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Abstract. This paper is intended to show the robustness and capabilities of a coupled boundary
element-finite element technique for the analysis of vibrations generated by high-speed trains under
different geometrical, mechanical and operation conditions. The approach has been developed by the
authors and some results have already been presented. Nevertheless, a more comprehensive study is
presented in this paper to show the relevance and robustness of the method which is able to predict
vibrations due to train passage at the vehicle, the track, the free-field and any structure close to the track.
Local soil discontinuities, underground constructions such as underpasses, and coupling with nearby
structures that break the uniformity of the geometry along the track line can be represented by the model.
Non-linear behaviour of the structures can be also considered. Results concerning the excitation
mechanisms, track behaviour and sub-Rayleigh and super-Rayleigh train speed are summarized in this
work.
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1. Introduction

The emergence of high-speed trains (HST) has proven to be one of the most significant
technological advances in transportation industry of the last part of the twentieth century and the
beginning of the twenty-first (Banister and Hall 1993). Engineers interest for soil vibrations due to
high-speed moving loads has grown in the last two decades. This interest has been induced by the
increasing importance of HST in modern transportation. Many new HST lines are being constructed
in Europe, Asia and the USA. Moreover, new slab track installations are being developed in Europe
and Asia for low maintenance cost in high-speed passenger and heavy-load freight service lines.
This innovative concrete slab could replace the classical ballast track (Esveld 2001).

HSTs have greatly improved inter-city transportation, but at the same time have given rise to
certain problematic issues which should be addressed. The passage of HST induces vibrations which
are transmitted through the track into the soil, reaching levels that can cause significant soil
displacement and excessive distortion in the track. Also, the vibration generated by the operation of
rail system is a source of disturbance for people who live or work in buildings near the lines. These
effects require a deep analysis in order to maintain security and comfort in the trains, and to avoid
problems in nearby constructions due to vibrations induced by waves propagated through the soil.
The study of soil-induced motion requires comprehensive models that take into account many
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factors related to the source (train), the transmission medium (soil) and the receptor (buildings).

One of the first steps in the study of vibrations induced by HST is an accurate modelling of the
force induced by the train which is transmitted to the soil through the track. This force is generated
by several excitation mechanisms: the quasi-static contribution (force generated by moving axle
loads), the parametric excitation due to discrete supports of the rails, the transient excitation due to
rail joints and wheel flats, and the excitation due to track unevenness (Hauck ef al. 1996). In the
early studies, a prediction model developed by Krylov (1995) was used by the authors (Galvin and
Dominguez 2007a, 2007b). In that model, only the quasi-static force transmitted by the sleepers in a
ballasted track was taken into account as a moving force. Recently, more advanced models have been
used by the authors allowing the dynamic train-track interaction mechanisms and the actual track
properties to be considered (Galvin and Dominguez 2009, Galvin et al. 2010a, 2010b).

The finite element method (FEM) and the boundary element method (BEM) are well suited
numerical techniques for the study of induced vibrations due to HST. It is known that boundary
element method is well suited for dynamic soil-structure interaction problems since unbounded
regions are represented in a natural way (Dominguez 1993) and local conditions can be represented
without many difficulties. FEM is best suited for solving problems with inhomogeneities and non-
linearity (Zienkiewicz 1986). In the last years, several models have been developed. Lombaert et al.
(Lombaert et al. 2006, Lombaert and Degrande 2009) have applied the formulation presented by
Metrikine et al. (2005), Metrikine and Popp (1999) and Dieterman and Metrikine (1996), to predict
vibrations produced by railway traffic using a coupled two-and-half dimensional boundary element-
finite element formulation in the frequency domain. In that approach the vehicle is coupled to an
infinite length beam that represents the track and a half-space representing the soil. The model has
been validated by experimental results (Lombaert et al. 2006, Lombaert and Degrande 2009).
Auersch (2008, 2005) has presented a model for ground-borne railway induced vibrations
formulated in a similar way. Takemiya and Bian (2005) have extended the model presented by
Metrikine and Popp (1999) to consider the facts that rails are based discretely on the ground and
sleepers have a significant inertia effect on the rails. They included a layered soil in the analysis and
used a discrete Kelvin model for the sleepers’ complex frequency-dependent stiffness. Sheng et al.
(2003, 2004, 20006) also applied a two-and-a-half dimensional frequency domain model to study
vibrations due to train passage. In that model, the dynamic train-track interaction is taken into
account using an infinite layered beam for the track coupled to a layered half-space. Galvin et al.
(2010) have presented a comprehensive 2.5D model where the track-soil interaction is taken into
account in a rigorous way. Xia et al. (2010) have presented an integrated train-track-subsoil dynamic
interaction model for train induced ground vibration based on vehicle dynamics, track dynamics and
Green’s functions of the soil. The previous numerical models, except reference (Xia et al. 2010), are
formulated in the two-and-a-half dimensional domain; therefore, it is supposed that the ground and
structures such as tunnels and tracks are homogeneous in the track direction. These models use
Green’s functions for a layered full space or for a layered half-space to represent the soil.

The authors have developed a general and fully coupled three-dimensional multi-body-finite element
boundary element model formulated in the time domain to predict vibrations due to train passage at
the vehicle, the track, the free field and structures situated near the track. The model has been
developed to account for the full dynamic vehicle-track-soil interaction. As compared to two-and-a-
half dimensional domain solutions, the formulation developed could be used to take into account
local soil discontinuities, underground constructions such as underpasses, and coupling with nearby
structures that break the uniformity of the geometry along the track line. Previous studies (Olmos and
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Roésset 2010) show clearly the importance of the non-linear behavior on the dynamic performance of
structures. Non-linear behaviour could be also considered in the proposed model since a time
domain formulation is employed (Zienkiewicz 1986). However, the main disadvantage of the three-
dimensional models is that they are computationally expensive.

In this paper, main and most relevant results obtained along the last years are presented and
summarized (Galvin and Dominguez 2007a, 2007b, 2009, Galvin et al. 2010a, 2010b). First, the
numerical model is briefly presented. The model is based on three-dimensional finite element
(Zienkiewicz 1986) and boundary element (Dominguez 1993) time domain formulations. A direct
procedure is used to couple boundary and finite element methods (Karabalis and Beskos 1985,
Estorff and Pabrucki 1990). A multi-body model is considered to represent the vehicle. The quasi-
static and the dynamic load components are analysed. Second, ballasted and non-ballasted tracks are
studied: the effects of ballast and embankment geometry are evaluated, track recepentances are
computed for different track systems and vibrations induced by high-speed train passages at the track
and the free field are evaluated for different train speeds. Then, the dynamic behaviour of a transition
zone between a ballast track and a slab track is analysed. Finally, the dynamic response of a short
span bridge is studied.

2. Numerical model

The boundary element system of equations can be solved step-by-step to obtain the time variation
of the boundary unknowns, i.e., displacements and tractions. Piecewise constant time interpolation
functions are used for tractions and piecewise linear functions for displacements. The fundamental
displacement and traction solutions are evaluated analytically without much difficulty, and nine nodes
rectangular and six node triangular quadratic elements are used for spatial discretization. Explicit
expressions of the fundamental displacement and traction solutions corresponding to an impulse
point load in a three-dimensional elastic full space can be seen in reference (Galvin and Dominguez
2007b). An approach based on the idea of using a linear combination of equations for several time
steps in order to advance one step is used to ensure that the stepping procedure is stable in time.
Details of this stabilization approach can be found in (Marrero and Dominguez 2003).

Once the integral equation is discretized one obtains the following equation for each time step

n—1
H™W = G+ 3 (G"p"— H"™u"Yexp[-2 au(n—m)A] M
m=1

where u” is the displacement vector and p” is the traction vector at the end of the time interval n,
and H" and G are the full unsymmetrical boundary element system matrices, in the time interval
n, o is the soil attenuation coefficient and At is the time step. The right hand side term derived from
previous steps is damped by an exponential coefficient using a linearly increasing exponent with
time (Galvin and Dominguez 2007a).

Usually, the Spectral Analysis of Surface Waves (SASW) is used to determinate the dynamic soil
properties at the studied site. In this test, ground vibrations are generated by means of hammer
impacts on a foundation. The response is measured at several points at the soil’s surface. The soil’s
damping coefficient & can be estimated from these measurements solving an inverse problem (a
minimization procedure where the variable is ).
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Fig. 1 The multi-body model for an axle

The equation which results from the finite element method can be expressed symbolically as
follows if an implicit time integration Newmark method is applied (Newmark 1959).

Dnnun :fn_’_fnfl (2)

where D™ is the dynamic stiffness matrix, u” the displacement vector and /" the equivalent force
vector, in the time interval ».

The multi-body model shown in Fig. 1 is used to represent the train-track dynamic interaction due
to an axle passage (Galvin ef al. 2010a). The primary and secondary suspensions isolate the carriages
from the track vibrations. The axles and the car body are considered as rigid parts and the primary
and secondary suspensions are represented by spring and damper elements (Sheng et al. 2004).

Coupling boundary element and finite element sub-regions entails satisfying equilibrium and
compatibility conditions at the interface between both regions.

3. Quasi-static and dynamic excitation mechanisms

In the early studies, a prediction model developed by Krylov (1995, 1994) was used (Galvin and
Dominguez 2007a, 2007b). In that model, only the quasi-static force transmitted by the sleepers to
ballasted track was taken into account as a moving force. Krylov’s model is valid when the train
speed is close to the critical phase velocity of the coupled track-soil system because in this case the
quasi-static excitation is dominant (Lombaert ef al. 2006, Auersch 2008, Sheng et al. 2003).

After, more advanced models have been used allowing the dynamic train-track interaction
mechanisms and the actual track properties to be considered (Fig. 1).

The random track unevenness u,,(y) is_modelled as a stationary Gaussian random process
characterized by its one-sided PSD function S, ,(k,) . The spectral representation theorem is used to
generate samples of track unevenness u,,,(y) as a superposition of harmonic functions with random
phase angles (Lombaert et al. 2006, Lombaert and Degrande 2009).

() = 3 250, () Ak c08 (k= 6,) ©

m=1
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where £, = mAk, is the wavenumber sampling used only to compute the artificial profile, Ak, the
wavenumber step, and 6,, the independent random phase angles uniformly distributed in the interval
[0, 27].The artificial track profile is generated from PSD function according to ISO 8608 (1995)

Su, (k) = S(k)(ki) (4)

The quasi-static and dynamic excitation mechanisms due to the vehicle response, the sleeper
discrete support and the rail and wheel unevenness are all analysed (Galvin ef al. 2010a). Fig. 2(a)
shows the cross section of a classical ballast track that it is represented by the mesh shown in Fig.
2(b). The track is composed of two UIC60 rails with a bending stiffness E/=6.45 x 10° Nm? and a
mass per unit length m = 60.3 kg/m for each rail. The rail pads have a thickness of 10 mm and their
stiffness and damping values are k,,= 150 x 10° N/m and c,, = 13.5 x 10°> Ns/m, respectively. The
pre-stressed concrete mono-block sleepers have a length /=2.60 m, a width w=0.235 m, a height
h=0.205m and a mass m =300 kg. A distance d= 0.6 m between the sleepers is considered. The
ballast has a density p= 1500 kg/m’, a Poisson ratio v=0.2 and a Young’s modulus equal to
E =200 x 10° N/m?. The width of the ballast and subballast layer equals 2.92 m and the height
h=1.00m. The track is assumed to be located at the surface of a homogeneous half-space that
represents the soil, with a S-wave velocity C;=150.0 m/s, a P-wave velocity C,=300m/s and a
Rayleigh wave velocity Cr = 139.7 m/s.

The quasi-static response due to the passage of a single axle can be obtained considering the
unevenness term u,, equal to zero. Since the sleepers are included in the model, the dynamic
effects due to discrete rail support are considered implicitly. Fig. 3 shows the time history of the
vertical displacement and the vertical velocity and the frequency content of the vertical velocity at
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Fig. 3 (a) Time history of the vertical displacement, (b) vertical velocity and (c) frequency content of the
vertical velocity of the rail for a single axle travelling at v =298 km/h computed with the moving force
model (black line) and the multi-body model (dashed grey line)
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the rail for a single axle travelling at v =298 km/h computed with a model where only a moving
force is considered and with the multi-body model.

The displacement shown in Fig. 3(a) is completely symmetric. The vertical displacement and
velocity at the rail computed from both models have similar values. The main differences are due
the inertia is neglected in the moving force model, as can be seen in the computed frequency
content of the vertical velocity (Fig. 3(c)). Both models lead to the same solution only when the
axle speed is low or if the primary vertical stiffness tends to zero (Pesterev et al. 2003). Therefore,
the vehicle model should be considered to predict the quasi-static response.

Fig. 4 shows the time history and the frequency content of the vertical displacement of the car
body due to the moving axle and the parametric excitation due to the discrete supports of the rails
for a single axle travelling at v=36 km/h and at v =298 km/h. The sleeper position is shown by
vertical lines. It is clearly observed that the maximum displacements of the car body occur when the
axle is approximately in the middle between two sleepers and the minimum when the axle is on the
sleeper in accordance to the lower and higher stiffness of the track in those zones, respectively.

In order to investigate the behaviour of the coupled vehicle-track-soil system due to rail and
wheel unevenness, the dynamic response due to the passage of a single axle train can be obtained if
gravity is neglected. Again, the sleepers are included in the model and, therefore, the dynamic
effects due to discrete rail support are also taken into account. An artificial track profile is generated
from the PSD function according to ISO 8608 by Eq. (4) with ko = 1 rad/m, w =3.5 as commonly
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Fig. 4 Time histories of the vertical displacement of the car body (dashed-dotted light grey line), boogie (dashed
dark grey line) and wheel (solid black line) due to discrete sleeper support for a single axle travelling at
(a) v=36 km/h and (b) v =298 km/h. The sleepers positions are shown as vertical grey lines
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Fig. 5 (a) Time history and (b) frequency content of the vertical displacement of the rail for a single axle

travelling at v =298 km/h computed with the unsprung mass model (black line) and the multi-body
model (dashed grey line)
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assumed for railway unevenness, and a value of S‘uw,,,,,,(kyo) =27x 107 m’.

It is commonly adopted in the literature (Lombaert et al. 2006, Lombaert and Degrande 2009,
Knothe and Grassie 1993) that the influence of the suspended mass can be neglected and the
vehicle’s unsprung mass is the only component that affects the dynamic loads due to the rail and
wheel unevenness. The consistency of the previous hypothesis is studied from the results presented
in Fig. 5 where the time history and the frequency content of the vertical displacement of the rail
due to unevenness for a single axle travelling at v =298 km/h computed with the unsprung mass
model and the multi-body model, respectively, are shown. Both models lead to a similar response
for frequencies higher than 10 Hz approximately. Therefore, the model could be simplified as at
frequencies of more than a few Hertz (Knothe and Grassie 1993) since the vehicle’s primary and
secondary suspension isolate the body and the boogie from the wheel-set. A maximum rail
displacement occurs between 10 and 40 Hz for both models that corresponds to the resonance
frequency of the vehicle model or the unsprung mass model on the track. However, at lower
frequencies, the suspended mass should be taken into account in order to predict the track and soil
response accurately.

4, Ballasted and non-ballasted tracks
4.1 Ballast and embankment effects

Ballast and train-track embankment geometry and properties play an important role on the soil
motion due to high-speed train passage (Galvin and Dominguez 2007a). Their effects can be
evaluated by representing the actual ballast and embankment geometry and properties using the
model summarized in this paper. In order to asses this effect, a simple geometry and loading
situation is studied to validate the proposed approach. Consider a homogeneous soil and a 0.8 m
thick embankment with geometry as shown in Fig. 6. This problem was studied by Adam et al.
(2000) using 2-D and 3-D approaches. Following Adam et al. (2000) and in order to use their results
for comparison, the train track load is represented by two impulse line loads with amplitude 10° N/m
that last for 0.02 s which are applied where the two beam rails are located. Mass density p= 2000
kg/m® and a Poisson’s ratio v = 1/3 are assumed to be identical for embankment and half-space.

Two cases are evaluated for comparison purposes. In Case 1 the S-wave velocity is the same for
embankment and half-space (C;=250m/s); in Case 2, C;=250m/s for the embankment and
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Fig. 6 Half-space with 0.8 m thick ballast embankment. BE discretization and geometry
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Fig. 7 Vertical displacement at points 4 (solid black line) and B (solid grey line). Results presented by Adam
et al. (2000) are represented by dashed lines: (a) Case 1 and (b) Case 2

C;=400m/s for the half-space. Soil surface vertical displacements at two points 4 and B are
represented in Figs. 7(a) and 7(b). 4 is located under the load (the rail line) and B on the half-space
surface 6 m from the rail. Figs. 7(a) and 7(b) show computed vertical displacement time history for
Case 1 and Case 2, respectively. Results are in very good agreement with those obtained by Adam
et al. (2000). Figs. 7(a) and 7(b) show a vertical displacement under the load line (point A) that
increases with time as the load is applied (0 s <t <0.02 s). Once the load is withdrawn, the vertical
displacement under the load line goes to zero as it does for a quasi-static load (> 0.02 s). Straight
line segments in Figs. 7(a) and 7(b) are due to the time integration process. As pointed out in
(Adam et al. (2000)), apart from the little kinks due to wave scattering at the embankment edges,
the soil response for Case 1 is very similar to that of a half-space since the only difference is in the
surface profile. A positive maximum of the vertical displacement corresponding to the first S-wave
arrival time is observed in Fig. 7(a) for the point at 6 m from the load (point B). After that time,
vertical displacement at point B decreases to the minimum value when the effect of the load
withdrawal is noticed at that point (Rayleigh waves from the nearest loading point). The vertical
displacement peak values at both points are smaller in Case 2 than in Case 1 as could be expected
for a stiffer half-space.

4.2 The track dynamic response

The track receptance is computed as a function of the frequency for three different track systems:
ballasted track, slab track and floating slab track (Galvin et al. 2010b). To this end, the systems are
subjected to a series of unit amplitude sinusoidal excitations applied at both rails. The response time
history is computed using the discretizations show in Fig. 8. The frequency content of the response
is used to define the receptance.

The rail, rail pads and sleeper properties are as presented in Section 3. Fig. 8(a) shows a classical
ballast track. The resilience of the track is due to two layers: a ballast layer on a sub-ballast layer.
The ballast has a Young’s modulus £, =280 x 10° N/m?, a shear modulus G, =116 x 10° N/m? and
a density p, = 1500 kg/m®. The sub-ballast layer has a Young’s modulus E, =140 x 10° N/m?, a
shear modulus Gy =58 x 10°N/m? and a density py = 1500 kg/m®. The damping value in both
layers is ¢, =24 x 10° Ns/m?. The width of the ballast equals 2.92 m and the height 4, = 0.7 m.

The slab track system is composed of a concrete slab on a hydraulic sub-base (Fig. 8(b)). The
concrete slab has a Young’s modulus E, = 34 x 10° N/m?, a shear modulus G, = 14.2 x 10° N/m? and
a density p, = 2500 kg/m’. The hydraulic sub-base has a Young’s modulus Ej, = 10x 10° N/m?, a shear
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Fig. 8 Cross section and discretization detail for: (a) ballasted track, (b) slab track and (c) floating slab track

modulus Gy, =4.2 x 10° N/m?, a density pj,, = 2500 kg/m’ and the same width as the concrete slab.

In the case of the floating slab track, a mat is considered under the slab (Fig. 8(c)). The mat has a
Young’s modulus E;= 0.5 x 10°N/m?, a density o=100kg/m’ and a damping value ¢;=87.6 x 10°
Ns/m?. For a floating slab track, the isolation frequency is defined as the resonance frequency of a
single-degree-of-freedom system with a mass equal to the slab’s mass per unit length and stiffness
equal to the vertical stiffness of the slab bearings

1 i‘i (5)
2N m

f=

N

In this case, if m, is the mass of the concrete slab and the hydraulic sub-base, the isolation
frequency equals 13.69 Hz.

The tracks are located at the surface of a homogeneous half-space that represents a soft soil, with
a S-wave velocity C;=80m/s, a P-wave velocity C,=150m/s and a Rayleigh wave velocity
Cr=74 m/s. The S-wave velocity in the soil is closed to the train speed; therefore, the critical speed
for trains on ballast track could be reached.

Fig. 9 shows the track receptance for the ballast track, the (unisolated) slab track and the
(isolated) floating slab track. The different flexibility of the tracks plays an important role on the
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Fig. 9 Receptance of the rail (solid line), the sleeper (dotted line) and the track-soil interface (dashed-dotted
line) for (a) the ballast track, (b) the slab track and (c) the floating slab track
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load transmission from the tracks to the soil (Galvin et al. 2010b). The ballasted track presents two
flexibility levels, the rail pads and the ballast layer, while the conventional slab track only has the
flexibility level provided by the rail pads. Due to that, in the case of the ballasted track, the rail, the
sleeper and the track-soil interface have similar displacements, whereas in the slab track the
displacements at the rail level are much higher than the others. For a slab track, the track-soil
interface displacements match up with the sleeper displacements. In a floating slab track, the
insertion of the slab mat causes an increase of the displacement around the isolation frequency. In
comparison with the unisolated slab track, the floating slab track presents higher rail displacements
around the isolation frequency. After that, the rail has a similar response in both tracks. In a similar
way, an amplification of the response of the sleeper and the track-soil interface occurs around the
isolation frequency of the slab track. However, the isolated slab track presents track-soil interface
displacements much lower than the unisolated track at frequencies higher than about 20 Hz. It can
be concluded that an effective control of the track-soil interface vibrations is achieved at frequencies
sufficiently higher than the isolation frequency, while vibrations increase at lower frequencies.

Figs. 10-12 compare the track and the free field displacements for the ballast track, the unisolated
slab track and the isolated slab track due to a single axle travelling at v =250 km/h, v =280 km/h
and v =315 km/h, respectively. The results are shown on the same scale. Fig. 10 shows the track
and soil behaviour for a train speed lower than the Rayleigh wave velocity in the soil. In this case,
the vertical soil displacements are almost symmetric with respect to the moving load. Track induced
vibrations in ballasted and floating slab tracks are higher than in the slab track. The radiation of
waves from the track to the soil varies with the type of track. The effect of the load is concentrated
in the ballast track, but it spreads through both the slab track and the floating slab track. If the soil
and track behaviour of the ballasted track is compared for the three speeds (Figs. 10(a), 11(a) and
12(a)), it can be observed that the symmetry of the soil motion is lost as axle speed increases due to
the radiation effect of the Mach waves, and the soil displacements are amplified for v =280 km/h
(Fig. 11(a)), which is close to the critical speed of this system. This effect is not observed in the
slab tracks that remain in the same condition due to the lower flexibility of the systems (Figs.
10(b,c), 11(b,c) and 12(b,c)).

4.3 Vibrations induced by high-speed train passage in a transition zone between ballast
and slab track

The proposed numerical model is used in this section to study the dynamic behaviour of a
transition zone between a ballast track and a slab track (Galvin ef al. 2010a), which is frequently
located at tunnel entrances or near railway stations.

The ballasted track system considered (Fig. 8(a)) is composed of two layers: a ballast layer over a
sub-ballast layer. The ballast has a density p= 1500 kg/m®, a Poisson ratio v=0.2 and a Young’s
modulus £ =280 x 10° N/m’.

The sub-ballast layer has a density p= 1500 kg/m?, a Poisson ratio v=0.2 and a Young’s modulus
E =140 x 10° N/m?* The rail pads have a thickness of 10 mm and the stiffness and damping values
are k,,= 150 x 10° N/m and ¢,, = 13.5 x 10*> Ns/m.

The considered slab track system (Fig. 8(b)) is composed of two UIC60 rails supported by pre-
stressed concrete mono-block sleepers separated d=0.60m. The concrete slab has a density
p=2500kg/m’, a Poisson ratio v=02 and a Young’s modulus £=34x 10° N/m?. A hydraulic
subbase is placed below the concrete slab in order to reduce gradually the transmitted forces from
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(a) (b) (c)

Fig. 10 Track and free field displacements due to a single axle travelling at v=250 km/h for (a) the ballast
track, (b) the unisolated slab track and (c) the isolated slab track

() (b) (©)

Fig. 11 Track and free field displacements due to a single axle travelling at v =280 km/h for (a) the ballast
track, (b) the unisolated slab track and (c) the isolated slab

() (b) (©)

Fig. 12 Track and free field displacements due to a single axle travelling at v=315 km/h for (a) the ballast
track, (b) the unisolated slab track and (c) the isolated slab track

the track to the subgrade. The hydraulic subbase has a density p=2500kg/m’, a Poisson ratio
v=0.2 and a Young’s modulus £ = 10 x 10’ N/m?, and the same width as the concrete slab.

Slab tracks have a higher stiffness as compared to ballasted tracks and, because of that a transition
zone between ballasted and slab track must be carefully designed to make a gradual change of the
stiffness to ensure track quality and passenger comfort. Fig. 13(a) shows the geometry of the
transition zone between ballasted and slab track. In the transition slab track zone the thickness of
the hydraulic subbase layer increases from 0.3 m to 0.46 m. After that, the hydraulic sub-base layer
replaces the sub-ballast layer under the ballast layer in the transition ballasted track zone. By doing
so, the stiffness changes between the different parts of the transition zone are smoother. The
discretization of the transition zone employed is shown in Fig. 13(b). The track and soil response
are studied at four sections. Section A is located in the ballasted track 3 m before the transition zone.
Section B corresponds to the middle of the ballasted transition zone and section C to the middle of
slab track transition. Finally, section D is located in the slab track 9 m from the transition zone.

An analysis of the transition zone between ballast and slab track is made comparing the computed
vibrations obtained with the discretization shown in Fig. 13(b), and the obtained results using four
independent track-soil models that represent each section. Fig. 14 compares the results from the
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Fig. 13 Transition zone model: (a) geometry and (b) discretization
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Fig. 14 Running RMS value of the vertical velocity (a-d) at the rail, (e-h) the sleeper and (i-1) at a point in
the free field located at 11.8 m from track axis for the medium soil and the medium rail pad
computed from the transition zone model (Fig. 13) (black line) and from an invariant geometry model
(dashed grey line) at a train speed v=298 km/h travelling on: (a,e,i) section A, (b,fj) section B,
(c,g.k) section C and (d,h,l) section D

transition zone model (using the present three-dimensional model) and an invariant geometry model
(using the present three-dimensional model with track and soil invariant in the track direction). The
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results obtained for both models in section A are similar. As the train goes into the transition zone
the vertical stiffness of the track is modified. Rail, sleeper and free-field response is increased due
to the inertial forces induced by the effect of the vehicle passage and the stiffness track changes.
The transient response disappears as the train travels along the slab track. The correlation between
the computed results from both models in the transition zone present is not good and three-
dimensional models should be used to obtain an accurate response for these problems.

5. Short-span railway bridges

This section analyses the effect of soil-structure interaction on railway bridges. The dynamic
behaviour and the resonant response of the coupled bridge-soil system are studied (Romero et al. 2012).

A simple supported railway bridge of 12 m length is studied. The deck is composed of 0.25 m
thickness concrete slab. The slab resting over five pre-stressed concrete beams with 0.75 x 0.3 m
rectangular crosssection. A distance 1.39 m between beams is considered. The concrete has density
o= 2500 kg/m?, Poisson’s ratio v = 0.2 and Young’s modulus £ = 31 x 10’ N/m?.

The deck leans over two concrete abutments with density p=2500 kg/m®, Poisson’s ratio v =0.3
and Young’s modulus E=20x 10° N/m*>. Beams are resting on laminated rubber bearings. The
bearings have thickness equal to 20 mm and the stiffness and damping values are k, = 560 x 10° N/m
and ¢, = 50.4 x 10° Ns/m, respectively.

A single ballast track is located over the deck. The track is composed of two UIC60 rails with a
bending stiffness £/=6.45 x 10° N/m? and a mass per unit length m = 60.3 kg/m for each rail. The
rail pads have a 10 mm thickness and their stiffness and damping values are k,, =150 x 10° N/m
and c,, = 13.5 x 10°> Ns/m, respectively. The pre-stressed concrete mono-block sleepers have length
[=2.60m, width w=0.235m, height #=0.205m and mass m=300kg. A distance d=0.6m
between the sleepers is considered. The ballast has density p = 1800 kg/m’, Poisson ratio v = 0.2 and
Young’s modulus equal to £ =209 x 10°N/m?. The width of the ballast equals 2.92m and the
height #=0.7 m.

The structure is assumed to be located at the surface of a homogeneous half-space that represents
the soil. The soil is an homogeneous viscoelastic soil with Poisson’s ratio v=0.35, mass density
p=1800 kg/m’® and two different S-wave velocities: C;=o0 and C, =400 m/s, corresponding to an
infinity stiffness soil and a stiff soil, respectively.

Table 1 shows the natural frequencies and mode shapes of the structure. The first resonant frequency
of the structure moves to f; = 11.01 Hz when soil-bridge interaction is taken into account. The damping
ratio, obtained from the free vibration response, reaches a value ¢=6.4% when soil-structure
interaction (SSI) is accounted for. A value {'=2% is obtained when interaction is not considered.

Table 1 Mode shapes and resonant frequencies (SSI is not considered)

Mode shape Frequency Hz Type
1 11.80 First bending (symmetric)
2 21.90 First torsional
3 29.99 First bending of the cross-section (symmetric)
4 47.82 First antisymmetric bending
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Fig. 15 Soil-structure discretization
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Fig. 16 Maximum vertical acceleration at the mid-span center deck for C; =0 m/s (grey line) and C, =400 m/s
(black line)

The resonant condition of a bridge excited by a row of moving forces can be expressed as follows
(Fryba 2001, Xia et al. 20006).

v =t (n=12,..,i=12,...) ©

where, v,; is the train speed, f, is the »n —th resonant frequency of the bridge and d is a
characteristic distance between moving loads. Fig. 16 shows the maximum vertical acceleration at
the centre of mid-span deck for a Alstom HST passages at speeds between 30 m/s and 130 m/s
(108 km/h and 468 km/h, respectively). It is observed as the deck acceleration increases with the
train speed. A local maximum is reached at the resonant speed for the first bending mode shape,
considering the distance d=18.7 m between boogies. Fig. 16 shows maximum vibration levels at
the speed vy, =110.4 m/s when soil-bridge interaction is not considered. The maximum acceleration
at the center of the mid-span deck is below @, = 3.5 m/s* in the range of operating speeds on
current high speed lines, which is the limit given by the European Committee for Standardisation
(CEN) (2002). The response of the structure changes substantially when soil-structure interaction is
considered. The second resonant speed of the first mode shape decreases to v, , =103 m/s when
soil-bridge interaction is accounted for. Moreover, it is observed that the maximum level of
acceleration achieved in the resonant regime is significantly lower when soil-structure interaction is
considered.
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6. Conclusions

In this paper, a review of recent advances in a numerical model to predict vibrations due to train
passage has been presented. The numerical model is based on time domain three-dimensional finite
element and boundary element formulations. The formulation allows taking into account local soil
discontinuities, underground constructions and nearby structures that break the uniformity of the
geometry along the track line. Track and other structures are modelled using the finite element
method and their non-linear behaviour could be considered because a time domain formulation
is employed. The soil is represented using the boundary element method, where a full space
fundamental solution is used in combination with quadratic boundary elements. The train vehicle is
modelled as a multi-body and, therefore, the quasi-static and the dynamic excitation mechanisms
can be considered, taking into account the dynamic effects due to discrete sleeper support and the
wheel and rail irregularities.

The influence of the quasi-static and the dynamic loading contribution has been presented,
concluding:

1. Vehicle mass model should be considered to predict accurately the quasi-static response.

2. The suspended mass should be taken into account in order to predict the track and soil response
due the dynamic contribution at low frequencies.

Track-soil interaction has been presented for ballasted and non-ballasted tracks. It can be
concluded from the computed results:

1. Ballast and embankment have a significant influence on the system response.

2. The critical speed for a ballast track is close to the Rayleigh wave velocity in the soil.

3. For non-ballasted track, it is not observed that the critical system speed is reached.

4. The insertion of a resilient material in a slab track leads to an amplification of the response at
frequencies around the isolation frequency. Above this frequency, a reduction of the response is
attained.

5. A transition zone between ballast and slab track must be carefully analysed to predict the
dynamic effect due to the stiffness changes along the track.

Finally, the resonance condition on railway bridges depends on the resonance frequencies. The
resonant velocities are lower when soil-bridge interaction is considered and the amplification on
resonant regime is lower.

All results demonstrate the capabilities and robustness of the numerical approach which is very
well suited for the dynamic analysis of complex soil-train-structure interaction problems.
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