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Abstract: This study proposes a mooring design strategy for a submerged floating tunnel (SFT)
subject to extreme waves and earthquakes. Several critical design parameters, such as submerged
depth and mooring station interval, are taken into account. As a target structure, a 700 m long SFT
system with permanent stations at both ends, representing the fixed—fixed-end boundary condition,
is established. To consider coupled dynamics between the tunnel and the mooring system with
structural elasticity, an efficient time-domain simulation model is established. Three combinations
of environmental conditions are considered: extreme wave only, extreme earthquake only, and
both extreme earthquake and operating wave. First, to check the submerged-depth effect on the
dynamic response of the SFT system, including mooring tension, two different submerged-depth
(deep and shallow) types are simulated and analyzed. It is confirmed that the deep submerged-depth
model (A-type) has an advantage under extreme wave conditions, whereas the shallow submerged-
depth model (B-type) is equipped with better resistance when subject to an earthquake. Thus, the
compromise submerged-depth model (C-type) is newly devised to enhance structural integrity under
various environmental circumstances. Furthermore, a mooring station interval sensitivity test with
the C-type is performed and demonstrates the integrity of the C-type.

Keywords: submerged floating tunnel (SFT); submerged depth; earthquake; mooring interval; mooring
system design

1. Introduction

The submerged floating tunnel (SFT), which consists of the main tunnel and moor-
ing/foundation systems for station-keeping capability, has been considered one of the best
solutions among countries that have difficulties in installing ground transportation paths
due to deep creeps, such as canals, bays, fjords, and rivers [1-5]. Despite the advantages
that foundation work can be decreased compared with conventional bridges, that an opti-
mal design can be safe against both waves and earthquakes due to a deeply submerged
tunnel and the existence of a flexible mooring system, and that minimal interference of ship
voyage can be achieved with a sufficient submerged depth, there is no report yet regarding
the construction of SFTs in the world due to a lack of high-level safety evaluation [6]; the
first construction was considered by the Norwegian Public Road Administration (NPRA)
in 2017 to connect a fjord in Norway [7].

There have been feasibility investigations around the world; concept studies under various
environmental conditions—such as waves, currents, tsunamis, and earthquakes—and with
regard to numerous design factors—such as buoyancy-to-weight ratios (BWRs), submerged
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depths, and span lengths—have to be conducted to provide strong confidence in future construc-
tion [5,8-11]. The dynamic characteristic of SFIs and the corresponding mooring system when
subject to waves and earthquakes are recognized as critical design factors, so many researchers
have conducted experiments and numerical simulations.

As for numerical studies, Long et al. [4] conducted a case study to investigate the effect
of the BWR and mooring stiffness. The dynamic response of coupled SFTs and mooring
systems under wave and earthquake conditions was carried out by Di Pilato et al. [3].
Dynamic and structural responses, such as displacements and internal force/stress, of SFTs
under hydrodynamic and 3D seismic excitation were evaluated by Muhammad et al. [12].
Moreover, the dynamic and structural responses of SFTs that have a large tunnel under
wave and seismic conditions were investigated by Jin and Kim [13]. A minimum submerged
depth of 25-30 m to both avoid a collision with a ship or submarine and reduce wave
excitation effects was suggested by Indridason [14]. Since the submerged tunnel and
mooring lines have a long, slender, circular shape, the vortex-induced vibration (VIV) effect
should be considered, and Chen et al. [9] investigated mooring VIV effects on the SFT
dynamic response. Furthermore, Luoa et al. [15] conducted a parametric study with respect
to cable density, length, pretension, and velocity distribution that affect fatigue damage
to SFT cables. Dynamic responses under slack and snap effects with an inclined mooring
system were carried out [6]. Kunisu et al. [16] focused on analyzing the dynamic behavior
and mooring tension of different mooring types, while Kunisu [17] further investigated
wave forces on SFTs of different shapes and sizes. Jin et al. [10] compared the dynamics and
structural responses of SFTs obtained using the potential-flow-based discrete module beam
method and the Morison approach to identify the applicability of the Morison formula in
hydrodynamic force calculations for deeply submerged tunnels.

On the one hand, many experimental approaches have been reported so far. For
example, Oh et al. [18] examined the impacts of mooring types, water depths, and BWRs
on the global performance of floating structures. Seo et al. [19] compared their numerical
simulation model with experiments to assess its accuracy. Li et al. [20] studied the pressure
characteristics of different tunnel shapes with pressure sensors around SFTs. Yang et al. [21]
conducted parametric studies with varying factors, such as BWRs, water depths, wave
heights, inclination angles of mooring lines, and wave periods. In addition, Oh et al. [22]
carried out a scaled-down experiment considering the BWR, water depth, and mooring
line shape, and its experimental result was compared with a numerical simulation [5]. A
large-scale SFT was tested under conditions of regular and irregular waves in a 3D wave
tank, and technical challenges were presented by Chung et al. [23]. Comprehensive reviews
on various aspects of SFT dynamics were presented by Zhang et al. [24] and Xu et al. [25].

The present study focuses on mooring design with respect to various system pa-
rameters in large-wave and -earthquake conditions. Mooring length, submerged depth,
and mooring interval play a crucial role in mooring tension and are evaluated to prevent
mooring failures under large mooring tension. Once one mooring line is filed, progressive
failure is inevitable under large wave conditions and seismic excitation. While several
studies proposed various mooring configurations and assessed each configuration’s ad-
vantages and disadvantages [26,27], our study provides engineering procedures on how
mooring systems can be designed in a systematic way to ensure safety under wave and
seismic excitation. This study investigates the dynamic characteristics of an SFT system,
including mooring tension subject to (1) an extreme wave, (2) an extreme earthquake, and
(3) an extreme earthquake with waves under an operating condition as environmental
loadings. The structure of the paper is as follows: Section 2 explains the numerical model,
SFT configuration, and environmental conditions; Section 3 presents the results with re-
spect to submerged depth/mooring length through a comparison between A-type (deeply
submerged) and B-type (shallow submerged) tunnels; Section 4 presents C-type tunnels
as a compromise model to improve global performance; Section 5 shows the results at
different mooring intervals with C-type tunnels; and Section 6 presents the conclusions and
future work.
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2. Numerical Model
2.1. Configuration

The specifications of the SFT used in this study are summarized in Table 1. In this
study, the main SFT was modeled as an equivalent circular cylinder having the same axial,
bending, and torsional moments as a circular tunnel with inner compartments for simplicity
in the dynamic response analysis. The clamped-clamped boundary condition at both ends
was used to apply a permanent station effect; rigid towers were assumed to be located at
both ends of the tunnel for air ventilation and the evacuation of people during emergencies.
The BWR was fixed at 1.3, which was close to the optimum value based on a previous
parametric study [28].

Table 1. Parameters of the main SFT.

Main Tunnel

BWR Length oD Bending Stiffness  Axial Stiffness  Young’s Modulus =~ Minimum Submerged Depth
[-] m m N-m? N N/m? m
13 700 20 1.34 x 10™ 323 x 1012 3.0 x 1010 61.5

Each mooring station consisted of four mooring lines inclined 60° to the seabed, as
shown in Figure 1. The outer long lines were employed straight to the seabed, whereas
the inner short mooring lines were installed crossing each other to increase the overall
station-keeping capability. The mooring design was proposed in Ref. [22]. Chain mooring
lines were considered, and the properties of the mooring chain materials are summarized
in Table 2. Large-diameter mooring lines were considered to accommodate large dynamic
motions and the resultant mooring tension. In addition, a large number of mooring lines
are necessary to accommodate large dynamic motions and the resulting mooring tension
under storm conditions, although this is not an economical choice.

Wave Direction (90 deg)

’
/ 67.55m
’,

ML#4

o Torsional Springs &
Dampers

. Axial Springs
w« & Dampers

Ny sqa i
2\4} Sy1
N- e

Bending Springs
& Dampers

Figure 1. SFT mooring lines: arrangement (Top) and line model (Bottom).
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Table 2. Properties of the mooring chain.

Mooring Chain Properties

Bar Diameter Type Density Axial Stiffness
m [-] ton/m3 N
0.18 Studless Chain 0.645 2.77 x10°

2.2. Environmental Conditions

The environmental loading conditions are summarized in Table 3, and the correspond-
ing time histories of the wave elevation and seismic motions are presented in Figure 2.
First, an extreme wave condition with a 100 y return period in the Southern Sea of South
Korea was considered. The JONSWAP wave spectrum, which is widely adapted for the
offshore industry, was used as an input spectrum with a gamma value (enhancement
parameter) based on average values in South Korea [28]. Random waves were generated
by superposing 200 regular wave components with cutoff frequencies of 0.5 and 10 times
the peak wave frequency. The equal energy method, in which each regular wave compo-
nent has equal wave amplitude, is used to prevent long-time-history signals from being
repeated by having different frequency intervals, Aw. Second, extreme seismic conditions
with a 200 y return period for deep and soft ground (S5), with and without operating
wave conditions, were considered simultaneously. The earthquake was generated by the
response spectrum matching method using the wavelet algorithm suggested by Al Atik
and Abrahamson [29] by modifying the earthquake measured in California with a moment
magnitude of 6.8 provided by the U.S. Geological Survey. Other databases, such as the
Pacific Earthquake Research Center and API standards, can also be employed [30,31].

Table 3. Environmental loading design conditions.

Extreme Wave Extreme Earthquake Extreme Earthquake with

(100 Y Return) (200 Y Return) Operating Wave
Hs(m) 11.70 [-] 2.00
Tp(s, rad/s) 13.0, 0.483 [-] 11.0,0.571
Gamma 2.14 [-1 2.14
Earthquake [-1 200y S5 200y S5

2.3. Time-domain Simulation

A fully coupled analysis tool is required to simulate the dynamic response of an SFT
mooring system. OrcaFlex, a widely adapted commercial program in the offshore industry,
was used [32]. In OrcaFlex, both the horizontal and vertical displacements of the main
tunnel segment can be obtained by solving the following time-domain equation of motion
(Equation (1)):

M (t) + kx(t) = Fw(t) + Fp(t) + Fs, 1)
where
M = Mass;
k = Total stiffness;
Fw (t) = Hydrodynamic force;
Fas(t) = Mooring force;
Fs = Static force (buoyancy — weight);
x(t) = Acceleration of themain tunnel;
x(t) = Displacement of themain tunnel;
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Figure 2. Time histories and spectra of the environmental conditions. (a) Time history (left) and

spectra (right) of the 100 y extreme wave; (b) Time history (left) and spectra (right) of the wave in
the operating conditions; (c) Time history (left) and spectra (right) of the seismic motion (200 y S5).

Generally, the Morison equation for a moving structure, consisting of a linear combina-
tion of inertia and drag terms (Equation (2)), is used to estimate the wave excitation loading
of the structure. The Morison equation is typically used for a slender object with a wave-
length five times larger than the cylinder diameter. In our study, some short-wavelength
irregular waves did not satisfy this requirement. However, considering that, for deeply
submerged tunnels, the amplitudes of high-frequency and low-wavelength waves rapidly
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decay based on wave theory, using the Morison equation for force calculations is acceptable
for the current tunnel model. The hydrodynamic force per unit length can be expressed as

nD? . D% . .1 o
Fw=p-——1=Ca-p-——(1=%)+35-p-Co-D-[p—x[-(1-%), @

where

C4 = Added mass coefficient;
Cp = Drag coefficient;
p = Seawater density;
D = Tunnel outer diameter;
1] = Seawater velocity;
7 = Seawater acceleration;
x = Body velocity;
x = Body acceleration.
In addition, the Wheeler stretching method was employed to estimate the wave-
induced velocity and acceleration. Usually, in the linear wave theory (Airy wave theory),
the horizontal wave-induced particle velocity can be expressed as follows (Equation (3)):

coshlk(z + h)]

Sinh (kT sin(wt — kx), 3)

u(x,z,t) = wgg

where

w = wave frequency;
Ga = wave amplitude;
k = wave number;

h = water depth;

The term cosh[k(z + h)] /sinh(kh), which is a depth-oriented term, can decay expo-
nentially according to the water depth. However, exaggerated values above the mean water
level are expected. To mitigate this unrealistic value, the Wheeler stretching method can
replace the original z with the suggested z/ (Equation (4)). Longridge et al. [33] observed
that the Wheeler stretching method provides reasonable results in terms of wave kinematics
compared with linear wave theory.

h(h+z)

2=y

—h @)

In the global performance simulation with OrcaFlex, the main tunnel and mooring line
were modeled as lumped masses to represent structural elasticity. Each slender line was
divided into several nodes and segments. Structural properties, such as mass, buoyancy,
drag, and inertia, are lumped at nodes that are connected to each other with linear and
rotational springs to present structural deformability, as shown in Figure 1 [32]. The
torsional moment and motion of both the tunnel and mooring lines were not considered
in this study because of their cylindrical shape and lowest torsional natural frequency, far
outside the dominant frequency ranges of wave and earthquake excitations. The tunnel
and mooring lines were coupled by a specially devised connection method called the
dummy-connection-mass method [34], where 6-DOF dummy masses are placed whenever
a connection between the tunnel and the mooring lines is needed. Dummy masses other
than the connection medium did not affect the dynamics of the entire system.

The time histories of the seismic excitations were input at both ends of the tunnel and
the anchor points of the mooring lines. Thus, seismic waves could propagate from the
two ends of the tunnel to the mid-length through the tunnel and the anchor points of the
mooring lines to the tunnel through the mooring lines.

A previous study supported the validity of the proposed method in that the lumped
mass method with the Morison equation for modeling both the tunnel and mooring lines
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produced comparable results to the higher-fidelity model, in which the tunnel was modeled
by a potential theory-based method, whereas the mooring lines were modeled by the rod
theory with the Morison equation [10]. The dynamics of a rigid tunnel module with mooring
lines have also been validated against experimental results [5]. Furthermore, to validate
the numerical model using OrcaFlex, an experiment was conducted at a 1:33.3 scale. It was
also demonstrated that there is a correlation between the presented numerical model and
the experimental results [23].

3. Effect of Submerged Depth

The submerged depth is a critical factor in the design of underwater structures. Based
on Equation (2), the flow particle velocity and acceleration can be reduced exponentially as
the water depth increases. Thus, the corresponding wave excitation force decays rapidly.
Based on the submerged depth, the corresponding mooring line lengths also differ at a
given water depth. As shown in Figure 3, in the deep submerged depth model (A-type),
the mooring line length should be shorter than that in the shallow submerged depth model
(B-type). Thus, the natural frequencies of the system also change owing to the different
mooring line lengths. In addition, the trends and magnitudes of the dynamic responses
and mooring tensions change owing to the stiffness variations. To evaluate the effect of the
submerged depth, two environmental conditions, that is, extreme waves and earthquakes
under waves in the operational condition, were considered with the simulation durations
of 3h and 1 h, respectively. In this study, a 700 m-span SFT with 11 mooring stations at 30 m
intervals along the tunnel was employed at a water depth of 150 m. As the mooring interval
was 30 m, the mooring line locations were concentrated around the mid-length. A water
depth of 150 m was considered deep in the Southern Sea of South Korea. The submerged
depth and corresponding mooring line length of each type, and the wet natural frequencies
of the systems are listed in Tables 4 and 5, respectively. Because of its softer mooring system
associated with the mooring length, the B-type tunnel has lower wet natural frequencies.

YA

Ly

A type B type

Figure 3. Configuration of the testing model for the effect of the submerged depth.

Table 4. Submerged depth and mooring line length in A-type and B-type tunnels.

Mooring Line Length
Submerged Depth
Type Long Short
m m m
A-type —111.5 50.23 38.68
B-type —61.5 107.965 96.417
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Table 5. Representative wet natural frequencies of A-type vs. B-type tunnels.

Wet Natural Frequency (rad/s)

Type Horizontal Mode Vertical Mode
1st 2nd 1st 2nd
A-type 1.92 242 3.06 3.11
B-type 1.34 2.04 2.15 243

Figures 4 and 5 show the comparisons between the A- and B-type tunnels in terms
of the horizontal time histories and their spectra. As shown in Figure 4, as expected, the
horizontal motion of the B-type tunnel was much greater than that of the A-type tunnel
under extreme wave conditions. This was primarily caused by the difference in the wave
excitation forces owing to the change in the submerged depth. In addition, the B-type
tunnel had lower wet natural frequencies closer to the dominant wave frequency than the
A-type tunnel because it had longer mooring lines (i.e., lower mooring stiffness); therefore,
the resonance effects were more pronounced in the B-type tunnel. The second peak of the
B-type tunnel corresponded well with the first horizontal wet natural frequency, whereas
the A-type tunnel had only one peak in the wave frequency region in the spectrum plot of
Figure 4. With respect to earthquakes under the operating wave conditions presented in
Figure 5, the B-type tunnel exhibited a relatively larger horizontal motion than the A-type
tunnel. The 200 y earthquakes played an important role in horizontal motion, whereas
the effect of wave excitations was smaller. With regard to wave excitations, the B-type
tunnel had larger wave excitation owing to a shallower submerged depth. For earthquake
excitations, the earthquake-induced resonance was more detectable in the B-type tunnel
than in the A-type tunnel because of their natural frequency difference; the dominant
earthquake frequency region was closer to the horizontal wet natural frequency in the
B-type tunnel. In the spectrum plot, the first and second peaks of the B-type tunnel were
located at the wave/earthquake excitation frequencies and the first horizontal wet natural
frequency induced by earthquakes, respectively. The results for the A-type tunnel showed
that there was only one peak at the first natural frequency induced by the earthquakes.
Interestingly, a small peak value in the high-frequency region (approximately 3.8 rad/s)
was confirmed in both types. This is related to the higher mode of the SFT system, which
appears after a transient-like force owing to seismic motion. However, damping—the
motion decay owing to energy dissipation—in the B-type tunnel was much greater than
that in the A-type tunnel, as shown in Figure 5.

0.20 T T 0.12
o

o
-
o
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o
=)
o

. .
e ©
N -
o o

‘ ‘ 7
0 2000 4000 6000 8000 10000 <
Time (s) Eo.
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1=}
S

o
o
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o
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Figure 4. Time history and power spectral density (PSD) comparisons for the horizontal motion
(A-type vs. B-type, extreme wave only).
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Figure 5. Time history and PSD comparisons for the horizontal motion (A-type vs. B-type, earthquake +
operating wave).

The dynamic responses of the vertical motion are shown in Figures 6 and 7. For
vertical motion, the B-type tunnel was more vulnerable than the A-type tunnel for both
extreme wave excitation and earthquakes, which is supported by the simulation results.
For the 100 y extreme wave case, a trend similar to that of the horizontal motion could be
captured. The vertical dynamic response in the A-type tunnel was significantly smaller
than that in the B-type tunnel owing to the reduction in the wave excitation force and the
difference in the resonance effect. We also observed a similar trend in the case of a 200 y
earthquake under operating wave conditions, as shown in Figure 7. The B-type tunnel
resulted in higher vertical motion in terms of the maximum value in the time history plots
and spectral area in the spectral plot, whereas vertical motion dissipation was faster in the
B-type tunnel than in the A-type tunnel.
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Figure 6. Time history and PSD comparisons for the vertical motion (A-type vs. B-type, extreme
wave only).
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The corresponding mooring tensions for both types of tunnels are shown in Figures 8 and 9.
Mooring tension is a critical parameter for determining structural safety. API Recom-
mended Practice 2SK is typically applied to mooring safety evaluations. For intact mooring
lines, the maximum mooring tension should be within the minimum breaking load, consid-
ering a safety factor of 1.67 for intact mooring lines. Owing to the environmental heading
direction, only ML #3, which is the most critical line, is discussed in this and the following
sections. As explained previously, with respect to the dynamic responses in the horizon-
tal/vertical direction, the A-type tunnel is less vulnerable than the B-type tunnel under
the extreme wave case. Thus, the mooring tension of the A-type tunnel was lower than
that of the B-type tunnel. It was confirmed that the A-type tunnel has an advantage over
the B-type tunnel under extreme wave conditions. However, even though the A-type
tunnel had a smaller dynamic motion than the B-type tunnel under seismic excitations,
the mooring tension in the A-type tunnel was much higher than that in the B-type tunnel.
As the mooring line lengths in the A-type tunnel are shorter, small tunnel motions can
result in large variations in the mooring tension. In other words, tension is a function of
stiffness, such that T = K,;Ax, where K, = EA/L with EA representing the axial stiffness,
L representing the mooring line length, and Ax representing the extension of the mooring
line. Furthermore, as a shorter mooring line in the A-type tunnel has a higher K;;, a small
value of tunnel displacement can result in high tension. Under extreme waves, the differ-
ences in the horizontal and vertical motions between the A- and B-type tunnels were large,
which resulted in a higher dynamic mooring tension in the A-type tunnel than in the B-type
tunnel. However, under a similar order of magnitude of motion under seismic excitation,
the B-type tunnel was observed to be more beneficial because of the lower stiffness of the
mooring lines, which caused a lower dynamic tension.
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Figure 8. Time history and PSD comparisons of ML #3 (A-type vs. B-type, extreme wave only).
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Figure 9. Time history and PSD comparisons of ML #3 (A-type vs. B-type, earthquake + operating wave).

4. Submerged-Depth Compromise Model (C-Type)

From the previous section, particularly with respect to mooring tension, it was ob-
served that two different submerged-depth systems simultaneously have advantages and
disadvantages in terms of extreme waves and earthquakes. Therefore, we introduced a
compromised submerged-depth model (C-type) as a better SFT design by accommodating
the advantages of both types while minimizing their disadvantages, as shown in Figure 10.
Thus, a compromised submerged depth model (C-type) was used in the subsequent simu-
lations. The submerged depth and corresponding mooring line length of the C-type tunnel

are listed in Table 6.
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Figure 10. Schematic of compromised submerged-depth model (C-type).

Table 6. Submerged-depth/mooring line length, C-type.

Mooring Line Length
Submerged Depth
Long Short
m m m
C-type —86.5 79.097 67.550

5. Mooring Station Installation Interval Effect

As discussed in the previous sections, a compromised submerged-depth model (C-
type) can be beneficial for improving global performance under both extreme waves and
earthquakes. In addition, the interval of the mooring station, defined as a connection
point between the tunnel and the mooring lines, can play a significant role in the dynamic
response and mooring tension of the SFT system, as shown in Figure 11, which presents the
configuration for the installation intervals of mooring lines in the longitudinal direction.
In this regard, an additional parametric study with respect to the station intervals of the
C-type tunnel is presented in this section. The same case studies were also performed
for the A- and B-type tunnels. Statistical data at different mooring intervals for the A-,
B-, and C-type tunnels are summarized in Appendix A. A comparison of the maximum
mooring tension in Appendix A shows that the C-type tunnel can be a compromised
model, which results in low levels of maximum mooring tension under both extreme
waves and earthquakes. Therefore, in Section 5, the results for only the C-type tunnel are
presented and discussed. In addition, to maintain consistency, the same environmental
conditions (100 y extreme waves and 200 y earthquakes with operating waves) and the same
number of mooring stations (11 stations) were applied to the compromised submerged
depth model (C-type). Additionally, a case under earthquake excitations was tested to
verify the influence of waves in the operating conditions on the overall dynamics. For the
sensitivity test, dynamic simulations at the mooring station intervals of 30 m, 45 m, and
60 m were performed, and the tunnel length was fixed at 700 m. A 30 m interval indicates a
concentrated arrangement around the mid-length, whereas a 60 m interval case shows a
widely distributed mooring configuration along the length. The corresponding natural wet
frequencies are listed in Table 7. The shorter the mooring station interval, the higher was
the lowest horizontal / vertical wet natural frequency.
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7z
R B [‘“’ Y
Mooring Station Interval
Figure 11. Configuration of the sensitivity test for the mooring station interval.
Table 7. Wet natural frequencies at different station intervals (C-type).
Wet Natural Frequency (rad/s)
Station Interval (m) Horizontal Vertical
Ist 2nd Ist 2nd
30 1.55 224 243 2.70
45 1.39 2.26 2.19 277
60 1.27 2.19 1.95 2.62

The time histories and spectra of the horizontal motion under wave and earthquake
excitations are shown in Figures 12 and 13, respectively. In the extreme wave case shown in
Figure 12, the larger the mooring station interval, the greater the horizontal dynamic response.
As the stiffness of the system at a longer station interval is lower, its behavior at the wave
frequency region at approximately 0.5 rad/s is larger (first peaks). In addition, as shown in
Table 7, the shorter the mooring station interval, the smaller the difference between the dominant
wave frequency regions and the first wet natural frequency. Therefore, the resonance effect is
more amplified for the case with a longer mooring station, as the second peaks are compared.
Interestingly, for the earthquake case shown in Figure 13, the system with a 45 m station interval
results in the largest horizontal response. As shown in Figure 2, among the three intervals, the
case with a 45 m station interval has the highest seismic energy at the lowest horizontal wet
natural frequency, which causes the largest motion. Under earthquakes, the natural frequency
played an important role in the corresponding responses in our examples.

As shown in Figure 14, a trend similar to that in the horizontal direction under
extreme waves could be captured for the vertical dynamic motion. The vertical motion is
amplified as the station interval increases, owing to the resonance effect and lower system
stiffness. On the other hand, Figure 15, which is the result of a 200 y earthquake with
operational waves, shows that outstanding vertical motion could be captured from the
60 m interval system, whereas it could not occur in the 30 m and 45 m station interval
systems. The resonance caused by a vertical earthquake in the 60 m station interval system
could cause this outstanding peak value for the same reasons as in the horizontal motion
under earthquakes. In both the horizontal and vertical motions, the operating waves have
a negligible impact on the dynamics compared with the seismic excitations. This was
confirmed by examining two earthquake cases: with and without operating waves. In
particular, the spectral plots show negligible energy differences between the cases.
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Figure 12. Time history and PSD comparisons for the horizontal motion at different station intervals
(C-type, extreme wave only).
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Figure 13. Time history and PSD comparisons for the horizontal motion at different station intervals
(C-type, earthquake with operating wave (Top) and earthquake without operating wave (Bottom)).
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Figure 14. Time history and PSD comparisons for the vertical motion at different station intervals
(C-type, extreme wave only).
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Figure 15. Time history and PSD comparisons for the vertical motion at different station intervals
(C-type, earthquake with operating wave (Top) and earthquake without operating wave (Bottom)).

Finally, Figures 16 and 17 show the mooring tension in ML #3 under three different
environmental loading conditions. In the extreme wave case, the dynamic mooring tension
increased as the station interval was extended because both the horizontal and vertical
motions were amplified. However, in the earthquake condition, the tension in ML #3 in
the 45 m station interval system was mainly governed by the horizontal motion, whereas
the vertical motion of the 60 m station interval system affected the corresponding mooring
dynamic tension. Comparing the A-type and B-type tunnels with the C-type tunnel, when
the station interval was 30 m, the C-type tunnel had the lowest mooring tension under
both extreme wave and seismic excitations. In particular, the C-type tunnel resulted in a
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much lower mooring tension under extreme seismic excitations, as indicated by the red
line in Figure 9 (A-type), compared with the red line in Figure 17 (C-type at 30 m intervals).
Therefore, our proposed compromise model (C-type) played an important role in mooring
line safety under both extreme waves and earthquake excitations.
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Figure 16. Time history and PSD comparisons of tension in ML #3 at different station intervals
(C-type, extreme wave only).
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Figure 17. Time history and PSD comparisons of tension in ML #3 at different station intervals
(C-type, earthquake with operating wave (Top) and earthquake without operating wave (Bottom)).
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6. Conclusions

In this study, a numerical simulation of a 700 m-span SFT with rigid stations at both
ends was conducted to check the effects of the submerged depth and mooring station
interval on the dynamic response of the SFT system under extreme waves and earthquakes.
This study was particularly focused on the mooring tension because it has been reported to
be a serious factor in SFT design.

In terms of the effect of the submerged depth, the deep submerged depth model
(A-type) has an advantage with respect to wave excitation loading because of the reduced
wave loadings at deeper depths and a stiffer mooring system owing to shorter mooring
lengths. In contrast, the shallow submerged depth model (B-type) also has an advantage
during earthquakes because it has a long mooring line so that the mooring line can act as
a damper to amplify the vibration energy dissipation, whereas the tension of the longer
mooring is less sensitive to mooring extension because of lower stiffness.

The C-type model is proposed as a compromise to negotiate the advantages and dis-
advantages of each model simultaneously. Furthermore, a sensitivity test for the mooring
station interval was conducted using the C-type model. The results showed that the longer
the mooring interval, the greater the dynamic response under extreme wave excitations
because of the lower natural frequency and stiffness caused by the station interval exten-
sion. However, under extreme earthquakes, the resonance at which the input earthquake
frequency matches the wet natural frequency plays an important role in the SFT excitation
and mooring tension. Thus, the 45 m station interval system has the largest horizontal
dynamic motion, whereas the 60 m station interval system has the highest vertical motion.
Thus, the corresponding mooring tension is governed by the dominant dynamic response
of the SFT. Finally, the C-type tunnel at a station interval of 30 m could be a solution for
resolving high mooring tension under extreme wave and seismic excitations. The given
set of sensitivity tests demonstrated the importance of selecting an appropriate mooring
interval and submerged depth under the given environmental conditions.
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Appendix A Summary of Statistical Results

Appendix A summarizes the statistical results for both extreme waves and earthquakes
with operating waves, as presented in Tables A1 and A2, respectively. Different mooring
intervals of 30 m, 45 m, and 60 m were considered. The horizontal and vertical motions
and mooring tensions were analyzed. The maximum and minimum values, mean values,
and standard deviations were analyzed for the given cases.
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Table Al. Summary of statistical results in extreme wave conditions.
Type A-Type
1};[1?2:‘1,2% 30 m 45m 60 m
Ttem Horizontal ~ Vertical ML #3 Horizontal ~ Vertical ML #3 Horizontal ~ Vertical ML #3
Motion Motion Tension Motion Motion Tension Motion Motion Tension
m m kN m m kN m m kN
Max. 0.0671 0.0130 10,648.81 0.0904 0.0189 15,021.00 0.1185 0.0261 20,048.75
Min. —0.0708 —0.0148 5656.23 —0.0962 —0.0221 8169.78 —0.1150 —0.0302 10,970.46
Mean 0.0000 —0.0001 8116.23 0.0000 —0.0001 11,656.58 0.0000 —0.0002 15,513.68
STD 0.0198 0.0040 721.84 0.0265 0.0058 984.79 0.0342 0.0077 1285.96
Type B-Type
I}/r[l‘t’grrf;% 30m 45m 60 m
Ttem Horizontal =~ Vertical ML #3 Horizontal ~ Vertical ML #3 Horizontal =~ Vertical ML #3
Motion Motion Tension Motion Motion Tension Motion Motion Tension
m m kN m m kN m m kN
Max. 0.5170 0.1906 16,870.94 0.7101 0.2311 22,733.26 0.8822 0.3042 28,495.34
Min. —0.6537 —0.2738 1293.36 —0.7403 —0.3035 1409.34 —0.8073 —0.4087 2377.27
Mean 0.0000 0.0004 7779.55 0.0000 —0.0009 10,487.15 —0.0001 —0.0021 13,564.82
STD 0.1306 0.0443 2010.73 0.1693 0.0595 2741.02 0.2181 0.0786 3607.98
Type C-Type
ﬁ‘t’;’rrf;% 30 m 45m 60 m
Ttem Horizpntal Verti.cal ML .#3 Horizpntal Verti.cal ML .#3 Horiz.ontal Verti.cal ML .#3
Motion Motion Tension Motion Motion Tension Motion Motion Tension
m m kN m m kN m m kN
Max. 0.1838 0.0490 12,189.47 0.2600 0.0671 16,919.03 0.3370 0.0863 22,249.23
Min. —0.1848 —0.0624 4084.07 —0.2599 —0.0836 5458.68 —0.3247 —0.1115 7000.06
Mean 0.0000 —0.0003 7905.31 0.0000 —0.0005 10,927.20 0.0000 —0.0007 14,326.68
STD 0.0517 0.0147 1144.03 0.0685 0.0203 1548.11 0.0900 0.0268 2046.23
Table A2. Summary of statistical results in the extreme earthquake case with operating waves.
Type A-Type
I}/r[l‘t’grrf;% 30m 45m 60 m
Item Horizontal ~ Vertical ML #3 Horizontal ~ Vertical ML #3 Horizontal ~ Vertical ML #3
Motion Motion Tension Motion Motion Tension Motion Motion Tension
m m kN m m kN m m kN
Max. 0.1744 0.1133 17,291.76 0.1356 0.2544 24,629.90 0.2307 0.2660 31,509.47
Min. —0.1701 —0.1153 10.21 —0.1345 —0.2273 16.15 —0.2341 —0.2530 21.59
Mean 0.0000 0.0001 8109.86 0.0000 0.0001 11,646.08 0.0000 0.0001 15,502.02
STD 0.0298 0.0085 1115.83 0.0140 0.0310 1959.88 0.0529 0.0318 2683.83
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Table A2. Cont.

Type B-Type
Mooring 30m 45m 60 m
Interval
Ttem Horizontal = Vertical ML #3 Horizontal  Vertical ML #3 Horizontal  Vertical ML #3
Motion Motion Tension Motion Motion Tension Motion Motion Tension
m m kN m m kN m m kN
Max. 0.2788 0.1836 13,895.45 0.2565 0.2163 16,056.17 0.3032 0.2734 21,351.29
Min. —0.2455 —0.1517 2411.62 —0.2007 —0.1953 4141.90 —0.3425 —0.2503 4929.63
Mean 0.0000 0.0003 7739.02 0.0000 0.0001 10,438.30 0.0000 0.0001 13,494.08
STD 0.0523 0.0118 765.20 0.0375 0.0184 682.91 0.0413 0.0367 1068.40
Type C-Type
Mooring 30m 45m 60 m
Interval
Ttem Horizontal = Vertical ML #3 Horizontal  Vertical ML #3 Horizontal  Vertical ML #3
Motion Motion Tension Motion Motion Tension Motion Motion Tension
m m kN m m kN m m kN
Max. 0.2738 0.1667 13,817.47 0.4022 0.1625 20,680.71 0.2229 0.3291 26,142.16
Min. —-0.2724 —0.1487 1501.24 —0.3877 —0.1502 812.12 —0.1812 —-0.3119 1316.54
Mean 0.0000 0.0003 7890.84 0.0000 0.0002 10,905.37 0.0000 0.0002 14,296.01
STD 0.0559 0.0095 1142.12 0.0809 0.0113 1660.16 0.0263 0.0500 1838.12
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