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A simplified analysis model of cable for submerged floating tunnel subjected to parametrically excited vibrations in the ocean
environment is proposed in this investigation. The equation of motion of the cable is obtained by a mathematical method utilizing
the Euler beam theory and the Galerkin method. The hydrodynamic force induced by earthquake excitations is formulated to
simulate real seaquake conditions. The random earthquake excitation in the time domain is formulated by the stochastic phase
spectrummethod. An analytical model for analyzing the cable for submerged floating tunnel subjected to combined hydrodynamic
forces and earthquake excitations is then developed. The sensitivity of key parameters including the hydrodynamic, earthquake,
and structural parameters on the dynamic response of the cable is investigated and discussed. The present model enables a
preliminary examination of the hydrodynamic and seismic behavior of cable for submerged floating tunnel and can provide valuable
recommendations for use in design and operation of anchor systems for submerged floating tunnel.

1. Introduction

Submerged floating tunnel is an innovative underwater trans-
portation system to avoid water traffic and weather at a
depth of usually 20–50m. The tunnel floats in water and its
position is restrained at a certain distance from the sea bed
by means of suitable anchoring systems, such as cables or
bars. Cables for submerged floating tunnel are lightweight,
very flexible, and lightly damped, the features of which make
them particularly prone to vibration. Frequent vibration may
lead to fatigue damage of cable, where fatigue cracks could
be formed on the cable surface to destroy the anticorrosion
system. Eventually the bearing capacity of cable will be lost
completely with the propagation of fatigue cracks. The cable
for submerged floating tunnel experiences complex dynamic
forces under various ocean conditions, which is the key to the
safe operation.

Many attentions have been received to the vibration of
submerged floating tunnel cables. Sun et al. [1] analyzed the

nonlinear response of cables subjected to parametric excita-
tions. Sun and Su [2] investigated the parametric vibration of
submerged floating tunnel cable under random excitations.
Lu et al. [3] studied the slack phenomenon and the snap
force in the cable for submerged floating tunnels under wave
conditions. Seo et al. [4] conducted a series of simplified
analyses to estimate the behavior of submerged floating
tunnel cables in waves and compared their calculations
with experimental measurements. Cifuentes et al. [5] imple-
mented a numerical model to analyze the coupled dynamic
response of a submerged floating tunnel with mooring lines
in regular waves.

It is noted by Duan et al. [6] that 85% of the total
amount of earthquakes occurs in the ocean.The Bohai Strait,
the Qiongzhou Strait, and the Taiwan Strait in China are
three potential areas to build submerged floating tunnels,
which are also in the Circum-Pacific seismic belt. Hence,
the performance of subsea cables in seismic zones becomes
one of the significant academic and engineering attractions
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Figure 1: Definition sketch of the submerged floating tunnel model and its cable coordinate system.

in offshore engineering. In addition, the effect of seaquake
is much more complex, which can induce hydrodynamic
pressures acting on the cable [7, 8]. The combined fluid
and seismic motion induced by ocean hydrodynamic forces
must be considered rigorously in the analysis of cables for
submerged floating tunnel during earthquakes. Therefore,
it is of significance to evaluate how parametrically excited
vibrations influence the behavior of cable for submerged
floating tunnel under combined hydrodynamic force and
earthquake.

Although earthquakes have significant effect on the per-
formance of cables for submerged floating tunnel, few studies
have been reported to assess the seismic response of cables
except those from [9–11]. In these previous studies, the effects
of earthquake on the development of hydrodynamic force
were usually neglected, and the seismic design spectrum
was taken from design guidelines for buildings (e.g., the
Chinese code for seismic design of buildings (GB 50011-
2010) [12] directly). However, the seismic design spectrum
for buildings is not always suitable for marine structures,
the distinctiveness of marine site classifications of offshore
structures in marine environment cannot be considered, and
the correctness of this approach becomes questionable.

The present study aims to establish a mathematical
method to explore the dynamic response of cable for sub-
merged floating tunnel under simultaneous hydrodynamic
forces and earthquake excitations. A simplified analysis
model to estimate the behavior of cable for submerged
floating tunnel under the ocean environmental excitation is
proposed.The equation ofmotion of the cable is obtained by a
mathematicalmethodutilizing the Euler beam theory and the
Galerkinmethod.The hydrodynamic force induced by earth-
quake excitations is formulated to simulate real seaquake
conditions.The random earthquake force in the time domain
is calculated by the stochastic phase spectrum method.
An analytical model for analyzing the cable for submerged
floating tunnel subjected to combined hydrodynamic forces
and earthquake excitations is then developed. The sensitivity
of key parameters including the hydrodynamic, earthquake,

and structural parameters on the dynamic response of the
cable is investigated and discussed.

2. Method

2.1. Equation of Motion for the Cable. Following previous
studies [1, 3, 11, 13], a simplified analysis model is proposed
to evaluate the motion of cables for submerged floating
tunnel subjected to ocean environmental excitations. For
simplification, the cable for submerged floating tunnel is
modeled as a Bernoulli-Euler beam, which only allows the
in-plane motion of the cable. Furthermore, a conservative
assumption is adopted that the response of the cable under
combined effects of hydrodynamic forces and earthquake
excitations ismaximizedwhen the two actions are in the same
direction. A submerged floating tunnel and the direction of
earthquake wave and wave/current force are schematically
shown in Figure 1, where the cable is allowed to move only
in the inline direction. It should be emphasized that the
horizontal earthquake excitation is acting on the anchoring
point of the cable.

Figure 1 shows the schematic illustration of a submerged
floating tunnel and cable. In this simplified analysis model,
the three-dimensional behavior is not taken into considera-
tion. Although this assumption simplifies the physical phe-
nomenon, the two-dimensional model enables a preliminary
examination of the hydrodynamic and seismic behavior of
cables. The origin of the coordinate system is set at the
anchored point of the cable on the sea bed. The parameter
𝐿 is the undeformed length of the cable, 𝐻𝑧 shows the
vertical height above the sea bed, 𝑢 represents the dynamic
displacement at the mid-span of the cable, and 𝜃 denotes the
inclination angle of the cable with respect to the sea bed.

The effect of the tunnel tube on the cable is simplified
as a parametric excitation 𝑇𝑝 cos𝜔𝑝𝑡, and the ends of the
cable are hinged [2, 14], where 𝑇𝑝 is the dynamic tension
acting on the cable induced by the motion of the tube, and
𝜔𝑝 is the parametric excitation frequency. For simplicity, the
initial tension, geometry, stiffness, and material property of
the cable are assumed to be constant along the cable length.
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Thus, the governing equation of the motion of the cable
can be written as [2, 3, 11, 13]

𝐸eq𝐼𝜕
4𝑢 (𝑧, 𝑡)
𝜕𝑧4 − 𝜕

𝜕𝑧 (𝑇0 + 𝑇𝑝 cos𝜔𝑝𝑡)
𝜕𝑢 (𝑧, 𝑡)
𝜕𝑧

+ 𝑚𝜕2𝑢 (𝑧, 𝑡)𝜕𝑡2 + 𝐶𝑠 𝜕𝑢 (𝑧, 𝑡)𝜕𝑡 = 𝐹𝐿 − 𝐹𝐷 − 𝑄𝑠 sin 𝜃,
(1)

where 𝑢(𝑧, 𝑡) is the dynamics lateral displacement of cable,
𝑇0,𝑚, 𝐸eq, and 𝐼 are the initial tension, mass per unit length,
the equivalent modulus of elasticity, and the cross-sectional
moment of inertia of the cable, respectively, 𝐶𝑠 is the viscous
damping coefficient, 𝐹𝐿 is the vortex-induced lift force, 𝐹𝐷 is
the acting drag force applied by water per unit length when
the cable oscillates, and𝑄𝑠 is the earthquake excitation force.

While considering the cable sag effect, the equivalent
elastic modulus of cable can be obtained by the following
equivalent method [11]:

𝐸eq = 𝐸
(1 + 𝐸/𝐸𝑓) , 𝐸𝑓 = 12𝜎3

[𝛾21 (𝐿 cos 𝜃)2]
, 𝜎 = 𝑇0

𝐴𝑐 , (2)

where 𝐸 is the modulus of elasticity of cable, 𝐸𝑓 is the
modulus of elasticity induced by sag of cable, 𝛾1 is the buoyant
unit weight of the cable, 𝜎 is the stress of cable, and 𝐴𝑐 is the
cross-sectional area of cable.

2.2. Earthquake Excitation in the Time Domain. The earth-
quake excitation in the time domain can be expressed as

𝑄𝑠 = 𝑚�̈�𝑔, (3)

where �̈�𝑔 is the acceleration of the input ground motion,
which can be derived from the earthquake records obtained
from seismic stations at a given location or from an artificial
stochastic process using the trigonometric series method.

Since the random excitation of earthquakes is transient,
the nonstationary characteristics of randomexcitation should
be considered. Using the evolutionary theory of power
spectrum density [15], the nonstationary random process can
usually be written as the product of a stationary random pro-
cess and a deterministic slowly varying modulation function

�̈�𝑔 = 𝑎 (𝑡) 𝑤 (𝑡) , (4)

where 𝑎(𝑡) is a stationary process and𝑤(𝑡) is the deterministic
envelope function with a maximum value of 1.0.

Thedeterministic envelope function𝑤(𝑡) is written as [10]

𝑤 (𝑡) =
{{{{{
{{{{{{

( 𝑡
𝑡0)
2

0 < 𝑡 < 𝑡0
1 𝑡0 < 𝑡 < 𝑡𝑛
exp [−𝑐 (𝑡 − 𝑡𝑛)] 𝑡0 < 𝑡,

(5)

where 𝑡0 and 𝑡𝑛 are the initial time and the 𝑛th time, respec-
tively, 𝑡0 − 𝑡𝑛 is the significant duration of the accelerogram,
and 𝑐 is the nonuniformly modulated coefficient. A typical
value of 𝑐 is adopted as 0.2.
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Figure 2: ISO seismic design spectrum.

A possible approach to define 𝑎(𝑡) is by assuming that
the motion induced by earthquakes is a realization of a
stationary stochastic process.The time history of a stationary
earthquake excitation can be readily generated based on the
spectral density as follows:

𝑎 (𝑡) =
𝑛

∑
𝑘=1

√(4 ⋅ Δ𝜔 ⋅ 𝑆 (𝜔𝑘)) cos (𝜔𝑘𝑡 + 𝜀𝑘) , (6)

where Δ𝜔 is the constant difference between successive
frequencies, 𝜔𝑘 = 𝑘 ⋅ Δ𝜔 is the 𝑘th wave frequency, 𝑆(𝜔𝑘) is
the power spectrum of 𝜔𝑘, 𝑛 is the total number of frequency
points considered in the calculation, and 𝜀𝑘 is the random
phase angle varying between 0 and 2𝜋.

In engineering practice [15], the design target response
spectrum at a given site is more commonly available than the
ground motion power spectrum density function. Therefore,
it will be very useful to generate time histories of ground
motion that are compatible to a given design target response
spectrum.

The design target acceleration response spectrum 𝑆𝑇𝑎 (𝜔)
can be obtained in seismic design guidelines, which cannot
be directly used by (6). Thus, a conversion formula is needed
to obtain the corresponding ground motion power spectrum
𝑆(𝜔).

For a given design target acceleration response spectrum
𝑆𝑇𝑎 (𝜔), the corresponding ground motion power spectrum
𝑆(𝜔) can be estimated by [15]

𝑆 (𝜔) = 𝜁
𝜋𝜔 [𝑆

𝑇
𝑎 (𝜔)]2 1

ln [− (𝜋/𝜔𝑇𝑑) ln (1 − 𝑃)] , (7)

where 𝑇𝑑 is the time duration of earthquake, 𝜁 is the damping
ratio, and 𝑃 is the exceeding probability. In the present study,
the value of the parameter 𝑃 is taken as 0.9.

The design target acceleration response spectrum is
normally determined by basic parameters of seismic intensity,
site classification, peak acceleration, and damping ratio. The
seismic design spectrum curve as shown in Figure 2 can
be found in the ISO design guidelines (ISO, 2006) [16]. In
the figure, 𝑆𝑎 is the spectral acceleration, 𝑆𝑎,site(𝑇) is the
site spectral acceleration, and 𝑆𝑎,map is the bedrock spectral
acceleration. When the fundamental period of a structure is
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equal to 0.2 or 1.0 s, the bedrock spectral acceleration can be
calculated by 𝑆𝑎,map(0.2) = 0.5𝑔 or 𝑆𝑎,map(1.0) = 0.2𝑔. The
parameter 𝑇 is the fundamental period of the structure, and
𝑇𝑠 is the site characteristic period and can be calculated as
follows:

𝑇𝑠 = 𝐶V𝑆𝑎,map (1.0)
𝐶𝑎𝑆𝑎,map (0.2) , (8)

where 𝐶𝑎 and 𝐶V are the site coefficients and can be obtained
from the design tables in ISO (2006) [16].

Assuming that the submerged floating tunnel investigated
in this paper is located in the Bohai Sea of China with
anchoring systems on a shallow foundation, the site class of
the foundation is categorized as A. For a site class A/B and
a shallow foundation, the parameters 𝐶𝑎 and 𝐶V are both
assigned as 1.0.

Using the above approach, the generated time histories
of ground motion usually match well with the design target
response spectrum. Iterations should be carried out to adjust
the power spectrumdensity function if the two spectra do not
match satisfactorily [15].

2.3. Formulation of Hydrodynamic Force in Time Domain.
The vortex-induced lift force can be expressed as [17]

𝐹𝐿 = 1
2𝜌𝑤𝐷𝐶𝐿 (V𝐿 sin 𝜃)

2 sin (𝜔V𝑡) , (9)

where 𝜌𝑤 is the water density, 𝐷 is the outer diameter of the
cable, 𝜔V is the vortex shedding frequency, 𝐶𝐿 is the vortex-
induced lift coefficient, and V𝐿 is the vortex flow velocity and
its typical value is taken as 1.0m/s.

The hydrodynamic force 𝐹𝐷 can be expressed by Mori-
son’s equation [14] as follows:

𝐹𝐷 = 1
2𝜌𝑤𝐷𝐶𝐷 (V −

𝜕𝑢
𝜕𝑡 )

V −
𝜕𝑢
𝜕𝑡
 + 𝐶𝑀

𝜋
4 𝜌𝑤𝐷

2 𝜕V
𝜕𝑡

− (𝐶𝑀 − 1) 𝜋4 𝜌𝑤𝐷
2 𝜕2𝑢
𝜕𝑡2 ,

(10)

where 𝐶𝐷 is the drag coefficient, 𝐶𝑀 is the inertia coefficient,
𝑢 is the displacement of the cable, and V is the instantaneous
current velocity.

The hydrodynamic force induced by earthquake excita-
tion is formulated following four assumptions [7, 18, 19].

(1) As the earthquake excitation process is in a short
time duration, the current velocity around the cable during
earthquakes is assumed to be negligible.

(2) When the ground motion is horizontal, the current
velocity is set as zero; when the groundmotion is vertical, the
current velocity is equal to the ground velocity.

(3) The wave force is neglected as the cable is located in
deep water.

(4) The coupled effect between the motions in different
directions is neglected.

Thus, the hydrodynamic force under earthquake excita-
tion can be expressed by [7, 18, 19]

𝐹𝐷 = 1
2𝜌𝑤𝐷𝐶𝐷 (�̇�𝑔 −

𝜕𝑢
𝜕𝑡 )

�̇�𝑔 −
𝜕𝑢
𝜕𝑡


+ 𝐶𝑀𝜋4 𝜌𝑤𝐷
2�̈�𝑔 − (𝐶𝑀 − 1) 𝜋4 𝜌𝑤𝐷

2 𝜕2𝑢
𝜕𝑡2 .

(11)

2.4. Solution of the Equation. Suppose that the oscillation
mode of the cable is that of standard chord

𝑢 (𝑧, 𝑡) =
∞

∑
𝑛=1

sin 𝑛𝜋𝑧𝐿 𝑢𝑛 (𝑡) . (12)

To obtain an approximate solution of (1), Galerkin
method is applied to transform the partial differential equa-
tion into a set of ordinary ones.

Substituting (12) into (1), multiplying each term by
sin(𝑛𝜋𝑧/𝐿), integrating over 𝑧 ∈ (0, 𝐿), and invoking the
orthogonality property of the normal modes give

�̈�𝑛 + [𝜔2𝑀𝑛 + 𝜔2𝐴𝑛 (1 + 𝜀 cos𝜔𝑝𝑡)] 𝑢𝑛 + 𝐶𝑠𝑛
𝑚 �̇�𝑛

− ∫𝐿
0

2 (𝐹𝐿 − 𝐹𝐷 − 𝑄𝑠 sin 𝜃)
𝑚𝐿 sin 𝑛𝜋𝑧𝐿 𝑑𝑧 = 0

(13)

with

𝜔2𝑀𝑛 = (𝑛𝜋𝐿 )4 𝐸eq𝐼
𝑚 , (14)

𝜔2𝐴𝑛 = (𝑛𝜋𝐿 )2 𝑇0𝑚 , (15)

𝜔𝑛 = √𝜔2𝑀𝑛 + 𝜔2𝐴𝑛, (16)

𝐶𝑠𝑛 = 2𝑚𝜔𝑛𝜁, (17)

where 𝜁 is the damping ratio of the cable,𝜔𝑀𝑛,𝜔𝐴𝑛 are the 𝑛th
order natural frequency of the system of bending vibration
and axial vibration, respectively, 𝜔𝑛 is the total 𝑛th order
natural frequency of the system, and 𝜀 is the ratio of dynamic
tension to static tension.

The fourth-order Runge-Kutta method is used to solve
the differential equation (13); eachmode response of the cable
under excitation may be obtained. By substituting the mode
response into (12), the displacement response of the cablemay
be obtained.

3. Numerical Results and Discussion

The cable of a submerged floating tunnel is analyzed in the
present study as an illustrative example to show the efficacy
of the proposed analytical solution that is programmed in
MATLAB. The physical and geometric parameters are listed
in Table 1 following the work of Sun and Su [2]. If the same
values of 𝐶𝑀 = 1.0 and 𝐶𝐷 = 0.7 provided by Sun and Su
[2] are used, it can result in the loss of hydrodynamic added
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Figure 3: Time histories of four selected earthquake records.

Table 1: Basic characteristics of the analysis case.

Parameters Values
Density of water 𝜌𝑤 (kg/m3) 1028
Depth of water 𝑑 (m) 170
Vertical height𝐻𝑧 (m) 140
Unstretched length of cable 𝐿 (m) 161.66
Outside diameter of cable𝐷 (m) 0.489
Density of cable 𝜌𝑠 (kg/m3) 7850
Modulus of elasticity of cable 𝐸 (Pa) 2.10𝐸11
Initial tension of cable 𝑇0 (N) 2.572𝐸7
Mass per unit length of cable𝑚 (kg/m) 1474.23
Damping ratio 𝜁 0.0018
Inertia coefficient 𝐶𝑀 2.0
Drag coefficient 𝐶𝐷 1.0
Inclination angle 𝜃 (∘) 60

mass. Thus, the values of 𝐶𝑀 and 𝐶𝐷 are taken as 2.0 and 1.0,
respectively, following the work of Martire et al. [20].

In the present study, four earthquake records in different
representative sites are selected. For comparison, the peak
acceleration of these accelerograms is adjusted to 0.2𝑔,
corresponding to earthquakes with an intensity factor of 8 as
shown in Figure 3 and Table 2 [16, 21].

The artificial earthquake is generated by using the afore-
mentioned theory in Section 2.2, and the other three earth-
quakes are the classical earthquake records obtained from
corresponding site classifications. The time histories in time
domain, the amplitude, and energy in frequency domain
of four earthquakes are different, matching different site
classifications.

A sensitivity analysis is conducted to evaluate the influ-
ence of key parameters to provide recommendations for
use in design and construction of the anchor system for a
submerged floating tunnel under hydrodynamic force and
earthquake. The effects of key environmental and structural
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Figure 4: Mid-span displacement of the cable subjected to El Centro earthquake.

parameters on the dynamic responses of the cable for sub-
merged floating tunnel are investigated.

3.1. Evaluation of the Proposed Method. In order to evaluate
the effectiveness of the developed method, results evaluated
using the developed approach are compared with those
calculated using the method of Chen et al. (2008) [22] and
Su and Sun (2013) [11].

In Figure 5, the overall trends of the results obtained
by the present method generally agree with the evaluations
calculated from the other methods. The present method
captures the peak value well at resonance condition (i.e.,
𝜔𝑝/𝜔1 = 1, 2), as well as the subsequent attenuation trend.
Overall, the calculation by the present method is acceptable
and reasonable.

In Figures 4 and 5, the dynamic responses of the cable
under hydrodynamic force and earthquake excitation can be
greatly amplified by the present method. Especially under
the super-resonance condition (i.e., 𝜔𝑝/𝜔1 = 2), it can be
observed that the FFT amplitude component obtained by the
present method has more abundant high-frequency contents
and excites wider peak frequency region than that of those
calculated using the method of Su and Sun (2013). A possible
explanation for the difference in calculations could be due
to the reason that the seismic design spectrum for marine
geotechnical geology is used in the present approach, which
ismore reasonable and accurate than other strategies by using
seismic design spectrum for overland building. Another
possible explanation could be the fact that the coupled
effect of hydrodynamic force and earthquake excitation is
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Table 2: Site classifications of earthquake records used for this study.

Ground motion Site classifications Site condition Time duration
(s)

Time interval
(s)

Artificial earthquake A/B Rock 30 0.02
El Centro earthquake in the EW
direction C Very dense hard soil and soft

rock 30 0.02

Taft Kern County (Taft for short)
earthquake in the N21E direction D Stiff to very stiff soil 30 0.02

Loma Prieta Oakland outer wharf
(Loma for short) earthquake E Soft soil 30 0.02

Chen et al. (2008) method

Su and Sun (2013) method (under El Centro earthquake

Present method
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Figure 5: Variations of RMS of mid-span displacement of the cable
with 𝜔𝑝/𝜔𝑛 calculated using different methods.

incorporated in the present approach, while this coupled
effect and the hydrodynamic added mass are neglected in
other strategies. Similar results of underestimation by the
existing analytical models [11, 22] compared to experimental
measurements and numerical simulations were reported
[8, 19].

3.2. Dynamic Response of the Cable under Only Vortex
Excitation. Vortex-induced vibration of cables is caused by
complex interactions between cylindrical structures and the
correlated wake vortex, and it is an important source of
fatigue damage to the cables. Figure 6 shows the dynamic
response of the cable under only vortex excitation. Two cases
are investigated inwhich no oscillationwas excited by vortex-
shedding in type of 𝜔V = 0.1𝜔1 and vortex-induced vibration
in type of 𝜔V = 𝜔1, which are showed in Figures 6(a) and
6(b) respectively. In Figure 6(a), the dynamic response of
the cable shapes as a sinusoidal curve and its amplitude is
small. And, in Figure 6(b), the action of exciting system to
vibrate will happen as the lift force falls into the lock-in range;

that is, beat phenomenon obviously occurs. Besides, due to
the self-limitation of damping, the time history of vortex-
induced vibration shown in Figure 6(b) decreases rapidly in
the first 200 s, but the decreasing pattern is roughly linear
and reaches a steady-state response quickly. And it can be
observed that the amplitude of dynamic responses of the cable
in the condition of lock-in case𝜔V = 𝜔1 is signally larger than
the other case of 𝜔V ̸= 𝜔1. Figure 6(c) shows similar results;
the largest dynamic response occurs when vortex-induced
frequency is consistent with the structural natural frequency;
that is,𝜔V = 𝜔1. Besides, the value of dynamic response of the
cable in the other frequency is relatively small.

3.3. Dynamic Response of the Cable under Combinations
of Vortex Excitation and Parametric Excitation. In practice,
for the cable of submerged floating tunnel suffering both
parametric excitation and vortex excitation, its structural
configuration is more complex rather than merely an Euler
beam alone. Moreover, it is more complicated if two excita-
tion frequencies of both top-end tube and vortex-induced lift
force are involved.

Figures 7(a)–7(d) show four typical examples of the cable
under combinations of vortex excitation and parametric
excitation, and these dynamic responses exhibit interesting
and different features of the pattern and shape of the time
history. In Figure 7(c), a combined resonance occurs owing
to both parametric excitation and vortex-shedding excitation,
where both excitations satisfy the condition that can excite
resonance of a system under only parametric or vortex
shedding excitation, and its motion amplitude is obviously
larger and more unstable than those of the other cases in
Figures 7(a), 7(b), and 7(c). Figure 7(a) shows the time history
of the cable when in case of 𝜔V = 𝜔1 and 𝜔𝑝 = 0.1𝜔1,
as vortex excitation dominates parametric excitation, beat
phenomenon still occurs in this case and has the smallest
motion amplitude. In Figures 7(b) and 7(d), as parametric
excitation dominates vortex excitation, beat phenomenon is
broken in those cases, the pattern of each time history is a
kind of “standing wave,” where each has a repeating wave-
unit but with mutually different profiles, and the number
of wave-units is approximatively ranging from 2.5 to 3.5
and the profiles become more irregular. Therefore, it can
be concluded that the dynamic response of the cable under
combinations of vortex excitation and parametric excitation
becamemore complicated, especially in combined resonance
condition.
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Figure 6: Dynamic response of the cable under only vortex excitation.

Figure 7(e) indicates that three largest amplitudes of
dynamic response are, respectively, at the ratio of parametric
frequency to natural frequency of 𝜔𝑝/𝜔1 = 1, 2, and 3,
and the peak values of the mid-span displacement of the
cable under above cases are 0.4013m, 0.8914m, and 0.2891m,
respectively. Particularly, the largest response amplitude
occurs at frequency 𝜔𝑝/𝜔1 = 2. Or, we may say, for mode
1, the largest dynamic response might occur when top-end
tube parametric frequency is twice as much as the natural
frequency; that is, 𝜔𝑝 = 2𝜔1 when parametric excitation
satisfies the condition which can excite parametric resonance
of a system under parametric excitation. Besides, the value
of dynamic response of the cable in the other frequency
case is relatively small. The results suggest that parametric
excitation has a strong effect on the dynamic response of the
cable, especially combined with vortex shedding frequency
consistent with the structural natural frequency; that is, 𝜔V =𝜔1.

Thus, the fundamental frequency of cable of submerged
floating tunnel located in complicated marine environment
should be thought over carefully to avoid parametric reso-
nance. Based on (14)–(16), the key parameters for deciding
the fundamental frequency of the cable are 𝑚, 𝐸eq, 𝐼, 𝑇0,
and 𝐿, while the parametric excitation frequency 𝜔𝑝 mainly
depends on ocean environmental conditions acting on the
tube.

3.4. Effect of Motion of Top-End Tube. The comparison of
modal dynamic responses between the cases with top-end
tubemoving andwithout top-end tubemoving is presented in
Figure 8.The dynamic responses of the cable are numerically
simulated, while the top-end tube is moving at the cable’s
natural frequencies of modes ranging from mode 1 to mode
12, and the most dangerous cases are taken into account; that
is, 𝜔V = 𝜔𝑗 and 𝜔𝑝 = 2𝜔𝑗; here, 𝜔𝑗 is the 𝑗 model natural
frequency. In Figure 8, as modal number increases, the cable’s



Shock and Vibration 9

−0.08

−0.06

−0.04

−0.02

0.00

0.02

0.04

0.06

0.08

u
(z

,t
) z

=
0.
5L

(m
)

100 200 300 4000
t (s)

(a) 𝜔V = 𝜔1 and 𝜔𝑝 = 0.1𝜔1

−0.4

−0.3

−0.2

−0.1

0.0

0.1

0.2

0.3

0.4

u
(z

,t
) z

=
0.
5L

(m
)

100 200 300 4000
t (s)

(b) 𝜔V = 𝜔1 and 𝜔𝑝 = 0.5𝜔1

−1.0

−0.8

−0.6

−0.4

−0.2

0.0

0.2

0.4

0.6

0.8

1.0

u
(z

,t
) z

=
0.
5L

(m
)

100 200 300 4000
t (s)

(c) 𝜔V = 𝜔1 and 𝜔𝑝 = 2𝜔1

−0.3

−0.2

−0.1

0.0

0.1

0.2

0.3
u
(z

,t
) z

=
0.
5L

(m
)

100 200 300 4000
t (s)

(d) 𝜔V = 𝜔1 and 𝜔𝑝 = 2.5𝜔1

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

u
Ｇ
；Ｒ
(z

,t
)

(m
)

1 2 3 40
p/1

(e) Maximum displacement versus 𝜔𝑝/𝜔1

Figure 7: Dynamic response of the cable under combinations of vortex excitation and parametric excitation.
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Figure 9: The effect of motion amplitude of top-end tube on the
dynamic response of the cable.

vibration either with top-end tube moving or without top-
end tube moving attenuates rapidly to small value, even zero.
It is noted that the first third-order mode responses are
mostly dominated, and they take up more than 80% of the
whole mode response. Also, it is shown that the maximum
amplitudes of the cable with top-end tube moving are larger
than the cases without top-end tube moving, and taking
mode 1 as an example, its maximum amplitude is about twice
larger than the case without top-end tube moving.

Figure 9 shows the curves of the maximum value and
root mean square value of the dynamic response of the cable
as the motion amplitude of top-end tube varies from 1.0 to
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(b) 𝜔V = 𝜔1, 𝜔𝑝 = 1.0𝜔1 and under Taft earthquake

Figure 10: The effect of earthquake on the dynamic response of the
cable.

2.2, where motion amplitude is expressed by the ratio of
dynamic tension to static tension 𝜀. In both the two cases,
the variational laws of curves are similar, and the maximum
value of the displacement increases with the increase of
motion amplitude, which is very dangerous for the cable
system. And, the root mean square value of the dynamic
response of the cable rises almost linearly with the increase
ofmotion amplitude.Thus,motion amplitude of top-end tube
is the most important parameter in determining the dynamic
response of the cable which necessitates careful consideration
during the early stage of design.

3.5. Effect of Earthquake. Figure 10 shows the dynamic
response time history of the cable when in combinations of
vortex excitation and parametric excitation under Taft earth-
quake. When the cable is subjected to the earthquake, the
maximum value and the mean value in this case are signally
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Figure 11: Comparison of dynamic responses of the cable between the cases of four site classifications earthquakes.

larger than the other two cases with only combinations of
vortex excitation and parametric excitation. Beside, due to
the randomness of the earthquake, the curves of dynamic
response of the cable becomemore irregular. Compared with
Figure 6(b), due to the effect of earthquake, the maximum
value appears at the time of 0∼50 s, that is, the time duration
of earthquake; after that themotion amplitude attenuates, and
themaximum values of dynamic response in Figure 10(a) add
from 0.0223m to 0.221m. When compared with Figure 7(c),
the maximum values of dynamic response in Figure 10(b)
add from 0.883m to 0.916m, and the maximum value of
motion response of the cable appears around from the
time point of 50 s to 160 s. It is noted that the earthquake
can signally affect the motion amplitude and time points
reach the maximum value of the cable. Therefore, dynamic
analysis under combined vortex, parametric, and earthquake
excitations is necessary.

From Figures 11(a) to 11(d), it can be seen that site class
of earthquake wave affects the vibration response of cable
largely, and the pattern andmotion amplitude of time history
of the cable are invariant. The maximum value appears at the
time of 0∼50 s, that is, the time duration of earthquake; after
that the motion amplitude attenuates. In other words, the
energy of the dynamic response of the cable is focused on the
time duration of earthquake. The difference of seismic wave
spectrum characteristics results in the difference of maxi-
mummid-span displacements of the cable.The peak values of
the dynamic response of the cable under artificial earthquake,
El Centro earthquake, Taft earthquake, and Loma earthquake
are 0.522m, 0.383m, 0.356m, and 0.406m, respectively, and
occur at the time that the earthquake wave reaches its energy-
intensive zone. Similarly, the root mean square values of the
dynamic response of the cable under the above earthquake
waves are 0.236m, 0.156m, 0.131m, and 0.202m, respectively.
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Figure 12: The effect of damping ratio on the dynamic response of
the cable (𝜔V = 𝜔1 and 𝜔𝑝 = 2𝜔1).

It is concluded that dynamic response of the cable under
artificial earthquake which is suited to rock foundation is
the largest. Oppositely, the Taft earthquake which is suited
to medium soil foundation induces the smallest dynamic
response values of the cable.

3.6. Effect of Damping Ratio. The influence of damping
ratio on the dynamic response of the cable is also inves-
tigated, and three alternative levels of damping ratio 𝜁 =
0.0009, 0.0036, 0.0072 are adopted. As shown in Figure 12, the
motion amplitude and energy of the dynamic response of the
cable are decreased as the modal damping ratio is increased.
As the damping ratio increases to 0.0072, the wave crests
induced by combinations of vortex excitation and parametric
excitation are smoothed after the time of 150 s. The rate of
descent of the maximum values between 𝜁 = 0.0009 and
𝜁 = 0.0072 is reached up to 72.82%. This is an expected
result because damping plays an important role in energy
dissipation and makes the cable system more stable [23, 24].
In preliminary design of the cable system, it is recommended
that the damping of cable should be increased to reduce
the dynamic responses of the system, and large-amplitude
vibration of cable may be avoided by locating dampers on the
cable or the tube.

3.7. Effect of Lift Coefficient. Based on the work conducted by
Chen et al., 2015, the lift coefficient is adopted as a constant
value ranging usually from 0.8 to 1.2. As shown in Figure 13,
four cases of the cable system under combined excitation are
explored to determine the influence of the lift coefficient on
the dynamic response, and the three different lift coefficients
are 𝐶𝐿 = 0.8, 1.0, 1.2. When the lift coefficient is ranged
from 0.8 to 1.2, the lift coefficient is an important part of the

correlated lift force due to vortex shedding; as a consequence,
larger lift coefficient can cause larger dynamic response.Thus,
the dynamic response of the cable in case of lift coefficient
in 0.8 is the smallest while comparing with the case of
other constant lift coefficients. As a consequence, larger lift
coefficient can cause more unstable dynamic response. In
the meanwhile, the inclusion of parametric excitation can
strengthen the instability, when it satisfies the special condi-
tion which can cause parametric resonance of a cable system.
As the effect of self-excitation of nonlinear vortex-induced lift
terms, the excitation of resonance becomes weaker, while the
lift coefficient is getting lower. In Figure 13(b), the mid-span
displacement of the cable is largest, when along axial location,
and the maximum amplitude in the case of lift coefficient in
1.2 is more than twice larger than the case of lift coefficient in
0.8.

4. Conclusions

The parametrically excited vibrations of cable of submerged
floating tunnel under hydrodynamic and earthquake excita-
tion are studied in this paper. The dynamics motion of the
cable is built by Euler beam theory and Galerkin method.
Random earthquake excitation in time domain is formu-
lated by trigonometric series method. The hydrodynamic
force induced by earthquake excitations is formulated to
represent real seaquake conditions. An analytical model is
proposed to analyze the cable system for submerged floating
tunnel model subjected to combined hydrodynamic force
and earthquake excitations. The effects of the hydrodynamic
and earthquake parameters and structural parameters on the
resulting dynamics response of the system are explored and
discussed. The sensitivity of key parameters on the anchor
system for submerged floating tunnel is investigated to enable
a preliminary examination of the hydrodynamic and seismic
behavior of the cable and provide guidance for design and
operation of the anchor system for submergedfloating tunnel.

The following conclusions can be drawn:
(1) The overall trends of the results obtained by the

present method generally agree with the evaluations calcu-
lated from the other methods. Due to the seismic design
spectrum for offshore structure and the coupled effect of
hydrodynamic force and earthquake excitation considered in
the present approach, the dynamic responses of the cable are
greatly amplified and FFT amplitude component obtained
by the present method has more abundant high-frequency
contents and excites wider peak frequency region.

(2) The dynamic response of the cable under combina-
tions of vortex excitation and parametric excitation become
more complicated, especially in combined resonance condi-
tion.Thus, the fundamental frequency of cable of submerged
floating tunnel located in complicated marine environment
should be thought over carefully to avoid parametric reso-
nance.

(3) Dynamic response of the cable under artificial earth-
quake which is suited to rock foundation is the largest.
Oppositely, the Taft earthquake which is suited to medium
soil foundation induces the smallest dynamic response values
of the cable.
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Figure 13: The effect of lift coefficient on the dynamic response of the cable.

(4) Damping plays an important role in energy dissipa-
tion and makes the cable system more stable. In preliminary
design of the cable system, it is recommended that the
damping of cable should be increased to reduce the dynamic
responses of the system, and large-amplitude vibration of
cable may be avoided by locating dampers on the cable or the
tube.
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