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ABSTRACT

This study presents a practical design strategy for a large-size Submerged Floating Tunnel (SFT) under different
target environments through global-performance simulations. A coupled time-domain simulation model for SFT is
established to check hydro-elastic behaviors under the design random wave and earthquake excitations. The tunnel
and mooring lines are modeled with a finite-element line model based on a series of lumped masses connected
by axial, bending, and torsional springs, and thus the dynamic/structural deformability of the entire SFT is fully
considered. The dummy-connection-mass method and constraint boundary conditions are employed to connect
the tunnel and mooring lines in a convenient manner. Wave- and earthquake-induced hydrodynamic forces are
evaluated by the Morison equation at instantaneous node positions. Several wave and earthquake conditions are
selected to evaluate its global performance and sensitivity at different system parameters. Different Buoyancy-
Weight Ratios (BWRs), submergence depths, and tunnel lengths (and mooring intervals) are chosen to establish a
design strategy for reducing the maximum mooring tension. Both static and dynamic tensions are critical to find an
acceptable design depending on the given target environmental condition. BWR plays a crucial role in preventing
snap loading, and the corresponding static tension is a primary factor if the environmental condition is mild. The
tunnel length can significantly be extended by reducing BWR when environmental force is not that substantial.
Dynamic tension becomes important in harsh environmental conditions, for which high BWR and short mooring
interval are required. It is underscored that the wet natural frequencies with mooring are located away from the
spectral peaks of design waves or earthquakes.
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1 Introduction

The Submerged Floating Tunnel (SFT) has recently attracted significant attention as an alter-
native to conventional bridges and immersed tunnels for long-distance and deepwater crossing [1].
It is a simple structure consisting of a tunnel at a target submergence depth and mooring lines. It
has potential advantages: the construction cost per unit length is relatively irreverent to a tunnel

This work is licensed under a Creative Commons Attribution 4.0 International License,
@ @ which permits unrestricted use, distribution, and reproduction in any medium, provided the

original work is properly cited.


http://dx.doi.org/10.32604/cmes.2021.016494

316 CMES, 2021, vol.128, no.1

length, the ship traffic problem can be solved by keeping submergence depth more than 30 m,
and an optimal design can be safe against both waves and earthquakes.

Active studies related to SFTs have been conducted with respect to a variety of environmental
conditions for achieving the first real construction. Developing a robust and time-efficient simu-
lation model is recognized as one of the essential tasks, especially for SFT research due to its
potentially high deformability. There exist few experimental studies associated with the dynamics
of SFT in waves [2—4] and currents [5]. They built a model-scale rigid tunnel module connected
with mooring lines to investigate the effects of various system parameters, including Buoyancy-
Weight Ratio (BWR), submergence depth, and inclination angles of mooring lines, on the global
performance. However, the longitudinal structural flexibility is an important part of this kind of
elastic object, but it is challenging to implement the long structure as a correctly scaled physical
model. Then, the actual hydro-elastic behavior of the long structure needs to be numerically
simulated by using reliable and validated computer programs. Based on this background, high-
fidelity simulations play a crucial role in optimizing the design. Many researchers considered the
structure’s elasticity under wave [6—8] and earthquake [9,10] excitations. Most of them adopted the
Morison-force model to estimate the hydrodynamic force on SFTs because it provided reasonable
results on such slender structures. Besides, the Morison formula is a time-efficient force-estimation
method compared with other more complicated hydro-elasticity methods, such as the BEM-FEM
direct coupling [11,12], modal superposition with BEM including elastic modes [13], and discrete-
module-beam methods with multi-body BEM [14,15]. In particular, the Morison model can be
utilized as an effective tool for design-parameter optimization.

Until now, most studies concentrated on theoretical investigations and parametric studies. For
example, regarding wave excitations, Lu et al. [16] investigated the snap loading phenomenon
associated with BWR and mooring inclination angle. High wave heights and low BWRs are prone
to snap loading resulting in substantially increased mooring tension. Sharma et al. [17] showed
the role of a bottom-mounted submerged porous breakwater for SFT dynamics. Jin et al. [18]
proposed coupled dynamics simulations based on the potential theory for a rigid tunnel segment.
Yarramsetty et al. [19] showed the importance of considering nonlinear cables by comparing linear
and nonlinear cable dynamics. Concerning earthquake excitations, Di Pilato et al. [20] conducted
coupled dynamics simulations under earthquake excitations, demonstrating the importance of
earthquake excitations in SFT dynamic responses. Xie et al. [21] and Lee et al. [22] investigated
earthquake-induced waves and their influences on tunnel dynamics. Martinelli et al. [23] presented
a detailed procedure for producing artificial ground motions and conducted the structural analysis
under the generated seismic motions. Jin et al. [10] performed SFT-train coupled simulations under
earthquake excitations. These examples provide detailed information to understand the basics of
the SFT’s dynamic characteristics.

There exist technical difficulties in the construction of the structure. One of the critical
problems for the large diameter tunnel is considerable dynamic tension, which is usually due to
snap loading. Higher BWR is recommended to resolve the snap loading, as also in [16], which in
turn increases the static tension. Short mooring intervals are needed to distribute the high mooring
tension among neighboring mooring lines; however, it leads to more mooring/anchor installation
and the resulting high installation cost. Various factors can contribute to these high mooring
tensions, and thus a practical guideline for designing large SFT can be different depending on the
environmental conditions and submergence depths at a target location.

In this study, a practical strategy for the SFT design is presented. Coupled time-domain hydro-
elastic simulations for large SFT are conducted in wave and earthquake conditions. The tunnel
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and mooring lines are separately modeled with a finite-element line model based on the lumped
mass method. Each component is divided into several finite elements to account for structural
deformability. Their connection is completed by the dummy-connection-method [24] and constraint
condition specially proposed for SFT research by authors. The Morison equation estimates both
wave- and earthquake-induced hydrodynamic forces. Different locations have different wave and
earthquake conditions. For instance, the 100-year storm condition in the South-Korean Sea is
much harsher than that in Norwegian fjords. In this regard, we consider different magnitudes
of wave and earthquake excitations. Besides, systematic parametric studies are performed under
different BWRs, submergence depths, tunnel lengths, and mooring intervals to find appropriate
design strategies to reduce maximum mooring tensions.

2 Time-Domain Formulation

A coupled time-domain model is established by OrcaFlex, a widely-used commercial program
in the oil and gas industry [25]. 2D drawings of the proposed SFT used in this study and an exam-
ple numerical model by OrcaFlex are presented in Fig. 1. Since the structure is highly deformable,
the entire SFT is modeled with the line model that can represent elastic behavior. The line model
is made up of N nodes (lumped masses) and N — 1 connecting elements (linear springs) between
nodes, as illustrated in Fig. 2. Physical properties, such as mass, drag, and buoyancy, are lumped
at the nodes, while structural deformability is represented by massless springs. Formulations for
structural forces in the line model are presented in Appendix A. Equation of motion for SFT can
be expressed as:

M 4+ Cx + Kx=Fy; + W+ Fc (1)

where M is the mass matrix, C and K are the structural damping and stiffness matrices, x is the
displacement vector, Fj, is the total hydrodynamic force vector, w is the wet weight vector, F¢
is the constraint force vector originated by the coupling effect between the tunnel and mooring
lines at the corresponding connection locations. The upper dot in the formulations means the time
derivative of a variable.

Cx stands for structural damping, which is a crucial component to damp the resonant
responses effectively. The structural damping considers the internal friction and composite inter-
action between materials during the deformation. In this study, the mass and stiffness propor-
tional Rayleigh damping model is selected owing to its practicality and reliability, which can be
expressed as:

C=aMr+BK 2

where o and B are the mass and stiffness proportional damping coefficients, and M7 is the total
mass matrix including the added mass. When the damping ratio ¢ is known and identical at the
two structural modes i and j, @ and B can be calculated as:

2 . .
a=1 Wy, j Wy, j (3)
wn,i+wn,j
2
p={——— )
wn,i+wn,j

where w, is natural frequency. Based on the above formulations, it can be noticed that « and
B play a prominent role in damping low- and high-frequency excitations, respectively. 5% ¢ is
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widely selected for concrete structures, which is also adopted in this system at the lowest lateral

and vertical modes to estimate structural damping. The natural frequencies are obtained by modal
analysis of the coupled system after static simulation.

[
L-.x = a

L Wave direction

R RS B TR
Line #2 Line #

4 i..inc #3 - Line #1

(b)

Figure 1: SFT configuration (L = total length, /= mooring interval, SD = submergence depth) (a)
and representative numerical model (L = 700 m) by OrcaFlex (b)
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Figure 2: Line model [25]
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Kx describes the structural deformability with axial, bending, and torsional springs. As
described in Fig. 2, tension and torsional behaviors are represented by axial and torsional springs
located at the center of two adjacent nodes, while bending springs at either side of the node
estimate bending behaviors.

F;s is estimated by the Morison equation for a moving body, calculated at the instantaneous
node positions as:

. 1
FM:—CApAin—|—CM,0AVn—|-§CD,OA|Vn—Xn|(Vn—Xn) ®)

where C4, Cys, and Cp are, respectively, the added mass, inertia, and drag coefficients, p is the
density of the surrounding fluid, A is the displaced volume, A4 is the drag area, V is the fluid
velocity, and a superscript # denotes the normal direction. Cys (=14 Cy4) is normally chosen as
2 for a cylindrical object based on potential theory [26].

All components in the Morison equation are considered under wave excitations. For the given
wave spectrum with significant wave height (Hg) and peak period (7'p), the corresponding random
water particle velocities and accelerations along its geometric center are generated by the Fourier
series of component waves, and they are inputted to the Morison equation to generate random
inertia and drag forces on the SFT.

The tunnel and mooring lines are modeled with separate line models while they are linked
by employing the dummy-connection-mass method [6,10,24], as illustrated in Fig. 3. The tunnel
is divided into M tunnel sections, and M — 1 dummy rigid bodies are positioned with rotational
springs between all connection locations. The slave objects’ motions (i.e., fairlead positions of
lines) are set as the same as the master one (i.e., dummy rigid bodies) for the translational
degrees of freedom (DOFs), which is called the constraint condition. This method is similar to
implementing large translational springs among objects. Besides, rotational springs are located
between connection locations for the rotational DOFs. Tunnel sections are rigidly connected with
large rotational spring coefficients, whereas hinged connections between the tunnel sections and
mooring lines are assumed with zero rotational spring coefficients. This interaction generates F¢,
which acts on both objects with different signs. A simple example of coupling between a rigid
body and a line is given in Appendix B.
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Figure 3: Coupling methodology [10]
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The earthquake effect is considered by inputting the time histories of seismic lateral and
vertical displacements at each anchor location of the mooring line and both ends of the tunnel.
The seismic effect then appears on the tunnel through F¢ from mooring lines to the tunnel at the
connection locations and Kx from tunnel ends to central locations through structural beams. In
this case, the fluid kinematics is not considered in the earthquake problem although there may be
minor effects from the corresponding seaquake; therefore, the hydrodynamic force on the structure
is purely based on SFT’s velocity and acceleration along its geometric center.

The present numerical simulation model has been validated against several experimental
results in wave tanks [27,28].

3 Configuration and System Parameters

SFT’s basic configuration and design parameters are shown in Fig. | and Tab. 1. SFT consists
of 14 tunnel sections, 13 dummy rigid bodies, and 52 mooring lines, and thus 66 line models and
13 dummy rigid bodies are employed. The tunnel is made of concrete and has a diameter of 20 m.
The fixed-fixed boundary condition is modeled at both ends representing bottom-fixed stations
where there are no displacements and angles in 3D at both ends. In general, the distance between
stations is longer than 2 km as an example of the subway station; however, a shorter interval
may be needed for SFT application since they can be utilized for underwater evacuation and
ventilation. The added mass coefficient is 1.0 due to a fully-submerged cylindrical shape [26]. The
drag coefficient is 0.55, based on the experimental results at the cylinder’s representative Reynold
number and surface roughness [29]. Several system parameters are selected to conduct parametric
studies. First, BWRs of 1.05-1.3 are selected to check the importance of static and dynamic
tension. The tunnel’s inner diameter is changed according to different BWRs by neglecting inner
compartments for simplicity, which can be considered as an equivalent cross section. Then, the
structural stiffness can be calculated from outer and inner diameters. Second, water depths are
set as 100, 120, and 140 m: the corresponding submergence depths are changed to 61.5, 81.5,
and 101.5 m by having the same mooring style and length. This is to investigate the relationship
between global performance and submergence depth under wave excitations. The submergence
depth is defined as the vertical distance between the water surface and the tunnel center. Third,
four different tunnel lengths of 700, 1400, 2100, and 4200 m are taken into consideration: the
corresponding mooring intervals are 50, 100, 150, and 300 m. The increased mooring interval
results in reduced natural frequencies but increased static mooring tensions. Intuitively, at larger
submergence depths, wave force is significantly reduced, and then sparse mooring interval may
be used to save mooring-anchor and installation costs. An element length of 10 m is selected
after convergence tests by comparing natural frequencies between different element lengths. For
example, the 700 m long tunnel has 70 finite elements, sufficiently representing its elastic behaviors.

Studless chain mooring is chosen with a nominal diameter of 0.18 m, which is one of the
largest sizes to handle large static and dynamic tensions. A mooring group consists of four
mooring lines at the given tunnel cross section, and they are 60° inclined to the seabed. The same
mooring group is distributed with equal interval along the tunnel length (see Fig. 1). The seabed
is assumed to be flat with equal water depth. In the Morison formula for mooring lines, the
added mass coefficient is 1.0 with its equivalent outer diameter of 0.324 m (1.8 times the nominal
diameter), and the drag coefficient is 2.4 with its nominal diameter. The selections of the diameters
and added mass and drag coefficients in the Morison equation are based on suggestions by the
DNV Standard and OrcaFlex manual [25,30]. Based on the chain mooring line’s characteristics,
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the axial stiffness term is only considered, whereas the bending and torsional effects are neglected.
Mooring lines are modeled by eight equal-length elements to present their flexibility.

Table 1: Modeling parameters of tunnel and mooring lines

Component Parameter Value Unit
Tunnel Length 700, 1400, 2100, 4200 m
Outer diameter 20 m
End boundary condition Fixed-fixed condition -
Material High-density concrete -
BWR 1.05, 1.10, 1.15, 1.20, 1.25, 1.30 -
Added mass coefficient 1.0 -
Drag coefficient 0.55 [29] -
Mooring lines Length 50.2 (Line #1 and 2), m
(Chain, Stud-less type) 38.7 (Line #3 and 4)
Mass/unit length 644.8 kg/m
Nominal diameter 0.18 m
Equivalent outer diameter 0.324 m
Axial stiffness 2.77 x 100 kN
Added mass coefficient 1.0 -
Drag coefficient 2.4 [30] —

4 Environmental Conditions

Waves and earthquakes are considered as environmental conditions. The JONSWAP wave
spectrum is utilized to produce the time histories of random waves. As shown in Fig. 4, two differ-
ent random waves are generated: Hgs are 11.7 and 3 m, regarded as 100-year storm conditions in
the South Sea of Korea and a fjord in Norway. The corresponding 7'ps are 13 and 6 s, respectively.
The peak enhancement parameters are selected to be 2.14 and 3.3 based on the references on
the target sites [31,32]. The imposed JONSWAP spectrum is a representative one in a wide area
of the South Sea of Korea, so it is independently applied to respective regions of three different
water depths (100, 120, and 140 m), i.e., the transformation of a wave spectrum propagating over
different water depths is not a concern in the present investigation. Two hundred sinusoids are
superposed to generate random waves. The equal energy method in which each wave component
has equal spectral energy is employed to avoid signal repetition for long time-series generation.
1-hour simulations are conducted for each wave condition to sufficiently represent statistic results.
The time interval of time-domain simulations under wave excitations is 0.05 s. Wave direction is
perpendicular to the tunnel length, as illustrated in Fig. | since this is to be the worst case.

Three real seismic displacements are collected from USGS in a magnitude range of 3.8-8.4
in the moment magnitude (MM) scale, as summarized in Tab. 2. The representative time histories
and spectra, presented in Figs. 5-0, show that the larger the earthquake magnitude, the lower the
dominant excitation frequency. This trend plays an essential role in SFT’s dynamics associated
with the system’s natural frequencies. The time interval of seismic displacements and time-domain
simulations is 0.005 s. The direction of earthquake propagation is assumed to be perpendicular to
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the tunnel length, and thus the same earthquake displacements without time delay are inputted
to all anchor points of mooring lines and both ends of the tunnel.
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Figure 4: Spectra (input JONSWAP and recovered from time histories) (a) and time histories (b)
of wave elevation

Table 2: Summary of seismic motions

Number Location Year Magnitude Peak lateral Peak vertical Duration
motion (cm) motion (cm) (s)
1 California, USA 2012 3.8 —0.042 —0.016 30
2 Northern California, USA 2010 6.5 —3.306 2.145 126
3 Indonesia 2007 8.4 8.028 —6.250 125
0.04 0.14
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Figure 5: Time histories of seismic displacements (a) Northern California, USA, 2010 (magnitude
= 6.5) (b) Indonesia, 2007 (magnitude = 8.4)
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Figure 6: Spectra of seismic displacements (a) California, USA, 2012 (magnitude = 3.8)
(b) Northern California, USA, 2010 (magnitude = 6.5) (c) Indonesia, 2007 (magnitude = 8.4)

5 Results and Discussions

5.1 Modal Analysis

Modal analysis is carried out to obtain the natural frequencies and mode shapes of the
SFT contacting water after the static simulation. The representative model shapes and natural
frequencies are presented in Fig. 7 and Tab. 3. The typical mode shapes with the fixed-fixed
end-boundary conditions are obtained, including the effects of uniformly distributed mooring
lines along the tunnel. The horizontal and vertical mode shapes are almost the same for the
representative case. Whereas, the natural frequencies are different since the corresponding mooring
stiffnesses are different for the given mooring-lines’ inclination angle. As can be seen in Tab. 3,
the system’s wet natural frequencies are not sensitive to the change of BWR. It is well-known that
for the Euler-Bernoulli beam, the lowest natural frequency for the fixed-fixed boundary condition

is represented as w, =22.4\/EI/mL*, where EI is bending stiffness, m is mass per unit length, and
L is tunnel length [33]. Therefore, the natural frequencies are significantly reduced by increasing
the tunnel length and mooring interval, which can be an important consideration for reducing
dynamic responses at the target environmental conditions. It is also interesting that the natural
frequencies for the respective modes get closer to each other when tunnel length and mooring
interval are increased.
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Figure 7: Horizontal (a) and vertical (b) mode shapes (tunnel length = 700 m, BWR = 1.3)

Table 3: Natural frequencies (NFs)

Item Tunnel length = 700 m, Tunnel length = 700 m, Tunnel length = 700 m,
BWR =1.10 BWR =1.20 BWR =1.30

Mode # Horizontal NF  Vertical NF Horizontal NF  Vertical NF Horizontal NF  Vertical NF
(rad/s) (rad/s) (rad/s) (rad/s) (rad/s) (rad/s)

1 1.604 2.493 1.663 2.640 1.686 2.694

2 2.606 3.115 2.643 3.309 2.641 3.356

3 4.556 5.163 4.566 5.104 4.507 5.039

Item Tunnel length = 1400 m, Tunnel length = 2100 m, Tunnel length = 4200 m,
BWR =1.05 BWR =1.05 BWR =1.05

Mode # Horizontal NF  Vertical NF  Horizontal NF  Vertical NF Horizontal NF  Vertical NF
(rad/s) (rad/s) (rad/s) (rad/s) (rad/s) (rad/s)

1 0.999 1.701 0.817 1.409 0.575 0.987

2 1.128 1.771 0.852 1.428 0.579 0.988

3 1.472 1.993 0.952 1.487 0.590 0.993

5.2 Dynamic Responses under Wave Excitations

In this section, the tunnel’s dynamic responses and mooring tensions are evaluated under
wave excitations. As mentioned before, two different wave conditions (Hg of 11.7 and 3 m) are
selected: their corresponding 7pS are 13 and 6 s. These wave conditions correspond to 100-year
storm conditions in the South Sea of Korea and a Norwegian fjord. The sensitivity tests with
respect to BWR, submergence depth, and tunnel length are performed to have a better engineering
design at target wave conditions. Based on the authors’ previous studies, these parameters are very
important for SFT design. The envelopes of the maximum and minimum displacements and max-
imum tensions are first checked to select major analysis locations, as shown in Fig. 8. The largest
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displacements and mooring tensions are observed at its mid-length. Also, the mooring tensions
of Line #4 are the largest among four mooring lines while shorter mooring lines (Lines #3-#4)
have higher mooring tensions than longer ones (Lines #1-#2). From this point, displacements at
the mid-length and mooring tension of Line #4 at the mid-length are only presented since they
are the largest.
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Figure 8: Envelopes of maximum and minimum displacements (a) and maximum mooring tensions
(b) (BWR = 1.3, tunnel length = 700 m, submergence depth = 61.5 m)

First, BWR often plays a critical role in both static and dynamic responses, as demonstrated
in Fig. 9. In this comparison, the tunnel length and submergence depth are fixed at 700 m
(shortest) and 61.5 m (shallowest). In the severe wave condition (Hg = 11.7 m), dynamic motions
are lowest at the highest BWR of 1.3, and they significantly increase at BWR less than 1.15. The
difference in natural frequencies among BWRs plays a relatively small role in dynamic responses
since the differences are actually small and the lowest natural frequencies are far outside of Tp.
The dynamic responses are well limited at BWRs of 1.2-1.3, showing no noticeable difference.
At lower BWR (1.05-1.15), the mooring snap loadings (happening just after being slack) mainly
contribute to the sudden significant increase of SFT dynamics and mooring tensions, i.c., the
smaller BWR, the larger dynamics. On the other hand, BWR mostly determines the static mooring
tension such that small BWR results in smaller static mooring tension. The lower BWR is likely
to produce the snap loading under the large wave force. Therefore, shallower submergence depth
and/or bigger storm tend to induce more snap loading.
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Mooring tension further demonstrates the snap loading phenomenon, as can be seen in
Fig. 10. The minimum mooring tensions at low BWR = 1.05-1.15 reach nearly zero (slack), then
suddenly inducing large dynamic responses and mooring tensions by snap movement. This can
further be supported by the time histories of tensions in Fig. 11. For this reason, the maximum
mooring tensions at BWR = 1.05-1.15 are higher than those of BWR = 1.2-1.3 despite smaller
static tensions. It is worth mentioning that BWR of 1.2 provides the smallest mooring tension
because only minor snap loading is detected under moderate static mooring tension. As a result,
the optimal BWR should be selected for the given submergence depth and wave excitation through
this kind of investigation. Even for BWR = 1.2 with the given 50-m mooring interval, the
maximum mooring tension is still higher than the allowable mooring load of 18376 kN (minimum
breaking load (MBL) of 30689 kN for the Grade RS chain divided by the safe factor (SF) of
1.67), which can be solved by a slightly shorter mooring interval.
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On the other hand, in the mild wave condition (Hs = 3 m), no significant dynamic motions
and tensions are observed regardless of BWRs due to the low wave force. Also, no snap loading
is observed under this wave condition. In this case, the static mooring tension is a critical factor
in mooring design, and thus the maximum tension is detected at the highest BWR of 1.3. As a
result, BWR of 1.05 is the most promising solution governed by the static mooring tension. Based
on the results under two different wave conditions, the lower BWR is beneficial under mild wave
conditions since there is no snap loading and static mooring tension is low, while significant snap
loadings must be solved under severe wave conditions by properly increasing BWR.

Second, the sensitivity with respect to submergence depth is checked, as shown in Figs. 12-13.
In this comparison, only the severe wave condition (Hg = 11.7 m) is considered under different
submergence depths of 61.5, 81.5, and 101.5 m. Having the same mooring length, the submergence
depths correspond to water depths of 100, 120, and 140 m. Note that the submergence depth
is defined as the vertical distance between the sea surface and the tunnel’s centerline. According
to the wave theory, wave kinematics exponentially decay with submergence depth due to the
term e % where k is wavenumber and z is submergence depth in deepwater. Such a trend is
also observed in this sensitivity test. The larger the submergence depth, the smaller the dynamic
responses (Fig. 12). The large displacements, detected at BWR = 1.1 and submergence depth =
61.5 m, are substantially reduced at larger submergence depths. The dynamic responses at BWRs
of 1.2 and 1.3 are almost identical regardless of submergence depth. Based on the tension results
(Fig. 13), the static mooring tension governs the RMS value, especially at large submergence
depth, because dynamic motions and tensions are not that significant. At the submergence depth
of 101.5 m, there is no difference in dynamic tensions among different BWRs since there is no
snap loading, which results in the lowest maximum mooring tension at BWR = 1.1. It can be
concluded that if the wave force is small, such as the cases of mild wave condition and sufficient
submergence depth, smaller BWR is beneficial in reducing the maximum mooring tension through
smaller static tension.
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Figure 12: Standard deviations of displacements (a) and their maxima and minima (b) at different
submergence depths and BWRs (Hg= 11.7 m)
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Third, the effects of tunnel length and mooring interval on dynamic responses and mooring
tensions are assessed, as shown in Figs. 14—15. In the previous two sensitivity tests, it is seen that
the sharp increase of mooring tension is highly associated with snap loading. The snap loading
does not occur when BWR and submergence depth are large enough. However, in terms of the
maximum mooring tension, high BWR may be harmful due to high static tension. This trend is
also reflected when we consider different tunnel lengths (i.e., mooring intervals). Here, BWR is
fixed at 1.05 considering increased mooring interval and the corresponding increased burden to
support more buoyancy per mooring. Fjord wave condition warrants that there is no snap loading
even at low BWR = 1.05. Increasing tunnel length and mooring interval for the same number
of mooring lines may substantially decrease mooring/anchor and their installation costs. In this
regard, four different tunnel lengths (700, 1400, 2100, and 4200 m) are compared in the mild wave
condition (Hs = 3 m). They correspond to mooring intervals of 50, 100, 150, and 300 m. The
rough wave condition has no room to consider larger mooring interval unless deeply submerged
since the maximum mooring tension is already higher than the allowable tension. The longer the
mooring interval, the larger the static tension on the individual line and lower the tunnel natural
frequencies as becoming softer, as described in Section 5.1.

As shown in Figs. 14-15, the tunnel motions and mooring tensions are highly related to the
natural frequencies. For example, the largest lateral and vertical responses are observed at the
tunnel lengths of 2100 and 4200 m, respectively, at which the lowest lateral and vertical natural
frequencies are close to the input peak frequency. Thus, those system parameters should carefully
be selected to avoid resonant motions for the given design-storm condition at the target area. The
tunnel length mainly determines the static mooring tension and its RMS value (Fig. 15). Although
the static tension is higher at the longer tunnel length, the dynamic responses and tensions can
be smaller for longer tunnel length (see the decrease of standard deviation from 2100 to 4200 m)
due to the larger separation between tunnel natural frequency and peak of the incident wave. The
tunnel length of 4200 m (= mooring interval 300 m) is possible even at 61.5 m submergence, and
an even longer tunnel (and mooring interval) is also feasible at larger submergence depths.
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static values (b) at different tunnel lengths and submergence depths (Hs = 3 m, BWR = 1.05)

5.3 Dynamic Responses under Earthquake Excitations

In this section, the tunnel’s dynamic responses and the corresponding mooring tensions are
evaluated under earthquake excitations. In the case of earthquake-induced dynamics, tunnel’s
submergence depth is almost irrelevant unless it is close to the free surface. Instead, mooring
style and length become more relevant parameters. In this section, the submergence depth is fixed
at 61.5 m. Three MM (moment magnitude)-scale time histories of earthquake excitations are
obtained from USGS and employed in this study. Based on the spectral results in Fig. 6, the
higher the earthquake magnitude, the lower the peak excitation frequency. Thus, it is very impor-
tant to predefine the possible earthquake range to minimize the resulting motion. Sensitivity tests
with varying BWRs and tunnel lengths are performed to better understand the earthquake-proof
engineering design at the target earthquake excitations.

First, the influences of BWR and earthquake magnitudes on dynamic responses and mooring
tensions are checked, as reported in Figs. 16-17. As shown in Fig. 16, both earthquake magnitude
and dominant seismic frequency play important roles in dynamics responses. When the earthquake
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magnitude is 3.8, the resulting dynamic responses are negligible due to the small earthquake
displacements and the dominant earthquake frequencies far apart from the tunnel’s lowest natural
frequencies. However, as the dominant earthquake frequency of MM = 6.5 gets close to the
tunnel’s lowest natural frequency, large resonant motions are observed, as in Fig. 16. The largest
earthquake with magnitude = 8.4 also induces large dynamic motions, but the increase is not
so large compared to the 6.5 case considering that the MM scale is log scale (8.4 case is 78
times larger in earthquake moment than 6.5 case). That is because the dominant seismic frequency
of MM = 8.4 is farther apart from the lowest natural frequency of tunnel than MM = 6.5
case. Interestingly, despite the increase in dynamic motions from MM = 6.5 to 8.4, there is little
increase in mooring tension. This is due to that when the horizontal motion is maximum, the
vertical motion is almost zero and vice versa. Also, the BWR variation induces some motion
variations mainly due to the changes in the tunnel’s natural frequencies. The low BWR can reduce
the earthquake-induced dynamic motions because the earthquake movements are less directly
transmitted to the tunnel as mooring lines become less taut.
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Figure 16: Standard deviations of displacements (a) and their maxima and minima (b) at different
BWRs (submergence depth = 61.5 m)
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static values (b) at different BWRs (submergence depth = 61.5 m)
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As for the mooring tension, the maximum tension is governed by the static mooring tension,
as shown in Fig. 17. For example, the dynamic tension is negligible at the earthquake magnitude
of 3.8. In this case, the static tension plays a leading role in the mooring design, and lower
BWR is better because of low static tension. The same trend is also observed at higher seismic
magnitudes. As a result, the lower BWR is beneficial under seismic excitations unless significant
snap loading is detected. As pointed out earlier, the mooring tensions at MM = 6.5 and 8.4
are similar although the seismic displacements at MM = 6.5 are much smaller than MM = 8.4,
demonstrating the importance of properly locating the system’s natural frequencies against the
design earthquake condition.

Finally, the sensitivity test with respect to the tunnel length is carried out, as presented in
Figs. 18-19. Again, the tunnel length (and mooring interval) is a critical factor in anchor-system
installation, in which the cost and difficulty are significantly reduced as the tunnel length and
mooring interval are increased mainly due to the decreased total number of anchors and mooring
lines. In this comparison, BWR is fixed to be 1.05 to see the SFT dynamics under low static
tension. As shown in Fig. 18, the smallest earthquake induces little SFT dynamics compared to
higher earthquakes, regardless of the tunnel length. Moreover, the importance of the location of
natural frequencies can be observed. The MM = 6.5 earthquake spectral energy (Fig. 6) at the
lowest resonance frequencies (Tab. 3 for BWR = 1.05) is considerable, and thus the corresponding
tunnel motion is as large as that of much larger earthquake MM = 8.4. For the latter, the peak
earthquake frequency is farther away from the tunnel’s lowest natural frequencies, and thus the
corresponding tunnel motions are not large. Therefore, the SFT’s natural frequencies should be
carefully adjusted in the design stage to minimize the earthquake-induced tunnel motions and
mooring tensions. In Fig. 19, even for the largest tunnel length of 4200 m and mooring interval
of 300 m, the mooring can satisfy the safety factor even at the largest earthquake of MM =
8.4, i.e., the construction cost can significantly be saved. When earthquake frequency is away from
the system’s lowest natural frequencies, we can significantly extend the mooring interval with low
BWR. The potential snap loading on mooring still needs to be carefully checked by the tunnel-
mooring-coupled dynamics computer simulation program.
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Figure 18: Standard deviations of displacements (a) and their maxima and minima (b) at different
tunnel lengths (BWR = 1.05, submergence depth = 61.5 m)
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static values (b) at different tunnel lengths (BWR = 1.05, submergence depth = 61.5 m)

From the comparison between the 100-year storm condition in South Korea (Hg= 11.7 m)
and the largest earthquake (MM = 8.4), the 100-year storm condition induces larger displacements
and maximum mooring tension. Also, waves induce steady-state responses all year long, whereas
earthquakes induce transient responses for a short time [10]. In this regard, wave excitations are
a more dominant factor for the present SFT design, while earthquake excitations play some roles
in the structural design.

6 Conclusions

In this study, the practical design strategy for a large size SFT is investigated. A coupled time-
domain dynamics simulation model for SFT is built considering wave and earthquake excitations.
Tunnel and mooring lines are modeled by using a series of the finite-clement line model. The
line theory is based on a lumped mass method, where physical components are all lumped
at nodes and they are connected by massless linear springs to represent elastic behaviors. The
dummy-connection-mass method and the constraint boundary conditions are utilized to couple
the tunnel and mooring lines. The Morison equation is employed to estimate the wave- and
earthquake-induced hydrodynamic forces at instantaneous node positions. Various wave and earth-
quake conditions are tested to check the corresponding dynamic motions and mooring tensions
at different system parameters. The wet natural frequencies are obtained through modal analysis
for different BWRs, tunnel lengths, and mooring intervals. Systematic parametric studies are con-
ducted under different BWRs, submergence depths, and tunnel lengths (and mooring interval) to
build a cost-effective design strategy while satisfying the allowable mooring tension. The following
design strategies are established according to the simulation results:

e The primary wet natural frequencies with mooring need to be adjusted depending on the
target wave and earthquake conditions to reduce the resonant motions.

e Reducing BWR is generally beneficial when the dynamic environmental load is relatively
small. In this case, the maximum tension is governed by the static tension by BWR.
However, the possibility of snap loading at low BWRs should be carefully examined from
the simulation.

e The tunnel length or mooring interval can significantly be extended with increasing submer-
gence depth since wave excitations decay exponentially with submergence depth.
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e The tunnel length or mooring interval can also be extended with appropriate BWR as
storm-wave and seabed-earthquake conditions are relatively mild. In this case, the high static
tension can be reduced with smaller BWR while dynamic tension plays relatively a minor
role.

e In the case of 100-yr severe storm condition at the South Sea of Korea, with 61.5-m
submergence depth and 50-m mooring interval, BWR = 1.2 turns out to be the best case
satisfying the mooring tension requirement. At a larger submergence depth of 101.5 m, no
snap loading is observed, and the tension is governed by the static tension. In the case of
100-year storm at submergence depth 61.5 m of Norwegian Fjord or Indonesian earthquake
of magnitude 8.4, tunnel length between two fixed stations as large as 4200 m (or mooring
interval as large as 300 m) can be used with BWR = 1.05.
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Appendix A: Formulations of Structural Stiffness Force for Line Model

As given in Eq. (1) and Fig. 2, Kx describes the structural deformability with axial, bending,
and torsional springs. The detailed explanation is also available in [25]. Tension is first estimated
by the axial spring at the center of each element. The effective tension is calculated as:

T, =T+ (poao — pia;) (A1)

where T), is the wall tension, and p and a are the pressure and cross-sectional area with subscripts
o and 7 denoting external and internal. T), is computed as:

T
T\, = EAe —2v(poao — pia;) + kztB (A2)
where EA is the axial stiffness, ¢ is the axial strain, v is the Poisson ratio, k;; 1s the tension-torsion
coupling coefficient, t is the torsional angle, /y and is the unstretched element length. The bending
moment magnitude is then computed by the bending springs at either side of the node as:

Im| = ET|c| (A3)

where EI is the bending stiffness, and ¢ is the curvature. The bending moment is in the binormal
direction. The shear force is then calculated at both ends of the segment with the calculated
bending moments at either side of the node as:

1
fs=s, x 7(m2 —my) (A4)

where s, is the element’s axial direction, and / is the instantaneous element length. The torsional
moment magnitude is finally evaluated at the center of each element as:

T
Imy | = k% +kye (AS)
where k the is torsional stiffness. The torsional moment is in the element axial direction. After all
the calculations are done, these components are combined with other non-structural loads such
as weight and wave forces to estimate the total force on each node.

Appendix B: Dummy-Connection-Mass Method

The dummy-connection-mass method [6,10,24] was developed to couple several line models for
the SFT study. The tunnel and mooring lines are modeled with separate line models, as illustrated
in Fig. 3. The tunnel is divided into M tunnel sections, and M — 1 dummy rigid bodies are
positioned with rotational springs between all connection locations. For a simple problem with
a dummy rigid body and line, the structural stiffness force Kx and constraint force F- can be
established, as shown in Fig. Bl. For translational motions, Node 1’s 3D translational displace-
ments are the same as the rigid body’s ones (blue boxes in Fig. B1), which is called the constraint
condition. Node 1’s translational DOFs are not needed to be solved and eliminated (yellow box)
since its displacements are already defined based on the constraint condition. The interaction
between rigid body and Node 1 influences Node 2’s dynamic motions through the Nodes 1-2
coupling matrix (gray box). These terms move to the right-hand side to be F¢. Similarly, Fc on
the rigid body is established as a form of contact force (purple box). For rotational motions, 3D
rotational springs are located between the rigid body and Node 1, and the body-Node 1 coupling
matrix is generated (green boxes), which moves to the right-hand side to be F¢. The proposed



CMES, 2021, vol.128, no.1 337

numerical model was systematically validated with another numerical simulation program in the
previous studies under wave, earthquake, and moving vehicle loads [10,24].
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Figure B1: Structural stiffness and constraint forces for body-line interaction



