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Preface

The growing demand for sustainable transportation has led to a significant interest in developing

rail transit networks for both intra-and intercity travel. This shift towards more environmentally

friendly modes of transport is driven by the need to reduce carbon emissions, alleviate traffic

congestion, and promote efficient urban mobility. Rail systems are often viewed as a viable solution

due to their ability to move large numbers of passengers with lower energy consumption compared

with road vehicles.

However, alongside these advancements in rail infrastructure, train-induced vibrations that are

transmitted through soils to nearby buildings have become widely recognized as environmental

concerns. These vibrations can stem from various sources, such as the movement of trains on

tracks, wheel–rail interactions, and even operational factors such as acceleration and braking. The

transmission of these vibrations through different soil types can lead to significant negative influences

on nearby structures, sensitive equipment housed within those structures, and the comfort levels of

residents living in proximity to railway lines.

In addition to train-induced vibrations, natural disasters such as earthquakes pose serious

threats that can have substantial physical impacts on buildings. Earthquakes generate ground

motions that may compromise structural integrity, leading not only to economic losses but also

to potential human casualties and injuries. The unpredictability associated with seismic events

necessitates robust engineering solutions that are aimed at enhancing buildings’ resilience against

such forces.

Consequently, this reprint will focus on several critical aspects related to these phenomena: it

will explore advanced modeling methods that accurately simulate the propagation characteristics of

both train-induced vibrations and seismic waves as they interact with various soil types and building

foundations. Understanding how these vibrational forces propagate is essential for designing

effective mitigation strategies that minimize their impact.

Furthermore, this reprint will delve into innovative techniques for vibration mitigation, which

may include passive damping systems or active control measures that are designed specifically for rail

transit environments. It will also consider best practices in construction design aiming at improving

structural resilience against the dynamic loads caused by both trains and seismic activity.

By addressing these topics comprehensively—ranging from theoretical models through practical

applications—this reprint aims not only to contribute valuable insights into current research but

also provide guidance for engineers and policymakers who are involved in urban planning and

infrastructure development related to sustainable transportation systems.

Chao He, Wenbo Tu, Chao Zou, and Yunlong Guo

Guest Editors
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Abstract: Urban societies face the challenge of working and living in environments filled with
vibration caused by transportation systems. This paper conducted field measurements to obtain the
characteristics of vibration transmission from soil to building foundations and within building floors.
Subsequently, a prediction method was developed to anticipate building vibrations by considering
the soil and structure interaction. The rigid foundation model was simplified into a foundation–soil
system connected via spring damping, and the building model is based on axial wave transmission
within the columns and attached floors. Building vibrations were in response to measured input
vibration levels at the ground and were validated through field measurements. The influence of
different building heights on soil and structure vibration propagation was studied. The results
showed that the predicted vibrations match well with the measured vibrations. The proposed
prediction model can reasonably predict the building vibration caused by train operations. The
closed-form method is an efficient tool for predicting floor vibrations prior to construction.

Keywords: train-induced vibration; soil–structure interaction; prediction model; vibration measurement

1. Introduction

Transport-oriented development (TOD) has been widely promoted and applied in
urban rail transit infrastructure, including lines, stations, and metro depots, improving
the development layout of the subway, community, and industry [1,2]. This procedure
allows the surrounding properties to fully enjoy the dividends of rail transit and further
shortens the distance between rail transit and buildings. However, as the distance between
the vibration source and the building is reduced, the impact of the train operation on the
building’s vibration is further intensified, which has become one of the core problems to be
controlled in the development of rail transit.

The rapid and accurate prediction of long-term environmental vibration caused by
train operation and effective guidance for comprehensive vibration reduction and isola-
tion design are the basis for promoting the rapid and benign development of rail transit
properties [3,4]. To accurately calculate the building vibration effects, it is necessary to
find out the propagation mechanism of vibration in the vibration source, soil, and build-
ing. The dynamic interaction between soil and structure is the key factor in determining
vibration propagation.

Most existing models usually ignore the coupling between the vibration source and
the building [5–7]. In structural design, the boundary condition is usually a fixed base, but
in practice, the foundation soil is not completely rigid. Considering the subsoil, founda-
tion structure, and superstructure as a unified dynamic system, the actual stiffness of the
subsoil is introduced by considering the deformation ability, and the natural frequency
of the system will be reduced [8]. Therefore, considering the dynamic coupling between
foundation soil and structure has practical significance in the vibration response of building

Buildings 2024, 14, 142. https://doi.org/10.3390/buildings14010142 https://www.mdpi.com/journal/buildings1
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structures [9–11]. Kuo et al. [12] characterized the dynamic coupling between soil and
structure through coupling loss, and defined it as the difference in vibration levels inside
and outside the building. Francois et al. [13] studied the influence of dynamic coupling
between soil and structure on adjacent buildings and showed that assuming that the build-
ing base and the incident wave field movement were consistent could distort calculated
vibrations. Coulier et al. [14] showed that when the distance between the vibration source
and the building is smaller than the wavelength in the soil, the coupling effect between the
soil and the shallow foundation of the building is very significant, and the interaction with
the pile foundation is expected to be greater.

The dynamic coupling between soil and structure is investigated through the global
analysis method or substructure method [15–17]. The global analysis method takes the
structure and foundation soil as a complete dynamic system. However, due to the com-
plexity of the problem, this method can only be realized via numerical simulation. Its
disadvantage is that the modeling workload and calculation costs are large, making it
challenging for application in large-scale engineering practice. The substructure method
models the structure and the foundation independently and calculates the substructure
model separately to solve the dynamic response of the superstructure by introducing the
boundary conditions of the contact between the soil and the foundation, which offers
the advantages of reduced computing memory requirements and higher efficiency [18].
Based on the substructure method, Fiala et al. [19] studied the vibration and radiated noise
response of adjacent frame structures caused by train operations. The dynamic coupling
between soil and structure was considered by coupling the impedance function of soil
in the building base as the boundary condition. Lopes et al. [20] studied the response
of soil stiffness to ground frame structure vibrations caused by tunnel train operations
under the consideration of the dynamic coupling of soil and structure through numerical
simulation. The dynamic coupling of soil and structure was simulated via the boundary
element method and the simplified lumped parameter method, respectively. Considering
the dynamic interaction between soil and structure is a crucial factor in accurately predict-
ing structural vibration response. Ignoring this effect may result in overly conservative
prediction outcomes.

Furthermore, the key to the method of calculating the environmental vibration of
rail transit is to improve calculation accuracy, which requires a balance between time and
accuracy [21–24]. The use of physical transfer functions to evaluate vibration effects is
reliable and effective, and Connolly et al. [25] synthesized thousands of vibration data
records from seven European countries to confirm this view. The physical properties of
soil mass are the most important factors affecting vibration calculation. However, it is
difficult to obtain a large number of the field test data needed to establish physical transfer
functions in engineering practice, so the transfer function method has not been widely used
in environmental vibration prediction. In the past decade, numerical modeling has been
widely used in the field of environmental vibration [26]. Traditional numerical models need
to integrate three components: vibration source, vibration transmission path, and building
structure [27,28], which can usually be divided into two parts: the vehicle–track–soil
coupling model and soil–structure coupling model. To find a balance between prediction
accuracy and prediction time cost, scholars from various countries have conducted a lot
of model simplification and algorithm optimization work, such as the finite-boundary
element model [29], 2.5D finite element model [30,31], and finite difference model [32].
Due to the uncertainty of many parameters in numerical models, it is necessary to conduct
repeated checks of the model through field test data [33] to calibrate the model parameters.

To solve this problem, a hybrid model vibration prediction method has gradually
been developed that combines field testing and vibration theory techniques to avoid errors
caused by model simplification. This approach also mitigates the issue of numerical models
requiring an excessive number of calculation parameters, and providing a new idea for
the environmental vibration prediction of rail transit [34]. Guo et al. [35] established a
theoretical model of the building structure for vibration prediction based on the dynamic
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stiffness matrix method, allowing the calculation of the frequency domain response. The
validity of the model was verified by using the measured data of the parking lot of Nanjing
University Town. Sanayei et al. [36,37] described vertical vibration wave conduction by
assembling single, independent structural column components and attached floor compo-
nents, and established a one-dimensional impedance theoretical prediction model with
measured building foundation vibration as input. The impedance model was verified via a
four-story building scale model composed of aluminum columns and MDF in laboratory
experiments and field tests at the Boston Hynes Convention Center. Zou et al. [38] extended
the one-dimensional impedance model to a two-dimensional impedance model, taking into
account the propagation of axial waves and bending waves in frame columns and shear
walls. Later, to consider the influence of the transfer structure on the vibration propagation
rule, Zou et al. [39] extended the two-dimensional impedance model to a three-dimensional
impedance model under the condition of multiple-load input [40]. The model takes into ac-
count the different forms of vibration wave source in the transfer structure more reasonably,
which is especially suitable for large high-rise buildings.

The current practice shows that the vibration response of buildings is affected by
the type of building foundation and soil layer parameters, and the coupling effect of soil
and structure affects the accuracy of the vibration prediction method. In this paper, the
characteristics of vibration propagation loss between soil and structure are illustrated
through field tests, the influence of train operation on building vibration is predicted
by establishing a prediction model, and the influence of different building heights on
the vibration propagation of soil and structure is studied. The objective is to develop a
methodology involving ground vibration measurements for obtaining the ground vibration
response, thereby enabling an accurate prediction of building vibration response during
mitigation measure design prior to construction. This approach utilizes ground vibration
as a model input, mitigating uncertainties associated with vibration propagation in tunnel
and soil layers.

2. Field Measurement
2.1. Measurement Setup

The building that is close to the tunnel of Nanjing Metro Line 3 was selected to carry
out the measurements. The horizontal distance between the building and the tunnel is
about 40 m, and the buried depth is 17 m. The spatial relationship between the building
and the tunnel is shown in Figure 1, and the photo of the building is shown in Figure 2.
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According to the geological drilling survey data, the soil is divided into four layers:
plain fill, clay, muck, and silty clay. Table 1 lists the physical parameters of the soil layer.

Table 1. Physical parameters of the soil layer.

Name Thickness (m) Density (kg/m3) Poisson’s Ratio Modulus of
Elasticity (MPa)

Plain fill 2.1 16 0.45 120
Clay 1.3 18.4 0.46 130
Muck 8.4 17.5 0.48 300

Silty clay 10.6 19.3 0.45 380

The building is a reinforced concrete-frame structure with 2 floors and a height of
8 m, which relies on structural columns for load-bearing with a size of 0.4 × 0.4 m2. The
building foundation is a rigid foundation with a base size of 1.2 × 1.2 m2. Table 2 lists
the dimensions and dynamics parameters of the building structure, where h, t, w, E, and
ρ are the height, thickness, width, elastic modulus, density of the structural components,
respectively. The damping ratio and Poisson’s ratio of the reinforced concrete structural
components are 0.02 and 0.2, respectively.

Table 2. Physical parameters of the building structure.

Structural
Component h (m) t (m) w (m) E (Gpa) ρ (kg/m3)

Column 4 0.4 0.4 32.5 2500
Floor slab - 0.1 - 30 2500

Rigid foundation - 1.2 1.2 32.5 2500

A total of 4 measuring points were arranged inside the building and measuring
point was arranged outside the building to collect the vibration acceleration caused by
train operations, as shown in Figure 1. In total, 20 train pass-by events were recorded,
with the trains traveling at approximately 50 km/h. The sampling frequency was set
to 512 Hz. The JM3873 wireless acquisition system was selected as the accelerometer
which is made by the Jing Ming Technology, Yangzhou, China, as shown in Figure 3.
The duration of measurement was a working day with a relatively low pedestrian flow.
During the measurements, the weather conditions were characterized by clear skies and
low wind speeds.
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Figure 3. Accelerometer.

2.2. Measurement Results

The time history of acceleration of each measuring point caused by train operations is
separated from the records of continuous synchronous testing, and the typically measured
time history of a train pass-by event is shown in Figure 4.
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Figure 4. Measured typical time history of acceleration. (a) Ground G1; (b) 1st-floor C1.

The duration of ground and building vibrations caused by train operation is about
14.5 s. The ground vibration with a peak acceleration of about 0.02 m/s2 is greater than the
column vibration with a peak acceleration of about 0.008 m/s2.

The measured acceleration is calculated and converted into a 1/3 octave band to obtain
the vertical vibration acceleration level. The acceleration levels are presented in the form of
an envelope diagram to show the influence range caused by different train pass-by events,
as shown in Figure 5.
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Figure 5. Measured acceleration levels of a 1/3 octave band frequency. (a) Comparison of ground
vibration and column vibration on 1st floor; (b) comparison of floor vibration on 1st floor and
2nd floor.

Comparing the location of G1 and C1 in Figure 5a, the vibration loss of vibration
propagating from the soil to the structure is more obvious, and it tends to decrease sig-
nificantly at a high frequency, while the attenuation of middle and low frequencies is not
obvious. The dividing line is at 25 Hz, and the vibration acceleration level above 25 Hz
decreases significantly.

Comparing the location of F1 and F2, with the increase in building height, the differ-
ence in vibration acceleration in the frequency domain is not obvious. In the propagation
process, the characteristic frequencies are consistent, which is because the floor height is
small and the building system tends to be excited as a whole, and the difference in vibration
acceleration between the first and second floors is small. In addition, due to the small mass
and volume of the building foundation compared with those of the soil, it can be regarded
as the interaction between the building structure as a whole and the soil.

3. Vibration Prediction and Validation

To predict the building vibrations, this paper presents a hybrid prediction method
based on the measured ground vibration and the prediction model of a building structure
that considers the soil–structure interaction. The purpose is that the vibration response of
the new building can be calculated via the prediction model of a building structure after the
measured vibrations of ground soil surface are obtained. The advantage of this method is
that tunnels and different soil layers do not need to be considered in the model, because the
foundation of the building is buried in the topsoil, and the vibration of the topsoil surface is
obtained via measurement. Hence, a prerequisite of this method is to obtain the measured
data of ground vibration.

This model can greatly improve the efficiency of solving the coupling loss between the
rigid foundation, soil, and structure. Firstly, the coupling model at the interface between
a rigid foundation and soil is simplified as a spring-damping coupling component. The
soil layer, where the rigid foundation is located, is considered homogeneous soil, and its
parameters aligned with those of the surface soil layer. Subsequently, by adding the building
structure to the top of the foundation and considering the influence of the building structure
on the coupling loss, the coupling loss of the soil–foundation system under the influence
of the building structure is obtained. Finally, the vibration response of the foundation is
solved according to the in situ measured ground vibration and soil–foundation coupling
loss, and the building response is solved based on the building prediction model. The
model diagram is shown in Figure 6.
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Figure 6. Schematic diagram of vibration prediction model for rigid foundation and building.

3.1. Prediction Model
3.1.1. Soil–Structure Interaction Model

For a rigid foundation, where the contact area between the foundation and soil is
small, the dynamic interaction between them is weaker than the inertial interaction of the
superstructure, and the influence of soil layer interface on the soil–structure interaction
is lower. Therefore, the rigid foundation model can be simplified into a foundation–soil
system connected via spring damping. The empirical formula based on boundary element
research by Auersch [41] can describe the dynamic behavior of the shallow foundation and
soil, and its expression is as follows:

k ≈ 3.4Gs
√

As (1)

c ≈ 1.6ρsvs As (2)

where As is the area of the foundation; Gs, ρs, and vs are the shear modulus, density, and
shear wave velocity of soil, respectively. k and c are the stiffness and damping of the
foundation, respectively.

Due to the large proportion of building quality being in the building–rigid foundation
system, foundation modeling cannot be conducted at the base–structure node without
ignoring the influence of the building. For the load-bearing column, the dynamical behavior
can be described by the following governing equation:

−Ec Acu′′ (xs) = k(u− u0) + c(u− u0) (3)

where primes and dots denote spatial and time derivatives. u, Ec, and Ac are the vertical
displacement, modulus of elasticity, and area of the column, respectively. u0 is a free-field
displacement.

Its solution can be expressed by the following equation:

uc

u0
=

cos aξ

cos a
1

1 + iq tan a
(4)

where uc is column displacement. i is equal to
√
−1. ξ = x/H is the position relative

to building height, H. x is the distance from the roof. a = 2π f H/vL is the normalized
frequency parameter. f is the frequency. vL = Ec/ρc is the wave speed of the column. ρc is
the density of the column. The expression for parameter q is defined as follows:

q =

√
Ecρc Ac

1.6
√

Gsρs As
(5)
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3.1.2. Building Model

The building model mainly considers the propagation of axial vibration waves in the
building, specifically vertical vibrations. Usually, the vibration caused by train operations
propagates upward through vertical load-bearing structures, such as structural columns.
Since medium- and high-frequency vibration waves can effectively attenuate in the floor,
their influence is limited to a short distance from the junction of the vertical load-bearing
structure and the floor. Consequently, vibrations have a minimal impact on the mutual
propagation of each vertical load-bearing structure. Thus, the propagation of vibration in a
building can be considered upward propagation along a single vertical bearing structure
with the attached floor, and the vibration of the floor is the sum of the vibration energy
carried by each vertical bearing structure. The vibration propagation model can only
consider a single vertical bearing structure and each floor. For each component of the
building structure, the rod and the plate element can be used to simulate the structural
column and the floor slab.

The load-bearing column is simulated as a finite-length rod element with two nodes
at a specific frequency, and both ends are connected to adjacent floors. Considering the
axial wave propagation in the load-bearing column, the impedance matrix representing the
relationship between force and velocity is shown as follows:

zc =
Ec(1 + iηc)Acβc

iw sin(βclc)

[
cos(βclc) −1
−1 cos(βclc)

]
(6)

where βc = ω
√

ρc
Ec(1+iηc)

is the axial wavenumber, ω is the circular frequency, and lc is the

length of the column. Ec and ηc are the elastic modulus and loss factor of the column.
The floor slab and the vertical load-bearing structure are assumed to be rigidly con-

nected and are simulated as infinite plate elements with the same terms under a specific
frequency of point load. The impedance expression of the floor is as follows:

z f = 8

√√√√√
ρ f E f

(
1 + jη f

)
h4

f

12
(

1− υ2
f

) (7)

where ρ f , h f , υ f , E f , and η f are the material density, thickness, Poisson’s ratio, elastic
modulus, and loss factor of the floor, respectively.

3.1.3. System Assembly

The system model is composed by summing the forces and reactions of each compo-
nent on the node in the vertical direction. Conceptually, this is achieved by considering
the force acting on a rigid massless block with an unknown vertical vibration at each node,
where the force of each component is achieved by acting on a different surface of the mass
block. If there is a vertical external force, it can be applied at each node of the floor slab.
The train excitation input is characterized by the force at the bottom column of building
on the ground. Hence, to obtain this exciting force, it is necessary to obtain the ground
vibration measured on site, and use Equation (4) to obtain the building column vibration
at the bottom of the building. Using this building column vibration as the input of the
building model, the vibration of each floor of the building can be obtained by solving the
following formula:

F = ZV (8)

where F and V are the external forces and velocity vectors of each floor, respectively; Z is
the impedance matrix obtained by cascading Equations (6) and (7) through nodal coupling.

8
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3.2. Model Validation
3.2.1. Transmission Ratio from Soil to Structure

To better compare the effects of soil–structure coupling loss, all time domain signals
from ground measuring point G1 and indoor measuring point C4 are analyzed via fast
Fourier transform, and the transmission ratio of vibration from soil to building is calculated.
On this basis, the proposed model is used to calculate the transmission ratio of vibration
from soil to building, and the comparison between the calculated coupling loss and the
measured coupling loss is shown in Figure 7a. The coupling loss curve exhibits a peak
value around 10–20 Hz, likely attributed to the formant arising from the overall vibration
of the building structure and soil. The coupling loss curve moves from a low frequency to a
high frequency, and vibration acceleration attenuation moves from a small to large trend.
The predicted coupling loss curves closely align with the measured results.
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Figure 7. Comparison of measured vibration and predicted vibration from soil to column. (a) Trans-
mission ratio; (b) column vibration on 1st floor.

By combining the predicted coupling loss curve with the measured ground vibration,
the predicted foundation vibration can be obtained, as shown in Figure 7b. The predicted
column vibration on the 1st floor is close to the measured vibration. It can be considered
that the soil and structure coupling loss can be effectively predicted based on the measured
ground vibration and the proposed prediction model.

3.2.2. Building Vibration

For the indoor vibration prediction of the building, measuring points C2 and F2 are
selected to represent the column vibration and center of floor vibration, respectively. The
envelope diagram and average value of measured and predicted vibrations are compared,
as shown in Figure 8.

The predicted vibrations match well with the measured vibrations, and the envelope
graph remains consistent across all train pass-by events. The largest discrepancy between
the measured average vibration and the predicted average vibration for the column is
observed at 80 Hz, exhibiting a difference of 9.2%. Similarly, in terms of floor vibration, the
most significant deviation between the measured and predicted average vibrations occurs
at 25 Hz, with a disparity of 4.8%. It can be considered that the proposed prediction model
can reasonably predict the building vibration caused by train operations.
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Figure 8. Comparison of measured vibration and predicted vibration within the building (a) at the
column; (b) at the floor center.

4. Discussion

Based on the proposed model, the influence of different building heights on soil–
structure interaction is studied by changing the number of building floors. When con-
sidering different numbers of floors, since rigid foundations are usually used for shorter
buildings, the effects of building height on soil–structure coupling loss are calculated by
selecting floors 2, 5, and 8, as shown in Figure 9.
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Figure 9. Transmission ratio of soil and structure.

With the increase in the number of floors, the interaction between soil and structure
shows an obvious inertia effect. The peak value of the coupling loss curve appears from
20 Hz for a two-story building to 10 Hz for an eight-story building due to the building
mass increases. This resonance is attributed to the eigenfrequency of the rigidly founded
building, this being approximately 30 Hz, resulting in a 60 Hz elastic building resonance
where the foundation and roof vibrate and amplify in an anti-phase [41]. This frequency is
controlled by the building height and wave speed of the building column.

Figure 10 compares the difference between the vibration of each floor inside the
building and the ground vibration. The vibration of the two-story building shows a
gradually increasing trend from the ground floor to the upper floor, but the increase is

10
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very small. In the range of 4–20 Hz, the indoor vibrations are greater than the ground
vibration, and the vibration amplification peak is at 16 Hz with a value of about 3 dB. In
the range greater than 20 Hz, the ground vibration is greater than indoor vibrations, and
the attenuation peak is reached at 80 Hz with about 17 dB.
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Figure 10. Difference between each floor vibration inside the building and ground vibration. (a) Two-
story building; (b) five-story building; (c) eight-story building.

For the five-story building, the propagation law in the building changes, and the
overall performance is that the vibration acceleration level of the first floor to the fifth floor
decreases first and then increases in the frequency band of 50–80 Hz, and in the range of
4–50 Hz, the acceleration level of the top floor is greater than that of the first floor. In the
range of 4–16 Hz, the indoor vibration is greater than the ground vibration with a peak
value of 4 dB at 10 Hz. In a range greater than 16 Hz, the ground vibration is greater than
the indoor vibration.

For the eight-story building, the low-frequency peak is further increased, and the
middle- and high-frequency attenuation capacity is further enhanced. For the propagation
in the building, with the increase in the number of floors, the propagation law shows that
the vibration acceleration level decreases first and then increases from the 1st floor to the 8th
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floor. In the range of 4–12.5 Hz, the indoor vibrations are greater than the ground vibration.
In range greater than 12.5 Hz, the ground vibration is greater than the indoor vibrations.

In frame structure buildings, the axial impedance of the load-bearing column far
exceeds the bending wave impedance of the floor. Impedance differences appear at the
junction of columns and floors on each floor of the building, resulting in a discontinuity of
axial impedance. Due to this impedance discontinuity between the high-impedance column
and the low-impedance floor, only a small amount of axial upward transmission energy is
transferred to the floor. The axial movement of the column in the vertical direction generates
floor-bending waves, which propagate outward from the junction of the column and the
floor to the outer diameter and are finally dissipated by floor damping. Therefore, in the
above analysis of three different building heights, when the number of floors is small, the
axial impedance of the column is much larger than that of the floor in the building system.
In the propagation process, the vibration propagates along the axis, and the damping of
the column itself is not enough to attenuate the vibration, resulting in the vibration energy
propagating to the top layer and then being superimposed with the incident wave, resulting
in the amplification of the vibration along each layer. As the number of floors increases to a
certain height, the damping of the entire building system and the dissipation of each floor
will partially attenuate the vibration propagating in the middle floor, so that the vibration
decreases first and then increases with building height.

The proposed method also has a limitation; namely, its applicability is restricted to the
vibration prediction in newly constructed buildings along operational subway lines, as it
necessitates obtaining ground vibrations through field measurements. Furthermore, this
method is exclusively suitable for buildings with rigid or shallow foundations due to the
previous research on deep foundations revealing distinct soil–structural coupling losses in
deep foundation systems, such as pile foundations [42,43].

5. Conclusions

Aiming at the problem of building vibration caused by train operations, a building vi-
bration prediction method considering the coupling loss of soil and structure is established
in this paper. Through the field test of the ground and a two-story building that is close
to the vibration source, the vibration propagation law in the ground through the building
foundation and within the building is obtained, and the validity of the model is verified
via measurement. The propagation rules of vibration in buildings with different floors are
studied, and the following conclusions are obtained:

(1) The predicted vibration is in good agreement with the measured vibration, and the
established prediction model can reasonably predict the vibration of a building with a
rigid foundation caused by train operation once the ground vibration can be obtained
via measurement.

(2) The coupling loss is obvious as the vibration propagates from the soil to the rigid foun-
dation, and the vibration tends to decrease significantly with an increase in frequency.

(3) For s rigid building foundation, the coupling effect of soil and structure causes a
low-frequency building–soil resonance and a high-frequency amplitude attenuation.
This effect becomes more pronounced with higher building heights, leading to a more
significant change in high-frequency amplitude.
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Abstract: A simplified model is proposed for predicting the nonlinear dynamic response of vertically
loaded tapered piles in the time domain, in which the tapered pile is divided into several frustum
segments and the four-spring is used for the simulation of the soil–pile interaction. The differential
equations for the tapered pile are given and solved by the finite difference method. The vertical
dynamic response of a typical tapered pile is investigated, and the consistency of the computational
results compared with the finite element results convincingly verifies the reliability of the proposed
simplified model. Then, recommended segment numbers, considering the computational efficiency
and accuracy requirements for the dynamic analysis of tapered piles, are given. And parametric
studies are also carried out to investigate the effect of soil and pile parameters on the nonlinear
dynamic response of the tapered pile. The results show that soil nonlinearity significantly affects
the vertical dynamic characteristics of the tapered pile. And the tapered pile shows better dynamic
characteristics than the cylindrical pile with the same volume and pile length. In addition, the
properties of the soil along the upper part of the tapered pile have a more considerable effect on
the dynamic response of the tapered pile. These results help to further improve the theory of
nonlinear dynamic response analysis of tapered piles and promote its widespread application in
engineering practice.

Keywords: tapered pile; time domain; vertical load; dynamic response

1. Introduction

Tapered piles are a novel type of pile that originated in the former Soviet Union in
the 1970s. Compared to cylindrical piles of the same volume, calculated by the theoretical
or numerical method used in engineering practices [1,2], the load-carrying capacity is
increased by 0.5~2.5 times [3–6]. Due to its advantages over traditional pile foundations
mentioned above, it is also used in structural foundations, slope retaining, and railway or
highway weak foundation treatment projects [7–9]. Many researchers have investigated the
vertical and lateral bearing capacity of the tapered pile. However, a limited understanding
of the tapered pile–soil dynamic interaction mechanisms has affected the widespread
use of tapered piles. Sudhendu and Ghosh [10] proposed a simplified analytical method
for the dynamic characteristics of the vertically loaded tapered piles and gave the factors
affecting the dimensionless stiffness and damping coefficients of the pile. Xie and Vaziri [11]
established a mathematical model for the vertical harmonic vibration of tapered piles and
verified it by field tests. Wu et al. [12] and Wang et al. [13] divided the tapered pile into
several continuous stepped cylindrical segments and then solved the vertical vibration
differential equation using the Rayleigh–Love bar theory to obtain the dynamic impedance
of the pile. Nevertheless, all the above analyses were based on the assumption that the
soil is a uniform elastic medium and that the soil is assumed to be an elastic material.
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Actually, soil is distributed in a layered pattern and will show nonlinear characteristics
when subjected to a large load. Limited studies have been conducted to calculate the
nonlinear dynamic response of tapered piles considering the nonlinear interaction between
the soil and the pile, and the effects of the soil stratification on the dynamic characteristics
of the vertically loaded tapered pile were also not considered [14–17].

On the other hand, the tapered pile is a typical pile whose cross-section changes
linearly with pile length, and the interaction between the soil and tapered pile is improved
by a wedge-shaped surface, as shown in Figure 1. However, the current theoretical and
analytical models mentioned above almost always treat tapered piles approximately as
stepped piles, the inclined surface is treated as a vertical surface, and the effects of the taper
angle are not fully considered for a dynamic analysis of tapered piles [18–20]. Hu et al. [21]
provide a solution to calculate the dynamic impedance of the vertically harmonic loaded
tapered pile, considering the effects of the tapered angle in accordance with the elastic
dynamic Winkler theory. However, the soil was considered an elastic body, and this
approach cannot be further extended to the nonlinear dynamic response analysis. This
means that it is impossible to obtain the time-dependent response of the foundation, and
at the same time, it is impossible to obtain the dynamic response of the foundation in
the case of complex loads, such as seismic loads, wind loads, etc. Obviously, the current
understanding of the bearing characteristics of tapered piles is still insufficient, which will
prevent its development and application.
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Cylindrical pile Tapered pile Stepped pile

Figure 1. Illustrations of a cylindrical pile, tapered pile and stepped pile.

To address the shortcomings of the current research analysis of tapered piles under
vertical loads, this paper focuses on investigating the nonlinear dynamic response of tapered
piles, considering the taper angle effect. Firstly, a pile–soil interaction model based on the
nonlinear Winkler dynamic theory was established, and the nonlinear vertical dynamic
characteristics of the tapered pile were obtained by solving the vertical vibration differential
equation using the finite difference method and the Newmark-β method. Secondly, the
effect of the number of tapered pile segments on the calculation accuracy of the nonlinear
dynamic response is discussed. Finally, parametric studies were conducted to explore
the effect of the tapered pile and soil parameters on the dynamic characteristics of the
vertically loaded tapered pile. These results help to further improve the theory of nonlinear
dynamic response analysis of tapered piles and promote its widespread application in
engineering practices.

2. Vertical Vibration of Tapered Piles in Layered Soils
2.1. Vertical Vibration Analysis Model

As shown in Figure 1, the vibration properties of a tapered pile subjected to vertical
harmonic load in layered soil are established based on the dynamic Winkler theory [22,23],
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where the taper angle, pile length and pile top radius of the tapered pile are θ, L and r0,
respectively. And the assumptions below are introduced to facilitate the analysis:

(1) It is assumed that the pile is elastic, the surface of the pile is always boned to the soil,
the pile deformation exists only in the y-z plane and the displacement perpendicular
to the pile is neglected, as shown in Figure 2.

(2) It is assumed that the soil is distributed in layers, and the height of the pile dis-
cretization is the same as that of the soil discretization. The pile–soil interaction was
simulated as a continuous series of separate soil springs and dampers distributed
around the pile shaft.

(3) It is assumed that the vertical harmonic load acts on the pile top, and the vertical
vibration mode of the pile also exhibits a harmonic vibration mode.

(4) It is assumed that each layer of soil is isotopically homogeneous. The soil around the
pile is assumed to be a plane strain model with no forces on the surface of the soil.
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Figure 2. Vertical vibration analysis model of the tapered pile: (a) pile differential element; (b) dis-
cretized by the finite differential method.

As illustrated in Figure 2a, the tapered pile is divided into n frustum segments along
the pile shaft According to the dynamic equilibrium condition, the differential equation
of vertical vibration of ith segment of the tapered pile, neglecting the internal damping
coefficients of the tapered pile, can be expressed as follows:

m(z)
∂2w(z, t)

∂t2 + c
∂w(z, t)

∂t
+ kw(z, t) = EA(z)

∂2w(z, t)
∂z2 + E

dw(z, t)
dz

dA(z)
dz

= 0 (1)

where E is the elastic modulus of pile, k and c are the stiffness and damping coefficient of
soil, m(z) and A(z) are pile mass per unit length and cross-sectional area at depth z, w(z, t) is
the vertical displacement of pile at depth z and time t.

To solve Equation (1), the equation is discretized by the finite difference method, and
the model can be illustrated as in Figure 2b. The height, radius and vertical displacement
of the ith segment are hi, ri and wi, respectively. The soil surrounding the tapered pile
is modeled as a continuous distribution of springs and dampers to model the soil–pile
dynamic interaction, where the springs kvi and dampers cvi are perpendicular to the normal
direction of the pile foundation, and the spring kpi and damper cpi are parallel to the normal

17



Buildings 2024, 14, 445

direction of the pile foundation. The tangential force pti and normal force pni along the
tapered pile will be generated at the ith segment of the pile when the pile experiences
a vertical dynamic load V = V0eiωt with circular frequency ω. This is different from the
cylindrical pile due to the different form of the pile–soil contact surface. The vibration
equilibrium equation at each point of a vertically loaded tapered pile can be derived at
equidistant points zi, zi−1 and zi+1 [24], as follows:

Ep0 Ap0

hi
2 [2w0 − 2w1] + kvp0w0 =

Ep0 Ap0

hi
2 (1− ahi

az + b
)

2hi p0

Ep0 Ap0
, (i = 0) (2)

Epi Api

hi
2 [−(1− (

ahi
az + b

))wi−1 + 2wi − (1 +
ahi

az + b
)wi+1] + kvpiwi = 0, (i = 1 ∼ n− 1) (3)

Epn Apn

hi
2 [−2wn−1 + (2 + (1 +

ahi
az + b

)
2hikbz

Epn Apn
)wn] + kvpnwn = 0, (i = n) (4)

kvpi = kvi(cos θ)2 + kpi(sin θ)2, (5)

cvpi = cvi(cos θ)2 + cpi(sin θ)2, (6)

where Epi, mpi and Api are the elastic modulus, mass and cross-sectional area of the ith
frustum pile segment, respectively. The dynamic stiffness and damping coefficients of the
springs and dampers along the tapered pile shaft are to be determined as [25–27]

kvi ≈ 0.6Esi

(
1 +

1
2
√

a0i

)
, (7)

cvi ≈ 2βsi
kvi
ω

+ πρsiVsidia
− 1

4
0i , (8)

kpi ≈ 1.2Esi, (9)

cpi ≈ 2βsi
kpi

ω
+ 6ρsiVsidia

− 1
4

0i , (10)

where Esi, Vsi, ρsi and βsi are the soil elastic modulus, shear wave velocity, density and damp-
ing ratio of the ith soil segment. Di is the diameter of the ith pile segment. A0i = ωdi/Vsi is
the dimensionless frequency.

The pile tip segment can be approximated as a rigid mass block embedded in an elastic
foundation. Excluding the springs along the pile shaft, the dynamic stiffness and damping
coefficients of the spring at the pile tip can be obtained from the vertical vibration solution
given by Lysmer and Richart [28]:

kvb =
4Gbrb
1− υb

, (11)

cvb =
3.4rb

√
Gbρb

1− υb
, (12)

where kvb and cvb are the stiffness and damping coefficients of soil at the pile tip, respec-
tively. Gb, vb and ρb are the soil shear modulus, Poisson’s ratio and soil density at the pile
tip, respectively.

Combining the finite difference method and the Newmark-β method, the dynamic
response of a vertically loaded tapered pile can be derived as

{∆w} =
(Epi Api

hi
2

[
Ipl

]
+ b0

[
Mp
]
+ b1[Cv] +

[
Kvp
])−1{

∆F̃v

}
=
[
K̃v

]−1{
∆F̃v

}
, (13)
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{
∆F̃v

}
=
[
∆Fv0 ∆Fv1 · · · ∆Fvi · · · ∆Fv(n−1) ∆Fvn

]T
, (14)

∆Fvi = ∆Fv + mi[b2
.

w(t) + b3
..
w(t)] + cvi[b4

.
w(t)], (15)

where
[
K̃v

]
is the vertical equivalent total stiffness matrix, {∆w} and

{
∆F̃v

}
are the in-

crements of the vertical displacement and vertical equivalent load vectors. B0, b1, b2, b3,
b4 are the Newmark parameters, [Mp], [Kvp] and [Cv] are the mass, dynamic stiffness and
damping matrices of the tapered pile, respectively. [Ipl] is the coefficient matrix generated
by the computational process, given as

[
Ipl

]
=




2 −2
−(1− A1) 2 −(1 + A1)

. . .
−(1− Ai) 2 −(1 + Ai)

. . .
−(1− An−1) 2 −(1 + An−1)

2 + (1 + An)
2kbz

hi




, (16)

where Ai =
− tan θhi
− tan θzi+r0

, zi is the length of the ith pile node to the ground surface.

2.2. Nonlinear Analysis Model

Actually, the soil surrounding the pile will exhibit typical nonlinear characteristics
when the soil is subjected to a vertical dynamic load. A hyperbolic nonlinear model with
the Masing criterion was introduced to simulate the nonlinear characteristics of soil, as
shown in Figure 3 [29–31].

1 

 

 
Parallel to inclined plane

τ

τm

τm

w
backbone 

wm

τf

τur

τ

backbone

γ

τur

γur

Figure 3. Nonlinear analysis model of the tapered pile.

For the soil parallel to the inclined plane of the tapered pile, the stress–displacement
hyperbolic nonlinear model is given as [29,30]

τ ± τm =
w± wm

a + |w−wm |
2b

, (17)
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where τm is the yield shear stress that corresponds to the displacement wm. a is the initial
flexibility factor at the soil–pile interface and b is the reciprocal of the asymptotic coefficient
of the shear stress–displacement curve.

a =
r0 ln|rm/r0|

Gs
, (18)

b =
0.8

σ′n tan δ
, (19)

where rm is the radius of influence of soil displacement near the pile, δ is the effective
friction angle at the soil–pile interface and σ′n is the effective stress acting on the pile.

For the soil perpendicular to the inclined plane of the tapered pile, the stress–strain
hyperbolic nonlinear model was used to model the soil nonlinearity, given as [31,32]

τd ± τur =
γd ± γur

1
G0

+ |γd−γur |
2τf

, (20)

γd =
(1 + v)y

5r0
, (21)

where τd and γd are the current shear stress and shear strain of the soil. Tf is the shear
stress at failure, and τur is the yield shear stress corresponding to the shear strain γur. G0, y
and r0 are the initial small strain shear modulus of soil, the lateral displacement and the
radius of the pile, respectively.

For the soil at the pile tip, the stress–strain hyperbolic nonlinear model with the Masing
criterion was introduced [33,34]

σd ± σm =
εd ± εm

1
E0

+ |εd−εm |
2σf

, (22)

where σd and εd are the normal stress–strain of soil. Σm is the yield normal stress corre-
sponding to the vertical strain εm. σf is the ultimate normal stress. E0 is the initial small
strain elastic modulus of soil.

Finally, in combination with the nonlinear model of the soil mentioned above, the
nonlinear dynamic response of the vertically loaded tapered pile can be obtained by
Equation (13) according to the initial displacement using the iterative method [35].

3. Validation and Sensitivity Analysis
3.1. Validation

The dynamic responses of vertically loaded tapered piles in homogeneous elastic soil
are given in Bryden et al. [36]. The density, shear modulus and Poisson’s ratio of soil are
1800 kg/m3, 12.5 MPa and 0.25, respectively. A mass block of 5000 kg is placed on top
of the pile. The elastic modulus and density of the pile are assumed to be 20 GPa and
2400 kg/m3. The equivalent radius and pile length of the tapered pile are 0.1 m and 5.0 m.
The equivalent radius is defined as

r2
eq =

1
3
(r2

0 + r0rb + r2
b), (23)

where rb is the pile radius at the pile tip.
Figure 4 shows the stiffness and damping coefficients of the tapered pile with a taper

angle θ = 1.5◦ calculated using the simplified proposed analysis method. The results are
almost identical to those calculated by Bryden et al. [36], who give the variation curves of
vertical stiffness and damping coefficients of tapered piles with dimensionless frequency a0
under different taper angles. On the other hand, to compare the dynamic characteristics of
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the floating pile and end-bearing pile, the ratio of Vb/Vs is set as = 10,000 and 1 for end-
bearing and floating pile, respectively [37]. On the other hand, Ghazavi [19] obtained the
normalized amplitude of the tapered pile supporting a rigid foot under vertical harmonic
loading and investigated the effect of different taper angles on the vertical dynamic response
of the tapered pile when the equivalent radius is the same. Here, the normalized amplitude
is given as

Aw =
ω2

√
(

kvp
Mt
−ω2)

2
+ (

ωcvp
Mt

)
2

, (24)

where Mt and ω are the footing mass and the circular frequency of the excitation load. Kvp
and cvp are the dynamic stiffness and damping of the tapered pile.

Buildings 2024, 14, x FOR PEER REVIEW  7 of 16 
 

2 2 2
0 0

1
= ( )

3eq b br r r r r  ,   (23)

where rb is the pile radius at the pile tip. 

Figure 4 shows the stiffness and damping coefficients of the tapered pile with a taper 

angle θ = 1.5° calculated using the simplified proposed analysis method. The results are 

almost identical to those calculated by Bryden et al. [36], who give the variation curves of 

vertical stiffness and damping coefficients of tapered piles with dimensionless frequency 

a0 under different taper angles. On the other hand, to compare the dynamic characteristics 

of the floating pile and end-bearing pile, the ratio of Vb/Vs is set as = 10,000 and 1 for end-

bearing and floating pile, respectively [37]. On the other hand, Ghazavi [19] obtained the 

normalized amplitude of the tapered pile supporting a rigid foot under vertical harmonic 

loading and investigated the effect of different taper angles on the vertical dynamic re-

sponse of the tapered pile when the equivalent radius is the same. Here, the normalized 

amplitude is given as 

2

2 2 2

=

( ) ( )
w

vp vp

t t

A
k c

M M




 
,  

(24)

where Mt and ω are the footing mass and the circular frequency of the excitation load. kvp 

and cvp are the dynamic stiffness and damping of the tapered pile. 

Then,  the normalized dynamic vertical responses of  the  tapered pile with various 

taper angles are compared in Figure 5. The results show that the theoretical results of this 

paper agree well with Bryden et al.  [36], which verifies  the  rightness of  the  simplified 

model. It can be seen that the normalized amplitude decreases with the  increase  in the 

taper angle for the floating pile and end-bearing pile, and the resonant frequency is nearly 

constant for the floating pile while the resonance frequency of end-bearing piles decreases 

significantly. This is due to the difference in soil properties between the pile tip and the 

pile shaft. Compared to the dynamic response of a vertically loaded tapered pile with θ = 

0°, the dynamic amplitude of the tapered pile was approximately reduced by 20% for a 

tapered pile with θ = 1.5°, which also shows the ability of the taper angle θ to improve the 

dynamic characteristics of the pile. 

 

Figure 4. Comparison with the vertical dynamic stiffness and damping coefficients of the tapered 

pile when the tapered angle θ = 1.5° in Ref. [36]. 

Figure 4. Comparison with the vertical dynamic stiffness and damping coefficients of the tapered
pile when the tapered angle θ = 1.5◦ in Ref. [36].

Then, the normalized dynamic vertical responses of the tapered pile with various
taper angles are compared in Figure 5. The results show that the theoretical results of
this paper agree well with Bryden et al. [36], which verifies the rightness of the simplified
model. It can be seen that the normalized amplitude decreases with the increase in the
taper angle for the floating pile and end-bearing pile, and the resonant frequency is nearly
constant for the floating pile while the resonance frequency of end-bearing piles decreases
significantly. This is due to the difference in soil properties between the pile tip and the
pile shaft. Compared to the dynamic response of a vertically loaded tapered pile with
θ = 0◦, the dynamic amplitude of the tapered pile was approximately reduced by 20% for a
tapered pile with θ = 1.5◦, which also shows the ability of the taper angle θ to improve the
dynamic characteristics of the pile.
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Figure 5. Comparison of the vertical dynamic responses of tapered pile with Ref. [36]: (a) floating 

pile; (b) end-bearing pile. 

3.2. Sensitivity Analysis 

The calculation accuracy of the finite difference method is closely related to the num-

ber of pile frustum segments, namely the length of the calculation element [38,39]. Sensi-

tivity analysis was performed for typically tapered piles with length-to-radius ratios rang-

ing from L/rb = 30 to 70 and 110. The dynamic harmonic load V0 is set at 100 kN. The pa-

rameters of the tapered pile and soil are listed in Table 1 [40,41]. 

Table 1. Properties of the tapered pile for different slenderness ratios. 

  Parameter  Value 

Tapered pile 

Pile length L  2.5 

Equivalent radius req  0.1 m 

Elastic modulus Ep  20 GPa 

Density ρp  2400 kg/m3 

Soil 

Shear wave velocity Vs  82.5 m/s 

Shear modulus Gs  12.5 MPa 

Density ρs  1800 kg/m3 

Poisson’s ratio v  0.25 

Figure 6 shows the time history curves of vertical displacements of tapered piles at 

different length-to-diameter ratios. It can be found that the dynamic response of the ta-

pered pile will tend to a stable value as the number of pile segments n increases. Therefore, 

for the tapered pile with L/rb = 30–110, the accuracy requirements and computational effi-

ciency can be met when n is taken as 200 [42,43]. Comparing the vertical displacements 

under different L/rb ratios, it can be seen that when the radius of the pile tip is the same, 

the longer the pile length is, the smaller the vertical dynamic response of the pile is, and 

the resonance  frequency  increases with  the  increase  in  the L/rb ratio. This  is due  to  the 

vertical stiffness of the pile increasing with the increase in pile length, which means that 

the ability to resist vertical deformation is better. In the meantime, there is a typical shift 

in the displacement at the first cycle, which is also consistent with the results of El Naggar 

and Bentley [44]. The reason may be attributed to the increased nonlinearity of the soil 

and the large iterative time step in the dynamic analysis process. 
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Figure 5. Comparison of the vertical dynamic responses of tapered pile with Ref. [36]: (a) floating
pile; (b) end-bearing pile.

3.2. Sensitivity Analysis

The calculation accuracy of the finite difference method is closely related to the number
of pile frustum segments, namely the length of the calculation element [38,39]. Sensitivity
analysis was performed for typically tapered piles with length-to-radius ratios ranging from
L/rb = 30 to 70 and 110. The dynamic harmonic load V0 is set at 100 kN. The parameters of
the tapered pile and soil are listed in Table 1 [40,41].

Table 1. Properties of the tapered pile for different slenderness ratios.

Parameter Value

Tapered pile

Pile length L 2.5
Equivalent radius req 0.1 m
Elastic modulus Ep 20 GPa
Density ρp 2400 kg/m3

Soil

Shear wave velocity Vs 82.5 m/s
Shear modulus Gs 12.5 MPa
Density ρs 1800 kg/m3

Poisson’s ratio v 0.25

Figure 6 shows the time history curves of vertical displacements of tapered piles at
different length-to-diameter ratios. It can be found that the dynamic response of the tapered
pile will tend to a stable value as the number of pile segments n increases. Therefore, for
the tapered pile with L/rb = 30–110, the accuracy requirements and computational efficiency
can be met when n is taken as 200 [42,43]. Comparing the vertical displacements under
different L/rb ratios, it can be seen that when the radius of the pile tip is the same, the longer
the pile length is, the smaller the vertical dynamic response of the pile is, and the resonance
frequency increases with the increase in the L/rb ratio. This is due to the vertical stiffness of
the pile increasing with the increase in pile length, which means that the ability to resist
vertical deformation is better. In the meantime, there is a typical shift in the displacement
at the first cycle, which is also consistent with the results of El Naggar and Bentley [44].
The reason may be attributed to the increased nonlinearity of the soil and the large iterative
time step in the dynamic analysis process.
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Figure 6. The time history curves of vertical displacements of tapered piles for different L/rb ratios at
pile top: (a) L/rb = 30 (resonant frequency fa = 14 Hz); (b) L/rb = 70 (resonant frequency fa = 19 Hz);
(c) L/rb = 110 (resonant frequency fa = 22 Hz).

4. Parameter Discussion
4.1. Effect of Taper Angle on the Nonlinear Dynamic Response of the Tapered Pile

The taper angle is the main factor affecting the dynamic response of the tapered
pile [36,45]. In this section, the dynamic responses of tapered piles with four different taper
angles, 0◦, 1◦, 2◦ and 3◦, are calculated, and the other parameters are the same as in Table 1.

Figure 7 shows the nonlinear dynamic response of a vertically loaded tapered pile
under different taper angles. The results show that the resonance frequency of the tapered
pile increases as the taper angle increases, and the nonlinear dynamic responses of the
tapered pile in the vertical direction increase with a decreasing taper angle, which is
consistent with the static bearing characteristics. The same pattern can be seen in the
hysteresis curves of loading–displacement. However, since the reasonable selection of the
pile parameters of tapered piles is beneficial to the reduction in construction costs, the
dynamic response characteristics of vertically loaded tapered piles are of more concern
when the pile volume is the same.
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Figure 7. Nonlinear dynamic characteristics of the vertically loaded tapered pile for different taper
angles with constant pile tip radius and pile length: (a) resonant frequency; (b) time history curves of
vertical displacement at pile top; (c) hysteresis curves of loading and vertical displacement.

In order to keep the pile volume constant, two different cases of varying the diameter
of the tapered pile and varying the length of the tapered pile are considered. Therefore,
the resonant frequency, time history curves and hysteresis curves of the constant volume
taper piles under various taper angles are shown in Figures 8 and 9. The results show
that the nonlinear dynamic response of the vertically loaded tapered pile increases with a
decreasing taper angle. And it can also be found that the resonance frequency of the tapered
pile increases and the dynamic response of the constant volume tapered pile decreases more
significantly when keeping the pile tip radius constant as compared to keeping the pile
length constant. It is shown that better vertical dynamic performance can be obtained when
the tapered pile keeps the radius of the pile tip constant while varying the length of the
pile. This phenomenon was also found in the hysteresis curves of loading–displacement.
With the increase in the taper angle, the slope of the hysteresis loop gradually increases
and the amplitude of the vertical dynamic response gradually decreases. The area and
shape of the hysteresis loop also tend to be more and more elliptical, which indicates that
the nonlinear influence between the pile and soil is gradually reduced. This can provide
engineering guidance for the design of tapered piles. It is worth noting that, although the
larger the taper angle, the smaller the dynamic response of the vertically loaded tapered
pile, the constructability of the pile should also be considered in engineering practice.
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Figure 8. Nonlinear dynamic characteristics of the vertically loaded tapered pile for different taper
angles with constant volume and pile tip radius: (a) resonant frequency; (b) time history curves of
vertical displacement at pile top; (c) hysteresis curves of loading and vertical displacement.

4.2. Effect of Soil Elastic Modulus on the Nonlinear Dynamic Response of the Tapered Pile

The soil properties are also important factors influencing the dynamic behavior of
tapered piles [46,47]. Three different pile–soil elastic modulus ratios, Ep/Es = 500, 1000 and
2000, are considered for further analysis of the effect of soil parameters on the nonlinear
dynamic response of the vertically loaded tapered pile. The taper angle of the pile θ is set
at 1◦, and the other parameters can be found in Table 1.

The resonant frequency, time history curves and hysteresis curves of loading and
vertical displacement of the tapered piles with different elastic modulus ratios Ep/Es are
depicted in Figure 10. The results show that the nonlinear dynamic response of the vertically
loaded tapered pile increases as the elastic modulus ratio Ep/Es increases. The amplitude
of the dynamic response increases by 267% when the elastic modulus ratios Ep/Es are
increased from 500 to 2000. This is mainly attributed to the fact that the decrease in soil
modulus surrounding the pile leads to a decrease in the frictional resistance of the tapered
pile. The hysteresis curve shows a counterclockwise inclination with an increase in soil
modulus. This is because the increase in the soil modulus leads to an increase in the soil
constraint on the pile, which also leads to a reduction in the degree of nonlinearity between
the tapered pile and the soil.
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Figure 9. Nonlinear dynamic characteristics of the vertically loaded tapered pile for different taper
angles with constant volume and pile length: (a) resonant frequency; (b) time history curves of
vertical displacement at pile top; (c) hysteresis curves of loading and vertical displacement.
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4.3. Effect of Soil Stratification on the Nonlinear Dynamic Response of the Tapered Pile

It should be noted that the former analysis of the pile is considered to be a foundation
embedded in a uniform elastic half-space, while the soil in engineering practice shows
layer distribution [48,49]. To clarify the effect of soil stratification on the dynamic response
of the tapered pile, both two and three soil layers are discussed in this section.

Considering the soil is divided into two layers: the shear velocity of the upper soil
layer Vsu = 150 m/s remains unchanged, and the shear velocity of the lower soil layer
Vsd gradually increases from 100 m/s to 200 m/s; the shear velocity of the lower soil
layer Vsd = 150 m/s remains unchanged, and the shear velocity of the upper soil layer Vsu
gradually increases from 100 m/s to 200 m/s. The taper angle of the pile θ is set at 1◦, and
the other parameters are the same as in Table 1. The resonant frequency and time history
curves of the constant volume tapered piles when considering the soil stratification are
shown in Figures 11 and 12. The results show that the resonant frequency of the tapered
pile increases as the shear velocity of the upper and lower soil layers increases, while the
vertical dynamic response of the tapered pile decreases. Obviously, the increase in the shear
wave velocity of the upper and lower soil layers will lead to an increasing ability of the
tapered pile to resist vertical deformation. However, the changes in dynamic properties
caused by changing the properties of the upper soil layer are more obvious, which indicates
that the upper soil properties play an important role in the nonlinear dynamic response of
the vertically loaded tapered pile.
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Figure 11. Nonlinear dynamic characteristics of the vertically loaded tapered pile at different shear
wave velocities of lower soil: (a) resonant frequency; (b) time history curves of vertical displacement
at pile top.
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Figure 12. Nonlinear dynamic characteristics of the vertically loaded tapered pile at different shear
wave velocities of upper soil: (a) resonant frequency; (b) time history curves of vertical displacement
at pile top.

To further analyze the influence of soil stratification, soil divided into three layers
is considered: the shear velocity of the upper and lower soil layers Vsu = Vsd = 150 m/s

27
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remains unchanged, and the shear velocity of the middle soil layer Vsm gradually increases
from 100 m/s to 200 m/s. The nonlinear dynamic response of the vertically loaded tapered
pile is shown in Figure 13. It is found that the vertical displacement at the top of the tapered
pile decreases gradually as the shear modulus of the middle soil layer increases, which also
implies that the overall dynamic stiffness of the vertically loaded tapered pile is increasing.
However, the change in resonant frequency and vertical displacement of the pile top is not
significant, which is similar to changing the properties of the lower soil.
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Figure 13. Nonlinear dynamic characteristics of the vertically loaded tapered pile at different shear
wave velocities of middle soil: (a) resonant frequency; (b) time history curves of vertical displacement
at pile top.

5. Conclusions

In this paper, the dynamic responses of the vertically loaded tapered piles are investi-
gated based on the nonlinear dynamic Winkler model with six springs, and the influences
of pile and soil parameters on the dynamic responses of vertically loaded tapered piles are
discussed. The main conclusions are drawn as follows:

(1) The simplified analytical model proposed in this study can effectively obtain the
nonlinear dynamic properties of the vertically loaded tapered piles, and it can ensure
high computational accuracy when the pile–soil segment n is equal to 200, which also
greatly reduces the computational cost.

(2) The taper angle and soil elastic modulus are the principal factors affecting the nonlin-
ear dynamic response of vertically loaded tapered piles. The dynamic response of the
tapered pile decreases with an increase in the taper angle or a decrease in the pile–soil
elastic modulus ratio.

(3) For the constant volume tapered pile, the vertical dynamic response decreases more
significantly when keeping the pile end radius constant as compared to when keeping
the pile length constant.

(4) The soil stratification has a great influence on the nonlinear dynamic characteristics of
vertically loaded tapered piles, especially the properties of the upper soil layer along
the pile shaft.
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Abstract: Vibrations generated by railways may undergo amplification or reduction while traversing
the foundations, floors, and spans of adjacent structures. This fluctuation in the vibration intensity,
identified as a building’s coupling loss, is commonly considered in vibration forecasts through
the utilization of universal frequency-independent adjustment parameters. This article employs
a theoretical analytical approach to investigate the propagation characteristics of Rayleigh waves
in elastic foundation soil, as well as the variations at the contact surface of buildings’ foundations.
Analytical expressions for the coupling loss coefficient are derived to explore the displacement
transfer relationship in the soil–structure interaction. To accurately and efficiently analyze the
proposed buildings and site, the entire vibration propagation system is decoupled into substructure
systems for independent analytical calculations. Theoretical analytical methods are utilized to obtain
the displacement transfer functions between the soil and the structures through the refraction and
transmission of waves. From a theoretical perspective, a thorough understanding of the interaction
between soil and buildings is achieved. The influence of various variables related to railways and
foundations on the building responses is analyzed. By comparing with measured data, the correctness
of the analytical form of the coupling loss coefficient is validated, filling a gap in the literature due to
the lack of analytical research on displacement transfer losses in soil–structure interactions.

Keywords: coupling loss; Rayleigh wave; soil vibration; vibration isolation; theoretical study

1. Introduction

The propagation of vibrations generated by railway systems can significantly im-
pact the structural integrity and comfort levels of adjacent buildings. These vibrations,
which may amplify or attenuate as they travel through soil and building foundations, are
quantified by the coupling loss coefficient, a critical factor when predicting and managing
building responses to environmental vibrations.

In the 1960s and 1970s, the gradual development of high-speed railways emerged as a
convenient and efficient transportation infrastructure in developed countries. A significant
focus of scholarly inquiry during this period involved the examination of the environmental
vibration responses induced by rail transit. In 1850, Professor Krylov et al. [1–3] in the
United Kingdom pioneered the establishment of a ground vibration prediction model,
basing it on the dynamic loads derived from vehicle loads. Utilizing the classical Green
function equation, their work delved into the study of ground vibration responses resulting
from rail transit. In 1970, Lang and Kurzweil [4] contributed a predictive Equation for
train-induced vibrations through extensive research, correlating the vibration levels and
distances with low-frequency vibrations. In 1988, Takemiya Hirokazu [5] employed a quasi-
static method to analyze the vibration response of the Shinkansen track system caused
by high-speed trains. This comprehensive analysis included the examination of viaduct
and pile foundation vibrations. Takemiya studied the resistance surrounding the vibration
source and the influence of layered soil on elastic wave propagation in the foundation
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soil, and then proposed a damping scheme. By comparing three different arrangements
encompassing diverse materials, damping effects, and wave damping zones, the optimal
damping effect was determined.

In 2020, Yue Jianyong et al. [6] employed a test method to measure the tunnel and
surrounding building accelerations before and after subway vibration reduction. This
facilitated the analysis and evaluation of subway vibration reduction effects. Building
on this, a finite element and infinite element coupling numerical simulation method was
employed to simulate the vibration response of surrounding buildings during subway
operations. The resulting vibration characteristics were then compared with measured
data. Fang Lei’s work in 2020 [7] involved simulating soil–structure interaction through
the derivation of the stiffness coefficients between soil and building. Additionally, an
enhancement to the prediction model’s accuracy was achieved through the application of
the random forest algorithm. In 2021, Colaco et al. [8–10] predicted the vibration generation
and propagation in the track–ground–building system using the 2.5DFEM-MFS method
for tracks and the 3DFEM method for buildings. In the same year, Sadeghi et al. [11–13]
established and verified a vibration acoustic model for buildings based on field test results.
The building parameters were categorized based on the structural and non-structural
characteristics, and a model parameter analysis was conducted to study the influence of
the building structural and acoustic parameters on structural noise. The derived prediction
model facilitated establishing the functional relationship between train-induced vibration
acceleration and buildings. In 2021, Yasser E. Ibrahim et al. [14] conducted a detailed three-
dimensional finite element analysis of a 10-story reinforced concrete frame structure based
on a raft, utilizing ABAQUS 2020. The study, employing a moving point load to simplify
the train load, investigated the effects of the train speed and the distance between the
train and the building on the vibration response of the foundation structure. The research
concluded that the use of open ditches and filled foam ditches mitigated the vibration
response induced by trains.

Presently, the numerical simulation method necessitates simplifications and assump-
tions within the overall finite element model, compromising the accuracy of the calculation
results. Although the test methods yield accurate and reliable results, they are time-
consuming and expensive. The test method is also susceptible to external factors, such
as the environmental conditions, sensor instability, and background noise, introducing
interference to the test data and thereby imposing limitations on the derived prediction
equations. In light of these considerations, this study derives the coupling loss coefficient
of an elastic soil foundation through theoretical analysis.

2. Theoretical Study of the Transfer Function Method

During the operation of a high-speed train, the vibrations generated by the interaction
between the train and the track propagate through the roadbed to the surrounding soil
and buildings, giving rise to a vibration transmission system involving the train, subgrade,
foundation soil, building foundation, and the building itself, as depicted in Figure 1.
The ISO14837-1 standard [15] defines the frequency domain function expression A(f ) for
building vibration, consisting of the source term S(f ), the propagation term P(f ), and
the receiving term R(f ). The magnitude of the building vibration A(f ) is mathematically
represented as A(f ) = S(f )P(f )R(f ). Consequently, employing the transfer function method,
the entire vibration propagation system is decomposed into sub-structural systems for
independent analysis and calculation (Equation (1)). These sub-structural systems include
the train–track–site soil system (refer to Figure 2), soil–structure dynamic interaction system
(refer to Figure 3), and building structural system (refer to Figure 4).

Ub( f ) = U0
soil( f ) · Cl( f ) · Fa( f ) (1)
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Equation (1) represents the calculation equation for the transfer function method.
Examining the equation, it becomes evident that the vibration response, U0

soil, of the free
field comprises the vibration source term, S(f ), and the propagation term, P(f ). Simulta-
neously, the receiving term, R(f ), comprises the coupling loss coefficient, Cl, and the floor
amplification coefficient, Fa. Notably, the floor amplification factor is solely determined
by the structural form and material characteristics of the building. To elaborate, once
the inherent properties, such as the structural form of the building, are established, the
floor amplification factor is determined accordingly. Consequently, the acceptance term,
R(f ), is solely dependent on the coupling loss coefficient, Cl. This paper focuses on the
investigation of the reflection and transmission law of Rayleigh waves propagating through
the building foundation. The relationship between incident waves, reflected waves, and
transmitted waves is thoroughly analyzed. Subsequently, the coupling loss coefficient
of the soil–structure transfer function is derived at the contact surface between the soil
and the structure. This approach eliminates the need for a complex modeling process and
measurement methods, ensuring both efficiency and accuracy in the calculation process.

2.1. Propagation Law of Rayleigh Waves

The propagation of waves through elastic materials is subject to geometric damping,
where, following the principle of the conservation of energy, the amplitude of the wave
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gradually decreases with increasing wave intensity and diffusion. Miller [16] was the first
to characterize the wave field under a concentrated load. Importantly, the acceptance term,
R(f ), is exclusively determined by the coupling loss coefficient, Cl [17].

Consequently, in incorporating the soil–structure interaction into the process of re-
solving the vibration response of a building, the floor amplification factor is determined
subsequent to establishing the building’s form. The determination of the floor amplifica-
tion factor is integral to comprehensively understanding and applying the soil–structure
interaction in the context of solving building vibration responses. On the free interface,
when the incidence angle of the SV wave is substantial, a Rayleigh surface waveform
manifests on the free interface, propagating along it with its amplitude diminishing as the
distance from the interface increases. While there are alternative methods for generating
Rayleigh surface waves, in a half space containing layered media, considering the free
surface boundary conditions, interlayer continuity, and amplitude limits of an infinite
domain, two distinct types of special solutions to waves emerge. One is confined solely
within the half space containing layered media, while the other extends beyond the plane.
Both categories of special solutions propagate along the free surface, with their amplitudes
gradually decreasing to zero at greater depths. These special solutions are identified as
Rayleigh surface waves and Love surface waves.

The decay of the vibration is influenced by the properties of the medium and increases
with the vertical distance. When the vertical distance is infinite, the displacement tends
toward zero, indicating that Rayleigh waves exclusively propagate on the soil surface [18].
While surface waves propagate along the free surface, the energy of body waves not only
travels along the free surface but also diffuses deeply within the medium. Consequently,
the amplitude of surface waves decays at a much slower rate than that of body waves.
Given that Rayleigh waves contribute to over two-thirds of environmental vibration during
the propagation process, an examination of the attenuation characteristics of Rayleigh
waves aids in understanding the laws governing vibration propagation. Consequently, this
paper exclusively focuses on studying the propagation and attenuation of Rayleigh waves.

2.2. Equation Derivation of Coupling Loss Coefficients

Currently, there is a deficiency in the theoretical research on the propagation of
Rayleigh waves in discontinuous media, both domestically and internationally. Previ-
ous efforts have predominantly relied on numerical methods, yielding specific outcomes.
The determination of the amplitude and angle of reflected and refracted waves generated
by P-waves and S-waves at the discontinuities of two media is achieved through precise
consideration of six boundary conditions at these interfaces.

However, owing to the unique nature of Rayleigh waves, the amplitude of the wave
mode transition from surface wave to body wave is also contingent upon the angle formed
by the interface of the medium. Simply addressing the reflection and refraction of Rayleigh
waves does not fully satisfy the requisite boundary conditions. Consequently, whether it is
a reflected or transmitted Rayleigh wave, the mathematical challenges are more intricate,
and the analytical methods are more demanding.

In 1961, Lapwood [19] delved into the reflection and transmission of Rayleigh waves
at specific angles, presenting theoretical conclusions. Building on these findings, Maurice
James [20] conducted an in-depth study on the reflection and transmission of Rayleigh
waves. The foundational concept in Maurice James’ work is that the residual difference
between the corresponding stress and displacement on either side of the contact surface
should be zero. Given the intricate waveform transformations of Rayleigh waves at in-
terfaces, including their potential transformation into Love waves or Stoneley waves,
achieving this residual condition is challenging. Jafar, Zarastvand and Zhou [21] developed
an analytical model to determine the sound transmission loss of a doubly curved sandwich
shell with various truss core configurations.

Recent studies on building vibrations from train operations highlight key advance-
ments. Qiu et al. [22] and Hu et al. [23] developed models for predicting and mitigating
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vibrations in elevated metro depots and over-track buildings, validated by field measure-
ments. He and Tao [24] created a prediction method for urban environments, considering
soil–structure interactions. Ma et al. [25] proposed a semi-analytical model for underground
train-induced vibrations, validated in the Hefei metro. These studies underscore the im-
portance of predictive modeling and validation in designing effective vibration mitigation
strategies for improved urban living conditions.

While the residual cannot feasibly reach zero if Rayleigh waves only assume trans-
mission or reflection forms, Maurice James proposed the selection of suitable transmission
and reflection coefficients to minimize the relevant equation. This approach aims to bring
the residual as close as possible to the zero condition, acknowledging the complexity of
Rayleigh wave transformations and providing a pragmatic solution to enhance the accuracy
of theoretical considerations.

I0 =
1
I1

∫ ∞
0

{
|σxx − σ′xx|2 + |τxx − τ′xx|2

}
dz

+
1
I2

∫ ∞
0

{
|u− u′|2 + |w− w′|2

}
dz = 0

(2)

In Equation (2), σxx, σ′xx, τxz, τxz
′, u, u′, and w, w′ are the normal stresses, shear

stresses, vertical displacements and horizontal displacements in the two different media,
respectively. The residual I0 represents the disparity between stress and displacement
at the interface, while I1 and I2 denote integral expressions of stress and displacement,
respectively. These expressions in Equation (3) specifically account for the contributions
solely arising from the incident Rayleigh waves at the medium’s discontinuity.

I1 =
∫ ∞

0

{
|σxx0|2 + |τxz0|2

}
dz

I2 =
∫ ∞

0

{
|u0|2 + |w0|2

}
dz = 0

(3)

where σxxo, τxzo, uo, and wo are the normal stresses, shear stresses, vertical displacements
and horizontal displacements at the interface position, respectively.

The illustration in Figure 5 depicts the propagation of Rayleigh waves on the discon-
tinuous surface of a quarter-space medium.
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After simplification, the expression for I0 is obtained:

I0 = (A + J)(1 + R)2 + (B + G)(1− R)2 + (F + I)T(1− R)
+(C + E + H + K)T2 + (D + L)T(1 + R)

(4)

In Equation (4), the functions designated by the letters A to L are solely dependent on
two media parameters, which can be computed to fixed values. Consequently, within the
equation, only R and T remain as the two unknowns.

To minimize the value of I0, the reflection coefficient R and transmission coefficient T
can finally be calculated and determined by ∂I0

∂R = 0, ∂I0
∂C = 0.

During the simplification of the equation, the wave circular frequency ω is factored
out, and as a result, the widely used transmission coefficient R and reflection coefficient T
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are only affected by the elastic modulus on both sides of the medium. This is significant
because the expression for these coefficients is not limited to simple harmonic waves but can
be extended to non-periodic waveforms as well. Any wave, through the Fourier transform,
can be decomposed into the superposition of several simple harmonic waves. Each of
these simple harmonic waves possesses reflection and transmission coefficients that are
independent of the circular frequency. Consequently, the integrals of these simple harmonic
waves also have reflection and transmission coefficients that are irrelevant to the circular
frequency.

When Rayleigh waves interact with a quarter space, the primary outcomes include
the generation of reflected Rayleigh waves (ψ2, ϕ2) and refracted Rayleigh waves (ψ3, ϕ3).
Specifically, ψ1 and ϕ1 represent vertically incident waves originating from the positive
direction of the x-axis toward the interface between the building foundation and the soil
mass (at x = 0). Relevant expressions can be listed from Equations (5) to (7):

ψ1 = A1e−rzei(wt−kr x), ϕ1 = B1e−szei(wt−kr x) (5)

ψ2 = A2e−rzei(wt+kr x), ϕ2 = B2e−szei(wt+kr x) (6)

ψ3 = A3e−r′zei(wt−kr
′x), ϕ3 = B3e−s′zei(wt−kr

′x) (7)

where A1~A3 and B1~B3 are constants, while ϕ1, ϕ2, ϕ3 and Ψ1, Ψ2, Ψ3 are the wave
potential functions of incident wave, reflected wave and transmitted wave in two different
medias, respectively.

According to the boundary conditions, the left-travelling wave Bi = −b·Ai/(2ikrs) and
the right-travelling wave Bi = b·Ai/(2ikrs), where (i = 1, 2, 3).

The stress and displacement on the left side of the axis x = 0 can be expressed in the
following Equations from (8) to (11):

u =
∂ϕ

∂x
− ∂φ

∂z
= ikr(A1 − A2)

(
2sr
b

e−sz − e−rz
)

(8)

w =
∂ϕ

∂z
+

∂φ

∂x
= −r(A1 + A2)

(
−2k2

r
b

e−sz + e−rz
)

(9)

σxx = λ
(

∂w
∂x + ∂u

∂z

)
+ µ ∂u

∂x
= −µ(A1 + A2)(−be−sz + ae−rz)

(10)

τxz = µ
(

∂w
∂x + ∂u

∂z

)

= 2µirkr(A1 − A2)(−e−sz + e−rz)
(11)

where λ and µ are the Lame constants of elastic medium one.
The stress and displacement on the right side of the axis x=0 can be expressed in the

following Equations from (12) to (15):

u′ = ik′r(A3 − A4)

(
2s′r′

b
e−s′z − e−r′z

)
(12)

w′ = −r′(A3 + A4)

(
−2k′2r

b
e−s′z + e−r′z

)
(13)

σ′xx = −µ′(A3 + A4)
(
−b′e−s′z + a′e−r′z

)
(14)

τ′xz = 2µirkr(A3 − A4)
(
−e−s′z + e−r′z

)
(15)

36



Buildings 2024, 14, 1933

where the parameters with the superscript symbol ′ represent the parameters of medium
two, which have the same meaning as the parameters in medium one.

The residual expression of stress and displacement caused by incident Rayleigh waves
on both sides of the interface x = 0 are:

u0 = ikr A1(
2sr
b e−sz − e−rz)

w0 = −rA1(− 2kr
2

b e−sz + e−rz)
σxx0 = −µA1(−be−sz + ae−rz)
τxz0 = 2µirkr A1(e−sz − e−rz)

(16)

Among them,
s2 = kr

2 − kβ
2, b2 = 2r2 + kβ

2

kα = w
cp

, kβ = w
cs

, kr =
w
cR

(17)

The above equations are put into Equations (2)–(8), and in order to minimize I0,
∂I0
∂R = 0, ∂I0

∂T = 0 is defined. The reflection coefficient R and transmission coefficient T can be
expressed as:

R =
A2

A1
=

X−U
V −Y

(18)

T = X + YR (19)

Among them,

X = −(D + L + F + I)
(C + E + H + K) , Y = −(D − L + F + I)

2(C + E + H + K)

U = −(A + J − B − G)
(F + I − D − L) , V = 2(A + J + B + G)

(F + I − D − L)

(20)

The expressions from A to L are deduced in the following Equations from (21) to (34).

A =
(c− b)2

α0
(21)

B =
1
α0

b2r
s

[
1
2r

+
1
2s
− 2

r + s

]
(22)

C =
1
α0

(
µ′

µ

)2[ a′2

2r′
+

b′2

2s′
− 2a′b′

r + s

]
(23)

D = − 2
α0

(
µ′

µ

)[
a′a

r + r′
+

b′b
s + s′

− a′b
r′ + s

− ab′

r + s′

]
(24)

E =
1
α0

(
µ′

µ

)2 b2r
s

[
1

2r′
+

1
2s′
− 2

r′ + s′

]
(25)

F = − 8
α0

(
µ′

µ

)
k′rkrr′r

[
1

r + r′
+

1
s + s′

− 1
r′ + s

− 1
r + s′

]
(26)

G =
kr

2

β0

[
1
2r

+
2sr2

b2 −
4sr

b(r + s)

]
(27)

H =
−2kr

′kr

β0

[
1

2r′
+

2sr2

b′2
− 4s′r′

b′(r′ + s′)

]
(28)

I = −2kr
′kr

β0

[
1

r+r′ +
4ss′rr′

bb′(s+s′)

− 2sr
b(r′+s) − 2s′r′

b′(r+s′)

] (29)

37



Buildings 2024, 14, 1933

J =
r2

β0

[
1
2r

+
2kr

4

b2s
− 4kr

2

b(r + s)

]
(30)

M =
r′2

β0

[
1

2r′
+

2k′r
4

b′2s′
− 4k′r

2

b′(r′ + s′)

]
(31)

L = −2r′r
β0

[
1

r+r′ +
4k′

2
rk2

r
bb′(s+s′)

− 2k2
r

b(r′+s) −
2k′2r

b′(r+s′)

] (32)

α0 =
a2s + b2r

2rs
+

s2b + b2r
2s2 − 2abs + 2b2r

s(r + s)
(33)

β0 =
k2

r + r2

2r
+

br
2s2 −

b
s

(34)

Given the considerable distance between the building foundation and the point of the
vibration source, along with the substantial magnitude difference between the soil and the
stiffness value of the building foundation, it is assumed that after the incidence of Rayleigh
waves on the building foundation, the foundation undergoes rigid motion, resulting in
equal vertical displacements everywhere. Therefore, the vertical displacements are denoted
as U0

foot = A3 and U0
soil = A1. With these considerations, the relational expression for the

coupling loss coefficient (Cl) is as follows:

Cl =
U f oot

0

Usoil
0

=
A3

A1
= T = X + YR, R =

A2

A1
=

X−U
V −Y

(35)

U0
foot represents the vertical vibration response of the building foundation surface

when a building is present on-site, and U0
soil denotes the vertical response value of the free

field in the absence of a building foundation, as illustrated in Figure 6.
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3. Verification of the Derived Results for the Coupling Loss Coefficient

To validate the accuracy of the derived coupling loss coefficient in the soil–structure
transfer function, as derived from the Rayleigh wave reflection and transmission theory on
the dielectric discontinuity, and to enhance the effectiveness of subsequent calculations of
the building vibration responses, a comparative analysis is employed. This method involves
comparing the derived results with references in this section. This validation process helps
ensure the reliability and correctness of the theoretical framework developed for predicting
the coupling loss coefficient in the soil–structure interaction, thereby enhancing confidence
in the subsequent calculations related to the building vibration responses.

The data from Colaco et al. [10] are utilized for the soil and building foundation
parameters in this study. The selected parameters for the soil medium are as follows:

• Shear wave velocity: Cs1 = 150 m/s
• Poisson’s ratio: ν = 0.35
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• Density: ρ = 1900 kg/m3

• Shear modulus: G1 = 42.75 MPa
• Elastic modulus: E = 115.425 MPa

For the building foundation:

• Shear wave velocity: Cs2 = 2236.08 m/s
• Poisson’s ratio: ν′ = 0.2
• Density: ρ′ = 2500 kg/m3

• Shear modulus: G2 = 125 GPa
• Elastic modulus: E′ = 30 GPa
• Building foundation side length: Bf = 1.5 m
• Thickness: h = 0.6 m

These parameters will be used for the comparative analysis and validation of the
derived coupling loss coefficient in the soil–structure transfer function.

Colaco et al. [26–30] utilized the semi-analytic soil medium model introduced by
Bucinskas. In their work, they obtained the soil–structure interaction (SSI) curve based
on the Green function in the frequency–wave number domain. This approach effectively
captured the relationship between the vibration response of the free field at the building
foundation and the vibration response at the center of the building foundation in the
presence of a building foundation. In this study, to streamline the calculation process, the
soil medium and building parameters are input into a pre-designed table. The coupling
loss coefficient is then determined using the Rayleigh wave refraction and transmission
theory at various media contact surfaces. Subsequently, the coupling loss coefficient Cl(f )
obtained through the reflection and transmission theory of Rayleigh waves on media
discontinuities is compared with the SSI(ω) curve data obtained by. This comparison is
conducted through the fitting of the Isqnonlin function, and the results are illustrated in
Figure 7. This comparative analysis aims to validate and assess the accuracy of the derived
coupling loss coefficient in relation to the SSI curve data obtained.
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Figure 7. Coupling loss coefficient Cl and SSI (w) curve comparison.

The average ratio between the coupling loss coefficient and the SSI curve, as indicated
by the data, is approximately 1.088, and it remains below 1.1. This suggests that the error
is below 10%. Moreover, from the observation in Figure 7, it is evident that the coupling
loss coefficient and SSI curves are of the same order of magnitude, and their values are
closely aligned. The maximum value tends toward 1, and the minimum value tends toward
0. Therefore, the results of the coupling loss coefficient derivation appear reasonable and
consistent with the SSI curve data, further supporting the validity of the proposed method.

3.1. Effect of Different Parameters on Coupling Loss Coefficient

The expression for the coupling loss coefficient in the soil–structure transfer function,
as derived in Section 2.2 of this paper, is indeed intricate. The expression reveals that
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alterations in parameters such as the width (Bf), height (h), material properties, and others
of the building foundation, as well as variations in the soil mass parameters, can impact the
value of the coupling loss coefficient. To investigate the influence of these parameters on
the coupling loss coefficient, a control variable method is employed. This method allows
for the systematic analysis of how changes in the parameters of the soil mass and the
building foundation affect the coupling loss coefficient. This comprehensive analysis aims
to discern the laws governing the impact of these parameters on the coupling loss coefficient,
providing valuable insights into the behavior of the soil–structure interaction system.

Under standard conditions, the parameters for the soil mass and building foundation
are as follows:

For the soil mass:

• Shear wave velocity: Cs1 = 150 m/s
• Poisson’s ratio: ν = 0.35
• Density: ρ = 1900 kg/m3

• Shear modulus: G1 = 42.75 MPa
• Elastic modulus: E = 115.425 MPa

For the building foundation:

• Shear wave velocity: Cs2 = 2236.08 m/s
• Poisson’s ratio: ν′ = 0.2
• Density: ρ′ = 2500 kg/m3

• Shear modulus: G2 = 125 GPa
• Elastic modulus: E′ = 30 GPa
• Building foundation side length: Bf = 1.5 m
• Thickness: h = 0.6 m

Additionally, the horizontal distance from the Ricker pulse-hammering point to the
building foundation is specified as 10 m. Refer to Figures 8 and 9 for a visual representation
of the setup.
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where ts = 0.1 s, TR = 0.01 s. The time domain and frequency domain of the Ricker pulse 
are shown in Figures 10 and 11. 
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Buildings 2024, 14, 1933 11 of 24 
 

to discern the laws governing the impact of these parameters on the coupling loss coeffi-
cient, providing valuable insights into the behavior of the soil–structure interaction sys-
tem. 

Under standard conditions, the parameters for the soil mass and building foundation 
are as follows: 

For the soil mass: 
• Shear wave velocity: Cs1 = 150 m/s 
• Poisson’s ratio: ν = 0.35 
• Density: ρ = 1900 kg/m³ 
• Shear modulus: G1 = 42.75 MPa 
• Elastic modulus: E = 115.425 MPa 

For the building foundation: 
• Shear wave velocity: Cs2 = 2236.08 m/s 
• Poisson’s ratio: ν′ = 0.2 
• Density: ρ′ = 2500 kg/m³ 
• Shear modulus: G2 = 125 GPa 
• Elastic modulus: E′ = 30 GPa 
• Building foundation side length: Bf = 1.5 m 
• Thickness: h = 0.6 m 

Additionally, the horizontal distance from the Ricker pulse-hammering point to the 
building foundation is specified as 10 m. Refer to Figures 8 and 9 for a visual representa-
tion of the setup. 

 
Figure 8. Top view of relationship between the building and the Ricker pulse position. 

Ub

3m
3m

3m

5.4m5.4m

S3 S2 S1

F( f )

 
Figure 9. Main view of the relationship with the Ricker pulse position of the building. 

The expression of the Ricker pulse is: 
22 ( )

( )( ) 2 1 )3 1(
s

R

t t
Ts

R

t tF t e
T

π
π

 −
− 
 

  −
 = − 

  
−


 (36)

where ts = 0.1 s, TR = 0.01 s. The time domain and frequency domain of the Ricker pulse 
are shown in Figures 10 and 11. 

S6 S5 S4

S3 S2 S1

5.4m5.4m10m

F( f )

6.
4m

Figure 9. Main view of the relationship with the Ricker pulse position of the building.

40



Buildings 2024, 14, 1933

The expression of the Ricker pulse is:

F(t) =

[
2
(

π(t− ts)

TR

)2

− 1

]
e−(

π(t−ts)
TR

)
2

(3− 1) (36)

where ts = 0.1 s, TR = 0.01 s. The time domain and frequency domain of the Ricker pulse
are shown in Figures 10 and 11.
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3.2. Angle Effect on Coupling Loss Coefficient

In the analysis, the horizontal projection point O of the hammering point is kept at
a fixed distance LOA = 10m from the center A of the building foundation. The damping
distance of the Rayleigh wave in front of the building foundation varies with the change in
the included angle θ, impacting the dynamic interaction. The analytical diagram consider-
ing the angle effect on the coupling loss coefficient is depicted in Figure 12. Additionally,
Figure 13 illustrates the influence of different angles on the coupling loss coefficient. These
figures provide visual representations of how the included angle θ affects the coupling loss
coefficient and help in understanding the dynamic interaction under varying conditions.
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From Figure 13, when the incidence angle θ is within the range of 0 to 45 degrees,
assuming no change in the distance LOA (10m) between the horizontal projection point O
and the building foundation center A, the propagation distance of the wave in front of the
building foundation gradually increases with the rise of the included angle θ. Consequently,
the wave damping leads to a gradual reduction in the soil–foundation interaction. As a
result, the coupling loss coefficient will progressively increase. Conversely, when the
incidence angle θ is in the range of 45 to 90 degrees, the change in the rule is the opposite,
leading to different trends in the coupling loss coefficient.
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3.3. Effect of Building Foundation Parameters on Coupling Loss Coefficient
3.3.1. Effect of Building Foundation Size

The variation in the building foundation parameters induces changes in the stiff-
ness of the foundation, subsequently impacting the coupling loss coefficient in the soil–
structure interaction. Different building foundation sizes are considered, represented by
Q1 = 1.5 m × 1.5 m × 0.6 m, Q2 = 2.0 m × 2.0 m × 0.8 m, and Q3 = 2.5 m × 2.5 m × 1.0 m.
By applying the expression of the coupling loss coefficient derived in Section 2.2, the cou-
pling loss coefficient in the soil–structure transfer function of foundation S3 is observed
to change with the building foundation size under the influence of different sizes Q, as
illustrated in Figure 14. This analysis provides insights into how alterations in the building
foundation size can affect the soil–structure interaction dynamics.

Buildings 2024, 14, 1933 13 of 24 
 

 
Figure 13. Analytical diagram of the different angles’ effect on the coupling loss coefficient. 

From Figure 13, when the incidence angle θ is within the range of 0 to 45 degrees, 
assuming no change in the distance LOA (10m) between the horizontal projection point O 
and the building foundation center A, the propagation distance of the wave in front of the 
building foundation gradually increases with the rise of the included angle θ. Conse-
quently, the wave damping leads to a gradual reduction in the soil–foundation interac-
tion. As a result, the coupling loss coefficient will progressively increase. Conversely, 
when the incidence angle θ is in the range of 45 to 90 degrees, the change in the rule is the 
opposite, leading to different trends in the coupling loss coefficient. 

3.3. Effect of Building Foundation Parameters on Coupling Loss Coefficient 
3.3.1. Effect of Building Foundation Size 

The variation in the building foundation parameters induces changes in the stiffness 
of the foundation, subsequently impacting the coupling loss coefficient in the soil–struc-
ture interaction. Different building foundation sizes are considered, represented by Q1 = 
1.5 m × 1.5 m × 0.6 m, Q2 = 2.0 m × 2.0 m × 0.8 m, and Q3 = 2.5 m × 2.5 m × 1.0m. By applying 
the expression of the coupling loss coefficient derived in Section 2.2, the coupling loss 
coefficient in the soil–structure transfer function of foundation S3 is observed to change 
with the building foundation size under the influence of different sizes Q, as illustrated in 
Figure 14. This analysis provides insights into how alterations in the building foundation 
size can affect the soil–structure interaction dynamics. 

 
Figure 14. Different Q–coupling loss coefficient curve of building foundation S3. Figure 14. Different Q–coupling loss coefficient curve of building foundation S3.

In Figure 14, it is evident that as the building foundation size increases, the value of
the coupling loss coefficient decreases. This implies that the displacement ratio between the
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building foundation and the free field soil diminishes, resulting in an increased interaction
force between the soil and the building. The increase in size corresponds to an increase
in the stiffness of the building foundation, and consequently, a larger disparity in the
effective stiffness between the soil mass and the foundation. This intensifies the interaction
between the soil mass surrounding the foundation and the building foundation, making
the interaction more pronounced.

3.3.2. Effect of Building Foundation Density

Under three working conditions, where the density of the building foundation is
ρ′1 = 2400 kg/m3, ρ′2 = 2500 kg/m3, and ρ′3 = 2600 kg/m3, with the other parameters
unchanged, the calculation equation for the coupling loss coefficient is applied. The
resulting variations in the coupling loss coefficient of the soil–structure transfer function
with different building foundation densities are illustrated in Figure 15. This analysis
provides insights into how changes in the building foundation density affect the coupling
loss coefficient and, consequently, the soil–structure interaction dynamics.
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3.3.3. Effect of Elastic Modulus of Building Foundation

Under three different working conditions, where the elastic modulus of the building
foundation is selected as E′1 = 28.0 GPa, E′2 = 30.0 GPa, and E′3 = 32.5 GPa, with the other
parameters unchanged, the calculation equation for the coupling loss coefficient is applied.
The resulting variations in the coupling loss coefficient of the soil–structure transfer function
with different building foundation elastic moduli are illustrated in Figure 16. This analysis
provides insights into how changes in the elastic modulus of the building foundation affect
the coupling loss coefficient and, consequently, the soil–structure interaction dynamics.
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When the elastic modulus of the building foundation (E’) changes from 28.0 GPa to
32.5 GPa, the coupling loss coefficient gradually decreases in the frequency band from 10
to 30 Hz. This suggests that the displacement ratio between the building foundation and
the free field soil mass decreases gradually within this specific frequency range. However,
there is no significant effect on the coupling loss coefficient when there are changes in the
elastic modulus of the building foundation in other frequency bands. This observation
indicates that the impact of the elastic modulus on the coupling loss coefficient is frequency-
dependent and more pronounced within the specified frequency range.

3.4. Effect of Soil Parameter Variation on Coupling Loss Coefficient
3.4.1. Effect of Soil Mass Elastic Modulus E on Coupling Loss Coefficient

To explore the impact of changes in the elastic modulus of the soil mass on the coupling
loss coefficient in the soil—structure transfer function, different values for the soil elastic
modulus (E) were considered: E1 = 100 MPa, E2 = 150 MPa, E3 = 200 MPa, and E4 = 250 MPa.
By utilizing the expression of the coupling loss coefficient introduced in Section 2.2, the
resulting variations in the coupling loss coefficient of the soil–structure transfer function
with different soil mass elastic moduli are illustrated in Figure 17. This analysis sheds light
on how alterations in the soil elastic modulus influence the coupling loss coefficient and,
consequently, the soil–structure interaction dynamics.
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From Figure 17, it is apparent that as the soil elastic modulus (E) changes from
100 MPa to 250 MPa, the coupling loss coefficient gradually increases. This implies that
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the displacement ratio between the building foundation and the soil in the free field
increases gradually. With the increase in the soil elastic modulus (E), the stiffness of the
soil mass becomes larger, resulting in a smaller stiffness ratio between the soil and the
building foundation. Consequently, the interaction between the soil mass and the building
foundation becomes less pronounced, leading to an increase in the coupling loss coefficient.

3.4.2. Effect of Soil Mass Density on Coupling Loss Coefficient

For three different working conditions, where the soil density is selected as ρ1 = 1900 kg/m3,
ρ2 = 2000 kg/m3, and ρ3 = 2100 kg/m3, with the other parameters unchanged, the cal-
culation equation for the coupling loss coefficient is applied. The resulting variations in
the coupling loss coefficient of the soil–structure transfer function with different soil mass
densities are illustrated in Figure 18. This analysis provides insights into how changes in
the soil density affect the coupling loss coefficient and, consequently, the soil–structure
interaction dynamics.

From Figure 18, it is evident that as the density ρ of the soil mass changes from
1900 kg/m3 to 2100 kg/m3, the coupling loss coefficient gradually increases. This indicates
a gradual increase in the displacement ratio between the building foundation and the free
field soil mass. The increase in the coupling loss coefficient is attributed to the increasing
density of the soil mass. As the soil density increases, the contact area between the soil
particles per unit volume also increases, enhancing the overall stiffness of the soil mass. This,
in turn, results in a gradual increase in the stiffness ratio between the soil and the concrete
foundation, making the interaction between the soil mass and the concrete foundation
less pronounced.
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3.4.3. Effect of Soil Poisson’s Ratio on Coupling Loss Coefficient

For three different working conditions, where the Poisson’s ratio of the soil is selected
as ν1 = 0.2, ν2 = 0.3, and ν3 = 0.4, with the other parameters unchanged, the calculation
equation for the coupling loss coefficient is applied. The resulting variations in the coupling
loss coefficient of the soil–structure transfer function with different Poisson’s ratios of the
soil mass are illustrated in Figure 19. This analysis provides insights into how changes
in the Poisson’s ratio of the soil affect the coupling loss coefficient and, consequently, the
soil–structure interaction dynamics.
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The data of the case in Section 3.1 are input into the above equation, and the free field 
displacement U0soil curve at S3 of the building foundation under a Ricker pulse is obtained 
as follows. 

From Figure 21, it can be observed that the frequency corresponding to the peak ver-
tical displacement is approximately 120 Hz. This aligns with the peak of the Ricker pulse 
excitation frequency spectrum curve. 
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From Figure 19, it is apparent that as the Poisson’s ratio (ν) of the soil mass changes
from 0.2 to 0.4, the coupling loss coefficient in the soil–structure transfer function increases
gradually. This implies a gradual increase in the displacement ratio between the building
foundation and the soil mass. Moreover, the interaction force between the soil mass and
the building foundation decreases gradually. The observed trends suggest that changes in
the Poisson’s ratio of the soil affect the soil–structure interaction dynamics, influencing the
coupling loss coefficient accordingly.

4. Case Study: Building Foundation Response under Ricker Pulse

The vertical displacement expression of the building foundation is:

U f oot
0 ( f ) = Usoil

0 ( f ) · Cl( f ) (37)

The expression for the coupling loss coefficient Cl(f) has been derived in Section 2.2.
Consequently, the vertical free field displacement of the building foundation under the
action of a Ricker pulse can be denoted as U0

soil (as shown in Figure 20). The vertical
displacement U0

foot of the building foundation under the action of a Ricker pulse can then
be determined using this expression.
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4.1. Solution of Vertical Displacement Response of Free Field under Ricker Pulse

In Equation (38), the expression for the vertical displacement of the free field particle
at the building foundation under a simple harmonic load F(t) = Peiωt is as follows:

Usoil
0 =

p
µ

ξ

√
1

rλr
cos
(

ωt− krr− π

4

)
(38)

The data of the case in Section 3.1 are input into the above equation, and the free field
displacement U0

soil curve at S3 of the building foundation under a Ricker pulse is obtained
as follows.

From Figure 21, it can be observed that the frequency corresponding to the peak
vertical displacement is approximately 120 Hz. This aligns with the peak of the Ricker
pulse excitation frequency spectrum curve.
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Recognizing the proximity of the coupling loss coefficient curves for different foun-
dations, a Gaussian curve is contemplated for fitting to derive the coupling loss coefficient 
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The variable c serves as a real constant, representing the standard deviation. The de-
termination of the standard deviation c value is achieved through fitting the coupling loss 
coefficient curves of the building foundations S1, S2, and S3 using the Isqnonlin function in 
MATLAB. The resulting coupling loss coefficient curves, denoted as Cl, fitted to the build-
ing foundations S1, S2, and S3, are depicted in Figure 23. 
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4.2. Solution for the Coupling Loss Coefficient of Building Foundation

According to the expression Cl of the coupling loss coefficient in Section 2.2, the
coupling loss coefficient curves of S1, S2, S3 of the building foundation can be drawn in
Figure 22.
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Recognizing the proximity of the coupling loss coefficient curves for different founda-
tions, a Gaussian curve is contemplated for fitting to derive the coupling loss coefficient for
the entire building. The expression is:

G(γR) = exp−
(γR)2

2c2 , γR =
ωB f

4πCs
(39)

The variable c serves as a real constant, representing the standard deviation. The
determination of the standard deviation c value is achieved through fitting the coupling
loss coefficient curves of the building foundations S1, S2, and S3 using the Isqnonlin function
in MATLAB. The resulting coupling loss coefficient curves, denoted as Cl, fitted to the
building foundations S1, S2, and S3, are depicted in Figure 23.
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4.3. Solution of Vertical Displacement of Building Foundation 
Considering that the vibration response of the building foundation is given by 

U0foot(f)=U0soil(f)⋅Cl(f), the vertical displacement curve of the free field at the building foun-
dation S3 under Ricker pulse action (Figure 21) is multiplied by the fitting coupling loss 
coefficient, as illustrated in Figure 24. Consequently, the vertical displacement values 
U0foot(f) of the building foundation S3 under a Ricker pulse are obtained, as depicted in 
Figure 25. 
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4.3. Solution of Vertical Displacement of Building Foundation

Considering that the vibration response of the building foundation is given by
U0

foot(f) = U0
soil(f )·Cl(f ), the vertical displacement curve of the free field at the building

foundation S3 under Ricker pulse action (Figure 21) is multiplied by the fitting coupling
loss coefficient, as illustrated in Figure 24. Consequently, the vertical displacement values
U0

foot(f ) of the building foundation S3 under a Ricker pulse are obtained, as depicted in
Figure 25.
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Figure 25. Vertical displacement curve of the S3 building foundation under a Ricker pulse. 
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placement value U0soil(f) of the building foundation Sb under a Ricker pulse are presented 
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It is evident from the figure that the frequency corresponding to the peak vibration
response of the building foundation is higher than that corresponding to the peak vibration
response of the soil mass. This discrepancy can be attributed to the significant differences
in the elastic modulus and density between the concrete foundation and the soil mass. Ac-
counting for the coupling loss coefficient helps mitigate the response of the high-frequency
vibration component. The vertical displacement value U0

foot(f ) and free field displacement
value U0

soil(f ) of the building foundation Sb under a Ricker pulse are presented in Figure 27.
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Figure 27. Vertical displacement curve of the building foundation S1 and vertical displacement 
curve of the free field under a Ricker pulse. 

5. Application Case: Prediction of High-Speed Train-Induced Soil–Structure Vibra-
tion 

To validate the accuracy of the soil–structure transfer function method in predicting 
the vibrations induced by high-speed trains on a proposed building, a comparison was 
performed with actual measurement data. The experimental building is a 12-story rein-
forced concrete structure with a total height of 36.6 m above ground. The first floor has a 
height of 3.6 m, while the remaining floors are each 3 m high. The total length is 45 m, 
comprising 10 rooms, with each bay measuring 4.5 m. The spans are 6 m + 2.4 m + 6 m. 
The distance between the centerline of the railway track and the building is 12 m, as illus-
trated in Figure 28. The soil parameters of the experimental site are shown in Table 1. 

 
Figure 28. Test site. 

  

Figure 27. Vertical displacement curve of the building foundation S1 and vertical displacement curve
of the free field under a Ricker pulse.

5. Application Case: Prediction of High-Speed Train-Induced Soil–Structure Vibration

To validate the accuracy of the soil–structure transfer function method in predicting
the vibrations induced by high-speed trains on a proposed building, a comparison was
performed with actual measurement data. The experimental building is a 12-story rein-
forced concrete structure with a total height of 36.6 m above ground. The first floor has
a height of 3.6 m, while the remaining floors are each 3 m high. The total length is 45 m,
comprising 10 rooms, with each bay measuring 4.5 m. The spans are 6 m + 2.4 m + 6 m. The
distance between the centerline of the railway track and the building is 12 m, as illustrated
in Figure 28. The soil parameters of the experimental site are shown in Table 1.
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Table 1. Soil parameters at the test site.

Type Elastic Modulus E/MPa Poisson Density (kg/m3) Thickness (m)

Backfill 29 0.4 1700 1
Sand clay 127 0.33 1880 3
Coarse sand 150 0.33 1918 4
Gravel sand 430 0.29 1211 40

The measured values of the maximum vertical vibration acceleration are selected for
the analysis. The soil and building parameters at the test site are then substituted into
the soil–structure transfer function to calculate the building’s vibration response. The
vibration response of each floor is analyzed using the vibration acceleration level (VAL) as
an indicator.
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The measured values are to be compared with the calculated results from the analytical
coupling loss coefficient, as illustrated in Figure 29. It can be observed that the test values
of the building vibrations generally show an increasing trend with the number of floors,
although it is not consistently monotonic. The results obtained using the soil–structure
transfer function method exhibit a monotonic increase and slightly surpass the measured
average value. Both numerical trends demonstrate an overall increase with the number
of floors, and the values are relatively close, indicating the feasibility of the soil–structure
transfer function method in predicting the vibrational response of buildings induced by
train activity.
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6. Conclusions

This paper successfully derives the calculation equation for the transfer function
coupling loss coefficient and thoroughly analyzes the factors influencing the coupling loss
coefficient, such as the angle, soil mass parameters, and building foundation parameters.
Furthermore, the obtained vertical displacement values of the building foundation under a
Ricker pulse are compared with references, providing a solid foundation for calculating the
building’s vibration response.

(1) Advantages of the Coupling Loss Coefficient in the Soil–Structure Transfer Function:
The coupling loss coefficient streamlines the calculation process, eliminating the need

for testing and extensive modeling. Theoretical analysis allows for a quick and accurate
determination of the displacement transfer relationship between the soil and the building,
effectively illustrating their interaction.

(2) Complexity and Parameter Dependencies of the Coupling Loss Coefficient:
The coupling loss coefficient exhibits complexity and dependencies on the building

foundation and soil mass parameters. The analysis reveals that increasing the building
foundation size results in an increased coupling loss coefficient, indicating a reduction
in the displacement ratio between the building foundation and the free field soil mass,
leading to decreased interaction force. Moreover, the coupling loss coefficient is influenced
by changes in the elastic modulus, density, and Poisson’s ratio of the building foundation
and soil mass.

(3) Insights from the Coupling Loss Coefficient Curve:
The coupling loss coefficient curve demonstrates values ranging from 0 to 1, signifying

that in the presence of a building foundation, Rayleigh wave transmission and reflection
occur, mitigating the vibration induced by incident Rayleigh waves.

In summary, the findings of this study offer valuable insights into the coupling loss
coefficient, its dependencies, and its role in reducing the vibrations induced by Rayleigh
waves. Utilizing the soil–structure transfer function, this research efficiently forecasts the
building vibrations induced by train activities. This method, after determining the coupling
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loss and floor amplification coefficients, integrates with a broad range of free field vibration
data. It simplifies and enhances the predictions for structures influenced by various factors,
such as construction, seismic events, road traffic, and explosions. By providing a versatile
tool, the approach aids in swiftly and accurately anticipating vibrations, especially for
prospective buildings near high-speed rail tracks.
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Abstract: When urban subway trains run in the depot, they can cause vibration and noise, which
affects the safety and reliability of the structure under the track, and these transmits to the over-track
buildings and often trouble passengers and staff. This paper established a coupling model of a
track–metro depot–over-track building based on the structural finite element method and analyzed
vibration response and then summarized the vibration transmission and distribution characteristics
as the speed changes. The results show that, at train speeds of 20 km/h and 5 km/h, the Z-vibration
level difference between the two at the rail is nearly 20 dB, and the vibration can be reduced by 17.9%
at most. The difference between the two on the 9 m platform is 6–8 dB and 5–14 dB on the 16 m
platform, and the vibration can be reduced by 17.7% at most. The difference between the two in the
over-track building is 3–11 dB, and the vibration can be reduced by 13.0% at most. The vibration has
the highest energy within a range of 2 m radiating from the center of the line, reaching a maximum of
118.5 dB. The vibration shows a ring-shaped distribution, and the ring-shaped distribution is more
pronounced as the train speed increases. In the horizontal direction of the track line, the vibration
energy distribution is within a range of −4 m to 11.5 m from the track line. In the longitudinal
direction of the track line, the ring-shaped distribution of vibration energy exhibits a periodic pattern.
The results provide a reference for the vibration control of the over-track buildings.

Keywords: urban subway; metro depot; over-track building; train-induced vibration; transmission
and distribution characteristics

1. Introduction

With the rapid development of urbanization brought about by population gathering
in cities, major cities have begun to operate urban rail transit to alleviate the increasing
traffic pressure. The top 10 cities with the highest subway mileage in the world are shown
in Table 1. As of the end of 2022, a total of 55 cities in mainland China have invested in
and operated urban rail transit, with a total length of 10,287.45 km, of which the subway
operation line is 8008.17 km, accounting for 77.84%. A total of 489 metro depots and
parking lots have been put into operation. The metro depot is the largest area used by
the subway system, responsible for the parking and maintenance of subway trains. It can
be divided into throat areas, testing lines, parking and inspection garages, and entrance
and exit section lines according to the operating area. Developing over-track properties
of the metro depots can not only improve land use efficiency and alleviate urban land
scarcity but also generate huge commercial value and raise funds for subway operation
and maintenance as well as the construction of new lines. Nowadays, the development
of over-track properties for metro depots has become a popular trend for major cities to
develop real estate and comprehensive commercial districts.
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Table 1. The top 10 cities with the highest subway mileage in the world.

City Mileage (km)

Shanghai 831
Beijing 783

Guangzhou 621.05
Chengdu 518
Moscow 466.8

Hangzhou 450
Wuhan 435

Chongqing 432.8
Nanjing 427

Shenzhen 419

However, the operation of subway trains can cause environmental vibration, which
will transmit to nearby buildings and over-track buildings through the foundation, soil
layer, and columns under the track. Not only does it affect the staff in the metro depot, but
it also affects the sleep, study, work, and daily life of residents of the building and even
affects the safety of the building and the normal use of precision instruments. Zou et al. [1]
conducted field measurements of vibration during subway operations at Shenzhen and
found that vibration amplification around the natural frequency in the vertical direction
of over-track building made the peak values of indoor floor vibration about 16 dB greater
than outdoor platform vibration. Then, it is recommended to carefully examine the design
of new over-track buildings within 40 m on the platform over the throat area to avoid
excessive vertical vibrations and noise. Xia et al. [2] conducted field measurements on the
over-track buildings in a certain city and found that, when the train speed was 15–20 km/h,
the vibration level was as high as 85 dB. Therefore, the rationality of the design of vibration
reduction measures for metro depots is crucial, and the issue of train-induced vibration of
the buildings above the depots cannot be ignored.

Many international scholars have conducted extensive research on the train-induced
vibration characteristics [3–11]. The research methods for environmental vibration caused
by urban rail transit mainly include field measurement and numerical simulation. Chen
et al. [12,13] conducted field measurements on the largest underground metro depot in
Asia and found that the vibration acceleration level of the top platform in the throat area
was about 78 dB, which was 6 dB higher than the nighttime threshold, and the intermediate
frequency vibration had a higher vibration level and a smaller attenuation rate. Feng
et al. [14–16] conducted field measurements and numerical simulations on different areas
and over-track buildings in metro depots, analyzing the differences in vibration attenuation
patterns among various areas. However, it must be acknowledged that field measurement
methods have certain limitations for vibration prediction. Sanayei et al. [17,18], Zou
et al. [19–22], and Tao et al. [23–26] presented impedance-based (wave propagation) model
for predicting train-induced floor vibrations in buildings and conducted field measurement
to compare the test results with the predicted results of the impedance-based model. These
studies indicate that using the impedance-based model to predict train-induced vibration
is feasible and has high computational efficiency. Liu et al. [27], Liang et al. [28–30], Zhou
et al. [31], and He et al. [32] proposed a deep learning-based approach to identify train-
induced vibration segments efficiently for subsequent vibration evaluations. He et al. [33]
presented a three-dimensional analytical model that regarded tunnels as cylindrical shells
of infinite length, to predict ground vibrations from two parallel tunnels embedded in a
full space. He et al. [34] used the potential decomposition, multiple scattering theory and
combined it with the transfer matrix method to derive the fundamental solution for the
soil-inclusion dynamic interaction in a layered half-space and then used periodic barriers
in a layered half space to mitigate railway-induced vibrations. Li et al. [35] proposed a deep
learning-based approach to learn the generation, distribution, and dissipation mechanisms
of indoor structure-borne noise while also enabling the convenient acquisition of indoor
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structure-borne noise. Qiu et al. [36] developed a numerical model based on train track
coupled dynamic theory and the finite element method to investigate the effectiveness of
two mitigation measures implemented in the elevated metro depot. Hu et al. [37] simplified
the building floor into a rectangular plate composed of multiple orthogonal structural
girders and structural columns in vertical contact with the floor, to obtain the vertical
vibrations of the building floor in the time domain.

Existing research is mostly based on conducting field measurements on the metro
depot and carrying out numerical simulation for specific buildings or areas and analyzes
the vibration transmission and distribution characteristics based on the measurements
and simulation results and then takes targeted vibration reduction measures. But there
is little research on the impact of different train speeds on the vibration transmission and
distribution characteristics of the vibration sources inside the double-layer metro depot and
the over-track buildings. The train speed not only affects the vibration characteristics of the
vibration source and the over-track building but also has a certain effect on the vibration re-
duction and noise reduction of the over-track building by controlling the train speed. Based
on this, this paper combines the operation zone of a certain metro depot in Guangzhou and
then establishes a coupling model of a track–metro depot–over-track building based on the
structural finite element method to calculate the vibration response. It further analyzes the
vibration response characteristics of the vibration source and over-track building under
different train speeds and then summarizes the transmission and distribution character-
istics of vibration in a double-layer prefabricated assembly metro depot and provides an
useful reference for metro depots to take vibration reduction measures at vibration sources,
propagation paths, or sensitive targets during the vibration reduction design stage.

2. Project Profile

This metro depot is a double-layer prefabricated assembly metro depot. It is planned
to carry out property development on the cover and adjacent plots. The main structure of
the metro depot adopts a double-layer reinforced concrete frame structure. The building
plan of the over-track buildings is shown in Figure 1. The main cover platforms of the metro
depot include −11.5 m bottom platform, 0 m platform, 9 m platform, and 16 m platform.
The project covers an area of 179,500 square meters. Among them, the −11.5 m bottom
platform is the negative driving layer of the metro depot, the 0 m platform is the first
driving layer of the metro depot, the 9 m platform is the car parking garage and equipment
layer, and the 16 m platform is the ground layer of the community.
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When the train is running on the first floor (the 0 m platform) of the operation zone,
vertical vibration analysis is conducted at points such as rails, supporting columns, columns
(1.8 m above the 0 m platform), and the ground at a distance of 7.5 m from the rails at the
vibration source. Points on the platform such as 0 m, 4.5 m, 9 m, 15 m, and 24 m to the left
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above the rails are selected to analyze vertical vibration. The layout of analysis points on
vibration source and platform is shown in Figure 2. The over-track building has a total of
41 floors, with four households on each floor. The total height of the over-track building
is 134 m, with a first-floor height of 6 m, and a standard height of 3.2 m for floors above
two. The center of the living room floor, the center of the master bedroom floor, and the
center of the secondary bedroom floor are selected to analyze vertical vibration. The layout
of analysis points in the over-track building is shown in Figure 3.
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3. Modeling
3.1. The Vehicle–Track Coupling Model

The coupling model of a track–metro depot–over-track building was established for
structural dynamic analysis. The coupling model includes two sub-models. Firstly, the
“vehicle–track” coupling model, based on the running train and the track structure in
the metro depot, and the multi-body system dynamics simulation software UM 9 is used
to calculate the vertical force between wheels and rails. The depot adopts subway 6A
model, which is mainly composed of car body, bogie, and wheel pair. The sample of
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track irregularity is obtained from the short-band processing of the superposition of Sato
spectrum in the depot. The “vehicle–track” coupling model is shown in Figure 4.
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Based on the actual line conditions on site, this article adopts field measured track
irregularities of lines with similar working conditions. Due to the fact that the track inspec-
tion vehicles (GJ-4 and GJ-5) on the existing lines in China are still unable to accurately
detect short-wave irregularities with wavelengths below 1 m, this article uses measured
track irregularities in the metro depot in the long-wavelength range (1.5–42 m) and adds
Sato spectrum processing in the short-wavelength range to obtain a sample of track irregu-
larity as shown in Figure 5. Using the sample of track irregularity and train motion speed
as the input excitation for the “vehicle–track” coupling model, the vertical force between
wheels and rails can be calculated.
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3.2. The FEM Model of “Track–Metro Depot–Over-Track Building”

This article considers the actual parameters of the track structure, soil layer, and
building and establishes a coupling finite element analysis model of a “track–metro depot–
over-track building” using the finite element software, ANSYS 19.0. Using the vertical force
between wheels and rails as the input excitation for the “track–metro depot–over-track
building” model, the vibration response can be calculated. Among them, solid elements
are used for the simulation of soil, and the Mohr–Coulomb (MC) model is chosen as the
constitutive model of soil. Beam elements are used for the simulation of beams, columns,
and pile foundations, and shell elements are used for the simulation of shear walls and floor
slabs. The element size is controlled at around 1.5 m, and a three-dimensional viscoelastic
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artificial boundary is used to simulate the boundary of the computational domain [38]. The
size of the soil is 90 m*30 m*48 m. The building has a total of 41 floors, with a total structural
height of 134 m. The first floor of the building is 6 m high, and the standard height for floors
above two is 3.2 m. The selection and material parameters of each structural element in the
model are shown in Table 2, where the material parameters are set based on the information
provided by the design company. The coupling model of “track–metro depot–over-track
building” is shown in Figure 6.

Table 2. Selection of structural elements and material parameters.

Name Poisson’s
Ratio

Elastic Modulus
(MPa)

Density
(kg/m3)

Element
Selection

Plain fill
(the first layer) 0.470 206.63 1760 solid 45

Mucky soil
(the second layer) 0.483 85.4 1700 solid 45

Fine sand
(the third layer) 0.471 206.4 1950 solid 45

Bearing platform 0.2 3300 2500 solid 45
Pile foundation 0.2 3450 2400 beam 188

Rails 0.3 210,000 7830 beam 188
Supporting columns 0.2 34,500 2400 beam 188
Concrete masonry 0.2 34,500 2400 beam 188

Exterior wall 0.2 33,000 2500 shell 63
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3.3. Model Validation

Due to the incomplete construction of the over-track building of this double-layer
prefabricated assembly metro depot, in order to verify the rationality and feasibility of the
method for establishing the “track–metro depot–over-track building” coupling model, this
paper takes a single-layer ground metro depot in Guangzhou as an example to compare
the simulation results with the measurement results. The platform above the operation
zone is a complete cast-in-place concrete slab that is separated from the throat area and
maintenance zone through expansion joints. The pillars in this area are evenly distributed in
a chessboard pattern, and the entire platform is divided into small areas. The parameters of
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the model constructed in this article are basically consistent with the geological exploration
soil layer data and building structural parameters provided by the design institute for the
metro depot. Therefore, when using ANSYS to establish the single-layer ground metro
depot, it is considered that the selection of each structural element and material parameters
are consistent with the double-layer prefabricated assembly metro depot model established
in this paper, as shown in Table 1. The sample of track irregularity used to calculate the
wheel–rail force is the measured sample of track irregularity of the rails in the depot, and
the train speed is 2.5 m/s.

The team responsible for measurement uses the SQuadriga III data acquisition instru-
ment for vibration source testing and platform vibration testing and uses trigger sampling
for monitoring. PCB-352 vibration accelerometer and PCB-393 vibration accelerometer
are used to collect vibration signals. The instrument and accelerometers are shown in
Figure 7. Through field measurement, the vibration response of the vibration source in
the operation zone was obtained. Measuring points 1 and 2 were placed in the center
of the two areas on the platform, with the direction of the measuring line perpendicular
to the track line. Measuring point 1 is located directly above the track, and measuring
point 2 is located 9 m to the right above the track. The layout of the measuring points is
shown in Figure 8. The spectrum analysis of the measured and the simulated vibration
frequency at the two measuring points is shown in Figure 9. It can be seen from the figure
that the measured and the simulated vibration frequency at the two measuring points is
in the range of 20–60 Hz, and the waveforms are similar. The simulation results are in
good agreement with the measurement results, indicating that the method for establishing
“track–metro depot–over-track building” coupling model is reasonable and feasible.
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Figure 7. The instrument and accelerometers. (a) SQuadriga III data acquisition instrument;
(b) PCB-352 vibration accelerometer; (c) PCB-393 vibration accelerometer.
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4. Analysis of Vibration Transmission and Distribution Characteristics

As the speed of the train running in the metro depot is 5–25 km/h, this simulation
considers three working conditions: the standard working condition is the train running
at the first layer of the operation zone at the speed of 10 km/h (hereinafter referred to as
working condition 2), and it sets the comparative working condition of the train running
at the speed of 5 km/h (hereinafter referred to as working condition 3) and 20 km/h
(hereinafter referred to as working condition 1) in the first layer of the operation zone.

4.1. Analysis of Vibration Response at Vibration Source

The vibration response of each analysis point at the vibration source of the depot under
various working conditions is shown in Table 3, and the analysis of vibration frequency
domain is shown in Figure 10. It can be seen that, with the decrease in the speed, the
vibration response of the vibration source analysis point decreases significantly, and the
difference at the rail is the most significant. When the train speeds are 20 km/h and 5 km/h,
the difference in Z-vibration level is nearly 20 dB, and the difference in other analysis points
is about 7 dB. As the train speed decreases, the peak frequency of vibration decreases
significantly. When the train speed is 10 km/h and 5 km/h, the peak frequency of vibration
at each analysis point of the vibration source is similar, and the peak frequency of vibration
is lower than that of the train speed of 20 km/h. The difference at the rail is the most
significant, with a peak vibration frequency of around 160 Hz at a speed of 20 km/h, and
around 70 Hz at a speed of 10 km/h and 5 km/h. The higher the train speed, the greater
the vibration response of each analysis point. Therefore, the scheme of the trains running
at low speeds in the operation zone can be adopted to reduce the vibration response at
vibration source, and the vibration at the rail can be reduced by 17.9% at most.
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Table 3. The vibration response at the vibration source under various working conditions.

Working Condition Analysis Point
Peak

Acceleration
(m/s2)

Z-Vibration Level
(dB)

Train speed of 20 km/h
(working condition 1)

Rails 4.01 107.57
Supporting columns 0.54 91.63

Columns 0.08 77.82
The ground at a distance

of 7.5 m from the rails 0.12 83.63

Train speed of 10 km/h
(working condition 2)

Rails 1.99 97.51
Supporting columns 0.16 86.51

Columns 0.03 71.84
The ground at a distance

of 7.5 m from the rails 0.07 81.08

Train speed of 5 km/h
(working condition 3)

Rails 2.11 88.36
Supporting columns 0.14 84.37

Columns 0.04 69.78
The ground at a distance

of 7.5 m from the rails 0.05 77.31
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4.2. Analysis of Vibration Transmission on the Platforms

The plane view of the platform of the operation zone is shown in Figure 11, and the
vibration response of each analysis point on the 9 m and 16 m platforms of the operation
zone under various working conditions is shown in Figure 12. It can be seen that, with
the decrease in the speed, the vibration response of the analysis points on the platforms
decreases significantly. Compared with the speed of 20 km/h, the Z-vibration level of each
analysis point at the speed of 5 km/h is different by 6–8 dB on the 9 m platform, and the
Z-vibration level of each analysis point at the speed of 5 km/h is different by 5–14 dB on the
16 m platform. It can achieve the effect of reducing the vibration response at the platform
by running at low speeds in the operation zone, with a maximum reduction of 17.7% at the
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platform. When the vibration is transmitted laterally from 0 m to the left above the rails on
the platform to 24 m above it, the vibration response generally decreases with increasing
distance. The reason for the amplification of vibration at a distance of 9 m and 15 m directly
above the rails is that the 9 m and 15 m points are located in the middle of plate 2, while
the 4.5 m and 24 m points are located at the edges of plate 1 and plate 3, respectively. The
vibration in the middle of plate is generally greater than that at the edge of plate, resulting
in the amplification phenomenon.
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Figure 11. The plane view of the platform of the operation zone.
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Figure 12. Z-vibration level of platforms at different running speeds.

During the vertical transmission of vibration response from the 9 m platform to the
16 m platform, there is a trend of an initial decrease and then an increase. At the speed of
10 km/h, within a range of 0–15 m to the left above the rails, the Z-vibration level of the
analysis point on the 9 m platform are significantly higher than that on the 16 m platform,
with a difference of 2–15 dB between the two. Within a range of 15–24 m to the left above
the rails, the Z-vibration level of the analysis points on the 9 m platform is smaller than
that of the 16 m platform, with a difference of about 5 dB between the two.

The 1/3 octave frequency of each analysis point on the 9 m and 16 m platforms in
the operation zone under various working conditions is shown in Figures 13–15. It can
be seen that the vibration energy of each analysis point on the platforms attenuates the
vast majority in the frequency band above 50 Hz. During the vertical transmission of
vibration response from 9 m platform to 16 m platform, the analysis points within the
range of 0–15 m to the left above the rails exhibit a certain range of attenuation in the entire
frequency band. The analysis points within the range of 15–24 m to the left above the rails
have a certain amplification in the frequency bands of 0–20 Hz and 100–200 Hz, and the
difference is not significant in the frequency band of 20–100 Hz.
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Figure 13. The 1/3 octave frequency of each analysis point on the platforms at a speed of 20 km/h.
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Figure 14. The 1/3 octave frequency of each analysis point on the platforms at a speed of 10 km/h.
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Figure 15. The 1/3 octave frequency of each analysis point on the platforms at a speed of 5 km/h.

4.3. Analysis of Vibration Response in the Over-Track Building

The vibration response of each analysis point in the over-track building under various
working conditions is shown in Figure 16. It can be seen that, with the decrease in the
speed, the vibration response of the over-track building decreases significantly. Compared
with the speed of 5 km/h, the vibration response of each analysis point at the speed of
20 km/h is different by 3–11 dB. According to the standard for limits and measurement
methods of vibration in the room of residential building [39], it is found that the Z-vibration
level of individual floors at speeds of 10 km/h and 20 km/h exceeds the second-level limit.
After reducing the speed, there is no overrun. Therefore, the scheme of the trains running
at low speeds in the operation zone can be adopted to reduce the vibration response in the
over-track buildings, and the vibration in the over-track buildings can be reduced by 13.0%
at most. During the transmission of vibration response from the 2nd floor to the 41st floor,
there is a trend of an initial decrease and then an increase.
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Figure 16. The vibration response in the over-track building at different running speeds.

Taking the living room of the over-track buildings as an example, the 1/3 octave
frequency of each floor under various working conditions is shown in Figure 17. It can be
seen that the vibration energy of each analysis point in the over-track building attenuates
the vast majority in the frequency band above 20 Hz. During the transmission of vibration
response from the 2nd floor to the 41st floor, there is a trend of an initial decrease and then
an increase. Compared with the speed of 5 km/h, each analysis point has a certain range of
attenuation in the full frequency band.
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4.4. Spatial Distribution of Vibration Energy

To study the distribution law of vibration energy at the vibration source in the opera-
tion zone, the plate 1 area on the 0 m platform is selected for analysis. Using the track line
as the Z-axis, the distribution of vibration energy at the vibration source under various
working conditions is shown in Figure 18. It can be seen that the maximum energy of
vibration is within a radius of 2 m centered on the line, showing a ring-shaped distribution,
and the ring-shaped distribution is more pronounced as the train speed increases. In the
horizontal direction of the track line, the vibration energy distribution is within a range
of −4 m to 11.5 m from the track line. The distribution of vibration energy is significantly
affected by the boundary effect of the edges, and the vibration at the edge of plate is
significantly smaller than that in the middle of the plate. In the longitudinal direction of
the track line, the ring-shaped distribution of vibration energy exhibits a periodic pattern
and is not affected by the boundary effect of the edges.

Buildings 2024, 14, x FOR PEER REVIEW 14 of 17 
 

 

Figure 18. The distribution of vibration energy at the vibration source under various working con-

ditions. 

5. Conclusions 

This paper established a coupling model of a track–metro depot–over-track building 

based on the structural finite element method to calculate the vibration response, and it 

further analyzed the vibration response characteristics of the vibration source and over-

track building under different train speeds and then summarized the transmission and 

distribution characteristics of vibration. It yields the following conclusions: 

(1) With the decrease in the speed, the vibration response of the vibration source, plat-

forms, and the over-track building decreases significantly. The Z-vibration level dif-

ference at the rail is the most significant. At train speeds of 20 km/h and 5 km/h, the 

difference between the two is nearly 20 dB, and the vibration at the rail can be re-

duced by 17.9% at most. The peak frequency of vibration decreases significantly. The 

difference between the two on the 9 m platform is 6–8 dB, and the difference between 

the two on the 16 m platform is 5–14 dB. The vibration on the platforms can be re-

duced by 17.7% at most. The difference between the two in the over-track building is 

3–11 dB, and the vibration can be reduced by 13.0% at most. Therefore, the scheme 

of the trains running at low speeds in the operation zone can be adopted to reduce 

the vibration response. 

(2) When the vibration is transmitted laterally from 0 m to the left above the rails on the 

platform to 24 m above it, the vibration response generally decreases with the in-

creasing distance. During the vertical transmission of vibration response from the 9 

m platform to the 16 m platform, there is a trend of an initial decrease and then an 

increase. 

(3) The vibration energy of each analysis point on the platforms attenuates the vast ma-

jority in the frequency band above 50 Hz. Therefore, when conducting vibration re-

duction design, engineers should focus on vibrations in the frequency band below 50 

Hz. During the vertical transmission of vibration response from the 9 m platform to 

the 16 m platform, the analysis points within the range of 0–15 m to the left above the 

rails exhibit a certain range of attenuation in the entire frequency band. The analysis 

Figure 18. The distribution of vibration energy at the vibration source under various working
conditions.

5. Conclusions

This paper established a coupling model of a track–metro depot–over-track building
based on the structural finite element method to calculate the vibration response, and it
further analyzed the vibration response characteristics of the vibration source and over-
track building under different train speeds and then summarized the transmission and
distribution characteristics of vibration. It yields the following conclusions:

(1) With the decrease in the speed, the vibration response of the vibration source, plat-
forms, and the over-track building decreases significantly. The Z-vibration level
difference at the rail is the most significant. At train speeds of 20 km/h and 5 km/h,
the difference between the two is nearly 20 dB, and the vibration at the rail can be

66



Buildings 2024, 14, 1702

reduced by 17.9% at most. The peak frequency of vibration decreases significantly.
The difference between the two on the 9 m platform is 6–8 dB, and the difference
between the two on the 16 m platform is 5–14 dB. The vibration on the platforms
can be reduced by 17.7% at most. The difference between the two in the over-track
building is 3–11 dB, and the vibration can be reduced by 13.0% at most. Therefore, the
scheme of the trains running at low speeds in the operation zone can be adopted to
reduce the vibration response.

(2) When the vibration is transmitted laterally from 0 m to the left above the rails on
the platform to 24 m above it, the vibration response generally decreases with the
increasing distance. During the vertical transmission of vibration response from the
9 m platform to the 16 m platform, there is a trend of an initial decrease and then
an increase.

(3) The vibration energy of each analysis point on the platforms attenuates the vast
majority in the frequency band above 50 Hz. Therefore, when conducting vibration
reduction design, engineers should focus on vibrations in the frequency band below
50 Hz. During the vertical transmission of vibration response from the 9 m platform
to the 16 m platform, the analysis points within the range of 0–15 m to the left above
the rails exhibit a certain range of attenuation in the entire frequency band. The
analysis points within the range of 15–24 m to the left above the rails have a certain
amplification in the frequency band of 0–20 Hz and 100–200 Hz.

(4) The maximum vibration energy of vibration source in the operation zone is within a
radius of 2 m centered on the line, showing a ring-shaped distribution, and the ring-
shaped distribution is more pronounced as the train speed increases. In the horizontal
direction of the track line, the vibration energy distribution is within a range of −4 m
to 11.5 m from the track line. The vibration at the edge of plate is significantly smaller
than that in the middle of the plate. In the longitudinal direction of the track line, the
ring-shaped distribution of vibration energy exhibits a periodic pattern.

This study explored the structural dynamic response of a double-layer metro depot
and an over-track building. An increase in the number of metro depots and over-track
buildings makes the vibration reduction design more important. This research provides
design references for future double-layer prefabricated assembly metro depot and data
for vibration reduction design. In this paper, we found that the vibration energy of each
analysis point on the platforms attenuates the vast majority in the frequency band above
50 Hz. And the maximum vibration energy of vibration source in the operation zone is
within a radius of 2 m centered on the line. Moreover, this study focused only on the
vibration transmission and distribution characteristics, without studying the transmission
and distribution characteristics of noise. Future research should extend to include the
transmission and distribution characteristics of noise.
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Abstract: Soil–structure interaction (SSI), which characterizes the dynamic interaction between a
structure and its surrounding soil, is of great significance to the seismic assessment of structures.
Past research endeavors have undertaken analytical, numerical, and experimental studies to gain a
thorough understanding of the influences of SSI on the seismic responses of a wide array of structures,
including but not limited to nuclear power plants, frame structures, bridges, and spatial structures.
Thereinto, large-span spatial structures generally have much more complex configurations, and
the influences of SSI may be more pronounced. To this end, this paper aims to provide a state-
of-the-art review of the SSI in the seismic assessment of large-span spatial structures. It begins
with the modelling of soil medium, followed by the research progress of SSI in terms of numerical
simulations and experiments. Subsequently, the focus shifts towards high-lighting advancements in
understanding the seismic responses of large-span spatial structures considering SSI. Finally, some
discussions are made on the unresolved problems and the possible topics for future studies.

Keywords: soil–structure interaction; state-of-the-art review; large-span spatial structure; seismic
assessment

1. Introduction

Soil–structure interaction (SSI) has become one of the most concerning research top-
ics in the field of earthquake engineering, especially with the development of complicated
structures, i.e., high-rise buildings and large-span spatial structures. The concept of SSI
can be traced back to 1936 [1], with the initial emphasis laid on the interaction between
the soil and underground structures. In the subsequent decades, extensive investigations
delved into SSI, expanding its scope to encompass structures both above and below the
ground. Generally speaking, SSI can be categorized into two types, namely the kinematic
interaction and inertial interaction. Specifically, the kinematic interaction involves the
impact of vibrational feedback from the superstructure on the amplitude and spectral
composition of foundation motion. This reduces the acceleration amplitude of the founda-
tion below that of the neighboring free field, simultaneously enhancing the components
around the fundamental frequencies of structures. Additionally, the flexibility of the
soil foundation contributes to the frequencies and modes of vibration of the superstruc-
ture, with softer foundations generally prolonging the structural period. The inertial
interaction encompasses the dissipation of energy resulting from the vibrations of the
superstructure subjected to inertial forces, attributed to phenomena such as reflection and
diffraction [2,3]. A technical report published by the Federal Emergency Management
Agency (FEMA) of the U.S. Department of Homeland Security (DHS) [4] distilled both
interactions into three primary effects: the flexible foundation effect, kinematic effect,
and foundation damping effect.

Structure–soil–structure interaction (SSSI), a specialized case of SSI, has played a
pivotal role in assessing the impact of reactor vibration waves on neighboring nuclear
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power plant (NPP) complexes through the soil medium for over half a century. It is
considered a fundamental dynamic characteristic of NPP reactors [5]. Concurrently, with
the ongoing trend of urbanization giving rise to denser complexes to accommodate a
growing population, the SSSI effect is gradually becoming integral to the design of large-
scale civil structures. This integration is commonly referred to as site–city interaction
(SCI). Additionally, the SSSI effect between underground structures and nearby above-
ground structures is gaining attention in the ongoing development and utilization of urban
underground spaces. This is particularly significant, exemplified by the amplifying effect
on low-rise buildings near high-rise structures [6].

When considering the effects of soil and foundations on the seismic response of
superstructures, the primary factors can be broadly categorized into four main groups:
structural type, foundation form, site effects, and seismic excitation. To date, frame struc-
tures and bridge engineering are focal points in SSI research. In both numerical and
experimental investigations of SSI, more than half of the addressed superstructures involve
multi-layer frame structures and adjacent steel or concrete structures [7]. Sections 3 and 4
will go into more detail on these structures. The dynamic characteristics of the majority of
bridge structures are significantly impacted by SSI/SSSI [8,9], as has been demonstrated
in subsequent earthquakes [10]; therefore, it has been currently integrated into the bridge
design guidelines of many nations and is being used to guide the engineering practice
of numerous bridges [11], whereas fewer studies are referring to the SSI effect of large-
span spatial structures [12–17]. Large-span spatial structures include shell structures, grid
structures, cable-suspended structures, etc., whose vibration subjected to seismic loads
is three-dimensional. Since the dynamic characteristics of large-span spatial structures
are different from bridges or high-rise buildings, the relatively mature SSI-effect research
results for the latter two cannot be directly applied to the design calculation of the former.
Meanwhile, when the vertical projection surface of the structure is large or too long and
the foundation form adopts an independent pile foundation, it may produce a foundation–
soil–foundation interaction (FSFI) effect; therefore, it is necessary to conduct more in-depth
studies to investigate the SSI effect of large-span spatial structures. The foundation is a
load-bearing structure that connects the superstructure and soil. According to Chinese
regulations [18], the foundations are classified as pile foundations, extended foundations,
and raft foundations, and the influence of the coefficient of which varies for superstructures
according to the SSI/SSSI effect as well [19,20]. One of the key elements altering structural
seismic damage is the site effect [21]. Based on the investigation of the 1985 Michoacan,
Mexico, earthquake, local site effects were accountable for the uncommonly high ground
accelerations [22]. This was because Michoacan is situated on top of a basin with a deep
layer of soft soil that causes certain frequencies of ground movements to be dramatically
amplified on the surface [23], while the basin has a focusing effect on the propagation of
seismic waves within the soil layer [24]. It has been noted that topographic features (such as
basins, canyons [25,26], summits, etc.) and soil properties make up the majority of the site
conditions. Most of the research on SSI/SSSI is predicated on the assumption of being plain;
nevertheless, there are projects constructed on slopes in practice. Moreover, it has been
noticed that structures on adjacent slopes are more vulnerable [27], which cannot be disre-
garded when the ratio of the net distance of the structural foundation from the slope peak
to its height is less than 5 [27]. Apart from the slope–foundation–structure system [28,29],
the SSSI effects of structures on [30] and near [31] slopes have also been explored, which
are known as the topography–soil–structure interaction (TSSI) and topography–structure–
soil–structure interaction (TSSSI). Soil properties are a decisive component of SSI, and the
numerical modelling techniques for soil determine the ability to realistically predict the
propagation of seismic waves [32,33], as will be specified in the next section.

Seismic excitation refers to the entire process of seismic wave propagation from the
source upward to the foundation–structure/surface, where the soil traversed by the seismic
wave is defined as the free field [34] which is proposed to calculate the vibration response
of soil under shear wave excitation, on the premise of assuming that the soil layer is
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horizontal and homogeneous along the horizontal plane. A function consisting of source
effects, travel path effects, and local site effects expresses the free-field ground motion
under seismic excitation. Source distance and source count are two categories for the
source effect. Based on the distance from the epicentre, earthquakes can be categorized
into far-field and near-field ground motion [35], corresponding earthquake groupings are
included in the code for the seismic design of buildings [36]. Compared with the former,
the latter typically has a longer period and higher amplitude [37], which aggravates the
seismic effect of non-flat sites [38]. Meanwhile, the continuous vibration caused by multiple
sources probably exacerbates the damage to surface structures [22]. The travel path effect
consists of the incoherence effect, wave-passage effect and the attenuation effect [39]. The
correlation of seismic waves across separate spaces and times during their propagation is
what describes the coherence of seismic waves. When seismic waves travel through uneven
soil, the superposition of waves in different spaces on account of reflection and refraction
results in the formation of different phases and elimination of interference, which is the
incoherence effect. When the structure is so enormous that the time difference between
the seismic wave arriving at each point is insurmountable, an occurrence known as the
wave-passage effect arises. The attenuation effect is the steady decline in amplitude created
by the geometric diffusion of seismic waves in the site’s space. Throughout the process
of site propagation, seismic waves may shift in space also to time, especially for some
large spatial formations [40,41]. The spatial characteristics of ground motion comprise the
aforementioned three effects as well as local site effects.

This paper provides a state-of-the-art review of the classification of SSI and the cur-
rent state of theoretical research. Additionally, it summarizes previous numerical and
experimental studies, along with existing research results. The work also delves into the
significance of accounting for SSI effects in the seismic design of large-span spatial struc-
tures, discussing potential avenues for further studies. It is important to note that while
this paper briefly reviews the SSI effect and does not delve into the influence of SSI on
structural vibration control, it underscores the importance of considering the SSI effect in
the actual design of seismic mitigation or isolation.

2. Modeling of Soil Medium

To simulate soil on SSI, two types of solutions are widely utilized [42], including
the direct approach, which is typically realized through the finite element method (FEM)
and the substructure approach. The concept of the foundation impedance function is
introduced by the boundary substructure approach, whose applications to various sites
and foundations are discussed in detail in the technical report (NIST/GCR 12-917-2) [43].
Springs and dampers are used to mimic the stiffness and damping at the soil–foundation
interface. The Winkler model and its variants are typically employed in conjunction with
the elastic half-space model for deep foundation systems, while the latter model is typically
used for shallow foundation systems.

2.1. Winkler Model

Understanding the mechanical properties of the soil surrounding underground con-
struction or foundation is crucial in the exploration of SSI. In the case of pile foundations,
a widely used method to simplify soil behavior is the Winkler foundation beam model,
which essentially comprises a system of closely spaced discrete spring and dampers that
serves as a substitute for the dynamic impedance imposed by the soil on the pile body [44].
The Winkler model, being a one-parameter model, has limitations as it inaccurately as-
sumes that discrete springs cannot replicate continuous soil deformation. In contrast to
real-world scenarios, the model predicts only vertical displacement at a point of application.
To overcome this limitation, various enhancements have been introduced, incorporating
additional parameters such as tension, shear force, and bending moment. This has led to
the development of two-parameter and three-parameter Winkler models, including notable
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variants like the Filonenko-Borodich model, Hetenyi model, Pasternak model, and Kerr
model [45].

In extending the elastic foundation formulas, Jemielita [46] synthesized monomial
multiparameter formulas into differential formulas for multiple parameters and introduced
the n Shear layer-Bending layer-Spring layer (n SBS-layers) concept, where each layer is
composed of three sub-layers: the shear layer, bending layer, and spring layer. Expanding
on the SBS differential formula, Zhao et al. [47] proposed model types tailored to various
superstructures along with their mechanical parameters. Additionally, by integrating the
Terzaghi model addressing seepage consolidation, they asserted that the Winkler–Terzaghi
model effectively addressed the challenge of soil discontinuity.

2.2. Elastic Half-Space Model

The elastic half-space model is anchored by three translational springs and three
rotational springs, with added dampers to account for soil damping and replicating the
deformation behavior of the surrounding soil. In light of this, SSI predominantly involves
motion interaction and inertia interaction. In instances of high seismic intensity, the impact
of inertia interaction takes precedence. Therefore, selecting an appropriate foundation
resistance function becomes crucial in accurately characterizing the inertia interaction [48].

Except for the ring augmented by Veletsos and Tang [49], Gazetas [50] provided
impedance functions for nearly all foundations, all based on homogeneous soil. Chen [51]
introduced the impedance function for layered foundations, employing the Cone model,
which essentially substitutes a cone with a specific tensor angle for the semi-infinite body.
As earthquakes involve multiple frequencies of seismic waves superimposed, utilizing
the parameters suggested by Gazetas [50] directly for calculating dynamic stiffness and
damping [52] may not be viable. Instead, more precise algorithms are essential to address
the nonlinear behaviors of SSI.

2.3. Finite Element Method (FEM)

The finite element method (FEM) stands out as one of the most effective ways to
depict SSI, given its capacity to accurately replicate nonlinear soil behaviors [45]. Therefore,
this subsection explicitly details both FEM and its derived methods. To enhance accuracy
in FEM, three critical aspects must be considered: the soil constitutive model, artificial
boundary conditions, and mechanical properties of contact interfaces. While the previously
discussed substructure method also addresses the assessment of Foundation Input Motion
(FIM) [43] in the free field, it is crucial to note that FEM, by simulating the variation of
soil as seismic waves traverse the site, demands special attention to the input mode of
the seismic wave, particularly concerning the artificial boundary. The soil constitutive
model is typically categorized into linear–elastic, elastoplastic, and viscoelastic models.
The linear–elastic model, based on the generalized Hooke’s law, is straightforward but has
limitations, such as its inability to describe hysteresis, nonlinearity, and dynamic response
deformation accumulation in soil [53]. To address the above limitations, the elastoplastic
model, with its primary objective of articulating variation curves for the shear modulus
ratio and damping ratio [54], incorporates yield criteria, the flow rule, and hardening
rule [55]. Viscoelastic models are divided into two elementary branches: the equivalent
linear model and the time–domain hysteretic nonlinear model. To linearize the nonlinear
problem, Seed and Idriss [56] initially introduced the equivalent linear model, substituting
the equivalent shear modulus and equivalent damping ratio for the original ones. Despite
its simplicity and applicative advances, this model is restricted by soil strain and seismic
acceleration [57]. For typical constructions, the region where strain exceeds the critical
value is usually within a certain fraction of the foundation width on both sides [58]. The
shear strain in this part can be adjusted to enhance the calculation accuracy [59]. Masing’s
nonlinear constitutive model, first proposed in 1926 [60], has undergone modifications
to produce various types of Masing models, with notable examples being the Hardin–
Drnevich [61] and Ramberg–Osgood [62] models. Subsequently, Martin and Seed [63]
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established the Davidenkov model, presenting a calculation method following Masing’s
rules [64]. Based on the double criterion, Pyke [65] proposed the multiple rule, which has
been implemented in the Masing model.

When employing FEM, it is essential to implement artificial boundaries that simulate
the radiation damping of an infinite foundation. This serves the purpose of transforming
an unbounded domain into a bounded one, thereby preventing the reflection of scattered
waves at the interception boundary [66]. Global and local artificial boundaries are two
categories of artificial boundaries [67]. The former, including the infinite element method
(IEM) [68], BEM, etc., offers high levels of precision but is computationally intensive. The
other consists of a viscous boundary [69], paraxial boundary [70], Higdon boundary [71],
transmission boundary [72–74], viscous-spring artificial boundary [75], and so on. Among
these viscoelastic boundaries, which exhibit excellent precision and stability in handling
both static and dynamic problems [76], have been shown to consider both the large-scale
basin effect and local nonlinear effect [77]. Also, it is one of the artificial boundaries
recommended by the seismic design of nuclear power plants in China [75].

Seismic input can be categorized into three methods, namely the displacement in-
put [78], acceleration input [79], and seismic motion input [80]. Since seismic motion input
is derived from the viscoelastic artificial boundary, which has a greater fit, it is prioritized
while employing the viscoelastic boundary [81]. This method works when the seismic wave
propagates in a single homogeneous field [82]; however, it is less effective if the seismic
wave traverses two or more soil layers with differing wave impedances. For dealing with
this problem, there are generally two methods: the frequency [83] and the time [84] domain
method. Although the former is more exact [85], its application in intricate foundations
is incalculable. To derive the equivalent input seismic load of the artificial boundary,
researchers employ SHAKE91, DEEPSOIL, EERA, etc., learning from the substructure
method [86].

The contact interface refers to the soil mass adjacent to the structure with a thickness of
5∼10 times the average particle size [87], the mechanical properties of which are intricate,
affected by normal stress, structural surface roughness, the particle size of sand, sand type,
and homogeneity coefficient of the soil particles [88]. There are three broad approaches to
thinking about the contact interface: the shear tests for empirical formulas, soil constitutive
model, and mechanical model of contact interface that can be more accurate than the
former [89]. For creating an interface model, there are two mainstream methods [90],
either utilizing functional equations (Lagrangian or Penalty function) to turn the contact
problem into non-contact or establishing a constitutive model of contact element [91],
including the zero-thickness Goodman element [91] and Desai thin-layer element [92]. The
former element serves when shear failures occur at the contact interfaces, while the other is
employed in a situation where shear failure happens to the nearby soil.

As previously stated, for FEM, when the infinite or semi-infinite field is estimated, it
is necessary to construct a large large-size mesh structure to simulate the near-field and
an artificial boundary is set to absorb the seismic waves from the far-field [93], which
may generate a large computational requirement for some large-size models, whereas the
boundary element method (BEM) only necessitates the establishment of the mesh of the
contact interface between the foundation and the soil. Hence, one of the ways proposed to
facilitate the resolution of the dynamic response of the SSI with a complex contact surface is
the finite element method–boundary element method (FE–BE coupling method) obtained
via introducing BEM based on FEM. The FE–BE coupling method is a method for calculating
the superstructures and soil foundation following different methods. Generally, BEM is
used to simulate the dynamic behavior of layered soils [94,95], while FEM is employed for
superstructures. In some circumstances, only the far-field is calculated using FEM, which is
defined as the scaled-boundary finite element method (SBFEM) [96].

The primary objective of BEM is to address Laplace’s equation, facilitating the conver-
sion of integral equations within the boundary region of the far-field and the SSI system
into boundary integral equations [97]. Once the boundary has been discretized via fre-
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quency [98] or time domain [99] methods, the simplified dynamic response equation can
be derived [93].

The wave propagation in unbounded fields has been effectively modelled in both the
time and frequency domains using the semi-analytical stiffness-based finite element method
(SBFEM) [100]. SBFEM stands out due to its exemption from artificial boundary conditions
or the fundamental solution requirement, a characteristic not shared by the boundary
element method (BEM). This allows seamless coupling with the near-field through the
finite element method (FEM) and compensates for the limitations of BEM in mimicking
anisotropic soil behavior [101]. SBFEM also generates symmetric dynamic stiffness and
unit impulse response matrices, improving computing efficiency [102]. In the extension
of the sequential boundary field element (SBFE) to model three-dimensional layered soils,
Birk [103] suggested employing a scaling line rather than a proportionate center point.
Furthermore, an alternative approach, the indirect boundary element method (IBEM), has
been proposed for assessing the seismic response of anisotropic soils [104].

3. Advances in Numerical Simulations on SSI
3.1. Site Effect

The topography and soil properties of a site have discernible impacts on SSI, with the
latter playing a pivotal role [105]. When soil nonlinearity is taken into account, the effects
of SSI and SSSI extend to a broader range of applications, surpassing the scope covered by
the linear elastic model [106].

The propagation of seismic waves within a field varies based on soil properties.
Typically, dense soil tends to amplify seismic waves [107], while soft soil may exhibit a
similar effect or act as a filter. However, relying solely on soil properties for estimates
is inherently inaccurate. The filter effect was exemplified by the softening of soil and
the deceleration of waves, as observed in Chen et al.’s investigation into the impact of
nonlinearity on SSI [108]. In this study, the arrival time of seismic waves was delayed at
the free surface due to the filter effect. It is noteworthy that calculations solely based on
soil properties may lead to inaccuracies, especially considering the interlayer reflection
coefficient is less than 0 for the weak layer at the bottom, potentially resulting in a transition
from forward displacement to reverse displacement. To substantiate the amplification effect
of weak soil, Chen et al. [23] conducted an assessment of the seismic response in areas with
varying shear velocities (VS). Their findings indicated that the amplification coefficient
of surface acceleration decreased with an increase in the seismic intensity. This trend
was attributed to heightened ground motion, which accentuated soil nonlinearity [109].
Notably, not all amplification factors exceeded 1, particularly in cases where the soft soil
thickness was less than 4 m. For instance, when the coverage thickness exceeded 6 m, this
was verified through both centrifugal simulation [107] and seismic analysis at an actual
site [109]. However, the amplification factor was also contingent on the distribution of the
weak layer. If a thin, weak soil layer was situated on top of the field, ground acceleration
would be exacerbated. In cases where the soft soil was positioned in the middle, its role
could vary depending on the depth of burial and thickness. A deeper and thicker layer
might act as a seismic isolation layer, while a shallow and thin weak layer could produce
the opposite effect [109]. It is crucial to emphasize that, analogous to the phenomenon
observed in the 1923 Kanto Earthquake [110], excessively violent ground motion, leading
to soil degradation, could result in the dramatic failure of the weak layer, significantly
amplifying surface acceleration.

As outlined in [54], a slope devoid of a soft layer demonstrated an amplification
effect on vertical ground motion. However, the impact predicted using a nonlinear model,
characterized by greater energy consumption, was found to be less significant than that
determined using a linear model. The amplification coefficient of ground motion exhib-
ited a decrease correlating with a reduction in the shear wave velocity of the overlying
soil, aligning with prior research findings. Notably, it is essential to recognize that the
compressive modulus resulting from vertical earthquakes is considerably less than the
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shear modulus. Despite this, it is crucial to note that the effects of soil nonlinearity on
the propagation of P waves in soil are often overlooked. Nevertheless, previous studies
have demonstrated that soil exhibits nonlinearity under the influence of strong vertical
earthquakes [111]. Shahbazi et al. [112] conducted a comparative analysis of the impact of
soft and hard soil on the seismic responses of superstructures, yielding results consistent
with those aforementioned. Incorporating SSI considerations, flexible structures built on
hard soils were estimated more conservatively. However, it became evident that SSI could
not be overlooked when assessing structures characterized by higher stiffness situated on a
soft foundation. Furthermore, the dissipative effect of the weak layer proved advantageous
in the seismic design for superstructures, particularly when hard soil was positioned above
a suitable soft layer capable of supporting the structure without undergoing considerable
settlement or liquefaction.

Considering the most unfavorable site conditions, the subsequent review will focus
on the numerical studies of the seismic responses of the structures erected on soft soil.

To compare the seismic responses of a structure before and after the involvement of
soil, Xu et al. [113] constructed a 15-story concrete building using FLAC 3D considering
different shear strengths and ground motions, as illustrated in Figure 1. Within the range
of shear strengths considered in this study, the computational results revealed that SSI
significantly amplified the maximum base shear, lateral displacement, and inter-story drift.
Notably, when the shear strength of the soil was elevated from 65 kPa to 105 kPa, the
influence of SSI on the maximum base shear, lateral displacement, and inter-story drift
increased by 60%, 100%, and 44%, respectively.
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Figure 1. 15-story flexural concrete structure without and with considering SSI [113]: (a) fixed-base
model; (b) SSI model.

Mercado et al. [114] conducted a comparative analysis to assess the impact of linear
and nonlinear fields on SSI, as depicted in Figure 2. The results indicated that the SSI effect
primarily manifested in an increase in the peak horizontal acceleration of the structure.
When compared to the results calculated using the linear model, the nonlinear model
exhibited a decrease in the peak acceleration and inter-layer drift of the superstructure,
implying that the application of a linear model might be overly conservative. Previous
research has also underscored that the error of the equivalent linear model grows with the
increment of the site period [59].
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Figure 2. Finite element model of the tall buildings considering SSI [114].

In specific scenarios, particularly when a building is designed in proximity to a slope,
the TSSI effect cannot be overlooked. Alitalesh et al. [29], utilizing FLAC 3D, simulated a
model as shown in Figure 3 to investigate the influences of soil and slope conditions on
both SSI and TSSI. The results indicated that the SSI and TSSI effects were more pronounced
when the upper overburden soil layer (h_1) was thinner. Notably, in cases where a soft layer
overlays a hard layer, seismic waves were amplified in the upper layer, further affirming
the findings observed by Chen et al. [23] in uneven terrains. Additionally, it was revealed
that the impact of the slope height on TSSI was more substantial than that of the slope angle.
Moreover, when assessing the SSI effect in soils with varying shear wave velocities, it was
observed that SSI could be disregarded for flexible superstructures with rigid foundations,
aligning with the conclusions drawn by Shahbazi et al. [112].
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Through adjustments to the geological parameters, slope angle, and slope height,
Erfani et al. [115] examined the TSSI and its impact on the seismic response of structures.
Their study revealed that slope stiffness decreased with an increase in slope angle, resulting
in a simultaneous increase in structural inter-story drift. The effect of the seismic waves
reflected by the slope on the structure diminished as the structure moved farther from the
slope border. However, although the extra vertical seismic waves generated by the reflection
also decreased, the interlayer drift increased, resembling the SSI effect. Notably, when
VS = 150 m/s, the influence of TSSI approached that of SSI, illustrating that the contribution
of soil properties to SSI was more significant than that of topographic conditions.
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Shamsi et al. [116] applied MIDAS GTS/NX to develop the model of SSI, TSSI, and
TSSSI, as shown in Figure 4. In this study, a 15-story steel frame was adopted as the
benchmark model, and the influences of various parameters were investigated, including
the slope height (H), the distance of the structure from the slope (X), the angle of the slope
(i), and the distance between the two structures (D). Studies have demonstrated that the
effect of X was greater than that of the soil condition, i and H. When numerical simulation
results of SSI and TSSI models were examined, it turned out that the slope effect could
essentially be omitted when X/H exceeded 2.5∼5, and the ratio that referred to the H
and soil parameters was more conservative in comparison to earlier research [27]. Where
the ratio of inter-story shear and displacement of TSSI and SSI superstructures was more
than 1, attributed to the difference in soil shear wave velocity, the precise amplification
coefficient still had to be determined based on site conditions. According to the numerical
simulation results, TSSSI had more serious damage on the structure immediately adjacent
to the slope, triggering the structure to move towards the slope, but this impact is only
cause for concern when D ≤ 0.5a, while the slope effect of the structure far from the slope
could be barely noticeable when D = 0.5a.
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3.2. Seismic Excitation

Seismic acceleration amplitude, vibration frequency, displacement direction, and in-
cident angle constitute the primary factors influencing SSI. In the context of selecting
seismic waves, Zhan et al. [117] conducted a study examining the impact of large-scale soft
sites subjected to far-field earthquakes. The findings revealed a noticeable prevalence of
long-period ground motion in such scenarios. In contrast to artificial waves, the ampli-
fication effect on ground motion caused by far-field large earthquakes in large-scale soft
sites appeared more pronounced, with the amplification coefficient increasing alongside
the ground motion intensity. This observation diverges from the conclusions drawn by
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Chen et al. [23] based on previously used amplification coefficients, possibly attributed
to variations in the spectral composition of seismic waves. An optimized algorithm, as
proposed by [118], can effectively determine the site period as follows:

T =

√

∑N
ith

(
4hith

vith

)2 2Hith

hith
(1)

Hith = ∑ith

n=1 hn −
1
2

hith (2)

where hith is the thickness of the ith soil layer, vith denotes the shear wave velocity of the ith
soil layer, Hith presents the midpoint depth of the ith soil layer, and N signifies the total
number of soil layers, illustrated in Figure 5. The deep soft soil site with a longer period
(1.13∼1.28 s) amplified the far-field vibration with a similar peak spectral period, whereas
it significantly filtered the ground motion with a larger peak spectral gap (shorter period
less than 0.3 s or larger period more than 2.5 s). Subsequent investigations have indicated
that distinct seismic waves exhibit comparable effects on a given SSI model when adjusted
to the same amplitude and selected based on the response spectrum [59].
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Beyond the amplification of unfavorable stability given the similarity of the soil and
seismic wave period, when the frequency of the foundation and superstructure matched
that of the seismic wave, it could induce a worse situation, where the structure resonated
as a seismic response and reached its peak. Especially for frame construction [119], the
destruction of the substructure would be worse than that of the pile foundation. Citing
ref. [120], if the seismic wave was an oblique wave incident, the superstructure could
resonate at a certain frequency owing to phase fluctuation, which correlated to the stiffness
ratio of the foundation and soil or superstructure. When the pile foundation was in a
sedimentary clay layer, the foundation stiffness was significantly higher than that of soil,
resulting in the vibration of the upper frame by the long-period motion of the ground rather
than with the basic period of the foundation. Ergo, the displacement of the pile foundation
did not originate from the vibration caused by the upper structure but rather from the
soil driving, creating quite low interlayer displacement and damage. The displacement
between the superstructure and the foundation was smaller the higher the damping ratio
of the superstructure was [112]. Furthermore, the looseness of the backfill layer opposed to
the original soil could trigger the surface ground vibration to be further exacerbated [31].

In addition, Zhou et al. [121] investigated the seismic behavior of a concrete chimney
under multidimensional earthquakes. It was observed that the structure would be more
vulnerable under three-dimensional ground motion than under one-dimensional or two-
dimensional ground motion. Meanwhile, the incidence angle would have an impact on the
seismic response of the SSI, especially in the case of major earthquakes, which would not be
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insignificant due to the smaller foundation size, and the most unfavorable input angle is 45◦

when the PGA is greater than 0.2 g. Dams [122] and frame structures [123] experienced a
similar situation, although considering the type of seismic wave, the thickness and qualities
of the soil, etc., the unfavorable angle may be larger or less than 45◦. Hua [124] reached
an analogous conclusion following research of the field under the action of 3D seismic
waves that both the thickness of the soil layer and the angle of the incident wave affected
the surface amplitude. They would be at maximum when the SH wave was incident
perpendicular to the plane in which the P wave and SV wave reside, which was roughly
fourfold the incident amplitude when the P wave was incident at an angle of 36◦ and the
SV wave was at an angle of 54◦. He further noticed that when the soil layer thickened,
the surface amplitude climbed, and then fell, and then returned. Notably, the influence of
vertical ground motion on foundation–structure settlement is virtually negligible unless
the frequency of the vertical ground vibration approaches the resonance frequency. The
nonlinearity introduced in the soil due to vertical motion is also less pronounced compared
to that induced by horizontal motion [125].

3.3. Foundation Form

The stiffness of the foundation significantly influences the SSI effect, with the dy-
namic response at the interface between a flexible foundation and superstructure typically
surpassing that of a rigid foundation below [120]. The emphasis on analyzing soil and
pile–soil contact in seismic response studies stems from the notable impact of nonlinearities
in soil properties and pile–soil interfaces, which often outweigh those associated with
superstructure materials [126]. Wu et al. [126] observed that the soil adjacent to the pile tip
and pile side exerts varying effects on the seismic response of the superstructure, with the
former significantly influencing higher-order modes of the structure and the latter affecting
lower-order modes more prominently. Additionally, Zamani and Shamy’s study [125] on
the soil beneath the foundation revealed that the acceleration amplification factor of the
soil beneath a rigid foundation exceeded that of the free field at the same depth, indicating
an adverse effect of the foundation on soil motion.

Previous studies on seismic predictions for structures have demonstrated that the
inclusion of SSI alters the internal force distribution within the foundation [108]. Con-
sequently, the amplification or reduction factor for the same structure under different
foundations varies compared to assumptions made for a rigid foundation. Hokmabadi and
Fatahi [19] assessed the sensitivity of foundations to SSI using FLAC 3D. The findings are
summarized as follows: (a) the SSI effect effectively reduced the base shear, with the degree
of influence being higher for the pile–raft foundation and pile foundation models than
for shallow foundations; (b) the maximum sway angles for pile foundations and pile–raft
foundations were, on average, 44% and 54% smaller than those for shallow foundations.
The sway angles were attributed to the inertial force of the superstructure under seismic
forces, causing settlement on one side of the foundation and bulging on the other; (c) the
SSI effect exhibited clear amplification of lateral deformation and interlayer displacement,
though the amplification was less pronounced for pile foundations and pile–raft founda-
tions compared to shallow foundations. Furthermore, the study revealed that soft soil
responded differently to various seismic waves. For instance, under low and medium
acceleration, soft soil demonstrated a noticeable amplification impact on seismic waves.
However, under excessively large acceleration, the soft soil inhibited the propagation of
seismic waves towards the soil surface.

To explore the impact of the foundation type on the seismic response of a mid-rise
building considering SSI, Zhang and Far [127,128] created two different foundation types,
the end-bearing piled foundation, and classical compensated foundation, as shown in
Figure 6. When the shear wave velocity was 150 m/s or 320 m/s, it was demonstrated
that the SSI effect magnified the interlayer shear of the piled foundation-supported
structure, and yet, for soil with VS = 600 m/s, the SSI effect was not obvious, and
the amplification factor was even less than 1. When a structure is erected on soft clay
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(VS = 150 m/s or 320 m/s), the use of a compensated foundation makes it more vulnera-
ble to ground motion. The SSI effect substantially hinders the dynamic response of the
structure. Additionally, the interlayer drift experiences significant amplification when SSI
is considered for both pile and compensatory foundations. This observation aligns with
the findings of Tabatabaiefar et al. [129], namely that SSI had a pronounced effect on the
inter-story drift of frame structures.
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Figure 6. Models of frame–shear wall buildings considering SSI [128]: (a) end bearing piled
foundation-supported structure; (b) classical compensated foundation-supported structure.

3.4. Superstructure

Computational models developed by Monsalve et al. [130], as depicted in Figure 7,
reveal that the SSI effect enhances the inter-story drift ratio and acceleration of high-rise
buildings. Simultaneously, it extends the period of low-order modes with minimal impact
on high-order modes. Furthermore, it is noteworthy that the inclusion of a shear wall can,
to some extent, mitigate the increase in inter-story drift while facilitating the expansion of
story acceleration.
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In the study conducted by Mercado et al. [131], the results underscored the signif-
icant influence of the structure’s geometry and the shear wave velocity of the soil on
the lengthening of structural periods induced by the SSI effect. Notably, structures with
larger aspect ratios and foundations in looser soil exhibited a more pronounced extension
of periods. These findings align with observations in 1999, where Stewart et al. drew
similar conclusions based on an analysis of 77 strong-motion data sets collected from
57 construction sites [132]. They measured the response of the SSI effect on structure in

terms of the first-mode period lengthening ratio,
∼
T/T (T denotes the first-mode period

without soil modelling, and
∼
T denotes the first-mode period with SSI), and their observa-

tions revealed that the dimensionless ratio of structure–soil stiffness 1/σ, was the most

significant influence factor of
∼
T/T, which could be expressed as

1/σ =
h

VS·T
(3)

where h denoted the effective height of the structure. Other parameters, including the
structural aspect ratio, foundation type, etc., were negligible.

To investigate the sensitivity of structures with various parameters to distinct soils un-
der the action of four different seismic waves, Zhang and Far [128] established frame struc-
tures with a range of stories (20, 30 or 40 floors) and height-width ratios (HWR = 4, 5, 6),
as shown in Figure 8. Their findings stated that the rise-span had a minor impact on SSI, but
the story height could not be omitted. Iida et al.’s survey on steel-framed and reinforced-
concrete-framed structures located in Tokyo Bay [119], where resonance occurred due to
the proximity of the periods, might help to explain the phenomenon that the latter effect
increased nonlinearly and the mid-rise building was more susceptible to the SSI effect than
the low-rise and high-rise building.
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Similar to Alexander et al. [133], Liang et al. [134] found that the SSSI effect might
alter the structural response at specific frequencies by 30∼50%. Their simulation, utilizing
the integral equation boundary element method (IBEM) in two dimensions, indicated that
when the limit was surpassed, a building could be treated as an individual entity, with
the scaling factor contingent on the distance between structures. The study made it clear
that the distance between structures significantly impacted the scope and magnitude of
the SSSI effect, persisting even when two flexible foundations were spaced up to 10 times
their respective radii apart [120]. This finding is consistent with Iida’s investigation into the
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1985 Michoacan, Mexico, earthquake [135]. Additionally, Vicencio and Alexander’s [106]
research confirmed that the influence of SSSI could be disregarded in conventional seismic
calculations when the distance between structures exceeded almost twice the foundation
size. However, the significance of this observation was not definitively tied to soil properties;
the lower the shear wave velocity of the soil, the greater the ratio [116].

Another crucial factor influencing the SSSI effect is the height ratio between structures.
In Vicencio and Alexander’s study [106], SSSI exhibited a significant amplification effect on
the lower building, potentially reaching 400%, while causing a suppression effect of nearly
50% on the taller building, especially when the height ratio between the two structures
exceeded 1.5 times. Farahania et al. [136] further emphasized this principle, stating that
the seismic response of low-rise buildings could be effectively mitigated by increasing the
net distance between structures. However, for high-rise buildings, this effect was deemed
negligible as the SSI effect was much more intense than the SSSI effect.

Following converting one of the models from the Trombetta et al.’s [137] tests on the
SSSI effect in urban neighborhoods (cSSSI model) into a prototype structure with a scaling
factor (1:55), as illustrated in Figure 9, Bolisetti and Whittaker [138] carried out a numerical
analysis. The simulated structure exhibited that when the combined arrangement was
performed in the cSSSI model, SSSI failed to impact the global seismic response of the low-
rise and mid-rise structures. In contrast, the SSSI did affect the peak acceleration response
of the foundations, particularly in the presence of a deep foundation, which had a restraint
effect on the neighboring low-rise building with shallow foundations. In Section 4.3, the
experimental results that correlate to this numerical simulation will be enumerated.
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Figure 9. Numerical models of the cSSSI arrangement in SASSI (left) and LS-DYNA (right) [138].

To assess the influence of SSSI on the extensive clusters of buildings, Vicencio and Alexan-
der [139] introduced a simplified reduced-order model illustrated in Figure 10. The findings
indicated that while the SSSI effect on structures located at the corners was not maximized, it
did amplify the seismic response of structures parallel to the excitation orientation.
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4. Advances in Experimental Studies on SSI
4.1. Site Effect

Rayhani and Naggar [140,141] conducted vibration tests on a rigid structure at a depth
of 30 m (1:80 scale) using the C-CORE 5.5-m radius beam centrifuge. That rigid structure
was deemed to be a reasonable simulation of a 10-story building. The experimental
setup included transducers for settlement measurement and accelerometers, as depicted
in Figure 11. Glyben clay was employed during the tests to investigate the influence of
soil shear strength on SSI effects. The undrained shear strength of the clay (RG-01) in
Figure 12a was 40∼60 kPa, with an average shear wave velocity of 73 m/s. The undrained
shear strength of the clay (RG-02) in Figure 12b was 40∼50 kPa for the top, and 85∼95 kPa
for the medium, with an average shear wave velocity of 100 m/s. Through a sturdy
container, the superstructure was embedded in the clay. The results revealed that the
SSI effect amplified the surface peak acceleration significantly, especially in instances of a
minor input seismic amplitude. Furthermore, uniform clay (RG-01) amplified structural
acceleration less than layered clay (RG-02), but RG-01 amplified near-surface acceleration
over RG-02, which might be the consequence of the nonlinearities of the deeper and weaker
clay. Also, when the seismic intensity increased, the amplification coefficient of the SSI
effect on the amplitude and spectrum of seismic acceleration was minimized allowing
researchers to hypothesize a connection between the degradation of the shear modulus and
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the rise in soil damping under extreme vibration. The acceleration of the free field and clay
near the surface under the structure is slightly smaller than the experimental results in the
period of 0.2∼0.5 s, which might be owed to the rigid boundaries of the model that caused
the computed SSI effect to be smaller. The experimental results matched well with those
obtained using numerical simulations in FLAC 3D.

Buildings 2024, 14, x FOR PEER REVIEW 16 of 34 
 

 
(b) 

Figure 10. Change in acceleration power due to 3D SSSI [139]: (a) L shape arrangement; (b) a city 
block of twelve equispaced identical buildings. 

4. Advances in Experimental Studies on SSI 
4.1. Site Effect 

Rayhani and Naggar [140,141] conducted vibration tests on a rigid structure at a 
depth of 30 m (1:80 scale) using the C-CORE 5.5-m radius beam centrifuge. That rigid 
structure was deemed to be a reasonable simulation of a 10-story building. The experi-
mental setup included transducers for settlement measurement and accelerometers, as 
depicted in Figure 11. Glyben clay was employed during the tests to investigate the influ-
ence of soil shear strength on SSI effects. The undrained shear strength of the clay (RG-01) 
in Figure 12a was 40~60 kPa, with an average shear wave velocity of 73 m/s. The undrained 
shear strength of the clay (RG-02) in Figure 12b was 40~50 kPa for the top, and 85~95 kPa 
for the medium, with an average shear wave velocity of 100 m/s. Through a sturdy con-
tainer, the superstructure was embedded in the clay. The results revealed that the SSI ef-
fect amplified the surface peak acceleration significantly, especially in instances of a minor 
input seismic amplitude. Furthermore, uniform clay (RG-01) amplified structural acceler-
ation less than layered clay (RG-02), but RG-01 amplified near-surface acceleration over 
RG-02, which might be the consequence of the nonlinearities of the deeper and weaker 
clay. Also, when the seismic intensity increased, the amplification coefficient of the SSI 
effect on the amplitude and spectrum of seismic acceleration was minimized allowing re-
searchers to hypothesize a connection between the degradation of the shear modulus and 
the rise in soil damping under extreme vibration. The acceleration of the free field and 
clay near the surface under the structure is slightly smaller than the experimental results 
in the period of 0.2~0.5 s, which might be owed to the rigid boundaries of the model that 
caused the computed SSI effect to be smaller. The experimental results matched well with 
those obtained using numerical simulations in FLAC 3D. 

  
(a) (b) 

Figure 11. Centrifuge model configuration at prototype scale [140]: (a) Model RG-01; (b) Model
RG-02.
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To compare the change in the inter-story shear of the same structure built on different
foundations (rigid and soft), Zhang and Far [128] scaled a 15-story frame structure at a ratio
of 1:30 and performed shaking table tests, as well as scaled a soil field with VS = 200 m/s
at the same ratio. The results revealed that SSI could not be ignored, especially when the
shear wave velocity of the soil was lower. To validate the accuracy, the model developed in
ABAQUS was compared with the findings obtained from this experiment.

Brennan [28] designed a TSSI centrifuge as in Figure 13, at a 1:50 scale to investigate
the slope amplification factor under various conditions. The soil mass affected by TSSI
occurred 0.31 H (the slope height was assumed to be H) longitudinally from the soil
surface and 0.63 H from the lateral slope, according to the centrifuge test discoveries,
with an amplification factor of roughly 1.5∼2.0. The range of influence and amplification
factors obtained from the experiment were found to be smaller than the numerical results,
likely attributed to the errors in the scaled model and the distinct properties of the soil.
Nonetheless, this experiment substantiated that the slope height significantly influenced the
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TSSI effect, reinforcing the conclusions drawn from the numerical simulations. Additionally,
the soil exhibited a filtering or amplification effect on seismic waves at various frequencies.
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4.2. Foundation Form

Through shaking table tests, Shahbazi et al. [112] investigated the response of soil–pile–
structure interaction under seismic action using a skid that mimicked the superstructure.
The experimental setup consisted of two groups of four piles each, totaling eight helical
piles, with distinct lengths and diameters in the two groups, as illustrated in Figure 14.
The experiment spanned five days, with the seismic response of the pile group (featuring
fixed and pinned connection types) measured during the final two days. The experimental
findings indicated comparable seismic response characteristics for both connection types.
Assuming a limit of 200 m/s for the soil shear wave velocity, the viscosity of the soil
surrounding the piles was found to increase the shear wave velocity. Consequently, the
stiffness and intrinsic frequency of the pile group were higher, resulting in a smaller
displacement between the structure and piles. However, these effects could be disregarded
when the wave velocity exceeded the threshold.
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Figure 16. Shaking table test models of SFSI and SSSI: (A) setup of Tests 1 and 2 [143]; (B) setup of 
Tests 3 and 4 [144]; (C) diagram of iSSSI (Test 3), aSSSI (Tset 4), and cSSSI (Test 4) (from left to right) 
[137]. 

 

Figure 14. Schematic 3D view of pile groups and skids on shake table [112].
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As depicted in Figure 15, Wang et al. [142] conducted a shaking table test on a six-story
concrete frame at a 1:30 scale to assess the influence of the subsurface structure on SSI with
varying foundation types, ranging from independent to box foundations. According to the
experimental results, the SSI effects with the two different foundations caused a variation of
up to 20% in the acceleration response of the soil. Due to the robust confinement provided
by the box foundation to the superstructure, the overall acceleration response of the box
foundation-supported structure was smaller than that of the independent foundation.
However, the top layer of the box foundation exhibited a more pronounced amplification
effect on the seismic response, characterized by a noticeable whiplash effect. Additionally,
the researchers noted that the foundation type had a limited impact on the horizontal
spectral characteristics of the structure but a more substantial influence on the acceleration
amplitude and vertical spectrum.
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4.3. Superstructure

To assess the influence of soil–foundation–structure interaction (SFSI) and SSSI on
the seismic response of structures, Trombetta et al. [137,143,144] conducted centrifuge
experiments, as depicted in Figure 16. In Figure 16A, test-1 and test-2 were executed by
adjusting the separation between two structures: a low-rise frame structure with a shallow
embedded foundation and a mid-rise frame structure with a substantial basement. The tests
affirmed that the SFSI effect indeed extended the period and increased damping. Moreover,
the structure with a basement, capable of inhibiting permanent deformation, was found
to be more susceptible to the SFSI effect. Test 2, on the other hand, demonstrated that
the presence of deep footing influenced the moment–rotation behavior of the neighboring
shallow foundations. As the constraints on shallow foundations increased, the system
damping decreased, and the ratio of energy dissipated in superstructure vibration to the
total energy dissipated increased. This scenario was less favorable for the seismic response
of low-rise buildings. Building on the insights from Test 2, the researchers investigated
the impact of SSSI on the seismic response of multiple structures by rearranging buildings.
The findings indicated that for small and medium earthquakes, accounting for the SSSI
effect was essential. With the intensification of ground motion, the nonlinearity of the SFSI
increased gradually, while the SSSI effect diminished gradually, possibly due to a shift
in the form of energy release. Additionally, this test confirmed that the vulnerability of
structures to the SSSI effect depended on their nature and placement and was unrelated to
the strength of the seismic wave.
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Aldaikh et al. [145] conducted a thorough investigation into the SSSI effects on
three adjacent buildings through a shaking table test. To minimize the potential errors
associated with genuine soil, a block cellular polyurethane foam was utilized, known for
its linear and elastic propagation of seismic waves. In Figure 17b, the central building
was replaced with an aluminium plate at the center of the foam box, while identical
structures were installed on both sides, as depicted in Figure 17c. The test results
indicated that the dynamic properties of the adjacent structures had discernible effects
on the central building. Specifically, when the surrounding buildings were 10% to 20%
higher than those at the center, the SSSI amplification coefficient on the seismic response
of the central building could reach up to 170%. Conversely, when the surrounding
buildings were 10% to 20% lower, the seismic response of the central building could be
reduced by around 30%.

As depicted in Figure 18, Li et al. [146] reduced the scale of two 12-story cast-in-place
concrete frame structures to 1:15, placing them on soft ground with a 200 mm separation.
The test involved applying two seismic waves along the X and Y directions, and the impact
of SSSI on the seismic response of the structures was assessed by varying the initial peak
acceleration. The following conclusions were drawn from the test results: (a) the input
excitation exceeded the acceleration response at the top of the free-field foundation; (b) as
the initial excitation increased, the soil acceleration amplification coefficient, attributed to
the combined effects of SSSI and SSSI, decreased and became similar in both the X and Y

88



Buildings 2024, 14, 1174

directions; (c) at the pile–soil interface, a disparity in the amplitude of the contact pressure
was observed, with greater values at the top or end of the pile and minimal visibility at the
pile shaft.
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Figure 17. Configurations of experimental models on shaking table [145]: (a) block cellular
polyurethane foam (soil model); (b) central building model; (c) parallel buildings model.
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5. Research Advances on SSI for Large-Span Spatial Structures

In large-span spatial structures, the interaction between upper roofs and lower
supporting structures is pivotal. The upper roofs act as a stiffness constraint on the
lower structures, while the latter has an amplification effect on the former [147]. It
has been demonstrated that when calculating the seismic response of the roof alone,
compared to considering the entire large-span space structure with the lower structure
in modal analysis, there are distinct differences in the frequencies of the first 10 orders.
Simultaneously, nodal accelerations, roof displacements, and internal forces of rods
show visible elevations [148]. This indicates that relying solely on the analysis of roofs is
unreliable. Existing specifications [36] advocate for the co-calculation of the steel roof
and lower supporting structure, emphasizing the need for considering damping ratio
values in seismic design for large-span spatial structures. It is important to note that
these recommended values were provided without taking into account the influence of
different lower support structures and SSI effects.

Simultaneously, in the case of multi-degree-of-freedom (MDOF) structures, every
mode contributes to the overall seismic response [149]. In the time history analysis of long-
span structures, the most commonly employed method is the mode superposition method,
where the key lies in determining the dominant modes [150]. Feng et al. [151] proposed the
adoption of the mode contribution ratio to identify the dominant modes of spatial structures
under seismic loads, a method that demonstrates greater precision compared to selecting
the first 25∼30 modes or using the effective mass method. The mentioned studies on SSI
make it abundantly clear that SSI influences the modes of the structure, especially when
the foundation type is a pile foundation or pile–raft foundation. Consequently, the higher-
order modes of the structure exhibit more variation in the presence of SSI, underscoring
the significance of considering the soil effects when conducting design or research.

Another crucial aspect of seismic investigation in the realm of large-span spatial
structures is the consideration of multidimensional, multipoint, and nonstationary ex-
citation. Typically, seismic response analysis of structures relies on the assumption of
uniform excitation, utilizing the consistent input of ground motion. This approach pre-
dominantly considers the temporal variability of ground motion while omitting its spatial
variation. However, the influence of Multiple Support Excitation (MSE) has garnered
increased attention as the structural span expands [152]. Neglecting MSE could potentially
lead to seismic design flaws [153]. Although early seismic response studies by Su and
Dong [154] on a single-layer latticed shell with a diameter of 100 m suggested that the
torsional effect induced by the travelling wave effect of vertical earthquakes could be
mitigated by the substantial safety reserve in rods during actual engineering, subsequent
seismic response studies on long-span structures and cable structures have revealed the
inevitability of spatial variability [41,154]. This variability, observed in existing engineering
practices [155–161], can either be amplified or discounted.

Since 2009, the authors’ research group has been diligently addressing gaps in our un-
derstanding of the seismic response of SSI for large-span spatial structures. This subsection
provides an overview of the ongoing work, along with a summary of the corresponding
achievements. Utilizing advanced pile–soil models originally tailored for nuclear power
plants and high-rise buildings, Luan [12] introduced a three-dimensional uncoupled pile–
soil interaction model. This model incorporates the dynamic characteristics of spatial lattice
structures subjected to strong seismic effects. Its feasibility was substantiated through
a thorough comparison with a fully coupled analysis model. The initial assessment of
the SSI effect was conducted using this model in the context of plane truss structures.
The assumption of a single-layer site was in accordance with the U.S. code. The results
indicated that the seismic responses of the structure on site Class E were notable when
compared to those on site Class B, C, and D, and the SSI effect could be ignored. Sun [13]
defined the relative stiffness β1 between the supporting columns and upper roof, and
took the site categorization of Chinese code as the soil condition to calculate the β1 limit
value of truss structures constructed on various sites, which ought to incorporate the SSI.

90



Buildings 2024, 14, 1174

While measuring the structural self-resonance frequency of truss structures erected on site
Class I, II, and III, the SSI effect had to be taken into consideration when β1 > 3, and if
evaluating the internal force response of the members, it had to be involved when β1 > 6.
For Class I and Class II sites, the SSI effect was hard to disregard when β1 > 1, while
for Class III sites, the limit value of β1 was 6 for the numerical calculation of top chord
nodes’ acceleration. Since then, this pile–soil model has been applied to reticulated shell
structures, where the displacements at the top of structures increased with decreasing soil
stiffness when the superstructures remained unaltered, although the maximum bending
moment of the main ribs might decrease. Similarly, Sun [13] determined the limit value of
β1 that had to be contemplated in terms of the SSI effect utilizing a double-layer Kiewitt
dome reticulated shell structure with a span of 60 m as an example. The double-layer shell
structure established on site Class II and III had β1 limits of 0.6 and 0.1, each, whereas
the SSI effect was negligible for the structure on site Class I when calculating the internal
force of members. Parallel to such, while computing the effect of seismic acceleration of the
mesh shells, the structure erected on site Class I could neglect the SSI effect as well. The β1
limitations for structures built on site Class II and III were 0.2 and 0.1, respectively. Note
that the site Class I0, Class I1, Class II, and Class III of Chinese code are equivalent to the
site Class A, Class B, Class C (D), and Class D of the U.S. code, respectively.

It was demonstrated that the SSI effect played a favorable role in increasing overall
damping and extending the structural period. Considering the relatively dense natural
frequency of large-span spatial structures, the impact on vibration modes within the
reticulated shell structure exceeded that in the truss structure, notably concentrated in
the first five orders. Regardless of the SSI effect or the assumption of a rigid foundation,
Wang [14] emphasized that the initial vibration mode of a reticulated shell structure
tended to be horizontal due to its arched configuration, resulting in increased vertical
stiffness and decreased horizontal stiffness. However, the SSI effect expedited the
emergence of the vertical vibration mode, particularly manifesting sooner when the soil
stiffness was lower. In models with a stiff or rigid base, the vertical vibration mode
typically appeared in the 11th order; for medium-soft soil, it was in the 7th order; and
for soft soil, it was in the 5th order.

Wang [14] and Wei [15] examined the dynamic stability of single-layer and double-
layer reticulated shell structures under step loads, simple harmonic loads, and seismic
waves, respectively, aiming to broaden the awareness of the dynamic characteristics of
mesh shell structures whilst including SSI. For the single-layer reticulated shell structures,
the incorporation of SSI could significantly reduce the seismic responses in terms of both
the step and seismic loads, with the reduction ratio exceeding 20%. In other words, the
assumption of a rigid foundation fundamentally enhanced the dynamic stability of the
superstructure. Concerning simple harmonic loads as the input, the primary determining
factor was whether the load frequency fell within the resonance range. The dynamic critical
load of the structure was found to be less dependent on whether the SSI effect was consid-
ered or not. Additionally, analyzing attentively how the shell structure performed under
various seismic effects and on different types of sites, it was discovered that, generally, the
structural dynamic instability load tended to show lower values with the smaller the soil
stiffness. Yet, the dynamic response of the shell under different sites and seismic waves
varied significantly, and this tendency was not strictly linear and had a greater relationship
with choices of seismic waves. Moreover, the failure mechanism was connected to the
member section and the rise–span ratio. The structure was prone to strength fracture when
the member section was smaller, and, in the opposite scenario, the structure was susceptible
to buckling failure. Although the site influences the structural failure mechanism, it did
not play an irreplaceable role. Wei [15] came to a similar conclusion for their research on
the double-layer reticulated shell structure. Involving SSI resulted in a 10% increase in
acceleration at the structural apex but a decrease in the lateral displacement. Furthermore,
by applying sinusoidal loading, it was found that the plastic ratio of members, the maxi-
mum displacement of the structure, and the torsion angle were all amplified collectively
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when the first period of structural self-resonance and the first-order self-resonance period
of the soil coincide. Furthermore, for the sites with different periods, consideration ought
to be given as well to the impact of the higher-order vibration mode on the structural
response of shells. While the distribution of members’ plasticity had been estimated, the
area where the maximum displacement appeared differed significantly between the two
cases of the structure without and with consideration for the SSI. It indicated that, even
though the weak point remained virtually unaltered, the implications of the higher-order
vibration modes on the structural impact were unavoidable after adopting SSI. A simplified
simulation of SSI was established from Chinese code to attempt to explore the failure
mechanism of the double-layer reticulated shell structure under the SSI effect, which con-
tained the sites of Class I0, I1, II, III, and IV, respectively, and concluded that, for structures
built on soft ground, extending the period of the structure may approximate the superior
period of the input ground vibration, expanding the structural inertia during an earthquake
and aggravating its hazard. Furthermore, an analysis based on numerical simulations
of existing seismic design provisions indicates that the current seismic codes are suitable
for high-rise buildings but may not apply to large-span structures. Instead, the torsional
increase coefficients induced by SSI should be carefully considered when identifying the
critical nodes in large-span spatial structures. Additionally, a pragmatic reference method
for accurately evaluating the seismic performance of double-layer spherical reticulated
shell structures was introduced in the form of a failure criterion.

A modified S–R (Sway–Rocking) model was offered by Wang [17] and Liu [16] based
on the analysis of previous pile–soil simplified models by this group for the embedded
method, the “m” method [162], and the resistance function method. The conclusion was
that the resistance function is more accurate compared with other simplified methods
for group pile foundations used for large-span spatial structures [12]. Shaking table tests
were performed to confirm that the modified model had a better match with the assumed
soil field, as illustrated in Figure 19. Liu [16] examined the seismic response of a single-
layer cylindrical reticulated shell with various seismic wave incidence angles, foundation
types (pile and independent foundations), and the presence or absence of seismic isolation
bearings with the modified model, as illustrated in Figures 20–22. He also used shaking
table tests to verify the results of the numerical simulation. The outcomes were consistent
with our research group’s earlier findings, which demonstrated that the SSI effect prolonged
the structural period and elevated free-field acceleration by 5% to 30% at the foundation
bottom and the soil surface. Simulated evaluation additionally proved that the incident
angle profoundly impacted the seismic response of the structure. For example, in the case
of P-wave incidence, maximum acceleration in both horizontal and vertical directions could
be input proportionately to the ratio of 1:0.65 recommended by the Code for the seismic
design of buildings [36] when the incidence angle was between 50◦ and 80◦. However, when
the incidence angle was between 0◦ and 50◦ and between 80◦ and 90◦, the spatial effect
of the seismic wave incidence required to be considered was increased. For the S-wave,
the seismic response appeared to be enhanced when the input angle ranged between 30◦

and 60◦. The ratio of the peak acceleration in the two horizontal directions at the base of
the column fell between 1:0.3 and 1.3. As the intensity of the input seismic wave grew, the
mutual coupling between the two horizontals was strengthened and the ratio approached
1:0.85. This range was further narrowed though, when seismic isolation bearings were
applied, and, for S-waves, the interval to be pondered was 45◦∼60◦. Based on the S–R
modified model, Wang [17] carried out an initial investigation of the seismic response of a
suspended dome structure with independent foundations. When the soil was considered,
the structural frequency fluctuated similarly to that of the reticulated frames and shells, but
its members’ and nodes’ acceleration responses deviated. The upper reticulated shell node’s
three displacements increased significantly after the SSI effect was considered, and, with
softer soil, the displacements were larger, despite changes being unnoticeable. Meanwhile,
the three accelerations of nodes dropped considerably, and the acceleration gradually
decreased with the soil stiffness reduced. Meanwhile, the maximum compressive stresses
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of the braces, the maximum tensile stresses of the diagonal members and ring cables, and
the initial prestress loss of the ring cables all significantly decreased at the same time as
the maximum compressive stresses of the ring and radial members of the reticulated shell
increased.
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The author’s group is presently engaged in evaluating the SSI effect on suspended
dome structures at actual sites, aiming to provide a deeper understanding of the seismic
response of prestressed structures. The Chinese code is adopted as a basis for site classi-
fication and wave selection to analyze the effects of SSI on the dynamic response of the
structure and provide an approximate spectrum of impact. The superstructure depends
on an actual construction, the Lanzhou Olympic Sports Center, as illustrated in Figure 23.
Earlier studies primarily focused on a simplified model employing a continuous spring
unit to replicate the influence of soil on the structure. The soil model was derived from a
hypothetical site and lacked refinement, potentially leading to a scenario where the seismic
response of the structure deviated from the actual seismic conditions. The two subclasses
I0 and I1 of the site Class I, which have a large stiffness and approximate rigid foundation
assumption, are not included in the current research scope. Existing results indicate that
the sites that need to take the SSI into account primarily are sites Class II, III, and IV. To
generate more reliable FEM, the soil models for site Class II, III, and IV in the ongoing
study rely on real locations. Seismic waves are selected using two methods: employing
standard response spectra and utilizing seismic waves that were measured at the modelled
site. It is anticipated that these improvements will enhance the credibility of structural
seismic responses at the site, providing empirical coefficients for the SSI effect. These
coefficients can be utilized in subsequent endeavors, particularly in the investigations of
prestressed structures.
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6. Conclusions and Future Research Directions

In this paper, Section 2 elucidated prevalent solutions for SSI effects, while
Sections 3 and 4 comprehensively reviewed site conditions, seismic excitation, the foun-
dation type, and superstructure arrangement’s impact on the seismic response of the entire
system. These discussions were conducted under the two main categories of numerical
and experimental studies for general structures. Section 5 delved into the significance of
considering SSI for large-span spatial structures, providing an updated overview of the
state of research on SSI effects in this context. In conclusion, this section will summarize key
insights drawn from prior investigations and propose research directions for SSI systems
involving large-span spatial structures.

6.1. Synthesis of Research Conclusions

(1) Chinese Codes mandate the consideration of the SSI effect for site Class II, III,
and IV. For site Class I, SSI can be neglected in the absence of particular topographic
conditions, as confirmed by studies on frame structures. However, for specific types of
space structures erected on site Class I, the SSI effect cannot be dismissed when the stiffness
ratio of the supporting structure to the upper roof surpasses a specified limit. Additionally,
it is imperative to account for the thickness and burial depth of the weak layer, as these
factors play decisive roles in influencing seismic wave effects.
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(2) While the soil effect generally dominates in most scenarios, it is crucial to note
that this is not universally applicable. The impact of a slope on the SSI system is largely
contingent on the ratio of the distance between the structure and the slope to the height of
the slope. Although values across different papers may vary, there is a common agreement
that the slope effect can be disregarded when the ratio exceeds 5. However, a consensus is
yet to be reached on the specific amplification factor of the slope effect, and this necessitates
examination in light of the specific characteristics of the site.

(3) According to the response spectrum, seismic waves could be selected to reduce
the calculation error. Furthermore, a distinct spatial effect is observed, indicating that the
seismic responses of structures do not increase linearly with various incidence angles. The
determination of the most unfavorable incidence angle under three-dimensional seismic
wave input is structure and site-dependent.

(4) Foundations exhibit diverse responses to SSI, with shallow and compensatory
foundations being more susceptible compared to pile and pile–raft foundations. Addition-
ally, the SSI effect has the potential to alleviate the base shear force, with pile and pile–raft
foundations demonstrating higher discount factors than shallow foundations.

(5) In the case of frame structures, SSI may lead to a reduction in low-order modal
frequency and an extension of the structural period. However, owing to their unique
structural characteristics, large-span spatial structures should also consider the effects
of SSI on high-order modes. Additionally, prior research has established that different
superstructures exhibit varying degrees of sensitivity to SSI effects, primarily manifested in
the increase or decrease in peak horizontal acceleration, inter-story drift ratio, and lateral
displacement of the structure.

(6) Incorporating the nonlinear properties of soil becomes imperative when dealing
with long site periods, as the application of a linear soil model introduces greater errors
with increasing site periods. The direct method, devoid of the need for the superposition of
multiple simplifying assumptions, allows for accurate nonlinear analysis of the SSI system,
maintaining optimal accuracy. Unfortunately, its extensive computational demands render
it impractical for use in large-scale models within engineering practice.

6.2. Prospective Research Directions

In light of the aforementioned considerations regarding the importance of integrating
SSI in the design of large-span spatial structures, and acknowledging the ongoing debate
on the applicability of existing research findings from other structures to the study of space
structures, coupled with the recognized need for additional numerical and experimental
simulations, this section will delve into potential future research directions for large-span
spatial structures considering SSI. These directions are based on insights gleaned from
previous investigations on other structure types, as well as the ongoing and completed
research within the authors’ research group.

(1) A more comprehensive and in-depth experimental or theoretical study would
be beneficial to explore this aspect of the influence coefficient. Code for seismic design of
buildings [36] stipulates that, for buildings constructed on sites Class III and IV, when SSI
are included, the horizontal seismic shear tends to be diminished. Nonetheless, the group’s
research [14–17] revealed that, in certain circumstances, the horizontal seismic response
was heightened rather than discounted, attributed to the influence of the higher-order
vibration modes.

(2) Different numerical simulations have implemented various hypotheses and degrees
of simplifying as dynamic interaction spans a wide range of research areas. Hence, the
structural and foundation responses offered through several computational models might
vary greatly from one another. Most SSI effects generated from two-dimensional modeling,
such as dams or frame structures, may not be appropriate for spatial structures since
their seismic vibrations are three-dimensional [163]. Meanwhile, there are a variety of
spatial structures, along with numerous influencing factors. Certain large projected scale
spatial structures (span ≥ 120 m, length ≥ 300 m, cantilever ≥ 40 m) are obliged to
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contain multidirectional and multipoint inputs, which involve seismic wave reflection and
diffraction. Thus, a more systematic study is necessary for various structural forms.

(3) It is imperative to recognize that diverse subsurface structures influence SSI. Recent
articles often employ high-rise buildings and bridges as superstructures to investigate the
impact of underground foundation design on the seismic response of SSI systems, with
a significant focus on pile foundations and pile–raft foundations. However, the seismic
assessment of large-span constructions with different foundation types, particularly in the
context of larger underground spaces, is not thoroughly explored. It is advisable to delve
deeper, as the presence of a basement imposes greater constraints on the superstructure
compared to pile foundations.

(4) Studies conducted thus far on SSI in large-span structures commonly overlook sce-
narios in which both the superstructure and the soil simultaneously undergo plasticity. The
equivalent strain of the soil experiences significant development during rare earthquakes,
particularly in sites with soft soil layers, while certain members of the superstructure
gradually enter plasticity. To accurately simulate the outcomes of seismic responses and
determine whether structures eventually face dynamic instability, strength damage, or
support failure, it is crucial to incorporate more sophisticated nonlinear or equivalent linear
soil models and robust superstructure models that consider the plastic damage of materials
in similar situations.

(5) There remains a discrepancy between experimental results and real ground vibra-
tions, primarily attributed to the predominantly small-scale nature of previous experimental
studies on SSI. A critical aspect of this process involves the selection of laboratory soil
material. Using genuine soil introduces significant challenges; accurately scaling density
and particle size, rearranging internal filler during vibration, and addressing other com-
plexities pose inherent difficulties [145]. Alternatively, using a substitute would hinder the
accurate simulation of soil nonlinearity. Furthermore, research on the topographic effects is
confined by the limitations of the test site. The author’s group conducted a comprehensive
examination of the spatial effects of a single cylindrical reticulated shell under oblique
incidence of seismic waves through numerical analysis and experiments. [16] Unfortunately,
due to the model spans of the sizes of test models being relatively small, the travelling
wave effect was not further involved. Furthermore, to ensure the generalizability of test
results for practical engineering applications, larger-scale shaking table tests or field testing
may be necessary, especially for broader spans.

(6) Further, as highlighted in this introduction, mitigating the impact of SSI is imprac-
tical when assessing the vibration control for large-span spatial structures. The vibration-
damping effectiveness of the tuned mass damper (TMD) system, founded on the as-
sumption of a rigid foundation, may prove suboptimal on flexible foundations and could
potentially yield adverse effects, as evidenced by tests. Hence, further investigations are
imperative to scrutinize the influence of SSI, validate their feasibility, and assess their
damping effects.
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Abstract: Road traffic transportation has flourished in the process of urbanization due to its advan-
tages, but concurrently it generates harmful environmental vibrations. This vibration issue becomes
particularly crucial in production workshops housing precision instruments. However, limited
research has been undertaken on this matter. This study aimed to investigate the influence of road
traffic-induced vibration on micro-vibrations within a workshop housing precision instruments. A
field test was conducted to assess the vibration levels originating from both machinery operation and
vehicular traffic. The results indicated that ground-borne vibrations caused by road vehicles decrease
with increasing propagation distance, peaking around 10 Hz. Machinery operation vibrations were
primarily concentrated above 20 Hz, while vehicular traffic vibrations were more prominent below
20 Hz. Notably, the passage of heavy trucks significantly impacted both ground and workshop
vibrations, with vertical vibrations being particularly significant. Within the workshop, the second
floor experienced higher vibrations above 20 Hz due to the presence of installed instruments. Impor-
tantly, the micro-vibration levels on both floors exceeded the VC-C limit (12.5 µm/s), highlighting
the need to account for road traffic and machinery vibrations in workshop design. These data can
be utilized to validate numerical models for predicting road traffic-induced vibrations, aiding in
vibration assessment during road planning and design.

Keywords: production workshop; environmental vibration; micro-vibration; road traffic; precision
instruments

1. Introduction

With improvements in the urbanization rate in China, the population is gathering in
cities, and the urban road network system has also been upgraded [1,2]. The well-connected
traffic network has brought great convenience to people’s lives and travel. However, traffic-
induced vibration has become a major environmental issue in urban areas, since the distance
between the buildings and the traffic lines is decreasing due to space limitations in heavily
populated cities [3–7]. The vibration hazard caused by road traffic is thus an urgent social
and engineering problem to be solved [8–10].

Research on the vibration and noise problems of buildings, caused by railway traffic,
is quite common [11,12]. As for vibration propagation caused by road vehicles running,
Watts [13] found that significant vibration responses could be observed within 50 m from
the center of the road when heavy vehicles were running on an uneven road. In theoretical
investigations, a simplified vibration prediction model was proposed to consider the
influence of factors such as vehicle speed, vibration propagation distance, and the maximum
height and depth of the uneven pavement on the road [14]. Hunt [15,16] and Lombaert [17]
assumed that the effect of running vehicles on the road was a steady-state process. In their
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studies, the vehicle was simplified into different models, and the influence of different
road surfaces on the vibration caused by the vehicle was discussed. An analytical method
based on random vibration analysis was proposed to predict the power spectral density
of traffic-induced ground-borne vibration by Hao and Ang [18], which showed that the
ground-borne vibration was mainly caused by the propagation of the Rayleigh wave.
Other numerical models were established to study the vibration response caused by the
running vehicle on roads of different roughness [19,20]. In Lak’s study [20], the load weight,
traffic degree, and road roughness were significant factors that affected the environmental
vibration caused by road traffic. However, the pavement structure primarily affected the
near-field vibration response in a high-frequency band, and the road–soil transfer function
was mainly determined by soil parameters, so the accurate identification of soil dynamic
parameters was the key to predicting traffic-induced environmental vibration issues. Road
humps and speed cushions were used to control vehicle speeds in specific areas, whereas
obvious vibrations were produced when vehicles passed over these speed bumps; in some
cases, they could reach perceptible levels in adjacent buildings [21]. A theoretical analysis
model was established to study the subject of vehicles passing over speed bumps, and the
influences of the vehicle speed, tire stiffness, and the height and width of the unevenness
were discussed [22]. Many valuable findings have been obtained from the above theoretical
analysis and numerical simulation.

However, any theoretical analysis and numerical simulation cannot consider all ob-
jective factors. Prediction uncertainties and inaccuracies resulting from assumptions in
modeling cannot be neglected. A site experiment is the most intuitive and accurate means
of studying the vibration source excitation and the response of sensitive targets when the
vehicle passes, and it is also the most rigorous way of checking and evaluating analytical
and numerical solutions. A large number of field experiments have been carried out in the
academic and engineering fields to provide accurate model parameters and test data for
validating theoretical models [23–29].

To verify a numerical model of environmental vibration, a field experiment was per-
formed by Mhanna et al. [23]. Test vehicles were used in another field test carried out by
Taniguchi and Sawada [24]. It was found that the Rayleigh wave played a primary role in
the vibration propagation, and its dominant frequency range was located at 10~20 Hz. The
field vibration responses induced by different types of vehicles traveling at different speeds
were measured, and it was observed that the vibration responses mainly dominated in
10~40 Hz and the vibration frequency induced by buses was concentrated in the relatively
narrow frequency band of 10~12.5 Hz [25]. A detailed field measurement of the environ-
mental vibration caused by road traffic in Montreal was conducted, and it was observed
that the dominant frequency band of vibration caused by trucks was concentrated between
10 and 20 Hz [26]. Another field test was executed to study the vibration response of a
free field beside a two-way subway line and road traffic, and the different characteristics
of vibration induced by the subway trains and road vehicles were discussed [27]. To
find out the influence of road traffic on ancient buildings, an experimental study on the
vibration of ancient buildings caused by road traffic vehicles was performed [28]. The
vibration response caused by the vehicle passing through different types of deceleration
devices was researched using experiments [29]. Obvious frequency characteristics of road
traffic-induced environmental vibration were discovered in the above-mentioned studies.

In contrast, most experimental studies have focused on vibration problems encoun-
tered with intensive vibration levels, and relatively little attention has been paid to the
impact of micro-vibration. With the development of the social industrialization process,
the problem of micro-vibration has gradually been exposed [30–33]. For workshops with
precision instruments, micro-vibration may affect the normal operation and working accu-
racy of precision instruments [34]. An experimental study was conducted to evaluate the
influence of heavy-vehicle-induced vibration on precision instruments, which found that
the amplitude of heavy vehicles is about 3~5 times that of small cars [35]. Another study
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focused on the attenuation of ground-borne vibrations by applying isolation measures for
sensitive areas with precision instruments [36,37].

In this study, a random sampling analysis was conducted to assess traffic flow con-
ditions on the expressway. Then, a micro-vibration field test was carried out for the
production workshop of microelectronics enterprises adjacent to an urban expressway
in Xiamen, China. Special attention is paid to the site vibration on the ground and the
micro-vibration inside the production workshop due to road traffic. This study differs from
previous works primarily in two aspects: firstly, we conducted a vibration test in a work-
shop operating continuously, with data collected every hour capturing both production
and traffic-induced vibrations; secondly, we strategically placed measurement points along
the traffic–factory path to cross-verify the traffic-induced vibration characteristics in the
workshop, enhancing the reliability of the analysis. To obtain a better understanding of
such a complex dynamic system, the measurement data were analyzed both in the time
and frequency domains, and the test results provide references for similar research.

2. Field Test Site and Experiment Scheme
2.1. Field Test Site

The microelectronics enterprise is located off the northern side of an urban expressway
in Xiamen, China, as shown in Figure 1a, where the No. 3 production workshop is in
operation. It is a high-tech workshop for the production of new-type displays and is
equipped with precision instruments for the production of low-temperature polysilicon
(LTPS) and color filters (CFs). The distance from the edge of the urban expressway to
the production workshop is approximately 82 m. There are six lanes in both directions
making up the main carriageway of the urban expressway. Additionally, on the auxiliary
carriageway, there are four lanes in both directions. The design speed of the expressway is
80 km/h. To the southwest of the No. 3 production workshop, the nearest distance from
the workshop to the elevated rail transit line is about 65 m (see Figure 1a).

The overall length and width of the No. 3 production workshop is 507.9 m × 252.6 m,
with a building height of about 26 m. There is no production equipment in the dust-free
room on the first floor of the workshop, which is used as a ventilation space. The core area
in the workshop is on the second floor. There is plenty of fully automated production equip-
ment on the second floor, which operates continuously over 24 h. Therefore, the vibration
sources for precision instruments in the workshop mainly include (1) vibration generated
by the operation of machinery and equipment in the production workshop; (2) vibration of
air conditioning and ventilation equipment in the dust-free room; (3) instantaneous shock
and vibration caused by personnel walking; (4) vibration from the nearby construction site;
and (5) vibration caused by vehicles running on the road in the factory area and urban
roads outside the factory area.

2.2. Measurement Scheme

Since the environmental vibration caused by road traffic is low-frequency vibration,
the vibration attenuation rate is slow during the process of propagation. Micro-vibration is
one of the key issues to be considered and solved in the production process of the display
screen. At the same time, the elevated rail transit line under planning may also have a
significant adverse impact on the normal production activities in the No. 3 production
workshop after it is put into operation. At present, the primary task is to find out the
micro-vibration level of the No. 3 workshop and the significant influential factors of the
existing vibration sources. Therefore, three test sections were arranged in different areas of
the No. 3 workshop. Meanwhile, to find out the attenuation characteristics of vibration on
the propagation path, test section 4 # is set on the transmission route between test section
3 # and the expressway. The four test sections are all within the green dotted circle in
Figure 1a, which is illustrated in Figure 1b in detail.
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The layout of test points for the four test sections is shown in Figure 1c. Test sections
1 #, 2 #, and 3 # were located in the workshop. Each test section contained eight measuring
points, of which measuring points 1 # to 4 # were arranged on the first floor, measuring
points 5 # to 8 # were installed on the second floor, and the intervals between the measuring
points were 20 m. Test section 4 # was located on the transmission path between the urban
expressway and the workshop. Seven measuring points of test section 4 # were arranged on
the ground. Measuring point 4-1 # was installed next to the urban expressway, the intervals
between the adjacent measuring points 4-1 # to 4-6 # are 10 m, and the distance between
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the measuring points 4-6 # and 4-7 # is 15 m. Each measuring point of the four test sections
was equipped with three sensors to record the vibration speed in the X, Y, and Z directions,
as shown in Figure 1c.

Based on the Technical Specifications for Environmental Vibration Monitoring (HJ
918-2017) [38], the monitoring of the regional environmental vibration was divided into
two periods: daytime and nighttime monitoring. Daytime refers to the period between
6:00 a.m. and 10:00 p.m. in one day, and nighttime refers to the period from 10:00 p.m. to
6:00 a.m. on the next day. The time interval between the two tests was one hour. According
to the above-mentioned specifications, micro-vibration monitoring in workshop No. 3 was
carried out on test sections 1 #, 2 #, and 3 # for 24 h, respectively, and the monitoring was
performed each hour with a duration of 10 min. Measurement was conducted for test
section 4 # in the period between 7:30 p.m. and 8:30 p.m. when a large number of vehicles
were running on the urban expressway. In total, 35 groups of data were collected, and the
duration of each data collection was 30 s.

For test sections 1#, 2#, and 3 # in the No. 3 workshop, sensors were installed on
the first and second floors of the building. The dust-free room on the first floor has no
production equipment, and the sensors were directly installed on the first floor slab, as
shown in Figure 2. The core production area was on the second floor, and the production
equipment was placed on the waffle board. When installing the sensors on the second floor
slab, the waffle board needed to be removed first, and the sensors were installed on the
floor slab under the waffle board. The second floor was equipped with ventilation holes,
and the sensors were installed on the floor beside the ventilation hole, as shown in Figure 3.
In Figure 3, test sections 1 # and 2 # on the second floor were located in the yellow light
area; the surrounding production equipment was dense, and test section 3 # was located in
the white light area, which had the least equipment of the three test sections.
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The measuring points of test section 4 # were placed on the ground between the urban
expressway and the workshop. The surface of the green belt is covered with weeds and low
trees. The installation procedure for the sensors is shown in Figure 4. Firstly, the surface
floating soil needed to be removed, and a square foundation pit was excavated to place
a square steel plate with an L-shaped angle steel and four small holes at the four corners.
Then, four steel drills were inserted into the soil through the holes to fix the plate. Finally,
sensors were mounted on the steel plate in the X, Y, and Z directions.

In the experiment, Type 891-II low-frequency accelerometers were employed, boasting
a measurement range of 0 to 4 g and an effective frequency range spanning from 0.5 Hz
to 80 Hz. The data acquisition system utilized for the measurements was the INV3060S, a
product of the Beijing Oriental Institute of Vibration and Noise Technology. This advanced
system supports up to 16 channels and offers a sampling frequency range extending from
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6.25 Hz to 102.4k Hz. The sampling frequency was 1024 Hz. Random sampling was
conducted beside the road. About three to five heavy trucks passed by per minute in one
direction. Regarding trucks, they typically had multiple axles, ranging from double to five
axles, with axle weights varying between several tons to ten tons. The traffic condition on
the expressway is shown in Figure 5.
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3. Vibration on the Transmission Route

Test section 4 # was set on the site of the transmission route between the road and
the workshop. Before the field test, a random sampling study of the expressway’s traffic
flow condition was undertaken. From 7:30 to 8:30 p.m., three to five heavy trucks went in
one direction every minute, while other vehicles, including various types of cars, passed
by continuously. To examine the effects of the actual random traffic flow, the duration of
each test was 30 s. Generally, during the test period, the excitation of heavy trucks and cars
could be recorded. The characteristics of the vibration responses were analyzed in time
and frequency domains. The heavy vehicle shown in Figure 5b represents trucks.

3.1. Time History Analysis of Ground Vibration

The background vibration responses on the ground were quite minimal when there
were no moving vehicles on the road. With the excitation of road traffic vehicles, the
vibration responses on the ground increased to some extent, and while the heavy vehicles
passed by, the ground-borne vibration responses were magnified significantly. The vibration
responses of the measuring points decreased gradually with the increase in the distance
from the road. Figure 6 shows the time histories of velocity responses in the vertical, X, and
Y directions at locations 4-1 #, 4-5 #, and 4-7 #.

The comparison of time histories in the three directions in Figure 6 shows that the
vertical vibration response was the largest, and the vibration response in the Y direction
was the smallest. In Figure 6, both the background vibration and traffic-induced vibration
can be observed in response to the three directions. The vibration responses of the ground
measurement points in the periods of 7 s to 23 s and 27 s to 30 s were generated by
the passage of road vehicles (except for heavy trucks) and were greater than those of
background vibration. The vibration response from 23 s to 27 s increased significantly
due to the passage of heavy trucks. Additionally, the closer to the road, the more the
vibration response increased. From Figure 6a, the peak response caused by heavy vehicles
passing by can be observed at locations 4-1 # and 4-5 #, corresponding to 23.77 s and 24.48 s,
respectively, from which the time lag phenomenon can be observed.
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3.2. Fourier Spectrum Analysis of Ground Vibration

The dominant frequency band of ground-borne vibration in the vertical, horizontal,
X, and Y directions caused by road traffic was concentrated within 20 Hz. The peak
frequency of the vertical vibration appeared at 12 Hz, and the peaks of the horizontal
vibration responses in the X and Y directions appeared around 6 Hz and 12 Hz. During the
propagation of vibration, the response amplitude gradually attenuated with the increase in
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distance from the road. The fast Fourier transform (FFT) spectra of vibration velocity in the
vertical, horizontal, X, and Y directions at locations 4-1 #, 4-3 #, 4-5 #, and 4-7 # are given in
Figure 7.

It can be seen from Figure 7 that the vertical vibration amplitude was greater than
that in the horizontal X and Y directions, and the vibration amplitude in the horizontal
Y direction showed the smallest response, which is consistent with the conclusion of the
analysis from Figure 6. The vibration responses in the three directions decreased gradually
with the increase in the propagation distance.
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Figure 7. Spectra of vibration velocities at test section 4 # in the (a) vertical direction; (b) X direction;
and (c) Y direction.

3.3. 1/3 Octave Spectrum of Ground Vibration

Based on the description in Section 2.2, 35 groups of test data were recorded for test
section 4 # during the period of 7:30 p.m. to 8:30 p.m., when there were a large number
of vehicles passing through the urban expressway. The duration of each test was 30 s.
According to the 35 groups of test data, a 1/3 octave analysis was carried out. Due to
the differences in the test data, a 95% confidence interval was employed for 1/3 octave
spectra. The 95% confidence limits of vertical vibration responses at measuring points 4-1,
4-3, 4-5, and 4-7 # are shown in Figure 8. It can be seen from Figure 8 that the dominant
frequency band of the ground-borne vibration response was within 20 Hz, and the peak
frequency of the vibrations at 4-1 # and 4-3 # was located at 10~20 Hz. With the increase
in propagation distance, the peak frequency of the vibration responses at 4-5 # and 4-7 #
shifted to 10 Hz, and the vibration amplitude decreased, which was especially evident in
the dominant frequency band.
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Figure 8. The 1/3 octave spectra of vertical velocity at the following test points: (a) 4-1 #; (b) 4-3 #;
(c) 4-5 #; and (d) 4-7.

3.4. Vibration Level of Ground Vibration

To further investigate the ground-borne vibration induced by road traffic, the vibration
was evaluated by use of the speed vibration level Lv in decibels, expressed as

Lv= 20lg
(

Vrms

Vref

)
, (1)

where Lv is the velocity level in decibels, Vrms is the effective value (root mean square
value) of vibration velocity in m/s, and Vref is reference velocity, of which the value is
2.54 × 10−8 m/s, according to the regulations of the Department of Railway Transportation
in the U.S. [39].

For 35 groups of test data, the vertical velocity vibration level Lv was calculated using
Equation (1). Due to the differences that exist in the test data, a 95% confidence interval was
employed, as shown in Figure 9. In Figure 9, the total vibration levels at all test points on
the ground are exhibited. The vertical velocity vibration level decreased gradually with the
increase in distance from the road, indicating that the vibration energy gradually decreased
during the vibration propagation, which follows the vibration propagation rule in Ref. [40].
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Figure 9. Vertical velocity levels of test points from 4-1 # to 4-7 # at test section 4.

4. Vibration in the Workshop

The production workshop is located near the urban expressway. The road traffic-
induced micro-vibration may affect the normal operation of the instruments and equipment
in the workshop. Therefore, it was necessary to conduct a detailed study on the influence
of road traffic on the workshop.

4.1. Time History Analysis of Workshop Vibration

The road traffic-induced vibration in the workshop was attenuated during the vibra-
tion propagation from the first floor to the second floor. The vibration of the second floor
was significantly affected by the operation of the production equipment. The time histories
of the vertical vibration velocity at locations 2-4 # and 2-8 # are shown in Figure 10. Test
point 2-4 # is on the first floor, and 2-8 # is on the second floor.
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Figure 10. Time histories of vertical vibration at test points 2-4 # and 2-8 #: (a) first floor and
(b) second floor.
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It can be observed from Figure 10 that the response increased significantly during the
period of 348 s to 354 s when heavy trucks passed by. However, the response amplitude
of the second floor was smaller than that of the first floor in this period, which indicates
that the traffic-induced vibration was attenuated with the vibration propagation from the
first floor to the second floor. Compared to the responses in the other periods (335 s to
348 s and 354 s to 365 s), it can be observed that the vibration amplitude in Figure 10b
is greater than that in Figure 10a. Since the production equipment on the second floor
operated continuously for 24 h, the most likely reason for the increase in vibration on the
second floor slab in the periods of 335 s to 348 s and 354 s to 365 s is the contribution of
vibration due to the operation of production machinery and equipment.

4.2. Fourier Spectrum Analysis of Workshop Vibration

The peak frequency of workshop vibrations in the vertical direction caused by the
road traffic was concentrated around 10 Hz. The vibration in this frequency range was
attenuated with the vibration propagation from the first floor to the second floor in the
workshop. The vibration of the second floor slab was affected by the excitation induced
by the production equipment, which resulted in localized peaks in the frequency band
above 20 Hz. FFT spectra of vibration velocity in the vertical direction at all locations of
test section 2 # are shown in Figure 11.
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Figure 11. Spectra of vertical vibration at test section 2 # on the (a) first floor and (b) second floor.

For the vertical vibration response of the workshop in Figure 11, the FFT spectrum
waveforms of the vibration response at the test locations on the first and second floors
were similar, and the vibration peaks appeared around 10 Hz. The vibration amplitude of
the second floor slab was smaller than that of the first floor in frequencies around 10 Hz,
suggesting that the dominant frequency range of road traffic-induced vibration was around
10 Hz, which agrees with Refs. [24–26]. The traffic-induced vibration decreased when it was
transmitted from the first floor to the second floor. In addition, the localized vibration peaks
of the second floor can be observed at 30 Hz, 50~60 Hz, and 70~80 Hz in Figure 11b. The
amplitudes of the localized vibration peaks increased compared with Figure 11a, and the
most likely reason for this phenomenon is the vibration effects generated by the operation
of the equipment on the second floor.

4.3. 1/3 Octave Spectrum of Workshop Vibration

During the normal operation of sensitive equipment, the vibration at the placement
position of the equipment was quite severe. There is a special vibration criterion for the
evaluation of micro-vibration which takes a 1/3 octave spectrum of the effective value
of velocity as the evaluation index [41]. Seven vibration levels of vibration criterion (VC)
curves from VC-A to VC-G were used for the evaluation of micro-vibration, and the
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limit value was reduced step by step (VC-G had the most rigorous standard and the
smallest vibration limit) [41]. Table 1 shows the vibration limit from VC-A to VC-G in VC
standard [41]. A detailed description can be found in the work of Amick [42]. According to
the precision requirements of the production equipment in this study, the vibration in the
workshop needed to be kept within the VC-C limit.

On the second floor slab, the area of test section 2 # was densely populated with
production machinery, the vibration response of which was analyzed in detail to explore
the vibration characteristics in the workshop. The 1/3 octave spectra of the vibration
velocity at each measurement point in the vertical, horizontal X, and Y directions on the
first and second floors are illustrated in Figures 12–14, respectively. The test results have
obvious discreteness. The reasons for this are two. On one hand, the vibrations of different
measurement points caused by the operation of equipment were different. On the other
hand, random traffic flow on the expressway contributed to significant differences in
vibration responses.
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Figure 12. The 1/3 octave spectra of vibration velocities in the vertical direction (a) on the first floor 
in the daytime; (b) on the second floor in the daytime; (c) on the first floor at night; and (d) on the 
second floor at night. 
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Figure 12. The 1/3 octave spectra of vibration velocities in the vertical direction (a) on the first floor
in the daytime; (b) on the second floor in the daytime; (c) on the first floor at night; and (d) on the
second floor at night.

Table 1. Vibration limits from VC-A to VC-G.

Vibration Level Frequency Range (Hz) Vibration Limit

VC-A
4~8 The acceleration does not exceed 260 µg.

8-80 The velocity does not exceed 50 µm/s.

VC-B
4~8 The acceleration does not exceed 130 µg.

8~80 The velocity does not exceed 25 µm/s.
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Table 1. Cont.

Vibration Level Frequency Range (Hz) Vibration Limit

VC-C 1~80 The velocity does not exceed 12.5 µm/s.

VC-D 1~80 The velocity does not exceed 6.25 µm/s.

VC-E 1~80 The velocity does not exceed 3.12 µm/s.

VC-F 1~80 The velocity does not exceed 1.56 µm/s.

VC-G 1~80 The velocity does not exceed 0.78 µm/s.
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Figure 13. The 1/3 octave spectra of vibration velocity in the X direction (a) on the first floor in the
daytime; (b) on the second floor in the daytime; (c) on the first floor at night; and (d) on the second
floor at night.

Figure 12a,b show the 1/3 octave spectra of vertical vibration at the measuring points
on the first and second floors in the daytime (6:00 a.m. to 10:00 p.m), and the nighttime
spectra (10:00 p.m. to 6:00 a.m. on the next day) are presented in Figure 12c,d. In the
daytime, the vertical vibration response of the measuring points on the first and second
floors far exceeded the VC-C limit in a wide frequency range. At night, some test conditions
of the vertical vibration response on the first floor exceeded the VC-C limit of around 6 Hz,
while the vertical vibration response on the second floor in the peak frequency band of
around 30 Hz and 80 Hz also exceeded the VC-C limit.
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Figure 14. The 1/3 octave spectra of vibration velocity in the Y direction (a) on the first floor in the
daytime; (b) on the second floor in the daytime; (c) on the first floor at night; and (d) on the second
floor at night.

Considering the effects of the road vehicles, part of the test results shows response
peaks around 6 Hz in Figure 12a–d, and a larger response peak appears around 10 Hz in
Figure 12a,b. The reason is primarily due to the large traffic flow and rapid passage of
heavy vehicles during the daytime, resulting in a peak response near 10 Hz. While there
was relatively less traffic flow and few heavy vehicles at night, no response peaks around
10 Hz were observed. In the frequency ranges around 30 Hz and 80 Hz, obvious vibration
response peaks can be observed in Figure 12b,d, and response amplitudes are significantly
higher than those in Figure 12a,c. This is likely due to the 24 h uninterrupted operation
of the production facilities on the second floor. So, for the daytime and nighttime, no
significant differences in vibration responses around 30 Hz and 80 Hz can be observed in
Figure 12b,d. It can be seen from Figure 12d that the vibration generated by the operation
of the production facilities at night even exceeded the contribution of road vehicles to the
vibration on the second floor slab.

The 1/3 octave spectra of vibration in the X direction at the measuring points on the
first and second floors during the daytime are illustrated in Figure 13a,b, and the nighttime
spectra are presented in Figure 13c,d. The X-direction vibration response of test section 2 #
in the production workshop was smaller than that in the vertical direction. In the daytime,
only a few test data on the first and second floors exceeded the VC-C limit in the peak
frequency band. At night, the vibration responses on the first floor were very small, and all
of them failed to reach the VC-C limit. Additionally, X-direction vibration responses on the
second floor were only greater than the VC-C limit in the peak frequency band around 80 Hz.

117



Buildings 2024, 14, 1142

The 1/3 octave spectra of vibration in the Y direction at the measuring points on the
first and second floors during the daytime are indicated in Figure 14a,b, and the nighttime
spectra are presented in Figure 14c,d. The Y-direction vibration response of test section 2 #
was similar to the vibration in the X direction and much smaller than that in the vertical
direction. In the daytime, very few test data on the first floor exceeded the VC-C limit in
the peak frequency ranges around 10 and 50 Hz, and vibrations on the second floor only
exceeded the VC-C limit at the peak frequency of 80 Hz. At night, only individual data
on the first floor exceeded the VC-C limit at the peak frequency of 50 Hz, while partial
vibration responses on the second floor exceeded the VC-C limit at 30 and 80 Hz.

4.4. Vibration Level of Workshop Vibration

To study the vibration level of the first- and second floor slabs in the workshop
at different moments, Equation (1) is used to obtain the velocity vibration level of the
responses in the workshop. The mean and standard deviation of the vibration levels at the
four measurement points on the same floor are then found. Taking test section 1 # as an
example, the mean and standard deviation of the vibration response on the first floor are
calculated according to the responses of the measuring points 1-1 # to 1-4 #, and the mean
value and standard deviation of the responses on the second floor are obtained according
to the responses of measuring points 1-5 # to 1-8 #. The mean and standard deviation
of vibration responses on the first- and second floor slabs at the three test sections in the
workshop are shown in Figure 15.
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Figure 15. Vertical vibration levels of the workshop during one day at (a) test section 1 #; (b) test
section 2 #; and (c) test section 3 #.
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As shown in Figure 15, the square and circular dots represent the means of the vibration
responses, and the vertical short line represents the standard deviation of the vibration
responses. It can be seen from Figure 15 that the mean value and standard deviation of
the vibration levels in the workshop have obvious variations at different moments, mainly
due to the random road traffic flow on the expressway. However, it can be observed
that the mean values of the vibration level magnify with the increased traffic flow in the
morning and evening peak periods. During the three days when the three test sections
were measured, respectively, the morning peak periods were uniform, which appeared
in the period of 8:00 a.m. to 9:00 a.m., while the evening peaks primarily appeared in the
period of 7:00 p.m. to 9:00 p.m.

Comparing the vibration characteristics of the first and second floor slabs at the three
test sections, it can be found that except for the morning and evening peak periods, the
velocity vibration level of the second floor slab is greater than that of the first floor slab,
which is due to the vibration excitation caused by the operation of production facilities
on the second floor. However, during the morning and evening peak periods, due to
the increase in the road traffic flow, the contribution of vibration induced by road traffic
increases, and the differences in vibration levels between the first and second floors decrease.
It can even be observed in Figure 15a that the vibration level on the first floor slab exceeds
that on the second floor slab due to the dominant increase in road traffic flow during the
morning and evening peak periods. Therefore, it is necessary to take measures to control
the vibration response caused by running vehicles, such as limiting the load capacity of
heavy vehicles, controlling the vehicle speed, improving the pavement grade, and reducing
the pavement’s roughness.

5. Conclusions

The rapid construction of urban roads improves people’s travel, yet it may cause
environmental vibration issues. In the current study, we conducted field measurements to
investigate the effect of road traffic-induced vibration on the micro-vibration of a workshop
equipped with precision instruments. The test equipment was divided into two groups.
One group was set on the ground to measure the vibration response on the propagation
path. The other group was arranged in the workshop to collect the velocity signals on the
first and second floors. The test results were analyzed in the time and frequency domains.
Relevant data and findings can not only guide the design of vibration reduction schemes for
road traffic environmental vibration but also validate potential numerical model predictions
of traffic-induced micro-vibration. Our main conclusions are listed as follows:

The traffic-induced ground-borne vibration on the transmission route attenuates with
the distance from the road and shows peak responses around 10 Hz. The passage of heavy
vehicles causes remarkable vibration response both on the ground and in the workshop,
among which the vertical vibration is the most significant.

The workshop is subject to vibration excitation from the operation of production equip-
ment (above 20 Hz) in addition to vibration stimulation from vehicles (below 20 Hz). In the
daytime, the vertical vibration responses on the first and second floors in the workshop
far exceed the VC-C limit, but only a few test conditions of the vibration responses in the
horizontal X and Y directions exceed the VC-C limit in the peak frequency range. At night,
only individual test conditions of the vibration responses on the first and second floors
exceed the VC-C limit in the peak frequencies.

During the periods of morning and evening peaks with heavy road traffic flow, the
vertical vibration responses on the first and second floors in the workshop increased
significantly. However, the second floor vibrates more than the first floor above 20 Hz,
which can be attributed to the stimulation of instruments installed there.

Due to the heavy traffic flow in the daytime, the vertical vibration response of the
floor slab in the workshop can easily exceed the VC-C limit. In addition, the vibration
generated by the operation of the production equipment in the workshop cannot be ignored,
which, in turn, has an obvious impact on the normal running of the production equipment.
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Therefore, it is necessary to explore vibration reduction measures for the production
equipment. Moreover, due to the planning of a metro line, in the future, there will be an
elevated metro line located 65 m away from the workshop, which, after it is completed
and put into operation, will have adverse impacts on the workshop. It is necessary to
further study the impacts of vibration induced by the subway line. Apart from this effect,
we did not delve into specific details such as the axle weight, vehicle speed, or model
information of the passing vehicles. Future research should aim to quantify these factors
and conduct a more nuanced analysis of the building’s vibration response to specific sources
of vehicle-induced vibration.
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Abstract: Elevated stations serve as critical hubs in urban rail transit engineering. The structure of
multi-line “building-bridge integrated” elevated stations is unique, with intricate force transfer paths
and challenges to clarify dynamic coupling from train vibrations, necessitating the study of such
stations’ train-induced dynamic responses. This paper presents a case study of a typical “building-
bridge integrated” elevated station, utilizing the self-developed finite element software GSAP-V2024
to establish a simulation model of a coupled train–track–station system. It analyzed the station’s
dynamic response under various single-track operating conditions and the pattern of the vibration
response as the speed changes. Additionally, the study examined lateral vibration response changes
in the station under double, quadruple, and sextuple train operations at the same speed. Findings
reveal that the station’s vertical responses generally increase with speed, significantly outpacing
lateral responses. Under single-track operations, dynamic responses vary across different types of
track-bearing floors and frame structures with different spans. With an increase in the number of
operating train lines, the station’s vertical response grows, with lateral responses being neutralized in
the mid-span of the triple-span frame structure and amplified at the edges. These results provide a
reference for the structural design of multi-line “building-bridge integrated” elevated stations.

Keywords: building–bridge integration; train-induced vibration; multi-line railway; dynamic
response; elevated station

1. Introduction

As urban areas expand, challenges like rising population density, growing transportation
demand, and worsening environmental pollution escalate. The urban rail transit, a pivotal
solution, facilitates connectivity across city clusters. Elevated stations, vital in these projects,
significantly contribute to passenger distribution and transport connectivity, and accelerate
development along railway lines [1], garnering more focus from the construction sector.

Elevated stations are classified into three principal types according to the connection
of track beams to station buildings: “building-bridge integrated”, “building-bridge sep-
arated”, and “building-bridge combined” structures. In the building–bridge integrated
design, tracks are laid directly on the track-bearing floor, utilizing a unified frame structure.
This design ensures a simple grid of frame columns, reduced overall height, and enhanced
structural rigidity. The building–bridge separated design features independent bridge
structures from station buildings, offering a straightforward structural system with clear
force transfer paths. The building–bridge integrated elevated station combines building
and bridge structures, leading to notable unevenness in structural stiffness and mass distri-
bution, both horizontally and vertically. This integration presents challenges like intricate
load transfer paths, clarifying dynamic coupling from train vibrations, and a lack of unified
design standards during the design phase. Many scholars have explored these issues, with
extensive on-site experiments conducted on elevated stations. Cai et al. [2] investigated
the vibration characteristics of elevated stations, examining vibrations in waiting halls and
platforms across time and frequency domains. They identified differences in vibration
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responses due to trains arriving, leaving, and passing through. Yu et al. [3] examined the
effects of high-speed train loads on waiting room and business floors’ vibrations, assess-
ing vibration serviceability with data from Zhengzhou East Railway Station. Liu, Yang,
et al. [4,5] conducted tests and analyses on environmental vibrations in various areas of
elevated stations, including platforms and waiting halls, to explore the propagation of
train-induced vibrations. Ba et al. [6] performed field tests to evaluate background and
structural vibrations from varying speeds, measuring effective vibration acceleration at
different points. Furthermore, high-speed trains impact nearby buildings with vibrations
and noise [7–9]. Xia et al. [10,11] explored the mechanisms behind train-induced vibrations
and noise at elevated stations, examining the effects of train type, speed, and proximity on
nearby buildings. Sanayei M, Hesami S et al. [12,13] corroborated finite element models
with field data, studying the impact of train speed, soil properties, and structural traits
on building vibrations caused by trains. Li and his team performed empirical research on
vibrations and noise at large high-speed railway stations due to passing trains, exploring
structural vibration patterns and noise radiation during train operations [14].

Other researchers have proposed various numerical models for simulation calculations.
Deng et al. [15] suggested taking the load time history from the train–bridge sub-model
dynamic calculations as external excitation acting on the bridge–station sub-model. They
conducted time history analysis to compute the dynamic response caused by trains passing
through the elevated station and evaluated the station’s vibration serviceability. Xu, Xie, Yang,
Cui, et al. established a train–station vibration analysis system to explore station dynamics
and train-induced vibration patterns, focusing on station structure comfort [16–19]. Salih
Alan and colleagues researched vibration control for train-induced vibrations at an Ankara
station. They simulated the station–foundation interaction with springs and dampers in a
finite element model, aligning with Turkish environmental noise laws [20]. Zhang et al. [21]
used rigid body dynamics for a train subsystem model and the mode superposition method
for a structural model. They explored the analysis method for the train–station structure
coupling system under braking force. Zhang et al. devised a numerical model for analyzing
vibrations in large-scale integrated building–bridge structures (IBBS), focusing on high-speed
railway stations and evaluating vibration mitigation effectiveness [22]. Yang et al. introduced
a two-step time-frequency prediction method for superstructures to predict and analyze
train-induced vibrations in buildings above subway tunnels [23].

Numerous researchers have explored the vibration characteristics of station structures
during train operations, including aspects of safety and comfort. Additionally, they have
documented the propagation and attenuation of train-induced vibrations [24–29]. Yet, the
dynamic response of multi-line “building-bridge integrated” elevated stations remains
less studied. To tackle these challenges, this study examines a typical multi-line “building-
bridge integrated” elevated station. It treats the train, track, and station structures as an
integrated unit, formulating spatially coupled vibration equations for this system. These
equations are solved through time-domain analysis, leading to the development of a finite
element model for the multi-line elevated station. The research delves into the dynamic
characteristics of such stations and the propagation of train-induced vibrations, providing
design insights for multi-line “building-bridge integrated” elevated station structures.

2. The Multi-Line Elevated Railway Station

Figure 1 displays the elevated station’s structure, designed for 100 km/h with
15 tracks. The “U” in Figure 1 represents the “upward direction” and “D” represents the
“downward direction”. Its structural system combines steel-reinforced concrete columns,
bidirectional prestressed concrete beams, and cast-in-place concrete slabs into a spatial
frame. The station comprises three levels: a 9.09-m-high platform floor, a 6.90-m-high
track-bearing floor, and a 0.70-m-high hall floor. It is uniquely segmented into three parts:
perpendicular to the tracks, with a one-span, three-span, and two-span frame structure,
respectively. Parallel to the tracks, each section features a three-span structure, and each
span is 21 m long. In Figure 1, ‘#’ represents the track. Tracks 3#, 4#, 11#, and 12# are
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supported by bridge structures, isolated from the main frame by seismic joints, making
them independent. Thus, this study focuses on the vibrations from trains on the elevated
station’s tracks, not including bridges.
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Figure 1. Schematic diagram of station structure (unit: mm): (a) lateral view of station; (b) elevation
view of station.

3. Train–Track–Station Spatially Coupled Model

This paper utilizes GSAP, a dynamic simulation analysis finite element software
developed by the author, to accurately model the track–station structure. The large scale
of the station structure, coupled with its numerous degrees of freedom (DOFs), makes
solving for such a multitude of DOFs quite challenging. To address this challenge and
enhance computational efficiency, the paper adopts the principle of total potential energy
with stationary value in elastic system dynamics and the “Set in right position” rule for
formulating matrices as proposed by Zeng of Central South University [30,31]. It treats the
train, track, and station structures as an integrated system, establishes a coupled vibration
equation for the train–track–station, and employs time-domain analysis and computer
numerical simulation for solution.

3.1. Train Spatial Vibration Model
3.1.1. Assumptions of the Train Model

To enhance computational efficiency while ensuring the accuracy of the train spatial
model, this paper simplifies the train model based on its construction features, making the
following assumptions [32]:

(1) The train body, bogies, and wheelsets are all assumed to be rigid bodies, considered
only to undergo minor vibrations;

(2) The train travels at a constant speed on the track, with the longitudinal motion of
the train not considered;

(3) The creep force of the wheel rail and the springs in the train model are linear, and
the damping of the train model is viscous.

(4) The vertical displacement of the wheelset and track on the station remains constant.
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3.1.2. Establishment of the Train Model

Based on the above assumptions, the train consists of one body, two bogies, and four
wheelsets. The vehicle body and bogie exhibit five DOFs—lateral, vertical, roll, yaw, and
pitch—while the wheelset’s motion is described by two DOFs, namely in the lateral and
roll. Figure 2 illustrates the specific vehicle vibration analysis model, and Table 1 details
the DOFs of the vehicle.
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Figure 2. The model of the train: (a) side view; (b) elevation view; (c) plan view.

Table 1. Definition of DOF Variables for each vehicle.

Components Lateral Vertical Yaw Pitch Roll

Body Yc Zc ψc φc θc
Front bogie Yz1 Zz1 ψz1 φz1 θz1

Rear bogie Yz2 Zz2 ψz2 φz2 θz2

1st wheelset Ys1 / ψs1 / /
2nd wheelset Ys2 / ψs2 / /
3rd wheelset Ys3 / ψs3 / /
4th wheelset Ys4 / ψs4 / /

The other parameters in the Figure 2 are defined as follows: MZ1 , MZ2 , MC represent
the mass of the front bogie, rear bogie, and vehicle body. JφZ1

, JφZ2
, JφC denote the roll

moments of inertia for the front bogie, rear bogie, and car body, while JψZ1
, JψZ2

, JψC

represent the yaw moments of inertia for the same components, respectively. Jψs1
, Jψs2

, Jψs3
,

Jψs4
are the yaw moments of inertia for the 1st, 2nd, 3rd, and 4th wheelsets, respectively.

kv
1, cv

1, kh
1, ch

1, kl
1, cl

1 correspond to the vertical, horizontal, and longitudinal stiffness and
damping of the primary suspension. kv

2, cv
2, kh

2, ch
2, kl

2, cl
2 signify the same parameters for the

secondary suspension.
The 23 displacement parameters of the train model are as shown in Equation (1).
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{δ}e
v = {Ys1 Ys2 Ys3 Ys4 ψs1 ψs2 ψs3 ψs4 Yz1 Yz2 Zz1 Zz2 ψz1 ψz2 φz1 φz2 θz1 θz2 Yc Zc ψc φc θc}T (1)

The position of the train on the track constantly changes. Initially, the total vibration
potential energy of a single vehicle section must be calculated. By applying the principle
of total potential energy with stationary value in elastic system dynamics and the “Set
in right position” rule for formulating matrices, the [Mv] (mass), [Kv] (Stiffness), and [Cv]
(Damping) matrices essential for the train simulation model in this paper can be generated:

[Mv]
{ ..

δv

}
+ [Cv]

{ .
δv

}
+ [Kv]{δv} = {Pv} (2)

where
{ ..

δv

}
,
{ .

δv

}
, {δv}, respectively, represent the arrays of acceleration, velocity, and

displacement parameters.

3.2. Track–Station Spatial Vibration Model

The finite element analysis model of this paper focuses on the track–station structure’s
main framework, omitting the canopy. It utilizes two-node spatial beam elements for beams
and columns, and four-node shell elements for floor slabs. The core modeling strategy
entails generating mass and stiffness matrices for each element from material parameters
in a local coordinate system. Implementing the “Set in right position” rule for formulating
matrices allows for the integration of all element matrices into comprehensive mass and
stiffness matrices for the track–station model.

3.2.1. Establishment of Mass and Stiffness Matrices

1. Beam element;

A spatial beam element features two end nodes, i and j. Each node encompasses
two translational degrees and one rotational degree of freedom (DOFs) within the local
coordinate system, summing up to six DOFs per beam element. The local coordinate
system originates at node i, with the axis from node i to node j constituting the x-axis.
Introducing a point k, the plane spanned by i, j, and k constitutes the X-Y plane, with the
Z-axis orientation determined by the right-hand rule. Thus, the mass and stiffness matrices
of a spatial beam element in this local coordinate system are as follows:

[Mb ]
e =




ρAl
3

0 13ρAl
35

0 0 13ρAl
35

0 0 0
ρAlIρ

3A symmetry

0 0 − 11ρAl2
210 0 ρAl3

105

0 11ρAl2
210 0 0 0 ρAl3

105

ρAl
6 0 0 0 0 0 ρAl

3

0 9ρAl
70 0 0 0 13ρAl2

420 0 13ρAl
35

0 0 9ρAl
70 0 − 13ρAl2

420 0 0 0 13ρAl
35

0 0 0
ρAlIρ

6A 0 0 0 0 0
ρAlIρ

3A

0 0 13ρAl2
420 0 − ρAl3

140 0 0 0 11ρAl2
210 0

ρAl3
105

0 − 13ρAl2
420 0 0 0 − ρAl3

140 0 − 11ρAl2
210 0 0

0 ρAl3
105




(3)
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[Kb]
e =




EA
l

0 12EIz
(bz+1)l3

0 0 12EIy
(by+1)l3

0 0 0 GJ
l symmetry

0 0 −6EIy
(1+by)l2

0 (by+4)EIy
(1+by)l

0 6EIz
(1+bz)l2

0 0 0 (bz+4)EIz
(1+bz)l

− EA
l 0 0 0 0 0 EA

l

0 −12EIz
(1+bz)l3

0 0 0 −6EIz
(1+bz)l2

0 12EIz
(1+bz)l3

0 0 −12EIy
(by+1)l3 0 6EIy

(by+1)l2 0 0 0 12EIy
(by+1)l3

0 0 0 − GJ
l 0 0 0 0 0 GJ

l

0 0 −6EIy
(1+by)l2

0 (2−by)EIy
(1+by)l

0 0 0 6EIy
(by+1)l2 0

(4+by)EIy
(1+by)l

0 6EIz
(1+bz)l2

0 0 0 (2−bz)EIz
(1+bz)l

0 −6EIz
(1+bz)l2

0 0

0 (4+bz)EIz
(1+bz)l




(4)

by =
12kEIy
GAz l2 = 24(µ+1)A

Az

(
ry
l

)2

bz =
12kEIz
GAy l2 = 24(µ+1)A

Ay

( rz
l
)2





Iy =
∫

z2dA, Iz =
∫

y2dA

(5)

where l is the length of the beam element; A is the cross-sectional area of the beam element; ρ
is the density of the beam element material; Iρ, Iy, Iz are the moments of inertia of the beam
element’s cross-section about the x, y, z axes, respectively; ry, rz are the radius of the gyration
of the beam element’s cross-section about the y, z axes, respectively; and Ay and Az are the
shear areas of the beam element along the local coordinate system’s y, z axes, respectively.

2 Shell element;

A shell element consists of four nodes, corresponding to the four corners of a rectangle,
with each node having two translational degrees of freedom, totaling eight degrees of
freedom per shell element. Equations (6) and (7) display the mass and stiffness matrices of
the shell element, where a and b represent half the length of the sides of the plate element,
ρ is the material density, and t is the thickness of the plate element.

[M] =
abρt

9




4 0 2 0 1 0 2 0
0 4 0 2 0 1 0 2
2 0 4 0 2 0 1 0
0 2 0 4 0 2 0 1
1 0 2 0 4 0 2 0
0 1 0 2 0 4 0 2
2 0 1 0 2 0 4 0
0 2 0 1 0 2 0 4




(6)

[K] =




k11 k12 k13 k14
k21 k22 k23 k24
k31 k32 k33 k34
k41 k42 k43 k44


 (7)
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The expression for the sub-stiffness matrix within the stiffness matrix in Equation (7)
is shown in Equation (8).

[kij] =
x

t[Bi]
T [D][Bj]dxdy (8)

3.2.2. Establishment of the Damping Matrix

Calculating the damping matrix for a structure is notably more challenging than
determining its stiffness and mass matrices. Due to its simplicity and convenience, Rayleigh
damping is widely adopted in structural dynamic analysis. Consequently, it is commonly
applied in engineering projects for deriving the damping matrix. The formula for Rayleigh
damping used in this study is detailed in Equation (9).

[C] = α[M] + β[K] (9)

In Equation (9), [M] and [K] represent the structure’s mass matrix and stiffness matrix,
respectively. α and β are proportional coefficients, which are constants. Once the finite
element model of the bridge is constructed, α and β can be obtained through modal analysis,
as illustrated in Equations (10) and (11).

α =
2ω1ω2

ω2
1 −ω2

2
(ω1ξ2 −ω2ξ1) (10)

β =
2(ω1ξ1 −ω2ξ2)

ω2
1 −ω2

2
(11)

ω1 and ω2 represent the first and second natural frequency of the station finite element
model, respectively, while ξ1 and ξ2 correspond to the first and second modal damping
of the finite element model. Therefore, once the overall stiffness and mass matrices of the
bridge–station analysis model are established, the overall damping matrix can be obtained
using the aforementioned method.

3.2.3. Finite Element Model of Station

Figure 3 illustrates the finite element model of the station, featuring 2574 nodes,
2533 beam elements, and 1615 shell elements, all constructed from linear elastic materials. The
elasticity modulus and Poisson’s ratio adhere to specified standards, with the concrete structure’s
damping ratio established at 2%. Table 2 outlines the components’ material strength classes.
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Figure 3. Finite element model of multi-line “building-bridge integrated” elevated station.

Table 2. Material strength classes for station components.

Components Strength Class

Platform level beams, columns, and floor C50
Track-bearing layer longitudinal beams, transverse beams C60

Track-bearing layer columns, floor C50
Concourse level beams, concrete columns, and floor C50

Inner steel frame of hall level columns Q235
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3.3. Establishment of the Train–Track–Station System Coupled Vibration Equation

At any given time t, deriving the coupled vibration equation for the train–track–station
system requires calculating the total potential energies of both the track–station and the train.
The sum of these energies forms the system’s total potential energy. The train–track–station
system is viewed as an integrated unit, with self-excitation due to track irregularities and
external excitation from vehicular loads. Utilizing Qingyuan Zeng’s previously mentioned
theory allows for the formulation of the system’s vibration equation at time t:

[K]{δ}+ [C]
{ .

δ
}
+ [M]

{ ..
δ
}
= {P} (12)

where [K], [C], [M] represent the stiffness, mass, and damping matrices of the train–track–
station system at time t, respectively; {δ}

{ .
δ
}

,
{ ..

δ
}

correspond to the displacement, velocity,
and acceleration arrays for the system at time t; and {P} is the load array acting on the
system at time t, consisting of wheel-rail contact forces due to track irregularities and the
self-weight of the vehicle.

In Equation (12), the right-side load array includes only the train’s gravitational forces. To
solve for the dynamic response of the train–track–station system during operation, excitations
from track irregularities and deformations must replace the vibration parameters on the left
side of Equation (12). Accordingly, the displacement parameter {δ} in Equation (12) is divided
into k known and n unknown parameters, leading to {δ}’s expression as follows:

{δ} = {δk δn}T (13)

Equation (12) can be derived as:

[
Kkk Knk
Kkn Knn

]{
δk
δn

}
+

[
Ckk Cnk
Ckn Cnn

]{ .
δk.
δn

}
+

[
Mkk Mnk
Mkn Mnn

]{ ..
δk..
δn

}
=

{
0
P

}
(14)

Expanding Equation (14), we obtain:

[Knn]{δn}+ [Cnn]
{ .

δn

}
+ [Mnn]

{ ..
δn

}
= {P} − [Knk]{δk} − [Cnk]

{ .
δk

}
− [Mnk]

{ ..
δk

}
(15)

[Kkk]{δk}+ [Ckk]
{ .

δk

}
+ [Mkk]

{ ..
δk

}
+ [Mkn]

{ ..
δn

}
+ [Ckn]

{ .
δn

}
+ [Kkn]{δn} = 0 (16)

Equation (16) is a linearly dependent matrix equation and must be eliminated. Since
all terms on the right side of Equation (15) are known, it constitutes a solvable vibration
matrix equation for the train–track–station system with a free term. Therefore, the dynamic
response of the train–track–station coupling system can be determined based on this.

3.4. Solution of the Train–Track–Station System Coupled Vibration Equation

For linear structures, mode superposition methods, such as Duhamel integration
and Fourier transform, are commonly used for dynamic calculation and analysis. These
methods offer simplicity in calculation, and provide an intuitive understanding of the
contribution of each vibration mode to structural vibration.

This study addresses the train–track–station system, a complex time-varying entity.
Changes in spring and damping properties mean the system’s vibration equation coef-
ficients constantly shift, making mode superposition methods impractical. Instead, a
step-by-step integration method within the time domain emerges as a viable analytical
approach for the motion equations. This method divides the system’s vibration duration
under external loads into numerous intervals, keeping parameters static within each. The
system’s dynamic response at the beginning of a time interval is used as the initial condition
for vibration, allowing the system’s response at the end of that interval to be determined

129



Buildings 2024, 14, 758

and used as the initial condition for the next interval. By repeating this calculation process,
the vibration response for all time intervals can be determined. This paper employs the
step-by-step integration method for solution.

3.5. Verification of the Spatial Model

This study’s finite element simulation model and computational approaches align
with those described in Reference [33]. That research examines the influence parameters
of the dynamic response of the elevated station with the “integral station-bridge system”.
Designed for 120 km/h speeds, the station utilizes a complete cast-in-place spatial frame
structure. Structurally, it includes a hall level, track-bearing level, and platform level,
organized from the bottom upwards. The overall dimensions are 21.62 m in height, 120 m
in length, and 31.80 m in width, with three transverse rows of columns spaced 10.5 m apart.
Longitudinally, it comprises 10 spans of 12 m each, devoid of expansion joints. Figure 4
displays the station’s finite element model.
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Figure 4. Finite element model of station.

Numerous studies indicate that the vibration response of station structures is primarily
influenced by the vertical loads from trains, with the station’s vibration predominantly
characterized by vertical responses [2,6,33]. To validate the model’s credibility and the
computational results’ reliability, this study focused on the hall and platform levels for
vertical response measurements, comparing the observed data with numerical simulations.
An unloaded six-car train passing at 110 km/h in a downward direction served as the
on-site condition for measurement. The schematic diagram of the lateral arrangement of
measuring points is shown in Figure 5. Points A1 and A2 were designated at the hall level,
with points B1 and B2 at the platform level. Figure 6 illustrates the vertical acceleration
time–history curves at these points, while Table 3 compares the measured and simulated
acceleration peak values. The close match in peak values, being of the same magnitude
order, confirms the model’s spatially coupled vibration calculation accuracy.
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Table 3. Comparison of peak acceleration.

Position Point
Peak Acceleration (mm/s2)

Measured Value Calculated Value

hall level
A1 42.46 32.98
A2 50.96 38.37

platform level B1 123.86 152.57
B2 107.75 101.50

4. Calculation and Analysis of Vibration in the Train–Track–Station Spatially Coupled
System
4.1. The Natural Vibration Characteristics of Station

The station’s natural frequency and mode shapes provide an intuitive representation
of its structural stiffness. Utilizing the finite element analysis model developed earlier, the
study examined the station structure’s natural vibration characteristics, detailed in Table 4.
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Table 4. The natural vibration characteristics of elevated station.

Finite Element Model Mode Frequency (Hz) Vibration
Characteristics
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4.2. Dynamic Response Results and Analysis of the Station under Different Single-Track Conditions

Based on the finite element model established earlier, a coupled vibration analysis
of the train–track–station system is conducted. The train model uses the China Railway
High-speed 3 (CRH3). It consists of 16 cars, including 8 motor cars and 8 trailer cars. The
German low-disturbance spectrum is used to simulate additional track irregularities during
train operation. The analysis in this section focuses on single-track train conditions. Out
of the station’s 11 tracks, 7 with unique operating conditions were selected due to the
similarities in the conditions among some tracks. The seven single-track train conditions
correspond to tracks 1#, 2#, 5#, 6#, 7#, 13#, and 14# in Figure 1a. The specific train formation
and operational conditions are shown in Table 5 below. The structural dynamic response
is calculated for a single-track fully loaded train passing through the station in the down
direction at speeds of 60~100 km/h.

Table 5. The train formations and operational conditions.

Train Model Train Formation Speed (km/h) Working Condition

CRH3 (M 1 + T 1 + T + M) × 4 60, 70, 80, 90, 100 Single-track train
(1#, 2#, 5#, 6#, 7#, 13#, 14#)

1 The M is motor car, and the T is trailer car.

To illustrate the variation in structural responses under different single-track train
conditions and speeds, Figure 7 presents curves of lateral and vertical movements and
accelerations for seven distinct single-track scenarios, for both the track-bearing and plat-
form floors. All structural vibration displacement values are measured relative to the initial
equilibrium position.

Figure 7 reveals that for a single-track CRH3 train traveling at speeds of 60~100 km/h,
both the track-bearing and platform floors experience greater vertical than lateral dis-
placements and accelerations at all speeds. Lateral movements and accelerations exhibit
minimal changes as the speed increases. Overall, vertical displacements and accelerations
at the track-bearing floor increase with speed. At the platform floor, vertical displacement
increases with speed, while vertical acceleration first decreases then increases.

A single-track bearing floor contains one track, while a double-track bearing floor
contains two tracks. As depicted in Figure 1, tracks 1#, 2#, 5#, and 13# reside on a single-
track floor, with tracks 6#, 7#, and 14# situated on a double-track floor. At identical speeds,
the platform floor’s lateral and vertical movements and accelerations—collectively termed
as lateral and vertical responses—are more pronounced when a train traverses track 5#
than on tracks 6# and 7#. Similarly, at equal speeds, track 13# elicits greater lateral and
vertical responses on the platform floor than track 14#. Moreover, at the same velocity, a
single-track train induces notably lower lateral and vertical responses on a double-track
bearing floor than on a single-track bearing floor.
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Figure 7. Maximum dynamic response of track-bearing floors and platform floors at the speed of
60~100 km/h under seven types of single-track train conditions: (a) lateral displacements of the
track-bearing floors; (b) vertical displacements of the track-bearing floors; (c) lateral acceleration of
the track-bearing floors; (d) vertical acceleration of the track-bearing floors; (e) lateral displacements
of the platform floors; (f) vertical displacements of the platform floors; (g) lateral acceleration of the
platform floors; (h) vertical acceleration of the platform floors.
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Considering the span of frame structures, tracks 1# and 2# are on single-span frames,
5#, 6#, and 7# are on triple-span frames, and 13# and 14# are on double-span frames. In a
general trend, the platform floor’s lateral and vertical responses from trains on the double-
span 13# track are less than on the single-span 1# and 2# tracks but greater than on the
triple-span 5# track.

4.3. The Impact of Multi-Track Train Operations on Station Dynamic Response

To assess the station’s structural dynamic response to varying numbers of simultaneously
operating trains, this study concurrently passed double, quadruple, and sextuple CRH3 trains
through the station at 100 km/h. The train count was symmetrically increased from the central
triple-span frame structure, as shown in Table 6, which details specific train formations and
operational conditions. The vibration response collection points started at the intersection of
cross-track and along-track central axes at the edge of the track-bearing floor, near track 1#.
These points extended along the cross-track direction. For the track-bearing floor, collection
points were positioned at the center. For the platform floor, collection points were located at
both side edges and the center, as illustrated in Figure 8.

Table 6. The train formations and operational conditions.

Train Model Train Formation Speed (km/h) Working Condition

CRH3 (M 1 + T 1 + T + M) × 4 100 Double trains
(7#, 8#)

CRH3 (M 1 + T 1 + T + M) × 4 100 Quadruple trains
(6#, 7#, 8#, 9#)

CRH3 (M 1 + T 1 + T + M) × 4 100 Sextuple trains
(5#, 6#, 7#, 8#, 9#, 10#)

1 The M is motor car, and the T is trailer car.
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Figure 8. Schematic diagram of lateral arrangement of vibration measuring points. Figure 8. Schematic diagram of lateral arrangement of vibration measuring points.

To demonstrate the impact of the number of operating trains on the vibration response
of the track-bearing and platform floors, as well as the response distribution across the
cross-track direction, the calculated lateral and vertical dynamic responses are plotted as
curves, as shown in Figures 9 and 10.
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Figure 9. Maximum dynamic response at the mid-span of station track-bearing floors under different
number of operating train lines: (a) lateral displacements of the track-bearing floors; (b) vertical
displacements of the track-bearing floors; (c) lateral acceleration of the track-bearing floors; (d)
vertical acceleration of the track-bearing floors.

Figure 9 shows that with two trains, the lateral displacement in the track-bearing floor
decreases from the mid-span towards the edges. With four and six trains, the lateral displace-
ment at the frame edges exceeds that at mid-span. This occurs because, with more trains, the
symmetric dynamic loads are partially offset at the structure’s center. At the same time, the
track-bearing floor edges experience vibration amplification due to superposition. Moreover,
when multiple trains are in operation, the lateral acceleration in the track-bearing layer is
lower at mid-span compared to the boundaries. Overall, the trend shows that as the number
of trains increases, both the vertical displacement and acceleration in the track-bearing floor
rise, with vertical responses markedly surpassing lateral ones.

Figure 10 reveals that with an increase in the number of operating trains, the lateral
displacement and acceleration at the platform floor of the frame structure follow a simi-
lar pattern, displaying troughs at the center and amplified vibration responses near the
edges. Overall, as the number of operating trains increases, there is a trend of increasing
vertical displacement and acceleration at the platform floor, with vertical responses being
significantly greater than lateral responses.
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Figure 10. Maximum dynamic response at the mid-span of station platform floors under different
number of operating train lines: (a) lateral displacements of the platform floors; (b) vertical displace-
ments of the platform floors; (c) lateral acceleration of the platform floors; (d) vertical acceleration of
the platform floors.

5. Conclusions

This paper examines a typical multi-line “building-bridge integration” elevated station.
It establishes a spatially coupled vibration equation and a finite element analysis model for
the train–track–station system. These are based on the principle of total potential energy
with stationary value in elastic system dynamics and the “Set in right position” rule for
formulating matrices. The study analyzes the dynamic response characteristics of multi-
line elevated station structures and how these responses vary with different numbers of
operational train tracks. It yields the following conclusions:

(1) When a single train passes through the station, the track-bearing and platform floors
show only slight increases in lateral displacement and acceleration with speed, which are
smaller than the vertical movements and accelerations at the same speed. Generally, the
vertical displacement and acceleration of the track-bearing floor, as well as the vertical
displacement of the platform floor, increase with speed. Notably, the platform floor’s
vertical acceleration first decreases and then increases as the speed rises.

(2) The track-bearing layer is classified into a single-track bearing floor and double-track
bearing floor, depending on the number of tracks. When moving at the same speed, a
single train on a single-track bearing floor induces a stronger dynamic response in
both the track-bearing and platform floors than it does on a double-track floor.
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(3) Station structures can be classified into single-span, double-span, and triple-span
frame types. With train speed as the sole variable, the dynamic response of the
platform floor generated by a single train on the single-track bearing floor of multi-
span frame structures decreases sequentially as the number of spans increases.

(4) This study uses the methodology described in the references for developing spatially
coupled models and solving vibration equations. Minor differences between the peak
acceleration values measured on-site at the platform and hall levels, compared to
their theoretical counterparts, confirm the spatial model’s reliability and the com-
putational data’s accuracy. This demonstrates the method’s effectiveness in closely
approximating the vibration response characteristics of real structures.

(5) As the number of operating train lines increases, the track-bearing and platform floor
layers exhibit a compensation of lateral dynamic responses at the center of the three-span
structure, while an amplification of vibration due to superposition occurs at the frame
edges. Both the track-bearing and platform floors show that vertical responses exceed
lateral responses, with an increasing trend as the number of operational train tracks rises.

This study explored the structural dynamic response of multi-line “building-bridge
integration” elevated stations. An increase in the number of train lines necessitates larger
station structures, making the propagation of dynamic responses more complex. This
research provides design references for future large-scale “building-bridge integration”
elevated stations and data for future station design standards. In this paper, larger responses
were observed in the double-track bearing floors and at the edges of multi-span structures
within the station structure, identifying them as critical areas needing attention in future
station designs. Moreover, this study focused only on the vibration responses of the
platform and track-bearing floors of station structures, without examining waiting hall
responses. Future research should extend to include the investigation of train-induced
responses in waiting halls.
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Abstract: Soil transverse isotropy results in different stiffness characteristics in horizontal and vertical
directions. However, the effect is usually neglected in seismic motion analysis. In this study, an
equivalent linear anisotropic soil model was established based on the finite element method, and
we investigated the impact of anisotropic parameters on ground motion at the site under various
seismic wave inputs. It was found that the anisotropic parameters have a more significant effect
on seismic waves, with the dominant frequency being closer to the fundamental frequency of the
site. As an example, the soil dynamic parameters in Shanghai Yangshan Port were calibrated by a
series of bending elements, resonance columns, and cyclic triaxial tests. The influences of anisotropy
on the peak ground acceleration (PGA) and response spectrum were studied for Yangshan Port.
Additionally, the standard design response spectra considering the soil anisotropy were provided.
A comparison reveals that the existing isotropic design response spectrum may lead to dangerous
seismic design for the structures at Yangshan port.

Keywords: transverse isotropy; ground motion characteristics; standard design response spectrum

1. Introduction

To improve the seismic design of structures, it is necessary to conduct a site-specific
seismic motion analysis to understand the characteristics of ground motion at the site.
Earthquakes have resulted in significant economic losses and casualties. Earthquakes have
the potential to inflict significant destruction upon various types of structures, encompass-
ing inland buildings [1], hydraulic structures [2], and subterranean constructions [3]. One
of the important causes of the structural damage caused by earthquakes is soil amplification.
This is illustrated in damage assessments of buildings in the countries of Turkey [4–6],
Greece [7], Iran [8], Mexico [9], Korea [10], Pakistan [11], and Nepal [12]. Numerous schol-
ars have extensively researched the seismic resilience of engineering structures [13–16]. The
analysis of structures for seismic resistance utilizes a range of methodologies, encompassing
response spectrum analysis, the base shear method (quasi-static method), and time history
analysis. The response spectrum method is extensively utilized as the predominant seismic
analysis approach in engineering practice. The response spectrum is obtained by calibrating
ground motion characteristics at the specific site. Consequently, numerous scholars have
researched the seismic design of structures based on the seismic motion characteristics at
the site [16–18].

Soil dynamic constitutive models can be categorized into total stress models and
effective stress models, considering the aspects of stress transmission and inter-particle
contact [19]. The effective stress model offers superior capability in addressing the issue
of seismic liquefaction [20–22]. Regarding the issue of seismic ground motion response,
researchers commonly employ the total stress model for analysis. The total stress models
include the elastic–plastic model [23–30], nonlinear model [22,31,32], and equivalent linear
model [33]. Traditional elastoplastic models such as the Mohr–Coulomb model [34] and the
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Drucker–Prager model [35] can be integrated with the boundary interface theory [25–27],
kinematic hardening theory [23,24], and nested yield surface theory [29,30] to account for
the effects of cyclic loading. Although the elastoplastic model theory effectively describes
the hysteresis characteristics and nonlinearity of soils, its computational complexity and
significant workload make it inconvenient for engineering applications. Researchers em-
ploy nonlinear models [31,32] based on the Masing criteria to depict the nonlinearity and
hysteresis characteristics of soils. While these nonlinear models simplify the workload
associated with elastoplastic models, they still entail a certain level of complexity. The
linear model offers the advantages of a low workload and low complexity, allowing for
the consideration of soil nonlinearity and hysteresis characteristics through the application
of an equivalent concept. Hence, the most widely utilized approach at present is the
equivalent linear model, which has evolved from linear models. Schnabel [33] initially
pioneered the development of the frequency domain equivalent linear model within the
SHAKE program. Idriss et al. [36] modified the expression of damping in the SHAKE
program and developed the SHAKE91 program. With the development of commercial
software, the SHAKE and SHAKE91 programs have been integrated into software such as
EERA 1998 and DEEPSOIL v7.0.33. The SAHKE program demonstrates limited proficiency
in effectively addressing anisotropic challenges.

Soil anisotropy has aroused great interest in recent years. Zhang et al. [37,38] and
Teng [39] investigated the impact of soil anisotropy on excavation-induced effects in exca-
vations. Wei et al. [40], Soe et al. [41], and Zhang et al. [42] investigated the impact of soil
anisotropy on tunnel design and construction. Peric et al. [43] and Ai et al. [44,45] investi-
gated the impact of anisotropy on the design of pile foundations. It has been found that
there is anisotropy in the soil under small strain conditions. Bentil [46] has delved into the
anisotropy of the small-strain shear modulus by conducting bending element experiments.
The consideration of soil anisotropy in the seismic response analysis of soil layers has been
scarce among scholars, primarily due to the complexities involved in studying anisotropy,
seismic loads, and their associated intricacies. Considering the lack of relevant research
and to maintain the coherence and rigor of scientific inquiry, this study investigates the
impact of anisotropy on the seismic response of the site using a finite element method with
an anisotropic time-domain equivalent linear model.

2. Soil Dynamic Characteristics
2.1. Linear Viscoelastic Model

The viscoelastic Kelvin model (a spring connected in parallel with a sticky pot) is used
to reflect the hysteresis of the soil under cyclic loading. The stress–strain relationship is
described by Equation (1):

τ = Gγ + ηG
.
γ (1)

where G is the shear modulus; τ is the shear stress; γ is the shear strain; and ηG is the shear
viscosity coefficient, as given in Equation (2):

ηG =
2GD

ω
(2)

where D is the damping ratio and ω is the circular frequency.

2.2. Modulus and Damping Models

The key to the effective linearization method is to determine the relationship between
the shear modulus ratio and the damping ratio with the shear strain. Hyperbolic models
are widely used to describe nonlinear soil behavior under cyclic loading, such as the Pyke
model and the Stokoe model [47]. In this study, the improved Stokoe model is selected to fit
the relationship between the shear modulus ratio and shear strain, as given in Equation (3):

Gnorm =
G

Gmax
=

1
1 + (r/rr)

α (3)
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where Gnorm is the normalized shear modulus, rr is the reference strain, and α is the fitting
parameter; the definition of rr is different from the Harden–Drnevich model
(rr = τmax/Gmax).

Zhang et al.’s [48] formula is adopted to describe the relationship between D and
Gnorm as follows:

D = K1G2
norm + K2Gnorm + K3 (4)

where K1, K2, K3 are the model fitting parameters.

2.3. Effects of Anisotropy

The notation for an anisotropic material used herein is the y-axis (the vertical direction)
represents the direction of the anisotropy, and the x, z-plane is the plane of isotropy. The
stress–strain increment equation for an anisotropic material can be written as follows
(5) [49].





δεx
δεy
δεz
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=
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0 0 0
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− vhv
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0 0 0
− vhh
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Ev
1
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0 0 0

0 0 0 1
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0 0
0 0 0 0 1
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0

0 0 0 0 0 1
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
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



δσx
δσy
δσz
δσxy
δσyz
δσzx





(5)

where Ev and Eh are Young’s moduli in the vertical and horizontal directions, respec-
tively; Vhh and Vvh are Poisson’s ratios for horizontal strains from a horizontal and vertical
strain, respectively; Vhv is Poisson’s ratio for vertical strains from a horizontal strain; Gvh
and Ghv are the shear moduli in the vertical plane; and Ghh is the shear modulus in the
horizontal plane.

The anisotropy ratios ARG and ARE for the shear modulus and Young’s modulus are,
respectively, defined as:

ARG =
Ghh
Gvh

(6)

ARE =
Eh
Ev

(7)

Under the undrained condition, these Poisson’s ratios [50] need to satisfy the ad-
ditional relationships (vvh = 0.5, vhh + vhv = 1). Therefore, one can further obtain the
following equations [50]:

vhh = 1− vhv = 1− ARE · vvh (8)

vhv =
Eh
Ev
· vvh = ARE · vvh (9)

Ghh =
ARE · Ev

2(2− ARE · vvh)
(10)

Gvh = Ghv =
1

ARG

ARE · Ev

2(2− ARE · vvh)
(11)

3. Simulation of Time-Domain Equivalent Linear Model for Anisotropic Soil Layers

This study takes the actual recorded seismic waves as input conditions, degenerates
the model to isotropy, and compares it with EERA for verification. This study focuses
on exploring the ground motion response of anisotropic sites with different sedimentary
characteristics (different anisotropic parameters).
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3.1. Input Ground Motion and Finite Element Model

In Eurocode 8 [51], sites are classified according to the average shear wave velocity
in the upper 30 m thick soil profile. Therefore, the soil layer thickness is selected as 30 m.
Also, three seismic waves are chosen: the Ei-Centro Wave, Shanghai Wave, and Kobe Wave.
The amplitudes of these seismic waves were adjusted to have a peak acceleration of 0.1 g.
Figure 1 illustrates the three seismic waves. As shown in Figure 2, a two-dimensional plane
strain soil finite element model is established based on ABAQUS 6.14. The type of the finite
element is CPE4, and the estimated size of the mesh is 1 m × 1 m. The mesh size meets
the requirement of less than 1/10 wavelength. The boundary adopts the infinite element
boundary, and seismic waves are input to the base. Therefore, the wave vibrates in the x
direction and propagates in the y direction.
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Figure 1. Seismic wave time history curve. Figure 1. Seismic wave time history curve.
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Figure 2. Finite element model.

3.2. Isotropic Soil Layer

This subsection is used to verify the validity of the established finite element method
with an anisotropic time-domain equivalent linear model in the isotropic case studies. The
shear modulus model chosen here is the Seed–Idriss mode [52], and the damping curve
model used is the Idriss mode [36]. Table 1 presents the model parameters. The properties
of the soil layers are shown in Table 2.

Table 1. Model parameters.

γγ (10−4) α K1 K2 K3

5.87 0.93 0.26 −0.51 0.26
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Table 2. Isotropic soil example.

Seismic Wave Thickness (m) Vs (m/s) ρ (g/cm3)

EI-Centro;
Shanghai;

Kobe
30

100
150
200
300

2

Figure 3 illustrates the comparison of the peak ground acceleration (PGA) with depth,
considering three seismic records, namely the Ei-Centro Wave, Shanghai Wave, and Kobe
Wave, along with four soil conditions. They exhibit good agreements with the results
obtained from the classical seismic analysis code EERA.
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Figure 3. Comparison of results for homogeneous soil layer with isotropic: (a) Shanghai; (b) Kobe;
(c) Ei-Centro.

3.3. The Influence of Anisotropic Parameters

It should be noted that this study assumes a consistent relationship between Gvh − γ
and Ghh− γ. Diffserent anisotropic parameter (ARE = 1.00, 1.30, 1.60; ARG = 1.05, 1.30, 1.55,
1.80, 2.05) were selected for a 30-meter-thick layer of soft soil with a shear wave velocity of
150 m/s. Detailed parameters are listed in Table 3.
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Table 3. Example parameters.

Seismic
Wave ARE ARG

Thickness
(m) Vs (m/s) ρ (g/cm3)

EI-Centro;
Shanghai;

Kobe

1.00;
1.30;
1.60;

1.05;
1.30;
1.55;
1.80;
2.05;

30 150 2

PGAaniso/PGAiso is the ratio between the peak ground acceleration obtained at an
anisotropic site and that obtained at an isotropic site. Figure 4 shows that, with ARE
increasing, PGAaniso/PGAiso gradually decreases. Conversely, as ARG increases, PGA has
an obvious increase. Especially when inputting the Kobe wave, the PGA of anisotropic
conditions exceeds that of isotropic conditions up to 14% with ARG increasing. Conse-
quently, it is considered that soil anisotropy is essential in analyzing site conditions for
seismic response.
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To assess the impact of anisotropy on the seismic response, the dominant frequency
of the seismic waves and the fundamental frequency of the site are further discussed
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as listed in Table 4, where the fundamental frequency of the site is calculated using
Equation (12) [53]:

fg =
1
Tg

= VSi/4∑n
i=1 Hi (12)

where the symbol “ fg” represents the fundamental frequency of the site; “Tg” refers to
the site’s characteristic period; and the variable “Hi” denotes the thickness of individual
soil layers, whereas “VSi” represents the shear wave velocity specific to each respective
soil layer.

Table 4. Site fundamental frequency and seismic wave dominant frequency.

Seismic Wave Dominant Frequency of
Seismic Wave (Hz) fg (Hz)

Shanghai 0.92
1.25Kobe 1.2

Ei-Centro 1.16

As shown in Figure 4, the Ei-Centro and Kobe waves have significant influences on
the PGAaniso/PGAiso, while the Shanghai wave has a relatively slight effect. From Table 4,
compared with the dominant frequency of the Shanghai wave, those of the Kobe wave
and Ei-Centro waves are closer to the fundamental frequency of the site. The waves with
dominant frequencies closer to the fundamental frequencies of the sites may result in
having a more significant effect in terms of anisotropy. Therefore, detailed investigations
on the effects of the soil anisotropy on the seismic response of the Shanghai Yangshan Port
site are conducted as an example.

4. Seismic Response of Shanghai Yangshan Port
4.1. Input Seismic Wave

The seismic characteristics of Yangshan Port are examined in this study through the
analysis of artificial seismic wave data from Shanghai. According to the site classification
method specified in the “Code for Seismic Design of Buildings” (GB 50011-2010) [54], the
Yangshan Port area belongs to the fourth category of site. Based on the linear elastic soil
layer, the ground acceleration time history is inverted to bedrock to obtain the bedrock
acceleration time history [55].

4.2. Calculation Model and Parameters of Soil Layer

Most of the topsoil in Yangshan port is soft clay [56], and there is sand soil in the
lower layer. Through the geological investigation, the site of Yangshan Port consists of
four typical soil layers: clay layer, silty clay layer, muddy silty clay, and sand soil layer.
According to Hou [57], the ARE values for this area range from 1.6 to 2.40. Li [58] reported
ARG values ranging from 1.08 to 1.39 for Shanghai soil, while Ng [59] stated that the values
were between 1.07 and 1.38. Detailed borehole data for the soil layers are provided in
Table 5.

Table 5. Soil layer information of Yangshan port.

Number Soil Bottom Depth (m) Vs (m/s) ρ (g/cm3)

1 Muddy silty clay 17.6 140
1.82 Clay 21.6 180

3 Silty clay 31.2 230

4 Sand 43.2 290 2

Resonance column and cyclic triaxial tests were conducted to obtain Gnorm − γ and
D− γ curves for clay, silty clay layer, muddy silty clay, and sand. The design confining
pressures are 150 kPa, 200 kPa, and 250 kPa for clay, silty clay layer, and muddy silty clay.
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The design confining pressures are 200 kPa, 250 kPa, and 300 kPa for sand. Figure 5 shows
the details of the cyclic triaxial test and the resonant column test. The experimental results
pertaining to silty clay are specifically analyzed in this study. Figure 6 illustrates the S-wave
output signals of the bending element in the silty clay specimen subjected to a confining
pressure of 150 kPa across different input frequencies. Furthermore, the G0 value derived
from the bending element tests is approximately 1.1 to 1.2 times greater than the results
obtained from the resonant column tests, which aligns with the outcomes reported by Yang
et al. [60] and Gu et al. [61,62]. The reason behind this is that the results of the bending
element tests specifically relate to the localized stiffness of the shear wave propagation
path, while the resonant column offer insights into the overall stiffness characteristics of the
specimens [60–62]. This confirms the accuracy of the resonant column test. Simultaneously,
Yang et al. [60], Gu et al. [61,62], and Youn et al. [63] propose to determine G0 based on the
resonant column test.
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the influence of cyclic loading on subsequent tests, the number of cycles for each loading
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stage was limited to six. Figure 7 depicts the outcomes of the cyclic triaxial tests conducted
on the silty clay. The modulus degrades as the strain increases, while it amplifies with
the elevated confining pressure. Through fitting analysis, we obtained the Gnorm − γ and
D− γ curves for clay in the Yangshan Port site. Figure 8 depicts the curve of best fit for
the silty clay specimen. For the other soil layers, the model parameters calibrated from the
resonance column and the cyclic triaxial tests are also provided in Table 6.
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Table 6. The soil parameters of the Yangshan Port site.

Soil γγ (10−4) α K1 K2 K3

Clay 8.1 1.28 0.16 −0.32 0.19
Silty Clay 7.17 1.27 0.14 −0.29 0.18

Muddy silty
Clay 7.32 1.31 0.10 −0.26 0.18

sand 6.09 1.07 0.12 −0.26 0.16

4.3. Results

Taking into account the previous discussion regarding the suppressive effect of ARE
and the enhancing effect of ARG on PGA performance, we initially selected a value of 1.6 for
ARE and a value of 1.4 for ARG to simulate the unfavorable conditions. In this case, study,
the Shanghai wave is adjusted to have peak ground acceleration of 0.1 g. Figures 9 and 10
show the changes in peak acceleration along the depth and the ground peak acceleration
spectrum, respectively. It is evident that when the proposed calculation model reduces to
the isotropic scenario, it aligns well with the results obtained from EERA. However, when
considering soil anisotropy, the PGA increases by 19.70%; the peak value of the ground
response spectrum undergoes a significant increase of 28.82% at 1 Hz.
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In order to discuss the influence of anisotropy on the ground acceleration frequency,
the ground motion response of the Ei-Centro waves and Kobe waves input at Yangshan
port is calculated. The result can be seen in Figure 10. It can be found that anisotropy has
little influence on the frequency position of the ground Fourier acceleration spectrum peak.

To further explore the design response spectrum of Yangshan Port, the ground motion
responses of the site under different seismic intensities (0.1 g, 0.15 g, 0.2 g, 0.25 g, 0.3 g)
are studied. Based on the 5% damped ground acceleration response spectrum of different
intensities, the least squares method by Andreotti [64] et al. was used to calibrate the design
response spectrum. The shape function of the design response spectrum by Chinese code
“GB 51247-2018” is as follows [65]:

β(T) =





1 + (βmax − 1) T
T0

0 ≤ T ≤ T0

βmax T0 ≤ T ≤ Tg

βmax

(
Tg
T

)χ
Tg ≤ T ≤ Tm

(13)
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where T0 is the period associated with the initial inflection point, established at 0.1 s.
Tg signifies the characteristic period. Since this study focuses on a certain soil layer in
Yangshan Port, the characteristic period (Tg) can be calculated according to Equation (12),
which is 0.92 s. Tm is the cutoff period, χ represents the attenuation index, and βmax denotes
the plateau value.
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As well as that given in Equation (13) (termed as “Shape Function One”), another two
typical commonly used shape functions shown in Figure 11 are also collected for calibrating
the design response spectrum for Yangshan Port. Shape Function Two was provided by
Deoda and Adhikary (2020) [66], where TD is defined as the value defining the beginning
of the constant displacement response range of the spectrum. Shape Function Three is
employed by both NZS 1170.5 [67] and Eurocode 8 [51].

The gray lines in Figure 11 are the ground response spectrums at different intensities
with consideration of soil anisotropy. The upper and lower bounds of the gray area are
the 16th to 84th percentiles, respectively, showing the region with a probability range of
16% to 84% for the occurrence of seismic events. The red line represents the average of the
response spectrum curve. Utilizing Shape Function One, the 5% damped design response
spectrum for Yangshan Port is calibrated and represented by the blue line. The design
response spectrums based on Shape Function Two and Three are depicted as the magenta
and orange lines, respectively.

For Shape Function One suggested by GB 51247-2018, the plateau value (β) is 2.97,
and the attenuation index (χ) is 0.5. The Pearson correlation coefficient (r value) is 0.63.
Additionally, utilizing Shape Function Two results in a plateau value (β) of 3.00 and an
attenuation index (χ) of 0.5. This yields a Pearson correlation coefficient (r value) of 0.57.
Similarly, when employing Shape Function Three, the plateau value (β) is 3.00, while
the attenuation index (χ) is 0.5, with a significantly higher Pearson correlation coefficient
(r value) of 0.71. Three shape functions provide a similar plateau value (β), but Shape
Function Three exhibits a better overall fitting performance.
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Figure 11. The 5% damped design response spectrum for Yangshan Port (ARE = 1.60, ARG = 1.40).

To further investigate the influence of anisotropy on ground response spectra, a series
of cross-parameter studies were conducted focusing on anisotropy-related parameters
(elastic modulus ratio ARE = 1.60, 2.00, 2.40; shear modulus ratio ARG = 1.10, 1.25, 1.40),
resulting in a total of nine combinations. Following the method illustrated in Figure 11,
Figure 12 presents nine average response spectrum curves. Utilizing the mean values of
these spectrums, the root mean square error (RMSE) across the entire period range for the
nine response spectrum curves was calculated and is depicted by the gray line in Figure 12.
It is observed that the maximum RMSE among the nine response spectrum curves reaches
34.5% at lower frequencies.
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Figure 12. The 5% damped design response spectrum for Yangshan Port (different anisotropic pa-
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Figure 12. The 5% damped design response spectrum for Yangshan Port (different anisotropic
parameters).
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Finally, the proposed 5% damped standard design response spectrum for Yangshan
Port has been developed from the previously described nine combinations of anisotropic pa-
rameters and five seismic intensity levels. The design response spectrum for the anisotropic
site is refined using Shape Function Three, which is depicted as an orange line in Figure 13.
This calibration involves a plateau value (β) of 3.00 and an attenuation index (χ) of 0.50.
When compared to the isotropic spectrum, the anisotropic spectrum demonstrates a notably
elevated design response spectrum. Factoring in anisotropy has led to an increase of 18%
in the plateau value (β) for the standard design response spectrum. Consequently, utilizing
the isotropic design response spectrum for the seismic design of structures at Shanghai
Yangshan Port may result in dangerous results.
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Figure 14 illustrates the application of the response spectrum for a single-degree-of-
freedom frame model. When utilizing the response spectrum, two key aspects must be
contemplated. Firstly, the fundamental frequency ( f = 2π

√
m/k) is derived from the

concentration of mass and lateral stiffness. Secondly, the design base shear is computed
through F = mβ× PGA.
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For instance, let us consider a single-story frame with a total seismic weight of 980 kN
and a total column lateral stiffness k of 6 MN/m. The structure has a damping ratio of 5%.
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The basic acceleration (PGA) by design is 0.1 g. For the conventional response spectrum,
the design base shear amounts to 250 kN. However, when the response spectrum is applied
with consideration of anisotropy, the design base shear amounts to 294 kN, marking an
increase of 18%.

5. Conclusions

This study establishes an equivalent linear ground motion model for anisotropic
sites to analyze the ground motion response characteristics for layered soils with various
anisotropy parameters. Further investigations were conducted to study the ground motion
response features of anisotropic sites when subjected to different seismic wave inputs. It
was found that the anisotropy ratios for the shear modulus (ARG) have a promoting effect
on the peak ground acceleration (PGA), while the anisotropic ratio of undrained Young’s
modulus (ARE) has an inhibitory effect on peak ground acceleration (PGA) in the site
earthquake response problem. The impact of anisotropy on the ground motion of the site
becomes more significant when seismic waves have dominant frequencies closer to the
fundamental frequencies of the sites. In the ground motion response problem, anisotropy
cannot be ignored when the dominant frequencies of the seismic waves are closer to the
fundamental frequencies of the sites.

This study further takes the Yangshan Port site as an example to calibrate the seismic
motion parameters (G − γ and D − γ) of the Yangshan Port soil layer based on cyclic
triaxial tests and resonant column tests. The results show that the combination of the
resonant column test and cyclic triaxial test can better describe the dynamic characteristics
of soil from small strains (10−6~10−3) to large strains (10−3~10−1). Based on the calibrated
dynamic parameters, the ground motion characteristics of the anisotropic site of Yangshan
Port were studied. It was found that the consideration of site anisotropy leads to significant
increases in both the peak ground acceleration (PGA) and the peak ground Fourier acceler-
ation spectrum for the Yangshan Port site. Anisotropy has little influence on the frequency
position of the ground Fourier acceleration spectrum peak. The frequency region where the
amplitude of the ground Fourier acceleration spectrum increases significantly is close to the
site fundamental frequency (1 Hz). This demonstrates that site anisotropy can potentially
lead to a severe underestimation of the acceleration response in regions proximate to the
site’s fundamental frequency.

A series of cross-parameter studies regarding anisotropic parameters were also con-
ducted to investigate the influence of anisotropy on ground response spectra. When taking
site anisotropy into account, the calibrated design response spectrum plateau value (β)
is 3.00. Conversely, when anisotropy is not considered, the calibrated design response
spectrum plateau value (β) stands at 2.55. The design response spectrum calibrated for an
anisotropic site surpasses that for an isotropic site. Thus, when performing the seismic
design of buildings, utilizing the design response spectrum derived from isotropic site
ground motion response calibration might present higher risks.
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Abstract: With the continuous expansion of the scale of power grid and transportation infrastructure
construction, the number of crossovers between transmission lines and high-speed railways continues
to increase. At present, there is a lack of systematic research on the dynamic characteristics of
transmission tower-line structures crossing high-speed railways under vehicle-induced ground
vibration. This article focuses on the phenomenon of accidents such as line drops when crossing
areas in recent years and establishes a high-speed train track foundation soil finite element model
in ABAQUS that considers track irregularity. The three-dimensional vibration characteristics and
attenuation law of train ground vibration are analyzed. Acceleration data for key points are also
extracted. A separate finite element model of the transmission tower-line system is established in
ANSYS, where acceleration is applied as an excitation to the transmission tower-line system, and
the coupling effect between the tower and the line is considered to analyze its dynamic response.
Subsequently, modal analysis is conducted on the tower-line system, providing the vibration modes
and natural frequencies of the transmission tower-line structure. The effects of factors such as
train speed, soil quality, and distance from the tower to the track on the dynamic response of the
transmission tower-line system under vehicle-induced ground vibration are studied. The results
show that the speed range (300 km/h–400 km/h) and track distance range (4.5 m–30 m) with the
greatest impacts are obtained. The research results can provide a reference for the reasonable design
of transmission tower-line systems in high-speed railway sections.

Keywords: high-speed train; ground vibration; transmission tower-line structure; numerical simulation;
dynamic response

1. Introduction

Power grid systems and railway systems are important material foundations of mod-
ern society and an important part of lifeline engineering systems. In the past 20 years,
high-speed railways have developed rapidly in many countries due to their advantages
of safety, efficiency, low energy consumption, and large transportation capacity. At the
same time, high-voltage overhead transmission, as the main mode of power supply in
countries around the world, has also developed significantly in the past few decades. With
the continuous increase in social electricity demand and transportation demand, the power
grid and transportation infrastructure are constantly being upgraded and constructed,
which brings about the inevitable problem of crossings of transmission tower-line systems
and high-speed railways (Figure 1). In the crossover area of the two, once an accident, such
as disconnection, string drop, or even tower collapse, occurs, it may cause a large-scale
power supply interruption. Therefore, ensuring the long-term safe operation of the power
grid system and the railway system across both sections is a matter of great concern to both
the power sector and the railway sector.
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conducted relatively comprehensive research on the generation mechanism of ground 
vibration caused by high-speed trains and the law of vibration propagation. For the 
generation mechanism of vehicle-induced ground vibration, the research mainly focuses 
on three aspects: theoretical analysis models, field tests, and finite element numerical 
simulations. Typical theoretical analysis models include the Winkler foundation beam 
theory [2], the Timoshenko elastic foundation beam model [3], and the basic model of 
wheel–rail interaction considering unsprung mass and track stiffness [4]. Because the 
ground vibration caused by trains usually propagates near the surface [5], research 
mainly focuses on the propagation law of ground vibration, including the simulation of 
roadbeds and ground [6], the simulation of track irregularity [7], and the theoretical 
analysis of large coupling vibration problems [8]. In recent years, researchers have stud-
ied the problems of vehicle-induced ground vibration using finite element numerical 
simulation and field test methods. For example, Xia et al. [9] established a comprehen-
sive model considering train-track-foundation dynamic interactions. Factors such as the 
quasistatic axle load and dynamic excitation between the wheel and rail are analyzed. 
The results show that the ground vibration characteristics are closely related to the train 
speed and soil characteristics. With increasing track distance, the ground acceleration 
tends to decrease. Erkal et al. [10] measured triaxial vibrations of road and rail traffic on 
and around a typical residential masonry building in Istanbul and its response to adja-
cent ground-born vibrations through numerical modeling. The results show that 
train-induced vibrations caused the walls of the building to experience tensile stresses 
up to 23% of the masonry tensile strength. Motazedian et al. [11] found that the dura-
tions and amplitudes of the train-induced seismic waves at soil sites increased dramati-
cally compared to those at the reference bedrock site. On the other hand, very large soil 
amplifications have been observed based on local earthquake recordings, with a very 
different source mechanism than train-induced seismic waves. Niu et al. [12] studied the 
ground vibration caused by the operation of the Datong–Xi’an high-speed railway 
through field tests. The results show that the ground vibration caused by a high-speed 
train is a periodic excitation, and the vertical vibration acceleration of the ground de-
creases with increasing distance from the vibration source. 

Because the vibration caused by trains will be transmitted to the surrounding soil 
layer through the track, roadbed, etc., and then cause secondary vibration of the adjacent 
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Figure 1. Cases of overhead transmission lines crossing high-speed railways.

With the increase in high-speed railway construction mileage and the improvement
of high-speed train operating speed [1], the environmental vibration problem caused by
high-speed trains has become increasingly prominent. At present, many scholars have
conducted relatively comprehensive research on the generation mechanism of ground
vibration caused by high-speed trains and the law of vibration propagation. For the
generation mechanism of vehicle-induced ground vibration, the research mainly focuses
on three aspects: theoretical analysis models, field tests, and finite element numerical
simulations. Typical theoretical analysis models include the Winkler foundation beam
theory [2], the Timoshenko elastic foundation beam model [3], and the basic model of
wheel–rail interaction considering unsprung mass and track stiffness [4]. Because the
ground vibration caused by trains usually propagates near the surface [5], research mainly
focuses on the propagation law of ground vibration, including the simulation of roadbeds
and ground [6], the simulation of track irregularity [7], and the theoretical analysis of large
coupling vibration problems [8]. In recent years, researchers have studied the problems
of vehicle-induced ground vibration using finite element numerical simulation and field
test methods. For example, Xia et al. [9] established a comprehensive model considering
train-track-foundation dynamic interactions. Factors such as the quasistatic axle load and
dynamic excitation between the wheel and rail are analyzed. The results show that the
ground vibration characteristics are closely related to the train speed and soil characteristics.
With increasing track distance, the ground acceleration tends to decrease. Erkal et al. [10]
measured triaxial vibrations of road and rail traffic on and around a typical residential
masonry building in Istanbul and its response to adjacent ground-born vibrations through
numerical modeling. The results show that train-induced vibrations caused the walls
of the building to experience tensile stresses up to 23% of the masonry tensile strength.
Motazedian et al. [11] found that the durations and amplitudes of the train-induced seismic
waves at soil sites increased dramatically compared to those at the reference bedrock
site. On the other hand, very large soil amplifications have been observed based on local
earthquake recordings, with a very different source mechanism than train-induced seismic
waves. Niu et al. [12] studied the ground vibration caused by the operation of the Datong–
Xi’an high-speed railway through field tests. The results show that the ground vibration
caused by a high-speed train is a periodic excitation, and the vertical vibration acceleration
of the ground decreases with increasing distance from the vibration source.

Because the vibration caused by trains will be transmitted to the surrounding soil
layer through the track, roadbed, etc., and then cause secondary vibration of the adjacent
structures, some scholars have also conducted studies on the dynamic response of such
structures under the action of high-speed trains. Chen et al. [13] experimentally studied
the site dynamic response of a bridge and its surrounding environment on the Wuhan–
Guangzhou high-speed railway. The results show that the vertical vibration acceleration
of the bridge is generally between 0.07 and 0.25 m/s2. With increasing train speed, the
ground vibration gradually increases. Hesami et al. [14] used a two-dimensional finite
element method to analyze the influence of train vibration on residential buildings near the
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Qaemshahr railway. The train–ground dynamic model is preliminarily verified by the mea-
sured data. The results show that the vibration level decreases significantly with increasing
distance from the track centerline to the building. Zhou et al. [15] sampled vibration data
from the proposed site near the railway, and the measured ground acceleration was used
as the excitation for the proposed building. The law of some trains’ impact on the vibration
of nearby buildings was obtained. Erkan et al. [16] studied the ground vibration caused by
high-speed trains and its impact on surrounding residential areas through a large amount
of field work and many field measurements in Türkiye. The above studies mainly focus on
the impact of ground vibration caused by high-speed trains on adjacent high-rise buildings,
bridge structures, and residential areas.

In the study of train vibration, one of the very important factors is the excitation source
target interaction system. When an excitation source (such as mechanical vibration or
vehicle dynamic load) acts on the ground, the soil will generate and transmit excitation
energy and interact with the target structure. Conversely, the response of the structure,
such as vibration and dynamic forces, will also be transmitted along the soil, affecting the
source of motivation. One important method is to use transfer functions to analyze the
impact of excitation sources on ground motion [17] and, finally, the impact on the analyzed
object. Due to the high stability requirements of the large Hadron collider (HL-LHC) for
the orbit, Schaumann et al. [18] conducted some research to characterize the actual ground
motion in the large Hadron collider tunnel and summarized the observations made on the
LHC beams. Farahani et al. [19] developed a numerical model based on the modal analysis
results of buildings to address the impact of vibrations caused by trains on residents in the
vicinity of railway lines. The double confirmation analysis method is used to identify the
modal parameters of buildings: obtain the transfer function through the dynamic response
of modal analysis; reproduce the vibration acceleration of different floors of the building
from on-site measurement records; and apply it to the building foundation.

Considering the large-span and high-rise structural characteristics of high-voltage
overhead transmission tower-line systems, wind load is usually the dominant load. A
large number of studies have been conducted in such areas, including the design wind
loads [20], wind-induced vibration [21–23], and galloping [24,25] of transmission tower-line
systems, which provide effective technical support for the rational design and maintenance
of high-voltage transmission tower-line systems. In fact, the transmission tower-line system
across the high-speed railway will also be affected by the environmental vibration caused
by high-speed trains. Taking China as an example, Feng et al. [26] reported that with
the continuous development of power transmission capacity and railway transportation
capacity, the proportion of the crossing of transmission tower-line systems and high-speed
railways will continue to increase. Yin et al. [27] numerically studied the dynamic response
of transmission lines under the action of high-speed trains and verified it by field tests.
Zhang et al. [28] and Liu [29] analyzed the transient force and typical dynamic response of
an overhead transmission tower-line structure under the action of high-speed train-induced
wind. The results show that when the train passes through the overhead transmission
tower-line structure, the ultimate force of the transmission line has a significant quadratic
function relationship with the train speed.

In summary, the phenomenon of crossings between overhead transmission tower-
line systems and high-speed railways will continue to increase in the future, but there is
currently a lack of systematic research on the dynamic response of transmission tower-
line structures across high-speed railways under vehicle-induced ground vibration. To
this end, a high-speed train track foundation soil finite element model is established in
ABAQUS that considers track irregularity. The three-dimensional vibration characteristics
and attenuation law of train ground vibration are analyzed. A separate finite element model
of the transmission tower-line system was established in ANSYS. Factors such as different
soil qualities, different train speeds, and different distances to the track are discussed. This
study is expected to provide a reference for the rational design and daily maintenance of
transmission tower-line systems across high-speed railways.
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2. Establishment and Verification of the Finite Element Model

To study the effect of ground vibration caused by high-speed trains on the transmission
tower-line system, the acceleration time history of the ground surface during the process of
the high-speed train passing through the transmission tower-line system was obtained by
a numerical simulation method, and then it was used to perform a dynamic analysis of the
transmission tower-line system.

2.1. Establishment and Verification of the Train-Track-Foundation-Soil Coupling Model

This section mainly focuses on the theoretical methods and parameters related to
the establishment of the finite element model of the train-track-foundation soil. Because
ABAQUS 2021 can better simulate the nonlinear contact problem between wheels and rails
and the explicit integration algorithm in ABAQUS can solve highly nonlinear quasistatic
problems, complex contact problems, and high-speed dynamic loads, the explicit dynamic
integration method (ABAQUS/Explicit) is used in this study. A schematic diagram of the
model is shown in Figure 2.
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2.1.1. Model of the Train

The motion of the vehicle system in the vertical longitudinal plane can be considered
a multirigid body system, and the vehicle body model with a secondary spring mass is
used. The following assumptions are used for the model [2]. Only the wheel–rail vertical
dynamic effect is considered in the model. The car body, bogie, and wheelset are regarded
as rigid bodies, and the influence of the deformation of these components on the overall
model is not considered. The wheelset and the bogie are connected by a series of springs
and damping elements; the connection between the bogie and the car body is composed of
a second series of springs and damping elements. The masses of the car body, bogie, and
wheelset are simplified as centralized mass considerations. The single vehicle part of the
overall model has 16 degrees of freedom, such as the ups and downs of the car body and
the three-way nodding, the ups and downs of the front and rear bogies and the three-way
nodding, and the ups and downs of the four-wheel sets.

Taking an ICE3-type train [30] as an example, a finite element model of train-track-
foundation-soil is established to simulate the propagation and attenuation of vibration
waves generated by wheel–rail action in the soil layer. The driving distance is 444 m. The
speed of the train selected in this section is 250 km/h. The schematic diagram is shown
in Figure 3. In this figure, Mc and Jc are the mass and moment of inertia of the car body,
respectively; Mt and Jt are the mass and moment of inertia of the bogie, respectively; Mω

is the quality of the wheelset; Ks1 and Cs1 are the primary suspension mass and damping,
respectively; and Ks2 and Cs2 are the suspension mass and damping of the secondary series,
respectively. The above parameters and other geometric parameters are listed in Table 1.

159



Buildings 2023, 13, 2884

Buildings 2023, 13, x FOR PEER REVIEW 5 of 32 
 

is shown in Figure 3. In this figure, cM  and cJ  are the mass and moment of inertia of 

the car body, respectively; tM  and tJ  are the mass and moment of inertia of the bo-

gie, respectively; ωM  is the quality of the wheelset; s1K  and s1C  are the primary 

suspension mass and damping, respectively; and s2K  and s2C  are the suspension 

mass and damping of the secondary series, respectively. The above parameters and other 

geometric parameters are listed in Table 1. 

Carriage

Steering-rack

Wheel pair

The mv-th carriage The first carriage

The m-th carriage

Bogie

cMc,Jc vc

z

y

Ks2

M t,J t

Cs2

Mw4 Mw3 Mw2 Mw1
vw1

Pwr
mn

vt

 t

 

Figure 3. Secondary suspension vehicle model and parameters. 

Table 1. Mechanical and geometric parameters of train vehicles. 

Vehicle Parameters Size 

( )c kgM  47,900 

( )2
c kg/mJ  

Lateral is 8.224 × 106 

Vertical is 8.232 × 106 

Longitudinal is 2.751 × 105 

( )t kgM  1381 

( )2
t kg/mJ  

Lateral is 1695 

Vertical is 2844 

Longitudinal is 1378 

( )ω kgM  1400 

( )s1 N/mK  1.87 × 106 

( )s1 N s/mC   5 × 105 

( )s2 N/mK  1.72 × 105 

( )s2 N s/mC   1.92 × 105 

Tire size (m) 0.46 

Distance from coupler to coupler (m) 2.50 

Wheel base 2d (m) 2.50 

2.1.2. Train-Track Model 

The CRTS I-type ballastless track is adopted to build the train-track model. The 

track components include steel rails, sleepers, elastic fasteners, track slabs, CAE mortar 

filling layers, and concrete bases. In this paper, a simplified track model is used, and its 

cross-section is shown in Figure 4. The gauge of the two rails is 1.435 m, and the track 

fastener spacing is 0.6 m. The parameters of the sleeper, track slab, CAE mortar, and 

concrete base are shown in Table 2. 

Figure 3. Secondary suspension vehicle model and parameters.

Table 1. Mechanical and geometric parameters of train vehicles.

Vehicle Parameters Size

Mc(kg) 47,900

Jc

(
kg/m2

) Lateral is 8.224 × 106

Vertical is 8.232 × 106

Longitudinal is 2.751 × 105

Mt(kg) 1381

Jt

(
kg/m2

) Lateral is 1695
Vertical is 2844

Longitudinal is 1378
Mω(kg) 1400

Ks1(N/m) 1.87 × 106

Cs1(N · s/m) 5 × 105

Ks2(N/m) 1.72 × 105

Cs2(N · s/m) 1.92 × 105

Tire size (m) 0.46
Distance from coupler to coupler (m) 2.50

Wheel base 2d (m) 2.50

2.1.2. Train-Track Model

The CRTS I-type ballastless track is adopted to build the train-track model. The track
components include steel rails, sleepers, elastic fasteners, track slabs, CAE mortar filling
layers, and concrete bases. In this paper, a simplified track model is used, and its cross-
section is shown in Figure 4. The gauge of the two rails is 1.435 m, and the track fastener
spacing is 0.6 m. The parameters of the sleeper, track slab, CAE mortar, and concrete base
are shown in Table 2.
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Table 2. Parameters of the track structure.

Structure Layer Name Width (m) Depth (m)

Track board 2.4 0.20
CA mortar bed 2.4 0.05
Concrete base 3 0.30
Rail bearing 0.25 0.16

To prevent the occurrence of an hourglass phenomenon where the unit lacks stiffness
and cannot resist deformation, each unit adopts an hourglass control. The actual connection
between the rail and the sleeper is a fastener, which is used to limit the vertical displacement
of the rail through tension. Therefore, in ABAQUS, the fastener is simulated with a
nonlinear spring-damper element that can only be tensioned, as shown in Figure 4b. The
actual track board is connected by many standard-length track boards, but considering the
strong longitudinal connection between the track boards, this model will not model the
standard track board and then consider the longitudinal connection but, instead, will model
the overall structure of the track board and other structures in the longitudinal direction.
The convex retaining platform and other lateral limiting devices that play a longitudinal
limiting role will not be physically modeled, and their limiting effect will be replaced by
specifying boundary conditions for the track structure. The material parameters of the
track structure are listed in Table 3.

Table 3. Track structure material parameters.

Structure
Layer Name

Density
(kg/m3)

Elastic Modulus
(Pa)

Poisson’s
Ratio

Steel rail 7800 2.06 × 1011 0.25
Rail bearing 2500 3.60 × 1010 0.20
Track board 2600 3.50 × 1010 0.17

CA mortar bed 1800 9.20 × 106 0.40
Concrete base 2500 2.40 × 1010 0.20

2.1.3. Track Irregularities

Track irregularity refers to the deviation between the track contact surface used to
support and guide the wheels along the length direction of the track and the theoretical
smooth track, which is the main excitation that causes the change in the wheel–rail action
and then the coupled vibration of the entire train-track-foundation-soil system. The track
irregularity spectrum of each country is divided into two levels: low interference and
high interference. The low-interference level is suitable for high-speed railways above
250 km/h. For China’s trunk railways, the more typical statistical spectrum functions
that can characterize the irregularity characteristics include various speed levels, such as
120 km/h, 160 km/h, and 200 km/h [31].

For the high-speed train considered in this study, the above various track irregularity
spectra cannot be better adapted to the working conditions of this study. To address this
issue, Xu et al. [32] compared and analyzed the track irregularity spectrum at all levels and
noted that the distribution of the low-interference track irregularity spectrum in Germany
is similar to the standard spectrum of the 200 km/h speed-up line in China and can be
used in the speed-up line spectrum in China. Additionally, the simulated power spectral
density function of the track irregularity of the 350 km/h high-speed rail line at the design
speed is also obtained based on the above track spectral density function and the sample
data of the Shanghai–Nanjing passenger dedicated line. In view of the need to predict
the impact of higher train speeds on the ground vibration caused by high-speed trains,
the track irregularity power spectral density function used in this study is the German
low-interference track irregularity spectrum suitable for speeds greater than 250 km/h and
the simulated irregularity spectrum corresponding to a speed of 350 km/h [32].
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Due to the unevenness of the track level and other directions, it contributes less
to the excitation between the wheel and rail [33], so, in this study, only the level track
irregularity is considered. Using Sv(Ω)dΩ = Sv( f )d f , the spectral functions of the German
low-interference high–low irregularity spectrum, and the 350 km/h high–low irregularity
spectrum varying with time and frequency can be obtained as follows:

(1) German low-interference track irregularity spectrum:

Sv( f ) = Sv(
2π f

v
) · 2π

v
=

Av · f 2
c v

2π( f 2 + f 2
r )( f 2 + f 2

c )
(1)

where fr is the spatial cutoff frequency, Ωr is the corresponding time truncation frequency
( fr = vΩr/2π), f c is the spatial cutoff frequency, and Ωc is the corresponding time trunca-
tion frequency ( fc = vΩc/2π).

(2) Simulated track irregularity spectrum for 350 km/h [32]:

Sv( f ) =
a( f 2v−3) + b( f v−2)

(1 + b f v−1 + c f 3v−3)
(2)

With the help of the MATLAB program and inverse Fourier transform method, the
discrete data of the amplitude of track irregularity changing with time can be obtained
based on the above-mentioned power spectral density function that changes with time and
frequency. The results are shown in Figure 5a,b. In comparison with the current literature,
it is found that the simulated amplitude of the track irregularities according to the German
low-interference spectrum is very close to the data calculated by Chen et al. [34], and the
amplitude of the track irregularities obtained by the Shanghai–Nanjing 350 km/h spectrum
is almost the same as the amplitude in the literature [32]. To verify the precision of the
simulated method in this study, the simulated results and analytical values of the two kinds
of irregularity spectra are also compared, as shown in Figure 6.
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the rail fasteners is 60 cm, to meet the simulation accuracy requirements, a track irregu-

larity amplitude is set every 20 cm interval in the direction of train travel. The processed 

sequence of the track irregularity amplitude changing with distance is shown in Figure 

7. 

0 100 200 300 400 500 600
−8

−6

−4

−2

0

2

4

6

8

T
ra

ck
 h

ei
g

h
t 

ir
re

g
u

la
ri

ty
 a

m
p

li
tu

d
e(

m
m

)

Distance（m）  

0 100 200 300 400 500 600
−4

−3

−2

−1

0

1

2

3

4

T
ra

ck
 h

ei
g

h
t 

ir
re

g
u

la
ri

ty
 a

m
p

li
tu

d
e(

m
m

)

Distance（m）  

(a) (b) 

Figure 7. The relationship between the amplitude vertical irregularity and the forward distance of 

the train. (a) The relationship between the amplitude of German low-interference vertical irregu-

larity and the forward distance of the train. (b) The relationship between the amplitude of 350 

km/h irregularity amplitude and the forward distance of the train. 

2.1.4. Subgrade and Foundation Soil Model 

(1) Subgrade model parameters 

Figure 5. Vertical irregularity amplitude simulation time series. (a) Simulated time series of low-
interference high–low irregularity amplitude in Germany. (b) The simulated 350 km/h track irregu-
larity amplitude time series.
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Figure 6. Comparison of the simulated and analytical values of the irregularity power spectrum.
(a) The spectrum of German low interference. (b) The spectrum of 350 km/h.
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2.1.4. Subgrade and Foundation Soil Model 

(1) Subgrade model parameters 

Figure 7. The relationship between the amplitude vertical irregularity and the forward distance of
the train. (a) The relationship between the amplitude of German low-interference vertical irregularity
and the forward distance of the train. (b) The relationship between the amplitude of 350 km/h
irregularity amplitude and the forward distance of the train.

2.1.4. Subgrade and Foundation Soil Model

(1) Subgrade model parameters

According to the “Code for Design of High-speed Railway” [35], the subgrade section
of the model in this study is based on the standard cross-sectional dimensions of single-line
embankments for medium-ballasted tracks, as shown in Figure 8. The specification stipu-
lates that the surface of the subgrade should be filled with graded gravel, and considering
the large deformation of the subgrade, for the accuracy of the model, the Drucker–Prager
plastic material constitutive model is used for each subgrade. The parameters of each layer
of the roadbed structure are listed in Table 4.

Buildings 2023, 13, x FOR PEER REVIEW 9 of 32 
 

According to the “Code for Design of High-speed Railway” [35], the subgrade sec-
tion of the model in this study is based on the standard cross-sectional dimensions of 
single-line embankments for medium-ballasted tracks, as shown in Figure 8. The speci-
fication stipulates that the surface of the subgrade should be filled with graded gravel, 
and considering the large deformation of the subgrade, for the accuracy of the model, 
the Drucker‒Prager plastic material constitutive model is used for each subgrade. The 
parameters of each layer of the roadbed structure are listed in Table 4. 

4.3

4%

4%
4%

1:1.5

Embankment below the foundation bed

4.3

4%

4%
4%

1:1.5

Surface layer

Bottom layer

3.0

2.
3

0.
4

Bottom layer

Surface layer

 
Figure 8. Single-line embankment ballastless track standard cross-section diagram. 

Table 4. Geometric and mechanical parameters of each layer of the subgrade structure. 
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(m) 

Dynamic Elastic 
Modulus (MPa) 
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Damping 
Ratio 
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Table 4. Geometric and mechanical parameters of each layer of the subgrade structure.

Names of Each
Foundation Bed

Thickness
(m)

Dynamic Elastic
Modulus (MPa)

Poisson’s
Ratio

Density
(kg/m3) Cohesion (Pa) Internal Friction

Angle (◦)
Damping

Ratio

Surface layer of
foundation bed 0.4 120 0.3 2184 7 × 104 27 0.045

Bottom layer of
subgrade bed 2.3 70 0.3 1939 5 × 104 23 0.039

Embankment 3.6 50 0.35 1837 4 × 104 20 0.035

The triaxial test parameters that need to be input into the definition of the Drucker–
Prager plastic material constitutive model are obtained by the following formula:

tan β =
6 sin ϕ

3 − sin ϕ
(3)

K =
3 − sin ϕ

3 + sin ϕ
(4)
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σc =
2c cos ϕ

1 − sin ϕ
(5)

where ϕ is the friction angle in the Coulomb constitutive model (see Table 4), c is cohesion,
K is the flow stress ratio (0.078 ≤ K ≤ 1), and the plastic parameters needed for each layer
of the model subgrade structure are shown in Table 5.

Table 5. Drucker–Prager parameters for each layer of the subgrade structure.

Name of the
Subgrade Structure

of Each Layer

Angle of
Friction

(◦)

Flow Stress Ratio
K)

Expansion
Angle

(◦)

Compression
Yield Stress

(Pa)

Absolute
Plastic
Strain

Surface layer of
foundation bed 27 0.855 0 177847.90 0

Bottom foundation
bed 23 0.876 0 122247.00 0

Embankment 20 0.892 0 95136.97 0

(2) Parameters of the foundation soil model

Usually, the loading speed and different strain levels on the soil will directly lead to
the state of elasticity, elastoplasticness, or failure of the soil [36]. The dynamic strain of soil
caused by rail transit is generally very small, and generally less than 1 × 10−5. At this time,
the soil is almost completely in the elastic stage. Therefore, the following assumptions [2]
are adopted for the soil model in this study. The foundation soil is assumed to be a layered
elastic body, and the material of each layer of soil is consistent and simplified as isotropic.
The atomic and molecular motions and internal pores of soil particles in the soil are not
considered, and continuous functions can be used to describe the changing laws of physical
quantities such as soil stress, deformation, and displacement. The initial stress of the soil
is neglected.

According to the literature [34], the soil below the subgrade is divided into two types:
soft soil and hard soil. Among them, the soft soil is analyzed by using a representative
three-layer soil in a soft soil area in Shanghai. The distinction between soft and hard soil is
based on the shear wave velocity of the soil. Both soft and hard soil materials adopt linear
elastic constitutive models. In this study, the shear wave velocity of the soil is calculated by
using the following formula:

Vs =

√
E

2ρ(1 + µ)
(6)

where E is the elastic modulus of the soil, µ is Poisson’s ratio, and ρ is the soil density. The
material parameters of soft and hard soil and the shear wave velocity obtained from the
above formula are shown in Table 6.

The size of the foundation soil along the length of the train is 600 m, the length of the
foundation soil in the vertical direction of the train is 150 m, and the thickness of the entire
foundation soil is 60 m. In addition, since the vibration wave will produce a reflection
effect when it propagates to the finite element boundary, the calculation accuracy of the
vibration wave will be greatly reduced. To reduce this effect, the infinite element boundary
is set in the INP file of ABAQUS for the surrounding and bottom of the foundation soil.
The model is shown in Figure 9. The infinite part of the Earth’s foundation is equivalent
to a boundary. For the boundary at the bottom of the foundation, considering a certain
depth, the influence of boundary impedance and scattering characteristics is very small,
and the bottom belongs to the rock layer, so the bottom of the model adopts consolidation
constraints. Furthermore, it should be noted that since the boundary of the foundation
soil model has been simulated using infinite elements, the roadbed structure will not be
placed at the center of the foundation soil surface but on the side close to the foundation
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soil surface to extract the response of surface points within the range of 4.5~49.5 m from
the track center.

Table 6. Geometric and material parameters of soft and hard soil layers.

Soil Type Name of Each
Layer of Soil

Thickness
(m)

Dynamic Elastic
Modulus (MPa)

Poisson’s
Ratio

Shear Wave
Velocity (m/s)

Density
(kg/m3)

Damping
Ratio

Soft
soil

Silty clay 6 30 0.290 78.27 1898 0.050
Silt clay 9 14 0.300 56.21 1704 0.050

Sandy silt 24 74 0.310 123.66 1847 0.050
Uniform elastic
half-space soil

layer
21 141 0.330 167.03 1900 0.023

Hard soil

Silty clay 6 124 0.302 158.40 1898 0.020
Silt clay 9 111 0.310 157.82 1704 0.020

Sandy silt 24 159 0.318 180.83 1847 0.020
Uniform elastic
half-space soil

layer
21 141 0.330 167.03 1900 0.020
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2.1.5. Calculation of Damping

Damping in ABAQUS/Explicit is mainly defined by the Rayleigh damping option,
which can be determined by:

[C] = α[M] + β[K] (7)

where α, β is the proportionality constant related to the natural circular frequency of the
structure and the damping ratio of the material [37], which can be determined by the
following formula: 




α =
2(ξiωj−ξ jωi)ωiωj

(ωj+ωi)(ωj−ωi)

β =
2(ξ jωj−ξiωi)

(ωj+ωi)(ωj−ωi)

(8)

where ωi and ωj are the ith- and jth-order natural frequencies, respectively, and ξi and ξ j are
the damping ratios corresponding to the ith- and jth-order natural frequencies, respectively.
In practical applications, due to the difficulty in determining the variation of ξi and ξ j with
natural frequencies, they are usually simplified as ξi = ξ j = ξ. The Rayleigh damping can
be obtained from Equations (7) and (9):





α =
2ξωiωj

(ωj+ωi)
β = 2ξ

(ωj+ωi)

(9)
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The entire foundation soil, including the subgrade section, is subjected to modal
analysis, the calculation efficiency and model accuracy are considered comprehensively,
and only the first 30 orders of natural circle frequencies of the foundation soil of different
soil qualities are extracted. Since the vertical vibration of the foundation soil is the main
concern in this study, only the participation coefficient of each order frequency in the
vertical formation is extracted, as shown in Figure 10.
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Figure 10 indicates that the participation coefficient of the 16th-order natural frequency
of soft soil is the largest in the vertical formation, which is 1.5928, and the participation
coefficient of the 18th-order natural frequency of hard soil is the largest in the vertical
formation, which is 3.0267. Therefore, the 16th-order natural frequency of soil and the
18th-order natural frequency of hard soil are selected as ωj, and the first-order natural
frequencies of soft and hard soils are selected as ωi in Formulas (9) to calculate the Rayleigh
damping coefficient. The calculated coefficients α and β are shown in Table 7.

Table 7. Rayleigh damping coefficient table of soft and hard soil.

Soil Quality Name ξ ωi ωj α β

Soft soil

Surface layer of foundation bed 0.045 3.0536 3.9663 0.1553 0.0128
Bottom layer of subgrade bed 0.039 3.0536 3.9663 0.1346 0.0111

Embankment 0.035 3.0536 3.9663 0.1208 0.0100
Silty clay 0.050 3.0536 3.9663 0.1725 0.0142
Silt clay 0.050 3.0536 3.9663 0.1725 0.0142

Sandy silt 0.050 3.0536 3.9663 0.1725 0.0142
Uniform elastic half-space

soil layer 0.023 3.0536 3.9663 0.0794 0.0066

Hard soil

Surface layer of foundation bed 0.045 3.9628 6.3627 0.2198 0.0087
Bottom layer of subgrade bed 0.039 3.9628 6.3627 0.1905 0.0076

Embankment 0.035 3.9628 6.3627 0.1709 0.0068
Silty clay 0.020 3.9628 6.3627 0.0977 0.0039
Silt clay 0.020 3.9628 6.3627 0.0977 0.0039

Sandy silt 0.020 3.9628 6.3627 0.0977 0.0039
Uniform elastic half-space

soil layer 0.020 3.9628 6.3627 0.0977 0.0039

2.1.6. Wheel–Rail Contact and Track-Subgrade Connection

Regarding the contact relationship between the wheel and rail, the typical Hertz
nonlinear elastic contact theory is adopted in this study. The contact elastic action between
the wheel and rail is simplified as a linear spring and is defined by the Hertz contact stiffness.

kH =
dP

d∆Z
=

3
2G

P1/3 (10)
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where the wheel–rail contact constant of the tapered tread is , and R is the wheel radius,
with a value of 0.46 m in this study, so G = 5.131 × 10−8.

In ABAQUS/Explicit, nonlinear elastic contact is mainly achieved by setting the pro-
portional relationship between contact pressure and interference according to Formula (3),
which is set in ABAQUS/Explicit as the relationship between “softening” pressure and
interference that conforms to the exponential law, as shown in Figure 11.
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Figure 11. Pressure–interference diagram defined in ABAQUS/Explicit.

Considering that the sliding between the base of the track and the foundation is
relatively small, the TIE connection is used. The so-called TIE connection binds the two
surfaces that are in contact with each other. This processing method can better meet the
deformation co-ordination relationship between the various parts of the track structure
with a lower computational cost than the specified contact connection method.

2.1.7. Verification of the Finite Element Model

To verify the correctness of the model in this study, the same foundation soil size
as in refs. [30,38] is used, soft soil type foundation soil is selected, and the train speed is
250 km/h. Considering the influence of the unevenness of the track on the ground vibration
caused by the vehicle, the calculation and extraction are located in the middle of the model
along the running direction of the track, and the distance from the vertical direction of the
track is calculated and extracted. The monitoring points are demonstrated in Figure 12.
Figure 13 shows a comparison of the vertical acceleration time history and the amplitude
frequency between the present results and the results in ref. [30] at monitoring points of
4.5 m, 19.5 m, and 49.5 m.
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As demonstrated in Figure 13, the present results are in good agreement with the
results of ref. [30], and all of them are dominated by low-frequency responses, which is
mainly due to the strong suppression of high-frequency vibrations by soft soils. To further
verify the model in this study, working conditions (i.e., soft soil foundation and train speed
260 km/h) similar to those in ref. [38] are used to perform the analysis. The comparison
of acceleration and displacement amplitude between the present study and the results of
ref. [38] are listed in Table 8.
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(a) Vertical acceleration time history diagram. (b) Vertical acceleration amplitude frequency diagram.

Table 8. Comparison of acceleration and displacement amplitude between the present results and
the results in ref. [38].

Data
Sources

Monitoring
Point

Vertical Acceleration
Amplitude (m/s2)

Vertical Displacement
Amplitude (mm)

Results of ref. [38] Ground surface at a distance
of 5 m from the track 0.15 1.3

Present results Ground surface at a distance
of 4.5 m from the track 0.18 1.4

Table 8 shows that both the acceleration amplitude and displacement amplitude results
calculated by using the present model are close to the results in ref. [39]. In summary, the
finite element model established in this study is reliable and can be used to simulate more
engineering cases.

2.2. Analysis of Three-Dimensional Vibration Characteristics and Attenuation Law

To obtain the general vibration characteristics and attenuation law of the coupling
model of train-track-foundation soil during train operation, this section selects a speed
of 250 km/h, considers the high and low irregularity of the track (using German low-
interference high- and low-irregularity spectrum), and analyzes the conditions when the
foundation soil is soft soil. To reflect the variation in foundation soil vibration with the entire
process of train travel, a series of monitoring points were selected in the middle of the entire
soil model train travel direction at different distances perpendicular to the track direction,
as shown in Figure 12. For the convenience of description, the direction perpendicular to
the train travel is defined as the X direction, the vertical vibration direction is defined as the
Z direction, and the train travel direction is defined as the Y direction. By extracting triaxial
acceleration time history data at various monitoring points located at different distances
(1.8 m–90 m) perpendicular to the track and plotting a triaxial acceleration–distance–
amplitude waterfall chart, the vibration response characteristics of each measurement point
can be obtained.

Figure 14 shows the triaxial acceleration time history curve at a distance of 1.8 m–90 m
from the track center on the ground surface. The time history curves of the triaxial accel-
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eration can better reflect the entire process of the train passing through the monitoring
points. The change in acceleration amplitude in the middle part of the entire time domain
can well reflect the process of the train passing through, and, due to the presence of wheels,
the peaks in the triaxial acceleration time domain graph all exhibit periodic changes. The
amplitude of the acceleration dynamic response in all three directions shows a decreasing
trend as the distance to the center of the track increases, and the attenuation speed is first
fast and then slow. At the same time, the periodic phenomenon of wave peaks caused by
the wheel set effect gradually weakens as the distance to the track increases.
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Figure 14. Time history of ground acceleration at different distances from the center of the track. 
(a) Time history of ground X-direction acceleration at different distances from the center of the 
track. (b) Time history of ground Z-direction acceleration at different distances from the center of 
the track. (c) Time history of ground Y-direction acceleration at different distances from the center 
of the track. 
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the Y and Z acceleration amplitudes within 20 m of the track center is significantly 
greater than that of the X direction, and the attenuation speed of the Z acceleration out-
side 20 m of the track sharply decreases and tends to flatten out. Within 20–40 m of the 
track, the attenuation speed of the Y direction acceleration is the highest among the three 
directions, while the attenuation speed of the X-direction acceleration is the slowest 
compared to the other two directions, and a rapid decrease in attenuation speed only 
occurs at approximately 40 m to the center of the track. 
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Figure 14. Time history of ground acceleration at different distances from the center of the track.
(a) Time history of ground X-direction acceleration at different distances from the center of the track.
(b) Time history of ground Z-direction acceleration at different distances from the center of the track.
(c) Time history of ground Y-direction acceleration at different distances from the center of the track.

In terms of the amplitude of triaxial acceleration, the Z direction is the largest, followed
by the Y direction, and the X direction is the smallest. In terms of the overall attenuation
speed, the Z direction is the fastest, followed by the Y direction, and the X direction is
the slowest. In addition, the attenuation speed of the triaxial acceleration also exhibits
different patterns at different distances from the track: the attenuation speed of the Y and Z
acceleration amplitudes within 20 m of the track center is significantly greater than that of
the X direction, and the attenuation speed of the Z acceleration outside 20 m of the track
sharply decreases and tends to flatten out. Within 20–40 m of the track, the attenuation
speed of the Y direction acceleration is the highest among the three directions, while the
attenuation speed of the X-direction acceleration is the slowest compared to the other two
directions, and a rapid decrease in attenuation speed only occurs at approximately 40 m to
the center of the track.

To study the vibration characteristics of the foundation soil in more detail, monitoring
points were selected at the center of the roadbed surface and at distances of 4.5 m, 19.5 m,
and 49.5 m from the track center, and their dynamic response data were analyzed in the
time and frequency domains.

Figure 15 shows the triaxial acceleration time history and amplitude frequency at the
center of the roadbed surface. Due to the proximity of the roadbed surface to the wheel–rail
contact position, the amplitude of the triaxial acceleration dynamic response is significantly
greater than that of the foundation soil surface. In addition, from the amplitude frequency
of the triaxial acceleration at the roadbed, it can be seen that the frequency bandwidth of
the roadbed surface is significantly greater than that of the foundation soil surface, and
the triaxial acceleration frequency is significantly concentrated in the higher frequency
range, indicating that the roadbed structure has a strong inhibitory effect on the vibration
at higher frequencies.
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Figure 15. Three-dimensional dynamic response diagram of the roadbed surface. (a) The accelera-
tion time history. (b) Amplitude frequency of the acceleration. 

Figure 16 shows the time history and amplitude frequency of the triaxial accelera-
tion on the foundation soil surface at distances of 4.5 m, 19.5 m, and 49.5 m from the 
center of the track. To provide a detailed explanation of the ground surface vibration 
characteristics and attenuation law, the following are described separately in terms of 
the time and frequency domains. 
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Figure 16. Time history and amplitude frequency of ground three-dimensional acceleration at dis-
tances of 4.5 m, 19.5 m, and 49.5 m from the track center. (a) The acceleration time history. (b) Am-
plitude frequency of the acceleration. 

Figure 15. Three-dimensional dynamic response diagram of the roadbed surface. (a) The acceleration
time history. (b) Amplitude frequency of the acceleration.

Figure 16 shows the time history and amplitude frequency of the triaxial acceleration
on the foundation soil surface at distances of 4.5 m, 19.5 m, and 49.5 m from the center of
the track. To provide a detailed explanation of the ground surface vibration characteristics
and attenuation law, the following are described separately in terms of the time and
frequency domains.
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Figure 16. Time history and amplitude frequency of ground three-dimensional acceleration at dis-
tances of 4.5 m, 19.5 m, and 49.5 m from the track center. (a) The acceleration time history. (b) Am-
plitude frequency of the acceleration. 

Figure 16. Time history and amplitude frequency of ground three-dimensional acceleration at
distances of 4.5 m, 19.5 m, and 49.5 m from the track center. (a) The acceleration time history.
(b) Amplitude frequency of the acceleration.

From the perspective of acceleration curves at different distances, the short-range
acceleration time history curve can better reflect the impact effect of train passing. From the
perspective of the dynamic response amplitude, all dynamic response values are relatively
large at close range and show a gradual attenuation as the distance to the track center
increases. From the perspective of triaxial acceleration, the dynamic amplitude of the
Z-direction acceleration at 4.5 m is greater than that of the other two directions. At 19.5 m,
the dynamic amplitude of the X and Y directions is slightly smaller than that of the Y
direction, showing a tendency to catch up. At 49.5 m, the dynamic amplitude of the X and
Y directions has already exceeded that of the Z direction. In terms of the propagation speed
of three-dimensional vibration waves, the acceleration in the Y direction always reaches
its peak first, followed by the X direction, and the slowest in the Z direction. Moreover,
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the difference in the propagation velocity of the vibration wave in each direction increases
with increasing distance to the center of the orbit.

2.3. Finite Element Model of the Transmission Tower-Line System

The transmission tower-line structure system is a large system composed of a series of
single transmission towers and conducting (ground) lines. Previous research [36] has shown
that the ‘three-tower two-line system’ is sufficient to meet the calculation requirements, and
the calculation results are closer to the real situation. Therefore, the three-tower two-line
model is also selected in this study.

2.3.1. Parameters of the Transmission Tower-Line System

The type of transmission tower is a 2A-ZM1 linear tower. The beam element is used
to establish the finite element model of the transmission tower. The main parameters of
the tower body are shown in Table 9. Table 10 lists the performance parameters of the
established transmission conductance (ground) wire. The insulator model used in this
paper is XP2-70. The tower and the ground are in a completely fixed form of restraint, and
the cross arm of the transmission line, the insulator, and the conductor (ground) line are
connected in a hinged manner. Finally, to make the model boundary more realistic, the
insulator and conductor (ground) on both ends of the tower are restricted. The degrees of
freedom of the nodes between the lines in the X direction. The finite element model of the
three-tower two-line system in this section is shown in Figure 17.

Table 9. Main member parameters of the transmission tower.

Numbering Tower
Parts

Rod
Specifications Numbering Tower

Parts
Rod

Specification

1 Tower leg main
material L80 × 7 8 Inner main material of

upper crank arm L45 × 4

2 Tower leg inclined
material L56 × 5 9 Outer main material of

lower crank arm L63 × 5

3 Tower leg diagonal brace L40 × 4 10 Inner main material of
lower crank arm L56 × 5

4 Main material of tower
body L80 × 7 11

Tower leg top surface
cross-

section main material
L56 × 4

5 Tower body inclined
material L45 × 4, L40 × 4 12

Tower body top surface
cross-

section main material
L100 × 8

14 Cross-arm inclined
material L40 × 4 13 Outer main material of

upper crank arm L63 × 5

13 Cross-arm main
material L50 × 4 14 Tower body L40 × 4

Table 10. Parameters of the transmission line.

Item
Cross-

Sectional
Area (mm2)

Diameter
(mm)

Line
Density
(kg/m)

Elastic
Modulus

(MPa)

Average
Operating

Tension (N)

Rupture
Force ×0.95

(N)

LGJ—400/35 425.24 26.82 1.349 65,000 21,870 98,705
JLB40-150 148.07 15.75 0.6967 103,600 23,847 90,620
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Figure 17. Finite element model of the transmission tower-line system.

2.3.2. Modal Analysis of the Transmission Tower-Line System

The interaction between transmission towers, transmission lines, and some armor
clamps can affect the dynamic characteristics of individual components. Analyzing the dy-
namic characteristics of the tower-line coupling system is of great significance for studying
the vibration characteristics of the tower-line system under vehicle-induced vibration. The
partial vibration modes of the transmission tower-line structure and single transmission
tower are shown in Figure 18.
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Figure 18. Partial vibration mode diagram of the transmission tower-line structure and single
transmission tower. (a) First-order vibration mode of single tower (2.99 Hz). (b) Second-order
vibration mode of single tower (3.73 Hz). (c) The first mode of vibration (0.200 Hz).

As indicated in Figure 18, the first and second natural frequencies of the transmission
tower in the tower-line structure are 3.486 Hz and 3.487 Hz. Comparing the first and
second natural frequencies of a single tower, it can be seen that the natural frequencies of
transmission towers with tower-line structures exhibit significant amplification compared
to the natural frequencies of a single transmission tower.

Ref. [40] analyzes the dynamic response of transmission towers and corresponding
single towers in a tower-line system. The study shows that under the same design wind
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speed, the stress of the main members of the tower in the tower-line system increases more
than that of the single tower. The maximum stress of the multiple members approaches or
reaches the design yield strength of the steel. However, in the corresponding single tower,
the stress of the members is much less than the design yield strength of the steel, and the
tower remains safe. Under the same design wind speed, the member stress increase in
the tower-line system is mainly caused by the vibration of the transmission lines due to
the coupling effect, whereas the stress increase in the single tower is mainly caused by its
self-vibration. Under a 90◦ wind of varying speeds, the displacement of the tower top and
the stress of the main members are greater than the results of the quasistatic analysis for the
corresponding single tower, demonstrating that the amplifying effect of dynamic coupling
on the response of the transmission tower cannot be neglected in the tower-line system.
Therefore, this article analyzes a tower-line system.

3. Results and Discussion
3.1. Working Conditions

The case where the traveling direction of the train is perpendicular to the direction
of the transmission tower line (X direction) is taken as an example to study the impact
of different train speeds, soil conditions, and different distances to the track on the struc-
tural vibration of the transmission tower-line system. The schematic diagram is shown
in Figure 19.

Buildings 2023, 13, x FOR PEER REVIEW 19 of 32 
 

As indicated in Figure 18, the first and second natural frequencies of the transmis-
sion tower in the tower-line structure are 3.486 Hz and 3.487 Hz. Comparing the first 
and second natural frequencies of a single tower, it can be seen that the natural frequen-
cies of transmission towers with tower-line structures exhibit significant amplification 
compared to the natural frequencies of a single transmission tower. 

Ref. [40] analyzes the dynamic response of transmission towers and corresponding 
single towers in a tower-line system. The study shows that under the same design wind 
speed, the stress of the main members of the tower in the tower-line system increases 
more than that of the single tower. The maximum stress of the multiple members ap-
proaches or reaches the design yield strength of the steel. However, in the corresponding 
single tower, the stress of the members is much less than the design yield strength of the 
steel, and the tower remains safe. Under the same design wind speed, the member stress 
increase in the tower-line system is mainly caused by the vibration of the transmission 
lines due to the coupling effect, whereas the stress increase in the single tower is mainly 
caused by its self-vibration. Under a 90° wind of varying speeds, the displacement of the 
tower top and the stress of the main members are greater than the results of the qua-
sistatic analysis for the corresponding single tower, demonstrating that the amplifying 
effect of dynamic coupling on the response of the transmission tower cannot be neglect-
ed in the tower-line system. Therefore, this article analyzes a tower-line system. 

3. Results and Discussion 
3.1. Working Conditions 

The case where the traveling direction of the train is perpendicular to the direction 
of the transmission tower line (X direction) is taken as an example to study the impact of 
different train speeds, soil conditions, and different distances to the track on the struc-
tural vibration of the transmission tower-line system. The schematic diagram is shown 
in Figure 19. 

Train travel direction 
(perpendicular to the 

direction of the 
structure along the line)

 

4.5 m13.5 m22.5 m31.5 m
40.5 m X

Z

YTrack center position
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Figure 19. Schematic diagram of the train vibration source.

In this section, the soft and hard soil types introduced in Section 2 are selected, the train
speed is considered to be 250 km/h, 300 km/h, 350 km/h, 400 km/h, and 450 km/h, and the
distance to the track is 4.5 m, 13.5 m, 22.5 m, 31.5 m, and 40.5 m. The effective acceleration
of ground vibration in the X, Y, and Z directions under different working conditions arms
can be calculated by using Formula (11), and the results are shown in Figure 20.

arms =
√

a2(t) =

√∫ T
0 a2(t)dt

T
(11)

where arms is the effective acceleration, a(t) is the acceleration at different times, and T is
the duration of vibration action.

Figure 20 shows that the Z direction (vertical direction) is the largest in the effective
value of the three-way ground vibration acceleration, and the energy is high, especially
when the distance from the center of the track is short (4.5 m~13.5 m). For the law that
the effective value of ground vibration acceleration changes with the speed of the train,
there is a large difference between soft and hard soil foundations. When it is a soft soil
foundation, the effective ground vibration acceleration at different distances from the track
has the same value with increasing train speed. For the hard soil foundation, the effective
acceleration increased slowly when the train speed was lower than 350 km/h and then
increased rapidly.
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3.2. Monitoring Points

To compare the dynamic response of the transmission tower-line structure under
train-induced ground vibration for different vehicle speeds, soil qualities, and distances to
the track, the axial stress of the main material of the tower legs at different heights and the
displacement dynamics of the tower top in different directions under the above 50 working
conditions were extracted. The monitoring points of the main material of the tower legs are
shown in Figure 21a. Fifteen monitoring points evenly distributed on the main material of
the tower legs are selected, and the monitoring points of the tower top displacement are
shown in Figure 21b.
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Figure 21. Transmission tower monitoring point diagram. (a) Transmission tower main material
monitoring points. (b) Transmission tower top monitoring points.
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According to the distribution law of ground vibration acceleration under the above
50 working conditions, the acceleration under various working conditions is not a simple
linear distribution, and, when considering the influence of the three mixed factors of
soil quality, vehicle speed, and distance, the factors that need to be considered are very
complicated. Therefore, in this section, the method of controlling variables is used to
analyze the dynamic response data of the transmission tower in detail. Finally, based on the
dynamic response data of 50 working conditions, a three-dimensional surface diagram of
the dynamic response of the transmission tower with changes in vehicle speed, soil quality,
and distance is fitted.

3.3. Influence of Different Soil Qualities and Different Track Distances on the Vibration Response of
the Transmission Tower-Line System

A speed of 250 km/h is taken as the control variable, and the dynamic response of
the tower top displacement and the main material stress under the condition of a speed
of 250 km/h are analyzed, which is affected by the soil and the distance to the track.
From the modal analysis of the transmission tower-line structure in Section 2.3.2, it can
be seen that the main mode shape of the transmission tower that appears for the first
time is that the transmission tower bends in the X direction (in-plane), which is consistent
with the bending direction of the first-order mode shape of the single transmission tower.
This shows that the in-plane stiffness of the transmission tower is smaller, and it is more
susceptible to the influence of ground vibration. The Y direction is greatly affected by the
transmission conductor (ground) line. Therefore, the following analysis mainly focuses
on the X direction and Y direction ground acceleration time-history data and frequency
domain data, as shown in Figures 22 and 23. When the vehicle speed is 250 km/h, the
X-direction acceleration amplitude corresponding to the soft soil foundation is obviously
larger than that of the hard soil foundation. However, with the increase in the distance to
the track, the X-direction acceleration decay rate corresponding to the hard soil foundation
is significantly larger than that of the soft soil foundation. As shown in the X-direction
acceleration amplitude-frequency diagrams of the two sites, the acceleration frequency is
mainly within 10 Hz, and the main frequencies of both are relatively close to the first-order
natural vibration frequency (2.99 Hz) of the single transmission tower. However, in terms of
the frequency domain energy distribution of soft and hard soils, the vibration acceleration
of the hard soil foundation accounts for a significant proportion near the fundamental
frequency of the transmission tower, which is larger than that of the soft soil type. Due to
the presence of wheels, the peaks of the acceleration time history undergo periodic changes.
At a speed of 250 km/h, the peak value of the X direction appears at a distance of 13.5 m
from the track in Figure 22, indicating that the energy in the soft soil foundation is highest
here, while the peak value of hard soil occurs at 4.5 m. The peak values of both soil types
under the Y direction appear at 4.5 m, indicating that the highest energy of the Y component
is at 4.5 m for both soil types. In Figure 23, the peak values of soft soil and hard soil appear
at 13.5 m and 4.5 m, respectively, corresponding to Figure 22. From the acceleration time
history data and amplitude frequency data in the Y direction, there is a certain difference
between the Y direction and the X direction. As far as the acceleration amplitude level
is concerned, there is a slight difference between the two, and the acceleration response
amplitude under soft soil is also significantly greater than that of hard soil. The frequency
domain energy distribution in the Y direction is basically the same as that in the X direction,
but at high frequencies, the energy is slightly larger than that in the X direction.

Incorporating the time history, consider the effective displacement of the tower’s top
in the X and Y directions. It can be determined by Formula (12):

urms =
√

u2(t) =

√∫ T
0 u2(t)dt

T
(12)
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where urms is the effective displacement, u(t) is the displacement at different times, and
T is the duration of vibration action. By Formula (12), the effective displacement values
of the tower top with different soil qualities and different distances from the track can be
obtained, as shown in Table 11 and Figure 24.
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Figure 22. The X- and Y-direction acceleration time history diagram from 250 km/h to different 

distances from the track center. (a) Soft soil foundation. (b) Hard soil foundation. (c) Soft soil . 
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Figure 22. The X- and Y-direction acceleration time history diagram from 250 km/h to different
distances from the track center. (a) Soft soil foundation. (b) Hard soil foundation. (c) Soft soil
foundation. (d) Hard soil foundation.
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Figure 23. The X- and Y-direction acceleration amplitude-frequency diagram at different distances
from the track center at 250 km/h. (a) Soft soil foundation. (b) Hard soil foundation. (c) Soft soil
foundation. (d) Hard soil foundation.

Table 11. Effective displacement of the tower top at different distances.

Distance
to

Track (m)

Soft Soil
X-Direction urms

(mm)

Soft Soil
Y-Direction urms

(mm)

Hard Soil
X-Direction urms

(mm)

Hard Soil
Y-Direction urms

(mm)

4.5 m 4.07 0.56 3.49 2.46
13.5 m 4.25 0.66 4.06 2.16
22.5 m 4.25 0.84 4.17 1.75
31.5 m 4.23 0.98 3.51 1.57
40.5 m 3.03 0.90 3.44 1.48
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Figure 24. Effective displacement value of the tower top.

From the change trend of the effective displacement of the tower top with the distance
from the track, the change trend of the effective displacement in the X direction is basically
the same as the change law of the effective value of the ground vibration acceleration in
the X direction, which increases first and then decreases, which is particularly evident
in the case of soft soil foundation soil. The change trend of the tower top displacement
in the X direction under the hard soil type foundation soil is in poor agreement with the
change trend of the effective value of the ground X-direction vibration acceleration, which
is mainly due to the use of a three-way ground vibration input in the excitation of the
transmission tower-line system in this section. The ground vibration input in the direction
is affected by the ground vibration in other directions, so it is different. From the overall
displacement response, when the distance from the track center is greater than 13.5 m, all
the effective displacements decrease except the Y-direction displacement of the soft soil
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type foundation. From the point of view of the effective displacement value of the tower
top, at a close distance (4.5 m), the acceleration amplitude of hard soil is greater than that of
soft soil, so the effective displacement of the top of the tower under hard soil is also greater
than that of soft soil. However, due to the different Rayleigh wave velocities of the two
soils, the Rayleigh wave velocity corresponding to the soft soil foundation soil is obviously
smaller than that of the hard soil foundation soil; therefore, at a relatively long distance
(40.5 m), the effective displacement value of the tower top under soft soil is significantly
greater than that of hard soil.

To compare the stress response changes of the transmission tower under different
working conditions, the stress data of the main material unit marked in Figure 21a are
extracted, and Figures 25 and 26 draw the maximum axial tension and compression stress
diagram of the unit with the height of the tower. The maximum tensile stress of the
main material is mainly distributed in the tower body 12 m height, and the maximum
compressive stress is mainly distributed in the tower body 8 m. The maximum tensile
stress of the main material in the hard soil type foundation soil decreases with the increase
in the orbital distance as a whole, which is almost consistent with the change law of ground
vibration acceleration, which corresponds to the decrease in the consistency of soft soil type
foundation soil.
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Figure 25. The maximum compressive stress distribution of the main material at different distanc-
es from the track center at 250 km/h. (a) Soft soil. (b) Hard soil. 

Figure 25. The maximum compressive stress distribution of the main material at different distances
from the track center at 250 km/h. (a) Soft soil. (b) Hard soil.
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Figure 27. X-direction acceleration time history response at 13.5 m under soft and hard soil at dif-
ferent speeds. (a) Soft soil foundation. (b) Hard soil foundation. 

Figure 26. The maximum tensile stress distribution of the main material at different distances from
the track center at 250 km/h. (a) Soft soil. (b) Hard soil.
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3.4. Influence of Different Train Speeds on the Vibration Response of the Transmission
Tower-Line System

From the conclusion of the previous section, when the train speed is 250 km/h, the
dynamic response of the transmission tower-line structure is the largest at a distance of
13.5 m from the center of the track. The following is to study the influence of different
vehicle speeds on the dynamic response of the transmission tower-line structure under the
environmental vibration caused by the train. In this section, the distance to the track is used
as the control variable, and the 13.5 m influence of different train speeds on the dynamic
response of the structure. Figures 27 and 28 show the time-history and amplitude-frequency
diagrams of the ground X-direction acceleration under the two soil conditions at different
train speeds down to track 13.5 m.
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Figure 26. The maximum tensile stress distribution of the main material at different distances from 

the track center at 250 km/h. (a) Soft soil. (b) Hard soil. 
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Figure 27. X-direction acceleration time history response at 13.5 m under soft and hard soil at dif-

ferent speeds. (a) Soft soil foundation. (b) Hard soil foundation. 

Figure 27. X-direction acceleration time history response at 13.5 m under soft and hard soil at different
speeds. (a) Soft soil foundation. (b) Hard soil foundation.
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Figure 28. X-direction acceleration amplitude-frequency diagram at 13.5 m under soft and hard 

soil at different speeds. (a) Soft soil foundation. (b) Hard soil foundation. 
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400 3.16 0.70 3.02 1.15 

450 3.37 0.66 4.06 2.16 

Figure 28. X-direction acceleration amplitude-frequency diagram at 13.5 m under soft and hard soil
at different speeds. (a) Soft soil foundation. (b) Hard soil foundation.

Judging from the acceleration time-history data in the X direction, the acceleration
amplitude corresponding to the soft soil type foundation soil is slightly larger than that
of the hard soil type foundation soil; the acceleration amplitude in the X direction under
both soil conditions increases with increasing vehicle speed, but the acceleration amplitude
under the two soil conditions varies with the speed of the vehicle. The acceleration ampli-
tude corresponding to the soft soil is faster at first and then slower, while the acceleration
amplitude under the hard soil is gradually accelerated. In addition, from the analysis of the
acceleration amplitude-frequency data in the two fields, with increasing vehicle speed, the
frequency component of the acceleration gradually approaches the high-frequency section,
which gradually moves away from the fundamental frequency of the transmission tower.
The frequency component of the acceleration at the minimum vehicle speed is close to
the high frequency of the transmission tower and gradually moves away as the vehicle
speed increases.
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Previous results showed that the Z-direction displacement fluctuation of the top of the
transmission tower is small, and the response difference under different working condi-
tions is also small. Therefore, only details of the X- and Y-direction displacements of the
transmission tower are analyzed and compared in this section. The effective displacement
of the tower top in the X and Y directions under different soil qualities corresponding to
the vehicle speed needs to be calculated by using Formula (12). The results are shown in
Table 12 and Figure 29.

Table 12. Effective displacement of the tower top under different train speeds.

Train
Speed
(km/h)

Soft Soil
X-Direction
urms (mm)

Soft Soil
Y-Direction
urms (mm)

Hard Soil
X-Direction
urms (mm)

Hard Soil
Y-Direction

urms

250 4.25 0.70 3.37 0.92
300 3.08 0.72 3.21 1.00
350 10.10 2.22 10.00 3.47
400 3.16 0.70 3.02 1.15
450 3.37 0.66 4.06 2.16
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Figure 30. The maximum compressive stress of the main material is distributed along the height at 
different speeds. (a) Soft soil foundation. (b) Hard soil foundation. 

Figure 29. Effective tower top displacement at different speeds up to 13.5 m on the track.

As shown in Figure 29, when the speed is less than 450 km/h, the displacement in
the X direction of the transmission tower is always greater than the displacement in the
Y direction, which is mainly due to the weak stiffness of the transmission tower in the
X direction. Under the ground vibration caused by the vehicle, the transmission tower
does not increase linearly with increasing train speed but has a speed that has the greatest
influence (350 km/h), mainly because the factors affecting the dynamic response of the
structure are not only the amplitude of the time history acceleration but also the duration
and frequency components of the ground vibration. Figure 28 shows from the amplitude-
frequency diagram of the Y-direction acceleration of the middle ground that with increasing
train speed, the main frequency range of the ground vibration gradually approaches the
higher frequency band, and the difference between this and the fundamental frequency of
the transmission tower will gradually increase. The ground vibration duration acting on
the transmission tower-line structure will gradually decrease, so even if the vehicle-induced
ground vibration acceleration amplitude will increase with increasing vehicle speed, the
dynamic response of the structure will not show a linear increasing trend. Overall, due to
the duration and frequency distribution of ground vibration, the effective displacement
values of the tower top in the X direction and Y direction under the two kinds of soil are
the largest at 350 km/h, which are 10.10 mm and 10.00 mm, respectively.

To compare the stress response changes of the main material of the transmission tower
under different vehicle speeds, the main material element stress data marked in Figure 21a
are extracted, and Figures 30 and 31 show the maximum axial tensile and compressive
stresses of the element with the change in tower height.
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Figure 29. Effective tower top displacement at different speeds up to 13.5 m on the track. 
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Figure 30. The maximum compressive stress of the main material is distributed along the height at 
different speeds. (a) Soft soil foundation. (b) Hard soil foundation. 

Figure 30. The maximum compressive stress of the main material is distributed along the height at
different speeds. (a) Soft soil foundation. (b) Hard soil foundation.
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Figure 31. The maximum tensile stress of the main material at different speeds was distributed along
the height. (a) Soft soil foundation. (b) Hard soil foundation.

From the data of the maximum tensile and compressive stress along the height of the
main material of the transmission tower in Figures 30 and 31, the trend of the stress along
the height is basically the same, and the maximum value of the tensile stress gradually
increases with the speed of the vehicle, but the growth rate is first fast and then slow, while
the compressive stress is the highest. The value as a whole satisfies the linear increasing
trend with the vehicle speed.

The above control variables are used to compare the dynamic response differences
of the top displacement of the transmission tower and the stress of the main material of
the tower body at different vehicle speeds, soil qualities, and different distances from
the track. To provide a more detailed analysis of the response changes of transmission
towers at different soil types, vehicle speeds, and distances from the track, taking the tower
top displacement that is greatly affected by ground vibration as an example, Formula
(12) is used to analyze its effective values throughout the time domain, and the effective
displacements of the tower top in the X and Y directions are fitted to obtain a three-
dimensional curved surface, as shown in Figure 32.
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Figure 31. The maximum tensile stress of the main material at different speeds was distributed 

along the height. (a) Soft soil foundation. (b) Hard soil foundation. 
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Figure 32. Transmission tower top displacement effective value fitting diagram. (a) Data fitting of
effective displacement of tower top in X direction. (b) Data fitting of effective displacement of tower
top in Y direction.

Figure 32 indicates that under the ground vibration caused by the train, the displace-
ment of the transmission tower in the Y direction is affected by the speed of the train more
than the displacement in the X direction. At 250 km/h, the dynamic response of the tower
top displacement in the X and Y directions is very small. With increasing train speed,
the change in the tower top displacement in the X direction is small, while the tower top
displacement in the Y direction is almost exhausted quickly. This explains why the stiffness
of the transmission tower-line system in-plane is small and is greatly affected by ground
vibration. In addition, the displacement of the top of the tower at different distances from
the track at the same speed is generally attenuated, but there is a trend of increasing first
and then decreasing. From the three-dimensional surface map, it can be seen that the
transmission tower line is greatly affected by the ground vibration in the range of 4.5 m~30
m from the track.

The effective value of ground vibration acceleration caused by high-speed trains
increases with increasing vehicle speed and decreases with increasing distance to the track.
However, the dynamic response corresponding to the transmission tower-line system is not
so, which is affected by the frequency distribution, acceleration amplitude and vibration
holding time of ground vibration. From the three-dimensional surface diagram, it can be
concluded that the load holding time and frequency distribution occupy the main influence,
and from the figure can be a more intuitive conclusion. The train speed with a greater
influence is 250 km/h~350 km/h, and the transmission tower-line system has the most
obvious response in the range of 4.5~30 m to the track.

For further analysis, the transfer function of the displacement of the foundation soil to
the displacement of the tower top in the X direction and Y direction at 22.5 m under soft
soil at 250 km/h are presented in Figure 33. As seen from Figure 33, the overall amplitude
levels of the X direction and Y direction are similar, which can also be observed from the
effective displacement value of the top of the tower. In addition, the frequency range of
higher amplitude is mainly within 2~4 Hz, which is close to the first two natural frequencies
of the transmission tower. The peaks of the transfer function in the X and Y directions
occur at 2.99 Hz and 3.73 Hz, which is consistent with the first two mode shapes of the
transmission tower shown in Figure 18. Overall, the amplitude of the transfer function
in the fundamental frequency range of the tower is relatively high, showing an obvious
amplification phenomenon. This also indicates that the vibration of the tower is sensitive
in this frequency range (2~4 Hz).
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Figure 33. Transfer function of the displacement at the top of the tower response under a soft soil 
foundation. (a) Transfer function of X-direction displacement response at the top of the tower. (b) 
Transfer function of Y-direction displacement response at the top of the tower. 

 

Figure 33. Transfer function of the displacement at the top of the tower response under a soft
soil foundation. (a) Transfer function of X-direction displacement response at the top of the tower.
(b) Transfer function of Y-direction displacement response at the top of the tower.

4. Conclusions

In this study, the commonly used ICE3 train and 220 kV typical transmission tower-
line structure are used as the research objects, and the method of numerical simulation
is used to study the impact of ground vibration generated by the train on the structure
of the transmission tower line when the high-speed train crosses the transmission line.
The influence of the train running speed, soil conditions and transmission tower-to-track
distance on the dynamic response of the tower-line structure under the action of vehicle-
induced ground vibration is analyzed and discussed. The main conclusions are as follows:

(1) The ground vibration characteristics of trains are mainly influenced by factors such
as track irregularity, soil quality, and train speed. The irregularity of the track has
a significant impact on the vibration response of structures near the track, and con-
sidering the irregularity of the track, the high-frequency components in the roadbed
response are significantly higher than those in the smooth state. The roadbed structure
also has a great inhibitory effect on high-frequency vibration at the vibration source,
and the attenuation of vibration waves through the roadbed structure to the ground
surface vibration beyond 4.5 m of the track can be ignored due to the influence of
track irregularity. The soil quality of a free field has a significant impact on vehicle-
induced surface vibration: the amplitude of the vehicle-induced vibration response
on the surface corresponding to a soft soil foundation is significantly greater than
that of hard soil, while the frequency distribution of ground vibration on a hard
soil foundation is wider than that on soft soil. The vibration response amplitude of
the ground surface increases significantly with increasing vehicle speed, but with
increasing vehicle speed, the impact effect of wheel sets on the ground surface near
the source gradually weakens;

(2) The predominant frequency of the acceleration responses of the transmission tower
under soft and hard soil foundations is mainly within 10 Hz, and the main frequency
of both is close to the first-order natural frequency (2.99 Hz) of a single transmission
tower. The tower-line structure vibrates mainly in the low-frequency range, and the
vibration of trains is distributed in a wide frequency range. The amplitude of the
high-level displacement response transfer function of the X-direction and Y-direction
tower tops is concentrated in the range of 2~4 Hz. This indicates that the vibration of
the tower is sensitive in this frequency range. In addition, the effective displacement
along the top of the tower (X direction) is greater than the dynamic response in the
vertical direction (Y direction);

(3) The effective value of ground vibration acceleration caused by trains will increase
with increasing train speed and decrease with increasing distance to the track. Due
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to the influence of various factors, such as the frequency distribution, acceleration
amplitude, and vibration duration of ground vibration, the dynamic response of the
transmission tower-line system is not the same. From the point of view of the effective
displacement value of the tower top, when the speed is 350 km/h, the effective
displacement value of the tower top under the two kinds of soil is the largest. At a
close distance (4.5 m), the acceleration amplitude of hard soil is greater than that of
soft soil, so the effective displacement of the top of the tower under hard soil is also
greater than that of soft soil. However, due to the different Rayleigh wave velocities of
the two soils, the Rayleigh wave velocity corresponding to the soft soil foundation soil
is obviously smaller than that of the hard soil foundation soil; therefore, at a relatively
long distance (40.5 m), the effective displacement value of the tower top under soft
soil is significantly greater than that of hard soil. Overall, for the crossing areas of the
soft soil foundation soil in this article, the vibration response of the transmission tower
is the highest when the train speed is 250~400 km/h and the distance to the track is
within 40 m. The transmission tower in the crossing section of hard soil foundation
soil has the highest vibration response when the train speed is 250~350 km/h and the
distance to the track is within 30 m.
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Abstract: In order to study the bearing behavior and soil-squeezing of jacked piles in stiff clay, two
groups of pile penetration tests were performed, with a rough pile that can reproduce the quick-shear
behavior of the pile–soil interface, i.e., group 1 in stiffer clay, and group 2 in softer clay for comparison.
For each group, the adjacent pile was additionally penetrated at different pile spacings to study the
soil-squeezing effect on an adjacent pile. The results show that the penetration resistance increased
rapidly at the beginning and then increased at a lower rate. This is because the resistance at the pile
end increased rapidly at the beginning and then kept stable with fluctuations, whereas the resistance
at the pile side continually increased due to the increasing contact area. Therefore, the ratio of the
resistance at the pile end to the total penetration resistance exhibited a softening behavior, which first
increased to a peak and then gradually decreased. In addition, there was soil-squeezing stress and
soil-squeezing displacement in the ground and adjacent piles due to pile penetration. In stiffer clay,
the soil-squeezing stress was larger than that in softer clay due to the higher strength, whereas the
soil-squeezing displacement was smaller than that in softer clay due to the low compressibility. In
addition, the nonlinear equation form y = ae−bx can be employed to describe the effect of pile spacing
on the vertical flotation, horizontal deviation, and pile strain of the adjacent pile.

Keywords: jacked pile; soil squeezing effect; bearing behavior; model test

1. Introduction

Jacked piles have been widely employed in civil engineering due to the advantages
of low cost, strong quality controllability, fast construction speed, and convenient quality
testing [1–4]. In the design and construction of jacked piles, the soil-squeezing effect is
essential to prevent engineering accidents such as pile breakage and pile floating [5–7].

Great efforts have been made to study the soil-squeezing effect during pile penetra-
tion by theoretical methods [8–10], numerical simulations [11–14], field tests [15–17], and
indoor model tests [18–22]. The theoretical methods, e.g., cavity expansion theory [23],
can be employed to predict the soil displacement and ground deformations for jacked pile
penetration, but the pile–soil frictional behavior is ignored and more reliable experimental
data are necessary for validation. The numerical simulation can provide a unique view of
the soil deformation and stress evolution, but large soil deformation and soil failure appear
during jacked pile penetration, which can hardly be well simulated by the finite element
method [24,25]. The discrete element method, which can capture the soil’s large deforma-
tion and failure process well, is limited by its huge computation cost [14,26,27], especially
when the water effect and unique particle shape should be taken into consideration for
clays [28,29]. The field test can provide the most reliable data about the soil-squeezing effect
but is limited by its huge cost and complex geological conditions [15,30]. In recent decades,
the physical model test has been quite popular in investigating the bearing behavior and
soil-squeezing effect. With a focus on the penetration resistance of jacked piles, previous
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research has investigated the effects of time [31], soil plugging [32], friction fatigue [33], the
pile-bearing layer [34], pile diameters [16], etc. With a focus on the soil-squeezing effect, var-
ious test methods and techniques have been employed, including the half-model test [35,36],
X-ray radiography tomography [32]), computed tomography (CT) [19], and transparent
soils [37–39], which are quite expensive when applied to monitoring soil deformation.

However, most indoor model tests of jacked piles focus on the penetration resistance
and soil-squeezing effect in sands [33,35,40] and soft clays [30,34] with restively low shear
strength. Little attention has been paid to those in stiffer clays with low compressibility
and high shear strength, especially the soil-squeezing effect on the adjacent pile in stiffer
clay. As a result, the design method and experimental findings on sands and soft clays can
hardly be applied to the analysis of the soil–pile interaction in stiffer clays of Central China,
which constitutes the main motivation for this paper.

In addition, the piles in most experimental tests are usually smooth, simulated by
aluminum piles [6,19,34], steel piles [31,33,40], polymethyl methacrylate piles [27], etc.,
which cannot capture the quick-shear behavior between concrete piles and soil. Therefore,
a rough pile, which can reproduce the quick-shear behavior between a concrete pile and
stiffer clay, was employed here to study the penetration resistance and soil-squeezing
effect in stiffer and softer clays. After briefly introducing the stiffer clay and rough pile,
the closed-end rough piles were penetrated into softer and stiffer clays to analyze the
penetration resistance and soil-squeezing effect. After this, the adjacent pile was penetrated
at different pile spacings, focusing on the soil-squeezing effect on the adjacent pile. The
experimental data can provide advice for better designing and constructing jacked piles in
stiffer clay areas of Central China.

2. Model Setup
2.1. Experimental Apparatus

Figure 1 provides the experimental apparatus used in the test, including the soil bin,
bracket, two railways, and penetration system. The soil bin was carefully designed and
manufactured to remove the boundary effects on experimental results. Gui et al. [41] stated
that the boundary effect was neglectable when the distance between the penetration point
and the side boundary wall was 10 times larger than the cone diameter. Here, the pile
diameter D was scaled to be 40 mm in the test, and the square soil bin was designed to be
1.0 m in side length L. Thus, the ratio of the soil bin side length to the pile diameter was 25,
which is larger than suggested in previous research [16,41,42], and the boundary effect can
be ignored. The bracket (i.e., 400 mm in height) is employed to provide enough space to
allow a stable penetration resistance to occur. The railways can move freely on the bracket
and the penetration system can freely move on the railways, allowing the pile to penetrate
at different positions. The penetration system consists of the motor and shaft. The pile can
be fixed on the shaft and forced into the stiffer clay by the motor with a velocity ranging
from 0.2 to 2.0 mm/s.

2.2. Test Material

In China, stiffer clay is generally distributed in the middle areas (e.g., Anhui province),
whereas softer clay is generally distributed in the east–south areas (e.g., Shanghai City and
Guangdong province), where jacked piles were first widely employed in civil engineering.
As a result, the abundant engineering experience and design method for softer clays leads
to frequent engineering accidents in stiffer clay, e.g., pile breakage and pile floating [43].
Thus, two clays were employed here to perform a pile penetration test, one simulating
natural stiff clay with high strength and low compressibility and the other simulating soft
and saturated clay, aiming to show the difference in the penetration resistance and soil-
squeezing effect of jacked piles. The stiffer clay in Hefei, Anhui province, was employed to
prepare these two clays. In light of the remolded clay exhibiting a lower strength and higher
compressibility than the natural stiff clay, the remolded clay treated with 1% chunam in
mass was employed to reproduce the mechanical and compressive behavior of natural stiff
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clay here. Note that a similar technique has been employed to mimic the structure effect of
natural clay [21,44]. Figure 2 presents the relationships between the deviatoric stress and
the axial strain of the stiffer and softer clays employed in the test. Figure 2 shows that the
stiffer clay (i.e., remolded clay treated with 1% chunam in mass) exhibited a larger shear
strength than the softer clay, which represents a constitutive model for cohesive soils, as
portrayed in [45,46]. The mechanical strength of the stiffer clay (i.e., c = 82.3 kPa, ϕ = 13.8◦)
was quite similar to those of the natural stiff clay in Hefei (i.e., c = 82.8 kPa, ϕ = 14.1◦). The
saturated softer clay exhibited a much lower strength, i.e., c = 46.2 kPa, ϕ = 10.6◦. The
related physical and mechanical parameters are provided in Table 1.

Figure 1. Experimental apparatus.
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Table 1. Physical and mechanical parameters of stiffer and softer clays.

Soil Specific Gravity Internal Friction Angle Cohesion Bulk Density Water Content

Stiffer clay 2.73 13.8◦ 82.3 kPa 1.902 g/cm3 20.2 (%)
Softer clay 2.73 10.6◦ 46.2 kPa 2.275 g/cm3 40.1 (%)

2.3. Quick-Shear Behavior of Pile–Soil Interface

Concrete jacked pile has a rough surface significantly different from smooth aluminum
piles [6,19,34], steel piles [31,33,40], polymethyl methacrylate piles [27], etc. To obtain
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reasonable penetration resistance and the soil-squeezing effect of a jacked pile, the model
pile should be rough to reproduce the inter-surface quick-shear behavior between the
concrete pile and natural stiff clay. Here, an acrylic plexiglass pile with a surface stuck by
sand uniformly was employed to capture the frictional behavior of the concrete pile, as
shown in Figure 3a. Figure 3b provides the relationships between shear stress τ and normal
force σ using sands with diameters of <1 mm, 1–2 mm, and 2–3 mm by performing direct
shear tests at a rate of 0.8 mm/min. Note that the quick-shear behavior for the concrete–soil
interface was also examined for comparison. It shows that the interface frictional angle and
cohesion increased with the sand size, and the acrylic plexiglass sample stuck uniformly by
sands with sizes < 1 mm reproduced the shear behavior of the concrete–clay interface well.
Therefore, an acrylic plexiglass pile uniformly stuck by sand with a size of < 1 mm (Figure 4)
was employed in the physical model test to simulate a concrete pile. Note that the pile end
also plays an important role in pile penetration. Therefore, a steel pile end (Figure 4) in the
shape of a cross was employed in the test, which has been widely employed in jacked pile
engineering in China. The characteristic of the model pile is provided in Table 2.
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Table 2. Model pile characteristics.

Material Sand Size Outside Diameter (m) Inside Diameter (m) Pile Length (m) Elastic Modulus (GPa)

Acrylic plexiglass <1 mm 0.04 m 0.02 0.7 3.16

2.4. Monitoring System

Figure 5 provides the arrangements of the monitoring sensors in the tests. A force
sensor was installed between the shaft and the pile to monitor the total penetration re-
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sistance. In the ground, three earth pressure cells and pore pressure cells were buried at
depths of 50 mm, 100 mm, and 150 mm to monitor the squeezing stress and pore pressure,
respectively. On the surface, three displacement sensors were placed with a spacing of
50 mm to monitor the soil-squeezing displacement. Note that the resistance at the pile
end could not be monitored directly because the actual shaped pile end was employed
instead of an earth pressure cell in the test. Therefore, two strain gauges were attached
to the pile top and end to monitor the pile strain, which could be used to calculate the
total penetration and end resistances. It is worth mentioning that the monitored data in
the reduced-scale model tests could hardly be scaled to the real-life jacked pile accurately
because some important factors (e.g., soil particles and stress level, cohesion) were not
perfectly scaled using the in situ clays instead of similar material, which has been widely
employed in geotechnical engineering [6,34].
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Figure 5. Test schematic diagram.

2.5. Test Preparation

The testbed was filled with five layers, with each layer measuring 160 mm. For stiffer
clay, the dried and crushed clay particles were mixed with 1% chunam by mass uniformly
by a mixer. Then, the mixture was wetted to a water content of 20.2%, which was the
same as the natural stiff clay. Afterwards, the stiffer clay was poured into the soil bin and
compacted to the target dry density layer by layer to a final thickness of 800 mm. As for
the softer clay, the dried clay particles were wetted to a water content of 40.1% and then
poured into the soil bin layer by layer. Note that more water was sprayed on the ground to
ensure saturation after compacting each layer to the target density. After finishing the soil
filling, the testbed was consolidated for one week.

The jacked pile penetration showed a significant squeezing effect on the adjacent
pile, leading to engineering accidents, including breakage and floating of the adjacent pile.
Therefore, after the jacked pile was forced at the center to study the penetration resistance
and soil-squeezing effect, another pile was forced at different pile spacings from the center
pile to investigate the soil-squeezing effect on the adjacent pile. Two groups of tests were
performed, i.e., group 1 in stiffer clay and group 2 in softer clay, as shown in Table 3. In light
of the suggested pile spacing in Chinese standards [47] being 3.5–4.5 D, the pile spacings
were chosen to be 2.5 D, 3.5 D, 4.5 D, and 5.5 D in the test.
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Table 3. Test scheme.

Test Group Soil Pile Spacing Penetration Velocity

1 Stiffer clay

2.5 D 0.5 mm/s
3.5 D 0.5 mm/s
4.5 D 0.5 mm/s
5.5 D 0.5 mm/s

2 Softer clay

2.5 D 0.5 mm/s
3.5 D 0.5 mm/s
4.5 D 0.5 mm/s
5.5 D 0.5 mm/s

3. Results
3.1. Bearing Behavior and Soil Squeezing Effect in the Ground
3.1.1. Total Penetration Resistance

Figure 6 presents the monitored total penetration resistance Ft monitored by the force
sensor in stiffer and softer clays. It shows that Ft increased rapidly at the beginning and
then increased at a lower rate. This is because both the pile end and the side resistances
increased significantly at the beginning, which led to a relatively high increasing rate. As
the pile penetrated, the resistance at the pile end reached the peak and then tended to
be stable, whereas the resistance at pile side increased continually due to the increasing
contacting side area, which contributed to the increasing total penetration resistance at a
lower increasing rate. As expected, the stiffer clay exhibited a much larger penetration
resistance due to the higher shear strength and a higher increasing rate due to the lower
compressibility compared with the softer clay. Note that the penetration resistance in stiff
clay seemed to increase more rapidly when the penetration depth exceeded 250 mm, which
was probably caused by the inevitable inhomogeneity in the ground.
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3.1.2. Resistance at Pile End

The monitored strain at the pile top and end was employed to calculate the axial force
at the pile top and end using the following equation based on elastic mechanics [48]:

F = Eεzπ(ro
2 − ri

2) (1)

where E is the pile modulus, εz is the measured strain, and ro and ri are the outside and
inside radius of the pile, respectively. Note that the axial force at the pile end is similar in
value to the total penetration resistance Ft and that the axial force at the pile end is similar
to the resistance at the pile end Fe. Figure 7 provides the calculated Ft and Fe in stiffer and
softer clays. It shows that the calculated Ft evolved in a similar trend and value as that
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monitored by the force sensor. Therefore, the strain at the top and end could be employed
to show the evolution of Fe/Ft, as shown in Figure 8. Figure 8 shows that Fe/Ft exhibited a
softening behavior, which first increased to a peak and then gradually decreased. It can be
easily understood that the increase in Fe caused by soil strength was larger than that of the
resistance at pile side Fs due to the increasing contact area at the beginning. After the soil
beneath the pile end failed, Fe tended to be stable and Fs increased continually, which led
to a decreasing Fe/Ft. It is worth mentioning that the peak and final Fe/Ft for stiffer and
softer clays were quite similar in value, probably because pile–soil quick-shear behavior
decreased with the soil’s mechanical properties. However, due to lower compressibility, the
penetration depth needed to reach the peak Fe/Ft was larger in stiffer clay. Nevertheless,
the ratio of the resistance at the pile end to the total penetration resistance in stiffer clay can
directly refer to that in softer clay.
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Figure 7. Pile end resistances in the stiffer and the softer clay.
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3.1.3. Earth Pressure

Figure 9 presents the evolutions of the horizontal pressures at different depths to show
the soil-squeezing stress. Note that the initial earth pressure caused by consolidation was
set to be 0 kPa, and only the pressure due to pile penetration was monitored here. Figure 9
shows that the horizontal earth pressure first increased to a peak with the increasing
penetration depth and then decreased gradually. Note that the peak earth pressures in the
stiffer clay were larger than those in the softer clay, indicating that larger squeezing stress
appeared in the stiffer clay.
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Figure 9. Soil-squeezing stress in the ground at a depth of (a) 100 mm, (b) 200 mm, and (c) 300 mm.

In cohesionless soil, the peak pressure increased to the peak value at the buried depth
of the earth pressure, i.e., the distance between the penetrator cone and earth pressure cell
dp approached 0 mm when the earth pressure reached the peak [14]. However, dp in the
cohesive soil here was non-zero and increased with the buried depth of the earth pressure
cell, as shown in Figure 10. Note that the dp for the cell buried at a depth of 300 mm was
chosen to be 50 mm, although the earth pressures were still increasing. In addition, dp in
the softer clay was much larger than that in the stiffer clay at the same buried depth. This is
because both the resistances at the pile end and the side contributed to the increasing earth
pressure. However, the resistance at the pile end increased rapidly to the peak and then
tended to be stable, whereas the resistance at pile side continuously increased, as shown in
Figure 5. Consequently, the resistance at the pile end contributed more to the shallow earth
pressure cell, whereas the resistance at the pile side contributed more to the deep earth
pressure cell.
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Figure 10. Relationships between dp and buried depth.

3.1.4. Pore Pressure

Previous research has shown that the pore pressure in saturated clay increases signif-
icantly during pile penetration, which weakens the soil shear strength and leads to low
pile resistance [15]. Figure 11 provides the pore pressure evolution in both the stiffer and
the softer clay. It shows that the pore pressure increased rapidly to peak when the pile
approached and then tended to be stable, which is different from the earth pressure, which
decreased significantly after the peak value. This is because several days were needed for
the pore pressure to dissipate due to clay’s low permeability. In addition, the peak pore
pressures in stiffer clay were much smaller than in softer clay, although the earth pressures
were larger, as shown in Figure 9. It can be easily understood that the stiffer clay was
unsaturated and the soil skeleton bore more squeezing stress from pile penetration.
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Figure 11. Pore pressure in the ground at a depth of (a) 100 mm, (b) 200 mm, and (c) 300 mm.

3.1.5. Soil-Squeezing Displacement

Figure 12 shows the ground heave in the stiffer and the softer clay, i.e., the soil-
squeezing displacement on the ground surface. Note that no ground heave was observed
at the point with a distance of 150 mm from the pile. Figure 12 shows that the ground
heaved more significantly with the softer clay than with the stiffer clay. In particular, the
ground heave at the point with a distance of 50 mm in the softer clay was nearly four times
larger than that in the stiffer clay. This is because the softer clay was easier to compact and
move due to its higher compressibility.
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Figure 12. Ground heave. 

Above all, it can be concluded that both soil-squeezing stress and soil-squeezing dis-

placement exist in the ground due to pile penetration. Compared with the softer clay, the 

stiffer clay exhibited larger soil-squeezing stress due to the higher shear strength and 

smaller soil-squeezing displacement due to the low compressibility. 

3.2. Soil-Squeezing Effect on the Adjacent Pile 

3.2.1. Soil-Squeezing Displacement on the Adjacent Pile 

The maximum soil-squeezing displacement on the adjacent pile was nearly 1 mm, 

which could barely be observed. Thus, the displacement sensors placed on the pile top 

were employed to monitor the soil-squeezing displacements. Figure 13 provides the cen-

ter pile's vertical flotation and horizontal deviation caused by adjacent pile penetration at 

different pile spacings in the stiffer and the softer clay. Note that larger vertical flotation 

and horizontal pile deviation lead to pile floating in engineering, which affects the pile-

bearing behavior. Figure 13 shows that the vertical pile flotation and horizontal pile devi-

ation increased nearly linearly with the penetration depth. As expected, the smaller the 

pile spacing, the larger the vertical flotation and horizontal deviation.  

0 100 200 300 400
0.0

0.1

0.2

0.3

0.4

P
il

e 
d
is

p
la

ce
m

en
t 

(m
m

)

Penetration depth (mm)

    

    

Verical floatation

Horizontal deviation

2.5D 3.5D 4.5D 5.5D

 
0 100 200 300 400

0.0

0.5

1.0

1.5

P
il

e 
d

is
p

la
ce

m
en

t 
(m

m
)

Penetration depth (mm)

    

    

Verical floatation

Horizontal deviation

2.5D 3.5D 4.5D 5.5D

 
(a) (b) 

Figure 12. Ground heave.

Above all, it can be concluded that both soil-squeezing stress and soil-squeezing
displacement exist in the ground due to pile penetration. Compared with the softer clay,
the stiffer clay exhibited larger soil-squeezing stress due to the higher shear strength and
smaller soil-squeezing displacement due to the low compressibility.

3.2. Soil-Squeezing Effect on the Adjacent Pile
3.2.1. Soil-Squeezing Displacement on the Adjacent Pile

The maximum soil-squeezing displacement on the adjacent pile was nearly 1 mm,
which could barely be observed. Thus, the displacement sensors placed on the pile top
were employed to monitor the soil-squeezing displacements. Figure 13 provides the center
pile’s vertical flotation and horizontal deviation caused by adjacent pile penetration at
different pile spacings in the stiffer and the softer clay. Note that larger vertical flotation and
horizontal pile deviation lead to pile floating in engineering, which affects the pile-bearing
behavior. Figure 13 shows that the vertical pile flotation and horizontal pile deviation
increased nearly linearly with the penetration depth. As expected, the smaller the pile
spacing, the larger the vertical flotation and horizontal deviation.
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Figure 13. Vertical pile flotation and horizontal pile deviation due to adjacent pile penetration:
(a) stiffer clay; (b) softer clay.

Figure 14 presents the relationships between vertical flotation/horizontal deviation
and the pile spacing in the stiffer and the softer clay. Figure 14 shows that the vertical pile
flotation and the horizontal pile deviation in the softer clay were much larger, indicating
that the piles were easier to float and incline. This is because the soil squeezing displacement
is larger and the pore pressure is higher in softer clay, leading to larger vertical pile flotation
and horizontal pile deviation. Therefore, from the view of soil-squeezing displacement due
to adjacent pile penetration, the spacing distance necessary to reduce the soil-squeezing
effect is larger in softer clay. The linear, exponential, and logarithmic equations were
employed to describe the relationships between vertical flotation/horizontal deviation and
pile spacing. The fitting equations are provided in Table 4, which shows that the nonlinear
equation form y = ae−bx could be employed to describe the effect of pile spacing on the
vertical flotation/horizontal deviation of the adjacent pile. In other words, the vertical
flotation/horizontal deviation of the adjacent pile could be predicted using the equation
form y = ae−bx with the help of some filed test data.
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3.2.2. Soil-Squeezing Stress on the Adjacent Pile

Figure 15 presents the pile strain at the pile end due to adjacent pile penetration in the
stiffer and the softer clay. Note that large pile strain due to soil-squeezing stress leads to
pile breakage in engineering. Figure 15 shows that as the pile spacing increased, the strain
at the pile end decreased significantly, which implies that the squeezing stress at the pile
end decreased with the increasing pile spacing, as expected.

Figure 16 presents the relationships between the strain at the pile end and the pile
spacing in the stiffer and the softer clay. Figure 16 shows the strain at the pile end in the
stiffer clay was larger than that in the softer clay, indicating that larger squeezing stress
appeared on the pile end in the stiffer clay. Therefore, from the view of soil-squeezing stress
due to adjacent pile penetration, the spacing distance necessary to reduce the soil-squeezing
effect is larger in softer clay. In addition, the nonlinear equation form y = ae−bx can also be
employed to describe the effect of pile spacing on the strain at the adjacent pile end.

Above all, it can be concluded that the soil-squeezing effect due to adjacent pile pene-
tration also leads to a smaller squeezing displacement but a larger squeezing force on the
pile in stiffer clay than in softer clay due to the high shear strength and low compressibility
of stiffer clay. Consequently, the pile spacing for stiffer clay should be determined mainly
by controlling the pile strain caused by the squeezing stress to avoid pile breakage, whereas
the pile spacing for softer clay should be determined mainly by controlling the pile vertical
flotation and horizontal deviation to avoid pile flotation. In addition, high-strength PHC
piles should be employed in stiff clay to avoid pile breakage.
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4. Conclusions

To better design and construct jacked piles in stiff clay areas of Central China, two
groups of jacked pile penetration tests were performed with a rough pile that can reproduce
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the quick-shear behavior of the pile–soil interface, i.e., group 1 in stiffer clay and group 2 in
softer clay for comparison, to study the bearing behavior and soil-squeezing effect in
stiffer clay. For each group, the adjacent pile was additionally penetrated at different pile
spacings to investigate the soil-squeezing effect due to adjacent pile penetration. The main
conclusions are summarized as follows:

(1) During pile penetration, the resistance at the pile end increased rapidly at the begin-
ning and then tended to be stable with fluctuations, whereas the resistance on the
pile side continually increased due to the increasing contact area. As a result, the
total penetration resistance increased rapidly at the beginning and then increased at a
lower increasing rate.

(2) The ratio of the resistance at the pile end to the total penetration resistance exhibited
a softening behavior, which first increased to a peak and then gradually decreased.
The peak and final proportion for the stiffer and the softer clay were similar in value,
whereas the penetration depth needed to reach the peak proportion was larger in the
stiffer clay due to its low compressibility.

(3) There was soil-squeezing stress and soil-squeezing displacement in the ground due
to pile penetration. In the stiffer clay, the soil-squeezing stress was larger due to the
higher strength, whereas the soil-squeezing displacement was smaller due to the
low compressibility.

(4) The nonlinear equation form y = ae−bx could be employed to describe the effect
of pile spacing on the vertical flotation, horizontal deviation, and pile strain of the
adjacent pile.
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