5i€me colloque “Analyse Vibratoire Expérimentale” Blois, 15 - 17 Novembre 2016

STRUCTURAL IMPACT RESPONSE FOR ASSESSING RAILWAY
VIBRATION INDUCED ON BUILDINGS

Etude des vibrations induites par le trafic ferroviaire sur | es
batiments par essais d’'impact sur les structures

Georges Kouroussis', Harris P. Mouzakis® et Konstantinos E. Vogiatzis®

1 Department of the Theoretical Mechanics, Dynamics and Vibrations, University of Mons, Faculty of Engineering,
7000 Mons, Belgium, e-mail : georges.kouroussis@umons.ac.be,

2 Laboratory for Earthquake Engineering, National Technical University of Athens, School of Civil Engineering,
15700 Athens, Greece, e-mail : harrismo@mail.ntua.gr,

3 Laboratory of Transportation Environmental Acoustics, University of Thessaly, Department of Civil Engineering,
38334 Volos, Greece, e-mail : kvogiatz@uth.gr

Abstract

In this paper, the problem of railway-induced ground vibrations is presented along with
experimental studies to assess the ground vibration and ground borne noise levels, with
a particular focus on the structural response of sensitive buildings. The behaviour of par-
ticular building foundations is evaluated through experimental data collected in Brussels
Region, by presenting the expected frequency responses for various types of buildings,
taking into account both the soil-structure interaction and the tramway track response.
A second study is dedicated to the Athens Metro, where transmissibility functions are
used to analyse the effect of various Athenian building face to metro network trough
comprehensive measurement campaigns. This allows the verification of appropriate
vibration mitigation measures. These benchmark applications based on experimental
results have been proved to be efficient to treat a complex problem encountered in prac-
tice in urban areas, where the urban rail network interacts with important local defects
and where the rise of railway ground vibration problems has clearly been identified.

Keywords: ground vibration; impact force; measurement on building; Brussels tram;
Athens metro.

Résumé

Dans cet article, le probléeme des vibrations dans sol induites par le trafic ferroviaire
urbain est présenté au travers d'études sur sites afin de caractériser les niveaux vi-
bratoires et le bruit solidien. Un accent particulier est mis sur la réponse structurelle
des batiments considérés comme sensibles. Le comportement singulier des fondations
de batiment est évalué grace a des données expérimentales collectées dans la Ré-
gion de Bruxelles. Des réponses en fréquence pour différents types de batiment sont
présentées, tenant compte a la fois de I'interaction sol-structure et de la réponse dy-
namique des voies ferrées. Une deuxiéme étude est dédiée au métro d’Athénes, ou
des transmissibilités sont établies et utilisées pour analyser la réponse dynamique de
différents batiment de type Athénien vis-a-vis des passages du metro et ce, au travers
de mesures intensives sur site. Cette étude permet ainsi la vérification des moyens
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d’'atténuation des vibrations. Ces applications basées sur des résultats expérimentaux
ont montré leur efficacité pour caractériser un probléme complexe rencontré dans les
zones urbaines, ou le réseau ferroviaire urbain interagit avec des défauts locaux et ou
les niveaux vibratoires restent trés importants.

Mots clés : Vibration dans le sol; impact, mesures dans les batiments; tram de Brux-
elles; métro d’Athénes.

1 Introduction

Railway networks represent an interesting modal transfer and they significantly alleviate
traffic congestion and pollution. However, railways are subject to some drawbacks, par-
ticularly problems related to noise and vibration. Considerable efforts have been made
in order to reduce the generated vibrations in the vehicle, improving the passengers’
comfort, but the ground vibration problem must also be solved [1]. In a growing number
of situations, the influence of vibrations on structural damage in buildings and on people
inside buildings can no longer be neglected [2]. As pointed out in [3], large financial sup-
port is needed to fix vibration problems across the countries network (e.g. 1200 million
euros were necessary for reducing the excessive levels of vibration for Switzerland’s na-
tional railway). A major issue facing railway vibrations is that rail infrastructure continues
to grow globally [4]. Numerous environmental issues are therefore effective, including
ground-borne vibration in urban areas, and extensive efforts need to be placed on pre-
dicting accurate vibration levels and on understanding human perception of vibration [5].

A considerable amount of studies into railway-induced ground vibrations have been
undertaken, focusing on the effect of high-speed trains on the environment. This was
motivated by a physical phenomenon which appears when the vehicle speed is close to
the Rayleigh ground wave speed (supercritical phenomenon). The latter depends on the
soil flexibility and may be close to the vehicle speed for conventional high-speed lines [6].
Despite the large vibration levels generated by these lines which are underlain by soft
soils, the distance d between the track and neighbouring structures is relatively large
and the vibration attenuates rapidly. In the case of railway traffic, the attenuation is as-
sociated with a power law of the form d—4¢, where ¢ lies between 0.5 and 1.1, depending
on the soil configuration [7]. In urban area, local defects constitute a significant source
of dynamic excitation on railway tracks and induce a different attenuation law, coupled to
a soil medium relatively heterogeneous and complex. Moreover, the presence of local
defects induces elevated localised vibrations (dynamic effect) [8]. Recently, some spe-
cific studies focused on the vehicle effects (RIVAS project [9], CarboVibes project [10]).
However, it is evident that urban areas have not been intensively studied, despite the fact
that more complaints were received in urban areas compared to other train networks.
The most challenging aspect is to develop models or prediction tools dealing with these
areas, since there is a distinct lack of studies on analysing the effect of local defects
(e.g. switches, rail joints, ...) on ground vibration in urban environments.

This negative environmental side effect of railways is mainly categorised into two
major types, the ground vibrations in the areas around the rails which are induced by
train passage and the noises produced by the wheels rolling over the rails. Recent
breakthroughs focused on the interaction between the vehicle and its neighbourhood
by considering and analysing the effect of the train dynamics on the track and soil re-
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sponse [11]. In the early stages of railway network design, vibrations are often eval-
uated using empirical methods such as the detailed vibration assessment procedure
of the Federal Railroad Administration of the U.S. Department of Transportation [12] or
as the empirical calculation procedure proposed by Crispino and D’Apuzzo for heritage
buildings [13]. Large-scale evaluation methods are also of interest, offering a rapid way
to assess the implementation and the verification of the mitigation measures for the pro-
tection of building cultural heritage [14]. Overloading the rail network causes economic
losses because the existing lines are unable to withstand certain traffic loads and the
more traffic there is the more the rails are worn down [15]. The replacement of the
existing tracks with new ones, which will be able to carry the required traffic load, is
generally not being considered for economic reasons. On the contrary, for old tracks,
it is more sufficient to decrease the impact force that the train induces. Vogiatzis and
Kouroussis studied floating slab track solutions which were then evaluated at crossover
locations ensuring a complete ground-borne vibration attenuation [16]. Hybrid methods,
combining experimental and numerical data, offer an efficient way to present a versatile
tool to faithfully predict the vehicle/track interaction in urban cases. Auersch proposed to
combine numerical ground wave models with experimental force spectra for a realistic
prediction of railway-induced ground vibration [17]. Verbraken et al. calculated ground
vibrations using analytical force densities and experimental line transfer mobilities, char-
acterizing the transfer of vibrations and including the effect of the local geology on wave
propagation [18]. Other scoping approaches are also available using a neural network
approach coupled to a numerical model that predict vibration levels in terms of velocity
decibels, taken into account the soil properties and multi-layered strata [19, 20].

The main excitation source for both conventional and freight trains is the wheel/ralil
contact and it is associated with singular defects on both parts. Wheel flats, rail joints
or turnouts are one of the most common local defects. Flats are mainly produced when
the trains violently use the braking system and the wheel slides on the rail. Rail joints
and turnouts are singular rail defects unavoidable due to rail networks design and often
encountered in urban area. This kind of defect induces great periodic input forces on
both the train and the track [21]. Railway local irregularities are a growing source of
ground-borne vibration and the associated ground vibration levels are highly sensitive
to defect height, length and shape [22].

The aim of this paper is to evaluate the ground-borne vibrations which are perceived
by the neighbours residing close to the lines. The fundamental assumption of point and
line source excitations is discussed. Then a précis of the experimental determination
of transfer mobilities between track and soil, including measurement technology and
procedure, is given. In the next section, a review and collection of measured vibration
data for the tramway of Brussels and the metro of Athens are given. The results will then
be studied in order to figure out some useful conclusions.

2 Problem statement

The ground vibration near railway lines is caused by dynamic train loads, which depend
on the nature of the interaction between the railway vehicle and the track. In the case
of distributed irregularities along the track alignment, the vibration is mainly caused by
the quasi-static track deflection, with amplification due to the dynamic interaction be-
tween the wheelsets and the rail. Due to the track invariance along the direction z, it is
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Fig. 1. Setup for vibration propagation tests: (a) for distributed source and (b) for local
source of excitation.

assumed that the effect of a wheelset j on a track/soil system is defined as

[ee]
fexc,j = Z fk(;(x - kL) (eq 1)
k=1
where f; is the force acting through the k-th sleeper interface at each distance L regu-
larly spacing the sleepers. The resulting vibrations at several distances from the track
result from the summation of the effects of each force f; in the neighbourhood (Fig-
ure 1(a)) and are often called line source vibration. In practice, the forces acting on
sleepers far from the receptor have a negligible influence on the resulting vibration level,
so as Eq. (eq. 1) becomes in practice

fexej = Y fud(x — kL) (eq. 2)
k=1

which precludes the impact of forces outside a predefined distance range (recent numer-
ical simulations showed that limited track part of 50—60 m length provides satisfactory
results [23,24]).

In the case of a local defect, the ground vibration near railway lines is the result of
the interaction of the railway vehicle and the track when the train is running over an
irregularity of the wheel or track. Although the case of singular defects in wheel surface
is particular (like wheel flats inducing a series of periodic impacts as dynamic excitation
and for which a strong wheel/rail coupling is necessary [8]), other singular defects on
the rail can be seen as a single dynamic excitation on the wheel/rail defect contact
point (Figure 1(b)). In addition, if the vehicle train speed is low (light transit vehicles,
like trams or metros, are characterized by a low speed and a relatively high density of
singular rail surface defects), the dynamic track deflection mainly contributes to ground
wave generation [25] and it is relatively reasonable to consider the single force acting on
the wheel/rail defect contact point as the only contributor to railway vibration. Therefore,

feXC,j ~ fwheel/rail (eq 3)

represents the force acting at the wheel/rail interface when a wheelset j is in contact
with the local defect. Notice that the location of excitation may differ between Eq. (eg.
1) and Eq. (eqg. 3).
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An accurate prediction of these vibrations can be performed by several numerical
models, for high-speed trains [26—28] or for urban networks [29—31]. However, a signifi-
cant computation time is needed for a complete vehicle/track/soil simulation and a vast
section of vehicle, track and soil parameters are necessary. A scoping procedure can be
preferable in some cases, as the technique developed by Nelson and Saurenman [32]
for predicting ground borne noise and vibration caused by railway vehicles. The main
focus of this tool is the estimation of ground-borne noise and vibration between 6.3 and
200 Hz in residential areas near at-grade and subway track. The problem is reduced to
estimating ground surface vibration with the help of the line transfer mobility, defined as
a function of the frequency f,

l
M;,; = 10logy, (dz 10Mw/10) (eq. 4)

J=1

obtained by the superposition of I point transfer mobilities 1/;; between several points j
(7 : 1 — 1) of the rail, spaced of distance d, and the studied receptor response z;, and the
force density Ly obtained from tests [12] or numerical calculations [33]. The resulting
vibration is calculated at distance y; from the track to predict the vibration velocity level

Ly;=Lp+ My, (eq. 5)

often in one-third octave bands (for simplicity purposes).

The basis of this method is the measurement of a single source transfer mobility
function between various points i on a system. This function gives, as its name sug-
gests, the transfer dynamic characteristics between two points of the system — the soil
velocity response X;(f) and the force Fj(f) acting at the soil surface — and yields soil
dynamic information in the frequency domain [34]. A single source transfer mobility is
theoretically defined by

Xi(f)
Fi(f)

Regarding the aforementioned railway-induced ground vibration problem, it can be
learned that the more the number of point transfer mobilities is important, the more the
calculation expression given by Eqg. (eq. 4) can assess the problem of a distributed
irregularities along the track and/or the effect of a high-speed train (ideally, m = [ and
d = L). However, if the study is dedicated to low speed and to the dynamic effect of
local defects, one point transfer mobility (or a small number of point transfer mobilities)
remains sufficient to evaluate the vibratory effect of the ground wave propagation. This
second case is truly applicable to urban environment.

Myj(f) = (¢4 0

3 Experimental setup

In order to generate the transfer mobility function A/;; between two points i and j, si-
multaneous analyses must be performed on data signals representing the input force
applied at one point j of the system and the system response motion measured at a
different point 4

. SFin(f)

- Spr(f) (%a.7)

M;;(f)
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where auto-spectrum of the excitation Sg;r,(f) and cross-spectrum of excitation and
response Sg, x, (f) are defined as

Skr(f) = (eq. 8)
Sex; (f) = (eq. 9)

Sl 3=

Y FH(NF(S)
k=1

Y FHNXi(f) -
k=1

In addition, the causal and linear relationship between the output and input can be phys-
ically reflected by the coherence function, defined as

0 o ISEx()
)= S s (DSxx )

where intervenes the auto-spectrum of the response Sx; x, (f).

Careful consideration needs to be given to noise and to leakage in the Fourier trans-
form, since poor coherence is indicative of poor signal-to-noise ratio, measurement er-
rors, non-linearity or time-variant behaviour of the structure, or a combination of them.
Depending upon the type of measurement used to detect the response motion, the soll
velocity response X;(f) may be calculated as one derivative or one integration. Robust
signal processing techniques are therefore required to avoid non-physical signals as-
sociated with the integration constant or the derivative gradient inherent to the original
noisy signal and to the sampling rate.

(eq. 10)

3.1 Excitators

The forcing function may be applied to the structure by various methods. One common
way to excite structures is by use of a sledge hammer or an impacter.

A dynamic impulse hammer with embedded force sensor is an efficient excitator, easy
to use and very portable. It must however excite the structure with constant force over
the frequency range of interest. Moreover, the weight of the hammer and the number of
impacts require physical requirements from the operator and a reliable series of impacts
could not necessary be obtained [34].

An alternative is the use of a mechanical exciter in the form of a drop hammer im-
pactor. In the present work, a falling mass machine (Figure 2) was dedicated to some
tests where portability was not a necessary constraint. It consists of a steel frame serv-
ing as a guidance support for a falling mass. The latter is constituted by several heavy
masses of 12.5 kg each one and an elastomer support allowing a filtering of the desired
frequency range. The total mass can reach up to 52kg and be launched from a maxi-
mum height of 1.5 m. A mechanical winch is used with a handle that makes raising the
mass easier and a seat belt buckle serves as actuator. An accelerometer is expected
to be placed on top of the mass, measuring the mass acceleration (and the excitation
force by multiplying the measured acceleration by the mass). A short analytical calcula-
tion proved that, for a nominal height of 1 m, the expected duration of the impact is 2.2 ms
with a maximum acceleration of 200 g (corresponding to a maximum force of 10 tonnes),
covering a frequency range up to 100 Hz.

This second excitation device has the advantage of applying not only a calibrated
force pulse to the rail but also a constant shape and frequency content, as illustrated in
Figure 3 demonstrating the repeatability of the excitation. To avoid the harmful effect of
mass rebounds, dedicated signal processings were applied to the measured traces, like
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Fig. 2. Falling mass machine.

rectangular and exponential windowing or homomorphic filtering [35], for removing the
undesired parts of the signals.
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Fig. 3. Example of 10 measured impact force samples with the falling mass machine.

3.2 Receptors

Several accelerometers/or geophones can be placed along a profile perpendicular to
the track, measuring the vertical soil response (Figure 4). The distance from the track is
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identified from the edge of the closest rail. A first accelerometer could be placed close
to the track (tram site edge) and the other at distant points of interest (sensitive building,
foundation walls of dwelling, ...). If the number of sensors is sufficient, the attenuation
of ground vibrations with the distance can be calculated as well as the decay of the
frequency content (soll filtering) and the scattering effect of the soil heterogeneity.

L% dq do ds

4, 4,
‘ (s (s

rail ay as as

——

Fig. 4. Experimental setup and location of the sensors.

slab or ballasted track

4 Case 1: Data collected on the tramway network of Brussels
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Fig. 5. Geographical map showing test site locations in Brussels Region.

Experimental data from a total of 14 test locations, designated from site 1 to site 14,
across the Brussels Region, were examined (Figure 5). All sites consisted of slab and
ballasted tracks and cover the most tramway networks in the area of Brussels. Further
considerations included:

e The falling mass machine described in Section 3.1 was used for exciting the rail.
An integrated electronic piezoelectric (IEPE) sensor was fixed on top of the mass
for measuring the impact force. Piezoelectric accelerometers were fixed on struc-
tures by cementing them to the test surface. As vibration velocities are expected
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to be analysed in this study, acceleration time histories were converted into their
equivalent velocity components. Analogue signal conditioners with amplifier were
used for this purpose.

e For all sites, vertical component vibration signals were recorded. At least, one
sensor was placed at the tram site edge and one sensor at the building foundation.
Except for sites 2 and 9, an additional sensor was also fixed on the edge of the
sidewalk.

e Although datasets were recorded at several different locations, a particular atten-
tion was paid to keep the same measurement location distances when possible.

e Configuration of each site may differ according to the track configuration: sites 1
and 2 consisted of ballasted tracks with concrete sleepers and elastic railpads,
sites 3 to 6 were designed by ballasted tracks with azobe sleepers, sites 7 and 8
were defined as elastic track (resting on resilient material), site 9 was a floating
slab track and sites 10 to 14 were represented as a concrete slab track.

e Sites 10—-14 were selected in the same railroad, in order to efficiently compare the
effect of building behaviour on structural vibration response.

Figures 6 and 7 present the calculated transfer mobility functions for site 4 (ballasted
track) and site 11 (slab track). Coherence curves are also plotted in order to define
the frequency range free from measurement errors (typically between 10 and 80 Hz).
Dynamic excitation generated within the track is both filtered and dampened by the
soil as it propagates. This shows an attenuation with the distance in all the studied
frequency range: between track and building foundations, a difference of almost 10dB
is observable. The efficiency of the track type can be evaluated: the track installation
has a great influence of the vibratory impact on neighbour buildings. By comparing the
two transfer mobilities, it appears that slab tracks generally present a better vibration
isolation than classic ballasted tracks. Other findings observed from all the site results
revealed that:

e A mean vibratory level at the track edge was relatively constant and around the
value of —60-65dB for ballasted tracks and of —65-70 dB for slab tracks.

e No notable difference between ballasted tracks, including concrete or wood sleep-
ers, were found. A mean attenuation was approximately 15 dB.

e The only site with floating slab, site 9, caused a very low attenuation. However,
only two measurement points were used and, at this stage, it is difficult to draw
accurate outcomes. Notice that mean vibratory level at the track edge is close to
—75dB.

e All the elastic tracks outlined a mean attenuation of around 10 dB. Regarding slab
track sites 10 to 14, the attenuation was relatively close between them (13 dB).

Another interesting finding was that results presented for all sites had a maximum fre-
guency around 20-40 Hz without visible dominant peaks (Table 1). This is mainly due to
the high soil material damping, masking most often the resonance phenomena.

Lastly, peak particle velocity (P PV) calculated from the impulse response

mi;(t) = F~(Mi;(f)) (eq. 11)
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Fig. 6. Transfer mobility functions M;; for site 4 (ballasted track): (a) magnitude and (b)
coherence.

Tab. 1. Dominant frequencies for all the studied sites.

Site 1 2 3 4 5 6 7

Dominant frequency [Hz] 29.8 25.3 29.3 458 223 21.5 18.8

Site 8 9 10 11 12 13 14

Dominant frequency [Hz] 42.3 33.8 20.3 325 28.0 29.1 41.0
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Fig. 7. Transfer mobility functions M;; for site 11 (slab track): (a) magnitude and (b)
coherence.

and defined as the maximum vibration of the signal for each distance

PPV = max(abs(m;;(t))) (eq. 12)
is shown in Figure 8 for all the sites. Overall, a strong decrease with the distance is
observed, except for sites 7 and 12 for which the intermediary distance (edge of the
sidewalk) presents an elevated level. This is due to the presence of a low wall close
to the sensor, playing the role of a wave barrier and amplifying locally the vibration
level. As observed in the frequency domain, the site 9 (with floating slab) presents an
abnormal level at building foundation. It should be noted that the other sites present a
similar decrease rate with the distance, showing the dispersive nature of ground wave.
The complex soil configuration (encountered in urban area) plays also an important role



5i€me colloque “Analyse Vibratoire Expérimentale” Blois, 15 - 17 Novembre 2016

in the difference of level between the studied sites. This is one of the reasons why
detailed models fail to reproduce very accurate and concise vibration levels in urban
area by lacking of soil behaviour information and railway empirical models provide only
a good level of magnitude. The use of transfer mobilities incorporates all this information
in a single frequency content function. Combined with an accurate description of the
force density at the wheel/rail contact (including the local defect behaviour), the resulting
vibration can be assessed for any type of vehicle, as defined by Eg. (eq. 5).

10°
site 1
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site 4
site 5
= 1071 -p- site 6
\ ‘ -p- site 7
-p- site 8
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-o- gsite 11 |
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Fig. 8. Calculated PPV versus distance: the effect of all the studied sites.

5 Case 2: The typical Athenian concrete building vibration a mplification
factor in Athens Metro network

Compared to other buildings in Europe, the typical Athenian buildings are of differing
construction. The structural elements, through which vibration is transmitted, of the load-
bearing system of a typical reinforced concrete multi-storey building are slabs, beams,
columns, shear walls or central core, and staircases. In general, columns form a square
grid of 4 to 5m. All of the aforementioned elements, as well as the surrounding walls of
any underground floors, and the foundation, are made of cast-in-place concrete. Usually,
foundations consist of rigid footings with a height of approximately 1 m and strap beams.
The non-structural elements, such as infill and interior walls, are made of hollow clay
brick masonry with cement-lime mortar.

In order to estimate the dynamic effect generated by metro networks on buildings,
a large experimental campaign was performed on several buildings along the Athens
metro lines 2 and 3 (Figure 9). A complete structural assessment was done at the Pub-
lic Power Corporation building, close to the metro line 2 under operating conditions, by
measuring vibration levels relative to train pass-by and estimating the transmissibility
functions (ratio between two transfer mobility functions) at several locations outside and
inside the building using impact hammer test. Other buildings were also studied: the
Concert Hall, the National Theatre and the Parliament building. Since there were no
vibration sources similar to subway trains near these structures, only impact test mea-
surements were performed at the basement or lowest level of each of these structures.
Impact on rail was not possible so an alternative way to quantifying vibration was pro-
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Fig. 9. Geographical map showing test site locations in Athens: (1) Public Power Cor-
poration building, (2) the Concert Hall, (3) the National Theatre and (4) the Parliament
building.

Contrary to the aforementioned case, an hammer was used as exciter. Figure 10
shows the location of the impact and the several sensors used to measure the vibration
levels. A borehole was drilled 2m from the facade and a triaxial IEPE accelerometer
was mounted on a down hole tool, which was placed in the borehole. Two horizontal
and one vertical geophones were mounted on the sidewalk, 2.5 m far from the building.
The building interior measurement locations were at the basement, ground floor, 15
floor, 2" floor, and 4'" floor, where vertical geophones were connected to the slabs of
the building. The sensitivity of the geophones was 28.8 V/m/s. The measurement setup
is described in detail in [36].

Figure 11 shows the transmissibility functions for the different locations inside the
building. A special attention was paid to the other sources of vibration by verifying that
only vibrations due to impact excitation were recorded. This reveals the building amplifi-
cation for the three studied floors relative to the basement for basement impacting. For
the sake of clarity, spectra curves are presented in one-third octave band. The char-
acteristic building resonances at 16 Hz for all three floors and at 63 Hz for the 1st floor
are clearly visible. At the higher frequencies above 63 Hz, the vibration level strongly
decrease, showing that the selected frequency range (up to 200 Hz) was sufficient for
the present analysis.

In order to characterise the effect of urban light rapid transit passage, the same sen-
sor configuration was used to determine the building vibration levels relative to train
pass-by. The Public Power Corporation building amplification factors for the 1%¢, 27¢, and
4 floors relative to the basement are presented in Figure 12. Except for the 1 floor
resonance at 63 Hz, the responses for the three floors are quite similar, as in the case of
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Fig. 11. Transmissibility functions 7;; for Public Power Corporation building.

the impact tests. The frequency content were recorded up to 160 Hz, confirmed by the
upper frequency limit from the impact tests. Both results indicate that the resonances
are a property of the structure response as opposed to the source.

In addition to the comparison of impact and train passage results, and to confirm
that the use of transmissibility results provides interesting findings, it is possible to con-
struct a “point-to-line source correction” by subtracting the amplification factor relative
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Fig. 12. Transmissibility vibration velocity level T, ; recorded from train pass-by for
Public Power Corporation building.

to basement impacts from the same amplification factor relative to train pass-by. Thus,
by definition, for the Public Power Corporation building, if the correction is added to the
building amplification factor relative to basement impacts, the result will yield the building
amplification factor relative to train pass-by. It is then possible to apply this correction to
impactor data for other building types, where only impactor data exists. A similarity is
expected with Eq. (eq. 5)

Tyi =Cr + T (eq. 13)

with T, ; the transmissibility vibration velocity, 7;; the transmissibility function and Cr the
point-to-line source correction factor, which can be interpreted as a placeholder force
factor. The potential sources of error in this approach are:

¢ the difference in distance and orientation of the track relative to the building,
e the distances from the impactor to the measurement locations,
e the effect of the construction type on the point to line source correction.

However, at the early stage of vibration assessment, accurate quantitative results are
not of primary importance. Figure 13 shows the measured point to line corrections for
the three floors obtained by taking the differences of the amplification factors presented
above. The correction factor curve shows the approximately 10 dB difference between
train and impactor data as well as the difference in attenuation with frequency above
63 Hz. These features are for the most part caused by difference between the sources:
the resonances at 16 Hz and at 63 Hz are not present in the correction because they are
building properties.

Knowing the different correction factors for each floor, a smoothed average curve can
be calculated (see Figure 13) and used for characterising the impact of metro lines on
other buildings. This method was applied to buildings close to line under construction
where no metro passage measurement was possible. Some of these buildings were
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Fig. 13. Point-to-line source correction Lo estimated in the case of Athens metro net-
works.
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Fig. 14. Transmissibility vibration velocity level T;, ; estimated for train pass-by in other
building locations.

sensitive and a particular attention was paid regarding man-induced vibrations gener-
ated during construction and transportation activities [14,37]. Figure 9 shows three sited
selected according to their particularities: the Athens Concert Hall (Megaron Mousikis
Athinon) is a recent building, inaugurated in 1991 with two halls (four hall actually), pre-
senting for opera performances, and being just outside the metro line 3; the National
Theatre was originally founded in 1880 and is a typic neo-classical building, as many
other building in Athens; the Parliament building is the first Royal Palace of modern
Greece, completed in 1843, and has housed the Hellenic Parliament since 1934. These
three buildings give an overall overview of Athenian building types. Figure 14 shows
the estimated vibration velocity level calculated from impact tests and the force density
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provided by the proposed method. Compared to the Public Power Corporation building
levels, the levels in these three studied buildings are lower. The levels at Concert Hall
are about 10-30dB lower. The level spread at the National Theatre is less than at the
Athens Concert Hall, but greater than that for the Public Power Corporation building.
The Parliament building presents intermediate levels, partially due to the differences in
construction and size between the Parliament Building and a more standard Hellenic
building such as the Public Power Corporation building.

6 Conclusion

Railway—induced ground vibrations can cause negative effects on local communities
situated in urban area near the lines. In urban area, these vibrations are a consequence
of the vehicle forces acting from the wheels onto the track in local defects. At the early
stages of a vibration assessment, it is common to forego rigorous and detailed analysis
in preference of a scoping approach. This paper has outlined several experimental
analyses in Brussels and in Athens in order to quantify the effect of ground vibrations in
a geotechnical context. It is proved that the point transfer mobility remains a useful tool
to assess the vibration control problems relating to light rapid transit system operations,
taking into account local rail defects as potential sources of vibration or the complex path
of vibration transmissions.
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