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Abstract: In response to land use challenges, major urban centers have started implementing over-
track building constructions above metro lines as a means of accommodating residents and workers.
However, the continuous operation of trains can generate excessive vibrations that may negatively
impact the overall living conditions for occupants residing in these structures. In this paper, vibra-
tion measurements were conducted on the soil and within a three-story frame structure building.
Additionally, a three-dimensional finite element model of the track–soil–building was established.
The wheel–rail contact force was incorporated as a dynamic load that varies with time to accurately
simulate the vibration response induced by trains. According to the construction process of the
over-track building, four construction stages were set up using the finite element model to study the
impact of the construction stages on the vibration propagation from the soil to building structure. The
results indicate that the presence of existing structures exerts a mitigating influence on soil vibrations.
Pile foundation construction can effectively mitigate soil vibration to a significant extent. The findings
provide references for the future development and design of over-track buildings.

Keywords: train operation; vibration; construction stage; transfer function; finite element model

1. Introduction

The urban rail transit system possesses numerous advantages, including its high
transport capacity, ability to alleviate traffic congestion and pollution, speed and efficiency,
reliability, as well as comfort and safety. These attributes render it an indispensable
component of contemporary urban transportation planning. The development of urban
rail transit has been progressing rapidly and plays a pivotal role in contributing to the
socio-economic landscape. To address the issue of urban land scarcity and provide financial
support for metro operations, an increasing number of over-track buildings are being
constructed above metro lines.

However, train operations can result in noticeable vibrations for individuals residing
or working in buildings located above the tracks, leading to discomfort and potential
adverse effects on human health [1,2]. Therefore, comprehending and assessing the im-
pact of train-induced vibrations on these buildings is crucial for implementing necessary
mitigation measures.
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Two highly accurate methods for assessing the impact of train-induced vibrations on
buildings are available: on-site measurements and numerical modeling. Regarding on-site
measurements, previous studies have been conducted to investigate the characteristics of
indoor vibrations in buildings located along rail transit lines [3–6]. Additionally, scholars
have performed on-site vibration measurements at metro depots with over-track buildings
to examine the effects of train-induced vibrations and conduct comprehensive analyses
regarding the internal transmission laws within these structures [7–10]. Furthermore, some
researchers have also carried out on-site vibration measurements focusing on soil–structure
interaction in adjacent or over-track buildings [11]. Numerical modeling has been employed
by scholars to accurately predict the vibration effects of rail traffic on adjacent or over-
track buildings, with some establishing a train track–soil–building model [12–14], while
others have conducted dynamic interaction studies of vehicle–track–bridge–soil [15–20]
to investigate the behavior of rail bridges and soil–structure effects. Some scholars have
taken into account the soil–structure interaction effect to investigate the dynamic interplay
between soil inclusion and soil properties [21,22]. Some scholars have also taken into
account the soil–structure interaction effect to investigate the impact of the vibration
induced by train operation on adjacent or over-track buildings [23–26].

There are relatively few studies on the propagation of vibrations in buildings above
tracks caused by train operation in different construction stages [27–30]. By investigating
the impact of the surface foundation on ground vibration during the construction phase,
Auersch et al. [27] examined the response of flexible plates made of homogeneous or layered
soil to horizontal propagation waves in terms of distance and frequency. Edirisinghe
et al. [28] analyzed the lateral and vertical pile loading effects, as well as the influence of
the pile length, to study the dynamic source–receiver interaction between an underground
railway tunnel and a pile foundation during the construction stage. Anvarsamarin et al. [29]
investigated the impact of construction activities on the vibration characteristics of building
foundations during the construction phase and proposed a simplified model for analyzing
the influence of additional structures. Sanitate et al. [30] studied the variation in ground
vibration levels during the construction phase, with the progress of construction, and
analyzed the effects of additional foundations and additional buildings on the attenuation
or amplification of ground vibration levels caused by buildings through coupling loss.
In summary, a plethora of field measurements are available on the vibration caused by
train operation on adjacent or over-track buildings and related soil–structure interaction.
However, numerical simulation studies primarily focus on the impact of train operation
on the internal vibration of adjacent or over-track buildings and the dynamic interaction
between trains, rails, bridges, and soil. There have been relatively few investigations into
the vibration transmission during different over-track building construction stages caused
by train operations.

This study involves conducting on-site vibration measurements of both the soil and
columns in close proximity to the track, as well as within the interior of the over-track
building. Subsequently, a three-dimensional finite element model of the track–soil–building
system was established using the finite element method, with validation performed against
the measured data. Finally, this three-dimensional finite element model was utilized to
investigate vibration transmission laws from the soil to building structure during various
stages of over-track building construction.

2. Measurements

The measurement site was selected in the train operation area beneath a three-story
column frame building, which is constructed on a platform that is 9 m above the tracks and
supported by structural columns (as illustrated in Figure 1).
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Figure 1. View of the measurement area. (a) Over-track building; (b) setup in the building; (c) train 
operation area; (d) setup in the track area. 

2.1. Instruments 
The instrumentation employed for measurement is illustrated in Figure 2, compris-

ing a JM3873 wireless data acquisition system (Figure 2a) and 941B accelerometers (Figure 
2b). 
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Figure 2. Instruments of measurement. (a) JM3873 system; (b) 941B accelerometer. 

Prior to conducting field measurements, all wireless units were time synchronized 
through a laptop connected to a wireless gateway placed side-by-side. Subsequently, the 
wireless units were left operational to ensure synchronization among them and securely 
mounted at their respective measurement locations. The potential concerns regarding in-
terference and blockage issues were mitigated during the measurement process by avoid-
ing the transmission of internally sampled/stored time signals. Subsequently, upon com-
pletion of the measurements, the time-synchronized data were retrieved from each wire-
less unit. 

The wireless units were configured with a sampling frequency of 512 Hz, enabling 
spectral analysis up to the Nyquist frequency of 256 Hz. It should be noted that the dom-
inant frequency range of train-induced floor vibration in this study was found to be below 
80 Hz. More details about the measuring instruments and signal processing can be found 
in the reference [7]. 

Figure 1. View of the measurement area. (a) Over-track building; (b) setup in the building; (c) train
operation area; (d) setup in the track area.

2.1. Instruments

The instrumentation employed for measurement is illustrated in Figure 2, comprising
a JM3873 wireless data acquisition system (Figure 2a) and 941B accelerometers (Figure 2b).
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Figure 2. Instruments of measurement. (a) JM3873 system; (b) 941B accelerometer.

Prior to conducting field measurements, all wireless units were time synchronized
through a laptop connected to a wireless gateway placed side-by-side. Subsequently, the
wireless units were left operational to ensure synchronization among them and securely
mounted at their respective measurement locations. The potential concerns regarding
interference and blockage issues were mitigated during the measurement process by
avoiding the transmission of internally sampled/stored time signals. Subsequently, upon
completion of the measurements, the time-synchronized data were retrieved from each
wireless unit.

The wireless units were configured with a sampling frequency of 512 Hz, enabling
spectral analysis up to the Nyquist frequency of 256 Hz. It should be noted that the
dominant frequency range of train-induced floor vibration in this study was found to be
below 80 Hz. More details about the measuring instruments and signal processing can be
found in the reference [7].
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2.2. Setup

The arrangement of the measurement setups within the designated measurement area
is illustrated in Figure 3. The platform has a width of 53 m and a length of 110 m, with the
latter dimension aligned in the direction of train travel. Below it are three tracks spaced at
intervals of 5 m from each other, each positioned at a distance of 3.3 m from the nearest
structural column.
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Figure 3. Measurement setup. (a) Elevation view; (b) plan view of train operation area; (c) plan view
within the building.

As depicted in Figure 3b, the train operation area is situated beneath the platform,
with an accelerometer, G1, positioned adjacent to the nearest structural column on the soil.
Simultaneously, an accelerometer, C1, was affixed to the structural column at a height of
0.5 m above ground level. This arrangement aims to investigate vibration propagation
laws and responses between soil and building columns. As illustrated in Figure 3c, an
accelerometer, C2, was strategically placed on the first floor of the over-track building,
approximately 8.3 m away from track #2.
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According to the functional issues pertaining to structural members and similar site
selection problems discussed in reference [7], as well as the actual site and building layout
constraints, this study selects C1, C2, and G1 for analysis. The chosen locations enable
the examination of the dynamic interaction and inertial interaction between the soil and
structure [28].

2.3. Results

A total of 13 trains traveling on track #2 in the morning were recorded during the
measurements. The running train consists of a six-unit B-type car, measuring approximately
120 m in length and traveling at an average speed of 13 km/h. The train speed ranges from
10.48 to 15.91 km/h, while the time taken for the train to pass through the measuring point
falls between 27.15 and 41.22 s.

The time histories and spectrogram of soil G1, ground column C1, and first floor C2
are shown in Figure 4. The peak vertical acceleration measured adjacent to column G1
is approximately 0.2 m/s2, while the peak vertical acceleration recorded on column C1
amounts to around 0.02 m/s2. Additionally, on the first floor of the over-track building,
the peak vertical acceleration measured at the bottom of column C2 reaches approximately
0.011 m/s2. The vertical vibration amplitude of G1 is significantly larger compared to
C1 and C2, indicating a pronounced attenuation during the transfer from the soil to
the column.

Meanwhile, the spectrogram reveals that G1 exhibits predominant energy concentra-
tion within the frequency range of 20–80 Hz, whereas C1 and C2 predominantly exhibit
an energy concentration within the frequency band of 20–40 Hz. The present observation
implies a substantial attenuation of high-frequency components above 40 Hz during both
the soil-to-column transition and over-track building processes.
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Figure 5 shows that the vertical vibration response of both the soil and columns during
train operation exhibits a close resemblance within the frequency range of 12.5–31.5 Hz.
The soil vibration resulting from train operation reaches its peak at 63 Hz, followed by
a subsequent decrease in the vibration level within the high-frequency range. The trans-
mission of vibration waves from G1 to C1 and C2 exhibits a significant amplification
effect at 10 Hz, which is attributed to the resonance induced by the newly formed natural
frequency between the building structure and the soil. The vertical vibrations attenuate
in the medium- and high-frequency range above 40 Hz due to the dynamic interaction
between the structure and soil, dependent on their contact area and respective character-
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istics. The former exhibits a typical resonance between the building and soil, while the
latter is attributed to the interaction between the soil and structure. The vibration response
of the measurements will serve as a means for validating the finite element model. The
measurement results can be compared with relevant national normative indicators [31] to
assess their impact on the building and evaluate whether the vibrations exceed permissible
limits, potentially affecting human occupants.
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3. Numerical Model and Validation

A numerical model is proposed that integrates a train track dynamic model with a
track–soil–building finite element model to accurately predict building vibrations. This
comprehensive model effectively simulates the motion of a six-vehicle metro train on the
track and has been validated through measurements.

3.1. Train Track Dynamic Model

The dynamic response of the train track dynamic model can be solved by train track
coupled dynamic theory [32,33], in which a train consists of a series of vehicles, and each
vehicle consists of a total of 10 degrees of freedom, as shown in Figure 6. The car body
and bogies are only considered vertical displacement wc, wt1, wt2, and rotation θc, θt1,
θt2, respectively, and the wheelsets are considered vertical displacement ww1, ww2, ww3,
ww4. The train mathematical model is established based on the aforementioned content
and subsequently integrated with the established track mathematical model into a system
through specific contact relationships to obtain dynamic responses.
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Figure 6. Train track dynamic model.

The vertical wheel–rail contact force Fv/r is defined with a nonlinear Hertz contact
relationship [34], in which the Hertz contact introduces the non-uniform distribution of
the wheel–rail contact force, thereby accounting for wear, fatigue, and deformation in the
actual contact area, resulting in more accurate simulation results. Fv/r can be defined as
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Fv/r =


[

1
G (qv − qr − h)

] 3
2 qv − qr − h ≥ 0

0 qv − qr − h < 0
(1)

where qv and qr represent the vertical displacement of the contact point between the wheel
and track, respectively. The variable h represents the vertical irregularity amplitude of the
rail, while G represents the wheel–rail contact constant.

The equations of motion for the train track dynamic model can be denoted as

[M]
{ ..

q
}
+ [C]

{ .
q
}
+ [K]{q} = {F} (2)

where M, C, and K denote global mass, damping, and stiffness matrices of the assembled
train track dynamic model, respectively, and specific parameters of the train and track
structure can be referred to in Li et al. [24]; q,

.
q,

..
q denote the displacement, velocity, and

acceleration vectors of the whole model, respectively. The input to the load vector F is
provided by the wheel–rail contact force.

To solve the equation of motion for the train track dynamic model, the Wilson-θ
method is used. The calculation mainly considers the effect of vertical track profile irregu-
larity. The American track spectrum of sixth grade and the Sato irregularity spectrum [24,32]
are adopted. The wheel–rail contact force is shown in Figure 7.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 16 
 

 
Figure 7. Wheel–rail contact force. 

3.2. Track–Soil–Building Finite Element Model 
As shown in Figure 8, the numerical model consists of the track structure, foundation 

soil, and over-track building. All materials were modeled using a linear elastic principal 
model. The floor slabs, walls, and platform were assumed to be conventional shell ele-
ments (S4R). The structural columns and beams were constructed using two-node linear 
beam elements (B31). The foundation soil dimensions were 110 m × 170 m × 70 m (X × Y × 
Z) and were constructed using hexahedral solid units (C3D8R). The track structure con-
sists of rails, fasteners, sleepers, and ballasts, and the fasteners were modeled using 
spring-damping units, while the rest of the track structure was constructed using hexahe-
dral solid units (C3D8R). To address the interference caused by vibration wave reflection 
at the far field boundary, which can lead to energy superposition and result in inaccura-
cies, an infinite element approach was employed to simulate this boundary issue within 
the soil domain. The absorbing boundary was constructed using a three-dimensional solid 
eight-node infinite unit (CIN3D8). 

 
Figure 8. Track–foundation–soil–building finite element model. 

The specific structural parameters of the over-track building as well as the pile foun-
dation are shown in Table 1. For detailed information regarding the soil properties in each 
layer, please refer to Table 2. 

Figure 7. Wheel–rail contact force.

3.2. Track–Soil–Building Finite Element Model

As shown in Figure 8, the numerical model consists of the track structure, foundation
soil, and over-track building. All materials were modeled using a linear elastic principal
model. The floor slabs, walls, and platform were assumed to be conventional shell elements
(S4R). The structural columns and beams were constructed using two-node linear beam
elements (B31). The foundation soil dimensions were 110 m × 170 m × 70 m (X × Y × Z)
and were constructed using hexahedral solid units (C3D8R). The track structure consists
of rails, fasteners, sleepers, and ballasts, and the fasteners were modeled using spring-
damping units, while the rest of the track structure was constructed using hexahedral
solid units (C3D8R). To address the interference caused by vibration wave reflection at
the far field boundary, which can lead to energy superposition and result in inaccuracies,
an infinite element approach was employed to simulate this boundary issue within the
soil domain. The absorbing boundary was constructed using a three-dimensional solid
eight-node infinite unit (CIN3D8).
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The specific structural parameters of the over-track building as well as the pile foun-
dation are shown in Table 1. For detailed information regarding the soil properties in each
layer, please refer to Table 2.

Table 1. Physical parameters of structural components.

Location Structural Component Concrete
Material

Thickness
(m)

Dimension of
Cross-Section (m)

Building

Slab C35 0.15 -

Column C35 - 0.9 × 0.7
0.7 × 0.7

Beam C35 - 0.5 × 0.25
Wall C30 0.35 -

Platform

Platform C35 0.2 -

Column C35 -
0.8 × 0.8
0.8 × 1

1.5 × 1.5
Transversal partition C35 - 1 × 0.6
Longitudinal beam C35 - 1.7 × 0.6

Girder C35 - 2 × 1
Secondary beam C35 - 0.8 × 0.6

Pile foundation
Pile C30 - R = 0.4

Pile cap C30 1 3 × 1.2

Table 2. Physical parameters of the soil layer.

Soil Layer Plain Fill Clay Silt Weathered Rock

Thickness (m) 1.5 18.1 25.4 ∞

Density (kg/m3) 1650 1840 2010 3200

Elastic modulus (MPa) 133.88 328.5 308.8 5706

Shear wave
velocity (m/s) 174 259 242 833

Compressional
velocity (m/s) 367 418.8 399.57 653.2

Poisson’s ratio 0.341 0.331 0.312 0.285

Damping ratio 0.03 0.03 0.03 0.03
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The track structure was situated at ground level, with a three-story building erected
above it. The soil was represented in distinct layers, exhibiting a damping ratio of 0.03.
Both the dimensions and parameters of the building and track structure strictly adhere to
realistic values. Under small strain conditions, the soil and pile demonstrate reasonable
elastic properties; however, their dynamic behavior exhibits strong coupling. Therefore,
an embedded regional constraint was incorporated into the pile–soil interaction model to
accurately describe their contact behavior.

The minimum element size was set to be less than one-sixth of the minimum shear
wavelength of the soil of interest in order to ensure accurate calculations for frequencies
below 80 Hz [35]. The upper surface of the rails should specifically bear the wheel–rail
force, with an element size set to 0.025 m. The appropriate element size for the surface soil
is determined as 0.285 m. Considering the train load on the surface and computational
speed requirements, the distribution of the soil elements transitions from dense to sparse as
the depth increases. For over-track buildings and pile foundations, a uniform grid cell size
of 0.5 m was employed. The full-scale track–soil–building finite element model comprises
a total of 3,742,568 elements and 3,990,731 nodes.

3.3. Model Validation

Figures 9 and 10 show the calculated vertical vibration acceleration on the soil and
the first floor at 8.3 m from the track, which were compared with the measured vertical
vibration at the same locations. The time domain amplitudes of the vibration response
obtained from the established finite element model exhibit a close resemblance to the
measured values. The simulation results demonstrate a more concentrated manifestation
of train-induced vibrations, with less pronounced peak acceleration, possibly attributed to
random variations in track unevenness and inherent soil layer heterogeneity.
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Figure 11 shows the comparison of the measured and simulated acceleration levels
on the soil and the first floor. The simulated acceleration levels across the entire frequency
range of 4–80 Hz exhibit consistency with the overall trend observed in the measured data,
with the peak frequencies of vibration acceleration all occurring at the same frequencies.
However, it should be noted that the simulated acceleration levels across all the frequency
bands are lower than those obtained from measurements. This discrepancy may potentially
arise due to uncertainties associated with track irregularities and the simplification of soil
layers, among other factors.
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4. Vibration Characteristics during Various Building Construction Stages

The propagation of vibration in an unobstructed environment (free field) is influenced
by the inherent material characteristics of the soil, thereby affecting its amplitude. How-
ever, when encountering structural interference, the path of vibration wave propagation
undergoes alterations leading to wave reflection and bypass. In this section, the construc-
tion process of the over-track building is divided into four stages: site preparation, pile
foundation construction, platform construction, and building construction, as shown in
Figure 12. The observation points for soil, piles, and structural columns are incorporated
into the finite element model.
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4.1. Soil Vibrations

The vertical acceleration levels of the soil at distances of 8.3 m, 17.3 m, and 26.3 m
from track #2 under various construction stages are depicted in Figure 13. The vibration
responses induced by train operations in both the pile construction and free field exhibit
similar trends. However, the vibrations in the free field significantly surpass those observed
in the pile construction, particularly at the measurement points located far from the vibra-
tion source. This phenomenon can be attributed to the dominance of Rayleigh waves in
far-field vibrations, with a substantial dissipation of energy from body waves, indicating
that the structure effectively suppresses soil vibrations. Furthermore, this phenomenon can
also be partially ascribed to the implementation of the pile foundation, which introduces
an additional mechanism for the dissipation of energy.

Within a distance of 26.3 m from the source, both the pile construction and free field
exhibit a dominant frequency response of 50 Hz for soil vibration. The platform construction
and building construction also demonstrate consistent near-field behavior with a peak
frequency of 63 Hz, attributed to the emergence of novel characteristic frequencies within
the soil–structure system. As the measurement point moves to the far field at 17.3 m, the
peak frequency decreases to 50 Hz. This phenomenon can be attributed to the dissipation
of body wave energy as the distance from the source increases, leading to the dominance of
Rayleigh waves and consequent attenuation of high-frequency components. The order of
soil vibration amplitudes is as follows: free field, pile construction, building construction,
and platform construction. The impact of soil vibration is directly proportional to the mass
and stiffness of a building. Buildings with higher masses and greater stiffness will induce
stronger reactions when vibrating in a non-free field, resulting in amplified soil vibration
compared to platform construction.
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4.2. Transfer Function of Soil and Pile Foundation

To investigate the vibration characteristics during various stages of construction, the
transfer function R(ω) is used to represent the coupling loss between the soil of the free
field and structure, which can be denoted as

R(ω) =
A(ω)

A0(ω)
(3)

where A(ω) and A0(ω) are the vertical vibration accelerations of the structures and soil in
the frequency domain, respectively.

Figure 14 shows the vibration transfer function of the soil and pile when the simulated
train operates on track #2. These observed locations are equipped with group pile founda-
tions, characterized by a depth of 1 m, a pile length of 53 m, a pile diameter of 0.8 m, and
an inter-pile spacing of 9 m in the direction perpendicular to the track. The presence of the
structures is observed to moderately dampen vibrations and induce kinematic effects when
compared to the free field soil, with attenuation generally increasing as the frequency rises.
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The transmission of soil vibration to the pile resulted in an amplification effect within
the frequency range of 8–15 Hz, particularly evident at a distance of 8.3 m from the
source at the building construction, exhibiting a clear inertia effect. This phenomenon
can be attributed to the formation of a novel soil–structure integrated system during pile
foundation construction and subsequent stages, characterized by a resonant frequency
within the range of 8–15 Hz, resulting in enhanced vibration amplification within this
frequency band. In the frequency range of 20–50 Hz, the transfer coefficient exhibits a
decreasing trend with increasing distance from the vibration source. This can be attributed
to the dominance of surface waves in the far field, while body waves play a relatively
minor role, and there is a weakened interaction between body waves and piles within the
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soil. The transfer coefficient in the 50–80 Hz frequency range at the far field surpasses that
observed near the vibration source under all the construction stages, which was attributed
to the decrease in the effective interaction area between the soil and the structure with
increasing distance, resulting in a decrease in the structure’s suppression of vibration,
especially in some high-frequency bands. This implies that the presence of the building
plays a significant role in attenuating high-frequency vibration propagation.

Hence, the construction of pile foundations effectively mitigates soil vibration to a
significant extent, with a minimal impact on the transfer function of soil and piles compared
to platform construction and building construction. After the completion of pile foundation
construction, the timely measurement of pile vibration acceleration can be conducted. By
utilizing the measured vibration acceleration as input for the building model, the calculation
of the building vibration response becomes feasible, thereby enabling prompt adjustments
to be made to the building’s vibration reduction measures.

4.3. Transfer Function of Soil and Column

Figure 15 shows the vibration transfer coefficient between the soil in the free field and
the column in the construction stages of platform construction and building construction.
The column vibrations in close proximity to the vibration source at 10 Hz exhibit ampli-
fication compared to the soil in the unobstructed field, with a higher transfer coefficient
observed for platform construction as opposed to building construction at this specific
frequency. In the frequency band above 20 Hz, the vibration energy coupling loss generated
by the platform construction is larger than that of the building construction.
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5. Conclusions

In this study, vibration measurements were conducted on buildings adjacent to and on
the track to validate the developed finite element model. The model was subsequently em-
ployed to predict vehicle-induced vibration responses under various operational conditions,
thereby elucidating vibration variations during different construction stages and discussing
relevant foundation effects and building effects induced by soil–structure interaction. The
following main conclusions were drawn:

(1) Soil vibrations induced by train operations exhibit greater magnitudes during the site
preparation stage in the free field compared to other construction phases, suggesting
that existing structures have a mitigating effect on soil vibrations.

(2) Pile foundation construction can effectively mitigate soil vibration to a significant ex-
tent; the transfer function of the soil and pile is minimally affected by the construction
of pile foundations in comparison to the construction of platforms and buildings.

(3) In the range of 50–80 Hz, higher soil–structure transfer coefficients in the far field com-
pared to those near the vibration source indicate buildings attenuate high-frequency
vibrations.
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(4) During platform construction, there is a more pronounced resonance effect between
the buildings and soil at 10 Hz. The coupling loss of vibration energy from the
platform construction is higher than that from the building construction above 20 Hz.

These findings contribute to a deeper comprehension of the influence exerted by
foundations and building structures on the propagation of ground vibrations, thereby
offering valuable insights for designers in determining the optimal location and layout of
building structures, as well as serving as a reference for implementing measures aimed at
reducing vibrations.
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