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In order to assess the dynamic performance of a submerged floating tunnel (SFT) subject to flow-induced vi-
bration (FIV) conditions in a practical engineering application, a one-way fluid-structure interaction (FSI) model
consisting of multi-scale hydrodynamic solvers combined with the finite element method (FEM) is established. A
typical long, large aspect ratio SFT is modeled by coupling tube, joint, and mooring components. The SFT is
simulated in the time domain under currents, waves, and extreme events. FIV of SFTs with different cross-section

shapes is investigated by analyzing each structure’s natural frequencies, hydraulic loading frequency, and
dominant modes. The results show that FIV of the SFT tube is dominated by wave conditions. The excitation of
the SFT’s first dominant mode by a large wave height and period should be avoided. Standing and traveling wave
patterns and multi-mode response are observed during extreme events. The hydrodynamic forcing and structural
dynamic response of the SFT can be effectively reduced by adopting a parametric cross-section.

1. Introduction

The Submerged Floating Tunnel (SFT) is a novel long-distance sea-
crossing infrastructure moored afloat from the seafloor and an alterna-
tive to immersed tunnels, bored tunnels, and bridges. The dynamic
behavior of the SFT should be scrutinized to evaluate structural feasi-
bility and reliability. The hydraulic loading on the SFT mainly includes
currents, waves, and extreme events. Cross-flow (CF) and in-line (IL)
flow-induced vibration (FIV) under different hydraulic loading cases
become crucial factors, inducing structural fatigue damage and affecting
the lifetime of the SFT. As water flows over the SFT tube and mooring
lines, it causes an unsteady pressure field over the SFT surface and sheds
an unsteady wake, which can excite FIV. If oscillatory flow due to vortex
shedding periodically occurs and synchronizes with one of the structural
natural frequencies, the SFT’s amplitude of oscillation increases, leading
to vortex-induced vibration (VIV), which is a category of FIV. VIV is
associated with the so-called “lock-in” regime characterized by a shifting
of vortex shedding frequency to the structural natural frequency.
However, FIV research for the SFT remains in its infancy due to a series
of key scientific challenges that have not been solved yet. The SFT is
forced by a dynamic marine environment characterized by temporo-
spatially varying hydraulic loading (e.g., typhoons), which brings
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challenges to the prediction of FIV for an SFT in engineering practice.
Moreover, the SFT system is composed of a complex coupled mooring-
tube-joint system [1]. Though a key component in SFT engineering
design, the flexible joints between SFT segments have not yet been
investigated in sufficient depth. In addition, potential SFT construction
sites call for a tunnel length up to thousands of meters (e.g., 1.4 km at the
Hogsfjorde crossing in Norway [2,3]; 3 km at Messina crossing in Italy
[4]; 20 km at the Qiongzhou Strait in China [5]). A pragmatic approach
to FIV research for such a long structure with a large aspect ratio (over
100) is still lacking.

In recent years, SFT-focused FIV research is appearing by means of
experimental tests, theoretical and semi-empirical methods, and nu-
merical simulations. For experimental investigations, since no SFT
prototype has yet been built, only scale tests in laboratories have been
carried out. Deng et al. [6] investigated cross-flow VIV features of a
twin-tube SFT segment via a self-oscillating physical model test under
steady flow. Yang et al. [7] experimentally analyzed the wave-current-
induced motion response of a truncated SFT model. However, struc-
tural material and the Reynolds number of the flow are key factors
affecting the FIV characteristics. The small laboratory scale limits
generalizing the achieved results due to the inability to simultaneously
guarantee all the similitudes involved. Thus, dynamic response of a
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prototype SFT cannot be simply determined by scaled-down experi-
mental tests. For mooring lines or single cylindrical tubes, such as risers,
pipelines, and sonar strings, which are characterized by intrinsic slender
and flexible elements, abundant scientific studies exist [8-11]. Howev-
er, experimental research considering the SFT tube and mooring lines as
a coupled system subject to FIV are still scarce. As for theoretical and
semi-empirical methods, Chen et al. [12] investigated the VIV response
of a coupled SFT tube-cable system under hydrodynamic forcing based
on the Hamilton Principle, in which the SFT tube and cables were
simplified as supported Euler-Bernoulli beams without torsional
behavior. Mai et al. [13,14] studied the effects of submergence depth,
incident wave angle, and cross-section shape on the dynamic response of
the SFT using potential flow theory and simplified the SFT as a spatial
beam system. However, the physics of boundary layers, vortex shedding,
and flow separation are not solved by using potential flow theory, and
thus, the vortex-induced vibration conditions cannot be revealed. Hong
and Ge [15] and Wu et al. [16] employed the wake oscillator model to
determine the amplitude of vibration of the SFT tethers. VIVANA [17]
and SHEAR?7 [18] are also commonly used semi-empirical methods for
VIV prediction in marine risers. However, these methods predict VIV
based on empirical parameters obtained from large-scale experiments,
while no abundant experimental results exist for the SFT. Moreover,
with the addition of the mooring system and a buoyancy weight ratio
(BWR) different from those of the experiments on which these methods
are based, these semi-empirical tools for VIV prediction in risers and
pipelines cannot be simply applied to the SFT. As for numerical methods,
Chen et al. [19] explored mode competition and multi-mode VIV of the
SFT using the finite element method (FEM), where the SFT was simpli-
fied as a flexible cylinder under a shear current. They used a third-order
polynomial for the velocity of the structure to improve the Morison
Equation. However, the coupled mooring and tunnel joint system was
neglected. The FIV mechanism of the SFT is an intrinsic multi-physics
issue with a strong interaction between the flow field and structure. A
fully-coupled two-way fluid-structure interaction (FSI) simulation, in
which data is exchanged between fluid and structural solvers at each
time-step, can provide high-fidelity results for both structural response
and flow field characteristics. However, the heavy computational
burden of 2-way FSI makes it impractical for a prototype SFT simulation
due to the great (multiple kilometers) tunnel length involved [20].
Therefore, in the context of practical design purposes, the one-way FSI
technique is a pragmatic way to simulate FIV with the assumption that
the flow field is not heavily affected by structural deformation. Abun-
dant studies have demonstrated that one-way FSI is capable of providing
plausible results for FIV predictions [21-24]. Therefore, in this study,
the one-way FSI approach is applied for FIV prediction and analysis of
the global dynamic response of an SFT.

In this paper, multi-scale hydrodynamic models considering the
tempo-spatial randomness of the hydrodynamic loads along the SFT
span are implemented. A model of a large aspect ratio, super-long SFT
with coupled tube-joint-mooring components is established with two
different cross-section shapes under a variety of hydrodynamic loads
using FEM. This paper is structured as follows. Section 2 describes the
methodology of combining multi-scale hydrodynamic models with an
FEM solver for FIV prediction. Section 3 outlines the numerical valida-
tion and the model setup. Section 4 demonstrates the global dynamic
response and prediction of FIV for the SFT forced by currents, waves,
and extreme events.

2. Methodology

For a long span structure such as an SFT, the spatiotemporal varia-
tion and randomness of hydraulic loading (due to currents, waves, tides,
extreme events, etc.) along the span must be considered in the engi-
neering design. CFD, as the most comprehensive and accurate modeling
approach, requires fine resolution and so is too computationally
burdensome for simulation of stochastic waves varying along the span in
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a large domain. Therefore, a multi-scale cascade of models solving the
large-scale oceanographic hydraulic conditions and the small-scale hy-
drodynamic forcing on the structure, is established. For large-scale
oceanographic simulations, the integrated tide, ocean storm surge, and
wave modeling framework of Delft3D-FLOW [25] coupled with SWAN is
applied with a coarse grid size to obtain the hydraulic loading along the
SFT span. However, detailed flow characteristics and structural forcing
need to be computed with fine resolution at a small scale by CFD. Since
CFD enables the pressure distribution over the SFT surface to be deter-
mined precisely, the numerically acquired water surface elevation and
flow speed from Delft3D-FLOW simulations are imported as inlet-
boundary conditions into the CFD model. With reference to the
concept of strip theory (where the 3-D flow field along the structure is
discretized into several two-dimensional fluid strips, or planes) applied
to long flexible risers [26,27], the unsteady, spatially variable hydraulic
loading can be specified at different locations along the span, improving
the FIV prediction. As an effective numerical method in analyzing
structure behavior, FEM is adopted for further analysis of the SFT dy-
namic response based on the hydrodynamic forcing calculated by the
CFD. Using CFD in conjunction with FEM, motion of the structure, in-
ternal forcing, and FIV conditions can be assessed.

2.1. Hydrodynamic models

At a large scale, Delft3D-FLOW is a widely-used ocean-scale pre-
diction tool for tsunami events, tidal flows, and storm surges, solving the
depth-averaged shallow water equations based on the finite-volume
method (FVM) [28,29]. At a small scale, most previous research
[12,19,30,31] used the Morison equation for hydrodynamic modeling;
however, this neglects the diffraction effect, which should be taken into
account, especially for shorter waves. Furthermore, Morison equation
coefficients are typically derived from experiments and restricted to
simpler shapes. In addition, the Morison equation cannot provide flow
field variables in detail. In this study, the CFD code ANSYS FLUENT
v19.1 [32] is applied to conduct high-resolution two-dimensional field-
scale simulations of the SFT by solving the unsteady Reynolds-averaged
Navier-Stokes (URANS) equations using FVM. Due to the prototype scale
of the SFT cross-section and the current speed in the deep sea, the
Reynolds number is generally on the order of 10”. This is suitable to the
RNG k -¢ turbulence model and wall layer used in the CFD simulations.
The RNG k -e model has been adopted for uniform current, regular wave,
and extreme event modeling. Detailed governing equations of the RNG k
-¢ model, the volume-of-fluid (VOF) method, the applied Fifth-order
Stokes wave theory, and the numerical computation domains, bound-
ary settings, and model validations are described in [1,28] and [33].

2.2. Structural governing equations

The dynamic response equation for the SFT tube-joint-mooring sys-
tem under hydraulic loading can be expressed as Eq.(1)

M +M{.w}+ [C{w} + K. + K, + K]{w} = {F} ))

where [M] and [M,] are the structural and added mass matrices,
respectively; [C] is the damping coefficient matrix; [Ke] , [Km] and [K;]
are elastic stiffness of the SFT tube, mooring line, and joint stiffness
matrices, respectively; {..w-}, {w} and {w} are the structural accelera-
tion, velocity, and displacement vectors, respectively; {F} is the hy-
draulic loading vector.

For slender bodies such as SFTs, the three-dimensional added mass
can be derived by integrating two dimensional added mass along the
tube length [34]. The added mass is expressed as Eq. (2)

p,aD*L

M, = CAT (2

where Cy is the added mass coefficient; p,, is water density; D is the
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tunnel tube diameter; L is tube length.

The natural frequency is a key factor for structural dynamic response
estimation. The vibration characteristics of the SFT, such as natural
frequencies and corresponding vibration modes, can be obtained
through modal analysis based on FEM using LUSAS v15.2 [35]. The
presence of water around the tunnel tube creates an added mass due to
the displacement of this water by the motion of the tube, and hence, the
natural frequencies in water (wet natural frequencies) of the SFT system
decrease compared with the natural frequencies in air (dry natural fre-
quencies). The Eigen-frequencies and Eigen-mode equations of the SFT
system in water can be calculated in the absence of external forcing,
expressed as Eq. (3).

[Ke + K + Kj] — [M + M,)[0}] =0 3

where [wfi] is the diagonal matrix of the wet natural frequency of the
SFT system.

For calculation of structural damping, Rayleigh damping is regarded
as the most mathematically convenient model for structural dynamic
response prediction, in particular for multi-degree-of-freedom systems
[36]. The system of governing equations of motion in the case of linear
response can be decoupled by the use of a modal transformation.
Although the validity of Rayleigh damping assumption has not been
thoroughly investigated, it is the most commonly used damping model
in engineering practice [37]. Classical mass- and stiffness-proportional
Rayleigh damping is formulated as Egs.(4)-(6).

[C] = pi[M + M)+ B, K. + K, + K. (C))
_ 20;w;
b= éwi+wj. %)
2
ﬁz = é:a),» +w}_- (6)

where f; and f, are the Rayleigh damping coefficients; ¢ is the modal
damping ratio; ; and o; are the i™ and j  mode wet natural frequencies
of the SFT system, respectively.

3. Structural dynamic model
3.1. Model validation

3.1.1. Validation of natural frequency

To verify correctness and effectiveness of the natural frequency
calculation for the SFT, the simulated results using modal analysis by
LUSAS v15.2 [35] are compared with the case study from Jin et al. [31],
which conducted a coupled tunnel-mooring line dynamic analysis using
OrcaFlex [38]. The SFT length, diameter, and cross-sectional thickness
are 900 m, 23 m, and 1 m, respectively. The mooring interval is 50 m.
Both tunnel ends are fixed. The bending and axial stiffness of the tunnel
tube are 1.26 x 10'! kN-m? and 2.07 x 10° kN, respectively. The added
mass coefficient is 1.0. A schematic model of the SFT is shown in Fig. 1.
Table 1 lists the validation results of the wet natural frequencies of the
tunnel tube up to the 3rd mode. The maximum relative error is 3.45%,
indicating the present numerical predictions of structural natural fre-
quencies are reliable.

3.1.2. Validation of FIV prediction

To further verify the reliability of FIV predictions for the SFT using
the current approach, the response amplitudes of a cylinder are
compared with the results reported by Govardhan and Williamson [39].
A two-dimensional CFD model was established to obtain the hydrody-
namic forcing on a fixed circular cylinder in a cross-flow, over the range
of freestream velocities 0.04-0.40 m/s. The computational domain is
1.2minlength and 0.4 m in height. A cylinder of diameter D = 0.0381 m
is applied for the low mass-damping case. The first grid layer cell length
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Fig. 1. 2D schematic views of the entire system for the validation case [31].

Table 1

Wet natural frequencies of the SFT validation case (Unit: rad/s).

Mode Number

w, (Results from

o (Results

Relative error =

Jinetal.’s predicted by |an — a)2|(%)
model [31]) LUSAS) w1
Horizontal Ist 1.345 1.327 1.34
direction mode
2nd 1.630 1.598 1.96
mode
3rd 2.322 2.242 3.45
mode
Vertical 1st 2.281 2.247 1.49
direction mode
2nd 2.455 2.412 1.75
mode
3rd 2.955 2.876 2.67
mode

normal to the cylinder surface has a value of y+ close to 1 as required by
the SST k- turbulence model (Fig. 2 (a)). The computational mesh is
divided into 3 domains with different cell sizes. The first cell size (S7):
the cell size parallel to the SFT cross-section surface. The second cell size
(S5): the maximum unstructured mesh size around the SFT. The third
cell size (S3): the maximum structured mesh size in the rest of the
domain. The grid independent limit test (GIL) is carried out by exem-
plifying the case freestream velocity of 0.40 m/s. The time histories of
the calculated drag and lift using the three cell sizes are presented in
Fig. 3, and the cell numbers and the calculated mean drag and the root
mean square (RMS) lift force are listed in Table 2. It shows the lift force
oscillation amplitude and frequency of all the three cases are consistent
which are around 4.8 m and 2 Hz, respectively. However, the drag force
of Case 1 is under-predicted compared with other two cases. Case 2 has
almost identical results as Case 3 (thus is regarded as converged), while
with fewer cell numbers and saves computational time. Therefore, grid
settings of Case 2 are used for all case simulations. The vortex shedding
frequencies for the static cylinder at different freestream velocities are
over the range of 0.2-2 Hz and cover the system natural frequency. The
calculated drag and lift are then transferred to the three-dimensional
FEM solver LUSAS v15.2 for the FIV predictions.

In the structural dynamic model, the cylinder length L is 0.381 m
with a length-diameter ratio of 10 (Fig. 2(b)). The mass ratio (the
reciprocal of BWR) is 1.19, which is consistent with the experimental
conditions [39]. The cylinder is modelled by “thick beam (BMS3)” ele-
ments with an element size of 0.01905 m. In the experiments, end plates
were fixed to the test section and placed 2 mm below the bottom of the
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(b)

Fig. 2. Validation models. (a) Schematic Mesh of the CFD model; (b) Structural model using LUSAS v15.2 (a pair of vertical springs act on both ends).
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Fig. 3. The time histories of the calculated drag and lift for grid independent limit tests.

Table 2
Mesh size for the grid independent limit test.
S1 Sz Ss Neis Mean Drag RMS Lift
(mm) (mm) (mm) (N) (N)
Case 1 5 5 21,795  4.27 4.87
1
Case 1 2.5 5 28,103  4.62 5.08
2
Case 0.5 2.5 5 30,368 4.68 5.12
3

cylinder to encourage two-dimensional shedding, while in the numerical
model, vertical springs with stiffness of 1270 N/m are set on both ends of
the cylinder to provide the restoring forces [6]. The calculated drag and
lift are uniformly distributed along the span and perpendicular to the
longitudinal direction of the cylinder. Structural modal analysis is firstly
performed to determine vibration characteristics (natural frequency,
Rayleigh damping coefficients). The natural frequency of the cylinder in
still water is 1.01 Hz. The structural damping ratio in water is 0.045, and
as per Eqs. (4)—(6), f; and f3, are 0.286 s * and 0.007 s, respectively. The
detailed model parameters are listed in Table 3.

The onset of VIV can be assessed by a key non-dimensional param-
eter: reduced velocity Vg, expressed in Eq.(7)

Table 3

Model parameters for validation.
Parameter Value
Cylinder diameter (m) 0.0381
Cylinder length (m) 0.381

Young’s modulus (kPa) 45

Poisson’s ratio (-) 0.167
Dry density (kg/m®) 1190
Water density (kg/m%) 1000
Added mass coefficient (-) 1.0
Structural damping ratio in water (-) 0.045
Spring stiffness for cylinder in CF direction (N/m) 1270
Natural frequency in still water (Hz) 1.01

14

Vr :ﬁ )

where V refers to the freestream velocity; f; is the natural frequency of
the structure in water.

Fig. 4 presents the simulated amplitude and frequency ratio of the
numerical model compared with Govardhan and Williamson’s results
[39]. It shows that the simulated results are inconsistent with the ex-
periments at both initial and upper branches. The amplitude ratio
(defined by A/D, where A is the peak value of the oscillation amplitude
of the cylinder) exhibits a jump during the transition between initial and
upper branches at Vg = 5 (where the vortex shedding frequency is close
to f). It proves that the vibration frequency ratio (defined by f/f,, where
f is the cylinder oscillating frequency during induced vibration) during
synchronization lies above 1 [39]. Due to the assumptions of uniformly
distributed hydraulic loading along the span and neglecting the actual
surface roughness of the cylinder, dynamic response simulation of the
SFT tube produces conservative results.

3.2. Model setup

3.2.1. Parameters of SFT cross-section

Steel shell-concrete (SSC) composite structures have been applied in
advanced engineering constructions such as Kobe Port Minatojima [40]
and ShenZhong Link [41], which have the merits of improving material
properties, saving costs and manpower, and reducing the installation
period and risk of seeping [40]. Hereby, similar technology can be used
for the SFT. It is designed as a “sandwich structure” consisting of the
outer and inner steel shells and filled concrete layer inside in the walls of
the cross-section (Fig. 5). Longitudinal diaphragms and transverse webs
can be implemented between the outer and inner steel plates. To
simplify the input SSC material properties in our model, the elastic
modulus E and density p can be obtained in terms of the equivalence of
the axial and bending stiffness and gross weight, given by Egs.(8) ~ (10).

EA = EgAg +EA: +EpAp ®
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Fig. 4. Amplitude and frequency variation with reduced velocity for a low-mass-damping cylinder. S, is Strouhal number.

Inner Steel Shell

Concrete Layer

Fig. 5. SFT Steel shell concrete cross-section (the purple area represents the
vehicle clearance zone).

El =Egly +Ed. +Eply (C))

pA = ps(Axl +A52) +p(‘AC (10)

where Esq, Es, E. are the elastic modulus of outer shell, inner shell,
and concrete, respectively; I, Iz, I, are the cross-sectional moments of
inertia of outer shell, inner shell, and concrete, respectively; Az, Asz, Ac
are the cross-sectional area of outer shell, inner shell, and concrete,
respectively; p;, p. are the steel shell and concrete density, respectively;
E, I, A, and p are the equivalent elastic modulus, moments of inertia,
area, and density of the SSC structure, respectively. The material prop-
erties of the SFT tube can be seen in Table 4.

3.2.2. Parameters of SFT joint

Since the SFT tube may have a length of multiple kilometers, a
monolithic tunnel tube cannot be cast due to issues with concrete
cracking, transportation, and installation. Thus, tunnel segments or el-
ements should be constructed, assembled, and connected with joints.
The restrictions of the six degrees of freedom (DOFs) of the element joint
should be accessed by the reliability and durability of the structure.

The allowable axial expansion-compression and water tightness
properties need to be accounted for in the SFT joint design. With
reference to immersed tunnels, Gina gasket and omega profiles designed
to withstand axial loading and form water seals can be implemented.
Gina gaskets are pre-compressed due to the water pressure and stiffened
when further compressed, and are unstiffened when decompressed. The
loading-compression behavior can be categorized into three regions by
simplifying the curve of Fig. 6, where the initial axial stiffness k¢ is

Table 4
Structure and material parameters.

Structure Parameter Value

component

Tunnel tube Total length (km) 20
Element length (m) 100
Young’s modulus (GPa) 40.2
Poisson’s ratio (-) 0.18
Structure dry density (kg/m>) 2698
Water density (kg/m>) 1050
Added mass coefficient (-) 1.0
Damping ratio (-) 0.025
Inner and outer shell thickness (mm) 16
Tunnel wall thickness (m) 1.0
Lateral clearance W (m) 11
Vertical clearance H (m) 5
Cross-sectional area of circular shape 41.1
(m?)
Cross-sectional area of parametric shape 43.8
(m?)

Mooring line Mooring interval (m) 100
Nominal diameter (m) 0.18
Mass/Unit length (kg/m) 644.7
Added mass coefficient (-) 1.0
Minimum breaking load (kN) 30689 (Grade

R5)

Tunnel joint Axial stiffness (GN/m) 22.1
Shear stiffness (GN/m) 0.76
Bending stiffness (GN m) 548
Torsional stiffness (GN m) 592

determined by the initial water pressure [42].

The Gina gasket is modelled as one axial spring and two rotational
springs (control the pitch and yaw motions) with axial stiffness k;, and
bending stiffness k. For a circular Gina gasket, stiffness can be obtained
by Egs. (11) and (12).

k, = 2xkor 1)
ko = @ = kor® 12)

where r is the circle radius of Gina gasket. A detailed derivation is in S1.

Transverse deformation of the joint should be restrained to avoid
large displacements and leakage. With reference to immersed tunnels,
shear forces in the joint can be transferred by shear keys, which can be
applied as a basis for the SFT’s joint design. The shear keys can be set
uniformly on the outer or inner sides of the tunnel wall. The shear ca-
pacity of the joint is mainly determined by material property, wall
thickness, and quantity, dimensions, and fabrication techniques of the
shear keys. Torsional stiffness of the joint can also be provided by shear
keys. The detail joint design including Gina gasket and shear keys can be
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Fig. 6. Gina gasket loading-compressive behavior.

seen in Fig. 7

To access the shear key capacity of the joint for dynamic response
modelling of the SFT, a three-dimensional FEM model consisting of two
tunnel elements is established using LUSAS v15.2. Each element length
is 100 m. Six shear keys with each dimension of 3m x 0.6 m x 0.6 m are
uniformly placed along the outer side of the wall (Fig. 8). The grid size of
shear key and tunnel element is 0.1 m and 1 m, respectively. The tunnel
elements and shear keys are modelled by the hexahedral volume
element (TH4). The total nodes and elements in the model are 26052
and 18132, respectively. A rigid link constraint is applied to connect all
the nodes on the shear keys (child nodes) with a center node (parent
node), and hence, a unit vertical or torsional load can be added directly
on the parent node. The effect of contact between surfaces of the two
elements is simulated by a “slide-line” with a Coulomb friction coeffi-
cient of 0.2, and a close contact spring stiffness is adopted to soften the
transition between in-contact and out-of-contact states. The material
properties of the shear keys are equal to the tunnel element tube shown
in Table 4. Accessories such as rubber pads are neglected in the model.
Fig. 9 shows the shear stress distribution on each side of the joint under
unit twisting and vertical load, respectively. It can be found that stress
concentrates at the corners of the shear keys under the twisting load.
Furthermore, larger shearing resistance is contributed by the horizontal
shear keys compared with the vertical ones under the vertical load. By
obtaining the maximum displacement of the shear keys in Table 5, the
shear and torsional stiffness of the joint can therefore be estimated as
0.76 GN/m and 592 GN-m, respectively. Detailed joint properties
composed by Gina gasket and shear keys are listed in Table 4. However,
in engineering practice, the tunnel joint should be further assessed

considering multiple factors such as mechanical properties,
GINAwater stop End steel shell
OMEGA
water stop
> 4
Shear key
- - Longitudinal
~~{_ displacement
limiting device

Fig. 7. Schematic drawing of the SFT joint design [43].
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Fig. 8. FE mesh of shear keys applied in the model.

waterproofing, loading, construction technique, and maintainability.

3.2.3. Numerical model setup

The characteristics of dynamic response of SFTs are complicated due
to various types of hydrodynamic loads that the structure is exposed to
and complex dynamic response of coupled components of tunnel tube,
mooring lines, and tunnel joints. There is still no prototype SFT that has
yet been built worldwide due to the immaturity of scientific research
and technology. As one of potential SFT application sites, the Qiongzhou
Strait, located between Hainan Island and the Leizhou Peninsula in the
South China Sea (SCS), is applied for dynamic response analysis of the
SFT in this study. The optimal SFT construction heading “Line V” (from
Sitang in the Leizhou Peninsula to Tianwei in Haikou) is around 20 km
width [5] (Fig. 10). Therefore, the overall length of the SFT tube in the
example is 20 km, consisting of 200 tunnel elements. The mooring sets
moored at mid-span of each tunnel element with an interval of 100 m.
The submergence depth of the SFT is 40 m with a water depth of 100 m,
and the variety of underwater terrain is neglected.

The software LUSAS v15.2 is employed to establish an SFT model
coupling tube-joint-mooring components for the global dynamic
response analysis (Fig. 11 (a)), where the tunnel tube with mooring lines
is modeled by a “thick beam (BMS3)” element, and the tunnel element
joint is modeled by a “Point joint (JSH4)” element. Each element joint is
simulated in six DOFs including three force spring units (axial spring
unit, horizontal shear spring unit, and vertical shear spring unit) and
three torque spring units (torsional spring unit, bending spring unit in
horizontal plane, and bending spring unit in vertical plane). Internal
rigid constraints are implemented between the mooring line ends and
the central mass of the SFT tube nodes. The mooring line ends are
imposed rotational releases. Both ends of the tunnel tube are fixed. The
mooring lines are arranged symmetrically composing 4 mooring lines in
each set to balance restoring forces (Fig. 11 (b)). The basic parameters
with respect to geometric and material properties of the SFT are sum-
marized in Table 4. The environmental conditions are described in
section 4 corresponding to each subsection.

In order to compare the FIV conditions and dynamic response of the
SFT with different cross-section shapes, numerical models with two
types of cross-section shapes (i.e., circular and parametric shapes shown
in Fig. 12) are built up, respectively. The parametric shape is described
by Bézier curves with the parameters combination of b = 1.5m, r = 0.5
m, and y; = 4 m. The definition of Bézier parameters can be found in our
previous research [44,45]. Apart from the cross-sectional area, cross-
sectional clearance and wall thickness, and structure and material pa-
rameters of the two numerical models are kept equal. The wet natural
frequencies of the two numerical models are computed using LUSAS
v15.2 and are listed in Table 6, and the obtained eigenmode shapes are
presented in Fig. 13 (by exemplifying the parametric shape). Directions
of excited motion of the first ten modes are consistent between the two
models, but slightly larger natural frequencies for the circular shape are
observed than for the parametric shape.
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Fig. 9. (a, b) Stress contour under unit twisting load at the front and reverse side of the shear keys, respectively; (c, d) Stress contour under unit vertical load at the

front and reverse side of the shear keys, respectively.

Table 5
Calculated results for shear keys.
Description Value
Max. displacement of shear keys under unit vertical load 1.32 x 10°m

Max. displacement of shear keys under unit twisting load 1.69 x 1012 rad

Leizhou Peninsula

. \
Gauge 7
Gauge 61 Qiongzhou Strait
Gauge 5
. \
Gauge 4% Line V
Gauge 3

Gauge 2

Gauge 1 \

Hainan Island

Fig. 10. The optimal heading for sea-crossing in the Qiongzhou Strait;, the
virtual gauge described in section 4.3 are marked as grey dots, and the seven
tube reaches are marked as lines in different colors.

4. FIV condition results

SFTs are subject to marine environmental conditions generally
including currents, waves, and extreme events (e.g. tsunamis and

typhoons). In order to investigate FIV of the SFT subject to different
hydraulic loading, uniform current and regular wave induced forces are
firstly calculated using the CFD code ANSYS Fluent v19.1. Furthermore,
to examine the most severe conditions, an extreme event (a super
typhoon example in the Qiongzhou Strait) is simulated by the large-scale
oceanographic hydraulic modeling framework of Delft3D-FLOW
coupled with the spectral wave model SWAN, and the small-scale hy-
drodynamic forcing on the structure is solved by the CFD code ANSYS
Fluent v19.1. For a conservative computation, the hydraulic loading
direction is calculated perpendicular to the longitudinal direction of the
SFT. Finally, a coupled tube-joint-mooring SFT model is computed using
FEM in the time-domain for the global dynamic response analysis
accordingly.

4.1. FIV conditions under currents

The velocity fields and hydrodynamic forcing on two types of cross-
sections (i.e., circular and parametric shapes) with a current speed of
1.5 m/s solved by the CFD code ANSYS Fluent v19.1 are shown in
Fig. 14. It can be seen that the parametric shape experiences flow sep-
aration further downstream and has a smaller wake region than the
circular cross section due to its more streamlined geometry (Fig. 14 (a)
and (b)). The circular shape exhibits a classical ‘2S’ vortex formation
mode (characterized by two single vortices shedding per oscillation
cycle), corresponding to the so-called “initial branch” sequence.
Furthermore, the drag is over ten times smaller for the parametric shape
than the circular shape (Fig. 14(c)). Since no apparent vortex pattern can
be observed with the parametric shape, the drag and lift forces on the
SFT are thereby effectively mitigated.

To compare dynamic response of the SFTs with the two cross-section
shapes under current conditions, firstly, uniform current speeds varying
from 0.5 m/s to 1.5 m/s at 0.25 m/s intervals are selected based on
practical hydraulic conditions; subsequently, the stable (after model
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Fig. 11. The SFT model; (a) Coupled tube-joint-mooring system FEM model (Part of the model); (b) Mooring lines arrangement.
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Fig. 12. SFT cross-section shapes.

Table 6

Wet natural frequencies of the SFT tube for different cross-section shapes.
Mode number Wet natural frequency f,, (Hz) Direction

Circular shape Parametric shape

1 0.129 0.123 Horizontal
2 0.133 0.127 Horizontal
3 0.139 0.130 Horizontal
4 0.139 0.137 Axial
5 0.146 0.138 Horizontal
6 0.153 0.143 Horizontal
7 0.160 0.150 Horizontal
8 0.166 0.156 Horizontal
9 0.172 0.162 Horizontal
10 0.176 0.166 Horizontal

spin-up) hydrodynamic forcing on the two types of cross-sections under
each current speed is computed by CFD; finally, the calculated hydro-
dynamic forcing in the time-domain is used as the hydraulic load acting
on each tunnel element node of the FEM structural model with the
corresponding shape for structural dynamic analysis.

A comparison of the envelopes of the tube displacement at different
current speeds between the circular shape and the parametric shape is
seen in Fig. 15 (to prevent clutter, only current speeds of 0.50 m/s, 1.00
m/s, and 1.50 m/s are shown). In the inline (IL) direction, the
displacement of the tube with circular shape is ten times larger than with
the parametric shape (Fig. 15 (a)), which concurs with the magnitude of
the drag (Fig. 14 (c)). In the cross-flow (CF) direction, the displacement
of the tube with circular shape is thirty times larger than that of the
parametric shape case (Fig. 15 (b)), indicating the displacement of the
SFT tube can be effectively reduced by adopting the parametric cross-
section. The tube displacement in the IL direction are larger than that
in the CF direction, indicating the in-line forcing has a major impact on
the structural dynamics. Note that the it is unlikely to induce large
displacements of the SFT tube under steady currents, similar to what was
seen by prior work [46,47].

The relation of maximum IL displacement of the tube with different
cross-sectional shapes to Vg is shown in Fig. 16. The displacement in-
creases with increasing current speed. The maximum IL displacement is

approximately linearly correlated with Vg, with a slope of 0.150 m for
the circular shape and 0.020 m for the parametric shape. Chen et al. [12]
found that the “lock-in” phenomenon for the SFT system under steady
current conditions occurs at Vg = 5. Govardhan and Williamson [39]
found that the largest VIV response for a cylinder with a small mass ratio
occurs at Vg = 8. It is clear that the Vg values in our models are far away
from the lock-in regime and the “upper branch” (characterized by a
notable jump in the vortex phase), making resonance between vortex
shedding and the dynamic response of the SFT tube unlikely. In this case,
to reduce computational load, the static analysis is suggested to be
conducted. However, if the mooring stiffness is not sufficient or the
current speed is high enough, the vortex shedding frequency can overlap
with the natural frequencies of the SFT. In that case, dynamic analysis is
essential. However, for thin mooring cables, Vg can vary over a wide
range and may overlap the lock-in region.

4.2. FIV conditions under waves

In order to evaluate dynamic response of different cross-section
shapes of the SFT tube under wave forcing, measured wave data in the
Qiongzhou Strait is used [48] (Table 7). Fig. 17 compares the computed
stable (after model spin-up) wave load calculated using CFD, acting on
the two shapes for waves with a return period of 20 years The parametric
shape experiences a smaller in-line force due to its smaller characteristic
length than that of the circular shape.

A comparison of the envelopes of the tube displacements at different
wave conditions between the circular shape and the parametric shape is
seen in Fig. 18.The maximum IL displacement reaches 2.7 m at a return
period of 20 years because the wave frequency is close to the first mode
structural frequency (IL direction) of the SFT tube with the circular
shape. The maximum CF displacement is 0.2 m at a return period of 100
years with the parametric shape, and the displacement remains nearly
constant along the span. The CF displacement for the parametric shape is
larger than for the circular shape; this is consistent with the forcing
distribution. The reduction of the tube stiffness with the parametric
shape (due to a large cross-section area) also incurs an increase of
displacement in the CF direction. Again, it proves that the tube dis-
placements in the IL direction are much larger than that in the CF di-
rection, making reduction of the in-line force more important than the
force in CF direction. Since the parametric shape has a smaller IL
displacement, its hydrodynamic performance is preferable to that of the
circular shape. It should be noted that in actual engineering practice, the
SFT cross-section design should also consider the combined effects of the
hydrodynamic characteristics, structure behavior, technical difficulties,
service level, and construction cost.

To better comprehend the impacts of the wave parameters on the
FIV, a sensitivity analysis of wave height and period is carried out.
Considering it was proved that the structural displacement increases
with increasing wave height (wave load is approximately proportional
to wave height) [49], and the displacement in the CF direction is
comparatively small, we explore how wave period affects only the IL
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Fig. 13. Numerical eigenmode shapes of the SFT with the parametric shape cross-section. Frequency in Hz.

displacement of the SFT tube with the parametric shape. A fixed wave
height of 7 m with wave periods of 7.6 5, 7.2's, 6.8 5, 6.4 5, and 6.0 s are
selected.

Fig. 19 shows the envelopes of the tube IL displacements under
various wave periods. As the deflected shape of the tube reflects the
mode of excitation, a single dominant vibration mode is presented at
each wave period of 7.2 s, 6.4 s, and 6 s. The corresponding horizontal
vibration modes are the fifth mode, the seventh mode, and the eleventh
mode, respectively. However, multiple dominant vibration modes exist
at wave periods of 7.6 s and 6.8 s, due to the irregularity of the oscil-
lation shapes. It can be found that with decreasing wave period, higher

vibration modes are excited, but the maximum tube displacement
doesn’t show positive correlation with wave period. The case of wave
period of 7.2 s illustrates a larger dynamic response than T = 7.6 s, and
the case of T = 6.4 s has the same maximum displacement as T = 6.8 s. It
can be concluded that a single-mode dominant vibration, to a certain
extent, amplifies structural displacement compared with multi-mode
vibration. As per Kunisu [50], the wave force acting on the SFT is
strongly dependent on wave number (proportional to wave period).
Firstly, the wave force increases dramatically with increasing wave
number and after achieving a peak value at a certain wave number, force
decreases slowly with increasing wave number. Therefore, the
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Fig. 15. (a, b) Envelopes of the IL and CF displacements under steady currents for different shapes.

maximum displacement at T = 7.6 s is smaller than at T = 7.2 s and it
decreases remarkably for wave periods lower than 7.2 s.

In order to further demonstrate the excited modes at different wave
periods and determine the dominant modes explicitly, time series of IL
displacement along the entire span, and the corresponding frequency
spectrum at mid-span, are depicted in Fig. 20. The vibration frequency
spectra are attained by employing a fast Fourier transform (FFT). A fifth

10

mode standing wave pattern is seen at T = 7.2 s in Fig. 20 (a). Mean-
while, a single dominant vibration frequency associated with the fifth
mode in the horizontal plane (0.143 Hz), followed by a weak spectral
peak from the first mode (0.123 Hz), is observed in Fig. 20 (b). However,
at T = 7.6 s, two dominant vibration modes with similar modal weights
are seen in Fig. 20 (d). The third mode (0.130 Hz) appreciably overlaps
the first mode (0.123 Hz), and both vibration modes contribute to the
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Table 7
Measured data for extreme wave conditions in the Qiongzhou Strait, from [43].

Return Period (year) Wave Height (m) Wave Length (m)

20 7.0 115.11
25 7.3 119.45
100 8.6 137.38
100
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Fig. 17. Wave force time-history of the two shapes with a wave return period
of 20-years.

dynamic behavior of the SFT tube (Fig. 20 (c)). It can be further verified
by Fig. 13 and Fig. 19 that the deflected shape of the tube at T = 7.6 s is
mainly composed of a third mode superposed with a first mode.
Compared with steady current conditions, unlike the generally current-
dominated situation of risers, FIV of the SFT tube is more critical under
wave conditions due to its large cross-section. Wave effects on the SFT
are remarkable and complex, particularly for single dominant mode
excitations.

4.3. Dynamic response of the SFT under extreme events

Our previous research regarding the impacts of the extreme events
on the SFT showed that storm surge is more devastating than tsunami in
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the Qiongzhou Strait [28]. Therefore, as the most powerful and strongest
typhoon to make landfall on Hainan Island since 1949, super typhoon
Rammasun (2014) was selected as an extreme event for hydrodynamic
assessment of the SFT. Rammasun made first landfall on Wenchang,
Hainan at 7:00 UTC on July 18, 2014, and dissipated when it made its
second landfall in Guangxi province on July 19. We evenly placed seven
virtual gauges along the optimal SFT heading (“Line V") to obtain the
hydrodynamic conditions in the Qiongzhou Strait (Fig. 10). Therefore,
the 20 km long SFT tube is divided into seven tube reaches, and the
hydraulic loading on each reach is taken as the loading measured at the
corresponding virtual gauge. The tube reach length is 2.5 km at Gauges
2-6 and 3.75 km at Gauges 1 and 7.

In order to consider spatiotemporal variation and randomness of
hydraulic loading (typhoon-induced waves) along the tunnel span, a
large-scale oceanographic model in the far-field was established by
means of coupling the integrated atmosphere-ocean framework of
Delft3D-FLOW and SWAN. The hydrodynamic model computational
time step is 1 s and is coupled with a stationary SWAN wave simulation
every 60 min. Wind stress and tidal forcing drive the simulation from
0:00 on July 14 to 0:00 on July 20, 2014. Detailed model settings and
typhoon track data can be found in [28]. Time series of wave height are
determined by the along strait component of wave energy flux and the
corresponding wave period at each virtual gauge, which were extracted
from the model as shown in Fig. 21. It can be observed that the
maximum wave height at each virtual gauge occurs at 14:00 on July 18
as the typhoon eye enters the strait. Therefore, for a conservative
consideration, the maximum wave height and the corresponding wave
period at each virtual gauge are adopted for small-scale hydrodynamic
forcing simulation. The wave force on the SFT at each virtual gauge
location (force per meter) is solved by a two-dimensional flow strip
using the CFD code ANSYS Fluent v19.1. The wave force on each tube
reach is solved by integrating the hydraulic loading (force per meter) at
the corresponding virtual gauge along the reach. Therefore, the spatio-
temporally varying wave force on the super long tunnel tube can be
properly considered by spatially varying the hydraulic loading on
different tube reaches in the time-domain.

The global dynamic response of the coupled tube-joint-mooring SFT
model under this extreme event is analyzed using LUSAS v15.2 in the
time-domain. According to sections 4.1 and 4.2, the SFT tube with the
parametric shape has preferable dynamic response properties under
both current and wave conditions. Therefore, the global dynamic
response of the SFT is assessed for the parametric shape.

Fig. 22 shows time series of IL displacement along the full span of the
SFT tube and the corresponding frequency spectrum at tube mid-span
under the extreme event. From Fig. 22 (a), the evolution of the oscilla-
tion pattern indicates the tube vibration at the region of heavy loading
transferring its energy to the other side to maintain motion via traveling
wave patterns, as the wave loading is more severe near Gauge 1 (x = 0)
than Gauge 7 (x = 20 km) (Fig. 10). The IL response shows a pronounced
standing wave characteristic at x = 0 due to reflection at the boundary.
However, the oscillation pattern distribution shows irregularity, and the
energy propagation process is complex, owing to multi-mode sharing
and interaction. Several peak vibration frequencies overlapping and
sharing modes can be observed in Fig. 22 (b). The space-time varying
hydraulic loading along the tube span is notably accounted for the
modal interactions.

Fig. 23 shows the envelopes of the IL displacement and internal
forces on the SFT along the span under the extreme event. The
displacement, acceleration, and internal forcing in the horizontal di-
rection are much larger than in the vertical direction. The maximum
displacement, acceleration and shear force reach 0.28 m, 0.36 m/s%, and
4.6 MN at x = 5.7 km, respectively. The torque is much larger than the
bending moment which reaches the maximum value of 280 MN m at x =
4.9 m. The forcing variation along the span may cause fatigue damage to
the joints. Since both ends are assumed to be fixed in the simulation,
excessive internal forcing due to torque and bending moment may cause
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structure fatigue and buckling damage at the shore connections. In this
case, elastic bearings, bi-linear elastic bearings, and passive isolation
bearings can be incorporated as options for the shore connections [51].
An intermediate flex joint allowing axial deformation such as a tele-
scopic joint or stroke-out-of-slip joint as applied in marine risers can also
be utilized in the SFT shore connection design [52]. However, investi-
gation of shore connection type and its effects on dynamic response of
the SFT are not within the scope of this research.

5. Conclusion

In this paper, a conceptual engineering study for the SFT’s applica-
tion is provided by using ANSYS Fluent v19.1 and LUSAS v15.2. The use
of full CFD allowed VIV prediction, which the previous publications
neglected due to their use of a potential flow model [13,14] instead of
CFD. Our model of the SFT as a system of rigid segments connected by
flexible joints with shear keys and Gina gaskets also allows more realistic
simulation of dynamic behavior than previous works resolved. A prag-
matic one-way FSI approach consisting of a multi-scale cascade of hy-
drodynamic models combined with FEM are proposed to consider the
spatiotemporal variation and randomness of hydrodynamic loading.
Steel shell concrete composite material is proposed for the SFT tube, and
stiffness properties of a tunnel joint composed of a Gina gasket and shear
keys are quantified. A prototype super long and large aspect ratio SFT
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numerical model composed of a coupled tube-joint-mooring system is
established for FIV prediction and global dynamic response analysis in
the time-domain. The dynamic response and FIV predictions of an SFT
with parametric and a circular cross section shapes are compared under
steady currents and waves. The main conclusions are briefly summa-
rized as follows:

(1) The spatiotemporal variation and randomness of hydraulic
loading can be effectively solved by multi-scale models including a
large-scale oceanographic (shallow water equation) model and a small-
scale hydrodynamic forcing (CFD) model.

(2) The SFT tube is unlikely to experience strong resonance under
steady currents, due to its large cross-section dimension.

(3) FIV of the SFT tube is mainly dominated by wave conditions.
Wave effects on FIV of the SFT are complex. A single dominant mode
excitation of the tube with a large wave height and period should be
avoided.

(4) An SFT with a parametric cross-section shape is recommended
over the simpler circular shape due to the effectively reduced hydro-
dynamic forcing and structural dynamic response of the parametric
cross-section.

(5) In an extreme event, standing and traveling wave patterns of the
tube oscillation can be observed due to multi-mode sharing and inter-
action. The forcing variation along the span may cause fatigue damage
to the joints, and the excessive internal forcing due to torque and
bending moment may cause structure fatigue and buckling damage at
the shore connections.

In spite of these achievements for the FIV prediction and dynamic
response analysis of the SFT, some restrictions and future work still
should be noted in this study

(1) Flow-induced vibration conditions are studied under uniform
currents and regular waves. In reality, the SFT will be subject to inho-
mogeneous irregular waves and unsteady currents. Therefore as a future
step, the dynamic response of the SFT should also be examined based on
such realistic environmental conditions.

(2) Hydraulic loading computation based on the framework of two-
dimensional flow strips conserves computational resources, but is
limited by incapability of accounting for complex three-dimensional
effects, axial pressure gradients, or oblique flows.

(3) Hydrodynamics of the SFT is a multi-physics issue with a strong
interaction between the flow field and tunnel tube. It is rational to as-
sume the flow is not heavily affected by small structural deformations of
an SFT at this stage. However, the importance of this effect should be
quantified in future research.
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