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ABSTRACT 
 
     A Submerged floating tunnel (SFT) is a type of tunnel in which tunnel segments 

floating by the buoyancy of water are connected in the water. SFT has been proposed 
as an innovative means of crossing the sea. Accordingly, many studies have been 
conducted on the behavior and hydrodynamic characteristics of SFT that are affected by 
water pressure, temperature, and waves. To connect the SFT to the ground, a special 
design is required for the shore connection between the subsea bored tunnel and the 
SFT, which exhibits different behavioral characteristics. However, previous research on 
the effect of the shore connection on the dynamic behavior of the SFT has not been 
undertaken enough. Therefore, this is a preliminary study to evaluate the change in the 
dynamic characteristics of the SFT due to the shore connection. In this study, a numerical 
analysis was simulated for the effect of the shore connection on the behavior of the SFT. 
In addition, the results of the numerical analysis were verified through the small-scale 
model test. The results indicate that the natural frequency of the SFT is changed by the 
shore connection. The change in natural frequency depends on the material physical 
properties and the connection stiffness. The results of this study are expected to be 
utilized in future research on the design of the shore connection to avoid the risk of 
collapse due to the resonance of the submerged floating tunnel. 
 
 
1. INTRODUCTION 
 
     Maritime and air transport have been widely used as a means of crossing the sea. 
Today, the concept of a submerged floating tunnel is being proposed through the 
development of offshore geotechnical and structural technology. (Jakobsen 2010) SFT 
provides a relatively linear path and because it is located underwater, it is not affected 
by the weather above sea level, which has an advantage over ships and airplanes. 
However, to utilize SFT effectively and maximize its benefits, it will inevitably need to be 
connected to an existing subsea bored tunnel or artificial island. 

 
1), 2) Graduate Student 
3) Professor 

mailto:joohyun.park@kaist.ac.kr
mailto:incheon@kaist.ac.kr
mailto:gyechun@kaist.ac.kr


The 2021 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM21)
GECE, Seoul, Korea, August 23-26, 2021

SFT behaves dynamically due to waves and traffic loads, (Yan et al. 2016) but the 
subsea bored tunnel has a small displacement by the surrounding ground. (Do et al. 
2018) Therefore, an evaluation of the stability of the shore connection is required. 
Previous research on SFT has mainly studied the behavior and hydrodynamic 
characteristics of the tunnel under dynamic loading, assuming that both ends of the 
floating tunnel are fixed. (Kunish et al. 1994, Hong and Ge 2010, Youshi and Fei 2010, 
Seo et al. 2015) However, as the dynamic response of floating tunnels is affected by 
boundary conditions, it is necessary to consider the shore connection as boundary 
conditions. Recently, studies have been conducted on the ground behavior of the shore 
connection between the SFT and the subsea bored tunnel. (Kang et al. 2020) 
 

 
Fig. 1 Shore connection concept diagram 

 
     In this study, the dynamic behavior of the SFT by the shore connection between 
the subsea bored tunnel and the SFT was analyzed through a small-scale model test 
and 3D numerical analysis. A typical risk is a collapse by resonance. In general, Seismic 
waves acting on the sea have a frequency of 0.5 to 10Hz. (Thomas et al. 1991) At this 
time, if the natural frequency of the SFT matches these values, there is a risk of collapse 
due to resonance, so a design to avoid this is required. 
 
     Therefore, the change in the dynamic characteristics of the SFT was evaluated in 
terms of natural frequency by controlling the load type and end restraint method in 
numerical simulation. As a result, it can be seen that the natural frequency of the acrylic 
hollow tube simulating the SFT is affected by the physical properties of the rubber joint 
simulating the shore connection and the connection stiffness between the acrylic hollow 
tube and the rubber joint. Although this study cannot provide definitive criteria for the 
design of shore connections in a specific site, it contributes to understanding the effect 
of shore connections on the dynamic behavior of SFT. The results of this study are 
expected to be utilized in quantitative research to reduce the risk of SFT collapse due to 
resonance in the future. 
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2. SMALL-SCALE MODEL TEST 
 

A small-scale model test was performed to verify the numerical analysis. Small-
scale model tests were performed only on a limited number of cases. Therefore, 
numerical analysis was performed for various other cases. 
 

2.1 Small-scale model test setup 
 

Fig. 2 contains a schematic diagram of a small-scale model test. This study is a 
preliminary study for the design of the shore connection that avoids the resonance risk 
of the SFT and evaluates the dynamic behavior of the SFT without considering the 
influence of the ground. Therefore, the right part of the entire trial model is the scope of 
this study. 

 
 

Fig. 2 Schematic diagram of the small-scale model test  
 

Based on the middle bulkhead, the left part simulates a subsea bored tunnel and 
the right part simulates a submerged floating tunnel. The loading method consists of an 
impact load using an electronic hammer and a repetitive load using a linear actuator. As 
a measurement system, accelerometers are attached inside and outside the acrylic 
hollow tube. The actual small-scale model, rubber joint, and accelerometer attachment 
location are shown in Fig. 3. 

 
Since the guide of the linear actuator was not sturdy, there was a problem that 

horizontal displacement occurred during repeated loads. Therefore, only the dynamic 
response due to the impact load was collected. 
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(a)                                     (b)  
 

  
 

                  (c)                                     (d) 
 

Fig. 3 Small-scale model test apparatus: 
 

 (a) Small-scale model; (b) Rubber joint; (c), (d) Accelerometer attachment point 
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2.2 Small-scale model test measurement system and procedure 
 

 
 

Fig. 4 Schematic diagram of the measurement system 
  

1. Apply an impact load to the end of an acrylic hollow tube through an electronic 
hammer or apply a repetitive load using a linear actuator. 
 

2. Collect the dynamic response through the acceleration sensor attached to the 
three points of the acrylic hollow tube. 

 
3. The collected dynamic response signal is amplified 10 times or 100 times through 

an amplifier. 
 

4. The amplified dynamic response signal is transmitted to the oscilloscope, and the 
data is finally acquired by the computer. 

 
The data obtained at this time are acceleration data in the time domain. Therefore, 

to obtain the natural frequency, it is converted into frequency domain data through Fast 
Fourier Transform (FFT). By observing the amplitude of the converted frequency domain 
data through FFT, the frequency with the largest amplitude value was evaluated as the 
natural frequency. 

 
However, these test systems have limitations. The first is that data cannot be 

acquired at long time intervals because of the use of an oscilloscope rather than a data 
logger. Because of this, it is not possible to sufficiently observe the free vibration after 
the impact load. The second is that not only the acrylic hollow tube but also the entire 
structure vibrates after an impact load or cyclic load. Due to this, the boundary condition 
becomes ambiguous, and a lot of noise may occur, such as measuring the natural 
frequency of the entire experimental apparatus instead of the natural frequency of the 
acrylic hollow tube. Lastly, the guide that allows the acrylic hollow tube to move only in 
the vertical direction is not strong enough to cause horizontal movement, which in 
particular greatly reduces the reliability of the dynamic response due to cyclic loads.  
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2.3 Small-scale model test results and discussion 
 

 

Fig. 5 Dynamic response due to impact load 

   
 

(a) Case with natural frequency of 35Hz    (b) Case with natural frequency of 37Hz 

Fig. 6 Frequency domain data through FFT 
 

The dynamic response data obtained by the computer are shown in Fig. 5. In this 
data, the result of performing FFT on the part where free vibration starts after the impact 
load by the electronic hammer is shown in Fig. 6 The frequency representing the largest 
amplitude in the frequency domain data is evaluated as the natural frequency. Thus, the 
natural frequencies obtained in the small-scale model test have values of 35 to 40. 
However, as described in 2.1 and 2.2, the results are not considered to be reliable due 
to various error factors and limitations. 
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3. NUMERICAL ANALYSIS 
 
     Numerical analysis was performed for analysis of various cases as well as specific 
situations of the small-scale model tests. Through numerical analysis, the change in the 
dynamic characteristics of the SFT structure according to the type of shore connection 
and loading method was mainly investigated on the natural frequency. The Finite 
Element Method (FEM) was used as the numerical method. 
 

3.1 Numerical model 
 
Table 1 Acrylic properties 
 

Property Value Unit 

Elastic modulus 3000000000 N/𝑚2 

Poisson’s ratio 0.35  

Shear modulus 890000000 N/𝑚2 

Density 1200 kg/𝑚3 

Tensile strength 73000000 N/𝑚2 

Yield strength 45000000 N/𝑚2 

Coefficient of thermal expansion 0.000052 /K 

Thermal conductance 0.21 W/(𝑚 ∙ 𝐾) 

Specific heat 1500 J/(𝑘𝑔 ∙ 𝐾) 

 
Table 2 Rubber properties 
 

Property Value Unit 

Elastic modulus 2171900 N/𝑚2 

Poisson’s ratio 0.45  

Tensile strength 98067 N/𝑚2 

Density 960 kg/𝑚3 

 
Table 3 Parameters for the numerical model 
 

Parameter Value Unit 

Acrylic hollow tube diameter 0.25 m 

Acrylic hollow tube thickness 0.01 m 

Acrylic hollow tube length 1 m 
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Table 4 Numerical simulation cases 
 

Initial state Without external load and fixed end condition 

Fixed end condition 
Impact load 

Cyclic load 

Rubber joint condition 
Impact load 

Cyclic load 

 
In the numerical analysis, the acrylic hollow tube used in the small-scale model test 

was simulated. Table 1 shows the physical properties of acrylic used for numerical 
analysis. Table 2 shows the physical properties used for rubber joints, and the results of 
Physical test methods for vulcanized rubber (KS M 6518) were used. Table 3 shows the 
parameters of the acrylic hollow tube. Table 4 shows cases of numerical analysis. 
Analysis of the initial state in which the end is fixed without external force other than 
gravity is analyzed and used as a reference value. Then, an analysis was performed on 
the case where the impact load and the cyclic load were respectively loaded while the 
end was fixed. Finally, in the case of using a rubber connection part, an analysis was 
performed to applying an impact load and a cyclic load. 
 

3.2 Initial state results 
 

Table 5 Natural frequency of initial state 
 

Natural frequency Value [Hz] 

MODE 1 68.796 

MODE 2 68.801 

MODE 3 147.44 

MODE 4 147.46 

MODE 5 203.99 

 
Table 5 is the dynamic analysis result for the initial state. This is the result of 

analyzing the natural frequency and mode shape change through FEM, and it shows the 
resonance shape and natural frequency of each mode. As the natural frequency of an 
object is dominated by the physical properties and geometry of the object, these values 
can be regarded as the intrinsic value of the acrylic hollow tube. 
 

These values correspond to the definition of natural frequency and are somewhat 
different from natural frequencies evaluated through numerical analysis later. This 
difference occurs because both the small-scale model test and the numerical analysis 
performed in this study evaluate the natural frequency through the dynamic response in 
the vertical direction after applying the load in the vertical direction.  
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3.3 Fixed end condition 
 
     When an impact load as shown in Fig. 7 (a) is applied, the displacement and 
velocity in the vertical direction are shown as (b) and (c), respectively. The natural 
frequency through FFT was estimated to be 9.375 Hz. 
 

  
(a) (b) 

   
(c)                                    (d) 

 
Fig. 7 Dynamic response to impact load in fixed end condition: 

 
 (a) Load data over time; (b) Displacement data over time;  

(c) Velocity data over time; (d) Frequency domain data through FFT 
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(a) Cyclic load frequency 1Hz             (b) Cyclic load frequency 5Hz 
 
 

  
 

(c) Cyclic load frequency 9Hz            (d) Cyclic load frequency 9.1Hz 
 

                                     
Fig. 8 Natural frequency of the fixed condition cyclic load 
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(e) Cyclic load frequency 9.2Hz            (f) Cyclic load frequency 9.3Hz 
 
 

  
 

(g) Cyclic load frequency 9.35Hz         (h) Cyclic load frequency 9.375Hz 
 
 

Fig. 8 Continued. 
 

 



The 2021 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM21)
GECE, Seoul, Korea, August 23-26, 2021

 
Fig. 9 Amplitude according to external cyclic load frequency in fixed end condition 

 

  
(a)                                    (b) 

 
Fig. 10 Resonance occurring under an external cyclic load of 9.375 Hz: 

 
(a) Load data over time; (b) Velocity data over time 
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Fig. 9 shows the results of observing the amplitude while increasing the frequency 
of the cyclic load. The amplitude value gradually increased, and then had a maximum 
value at 9.375 Hz, and it was confirmed that resonance occurred. Comparing Fig. 9 (c) 
and Fig. 12 (b), it can be observed that when the frequency of the external cyclic load 
reaches the natural frequency, the amplitude increases and the energy increases as 
resonance occurs. 
 

3.4 Rubber joint condition 
 
Table 6 Natural frequency of rubber joint condition 
 

Natural frequency Value [Hz] 

MODE 1 2.1261 

MODE 2 2.131 

MODE 3 14.079 

MODE 4 14.972 

MODE 5 20.352 

 
Table 6 shows the results of the dynamic analysis for the rubber joint condition and 

no external load is applied except for gravity. 
 

  
 

(a)                                        (b) 

 
Fig. 11 Dynamic response to impact load in rubber joint condition: 

 
(a) Velocity data over time; (b) Frequency domain data through FFT 
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When an impact load as shown in Fig. 7 (a) is applied, the velocity in the vertical 
direction is shown as Fig. 11 (a), respectively. The natural frequency through FFT was 
estimated to be 4.0625 Hz. Since most of the natural frequencies obtained through modal 
time history analysis are dominated by the shape of the first mode, it can be confirmed 
that the value of 4.0625Hz is close to the natural frequency of 2.1261, which is the natural 
frequency of mode 1. Nevertheless, the reason for the difference is that the natural 
frequency was evaluated by analyzing only the dynamic response in the vertical direction 
after an external load was applied in the numerical analysis process. 

  

(a) Cyclic load frequency 3Hz           (b) Cyclic load frequency 4.05Hz 

  
 

(c) Cyclic load frequency 4.1Hz            (d) Cyclic load frequency 4.2Hz 
 

 
Fig. 12 Natural frequency of the rubber joint condition Cyclic load 
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Fig. 13 Amplitude according to external cyclic load frequency in rubber joint condition 

 
Fig. 13 shows the results of observing the amplitude while increasing the frequency 

of the cyclic load. The amplitude value gradually increased, and then had a maximum 
value at 4.0625 Hz, and it was confirmed that resonance occurred. 
 

3.5 Discussion of numerical analysis results  
 

Comparing the results of Fig. 9 in Section 3.3 and Fig. 13 in Section 3.4, it can be 
seen that the natural frequency decreases from 9.375 Hz to 4.0625 Hz and the amplitude 
greatly increases from about 75000 to 400000 as the fixed end condition to the rubber 
joint condition. Due to the use of the rubber joint, it has a natural frequency that is prone 
to resonance and shows the result that higher energy contributes to the destruction. 

 
These results show that the use of flexible materials to avoid stress concentration 

when connecting SFT to shore connection can lead to resonance-induced failure. 
Therefore, in future studies, it is necessary to quantitatively evaluate the change in 
natural frequency and amplitude according to the physical properties of the connection 
materials and the connection stiffness. It is expected that this study can be applied to the 

design of shore connectionㄴ that avoid natural frequencies that are prone to resonance 

in an underwater environment or have a small effect even if resonance occurs. 
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4. CONCLUSIONS 
 

In this study, numerical analysis and small-scale model tests were performed to 
evaluate the dynamic behavior of the SFT by the shore connection between the subsea 
bored tunnel and the submerged floating tunnel. Through a numerical analysis model 
simulating a small-scale model test, dynamic characteristic changes were analyzed with 
a focus on natural frequencies when external impact load and cyclic load were applied 
in fixed end conditions and rubber joint conditions. This study was conducted to reduce 
the risk of resonance collapse caused by the natural frequency change of the SFT due 
to the shore connection. The main conclusions derived from this study are summarized 
as follows: 
 

⚫ Since damping does not affect the natural frequency, numerical analysis was 
performed ignoring it, and as a result, it was confirmed that the same natural 
frequency was evaluated under the impact load and the cyclic load. 

 
⚫ Resonance was observed in which the amplitude of the frequency domain had a 

maximum value and the amplitude of the time domain continued to increase 
under an external cyclic load of a frequency consistent with the natural frequency. 

 
⚫ The natural frequency of the acrylic hollow tube simulating the SFT changes 

according to the connection stiffness between the acrylic hollow tube and the 
rubber joint and the physical properties of the rubber joint. 

 
⚫ To avoid stress concentration, when the shore connection part is made of a 

flexible material, the natural frequency of the SFT has a value that is more prone 
to resonance, and then the amplitude also increases, so there is concern about 
the risk of resonance collapse. 

 
⚫ In the small-scale model test, the natural frequency with a value of 35 to 40 Hz 

was evaluated as a result of applying an impact load to the acrylic hollow tube 
affected by the rubber joint. 

 
⚫ The small-scale model test has three major limitations. The first was that only 

relatively short-time dynamic responses were observed using an oscilloscope. 
Second, there is noise due to the uncertainty of the boundary condition. Lastly, 
as a design problem, movement other than the vertical direction was allowed. 

 
⚫ These results are expected to be utilized in future research that quantitatively 

evaluates the natural frequency relationship of SFT according to the physical 
properties of the shore connection and the connection stiffness with the SFT, and 
supplements the limitations of the small-scale model test for more reliable 
verification. 
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