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Abstract

This paper deals with the numerical computation of the structural and acoespicnse of a
building to an incoming wave field generated by high-speed railway trafficaale. The source
model consist of the model of a moving vehicle on a longitudinally invariant doe@upled
to a boundary element model of the underlying ground. The receiveelin®dased on a
substructuring formulation and consists of a boundary element model abthand a finite
element model of the structure. The acoustic response of the buildiragissris computed by
means of a standard boundary element formulation. The paper investigatssuctural and
acoustic response of a multi-story portal frame office building.

INTRODUCTION

Traffic induced vibrations in dense urban environments @use undesired effects in
surrounding buildings, as well as annoyance to the inhatsitaTherefore, the pre-
diction of traffic induced vibrations and re-radiated soismdf high importance. The
present paper discusses numerical methods used to magdwlsal vibrations and re-
radiated noise induced by railway traffic at grade. A full 3ipeoach is used, and the
whole vibration path is discussed starting from vibratiemeration by a moving high-
speed train, and ending with the re-radiated noise in arosa of a building. As not
only structural vibrations but noise radiation is inveatef, the upper frequency limit
of computations i200 Hz.
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METHODOLOGY

The incident wave field

A 2.5D frequency-wavenumber domain method is used to datertine free-field
ground vibrations generated by the passage of a train on eveartrack [3]. The
train model consists of a number of concentrated massesnmalong the track, and
representing the vehicle’s axles. The invariant track rhodesists of two Euler beams
representing the rails, distributed mass modelling thepses, and a distributed spring-
damper system representing the rail pads and the ballast [2]

The soil is modelled as a layered half-space. A 2.5D frequevavenumber
domain boundary element method (BEM) [1] using the Greenistions of a layered
half-space is used to compute the soil's impedance. Thigdapce is coupled to that
of the track system in order to determine the dynamic loatisgaon the soil-track
interface. The Green’s funtions of the layered half-spaeeused to determine the
free-field response due to the moving source.

The structural response and Soil-structure interaction

The finite structure is modelled in the frequency domain bypas8uctural finite ele-
ment method (FEM). A Craig-Bampton [4] modal decompositionhod is used. The
total displacement of the structure is computed as a supkiqro of the quasi-static
transmission of foundation modes and the modes of the supexge clamped at the
foundation.

In order to fully account for soil-structure interactior§I$ the impedance of the
soil and the forces acting on the soil-structure interfaeecamputed by means of a 3D
BEM [5] for the layered soil domain.

Acoustic response

An acoustic 3D BEM is used to compute the re-radiated sourdiifiehn enclosure of
the building. No coupling between the structural and agoussponse is accounted
for, so the structural response is used as a velocity constrathe BE model. The
structural and acoustic surface velocities are couplezliiit an impedance value rep-
resenting the absorption of the walls. Bel@®0 Hz, the wall’s impedance can be
estimated from the absorption coefficient assuming planewahaviour and perpen-
dicular incidence.

NUMERICAL EXAMPLE

The incoming wave field

A Thalys high-speed train [3] travelling with a velocity of= 80 m/s on an uneven
rail is modelled. The00 m long train consists of two locomotives and eight carriages
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having a total number af6 axles distributed over3 bogies. Each axle is modelled by
a concentrated mass 2927 kg.

Table 1:Dimensions of the track system

Rail gauge 1.435 m Ballast mass 1750 kg/m
Rail bending stiffness 6.489 x 105 Nm? | Ballast stiffness 125.8 x 106 N/m?
Rail mass 60.8375 kg/m Ballastdamping  41.3 x 10% Ns/m?

Railpad stiffness 235.6 x 105 N/m?
Railpad damping 25.1 x 10® Ns/m?

Sleeper dimensions 2.5 x 0.24 x 0.21 m
Sleeper density 2500 kg/m?

The track is modelled as a conventional ballasted trackistimg of a pair of rails,
elastic rail pads, concrete sleepers and a ballast layes. dithensions and material
properties of the track elements are given in Table 1. Theasademass, damping and
stiffness values are given for a unit length along the tratke soil is considered to
be a homogeneous elastic halfspace with a shear wave yeloci= 300 m/s, a mass
densityp = 1750 kg/m?, Poisson’s ratior = 1/3, and a hysteretic material damping
coefficient = 0.025. The source of dynamic excitation is the rail unevennessisha
characterized by its power spectral density in the waverurdbmain.
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Figure 1:(a) time history and (b) frequency content of free field eaitground displacements

The frequency content and time history of the vertical congm of the incident
displacement wave field is plotted in Figure 1. The domimapart of the frequency
content is betwee?) Hz and80 Hz, but vibrations abové25 Hz are also present. The
time history extends from-2 s until 2 s. The equidistant peaks correspond to the
bogies of the train.

The office building model

The position of the railway track and the building, as welttzs FE mesh of the two-
story portal frame building model are plotted in Figure 2.eThuilding’s dimensions
are20 m x 12 m x 7 m. The superstructure is supported by a raft foundationy Onl
the basic structure consisting of three horizontal slabdyding the foundation), the
portal frame structure and a central core, as well as thdl iwdils of a single room
besides the core are taken into account in the discretizettindhe element size is
chosen td).25 m, which is fine enough for computations up2t@ Hz. The model has
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Figure 2:(a) Ground plan of the site and (b) FE mesh of the office building

91218 degrees of freedom. In order to have a sufficient modal b#isbeanodes §13

foundation and&18 superstructure modes) up460 Hz have been determined and are
used in the Craig-Bampton modal synthesis.

The impedance of the soil

For the computation of the soil impedance the same foundatiesh as presented in
figure 2b has been used. Due to the time demand of computatiensnpedance has
been computed only up t0 Hz. Figure 3 introduces the soil impedance projected
on the vertical rigid body displacement mode of the fouratatiThe impedancs(w)

is presented by dimensionless sprig)) and damping:(w) coefficients, defined as
Sw) = Ko(k(w) + iagc(w)), whereay = wR/cg denotes dimensionless frequengy,

is equivalent radius of the foundation, aA@ denotes the static impedance of a rigid
massless foundation of radidg on an elastic halfspace. The functions show slowly
decaying spring and constant damping coefficients, medhatgncreasing frequency
the damping dominates the soil’s impedance.
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Figure 3: Spring (solid line) and damping (dashed line) coefficieritshe soil impedance
projected on the rigid body displacement modes of the foummla

Structural response

In the following, the structural response of the office buidgis presented. Three cases
are considered. In case 1, the foundation of the buildingmsiclered to be rigid, and
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no SSl is taken into account. The incident wave field is ptegon the six rigid body
modes of the structure, and the resulting displacementisidered as a displacement
constraint of the structure. In case 2, a flexible foundatsoconsidered without SSI
taken into account: the incoming wave field is considereddis@acement excitation
of the structure. In case 3, the foundation is consideredetdldxible, and SSI is
accounted for.
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Figure 4:Vertical structural velocity in point P2 (first row) and poiRtL (second row) for case
1 (first column), case 2 (second column) and case 3 (thirdnao)u

Figure 4 displays the structural displacements in two goiRtL and P2 of the
building for all the three cases. The point P1 is located @ngfound level, P2 is
located on the floor of the room, both at coordinates 15.5 m, y = 0 m. Figure 4e
— corresponding to flexible foundation without SSI — dispsyhe incident free field
velocity in P1. The wave field has important components bet26 Hz and150 Hz.
Comparing Figures 4d and 4e, it can be stated that assumiggldoddy motion of the
foundation results in the total suppression of the incideste field. Furthermore, it
can be seen that the vibrations ab0e Hz are not transmitted up to the first floor, due
to structural damping in the building. SSI results in a segpion of high-frequency
incident velocity components, as well as a slight atteiouadf the vibration levels on
the room’s floor.

Acoustic response in the room

Figure 5 displays the deformed FE mesh of the room (a paredfatal office model of
dimension$ m x 4 m x 3.1 m) for a mode of the superstructure, as well as the acoustic
BE mesh, colored using the same displacements projecte@ amténnal normal vector.
The sound velocity is equal t6 = 343 m/s, and the density of the air js=
1.225 kg/m?. Three different absorption coefficients are considergd= 0 describes
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(b)

Figure 5:(a) FE and (b) BE meshes of the room

an extreme case of no absorptien, = 0.03 stands for strongly reflecting room with
uncarpeted concrete floar; = 0.15 is typical for an unfurnished carpeted room. Using
the Sabine formula giving an approximation of the reverti@naimet,., as a function
of the room’s volume, the surface area and the average alwsoqoefficient,t.e, =

00, trey, = 3.45 S andt,, = 0.69 s are obtained.

Figure 6 shows the acoustic transfer between the displatenfie@ room node
at {8.50 m, 10 m,5.17 m} and an internal point P3 g8.46 m,6.17 m,5.83 m}. The
frequencies of the room’s horizontal and vertical resorarfahere the acoustic wave-
length is equal to a multiple of the room’s wall lengths) ararked by dotted lines in
Figure 6a. The effect of the walls’ absorption is clearlyiMis in the figures. The sharp
peaks at the room’s resonances disappear for high absorgtne time histories show
that the higher absorption results in smaller magnituderaxdrberation time of the
impulse responses.

Figure 7 plots the time history and one-third octave banatspef the sound
pressure in point P3 for the absorption coefficiamtsand a,, and all the three cases
regarding SSI. As for the case of the structural vibratiomsy low sound pressure
levels are observed for the case of the rigid surface foumuailhe flexible founda-
tion without SSI results in the highest sound pressure sevidle dominating one-third
octave bands are those containing the room resonanédd (first horizontal reso-
nance in ther direction),55 Hz (first vertical resonance) and 68 Hz (second horizontal
resonance in the direction). A difference ofy dB between the two wall absorptions
can be observed above the first acoustic resonance. Compasag 2 and 3, it can be
seen that dynamic SSI results in an attenuatiohOodiB above50 Hz. Amplification
can also be observed at the frequency bartl ¢1z containing the first eigenfrequency
of the room, but only for the low absorption coefficient.

The time history diagrams clearly show that the lower alsmmgauses not only
higher sound pressure levels, but as expected, longerbenation times. The total
pass-by can be divided ini segments corresponding to thebogies of the HST.
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Figure 6:Impulse response (left hand side) and transfer functiaghfrhand side) between the
displacement at a node of the room surface and the pressuineipoint P3 for an absorption
coefficient (ayx = 0, (b) @ = 0.03 and (c)ax = 0.15

CONCLUSIONS

A 3D numerical model has been presented that is capable thcprurface traffic
induced vibrations and re-radiated sound in builings, antiag for a moving vibration
source, vibration propagation in a layered ground, dynasuitstructure interaction
and sound radiation into acoustic enclosures.

A numerical example has been used to demonstrate the use wfethods. The
structural and acoustic response of a two-story portal éraffice building has been
calculated up to the frequency limit @b0 Hz. It has been shown that the dominant
frequencies of the traffic induced acoustic response anedigsdetermined by the
first acoustic resonances of the room. The effect of wall gdt&m on the pressure
response has been investigated, and above the first acoesbicance, a difference
of 5 dB has been found between typical wall absorptions for aiecand carpeted
walls. Regarding the effect of dynamic SSI on the internadguee levels, the radiation
damping of the soil has been found as an important factorarddminant frequency
range.
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Figure 7:Pressure time history (left hand side) and one-third octaamddevelel (right hand
side) in the point P3 during the the passage of a HST for (a) éadle) case 2 and (c) case 3.
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