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Abstract. High-speed rails are an attractive alternative to other forms of intercity transporta-
tion. It is a fast, cost-efficient and environmentally friendly solution, which is being developed
in various countries across the world. However, in order to be successful, high-speed rails need
to transport the passengers as close as possible to the city centres. Therefore, railway tracks
have to go through densely populated urban areas, which causes a number of issues. One of
the biggest complaints from the inhabitants living near such infrastructures is the high vibration
and noise levels caused by the passing trains.

Unfortunately, the prediction of vibrations in nearby structures is difficult, as wave propagation

from the vibration source to the structure is a complex phenomenon. The behaviour of the struc-
ture is highly dependent on the path along which the vibrations travel between their source and
the building itself. Especially in the densely built urban environment, the wave propagation
path can have different features, such as underground infrastructure, roads, pavements or even
other nearby buildings. Such features might have a significant effect on the final excitation of
the structure in question.

This work aims to analyse how different features in the wave propagation path affect the exci-
tation of a structure. A numerical model is constructed to account for the track structure and
the underlying soil. The model utilizes a finite-element model for the structures together with a
semi-analytical model of the underlying soil. Different features in the wave-propagation path
are introduced, and their effects are compared regarding the behaviour of the structure and the

free-field.
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1 INTRODUCTION

Continued development of railway infrastructure causes some issues related to vibrations in
nearby structures. To make the railways an effective form of passenger transportation the rail-
way stations need to be as close as possible to urban centres. This means that railway tracks
need to go through densely built urban environments, causing unwanted vibrations in nearby
structures. However, in situ testing of these cases is an expensive and time-consuming task
which is sometimes even impossible to carry out. Therefore, computational prediction tools are
needed to evaluate the effect on nearby structures. It is not an easy job as wave propagation
through soil is a complex phenomenon that depends on a large number of unknowns. The
ground between the source of vibrations and receiver point might often contain various obstruc-
tions. These obstructions might be on the ground surface or embedded inside the soil body, for
example roads, footpaths, demolished building foundations, or sewer lines. This is especially
true in a tightly built urban environment.

One of the most commonly used approaches to model the soil body is the finite-element (FE)
method. Using this method it is possible to model both the structures interacting with the ground
and the ground itself. However, to avoid reflections from the boundaries, absorbing boundary
conditions must be used, as in the work by Connolly et al. [ 1], or the FE model must be coupled
to a boundary-element formulation, as in the work by Andersen and Nielsen [2], Nielsen et al.
[3] or Andersen [4]. Hence, a semi-analytical soil model can be beneficial to use, especially if
the modelled geometry is not very complicated. The semi-analytical approach requires less
computational resources and is faster to compute, and infinite boundaries are already included
in the formulation. The method is based on analytical evaluation of the Green’s function in
frequency—wavenumber domain. The original layer-transfer matrix, used in the model, was de-
veloped by Thomson [5] and Haskell [6]. Further, the semi-analytical model is commonly used
for problems involving wave propagation through soil. For example, Sheng et al. [7] used this
method to analyse the vibrations from a simplified railway track placed on the soil surface.

This work also uses the semi-analytical model to model the ground, which is later coupled
to structures modelled using an FE approach. The aim is to analyse the effects of various ob-
structions in the wave propagation path. The effects of these obstructions in the wave path might
be an important factor to consider when analysing the ground-borne vibrations, and often they
are completely dismissed in this type of analysis. For this, a computational model was con-
structed that considers a railway track coupled to the underlying ground as described in Section
2. Further, the analysed cases and parameters used are introduced in Section 3. Finally, the
obtained results are presented in Section 4, and Section 5 contains the main conclusions.

2 COMPUTATIONAL MODEL

Problems regarding wave propagation through soil can be split into three main components:
the vibration source, the propagation path and the receiver. Each of these elements has an effect
on the overall system behaviour. In this paper, the vibration source is a railway track, which is
introduced in Subsection 2.2. Further, the vibrations propagate through a layered soil for which
a semi-analytical model is used as explained in Subsection 2.1. To reduce the number of varia-
bles, the receiver is only modelled as a rigid footing on the soil surface.

2.1 Soil model and coupling to finite elements

A semi-analytical approach is used to model the ground. In this case it is more advantageous
compared to FE-based approaches due to lower computation times, which allows testing a wider
variety of cases. The method is based on an analytical expression for the Green’s function in
horizontal wavenumber—frequency domain:
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Uz(kx, ky, Zy, (U) = GlZ(ka ky, Z1, 27, w)Pl(le ky, AT (A)) (1)

Equation (1) provides a relation between a load P; applied at point 1 and the corresponding
displacements U, at point 2. The Green’s function G;, is dependent on the horizontal wave-
numbers k,, k,, the vertical coordinates zy, z, of both points, and the circular frequency w.

After establishing the solution, a numerical inverse Fourier transform is performed to obtain
a solution in space—frequency domain. The method assumes that the soil is linear viscoelastic,
composed of layers with perfectly horizontal interfaces and with a horizontal ground surface.

To couple the semi-analytical model to the FE formulation of other parts, soil-structure-
interaction (SSI) nodes are used. By establishing Green’s function relations between these
nodes, a flexibility matrix for the soil is obtained. Inverting the flexibility matrix provides the
dynamic stiffness matrix for the soil, Dgy;;, which can then be added to the dynamic stiffness
matrix of the FE-based parts, Dgg, to obtain an expression for the whole system:

Druyn = Dgg + Dsoi, Dpe = Kpg + i0Cpg — w? Mg, (2)

where Kgg is the stiffness matrix, Cgg is the damping matrix, Mgg is the mass matrix, and i is

the imaginary unit: i = v/—1. The calculations are then performed for the fully coupled system
in frequency domain. A more detailed description of the soil model is available in the work by
Andersen and Clausen [8], and coupling of multiple structures via the soil was discussed by
Andersen [9] and Bucinskas et al. [10].

2.2 Railway track and embankment model

The structure of the railway track has a great impact on how the vibrations are transferred to
the soil body. Further, the presence of the track introduces secondary effects to the system such
as waves travelling through the embankment and back coupling to the surrounding structures.
Therefore, proper modelling of the track structure is important.

To reduce the computational requirements of the model and decrease the computation time,
shell elements were used to model the railway track and embankment. A cross-section of an
embankment can be seen in Figure 1. A single plate was constructed to model the whole em-
bankment. Mindlin-Reissner shell finite elements were used with four nodes and linear Lagran-
gian interpolation of the displacements and bending rotations. Two types of elements were used:
an element type with three layers to model the three-layered embankment, and an element type
with four layers to model the sleepers together with the embankment. Using these element types,
the embankment plate is assembled to model the sleepers and all layers of the embankment.

Two rails are connected separately to the embankment. The rails are modelled as Euler-
Bernoulli beam elements with two nodes and cubic displacement interpolation. The rails and
sleepers are connected through rail pads, which are modelled as a spring and damper system.
Thus, the rails are discretely supported only at the positions where the sleepers are located.

Rail
inall | pad I
‘ Sleeper ‘
Ballast

Sub-ballast

Figure 1: Railway track and embankment cross-section.
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Figure 2: Parts of the track structure. In blue: three layered embankment shell elements; in red: four layered
(including sleepers) embankment shell elements; in green: rail beam elements; in grey: soil surface;
in yellow: SSI nodes; in magenta: rigid links between soil-embankment and embankment-rail.

The railway embankment is a three-dimensional structure with a considerable thickness.
Therefore, modelling the whole embankment as a single flat plate might not be sufficient. To
obtain a more realistic model, the plate was placed at the mid-plane of the embankment and
then connected to the soil through rigid links. The rigid link length is equal half of the thickness
of the embankment. This way the lateral displacements and rotations of the embankment nodes
were coupled to lateral displacements of the SSI nodes. The same approach was then used to
connect the embankment and the rail pads. The rigid links were introduced into the FE matrices
using Lagrange multipliers. This approach was not difficult to implement, as the FE matrix
structure stayed unchanged. An example of the FE model of the track can be seen in Figure 2.

Introducing rigid links to the system better represents the real structure, but this kind of
formulation also has some disadvantages. The plate representing the embankment does not
share nodes with the soil, and thus the number of degrees of freedom in the system increases
significantly. Further, Lagrange multipliers also introduce additional constraints to the system,
which leads to further increase of FE matrix sizes.

3 ANALYSED CASE

A rail track of 30.0 m length was modelled as described in the previous section. The em-
bankment has a width of 4.0 m and is composed of three layers: a 0.5 m thick subgrade layer,
a 0.2 m thick sub-ballast layer, and a 0.3 m thick ballast layer. The material properties for these
and other materials used are given in Table 1. The sleepers are embedded in the ballast layer,
and they are placed at 0.6 m intervals along the track. The sleepers are constructed from con-
crete with dimensions 0.2X0.2X2.5 m>. The rails are made from steel and modelled with a
rectangular 0.15X0.08 m cross-section, and the gauge is 1.4 m. The rails are connected to the
sleepers via rail pads with stiffness 1.2:10® N/m and damping 1.24-103 Ns/m.

Vibrations are measured on a rigid surface footing placed 20.0 m from the track structure.
The rigid footing has a square shape with a side length of 3.0 m. The footing is assumed to be
0.8 m thick and made from concrete. Therefore, the mass density of concrete is used to calculate
the mass and mass moments of inertia, which are then added to the corresponding degrees of
freedom of the rigid footing.
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Material Young’s modulus (MPa)  Poisson’s ration (-)  Mass density (kg/m*)  Damping ratio (-)
Concrete 30000 0.15 2400 0.040
Steel 210000 0.25 7900 0.040
Ballast 100 0.35 1800 0.040
Sub-ballast 300 0.35 2200 0.040
Subgrade 120 0.35 2100 0.040
Clay 80 0.48 2000 0.045
Sand 250 0.30 2000 0.050

Table 1: Materials and their properties used in the analysis

The whole rail track structure and the receiver footing are placed on a 4.0 m thick layer of
clay which lies on top of a half-space of sand. This stratification was chosen because the rela-
tively soft layer of clay over the stiffer material (sand) “traps” the propagating vibrations in the
upper soil layer, leading to higher excitation at the receiver position.

The system is excited by placing a vertical unit load on one of the rails. It is placed in three
different positions along the rail: Position 1—at the centre of the track in the longitudinal di-
rection; Position 2—6.0 m along the track from the centre; Position 3—12.0 m from the centre.
In all of the positions, the load is acting on a node that is also connected to a sleeper through
the rail pad. Using different positions allows analysis of the system response for cases in which
the obstructions in the soil are not in the direct path of the propagating waves.

Four different cases were investigated:

e Free-field conditions. Nothing is placed between the rail track and the receiver footing.
This case is used for comparison with other cases.

e A rigid box is embedded between the track and the footing, 10.0 m from the track. The box
dimensions are 3.0x3.0x3.0 m>. The top of the box is embedded 1.0 m from the ground
surface. It is assumed that the box is filled with soil and that the density of the walls is
close to the density of the surrounding soil. Therefore, the additional mass is not considered.

¢ A single-lane road is placed on the ground surface between the source and the receiver,
10.0 m from the track. The road is placed alongside the track and has the same length (30.0
m) as the rail track. It is constructed from concrete. The dimensions are: width 4.0 m and
thickness 0.3 m. The road structure is modelled using Mindlin-Reissner shell finite ele-
ments coupled to soil through SSI nodes.

e A concrete pipe is placed alongside the rail track, 10.0 m from the track and embedded
1.5 m into the soil. As in the previous case, the pipe runs alongside the track and has the
same length. The pipe is modelled as a cylindrical tube with an outer diameter of 1.0 m
and an inner diameter of 0.75 m. It is modelled as a finite Euler-Bernoulli beam coupled
to the soil through SSI nodes.

e Same as previous case, just this time the pipe is oriented at 45° angle to the rail track. The
pipe centre is 10 m from the track.

¢ Once again the same embedded pipe is used. In this case, the pipe is at 90° angle to the
track, that is the pipe goes under the rail track and extends towards the receiver footing.

4 THE EFFECT OF OBSTRUCTIONS IN THE WAVE PROPAGATION PATH

The wave propagation path was analysed for the previously described six cases. The analysis
was performed from 1 Hz up to 50 Hz, with 1 Hz intervals. The results are presented in Figures
3 and 4.
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Figure 3: Steady state soil surface response for a load applied on the rail at the centre of the track, excited at
25 Hz. Blue/yellow shades indicate positive/negative displacement in vertical direction. The red dots on the rail
show the three positions in which the load is applied within the analysis. In this case, the load is only applied in
the first point. Top left: free-field; top right: road placed between the track and receiver; middle left: embedded

rigid box; middle right: embedded pipe along the track; bottom left: embedded pipe at 45° angle to the track;

bottom right: embedded pipe at orthogonal to the track.

Figure 3 shows the response of the soil surface excited at 15 Hz. All cases are shown for the
load placed on the rail at Position 1. It is evident that the displacements of the soil are effected
significantly by obstructions in the wave propagation path. The road surface forms a wave-
impeding barrier for the propagating surface waves, thus decreasing the displacement field over
a large area. However, the effect at the receiver footing is rather small. Further, the embedded
rigid box has a larger effect for the receiver footing, however it is localized to a small shadow
area behind the box. The overall effect to the displacement is much smaller when compared to
the road case. Further, all three cases of embedded pipes cause very different behaviour of the
system. For the pipe laid along the track, the effects are very similar to the road case—the
displacement field is reduced in a large area, but the effects at the receiver footing are small. It
can be seen that obstructions have less impact when the obstructions are laid orthogonally to
the propagating waves. This is illustrated in the next case—embedded pipe at 45° angle. In this
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case there is a significant reduction of displacements at the receiver footing, while the displace-
ments are increased directly in front of the embedded pipe. Finally, the last case, the embedded
pipe orthogonal to the track, provides the most significant reduction of displacements for the
receiver footing. However, similar to the embedded box, the effects are localized to a smaller
area and the surrounding displacement field is largely unaffected.

Further, Figure 4 shows the absolute velocities at the receiver position for all cases. Overall
it can be seen that introducing obstructions in the wave propagation field have the highest effect
in frequency ranges between 7-40 Hz, while frequencies up to 7 Hz are almost unaffected. In
the 7-30 Hz range, the obstructions tend to reduce the velocities at the receiver position when
compared to the free-field case. However, in the 30—40 Hz range the effects are not as evident.
In this range, some cases—especially the road—tend to increase the velocities significantly.
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Figure 4: Response at the receiver for obstructions in the wave propagation path: a) load Position 1, applied on a
rail at the centre of track; b) load Position 2, applied on a rail 6.0 m from the centre of the track;
¢) load Position 3, applied on a rail 12.0 m from the centre of the track.
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Further, Figure 4 shows that pipe running along the rail track has a very small effect when
the load is placed at Position 1. However, this effect increases when the load is placed further
from the track centre. A completely opposite behaviour is observed with the pipe placed or-
thogonally to the track—the effects become smaller when the centre the load is placed further
away from the track. This shows that the angle at which the waves reach the obstruction is a
very important factor in the analysed system. The road case has a similar effect as the pipe
placed along the track, but the overall effects across all loading positions are higher. This is due
to larger stiffness and mass introduced to the system by the road, when compared to an embed-
ded pipe. However, in the 3040 Hz frequency range, the changes in absolute velocity relative
to the reference case become positive, that is the velocities at the receiver increase when com-
pared to the free-field case. Finally, the rigid box has a more localized effect. For loading in
Positions 1 and 2, the effects are positive and rather large, but as soon as the box is not in the
direct wave path between source and receiver (loading at Position 3) these effects disappear
almost completely.

5 CONCLUSIONS

A presentation has been given of ground vibration due to harmonic excitation. Analysis was
performed to investigate the effects of obstacles placed inside the soil body or on the ground
surface between the source and the receiver. The load was applied on a railway track and the
response was checked on a surface footing. Five different cases were tested: an embedded rigid
box (simulating an infilled tank or former cellar), a segment of a single-lane road (or a large
footpath) running parallel to the rail track on the soil surface, and three different orientations of
an embedded pipe in the wave propagation path. The cases were compared to the free-field
response with no obstacles in or on the ground. A computational model was created using an
FE formulation to model the rail track structure and the obstructions, while the soil was mod-
elled using a semi-analytical approach.

The results show that obstruction in the wave propagation field does cause significant
changes in the overall system behaviour. In most cases, the obstacles have a mitigation effect,
thus reducing the absolute velocities, especially within the 7-30 Hz frequency range. However,
in some cases, the response increases within the 30-40 Hz frequency range. The effects of the
structures considered in this paper are mostly seen at higher frequencies. This can be explained
by the relatively small size of the considered structures, where at lower frequencies the wave-
length in the soil body is much longer than the dimensions of the structures. Therefore, the
effects at low frequencies are very small.

Future work could investigate these effects for a wider frequency range together with differ-
ent soil-stratification cases. Further, analysis could be performed for different obstructions to
the propagating waves that are commonly present, such as: tree roots, large boulders, under-
ground cables, etc. Also more in-depth analysis of different orientations of the structures con-
sidered might reveal different effects caused to the system.
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