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Abstract: The development of an offshore island presented a need to construct an electricity grid with
the laying of submarine cable. The floating airbag is a useful tool for cable construction, especially
during landing. The effects of these airbags on cable hydrodynamic behaviors were investigated in
this study. Regular wave conditions with various airbag intervals and cable masses were employed in
wave flume tests. The vertical displacements and tensions of the cable under different test conditions
were investigated. It was found that the peak values of the displacement amplitudes and tensions
were obtained during the cable landing phase.

Keywords: cable landing; floating airbag; hydrodynamic behaviors; experimental study

1. Introduction

In recent decades, the demands for marine electricity transformation have increased
because of the rapid increase in the development of offshore electrical systems and offshore
renewable energy. These demands can be satisfied by connecting these offshore electrical
units to the mainland grid using submarine cables [1–3]. The construction difficulty
and safety demands are both higher during the cable landing phase than during other
processes [4]. Floating assistant facilities can be used to prevent possible friction with
the seabed and reduce the pull forces [5], which increases the safety of the cable landing.
Therefore, study of the tensions and hydrodynamic forces on the cable during its landing
with floating assistant facilities is needed to guarantee the engineering quality and increase
the construction efficiency in the construction of submarine cables.

The tensions and hydrodynamic forces on the cable during its laying have been
investigated comprehensively based on various assumptions. Zajac first proposed the
steady-state theory [6], which assumes the cable to be a straight line and excluded all
effects from transient motion. It now appears that unsteady-state theory is more suitable
for this analysis. Huang reported a new methodology to predict the three-dimensional (3D)
dynamic motions of a submarine cable [7]. Vaz and Patel considered external water loads
and proposed a two-dimensional (2D) predictive model of cable transient characteristics [8],
and a further 3D model for the investigation of cable transient behaviors during cable
laying [9]. Furthermore, the 3D dynamic characteristics of a cable in different sea currents
were studied [10]. Hover et al. simplified the flexible cable as a series of interconnected
straight-line sections without any consideration of bending moments and simulated the
motions of the submarine cable dynamically [11]. Based on linear and nonlinear methods,
Wang et al. established a dynamic model for a submarine, derived its governing equations,
and analyzed the effects of vessel speed, water depth, and length on cable safety [12].
Park et al. studied the dynamic behaviors of a submarine cable using both experimental
and numerical methods [13]. Cao et al. proposed a dynamic differential equation of
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the cable laying process considering the bending stiffness, which was employed in an
investigation of the effects of bending stiffness, vessel motion, the incident angle of the
cable, and the seabed stiffness on the tensions and motions of the cable [14]. Jasman et al.
analyzed the tensions of various types of submarine cables using a 2D numerical model [15].
Mamatsopoulos et al. developed a numerical tool to compute the safety coefficient of a
submarine cable during laying operations [16].

During laying operations, tension variations caused by external loads such as the
wind, current, waves, and the laying vessel motions are inevitable. Nagatomi et al. applied
the concentrated mass method (CMM) to calculate the motions and tensions of a submarine
cable [17], and compared the calculations with field test results. Prpić-Oršić et al. [18]
proposed a time-domain model for prediction of the tensions and motions of a cable-laying
process. Yang et al. investigated the effects of sea currents, vessel motion, and water depth
on cable tensions [19]. Feng et al. established a 3D finite-element cable model and studied
the dynamic characteristics of a cable in ocean waves [20]. Ye et al. established a kinematic
formula to calculate the overall cable motions during a laying operation [21]. Based on
some simplifications, Zhang et al. [22] analyzed the dynamic characteristics of a cable as it
was laid on the seabed using CMM, and validated these results with experimental data.

Despite the literature reviewed above, the coupled influence of the cable and typical
floaters during the landing process has been little explored in the literature. In addition,
floating assistant facilities are being utilized more and more in engineering applications, and
their hydrodynamics when coupled with a landing submarine cable should be investigated
to provide more information and guidance to these field operations. In this study, an
experimental study on the hydrodynamic forces on a landing cable with typical floaters
was conducted, and the kinematic and dynamic characteristics of the cable were analyzed.

2. Floating Airbags for Cable Landing

During the cable landing process, a pulling rope with one end connected to the cable
head is fixed to an onshore winch at the other end. As the winch operates, the rope with
the cable is pulled from the vessel head to the shore. If there are no floaters with the cable,
it will sink underwater to different depths because of the cable’s weight. The sinking of
the cable increases the tension and friction during the pulling. If additional floaters are
attached to the cable at consistent intervals, the cable will float on the sea surface and can
easily be pulled to the shore, as shown in Figure 1. In China, waste tires are employed as
floating supporters to provide additional buoyancy, which are easy to install and hard to
remove once the cable is in position.

To improve the cable landing capability and the degree of construction automation, the
Zhejiang Qiming Electric Power Group Co., Ltd. cooperated with the Trelleborg Ocean En-
gineering Company and the Ocean University of China to develop a new, reusable floating
airbag especially for cable landing construction, as shown in Figure 2. The prototype floater
has a length of 1.0 m and a width of 0.7 m, and contains two chambers for air charging.
When the two chambers are fully submerged, a floater is able to provide a buoyancy of
0.2 tons.

The airbag consists of two pillows connected side by side, which can be filled rapidly
with gas according to the pressure and buoyancy demands on the vessel head, and can
be bound to the cable artificially. The band holding the airbags around the cable uses
an auto-lock catch. The cable is pulled into the water with one airbags at a time. Once
the cable is in the correct position following the shallow water part of the process, the
airbags are separated from the cable by releasing the auto-lock bands in a predetermined
sequence using remote control. The assembled cable and the cable with released airbags are
schematically illustrated in Figure 3. Subsequently, the cable can sink down to the seabed.
The airbags are linked with a guidance line connected to an onshore winch, and can be
pulled to the shore for recycling. The automatic lock and release of the prototype-sized
airbags were tested and verified in a wave tank, as shown in Figure 4.
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3. Experimental Setup

All the experiments were conducted in the wave-current flume of the hydrodynamic
laboratory at Shandong Provincial Key Laboratory of Ocean Engineering, Ocean University
of China. The length and width of the flume are 30 m and 0.6 m, respectively. The maximum
operating depth is 0.6 m. A wavemaker is installed at one end of the flume, and can be
controlled to generate desired regular and irregular wave scenarios.

As waves are regarded as the dominant environmental factor in shallow water, we
employed only waves in all experimental cases in this study. The effects of the coastal
current on the lateral movement of the cable will be investigated in the future. The motion
and hydrodynamic responses caused by the external loads such as wind, current, and
laying vessel will be investigated in subsequent studies. With regard to high-frequency
responses like mechanical vibrations, the lower-frequency displacement of the cable was
the main focus of our research. Considering the laboratory and natural conditions, we set
the scale ratio as λl = 1:18, following the Froude similarity criterion.

The typical engineering area considered is around Zhoushan Islands, where the
bathymetry is plane and the seabed slope is less than 2◦. Considering the flume length, we
set the seabed slope in the experimental study as 2◦. Considering the natural bathymetry
in Zhoushan and the testing conditions of the experimental flume, the scale ratio was fixed
as 1:18 based on the Froude similarity criterion. The slope was designed and manufactured
using a steel frame and rough planks to simulate the actual seabed in these shallow waters.
A detailed design illustration and a physical photo of the slope in the flume are provided
in Figure 5.

Submarine cables are hard to model in experimental studies because their cross-
sections can vary among cables for different purposes, which causes the mass per unit
length and elasticity modulus to vary as well. Several typical submarine cables were
chosen for model selection, and mass per unit length was employed as the criterion. By
equilibrating the mass and the elasticity modulus to be close to the actual values under
the preset scale ratio, three typical model cables were fixed: 0.26 kg/m, 0.34 kg/m, and
0.44 kg/m. The diameters of the cable cross-sections were 10.5 mm, 12.5 mm, and 15 mm,
respectively. The airbag models were custom-ordered from the factory, following the
similarity criterion to determine the size, the material, and the inflatable volume. The
material was polyethylene (PE). The inflation volume of each side of an airbag was 34 cm3,
with airbags being 56 mm long and 38 mm wide. The model airbag and cables are presented
in Figure 6; these were produced using the scale ratio to determine the size and air-charging
volume.

During the experiments, the free surface elevation was measured by capacitor wave
gauges. The vertical displacement of the cable at specific points was recorded by a draw-
string type displacement sensor, as shown in Figure 7. The variation of the tension in the
model cable was measured at both ends by a tension transducer, as shown in Figure 8.

In the experiments, the maximum water depth without any slope was fixed at 0.3 m.
The wave scenarios only applied regular wave conditions for better identification of the
hydrodynamic behaviors of the cable and airbags, which will be beneficial to understanding
the complicated responses under irregular wave conditions in future studies. For the regular
wave conditions, the wave heights HR were 0.05 m and 0.1, and the wave period TR varied
from 1.5 s, 1.75 s, to 2.0 s. Therefore, six regular wave scenarios were employed.



J. Mar. Sci. Eng. 2022, 10, 402 5 of 15

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 4 of 15 
 

 

3. Experimental Setup 
All the experiments were conducted in the wave-current flume of the hydrodynamic 

laboratory at Shandong Provincial Key Laboratory of Ocean Engineering, Ocean Univer-
sity of China. The length and width of the flume are 30 m and 0.6 m, respectively. The 
maximum operating depth is 0.6 m. A wavemaker is installed at one end of the flume, and 
can be controlled to generate desired regular and irregular wave scenarios. 

As waves are regarded as the dominant environmental factor in shallow water, we 
employed only waves in all experimental cases in this study. The effects of the coastal 
current on the lateral movement of the cable will be investigated in the future. The motion 
and hydrodynamic responses caused by the external loads such as wind, current, and lay-
ing vessel will be investigated in subsequent studies. With regard to high-frequency re-
sponses like mechanical vibrations, the lower-frequency displacement of the cable was the 
main focus of our research. Considering the laboratory and natural conditions, we set the 
scale ratio as λl = 1:18, following the Froude similarity criterion. 

The typical engineering area considered is around Zhoushan Islands, where the ba-
thymetry is plane and the seabed slope is less than 2°. Considering the flume length, we 
set the seabed slope in the experimental study as 2°. Considering the natural bathymetry 
in Zhoushan and the testing conditions of the experimental flume, the scale ratio was fixed 
as 1:18 based on the Froude similarity criterion. The slope was designed and manufac-
tured using a steel frame and rough planks to simulate the actual seabed in these shallow 
waters. A detailed design illustration and a physical photo of the slope in the flume are 
provided in Figure 5. 

Submarine cables are hard to model in experimental studies because their cross-sec-
tions can vary among cables for different purposes, which causes the mass per unit length 
and elasticity modulus to vary as well. Several typical submarine cables were chosen for 
model selection, and mass per unit length was employed as the criterion. By equilibrating 
the mass and the elasticity modulus to be close to the actual values under the preset scale 
ratio, three typical model cables were fixed: 0.26 kg/m, 0.34 kg/m, and 0.44 kg/m. The di-
ameters of the cable cross-sections were 10.5 mm, 12.5 mm, and 15 mm, respectively. The 
airbag models were custom-ordered from the factory, following the similarity criterion to 
determine the size, the material, and the inflatable volume. The material was polyethylene 
(PE). The inflation volume of each side of an airbag was 34 cm3, with airbags being 56 mm 
long and 38 mm wide. The model airbag and cables are presented in Figure 6; these were 
produced using the scale ratio to determine the size and air-charging volume. 
During the experiments, the free surface elevation was measured by capacitor wave 
gauges. The vertical displacement of the cable at specific points was recorded by a draw-
string type displacement sensor, as shown in Figure 7. The variation of the tension in the 
model cable was measured at both ends by a tension transducer, as shown in Figure 8. 

 
(a) 

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 5 of 15 
 

 

 
(b) 

Figure 5. Seabed slope model: (a) designed seabed slope in the wave flume, (b) physical photo of 
the seabed slope model. 

 
Figure 6. Model airbag and cables used in the experimental study: (a) model cables, (b) model air-
bag, (c) model cable bounded with airbags. 

Figure 5. Seabed slope model: (a) designed seabed slope in the wave flume, (b) physical photo of the
seabed slope model.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 5 of 15 
 

 

 
(b) 

Figure 5. Seabed slope model: (a) designed seabed slope in the wave flume, (b) physical photo of 
the seabed slope model. 

 
Figure 6. Model airbag and cables used in the experimental study: (a) model cables, (b) model air-
bag, (c) model cable bounded with airbags. 

Figure 6. Model airbag and cables used in the experimental study: (a) model cables, (b) model airbag,
(c) model cable bounded with airbags.



J. Mar. Sci. Eng. 2022, 10, 402 6 of 15
J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 7. Drawstring displacement sensor. 

 
Figure 8. Tension transducer. (Text description: Made in Bengbu chino sensor Co., Ltd; Wiring 
definition (red: Power+; green: common-ground; yellow: Signal+)). 

In the experiments, the maximum water depth without any slope was fixed at 0.3 m. 
The wave scenarios only applied regular wave conditions for better identification of the 
hydrodynamic behaviors of the cable and airbags, which will be beneficial to understand-
ing the complicated responses under irregular wave conditions in future studies. For the 
regular wave conditions, the wave heights HR were 0.05 m and 0.1, and the wave period 
TR varied from 1.5 s, 1.75 s, to 2.0 s. Therefore, six regular wave scenarios were employed. 

To understand the dynamic behaviors of the cable bound with airbags, as shown in 
Figure 9, four typical lengths of the cable LS were tested in the water to represent different 
phases of the cable during its landing process. LS = 4.0 m, LS = 6.0 m, LS = 10.0 m, and LS = 
16.0 m represent the initial, intermediate, landing, and ending phases, respectively. LW 
represents the distance between the two ends in the flume, which was 25.0 m. The interval 
between the displacement sensors LI increase as LS increased. For the last three phases, 

Figure 7. Drawstring displacement sensor.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 7. Drawstring displacement sensor. 

 
Figure 8. Tension transducer. (Text description: Made in Bengbu chino sensor Co., Ltd; Wiring 
definition (red: Power+; green: common-ground; yellow: Signal+)). 

In the experiments, the maximum water depth without any slope was fixed at 0.3 m. 
The wave scenarios only applied regular wave conditions for better identification of the 
hydrodynamic behaviors of the cable and airbags, which will be beneficial to understand-
ing the complicated responses under irregular wave conditions in future studies. For the 
regular wave conditions, the wave heights HR were 0.05 m and 0.1, and the wave period 
TR varied from 1.5 s, 1.75 s, to 2.0 s. Therefore, six regular wave scenarios were employed. 

To understand the dynamic behaviors of the cable bound with airbags, as shown in 
Figure 9, four typical lengths of the cable LS were tested in the water to represent different 
phases of the cable during its landing process. LS = 4.0 m, LS = 6.0 m, LS = 10.0 m, and LS = 
16.0 m represent the initial, intermediate, landing, and ending phases, respectively. LW 
represents the distance between the two ends in the flume, which was 25.0 m. The interval 
between the displacement sensors LI increase as LS increased. For the last three phases, 

Figure 8. Tension transducer. (Text description: Made in Bengbu chino sensor Co., Ltd, Bengbu,
China; Wiring definition (red: Power+; green: common-ground; yellow: Signal+)).

To understand the dynamic behaviors of the cable bound with airbags, as shown in
Figure 9, four typical lengths of the cable LS were tested in the water to represent different
phases of the cable during its landing process. LS = 4.0 m, LS = 6.0 m, LS = 10.0 m, and
LS = 16.0 m represent the initial, intermediate, landing, and ending phases, respectively. LW
represents the distance between the two ends in the flume, which was 25.0 m. The interval
between the displacement sensors LI increase as LS increased. For the last three phases,
there were four sensors, and the values of LI were 1.4 m, 2.0 m, and 2.4 m, respectively. For
the initial phase, as the cable length in the water was short, only three sensors were used
and LI = 1.0 m. The intervals between the airbags were different for various masses of the
cable, as listed in Table 1. All the measured data were processed by the data acquisition
(DAQ) system developed by the research team, with the instrumental chain shown in
Figure 10. During the test, data were recorded at least every 60s; meanwhile, stable cycles
of 10 regular waves were used to evaluate key parameters. It is worth mentioning is that
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in the actual construction process, the pulling rope play a role in floating airbag recycling
and storage projects. In the experimental tests, the rear end of the submarine cable was
connected with the tension sensor and the pulling rope was only used to adjust the length
of the cable in the four stages in still water. There was no buoyant force here because the
pulling rope did not come into contact with the water. The total number of cases was 216 in
this study. For the regular wave scenarios, fewer than 12 waves were generated for test
and recording. All the cases were repeated three times to compute the average values of
each case.
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4. Results and Discussion
4.1. Typical Time Histories of the Tension and Vertical Displacements

The following conditions were chosen as a typical experimental case: G = 0.34 kg/m,
HR = 0.05 m, TR = 1.5 s in the ending phase. The distances of the four displacement sensors
DS-1, DS-2, DS-3, and DS-4 from the wavemaker were 2.5 m, 4.9 m, 7.3 m, and 9.7 m,
respectively. The time histories of the vertical displacements for the cable at these positions
are shown in Figure 11, where the transient vertical displacement away from the free
surface is defined as ac and the incident wave amplitude as A, with the transient relative
vertical displacement as ac/A. In addition, aI is the instantaneous free-surface elevation
and the relative elevation can be defined as aI/A.
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Figure 11. Time histories of incident wave elevation and the vertical displacements of the cable.

The periods of vertical oscillation at different positions were the same. As the position
varied from DS-1 to DS-4, the value of the vertical displacement amplitude increased
from 0.82, 0.85, and 0.94 to 0.96. The motion amplitudes of the cable at different positions
were all less than those of the free surface elevation, which were caused by the cable
stiffness. During the surface ascending, the cable was restricted by its weight and stiffness,
with limited uplifting amplitudes. Meanwhile, the cable was observed to suspend at the
extreme position during its ascending and descending with a period of approximately
0.25 TR because of the incident waves and effects of the displacement sensors. Therefore,
trapezoidal varying shapes could be found for the time-history curves for the relative
motions of the cable. On the other hand, during the surface descending, compared to the
wave amplitude, the cable stiffness also resulted in a smaller falling amplitude. Additionally,
it was observed that the cable halted at the peaks and valleys during its oscillation at all
displacement measuring points, where the halting period was 0.25 TR. Consequently, the
relative oscillating profiles all showed a similar trapezoidal shape.

A phase difference was observed between the adjacent sensors, which was 1/25 of the
incident period. The ratio between the sensor interval and incident wavelength was also
1/25, indicating that the phase difference was mainly determined by the distances between
the sensors. As the sensor position approached the beach, the relative vertical displacement
increased because of shallow water effects and the reduction of cable stiffness caused by
the connection with the pulling rope.

During the cable landing, the tension in the cable was affected by the incident wave
height and period, the cable mass, and the interval between airbags. The nondimensional
tension in the cable fI can be defined as follows:

f I =
FT2

R
GHR IA

(1)

where, F is the measured tension in the cable, G is the coefficient related to the mass per
length of the cable, and IA is the distance between two floating airbags. The time history of
the nondimensional tension variation in the cable is illustrated in Figure 12. The variation
curve shape of the tension was quasisinusoidal. Its varying period was equal to the incident
wave period TR. The peak, valley, and average values of fI were 9.7 × 103, 8.9 × 103, and
9.3 × 103, respectively.
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Based on the statistical analysis of this case (G = 0.34 kg/m, HR = 0.05 m, TR= 1.5 s),
Figure 13 illustrates the configuration of means and error bars of the standard deviation for
the values measured by the DS (Displacement Sensors) and TT (Tension Transducer). The
vertical displacement, maximum tension, and variation coefficient of means (defined as
the ratio between standard deviation and average) were 2.8%, 2.7%, and 3.1%, respectively.
These results show the good accuracy and repeatability of the present study.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 9 of 15 
 

 

A phase difference was observed between the adjacent sensors, which was 1/25 of 
the incident period. The ratio between the sensor interval and incident wavelength was 
also 1/25, indicating that the phase difference was mainly determined by the distances 
between the sensors. As the sensor position approached the beach, the relative vertical 
displacement increased because of shallow water effects and the reduction of cable stiff-
ness caused by the connection with the pulling rope. 

During the cable landing, the tension in the cable was affected by the incident wave 
height and period, the cable mass, and the interval between airbags. The nondimensional 
tension in the cable fI can be defined as follows: 

2
R

I
R A

FTf
GH I

=  (1)

where, F is the measured tension in the cable, G is the coefficient related to the mass per 
length of the cable, and IA is the distance between two floating airbags. The time history 
of the nondimensional tension variation in the cable is illustrated in Figure 12. The varia-
tion curve shape of the tension was quasisinusoidal. Its varying period was equal to the 
incident wave period TR. The peak, valley, and average values of fI were 9.7 × 103, 8.9 × 
103, and 9.3 × 103, respectively. 

 
Figure 12. Time history of tension in the model cable. 

Based on the statistical analysis of this case (G = 0.34 kg/m, HR = 0.05 m, TR= 1.5 s), 
Figure 13 illustrates the configuration of means and error bars of the standard deviation 
for the values measured by the DS (Displacement Sensors) and TT (Tension Transducer). 
The vertical displacement, maximum tension, and variation coefficient of means (defined 
as the ratio between standard deviation and average) were 2.8%, 2.7%, and 3.1%, respec-
tively. These results show the good accuracy and repeatability of the present study. 

 
Figure 13. Error bars of one standard deviation for the measured values. 

  

Figure 13. Error bars of one standard deviation for the measured values.

4.2. Effects of Airbag Interval on Cable Vertical Displacements

During cable landing, the vertical displacement of the cable is mainly affected by the
incident wave conditions and the buoyancy provided by the airbags, which is determined
by the number and intervals of the airbags. Generally, more airbags with a smaller interval
can provide greater buoyancy to avoid overturning with higher stability. On the other
hand, more airbags increases the construction costs and creates difficulties for the operators
in installing the airbags on the cable efficiently. It is valuable to investigate the effects of
airbag intervals on vertical cable displacement, which will provide more information for
airbag design.

Figure 14 presents the relative vertical displacements of the cable under the condition
of HR = 0.05 m and G = 0.34 kg/m, where ac and λ represent the average amplitude of the
vertical displacements derived from various sensors and the incident wavelength, respec-
tively. LW is the distance from the cable landing vessel to the winch on the shore, which
was 25.0 m in the experiments. For HR = 0.05 m, all the relative displacement amplitudes
were less than 1.0, which indicates that the vertical motion amplitude of the cable was less
than that of the incident waves. In addition, the cable landing phases (LS/LW = 0.4) had
significant effects on vertical displacement. As the cable head approached the shore, the
vertical displacement first increased and then decreased. The peak values were obtained
during the landing phase, to which more attention should be paid in practical engineering.
Generally, the vertical displacement decreased as the value of IA/λ increased, which was
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caused by the increase in the interval and the corresponding decrease in the buoyancy.
Consequently, it was harder for the cable to oscillate vertically under the influence of waves.
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Figure 14. Effects of the airbag interval on the vertical displacement of the cable (HR = 0.05 m):
(a) TR = 1.5 s, (b) TR = 1.75 s, (c) TR = 2.0 s.

The effects of the airbag intervals on the vertical displacement of the cable under a
wave height of HR = 0.1 m are illustrated in Figure 15. Compared to the smaller wave
height of HR = 0.05 m, the operation phase had fewer effects on the vertical displacement,
especially for the first three phases, and the peak values were also obtained at the landing
phase. The effects of the airbag interval on the vertical displacement were similar to those
observed for HR = 0.05 m. The maximum vertical displacement of submarine cable occurred
in the stage of cable landing. The reason is that with increasing length, the influence of
cable flexibility on displacement response decreased gradually, and the influence of the
waves became the main factor. The significant decrease in displacement at the ending
phase was due to the fact that the rear end of the cable was in contact with the seabed.
Furthermore, the vertical displacement amplitude decreased as the incident wave period
increased. The above results indicate that a reasonable interval between airbags should be
chosen according to the local wave conditions.
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4.3. Effects of Airbag Interval on Cable Tension

For a better understanding of the comprehensive effects of airbag interval on the cable
tension, the average and peak values of the tension are summarized in this section. The
average and peak tensions fa and fp are defined as follows:

fa =
1

nTR

∫ t+nTR

t
f Idt (2)

fp =
1
n

i=n

∑
i=1

max{ f I [(i− 1)TR, iTR]} (i = 1, 2, · · · , n) (3)

where n is the number of wave cycles. The peak value derived from Equation (3) is the
average value of the maximum tension in n wave cycles.

The effects of the airbag interval on the cable tension under the conditions of HR = 0.05 m
and G = 0.34 kg/m are shown in Figure 16. The general variation patterns of the average
and peak tensions were the same. Under the given wave period and airbag interval, the
values of fp and fa first increased and then decreased with the increase in LS/LW. The
maximum values of fp and fa were obtained as LS/LW = 0.4 in the phase of cable landing.
On the other hand, as LS/LW increased to 0.64 in the ending phase, the minimum values of
fp and fa were obtained. As TR = 1.5 s, fp and fa peaked for IA/λ = 6.5 × 10−2. Additionally,
as TR = 1.5 s and TR = 2.0 s, for a given value of LS/LW, the values of fp and fa increased as
IA/λ and the wave period increased. The average values of fp and fa for TR = 2.0 s were
increased by 54.4% and 76.5% compared to those for TR = 1.5 s. For a smaller airbag interval,
the average values of fp and fa for various wave periods and cable lengths were 0.81 × 104

and 0.56 × 104. For a larger interval, the average values of fp and fa were increased by 24.4%
and 29.9%, respectively.
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For HR = 0.1 m and G = 0.34 kg/m, the nondimensional cable tensions for various
airbag intervals and cable lengths in the water are shown in Figure 17. Similarly, the values
of fp and fa also decreased as LS/LW increased. Compared to the results for HR = 0.05 m,
the average values of fp and fa for various wave periods were increased by 77.8%, 41.3%,
and 31.2%, and 95.2%, 63.9%, and 32.2%, respectively. The effects of the airbag interval
and the incident wave period for a given value of LS/LW were reduced significantly. For
smaller and larger intervals, the average values of fp and fa were 1.29 × 104 and 1.35 × 104.
The average value of fp for TR = 2.0 s was larger than that for TR = 1.5 s by 12.2%.
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It can be summarized that the values of fp and fa both increased as the incident wave
height increased. The tensions first increased and then decreased with the increase of the
cable length in the water, and the peak values were obtained in the landing phase. For
a smaller wave height, the values of fp and fa increased with the increase in the airbag
interval and the incident wave height, but this was hard to observe for the larger wave
height. By comparing with Figure 14, it can be seen that a similar regularity of tension and
vertical displacement was expressed in different stages. However, during the ending phase,
sufficient bearing force provided by the seabed was the reason for reducing the tension on
the cable.

4.4. Effects of Cable Mass on Displacement and Tension

For investigation of the effects of the cable mass, the airbag intervals were adjusted to
17.0 cm, 13.0 cm, and 9.8 cm to ensure the same submerged depths for three typical masses.
The vertical displacements for three cable masses under the wave height of HR = 0.05 m
are shown in Figure 18. The relative displacements for various cable masses were all less
than 1.0, and all showed peak values at the landing phase. Furthermore, the displacement
amplitude decreased as the cable mass increased. For TR = 1.5 s, the relative displacement
amplitudes were 0.72, 0.63, and 0.51, respectively. As the incident wave condition was
fixed, an increase in the cable mass caused a reduction of the vertical oscillation of the cable.
Similar variation characteristics were also observed for HR = 0.1 m, as shown in Figure 19.
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The effects of the cable mass on the tension for HR = 0.05 m are illustrated in Figure 20.
The variation trends of fp and fa for various cable masses were similar. The peak values
were obtained at the landing phase (LS/LW = 0.4), and the tensions increased with the
increases in the cable mass and the incident wave period. The maximum values of fp and fa
were obtained for G = 0.44 kg/m. Compared to the average values of fp and fa for TR = 1.5 s,
the values for TR = 2.0 s were increased by 28.6% and 41.6%, respectively. The variation
characteristics of the tensions for HR =0.1 m in Figure 21 were similar to those in Figure 20.
The tensions first increased and then decreased as the value of LS/LW increased. The fp and
fa values also showed a significant increase in the average values. All the above results
indicate that the vertical displacement amplitudes and the values of fp and fa all increased
significantly as the cable mass increased, and the maximum values were obtained in the
landing phase.
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5. Conclusions

1. In this study, experiments on landing cables with airbags were conducted in a wave
flume, focusing on the cable vertical displacements and tensions during different landing
construction phases under regular wave conditions.

2. For the vertical displacement of the cable, the effect of the cable mass increased as the
airbag interval increased and the average displacement amplitude decreased. Meanwhile,
for a given interval, the displacement amplitude showed a decreasing trend as the incident
wave period increased. Under the condition of a smaller wave height, the tensions in the
cable both increased with the increase in the incident wave period. Additionally, for a
larger wave height, the effects of the airbag interval and the incident wave condition on
the tensions were minor. Furthermore, the vertical displacement and tensions both first
increased and then decreased as the cable approached the shore. Most values peaked at the
landing phase. As the cable mass increased, the vertical displacement amplitude decreased
and the tensions increased. These values also peaked at the landing phase. It is suggested
to increase the number of airbags used in the landing phase to control the tension and
displacement of the cable.

3. In the future, more studies will be conducted to investigate cable hydrodynamic
characteristics under real sea conditions, including irregular wave conditions and the
coastal stream. Submerged depths in still waters with different airbag intervals will also
be studied to provide more valuable information to support the practical construction of
cable landings.
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