stiffness. The

Ballasted track
Critical speed
MOTIV model

maximum rail displacement is also smaller for a slab track than the equivalent ballasted track.

Introduction

Railway track systems are under continuous development and many
different structural forms have been introduced to fulfil different spe-
cifications. For over a hundred years conventional railway track was
constructed with transverse sleepers laid on crushed stone (ballast).
Initially sleepers were timber but from the 1930s onwards, as rolling
stock speeds and axle loads increased, timber was gradually replaced by
concrete and sometimes by steel. Through more than a hundred years of
usage, the engineering knowledge of ballasted track has been refined,
making it a highly-versatile and relatively low-cost track form.
Nevertheless, the main weakness of ballasted track is the need for
regular maintenance especially as the train speeds increase [1].

Driven mainly by the need to reduce maintenance costs, non-bal-
lasted tracks were introduced from the 1960s and installed in tunnels
and on bridges and viaducts. More recently, in order to accommodate
the higher dynamic loading associated with high speed operation (for
speeds greater than 200km/h), non-ballasted tracks have been in-
troduced in high-speed lines. Slab tracks are now increasingly being
installed in different situations worldwide and, although they are more
expensive to construct than ballasted track, they provide the desired
long-term stability and rigidity for high speeds and good lateral and
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longitudinal resistance. A review of slab track systems with some fur-
ther discussion of the design procedures and criteria, life-cycle costs,
and implications for noise has been presented in [2].

In deciding between the use of ballasted or slab track there are
many important technical and economic issues that have to be ad-
dressed. These primarily include construction cost, operability and
environmental impact, mainly due to noise and ground-borne vibration.
This work focuses only on the latter issue of the ground-borne vibration
performance of ballasted and slab tracks for railways at grade.

Ground-borne vibration is generated at the wheel-rail contact and
propagates through the ground to nearby buildings where it may cause
nuisance for people or disturbance to sensitive equipment. Many dif-
ferent numerical models have been developed in the last decades that
predict the vibration from surface and underground railways and which
have been used to understand the generation and propagation of
ground-borne vibration. A comprehensive overview of the state of the
art on railway-induced ground vibration models and its excitation
mechanisms can be found in [3]. The majority of these models are for
ballasted tracks but there are also several that include slab tracks (e.g.
[4-11D).

It has been shown that the track design affects the ground vibration
for both surface and underground railway applications [4,12].
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However, there are few comparative studies of the performance of slab
track and ballasted track for ground vibration; most such comparisons
have been made of the effect of the track design on the critical speed
[13,14]. To the authors’ knowledge, the only work in the literature that
studies and compares track and free-field vibration levels due to train
passages between ballasted and slab tracks is included in [15]. How-
ever, this work emphasizes comparisons with floating slab tracks. These
provide an effective way to reduce vibration transmission from railway
traffic to the ground by adding an elastic bearing beneath the slab
[6-8]. Although these special track forms are very effective and widely
used in modern underground lines, they are not the main focus of the
current study.

The aim of this paper is to study numerically the comparative per-
formance in terms of ground-borne vibration of slab tracks and bal-
lasted tracks located at the ground surface. The MOTIV model, a semi-
analytical three-dimensional model is used. This is a versatile and fully
coupled model that is based on the formulations originally developed in
[16] for surface railways and in [17,18] for tunnels. It is formulated in
the wavenumber-frequency domain and uses transfer function matrices
for the ground expressed in a moving frame of reference. Thus, it in-
cludes the effects of the moving loads and can also be used to assess the
critical velocity. The model is presented in more detail in Section ‘The
MOTIV model’.

There are many different types of ballasted and slab tracks in use
around the world. Thus, it would not be feasible to compare the ground
vibration performance of every track type, including different rail
types, fastening systems, sleeper or slab designs, and subgrade-im-
provement processes. Moreover, the ground-borne vibration perfor-
mance is strongly related to the ground properties of a given railway
site and also to the rolling stock that operates on the line. Experimental
comparisons have many drawbacks due to inherent differences between
the tracks that are compared, for example due to the soil conditions or
the track unevenness. Thus, this work aims to identify only the main
differences in predicted vibration levels between generic ballasted and
slab track designs and to highlight the major characteristics that can
affect these vibration levels. The description and properties of these
generic tracks are based on [19] for the ballasted track and on the
Rheda 2000 specifications [20] as a typical slab track. The assumed
properties are given, together with the properties of the ground for a
range of soil conditions, in Section ‘Track-ground system properties’.

Section ‘Loads applied directly on the ground surface - ground dis-
persion’ presents a study of the dispersion characteristics and the wave
propagation mechanism for the selected ground types. This forms a
basis for providing a better insight into the track-ground interaction
and the free-field vibration that are presented in Sections ‘Ground
dispersion for different track forms and the effect of load speed’,
‘Ground vibration due to train passages’ and ‘Critical speed for different
track forms’. Using the MOTIV model a comparison is made first for
vibration due to single dynamic loads in Section ‘Ground dispersion for
different track forms and the effect of load speed’, and then due to train
passages in Section ‘Ground vibration due to train passages’. Finally, in
Section ‘Critical speed for different track forms’ simulation results are
presented to indicate the speed at which critical velocity effects occur
for the different track forms.

The MOTIV model

The MOTIV (Modelling Of Train Induced Vibration) model [21] is a
semi-analytical computational tool for calculating ground vibration
from surface and underground railways and for assessing the perfor-
mance of vibration countermeasures at the track and/or the train. The
model has a graphical user-friendly interface and it uses state-of-the-art
techniques to perform quick predictions of vibration levels in the vici-
nity of the track and in the far field. For ground vibration from surface
railways, use is made of the formulation originally developed by Sheng
et al. [16]. This has recently been extended in [22] to take into account
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the traction variation across the track-ground interface and to allow the
excitation and response of the two rails to be considered separately. For
underground railways, not considered here, the model uses the for-
mulation developed in [17,18] that was later extended in [23] to in-
clude layered soil conditions.

For surface railways, studied here, a longitudinally invariant bal-
lasted or slab track is coupled vertically to the surface of the ground. No
coupling is made in the lateral direction at the soil surface. The track
structure is modelled as multiple beams supported by vertical springs
with consistent mass and the soil is modelled as a horizontally layered
halfspace. Linear dynamic behaviour is assumed throughout. The ex-
citation is assumed to be due to the passage of individual wheel loads
along the track (quasi-static loading) and due to dynamic interaction
forces caused by irregularities of the wheels and tracks (dynamic
loading). The model is formulated in the wavenumber-frequency do-
main and uses the transfer function matrices for the ground formulated
in [24] in a frame of reference moving with each load at speed v. Thus,
it includes the effects of the moving loads and predicts the vibration
level at a fixed point in the free field during the passage of the train.

Following the formulation presented in [22], the track (ballasted or
slab) exerts a distributed load on the ground. This is applied by dis-
cretizing the interface conditions between the track and the ground.
The discretization introduces a finite sum of the normal tractions at the
track/ground interface: across the interface, there is a finite number of
strips; within each strip, the stresses are assumed constant and dis-
placement compatibility is required along the centrelines of the strips.
This allows the rotation of the sleepers or the slab (and the wheelsets)
about the axial direction to be included, excited by non-symmetrical
unevenness of the two rails.

Only the vertical interaction forces are considered and only the
vertical dynamics of the train are included. The train is modelled as a
linear multiple rigid-body system and the flexible modes of the car body
are neglected. This is generally acceptable for ground-borne vibration
because the vehicle’s suspension isolates the car body above about
10 Hz. Therefore, above 10 Hz, the vehicle’s unsprung mass is the only
component that affects the vertical dynamic loads. Below 10 Hz, it was
shown in [22] that non-symmetric loading at the wheel/rail contact
points is usually negligible, and therefore the rolling modes (rotation
around x-axis) of the car body and the bogie are not excited. Thus, the
car body and bogies can be further simplified as having only two de-
grees of freedom (DOFs), i.e., the vertical displacement of their mass
centre and pitch motion (around y-axis). Similarly, each wheel has only
one DOF, i.e. its vertical displacement. The coupling between vehicles is
neglected and to enable analysis in the frequency domain each non-
linear suspension is linearized, which is valid for small motion ampli-
tudes. Hysteretic, viscous or viscoelastic damping can be included in the
stiffness elements of the vehicle suspension.

The vehicle parameters that are used for all simulations within this
study are listed in Table 1, see also Fig. 1. These are taken from [25]
and correspond to a typical electric multiple unit (EMU) train. The
primary and secondary suspensions are represented by visco-elastic
elements, as shown in Fig. 1(b); their dynamic stiffnesses are given by
k. = kp1kp2 + iwcp (kp1 + kp2) and k. = ksiks2 + iwes (ks1 + ks2)

P kp2 + icwcp S kg2 + icwes

It is assumed that the wheel is always in contact with the rail. A
linearized Hertzian contact spring is included between each wheel and
the rail, although for the frequency range of ground-borne vibration
(below 250 Hz), inclusion of the contact spring does not influence the
total response significantly. Moreover, the wheel irregularities are ne-
glected, so that all irregularities are assumed to be on the rail surface
and the vertical profile of the rail may be decomposed into a spectrum
of discrete harmonic components. The relation between the angular
frequency w of the dynamic loading and the wavelength 4 of the rail
irregularity is w = 27v/A, where v is the velocity of the train.

The rail unevenness spectra that are used for all simulations within
this study are shown in Fig. 2; the average unevenness spectra of the

respectively.
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Table 1
Assumed vehicle parameters.
Car body Mass me = 26, 200 kg
Pitching moment of inertia Jo = 2-10° kg-m?
Overall vehicle length I, =20m
Number of vehicles N=4
Bogie Mass myp = 5000 kg
Pitching moment of inertia Jp = 6000 kg-m?
Half distance between bogie centres Ib=71m
Wheelset Mass my = 1800 kg
Total axle load P =106.5kN
Contact stiffness (per wheel) kg = 1.26 GN/m
Half distance between axles ly=13m

Primary suspension Vertical stiffness per axle
Vertical viscous damping per axle

Series stiffness per axle

kp1 = 0.85 MN/m
¢ =20 kN-s/m

! - kp2 = 85 MN/m
Spring lateral half distance
[p=09m
Secondary suspension Vertical stiffness per axle ks = 0.6 MN/m
Vertical viscous damping per axle ¢ = 20 kN-s/m
Series stiffness per axle kg2 = 60 MN/m

two rails are shown in one-third octave band form in Fig. 2(a) and the
coherence functions between the left and right rail profiles for the
wavelength range from 40 m to 0.5m are shown in Fig. 2(b). These
unevenness spectra have been obtained from measured data from two
typical tracks in the UK, a ballasted track and a slab track reported in
[22].

The unevenness spectrum for the ballasted track has been obtained
using two measurement systems [26]. The short wavelength range was
measured using a corrugation analysis trolley (CAT) [27]. Longer
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wavelength data (greater than 0.5m) was obtained from routine mea-
surements of vertical track alignment using a track recording coach
(TRC), which yields loaded track profiles. For wavelengths longer than
35m, where the accuracy of the TRC is not guaranteed, the spectrum
has been extrapolated.

For the slab track, the unevenness spectrum has been obtained using
measurements acquired only from a TRC, and no short wavelength (less
than 0.5 m) CAT measurements were available so the short wavelength
spectrum from the ballasted track is used. It can be seen that the un-
evenness level of the slab track is significantly lower than for ballasted
track for wavelengths greater than 1 m. This can be attributed to the
increased resistance of the slab track to geometry degradation (because
of the bending resistance of the slab and the absence of ballast de-
gradation). Moreover, usually softer rail fastenings are used on slab
tracks than on ballasted tracks and this can lead to a reduction in the
perceived unevenness [28]. Nevertheless, in the wavelength range from
1m to 0.5m, the available TRC measurements for both tracks give si-
milar unevenness levels.

Track-ground system properties

The dynamic representation of the two track forms is shown in
Fig. 3. All the track systems considered in this study are composed of
two UIC60 rails with bending stiffness E,I, = 6.42 MN-m?, hysteretic
damping loss factor 7, = 0.01 and mass per unit length m, = 60 kg/m for
each rail. For the ballasted track, the concrete sleepers are considered as
rigid bodies with mass m; = 300 kg and pitching moment of inertia
about the x axis I, = 200 kg-m?; the distance between them is
ds = 0.65m. In the model, the sleeper mass is distributed continuously
along the track length. For the slab track, the rails and slab are mod-
elled as infinite Euler-Bernoulli beams. The rail pads are modelled as

me,Jc
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Fig. 2. (a) Unevenness spectra in one-third octave band wavelength and (b) coherence function between left and right rails for ballasted track and slab track [22].
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Fig. 3. Beam-spring-mass representation of the track forms. (a) Ballasted track; (b) slab track.

continuous spring elements with negligible mass and hysteretic
damping and the ballast is modelled as continuous spring elements with
hysteretic damping and consistent mass.

The main resilience of the ballasted track is due to the rail fasteners
(i.e. railpads) and the layer of ballast. Four cases with different ballast
properties and different railpad stiffnesses are considered with their
values given in Table 2. The properties of Case Bl (see Table 2) are
largely based on a stiff ballasted track considered in [19]. For Cases B2
and B3, the properties were selected such that the ballast mass for Case
B2 is much higher (88%) than Case B1, and the stiffness value for Case
B3 is half that of Case B1. Case B4 has the same ballast properties as
Case B1 but higher railpad stiffness. For all four cases, the width of the
ballast/ground interface strip is 2b = 3.2 m and the traction variation
across the interface area is taken into account by using twelve uniform
traction strips, as formulated in [22].

For the slab track, five sets of slab properties are considered. These
are given in Table 3 and are mainly based on the specifications of the
Rheda 2000 slab track [20] shown in Fig. 4(a). This system [29] is used
as a typical example of a monolithic wet-poured slab track. The con-
crete slab system rests on a hydraulically bonded layer (HBL) that is a
mixture of aggregates with a bonding agent, usually cement, and is
typically 0.3 m thick (Fig. 4(b)).

For the aims of this study the whole composite slab track system is
simplified and modelled as a single beam with mass, bending and tor-
sional stiffness properties (Table 3) of the combined slab and HBL. The
contact with the ground has a width 2b = 3.4 m (Fig. 4(b)) and the
traction variation across the interface area is again taken into account
by using twelve uniform traction strips. The values of the properties for
slab Cases S2 and S3 (see Table 3) were selected such that Case S2 has
about 45% of the bending and torsional stiffnesses of Case S1 (i.e. it is
assumed that the HBL does not contribute to the bending and torsional

Table 2
Ballast and railpad properties for ballasted tracks.
Case B1 Case B2 Case B3 Case B4
Railpad stiffness (MN/m) 120 120 120 300
Railpad damping loss factor 0.15 0.15 0.15 0.15
Ballast mass (kg/m) 1740 3258 1740 1740
Ballast stiffness (MN/m?) 4640 4640 2320 4640
Ballast damping loss factor 0.1 0.1 0.1 0.1

Table 3
Slab track and rail fastener properties.

Case S1 CaseS2 CaseS3 Case S4 Case S5

Slab mass (kg/m) 3720.0 3720.0 2201.5 3720.0 3720.0
Slab bending stiffness (MN'm?) 233.2 103.2 103.2 0 233.2
Slab torsional stiffness (MN'm?) 339 150 150 339 339
Slab polar moment of inertia (kgm) 3086 3086 2541 3086 3086
Slab damping loss factor 0.015 0.015 0.015 0.015 0.015
Rail fastener stiffness (MN/m) 120 120 120 120 50
Rail fastener damping loss factor 0.15 0.15 0.15 0.15 0.15

rigidities of the slab system) and Case S3 has the same bending stiffness
as Case S2 but the mass of the slab is equal to the combined mass of the
sleepers and ballast of ballasted track Case B1 (see Table 2). Case S4 has
the same mass as Case S1 but the slab has zero bending stiffness while
Case S5 is similar to Case S1 but has a softer rail fastening system.

The tracks are located at the surface of a two-layered elastic half-
space model that represents a softer soil above a stiffer subgrade. This is
a typical soil physical arrangement in which a layer of softer weathered
soil about 1-3 m overlies stiffer soil layers. Six different types of ground
are selected for this study with the values listed in Table 4. These are
defined in terms of their fundamental wavespeeds, the P-wave (or
compressional wave) and the S-wave (or shear wave) together with the
density. Although not based on actual sites, these properties are chosen
as typical examples of what is likely to occur in practice. Ground Types
G1 and G2 have been used in [30,22]; they both have a softer layer of
depth 3 m overlying a stiffer half-space. Ground Types G3 and G4 have
the same layering configuration as Types G1 and G2 but they are
considerably softer. For convenience, ground Types G1 and G2 have the
same underlying half-space properties; the same wave velocities are
used for the underlying half-space of ground Type G4 and the upper
layer of ground Types Gl and G3. Ground Type G5 has identical
properties with ground Type G1 but the thickness of the upper layer is
reduced to 1.5m. Ground Type G6 is a homogeneous half-space with
properties identical with the upper layer of ground Type G1. Note that
the S-wave velocities of ground Types G1, G3, G4, G5 and G6 were
selected within the speed range of high speed trains in order to allow
the effect of critical velocities be studied for the different track forms in
Section ‘Critical speed for different track forms’.

Loads applied directly on the ground surface - ground dispersion

In order to give insight into the track-ground interaction mechanism
and the wave propagation in the ground, the dispersion characteristics
of the various ground types are presented in this section. The ground
response to a unit load is computed as a function of frequency for the
different ground types. Fig. 5(a) shows the dispersion curves for the P-
SV (coupled compressional-shear vertical) surface waves of ground
Type G1. These are results for the free ground (without the inclusion of
the track) and are given for a stationary harmonic vertical point load
[31,32]. The vertical response due to a stationary vertical point load is
an even function of wavenumber k and thus the response for the ne-
gative wavenumbers is not shown in Fig. 5.

Since ground Type Gl is not homogeneous, the P-SV waves are
dispersive: the phase velocity of the waves varies with frequency.
Fig. 5(a) shows the dispersion diagram (wavenumber-frequency content
of the propagating P-SV waves) in the frequency range 0-100 Hz. Lines
representing the shear wavenumber of the upper layer (cs; = 120 m/s),
and the underlying half-space (350 m/s) are also shown. The Rayleigh
wavenumber for a homogeneous ground with properties equal to those
of the upper layer is also shown. This is calculated [33] as cg ~ 109 m/s
(91% of cg;) for Poisson’s ratio v; = 0.33.

The dispersion curves plotted in Fig. 5(a) (and the results in
Fig. 5(c)) and (d)) were computed by the solution of an eigenvalue
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Fig. 4. The Rheda 2000 slab track system [20]. (a) 3D segment of the continuous track and underlying HBL; (b) track cross-section.

Table 4
The parameters used for the different types of ground.
Ground Layer P-wave speed (m/s) S-wave speed (m/s) Density (kg/m>) Damping loss factor Layer depth (m)
Type G1 Upper layer 240 120 1800 0.1 3.0
Half-space 700 350 2000 0.1 Infinite
Type G2 Upper layer 500 250 1800 0.1 3.0
Half-space 700 350 2000 0.1 Infinite
Type G3 Upper layer 240 120 1800 0.1 3.0
Half-space 400 200 2000 0.1 Infinite
Type G4 Upper layer 120 60 1800 0.1 3.0
Half-space 240 120 2000 0.1 Infinite
Type G5 Upper layer 240 120 1800 0.1 1.5
Half-space 700 350 2000 0.1 Infinite
Type G6 Half-space 240 120 1800 0.1 Infinite
problem [4,34,35]. This eigenvalue problem is transcendental and has unit vertical harmonic load) of the soil as a contour plot against fre-
an infinite number of solutions, and must be solved with search tech- quency and radial wavenumber. This is shown in Fig. 5(b). This exhibits
niques. This procedure is computationally expensive and sometimes can peaks that reveal the presence of the surface waves. The largest peak
lead to local optima or problems identifying certain solutions. An al- corresponds to the dominant surface wave. The lines representing the P-
ternative approach is to plot the P-SV Green’s function (response to a SV propagating waves shown in Fig. 5(a) are also superimposed in
MINc 108 Fig. 5. Characteristic curves for P-SV waves
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Fig. 5(b). Although not all surface waves of the layered half-space can
be identified, those that dominate the response due to a vertical load at
the soil surface can be clearly seen.

Fig. 5(c) shows the phase velocity of each wave, given by ¢ = w/k.
At very low frequencies only a single propagating mode exists which
has a wave speed close to that of the shear waves in the underlying half-
space (350 m/s). At around 12.3 Hz the first ‘cut-on’ frequency of this
layered ground occurs. Above this frequency, the first wave propagates
mainly in the upper layer with little influence of the underlying half-
space and the wave speed tends towards the speed of Rayleigh waves in
the upper layer (109 m/s). Subsequent modes cut on at 23.6 Hz, 50.4 Hz
and 73.4 Hz. The phase velocity of these higher modes varies between
the shear wave velocity of the underlying halfspace (at the cut-on fre-
quency of the mode) and the shear wave velocity of the top layer.

Fig. 5(d) shows the vibration attenuation rates of the propagating
surface waves. These are obtained from the imaginary part of the
complex wavenumber k[35].

The dispersion curves of ground Types G2, G3, G4 and G5 are
presented in Fig. 6. The first few ‘cut on’ frequencies for each case are
listed in Table 5. Comparing ground Types G1 and G2, that have the
same properties for the underlying half-space, the ‘cut on’ frequencies
increase significantly with the increase of the wave velocities in the
upper layer (see Table 4). This is expected since the S-waves correspond
to motion that involves mostly deformation of the upper layer. Com-
paring ground Types G1 and G3, that have the same properties for the
upper layer, ground Type G1 that has a stiffer underlying half-space
shows lower values of the ‘cut on’ frequencies. Additionally, the in-
tensity of the surface waves is expected to be higher for ground Type
G3, with the softer underlying substratum, than for ground Type G1.
This can be seen in Fig. 7 in which the real part of the vertical and
lateral displacement is plotted against depth for an excitation frequency
of 10 Hz and wavenumber k = 0.52 rad/m that corresponds to a phase

Frequency ,Hz

(d)

Table 5
The ‘cut on’ frequencies of the first four P-SV waves for the different ground
types.

Ground ‘Cut on’ frequency (Hz)

Type G1 Type G2 Type G3 Type G4 Type G5
Mode 1 12.3 46.4 18.0 7.6 24.6
Mode 2 23.6 106.8 42.3 16.0 47.2
Mode 3 50.4 167.0 67.7 28.0 100.7
Mode 4 73.4 227.0 92.9 50.5 146.8

velocity of 120 m/s. This shows that the energy is largely transmitted in
the top 3m soft layer of soil and that ground Type G3 contains con-
siderably more motion of the underlying half-space.

Ground Type G5 has identical material properties to ground Type
G1 but half the depth for the upper layer; as seen in Table 5 the values
of the ‘cut on’ frequencies are double the values for ground Type G1.
Moreover, the intensity of the surface waves is expected to be lower for
ground Type G5 especially at lower frequencies. This is confirmed by in
Fig. 7 where the real part of the vertical and lateral displacement of
ground Type G5 has significantly lower values at the surface and the
motion is mostly contained in the top 1.5 m instead of the 3 m depth for
ground Type G1.

Fig. 8 shows the transfer receptances at two different distances on
the free ground surface for a stationary harmonic point load. These are
calculated with an inverse Fourier transform (or they could be calcu-
lated with an equivalent Hankel transform, [31,32]) from the Green’s
functions that have been calculated in the wavenumber domain. For all
five ground types, a broad peak occurs in the transfer receptance at low
frequencies. The peak occurs at about 18 Hz for ground Type G1, 35 Hz
for ground Type G2, 17 Hz for ground Type G3, 9 Hz for ground Type
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Fig. 7. Real part of the P-SV modes at 10 Hz and for wavenumber k = 0.52 rad/m (120 m/s phase speed) for ground Type G1, ground Type G3 and ground Type G5.

(a) Vertical displacement; (b) lateral displacement.

G4 and 35Hz for ground Type G5. These peaks correspond approxi-
mately to the ‘cut on’ frequencies of the layered ground (see Table 5).
The transfer receptances for ground Types G1, G2 and G5 are equal at
low frequencies, where the vibration propagation is dominated by the
underlying half-space, this having identical properties for the three
grounds. The results start to differ at higher frequency, with ground
Type G1 having a higher receptance above 6 Hz as waves start to cut on
in the upper layer. For the thinner upper layer of ground Type G5 waves
start to cut on in the layer above 17 Hz. Conversely, ground Types G1
and G3 have different transfer receptances at low frequencies due to the
differences in their underlying half-space but this difference reduces
above their ‘cut on’ frequencies.

Ground dispersion for different track forms and the effect of load
speed

For a moving load a single radial wavenumber can no longer be
used in the calculation of the receptances. If the load is moving on a
straight line, the wave field is transformed into the domain of two
wavenumbers, k, parallel to the movement of the load and k, perpen-
dicular to it.

By working in a frame of reference moving with the load [24], the
steady-state response for a harmonic load of frequency w in the wave-
number-frequency domain is given as (ky, ky, z, @) that is time har-
monic with amplitude @(k,, ky, z) and response frequency & = w — kyv.
This frequency may take negative values; as a consequence each loss
factor, 7, in the ground layers or in the track components should take
the form of zsign(@). The steady state response consists of an infinite
number of spatially harmonic components, each of which is time

-160

Transfer receptance, dB (re: m/N)

10
Frequency, Hz
(a)

Fig. 8. Transfer receptances for the five different ground types. (a) 8 m from the source; (b) 16 m from the source.

harmonic, with frequency and amplitude which are dependent on the
corresponding wavenumber [24].

Results are presented for the track receptance as a function of fre-
quency w/27 for ballasted track Case Bl and slab track Case S1. The
systems are subjected to a series of moving unit amplitude sinusoidal
excitations applied symmetrically on both rails. Fig. 9 shows the re-
ceptance of the rail at the moving excitation point as a contour wave-
number-frequency representation for the ballasted track Case B1 and
the slab track Case S1 on ground Type G1. The load speed is v = 33.3 m/
s (120 km/h).

From Fig. 9 it is clear that the response due to the movement of the
load is not symmetric with respect to wavenumber k, = 0. This occurs
because the response frequency & = w — k,v varies with wavenumber
k,, resulting in a skewness of the calculated response compared with the
non-moving case. The dominant response in Fig. 9 occurs at smaller
wavenumbers behind of the load (positive wavenumbers) than ahead of
it [24]. This is not the case for the response with respect to the wave-
number k,; the load movement does not affect the symmetry about the
x-axis so the dominating surface waves will have phase velocities si-
milar to the P-SV waves of the fixed load case shown in Fig. 5(b).

With the inclusion of the ballasted track no waves with wave-
numbers above about 2rad/m can propagate along the track at these
frequencies; for the slab track the corresponding limit is about 1 rad/m.
The difference in these maximum wavenumbers is because of the in-
creased bending stiffness of the slab track compared with the ballasted
track. The ballasted track also shows higher values of maximum re-
sponse, although the difference is not clearly visible from the contour
plots. Due to the low resilience of the two tracks the response at the
ground surface at the track centreline is similar to the rail response in
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Fig. 9. Contour plots of the rail point receptance in the frequency-wavenumber domain for tracks on ground Type G1 due to moving harmonic loads at v = 33.3 m/s

with respect to wavenumber k,. (a) Ballasted track Case B1; (b) slab track Case S1.
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Fig. 10. Rail receptance magnitude for ground Type G1 due to stationary (v = 0) and moving (v = 33.3 and v = 83.3 m/s) excitation: (a) ballasted track Case B1; (b)

slab track Case S1.

Fig. 9.

Fig. 10 compares the rail point receptance magnitude for v = 0 with
that for load speeds v = 33.3 m/s and 83.3 m/s (300 km/h); results are
again shown for ballasted track Case B1 and slab track Case S1. These
are calculated by a wavenumber inverse Fourier transform at the load
point (x = 0). Thus the lines shown for load speed 33.3 m/s for the two
track forms in Fig. 10 result from an inverse Fourier transformation at
x = 0 of the complex wavenumber response shown in Fig. 9.

Comparing the rail receptance magnitude between the two track
forms in Fig. 10 it can be seen that, for v = 0 and 33.3 m/s, the ballasted
track shows about 3 dB higher vibration levels than the slab track.
However, for a load speed of 83.3 m/s both ballasted and slab tracks
show similar point receptances. The peak value of the receptance occurs
at about the same frequencies for both track forms. As the load speed
increases, the peak of the rail receptance tends to shift to lower fre-
quencies.

For a harmonic load moving with a constant velocity, vibration at
an observation point in the track/ground can be also considered as
harmonic if the point is moving in the same direction and speed as the
moving load. For such a case of a moving frame, the transfer functions
(Green’s functions) between the excitation points at the wheel-rail in-
terface and the observation point are time-invariant. The results pre-
sented in Figs. 9 and 10 show the dynamic response of the rail using
such moving Green’s functions.

However, the Green’s functions between a moving excitation point
and a fixed observation point are dependent on time. This is due to the
fact that, for a receiver at a fixed position in the free field, the vibration
level depends on the position of the load along the track that is

dependent on time. Since the load moves, a load of a single frequency in
the moving frame of reference will produce a transient response at a
fixed point in the ground or the track which has a spectrum containing
a range of frequency components, i.e., a Doppler shift occurs depending
on the speeds of wave propagation in the track/ground. The response
amplitude is also time-dependent.

Fig. 11 shows the cumulative ground response (displacement)
spectrum due to a unit load (symmetrically distributed on the two rails)
for the same range of excitation frequencies (1-250 Hz). The cumula-
tive response spectrum is defined here as J* °; lu(y, f)Pdf and is ob-
tained for 250 logarithmically spaced excitation frequencies f = w/27.
Results are shown for load speeds 33.3 m/s and 83.3 m/s for receivers
at y = 8 m and 16 m from the track centreline. The vibration level rises
to a peak at about 17 Hz for both speeds. As in the stationary transfer
receptance shown in Fig. 8, this rise in level is associated with the cut-
on of waves localised in the upper surface layer of the soil. The trends in
Fig. 11 are similar to those for ground Type G1 in Fig. 8; however, with
the track included the vibration in Fig. 11 drops faster at high fre-
quency. The results for the two track forms in Fig. 11 show the same
vibration characteristics for frequencies below 15 Hz. Above 15 Hz, the
cumulative response shows lower levels for the case of the slab track,
with a difference of around 1dB at the peak at 17 Hz increasing to
around 4 dB at high frequency.

Fig. 12 shows corresponding results for a case where the loading is
not symmetrically distributed on the two rails and the track is allowed
to rotate around the x axis. This shows the cumulative response spec-
trum for harmonic unit loads on the two rails in anti-phase. Lower re-
sponse levels can be seen for both tracks in the low frequency range
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below 15 Hz than those in Fig. 11. Above 15 Hz, the response due to the
anti-symmetric loading increases to the same level as the symmetric
case, with a peak around 20 Hz. At higher frequency it remains about
5dB higher than the symmetric case.

Ground vibration due to train passages

In this section, the MOTIV model is used to investigate the effects of
different track forms on the vibration levels of the ground and the track
during a train passage. The response is calculated for the full passage of
a train of four vehicles with properties given in Table 1; two train
speeds are considered, 33.3 m/s and 83.3 m/s. Initially the unevenness
spectrum of the ballasted track shown in Fig. 2 is applied for both
ballasted tracks and slab tracks in order to enable a nominal compar-
ison of the two track forms based on their structural performance. The
unevenness spectrum of the slab track shown in Fig. 2 is applied only
for the slab track simulations in Section ‘The effect of the track align-
ment’. The correlation between the two rails [22] (Fig. 2(b)) is included
by using the available TRC measurement in the wavelength range
35-0.5 m. For wavelengths longer than 35 m the unevenness between
the two rails is considered as fully correlated, whereas for wavelengths
shorter than 0.5 m it is considered as uncorrelated [22].

Vibration level at the ground surface

The vertical vibration velocity level at the ground surface due to the
passage of the train on ballasted track B1 and slab track S1 is shown in
Fig. 13. The results are shown as the average one-third octave band
spectrum at 8 m and 16 m from the track centreline during the train
passage. The response shown includes the contribution of both the
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quasi-static excitation (due to the moving axle loads) and the dynamic
excitation (due to the rail unevenness).

The vibration level rises to a broad peak between 16 and 63 Hz at
33.3m/s and between 25 and 100 Hz at 83.3m/s. This is associated
with the cut-on of waves localised in the upper surface layer of the soil.
Comparing the vibration spectra at the two different distances, it can be
seen that the response decays significantly with distance. The decay
with distance is similar for both train speeds and is more prominent
below about 3 Hz, where the quasi-static contribution is expected to
dominate the response, and above 12.5 Hz. Higher vibration levels are
found for the higher speed (83.3 m/s) in most one-third octave bands.
This is mainly due to the shape of the unevenness spectrum; for a given
frequency the corresponding unevenness shifts towards longer wave-
lengths that have higher unevenness levels (see Fig. 2).

The differences between the results for the two track types in Fig. 13
are relatively small. However, larger differences are found in the quasi-
static component, as shown in Fig. 14. The slab track has much lower
levels of quasi-static component above 3 Hz for 33.3 m/s and 8 Hz for
83.3 m/s due to the influence of the slab bending stiffness. Nevertheless
due to the dominance of the dynamic excitation apart from very low
frequencies, this difference does not affect the overall vibration levels at
these distances.

The effect of the ground conditions

Fig. 15 shows the level differences in dB between the total vibration
for the two track types. These are shown as the level for slab track S1
minus that for ballasted track B1. The results are given for three ground
types at 8 m from the track centreline. In each case the vibration level
for the slab track is less than 3 dB lower than that for the ballasted track
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Fig. 12. Cumulative ground response (receiver) spectrum in the far field for ground Type G1. Response due to anti-phase moving harmonic unit force amplitude on
each rail of the ballasted track Case B1 and slab track Case S1 at 8 m from the track and at 16 m from the track: (a) for 33.3 m/s; (b) for 83.3m/s.
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Fig. 15. One-third octave level differences of slab track Case S1 minus ballasted track Case B1 on ground Type G1, ground Type G2 and ground Type G3 at 8 m from

the track centreline for train speed: (a) 33.3 m/s and (b) 83.3m/s.

between about 20 and 50 Hz. Above 100 Hz the level for the slab track
is progressively lower as frequency increases. The results are similar for
ground Types G1 and G3; as these have the same upper layer of soil this
suggests that the differences are dominated by this surface layer. For
ground Type G2, which has a stiffer surface layer, the level differences
are smaller. The results for larger distances from the track are similar.

The results from the two track forms are similar in the frequency
bands 63-100 Hz. This corresponds to the resonance frequency of the
combined rail and unsprung mass on the track stiffness, at which the

10

interaction force has a maximum [12]. This can be identified from
Fig. 16 as the frequency at which the rail and wheel receptances have
similar magnitudes, which occurs at about 80 Hz. In this frequency
region, the rail receptances are similar for both track types, Case B1 and
Case S1, and are only affected by the ground below 25 Hz. Moreover,
the rail receptances are unaffected by load speed above about 20 Hz for
the ballasted track and 40 Hz for the slab track, as shown in Fig. 10.
Fig. 16 also shows the rail receptance magnitude for ballasted track B4
and slab track S5 that will be discussed further in Section ‘The effect of
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Fig. 16. Magnitude of wheelset point receptance and rail point receptance for ballasted track B1, ballasted track B4, slab track S1 and slab track S5 due to loading
moving at v = 33.3 m/s for (a) ground Type G1, (b) ground Type G2 and (c) ground Type G3.

the fastening system’. For slab track S5, the resonance of the rail mass
on the corresponding soft railpad support stiffness (k, = 50 MN/m) can
be clearly seen at about 185 Hz.

To highlight the resonance frequency of the rail and unsprung mass
on the track stiffness, Fig. 17 shows the displacement of the rail and the
wheel at the first wheel/rail contact point due to a unit magnitude rail
unevenness. This is distributed on both rails and applied in phase. These
results are for ground Type G1 and for the ballasted tracks B1 and B4
and the slab tracks S1 and S4. The displacements at the other wheel/rail
contact points show similar trends.

The peaks in Fig. 17(a) occur at about 80 Hz for ballasted track B1,
120 Hz for ballasted track B4, 80 Hz for slab track S1 and 55 Hz for slab

track S5. These frequencies are consistent with the rail/wheel re-
ceptance intersection points in Fig. 16(a). Slab track S1 has lower rail
displacement than ballasted track B1 for frequencies below 50 Hz due
to its lower point receptance. In the frequency range of the resonance
50-100 Hz, the slab track has higher levels of vibration due to its lower
damping. Above 100 Hz both tracks show similar vibration levels.

The effect of the track mass

One difference between the two track forms is that the slab track has
a higher mass than the ballasted track. To investigate the effect of this,
Fig. 18 shows the vibration levels of various track types relative to that
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Fig. 17. Magnitude of (a) rail and (b) wheel displacements for unit rail unevenness.

loading moving at v = 33.3 m/s for ground Type G1.
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Ballasted track B1, ballasted track B4, slab track S1 and slab track S5 due to
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Fig. 18. One-third octave level differences, relative to ballasted track B1, of slab track S1, ballasted track B2 and slab track S3; all for ground Type G1 at 8 m from the

track centreline for train speed: (a) 33.3 m/s and (b) 83.3m/s.

of ballasted track B1.

Ballasted track B2 and slab track S1, which have greater mass than
the reference track, both show lower vibration levels. This suggests that
the main reason for the level differences seen in Fig. 15 is the higher
mass of the slab track rather than its bending stiffness. Conversely,
ballasted track B1 and slab track S3, which have the same mass, show
similar vibration levels up to about 100 Hz. Above 100 Hz, the reduced
stiffness of the ballast for Case Bl seems to lead to higher vibration
levels.

The effect of ballast stiffness and slab rigidity

The ballast layer for ballasted track B3 has the same mass but half
the stiffness of ballasted track B1. Fig. 19(a) shows the level difference
between these two tracks. They show the same levels for all one-third
octave frequency bands up to 125Hz. Above 125Hz, the reduced
stiffness of the ballast for Case B3 leads to higher vibration levels.

To show the effect of the slab bending stiffness, Fig. 19(b) also
compares the results for two slab track variants with reduced bending
stiffness; these results are shown relative to slab track S1. Slab tracks S1
and S2 have very similar vibration levels at all frequencies despite the
fact that track S2 has 45% lower bending stiffness. Slab track S4 which
has zero bending stiffness gives slightly lower vibration levels than the
other slab tracks but the differences are less than 2dB in all frequency
bands.
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The effect of the fastening system

In the comparisons presented in the previous sections all ballasted
and slab track cases had the same rail fastener stiffness (k, = 120 MN/
m). In practice, a softer rail fastening is generally used on slab tracks
than on ballasted tracks to compensate for the ballast stiffness. Fig. 20
shows the level difference between the results for slab track S5 with a
fastener stiffness of k, = 50 MN/m and ballasted tracks B1 and B4 (the
latter with railpad stiffness k, = 300 MN/m, see Table 4).

A slight rise in vibration of the slab track occurs around 40-63 Hz
but at 80 Hz and above the vibration level is considerably reduced due
to the soft fasteners. These ground vibration level differences are more
pronounced for the comparison between the slab track and the bal-
lasted track B4 with stiffer railpads. The rise in level around 40-63 Hz
can be attributed to the higher rail rec eptance due to the reduced track
stiffness. As a result the resonance of the unsprung mass on the track
stiffness shifts to around 55 Hz as can be seen in Fig. 16(a).

The effect of the track alignment

In Fig. 2 it was shown that the measured unevenness level of the
slab track is significantly lower than the ballasted track for wavelengths
longer than 1 m. However, in the comparisons presented in the previous
sections, all cases had the same nominal track unevenness which was
based on a measurement of a ballasted track. Fig. 21 shows the results
for slab track S1 obtained using the measured track unevenness levels
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Fig. 19. One-third octave level difference of (a) ballast track B3 relative to ballasted track B1 and (b) slab track S2 and slab track S4 relative to slab track S1. Results
for ground Type G1 at 8 m from the track centreline and train speed 33.3m/s and 83.3m/s.
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for the slab track. These are shown relative to ballasted track B1 with
the track unevenness levels for the ballasted track.

For a train speed of 33.3 m/s the vibration level of the slab track is
significantly lower in the frequency range 2.5-40 Hz. For 83.3 m/s the
reduction is shifted to the frequency range 5-63 Hz. The upper limit of
this frequency range corresponds to unevenness wavelengths of about
1 m for both train speeds. Above that frequency, the two track forms
show similar ground vibration levels. However, above 100 Hz, as fre-
quency increases the vibration level for the slab track is progressively
lower even for the same unevenness (see Fig. 15). Below about 3 Hz the
response is dominated by the quasi-static response which is similar for
both track forms, as shown in Fig. 14.

Critical speed for different track forms

Large amplitude track deflections are generated when trains travel
with speeds close to the wave velocity of the supporting track-ground
system. This is known as the critical velocity effect and has safety im-
plications; it can also result in a significant increase in the need for track
maintenance due to subgrade deterioration. In this section simulation re-
sults are presented of track deflection as a function of speed for different
track forms from which the critical velocity can be identified.

Fig. 22 shows the maximum rail displacement due to a unit constant
load equally distributed on the two rails and moving at a large range of
speeds. The results in the four graphs are for four ground types with
properties given in Table 4. In each case results are presented for four
different track forms with the track properties given in Tables 2 and 3. The
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first two are ballasted track B1 and slab track S1. The third is ballasted
track B2, which has a higher ballast mass than ballasted track B1, so that
the combined sleeper and ballast mass is equal to the mass of slab track S1.
The fourth track form is the slab track S4 with the same mass properties as
slab track S1 but zero bending stiffness of the slab.

In each graph in Fig. 22 the critical speed can be identified by a
large increase in the track deflection. Comparing the critical speed for
the four different ground types it seems that it mostly depends on the
properties of the surface layer of the ground. Ground Type G1 in
Fig. 22(a) and ground Type G3 in Fig. 22(c), which have the same
properties for the upper layer, show similar maximum rail responses for
all speeds and consequently similar peak-response load speeds. For
ground Type G2 in Fig. 22(b), which has a much stiffer upper ground
layer, the maximum rail response is considerably lower for all load
speeds and the critical speed is much higher than for ground Type G1.
Ground Type G4 in Fig. 22(d), which has both a softer upper layer and a
softer underlying half-space than the other three ground types, shows
the highest values of maximum rail response at all speeds and the
lowest critical speeds.

Comparing the results in Fig. 22 for the different track forms, slab
track S1 has a higher critical speed than the other track forms for all
ground types. Moreover, its maximum rail response is lower than that
of the other track forms for all speeds below the critical speed. The
results for ballasted track Bl and slab track S1 are summarised in
Table 6 for six ground types. This shows the values of critical speed
along with the dynamic amplification factor, which is the ratio of the
maximum rail displacement at the critical speed to the static rail re-
sponse. The values of the Rayleigh wave speeds of the surface layer [33]
are also given for all the ground types.

From the curves in Fig. 22 and the values listed in Table 6 it can be
seen that the critical speeds for the ballasted track are close to the
Rayleigh wave speeds of the surface layer for ground Types G1, G2, and
G3. For the softer ground Type G4 the critical speed seems to be 20%
higher than the Rayleigh wave speed of the upper ground layer. For slab
track S1, the critical velocities are considerably higher than those for
ballasted track B1; this is due to the bending stiffness of the track slab.
The increase seems to be greater for the ground types with softer sur-
face layers. For the other two track forms shown in Fig. 22, the values of
the critical speeds seem to be slightly lower than the values estimated
for ballasted track B1, whereas the maximum rail displacement is si-
milar for all these three tracks.

Further results are given in Fig. 23 to show the effect of ground
layering. In each graph results are shown for ground Type G1, which
has a layer thickness of 3 m, ground Type G5 with a layer thickness of
1.5m and ground Type G6 which is a homogeneous ground. All ground
properties are given in Table 4.
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Fig. 22. Maximum rail displacement with load speed for ballasted track B1, slab track S1, ballasted track B2 and slab track S4 on: (a) ground Type G1; (b) ground

Type G2; (c) ground Type G3; (d) ground Type G4.

Table 6
Values of the critical speed and dynamic amplification factor.
Ground Track Critical speed (m/s) Dynamic amplification factor Rayleigh wave speed of upper layer (m/s)
Type G1 Ballasted Case B1 115 1.79 109
Slab Case S1 159 (+38%) 1.45
Type G2 Ballasted Case B1 219 1.41 227
Slab Case S1 256 (+17%) 1.32
Type G3 Ballasted Case B1 115 1.84 109
Slab Case S1 148 (+29%) 1.48
Type G4 Ballasted Case B1 66 1.89 54
Slab Case S1 94 (+42%) 1.56
Type G5 Ballasted Case B1 135 1.50 109
Slab Case S1 224 (+66%) 1.63
Type G6 Ballasted Case B1 109 1.95 109
Slab Case S1 109 (+0%) 1.49

For the homogeneous ground Type G6 the value of the critical speed
for ballasted track B1 (in Fig. 23(a)) is similar to the value for slab track
S1 (in Fig. 23(b)). This value is equal to the Rayleigh wave speed of the
half-space, as given in Table 6. In a homogeneous ground the P-SV
waves are non-dispersive and the critical speed is determined by the
properties of the ground and is not affected by the track properties
[4,13,36]. For ground Type G5, with a reduced thickness of the surface
layer, the critical speeds are higher than for ground Type G1 due to the
increased influence of the underlying stiff half-space.

Results are also shown in Fig. 23(c) for slab track S5 which has
reduced fastening stiffness. This has similar values of critical speed to
slab track S1 although the track deflections are larger. Nevertheless the
maximum deflection is still smaller for both the slab tracks than for the
ballasted track; it is about 40% greater than the static deflection
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whereas for the ballasted track there is an increase of 100%. The static
deflections are slightly smaller for the slab track with stiffness 120 MN/
m than for the ballasted track, whereas with the reduced fastener
stiffness they are slightly larger than for the ballasted track.

Conclusions

The differences in ground-borne vibration performance of typical
ballasted and slab tracks have been assessed using a semi-analytical model.
It is shown that there can be considerable differences between the vibra-
tion produced by different ballasted tracks, depending on the ground
conditions and the ballast mass. Consequently, it is not straightforward to
assign a ground vibration level difference between ballasted track and slab
track as the result depends strongly on the reference case considered.
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Fig. 23. Maximum rail displacement with load speed for ground Type G1, ground Type G5 and ground Type G6: (a) ballasted track B1; (b) slab track S1; (c) slab track

S5.

The vibration performance of a ballasted track and a slab track have
been shown to be very similar if an equivalent fastener stiffness is used.
In the examples considered, the slab track produces 1-3 dB lower vi-
bration for frequencies above about 16 Hz. This can be attributed to the
slab mass rather than its bending stiffness. However, slab tracks are
usually fitted with softer rail fasteners, in which case further substantial
reductions occur above 63 Hz.

Measured loaded track unevenness levels for slab tracks can be
considerably lower that those for typical ballasted tracks for wave-
lengths longer than 1 m. This results in substantianly lower ground
vibration from slab tracks for frequencies that correspond to wave-
lengths longer than 1 m.

Examples of critical velocities on soft soils have also been evaluated.
Here the bending stiffness of the slab offers some advantages; although
there is little difference between the two track forms for a homogeneous
soil, the slab track has higher critical velocities in the case of a layered
soil with a softer upper layer and generally has lower maximum track
deflections.
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