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ABSTRACT 
 

In this study, wave inertia force from Morison’s equation is transformed into an equivalent 
static pressure distribution, for more efficient section design of SFT. Considering the ratio 
of dimension to wavelength smaller than 0.2, Morison’s equation can be adopted to 
express the wave load. Values of response amplitude operators (RAO) and phases at 
each circumferential node in a circular SFT section are provided by solving wave 
diffraction theory. Validation of the transformed wave inertia force is performed by 
comparing the resultant force of the transformed load with the maximum dynamic force 
calculated by the maximum acceleration of fluid at the same submergence depth. In this 
process, regular waves ranged from 6 s to 15 s of frequencies are used. Consequently, 
the potential of equivalent static load for FE analysis of SFT and reliability of the 
suggested approach is investigated. 
 
1. INTRODUCTION 
 
     An SFT is located in water, and therefore it is structurally safer than sea bridges 
and has the advantage of low construction cost compared to immersed tunnels. The SFT 
located in the deep submergence is subjected to high water pressure, and in order to 
evaluate the behavior of the SFT, it is necessary to accurately define the complex 
interaction between the surround fluid and the structure. (Dean 1948; Brancaleoni 1989) 
For example, Svein et al. analyzed the behavior of structures by considering diffraction 
and radiation terms of wave loads. (Svein 1999). However, in the case of performing 
dynamic analysis to investigate the specific response caused by the elastic behavior of 
a structure, in detail, sectional stress or internal energy, huge computational resources 
are required, and thus, it is very inefficient and takes a long time. 

In order to solve these limitations, various studies have been conducted such as 
improvement of the finite element method, and numerical analysis of the SFT based on 
lumped-mass and spring elements (Jin 2020). In particular, when the ratio of the diameter 
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of the structure to the wavelength of the wave load is less than 0.2, Morison's equation 
can be introduced because the structure has little effect on the wave propagation 
(Sarpkaya 1986). This Morison's equation divides the wave load into three terms: inertia 
force, added mass force, and drag force (Fartinsen 1993). Among these, the term of drag 
force is greatly affected by the structure shape and surrounding environment, but in the 
case of inertia force, there is little difference according to Morison's equation and 
diffraction problem solving, therefore it can be converted into static form through linear 
wave theory (Subrata 2007; Marit 2012). 
      In this study, to reduce the computational resources required for the dynamic 
analysis of SFT and to evaluate the detail response, the inertia force term among the 
components of the wave load was converted into an equivalent static component. The 
RAO and phase values were checked for each node along the circumferential direction, 
and these values were obtained by solving the wave diffraction theory. The verification 
of the transformation result was conducted by comparing the maximum value of the 
resultant force that appears when solving the dynamic analysis. For the whole process, 
regular waves with a period of 6 to 15 seconds were used, and OrcaFlex, a commercial 
analysis program, was used (Orcina, 2018). Consequently, the potential of equivalent 
static load for FE analysis of SFT and reliability of the suggested approach is investigated. 
 
 
2. REGULAR WAVES 
 
     A regular wave can be defined as the function of harmonic oscillation, therefore, 
transformation of dynamic waves into the equivalent static loads can be easily validated 
compared to the that of irregular wave. The velocity potential of the fluid 𝛷 can be 
expressed as: 
 

∇2𝛷 =  0      (1) 
 
four boundary conditions to solve the equation (1) can be easily found in wave diffraction 
theories (Fartinsen 1993). The wave force can be calculated by integrating the dynamic 
pressure through the circumference of the SFT as follows: 
 

𝑝 = 𝑅𝑒[𝑖𝜔𝜌𝛷𝑖𝜔𝑡]          (2) 
 
where 𝜌 is density of the fluid, Re means the real part in the bracket. On the other hand, 
validation of wave inertia force is conducted by comparison of the values from solving 
boundary value problem and the same component obtained from OrcaFlex (Orcina, 
2018). For comparing the wave inertia force at each frequency, regular waves with period 
from 6 s to 15 s are chosen. By solving the boundary value problem, the wave inertia 
force can be calculated as: 
 

𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎 =
𝐻

2
 𝑀𝑎𝑔 𝐴𝑐𝑖𝑟𝑐 / 𝐿𝑡𝑜𝑡𝑎𝑙    (3) 
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where H is wave height, Mag is magnitude of wave inertia force, Acirc is circumferential 
area of unit length and Ltotal is total length of the SFT in longitudinal direction. Besides, 
OrcaFlex evaluate the wave inertia based on the Morison’s equation: 
 

𝐹𝑖𝑛𝑒𝑟𝑡𝑖𝑎 = 𝜌𝑐𝑚𝑉�̈�     (4) 
 
where 𝑐𝑚 is coefficient of the wave inertia force (= 2.0), V is unit volume of the SFT and 

�̈�  is acceleration of fluid. The program directly evaluates the �̈�  when the input 
parameters for regular waves (wave height, period, etc.) are determined. Consequently, 
by comparing two terms of the wave inertia forces, the transformed equivalent wave 
loads can be validated. 

 
 

 

Fig. 1 Example of 3-D panel for solving wave diffraction problem 
 
 
3. ANALYTICAL RESULT 
 
Table 1. Theoretical comparison of results from wave diffraction problem and 

OrcaFlex 

Period (s) Max Acc. 
(m/s2) 

Finertia (kN) Magnitude 
(kN/m) 

Finertia (kN) Error (%) 

6 0.00283 2.41 18 2.6 7.92 

7 0.0129 10.99 82 11.94 8.64 

8 0.03247 27.66 204 29.48 6.6 

9 0.05856 49.88 372 53.76 7.78 

10 0.08662 73.78 539 77.89 5.58 

11 0.11304 96.28 694 100.29 4.17 

12 0.13567 115.55 900 130.06 12.55 

13 0.15349 130.73 1,010 145.96 11.65 

14 0.16651 141.82 1,090 157.52 11.07 

15 0.17519 149.22 1,150 166.19 11.38 
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Table 1 shows the comparison result of wave inertia force based on regular waves 

in submergence depth of 61.5 m. As mentioned above, the period of regular wave is 
distributed from 6 s to 15 s. The second and third columns mean the maximum 
acceleration of the fluid and the wave inertia force calculated by OrcaFlex. Next, the 
fourth and fifth columns are the magnitude value and wave inertia force calculated by 
solving the wave diffraction problem. The last column indicates the error rate between 
the two results. The overall error is around 10% and in case of short periods such as 6s 
or 7s, and up to 11s, error rate is lower than 5%. However, long period waves are seemed 
to govern the structural behavior of the SFT, which is a gigantic structure in dimension, 
therefore, giving more weighting factor in long period waves is reasonable. However, 10% 
rate is still lower than the expected value for the first trial, and the result means the 
generated equivalent static load is little bit bigger and conservative design of the structure 
can be performed. 
 
 
ACKNOWLEDGEMENT 
 
This work was supported by the National Research Foundation of Korea (NRF) Grant 
funded by the Korean Government (MSIT) (No. 2017R1A5A1014883) and is also 
financially supported by Korea Ministry of Land, Infrastructure and Transport (MOLIT) 

as 「Innovative Talent Education Program for Smart City」 

 
REFERENCES 
 
Brancaleoni, F., Castellani, A. and D'asdia, P. (1989), “The response of submerged 

tunnels to their environment”, Eng. Struct., 11(1): 47-56. https://doi.org/10.1016/0141-
0296(89)90032-1 

Chungkuk, J. and Moo-Hyun, K. (2020), “Tunnel-mooring-train coupled dynamic analysis 
for submerged floating tunnel under wave excitations”, Appl. Ocean Res., 94, 102008. 

Dean, W.R. (1948), “On the reflection of surface waves by a submerged cylinder”, Math. 
Proc. Camb. Philos. Soc., 44(4), 483-491. 

Faltinsen O. (1993), “Sea loads on ships and offshore structures.”, London, UK: 
Cambridge university press. 

Marit I. K., Erin E. B., and Torgeir M. (2012), “Effects of hydrodynamic modelling in fully 
coupled simulations of a semi-submersible win turbine”, Energy Proc., 24: 351-362 

Orcina, L. (2018), “OrcaFlex User Manual: OrcaFlex Version 10.2 c.”, Daltongate 
Ulverston Cumbria, UK. 

Sarpkaya, T. (1986), “Force on a circular cylinder in viscous oscillatory flow at low 
Keulegan-Carpenter numbers”, J. Fluid Mech., 165, 61-71. 

Subrata C., Jeffrey B., Harish K., Anshu M. and Junsuk Y. (2007), “Design analysis of a 
truss pontoon semi-submersible concept in deep water”, Ocean Eng., 34(3-4): 621-
629. 

Svein, R., Bernt, J.L., Knut, M.O., Kjell M.M. and Terje, H. (1999), “Dynamic response 
and fluid/structure interaction of submerged floating tunnels”, Comput. Struct., 72, 
659-685. 


