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Abstract

A numerical model is presented to predict the effect of countetrmeastigaiting subway traffic induced
ground-borne noise and vibration in buildings. An invariant concretegliambedded in a layered half
space is modelled using the coupled periodic finite element-boundary eleppeateh. The response in the
free field due to a moving vehicle is predicted in the frequency range Hz5@nd vibrations in a simple
portal frame building are estimated by solving a dynamic soil-structure intemggt@blem. An acoustic
3D spectral finite element method is used to predict the acoustic resporugetiresrooms of the building.
The methodology is used to investigate the efficiency of a floating slab track tutimel, base-isolation of
the building and a box-within-box arrangement in the room. It is shown tleaingertion gains computed
with the complex model significantly differ from those obtaind from simple rufebumb, and that source
isolation is the most effective countermeasure to mitigate ground-bornearaisébrations.

1 Introduction

Significant vibrations in buildings near railway tracks and subway turergsattributed to moving trains.
The train moving on an uneven track excites vibrations that are transmittadythtbe surrounding soil to
nearby buildings. These soil vibrations induce structural vibrationsatiegaiominant in the frequency range
between 10 Hz and 80 Hz, and the structural vibrations cause re-dhdi@ite in the building’s enclosures.
This noise is dominant in the frequency range between 50 Hz and 200denke urban environment, the
architectural design process must involve the planning of vibration isolatistems that can mitigate the
structural vibrations and re-radiated noise. In order to be able to deibigation isolation countermeasures,
prediction tools are needed that can model the vibration propagation feomaitvay to the structure.

In the present paper, a numerical model is introduced that is capablentbehthe complex vibration-
propagation problem. The method is introduced in a numerical example, whmg@othetical portal frame
building resting on a layered soil is exposed to ground-borne vibratioms finderground railway traffic.
The insertion gain of three vibration and noise mitigation methods with respeoide levels is computed.

The problem of vibration propagation from the moving vehicle to the listenerarsttucture’s room can

practically be divided into three subproblems. The first subproblem aeé#isthe vibration generation

into the soil by moving vehicles on a surface or underground railwak.tr@be second subproblem is the
dynamic soil-structure interaction (SSI) problem, where the incident walekifi applied as an excitation
to a couped soil-structure model. In this part, the structural vibrations dxXajt¢he incident wave field are

determined. In the third subproblem, the radiation problem is solved, andtmel pressure radiated into
the closed rooms of the structure by vibrating walls is determined.
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The methodology is used to classify different measures to mitigate struciforaions and re-radiated noise.
Vibration and noise isolation at three elements of the vibration chain is coadid€irstly, a floating slab

track is investigated by modifying the track model in the first subproblem. Tdusitermeasure has the
advantage that it reduces the ground vibrations, and yields a globatiwitisolation in all the surrounding
buildings. The second investigated countermeasure is base isolation dfuitteire. This is modeled by

modifying the structure model in the second subproblem. The last investigesttad is a local noise and
vibration isolation of a single room in the building, by means of a box-within-breecr@ement.

2 The numerical model

The total vibration path is divided into three weakly coupled problems. Téigplioblem is the computation
of the free field ground vibrations generated by a metro train running eniedic track. Within the frame of

the CONVURT project, a coupled periodic FE-BE model has been dewktogendle this first subproblem.
The model accounts for quasi-static and unevenness excitations asdijelenic track-tunnel and tunnel-
soil interaction into account. The periodic model exploits the periodicity of #ekfrand applies the Floquet-
transform in order to reduce the total infinite model to the finite element modekiérence cell of the tunnel
and the boundary element model of the surrounding soil.

In the second subproblem the dynamic soil-structure interaction problestvesis The structural vibrations
due to the incident wave field are computed by means of a three-dimensiopéed finite element-boundary
element model, based on the subdomain formulation proposed by Aubrylaote&ll [1, 2]. Here, the

structure is modeled using the finite element method, and the dynamic stiffriégssoil is computed using

a boundary element soil model based on the Green'’s functions of @thiialf-space.

In the third subproblem, the indoor noise radiated by the structural vibgtsooomputed using a three-
dimensional spectral finite element method applied to rectangular rooms wittbatgsboundaries.

The geometry of the problem investigated is plotted in figure 1. A straightrgralend railway tunnel is
placed under a building resting on a layered half space. The origin ofdahe<ian coordinate system is
located at the center of the building’s surface foundation, and the tammein they direction.

Figure 1: The problem geometry

A weak coupling between the incident wave field and the structural dispkmts is assumed, meaning
that the presence of the building has no effect on the vibration generatehanism, and the free field
displacements are applied as an excitation on the coupled soil-structure Mbidehssumption is valid, if
the distance between the building and the tunnel is large enough in termselength.
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2.1 The incident wave field

The periodicity or invariance of the tunnel and the soil in the longitudindirection is exploited using
the Floquet transform, limiting the discretization effort to a single boundexterte cell and formulate the
problem in the frequency-wavenumber domain [3, 4].

A general analytical formulation is used to compute the response of timemsional invariant or periodic
media that are excited by moving loads. If the spatial periofl, ithen the positiorx of any point in the
problem domain is decomposedsas- x + nLe,, wherex is the position in the reference cell ands the
cell number. The response to moving loads in case of periodic domain®eis igy5]:

o Lo [, .
Ui (X + nyLey,w) = Py Z/ gr(w — kyv) exp [—zkzy(nyL — yko)]
k=177
L2 -
X / exp (—z’kyﬂ’) hoi(X, %, Ky, w) dy’ dk, Q)
—L/2

wherek, = ky, — 2mn/L andk, = (w — @)/v. The transfer functior.; (X', X, ky,w) in the frequency-
wavenumber domain is the Floquet transform of the transfer funﬁ;ip{ﬁ’, x+nyLey,w) inthe frequency-
spatial domain. This transfer function expresses the respose- at, Le,, in thee; direction due to a unit
load appliedx’ in the e, direction. The summation in the above equation is oventlexles of the train.

It can be seen from equation (1) that the transfer fundligfx’, %, ky,w) and the frequency content of the
axle loadgy (w) are needed to compute the response to moving loads.

The transfer functions are calculated by solving a three-dimensionahaigriunnel-soil interaction problem,
using a finite element (FE) formulation for the tunnel and a boundary elefB&)tmethod for the soil in
the reference cell [3, 4].

An invariant tunnel embedded in a layered half space at a defth.®in is considered. The tunnel has an
internal radius; = 2.7 m and a wall thickness = 0.3 m. The tunnel has a concrete lining with a Young’s
modulusE® = 35000 MPa, a Poisson’s ratie® = 0.25, a densityp® = 2500 kg/m® and a hysteretic material
damping ratio3* = 0.02. A concrete slab is poured on the tunnel invert, which has a Young’s lmedu
E' = 28500 MPa, a Poisson’s ratio' = 0.2, a densityp® = 2500 kg/m? and a hysteretic material damping
ratio 3* = 0.02. The invariant tunnel is modeled as a periodic structure with a spatial peried.3 m. The
reference cell is discretized using 8-node volume elements with incompatibititlirgemodes.

The dynamic soil characteristics are summarized in table 1. The layeredohal sonsists of two layers
with a thickness of 2 m and 18.5 m, respectively, on top of a homogenetisphee.

Table 1: Dynamic soil characteristics on line 4, north of Chengfulu station.

Layer d Cs Cp E v P I}
[m] [m/s] [m/s] [x10°N/m?] [—] [kg/m?]  []
1 2.0 180 360 2000 0.060
2 185 220 440 2000 0.050
3 00 320 640 2000 0.045

The displacement field (%, =, w) in the tunnel is decomposed on a basis of functigpg, ), which

are periodic of the second kind. Figures 2a and 2b show the two freeltmtmles&m(a?, k) at a zero
wavenumber. Likewise, the soil displacemetx, x,w) are expressed as the superposition of waves that
are radiated by the tunnel into the soil. The weak variational formulation optbklem results in the
following system of equations in the frequency-wavenumber domain 2, 3]

(K (k) — WMy (k) + K(k, w)| ok, w) = Fe(k,w) (2
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wherea(r,w) are the unknown modal coordinatds,(x) andM;(x) are the dynamic stiffness and mass
matrix of the tunnelK;(x, w) is the dynamic stiffness matrix of the soil calculated with a periodic boundary
element formulation with Green-Floquet functions defined on the periodictate with period. along the
tunnel [2, 6].

A conventional non-ballasted concrete slab track is considered in theltWi€ 60 rails are used that have

a cross-sectional ares, = 7.672 x 1072 m?, a moment of inertid, = 3.039 x 10~°m?, a mass per unit
lengthp, A, = 60.22 kg/m and a bending stiffneds, I, = 6.382 x 105 Nm?. Soft rail pads with a stiffness
krp, = 50 MN/m discretely support the rails at an interda= 0.6 m on the sleepers. The concrete sleeper has
a massV; = 200 kg. The track is modeled as an infinite beam on continuous support. Thd ocoodssts

of an infinite Euler beam, representing the (two) rails and the mass elemergsee{ing the sleepers. The
mass of the sleepers is distributed in the longitudinal direction with a mass p&ngthm, = M;/d = 333
kg/m. The rail pads are modeled as a continuous support with verticakstff, = k,,/d = 83.3 MN/m?
between the beam and the sleepers, while the rigid connection betweereiherslaend the concrete slab is
modeled with very stiff springs below the mass elements.

The Craig-Bampton substructuring technique is used to efficiently incatgartrack in the tunnel, describ-
ing the kinematics of the track-tunnel system as a superposition of the tratdsnon a rigid base and the
guasi-static transmission of the free tunnel modes into the track [3, 4]. &yshows the tunnel modes at
zero wavenumber, with their quasi-static transmission into the track and antiad on a rigid base.

Figure 2: (a,b) The free tunnel modes and quasi-static transmission intatikeatrd (c) a track mode on a
rigid base.

Vibrations are generated due to the wheel-rail interaction. In this paperegteitation mechanisms are
considered: the quasi-static excitation and the unevenness excitatidhekprasi-static excitation, the axle
loadsgy(t) are constant and equal to the total weight of the train per axle. For tivemmess excitation, the
contact forceg(w) in the frequency domain is calculated by solving the wheel-track interactaiem [7]:

[CY(w) + C"(w)]g(w) = /s (w) (3)

wheret,, /. (w) is the combined rail and wheel roughne8§(w) is the compliance of the vehicle afii* (w)

is the compliance of the track in the moving frame of reference. When the fragdss much lower than
the critical wave speed in the track-tunnel-soil system, the track compl@ﬁc@e) can be computed in the
fixed frame of reference.

A metro train traveling with a speed of 50 km/h on an uneven rail is modeled. aimeconsist of seven cars
each of length 16 m. The bogie and axle distance on all cars are 10.34 hPdnmh, respectively. The mass
of the coach with passengers is 43000 kg, while the mass of the bogie narexXd3600 kg and 1700 kg,
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respectively. The vehicle complian€® = diag{—1/(M,w?)} of order 28, wheré/,, is the unsprung axle
mass.

The rail unevenness,, ;,.(y) is expressed as a stochastic process characterized by a single-siged p
spectral density (PSD%/T(ky) written as a function of wavenumbgy = w/v = 27/,

~/

g Al )

4(2 2
ny(ny + nyQ)

(4)

wheren,; = 0.0233 cycle/m andn,» = 0.1312 cycle/m. According to the Federal Railroad Administration
(FRA), the track is classified into six classes depending on the rail qudktys & track being the best
and class 1 the poorest. In this paper, FRA track class 1 is used for #gagloughness parametdf =
16.72 x 107 m cycle. An artificial roughness is generated from this PSD curve anfilehaency content
of roughness is determined for a particular speed [7].

Figure 3 shows the vertical component of the free field incident wave dietde origin of the coordinate
system. The dominant part of the frequency content is between 10 ahiz,8@hich gives rise to low-
frequency vibrations and re-radiated noise in the buildings. The higbguéncy components up to 150 Hz
are also present but are considerably attenuated due to the material damfie soil. The peak in the
frequency content around 55 Hz corresponds to the wheel-trackarse frequency. The passage of the
individual axles of the train is not apparent in the time history, as the cotitibaf the quasi-static forces
is negligible in the free field and the dynamic forces due to the rail unevemioesinate.
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Figure 3: (a) Time history and (b) frequency content of the vertical aorapt of the free field velocity at
the center of the surface foundation

2.2 Structural response

The modeled structure is a two-story portal frame office building locatedttiirabove the tunnel. The
dimensions of the building are) m x 8 m x 6 min thex, y andz directions, respectively. The structure is
modeled by means of a 3D structural finite element method. The finite elementsésiwn in figure 4(a).

The two story superstructure is supported b§.&am thick reinforced concrete raft foundation. The ba-
sic structure consists of a reinforced concrete portal frame structur@ining vertical columns of cross
sectional dimension8.3 x 0.3 m and horizontal beams of dimensiom8 x 0.2 m. This frame structure
supports twd).3 m thick horizontal slabs. In the first level, the structural model is extendich reinforced
concrete stiffener core. The thickness of the core walls1i§ m. The structural model is further extended
with the in-fill walls of two rooms (Room 1 and Room 2) in the second storeyth Booms have dimen-
sions5 x 4 x 3 m. The masonry in-fill walls ar8.06 m thick. A constant hysteretic structural damping of
Bs = 0.025 is assumed.
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@) yIm (b) yIm]

Figure 4: Finite element mesh of the office building (a) without and (b) witle sdation.

The subdomain method proposed by Aubry et al. [1] and Clouteau [8]eid tssformulate the dynamic
soil-structure interaction problem. The equation of motion of the building is:

(el <R MDEI-)
Kps Ky +KJ, M,s My ) 6

where the structural displacemertits are separated to the displacement DOF of the foundaijcand the
remaining DOF of the superstructuég. M andK denote the finite element mass and stiffness matrices,
anngb stands for the frequency dependent dynamic stiffness matrix of the sdif, #& the loading force
acting on the structure’s foundation. This force is due to the incideningreibrations, and it is computed

by means of a 3D boundary element method [8] in the frequency domaim t&rGreen’s functions of a
layered half-space [9].

Figures 5-6 display the vertical component of the structural velocity céedpin two points of the office
building. The first point is located on the foundation at coordinates 2.5 m, y = 2 m, while the second
point is located on the floor of Room 1, at the same horizontal coordinates.
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Figure 5: (a) Time history and (b) frequency content of the vertical aomapt of the structural velocity at
the foundation of the office building

Comparing the incident wave field at the foundation (figure 3) with the vibrateocity of the foundation
(figure 5), the effect of dynamic soil-structure interaction can be invasti This effect is a slight atten-
uation of the ground vibrations due to the presence of the office buildingtste. Figures 5-6 show how
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Figure 6: (a) Time history and (b) frequency content of the vertical aorapt of the structural velocity at
the first floor of the office building

the structural vibrations change as they propagate from the foundatibe tgpper levels. In the higher fre-
guency range (abovi Hz), the structural vibrations are attenuated. This attenuation is due to theisttuc
damping.

2.3 Acoustic response

After determining the structural vibrations, the acoustic response of teedctmoms can be computed. This
computation involves the solution of the Helmholtz equation in closed acoustic d@main

As the impedance of the radiating walls is much larger than that of the interoab@e space, a weak

coupling between structural and acoustic vibrations is assumed. Thstiagmessure inside the room has
no effect on the vibration of the walls and the computed structural vibragtmtity is applied as a boundary

condition in an acoustic boundary value problem.

The internal acoustic space of the closed rooms is characterized byetbeé spsound”, = 343 m/s and

the material density of the air, = 1.225 kg/m?. The absorbing surfaces of the rooms are characterized by
an acoustic impedance relating the acoustic pregsyte the difference of normal structural and acoustic
velocitiest; andd,, of the acoustic boundary:

Pa = Za(ﬁs - ﬁa) (6)

At relative low frequencies, the acoustic impedance can be computedtfiemmalls’ acoustic absorption
coefficienta, which gives the ratio of the absorbed and the incident acoustic endrgly ynormal incident
acoustic plane wave is reflected from the surface. In the present, papgbsorption coefficient = 0.15 is
assumed. The selected value is typical for absorbing rooms with furnitdreaapeted floors.

An acoustic spectral finite element method is used, in which the internalupegsgx, w) is expressed in
terms of acoustic room modes:

Pa(x,w) =D Uy (%) (w) 7)

where ¥, (x) denotes the:-th acoustic mode of the shoe-box shaped interior domain with rigid boundary
conditions andi, (w) is the corresponding modal coordinate.

The application of the spectral finite element method results in a system of éigeations for the acoustic
modal coordinateg,,:

(A +iwD — wQI) B = iwF (8)
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whereA = diag{w,%} contains the eigenfrequencies of the acoustic donfagma unit matrix,D denotes
the modal damping matrix related to the wall absorption, Brtnotes the modal load vector. The elements
of the matrixD are defined by

v, ¥,
Dy = paC? / le“ 9)

wheren andm are the column and row indices, respectively, andrittib element of the vectdr is given
by

a

Fo=poC; | Wpidl (10)
Lo
For the case of constant wall absorption on the boundary, the valygscan be expressed analytically.
Moreover, the off-diagonal elements can be truncated with a relative smatl[10], resulting in a very fast
algorithm for the acoustic computations. In this case the spectral finite elenghod results in a direct
boundary integral representation of the acoustic modal coordinates.

In the present paper, the total acoustic sound enérgyside the closed rooms is used to characterize the
acoustic response. This characterization has the advantage thatsitaggiebal estimate of the acoustic
response for the whole acoustic domain, so the error resulting fromagvegjithe sound pressure at single
points where local attenuation or amplification occurs, can be avoided.

The sound energy is defined as

.1 N Ca\’ . .
Bepe [ (|p<x> () vp<x>‘Vp<x>> a0 ay
and is efficiently computed from the acoustic modal coordinates as
B= oS ae e () (12)
4paC3 " w

The one-third octave band spectra of the acoustic sound energy due patbage of the metro train is
displayed in figure 7. The dominant one-third octave bands are deterimjribe acoustic room modes. In
the rectangular domain these modes can be given by the number of halémgths in the three coordinate
directions. For the case of room 1, the first acoustic mode (1, 0, Orepp&28.58 Hz, the second mode

(0, 1, 0) appears &4.3 Hz. The first vertical mode (0, 0, 1) can be foundat25 Hz. The correspondence

between these eigenfrequencies and the dominant one-third octaeibaleirly visible in the figure even

for the relative large wall absorption. The sharp peak in@eHz one-third octave band is due to the
coincidence of the wheel-track resonance frequency and the fitetal@coustic room mode.

3 Vibration and noise isolation

In the following, the numerical model will be used to quantify the effect ofedént vibration and noise
mitigation countermeasures. Three measures will be considered: the &pplafaa floating slab track, the
application of base isolation and finally, a box-within-box arrangement.

A useful way to evaluate the effectiveness of the isolation measure is tthkatio of the response with and
without isolation. A common measure of this ratio is the insertion gain in dB, whidbates the increase in
vibration levels caused by the modifications. This measure is negative foaskef vibration reduction and
positive for vibration increase. The insertion gain is defined as the ratleatesponse’*® of the isolated
and the responsg™™*° unisolated system as:

IG[dB] = 20log; (i) (13)
u
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Figure 7: One-third octave band levels of the sound energy in (a) Rcamd {b) Room 2 due to the passage
of the metro train.

3.1 Countermeasure 1

Firstly, the isolation of the source is considered to mitigate the vibrations indycetbbing trains. This
has an advantage with respect to the isolation on the receiver side thaefitbenultiple structures in the
surrounding.

In this paper, the vibration isolation efficiency of a floating slab track with alaig®n frequency of 10 Hz

is investigated. The concept of isolation frequency is widely used andiiitedethe isolation frequency as
the resonance frequency of a single-degree-of-freedom systgmawnass equal to the track’s mass per
unit length and stiffness equal to the vertical stiffness of the slab bearDigcontinuous concrete slabs of
dimensions1 mx 2.7 mx 0.5 m are supported by two rows of 17 springs with a spring stiffneg@ MN/m
each. The slab is modeled as a continuous beam coupled to the tunnel Vfiaren@upport, that has a low
stiffness corresponding to the isolation frequency of 10 Hz.

The coupled periodic FE-BE model is again used to compute the incidentfigldt should be mentioned
that the track is incorporated in the tunnel using the Craig-Bampton sutustngcand therefore, it is not
required to recompute the soil's dynamic stiffness as it only depends onrtheltonodes. This procedure
adds to the versatility of the approach and facilitates the future parametriestoa different isolation
measures in the tunnel.

Figure 8 shows the insertion gain in the frequency domain at the origin whérHz floating slab track is
considered. The insertion gain is based on the comparison of the tramsftons in the case of the isolated
and unisolated track. The insertion gain becomes negative at fregsignesger than 15 Hz, indicating the
isolation.

For a more relevant assessment, the response to moving loads is compertedsédlling a floating slab
track. Figure 9 shows the time history and the frequency content of thieateribration velocity at the
origin for the passage of the train on the isolated track. It can be olus#mae the vibration levels have
significantly reduced above 15 Hz. This can be explained by the fachtimte the isolation frequency
energy remains confined to the slab and propagates along the slab infdte#thdransmitted to the tunnel
and the soil. At frequencies below 15 Hz, however, no benefit is aetijemstead vibration levels have
increased. Although these low frequency vibrations can cause malfoimgtiof sensitive equipment in
nearby buildings, they are not important from the perspective ofdigted noise.

Figure 10 compares the vibrations due to a passage of a train in the isoldtedisolated case in one-third
octave bands. The maximum vibration levels in case of the unisolated tracksee/ed around the wheel-
track resonance frequencies, which are completely attenuated by insteflogging slab track. Around the
wheel-track resonance 35 dB reduction in the vibration levels is achieved.
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Figure 8: Insertion gain at the origin for the case of a floating slab trackamitizolation frequency of 10
Hz.
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Figure 9: (a) Time history and (b) frequency content of the verticalatibn velocity at the origin for the
passage of the metro train running on a floating track

Finally, re-radiated noise is predicted in Room 1 due to the passage ofithantthe tunnel for the isolated

case. In the case of the unisolated track, the maximum sound energy lelveéised in 63 Hz band, which is
perceived by humans as a rumbling noise inside the rooms. About 35 dBti@ulis achieved by installing

a floating slab track, which clearly demonstrates its efficiency. The hunmmgeezives sound above 20 Hz,
but as the ear’s sensitivity is much smaller in the range between 20 Hz and tb@iabove 50 Hz, the total
noise reduction achieved by the floating slab track is larger than 30 dB.

3.2 Countermeasure 2

The second investigated countermeasure is base isolation of the officendpuiddhere the superstructure
is dynamically isolated from the foundation. In the present case, this dyahiwitation is performed by
inserting a new slab between the columns of the first level and the originati&ion slab, and placing
an elastic material between the new and the foundation slab, as can be ségurénd(b). The isolation
frequency of the base isolation is defined as the resonance freqoktihey SDOF system consisting of the
total massn of the superstructure with the new slab and the total stifféesfthe springs.

In the present example, the elastic material is modelled by distributed spritins laetween the foundation
and the slab nodes. The stiffness of the springs is defined so that thetiffitedss results in a required
resonance frequengyy = 5 Hz, and the vertical static displacement of the new slab is uniform with respect
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Figure 10: Vertical vibration velocity levels at the foundation of the buildiagthe unisolated case (blue)
and for the isolation with the floating slab track (green).
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Figure 11: One-third octave band spectrum of the sound energy ino@hR and (b) Room 2 due to the
passage of the metro running on the floating slab track. Unisolated casedwdth blue, isolated case with
green.

to the horizontal coordinates.

Figure 12 displays the vertical structural velocity in the base isolated buidditige floor of Room 1. Com-
paring this vibration level with the velocity in the unisolated case (figure 6)effeet of base isolation is
clearly observable. Figure 13(a) displays the velocity levels in one-thtave bands. The reduction is about
10-15 dB around the wheel-track resonance frequency, and seséa20 dB in the higher frequency range.
The same holds for the noise isolation, as can be seen in figure 13(b).

3.3 Countermeasure 3

A third noise isolation method is also investigated. The method, widely used istactaboratories, smaller
concert halls or theater rooms for both vibration and noise reductioropespis a box-within-box arrange-
ment, where the whole interior boundary of a room is dynamically isolated finerwmibrations of the build-
ing’s walls and slabs. This rather expensive method results in local vibratid noise isolation of the
building’s room.

In the model presented in tis paper, the internal box consistsl 6fcan wide concrete floor slab arédcm
wide concrete walls surrounded by a resilient material. For the sake of sitjyplids material has been
modeled by a continuous spring-damper system, where the springs auectemhto each node of the plate
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Figure 12: (a) Time history and (b) frequency content of the verticatgiral velocity in the base isolated
building at the floor of Room 1 due to the passage of the metro train.
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Figure 13: One-third octave band levels of the (a) vertical vibration wglat the floor of Room 1 and of
the (b) sound energy in Room 1 in the unisolated (blue) and in the base dsbiakding (red).

elements representing the floor and the walls. Similarly, the ceiling is modele@ @® @hick wooden slab
covered with a resilient material. The vertical isolation frequency of thewroon springs have been chosen
to 10 Hz and the horizontal resonance has been chosgiito

Figure 14 displays the acoustic response in Room 1 and Room 2 to thg@addhe metro train, for the
case of the acoustic isolation with the box-within-box arrangement. The redsetion is rather weak in
the lower frequency range, but at the critical wheel-track resonfitageency, in the 63 Hz band, 25 dB
reduction is achieved. In the higher frequency range, the reductoseds 30 dB.

3.4 Comparison of the three isolation methods

In the following, the noise isolation efficiency of the three reduction methodsrigpared. Figure 15 dis-
plays the insertion gain computed from the re-radiated noise in Room 1 ftmeathree noise isolation
countermeasures.

Considering that the noise reduction is more important above 40 Hz, the flsdtihgrack is the most
effective countermeasure, providing vibration isolation of the total buildimd the surrounding structures.
However, one must not forget that the application of this method may reslatge vibration and noise
increase in the track and the metro train. The investigation of these effeetgindthe scope of the present
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Figure 14: One-third octave band levels of the sound pressure in @jRowith the box-within-box ar-

rangement and (b) in Room 2 due to the passage of the metro train. Thiatedswase is shown with blue,
the isolated case with magenta
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Figure 15: Insertion gain computed from the re-radiated noise in Roora fiodhe passage of the metro train
for the floating slab track (green), the base isolation (red) and the itbinvbox arrangement (magenta).

paper. The base isolation of the structure is the second most effectseeismiation, exceeding 30 dB above
100 Hz. However, this amount of vibration reduction is still less than pretitntea single degree of freedom
(SDOF) system. This difference is due to the fact that the complex supsttsts does not behave as a rigid
body on springs at higher frequencies. Due to the flexibility and intelibehtions of the building, the total
mass of the superstructure is not experienced by the isolation springsreduces the effectiveness of the
base isolation. In the present case, the poorest countermeasure asthesdlation of the building, still
providing 20 dB reduction at high frequencies. For the case of the sinmpi@al box structure, the effect of
the flexibility of the box structure is less pronounced than for the case tfiabeisolation.

4 Conclusions

A numerical model has been presented that is used to compute structuediovib and re-radiated noise
in buildings generated by underground railway traffic. The model istarahnistic three-dimensional ap-
proach, accounting for vibration generation by a moving train on perioditianelynamic soil-structure
interaction and sound radiation into closed rooms.

The methodology has been used to demonstrate the efficiency of thretovilanad noise reduction methods:
a floating slab track, base isolation and noise isolation with a box-within-bergement. The countermea-



2764 PROCEEDINGS OF ISMA2008

sures have been compared by terms of insertion gain computed fromrdiaieed noise.

The floating slab track has been found as the most effective vibration@se reduction mechanism. This
method provides the largest amount of vibration reduction in the investigatkelinlg, and it yields a vibra-
tion reduction at the source what is advantageous to all the structutexiaie metro line. It has been found
that base isolation of the structure can result in significant vibration isolatienall the building, but, for
the case of complex structures, the isolation effect is less than predic®d®¥ systems. This conclusion
is significant, as mass-spring systems form the basis of the planning oiSbésen systems in lots of the
practical cases. The appication of the box-within-box arrangememitedsn less noise reduction than the
base isolation. This method is relative expensive, as it reduces the wisrafia single room only.
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