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ABSTRACT

Submerged Floating Tunnels (SFTs) are an innovative and appealing solution for the water crossing of railways
over wide and deep waterbodies where it is challenging or even impractical to construct conventional bottom-
founded bridges or immersed tunnels. This study aims to develop a dynamic model for examining the behaviours
of the coupled train-track-SFT system under various wave conditions and track irregularities. In this study, the
SFT tube is idealised as an Euler-Bernoulli beam with flexible supports and combined with a train-ballasted track
model to develop the vertical coupling dynamics model of the train-track-SFT system. Random wave excitations
are generated using the JONSWAP spectra, and the Monte Carlo analysis is employed to evaluate the dynamic
responses of both the SFT and the train carbody, considering the stochastic nature of the waves and the track
irregularities. The effects of different longitudinal spacings between mooring lines, train speeds, wave headings,
and wave characteristics on the dynamic responses of the coupled system are investigated. The analysis results
indicate that train travel within the SFT under operational wave conditions is generally safe. However, signifi-
cant instability may occur when the longitudinal spacing between mooring lines is large enough and the system’s
natural frequency is close to the frequencies of the waves, leading to an increased possibility of resonance.
Moreover, longer wave peak periods, higher significant wave heights and lower SFT installation depths are found
to exacerbate the degree of vibration of both the SFT and carbody, which may lead to higher dispersion of

dynamic behaviours.

1. INTRODUCTION

The development of submerged floating tunnels (SFTs) stems from
the need to overcome transportation challenges posed by large bodies of
water while minimising environmental impact and maximising con-
nectivity. Compared with previous infrastructure options such as
floating bridges, immersed tunnels, and bottom founded structures, SFTs
provide greater flexibility in terms of alignment and route selection,
more efficient and less time-consuming construction process, as well as
lower environmental impact. The concept of SFT has gained attraction
as an innovative alternative to traditional bridge or tunnel construction
methods (Zhang et al., 2021).

Railways are known for their high transport capacity, efficiency and
speed. They are particularly effective for moving large volumes of
people or goods over long distances (Liu et al., 2023; Zhang et al., 2013).
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Incorporating railways into submerged floating tunnels would provide
an innovative solution for sea-crossing railways over straits or deep
fjords where it is challenging or even impractical to construct conven-
tional bottom-founded bridges or immersed tunnels. As shown in Fig. 1,
this type of tunnel is designed to be submerged below the water surface,
held in place by station-keeping systems, and provides a stable pathway
for trains to travel across the water.

1.1. Problem descriptions

Different from the land railway system, the railway system in SFT is
subjected to some unique challenges posed by harsh and random wave
excitations (Jiang et al., 2018). The wave excitations can trigger the
vibration of SFT, which directly affects the operation of the train. Some
previous studies have indicated that the vertical vibration of the SFT
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Fig. 1. Conceptual picture of high-speed train in an SFT.

under wave excitations is more considerable than the motions in other
directions, which is most relevant to safety and comfortability (Luo
et al.,, 2021). In particular, the wave excitation may trigger the reso-
nance of the SFT under some specific environmental conditions, which
should be revealed in preliminary feasibility research to avoid fatal ac-
cidents. Therefore, the coupling dynamic performance of the
train-track-SFT system should be comprehensively and accurately
evaluated to ensure the safe design of such a critical transport
infrastructure.

1.2. Literature review

The preliminary concept of SFTs can be traced back to the first de-
cades of the 20th century (Kunisu et al., 1994). Several feasibility studies
and schemes have been performed for various straits and lakes, such as
China’s Qiandao Lake (Martinelli et al., 2011), Italy’s Strait of Messina
(Martire et al., 2010), Norway’s Hogsfjord Strait (Moan and Eidem,
2020), and Japan’s Funka Bay (Kanie, 2010). Unlike traditional trans-
portation structures, SFTs works under the excitations of waves and
currents in the marine environment (Xiang and Yang, 2016). The Mor-
ison equation is commonly employed to obtaining the fluid force-acting
on SFT owing to its slenderness. The equation proposed by Morison
assumes that the wave forces acting on SFTs can be seen as the sum-
mation of the inertial force and the drag force components, which are
determined by the relative velocity and acceleration of SFTs with respect
to the wave particles. The significant applications of the Morison
equation to SFTs can be found in (Seo et al., 2015). Another method to
determine the wave forces is the diffraction theory proposed by MacC-
amy and Fuchs, 1954 (RC MacCamy and RA Fuchs, 1954). Based on this
assumption, the velocity potential is divided into the incident potential,
radiation potential and diffraction potential. The applications of the
diffraction theory can be seen in (Chakrabarti et al., 2007; Paik et al.,
2004). The comparative analysis in (Kunisu, 2010) indicates that both
approaches can yield accurate hydrodynamic calculations in normal
construction conditions. The fluid-structure interaction analysis of a SFT
was initiated in (Remseth et al., 1999). The random dynamic responses
of a SFT caused by wave excitations were evaluated via a stochastic
analysis. In (Martinelli et al., 2010), the response spectrum of a SFT was
evaluated using a median pseudo-acceleration response spectrum
method.

Apart from the wave excitations, SFTs are also subjected to the
moving load as a transportation infrastructure. The research on the
moving vehicle effects on a structure has attracted a number of scholars
due to its application potential in various industrial backgrounds
(Ouyang, 2011). With the development of the numerical simulation
technique, various types of models are advanced to study the coupling
dynamics of vehicle-structure interaction, including the vehicle-bridge
models (Chen et al., 2021), the high-speed train-track coupling models
(Wang et al, 2019; Zhai et al., 2019), as well as the
pantograph-overhead contact line interaction models (Song et al., 2020,
2021, 2023b). As for the SFT subjected to a moving load, several
scholars have analysed the interaction performance of vehicle-SFT based
on numerical analysis or explicit solutions (Yang et al., 2022a). In

Ocean Engineering 303 (2024) 117760

(Tariverdilo et al., 2011), the equation of motion for a SFT traversed by a
moving load was developed based on the elastic beam theory on elastic
foundations. The influence of anchoring properties on the SFT’s be-
haviours excited by a moving load was further investigated in (Zhang
and Yang, 2016). Instead of using a moving force, the inertia effect of the
vehicle model was considered in (Yang et al., 2022b) to analyse the
interaction behaviours of a coupled vehicle-SFT system and determine
the dominant factors affecting the SFT’s dynamic response. The accep-
tance of the numerical model of the coupled vehicle-SFT system was
validated by experiment tests in (Xiang et al., 2021). Concerning a
railway SFT, the trains are usually represented as rigid multi-body sys-
tems. The structure safety of SFT and the passenger comfort were
evaluated considering the environmental wave excitations in (Jin et al.,
2021; Jin and Kim, 2020). In (Gao et al., 2022), a new analytical model
for analysing a SFT with moving loads was proposed based on the mode
superposition method, and the analytical solution was validated via an
finite element model. Based on the Lagrange equation, an analytical
model considering the vehicle and tethers was developed in (Luo et al.,
2021), which can consider more complicated boundary conditions.
Considering the eccentric load effect of vehicles in a SFT, the vehicle-SFT
coupling vibration equations under the action of a motorcade running
on one lane of the roadway were developed (Yang et al., 2021), and the
solutions were validated through comparison with the finite element
method.

The above literature review reveals that the accuracy of the finite
element model of the SFT has been widely acknowledged and accepted
as the standard for validating other emerging analytical models. Ac-
cording to the research presented in (Lin et al., 2018), the vertical
movement resulting from the interaction between the vehicle and the
SFT is identified as the primary factor influencing passenger comfort. On
the other hand, the transverse motion is primarily induced by currents
rather than waves. The former is typically considered a quasi-static load,
leading to SFT deviation rather than short-time period fluctuation (Wu
et al., 2021). Consequently, the vertical motion caused by wave exci-
tations has a more significant impact on the performance of the
vehicle-SFT interaction.

1.3. scope and contribution of this work

Upon reviewing the existing literature, it becomes evident that
further investigation into the performance of railway vehicle-SFT
interaction is warranted due to several gaps in current research. These
gaps include:

1) In previous studies, the track system’s substructures have been
largely overlooked, resulting in an incomplete representation of the
dynamic behaviours of the train-track-SFT interaction.

2) The quantification of stochastics in dynamic responses, caused by
wave excitations and track irregularities, has been lacking in previ-
ous research. Such quantification is crucial for safety and comfort
assessments.

3) The influence of SFT configuration (specifically mooring length) and
working conditions (such as speed and installation depth of SFT) on
the vehicle-track interaction remains inadequately understood. Un-
derstanding these effects is vital for designing SFTs for railway
services.

To address these aforementioned issues, this paper presents a
comprehensive analysis of the stochastic responses exhibited by a
coupled train-track-SFT system. Utilizing a finite element model of the
track-SFT system, the study focuses on simulating the vertical interac-
tion between the train, track, and SFT. The numerical model in-
corporates random excitations from waves and track irregularities, and
the Monte Carlo method is employed to obtain stochastic dynamic re-
sponses. The numerical simulations consider two wave conditions,
specifically the design operational and design storm conditions, aiming
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Fig. 2. SFT model with moorings.

to investigate the influence of crucial SFT parameters, train speed, wave
headings and SFT installation depths on the dynamic behaviours of the
carbody and SFT. This academic study aims to comprehensively analyse
the impact of key structural parameters on the performance of vehicle-
track interaction. Unlike a case study focused on specific real-world
objects, this research seeks to elucidate the broader implications of
various structural factors on the overall dynamic behaviour and func-
tionality of the vehicle-track system.

1.4. The organisation of this paper

The present section has provided an overview of the background and
literature review. The remainder of this paper is structured as follows:
Section 2 presents a comprehensive explanation of the vehicle-track-SFT
system model, incorporating wave excitations. The intricate dynamics of
the system are captured and analysed. In Section 3, the interaction
performance of the system under operational wave conditions is thor-
oughly examined. Various factors, such as wave headings and train
speed, are taken into account to assess their influence on the system’s
behaviour. Section 4 focuses on investigating the system’s response
under extreme wave conditions. This analysis considers critical sce-
narios to evaluate the system’s robustness and safety. Finally, in Section
5, the main conclusions drawn from the study are discussed, high-
lighting key findings and implications. Additionally, potential avenues
for future research and improvements in the field are also addressed.

2. Modelling of vehicle-track-SFT system

Fig. 2 depicts the vehicle-track-SFT model, which encompasses the
integration of a SFT model within the conventional vehicle-track model.
This holistic coupling model is established by incorporating the con-
ventional vehicle-track model inside a SFT model. Specifically, the SFT
experiences intricate wave excitations that directly impact railway op-
erations. This section provides a comprehensive description of the SFT
model and the wave excitations, followed by an explanation of how the
vehicle-track-SFT coupling model is implemented.

2.1. SFT model and wave excitations

The SFT is modelled as Euler-Bernoulli beam elements supported by
several mooring lines to limit its horizontal and vertical motions. The
effect of moorings can be reasonably treated as springs with equivalent
stiffnesses at a uniform longitudinal interval of Ly, It is important to
emphasize that this assumption effectively captures the vertical dy-
namics of the SFT. However, it is crucial to acknowledge that this
simplified representation may require adjustments when delving into
the analysis of spatial movement. The equation of motion for the SFT can
be represented as follows (Qiseth et al., 2014; Dai et al., 2020)

M;Us + CsUs + KsUs = Fg ¢

where Mg, Cs and Ky are the structural mass, damping and stiffness
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matrices of the SFT, respectively. Us, U and Us are the acceleration,
velocity and displacement vectors of the SFT, respectively. Fs is the
external force vector including the wave loads and the vehicle loads. A
damping ratio of 0.025 is adopted in the study. The element structural
stiffness matrix K§ of the SFT, which can be expressed by

s NI 6°N,
ox*  ox?

KS =E., @
0

where EI; is the flexural rigidity of the SFT about its strong axis, L is the
element length of the SFT, and N; is the matrix of the Hermitian cubic
shape functions of the Euler-Bernoulli beam.

This paper focused on the wave load effects on the vertical motions of
an SFT and thus the horizontal motions and their effects are not inves-
tigated. According to Morison’s equation (Luo et al., 2021; Dai et al.,
2022), the wave force per unit length acting on the SFT in the vertical
direction can be expressed by.

I 1 , . Fw(x,1)\ 1
fW:ZﬂD ﬂwu(t)+z WD7p, u(t)fT +§Cdwa M(Z)

(u(t) Rl t)) ®

in which u is the vertical wave velocity, w is the vertical dynamic
deflection of the SFT. C, and Cq are the added mass and drag coefficients,
respectively. D is the diameter of the SFT. p,, denotes the density of
seawater. Note that the three terms on the right-hand side denote the
Froude-Krylov force, the hydrodynamic mass force, and the viscous drag
force, respectively. The viscous drag force is quadratic and has to be
linearized for the numerical computation. By applying the irregular-
wave stochastic linearization approach (Shao et al., 2016), the linear-
ized equivalent viscous drag force per unit length of the SFT is given by

_ow(x, 1)
ot

1 ow(x,
Jo :Ecdwa'u(t) - # (u(t)
6w(x7 t) - 1 \/g dw(x, t) o
o )_ECdeD = () ~22ie) (u(t) o )_b(u(t)
ow(x,1)
o ) @

where the term b is the linearized damping coefficient contributed by a
strip of the SFT of unit length. Oy ) -ovina is the standard deviation of the
ot

amplitude of the relative vertical velocity between the flow and the SFT.
Note that the linearized damping coefficient b depends on the motion of
the SFT and thus the evaluation requires an iterative process. The
elementary force vector F, for each SFT element can thus be expressed
by

les 1 les
F, = / NI ade= (1 + ca)szw/ NTu(r)dx
0 0

1 les ce les les - e
- chdszw / NIN,dxU + b( / NTu(t)dx — / NSTNsdeS> (5)
0 0 0

As the hydrodynamic mass force is a function of the acceleration of
the SFT and the viscous drag force is a function of the velocity of the SFT,
the governing equation of motion for a SFT element corresponding to Eq.
(1) can be rewritten as
(M5 + M3 ) Ug + (€5 + Cp ) Ug + KS U =F¢ + F2, (6)
where Mj, and C{ denote the element structural mass and damping
matrices, respectively. M} and Cj, denote the element added mass and

viscous damping matrices due to the fluid, respectively. Uz, U; and U§
are the element acceleration, velocity and displacement vectors,
respectively. Fg, . refers to the element wave excitation load vector, and
F;, is the element vehicle load vector. The element added mass and
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Fig. 3. Wave elevation time history and corresponding PSD: (a) PSD for operational wave condition; (b) time history of wave elevation for operational wave
condition; (c) PSD for rough wave condition; (b) time history of wave elevation for rough wave condition.
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Fig. 4. Schematic of SFT subjected to wave with an inclination angle.

viscous damping matrices as well as the wave excitation load vector are
given by

1 Les
M :Zﬂ'Cﬂszw / NINydx (7a)
0
les
C,=b / N'N.dx (7b)
0
1 les les
F. :Zﬂ(l +C,)D?p, / NTi(t)dx + b / NTu(t)dx (7¢)
0 0

The JONSWAP spectrum is used to generate the time history of
vertical wave velocity u. The JONSWAP spectrum, also known as the
Joint North Sea Wave Project spectrum, is a widely used empirical
model for representing the shape of ocean wave energy distribution as a
function of frequency. By incorporating field measurements and
empirical observations, the JONSWAP spectrum offers a practical tool
for characterising ocean wave conditions and assessing their impact on
marine systems. Mathematically the JONSWAP spectrum can be

1000 | 600
400

200

y [m] Time [s]

expressed as (Guo and Xu, 2011)
S =rsaxg [frexp (= px (1/5)") ®

in which S(f) represents the wave energy spectrum density at a given
frequency f. y is the peak enhancement factor and represents the ratio of
the measured significant wave height to the significant wave height
predicted by the linear wave theory. a is the dimensionless peak
enhancement parameter and is related to the steepness of the wave
spectrum, which is defined as

a=0.076 x (H,/g)"** » 7*¥ 9)

where Hj is the significant wave height, and g is the acceleration due to
gravity. f is the frequency at which the wave energy is being evaluated.
fp is the peak frequency of the wave spectrum, which represents the
dominant frequency, which is related to the peak period T}, as

fr=1 / T,
B is the peak enhancement factor decay parameter and is given by:

B=50*fu /fy

(10

(€8]

where fp, is the spectral peak frequency at the measurement site. In this
paper, the coefficients in the JONSWAP spectrum are selected from (Jin
and Kim, 2020). Using the inverse Fourier Transform, the time history of
wave elevation can be generated from the spectrum.

Taking a typical operational wave condition, H;=3m, T, =5sand a
rough wave condition, H; = 9 m, T, = 7 s as examples, one case of wave
elevation time history and the comparison of PSD is presented in Fig. 3.
It is observed from Fig. 3(a) and (b) that the wave elevation spectrum

1000

y [m]

Time [s]

Fig. 5. Wave velocity with different headings. (a) Presents the results with & = 90°; (b) presents the results with 6 = 30°.
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Table 1
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Carbody

Main parameters of vehicle-track-SFT system used in the case study.

Parameter

Value

SFT

Vehicle

Track

Young’s Modulus

Moment of inertia

Total length

Tunnel outer diameter
Inclination of the moorings
Distance from centre to seabed
SFT mass per unit length
Tether stiffness

Carbody mass

Bogie mass

Wheelset mass

Carbody mass moment of inertia
Bogie mass moment of inertia
Wheelset mass moment of inertia
Primary suspension stiffness
Primary suspension damping
Secondary suspension stiffness
Secondary suspension damping
Semi-distance between bogies
Semi-distance between wheelsets in bogies
Wheel radius

Young’s modulus

Rail second moment of area
Rail mass per unit length
Fastener stiffness

Fastener damping

Sleeper spacing

Sleeper mass (half)

Ballast mass

Ballast stiffness

Ballast damping

Subgrade stiffness

Subgrade damping

3 x 10'° N/m?
7.8 x 10°

1500 m

23 m

40°

40 m

3.7 x 10° kg/m
1.17 x 10° N/m
43862.5 kg
2400 kg

1850 kg

1.65 x 10° kg m?
1.31 x 10° kg m?
123 kg m?

1.9 x 10° N/m
4.0 x 10* N/m
1.18 x 10° N/m
1.3 x 10* N/m
8.75m

1.25 m

0.43 m

2.06 x 10! N/m2
3.217 x 10 ° m*
60.64 kg/m

6.0 x 107 kg/m
5.0 x 10*N/s m
0.6 m

170 kg

340 kg

1.2 x 108 N/m
6 x 10*N/sm
1.9 x 108 N/m
1.0 x 10° N/sm

peaks at around 1.26 rad/s, related to Tj, = 5s. From Fig. 3(c) and (d), the
wave elevation spectrum peaks at around 0.9 rad/s, related to T, = 7 s.
The recovered and original spectrums show an acceptable consistency,
demonstrating the acceptance of the accuracy of generating the wave
elevation.

According to the Airy wave theory and intermediate-water assump-

Fig. 6. Vehicle-track-SFT coupled dynamics model.

tion, the vertical fluid particle velocity can be estimated by

u:oa%sin(wwﬂp) (12)
where a = H/2 represents the wave amplitude, w = 27/T is the incident
wave angular frequency, and k is the wave number, which satisfies v? =
gk where g denotes the gravitational acceleration. h is the water depth,
and z is the SFT position relative to the water surface. For this analysis,
the deep water scenario is mostly examined, with a specific value of 60
m assigned to z. Furthermore, the effect of varying SFT submergence
depths is also explored in subsequent analyses.

When the wave heading is perpendicular to the SFT, i.e., the beam
sea condition, the wave components reach the whole SFT with the same
excitation velocity at the same instant. However, if an inclination angle 6
between the wave and the SFT is not 90°, i.e., the oblique wave condi-
tions, the vertical wave velocities acting on different positions of the SFT
at the same time instant are not expected to be the same. As illustrated in
Fig. 4, the spatial positions of the whole SFT on the y-axis are not uni-
form, resulting in a phase difference in the waves acting on different
positions. Therefore, Eq. (12) takes the following form:

u(ysﬂ,t) = awe® sin (w (t - %) + (p) (13)

In the revised equation, ¢ represents the wave speed, while ys; denotes
the y-axis coordinate of each position within the SFT, accounting for the
variation in wave phase. Fig. 5(a) illustrates the vertical wave velocity
acting on the SFT in relation to the spatial position and time under beam
sea conditions (f = 90°). The SFT plays a crucial role in connecting the
land parcels separated by water bodies, which represent a region prone
to sea waves that typically align with the direction of the strait, leading
to an approximately 90° wave heading angle with respect to the span
direction of the SFT. This often signifies the most unfavorable design
scenario, and in the context of engineering design practice, it deserves
primary attention and consideration. It can be observed that the vertical
wave velocity acting on the entire SFT remains consistent at each time
instant. However, when considering an inclination of the wave heading,
the vertical wave velocity demonstrates notable misalignment along the
SFT at each time instant, as depicted in Fig. 5(b). The impact of waves
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with different headings will be further investigated in the subsequent
section.

2.2. Vehicle-track-SFT model

As shown in Fig. 6, the vehicle model is comprised of a carbody, two
bogies, four wheelsets and two-stage suspensions. All these components
are modelled as multiple rigid bodies interconnected by spring and
dashpot units. Based on the multi-body dynamics, the equation of mo-
tion for the vehicle can be written in a compact matrix form as

MyUy + CyUy + KyUy = Fy 14)

where, My, Cy and Ky are the mass, damping and stiffness matrices of
the vehicle, respectively. Uy, Uy and Uy are the acceleration, velocity
and displacement vectors of the vehicle, respectively. Fy is the external
force vector.

The track model consists of the rail and sleepers. The rail is modelled
by the Euler-Bernoulli beam theory. The sleeper and ballasts are
described as lumped mass elements with equivalent stiffness and
damping coefficients. According to the finite element method, the
equation of motion for the track system can be written as

MTﬁT + CTUT + K1Ur = Fr (15)
My Uv Cv I:Jv Ky Kyr

M; Ur | + Cr  Cys Ur | + Krv Kr Kys

M Us Csr GCs Us Ksr  Ks

in which, Ur, Ur and Up are the global acceleration, velocity and
displacement vectors of the track system, respectively. Fr is the external
force vector including the vehicle loads. The mass matrix My, the
damping matrix Cr and the stiffness matrix K can be assembled by the
element matrices M;,, C{, and K;, of the nth track segment. The
element stiffness matrix K7, can be written as

K, =K, + Ko, + K, (16)

in which K:’—s,n
sleeper through the rail pads. K{_,, describes the interactions between

the sleepers and the ballasts. KT , is the stiffness matrix of the rail and has

describes the interactions between the rail and the track
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a similar form with Eq. (2).

The wheel-rail interaction is realised by the nonlinear Hertzian
elastic contact theory. The contact force Fyr(t) is calculated by the
Hertzian wheel-rail constant coefficient G and the indentation 6Zyr(t) of
contact surface between wheels and rail as follows (Zhai, 2020):

1 no
FVT(I) = |:E§Zv’l“([):| if 6ZVT(I) >0

0 if (SZVT(I) <0

a7

The track irregularities are the main source of the vibration of the
vehicle. This study adopts the German track irregularity spectrum for
high-speed railway. The power spectral density (PSD) function can be
written as follows (Zhai, 2020):

A,Q

S =102 oy (@ 4 )

18

where S, denotes the PSD function of the track irregularity. Q,, is the
frequency. A, is the roughness coefficient, Q, and Q. are the cut-off
frequencies. The time history of track irregularities can be obtained by
inversing S, through inverse Fast Fourier Transform.

The equation of motion for the whole vehicle-track-SFT system can
be assembled as follows:

w] e
Up | = | Fr a9
Us Fs

where the subscripts TV and VT denote the interaction matrices of the
vehicle-track system, which is obtained according to Eq. (17). Subscripts
TS and ST represent the interaction matrices of the track and the SFT,
which are connected via the subgrade system as shown in Fig. 3.

The primary parameters of a conventional SFT, as utilized in trans-
portation infrastructure, are derived from (Jin and Kim, 2020). The SFT
diameter is increased to accommodate train service. Furthermore, the
longitudinal spacing of mooring lines is selected as a variable for para-
metric analysis. To evaluate the performance of the vehicle-track-SFT
interaction under wave excitations, a representative vehicle-track
model employed in high-speed railway applications (Zhai, 2020) is
adopted. Table 1 summarizes the key parameters utilized in the subse-
quent analysis.
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Fig. 7. Boxplot of maximum carbody displacement with different L,. (a—c) Present the results with = 30°, # = 60° and 6 = 90°, respectively.
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Fig. 9. Time-histories and spectrum of carbody vibration with ¢ = 90°. (a) and (b) present the results with L, = 100 m and L, = 150 m, respectively.

To ensure numerical accuracy, a minuscule element length of 0.2 m
is employed to discretize both the track and the SFT. The total length of
the SFT-Track spans 1500 m, with a corresponding element count of
7500 for either the SFT or the Track. Each node possesses two degrees of
freedom, resulting in a total of over 30,000 degrees of freedom. Within
the high-speed range of 200 km/h to 320 km/h, the element passing
frequency ranges from 277.78 Hz to 444.44 Hz. Notably, this frequency

spectrum is several orders of magnitude higher than the frequencies
relevant to the coupled system, which typically do not exceed 5 Hz. To
address this, our simulation strategically employs a sampling frequency
of 10,000 Hz, surpassing the magnitudes of the element passing fre-
quencies by more than 20 times. For the assurance of convergence, we
have integrated an implicit Newmark-$ scheme into our simulation,
complemented by a rigorous convergence condition articulated in Eq.
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(20).

max (|AU — AU"[) < 107°m (20)
Here, AU represents the incremental displacement of the vehicle-track-
SFT system, and the superscript n indicates the cycle number within
each time step. The use of an exceedingly minute residual of 1071 m is
deliberate, ensuring a negligible error introduced by the numerical al-
gorithm. However, it is acknowledged that this precision comes at the
cost of a substantial computational burden. Initiating the simulation
without the vehicle, the first 10 min focus on modelling the SFT-track
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Fig. 12. Mode shape of the SFT with L, = 150 m.

system under wave excitations. This preliminary phase ensures the
complete excitation of the SFT’s vibration by the waves before incor-
porating the vehicle into the model.

3. Analysis with operational wave conditions

The operational wave condition is the predominant operating sce-
nario for the vehicle-track-SFT system. This section focuses on con-
ducting a series of simulations to thoroughly examine the dynamic
performance of the vehicle and the SFT under the excitation of opera-
tional waves. The numerical simulations consider the following defined
working conditions:
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Fig. 13. Boxplots of SFT maximum displacement at different points with § = 30°. (a) and (b) present the results with Ly, = 50 m and L, = 150 m.
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@ Wave conditions: Hy = 3 m; T, = 5s; # = 30°, 60° and 90°;
@ Vehicle speed: v = 200 km/h, 240 km/h, 280 km/h and 320 km/h;
@ Moorings’ spacing: L, = 25 m, 50 m, 100 m and 150 m;

From an industrial standpoint, maintaining consistent stiffness per
unit is crucial when altering moorings’ spacing. However, in the context
of this study, our objective is to conduct a parametric analysis to
investigate the impact of mooring spacing on dynamic performance
within the dynamics of train operations. To effectively quantify the ef-
fect of a single parameter, it becomes necessary to hold other relevant

10

parameters constant, thereby streamlining the analysis. The decision to
keep other parameters unchanged serves the purpose of enabling a
focused observation of how the interaction performance changes with
variations in structural parameters. This deliberate approach enhances
our ability to discern and analyse the specific influence of mooring
spacing on the dynamic behaviour of the system. To quantify the
dispersion in dynamic behaviour resulting from the stochastic nature of
waves and track irregularities, a total of 12 simulations are conducted
for each case. The primary indicators used to analyse the dynamic per-
formance are the maximum deviation of the gravitational centre of the
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carbody (relative to its initial position) and the maximum acceleration.
The initial position is defined at the moment when the carbody makes
contact with the track-SFT. It is important to note that the utilization of
12 realizations for each case may not comprehensively capture the full
spectrum of the stochastic behaviors inherent in the coupled system.
However, it is crucial to clarify that the primary objective of this paper is
not to rigorously pursue statistically precise quantification of the sto-
chastic behaviors. Rather, these 12 realizations are intended to offer a
meaningful evaluation of dispersion. This approach facilitates an anal-
ysis of the effects of various structural parameters on the dynamic per-
formance, providing valuable insights without the need for an
exhaustive statistical treatment. In this study, the boxplot is employed as
a tool to assess the dispersion of dynamic behaviour across the simula-
tions. The boxplot provides valuable insights into the distribution and
variability of the results, enabling a comprehensive analysis of the sys-
tem’s performance. The boxplot is a standardized way to display the
distribution of data based on a summary of five numbers, which are the
minimal value Qu,, the first quartile Q;, the median Q, the third
quartile Qs, and the maximal value Qu.. Usually the maximal and
minimal can be calculated by the following two equations respectively.

Omax =03 + 1.5 < IOR (21a)

Qmin = Ql —1.5x IQR (21b)

in which, IQR is the range from the 25th to 75th percentile.
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3.1. Analysis with the train speed of 200 km/h

At a train speed of 200 km/h, the boxplots of maximum carbody
vibration are depicted in Fig. 7 for different wave headings (6 = 30°, 60°,
and 90°). When the wave headings are 30° and 60°, the carbody vi-
bration remains relatively consistent, with a slight dispersion observed
in each case. The maximum carbody displacement typically ranges from
0.0045 m to 0.0073 m across all cases, with a marginal increase
observed with larger mooring intervals. However, when the wave
heading is 90°, a significant increase in dispersion of the maximum
displacement is observed at mooring intervals of 100 m and 150 m.
Particularly at a mooring interval of 150 m, the dispersion range ex-
pands several magnitudes, with extreme values exceeding 0.033 m, over
three times higher than other cases. Waves that are perpendicular to the
SFT result in identical wave elevations acting on the entire structure at
each time step, making it more susceptible to intense vibrations.
Therefore, the worst-case scenario with a wave heading of 90° (6 = 90°)
is selected for further analysis.

To examine the difference in dynamic response between rail vehicles
on land and in an SFT, Fig. 8 presents an example of time histories and
spectra of carbody vibration with and without SFT. When the SFT is
incorporated, two longitudinal intervals of the mooring lines as
considered, namely, Ly, = 25 m and L, = 100 m. The presence of the SFT
has a minimal impact on carbody vibration when L, is 25 m. However,
with Ly, increased to 100 m, a significant increase in carbody vibration is
observed. The spectrum reveals an additional frequency component
around 0.2 Hz introduced by the presence of the SFT, which corresponds
to the peak period of the wave excitation. The energy at this frequency
even surpasses the natural frequency of the carbody for the case with L,
=100 m.

To further investigate the cause of the pronounced surge in carbody
vibration at L, = 150 m, Fig. 9 (a) and (b) illustrate the time histories
and spectra of carbody vibration at L, = 100 m and L, = 150 m,
respectively, for a wave heading of 90° (6 = 90°). Two significant peaks
are observed in the spectrum, corresponding to the first natural fre-
quencies of the SFT and the vehicle. The energy at the natural frequency
related to the SFT experiences a sharp surge as Ly, increases to 150 m,
indicating intensive vibration of the SFT. Fig. 10(a) and (b) present the
time histories and spectra of SFT vibration at a specific point (800 m) for
Ly =100 m and Ly, = 150 m, respectively. In some cases, vibrations at

m = 150 m exhibit more pronounced harmonicity, suggesting reso-
nance triggered by the wave excitation. The spectral analysis reveals
peaks at the wave excitation frequency (0.2 Hz) for both L;;, = 100 m and
Ly, = 150 m. The observed variability in sample amplitudes for the same
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Fig. 19. Boxplot of maximum SFT displacement at different longitudinal points with L,, = 100 m. (a—c) Present the results with train speeds of 240 km/h, 280 km/h

and 320 km/h, respectively.

case is evident in Figs. 9 and 10. These figures depict the outcomes under
the most challenging conditions, considering the largest longitudinal
spacing between adjacent mooring lines and a 90° wave heading,
resulting in a significant amplitude disparity. A key factor contributing
to this divergence is the brief duration during when the train traverses
the SFT. The simulation results are confined to the time when the train
passes the SFT, amplifying the influence of stochastic excitations. This is
also often encountered when studying similar engineering problems
such as vehicle-bridge interactions (Wang et al., 2023) and
pantograph-catenary interactions (Song et al., 2023a). It underscores
the necessity for conducting multiple realizations to effectively capture
the dispersion of results.

Fig. 11 illustrates the natural frequencies of the SFT-track structure
for different L, values. Additionally, Fig. 12 presents the first three
mode shapes of the SFT with L, = 150 m. Generally, increasing L, leads
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to higher natural frequencies of the SFT. At L, = 150 m, the first natural
frequency is 0.23 Hz, which is close to the wave excitation frequency of
0.2 Hz. This contributes to the observed resonant phenomenon at Ly, =
150 m. Therefore, it is recommended to avoid excessive mooring in-
tervals for the SFT to prevent potential resonance. For the analysed
scenario, a mooring interval smaller than 100 m is recommended to
ensure avoid resonant responses.

To analyse the vibration of the SFT under wave excitation, several
observation points along the SFT are selected at a longitudinal interval
of 48 m. The boxplots of maximum SFT displacement for wave headings
of = 30°, 0 = 60°, and § = 90° are presented in Figs. 13-15, respec-
tively. The analysis focuses on two scenarios: L, = 50 m and L, = 150
m. Generally, the dispersion of results for 6 = 30° and 6§ = 60° is
negligible. However, for 6 = 90°, a more significant dispersion is
observed in the SFT vibration. The displacement in the middle section of
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Fig. 21. Boxplot of maximum carbody acceleration under rough wave conditions (a—c) present the results with L, = 25 m, L, = 50 m and L, = 100 m, respectively.

the SFT is greater than at the two sides and exhibits a higher dispersion.
At Ly, = 150 m, the largest displacement is over fifty times larger than
the configureuration with L, = 50 m, primarily due to resonant re-
sponses. In contrast, for the other two wave angles, increasing L, from
50 m to 150 m results in a maximum displacement increase of no more
than twenty times. Since the worst-case scenario with the greatest
dispersion and largest displacement occurs at § = 90°, only this wave
heading is considered in subsequent analyses.

3.2. Analysis with the speed upgrade

In this sub-section, the dynamic behaviour of the vehicle-track-SFT
system is analysed at higher speeds. Fig. 16 presents the boxplots of
maximum carbody displacement at different train speeds. Based on the
previous analysis, which indicated that an excessive longitudinal
spacing of the mooring lines can lead to an unacceptable level of per-
formance, only three intervals, namely L,, = 25 m, 50 m, and 100 m, are
considered in the simulations. Results for the land vehicle-track system
without an SFT are also presented for the purpose of comparison. The
corresponding results of maximum acceleration are presented in Fig. 17.
It can be observed that increasing the train speed generally leads to an
overall increase in maximum carbody displacement. For L, = 25 m and
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50 m, the dynamic behaviour of the rail vehicle within the SFT does not
exhibit significant differences from conventional land rail vehicles.
Thus, rail irregularity remains the dominant factor causing the disper-
sion of the dynamic response when the mooring lines’ interval is small.
However, when L, = 100 m, a higher dispersion and larger vibration
displacement caused by the presence of the SFT become apparent.

To quantify the increase in dispersion caused by the presence of the
SFT, the standard deviations of maximum carbody displacement at
different train speeds are compared between cases with an SFT of L, =
100 m and without an SFT, as shown in Fig. 18. Due to the presence of
the SFT, the resulting maximum carbody displacement exhibits a higher
dispersion at each speed. The increase in train speed from 240 km/h to
320 km/h causes a 77.83% increase in the standard deviation of the
evaluated maximum carbody displacement. However, for the traditional
land rail vehicle, the increase in train speed leads to a decrease in
dispersion. This provides evidence that the wave excitation is a signifi-
cant factor contributing to the dispersion in the dynamic response as the
train speed increases. Regarding train acceleration performances, the
resulting maximum carbody acceleration also exhibits a higher disper-
sion with the increase in train speed. The boxplots of acceleration almost
remain the same for the three different Ly, values. It is important to note
that the vertical carbody acceleration in high-speed railways is typically
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Fig. 22. Boxplot of maximum SFT displacement at different longitudinal points under rough wave conditions with L, =

speeds of 240 km/h, 280 km/h and 320 km/h, respectively.

limited to be lower than 0.5 m/s®> to ensure satisfactory passenger
comfort. It can be seen that passenger comfort performance is generally
satisfied at these train speeds examined in this study.

To investigate the vibration of the SFT at different train speeds,
Fig. 19(a)-19(c) presents the boxplots of maximum SFT displacement at
various longitudinal points with L, = 100 m for train speeds of 240 km/
h, 280 km/h, and 320 km/h, respectively. When compared with those at
200 km/h as shown in Fig. 15, it can be observed that the SFT vibration
is not significantly affected by the increase in train speed. The largest
displacement of the SFT and the dispersion of the results generally
remain the same for different speeds. Therefore, increasing the train
speed primarily results in an increase in carbody vibration and disper-
sion of carbody acceleration, rather than directly affecting the vibration
of the SFT.

14

100 m. (a—c) Present the results with train

4. Analysis with rough wave conditions

In this section, the vehicle-track-SFT dynamic performance is eval-
uated under rough wave conditions. According to (Suh et al., 2010), the
rough wave conditions used for the subsequent analysis are defined as
follows:

@ Wave conditions: Hs = 9 m, T, = 7s, § = 90°%;
@ Vehicle speed: v = 200 km/h, 240 km/h, 280 km/h and 320 km/h;
@ Mooring lines’ interval: Ly, = 25 m, 50 m, 100 m.

Similar to the previous section, 12 simulations are performed for
each case to account for the stochasticity of the wave excitation and
track irregularity. The resulting boxplots of maximum carbody vibration
with Ly, =25 m, Ly, = 50 m and L, = 100 m are presented in Fig. 20(a)-
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Fig. 23. Boxplot of maximum SFT displacement at different longitudinal points under rough wave conditions with L, = 100 m at 320 km/h (a-b) Present the results

with SFT depths of 50 m and 40 m, respectively.
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Fig. 24. Boxplot of maximum carbody displacement (a) and acceleration (b) at
different longitudinal points under rough wave conditions with different
installation depth of SFT.

20(c), respectively. When compared to the results under operational
wave conditions in Fig. 7, it is evident that the carbody vibration ex-
hibits a larger amplitude and higher dispersion under the excitation of
rough waves. The extreme values of maximum carbody vibration with
Ly =25m, L, =50 m and L, = 100 m are over 10, 20 and 30 times
bigger than the results under operational wave conditions, respectively.
A strong sensitivity of resulting maximum carbody vibration to the
mooring liness’ interval can be observed. With L, = 100 m, the effect of
vehicle speed is not evident, which demonstrates that the wave excita-
tion plays a dominant role in affecting the carbody vibration under
rough wave conditions.

The resulting boxplots of maximum carbody acceleration with L, =
25 m, Ly, = 50 m and Ly, = 100 m are presented in Fig. 21(a)-21(c),
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respectively. It is seen that the maximum carbody acceleration does not
exhibit a significant change with the mooring lines’ interval. The con-
clusions are consistent with the results under operational wave condi-
tions, as shown in Fig. 17. This can be attributed to the significant
difference in frequency between the SFT and the track. The low-
frequency excitation from the SFT has a minimal impact on the car-
body acceleration. Thus, it can be concluded that the carbody acceler-
ation is not sensitive to wave excitations. Consequently, the passenger
comfort performance can be generally satisfied under both the opera-
tional and rough wave conditions examined in this study.

To investigate the vibration of the SFT under rough wave conditions,
Fig. 22(a)-22(c) present the boxplots of maximum SFT displacement at
different longitudinal locations with L, = 100 m and train speeds of 240
km/h, 280 km/h, and 320 km/h, respectively. In comparison with the
results under the operational wave conditions shown in Fig. 19, it can be
observed that the extreme value of maximum SFT vibration increases by
over ten times under the rough wave conditions. The largest displace-
ment of the SFT and the dispersion of the results generally remain
consistent for different train speeds. Combining these results with the
maximum carbody vibration results shown in Fig. 20, it is evident that
the extreme value of maximum carbody vibration is generally in line
with the extreme value of maximum SFT displacement. However, this
consistency is not observed in Figs. 16 and 19 under operational wave
conditions. This provides further evidence that the SFT vibration excited
by waves is the dominant factor influencing the carbody vibration under
rough wave conditions, while it only partially affects the carbody vi-
bration under operational wave conditions.

According to Eq. (9), the SFT experiences varying wave excitations
based on different installation submergence depths. Typically, the SFT
cannot be installed in shallow water regions to avoid obstructing navi-
gation and preventing disturbance from turbulent waves. The effects of
installation depth on SFT and vehicle vibration are also investigated by
considering another two installation depths of 40 m and 50 m in addi-
tion to the original value of 60 m considered above. In this study, a
worst-case scenario is defined with L, = 100 m and a train speed of 320
km/h. Fig. 23(a) and 23(b) present the boxplots of maximum SFT
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displacement at different longitudinal locations with installation depths
of 50 m and 40 m, respectively. Comparing these results with those in
Fig. 22(c), it is evident that the maximum SFT displacement sharply
increases with decreasing installation depth. Specifically, the maximum
SFT displacement is nearly doubled when the installation depth de-
creases from 50 m to 40 m. Fig. 24(a) and (b) present the boxplots of
maximum carbody displacement and acceleration, respectively. It can
be observed that both the maximum carbody vibration and acceleration
exhibit a significant increase with decreasing SFT installation depth. In
particular, with an installation depth of 40 m, the maximum carbody
acceleration in some cases exceeds the comfort threshold of 0.5 m/s%.
Therefore, a shallow installation depth for the SFT is not recommended
to avoid the negative effects of large wave disturbances.

5. CONCLUSIONS

This paper presents a comprehensive investigation into the complex
behaviours exhibited by the train-track-SFT system. By employing a
finite element model of the track-SFT system, the study focuses on the
vertical interaction between the train and track-SFT, considering
random excitations from waves and track irregularities. The Monte
Carlo method is utilized to capture the stochastic dynamic responses.
The numerical simulations explore the influence of key SFT parameters,
train speed, and wave angles on the dynamic behaviours of the carbody
and SFT under two wave conditions: operational and rough. In sum-
mary, the main findings of this study are as follows:

@ Waves that are perpendicular to the SFT are more likely to induce
vibrations of significant magnitude. It is noteworthy that when the
longitudinal spacing between moorings is sufficiently large and the
natural frequency of the system aligns closely with the wave fre-
quencies, there is a heightened risk of substantial instability and
resonance.

The dispersion of carbody displacement is greater compared to
traditional land railways. Increasing the train speed primarily am-
plifies carbody vibration and the dispersion of carbody acceleration,
while it has minimal impact on carbody acceleration or SFT vibra-
tion. Generally, passenger comfort is maintained under both opera-
tional and rough wave conditions.

In rough wave conditions, the extreme values of maximum carbody
vibration are several times larger than those in operational wave
conditions. Additionally, the extreme value of maximum carbody
vibration generally corresponds to the extreme value of maximum
SFT displacement. Furthermore, a lower SFT installation depth
significantly leads to more pronounced vibrations in the vehicle-SFT
system.

Moving forward, a more precise depiction of the stochastic disper-
sion warrants exploration to delve deeper into the dynamic performance
of the coupled system under random excitations. This future endeavor
will involve extending the current two-dimensional model to a three-
dimensional one, aiming specifically to assess the derailment risk asso-
ciated with the passage of a train over an SFT.
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