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ABSTRACT 

This study performs wave-structure interaction analysis of a submerged 

floating tunnel (SFT) with mooring lines and investigates the effect of 

structure parameters on dynamic responses under wave loads. Airy wave 

theory and Morison’s Equation are used to calculate the wave force. The 

numerical model of SFT is verified by comparing it with the dynamic 

response of the experimental model studied by Oh et al. [5]. The effect of key 

design parameters (Buoyancy weight ratio, clearance, tether incline angle) on 

the performance of SFT under wave load is presented. Even though the SFT 

natural frequency and wave frequency were not close, Structure response 

amplification was observed for a particular range of the parameters. It was 

found that this amplification is due to the time-dependent fluctuating natural 

frequency of SFT. The results indicate that fluctuating natural frequency 

should be evaluated properly since severe displacement can occur in such a 

specific situation.     

 

Keywords: Submerged floating tunnel, Wave-structure interaction, 

Buoyancy-weight ratio, Clearance, Response amplification 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Research Background 

Recently, the interest in Submerged Floating Tunnel (SFT) has increased 

as structure engineers search for a new transportation concept for crossing sea 

straits in relatively long-distance and deep-water sites. The SFT system 

maintains its balance by buoyancy, self-weight, and tension of mooring lines. 

SFT can be an alternative to the conventional long-span bridges by 

overcoming the existing limitations. The main advantages of SFT are 

construction cost per unit length is relatively irreverent to a tunnel length, the 

ship traffic problem can be solved, and an optimal design can be safe against 

both waves and earthquakes [1]. Also, SFT is relatively easy to construct 

compared to existing marine transportation facilities, which are very difficult 

to construct under the sea and cause severe environmental pollution [2].  

Despite the numerous advantages, due to technological challenges, lack of 

safety assurance, and political issues, there is no developed SFT project in the 

world yet [3, 4]. Therefore, it is necessary to accurately understand the 

behavioral characteristics under various environmental loads to construct an 

actual SFT. 
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Numerous researches have been conducted on the behavior of SFT so far. 

Oh et al. [5, 6] and Yang et al. [7] conducted experimental studies on the 

behavior of the tunnel and mooring line tension. A scaled SFT model is 

applied in the wave flume with regular waves. Furthermore, Won et al. [8] 

conducted a wave tank experiment to evaluate dual SFT section motion under 

wave force. Scaled wave flume experiments were limited in terms of cost, 

time, and parameter adjustment.  

In order to make a numerical model of SFT, it is important to define the 

correct wave force. Currently, there are two major methods for determining 

the hydrodynamic wave load of SFTs, including Morison’s equation and 

diffraction theory [9, 10]. Estimating these two methods by Kunisu et al. [11] 

for the hydrodynamic computation of SFTs was performed. It was found that 

in normal construction conditions, both the drag and inertial forces account 

for significant proportions. Cifuentes et al. [12] also used two independent 

numerical simulation methods and confirmed that both methods determining 

wave load give good agreement with wave flume experimental result. 

Many types of research evaluated the SFT behavior under different 

structural parameters. Long et al. [3, 13] evaluated structural responses with 

different buoyancy weight ratios. Also, the effects of the inclined mooring 

angle on the dynamic responses of SFT were analyzed by Chen et al. [14]. In 

particular, the computational fluid dynamic analysis was performed very 
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similarly to the real environment by performing a real-time flow field analysis, 

rather than simply defining the wave load by the Morison equation. 

In addition to the SFT analysis focusing on the wave load, experimental 

study of vortex-induced vibration [15] and drag force [16] in ocean current, 

dynamic response analysis due to fluid-vehicle-tunnel interaction [17], slack 

analysis of mooring lines [18, 19], the effect of accidental impact load [20, 

21], and seismic analysis of SFT were performed [22]. 

On the other hand, only a few research articles deal with the SFT response 

amplification phenomenon due to propagating waves. Chen et al. [14] pointed 

out that response amplification is found in a specific mooring angle range and 

emphasized that such mooring line angle should be avoided in the design of 

SFTs. However, the cause of this phenomenon has not been determined. It is 

hard to judge if this response amplification is simply a resonance with SFT 

natural frequency and wave frequency because the two frequency does not 

get close in the focused range. It is necessary to understand the response 

amplification phenomenon well and determine the exact cause since this can 

cause serious damage to SFT. 
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1.2 Research Objective and Layout 

This research aims to understand the wave-structure behavior of SFT under 

various loading conditions and different structural parameters. An additional 

object is to investigate the cause of the SFT response amplification when the 

fluctuating structural natural frequency gets close to wave frequency under 

specific conditions. 

The general layout is as follows. Chapter 2 describes in detail the numerical 

model. The Airy linear wave theory and Morison’s Equation are two basic 

theories derived by flow potential theory. Governing Equation of the SFT 

system is also derived, and a brief explanation of the numerical model is 

presented. In Chapter 3, validation of the numerical model is discussed. The 

validation is done by comparing the numerical analysis result with the 

theoretical solution and scaled experiment result performed by Oh et al. [5]. 

Finally, the effect of key design parameters (Buoyancy weight ratio, clearance, 

tether incline angle) on the performance of SFT under wave load is presented. 

The structure response amplification range for each parameter is presented, 

and the cause of this phenomenon is discussed. 
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CHAPTER 2 

DESCRIPTION OF NUMERICAL MODEL 

 

2.1 Theoretical background 

2.1.1 Airy linear wave theory 

Hydrodynamic loads that are mainly dealt with in the design and analysis 

of offshore structures are forces induced by waves and current. In general, the 

current load considers the behavior of water particles moving at a constant 

velocity in a specific direction rather than causing the dynamic motion of the 

fluid. On the other hand, wave load causes the rotational motion of water 

particles below the free surface of the water. The dynamic movement of water 

particles by waves continuously induces a change in fluid pressure on the 

surface of the floating structure. This dynamic pressure excites the floating 

structure, causing a dynamic response. Therefore, it is important to 

understand the motion of water particles below the free surface and establish 

it mathematically for a specific wave component. The velocity and 

acceleration of water particles can be obtained by understanding the motion 

of water particles. Consequentially, the hydrodynamic force acting on the 

floating structure is calculated to enable wave-structure interaction analysis. 
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Figure 2.1. Notation for defining Airy linear wave theory 

 

Regular waves can be defined through the Airy wave theory based on the 

wave potential theory. For any small volume in a flow field, the continuity 

equation is defined by the law of conservation of mass and by assuming 

incompressible fluid. In this continuity equation, if there is no frictional force 

of water and the assumption of non-rotational fluid is applied, the 

irrotationality condition can be defined as Equation (2.1), 

 

 �⃗� × �⃗� = 0 (𝑐𝑢𝑟𝑙 �⃗� = 0) (2.1) 

 

where �⃗�  is the gradient vector and �⃗�  is the fluid velocity vector. A logical 
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consequence of this condition is the existence of a velocity potential 𝛷( ,  ). 

For an incompressible homogeneous fluid, substituting the velocity vector in 

terms of the potential 𝛷, the incompressible inviscid fluid is governed by:  

 

 �⃗�  𝛷 =
𝜕 𝛷

𝜕  
+
𝜕 𝛷

𝜕  
= 0 (2.2) 

 

The first boundary condition is defined as zero vertical velocity at seafloor 

shown in Equation (2.3), 

 

  =
𝜕𝛷

𝜕𝑧
| z =-h = 0  (2.3) 

 

where   is the water particle’s vertical speed, and ℎ  is sea level height. 

The second boundary condition is defined as zero pressure at sea level shown 

in Equation (2.4), 

 

 −
1

𝜌

𝜕𝑝

𝜕 
=  
𝜕 

𝜕𝑡
+  

𝜕 

𝜕 
+  

𝜕 

𝜕 
  (2.4) 

 

Based on the governing Equation and the two boundary conditions, the 

potential is derived as Equation (2.5). 
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 𝛷 = −
 ∙ 𝑔 ∙ cosh ( + ℎ)

2𝜔 ∙ cosh ℎ
sin(  − 𝜔𝑡) (2.5) 

 

In Equation (2.5),   is wave height, 𝑔 is gravitational acceleration,   is 

the x-axis coordinate,   is the z-axis coordinate,   is wave number, 𝜔 is 

the angular frequency of the incident wave.  

The motion of fluid particles in regular waves can be derived from the 

velocity potential obtained earlier. As a result, Equations (2.6) and (2.7) are 

  and   direction water particle velocity. The water particle acceleration is 

shown in Equations (2.8) and (2.9) can also be obtained by differentiating the 

obtained velocity. 

 

 ( ,  , 𝑡) = −
𝜕𝛷

𝜕 
=  
 ∙ 𝑔 ∙  ∙ cosh ( + ℎ)

2𝜔 ∙ cosh ℎ
cos(  − 𝜔𝑡) (2.6) 

 

 ( ,  , 𝑡) = −
𝜕𝛷

𝜕 
=  
 ∙ 𝑔 ∙  ∙ sinh ( + ℎ)

2𝜔 ∙ cosh( ℎ)
sin(  − 𝜔𝑡) (2.7) 

 

𝜕 

𝜕𝑡
=
 ∙ 𝑔 ∙  ∙ cosh ( + ℎ)

2cosh ℎ
sin(  − 𝜔𝑡) (2.8) 
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𝜕 

𝜕𝑡
= − 

 ∙ 𝑔 ∙  ∙ sinh ( + ℎ)

2cosh ℎ
cos(  − 𝜔𝑡) (2.9) 

 

2.1.2 Morison’s Equation 

Morison et al. (1950) proposed an equation for expressing the total wave 

force as the sum of inertial and drag forces. The inertia force term is derived 

from the potential flow theory. First, 𝐶𝑀  part, meaning the force of the fluid 

accelerated by a stationary object is proportional to the acceleration of the 

fluid. Second, the 𝐶𝐴  part is an additional mass term that reflects the 

characteristic of moving the same volume of water occupied by the object 

when the structure moves. Accordingly, this term is proportional to the 

structure's acceleration. Lastly, the drag term consists of the square of the 

relative velocity of the fluid and the structure. An absolute value is entered to 

consider the direction of the incident wave.  

Therefore, wave-induced load per unit length is defined by Morison’s 

Equation (Equation (2.10)), 

 

𝑑F =
𝜋

4
𝜌𝐷 {𝐶𝑀 �̇�(𝑡) − 𝐶𝐴�̈�(𝑡)} 

                      +
1

2
𝜌𝐷𝐶𝐷( 𝑥 − �̇�(𝑡))| 𝑥 − �̇�(𝑡)| 

(2.10) 
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where 𝐷  is structure diameter, 𝐶𝑀  is inertia coefficient, 𝐶𝐴  is added 

mass coefficient, 𝐶𝐷 is drag coefficient, 𝑢 is structure displacement,   is 

target structure length. The total force can be obtained by integrating Equation 

(2.10) over the structure range as Equation (2.11). 

 

Total F = ∫
𝜋

4
𝜌𝐷 {𝐶𝑀 �̇�(𝑡) − 𝐶𝐴�̈�(𝑡)}                            

+
1

2
𝜌𝐷𝐶𝐷( 𝑥 − �̇�(𝑡))| 𝑥 − �̇�(𝑡)| 𝑑  

(2.11) 

 

Wave velocity, wave acceleration, structure velocity, and structure 

acceleration are all included in the defined wave load itself. In this aspect, the 

Equation of motion of the structure by the wave load is complicatedly defined. 

 

2.2 Calculation of hydrodynamic load 

The actual wave force received by the structure can be derived in two 

different ways. First, when the diameter of the structure is relatively small 

compared to the wave height (Equation 2.12), the effect of the movement of 

the structure itself on the wave can be neglected. For this case, Morrison's 

Equation defines wave forces in terms of inertia and drag. 

The wave forces that a structure experiences are derived in two ways. First, 
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if the diameter of the structure(D) is relatively small compared to the wave 

height(H), the effect of the movement of the structure itself on the wave is 

negligible. For this case, the wave force can be obtained through Morison’s 

Equation as shown in Equation (2.13), where 𝐹𝐼 is inertia force and 𝐹𝐷 is 

drag force 

 

D < 3H (2.12) 

 

𝐹 = 𝐹𝐼 + 𝐹𝐷 (2.13) 

 

However, when the structure's diameter is relatively large compared to the 

wave height (Equation 2.14), the scattered wave generated by the movement 

of the structure is dominant. In this case, the wave force is defined by 

consideration of the restoring force, the radiational force, and the diffraction 

force, which is respectively 𝐹𝑟𝑒𝑠 , 𝐹𝑟𝑎𝑑 , and 𝐹𝑑𝑖𝑓𝑓  as shown in Equation 

(2.15).  

 

D >3H (2.14) 

 

𝐹 = 𝐹𝑟𝑒𝑠 + 𝐹𝑟𝑎𝑑 + 𝐹𝑑𝑖𝑓𝑓 (2.15) 



 

12 

 

 

Figure 2.2. Loading regimes at still water level (Hogben et al. (1976)) 

 

Figure 2.2 shows which theory should be applied to calculate the wave 

force according to the structure's diameter and wave height. Referring to the 

preliminary design of SFT in previous studies, the minimum diameter when 

designing a one-lane tunnel is 4 m, and when designing a two-story four-lane 

tunnel, the maximum diameter is about 25 m. In addition, the design wave 

height range for offshore structures is 8m to 16m. Therefore, the SFT is 

included in the red region in Figure 2.2, and it is reasonable to apply 

Morison’s Equation rather than the diffraction theory. 
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2.3 Governing Equation of wave-structure interaction 

In order to perform a dynamic analysis of a structural system, it is important 

to formulate the governing equations of the system accurately. The SFT is 

statically in equilibrium by the buoyancy of the tunnel and the tension of the 

mooring lines. Also, as shown in Figure 2.3, the horizontal stiffness is defined 

by the p-delta effect. Therefore, the horizontal stiffness of the structure 

changes according to the initial tension of the mooring line, the total length 

of the mooring line, the elastic modulus, and the displacement of the tunnel. 

The stiffness of the structure is derived through the free-body diagram as 

Equation (2.16) ~ (2.19). 

  

 

Figure 2.3. Schematic diagram (a) full model; (b) free-body diagram 
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∆𝑇 = (√𝑢 (𝑡) +   −  ) 
𝐸𝐴

 
 (2.16) 

 

F𝑥(𝑡) = K𝑥 𝑢(𝑡) (2.17) 

 

F𝑥(𝑡) = 4 (T0 +∆T ) sinϴy (2.18) 

 

∴ K𝑥(𝑡) =
4 T0

√𝑢 (𝑡) +   
+
4 𝐸𝐴

 
−

4 𝐸𝐴

√𝑢 (𝑡) +   
 

 

(2.19) 

Where, K𝑥(𝑡) is lateral stiffness, 𝑢(𝑡) is tunnel lateral displacement, T0 is 

initial mooring line tension,   is initial mooring line length, 𝐸 is elastic 

modulus for mooring line, and 𝐴 is cross section of mooring line. 

In addition, the total mass of the structural system is defined as the sum of 

the mass of the tunnel itself and the added mass, which is a characteristic that 

the same volume of water must also move when the structure moves.  
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𝑚𝑎𝑑𝑑𝑒𝑑 =
𝜋𝐷 

4
 𝐶𝐴   (2.20) 

 

𝑚𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑡𝑢𝑛𝑛𝑒𝑙 + 𝑚𝑎𝑑𝑑𝑒𝑑  (2.21) 

 

Therefore, the natural frequency of the SFT structure is expressed by time-

dependent stiffness and total mass, as shown in Equation (2.22). 

 

ω𝑛 = √
K𝑥(𝑡)

𝑚𝑡𝑜𝑡𝑎𝑙
 (2.22) 

 

 

The governing Equation of SFT dynamic behavior is summarized in 

Equation (2.23) ~ (2.24). The second-order term of the structural velocity is 

generated by the drag term of the wave force. Despite the assumed undamped 

structural system, the damping term due to the wave force is generated. 

Structural stiffness is constantly changing with displacement. To solve this 

complex differential equation and calculate the structural response, a 

numerical approach was used using a commercial analysis program. Time-

domain analysis was performed to reflect the change in the governing 

Equation according to the displacement of the structure. 
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𝑚�̈�(𝑡) + c�̇�(𝑡) + K𝑥𝑢(𝑡) = F (2.23) 

 

∴  𝑚𝑡𝑜𝑡𝑎𝑙�̈�(𝑡) +
1

2
𝜌𝐷𝐶𝐷(�̇�(𝑡) −  𝑥)|�̇�(𝑡) −  𝑥| + K𝑥𝑢(𝑡)

= A𝜌𝐶𝑀 �̇�(𝑡) 

(2.24) 

 

2.4 Description of numerical model 

In this study, the SFT wave-structure interaction analysis was performed 

using ABAQUS/AQUA v6.14 (Time-series implicit dynamic analysis). 

Frame elements were used for all members. Timoshenko beam was used for 

the tunnel considering that the diameter is relatively large compared to the 

length, and incompressible truss elements were used for mooring lines to 

simulate cables properly. The initial shape analysis was performed by 

defining the mooring line's temperature load and introducing initial tension to 

the mooring line. The temperature change rate was calculated by Equation 

(2.25), 

 

𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 − 𝐹𝑡𝑢𝑛𝑛𝑒𝑙 = 4 ∙ 𝐸 ∙ 𝐴 ∙ 𝛼 ∙ (∆𝑇) (2.25) 
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where 𝛼 is the thermal expansion coefficient, and ∆𝑇 is the temperature 

change rate. 

Considering that all members are frame elements, erection of the mooring 

line and the tunnel connection part is necessary. The connection between the 

tunnel and mooring line was modeled by introducing a member with zero 

mass with an elastic modulus of 1000 times or more. Hinge support was used 

as the boundary condition between the seabed and the mooring line. The 

details of the model are given in Table 2.1 and Figure 2.4. 
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Table 2.1. Main parameter values for SFT 

Parameters Values 

Tunnel diameter 23 m 

Tunnel thickness 0.275 m 

Tunnel length 98 m 

Tunnel density 10581 kg/m3 

Tunnel Elastic modulus 2E+11 Pa 

Tether diameter 0.36 m 

Tether area 0.1018 m  

Tether length 68.5 m 

Tether Elastic modulus 1.97E+11 Pa 

Tether Density 8000 kg/m3 

 

 

Figure 2.4. Details for SFT analysis model 
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CHAPTER 3 

VERIFICATION OF NUMERICAL ANALYSIS 

 

3.1 Verification of wave force application 

To verify whether the analysis program accurately calculates the 

wave velocity, acceleration, and wave force, the exact solution calculated 

using Airy wave theory and Morison’s Equation was compared with 

numerical analysis structural response. A fixed vertical pipe (Figure 3.1) was 

assumed, and the wave characteristics were defined as arbitrary waveforms 

without considering correlation (Table 3.1). 

 

Table 3.1. Environmental conditions for vertical pipe 

Parameters Values 

Wavelength (λ) 7 m 

Wave period (T) 2.12 s 

Wave height (H) 0.1 m 

Water depth (h) 44 m 

Structure diameter (D) 0.2 m 
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Figure 3.1. Schematic diagram of vertical pipe for load verification 

 

As a result of the verification (Figure 3.2), it was confirmed that the 

numerical analysis result for the wave height, drag force, and inertia force 

component force all match well with the exact solution. 

  

Sea floor

h

λ

 

𝐷
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(a) 

 

(b) 

 

(c) 

Figure 3.2. Verification of numerical model (a) wave elevation; (b) drag 

force; (c) inertia force 

  

-0.2

-0.1

0

0.1

0.2

0 2 4 6 8 10

W
av

e 
el

ev
at

io
n 

(m
)

Time (s)

Matlab calculation ABAQUS

-4.5

-3

-1.5

0

1.5

3

4.5

0 2 4 6 8 10

D
ra

g 
F

o
rc

e 
(N

)

Time (s)

Matlab calculation ABAQUS

-300

-150

0

150

300

0 2 4 6 8 10

In
er

tia
 

F
o

rc
e 

(N
)

Time (s)

Matlab calculation ABAQUS



 

22 

3.2 Verification of wave-structure interaction  

For the SFT to be constructed, the displacement of the tunnel and the 

tension force for the mooring line in various environmental conditions is the 

main issue. Since there is no existing SFT so far, the scaled experiment 

conducted by Oh et al. (2013) was referred. The prototype SFT is a cylindrical 

structure with a length of 98.0 m and a diameter of 23.0 m (Figure 3.4). The 

hydrodynamic performance of SFT under wave loading was tested with a 

1/100 scaled model in a wave flume, as shown in Figure 3.3. In the 

experimental study, a single periodic regular wave was generated in the tank. 

The motion of the tunnel and the tension of the mooring line were measured 

through image processing techniques and load cells. 

 

 

Figure 3.3. General view of the experimental setup (Oh et al. (2013)) 
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Figure 3.4. Schematic sketch for experimental study  

(a) front view; (b) side view 

 

The applied regular wave characteristic is shown in Table 3.2. The period 

of the wave and the slope of the wave are independent variables, and the 

wavelength is determined by the dispersion relationship (Equation (3.1)), 

which is derived through Airy linear wave theory. 

 

𝜔 = 𝑔 ∙  ∙ tanh( ℎ) (3.1) 

 

The wave height is proportional to the wavelength according to the slope 

of the wave, as shown in Equation (3.2), where 𝑠 denotes the wave slope. 

 

30 m

h = 80 m D = 23 m

38.5 m

30 m

Incident wave

wall

50 m

98 m

Incident wave

(a) (b)
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𝑠 =  
 

𝜆
 (3.2) 

 
 

Table 3.2. Wave characteristic case 

 
Wave period,  

T (s) 

Wavelength,  

λ (m) 

Wave 

steepness, s 

Wave 

height,  

H (m) 

Case 1 10 156 

0.013 2.03 

0.027 4.21 

0.040 6.24 

0.053 8.27 

Case 2 13 254 

0.013 3.30 

0.027 6.86 

0.040 10.16 

0.053 13.46 

 

The verification result of the analysis model is shown in Figure 3.5 and 

Figure 3.6. The tunnel’s sway motion, heave motion, and mooring line’s 

tension are displayed for wave periods of 10 and 13 seconds. All graphs show 

maximum and minimum responses of the structure according to the change 

in wave height. 
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Figure 3.5. SFT response as function of wave height (T=10 s)  

(a) sway motion; (b) heave motion; (c) tether tension 
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Figure 3.6. SFT response as function of wave height (T=13 s)  

(a) sway motion; (b) heave motion; (c) tether tension 

-15

-10

-5

0

5

10

15

0 4 8 12 16

M
ax

.,
 M

in
. 

S
w

ay
 (

m
)

Wave height (m)

Experiment, T=13s Analysis, T=13s

-2

-1

0

1

2

0 4 8 12 16

M
ax

.,
 M

in
. 

H
ea

ve
 (

m
)

Wave height (m)

Experiment, T=13s Analysis, T=13s

40000

50000

60000

70000

80000

90000

0 4 8 12 16

M
ax

.,
 M

in
. 

T
et

he
r 

T
en

si
o
n 

(K
N

)

Wave height (m)

Experiment, T=13s Analysis, T=13s

(a)

(b)

(c)



 

27 

In most cases, the experimental and analytical results agree very well. 

However, inconsistent results were found for some high wave height or high 

wave periods, such as Figure 3.6 (b). The error is expected because of the 

assumption of drag coefficient, considering the nonlinearity of the wave, and 

additional scattering effect according to the structure in the analysis model. 

The horizontal displacement mainly dealt with in this study matches well, so 

the analysis model can be expected to reflect the actual movement well. 

  



 

28 

CHAPTER 4 

PARAMETER STUDY 

 

In this study, the behavioral characteristics according to the major design 

parameters of SFT were identified through the verified analysis technique. 

Considering that research on various parameters through scaled wave flume 

experiments is difficult in terms of cost and time, the behavioral 

characteristics were analyzed by adjusting the parameters within various 

possible ranges using an analysis program. Characteristics of waves (height 

and period), buoyancy weight ratio (BWR), tunnel clearance, and mooring 

line incline angle were used as main parameters. The behavior of the SFT was 

evaluated depending on these variables. 

 

4.1 Parameter’s range selection 

4.1.1 Considered wave cases 

First, an appropriate selection criterion for the wave height period and wave 

height were established. It was assumed that the SFT design was carried out 

on the southern coast of South Korea. Three-year wave measurement data of 

the Yeosu area were extracted from WINK [24] and analyzed (Figure 4.1). 

The wave period is also displayed as a histogram shown in Figure 4.2. 



 

29 

 

 

Figure 4.1. 3 years wave measurement data of Yeosu area 

 

Figure 4.2. Wave period Histogram for the past 3 years 
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For waves with a period of less than 5 seconds on the Histogram, the 

structure response displacement is small enough to be ignored. Wave with a 

period of 5 to 8 seconds which is not small but frequent, is considered 

ordinary waves. The following wave does not cause extreme displacement of 

the structure, but it may cause fatigue failure at high frequencies. 

Figure 4.3 shows a 50-year return period maximum wave period based on 

the National Deep-Sea Design Wave Estimation Report [25]. A wave period 

of 12 to 16 seconds was defined as the high energy wave case based on the 

data. 

 

 

Figure 4.3. 50-years recurrence period maximum wave period and wave 

height by locations. 
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Therefore, the wave period, an independent variable, was defined as 6 to 

16 seconds (Table 4.1). The remaining variables (wavelength and wave height) 

were determined according to the distribution relationship in Equation (3.1) 

and the wave height-period relationship in Figure 4.4. Here, the wave height-

period relational expression was derived through regression analysis of 

posterior data. 

 

 

Figure 4.4. Wave period-height relationship [23] 
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Table 4.1. Parameters for different regular waves  

Case 
Wave period, 

 T (s) 

Wave length, 

λ (m) 

Wave height, 

 H (m) 

Wave-1 6 56 0.7~3.0 

Wave-2 8 100 1.3~5.3 

Wave-3 10 156 2.0~8.3 

Wave-4 12 223 2.9~11.8 

Wave-5 14 297 3.9~15.7 

Wave-6 16 373 4.9~19.8 

 

4.1.2 The considered range for buoyancy weight ratio 

The following is a selection of parameter ranges related to the structural 

system. First, as shown in Table 4.2, the case according to the BWR was 

selected. Since the change in tunnel diameter is not considered in this study, 

BWR changes only by the structure's weight. BWR range was confirmed as 

1.5 to 6, considering the design of tunnel materials from steel to lightweight 

concrete. 
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Table 4.2. Analysis cases for BWR 

Case BWR Clearance (m) 
Tether incline 

angle (°) 

B-1 1.5 

20 90 

B-2 1.75 

B-3 2 

B-4 2.25 

B-5 2.5 

B-6 2.75 

B-7 3 

B-8 3.5 

B-9 4 

B-10 4.5 

B-11 5 

B-12 5.5 

B-13 6 

 

4.1.3 The considered range for clearance 

The clearance, also called a draft, was selected to be 15 m or more, 

considering the ship's operating depth. In this study, the water depth of the 

target sea area was assumed to be 100 m, and it was confirmed that hydrostatic 

pressure on the tunnel was not a problem. Consequently, clearance was 

evaluated from 15 m to 60 m. 
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Table 4.3. Analysis cases clearance 

Case BWR Clearance (m) 
Tether incline 

angle (°) 

C-1 

2 

15 

90 

C-2 20 

C-3 25 

C-4 30 

C-5 35 

C-6 40 

C-7 45 

C-8 50 

C-9 55 

C-10 60 

 

4.1.4 The considered range for tether incline angle 

The mooring line inclination angle, which is the initial angle between the 

mooring line and the x-axis at equilibrium, is a major design variable because 

it greatly affects the horizontal and vertical stiffness of the SFT. From a static 

point of view of the structural system, as the inclination angle increases, the 

horizontal stiffness increases while the vertical stiffness decreases. Structural 

rigidity varies greatly depending on the inclination angle of the mooring line, 

so it was confirmed by analyzing in a wide range as 45°~90° (Table 4.4). 

 

 



 

35 

Table 4.4. Analysis cases for tether incline angle  

Case BWR Clearance (m) 
Tether incline 

angle (°) 

I-1 

2 20 

90 

I-2 75 

I-3 60 

I-4 45 

 

 

 

  

Figure 4.5. Main structural parameters for SFT 

Buoyancy

Self weight

Clearance

Tether incline 

angle
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4.2 Wave characteristics case study 

The following is the result for performing parameter study using a 

numerical analysis program. The first case study is the behavioral 

characteristics of the SFT according to the wave characteristics. According to 

the Airy wave theory, the velocity potential is proportional to the height and 

period of the wave (Equation (2.5)). Therefore, the structural response can be 

expected to increase as the wave height and period increase. Figure 4.6 shows 

the maximum and minimum displacement values according to wave period 

and height. As expected, it can be seen that the structure response increases 

as the wave height and period increase.  

In Figure 4.6 (a), it can be seen that there is a difference between the 

maximum and minimum values of sway instead of being symmetric. Even 

though the velocity and acceleration of the wave particles are sinusoidal, the 

cause of this difference is expected to be the influence of the absolute value 

in the drag term of Morison’s Equation.  

In addition, it can be seen that the vertical fluctuation is relatively smaller 

than the lateral fluctuation. The reason is that the mooring lines constrain the 

SFT only in the vertical direction, making it vulnerable to lateral loads. In the 

case of vertical fluctuation, only the minimum value was large. This indicates 

that tethers have no elastic deformation, and the Vertical motion is 

accompanied by horizontal motion.   
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(a) 

 

 (b) 

Figure 4.6. Response according to different wave characteristics (a) 

sway motion; (b) heave motion 
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4.3 Buoyancy-weight ratio case study 

Next, the behavioral characteristics of the SFT according to the buoyancy-

self-weight ratio were evaluated. As the self-weight of the tunnel decreases, 

the BWR increases, and the mooring line tension also increases. This leads 

the structural lateral stiffness to increase. However, according to Figure 4.7 

(a), it can be seen that the response is greatly amplified in a particular section. 

Similarly, the heave motion in Figure 4.7 (b) is greatly amplified in the same 

BWR section. 
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(b) 

Figure 4.7. Structure response under different BWR (a) sway; (b) heave  

 

In order to investigate the reason for this structure response amplification, 

the lateral displacement with time is plotted for BWR 2, 3, 4, and 5 (Figure 

4.8). For BWR 3 and 4, where the response is amplified, frequency 

components other than the wave period are detected. 

Also, based on the lateral displacement over time, the natural structure 

frequency that changes in real-time can be calculated, as shown in Figure 4.9. 

For BWR 3 and 4, it can be seen that there is a moment when the natural 

frequency of the structure coincides with the frequency of the wave. 
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Figure 4.8. Dynamic response with different BWR versus time  

 

Figure 4.9. The natural frequency with different BWR versus time 
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In order to intuitively check the following phenomena, the structure's 

natural frequency is expressed as a range for each BWR case. As shown in 

Figure 4.10 (a), if the natural frequency of the structure is calculated without 

considering structure displacement, it is far from the natural frequency of the 

wave. 

However, if the natural frequency range is calculated considering the 

displacement of the real-time structure obtained from the analysis result, it 

can be confirmed that there is a section consistent with the natural frequency 

of the wave, as shown in Figure 4.10 (b). The corresponding BWR section 

matches the response amplification section in Figure 4.7. 
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Figure 4.10. System natural frequency range with different BWR  

(a) considering 𝒖 = 𝟎; (b) considering 𝒖 ≠ 𝟎 
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as the clearance increases, so the absolute wave force decreases. However, it 

can be seen from Figure 4.11 that the response amplification section occurs 

similarly to the results shown in the previous BWR case study. 

To explain why the structural response is amplified, the lateral 

displacement over time is plotted as shown in Figure 4.12. It can be confirmed 
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where the peak occurs, there is a moment when the natural frequency of the 

fluctuating structure coincides with the wave frequency. (Figure 4.13) 

 

 

Figure 4.11. Structure response under different clearance (a) sway; (b) 

heave  

 

  

-15

-10

-5

0

5

10

15

0 10 20 30 40 50 60 70

S
w

ay
 (

m
)

Clearance (m)

Max

Min

-1.4

-1

-0.6

-0.2

0.2

0 10 20 30 40 50 60 70

H
ea

ve
 (

m
)

Clearance (m)

Max

Min



 

44 

 

Figure 4.12. Dynamic response with different clearance versus time  

 

Figure 4.13. The natural frequency with different clearance versus time 
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The natural frequencies of the structures were expressed as ranges for each 

clearance case. By Figure 4.14 (b), it can be confirmed that there is a section 

that matches the natural frequency of the wave, and this can be obvious only 

when the fluctuating natural frequency is calculated with real-time structure 

displacement. 

 

Figure 4.14. System natural frequency range with different clearance  

(a) considering 𝒖 = 𝟎; (b) considering 𝒖 ≠ 𝟎 
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4.5 Tether incline angle case study 

Finally, a parameter study according to the angle of the mooring line was 

conducted. As shown in Figure 4.15 (b), the heave motion of the tunnel is 

greatly amplified below 60 degrees. Also, the tension of the mooring line, as 

shown in Figure 4.15 (c), approaches near zero at 45 degrees. Losing all of 

the tether tension can be very dangerous because this can lead to dynamic 

instability of SFT due to the tether stack. 

Therefore, it can be seen that the displacement of the structure does not 

tend to decrease even when the mooring line angle is reduced, and it can be 

seen that the vertical displacement and the mooring line tension rapidly 

increase around 45 degrees. 
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Figure 4.15. Structure response under different tether incline angle  

(a) sway; (b) heave; (c) tether tension 
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CHAPTER 5 

CONCLUSION 

 

The objectives of this dissertation were to first theoretically understand 

wave-structure interaction and propose a verified numerical model that 

reflects the actual movement of SFT. The second objective was to examine 

the structural response under wave load with different structural parameters. 

The following conclusions were made based on the previous chapters.  

 

(1) Based on Airy linear wave theory and Morison’s Equation, wave load 

was established, and the governing Equation of the SFT system was 

also derived. 

(2) The numerical model was validated by comparing the analysis result 

with the theoretical solution and scaled experiment result. 

(3) The effect of key design parameters (Buoyancy weight ratio, 

clearance, tether incline angle) on the performance of SFT under 

wave load is presented. 

(4) For the particular BWR range (BWR: 2 ~ 4), SFT response becomes 

severe. Since the structural lateral stiffness is motion-dependent by 

the P-delta effect, the fluctuating natural frequency overtime is 

calculated using the pre-analyzed displacement result. It can be 



 

49 

confirmed that the section where the fluctuating structural natural 

frequency and the wave frequency overlaps makes SFT response 

amplified. 

(5) For clearance, the response amplification region appeared for 35 m ~ 

45 m. The cause appeared to be the same as previous results. 

(6) For below 45 degrees of mooring line angle, the vertical displacement 

and the mooring line tension rapidly increased. 

(7) When designing an SFT, extreme structural displacement may occur 

even if the wave frequency and the natural frequency of the structure 

are not close. Thus, the structure’s fluctuating natural frequency 

should be properly considered for such SFTs. 
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국 문 초 록 

본 연구에서는 계류선이 있는 부유식 수중 터널의 유탄성 거동 

해석을 수행하였고, 주요 매개변수가 파랑하중에 의한 동적 

응답에 미치는 영향을 평가하였다. 파력을 산정하기 위해서는 

Airy 선형파 이론과 Morison 방정식이 사용되었다. 또한, 부유식 

수중 터널의 수치 모델은 선행 연구의 조파수조 실험 결과와 

비교함으로써 검증하였다. 파랑 하중이 가해질 때, 수중 터널의 

주요 설계 변수인 부력-중량비, 터널의 흘수, 계류선의 경사각이 

동적 거동에 미치는 영향이 평가되었다. 결과적으로, 부유식 수중 

터널의 고유진동수와 파진동수가 근접하지 않았음에도 불구하고, 

매개변수의 특정 범위에 대해 구조물 응답 증폭 현상이 

관찰되었다. 이 증폭 현상은 P-delta 효과에 의해 시간에 따라 

변동하는 고유 진동수로 인한 것으로 밝혀졌다. 

 

 

주요어: 부유식 수중 터널, 유탄성 거동 해석, 부력-중량비, 흘수, 

구조물 응답 증폭 현상 
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