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Abstract

A popular method used to reduce vibration transmitted from underground railways into nearby buildings is floating-
slab track, whereby a concrete slab supporting the two rails is mounted on rubber bearings or steel springs to isolate it from
the tunnel invert. This paper adds a track model to a previously developed three-dimensional tunnel model in order to
assess the effectiveness of floating-slab track. A slab beam coupled to the tunnel in the wavenumber domain, with the slab
bearings represented by an elastic layer, is examined first. A second beam representing the two rails together is then
coupled to the slab, and axle masses representing a train are added to the rail beam. Power-spectral densities and RMS
levels of soil vibration due to random roughness-displacement excitation between the masses and the rail beam are
calculated. Analytical techniques are used to minimise the computational requirements of the model. The results
demonstrate the inadequacy of simple mass—spring and Winkler-beam models with rigid foundations for the assessment of
the vibration-isolation performance of railway track. They suggest that the achievable insertion loss is modest and that
floating the track slab may in fact cause increased transmission of vibration under certain conditions.
© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

A three-dimensional tunnel model comprising a thin cylindrical shell surrounded by an infinite soil medium
is presented in a companion paper [1] as the first part of a detailed model for the calculation of ground
vibration from an underground railway. The current paper completes the process by adding a track model for
one type of floating-slab track. This allows vibration levels in the surrounding soil due to a train running on
the track to be calculated, providing a direct measure of the vibration-isolation effectiveness of the tracks.

Many aspects of the design of railway track are discussed by Esveld [2]. Non-ballasted tracks mounted
directly onto concrete slabs were introduced into underground railways in the 1960s. Slab track is several times
more expensive to construct and radiates more sound than ballasted track, but requires much less maintenance
(Henn [3]), an advantage underground. Many different track designs have been proposed to reduce the
transmission of vibration and sound and several are described in the ORE report [4], with vibration-isolation
performance gauged by a simple mass-on-a-spring argument. A popular approach for underground railways
involves “floating” the track slab on resilient bearings of rubber, glass fibre or steel springs, to give a large
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isolated mass and hence low natural frequency with theoretically large reductions in vibration transmission.
Designs utilising short pre-cast slab sections include the Toronto “double-sleeper” (slabs 1.5m long), the
Eisenmann track in Munich and Frankfurt (3.4m long) and the New York subway (7m long), while the
British VIPACT system supports a continuous slab. A very large isolated mass can be achieved with composite
track consisting of a floating concrete tray containing ballasted track. Examples include the Uderstadt track
in Cologne, and the Barbican (two tracks on one deck) and Piccadilly Line (single-track deck) systems
in London.

Design predictions of track vibration-isolation performance have often been based on a simple lumped
mass—spring argument. Using this approach, Zach and Rutishauser [5] claim that a 25dB reduction in
transmitted vibration at 50 Hz can be achieved by using a floating-slab track with an 8-9 Hz natural frequency.
Wettschureck and Kurze [6] use a one-dimensional impedance model for ballast mats in underground
railways, assuming that the ballast mat is a simple spring and the tunnel is rigid. With this and measurements
they claim a 20 dB reduction of tunnel wall vibration. Similarly large reductions are predicted by Wettschureck
[7,8] for ballast mats in railway tracks above ground and on bridges. Wilson et al. [9] predict high reductions
above 20 Hz for a floating-slab track designed for a 14-16 Hz natural frequency, but their measurements on
the surface above the railway tunnel indicate only a modest reduction of 7dB above 31.5Hz. A lumped-
parameter approach for underground railway track is also advocated by Capponi and Murray [10]. The
pitfalls of this simplistic design approach are highlighted by Greer and Manning [11], who note that a lumped-
parameter model on a rigid foundation is perhaps sufficient for a tunnel in hard-rock ground, but that more
sophisticated approaches are required otherwise.

Variations on the Winkler beam, or beam on elastic foundation, have been widely used to model railway
track, but the context has most often been ballasted track with the emphasis on track behaviour rather than
ground vibration. Cai et al. [12] conduct a free-vibration analysis of a track modelled as a rail beam supported
via springs on discrete crosswise sleeper beams, which rest on Winkler foundations. The track is composed of a
number of single-span units characterised by an exact dynamic-stiffness approach. Cai and Raymond [13]
extend this model by including an axial rail force to simulate thermal forces, and a varying sleeper Winkler
stiffness to represent uneven ballast compaction. Cui and Chew [14] assess the performance of fixed-slab and
floating track with discrete slabs by means of transmitted force calculated using models with rigid foundations
and distributed-mass slabs subjected to stationary and moving harmonic loads.

Mead and Yaman [15] calculate the harmonic response of infinite beams on simple, transverse elastic, and
general elastic periodic supports. Nordborg [16,17] applies the same idea to a rail beam on periodic sleeper-
beam supports to determine its forced response as a linear combination of the free-vibration solutions. Gry
and Gontier [18] also use a periodic approach to model a rail on sleepers via a generalised beam formulation.
A beam model of floating-slab track is used by Samavedam and Cross [19] to evaluate vibration isolation. The
model is like a double Winkler beam, comprising an infinite rail beam on railpad springs resting on an infinite
slab beam on bearing springs. The tunnel floor is assumed to be rigid. Infinite double-beam periodic structures
are used by Forrest [20] to model the rails supported on continuous and discrete floating slabs and then
calculate the total force transmitted to the foundation with both single force inputs and multiple axle
inputs. Belotserkovskiy [21] examines a harmonic force moving along infinite periodic structures representing
railway track.

More realistic track models consider the non-rigidity of the underlying soil. Ono and Yamada [22] use a
standard infinite rail beam on mass—spring sleepers, but the ballast and roadbed are considered elastic with an
assumed pressure distribution acting over increasing area with depth. Responses to various rail-wheel
irregularities demonstrate that waves propagate down into the roadbed, as well as along the track as in a
Winkler model. Knothe and Wu [23] study the vertical receptance of a track model on uniform and layered
half-spaces, and compare the results to those for a simpler model where ballast and subgrade are treated as a
viscoelastic foundation. They find great differences between the two models for frequencies up to 250 Hz,
because the half-space allows for damping due to wave propagation and for coupling between sleepers; the
half-space models explain measured results much better. Kruse and Popp [24] also examine the effect on the
track dynamics of wave propagation into the subsoil. Measurements of ground vibration from heavy freight
trains are compared to a model comprising an infinite rail beam on discrete mass—spring sleepers resting on
a three-dimensional layered medium by Jones [25] (with other simpler models) and Jones and Block [26].
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A similar model but with a continuous layered beam representing the rails, rail pads, sleepers and ballast is
used by Jones et al. [27] to calculate the ground vibration generated by a harmonic load moving on a surface
railway track. Sheng et al. use this latter model to study the effects of changing the track/embankment
structure with the track subjected to single and multiple moving harmonic and quasi-static loads [28];
combined with various vehicle models, they use it to predict the ground vibration due to vertical track
irregularities from two ballasted tracks and one slab track [29], and to compare theoretical results with
measured results at three different sites [30]. Lombaert et al. [31] validate a model comprising two rail beams
on continuous layers representing railpad stiffness, sleeper mass and ballast stiffness, all resting on a
horizontally layered half-space, with the train modelled as roughness-excited axle masses. The validation
against measurements of soil dynamic response, track receptance and free field vibration produced by passing
trains demonstrates the importance of the dynamic soil properties used in the model.

Several researchers have investigated track dynamics using FE models of beam tracks on non-rigid
subgrades. Luo et al. [32] simulate the infinite soil under the track with a finite FE mesh with rigid boundary
conditions; the soil mesh is made large enough that waves cannot return from the boundaries within the time
considered. Sadeghi and Kohoutek [33] use a plane-strain FE model of the soil with viscous absorbing
boundaries to determine the dynamic stiffness of the foundation for use in a beam track model. Esveld et al.
[34] determine the response of a paved-in tramway with a discrete-element model of its different concrete-slab,
asphalt and soil layers. Triantafyllidis and Prange [35,36] look at high-speed train energy loss associated with
train—track interaction through a rail beam on rigid footings resting on a half-space represented using the
boundary-element method (BEM). Auersch [37] uses a similar approach but with a layered soil, to compare
predicted and measured dynamic axle loads and displacement magnitudes. Bode et al. [38] develop a time-
domain formulation for the dynamic analysis of general three-dimensional FE models of structures resting on
an elastic half-space. The formulation of soil behaviours requires only discretisation over the contact area as
for BEM. They analyse the response of a railway track to a moving wheelset using the method, demonstrating
the influence of “‘through-the-soil” coupling.

FE analysis of tracks and soil, often with BEM, has also frequently been used to predict ground vibration
generated by surface railways. Girardi and Recchia [39] investigate the influence of sleeper type and ballast
depth on ground response by means of a detailed FE track and vehicle model supported on a three-
dimensional layered medium representing the ballast and subsoil, comparing results to under-track
measurements. Takemiya [40] uses a “2.5-dimensional” FE track-embankment cross-section resting on a
half-space represented by BEM to quantify the effect of a wave-impeding block (WIB) in the embankment
under moving track loads. Takemiya and Goda [41] extend this to a layered half-space. A three-dimensional
FEM-BEM treatment of a railway comprising two rail beams on rigid sleeper footings on a half-space is given
in Mohammadi and Karabalis [42]. Madhus et al. [43] use a substructuring method to model the response of
layered soil under an FE track model. Kaynia et al. [44] use a similar approach to model ground vibration
from high-speed trains, finding good agreement with measurements for railways in southern Sweden.

Existing models for ground vibration from underground railways are summarised in the companion paper
[1]. While some of the recent numerical models, particularly those based on a combined FE-BE approach, are
able to model all the details of a specific underground railway system in three dimensions, the analytical
models that do exist are often only two-dimensional, or do not consider the tunnel dynamics fully.
Additionally, none treat detailed track models directly coupled to the tunnel, instead considering only general
force inputs to the tunnel or soil. These omissions are in fact important, because in the problem frequency
range of up to about 250 Hz [11], the wavelengths involved are typically of the order of the train axle spacing,
the tunnel diameter and the distance of the tunnel from building foundations, so the interactions between these
entities cannot be ignored. On the other hand, while beams on various continuous and discrete foundations,
and quite detailed FEM-BEM models, have been used widely to investigate the dynamics of ballasted track
and sometimes for the design of vibration-isolating track systems, the focus has been on surface railways and
modelling viewpoints that conceptualise the ground as a half-space, with no provision for a tunnel and its
interaction with the surrounding soil.

This paper aims to address the shortcomings of existing analytical models and provide an alternative to
numerical approaches by creating a computationally efficient model that includes the major dynamic
characteristics of the three-dimensional track, tunnel and soil system. It presents work originally developed in
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the thesis [45]. Analytical techniques are utilised to minimise computational requirements. Beams on elastic
layers are used to represent the various elements of a floating-slab track. After a brief overview of the tunnel
model, a simple slab beam coupled to the tunnel is examined. Then another beam representing the rails, and
masses representing a train’s axles, are added to complete the track model. With roughness-displacement
excitation between the axle masses and the rail beam, power-spectral densities (PSDs) and RMS vibration
levels for the soil can be calculated, allowing the direct assessment of the effectiveness of the floating-slab track
with varying support stiffness. In particular, this paper tests the hypothesis that floating-slab track is not
always an effective means of vibration control.

2. Overview of the tunnel model

The derivation of the tunnel model is given in detail in Ref. [1]. The tunnel is conceptualised as an infinitely
long thin cylindrical shell surrounded by soil of infinite radial extent. Fig. 1 shows the coordinate system and
displacement and stress components for the cylindrical shell. These conventions are also used for the combined
tunnel-in-soil model. The Fliigge shell equations are used to model the tunnel and the wave equations for an
elastic continuum are used to model the soil. The coupled problem is solved in the frequency domain by
Fourier decomposition into ring modes circumferentially and a Fourier transform into the wavenumber
domain longitudinally. The solution in the modal wavenumber-frequency domain takes the form

U, Azl [Tal | (B,
N )

I —[Usl=

where U, = {U, V,, W,}T is the vector of displacements at the tunnel (r = a), B = {B B, B-}T is a vector of
boundary condition coefficients which arise from the solution for the elastic continuum, 0 = {0 0 0}T, and
P, = = {Py, P P.,)7 is the vector of stresses applied to the inside of the tunnel. The latter correspond to the
inside components of ¢y, ¢, and ¢. shown in Fig. 1(c). A unit normal point force acting on the tunnel invert at
0 = 0 has stress components P, = v = 0 and P, = 1/2na for n = 0 and P, = 1/na for n>1. The tilde on
displacements and stresses indicates wavenumber-domain quantities, while » is the circumferential
modenumber. The matrix [Ag] contains coefficients from the shell solution, [I] is a 3 x 3 identity matrix,
and [T ], -, and [U_], — , contain coefficients that arise from the solutions for the continuum stresses and
displacements, respectively, evaluated at the interface r = a. The elements of the shell and continuum matrices
are functions of material properties as well as frequency w, wavenumber £ and modenumber #; the continuum
ones are also a function of radius r. The tunnel displacements come directly from Eq. (1), but the soil
displacements at a radius r = R have to be calculated from

U], =[Uxl_r-B 2)

using the coefficients B derived from Eq. (I). o
The total wavenumber-domain displacements U = {U V W} ata particular radius r and angular position 0
are determined by using Fourier series to sum the modal components U, calculated from Eqgs. (1) or (2). Since

Fig. 1. The cylindrical shell used to model the tunnel, showing (a) the coordinate system for a typical element in the shell, (b) the
corresponding displacement components and (c) the corresponding surface stress components. The length of the shell is taken as infinite.
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Table 1
Parameter values used to model the tunnel surrounded by soil

Tunnel (cylindrical shell) Soil (elastic continuum)
E=50x10°Pa E =550 x 10°Pa
v=20.3 v=044
p =2500kg/m? p =2000kg/m?
¢y =5189m/s 2 =1.400 x 10° Pa
¢y =2774m/s p=G=191 x 10°Pa
a=30m K =1528x 10°Pa
h=025m ¢ =944m/s
Zero damping ¢ =309m/s

ne = 0.06

ng =0

the appropriate scaling is implicit in the load components P, that are chosen, the result is

U Uy
0 » +Y Q Vysinnb 5, 3)
W, W n=1 | W, cosnd

r

<
I

that is, the longitudinal and radial displacements U and W are Fourier cosine series, while the tangential
displacement ¥ is a Fourier sine series. The displacements in the space domain can be obtained by an inverse
spatial Fourier transform of Eq. (3).

Table 1 gives the values of the parameters used for the tunnel-in-soil model. E is Young’s modulus, v is
Poisson’s ratio, p is density, A and pu are Lamé’s constants with y = G, the shear modulus, and K is the bulk
modulus. The wave speeds ¢; and ¢, are for pressure and shear waves, respectively. The tunnel has radius «
and wall thickness %, and it is assumed that the concrete it is made of has negligible damping compared to the
soil. Soil damping is characterised by the loss factors 74 associated with shear motion and 7 associated with
volumetric expansion. It is assumed that all energy loss in the soil is through shear damping. With these
parameter values, only modes up to n = 10 have to be considered in the summations of Eq. (3) to reach
convergence with a normal point load.

3. A simple slab track

The simplest track model that can be combined with the tunnel is an infinitely long, continuous slab beam,
as shown in Fig. 2. The approach used is similar to that employed by Ng [46] to join an infinite beam directly
to an elastic half-space to model a surface railway. The slab beam and tunnel are joined along a single
continuous line running longitudinally along the bottom of the tunnel invert. The coupling is achieved through
the interaction force G(x) which acts on the tunnel and its equal and opposite counterpart —G(x) which acts
on the beam. F(x) is the external loading applied to the slab beam and is shown here as a point force.

3.1. Coupling equations for the simple slab beam and tunnel

Fig. 3 shows a general continuous distribution of time-harmonic force per unit length Q(x) acting along a
line such as the joining line on the slab beam or tunnel invert. The distributed force can be considered as a
train of point loads represented by pulses of infinitesimal width d(y) and magnitude Q(y), so that the increment
of the time-harmonic displacement response Y(x) to one of these point loads is dY(x) = H(x — x)O(y) dy,
where H(x) is the frequency-response function (FRF) for Y(x) to a point load acting at x = 0. Thus, the total
displacement response is the sum of these increments over the whole length of the infinite joining line, giving
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slab beam

tunnel

invert

soil

Fig. 2. Joining a simple slab beam of infinite length to the tunnel, showing the equal and opposite interaction forces acting on the beam
and the tunnel.

Y(x)

Q(x)

+oo —>

Fig. 3. General force distribution per unit length Q(x) acting along a single line of joining. The displacement response Y(x) is obtained by
the convolution in space of the force increments Q(y)dy with the frequency-response function to a point load.

the integral

Y(x) = / H(x— 10 dy. 4

which is a convolution (Duhamel) integral in space. This is equivalent to a Green’s function formulation for
the response, where H(x—y) is Green’s function. If the Fourier transform of both sides of Eq. (4) is taken using
the first integral of the transform pair

¥ = / Y(e i dy,  Y(x)= - / PO de, 5)

o) 2n [}

where ¢ is angular wavenumber and the tilde indicates wavenumber-domain quantities, then Eq. (4) becomes

Y(&) = HEO©), (6)

so that the convolution in space has been reduced to a simple multiplication in the wavenumber domain.
Applying Eq. (6) to the coupled slab beam and tunnel invert in turn yields

Yi=Hy(-G+1), Y,=HnG (7N

for the displacements ¥ along the beam and Y, along the invert, when a unit point load acts on the slab at
x = 0. The applied point load, additional to the interaction force, is equivalent to a force per unit length of
F = d(x), which gives F = 1 when transformed; hence the total ¢-domain force (—G + 1) acting on the slab
beam. The functions H;; and H» are the FRFs H, (for the response of the free beam to a point load at
x = 0) and Hp; (for the response of the uncoupled tunnel invert to a point load at x = 0) in the wavenumber
domain.

The slab beam can either be joined directly to the tunnel invert, or be supported on the invert via resilient
slab bearings. For direct joining, the displacements of the slab and invert must be equal, so that in the
wavenumber domain

Y=Y, )
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Using Eq. (8) with Eq. (7) to eliminate G gives
Y] == }N]z - = =~ (9)

for the displacements in the direct-joining case.

When the slab is joined to the invert via resilient slab bearings, the interaction force is determined by the
extension of the bearings and their stiffness. If the bearings are modelled as a continuous resilient layer of
stiffness k& per unit length (like a Winkler foundation but without the rigid base), then the joining condition
becomes

G=k(Y, —T)). (10)
Using this new condition (10) with Eq. (7) yields
N H(1+kH . H H
7, = 11(~+ 23) 7 - k 1 Hy (11)

) 2
14+ kHy + kH» 1+ kHy + kH»

for the displacements when the slab is joined to the tunnel via an elastic layer. Damping can be included to
model a viscoelastic layer by using a complex stiffness value for k.

The response along a line in the soil parallel to the joining line (see Fig. 2) can be determined, once the
displacement Y, is known, by using the second of Eq. (7) to find the interaction force G which acts on the
tunnel invert. The soil displacement is then

N
V3= HnG = Hy == (12)
Hy

for either joining method, where Hs, is the FRF of a particular soil-displacement component Y3 to a point
force acting on the uncoupled tunnel invert at x = 0.

Any of the displacements found from Egs. (9), (11) or (12) can be inverse Fourier-transformed from the
wavenumber to the space domain by means of the second transform of the pair (5). With the unit point-load
condition assumed, the physical displacements in the space domain represent the FRFs of the combined
system for a point load acting at x = 0 on the slab beam.

It is worth noting that if the alternative definition of the Fourier transform pair is adopted, with the factor
of 1/2x in the forward transform rather than the inverse one as in Eq. (5), then a factor of 2x appears on the
right-hand side of the £-domain multiplication (6). This is then also true for Eq. (7), with the end result that
every term containing a k in Eq. (11) is also multiplied by 2z. This extra complication is avoided by using
definition (5).

3.2. Calculation of FRFs for simple coupling

The only quantities left to determine are the FRFs in the wavenumber domain for the tunnel-in-soil model
and the slab beam before joining. The tunnel or soil displacements U = {U ¥ W}T at a particular radius r and
angular position 0 which result from a spatial unit point load acting on the invert can be calculated using
Egs. (1)~(3) with the appropriate loading P, as discussed in Section 2. The tunnel invert FRF H,, is then W
for r = a and 0 = 0, while the soil FRF H3, can be whichever displacement component is of interest for any
line in the soil defined by constant »r = R and 6 = f5. Thus,

Flzz = W|,V:‘,, H32 = U V or W| ‘=R~ (13)
0=0 0=p

The FRF for the free beam can be determined from the equation of motion for its vertical displacement
y(x,t). For an Euler beam, this is (see Meirovitch [47])

%y oty
mW+EI——f(x 1), (14)
where m is the beam’s mass per unit length, E7 is its bending stiffness (£ Young’s modulus and 7 the second
moment of area), and f{(x,?) is the applied force per unit length. Substituting a harmonic solution y = Yel@+<v
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with a force f = Fel@ 9 of the same form yields
1
Using harmonic solutions in this way is equivalent to taking the Fourier transform of Eq. (14) twice, once each

for time to frequency and space to wavenumber domains. The force F = 1 represents a unit spatial point load
acting at x = 0 as discussed above. Thus, the free-beam FRF H; is simply

Hyr = 7| (15)

Hy = Hyr. (16)

3.3. Results for the tunnel with a simple slab beam

As mentioned earlier, the slab beam can be joined either directly to the tunnel invert or via slab bearings,
represented by springs. Either case can be compared to the Winkler beam model often used for track design, as
shown in Fig. 4. To allow comparison of results, the Winkler frequency response Y(x,w) must be determined.
This is easily obtained by applying Eq. (14) to an infinite beam on an elastic foundation, giving

m? — ky

Y(x,0) = e i), with o* = —r (17)

403ET

where k. is the stiffness per unit length of the elastic foundation. The root o used is the second-quadrant one,
so that both o and iz have negative real parts and the two exponentials in Eq. (17) decay as | x |— oco. To
make the Winkler beam “‘equivalent” to the slab beam on the tunnel, its static displacement at x =0 is
equated to the numerical value for the static displacement of the directly joined slab beam, resulting in &y
being the effective Winkler stiffness k. of the tunnel invert, as depicted in Figs. 4(a) and (b). If the slab is then
supported on bearings of stiffness k per unit length, Fig. 4(c), the equivalent Winkler beam has the additional
stiffness added in series, Fig. 4(d), giving ky = 1/(1/ker + 1/k). The Winkler beam has a resonance at
o, = /kw /m as can be seen from Eq. (17), so k can be selected to give specific Winkler “‘natural frequencies”.
Classic vibration-isolation theory using a mass on a spring predicts that isolation should be achieved at
frequencies greater than +/2m,; this assumption can now be tested.

The displacements of the slab-plus-tunnel model were calculated from Egs. (9), (11) or (12) as required. The
inverse Fourier transforms into the space domain were carried out numerically using an inverse fast Fourier
transform (FFT). The values of the parameters for the slab beam and its support stiffness are given in Table 2.
The tunnel FRFs were calculated as described in the companion paper [1] and outlined in Section 2, using
the parameters in Table 1. In conjunction with the slab properties, these determine the effective stiffness kg
of the tunnel invert for use with the equivalent Winkler beam. Once the effective stiffness is calculated, the

=
G

(a)

=
L
~
=

a

(c) (d)

Fig. 4. A simple slab beam joined (a) directly to the tunnel invert and compared to (b) an “equivalent” Winkler beam on the effective
stiffness of the tunnel invert. The slab beam (c) with resilient bearings between it and the tunnel can then be compared to (d) the
“equivalent” Winkler beam with the extra foundation stiffness of the bearings added in series.
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Table 2
The simple slab beam’s properties, the effective stiffness of the tunnel invert described by the parameters of Table 1, and three resulting
slab-support stiffnesses

Simple slab beam

EI = 1430 x 10 Pam*

m = 3500kg/m
ker = 821.2 x 106 N/m?
Hetr = 0.0643

k = 1262 x 10 N/m? when f, = 60 Hz
k= 4244 x 10°N/m? when f,, = 45Hz
k = 146.6 x 10° N/m? when f, = 30 Hz
e =0.5

Y, mag. [dB, ; mm/kN]

0 20 40 60 80 100 120 140 160 180 200
frequency [Hz]

Fig. 5. Vertical driving-point displacement response of a simple slab beam on the tunnel (normal weight lines) compared to the
“equivalent” Winkler beam (lighter weight lines) for direct joining —— and support stiffnesses for Winkler “natural frequencies” of 60 Hz
~~~~~~~~~ ,45Hz -----and 30Hz - - - - -.

slab-support stiffnesses can be determined for various Winkler natural frequencies. Three stiffnesses are given
in Table 2 for increasingly softer support.

Damping in the springs is hysteretic, described by a constant loss factor such that complex stiffnesses
k(1 + in) are substituted for real stiffnesses k. The calculated loss factor ng is very close to the shear loss factor
given in Table 1 for the soil. The loss factor of #,, = 0.5 for the slab-support stiffness is relatively high but not
unreasonable for rubber with high damping (see data in Ref. [48] for instance). Its value is also influenced by
the numerical considerations arising from the Nyquist criterion for the inverse FFT. For frequencies up to
200 Hz, a spacing of Ax = 0.5m was found sufficient to capture all the wavenumber information of the slab-
plus-tunnel model, and with N = 2048 points and the given loss factor, the response of the slab beam decayed
sufficiently at the sample ends in both &- and x-domains for the FFT to be considered an accurate
representation of the Fourier transform. The symmetry of the responses in both domains means that all
£-domain calculations could be done for the 1025 points of the sample with £>0, and the portion for £<0
created by a suitable reflection just prior to the inverse FFT.

Fig. 5 shows the driving-point response of the slab beam for the various slab-support stiffnesses, compared
to that of an “equivalent” Winkler beam in each case. The directly joined slab shows a flat response, while the
corresponding Winkler response shows a clear resonance just below 80 Hz. The energy of the slab beam is
radiated into the soil quite effectively when the slab is closely coupled to the tunnel, whereas this radiation
damping effect is not accounted for in the loss factors of the elastic foundation of the Winkler beam. As the
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slab-support stiffness is reduced, the slab response gets closer to the Winkler response, until the two almost
coincide for f,, = 30 Hz. With lower values of k, the slab beam is less strongly coupled to the tunnel, or in
other words, the tunnel becomes more like a rigid foundation (compare the values of k£ with the value of k. in
Table 2). Although the 30 Hz frequency is relatively high compared to some design natural frequencies, it does
represent “‘soft” bearings for the given tunnel properties, as can be seen from the coincidence with its
equivalent Winkler model. The 30 Hz case is therefore representative of actual floating-slab tracks as designed.

At this point it might be assumed that for realistic, soft bearings, the Winkler theory adequately describes
the behaviour of a floating slab. However, a glance at Fig. 6, which gives responses at 20 m from the load,
shows that this is not the case. The slab beam supported by the tunnel has significant response at low
frequencies no matter what value k has, while the equivalent Winkler beams do not show much response
below the Winkler natural frequencies, above which travelling waves occur and propagate energy along the
beam. This illustrates how the tunnel can transmit energy to the coupled slab beam even when there are no
travelling waves in the slab itself.

Even if the Winkler theory were adequate for describing the slab beam, it cannot predict the response of the
tunnel invert and the soil surrounding the tunnel. Fig. 7 shows the vertical response of the invert directly
beneath the load applied to the slab at x = 0. Small circles mark the /2 f ., frequencies above which, according
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Fig. 6. Vertical displacement response of the simple slab beam 20 m from the load (normal weight lines), compared to the “‘equivalent”
Winkler beam (lighter weight lines) for direct joining —— and 60Hz --------- ,45Hz ------ and 30Hz -------- support stiffnesses.
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Fig. 7. Vertical displacement response of the tunnel invert directly under the load on the slab beam for direct joining —— and 60 Hz

--------- ,45Hz ------ and 30 Hz------ - - support stiffnesses, with circles marking the +/2 f,, points.
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Fig. 8. Vertical displacement response of the tunnel invert 20 m along the tunnel from the load applied to the slab beam, for direct joining
——and 60Hz -+ -+ ,45Hz ----- and 30 Hz - - - - ----support stiffnesses, with circles marking the +/2 f,, points.
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Fig. 9. Horizontal soil displacement response 20 m horizontally out into the soil opposite the load on the slab for direct joining —— and
60Hz ------ - ,45Hz ----- and 30Hz ----- - - ----support stiffnesses, with circles marking the +/2 f,, points.

to simple theory, vibration isolation is supposed to occur. It can be seen in this case that the responses for a
slab on bearings drop below the response of the directly joined slab well before these cut-off points, so simple
vibration-isolation theory holds so far. However, the response 20 m along the tunnel invert, shown in Fig. 8, is
actually made higher by the insertion of rubber between the slab and the invert, with only the softest bearings
(f,, = 30 Hz) eventually giving a lower response at about 145 Hz. The higher responses are to be expected since
the bearings decouple the slab from the tunnel and hence allow energy to propagate further along the beam
before being transmitted to the invert. This is not necessarily a problem: it could indeed be beneficial if it
means that vibrational energy is confined to the slab beam and the tunnel and is not radiated into the soil.
The most important measure of the isolation effectiveness of a track is the vibration level in the soil. Soil
responses will be given here for the horizontal plane 8 = 90°, so that the displacement components # and V'
coincide with the horizontal and vertical directions. Fig. 9 shows the horizontal soil displacement at a radius of
20 m horizontally out into the soil, opposite the load on the slab. The responses exhibit the peaks and troughs
of a pressure-wave interference pattern arising from energy propagating from different parts of the tunnel into
the soil. This is as was also observed and discussed for the uncoupled tunnel in Ref. [1]. At this position in the
soil, increasingly softer slab support results in reduction starting at frequencies near the /2 f, points, again
marked with circles, obeying simple vibration-isolation theory just as the tunnel invert did directly under the
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Fig. 10. Horizontal soil displacement response 20 m horizontally out into the soil and 20 m longitudinally parallel to the tunnel from the
slab load, for direct joining —— and 60Hz --------- ,45Hz ----- and 30Hz ----- support stiffnesses, with circles marking the v/2 £,
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Fig. 11. Vertical soil displacement response 20 m horizontally out into the soil from the load, for direct joining —— and 60Hz --------- s
45Hz ------ and 30Hz -+------ support stiffnesses, with circles marking the ﬁfn points.

slab load. Fig. 10 shows similar behaviour for the horizontal response at x = 20 m, although now isolation is
delayed somewhat (the “isolated” responses cross the directly joined response at higher frequencies than
before), because at frequencies near the resonance the slab on bearings is propagating energy further along the
tunnel before it enters the soil.

The vertical soil response at 20 m radius opposite the load, Fig. 11, also shows classic vibration isolation,
this time very clearly because the pressure-wave effects are subdued. But as the observation point is shifted
longitudinally, this behaviour changes. Fig. 12 shows that, at x = 20m, the insertion of the stiffer rubber
bearings (f,, = 60 and 45 Hz) has almost no effect on the vertical soil displacement, while for the softest
bearings (f, = 30 Hz) only a modest, roughly constant reduction of 5-10dB is achieved, rather than an ever-
increasing reduction with frequency as exhibited in Fig. 11 (and expected from simple isolation theory). At
x =40m, Fig. 13, adding any slab bearings at all increases the vertical displacement for all frequencies
between 40 and 200 Hz. This can again be explained by the transmission of energy along the slab on bearings,
giving higher response at the portion of the tunnel nearest the observation point. The longitudinal soil
response at x = 20 m, given in Fig. 14, is very similar to the horizontal response given in Fig. 10, showing the
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Fig. 12. Vertical soil displacement response 20 m horizontally out into the soil and 20 m longitudinally parallel to the tunnel from the slab
load, for direct joining —— and 60Hz ------ - ,45Hz ----and 30Hz ----- support stiffnesses, with circles marking the /2 f,, points.
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Fig. 13. Vertical soil displacement response 20 m horizontally out into the soil and 40 m longitudinally parallel to the tunnel from the slab
load, for direct joining—— and 60 Hz--- -+ -+ ,45Hz------ and 30Hz ----- - - - support stiffnesses, with circles marking the \/Efn points.
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Fig. 14. Longitudinal soil displacement 20 m horizontally out into the soil and 20 m longitudinally parallel to the tunnel from the slab
load, for direct joining —— and 60 Hz--- --- --- ,45Hz ------ and 30Hz-------- support stiffnesses, with circles marking the +/2 f, points.
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same type of delayed isolation, for the same reason (the longitudinal displacement at x = 0 is zero because it is
an odd function of x).

The results discussed above have considered the responses to a single load acting on the slab beam. In reality
a train provides a series of simultaneous inputs to the track. This means that the total response at an
observation point in the soil will be some kind of sum of the responses for the various loads applied at
different points along the track. Taking the vertical displacement component as an example, this would be the
sum of the responses (among others) represented by Figs. 11-13. The magnitudes of these separate responses
are all of the same order (near —120 dB), but with slab bearings sometimes reducing response and sometimes
increasing it. Whether floating the slab gives a beneficial reduction in soil vibration depends on how these
various responses add up.

The simple slab beam model can be extended by including beam torsion and considering two parallel lines
for coupling the slab to the tunnel. This extended model is treated in the thesis [45]. Here, however, the
immediate interest is in including the effects of the rails and multiple axle inputs on them in order to assess the
true effectiveness of floating-slab track.

4. A full track comprising a simple slab, rail beam and axle masses

As well as the effects of the track slab, a track model should take the dynamics of the rail and the train
interacting with it into account. An improved track model is shown in Fig. 15. It consists of a simple slab beam
supporting a rail beam (representing the two rails together) with masses placed at intervals to represent the
axle—wheel assemblies of a train. The slab and rail beams are infinitely long. The axle masses are a first-
approximation train model which only considers the unsprung mass of the train, assuming that the primary
suspension isolates the rest of each vehicle in the train. Real train vehicles have pairs of axles attached to
bogies, which also contribute to the low-frequency interaction with the rail (below and around the primary
natural frequency of suspensions, that is, below about 20 Hz). However, the important frequencies for ground-
borne vibration from underground railways are well above this region (for example, Heckl et al. [49] give data
which shows that the peak levels in transmitted ground vibration occur between about 40 and 80 Hz).
Therefore, the bogie dynamics are not significant for the current problem. Also neglected is a Hertzian contact
spring between each wheel and the rail, because this only plays a role at frequencies higher than those of
interest (for example, Clark et al. [50] conclude that the Hertzian contact does not have a significant effect on
rail response below 750 Hz). Although slab tracks with direct fasteners or embedded rails can have very high
stiffnesses of the same order as the Hertzian contact, this would nevertheless still be a factor influencing track
behaviour at relatively high frequencies. At the low frequencies that are important in ground vibration, these
high stiffnesses would present an effectively rigid connection to the slab, and would have negligible effect as
stiffnesses per se compared to resilient slab bearings. In any case, it would be fairly straightforward to include

soil

Fig. 15. Full-track model supported on the tunnel invert, with masses added to represent axles of a train. The centre mass is excited by a
roughness displacement input 0. The tunnel’s infinite length means the responses at one point in the soil to each axle input (paths with
dashed lines) are equivalent to the line of separate responses to the single input shown (paths with solid lines) for an infinite number of
masses at regular spacing.
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Hertzian contact in the model if desired, by including extra terms in the dynamic-stiffness expressions for the
axle masses in addition to the simple inertia terms that will be sufficient for the current track model.

The aim is to find the response at a single representative point in the soil when there is a series of input loads
along the rails due to a train running on the track. For just one input load, the infinite length of the tunnel
means that the load and the observation point can be shifted longitudinally while maintaining their separation,
and the response at the observation point will not change. In other words, the response in the soilat x =0to a
load on the rail at x = L is always identical to the response at x = —L to the same load at x = 0. (For
tangential and radial soil-response components, which are even functions of x, it is also identical to the
response at x = L to the load at x =0, so that only the magnitude of the separation matters.) Hence,
the problem of finding the set of FRFs for the soil response at x = 0 to a set of loads at various positions on
the rail can be recast into the problem of finding the FRFs for the soil at those various longitudinal positions
to a single load at x = 0. The shifting principle for a tunnel and track model with axle masses is depicted in
Fig. 15. Note that in this case it only works for an infinite number of axle masses at regular spacing, so that the
overall model remains infinite and the longitudinal symmetry is maintained with any amount of shifting.
Nevertheless, when the shifting principle is invoked so that only an input at the middle axle (x = 0) is used, a
finite number of axles is sufficient if there are enough of them that the responses of the model do not change
with more axles added at the ends, that is, a convergence has been reached.

The total soil response due to all the axle loads acting simultaneously can be calculated by adding up all the
FRFs for an input at x = 0, after scaling and phasing each one appropriately. If the train is infinitely long and
the inputs random, the sum represents the response anywhere along the soil line and thus condenses the three-
dimensional problem represented by the individual FRFs to a two-dimensional problem of the vibration level
at a particular point in the cross-section of the tunnel and soil.

4.1. Joining a rail beam to the slab-plus-tunnel model

The easiest way to construct the basic track model is to add a rail beam to the combined slab-plus-tunnel
model of Section 3, using the principle of convolution in space. The coupling Eq. (11) are therefore applied to
the rail beam and slab-plus-tunnel as the two entities to be joined. To avoid confusion with the numerals
already used in Section 3 to denote the lines along the slab (1), the tunnel invert (2) and the soil (3), the line
along the rail beam will be denoted by 0 (zero). Thus, the vertical rail and slab responses Y, and Y, of the
new combined system to a vertical unit spatial point load acting on the rail beam at x = 0 are

Y/Oa = HOOa(} + er1]~a) 5 Yla = krI:IOOaHlla ~ 5 (18)
1 + erOOu + erlla 1 + erOOu + erlla

where H o, is the é&-domain FRF for the unjoined rail beam, H 1, is the ¢-domain FRF of the slab beam to a
load on the slab before the rail is added, and k, is the stiffness per unit length of the resilient layer between the
rail and slab beams. In the same way as Eq. (12), responses along lines not involved in the joining can be
determined by means of the coupling interaction force. In this case the interaction force acts on the slab beam
and is given by the response of the slab in the new combined model divided by its pre-rail-beam FRF, that is,
Y1 /H 11a- Hence, the responses Y, along the tunnel invert and Y3, in the soil are

~ ~ Y] ~ Y Yl
Y2a = H2la ~ . 5 Y3a = H31a ~ . P (19)
1la Hyy,

where H,y, and Hs,, are the ¢-domain FRFs of the tunnel invert and the soil to a load on the pre-rail-beam
slab. The physical displacement functions in the x-domain can be obtained by the inverse Fourier transform of
results (18) and (19) according to Eq. (5).

The FRFs of the slab, tunnel and soil displacements which appear in Egs. (18) and (19) are just the
displacements determined by Egs. (11) and (12) for the slab-plus-tunnel model. The FRF for the rail beam
is that given by Eq. (15) for a free beam, but now with the properties of the two rails instead of the slab. Thus,

Hoy=Hyp, Hiu=7Y, Hu,=Yy Hy,=7Y;. (20)
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4.2. Adding axle masses to the rail beam

Adding axle masses to the model constructed so far is most simply done in the space domain. Since the axles
interact with the rail, the coupled rail’s x-domain FRF Hy(x) is required. This can be obtained by the inverse
Fourier transform of the ¢-domain result from Eq. (18), that is,

mmzi/w%ﬂwma 1)

21 J_o

which represents the FRF of the rail to a point load acting at x = 0 on the rail, at a particular frequency w. To
find the final response in the soil, the soil’s x-domain FRF H;(x) to the same load on the rail is required. This
latter FRF is obtained in the same way as Hy(x), but from result (19), so that

mm=i/whﬁﬁwa (22)

21 ) _o

where Y3,(¢) can be the u, v, or w component of soil displacement.
As the first step in the addition of axle masses, the rail responses at the positions where the masses are to be
added must be formed into an FRF matrix [Hy], which satisfies

Yo = [Ho]Fo, (23)

where Y is the vector of rail displacements at the stations where masses will be added, and Fy is the vector
of forces acting at those positions on the rail (once masses are added, these will be the interaction forces
between the masses and the rail). Keeping this in mind, it is interesting to note that Eq. (23) is exactly
analogous to the convolutions in space presented earlier. While convolution was used to find the function
of responses along a line to a continuous interaction force acting along that line, the matrix multiplication
here is used to find the vector of responses along a line to a set of discrete interaction forces acting on the
line. The elements of the matrix [Hg] are determined by the rail-displacement FRF Hy(x) of Eq. (21) as
described below.

The case of adding only five masses will be considered here as an example of the general approach. It can
easily be extended to more added masses to give the convergence necessary to model an infinitely long train.
The infinite length and the symmetry of the track and tunnel mean that a given rail FRF is only dependent on
the magnitude of the separation between the displacement and load involved, as discussed earlier in the
context of soil displacements. If a regular axle spacing of L is used, the rail FRF matrix is

Hy(0) Ho(L) Hy(2L) Ho(3L) Hy4L)
Ho(L) Ho(0) Ho(L) Ho2L) Ho(3L)
[Hol= | Ho(2L) Ho(L) Ho(0) Ho(L) Ho(2L)|. (24)
Ho(3L) Ho(2L) Ho(L) Ho(0) Ho(L)
Ho4L) Ho(3L) Ho(2L) Ho(L) H(0)

To facilitate the process of adding axles, the FRF matrix [Hg] of Eq. (24) should be inverted, allowing the
dynamic-stiffness expression

Fy = [Ho] 'Y, = [Ko]Yo (25)

to be written. Axles are then added to the model as concentrated masses m, by adding inertia terms of the form
—mu*Y, where Y is the displacement at the axle’s station, to the appropriate diagonal elements of the
dynamic-stiffness matrix [Kq], leaving the centre station free. An axle mass is added to this centre station via a
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roughness displacement 6 = Ae’, as shown in Fig. 15. The overall matrix equation then becomes

(ki — ma? ki ki3 kia kis 0 1(M 0
ko ka — maw?* ka3 ks kas 0 Y, 0
k31 k3 k33 k34 k3s —m,* Y3 _ 0 (26)
ka kar kay  kag — mu? ks 0 Yy 0’
ks ks> ks3 ksa kss — mu? 0 Ys 0
L 0 0 —1 0 0 1 1Y A

where the k;; are the elements of [Kq]. Eq. (26) is of order one greater than the original dynamic-stiffness matrix
because of the extra displacement component Y, introduced by the independent axle mass at the centre.

After the displacements of the rail at the axle masses have been calculated from Eq. (26), the corresponding
interaction forces Fy acting on the rail at the mass stations can be determined by substituting the vector of
displacements Yo = {Y| Y, Y3 Y4 Y5} (that is, omitting Y,) back into Eq. (25). Knowing the interaction
forces which act on the rail, the soil displacements Y3 can be found from the FRF function H3(x) given by
Eq. (22). In matrix form this can be expressed as

Y3 = [H;]F, (27)

where [H;] is the FRF matrix for the soil line to input forces acting on the rail (with no axle masses added). For
the tangential and radial components of soil displacement, V" and W, [Hj] is of the same form as [Hy] given by
Eq. (24), but with H3(x) replacing Hy(x). This is because these components are even functions of x for a vertical
load applied at x = 0, just like the vertical displacements of the rail. However, the longitudinal component U is
an odd function of x for such a load, so that the sign of the longitudinal separation between a given load and
displacement is important. The soil FRF matrix for longitudinal displacement is therefore given by

H50) —H5(L) —H5(2L) —H5(3L) —H5(4L)
H5(L)  H30) —H3(L) -H52L) —H5GL)
Hy] = | H3(2L) H3(L)  H3(0)  —H5(L) —H52L) (28)
H5(3L) H3(2L)  H3(L) H50)  —H3(L)
H5(4L) H3(3L)  H3Q2L)  H5(L) H3(0)

for regular axle spacing of L.
4.3. Random process theory applied to the full-track model

The roughness and other irregularities of real rail and wheel surface profiles will be randomly distributed, so
the roughness-displacement inputs at the wheels of a train travelling on the track will be random processes.
The calculation of the resultant soil responses therefore requires the use of the theory of random vibration,
which is dealt with by Newland [51], whose approach will be used here.

A random process is stationary if its mean, mean square and standard deviation are independent of time.
Consider a system with NV stationary random inputs x; (such as the axle inputs provided by a train) and one
(stationary random) output y (such as the displacement response of a particular point in the soil). The power-
spectral density (PSD), or spectrum, S)(w) of the output process y is then given by

N N
Sy@) =Y Hy(@)Hy(®)Sx,x (o). (29)
=1 g=1
where H,(w) and H () are the FRFs of y to the inputs x, and x,, respectively (with star denoting the complex
conjugate), and Sy (o) is the cross-spectral density, or cross-spectrum, between the two inputs. If two input
processes have the same statistical properties, that is, have the same spectrum Sy(w), but one lags the other
such that x,(¢) = x|(t — T), then the cross-spectra are given by

Six(@) = So(@)e ™7, Sy (@) = So(w)™”, (30)
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which also satisfies the general relationship that S,,, () is always the complex conjugate of Sy, r,(®). Eq. (30)
can readily be shown to be true by considering the cross-correlation Ry (1) = ffooo x1(H)x2(t — 1) dt, the
Fourier transform of which (including a factor of 1/2n) gives the cross-spectrum Sy, x, (®).

If the wheels of the trains are assumed to be perfectly smooth, so that all irregularities are contained in the
rail surface, the axle inputs can be assumed to differ by a time delay only, giving cross-spectra between inputs
of the type in Eq. (30). This assumption ignores the effect of wheel irregularities that are bound to exist on real
trains. The wavelengths and amplitude of wheel irregularities, and hence their effective contribution to the
total excitation, could be expected to vary with a number of factors, including whether the wheels are tread
braked or disc braked. In particular, the existence of wheel irregularities is likely to weaken the degree of
coherence between axle inputs that Eq. (30) implies. Nonetheless, the smooth-wheel assumption is a useful
starting point for a more realistic input excitation in comparing the effectiveness of various configurations of
floating-slab track. The time delay between two adjacent axles is 7' = L/v, where L is the axle spacing
(assumed to be constant) and v is the speed of the trains. If the axles are not adjacent, this time delay is
multiplied by the integer difference (¢—p) between the indices of the two axles concerned. Thus, the general
formula (29) for the output spectrum can be written

N N
Sy@) =D > Hi()H ().So(w)e /e (31)
p=1 g=1
assuming that an axle with a higher index is further to the back of the train.

The FRFs H,(w) and H,(w) in Eq. (31) can be obtained from the appropriate elements of the soil-response
vector Y3 in Eq. (27)—which is for an input at the centre axle mass only—by means of the shifting principle.
The model should, of course, then include N axle masses instead of just five, and N should be sufficiently large
for convergence of the soil responses so that the shifting principle is valid. Strictly, because of the way the
FRFs are derived and because the time delays between axles are taken as all the same, result (31) gives the
statistical response of a point which moves longitudinally through the soil at the train speed and so stays
opposite the axle mass placed at x = 0; but it is the vibration level at a stationary observation point next to the
tunnel which is of interest. The response of a stationary point will be influenced by Doppler effects, because
the wheels at the front of the train and ahead of the point will be moving away from it, while those at the rear
of the train and behind the point will be moving towards it, altering the effective time delays. However,
Doppler effects are not very significant in this case, because the train speeds (below 30 m/s) are much less than
the speeds of pressure and shear waves in the soil (944 and 309 m/s, respectively, for the soil parameters given
in Table 1), so can be ignored. A further consideration despite this is whether the total response varies much
with the actual longitudinal position of the observation point, next to an axle or somewhere between two
axles. In the soil around an actual underground railway system, a hypothetical observer close to the tunnel will
“hear” individual axles as they pass, whereas an observer further away will only detect a continuous “‘rumble”
as the train goes by. Thus, if the observation point is at a distance from the tunnel larger than the axle spacing,
the point’s relative longitudinal position should not have much bearing on the total vibration response
perceived. Given these two considerations, result (31) provides a reasonable estimate of the vibration spectrum
at a stationary observation point in the soil.

The actual input between wheel and rail is a roughness displacement 6 which varies along the rail. The
spectrum for this would normally be given as a function of wavenumber y. The roughness spectrum as a
function of frequency depends on the speed v of a vehicle traversing the rough surface, and is given by

si) =1 55(3=2). (32)

An important property of the spectrum of a random process y(¢) is that integrating it over all frequencies w
gives the expected value of y?, or mean-square (MS) value of the process, that is

MS = E[*] = /_ ” Sy(w)dw (33)

The widely used root-mean-square (RMS) value of the process is obtained by taking the square root of the MS
value (33).
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The spectra discussed above are all even (symmetric) functions of angular frequency (or wavenumber),
defined for frequencies from —oo to + oo. However, practical spectra are usually single-sided functions
defined for positive frequencies only, with the frequencies themselves in cycles (rather than radians) per unit
time (or per unit length). If such single-sided spectra are used, they must still give the MS value when
integrated over all frequencies for which they are defined, that is, over 0 to + oo with a frequency finstead of
the angular frequency w in Eq. (33). Thus a factor of 2 arises from their being single-sided and a factor of 2x
from the change to cyclical frequency, giving the single-sided spectrum S(f) as

Sy(f) = 4nSy(0 = 21f) (34)

and similarly for a single-sided spectrum Sj(1/4) of roughness

1 2
S5 (7) — 478 (y - 7”) (35)

where / is wavelength. All the relationships given for double-sided spectra still hold if a/l of them are replaced
by the equivalent single-sided spectra.

Note also that because the units of a spectrum are (units of y)?/(units of frequency), it is often more
convenient to plot graphs of root spectrum with units of (units of y)//units of frequency, to reduce the range
of values of the spectrum. The results from the full-track model will be plotted as root spectra.

4.4. Results for the tunnel with a full-track model

As for the simple-slab model, the tunnel and soil FRFs were calculated as described briefly in Section 2,
using the parameters in Table 1. The parameter values for the full track are given in Table 3. The slab
properties used are the same as those for the simple-slab model given in Table 2, including the three different
slab-support stiffnesses and loss factor. The rail beam represents the two rails together, and with the rail pad
stiffness gives a resonance of the rail on the rail pads of 318 Hz, above the 200 Hz maximum frequency
considered here. Results were calculated using an inverse FFT of 2048 points with a sampling interval of
Ax = 0.5m, as for previous results. This gives a maximum x-value of 512m, so the maximum longitudinal
separation which can be used with the shifting principle to create the FRF matrices such as Eq. (24) is also
512m; all the axle masses must therefore fit within this distance. With a regular spacing of L = 20m, the
maximum odd number of axles (odd to retain symmetry about x = 0) which can be added is thus N = 25. This
number of axles gave converged soil responses for a roughness input at the x = 0 axle mass.

Due to the cylindrical geometry of the tunnel-in-soil model, the displacement is expressed as longitudinal,
tangential and radial components U, V and W (see Fig. 1). However, horizontal and vertical components are
more meaningful when considering inputs to building foundations, so an absolute coordinate system XYZ
needs to be defined. The longitudinal direction X coincides with the longitudinal x-axis of the tunnel, the
horizontal direction Y with the 6 = 90° radius, and the vertical direction Z with the 6 = 180° radius. Thus the
relationships of the new longitudinal, horizontal and vertical displacement components Uy, Uy and U to the

Table 3
Parameter values for the various parts of the full track

Slab beam Rail beam Axle masses
EI = 1430 x 10 Pam* EI, =10 x 10°Pam* mg = 500kg
m = 3500kg/m m, = 100kg/m N =25

k = 1262 x 10° N/m?(60 Hz) k, = 400 x 10°N/m’ L=20m

ke = 424.4 x 10° N/m?(45 Hz) N = 0.3

k = 146.6 x 10° N/m?(30 Hz)

e =05

The three different slab-support stiffnesses are the same as those given in Table 2 for the simple slab.
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original components U, V and W are
Uy=U, Uy=VcosO— Wsin), Uz= Vsinl+ Wcos0. (36)

The FRFs can be calculated for the U, V" and W components of soil displacement, then resolved according to
Eq. (36) before being used in the PSD Eq. (31).

A useful way to evaluate the effect of floating the track slab is to take the ratio of the soil responses with and
without resilient bearings inserted between the slab and tunnel invert. A common measure of this ratio is the
“Insertion Loss” in dB, which gives the amount of reduction in vibration provided by the bearings, so
Insertion Losses greater than zero indicate vibration isolation. However, this notion is opposite to all the
results presented so far, where a higher (absolute) response is worse. To maintain consistency, the concept of
“Insertion Gain” in dB, indicating the increase in vibration levels caused by the bearings (hence the negative of
Insertion Loss), will be used here; it is increasingly being used in industry (see Greer and Manning [11] for
example). The definition of Insertion Gain for the current results is

Sl
Insertion Gain [dB] = 20log;g4 ,S~|jd|.-f" , j=X,YorZ, (37)
'/ ldirect

that is, the ratio of the soil-displacement root spectrum for a slab “natural frequency” of f, to the root
spectrum for a model with a directly joined slab. Insertion Gains less than zero indicate vibration isolation.

The computation procedure for calculating the PSDs of soil displacement for the full-track model can be
summarised as follows:

1. Join the slab beam to the tunnel by Egs. (9) or (11) for each slab-support stiffness &, join the rail beam to
the slab by Eq. (18), and obtain the rail FRF (21) by inverse FFT.
2. Obtain the rail dynamic-stiffness matrix via the FRF matrix (24), add axle masses according to Eq. (26),
and use the resulting displacement vector to calculate the rail interaction forces from Eq. (25).
3. For each radius r and angular position 6 of interest for the soil:
(i) Calculate the soil FRFs for the uncoupled tunnel by summing the appropriate modes for n from 0 to 10
according to Eq. (3).
(i1) Add the effect of the slab beam by Eq. (12) and that of the rail beam by Eq. (19), then obtain the soil
FRF (22) for a tunnel with a floating-slab track by inverse FFT.
(iii) Form the soil FRF matrix and obtain the soil displacement vector from Eq. (27) and the interaction
forces calculated above.
(iv) Calculate the soil PSDs for this position from Eq. (31) for each train speed v required.

The PSDs for different slab-support stiffnesses can then be used to calculate Insertion Gains from Eq. (37)
or RMS levels via the MS (33).

Once again, symmetry can be used to reduce the computation required. The longitudinal symmetry means
that é&-domain displacements need only be calculated at the 1025 points with £ >0, with the rest of the sample
being created by a suitable reflection just prior to the inverse FFT; and symmetry about the vertical centreline
of the tunnel cross-section means that only soil positions within the range 0 <6< 180° need to be considered.
Nevertheless, the arrays representing modal displacements as functions of ¢ and w at a given radius r, which
are summed together to give the total displacements, still require large amounts of memory. This means that
careful management of data swapping between disk and memory is needed.

Spectra were computed for a “white” (uniform) input roughness spectrum of Sy = 1 mm?/Hz in Eq. (31).
This gives equal weighting to all frequencies. Although a uniform roughness spectrum is unrealistic, it does
show the fundamental transmission behaviour of the track—tunnel-soil system. It is clear from Eq. (31) that
the output PSD for a non-uniform input is obtained simply by multiplying the uniform result by the actual
input So(w), which is independent of the summation. This also means that the Insertion Gain (37) is
independent of the details of input, as So(w) will cancel in the ratio of the two output spectra.

Figs. 1618 give contour plots of the longitudinal, horizontal and vertical PSDs, respectively, at a radius of
20m and a train speed of 40 km/h, on axes of frequency versus angular position. Graph (a) in each figure
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Fig. 16. (a) Longitudinal soil displacement spectrum for a full-track model joined directly to the tunnel invert and (b)—(d) Insertion Gains
relative to (a) with increasingly softer slab-support stiffnesses, at a radius of 20m with a train speed of 40km/h. 0 = 0 is directly

underneath the tunnel invert and 6 = 180° is directly above the tunnel. White (uniform) input roughness spectrum of 1 mm/+/Hz between
rail and wheel.

shows the soil displacement spectrum for a white input when the slab is joined directly to the tunnel invert. The
contour intervals are 10 dB, centred on the values given in the legend. Graphs (b)—(d) show the Insertion Gains
for the three slab-support stiffnesses given in Table 3. The Insertion Gains are presented as “acceptability”
plots, with just three levels: <6 dB indicates effective isolation, —6 to 0 dB indicates only marginal reduction in
soil vibration, and >0dB indicates performance worse than a directly joined slab. The small improvements
represented by marginal reduction may not be worth the cost of floating the track slab.
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Fig. 17. (a) Horizontal soil displacement spectrum for a full-track model joined directly to the tunnel invert and (b)—(d) Insertion Gains
relative to (a) with increasingly softer slab-support stiffnesses, at a radius of 20 m with a train speed of 40 km/h. Otherwise as for Fig. 16.

The three spectra (a) in Figs. 1618 for a directly joined slab beam have some common features. The soil
vibration levels for frequencies below 10 Hz are all very small compared to the rest of the frequency range, and
because the Insertion Gains (b)—(d) in each figure are all near 0 dB below 10 Hz, this can also be said for the
slabs supported on varying stiffness. Since all input frequencies have equal weighting, this shows that very low
frequencies are highly attenuated by the track—tunnel-soil system; therefore, the assumption that these
frequencies are relatively insignificant is justified. Maximum activity occurs between 100 and 160 Hz, but
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Fig. 18. (a) Vertical soil displacement spectrum for a full-track model joined directly to the tunnel invert and (b)—(d) Insertion Gains
relative to (a) with increasingly softer slab-support stiffnesses, at a radius of 20 m with a train speed of 40 km/h. Otherwise as for Fig. 16.

longitudinal levels seem to be lower than horizontal and vertical ones. The highest levels occur mainly for
angular positions less than 100°, underneath and to the sides of the tunnel, resulting in a ““vibration shadow”
in the soil above the tunnel. The vibration shadow is probably beneficial, if a high proportion of energy
propagated downwards means propagation away from nearby building foundations. The Insertion Gain plots
(b), (c) and (d) are for increasingly softer resilient bearings with designed natural frequencies of 60, 45 and
30 Hz. This gives +/2 f, frequencies, above which isolation is supposed to occur, of 84.9, 63.6 and 42.4 Hz,
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respectively. Insertion Gains are generally positive until the /2 [, frequencies, but do not become uniformly
negative above these—there are many pockets of increased response at higher frequencies. Clearly, simple
vibration-isolation theory is not applicable in the current situation.

Each displacement component has some individual characteristics. Fig. 16(a) for the longitudinal PSD has a
series of very deep troughs at 5Hz intervals. It is not clear how these deep antiresonances arise. The
antisymmetric nature of the FRF for longitudinal displacement does not fundamentally alter the way the
terms in the PSD summation (31) add up compared to the symmetric FRFs for the horizontal and vertical
displacement components. The antiresonances cannot be due to standard wheelbase filtering, because they
were found to appear at the same 5 Hz intervals regardless of train speed. Further investigation is required
to determine the mechanism responsible for this regular attenuation. The many small, round contours in
Figs. 16(b)—(d) giving a “dotted” appearance are most probably due to numerical fluctuation in the Insertion
Gain ratio of the very small magnitudes at the trough frequencies, so should be ignored. Nevertheless,
Figs. 16(b) and (c) show that insertion of only a small amount of resilience gives only marginal vibration
reduction over the whole frequency range, with some positions showing increases right up to 200 Hz when the
slab is floated. The softest mounting, Fig. 16(d), gives worthwhile reductions for many soil positions above
70 Hz, but this is much higher than the corresponding v/2 f , value of 42.4 Hz and there are still significant
areas of increased response.

The spectrum of horizontal displacement, Fig. 17(a), has minima at 6 = 0° and at 180°, since the horizontal
displacement at these two positions, as given by Eq. (36), is wholly made up of the tangential component V,
which is zero directly above and below the tunnel. There are high levels of vibration for a wider frequency
range than the longitudinal displacement. Clearly discernible are horizontal fingers in the contours, indicating
undulation in the surface represented by the contour plot. The most obvious frequency spacing from crest to
crest is about 5 Hz, although closer inspection reveals smaller spacing on some parts of the surface. This
undulation arises from wheelbase filtering, due to coincidence of roughness wavelength with the axle spacing
on the track: crests occur when all the axle masses move up and down in phase, troughs when they move out
of phase. For the train speed of 40 km/h (11.1m/s) and axle spacing of 20 m, the expected frequency interval
between peaks of in-phase force transmitted to the tunnel invert is 0.556 Hz. This is not discernible in
Fig. 36(a) for two reasons. Firstly, the contour interval of 10 dB will not show many surface undulations of
smaller magnitude. Secondly, the spectrum results were computed for a frequency step of 1 Hz, which is a
resolution too coarse to show variation at a period of 0.556 Hz. Thus, the variation can only be seen at a
multiple of the fundamental frequency interval. The Insertion Gains, Figs. 17(b)—(d), show the same kind of
behaviour as Fig. 16 when the slab bearings become softer, but there are now more positions that have
significantly reduced vibration levels. The positions above the v/2 f, frequencies with increased vibration are
concentrated around 6 = 90°, the horizontal plane bisecting the tunnel. Once again, largely beneficial results
are only achieved with the softest slab bearings, Fig. 17(d).

The spectrum of vertical displacement, Fig. 18(a), is similar to the horizontal one in Fig. 17(a), showing the
same surface undulation due to wheelbase filtering. However, the highest levels of vibration extend further
around the tunnel, from directly underneath to more than 90°. The Insertion Gains follow a similar pattern
too, although Fig. 18(d) shows that the softest bearings reduce vertical vibration more than the horizontal
vibration of Fig. 17(d). The positions with increased vibration above the +/2f, frequencies are now
concentrated near 0 = 0, underneath the tunnel. This, with the 0 = 90° concentration for increased horizontal
vibration, suggests that the radial component ¥ of soil vibration is not well attenuated and is even increased
by the addition of resilient slab support.

PSDs can be calculated for other soil radii and train speeds to determine the effects these parameters have.
This is done for the vertical component of displacement in the thesis [45]. Higher maximum levels occur when
closer to the tunnel, because there has been less geometric spreading and less damping of vibrational energy.
Varying the speed changes the spacing of the wheelbase-filtering contour fingers, so that lower speeds split the
areas into more fingers and higher speeds cause separate fingers to coalesce into wider ones. However, the
general characteristics of the spectra and Insertion Gains remain much the same.

Although it is informative to plot the response of the full-track model to a white roughness input spectrum,
ultimately the soil vibration levels induced by actual wheel-rail roughness need to be known. Frederich [52]
gives a formula for rail irregularity PSDs based on many measurements of the track geometry of different
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Table 4

Values of the unevenness a and waviness b of vertical railway track irregularity, for three different track conditions
a (mm?*(1/m)?) b (1/m)

Worst 9.39x 107! 6.89 x 1072

Average 1.31 x 1072 2.94 x 1072

Best 1.90 x 107* 9.71x 107

From Frederich [52].

VS5 [mm/(1/~m)]

104 L " PR | " P | .
1072 107! 10° 10!
wavenumber 1 /A [1/m]
Fig. 19. Spectrum of vertical rail irregularity versus wavenumber of the irregularity for railways in worst - - - -, average — and best ------

condition. Plotted from Eq. (38) using the parameters of Table 4. Based on Frederich [52].

surface railways. The spatial PSD of track irregularity is given by the single-sided spectrum

1 a
() =orim .

where / is the irregularity wavelength, « is an ““unevenness’ parameter and b is a ““‘waviness’ parameter. The
values of a and b for irregularity in the vertical height of the rails are given in Table 4. The parameters for
track in “worst” and “best” condition define the envelope of all measured data. Formula (38) is valid for
wavelengths 4 from 0.1 to 200 m; smaller wavelengths are due to rail surface roughness and larger ones to
variations in the topography of the ground surface. Function (38) is plotted in Fig. 19 for the three track
conditions described by the parameters in Table 4.

To convert the PSD (38) to a function of frequency f, relation (32) is applied, recalling that 1/ = f /v where
v is the train speed, to give the single-sided roughness spectrum

L
v(b+f/v)’

which can be used as Sy in Eq. (31). Function (39) is plotted in Fig. 20 for a track in average condition, for
three different train speeds. The frequencies below 20 Hz (corresponding to long wavelengths) receive a very
high weighting. Note that to cover frequencies up to 200 Hz, Eq. (39) is extrapolated below the 0.1 m minimum
wavelength (frequencies greater than 56 Hz at 20 km/h and 111 Hz at 40 km/h) for which the function was
originally defined. It is arguable whether rail surface roughness and corrugation has a smaller (as given by the
extrapolation in Fig. 20) or comparable magnitude to small-wavelength irregularity in the track geometry.
The actual spectra of soil vibration are obtained by multiplying the previously calculated spectra for a white
input by S5 of Eq. (39) according to the PSD formula (31). Although Fig. 20 shows a large bias in the input
towards low frequencies, the overall effect of multiplying it with the PSDs calculated for a white input is

Ss(f) = (39)
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Fig. 20. Spectrum of vertical rail irregularity versus frequency for railway in average condition, calculated for three different train speeds
(20km/h —; 40 km/h ----; and 80 km/h ------ ) from Eq. (39) and corresponding to the “average” curve of Fig. 19. Note that this is an
extrapolation on Frederich’s [52] data for f>56 Hz when v = 40 km/h and for f>111 Hz when v = 40 km/h.
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Fig. 21. Longitudinal soil displacement RMS levels for a train speed of 40 km/h, around the tunnel at radii of (a) 10m, (b) 20m, (c) 30 m
and (d) 40m. 6 =0 is directly underneath the tunnel invert and 6 = 180° is directly above the tunnel. Calculated with the realistic
roughness input spectrum of Fig. 20 for direct joining —— of the slab and 60Hz --------- ,45Hz ------ and 30Hz -------- support
stiffnesses.

simply to flatten out each spectrum over the whole frequency range, because those PSDs have very low levels
at low frequencies. Nevertheless, if the extrapolated rail-roughness magnitude above 111 Hz for 40 km/h is
indeed underestimated, then the spectra could be increased by up to 7dB for the highest frequencies
considered.
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The RMS levels of soil vibration are obtained by integrating the spectra for a realistic input, using the MS
(33). Each spectrum surface is thus condensed to a single curve which is a function of angular position. Fig. 21
shows the effect of resilient slab bearings on the RMS level of longitudinal soil vibration at various radii for a
train speed of 40 km/h. Close to the tunnel at 10 m radius, the effect of adding resilience is to increase the RMS
level at most positions around the tunnel, with only the softest bearings giving a reduction for angles greater
than 120°, above the tunnel. As the radius is increased, the levels for angles less than 90° drop below the
directly joined case, but this is all under the tunnel and thus not so important. At angles corresponding to
positions above the tunnel, adding resilience generally increases the levels by a few dB, with a marginal
improvement provided at some positions again only by the softest bearings. Note that the variation about the
levels for the directly joined slab are all within about +5dB, which is not very much compared to the tens of
dB reduction that would be predicted by a simple mass—spring model.

The RMS levels of horizontal displacement in Fig. 22 show that at 10 m radius, this component behaves in a
way opposite to the longitudinal one. Any amount of resilience reduces vibration at most positions, with the
softest giving up to 7dB reduction. But this effect is diminished as the radius increases, with all responses
collapsing on to that for the directly joined slab at 40 m radius, the vibration for angles greater than 90° even
being slightly increased. A similar picture emerges from the RMS levels of vertical soil displacement shown in
Fig. 23. As for the original PSDs, the horizontal and vertical RMS levels are generally higher than the
longitudinal one. The changes with radius in the relative levels produced by different amounts of resilience
may be explained by varying proportions of shear-wave energy and pressure-wave energy being induced in the
soil in each case. Because the soil material damping acts in shear, it will only attenuate shear-wave energy and
not pressure-wave energy, while both are subject to radiation damping due to geometric spreading with
increasing radius. It is perhaps the case that a closely coupled slab beam induces more soil shear motion that
contributes to horizontal and vertical displacement than one on softer springs, so that the effect of material
damping is correspondingly more, eventually reducing responses for all slab-support stiffnesses to similar
levels at large radius. The opposite effect in the longitudinal component may indicate that a less closely
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Fig. 22. Horizontal soil displacement RMS levels for a train speed of 40 km/h, around the tunnel at radii of (a) 10m, (b) 20m, (c) 30 m
and (d) 40 m, calculated for direct joining——and 60Hz --------- ,45Hz------ and 30Hz -----------support stiffnesses. Otherwise as for
Fig. 21.
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Fig. 23. Vertical soil displacement RMS levels for a train speed of 40 km/h, around the tunnel at radii of (a) 10m, (b) 20m, (c) 30m
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Fig. 21.

coupled slab induces more shear motion in directions that contribute strongly to longitudinal displacement.
For an observation point in the soil directly opposite a single load on the track, shear motion in the plane of
the tunnel cross-section will only contribute to the observed horizontal and vertical displacements, while shear
motion normal to that plane will only contribute to the observed longitudinal displacement. It might be
expected that the effects observed in the RMS responses due to the multiple axle inputs considered here would
be dominated by the axle nearest, and thus directly opposite, the observation point. This would imply that
softer slab bearings result in less energy propagated as cross-sectional-plane shear waves but more energy as
normal-plane ones. The situation is complicated by the fact that the transmission paths from the vicinities of
the axles to the observation point at a given angular position are not the same for different radii. Additionally,
the alignment of the horizontal and vertical components relative to the radiating tunnel varies with angular
position. The longitudinal position of the observation point relative to the axle stations spaced at 20 m could
also be significant, especially for smaller radii.

Fig. 24 shows the effect of doubling the train speed on the RMS levels of vertical displacement. The graphs
are almost identical in shape to those in Fig. 23; they are just increased uniformly by about 5dB. Similarly,
halving the speed was found to decrease all levels by about 5dB. This is true for the other two displacement
components as well. This follows from the similarity of the curves in Fig. 20 for the input spectrum at different
speeds, and the observation that train speed does not change the general distribution of vibration level with
respect to frequency and angular position. Thus, the maximum achievable reduction in RMS levels is of the
order of only 6 dB regardless of train speed.

5. Conclusions
A track slab can be modelled by a bending beam coupled to the tunnel, either directly or via resilient

bearings, using straightforward algebra in the wavenumber domain. This simple model demonstrates that
Winkler-beam theory is inadequate for the design of floating-slab track. While the driving-point response of a
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slab on soft bearings is passably well modelled by a Winkler beam, radiation of energy into the soil heavily
attenuates the response of slab beams more closely coupled to the tunnel. The tunnel also transmits energy to
the slab beam at points away from the load at low frequencies, whereas a Winkler beam cannot do this below
its “natural frequency”, which marks the onset of travelling waves. Mounting the track slab on resilient
bearings allows energy to propagate down the slab before being transmitted to the tunnel then soil, so that
under the slab load, the tunnel invert response is decreased compared to a directly joined slab beam, but is
increased at positions further down the tunnel. This is reflected in the soil displacements, for which resilient
bearings produce responses like classic vibration isolation for positions next to the slab load, but higher levels
at other longitudinal positions.

A complete track model can be constructed by adding a rail beam to the slab-plus-tunnel model using the
same original wavenumber-domain coupling equations, then adding axle masses via an FRF matrix for the
rail. For a model of infinite length, a shifting principle can be invoked to calculate the soil response due to
inputs at every train axle by considering responses to only one input at the middle axle. Contour plots of soil
displacement PSDs for uniform random roughness-displacement inputs between the axles and the rail show
that the track—tunnel-soil system considered attenuates frequencies below 10 Hz the most and frequencies
between 100 and 160 Hz the least. The highest levels occur under and to the sides of the tunnel, resulting in a
vibration shadow above the tunnel. Longitudinal vibration levels are less overall than horizontal and vertical
ones. The differences between these three components prompt the question of which ones are the most
important in transmitting vibration into building foundations. Insertion Gain plots for increasingly softer
slab-support stiffnesses confirm that isolation is not achieved at frequencies as low as predicted by simple
theory. Any reductions are modest and there are some positions around the tunnel for which resilient slab
bearings cause increased response at higher frequencies.

RMS vibration levels can easily be calculated from the PSDs. This was done using a realistic input spectrum
giving higher weighting to longer wavelengths of track irregularity. For the system parameters used, floating
the track slab increases longitudinal RMS levels near the tunnel, but decreases them at greater radii for some
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positions under the tunnel. Resilient bearings reduce horizontal and vertical RMS levels close to the tunnel,
but make little difference at large radii. This suggests a complex interplay of differing proportions of pressure-
wave and shear-wave energy being induced by the use of different slab-support stiffnesses, with shear-wave
energy being attenuated by the soil-damping mechanism assumed. Doubling the train speed simply increases
all RMS levels uniformly by approximately 5dB. Any vibration reduction achieved is modest, no more than
6 dB with the softest slab bearings. Indeed, floating the track slab causes increased transmission of vibration to
some positions around the tunnel under certain conditions. This is something that could be investigated
further with a wider range of track and soil parameters using the model demonstrated in this paper.
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