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Abstract: Submerged floating tunnels (SFTs), also known as the Archimedes Bridge, are new trans-
portation structures designed for crossing deep waters. Compared with cross-sea bridges and subsea
tunnels, SFTs offer superior environmental adaptability, reduced construction costs, and an enhanced
spanning capacity, highlighting their significant development potential and research value. This pa-
per introduces a new type of SFT scale model for hydrodynamic experiments, adhering to the criteria
for geometric similarity, motion similarity, and dynamic similarity principles, including the Froude
and Cauchy similarity principles. This model enables the accurate simulation of the elastic deforma-
tion of the tunnel body and complex hydrodynamic phenomena, such as fluid–structure interactions
and vortex–induced vibrations. Moreover, this paper details the design methodology, fabrication
process, and method for similarity evaluation, covering the mass, deflection under load, natural
frequency in air, and the natural frequency of the various underwater motion freedoms of the model.
The results of our experiments and numerical simulations demonstrate a close alignment, proving the
reliability of the new SFT scale model. The frequency distribution observed in the white noise wave
tests indicates that the SFT equipped with inclined mooring cables experiences a coupled interaction
between horizontal motion, vertical motion, and rotation. Furthermore, the design methodology of
this model can be applied to other types of SFTs, potentially advancing technical progress in scale
modeling of SFTs and enhancing the depth of SFT research through hydrodynamic experiments.

Keywords: submerged floating tunnel; hydrodynamic experiment; vibration test; numerical simulation;
design; evaluation

1. Introduction

Submerged Floating Tunnels (SFTs) represent a promising structural form similar to
bridges, designed for future transportation across wide waters. They offer several advan-
tages over traditional bridges and tunnels, including enhanced environmental adaptability,
reduced construction costs, and longer spanning ability. Despite these advantages, the
practical engineering application of SFTs has been hindered by many technical challenges
that are deserving of further research [1,2]. SFTs operate within complex and severe marine
environments over long periods [3,4]. Given the complexity of the fluid–structure inter-
action within the SFT, employing numerical simulations and hydrodynamic experiments
allows for a more comprehensive and in-depth investigation of its hydrodynamic char-
acteristics. This effort contributes to the optimization of the SFT’s structural design and
facilitates subsequent maintenance and monitoring during the operation phase.

Numerical simulation is a valuable and essential tool in the study of SFTs. The
numerical model usually needs to be calibrated to prove it can accurately reflect the
inherent dynamic characteristics of SFTs, and the subsequent parameter analysis based on
the numerical model is valuable [5–8]. The simplified numerical model is widely favored
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due to its rapid computation speed and acceptable accuracy. These models generally
incorporate certain simplifications and assumptions [9–12], such as ignoring the elastic
deformation of the tunnel body and simplifying it into a rigid body; limiting the freedom
of motion of the model; the calculation of the wave load using semi-empirical and semi-
theoretical formula; maintaining a constant mooring cable length; and ignoring the wave
force on the mooring cable. In contrast, the high-fidelity simulation model demands a
longer calculation time and greater computer performance, but it can more accurately
simulate the coupled dynamic response of SFTs, such as the crossflow vortex–induced
vibration [13,14], fluid–structure interaction [15], the impact of wave-flow coupling [16],
and even the tunnel-cable-train interaction [17].

Experimenting with a model of an SFT can directly reflect its dynamic response under
load, and provide valuable data for validating the predictions of theoretical and numerical
models [18,19]. However, due to the lack of relevant equipment for hydrodynamic experi-
ments, many studies of SFTs have only carried out theoretical derivation and numerical
simulation. Most of the completed SFT model experiments have many assumptions and
simplifications due to the limitations of experimental facilities. Oh et al. [20] used a 98 cm
long rigid tube in a wave flume to investigate the dynamic response of a tunnel segment
under regular waves. Wu et al. [21] experimentally investigated the dynamic behavior
of an SFT subjected to the combined action of an earthquake, waves, and current. Xiang
et al. [22] adopted an aluminum tube model anchored in a static water channel to research
the impact of local cable failures. The rigid model cannot reflect the elastic deformation of
the tunnel body, so it cannot accurately simulate the dynamic characteristics of SFTs.

The ability of the scale model to accurately simulate the dynamic characteristics of
the prototype is important to ensure the accuracy of the experimental results. Given the
substantial length-to-diameter ratio of SFTs, the behavior of SFTs would be like that of
a slender hollow cylinder constrained by tethers [23]. Therefore, the tunnel body shows
clear deformation, and the impact on the dynamic characteristics of the structure and
the surrounding fluid flow is non-negligible. Many studies have attempted to simulate
the elastic deformation of the tunnel body in hydrodynamic experiments [24]. A widely
adopted approach is utilizing a rigid segment model connected with springs and dampers
to simulate the middle segment of the SFT. In order to research the drag forces and vortex–
induced vibration effects of the model under the action of current, Deng et al. [25] employed
a rigidly connected twin-cylinder model, which was elastically mounted between two
support frames. Yang et al. [26] utilized a single-degree-of-freedom, vertical elastically
truncated boundary model to investigate the dynamic response of SFTs under wave action.
However, it is difficult to set the parameters of these springs and dampers to enable a
segment model to fully represent the continuous elasticity and flexibility of the tunnel body.
The hydroelastic model of SFTs offers an effective way to simulate the elastic deformation of
the tunnel body, which enables the whole model to satisfy the Cauchy similarity principle.
Yuan et al. [27] designed a 1:50 elastic scale model, which was composed of a steel tube,
counterweight steel rings, plexiglass tubes, and foamed plastic, and investigated the
hydrodynamic responses of SFTs under regular waves.

Scaling a prototype to an experimental model facilitates a deeper and more compre-
hensive understanding of structural responses in actual operational environments. Scale
effects arise from the inability to maintain identical force rations between a model and
its real-world prototype, leading to deviations in observations when scaling up model re-
sults [28]. According to the experimental purpose and structural characteristics, reasonable
selection and implementation of multiple similarity principles is beneficial to mitigate scale
effects and more accurately reflect the response of prototypes [29]. The new SFT scale model
introduced in this paper adheres to both the Froude and Cauchy similarity principles. The
model is suitable for the hydrodynamic modelling of the SFT, which can simulate the elastic
deformation of the tunnel body and complex phenomena such as fluid–structure coupling
and vortex–induced vibrations in the tunnel tube.
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This paper introduces the design process, internal structure, and similarity evaluation
test of a new type of SFT scale model, adhering to both the Froude and Cauchy similarity
principles. Section 2 details the similarity theories underpinning the model. Section 3
describes the establishment of the similarity relationship between the scale model and
the prototype, and how to determine the parameters of the scale model and design its
configuration. Section 4 depicts the procedures for checking the Cauchy similarity of the
model, including the static load test and free decay test, alongside corresponding numerical
models. Section 5 introduces the assessment of the Froude similarity of the model through
white noise wave testing. Section 6 provides the concluding remarks.

2. Similarity Theory of the Scale Model

In this study, the scale ratio λ is defined as the ratio of the physical quantity be-
tween the model and the prototype. The subscript ‘m’ and ‘p’ represent the scale model
and the prototype, respectively. In order to make the scale model accurately reflect the
characteristics of the prototype, it must adhere to the following similarity criteria.

2.1. Geometric Similarity

The shape, proportions, and arrangement of the parts of the model are the same as
those in the prototype.

λl =
lm
lp

(1)

where lm is the length of any part of the model; lp is the length of the corresponding part in
the prototype; λl is the linear scale ratio. The corresponding area similarity ratio λA and
the volume similarity ratio λV can be deduced as follows:

λA =
Am

Ap
= λ2

l (2)

λV =
Vm

Vp
= λ3

l (3)

2.2. Kinematic Similarity

The velocity and acceleration at any point in the model are proportional, by constant
scale factors, to those at the corresponding point in the prototype. The time similarity
ratio λt, the velocity similarity ratio λu, and the acceleration similarity ratio λa can be
expressed as:

λt =
tm

tp
(4)

λu =
um

up
=

λl
λt

(5)

λa =
am

ap
=

λl

λ2
t

(6)

2.3. Dynamic Similarity

The ratios of all the relevant forces in the model and prototype are equal. Assuming
that the similarity ratio of the force is λF, Fm is the resultant force at any point in the model,
and Fp is the resultant force at the corresponding point in the prototype, then Gravity G,
viscous force T, pressure P, elastic force FE, surface tension S, and inertial force I should
adhere to the following similarity relationship:

λF =
Fm

Fp
=

Gm

Gp
=

Tm

Tp
=

Pm

Pp
=

FEm
FEp

=
Sm

Sp
=

Im

Ip
(7)
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where:
G = mg = ρl3g (8)

FE = EA = El2 (9)

I = ma = ρl3u2/l = ρl2u2 (10)

Dynamic similarity is the most complex and difficult to achieve. In the hydrodynamic
model experiment, the relevant forces include gravity, viscous force, surface tension, elastic-
ity, inertial force, etc. Due to the varied mechanisms of these forces, maintaining the same
similarity ratio for each force is impossible, leading to the scale effect. Although the scale
effect is inevitable, its impact can be mitigated by appropriately selecting force similarity
criteria based on the experimental purpose and structural characteristics, so that the scale
of some of the key forces can be consistent.

The SFT scale model will be applied to the wave tank experiment, so the model should
be able to accurately reflect the interaction between the structure and the wave. Considering
that the influence of gravity on wave propagation is more significant than other forces
such as surface tension and viscous force, the Froude similarity principle is widely used
in wave-related experiments; the model and the prototype maintain an identical Froude
number, which is a dimensionless number that indicates the relative effects of inertial forces
compared to gravitational forces within a fluid flow. In addition, an SFT is mainly used to
cross wide and deep waters. The substantial ratio of length to diameter in SFTs leads to
pronounced elastic deformation under environmental loads on the macro scale. The Cauchy
similarity principle correlates inertial forces to elastic forces so that the model can reflect the
elastic deformation of the structure under the action of waves, buoyancy, and other loads.
Incorporating both Froude and Cauchy similarity principles is a distinguishing feature and
advantage of this model. The hydroelastic scale model can simulate elastic deformation
and complex hydrodynamic phenomena, such as the fluid–structure interaction and vortex–
induced vibration, thereby more accurately revealing the hydrodynamic responses of SFTs
under environmental excitations.

The model satisfies both the Froude similarity principle and the Cauchy similar-
ity principle. The dynamic similarity relationship of the model can be explained using
Equation (11), which can be divided into three equations.

λF =
Gm

Gp
=

FEm
FEp

=
Im

Ip
(11)

2.3.1. The First Equation (Foude Similarity Principle)

λF =
Gm

Gp
=

Im

Ip
(12)

Substituting from Equations (8) and (10) yields,

u2
m

u2
p
=

gmlm
gplp

(13)

The expression is represented by the model similarity ratio and the dimensionless
Froude number Fr, respectively,

λu =
(
λgλl

) 1
2 (14)

Fr =
u√
gl

(15)
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2.3.2. The Second Equation (Cauchy Similarity Principle)

λF =
FEm
FEp

=
Im

Ip
(16)

Substituting from Equations (9) and (10) yields,

ρpup
2

Ep
=

ρmum
2

Em
(17)

The expression is represented by the model similarity ratio and the dimensionless
Cauchy number Ca, respectively,

λE = λρλ2
u (18)

Ca =
ρu2

E
(19)

2.3.3. The Third Equation

λF =
Gm

Gp
=

FEm
FEp

(20)

Substituting from Equations (8) and (9) yields,

ρm

ρp
=

gplpEm

gmlmEp
(21)

The gravity acceleration of the model is equal to that of the prototype,

ρm

ρp
=

lpEm

lmEp
(22)

The expression is represented by the model similarity ratio,

λρ =
λE
λl

(23)

For the new type of scale model of SFTs proposed in this study, the similarity ratios
between the model and its prototype must adhere to all the above formulas, except for
Equation (7), to fulfill the requirements for geometric similarity, motion similarity, and the
Froude similarity principle and the Cauchy similarity principle within dynamic similarity.

3. Model Design

In hydrodynamic testing, both the scale model and the fluid domain must adhere to
congruent scaling relationships. Thus, the scale ratio of the SFT scale model necessitates a
balance between the model’s dimensions and the environmental conditions. On the one
hand, a larger scale ratio is beneficial to minimize scale effects, leading to more accurate
and reliable results. On the other hand, a smaller scale ratio would allow the wave tank
to simulate a higher water depth. According to the Buckingham π theorem, if a physical
process involves n physical quantities, out of which k fundamental physical quantities can
be selected, then this physical process can be described by n-k dimensionless numbers
derived from the fundamental physical quantities. Fundamental physical quantities refer
to those quantities that are dimensionally independent and cannot be derived from each
other [30]. For the SFT scale model in this paper, length, acceleration, and elastic modulus
are designated as fundamental physical quantities.
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3.1. Material Property Testing

The elastic module reflects the ability of the material to resist deformation under load,
which influences the bending stiffness and dynamic characteristics of the structure. Within
the similarity relation between the scale model and the prototype, the elastic modulus is
one of the reference physical quantities, which is used to derive the scales of other physical
values. The elastic modulus of the PE pipe was measured using the uniaxial tensile test,
and then the elastic modulus similarity ratio was calculated. The specimen was cut from
the PE pipe used in this study. The length of the specimen was 160 mm, the width was
20 mm, and the thickness was 10 mm, as shown in Figure 1a. The uniaxial tensile test was
carried out using an INSTRON universal material testing machine as Figure 1b shows. The
initial clip distance was 60 mm and the loading procedure was controlled by displacement
to obtain the complete stress–strain curve of the material. The initial loading speed was
0.60 mm/min, which increased to 5.00 mm/min after a displacement of 0.18 mm until the
specimen fractured.
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Figure 1. Material property testing for PE pipe. (a) Specimens of PE pipe; (b) testing devices for
material properties; (c) the stress–strain curve.

Figure 1c illustrates the stress–strain curve of the specimen, which can be divided into
four stages. The first is a linear viscoelastic stage, and the stress increases linearly with
the strain. The second stage is the yielding and necking stage, and the stress decreases
with the increase in strain. The third is the viscoelastic flow stage: the necking develops
continuously, and the stress remains nearly unchanged with the increase in strain. The final
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stage is the fracture stage in which the cross–section of the specimen decreases sharply and
finally breaks. The PE pipe material adopted in this experiment demonstrated a tensile
yield stress of 16 MPa, a yield strain of 17%, a tensile fracture stress of 10.5 Mpa, and an
elongation at break of 300%. The elastic modulus of the material was calculated based on
the gradient of the stress–strain curve between 0.05% and 0.25% strain. Four specimens
show good consistency in this range and the elastic modulus for the PE pipe material can be
determined as 600 Mpa. The elastic modulus of concrete is 36 Gpa, so the elastic modulus
similarity ratio λE can be calculated to be 1:60.

3.2. Similarity Relationship

According to the material property test of the PE pipe, the elastic modulus similarity
ratio λE is 1:60. According to Equation (23), when the density of the fluid is not changed,
the geometric similarity ratio should be equal to the elastic modulus similarity ratio, so that
the scale model can simultaneously satisfy the Foude similarity principle and the Cauchy
similarity principle. Due to the large geometric size of the wave tank used in this study,
whose maximum water depth is 1.5 m, setting the linear scale ratio λl at 1/60 can reflect
the real scenario of the SFT. The scale ratio is larger than that used in previous SFT model
experiments, which can reduce the scale effect. Since the model and the prototype are
the same, the acceleration similarity ratio λa is set to 1. So far, the similarity ratios of the
three reference physical quantities, length, elastic modulus, and acceleration, have been
determined. According to the π theorem and the equations in Section 2, the similarity ratios
of other physical quantities can also be determined, as shown in Table 1.

Table 1. Similarity relationships between the model and the prototype.

Physical Properties Name Similarity Constant Symbol Formula Similarity
Ratio

Geometric
Properties

length Sl Sl λl
cross-sectional area SA Sl

2 λl
2

displaced volume per meter SA Sl
2 λl

2

moment of inertial SI Sl
4 λl

2

displacement Sl Sl λ
rotational angle 1 Sσ/SE 1

Material
Properties

strain 1 Sσ/SE 1
elastic modulus SE SE λE

bending stiffness SEI SESl
4 λE λl

4

stress Sσ SE λE
density Sϱ SE/(Sa Sl) λE/λl

mass per meter SA Sϱ SE Sl/Sa λE λl
total mass Sm Sσ Sl

2/Sa λE λl
2

Poisson’s ratio Sµ Sµ 1

Load
Properties

central force SF Sσ Sl
2 λE λl

2

line load Sq Sσ Sl λE λl
surface load Sp Sσ λE

moment SM Sσ Sl
3 λE λl

3

Dynamic
Properties

damping Sc Sσ Sl
1.5 Sa

−0.5 λE
0.5λl

1.5

period ST Sl
0.5 Sa

−0.5 λl
0.5

frequency Sf Sl
−0.5 Sa

0.5 λl
−0.5

velocity Su (Sl Sa)0.5 λl
0.5

acceleration Sa Sa 1

3.3. Model Structure

The model experiment is a critical research method for SFTs, playing a crucial role
in validating the predictions of theoretical and numerical models. The model employed
in the hydrodynamic test must satisfy the geometric similarity because the geometric
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shape of the structure has a significant influence on the fluid flow. However, most of
the SFT model experiments ignored the elastic deformation of the tunnel and adopted
simplified rigid models, such as the plexiglass tube model (Figure 2a) or the aluminum
tube model (Figure 2b). The plexiglass tube model uses a plexiglass tube to satisfy the
geometric similarity and employs counterweight steel blocks to maintain the buoyancy–
weight ratio. The density of the aluminum tube is high, so there is no need to install
additional counterweights. These rigid models cannot simulate the elastic deformation of
the tunnel body, thereby they inadequately represent the hydrodynamic behavior of SFTs,
such as the fluid–structure interaction and vortex–induced vibration. The hydroelastic
model of the SFT can effectively make up for these shortcomings. The model tube can
undergo elastic deformation and meet the elastic similarity. The steel pipe elastic model
(Figure 2c) features a steel tube encased in foam plastic. However, foam plastic tends to
absorb water, leading to an increase in the model’s weight and a decrease in the buoyancy–
weight ratio. These changes can significantly affect the dynamic characteristics of the model.
Additionally, sensors can only be installed on the surface due to its solid structure, which
will impact the external contour of the model and the flow field around the structure.
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model; (c) steel pipe model.

Until now, SFTs have not been implemented in practical engineering applications.
Many studies [31,32] are dedicated to analyzing the effect of key design parameters such as
the buoyancy–weight ratio (BWR), inclined mooring angle, and submerged depth, without
yet reaching an agreement. Therefore, this paper extensively references a wide range of
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literature [13,33] and considers the dimension of the experimental facility. The prototype of
the SFT employed in this study was selected based on optimal parameters that minimize
adverse phenomena such as tether slacking [34]. The SFT prototype discussed in this
research features an external diameter of 12 m. The total length of the tunnel body is 360 m,
with anchor cables spaced 84 m apart and inclined at an angle of 45 degrees. The total
water depth where the tunnel is located is 60 m, with the geometric center of the tunnel
body situated 18 m below the free surface. The tunnel is constructed from C60 reinforced
concrete, which is characterized by a density of 2880 kg/m3 and an elastic modulus of
36 GPa. The parameters of the model have been determined according to the parameters of
the prototype and the similarity relationship, shown in Table 1. The results show that the
model needs to have high density and low elastic modulus, which is a challenge because
no existing common material can achieve this alone. Therefore, a new type of composite
structure is adopted in the scale model of the SFT. The polyethylene pipe and the steel
counterweight ring are reasonably arranged, so that the model has the required stiffness
and mass and can meet the Froude similarity and Cauchy similarity at the same time.

As Figure 3 shows, the model is mainly composed of a PE pipe and counterweight
steel rings. The main body of the model is made of a PE pipe, which provides the elastic
stiffness of the structure. Compared with other common pipe materials such as polyvinyl
chloride and plexiglass, polyethylene has a higher strength and toughness and a lower
elastic modulus. The counterweight steel rings are evenly distributed within the PE pipe
to provide additional mass. The arrangement of steel rings is discontinuous to reduce the
influence on the overall stiffness of the structure. The outer diameter of the counterweight
steel ring is slightly smaller than the inner diameter of the PE pipe. They are connected by
blind rivets, ensuring their position is relatively fixed. All gaps at the connection are sealed
with waterproof glue, a crucial step for maintaining the integrity and water tightness of
the model. This model not only fulfills the similarity principles but also facilitates sensor
installation within the tube, thus preserving the hydrodynamic profile of the model and
improving the accuracy and reliability of the model experiment.
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Figure 3. Schematic diagram of the scale model. (a) Front perspective; (b) cross–section view.

Following the fabrication of the scale model, the similarity test is an important step
to prove its reliability, and it is the determinant of whether the model can be applied
to the hydrodynamic experiment. In this study, the mass similarity, elastic similarity,
and natural frequency of underwater motion of the model were tested and compared
with the numerical simulation results to verify whether the design of the model and the
manufacturing method used reached the predetermined goal, which determined whether
it met the Cauchy similarity and the Froude similarity.

4. Cauchy Similarity Test
4.1. Experimental Setup

In the Cauchy similarity test, an SFT scale model was used. The span length of the
model was 2.0 m between the centers of the supports at each end. Figure 4a shows a
photograph of the experimental devices. The two ends of the model were fixed on the
annular pipe carrier, and the pipe support was connected to the steel column through the
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bracket. These steel members were connected by bolts, and the overall structure had good
rigidity. The model was positioned 1.2 m above the ground to facilitate the installation of
sensors and the application of external loads.
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In the static load test and dynamic test, the external load was applied by hang-
ing the steel plate in the middle of the model’s span. As shown in Figure 4b, three
YWD–20 displacement meters, ten YX1211 piezoelectric acceleration sensors, and six 941B
vibration sensors were used in this experiment. The specifications and parameters of the
sensors are detailed in Table 2. The displacement gauges were installed at three positions
at a quarter of the span, half of the span, and three-quarters of the span at the bottom of
the model to measure the vertical displacement of the model. The displacement data were
recorded at a sampling frequency of 200 Hz by the TST3827E static signal analysis system.
Accelerometers were arranged at one-quarter of the span, three-eighths of the span, half
the span, three-quarters of the span, and seven-eighths of the span along the vertical and
horizontal directions of the model to comprehensively monitor the acceleration response
of the whole model. The acceleration data was recorded by the TST3000 dynamic signal
analysis system at a sampling frequency of 2000 Hz.

Table 2. Specifications of sensor parameters.

Name YWD–20 YX1211 941B

Sensitivity 0.1 mV/mm 0.5 mV/gal 3 mV/gal
Range ±25 mm 100 m/s2 20 m/s2

Resolution 0.01 mm 5 × 10−3 m/s2 5 × 10−6 m/s2

Weight 130 g 90 g 870 g

4.2. Numerical Model

According to the scale model of the SFT used in the Cauchy similarity test, two
numerical models of the tunnel body were established based on the finite element software
ANSYS. One is a high–fidelity numerical model, as shown in Figure 5, which meticulously
mirrors the configuration of the scale model, incorporating both the PE pipe and the internal
counterweight steel rings. The contact between the pipe and steel rings was set to be bound.
The material properties of the PE pipe were determined from the material property test,
while the material properties of the steel rings were the same as those of standard structural
steel. All components in the numerical model were solid elements, which were discretized
by SOLID185 tetrahedral elements. The maximum size of the mesh was 5 mm with an
average quality of 0.83, which meets the requirements for static and dynamic analysis. The
other was a simplified numerical model, which is conceptualized as a hollow cylinder
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featuring a virtual material with a high density and low elastic modulus. The two numerical
models have the same geometric dimensions. By comparing the experimental results with
the numerical simulation results, it can be judged whether the new SFT scale model meets
the design requirements.
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In the Cauchy similarity test, although both ends of the model are fixed by the annular
pipe carrier, slight rotation may still occur. Adjusting the rotational stiffness of the end
constraint in the high–fidelity numerical model brings the numerical simulation results
closer to the experimental results, thereby defining the boundary conditions of the numeri-
cal model. These boundary conditions are then applied to the simplified numerical model.
By comprehensively comparing the experimental results and the numerical model results,
it is feasible to determine whether the performance of this new type of SFT scale model
meets the design objectives. Furthermore, these two numerical models are not only used
for the similarity test of the scaled model; because they can accurately reflect the elastic
deformation of the tunnel tube, and when combined with the fluid numerical model, they
can simulate the fluid–structure interaction, thereby enhancing the reliability and accuracy
of the numerical simulation of the hydrodynamic response of the submerged tunnel.

4.3. Static Load Test

A concentrated load was applied at the mid-span of the model to evaluate the static
stiffness of the model through the load–deflection curve. The load was increased from
zero and then decreased back to zero, with deflection changes at the mid-span and the
quarter-span being recorded. When the concentrated load at the mid-span of the model
reached its maximum value of 38 kg, the mid-span deflection of the scale model also
reached its maximum value of 2.40 mm. Compared to the numerical model results, the
maximum deformations at the mid-span for the high-precision numerical model and the
simplified numerical model were, respectively, 2.26 mm and 2.16 mm, as illustrated in
Figure 6. Linear regression analysis of the experimental data produces the deflection curves
and their slopes at the mid-span and quarter-span, representing the static stiffness of the
structure, as shown in Figure 7. The slopes of the deflection curves at the mid-span for the
scale model, high-precision numerical model, and simplified model are, respectively, 0.0630,
0.0570, and 0.0562; at the quarter-span, they are, respectively, 0.0374, 0.0344, and 0.0340.
The deflection changes in the scale model and numerical models show good consistency
with a relative error of less than 10%, indicating that the static stiffness of the model satisfies
the Cauchy similarity.
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Figure 6. Deformation contour in numerical simulations. (a) High-fidelity numerical model; (b) sim-
plified numerical model.
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Figure 7. Load–deflection response curve for the scale model. (a) Mid-span deflection; (b) quarter-
span deflection.

4.4. Free Decay Test

The free decay test was conducted to evaluate the natural frequencies of the scale
model, which is an inherent dynamic characteristic of a structure, significantly affecting its
dynamic response. Accelerometers were placed at the quarter-span, three-eighths of the
span, the mid-span, three-quarters of the span, and seven-eighths of the span of the model.
Initially, a weight was suspended from the mid-span of the model using a thin string to
induce an initial deformation. After cutting the string, the model started to undergo free
vibration. Two sets of free decay tests were conducted, with initial loads of 10 kg and 20 kg
applied, respectively, to enhance the reliability of the test results.

Figure 8 depicts the free vibration acceleration time history curve of the model. Af-
ter the free vibration starts, the acceleration amplitude decays to zero rapidly, with the
entire process lasting approximately 1.25 s. The larger the initial load applied, the more
pronounced the acceleration response. By performing a Fast Fourier Transform on the time
history data of the free vibration acceleration, the power spectral density was obtained,
as shown in Figure 9. The first-order natural frequency of the model was 16.0 Hz, and
the second-order natural frequency was 40.0 Hz. The first-order natural frequency, where
most of the energy is concentrated, dominates the vibration process, and its peak value
significantly exceeds that of the second-order natural frequency.
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Figure 9. Power spectrum density analysis from free decay tests. (a) Under 10 kg initial load condition;
(b) under 20 kg initial load condition.

The analysis of frequency distribution at various measurement points, as shown in
Figure 9, reveals the acceleration responses along the axial direction of the model, as
illustrated in Figure 10. The experimental results indicate that the first modal shape of the
model displays a “V” shape, with the maximum acceleration amplitude at the mid-span
measurement point and smaller amplitudes at the endpoints. Conversely, the second modal
shape is an “S” shape, where the mid-span response is nearly zero, and the responses at
symmetric positions on either side are equal in magnitude but opposite in direction. The
left and right axes in Figure 10, respectively, present the acceleration amplitudes for the
first and second modal responses. The peak in the first mode is approximately seven
times that of the second, demonstrating its dominance in the structural dynamic response.
Figures 11 and 12 display the modal contour maps of the numerical models. The overall
shape of the model is a hollow cylinder symmetrical about the X and Y axes. There is
a good consistency between the numerical and experimental modal shapes. Using the
logarithmic decrement method, as outlined in Equation (24) and based on the free vibration
time history curve (Figure 8), the damping ratio of the structure was calculated to be 0.051.

ζ =
1

2πk
ln

xn

xn+k
(24)

where xn represents the amplitude of the nth peak in the time history cure, and xn+k is the
amplitude of the (n + k)th peak; k denotes the number of cycles between these two peaks.
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Figure 11. Mode configuration of the high-fidelity numerical model. (a) First-order bending mode
about the x-axis; (b) first-order bending mode about the y-axis; (c) second-order bending mode about
the x-axis; (d) second-order bending mode about the y-axis.

Table 3 compares the first two natural frequencies of the model. The results of the
numerical model are close to the model test results, with an error of around 7%. Compared
with the numerical models, the first-order natural frequency of the physical model is
slightly higher, and the second-order natural frequency is slightly lower. This deviation
could be due to the influence of counterweight steel rings on the local stiffness of the
structure. Ideally, all the bending stiffness of the model is provided by the polyethylene
tube, and the counterweight steel rings only provide additional mass. In practice, although
the counterweight steel rings are discontinuously distributed along the model, their impact
on the overall stiffness of the structure is minimized. However, when the model undergoes
significant deformation and the gap between the polyethylene tube and counterweight steel
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rings disappears, the steel rings will hinder the further deformation of the tube, thereby
increasing the local stiffness of the model.
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Table 3. Comparative analysis of natural frequencies for scale model and numerical models.

Modal
Numerical Simulation

Model Test Relative ErrorFidelity Model Simplified Model

First-order 14.87 15.07 16.0 7.1%
Second-order 42.15 42.69 40.0 6.7%

5. Foude Similarity Test
5.1. Mass Similarity Test

Mass is an inherent parameter of a structure, significantly influencing its dynamic
characteristics. Moreover, mass determines the buoyancy-to-weight ratio of the tunnel
tube, which notably affects the hydrodynamic characteristics of the submerged tunnel.
Therefore, it is necessary to conduct a mass similarity test on the model. The theoretical
mass per meter of the scale model was calculated to be 21.21 kg, resulting in a theoretical
mass of 42.42 kg for a 2-m model. The masses of the physical model, the high-precision
numerical model, and the simplified numerical model were 42.50 kg, 43.55 kg, and 43.50 kg,
respectively, with a relative error of less than 5%, meeting the design requirements.

5.2. Hydrodynamic Characteristics Test

The inherent frequency of submerged tunnels in water is influenced by various factors,
such as the buoyancy–weight ratio, the geometric shape of the tunnel tube, and the configu-
ration of the mooring system. The white noise wave test is a common method for assessing
the hydrodynamic characteristics of marine structures. Shen et al. [35] conducted a com-
parative analysis of the hydrodynamic responses of two types of cage systems by deriving
transfer functions through the input of regular white noise waves. Zhao et al. [36] investi-
gated the hydrodynamic characteristics of a Floating Liquefied Natural Gas (FLNG) system
under the influence of white noise. Li [37] obtained the Response Amplitude Operators
(RAOs) for the motion response of side-by-side vessels through white noise testing.
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In the experimental setup within the water tank, a six-meter scaled model was em-
ployed. This model has the same configuration as the previously used two-meter model,
differing solely in its length. The diameter of the six-meter model was 20 cm, with a
buoyancy–weight ratio (BWR) of 1.4. The tunnel body model was connected by anchor
cables to form a complete SFT system. The total water depth was 1.0 m. The center of
the tunnel body was situated 0.3 m below the free surface, maintaining the free boundary
conditions at both ends. An underwater vibration table drove a wave-making device to
generate white noise waves, as shown in Figure 13. In the diagram, yellow represents the
coordinate axes, white represents the experimental setup, and red indicates the direction of
the incident waves.
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Figure 14 illustrates the incident wave direction, as well as the arrangement of the
sensors and the anchor cables. The waves approached perpendicular to the axis of the
tunnel body. Five pairs of anchor cables were evenly spaced at intervals of 1.4 m along this
axis, each set at an inclination angle of 45 degrees. The cables featured an elastic modulus
of 206 GPa and a diameter of 3.8 mm. Table 4 presents the parameters of the sensors and
data acquisition systems used in this experiment. Acceleration measurements were taken
using piezoelectric accelerometers (YX1211) characterized by their compact size and light
weight. These accelerometers were magnetically attached to the counterweight steel rings
within the tunnel body. A dynamic data acquisition system (TST 3000) was employed
to capture acceleration data at a sampling rate of 2000 Hz. Roll angle measurements of
the tunnel body utilized three-dimensional motion sensors based on MEMS technology
(WT9011G4K), offering a sampling rate of 200 Hz and an inclination measurement accuracy
of 0.2 degrees. These sensors were directly connected to a computer via a serial port, and
angle data were collected by the upper computer software. Given the structure of this new
model, both the accelerometers and tilt sensors can be strategically placed inside the tunnel
body to facilitate the waterproofing of the sensors and minimize disruption to the external
flow field.

Table 4. Sensor and data acquisition system.

Indicator Model Parameter

Acceleration YX 1211 Sensitivity 0.5 mV/gal
Rotation WT9011G4K Precision 0.2◦

Dynamic data acquisition TST 3000 Sampling rate 2000 Hz
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To verify whether the scale model satisfies the similarity relationships, a numerical
model of the SFT was created using the hydrodynamic analysis software AQWA, as illus-
trated in Figure 15. In the hydrodynamic numerical model, the arrangement of the anchor
cables and boundary conditions was the same as those in the wave experiment, and the
physical parameters of the tunnel body were the theoretical values designed for the model,
similar to the simplified numerical model of the tunnel body. Therefore, the difference in
the hydrodynamic characteristics between the scale model and the theoretical values can
be directly compared.
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After applying a Fourier transform to the time history data of the horizontal accelera-
tion, vertical acceleration, and rotation angle of the tunnel tube, the frequency response of
the model subjected to white noise wave excitation was obtained. The spectrum analysis
in Figure 16 reveals that the natural frequency of the horizontal acceleration in the tunnel
body is determined to be 0.95 Hz, the natural frequency of the vertical acceleration stands at
2.30 Hz, and the natural frequency of the rotation is identical to the horizontal acceleration,
also at 0.95 Hz. The horizontal acceleration natural frequency (0.95 Hz) component exists
in the vertical acceleration spectrum (Figure 16b). These findings demonstrate that, due to
the constraint imposed by the anchor cables, there is a coupling between the horizontal
movement, vertical movement, and rotation of the SFT with inclined cables. Figure 17
illustrates the motion pattern of the SFT with inclined cables, which can be simplified into
a four-bar linkage model. The dashed line represents the initial shape of the structure.
In this mechanism, the tunnel body itself acts as one linkage; the two mooring cables
each act as another linkage; and the final linkage is a fixed line between two foundations
on the seabed. Due to the buoyancy exceeding the weight, the tunnel body consistently
experiences an upward force, enabling the entire system to maintain relative stability. This
schematic diagram effectively explains the coupling relationship between the translational
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and rotational movements of the SFT. Due to the constraints of the mooring cables, the
translational motion of the tunnel body inevitably involves rotation. For example, when
the tunnel tube moves to the right, it undergoes an anticlockwise rotation, decreasing
the inclination angle of the left-side cable and increasing that of the right-side cable. The
natural frequencies of sway, roll, and heave are 1.01 Hz, 0.88 Hz, and 2.32 Hz according to
the numerical analysis. The natural frequency of the numerical model is compared with
the results of the white noise wave test, as shown in Figure 18, with a relative error of less
than 10%. It is proved that this new type of SFT scale model adheres to Froude similarity
and can be used for hydrodynamic experiments.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 19 of 22 
 

After applying a Fourier transform to the time history data of the horizontal acceler-

ation, vertical acceleration, and rotation angle of the tunnel tube, the frequency response 

of the model subjected to white noise wave excitation was obtained. The spectrum analy-

sis in Figure 16 reveals that the natural frequency of the horizontal acceleration in the 

tunnel body is determined to be 0.95 Hz, the natural frequency of the vertical acceleration 

stands at 2.30 Hz, and the natural frequency of the rotation is identical to the horizontal 

acceleration, also at 0.95 Hz. The horizontal acceleration natural frequency (0.95 Hz) com-

ponent exists in the vertical acceleration spectrum (Figure 16b). These findings demon-

strate that, due to the constraint imposed by the anchor cables, there is a coupling between 

the horizontal movement, vertical movement, and rotation of the SFT with inclined cables. 

Figure 17 illustrates the motion pa�ern of the SFT with inclined cables, which can be sim-

plified into a four-bar linkage model. The dashed line represents the initial shape of the 

structure. In this mechanism, the tunnel body itself acts as one linkage; the two mooring 

cables each act as another linkage; and the final linkage is a fixed line between two foun-

dations on the seabed. Due to the buoyancy exceeding the weight, the tunnel body con-

sistently experiences an upward force, enabling the entire system to maintain relative sta-

bility. This schematic diagram effectively explains the coupling relationship between the 

translational and rotational movements of the SFT. Due to the constraints of the mooring 

cables, the translational motion of the tunnel body inevitably involves rotation. For exam-

ple, when the tunnel tube moves to the right, it undergoes an anticlockwise rotation, de-

creasing the inclination angle of the left-side cable and increasing that of the right-side 

cable. The natural frequencies of sway, roll, and heave are 1.01 Hz, 0.88 Hz, and 2.32 Hz 

according to the numerical analysis. The natural frequency of the numerical model is com-

pared with the results of the white noise wave test, as shown in Figure 18, with a relative 

error of less than 10%. It is proved that this new type of SFT scale model adheres to Froude 

similarity and can be used for hydrodynamic experiments. 

   

(a) (b) (c) 

Figure 16. Frequency response of the SFT under white noise waves excitation. (a) Horizontal accel-

eration; (b) vertical acceleration; (c) rotation angle. 

 

Figure 17. Schematic diagram of the motion pa�ern of the SFT with inclined cables. 

0 1 2 3 4 5
0.0

0.4

0.8

1.2

1.6

A
m

p
li

tu
d
e(

cm
/s

2 )

Frequency(Hz)

 WhiteNoise1
 WhiteNoise2
 WhiteNoise3
 WhiteNoise4

0 1 2 3 4 5
0.0

0.1

0.2

0.3

0.4

0.5

A
m

p
li

tu
d
e(

cm
/s

2 )

Frequency(Hz)

 WhiteNoise1
 WhiteNoise2
 WhiteNoise3
 WhiteNoise4

0 1 2 3 4 5
0.00

0.02

0.04

0.06

0.08

0.10

0.12

R
o

ll
 (

D
eg

re
e)

Frequency (Hz)

 WhiteNoise1
 WhiteNoise2
 WhiteNoise3
 WhiteNoise4

Figure 16. Frequency response of the SFT under white noise waves excitation. (a) Horizontal
acceleration; (b) vertical acceleration; (c) rotation angle.
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Figure 17. Schematic diagram of the motion pattern of the SFT with inclined cables.
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Figure 18. Hydrodynamic characteristics of the scale model and numerical model.

6. Conclusions

This paper proposes a new type of scale model for SFTs, detailing the design method-
ology, fabrication process, and a method for similarity checking of the model. Through a
series of similarity tests, it has been demonstrated that the model satisfies both the Froude
similarity principle and the Cauchy similarity principle, which means that the model can
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accurately simulate the elastic deformation of the tunnel body. Therefore, applying this
model in SFT experiments can simulate complex hydrodynamic phenomena such as the
fluid–structure interaction and vortex–induced vibration, thereby facilitating in-depth
research on the structural characteristics of SFTs and enhancing their safety in harsh marine
environments. Moreover, the design methodology used for this new model can be applied
to other types of SFTs, which could promote technical progress in scale models and propel
the development of hydrodynamic experiments related to SFTs.

(1) Compared to previous models of SFTs, this new model addresses the challenge
of simulating the elastic deformation of the tunnel body without changing the surface’s
fluid–structure interaction. The overall shape of the model is a hollow cylinder with
the internal mass distribution of an actual tunnel, which replicates the structure without
complicating the overall structure and fabrication process. The tunnel body itself satisfies
both the Froude and Cauchy similarity criteria without attaching additional springs to
simulate the elastic deformation, which is a major contribution of this study.

(2) The model is mainly composed of an outer polyethylene tube and internal counter-
weight steel rings, with the shape and mass distribution being similar to that of a real tunnel
tube. By maintaining the spacing between the steel rings and leaving a gap between the
steel rings and the polyethylene tube, the impact of the steel rings on the overall stiffness
of the structure can be effectively reduced. This is the first study to provide a detailed
description of the design methodology, construction process, and similarity assessment for
scaled SFT models, thereby offering a high level of reproducibility.

(3) Following the fabrication of the model, its dynamic characteristics were tested. A
series of experiments were conducted, including model mass tests, static load tests, free
decay tests, and white noise wave tests in a water tank. The results of these experiments
showed good consistency with the outcomes of numerical simulations, with relative errors
all being less than 10%. This demonstrates that the model is capable of simultaneously
satisfying both the Froude and the Cauchy similarity principle.

(4) The hydrodynamic characteristics of the model were evaluated through white noise
wave tests. Based on the frequency distribution observed in the model, the constraints
imposed by the mooring cables resulted in a coupled interaction between the horizontal
motion, vertical motion, and rotation within the SFT employing an inclined mooring
configuration. The natural frequency of the horizontal acceleration of the model was the
same as that of its rotational natural frequency, and there was energy distributed at the
horizontal acceleration natural frequency within the vertical acceleration spectrum. This
coupling effect can be explained by the motion pattern of a simplified four-bar linkage. In
future work, the serviceability and fatigue behaviors should be considered according to the
hydrodynamic analysis.
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