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The Submerged Floating Tunnel (SFT) is an alternative infrastructure for crossing transportation routes
in deep and wide waters, but further studies are still needed on the dynamic response to wave forces.
This study aims to evaluate the dynamic response of a wave-excited Tension Leg type SFT segment
model, specifically regarding the influence of the mooring cable angle and the influence of the tube
mass. This study was conducted using a damped forced vibration theory approach, exploring the
relationship among three main elements of structural dynamics: mass ( ), damping ( ), and stiffness
( ). These parameters are important as fundamental elements that determine the overall stiffness of
the structure. The SFT segment model, made of a 3-inch (76 mm) diameter tube with a length of 700
mm, was installed at a depth of 1/6 below the water surface. The parameters tested included the effect
of the mooring cable angle (variations: 15°, 30°, and 45°) and the effect of the tube mass (variations:
0.5 kg, 0.75 kg, and 1 kg). The displacement response of the specimens was obtained from video
recordings and analyzed using video tracking software. The experimental results show that an increase
in the angle of inclination of the mooring cable leads to an increase in stiffness ( ) and a smaller
structural displacement. In addition, a larger tube mass results in a greater displacement. The
experimental data showed good agreement with the theoretical model of single-degree-of-freedom
(SDOF) damped forced vibration, with deviations below 10%. Therefore, this study recommends the use
of the largest feasible mooring angle and smallest practical tube mass for optimal SFT design, while still
considering real-world application limitations.
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1. Introduction

The Submerged Floating Tunnel (SFT) is a novel concept in the field of transportation infrastructure. The concept of SFT
involves placing a tubular structure at a specific depth below the water surface, utilizing buoyancy as its carrying capacity
[1], as illustrated in Figure 1. Recently, the Submerged Floating Tunnel (SFT) has been discussed as an alternative
infrastructure for crossing waterways. These structures are considered more effective, especially for deep and wide straits,
where conventional bridges are difficult and expensive to implement [2],
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Figure 1. Illustration of the SFT model [3]
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Ocean waves are a major challenge in the analysis and design of SFTs [4], especially the influence of hydrodynamic
forces caused by ocean waves and currents [5], These forces are caused by complex interactions between the SFT structural
elements and fluid motions [6], which can give rise to vibrations that compromise the stability and safety of the structure
[7], Therefore, a fundamental understanding of the dynamic behaviour of SFTs under the influence of wave forces is
important as a basis for their design.

Several previous researchers have conducted studies on the dynamic behaviour of Submerged Floating Tunnel (SFT),
either analytically, numerically, or experimentally [8], Analytical studies focus on exploring mathematical models of the
structure's dynamic response [9], [10], while numerical approaches use computer simulations to analyse fluid-structure
interactions in a more complex manner [11], [12], Numerical studies conducted by [13] and [14], for example, evaluate the
influence of mooring cable layout on the hydrodynamic response of SFTs, including the effects of hydroelasticity and fluid
structure interaction. However, analytical approaches are generally carried out with simplifying assumptions on design
variables, so they do not fully represent the real conditions in the field. On the other hand, the more realistic numerical
approach relies heavily on the validation of experimental data as the basis for its justification. The main issue that arises is
the limited experimental data available, especially those that specifically evaluate the influence of key design parameters
such as mooring line inclination angle and structural mass variation on the dynamic response of SFTs [15], This creates a
research gap in understanding the direct contribution of these two parameters to the stability and dynamic efficiency of the
structure.

In contrast to previous studies, this research aims to fill the gap by presenting a controlled experimental approach that
systematically evaluates the effects of mooring cable angle and tube mass on displacement response, and validates it through
a theoretical model of a one-degree-of-freedom system with forced damping. The novelty of this study lies in the integration
of experimental methods and analytical approaches to define key parameter relationships, namely mass (m), damping factor
(c), and stiffness (k). This research is important to understand the basic parameters useful in designing SFTs subjected to
wave-induced loads, in order to obtain an optimal design to improve stability, efficiency, and dynamic reliability [16],

The damping factor c is determined experimentally by the Logarithmic Decrement Method, which measures the
logarithmic decrement rate of amplitude over time [17], Meanwhile, stiffness (k) is equivalently calculated based on the
mooring line configuration. The equivalent horizontal stiffness can be determined based on the balance of forces induced by
the mooring line, depending on its slope, elasticity value, initial length, and cross-sectional area. This approach is known as
the beam on elastic foundation model [18], which linearly represents the stiffness of the structure in the horizontal direction.

This research has significance as a theoretical validation of the basic elements of dynamic analysis in segment models.
Furthermore, the research on segment models can be bridged into continuous models with various numerical theories, such
as the Direct Integration - Mode Superposition Method (DI-MSM), which was recently developed for the dynamic analysis
of large-dimensional continuous structures [19], This approach opens up opportunities to develop a more accurate and
efficient numerical simulation framework in designing SFTs, considering real sea conditions and technical configuration
variations. Thus, this research not only contributes to the strengthening of fundamental aspects of dynamic analysis but also
provides a new direction in the development of experimentally and numerically based predictive methods for next-
generation subsea structures. However, it must be acknowledged that research conducted on a laboratory scale is still
relatively simple and cannot fully describe the behavior of SFTs in the real world. Therefore, further research is needed with
variables that approximate field conditions, involving large-scale prototypes, irregular wave motion, ocean currents, and
complex mooring cable configurations to gain a comprehensive understanding of the actual performance of SFTs.

2. Method

2.1. Develop a model and an Analytical Solution

The structure consists of the SFT model segment and reference coordinates in this study, as shown in Figure 2. The
reciprocating motion of the wave generator creates waves that provide periodic excitation forces to the structure, as
demonstrated in our previous research [20], The total water depth in the test medium is 0.6 m, and the SFT is positioned 0.1
m below the water surface. A 3-inch (7.62 cm) diameter tube is held by a mooring cable configuration at an angle to the

which represent displacement, velocity, and
acceleration, respectively.The observed parameters are the effects of the mooring cable angle and tube mass on the vibration
response subjected to the wave excitation force F(t).

Vibrations in the system can be analysed using an equivalent model as shown in Figure 3, where m is the mass of the
tube (kg), c is the damping factor (N.s/m), and k is the spring stiffness (N/m). The spring element k represents the total
horizontal stiffness, which is calculated based on the tension and configuration of the mooring cables. Meanwhile, the
damping factor c is evaluated as viscous damping resulting from fluid-structure interaction.

vertical line. Cartesian coordinates are used as a reference to monitor
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Figure 2. The SFT model with parameters and reference coordinates.

A

Figure 3. An equivalent model of a forced vibration system with a SDOF.

The vibration equation for Figure 3 is a damped forced vibration that can be written as a second-order differential
equation, as shown in Eq. (1). The general solution given in Eq. (2) consists of two components: the transient response and
the steady-state response. The transient component (first term) decays over time due to the effect of damping, while the
steady-state component (second term) is a harmonic oscillation with a certain amplitude, determined by the excitation
frequency.

(1)

(2)

(3)

In Eq. (2),
response (m),
of time. Here, is the damping ratio (unitless), is the natural frequency of the undamped system (rad/s), is the damped
natural frequency (rad/s), and is the initial phase of the transient response (rad). Furthermore, is the amplitude of the
external force acting on the system (N), is the frequency of the external force acting on the system (rad/s), and is the
phase shift caused by the external force (rad), whose value can be calculated using Eq. (3), where all symbols follow standard
vibration theory notation.

is the displacement of the system as a function of time (m), is the initial amplitude of the transient
is the non-dimensional exponential factor that represents the damping effect of the system as a function

2.1.1. Horizontal Stiffness

The stiffness of the SFT increases with the presence of mooring cables characterized by the vertical axis angle ( ), initial
tension {To), length (I), elastic modulus (£), and cross-sectional area (A), as shown in Figure 4. The vertical stiffness and
horizontal stiffness of the mooring system equation can be calculated using Eq. (4), and the tension of the mooring cable To
can be calculated using Eq. (5).
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Figure 4. Stiffness model of the SFT [19],

(4)

(5)

2.1.2. Hydrodynamic Force

The hydrodynamic force of waves on tubular structures is described by the Morison equation, which consists of inertial
and drag forces combined linearly [21], The maximum hydrodynamic force occurs near the water surface and decreases with
increasing distance.The Morison equation can be seen in Eq. (6) [22], where is the density of water, is the drag coefficient,

M is the inertia coefficient, u is the horizontal velocity of water, du/dt is the horizontal acceleration of water, and D is the
diameter of the tube.

(6)

2.1.3. Viscous damping coefficient and structural damping

The damping coefficient is determined using the Logarithmic Decrement Method [23], The method involves applying
an initial displacement to the model structure and recording its response. The logarithmic decrement ( ) is defined in Eq.
(7).

(7)

where Xo is the initial amplitude, Xn is the amplitude after nnn cycles, and n is the number of oscillation cycles considered.
Once is obtained, the damping ratio ( ) can be calculated using Eq. (8). If the damping ratio is known, the damping
coefficient (Q is determined using Eq. (9), where the critical damping coefficient cc and the natural frequency „ are
expressed in Eq. (10) and (11), respectively.

(8)

(9)

(10)

(11)

2.2. Experimental Study

Referring to Figure 2, the eccentricity was set at 2 cm from the rotor axis, and the eccentric rotor mechanism was
operating at a speed of 110 rpm. To maintain wave consistency, each data collection starts at the 5th second (to achieve a
stable state) and lasts for 12 seconds, which is sufficiently short to minimize the influence of reflected waves. The generated
wave is classified as a Stokes wave with an amplitude of 2.99 cm, a wavelength of 51.98 cm, a period of 0.544 s, and a wave
height of 5.98 cm. The experimental test setup in this study is shown in Figure 5, and the specifications of the generated
wave can be seen in Table 1, while the research parameters are shown in Table 2.

Table 1, The specifications of the generated wave
Symbol ValueNo Parameter Unit

Wavelength1 0.5198m



 

 
1-Variable Frequency Drive (VFD), 2-Electric motor, 3-Pulley and belt transmission system, 

4-eccentric mechanism, 5-flap generator, 6-Water Tank, 7-SFT Segment Model,  
8-Mooring cables, and 9-Digital camera 
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2 Amplitude
3 Period
4 Wave height

A 0.0299
0.544
0.0598

m
T s
H m

65

4

L3.
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T.
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Figure 5. Experimental test setup for the SFT model.

Table 2. The research parameters
Symbol Unit ValueNo Parameter

1 Cylinder Diameter
2 Mass

D 0.076m
kg 0.5m

0.75
1

3 Mooring cable inclination angle degree 15
30
45

4 Tube position depth 0.1z m

The movement of the SFT structure model is identified using video recordings taken with a digital camera pointed at
the test object. The video recordings are then processed using video analysis tracking software to identify the position of the
object at any given time relative to a specified reference point [24], [25], The camera used for motion capture was a Fujifilm
X-T200 (APS-C CMOS, 24.2 MP), with an XC 15-45 mm f/3.5-5.6 OIS lens. Video was recorded at Full HD 1080p resolution
with a frame rate of 30 fps to ensure position tracking accuracy in the tracking software. Before testing, calibration is
performed using a calibration stick to ensure that pixel coordinates correspond to actual dimensions. The auto-tracker is the
final step in the tracking software, used to determine the position of the object's points and visualize them as a displacement
graph over time. Figure 6 shows the raw tracking graph, colored red, which represents the position of the object in real time.
A more stable graph, colored black, is obtained after reducing the recording noise. This graph is then exported and used to
determine the dominant frequency through Fast Fourier Transform (FFT) and evaluation of the damped vibration
characteristics.

0.1770

E 0.1765
x

0.1760
4- 4- 4-

0 2 4 B 3 10 12 14 1B
t(s)

Figure 6. Results of tracking the movement of the SFT model using Tracker software.

3. Results and Discussion

Figure 7 shows a damped oscillation graph obtained from a damped free vibration test, in which the SFT model was
given an initial displacement X and then suddenly released. The movement of the model was recorded on video and
converted into a displacement graph using video tracking software. It can be seen that the displacement amplitude gradually
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decreases over time. This pattern is consistent with the characteristics of damped vibration, where the oscillation energy
gradually decreases due to the interaction between the structure and the fluid [26], The peak amplitudes x , x , of this
graph are then used in the logarithmic decrement method to determine the damping ratio. The rate of amplitude decrease
is presented in Table 3.
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Figure 7. The damped oscillation graph.

Table 3. The rate of amplitude reduction.

Peak Number Time (s) Amplitude (mm)

0.3 1201

2 1.0 75

3 1.7 50

4 2.3 35

5 3.0 25

6 3.7 18

7 4.3 13

8 5.0 10

Using the Logarithmic Decrement Method for the first five peaks, the logarithmic decrement ( ) and the damping ratio ( )
were obtained as follows:

(12)

(13)

The value of the damping coefficient (C) can vary due to the influence of mass and structural stiffness, resulting in
different natural frequencies. The complete dynamic response for each parameter is presented in Table 4, which presents
the displacement amplitude of the SFT structure, derived from the maximum and minimum values corresponding to each
variation in mooring angle and tube mass. All experiments were conducted over 12 seconds.

Table 4. Experimental parameters and their dynamic responses
Mass, m Mooring Cable Angle, Wave Force, F(t) Damping coefficient, C Amplitude, A

(degres)(kg) (N) (N.s/m) (mm)
0.5 15 0.71 0.427

2.409
3.239

14.9
30 0.71 8
45 0.71 1.7

0.75 15 0.71 0.341
0.921
1.748

22.9
30 0.71 13.1
45 0.71 2.6

1 15 0.71 0.279
0.797

49.3
30 0.71 27.1



 

(a) 

Experimental 
Theoretical 

(b) 

(c) 
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45 0.71 5.7

3.1. Effect of Mooring Cable Angle on Displacement

Figure 8 shows the displacement of a 0.5 kg SFT model. The graph compares three mooring cable angles: 15°, 30°, and
45°. The results are clear: larger mooring angles result in smaller displacements, while smaller angles result in larger
structural movements. The displacement response is influenced by the effective horizontal stiffness contributed by the
inclined mooring cables. This behavior is consistent with previous numerical and analytical studies, which reported that
more inclined mooring configurations increase the restoring force and suppress excessive movement of the SFT structure
under wave loading [27],

FFT analysis supports this trend, showing a frequency of 1.6 Hz from the experiment and 1.8 Hz from the analytical
calculations. Although the peak and dominant frequencies of the FFT results do not quantitatively coincide, they show a
consistent trend in displacement as the mooring angle changes. This consistency indicates that in the analytical SDOF model,
the system response depends on variations in stiffness and natural frequency. Similar observations were reported by [28],
[16], where numerical models successfully reproduced frequency trends but showed deviations in spectral amplitudes when
compared to experiments or more comprehensive simulations.
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Figure 8. The displacement of the SFT model with a mass of 0.5 kg. (a) 15° angle, (b) 30° angle, (c) 45° angle.

The quantitative differences between the experimental and theoretical FFT results can be attributed to several factors.
First, the analytical model adopts idealized assumptions, including linear stiffness, uniform damping, and simplified
hydrodynamic loading based on Morison's formulation. In contrast, the experimental system is affected by nonlinear
hydrodynamic effects, wave reflections from the tank boundary, turbulence, additional viscous damping, and local friction
at the mooring joints. These effects are known to broaden spectral peaks and reduce peak sharpness in the experimental FFT
results, as discussed in hydrodynamic studies of SFT under wave influence [29], [30], Second, the interactions between the
fluid and the structure, explicitly considered in the numerical model but ignored in the simplified analytical formulation,
also contribute to differences in amplitude and frequency resolution.
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Therefore, the agreement between the experimental and theoretical results in this study should be interpreted in terms
of consistency in trends and dominant frequency behavior, rather than exact numerical similarity. The combined use of time-
domain displacement history and FFT analysis provides a more comprehensive understanding of the SFT dynamic response,
where the time-domain plots emphasize amplitude attenuation and damping effects, while the frequency-domain results
highlight stiffness-driven frequency shifts. This interpretation aligns with established vibration theory and recent SFT
research, which confirms that increasing the mooring cable angle is an effective strategy for reducing displacement response
and enhancing dynamic stability. These findings provide useful guidance for SFT design, particularly in selecting appropriate
mooring angles to improve structural stability and minimize unwanted vibrations.

18

3.2. Effect of Tube Mass on Displacement

Figure 9 shows the displacement response and FFT results of the SFT model at a mooring angle of 15°, with variations
in tube mass of 0.5 kg, 0.75 kg, and 1 kg. The displacement graph (left) indicates that as the tube mass increases, the amplitude
of the resulting oscillations also increases. Meanwhile, the FFT analysis (right) shows that the dominant frequency of the
experimental results has good agreement with the theoretical predictions, in the sense that both exhibit the same trend and
peak-shift behavior as mass increases, even though the numerical values are not identical. Quantitative deviations are caused
by theoretical models that assume ideal conditions, such as perfect rigidity, uniform damping, and linear hydrodynamic
force, while the experiment is affected by additional factors, including fluid turbulence, small asymmetries in cable tension,
friction at the supports, and camera-tracking noise. These results confirm that mass has a significant influence on both the
amplitude and frequency response of the SFT system.
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Figure 9. The displacement response and FFT results of the SFT model at a mooring angle of 15°, with variations in tube
mass of (a) 0.5 kg, (b) 0.75 kg, and (c) 1 kg.

In a forced damped SDOF model, the steady-state amplitude depends on

lower the natural frequency , shifting the system closer to or further from the excitation frequency of the wave,

so that the amplitude can increase if the shift brings the conditions closer to resonance. Several SFT studies report strong

and c . An increase in mass can
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sensitivity to mass and hydrodynamic parameters [31], [32], Physical model tests and numerical simulations show that
changes in mass/configuration can alter the FFT peak and displacement magnitude, with good agreement between
experimental data and theoretical predictions when wave forces are modelled using the Morison equation. Larger mass
produces greater displacement at certain frequency combinations, which can be explained by the shift approaching the
excitation , thereby amplifying the response. The findings of this study offer valuable input for SFT design, emphasizing the
importance of reducing structural mass without neglecting the limitations imposed by field conditions.

19

Figure 10 shows the average amplitude graph, comparing the experimental results with the analytical predictions. From
the graph, it can be seen that as the mass of the tube increases, the displacement also tends to increase, especially at small
angles (15°) where the structural response is greatest. Conversely, at larger angles (30° and 45°), the displacement amplitude
is significantly smaller because the inclined mooring line configuration provides additional stiffness in the horizontal
direction. In general, the experimental and theoretical results show good agreement, although at a mass of 1 kg and an angle
of 15°, there is a larger discrepancy. This is likely due to additional hydrodynamic effects, nonlinear effects not modelled in
the mooring system, or uncertainties in the experimental measurements.

This finding is consistent with previous research by [33], which showed that mass variation has a significant effect on
the natural frequency shift of SFTs and can either strengthen or weaken the resonance effect depending on the wave
frequency. Additionally, [34] emphasise that the configuration and inclination of mooring cables can affect structural
stiffness and amplitude. Similar findings were reported by [35], who discovered that mass variations influence buoyancy
forces, which in turn affect cable tension and horizontal stiffness. Thus, the results of this study not only support previous
analytical and numerical models but also provide experimental validation that increasing the mooring cable angle and using
a smaller structural mass are effective in reducing displacement amplitude. Practically, these findings can serve as a basis for
designing SFTs to be more stable, efficient, and safe when operating in real-world water conditions.
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Figure 10. Average amplitude graph: experimental and analytical results.
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4. Conclusion

This study examines the dynamic response of a tension-leg Submerged Floating Tunnel (SFT) segment model subjected
to wave excitation, focusing on the effect of mooring cable inclination angle and variations in tube mass on structural
displacement. Based on experimental testing and theoretical analysis using a SDOF vibration model, it was found that
increasing the mooring cable inclination angle consistently increases the effective stiffness of the system, thereby reducing
the displacement amplitude. Conversely, increasing tube mass tends to increase the displacement response due to increased
system inertia effects.

Time domain analysis reveals quantitative discrepancies between the experimental results and theoretical calculations,
particularly in displacement amplitude. Flowever, frequency domain analysis using the Fast Fourier Transform (FFT)
demonstrates a consistent trend in the dominant frequency changes, indicating that the system's primary dynamic
mechanisms are well represented by the analytical model used. These quantitative discrepancies are influenced by the
limitations of the theoretical model's idealized assumptions, as well as by nonlinear effects in the experimental testing, such
as wave reflection, fluid turbulence, additional damping, and local friction in the mooring cable system.

Overall, the results of this study confirm that the inclination angle of the mooring cable and the mass of the structure
are key design parameters that significantly affect the dynamic stability of the SFT segment. These findings provide an
important contribution in the form of experimental data as a basis for validating analytical and numerical models, and can
be used as an initial reference in SFT design to minimize displacement response and avoid potential resonance, while still
considering the limitations of field conditions and test scales.
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