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A submerged floating tunnel (SFT) is considered an innovative alternative to conventional bridges and underground or immersed
tunnels for passing through deep water. Assessment of hydrodynamic performance of SFTunder regular wave loading is one of the
important factors in the design of SFT structure. In this paper, a theoretical hydrodynamic model is developed to describe the
coupled dynamic response of an SFTandmooring lines under regular waves. In this model, wave-induced hydrodynamic loads are
estimated by the Morison equation for a moving object, and the simplified governing differential equation of the tunnel with
mooring cables is solved using the fourth-order Runge–Kutta and Adams numerical method. -e numerical results are suc-
cessfully validated by direct comparison against published experimental data. On this basis, the effects of the parameters such as
the cable length, buoyancy-weight ratio, wave period, wave steepness, and water/submergence depth on the dynamic response of
the SFT under wave loading are studied. -e results show that tunnel motions and cable tensions grow with wave height and
period and decrease with submergence depth. -e resonance of the tunnel will be triggered when the wave period is close to its
natural vibration period, and the estimation formula of wave period corresponding to tunnel resonance is proposed in this paper.

1. Introduction

-e submerged floating tunnel (SFT), also known as
Archimedes Bridge, is considered as an innovative alter-
native to conventional bridges and underground or im-
mersed tunnels for passing through waterways, lakes, and
rivers. A typical SFT is composed of four major parts: (1) the
hollow tunnel tube which is made up of tunnel segments and
allows traffics and pedestrians to get through; (2) the off-
shore connections between the tunnel and mainland on the
ends; (3) the supporting systems like anchor cables or
pontoons to balance the redundant buoyancy of the SFT
tube; and (4) the foundation structures which are con-
structed at the waterbed to install cable systems [1, 2].
Compared to traditional sea-crossing projects, such as long-
span bridges and immersed tube tunnels, the SFT with
mooring cables has such advantages as the following: (1)

strong adaptability of underwater foundation; (2) the con-
struction cost per unit length is almost the same regardless of
tunnel length; and (3) even in severe weather conditions,
there is little impact on normal vehicle traffic and other
water production activities [3, 4].

-e first idea of the SFT can be traced back to the first
decades of the Twentieth Century in Norway. Since the
1980s, the SFT has gradually attracted the attention of
science and technology circles and governments in
Europe, the United States, China, and Japan because of its
unique engineering advantages and great commercial
value. -e first international conference devoted solely to
the topic of submerged floating tunnels was held in
Sandnes, Norway, in June 1996, attended by nearly 100
experts and engineers [5–7]. -e Sino-Italian Joint Lab-
oratory for Archimedes Bridge (SIJLAB) has been created
in 2004, whose principal purpose is the design and
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realization of the first SFTprototype in the world, planned
in Qiandao Lake [8].

Despite these efforts, the first construction of the SFT is
not realized yet, and more extensive research studies are
needed. In the past 20 years, a large number of scholars had
begun to paymore attention to the dynamic problems of SFT
under special conditions such as waves, currents, earth-
quakes, tsunamis, collisions, cables breakage, and so on.
Xiang et al. [2, 9–11] simplified the model of SFT by using
the mathematical analogy method as a beam on an elastic
foundation and investigated the global dynamic response of
the SFT subjected to different environmental conditions
such as external impact, cable break, and vehicle passage. For
engineering structures, earthquake is a common emergency.
-erefore, many scholars such as Pilato et al., Martinelli
et al., Wu et al., and Xie et al. [12–16] studied the dynamic
response of SFT under earthquake excitation through the-
oretical analysis or finite element simulation. Sun et al.
[17, 18] studied the vibration characteristics of tension legs
of the SFTunder random excitation. Seo et al. [19] proposed
a formula based on experimental data to describe the shock
waves and impulse pressures generated by an explosive away
from the SFT in order to investigate the dynamic response of
the SFT subjected to the underwater explosion. Xiang et al.
[20] summarized the main content of risk analysis of SFT
and classified the risk management into six stages. At the
same time, the environmental risk assessment was carried
out with the SFT prototype in Qiandao Lake as an example.
Lu et al. [21] analyzed SFT dynamics when going through
tether slacking and the related snap force under wave
conditions. Jin et al. [22] developed a time-domain coupled
hydroelastic dynamics model to solve the tunnel-mooring-
train interaction under wave excitations for investigating the
interaction between the tunnel and the train. Luo et al. [23]
established a model of the SFT impacted by the submarine
based on the principles of the smoothed particle hydrody-
namics and finite element method to analyze the variation
relationship of related physical quantities of the submarine
and tunnel.

Loads on the SFT except for gravity, in general, mainly
come from the fluid around the tunnel. -erefore, the fluid-
structure interaction between the tunnel and water should be
further studied. Kunish [24] investigated the wave force
characteristics acting on the SFT. Chao [25] studied the
fluid-structure interaction response of the mooring cable
and tested the hydrodynamic coefficient of the mooring
cable through the flume experiment. Oh et al. [26] studied
the dynamic response of the SFT with the vertical and in-
clined mooring cable under the action of regular waves
through the physical experimental method. Based on Oh
et al.’s experiment, Cifuentes et al. [27] established a nu-
merical analysis model by using finite element software
OrcaFlex and CHARM3D and further analyzed the influ-
ence of different parameters for the dynamic response of the
SFT. Yang et al. [28] also completed a series of systematic 2D
experiments to investigate the motion characteristics of the
SFT. Seo et al. [29] proposed a simple but accurate theo-
retical method to estimate hydrodynamic forces of the SFT
and tests with physical models in a wave flume carried out

for verification. Paik et al. and Ge et al. [30, 31] performed
analyses on the fluid-structure interaction of SFT in the wave
field by the boundary element method applying potential
theory and investigated dynamic response characteristics of
SFT. Chen et al. [32] presented a numerical model for
analyzing the nonlinear interaction between themoored SFT
and surface waves and especially investigated the influence
of buoyancy-weight ratio on the SFTdynamic response. Zou
et al. [33] simulated the oceanic internal solitary wave’s
generation and propagation using the CFD software Fluent
to study the mechanism of interaction between the internal
solitary wave and the SFT.

As seen earlier, physical experiments and numerical
simulation are currently the two main methods of studying
science and engineering problems. Although the results of
physics experiments are often more convincing, sometimes
the experiments are too expensive to be repeated many
times. At this point, numerical simulation methods are
needed to assist the analysis. However, in the past studies,
both experimental methods and numerical simulation
methods were often limited by experimental cost or cal-
culation time, resulting in a small amount of data. -us, it
was difficult to reflect the details of the changes of the
relevant characteristic physical quantities. In addition, the
dynamic response of the SFT with vertical mooring cable
under regular wave loads has not been studied deeply
enough. -erefore, this paper will simplify the actual SFT
with the vertical mooring cable model, focusing on the
main influencing factors and ignoring the secondary
influencing factors as much as possible to ensure the ef-
ficiency of calculation. At the same time, the simplified
theoretical model is proposed and the efficient calculation
is carried out by the numerical method. To ensure the
reliability of the theoretical model, the calculated results are
compared with the existing physical experimental data. On
this basis, the relationship between SFT dynamic response
and physical parameters is described with dense data
points, and the fluid-structure interaction between the SFT
and wave is analyzed.

2. Physical Experiments

In 2013, Oh et al. [26] completed a hydrodynamic experi-
ment of SFT. In that study, the dynamic response of a single
SFT under wave loading was analyzed. -e SFT model was
installed in a wave tank of 53m long, 1.25m high, and 1m
wide and confined by vertical mooring cables that were fixed
to the tank floor bottom. -e size of the model was de-
termined to be 1/100 of the prototype structure. -e SFT
model was 0.098m in length and 0.023m in cross section
diameter, and its highest point was 0.05m above the bottom
of the tank in Figure 1. -e ends of the mooring cable were
connected to the load cells to measure the exact tension of
the tension legs. -e motion tracking devices followed the
displacements of two targets on the tube body to obtain
accurate measurements of motions. Meanwhile, eight
pressure gauges were attached along the central cross section
of the SFTmodel for obtaining the pressure on the structure
due to the regular wave action.

2 Shock and Vibration



In that experiment, waves were generated for 60 seconds
for each test condition. By changing the parameters of the
wave and SFTmodel which is given in Table 1, the dynamic
characteristics of the SFTwere revealed with the parameters
change. -e main results of this study are the displacement
of the tube and forces on the mooring cable. More details
about the experiment are given in Oh et al. [26]. -e ex-
perimental results will be used to verify the numerical results
in this paper.

3. Description of Mathematical Models

3.1. Basic Assumption and Simplified Model. According to
the experimental model of Oh et al. [26], the following basic
assumptions are made before the mathematical model is
established:

(1) Due to the ratio of length to the diameter of the
tunnel model being relatively small and the lack of
constraints at both ends of the tunnel model, the
rigid body displacement of the tube is far greater
than its deformation, so the tube is taken as a rigid
body. It can be seen from the experimental results of
Oh et al. [26] that the rotation of the tube is ex-
tremely small, so the rotation of the tube is ignored.
-erefore, the displacement of the tube can be
completely expressed by the coordinates of the
central point of the tunnel.

(2) Because the fluid-structure interaction between the
tube and the wave is extremely complex, it is difficult
to accurately calculate the wave forces on the tube.
-e wave force on the tube is given by the Morison
equation, which is an empirical formula proposed by
Morison et al. [34] in 1950. Morison equation is
mostly used because of its proven accuracy in ap-
plication to offshore structures. Xiang et al. [35]
proposed the layered integration method based on
the Morison equation, which considered the varia-
tion of velocity and acceleration distribution of fluid
particles in the altitude direction.-emethod is used
to calculate the wave forces of complex structures
with relatively large cross sections. However, the

tunnel section of the model discussed in this paper is
small, so this paper will use the original Morison
equation to calculate the wave force on the SFT.

(3) Because the elastic modulus of the mooring cable is
very large, the tube displacement caused by cable
deformation is much smaller than that caused by the
wave load. -erefore, the deformation of the
mooring cable under the wave load is not considered;
that is, the length of the anchor cable is constant. At
the same time, since the diameter of the mooring
cable is much smaller than that of the tube, the wave
force on the mooring cable is ignored.

(4) According to assumptions (1) and (3), the four
anchor cables on both sides of the pipe body are
approximately equivalent to one anchor cable, whose
axis passes through the center of the tunnel section.
Considering the actual situation, the wave force is
generally far less than the residual buoyancy of the
tube, so the mooring cable force is always present.

Based on the above assumptions, the experimental
model, as shown in Figure 2, can be viewed as an inverted
pendulum. -e tube’s movement can be described in the
X-Y plane that is vertical to the axis of the tube, taking the
bottom end of the mooring cable as the origin of the co-
ordinate system, the X-axis is parallel to the sea bed, and the
Y-axis is perpendicular to it.

3.2. Establishment of the Mathematical Model. According to
the Morison equation, the wave forces acting on the X and Y
directions of the tube per unit tube axis length are given as
follows:

(a)

Sea bed

Wave

D dSFT

(b)

Figure 1: (a) Experimental configuration (Cifuentes et al. [27]). (b) Diagram and definition of the parameters of the SFT.

Table 1: Summary of the experimental conditions.

Parameter Values
Diameter (m) 23
Water depth (m) 65–80–95
Buoyancy-to-weight ratio 2.2–2.6–3.0
Wave period (seconds) 6.5–8.0–10.0–13.0
Wave steepness 0.013–0.027–0.040–0.053
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where CD is drag force coefficient; CM is inertia coefficient;
Cm is added mass coefficient; D is the diameter of the tube
cross section; ρ is fluid density; ux, uy is the velocity of fluid
particles in X and Y directions at the axis of the tube, re-
spectively; ax, ay is the acceleration of fluid particles in X and
Y directions at the axis of the tube, respectively; x, y is the X
and Y coordinates of the tube axis, respectively. According to
the Airy wave theory, the velocity and acceleration of a fluid
particle at the axis of the tube are given by the following
formula:
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where H is wave height, T is wave period, ω� 2π/T, k � 2π/
L, L is the wavelength, φ is circular frequency, h is the
height of pile caps, and d is water depth. -e above
formulas are all based on Cartesian coordinates, which
can be converted to polar coordinates for the convenience
of calculation. -e coordinate transform formula is as
follows:

x � l sin θ

y � l cos θ
􏼨 , (4)

where l is mooring cable length and θ is the angle be-
tween the mooring cable and the Y-axis. -e derivative of
(4) with respect to time t twice yields the following
equation:
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Substituting (4) into (2) and (3), the formula of velocity
and acceleration of the fluid particle at the axis of the tube in
a polar coordinate system can be obtained as follows:

ux �
πH

T

coshk(l cos θ + h)

sinhkd
cos(kl sin θ − ωt + φ)

uy �
πH

T

sinhk(l cos θ + h)

sinhkd
sin(kl sin θ − ωt + φ)

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

, (7)

ax �
2π2H

T
2

coshk(l cos θ + h)

sinhkd
sin(kl sin θ − ωt + φ)

ay � −
2π2H

T
2

sinhk(l cos θ + h)

sinhkd
cos(kl sin θ − ωt + φ)

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(8)

Let

C1 �
CDρD

2

C2 �
CMρπD

2

4

C3 �
CmρπD

2

4

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

. (9)

Substituting equations (4)–(6) and (9) into (1), the wave
forces acting on the X and Y directions of the tube per unit
tube axis length in a polar coordinate system can be obtained
as follows:

Wave

d

h

Y

X

θ

Br

Fy

Fx

Ta
l

Sea bed

Figure 2: Simplified model of SFT.
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where ux, uy, ax, and ay are given in (7) and (8). To keep the
formula simple, let
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Substituting (11) into equation (10), (10) can be con-
verted to

fx � fpx − C3l
€θ cos θ

fy � fpy + C3l
€θ sin θ

⎧⎪⎨

⎪⎩
. (12)

According to the above formula, the dynamic equations,
in the polar coordinate system, are presented in tangential
and normal directions of the tubemovement, respectively, as
follows:

tangential: − Br sin θ − Lfy sin θ + Lfx cos θ � ml€θ
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2

⎧⎪⎨

⎪⎩
,

(13)

where L is the length of the tube, Br is the buoyancy of the
tube, and Ta is the tension of the anchor cable, tube. By
substituting (12) into (13), solving the second derivative of θ
with respect to time, and introducing initial conditions, the
governing differential equation of the motion of the tube can
be obtained:
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Lfpx cos θ − Lfpy sin θ − Br sin θ

l C3L + m( 􏼁
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where m is the mass of the tube. -e governing differential
equation is a second-order nonlinear ordinary differential
equation that can be solved by developing computer pro-
grams using the Runge–Kutta and Adams numerical
method.

4. Verification of Calculation Results

As stated above, the displacements of the SFT and forces on
the mooring cable are the main focus of attention in this
analysis. -e variation of dynamic responses of the SFT
under various wave conditions, water depth, and BWR
(buoyancy-weight ratio) is investigated. Up to now, there is
no practice project of the SFT in the world. So, the pa-
rameters of the SFT are taken from the design study

conducted by Oh et al. [26]. At the same time, it is con-
venient to verify the calculation results. According to pre-
vious detailed studies on hydrodynamic coefficients by
Cifuentes et al. [27], here CD equals to 1.2, CM equals to 2.0,
and Cm equals to 1.0. Table 2 lists the parameter values used
in this numerical experiment for comparison with the
physical experiment.

By solving the governing equation of the tube move-
ment, the time history of related physical quantities of the
SFT can be obtained, including the displacement, velocity,
and acceleration of the tube and mooring tension. -en the
average maximum value of each physical quantity is cal-
culated from 200 s to 600 s, which the movement of the tube
body has entered a stable state.

-e variation of the maximum values of the horizontal
and vertical motions of the tube under the wave conditions
tested was calculated considering a particular BWR of 2.6
and water depth equal to 80m, as shown in Figure 3. -e
origin for horizontal and vertical motions is located at the
center of the tube. From the results of Figure 3, due to the
error caused by solving the linear dispersion relationship,
the wavelength of the numerical simulation is slightly dif-
ferent from that of the experiment in the same wave period
as the experiment. -erefore, at the same wave steepness as
the experiment, the wave height of the numerical simulation
is also slightly different from that of the experiment. Nu-
merical simulations, on the whole, agree well with experi-
mental data. However, when the wave height is large, the
numerical simulation data will deviate from the experi-
mental data due to the influence of nonlinear effects. For the
same wave period, the horizontal and vertical displacement
of the tube increases approximately linearly with the wave
height increasing. For small and short waves, the response of
the tube is small even considering the freedom of motion in
this mode since the mooring cable does not restrict hori-
zontal motion. However, when encountering large waves,
the motion of the tube will become significant.

Figure 4 shows the horizontal and vertical displacements
of the tube as a function of water depth and BWR under a
particular condition that wave period is 13 s and wave
steepness is 0.04. In general, the results of the numerical
simulation also agree with the experimental data. -e dy-
namic response of the tube decreases with the water depth
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increasing which corresponds to submergence depth in-
creasing and increasing with the BWR increasing. Because of
the error caused by the simplification of the model, there is a
relatively significant deviation between the numerical sim-
ulation results and the experimental data when the water
depth is small (at this time, the wave force on the tube is
large). For the dynamic response of the vertical direction of
the tube, there is a significant difference between the nu-
merical simulation data and the experimental data intui-
tively. But this is because the displacement of the tube in the
vertical direction is very small, leading to very sensitivity to
the deviation of the results. In addition, when BWR is 2.2
and water depth is 80m, the deviation between numerical
simulation results and physical experimental data is the
largest, which may be due to the distortion caused by the
Morison equation. -e results of the numerical simulation
are consistent with Cifuentes et al.’s [27] calculations using

commercial finite element programs, which also use Mor-
ison equations.

Mooring cable tension is an important factor in SFT
design. In this regard, the maximum and minimum
tension of a single mooring cable as a function of wave
period and steepness is presented in Figure 5 under BWR
of 2.6 and water depth equal to 80m. It can be seen that the
numerical simulation results are in good agreement with
the experimental data. -e tension of the mooring cable
increases with the increase of wave period and wave
steepness. -e increase of both the wave period and wave
steepness will lead to the increase of wave height, which
can reflect the energy of the wave. -erefore, waves with
huge wave height will make the dynamic response of SFT
drastic. According to the above discussion, it can be
verified that the numerical simulation method in this
paper is accurate and effective.

Table 2: Basic parameters of the numerical example.

Parameter Symbol Values
-e tube diameter (m) D 23
-e tube length (m) L 98
-e mooring cable length (m) L 33.1
Height of pile caps (m) H 5.5
Water depth (m) D 65–80–95
Buoyancy-to-weight ratio BWR 2.2–2.6–3.0
Wave period (s) T 6.5–8.0–10.0–13.0
Wave steepness s 0.013–0.027–0.040–0.053
Water density (kg/m3) ρ 1000
Drag force coefficient CD 1.2
Inertia coefficient CM 2.0
Added mass coefficient Cm 1.0
Gravitational acceleration (m/s2) g 9.8
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Figure 3: -e average maximum value of (a) horizontal and (b) vertical tube displacements as a function of wave height H. Solid lines and
solid markers are numerical simulation results; dotted line and open markers are experimental data.
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5. Discussion of Influencing Parameters

For physical experiments, they are often restricted by the
cost of experiments. -erefore, the advantage of numerical
experiments is that they can be repeated, efficient, and low
cost to complete the simulation of physical phenomena. In
the physical experiment described above, the amount of
experimental data obtained is relatively small, which may
not accurately reflect the changing rule of the SFT dynamic
response. Because the numerical method used in this paper

has the characteristics of fast calculation speed and is rel-
atively accurate, it can continuously calculate dense data
points.

5.1. Resonance of the Tunnel under Wave Force. -e tension
of the mooring cable is calculated as a function of the wave
period by taking 0.05 s as a step in the wave period from 6 s
to 13.5 s, which is shown together with the physical ex-
periment data in Figure 6. It is not difficult to see from
Figure 6 that under the condition of constant wave steep-
ness, the mooring cable tension increases with the increase
of wave period, but the increase of mooring cable tension
does not rise smoothly. When the wave period is about 8.5 s,
the mooring cable tension increases steeply and then drops,
which is likely to occur resonance phenomenon under wave
forces (take the wave period corresponding to the peak value
of the change as the resonance period).

In order to further research the resonance phenomenon,
the time history of tube displacement, anchor cable tension,
and wave forces under three special wave periods and wave
steepness of 0.04 are shown in Figures 7–9. In Figure 7, the
wave period is 13 s, which is much higher than the resonance
period. -e dynamic response of the tube reaches its
maximum value shortly after the wave action begins, and
soon the motion of the tube becomes stable. At this time, the
horizontal wave force on the tube must be significantly
smaller than the vertical wave force because the coupling
effect between the horizontal motion of the tube and the
horizontal wave force reduces the horizontal wave force.-e
vertical motion of the tube is significantly smaller than the
horizontal motion, so the wave force in the vertical direction
does not significantly decrease.
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In Figure 8, when the wave period is 9.13 s, which is
the marginal value of the period interval where the
resonance occurs, the coupling effect of the motion of the
tube in the horizontal direction is very obvious, so the
horizontal wave force becomes extremely small. How-
ever, it can be seen from Figure 9 that when the wave
period is equal to 8.75 s (resonance period), the coupling

effect of motion of the tube in the horizontal direction
will increase the horizontal wave force, and at the same
time, the motion of the tube, the mooring cable tension,
and the vertical wave force will also increase. After 300 s,
the movement of the tube reaches a steady state, at which
point the horizontal wave force on the tube exceeds the
vertical wave force.
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Figure 7: -e time history of (a) tube displacement Xs, (b) mooring cable tension FT, and (c) wave force FW (the solid line represents
horizontal wave force and the dotted line represents vertical wave force) under wave period equal to 13 s, wave steepness equal to 0.04, and
BWR equal to 2.6.
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5.2. Influence Factor for the Resonance Period. According to
the above analysis, when the resonance phenomenon occurs,
the horizontal vibration of the tube will not reduce the
horizontal wave force it receives, but increase the horizontal
wave force, so that the dynamic response of the tube will also
increase. -is may seriously threaten the safety of the
structure. If the resonance period is revealed, some wave
absorption or reflector devices can be used to avoid wave
action with the resonance period on the structure.-erefore,
it is necessary to further explore the wave period corre-
sponding to the resonance of the structure.

Relevant physical quantities are changed by various wave
periods with different wave steepness and water depths,
which are shown in Figures 10 and 11. In addition to the
mooring cable tension, the movement of the tube and the
wave force on the tube will also increase suddenly in the
same specific wave period. Although the dynamic response
of the tube will increase when the wave steepness increases
or the water depth decreases, it does not affect the position of
the resonance period. But when the wave height increases or
the water depth decreases, the position of the resonance
period will be slightly deviated due to the influence of
nonlinear factors.

When the BWR is 2.2, 2.6, 3.0, and 3.4, respectively,
relevant physical quantities are changed by various wave

periods, as shown in Figure 12. -e increase of the BWR will
increase the motion of the tube and mooring cable tension,
which is consistent with the results of the physical experi-
ment. However, when the tube resonates, the dynamic re-
sponse of the tube increases with the BWR decreasing. At the
same time, the BWR significantly affects the resonance
period. -e resonance period also increases with the BWR
decreasing. In other words, when the BWR of the tube is
small, it should be avoided as much as possible that the
resonance caused by long-period wave action on the
structure.

Under the condition that the water depth and sub-
mergence depth remain unchanged by changing mooring
cable length and height of pile caps at the same time, relevant
physical quantities are changed by various wave periods, as
shown in Figure 13. With the increase of wave period to
about 10 s, the increasing speed of the dynamic response of
the tube with a shorter mooring cable is obviously higher
than that of the tube with a longer mooring cable. -is is
because when the mooring cable is short, the increase of the
horizontal motion of the tube will significantly increase the
vertical motion of the tube (compared with that when the
mooring cable is long), so that the coupling effect of vertical
motion and vertical wave force is strengthened, which
further increases the dynamic response of the SFT. Similarly,
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Figure 10: Relevant physical quantities are changed by various wave periods T with different wave steepness (s): (a) the horizontal
displacement of the tube Xs, (b) the mooring cable tension FT, (c) the horizontal wave forces FWx, and (d) the vertical wave forces FWy
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the mooring cable length is also an important parameter
affecting the resonance period. Both the resonance period
and the dynamic response of the tube at the tube resonating
increase with the cable length increases.

It is not difficult to see from Figure 10 to 13 that the
change law of horizontal displacement of the tube is similar
to the change law of horizontal wave force, and the change
law of mooring cable tension is similar to the change law of
vertical wave force. -is may be due to the coupling between
the motion state of the tube and the wave force.

5.3. Estimation of the Resonance Period. According to the
above discussion, the value of the resonance period is related
to the BWR and the mooring cable length but independent
of the water depth and the wave steepness. -e BWR and
mooring cable length are the influencing factors of the
natural vibration period of the tube. Based on the as-
sumptions of this mathematical model, the natural vibration
period of the tube can be calculated by the period formula of
a single pendulum shown in (15). -e natural vibration
periods of different BWR and mooring cable lengths can be
calculated by this formula. -e calculated results are shown
in Table 3 together with the resonant period of the structure.

Tn � 2π

�����������
l

g(BWR − 1)

􏽳

. (15)

It can be seen from Table 3 that the resonance period of
the tube body is not exactly equal to its natural vibration
period. When the length of the mooring cable changes, the
ratio of the resonance period of the tube to the natural
vibration period changes very little, but when the BWR
changes, the ratio changes obviously, and the change belongs
to the linear trend. -erefore, the estimation formula of
resonance period can be obtained by linear fitting of the data:

T
∗
r � (0.779 × BWR + 3.968)

�����������
l

g(BWR − 1)

􏽳

. (16)

-e resonance periods calculated by Equation (16) and the
numerical simulation results are shown in Figure 14. -e
results calculated by the estimation formula agree with those
of numerical simulation. According to (16), when the
mooring cable length is 20m and the BWR is 1.5, the res-
onance period is 10.5 s. For small rivers or lakes, waves with
periods longer than 10 s are hard to come, which means that
resonance is difficult to occur as long as the BWR of SFTwith
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Figure 11: Relevant physical quantities are changed by various wave periods T with different water depths (d): (a) the
horizontal displacement of the tube Xs, (b) the mooring cable tension FT, (c) the horizontal wave forces FWX, and (d) the vertical wave forces
FWy (s� 0.04; BWR� 2.6).
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Table 3: -e resonant period and natural vibration period of the tube.

BWR Mooring cable length l (m) Resonance period Tr (s) Natural vibration period Tn (s) Tr/Tn
1.8 33.1 11.15 12.91 0.864
2.2 33.1 9.55 10.54 0.906
2.6 33.1 8.75 9.13 0.958
3.0 33.1 8.20 8.17 1.004
3.4 33.1 7.85 7.45 1.053
2.6 23.1 7.25 7.63 0.951
2.6 28.1 8.00 8.41 0.951
2.6 33.1 8.75 9.13 0.958
2.6 38.1 9.4 9.79 0.960
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Figure 14: Comparison of estimation formula with numerical simulation of resonance period.
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vertical mooring cable is controlled within 1.5. However, in
the ocean environment, if resonance is not effectively avoided,
the structure is difficult to ensure its safety.

6. Conclusions

-is study discusses the dynamic response of a tunnel with
vertical mooring cable under regular waves. -e main
conclusions in this study show the following:

(1) -e dynamic response of the tube calculated by the
proposed analytical method approximately tends to
follow a linear variation as the wave height and water
depth increase, which is consistent with the exper-
imental data.

(2) Under the condition of keeping the wave steepness
constant, the increase of wave period will increase
the dynamic response of the tube. However, when
the wave period does not exceed 8.5 s, the dynamic
response of the tube is linear with the wave period.
When the wave period exceeds 11 s, the relationship
between the dynamic response and the wave is
nonlinear. But, when the wave period changes to a
certain interval, the dynamic response of the tube
will suddenly and greatly increase. In the interval of
this wave period, the tube body resonates under the
action of wave force.

(3) -e value of the resonance period of the tube is
mainly related to the BWR and the mooring cable
length. On the one hand, the resonance period in-
creases with BWR decreasing. At the same time,
when the tube resonates, the dynamic response of the
tube also increases with the BWR decreasing. On the
other hand, both the resonance period and the dy-
namic response of the tube at the tube resonating
increase with the cable length increases.

(4) In general, the dynamic response of the tube is very
violent at the initial stage of the wave loading, and
then the dynamic response of the tube will gradually
decrease until the motion state of the tube is stable.
However, when the tube resonates, the dynamic
response of the tube will gradually increase until the
motion state of the tube is stable. -is may be due to
the increasing horizontal wave force of the tube
when resonance occurs.

(5) -e estimation formula of wave period corre-
sponding to tunnel resonance is proposed in this
paper. -is formula can estimate the value of the
resonance period relatively accurately in a certain
range. It can be seen from the formula that for small
rivers or lakes, the resonance is generally difficult to
occur as long as the cable length exceeds 20m and
the BWR is lower than 1.5. -erefore, the formula
can provide a reference for the determination of the
SFT design parameters to avoid the occurrence of
resonance.

(6) Although the vertical layout of themooring cable can
effectively reduce the tension of the mooring cable, it

also makes the tube body lack the horizontal di-
rection constraint, resulting in very large displace-
ment, and even resonance may occur due to the
action of wave force. -erefore, the vertical ar-
rangement of the mooring cables is only suitable for
the SFT with a small span. Obviously, the inclined
layout of the mooring cable can greatly reduce the
movement of the tube. A larger BWR and opening
angle of the mooring cable will increase the cable
tension, but it will also make the tube more stable.

Overall, although there are still many technical diffi-
culties in the submerged floating tunnel, it is undeniable that
the SFT is still a feasible and valuable concept. It can be seen
that with the development of science and technology, these
technical problems will be solved one by one. Further
analysis including nonlinear vortex-induced vibrations,
coupled wave-seismic action, vehicle-tunnel coupled vi-
bration responses, and so on is needed to provide a complete
set of data for the successful design of the SFT structure.
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