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Control of noise and vibration induced by railway traffic is one of the most prominent environmental challenges.
Ground-borne noise and vibration play a crucial role in heavily populated urban areas, where underground
railway infrastructures are nowadays the preferred means of rail-based transport. The reduction of ground-borne
noise and vibration can be achieved with the implementation of different mitigation measures. This paper
evaluates the effectiveness of building base isolation as a vibration mitigation measure applied on a building
located close to an underground railway line. To do so, several experimental measurements were carried out,
allowing the characterisation of the building-soil system. The obtained experimental data has been later
employed to validate a three-dimensional model of the building-soil system. Based on that model, a numerical
study involving vibrations induced by railway traffic has been performed, where the performance of the elas-
tomeric bearing system for the base isolation of the building is presented and discussed. This study concludes that
adopting building structure models that account for modal characteristics and incorporating detailed models of
the excitation source are crucial strategies for accurately simulating the performance of base-isolation systems.

1. Introduction mitigation measures can be classified according to the location in the

railway system where they are implemented: at the source (the

The numerical prediction of the dynamic response of a building to an
incident wave field induced by a ground vibration source is a broad and
complex topic involving several engineering domains. When railway
traffic corresponds to the excitation source, this topic becomes impor-
tant due to the potentially adverse effects induced on the inhabitants of
nearby buildings by the continuous exposure to vibrations they are
subjected to [1-4]. The expansion and improvement of the railway
network around the world, associated with the high standards of com-
fort required by modern societies, demands the technical community to
assess and to propose, if required, solutions to mitigate the environ-
mental impact of the exploitation of railway infrastructures on nearby
buildings. The study of effective, technically and economically feasible
mitigation measures for the control of vibrations is therefore an issue of
great relevance in the current context. In problems of this nature,
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train-track system) [5,6], on the transmission path (the surrounding
soil) [7-9] or at the receiver (the buildings) [10-12]. Mitigation mea-
sures applied at the receiver are typically the most unlikely adopted,
being considered, as a general rule, only when there are no other al-
ternatives [13]. Two main solutions are typically adopted in these sce-
narios: to control the structure-borne noise in a particular room, by
isolating it form the remaining structure; or to isolate the entire build-
ing, by applying a base-isolation solution at the foundation level.
Regarding the latter, Talbot and Hunt [14,15] presented an overview of
general concepts related to the existing solutions, design practice, and
performance of base-isolation systems applied to buildings. The use of
this type of mitigation measure implies changes in the dynamic behavior
of the structure. Particularly, the inclusion of elastomeric bearings or
steel helical springs between the foundations and the base of the primary
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structure is typically modifying the modal characteristics of the struc-
ture at low frequencies. The existing bibliography offers some numerical
case studies about base-isolated buildings [16-19].

Various recent studies have explored various aspects of vibration
transmission and mitigation in base-isolated buildings, revealing both
specific findings and broader challenges in this area of research. Edir-
isinghe et al. [20] conducted a study on the nature of vibration trans-
mission in base-isolated buildings for the case of portal-framed
structures on piled foundations. Their investigation focused on the
impact of raft foundations on the response of buildings and the conse-
quential influence on the design considerations for base-isolation sys-
tems. Zhao et al. [21] proposed that increasing the stiffness of lower
floor slabs could be an effective mitigation measure on its own. The
particular performance of this solution was tested using a reduced scale
model. A similar study is outlined by Sanitate et al. [22]. Beyond the
numerical studies mentioned, examples of base isolation systems exist
across a wide range of buildings, from residential ones, as a luxury
condominium adjacent to the New York City underground line [23], to
more singular buildings, as hospitals [24], concert halls [25] or cinemas
[26]. However, the information available is scarce and sometimes not
useful from a research perspective. In fact, it is extremely difficult to find
well-documented case studies in the available bibliography that inte-
grate information regarding the geomechanical properties of the
ground, the building structure, and the bearing isolation system together
with experimental results of the problem under study.

Notably, the current literature lacks a fully documented cases that
rigorously combine numerical and experimental approaches to scruti-
nize the efficacy of this type of vibration mitigation measures. Thus, the
present work presents a extensively documented assessment study of a
real-case application of a vibration base-isolation system. The novelty of
this study lies in its comprehensive documentation, and in the use of
experimental data to validate a numerical model and evaluate the
effectiveness of a base-isolation system as a mitigation measure for
railway-induced vibrations. The case study consists of a base-isolated
library constructed near to an underground railway system. Dynamic
response of the structure was monitored during the construction process
through various experimental campaigns, gathering valuable experi-
mental data from the different parts of the building-soil system at the
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different construction stages. The obtained experimental data has been
later employed to validate a three-dimensional model of the building-
soil system. Based on that, a numerical study involving two distinct
sources, a harmonic point force and railway traffic, has been performed.
This model was later used to study the performance of the isolation
system adopted and to discuss modelling assumptions regarding the
building and the sources. In terms of organisation, the paper starts by
presenting a general description of the experimental case study and
several experimental results, including soil tests and the transfer func-
tions between the soil and the building structure in different stages of the
construction process. This experimental data is later used to construct
and validate the numerical model of the building-soil system presented
in Section 3. Section 4 is devoted to the numerical evaluation of the
performance of the base-isolation system adopted. The paper ends with
Section 5, where the main conclusions and findings derived from this
study are summarized.

2. Experimental case study description
2.1. General overview

The selected case study corresponds to a library that was constructed
in the vicinity of a shallow underground metro line in the surroundings
of Barcelona. Both building and underground railway line considered in
the case study are shown in Fig. 1.

Due to the proximity between the library building and the tunnel, as
well as due to the special sensitivity to noise and vibration of this type of
facility, a vibration (and re-radiated noise) mitigation measure was
strongly recommended during the design stage. The adopted measure
consists of the installation of elastomeric bearings that connect the
building structure with its foundations. This mitigation solution is
described in detail in the next sections.

Several experimental campaigns were carried out prior and during
the construction of the building, allowing for the dynamic characteri-
sation of the building-soil system. The obtained data is then used in the
calibration of a numerical model, guaranteeing that this model correctly
reflects the real dynamic behavior of the system.

S——

LY

5 Building
——+ Railway Line
¥ I Train Station

50 m

Fig. 1. Location of the case study.
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2.2. Geotechnical characterisation

According to the geological-geotechnical report that supported the
building design, a total of two boreholes, with standard penetration test
(SPT) spaced every 1.50 m in depth, were carried out when character-
ising the soil over which the library is planned to be constructed. Results
are shown in Fig. 2. Essentially, the site is an alluvial zone and is
geologically formed by layers of sandy silts interspersed with layers of
fine sand, layers of sand and gravel, being possible to identify four layers
with distinct geomechanical properties. The groundwater table was
found at a depth of approximately 10 m.

Despite the relevance of the results provided by the geological-
geotechnical report, the information is more qualitative than quantita-
tive in the context of a ground-borne vibration problem in the range of
frequency of interest for railway-induced vibration assessments (1 Hz to
80 Hz) [27]. Thus, and prior to the construction stage, a non-intrusive
geophysical test based on the spectral analysis of surface waves
(SASW) approach was performed to evaluate the linear elastic me-
chanical properties for the geotechnical profile at the particular fre-
quency range of interest.

The evaluation of the dynamic properties of the soil by the SASW test
was achieved by measuring the dispersive character of the surface waves
generated by the application of an impulsive excitation at the ground
surface. This solicitation was generated using an instrumented hammer,
with the capacity to measure the applied force. The measurement of the
induced ground vibrations is done by means of an arrangement, in
straight alignment at the ground surface, of several sensors (acceler-
ometers), regularly spaced 0.5 m apart. Based on the recorded time
histories of the applied dynamic load and the response at the different
measuring points, it is possible to estimate the transfer functions be-
tween the excitation and the ground surface responses. The numerical
transfer functions were determined directly through the soil-foundation
model. These transfer functions play a critical role in determining the
dynamic properties of the soil when deploying the SASW approach. The
P-wave speed profile can be directly obtained from the time-domain
analysis of the results recorded at each position (refraction test), while
the S-wave speeds should be determined by the classical inversion
procedure proposed by the SASW method, considering the experimental

Depth [m]
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P-SV dispersion relationship obtained from the experimentally evalu-
ated transfer functions. The mentioned inversion procedure is illustrated
in Fig. 3. As a result, the method delivers an estimation of the P- and S-
wave speeds as a function of the soil stratification. A detailed explana-
tion of the SASW approach is beyond the scope of this paper, as there is a
wealth of literature available (e.g. [28,29]) on the subject. Results of the
application of the SASW are shown in Table 1, where C; and C, are the S-
and P-wave speeds and v, p, ¢, and h correspond to the Poisson ratio, soil
density, damping, and layer thickness, respectively.

2.3. Building structure characterisation

The building under study corresponds to a reinforced concrete
structure, supported over shallow foundations, with a total plan area of
about 480 m?, and consisting of 2 floors. The lower building slab is a
beam and block slab, while the intermediate and roof slabs are fungi-
form lighted slabs. The mechanical properties of the whole concrete
structure are in correspondence with the concrete C25/30. Fig. 4 illus-
trates the photographic record and a schematic representation of the
built structure.

Between the foundations and the superstructure, a set of elastomeric
elements (bearing supports) were installed. Thus, there is no conven-
tional rigid connection between these two levels; the superstructure is
simply supported on this set of elastomeric supports, which are in turn
simply supported on the top surface of the foundations. These resilient
systems are employed as base-isolation systems to reduce the vibrations
transmitted to the building. The base-isolation elements, as well as the
geometric scheme of the building foundations, are represented in Fig. 5.

The properties of each resilient element were determined by the
supplier based on the requirement that the base-isolated building should
deploy a natural frequency associated with an equivalent mass-spring
system of approximately 8 Hz. The vertical stiffness for each support is
given in Table 2. For the development of a numerical model, where these
elements are modelled through three-dimensional (3D) solid elements,
an equivalent modulus of elasticity has been assigned. The equivalent
elasticity modulus has been derived to reach the corresponding stiffness
values of Table 2, considering for the dimensions of the resilient ele-
ments an area of 0.09 m? (0.3 0.3m) and a height of 0.17 m.
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Fig. 3. Numerical best fit dispersion curve and experimental average dispersion curve.

In order to enrich the dynamic characterization of the building
structure with experimental data, the construction company allowed for
conducting a comprehensive monitoring of the dynamic response of the

structure at various construction stages through the execution of mul-

Table 1

Soil properties obtained from the SASW test.
Soil C; [m/s] C, [m/s] v[] p [kg/m?] 48| h [m]
S1 205.4 427.6 0.35 1700 0.03 4.75
S2 138.0 263.0 0.31 1700 0.03 1.16
S3 87.0 621.3 0.49 1700 0.03 7.00
S4 253.0 1806.8 0.49 1700 0.03 oo

tiple experimental campaigns. In a first stage, the dynamic receptances
of the soil and footings were determined through two experimental
campaigns: one performed prior to the construction, on the free-field
where the building will be constructed; and another one carried out

after the foundations were implemented. Subsequently, after the
installation of the bearings supports, several experimental campaigns
were carried out at different stages of the construction process assessing

. Slab
Elastomeric
bearings
Foundation

Fig. 5. Detail of the base-isolation system adopted: a) Real system; b) Schematic representation of its implementation in the structural system.
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Table 2

Vertical stiffness of the 24 elastomeric bearings installed. Location of the different elastomeric systems is outlined in Fig. 8.
Support F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12
ky [N/mm] 13719 12622 12560 13918 13898 13073 13995 13300 12956 14030 13063 12746
Support F13 F14 F15 Fl6 F17 F18 F19 F20 F21 F22 F23 F24
ky [N/mm] 14043 12850 12747 13997 13157 12691 13809 13199 12934 12641 13205 13494

the vibration transfer functions from the ground surface to the different
levels of the building. The obtained results are presented in Section 3.

2.4. Rolling stock characterisation

At the time of the measurements, only one type of railway vehicle
was operating on the railway line below the building under study. These
vehicles are commuter trains of the series 213 developed by CAF for
Ferrocarrils de la Generalitat de Catalunya (FGC). The train geometry and
properties are presented in Fig. 6. The axle loads Q; and Q correspond
to 104.9 kN and 89.6 kN considering a 50 % occupancy, respectively,
while the unsprung mass associated with each wheelset is considered to
be 1575 kg.

3. Numerical approach
3.1. Description

The impact of source-receiver coupling on the dynamic response of
railroad tracks and on the dynamic transfer function between the source
(railway tunnel) and receiver (building) was studied by Coulier, et al.
[30]. The study showed that when the vibration excitation is originated
by underground railway traffic, the dynamic transfer function between
the source and receiver can be significantly affected by the
tunnel-building dynamic interaction only when the distance between
them is less than one wavelength of the P-wave in the soil. In the
problem studied in this work, the shortest distance between the building
and the tunnel is about 7 m while the P-wave propagation speed in the
softer soil stratum is 427.6 m/s, leading to conclude that the presence of
the tunnel does not have a significant influence on the dynamic transfer
functions for frequencies higher than 61 Hz. In any case, as the intention
is not to predict the incident vibration levels inside the building but
rather to assess the effectiveness of the vibration isolation system
through simulating vibrations induced by the passage of railway traffic
in a tunnel, with and without base isolation, the influence of the
decoupled approach is supposed to be approximately the same in both
cases. This is because the tunnel-building distance remains unchanged.
Therefore, this effect is neglected when evaluating the insertion loss (IL)
associated to the mitigation measure adopted.

A modelling strategy based on the finite element method (FEM) is
employed in the present work to model the building-soil system under
study. In this framework, the equation of motion of the global system
can be written in the frequency domain using the following conventional
matrix formulation

K iwC o’M u @

Kdyn u

F;

where K, C, and M correspond to the stiffness, damping, and mass
matrices of the global system, respectively, Kgyn represent the dynamic
stiffness matrix of the global system, and u and F stand for the
displacement and dynamic loading vectors, respectively.

To properly describe the building-soil system, the previous govern-
ing equation should incorporate terms associated with both the building
and the ground. To ensure compatibility between the contributions of
both systems, Eq. (1) states a global reference framework to properly
combine the dynamic contributions of both systems. On the one hand,
the dynamic stiffness matrix of the building structure can be written as
Kot K joC! p?MP )
where K84, ¢4, and MPsd correspond to the stiffness, damping, and
mass matrices of the building structure, respectively. The mentioned
matrices were obtained in this work using the ANSYS software. The
damping matrix is assumed to be proportional to the stiffness and the
mass matrices according to the Rayleigh damping model. The founda-

tions of the building are taken into account in the building model. On the
soil

other hand, the dynamic soil stiffness matrix, Ky,

is proposed to be
determined using the semi-analytical approach introduced by Bucinskas
and Andersen [31]. This approach uses the Thomson-Haskell matrix
method with the stabilisation technique proposed by Wang [32],
allowing for the derivation of the Green’s functions of the layered soil
modelled as horizontally isotropic elastic medium, which can then be
used to construct a dynamic model of the foundation systems. Specif-
ically, this modelling strategy proposed by Bucinskas and Andersen al-
lows for considering rigid elements embedded in the soil, an important
feature to model the foundation systems of the building. Based on that, it
is possible to compute, in a simple and efficient way, a dynamic stiffness
matrix of the soil-foundation system, Kfi‘;,illq.
soil-foundation system has a dimension proportional to three times the
quantity of foundations, accounting for each translational degree of
freedom (DOF), while the terms associated with the rotational motions
are here disregarded. The formulation is articulated as follows:

The matrix of the

soil so0il
Kss Ksc

soil
K Ksoil Ksoil
cs ce

dyn

; 3

where the indices ¢ and s correspond to the building-foundations
coupling points and to generic points on the foundations-soil model,
respectively.

Substructuring is employed to build the global system of equations
from the models of the building and the foundations-soil. Ensuring
compatibility conditions, these two models can be assembled to obtain a

220 3.83 220 220

Qi l@ QQl lo?

8.76 8.76

3.83

ozl loz ozl loz

220 3.83 2.20

ogl log Q,l lm

220 8.76 8.76

Fig. 6. Geometry and wheelset load distribution of the commuter trains 213 of FGC.
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global dynamic stiffness matrix of the form

2 3
bd bd
Kbbg Kbcg 0
Kipn §K‘:§g Kb KO K z: @
0 Ksoil Ksoil
5 ss

The validation process of the proposed modelling scheme with
experimental data gathered in the measurement campaign is presented
in the next section. Two models based on the proposed approach were
built for this validation process: a foundations-soil model and a building-
soil model, the latter including the foundation systems in the building
model too. In both models, foundations and building are modelled with
finite elements (FEs). The FE mesh of the building achieved through the
Ansys software limiting the maximum FE size up to 1.45 m is repre-
sented in Fig. 7.

4. Experimental validation
4.1. Equipment and methods

For the execution of experimental tests, a set of specialized equip-
ment was used for the acquisition and recording of the acceleration of
vibration at the interest points. High-sensitivity unidirectional acceler-
ometers (with a sensitivity of 10 V/g) were employed, with a mea-
surement range of 0.5g, PCB Piezotronics (model 393B12). The
acquisition equipment employed was a 24-channel LMS SCADAS. An
instrumented hammer (ICP® Impact Hammer Model 086D50) was also
used for the application of the impulsive loading and for the measure-
ment of the applied force in each impulse.

4.2. Construction stage 1: Foundations

The foundation-soil model has been validated by comparing the
experimental and numerical transfer functions. The foundations scheme,
are presented in Fig. 8, and their dimensions on Table 3.

A series of experimental tests were carried out to characterize the
direct and cross transfer functions in the different foundation systems.
For this purpose, a significant number of impacts were applied with the

(QILQHHULQJ BWUXFWXUHV

instrumented hammer and the response was recorded at the targeted
points, together with the dynamic input force applied by the hammer.
The experimental transfer functions were estimated using the Welch’s
method. More than 50 impacts were considered in the estimation of all
experimental transfer functions with the aim of minimizing the effect of
the background noise. Regarding the experimental information pre-
sented in this paper, in addition to the absolute values of the experi-
mental transfer functions, the confidence interval envelopes for these
experimental curves are included.

The experimental measurements were performed after the con-
struction of all foundation systems and before the installation of the
elastomeric supports. The experimental tests made it possible to eval-
uate the validity of the soil-foundations numerical model developed.
Conclusions can be drawn as to the validity and predictive capacity of
the model, taking into account the agreement between the numerical
predictions and the experimental results.

In Fig. 9 is represented the comparison between the experimental
and numerical transfer function and the phase angle of the foundation
F11 when the impact is applied on it itself.

In Fig. 10 are observed the displacement curves in the contiguous
foundations F10 and F19 for an impact applied on F11.

The proximity between experimental and numerical transfer func-
tions, across almost the entire frequency range under analysis, evaluated
at both the foundation where the impact is applied and the adjacent
foundations, validates the soil-foundation numerical model. The vali-
dation of this numerical model, corresponding to the initial construction
and measurement phase, is extremely important as it allows us to verify
the mechanical and geometric properties considered for the soil. In
many studies, the soil represents a significant source of uncertainty,
making this validation crucial. Furthermore, the proximity between
numerical and experimental curves, especially considering the 95 %
confidence interval envelope, further validates the sub-structured
approach employed.

However, there are some differences between the experimental and
numerical models for specific frequencies, which may be associated with
multiple factors given the complexity of the system. Some possible
reasons include, for example, the fact that the impulse applied with the
hammer is not exactly applied at the central point of the foundation,

Fig. 7. FE mesh of the building and its foundation systems.
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Fig. 8. Schematic representation of the building foundations.

Table 3
Dimensions of the foundations.
Foundation F1 F2 F3 F4 F5 F6 F7 F8 Fo F10 F11 F12
x [m] 2.85 2.90 2.90 2.90 2.85 2.85 2.85 2.90 2.70 3.00 2.90 2.80
y [m] 2.85 2.90 2.90 2.90 2.85 2.85 2.85 2.90 2.70 3.00 2.90 2.80
Foundation F13 F14 F15 Fl6 F17 F18 F19 F20 F21 F22 F23 F24
x [m] 2.70 2.80 3.05 3.80 2.30 3.00 2.70 2.70 2.70 2.70 2.70 3.80
y [m] 2.70 2.80 3.05 3.10 2.30 3.00 2.70 2.70 2.70 2.70 2.70 2.00
10 20
"1 Exp. 95% Confidence Interval Experimental
Numerical Numerical
1 -
Zq07} =
E
z 3 O
8 £
D 108k
210
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10°® . . . . . . . . . . 2 . . . . . . . . . .
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
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Fig. 9. Response comparison between experimental and numerical curves on foundation F11, with impact on the same foundation: transfer function and response

phase angle, respectively.
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Fig. 10. Numerical and experimental transfer functions, between the point where the impact was applied, foundation F11 and, where it was measured/determined,
foundation F10, a) and foundation F19, b).
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leading to occurrence of rotations of the foundation system. In contrast,
in the numerical model, the force is applied exactly at the central point.
A second possibility may be related to the soil characterisation, espe-
cially for lower frequencies, which may not accurately reflect the me-
chanical properties of the soil, considering the space limitations for
performing the SASW test.

4.3. Construction stage 2: Ground slab and first Slab

In the second stage of experimental measurements, we proceeded to
determine the transfer functions between foundation F2, where the
impact was applied, and two evaluation points P1 and P2, located at the
ground slab. Additionally, two other points, P3 and P4, located at the 1st
slab, were considered. Points P1 and P2 were chosen as representatives
of the ground slab response: P1 being the evaluation point on the ground
slab closest to the foundation F2 where the impact was applied, and P2
positioned at the mid-span of the building ground slab section. The se-
lection of the other two points on the 1st slab was based, for P3, on the
minimum distance between the impact and evaluation points, while P4
was chosen to represent the response near mid-spain position adjacent to
P3. The specific locations of the evaluation and impact points are
illustrated in Fig. 11.

The numerical and experimental curves for each evaluation point are
presented in Fig. 12.

From the observation of the obtained results and the comparison
between numerical and experimental transfer functions, taking into
consideration the probabilistic envelope of the experimental curve
within a 95 % confidence interval, we can assert a reasonable agreement
between the the numerical and experimental results. Given the close
match between the transfer functions from the impact point on the
foundation and their evaluation at other points of the building, the au-
thors confidently state that the developed numerical model faithfully
represents the dynamic behavior of the building structure under study.

5. Case study: evaluation of the efficiency of the vibration base-
isolated system

5.1. Numerical approach description
In this section, a comparative analysis will be made between the
vibrations inside the building considering the presence or absence of the

base-isolation system. The geotechnical scenario is considered whose
properties and stratification are represented in Fig. 13 and Table 1.

1775 m
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The study is divided into two parts: a first in which the solicitation is
an impact at the ground surface, and a second in which the solicitation is
the passage of railway traffic in the tunnel shown in Fig. 13. The pres-
ence of the railway tunnel is considered to be 5 m from the surface, and
the building foundation to the tunnel, 6.3 m from the tunnel symmetry
axis. The previously calibrated numerical model is adopted for the first
part, where the effectiveness of the vibration base isolation measure is
studied when the system is subjected to a non-moving harmonic force
applied to the ground surface. The application point of the force is
located at the mid-length of the building and 15 m away from it, as
illustrated in Fig. 14.

In the second study, a train passage is considered to be the source of
ground vibration. The train runs in a tunnel, located in the immediate
vicinity of the building. To this end, an approach based on the 2.5D FEM-
PML methodology developed by Lopes et al. [33,34], which enables the
determination of the induced ground vibration at the ground surface,
has been employed. The model schematics are represented in Fig. 15.

This model takes into account the dynamic train-track interaction. It
has been considered a slab track with UIC60 rail, pads under the rail and
under the sleeper. A semi-analytical model of the rails and fastening
system is coupled to the slab, the latter modelled with FEs. The
considered properties of the railpads, sleepers and under-sleeper pads
are: stiffness of the railpads 70 kN/mm and damping 15 kNs/mm; mass
of each sleeper 110 kg and stiffness of the under-sleeper pad 20 kN/mm
and damping 0.2 kN.s/mm. As the profile of track irregularities can vary
across different sections and is highly influenced by the maintenance
levels carried out by the railway infrastructure manager, different pro-
files of track irregularities have been considered. Particularly, ten syn-
thetic irregularity profiles were generated considering the randomness
of the phase of the irregularity profile for track class 3, in accordance
with the FRA report [35]. Ten more profiles considering track class 5 has
been included. Those profiles were generated according to the following
PSD function [36]:

Ske Skeo = (5)
kx;O
where kyo 1 [rad/m], S kyo is a constant which comprises the

geometrical quality of the track unevenness based on [35].

Fig. 11. Schematic representation of the building Ground and 1st Slabs, and the location of the impact at the foundation 2.
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Fig. 12. Experimental and numerical transfer functions between the impact application point and the evaluation point: (a) P1; (b) P2; (c) P3 and (d) P4.

Fig. 13. Schematic representation of the soil profile and the location of the building foundations.

5.2. Response evaluation due to a harmonic point load at the ground
surface

As previously mentioned, the present paper aims to evaluate the
effectiveness of a base-isolation system in filtering the vibration field
induced by underground train passages. However, before assessing the
isolation behavior achieved for a train passage the authors choose to
develop a study considering a less complex loading case which allowed
for a deeper understanding of the mechanical behavior of the base-
isolation system. For that purpose, a numerical calculation was

conducted for two distinct situations: with and without base-isolation
system. By doing so, the IL of the base-isolation systems, described in
previous topics, can be computed and its effectiveness determined. It
must be highlighted that the IL has been obtained for the vertical
displacement in several points. The results achieved in terms of vibra-
tion velocity spectra and IL are presented in third-octave bands in
Fig. 16.

The introduction of base vibration isolation systems, such as the
proposed in this work, gives rise to a complex dynamic behavior, often
simplistically interpreted using the theory of a single degree of freedom
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Fig. 14. Schematic representation of the building structure, evaluation points and force application point.

Modeling of Track-Tunnel-Soil system

2.5D FEM-PML

@ Train-track

| Edynamic loads {

@ Track receptance on the moving reference frame

¥

Structural model of the train and
interaction formulation

IMulti-body
approach

Free-field | |
dynamic responsé

®

Soil-Structure Interaction
Vibrations assessment

3D FEM-Green
approach

Fig. 15. Schematic representation of the numerical approach.

system (SDOF). As it is known, a SDOF experiences a response amplifi-
cation for the frequency range near the natural frequency of the system,
and an attenuation for frequencies higher than the cut-off frequency,
2fn.
Given the three-dimensionality of the structure, the spatial distri-
bution of supports, as well as their irregular stiffnesses, it is expected

10

that the building dynamic behavior will be more complex than a (SDOF)
system. In Fig. 16, the insertion loss evaluated considering a rigid body
behavior of the building structure is represented in red. This plot shows a
very similar trend to what is expected for an SDOF system, with an
amplification of the vibration for frequencies below the cut-off and
attenuation for higher frequencies, exhibiting a growing trend.
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Fig. 16. Vibration velocity (i) and insertion loss (ii) obtained at the evaluation points P1 (a), P2 (b), P3 (c), and P4 (d) for the case with or without the base-isolation
system (BIS). The red one-third octave band plots correspond to the IL for the case of a rigid building.

It is noted that the behavior studied at the evaluation points shows a
lower effectiveness of the base-isolation systems for the case of the
realistic numerical model of the building when compared to the model
that adopts rigid building assumption. This observation indicates that
the effectiveness of the mitigation measure is also dependent on the
flexibility of the structure.

Despite this difference, a clear trend of amplification of the vibration

11

levels for frequencies below the cutoff frequency, resulting in negative IL
values, and a trend of vibration attenuation when considering the base-
isolation system, translated into positive IL values, can be observed.

5.3. Response evaluation due to a train passage

After the previous study, which give a first impression about the
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importance of accounting for a detailed model of the building to
determine the effectiveness of a base-isolation system, a more realistic
simulation has been performed. In this section the passage of a
commuter train (Fig. 6) at a speed of 80 km/h in the tunnel at the vi-
cinity of the case study building is considered to be the excitation source.
As before, two simulations were developed: one considering the building
without base-isolation system and another with it. The analysis followed
a similar strategy as the one presented before, being evaluated both the
vibration velocity field and the corresponding IL at the receivers iden-
tified in Fig. 14.

This comprehensive study enables us to assess the insertion loss
curves, considering the variability resulting from the different dynamic
vehicle-track interaction forces generated, due to the different irregu-
larity profiles considered, determining for all the cases considered the
average insertion loss curves, and their respective probabilistic confi-
dence intervals of 95 %. Fig. 17 depicts the probabilistic curves of
insertion loss, in decibel, at points P1 to P4.

The IL results exhibit an overall trend indicating superior isolation
levels with the base-isolation system when considering the railway
traffic in the tunnel as the excitation source, as opposed to applying a
vertical harmonic force at the surface. A pattern of vibration attenuation
is observed at the response evaluation points for almost all frequencies
above the cut-off frequency. Notably, the variability of the insertion loss
is significantly higher for frequency bands closer to the natural fre-
quency of the system, while remaining nearly constant for the rest.

Nevertheless, the complex behavior achieved by introducing a
resilient structure at the building foundations is a relevant aspect that
should be considered in the design step. However, a well-tuned base-
isolation system can be an interesting measure to reduce the vibration
field transmitted from the vibration source to the receiver.
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6. Conclusions

The present work presents a real case study of a base-isolated library
constructed near to an underground railway line to scrutinise the
effectiveness of base isolation as a vibration countermeasure to railway-
induced vibration. To do so, a numerical model of the building-soil was
developed and subsequently tuned with experimental data of the spe-
cific site. Various measurement campaigns were conducted at different
stages of the building construction, contributing to the robustness of the
validation of the numerical models developed. The model was later used
to study the effectiveness of the base-isolation system, since it allows for
determining the response in the virtual case where no isolators are
implemented.

As demonstrated in the literature of the topic, introducing elastic
bearings to connect the building structure with its foundation systems,
such as the base isolators presented in this work, can effectively mitigate
vibrations induced by railway traffic. This general conclusion is also
reached in this work for the case study considered. However, this work
shows that the attenuation pattern is more complex than the one arising
when adopting common practice considerations. A rather usual
consideration when simulating the effectiveness of base-isolation sys-
tems in engineering practise is to consider the building as a SDOF sys-
tem. The present study demonstrates that this assumption could result in
overestimating the insertion loss associated with the inclusion of base
isolators. Particularly, results obtained with the simplistic SDOF model
exhibit huge discrepancies at frequencies above 50 Hz when compared
with the results delivered by the detailed FEM-based model of the sys-
tem. On the other hand, simulations of the effectiveness of the base-
isolation systems considered are carried out adopting railway traffic as
the excitation source of the system. In this case, it is shown that
simplifying the excitation mechanism to a vertical harmonic load

301
95% Confidence Interval

20+ Mean Value
o
=
[2]
(2]
o
-
c
9
@
(2]
£

Frequency [Hz]
301
95% Confidence Interval

20t Mean Value
o
k=2
@ 10t
o
-
5
£ 0r
[}
12}
£

-10

LI ,\00{0 o ,f;rb\ﬁo IR

Frequency [Hz]

(d)

Fig. 17. Insertion loss curves and respective confidence interval, in decibels, corresponding to the consideration of 20 irregularity profiles of class 3 and 5, evaluated

at points: P1, (a); P2, (b); P3, (c); and P4, (d).

12



P.J. Soares et al.

applied on the soil surface introduces errors in estimating the insertion
loss of the base isolators. When a more realistic railway-induced vibra-
tion excitation pattern is considered, the insertion loss spectrum shows a
different and a bit more intricate behavior. Furthermore, the effect of the
irregularity profiles on the insertion loss of the base isolators is studied,
demonstrating a significant variability on the obtained results due to the
random nature of the rail unevenness. Thus, the main conclusion of this
study can be drawn as the importance of adopting detailed models of the
building structure and the excitation source when simulating the per-
formance of base-isolation systems to mitigate railway-induced
vibrations.

CRediT authorship contribution statement

Hassan Liravi: Data curation. Kenny Conto: Data curation. Pedro
Alves Costa: Writing — review & editing, Validation, Funding acquisi-
tion, Conceptualization. Robert Arcos: Writing — review & editing,
Validation, Conceptualization. Paulo Jorge Soares: Writing — original
draft, Project administration, Investigation, Formal analysis, Data
curation, Conceptualization. Luis Godinho: Writing — review & editing,
Conceptualization. Joan Cardona: Data curation. Alexandre Cas-
tanheira-Pinto: Writing — original draft, Validation, Conceptualization.
Aires Colaco: Writing — original draft, Methodology, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data Availability
Data will be made available on request.
Acknowledgements

This work has been financially supported by from different funding
sources. Base Funding - UIDB/04708/2020 and Programmatic Funding -
UIDP/04708/2020 of the CONSTRUCT - Instituto de I&D em Estruturas
e Construcoes — funded by national funds through the FCT/MCTES
(PIDDAC). Project PTDC/ECI-EGC/3352/2021, funded by national
funds through FCT/ MCTES. European Union’s Horizon 2020 Pro-
gramme Research and Innovation action under Grant Agreement No
101012456 — In2Track3. Individual Grant no. SFRH/BD/148276,/2019,
provided by FCT. Individual Grant no. 2022.00898. CEECIND (Scientific
Employment Stimulus - 5th Edition) provided by FCT.Base Funding
(UIDB/04029/2020, doi.org/10.54499/UIDB/04029/2020) and Pro-
grammatic Funding (UIDP/04029/2020) of the research unit “Institute
for Sustainability and Innovation in Structural Engineering — ISISE”, and
under the Associate Laboratory Advanced Production and Intelligent
Systems ARISE under reference LA/P/0112/2020.

References
[1] Persson Waye K, et al. Assessing the exposure-response relationship of sleep

disturbance and vibration in field and laboratory settings. Environ Pollut 2019;

245:558-67.

Smith MG, et al. Physiological effects of railway vibration and noise on sleep.

J Acoust Soc Am 2017;141(5):3262-9.

Laugsand LE, et al. Insomnia and the risk of incident heart failure: a population

study. Eur Heart J 2013;35(21):1382-93.

Vasheghani M, Sadeghi J, Khajehdezfuly A. Legal consequences of train-induced

structure borne noise and vibration in residential buildings. Noise Mapp 2022;9(1):

170-88.

[2]
[3]

[4]

13

[5]

[6]
[71
[81

[91

[10]

[11]
[12]
[13]
[14]
[15]

[16]

[17]

[18]

[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]
[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

(QILQHHULQJ BWUXFWXUHV

Sadeghi J, Esmaeili M. Effectiveness of track stiffness reduction in attenuation of
metro induced vibrations received by historical buildings. Lat Am J Solids Struct
2018:15.

Ouakka S, Verlinden O, Kouroussis G. Railway ground vibration and mitigation
measures: benchmarking of best practices. Railw Eng Sci 2022;30(1):1-22.

Chen J, et al. Mitigation of subway-induced low-frequency vibrations using a wave
impeding block. Transp Geotech 2022;37:100862.

Sadeghi J, Haghighi E, Esmaeili M. Effectiveness of grouted layer in the mitigation
of subway-induced vibrations. Proc Inst Mech Eng, Part F: J Rail Rapid Transit
2023;237(1):41-54.

Sun X, et al. Ground vibration from freight railway: environmental impact and
potential mitigation measure at propagation path. Environ Sci Pollut Res 2022;29
(29):44364-77.

Lombaert G, et al. Ground-Borne Vibration due to Railway Traffic: A Review of
Excitation Mechanisms, Prediction Methods and Mitigation Measures. Berlin,
Heidelberg: Springer Berlin Heidelberg; 2015.

Hung H-H, Yang Y-B. A review of researches on ground-borne vibrations with
emphasis on those induced by trains. Proc Nat Sci Counc Part A Phys Sci Eng 2001.
Sadeghi J, Haghighi E, Esmaeili M. Performance of under foundation shock mat in
reduction of railway-induced vibrations. Struct Eng Mech 2021;78(4):425-37.
Hemsworth B. Reducing groundborne vibrations: state-of-the-art study. J Sound
Vib 2000;231(3):703-9.

Talbot JP. Base-isolated buildings: towards performance-based design. Proc Inst
Civ Eng - Struct Build 2016;169(8):574-82.

Talbot JP, Hunt HEM. Isolation of buildings from rail-tunnel vibration: a review.
Build Acoust 2003;10(3):177-92.

Fiala P, et al. A parametric study on the isolation of ground-borne noise and
vibrations in a building using a coupled numerical model. J Acoust Soc Am 2008;
123(5_Supplement):3260.

Fiala P, et al. A parametric study on countermeasures to mitigate sub-way traffic
induced vibration and noise in buildings. Proc ISMA2008 Int Conf Noise Vib Eng
2008.

Talbot JP, Hunt HEM. A Generic Model for Evaluating the Performance of Base-
Isolated Buildings. J Low Freq Noise, Vib Act Control 2003;22(3):149-60.

Lopez Almansa F, et al. Buildings in Barcelona Protected from Railway-induced
Vibrations with Base Isolation. in Proceedings of the 6th World Conference on
Structural Control and Monitoring: 6WCSCM. Centre Internacional de Metodes
Numerics en Enginyeria (CIMNE),; 2014.

Edirisinghe, T. and J. Talbot, Some observations on the transmission of ground-
borne vibration into base-isolated buildings. Proc. ISMA2022, Leuven, 2022.
Zhao N, et al. Mitigation of train-induced floor vibrations in multi-story buildings
using a blocking floor. Struct Congr 2010 2010.

Sanitate G, Talbot JP. On the plate-like and layer-like response of slab foundations
to ground-borne vibration. Comput Geotech 2019;114:103141.

Sachwald BH, Bischoff LB, Stofleth A. Building isolation for luxury condominium
adjacent to New York City subway. In INTER-NOISE and NOISE-CON Congress and
Conference Proceedings. Institute of Noise Control Engineering,; 2012.
Grootenhuis P. Structural elastomeric bearings and resilient seatings. In Polymers
and polymer composites in construction. Thomas Telford Publishing; 1990.

p. 183-203.

Anderson, D. Isolation of buildings from railway vibration: a case study. in
Proceedings of the 5th International Congress on Sound and Vibration, Adelaide,
Australia. 1997.

Henson P, Charles J. Vibration isolation of the IMAX cinema, Waterloo, London.
Proc-Inst Acoust 2000;22(2; PART 1):255-62.

International Organization for Standardization, I., ISO 14837-1 Mechanical
vibration - Ground-borne noise and vibration arising from rail systems. 2005.
Gucunski N, Woods RD. Numerical simulation of the SASW test. Soil Dyn Earthq
Eng 1992;11(4):213-27.

Roesset JM, et al. Modulus and thickness of the pavement surface layer from SASW
tests. Transp Res Rec 1990;(1260).

Coulier P, Lombaert G, Degrande G. The influence of source-receiver interaction
on the numerical prediction of railway induced vibrations. J Sound Vib 2014;333
(12):2520-38.

Bucinskas P, Andersen LV. Semi-analytical approach to modelling the dynamic
behaviour of soil excited by embedded foundations. Procedia Eng 2017;199:
2621-6.

Wang R. A simple orthonormalization method for stable and efficient computation
of Green’s functions. Bull Seismol Soc Am 1999;89(3):733-41.

Lopes P, et al. Numerical modeling of vibrations induced by railway traffic in
tunnels: From the source to the nearby buildings. Soil Dyn Earthq Eng 2014;61-62:
269-85.

Lopes P, et al. Vibrations inside buildings due to subway railway traffic.
Experimental validation of a comprehensive prediction model. Sci Total Environ
2016;568:1333-43.

Hanson CE, et al. High-Speed Ground Transportation Noise and Vibration Impact
Assessment. United States: Federal Railroad Administration; 2012.

Braun H, Hellenbroich T. Messergebnisse von strassenunebenheiten, 877. VDI-
Berichte; 1991. p. 47-80.


http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref1
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref1
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref1
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref2
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref2
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref3
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref3
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref4
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref4
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref4
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref5
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref5
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref5
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref6
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref6
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref7
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref7
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref8
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref8
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref8
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref9
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref9
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref9
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref10
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref10
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref10
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref11
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref11
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref12
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref12
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref13
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref13
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref14
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref14
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref15
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref15
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref16
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref16
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref16
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref17
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref17
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref17
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref18
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref18
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref19
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref19
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref19
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref19
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref20
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref20
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref21
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref21
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref22
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref22
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref22
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref23
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref23
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref23
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref24
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref24
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref25
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref25
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref26
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref26
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref27
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref27
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref27
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref28
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref28
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref28
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref29
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref29
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref30
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref30
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref30
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref31
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref31
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref31
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref32
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref32
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref33
http://refhub.elsevier.com/S0141-0296(24)01029-0/sbref33

	Experimental and numerical study of a base-isolated building subjected to vibrations induced by railway traffic
	1 Introduction
	2 Experimental case study description
	2.1 General overview
	2.2 Geotechnical characterisation
	2.3 Building structure characterisation
	2.4 Rolling stock characterisation

	3 Numerical approach
	3.1 Description

	4 Experimental validation
	4.1 Equipment and methods

	5 Case study: evaluation of the efficiency of the vibration base-isolated system


