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Abstract—submerged floating tunnel (SFT) is an innovative structural solution for waterway crossings and is based on the idea of
Archimedes Buoyancy. The main structure is kept at a certain depth underwater and is placed in position by anchor/mooring cables.
SFT becomes a more economical alternative for waterways compared to classical solutions such as cable-supported bridge, immersed
tunnel or underground tunnel when the width and depth of the waterway are large enough. As SFT is completely submerged in water
and is subjected to extreme environmental conditions such as waves, earthquakes, and hurricanes, therefore, the evaluation the dynamic
characteristics of an SFT under irregular waves is a key demand from the design point of view. In this study, the responses of an SFT
that is to be built in Qindao Lake of China are investigated under irregular waves. A 3D FEM model for SFT was established, the tunnel
was modeled by 3D beam elements and cables were modeled by elastic catenary elements. The irregular waves were modeled by
JONSWAP spectrum. The time history analysis was performed under irregular waves and currents. The time-domain simulations were
transformed to the frequency domain by Fast Fourier Transform (FFT). The spectra were smoothed using Savitzky-Golay smoothing
filters. The transfer functions of SFT horizontal and vertical displacements; and cable tensions were obtained for 30 realizations. Two
major peaks have been observed in each transfer function (response spectrum). One of the peaks was associated with the peak wave
frequency; the second peak was associated with the translational natural frequency of the SFT.
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I. INTRODUCTION

S

ubmerged floating tunnel (SFT) is a massive structure and
the structural behavior is greatly influenced by waves and
currents. A numerical procedure for the analysis of SFT
accounting for seismic excitation was developed by Fogazzi et
al. [1], however, more attention in this study was devoted to the
‘ad hoc’ finite element for modeling the behavior of
anchor/mooring element accounting for geometrical
nonlinearities and wave loading. A procedure for the nonlinear
dynamic analysis of SFT considering 3D multi-support seismic
excitations and nonlinear drag forces due to steady current and
wind waves, was presented by Di Pilato et al. [2], however more
focus in this research was to improve the finite element
modeling of the anchor bars developed in the previous work.
This work related to finite element development of anchor bars
was improved and the dynamic behavior of SFT was evaluated
using spatially varying seismic motion by Di Pilato et al. [3].
The structural analysis of SFT prototype to be built in Qindao
Lake (PR of China) under environmental loads such as waves ,
currents and earthquakes was presented by [4] using

commercial finite element tool ABAQUS. A more enhanced
numerical procedure for the analysis of SFT considering spatial
variability of seismic excitations was developed by [5]. A
recent study that describes the spatial variation of ground
motion excitation is carried by [6], this study also concluded
that 2D and 3D fluid fields have a great impact on the
magnitude of displacements of SFT along the tunnel length.
Since SFT is a very large structure and the transient response
analysis requires a large amount of computational space,
therefore, the model order reduction is necessary for the design
process of SFT. A model order reduction procedure was applied
to solve the transient responses of SFT model to be built from
Mokpo to Jeju (South Korea) under seismic excitations by [7].
The effect of seismic excitation on the response of SFT could
be different as compared to other civil engineering structures on
the ground. The effects of seawater on seismic behaviors on
SFT considering the compressibility if seawater, was studied by
[8] using a rectangular SFT.
Submerged floating tunnel (SFT) is a fully submerged structure
and exposed to severe environmental conditions. Two
approaches are normally used in choosing the design wave
environment for an offshore structure. One of these uses a
single wave method in which the design wave is represented by
a wave period and wave height [9], this approach is referred to
as regular waves. Due to its simplicity, most of the literature
considers the response of SFT under this approach.
[121]
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The other approach is to select the design wave environment
considering the wave spectrum; this approach is commonly
referred to as irregular waves. The offshore oil and gas industry
use floating structures for production systems, such as floating
spars, Tension Leg Platforms (TLPs), semi-submersible
platforms, and the Floating, Production, Storage, and
Offloading systems (FPSOs). These floating structures are
moored by mooring cables to maintain their positions. The
dynamic response of these structures under irregular waves
have been widely studied and reported [10-12]. However, the
response of SFT under irregular waves could be very important
due to the extreme exposure of SFT to sea waves. A very
primary attempt by a recent study [13] in this regard is available
as a reference. This paper perform a parametric study of the
responses of SFT under irregular waves.
The aim of this study is to investigate the SFT response under
irregular waves. The JONSWAP spectrum is used to model the
random sea waves. The airy wave theory is used to evaluate the
wave forces. The time-domain solution of 30 realizations has
been used to obtain the SFT response. The response spectrums
are obtained by using the Fast Fourier transform (FFT). The
spectrums are filtered (smoothed) using Savitzky-Golay
smoothing filters [11, 14].
II. MODELING OF WAVES
The ocean waves and currents are random in nature due to
the random nature of the wind that causes to generate these
waves. The growth of the sea depends on the wind speed,
duration and fetch [9]. Many spectrums have been developed
for forecasting the wind-generated waves. The suitable
representation of the sea state or more precisely the wave
loading is the primary concern. Once the wave conditions are
evaluated, the wave loading on the SFT may be computed based
on suitable wave theory. As the SFT case studies are mostly
located in narrow seas, therefore, the sea state may be
considered to be partially developed. In this study, the
JONSWAP spectrum is used, which is more suitable to
represent the partially developed sea state. The wave loadings
are then evaluated using the Airy wave theory.
The JONSWAP spectrum is based on two representing
parameters namely significant wave height (Hs) and peak wave
period (Tp). The spectrum describes the wave's energy
distribution as a continues function of the frequency. This
spectrum is given as
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where

f =  / 2 = 1 / T , f p = 1 / Tp , T p is peak period,

 ( = 0.0081 ) is a constant an depends on the wind,  is
peakedness parameter ranging from 1 to 7 (mean 3.3), and
S ( f ) is energy spectrum and has a unit of “length2-time”. 
is shape parameter and is given as
0.07 f  f p
 =
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The sea surface elevation is taken to be the representative
parameter of the sea state. In this study, the waves are assumed
stationary. The generated random wave is considered to be
adequately represented by a summation of linear harmonic
regular waves. The series representation of sea surface
elevation is given as [9, 15]:
N

 (x,t ) =  Ai cos ( xki − i t + i )

(3)

i =1

Where

Ai = 2  S (i ) i 

(4)

where Ai is the amplitude of the ith component wave,

i = i − i −1 ,

i

is random phase angle 0 to 2  ,  i is

random wave frequency of the ith component wave, k i is wave
number of the ith component wave. The selection of the
frequency is performed by a random number generator in
MATLAB in a range i n  . A sampling frequency of 50
Hz is used for generating the random sea surface elevation ( 
). For each time history 200 regular wave frequencies were
chosen in the present study to make a single irregular wave.
Once random sea surface elevation (  ) (Eq. 3) is known the
time histories of the wave-particle velocities and wave-particle
accelerations are computed by wave superposition, according
to Airy wave theory as [16]:
N
cosh  ki ( Z + h ) 
u =  Aii cos ( Xki − i t + i )
(5)
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where parameter X, Y, Z, and h are those described in [16].
Using the above wave-particle velocities and accelerations
the wave forces are calculated by the modified Morison
equation.
III. EQUATIONS OF MOTION
The equation of motion for the SFT for net buoyancy and
random wave loads is given as [16]:
(9)
 M q + C q +  K q =  f ( q,t )
where

 f ( q,t ) is random wave loads generated based on the

JONSWAP wave spectrum. Other parameters are those
described in [16, 17]. The mooring cables were modeled by the
procedure described in [16, 18, 19]. The boundary conditions
and limitations are similar to those described by [16].
[122]
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The 47.56 s time-domain analysis was performed to study
the response of SFT under random waves. The random
responses were transformed to the frequency domain by
applying Fast Fourier transformation. The spectra were
smoothed by Savitzky-Golay smoothing filters [14],
implemented in MATLAB functions. In the Savitzky-Golay
smoothing filter, the polynomial order and the frame length
were kept 5 and 15 respectively for all the spectra.
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IV. NUMERICAL RESULTS
The input parameters for the SFT tunnel, hydrodynamics,
and mooring cables are the same as used in [16, 20] unless
mentioned otherwise. A significant wave height (Hs) of 3 m and
peak wave period (Tp) of 4 s are selected for the response
calculation in this study. The responses of SFT are calculated
for the structural model shown in Fig. 1. The pre-tensions in the
cables have been calculated from the net buoyancy and are
given in [16].

30 m
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C
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25.8 m

30 m
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Fig. 1. Structural model of SFT used for numerical simulations [16, 21]

The JONSWAP spectrum Eq. (1) is calculated as shown in
Fig. 2. The frequency (  ) was generated as a random number
between 0 to 9 rad/s. 200 regular waves were superimposed for
the generation of each irregular wave.

elevation is shown in Fig. 3. The sampling frequency of 50 Hz
(time step 0.02 s) was used to generate this random sea surface
elevation. As the wave surface elevation is based on the random
frequency and random phase angles. Therefore, it is important
to use an average response of the structure based serval
realizations. In the present study, the dynamic analysis of SFT
was performed 30 times based on 30 random sea surface
elevations to obtain a suitable average random response of the
SFT, which was then transformed by FFT to the frequency
domain.

Fig. 2. JONSWAP spectrum (Hs=3 m, Tp=4 s)

The wave surface elevation (Eq. (3)) is a representative
parameter of the sea state. The time history of the wave surface
[123]
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dynamic analysis) time histories at location A, under random
waves, are shown in Fig. 4. The SFT undergoes very large
horizontal displacement (q ) and vertical displacements (q ).
Y

Fig. 3. Time history of the random wave surface elevation (Hs = 3 m, Tp = 4 s)

In the time domain dynamic analysis, the duration and the
time step must be carefully chosen. The time step must be small
enough to capture the highest frequency of the load/response
phenomena, and the duration should be long enough to capture
the lowest frequency phenomena [22].
The SFT displacements and cable top tensions (average
random responses of SFT based on 30 realizations of the

Z

Due to large SFT displacements, the mooring cables cause large
tensions, and very large tension peaks can be seen in the cable
top tension time histories as shown in Figs. 4(c,d).The top
tension of the cable 1 (C1), and cable 2 (C2) show alternate
peaks. When the tension in cables falls well below the pretension in cable 1 or cable 2 (T0=0.6187×106 N), and cable 3 or
cable 4 (T0=0.4950×106 N), Then a slack condition happens.
The transition from the slack to taut causes extreme tension in
the cable which is also called snap tension [23]. This snap
tension needs to be avoided for the practical design of SFT.
The SFT displacements and cable top tensions (average
random responses of SFT based on 30 realizations of the
dynamic analysis) time histories at location B, under random
waves, are shown in Fig. 5. The SFT undergoes very large
horizontal displacements (q ) and vertical displacements (q ).
Y

Z

Due to large SFT displacements, the mooring cables operate in
alternate taut-slack conditions and very large tension peaks can
be seen in the cable top tension time histories as shown in Figs.
5(c,d).

[124]
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Fig. 4. SFT displacements and cable top tension time histories at location A, under random waves (Hs = 3 m, Tp = 4 s, ζ = 2.5%)

[125]
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Fig. 5. SFT displacements and cable top tension time histories at location B, under random waves (Hs = 3 m, Tp = 4 s, ζ = 2.5%)

The smoothed SFT displacement and cable top tension
spectra at location A are shown in Fig. 6. Two major peaks can
be observed in each response spectrum. The frequencies at
which the peaks occur can be associated with one of the
frequency components that compose the dynamic behavior of
the SFT. The major peaks can occur at wave frequency,
structural natural frequency, sum (wave frequency + structural
natural frequency) frequency, difference (structural natural
frequency - wave frequency) frequency, double wave
frequency, or double structural natural frequency [22].
The first component is induced by peak wave frequency.
The second component is either due to the lateral and vertical
motion of the SFT or sum/difference frequency. The peak wave
frequency is 1.60 rad/s and the first natural structural frequency
in the horizontal and vertical direction is 6.91 rad/s. Many other
minor peaks can be correlated to a frequency such as wave and

natural structural frequency, sum-frequency, difference
frequency or double wave frequency.
From the horizontal displacement (q ) spectrum shown in
Y

Fig. 6(a), the first major peak occurring close to 1.60 rad/s
corresponds to peak wave frequency (wave peak frequency is
1.6 rad/s). The second major peak occurring at 5.55 rad/s close
to the difference frequency (ωstructure-ωwave=5.31 rad/s). There
are other minor peaks at 0.40 rad/s, 2.90 rad/s, and 7.00 rad/s.
The last peak is close to the natural frequency of the structure.
It is clear that wave and the difference frequency is causing the
largest peak.
Similar trends exist in the spectrum of vertical displacement
spectrum (q ) as shown in Fig. 6(b) as described above. The
Z

first major peak occurring at 1.60 rad/s corresponds to peak
wave frequency. The second major peak occurring at 6.0 rad/s
may correspond to the structural frequency (6.91 rad/s). The
[126]
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frequency, which is close to the structural natural frequency, is
causing the largest peak in the vertical displacement spectrum.
Figure 6 (c) describes the top tension spectrum of cable 1
(C1). Similar peaks can be observed as those for the
displacements spectra. The first major peak occurring at 1.60
rad/s corresponds to peak wave frequency. The second major
peak occurring at 5.68 rad/s is close to the wave and structural
difference frequency (ωstructure-ωwave=5.31 rad/s). Many other
minor peaks can be seen that are associated with the sum
frequencies or structural natural frequencies. The
wave/structure difference frequency is causing the largest peak
in the top tension spectrum of cable 1.
Figure 6 (d) describes the top tension spectrum of cable 2
(C2). Similar peaks can be observed as those for the
displacements spectra. The first major peak occurring at 1.60
rad/s corresponds to peak wave frequency. The second major
peak occurring at 5.81 rad/s is close to the natural structural
frequency (ωstructure =6.91 rad/s). Many other minor peaks can
be seen that are associated with the sum/difference frequencies
or structural natural frequencies. The natural structural
frequency is causing the largest peak in the tensions spectrum
of cable 2.
From the above discussion, it can be concluded that the SFT
dynamic behavior is governed by natural structural frequency.
The waves are the primary load to be considered for the design
of SFT.

(c) Cable top tension, T at C3

(d) Cable top tension, T at C4
Fig. 6. Smoothed SFT displacement and cable top tension spectra at location A
(Hs = 3 m, Tp = 4 s, ζ=2.5 %)

(a) SFT horizontal displacement, q

(b) SFT vertical displacement, q

Y

The Smoothed SFT displacement and cable top tension
spectra at location B are shown in Fig. 7. The SFT displacement
spectra follow the same trends and peaks as described for
location A, with slightly larger responses here. The cable top
tensions spectra at location B exactly match the spectra at
location A. The peaks description and the conclusion drawn
from the spectra at A is same for the spectra at B.

Z

(a) SFT horizontal displacement, q
[127]
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(b) SFT vertical displacement, q

Z

smoothing filters.
The spectrums of horizontal, vertical displacements and
cable top tensions are evaluated at the locations A and B. similar
peaks were observed in most of the results.
Based on the numerical simulations the following
conclusion can be drawn:
(1) Two major peaks have been observed in each transfer
function (response spectrum). One of the peaks is associated
with the peak wave frequency; the second peak is associated
with the translational natural frequency of the SFT.
(2) For a high wave frequency range, the structural natural
frequency mainly governs the SFT response and major peak
occurs close to the translational frequency of SFT.
(3) For a low wave frequency range, the wave frequency
mainly governs the SFT response and major peak occurs close
to the wave frequency.
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