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Abstract

waves

Submerged floating tunnels (SFTs) are innovative structural solutions to waterway crossings and are more economical compared to the
conventional structures such as cable-supported bridges, underground tunnels or immersed tunnels. The dynamic behaviors of SFT under real
train loads is the primary design requirement of an SFT, However, it is not investigated using realistic train models. In this study, the China-star
high-speed train is used to evaluate the dynamic displacements, internal forces and cable tensions of SFT. The tunnel is modeled by FEM, the
cables are modeled by elastic catenary cables, and ocean waves and currents are modeled by Airy’s wave theory. The SFT displacements, bending
moments and cable tensions were significantly influenced by moving trains. The SFT experienced extreme vertical displacements and there was
alarge drop in the minimum cable tensions. The mooring cables were slacked both by magnitudes and speed of the moving trains, which should
be avoided for the safety of SFT. This study recommends the additional buoyancies for the stability of SFT subjected to high speed trains.

Keywords: Submerged floating tunnel (SFT); Dynamics of SFT; High-speed train; Catenary; Spectrum compatible ground motions; Regular

Introduction

Connecting the opposite shores of lake, fjord, river, and sea
strait through a structure, has always been a challenging task for
the engineers. When the width and depth of waterway crossing
are large then it becomes very difficult and uneconomical to
build the conventional structures such as cable-supported
bridge, immersed tunnel or underground tunnel. In addition,
the design complexity increases for the conventional structures
when the width of the waterway crossing goes on increasing. This
leads to the necessity to find new structural solutions for such
straits [1,2]. An innovative structural solution that can cover the
disadvantages of the conventional structures mentioned before
is Submerged Floating Tunnel (SFT). SFT is sometimes known
as the Archimedes Bridge, is based on the idea of utilizing the
supporting capacity of water due to the Archimedes buoyancy
[3,4].

Like other offshore structures, an SFT is subjected to extreme
environmental conditions such as waves, currents, tsunamis,
earthquakes. The dynamic behavior of SFT under waves and
seismic loadings have been studied by many researchers.
A numerical procedure for the analysis of SFT accounting
for seismic excitation was developed by Fogazzi et al. [5]. A

procedure for the nonlinear dynamic analysis of SFT considering
3D multi-support seismic excitations and nonlinear drag forces
due to steady current and wind waves was presented by Di Pilato
et al. [6]. This work was improved and the dynamic behavior of
SFT was evaluated using spatially varying seismic motion by Di
Pilato et al. [7]. The structural analysis of SFT prototype to be
built in Qindao Lake (PR of China) under environmental loads
such as waves, currents and earthquakes were presented by [8]
using commercial finite element tool ABAQUS. A more enhanced
numerical procedure for the analysis of SFT considering the
spatial variability of seismic excitations was developed by [9].

The mooring cables supporting SFT are assumed to remain
in tension during the operation [5-8, 4] however there are
possibilities of slacking mooring cables during operation under
extreme waves, seismic events, or moving loads. When the
motion of the tunnel goes large, the tension in the mooring cable
might fall to a low level and the cable could become slack. The
transition of the mooring cable from slack to the taut condition
may cause an extreme tension in the mooring cable which is also
known as snap tension [10-13]. The slackness of mooring cables
under moving train load needs to be properly studied.
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Since SFT is considered an alternative solution for
transportation, moving load analysis or dynamic analysis
under traffic loadings is a key demand of the structure but the
research efforts are very limited regarding this problem. The
modeling of the traffic vehicle dominates the accuracy of the
analyzed dynamic responses of the vehicle-SFT system. Some
simple vehicle models have been adopted in this area. A primary
attempt was made by [14], who investigated the effects of two
and three-dimensional added mass models on the response
of SFT under single moving load. The SFT response under
single moving load is also studied by [15]. Liang and Jiang [16]
considered a sprung mass vehicle model and studied the vertical
response of SFT. Recently Lin et al. [17] studied the dynamic
responses of SFT using a simplified two dimensional coupled
vehicle-SFT model. In this model, the mooring cables were
simplified as horizontal and vertical springs. However, these
simple models may not replicate the real trainloads. Therefore,
a study considering a real train model is very important for the
realization of SFT. More sophisticated train models have been
developed and the dynamic responses of bridges under these
trains have been evaluated [18-20]. However, such models need
to be implemented for the dynamic analysis of SFT to replicate
the realistic structural responses.

In this study, the dynamic problem of SFT is formulated,
modeling the tunnel as FEM and mooring cables as catenary
elements. The waves and currents were modeled by Airy’s wave
theory. The spectrum compatible ground motions were used to
simulated earthquake excitations. The dynamic responses of
SFT under waves, ground motions and China-star high-speed
trainloads are evaluated, and some useful conclusions are drawn
from the numerical simulations.

Cables Modeling

The SFT cables are normally assumed to operate in taut
conditions using the net buoyancy as pretensions in the cables
[6,8,9]. However, in a real situation, the cables may operate to in
both taut and slack conditions. Therefore, it is very important to
apply a geometric nonlinear analysis procedure that can handle
both taut and slack and thus may replicate the real conditions.
For this purpose, a three-dimensional numerical procedure
based on the catenary equations developed by the authors in
previous work [21] is used. A schematic layout of the submerged
floating tunnel (SFT) is shown in Figure 1. The X, Y, and Z-axes
are pointed along the axis of the tunnel, transverse and vertical
to the tunnel axis, respectively.
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Figure 1: Schematic layout of the submerged floating tunnel (SFT) (Muhammad, Ullah et al. (2017), Muhammad, Ullah et al. (2018): (a)
SFT cross section (b) cable differential element (c) cable element initial state (d) cable element deformed shape.
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where w is the effective weight per unit length and can
be written as =4 (P.=p.), p.is the mooring cable density, A

is the cross-sectional area of a mooring cable, and p, is the
seawater density. The subscript s and 0 represent the stressed
and unstressed coordinates, respectively. 131, [32, and F; are the
nodal forces for an element.

The tangent stiffness matrix for a cable element can be given
as:

SR @)

t

where
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Waves and currents modeling

The wave theories are normally based on water depth, wave
height, and wave period. The Airy wave theory, which holds for
wave heights up to 10-15 m, covers a wide range and can consider
significant waves of any actual sea states [22,23]. According to
the Airy wave theory, the first-order velocity potential is given
as follows [24]:

= gH cosh[k(Z +h)] si )
20 cosh(kh)

where a=k(Yxcr)=kY £ ot;k(=27/2) is the wave number;
o (=27/T)is the wave frequency; 4 (=gT*/2x) is the wavelength
selected on the basis of deep-water criteria; H is the wave height;
C is the wave speed, Y and Z are the vertical and transverse
coordinates, respectively, having their origin at the free water
surface; and h is the water depth. From the first-order velocity
potential @, the water particle velocities in the transverse (Y)

and vertical (Z) directions can be obtained as follows:
2 00 _ gkt cosh[k(Z +h)]

cosa
Y~ 20 cosh(kh) (6)
500 _ ghtl sinhlk(Z+h)] . @
0Z 2w  cosh(kh)

Similarly, the water particle accelerations in the transverse
and vertical directions can be given as follows:
i gkH cosh[k(Z + h)] si ()
2 cosh(kh)
__ gkH sinh[k(Z + h)] cosa ©)
2 cosh(kh)
The calculation of hydrodynamic forces on the SFT is one

of the primary and most challenging tasks during numerical
simulations for dynamic analysis due to the involvement of the
fluid-structure interaction phenomena [25]. Due to the random
nature of ocean waves, complex nonlinear wave theories and lack
of experimental evidence, it is difficult to describe the wave’s

exact effects on the SFT. However, simplified approaches, such as
Morison’s equation, can be used to evaluate the hydrodynamic
forces on the SFT and give reliable estimates as compared to
experimental data [26,27]. The hydrodynamic forces from ocean
waves and currents, acting per unit length of the SFT are given
by the modified Morison’s equation as follows [4,23,24].
{f(qi’t)} :% Dwa{|wi in./i _q.i|(wi iw./i _q.i)} +
2 2

Cup, T (i} =Cop. T-i ) i=1.2) (10
where subscript i denotes the Y or Z direction; w, is the water
particle velocity (a or Vv); W, is the water particle acceleration
(ii or ¥); w, is the velocity (gor ) of water currents acting
at the centerline of tunnel and is obtained by linear equation:
U=[th-z)/n)0,0r V=[(h-2)/4)7; U, and 7, are velocities of surface
currents in Y and Z directions, respectively; d;and 4 are the
is the
density of water; D is the external diameter of SFT; ¢, is the drag
coefficient; and ¢« is the inertia coefficient; C,=C, -1 is the added
mass coefficient. In Eq. (10), the first term on the right-hand

structural velocity and acceleration, respectively; ».

side denotes the drag force, the second term denotes the inertia
force, and the third term denotes the added mass effect.

The drag force is much smaller than the inertia [26], so the
drag force term is linearized by removing the structural velocity
term for numerical simplification. Substituting Equations (6)-
(9) into Equation (10), the horizontal and vertical components
of hydrodynamic forces in the Y-direction and the Z-direction

can be obtained as follows:
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where the subscripts YD and YI represent the fluid drag
and inertia forces in the Y-direction respectively, the subscripts
ZD and ZI represent the fluid drag and inertia forces in the

(11¢)

F

zl

cos(kY * wt) (11d)

Z-direction, respectively. The wave and current forces are
obtained using the hydrodynamic conditions of Qiandao Lake.
These forces acting on the SFT are calculated using Morison’s
equation. During the numerical simulations, the drag forces and
inertia forces were considered distributed loadings and were
converted to equivalent nodal forces using the work-equivalence
method [4,28]. The time history of these forces per unit length
of SFT is shown in Figure 2. The transverse and vertical inertia
forces are dominant hydrodynamic forces, while the drag forces
are very small.
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Figure 2: Wave force time history per unit length of the tunnel (H=1 m, T=2.3 s) [4]. )

Ground motions modeling

The submerged floating tunnel (SFT) prototype to be built
in Qindao Lake, China is taken as an example in this study. Due
to unavailability of the real ground motions for the specific site,
the spectrum compatible ground motions are generated for the
analysis of the case study. The design spectrum shown in Figure

3,is based on the Code for Seismic Design of Buildings, GB 50011
- 2010 [29]. Where a(g) is the seismic influence coefficient in
units of g, &,
T, is the characteristic period, T is the natural vibration period
of the structure, 7 is attenuation index,7; is the adjusting
coefficient for slope, 77, is the damping adjusting coefficient and
¢ is the damping ratio.

is the maximum seismic influence coefficient,

Ve

0 01 1T,

Figure 3: Seismic design response spectrum based on GB5001-2010 [29].

0.57, (1]

J

Table 1: Code specified values of the parameters [29].

Parameter Value
Group I
Site class 11
Design basic acceleration of the ground motion 0.15g
Earthquake intensity 7
T, 0.35s
«, . (frequent earthquake) 0.12
a  (rare earthquake) 0.72

Based on the geological and geotechnical conditions of the
site the input parameters for the design spectrum are selected
from the code GB5001-2010 [29] and are given in Table 1. The
maximum seismic influence coefficient &, is for horizontal
ground motion. For the vertical ground motion, a 65% of the
horizontal maximum seismic influence coefficient is used. The
limitations and scarcity of the recorded ground motions along
with the wide use of dynamic time history analysis for obtaining

the structural responses have motivated the simulation of
the earthquake motions [30]. These simulated earthquake
motions can be generated as a random process with a selected
envelope shape and a Power Spectral Density Function (PSDF).
The common model for generating earthquakes is that of
superimposing sinusoidal components with random phase
angles. In this study the code compatible ground motions were
generated using the procedure described by [30].

The Comparison of design spectrum and response spectrum
based on the Code for Seismic Design of Buildings, GB 50011 -
2010, People’s Republic of China, considering the rare earthquake
scenario for the horizontal component of earthquake is shown
in Figure 4a, and the design spectrum compatible artificial
ground motions is shown in Figure 4b. Similarly, the comparison
of the design spectrum and response spectrum for the vertical
component of earthquake is shown in Figure 5a, and the code
compatible ground motions are shown in Figure 5b. The elastic
response spectrum calculated based on the generated artificial
ground motions closely agree with the target/design spectrum.
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Figure 4: The artificial time history of the horizontal ground motion acceleration compatible with GB 50011 — 2010 [29] (a) comparison of
the horizontal design spectrum and response spectrum; and (b) time history of the horizontal ground motion acceleration
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Figure 5: The artificial time history of the vertical ground motion acceleration compatible with GB 50011-2010 [29] (a) the vertical design
spectrum and response spectrum; and (b) time history of the vertical ground motion acceleration.
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Figure 6: SFT under simplified moving trainloads.
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Trainloads Modeling

SFT is a new alternative for transportation through sea
straits, fjords, and lakes. The dynamic response of SFT under
vehicular loads or trainloads is not studied well to date. In
order to evaluate SFT dynamic performance under real trains,
the china-star high-speed train is used for simulating the
SFT dynamic behavior. This study simplifies each axel of the
moving train to a concentrated moving force P, as shown in

cars for China-star high-speed train [31]. Figure 6 b shows the
simplification of train loads to concentrated moving loads. Thus,
a train composed of N, axels can be considered as N, moving
loads, which are designated as P, (k =1, 2, 3, ..., N,). The finite
element formulations are used to calculate the load vector from
k moving concentrated loads shown in Figure 7. To show that the
k™" moving load is located on a tunnel element (Shown in Figure
7¢)) the step function is defined as

. . . . . . . 0 x<0
Figure 6. Figure 6a is showing the dimension of the first three H(x):{ (12)
1 x>0
e A
Za
¥
VR PiuPo PeP PP PP PPy 1T
. 0w | I
X} vy ty vy e v
“ o P u i ! "
Al
L,
(a) Side view of SFT under a series of moving loads
2y
X B— _—
— hy
L] v
Xi I
v
- L -
(b) Side view of SFT under a k™ moving load
R
lev,
Ty ' X,
X Xi
(a) The position of k* moving load on * wnnel element
Figure 7: SFT under k™ moving loads.
J

The i™ tunnel element from the left side of the tunnel, its left
node is located x,=(i-1)I, where as its right node is located at
x, =il and I, is the length of a tunnel element. At time t the location
of the k™ moving load is located by x,. The relative positions of
the moving load to left and right nodes of i" tunnel element are
[20,34]

Xpi =X =Xy (13a)
Xivt = X =X (13b)

The step function then becomes
H,, :H(xk,i)_H(xk,i+1) (14)

which has a nonzero value when the moving load is located
on the tunnel element.

The nodal loads can be established by linking the k™ moving
load with ih tunnel element using the shape function. The shape
function vector converts the vertical loads into equivalent nodal

Under a High-Speed Train Loading. Oceanogr Fish Open Access J. 2019

loads. The shape function for k® moving load and i" tunnel
element is

1-3(x, /L) +2(x,/L,)
X, [1—2(% /L)+(x, /L, )Z]
3(xk,i /Lm )2 _Z(Xk,i /Lfe )3

X4 [(xk’l. /L, ) — (x,u. /L, )J

The {N, } is assembled for N, elements to get {N}, and the
nodal force vector from all the moving loads at time t is given as

Pl=—{NJ{R B+« - R}

k
Equations of Motion

(15)

(16)

The equations of motion for the SFT subjected to waves,
multi-support seismic excitations, and moving trainloads can be
written as [2]
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[ vt e v ]
{{{p(ﬁi}}

where the subscript sr represents the unrestrained degrees
of freedom (DOFs) in the system including both tunnel and cables
DOFs, and g represents the support DOFs. The time-dependent
force vector {F(t)} is given as

{FO}={r0}+{P}
where f(t) are time-dependent wave (hydrodynamic) forces.

The vector {P} is due to moving trainload. The Peff(t) is the
effective seismic forces at the supports. This vector can be given

{pe/f} :_[M][l]{ug}

(18)

(19)
where

(20)

[]=-[&]"[%,]

where [i] is the influence matrix; {ug} is the seismic ground
motion acceleration vector acting at the supports.

The matrices [M], [K], and [C] are given as

[M]=[[M,]+[M.]+[M, ]+ [M,.]]
[K]=[K.]+[K]

[Cl= ALK+ K]+ B [[M ]+ [M ]+ [, ]+ M, ] (23)

where [M ] is the mass matrix of the tunnel; [M_ ] and [M_] are
the added mass matrices for the tunnel and cables, respectively;
[M ] is the mass matrix of the cables; [K ] is the elastic stiffness
of the tunnel; [K] is the nonlinear mooring cable stiffness; /5,

(21)
(22)

B, = 5%@ ¢ is the modal damping ratio; W, w, are the i
and jt modal natural frequencies of the structure, respectlvely
For obtaining the damping matrix, 2.5% modal damping ratio
was used [32].

The displacement {q} vector is given as

{a}={{a.} +{a.}}

where {q,} are the tunnel displacements and {g } are mooring

(24)

cable displacements and these matrices for a single element are
given as

{q[} = [le qYl qu 0)(1 9)’1 021 qXZ qYZ qZZ 9/\'2 9Y2

0.1 (25)

{qc}z{qn dyr 9721 9x2 94v2 qzz}r(26)

The damping matrix in Eq. (23) is based on the Rayleigh
damping model. In the present study, the tunnel was modeled by
50 3D beam elements and each cable was modeled by 5 catenary
elements. The solution of the non-linear equations of motion
(Eq. (17)) is performed step by step using the Newmark average
acceleration method for time integration and the modified
Newton-Raphson method for the equilibrium correction [33].

Case Study

The dynamic behaviors of SFT were simulated using the
described formulations for the SFT model, as shown in Figure
8, which is planned to be built in Qiandao Lake, China. Figure 8
shows the side view of SFT model used for numerical simulations;
the SFT is supported at locations A, B, and C by mooring cables.
The input parameters for the SFT tunnel, hydrodynamic and
mooring cables are those used by [2,4] and shown in Table 2,
unless mentioned otherwise. The hydrodynamic parameters are
those measured at Qindao Lake [8].

and f, are the Rayleigh damping coefficients; 8, =¢ J’r ., and
W, +@;
e N
7 30m 201m 20m 30 m
= -2 m
= f
A E [ Aé
I e e
01, 02— |C3, C47 |C5, Cé-
208m | |258m | [20.8 30 m
Sections A B
and C
Figure 8: Structural model of SFT used for numerical simulations. )
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Table 2: Parameters of SFT tunnel, mooring cables and hydrodynamics
[2,4].

Results and Discussion

As submerged floating tunnel (SFT) is considered an
Element Parameter Unit Value . . .
alternative for waterway crossings, therefore the dynamic
Tunnzl equivalent kg/m? 2451 analysis under moving load is a key structural demand. The
¢ )
it dynamic response under simple moving loads is presented in
Tunnel Elastic modulus N/m? 3x10% the literature, however the application of more realistic moving
Area m? 5.1 loads needs to be carried out for the realization of this innovative
Moment of inertia m4 123 structural solution. In this study, the dynamic responses of SFT
Length of tunnel m 100 are evaluated for the China-star high-speed train, the design
Elastic modulus N/m? 1 4x1011 speed of this train is 270 km/hr. The train speed v, has a range of
Diameter of cable m 0.06 0-270 km/h in this study. The pretensions in the mooring cables
Mooring cables " PE— . 07 are calculated from the net buoyancy and given in the Table 3. To
oment ofinertia o 6x10 evaluate the effect of moving trainloads on the responses of SFT,
Cable density kg/m? 7,850 three load combinations are defined as: (1) Load combination 1
Wave height (H) m 1 (LC1): in this load combination, the dynamic responses of SFT
Time period (T) s 2.3 are evaluated under moving trainloads. (2) Load combination 2
Surface current velocity / o1 (LC2): in this load combination, the dynamic responses of SFT
m/s .
(U) are evaluated under waves and moving trainloads. (3) Load
Depth of water (h) m 30 combination 3 (LC3): in this load combination, the dynamic
Hydrodynamics | ™ ET from 5 responses of SFT are evaluated under waves, moving trainloads,
free surface (h,) m and seismic ground motions (horizontal and vertical).
Density of water (p, ) kg/m? 1,050 Table 3: Pretensions in the mooring cables.
Drag coefficient (C,) - 1 Cable # c1 | c2| c3 | ca | c5 | c6
Inertia coefficient [35] - 2 Pre-tension (x10N) | 0.62 | 0.62 | 0.49 | 0.49 | 0.62 | 0.62
s N
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Figure 9: SFT displacements, cable top and bottom tensions at the location B, under different load combinations (v,=100 km/h, H=1 m,
T=2.3s, {=2.5%)
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The SFT displacements, cable top and bottom tensions at
the location B, under the load combinations LC1, LC2 and LC3
are shown in Figure 9. The max positive responses under three
load combinations, are shown in Table 4. The SFT experiences
extreme vertical displacements due to the application of moving
trainloads, from time 0 to 12 seconds when the trainload
passes over the SFT. The train loads cause the tunnel to deflect
downward that results in reducing the cable tensions as can be
seen in Figures 9c to 9f. The cable tensions fall well below the
pretensions in the cables and close to zero tensions. The extreme

the moving trainloads. The trainloads cause to reduce the
positive vertical displacements and increase the negative vertical
displacements. The extreme downward vertical displacements
cause extreme bending moments and reduce cable tensions.
It can be concluded that there is a significant increase in the
downward vertical displacements and bending moments under
the moving trainloads. Therefore, it can be concluded that
trainloads are the dominant loading for the design of SFT.

Table 4: Maximum positive SFT displacements, cable top tensions
and bending moments under different load combinations.

SFT downward deflections could result in slacking the mooring Response LC1 LC2 LC3
cables thatmay resultinthe snaploads or structural failure of SFT.
- , , q, (m) 7.30E-08 | 0.06869 0.07092
The positive and negative envelop curves of SFT displacements
and bending moments under the load combination LC1, LC2 and 9y (m) 0.0033 0.03189 0.03515
LC3 are shown in Figure 10. The SFT displacements, as well as | Top Tensionat €3 (x10°N) |  0.52035 0.80435 0.79096
the bending moments, increase when the load combination is | Top Tension at C4 (x10°N) |  0.52035 0.77077 0.80243
changed from LC1 to LC3. The SFT experiences extreme vertical M, (x107 N-m) 0.46184 1.2018 1.30168
displacements (qZ) and vertical bending moments (MY) under M, (x107 N-m) 2.60E-06 2.48637 2.57656
s 2\
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Figure 10: Positive and negative envelop curves of SFT displacements and bending moments under different load combinations (vP=100
km/h, H=1 m, T=2.3s, =2.5%).
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Figure 11: The variation of SFT maximum displacements and maximum cable top tension with train speed (v,,), at location A under different
load combinations (H=1 m, T=2.3s, (=2.5%).

The variation of SFT maximum displacements and maximum
cable top tension at location A under load combinations LC1 to
LC3 are evaluated with the moving train loads traveling at speeds
of 0 km/h to 270 km/h, are shown in Figure 11. The maximum
horizontal displacements in Y-direction (qY) shown in Figure
11a, are very small and attributed to waves and seismic ground
motions only. The maximum SFT vertical displacements (qZ)
clearly demonstrate the effect of moving trainloads as shown
in Figure 11b. The load combinations (LC1) produce the largest
vertical displacements, while LC2 and LC3 have very similar
trends. Large displacements occur when the train is traveling at
a speed of 30 km/h through the SFT or when the train speed
exceeds 180 km/h. The maximum cable top tensions in the cable
3 (C3) and 4 (C4) are shown in the Figures 11c & 11d. The train
speed ranging from 20 km/h to 60 km/h cause large vertical
displacements and the SFT deflects downwards causing the
reduction of the dynamic tensions in the cables. However, for the

higher train speeds, the maximum dynamic tensions increase
with speed.

The above results clearly demonstrate that cable tension
reduces largely when the moving loads are traveling through the
SFT, this can lead to complete or partial slackness of the cables
which canresultin the complete structural failure if the slackness
is not avoided. The variation of SFT maximum displacements
and maximum cable top tension at location B under load
combinations LC1 to LC3 are evaluated with the moving train
loads traveling at speeds of 0 km/h to 270 km/h, are shown in
Figure 12. The maximum horizontal displacements (qY), shown
in Figure 12a, caused by waves and seismic ground motions only,
and therefore very small. The maximum vertical displacements
(9Z) of SFT clearly demonstrate the effect of moving trainloads
as shown in Figure 12b. The load combinations (LC1) produce
the largest displacements, while LC2 and LC3 have very similar
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trends. The peak displacements occur when the train is traveling
at a speed of 30 km/h through the SFT or when the train speed
exceeds 180 km/h.

The maximum cable top tensions in the cable 3 (C3) and
4 (C4) are shown in the Figures 12c and 12d, respectively.
The train speed ranging from 20 km/h to 60 km/h cause large

Ve

vertical displacements and the SFT deflects downwards causing
the reduction of the dynamic tensions in the cables. However,
for the higher train speeds, the maximum dynamic tensions
increase with speed. The train speed (i.e. 30 km/h) that caused
peak vertical displacements is causing a large tension to drop
which can be seen in Figure 12d.
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(c) Cable top tension. T at C3 (d) Cable top tension, T at C4
Figure 12: The variation of SFT maximum displacements and maximum cable top tension with train speed (v,), at location B under different
load combinations (H=1 m, T=2.3s, (=2.5%)

The effect of train speed is investigated in this subsection.
The train speed (vP) varies at interval of 50 km/h, 100 km/h and
150 km/h; and the SFT displacements, bending moments, cable
top and bottom tensions are evaluated.

The effect of train speed on the SFT displacements, cable

top and bottom tensions at the location B, for the speeds
50 km/h, 100 km/h, and 150 km/h, is shown in Figure 13.
There is a significant effect of train speed on the SFT vertical
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displacements, cable top, and bottom tensions. The absolute
maximum SFT vertical displacements are 0.20 m, 0.20 m and
0.21 m when the train speed changes from 50 km/h to 150 km/h,
respectively. Similarly, the minimum top tensions of the C3 are
0.48 kN, 0.49 kN, and 0.50 kN, when the train speed changes
from 50 km/h to 150 km/h, respectively. The pretension (TO0) in
C3is 495 kN, which means the dynamic tension drop well below
the pretension under all moving speeds, especially high speed. If
the dynamic tension in the mooring cable drops well below the
pretension, the cable goes to slack condition or may cause the

snap tension in the cable [13]. It can be concluded that the high-
speed trains vibrate the SFT more significantly; that can resultin
slack conditions which should be avoided for the safety of SFT.

The effect of train speed on the positive and negative SFT
displacement and bending moment envelop curves, for the
speeds 50 km/h, 100 km/h, and 150 km/h, is shown in Figure
14. The SFT displacements and bending moments increase with
the increase of train speed. Increasing the train speed deflects
the SFT extremely downwards which causes extreme negative

bending moments.
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Figure 13: Effect of the speed of moving trainloads on SFT displacements, cable top and bottom tensions at the location B (H=1 m, T=2.3s,
(=2.5%)
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Conclusion are integrated by Newmark’s average acceleration method

A submerged floating tunnel (SFT) is considered economical
alternative for waterway crossings compared to classical
solutions such as cable supported bridge, underground or
immersed tunnel. However, due to exposure of SFT to extreme
environmental conditions and lack of research developments, an
SFT is not constructed to date. The SFT response under moving
trainloads is important from the design perspective and need to
be evaluated under real trainloads. In this study, the dynamic
responses of SFT under the trainloads using the data from China
Star high-speed trains, are evaluated. The dynamic problem of
SFT is formulated considering 3D tunnel and 3D cables. The
tunnel is modeled by finite element method and cables are
modeled by 3D catenary elements. The waves are modeled by
Airy wave theory and wave forces are calculated by modified
Morison’s equation. The nonlinear equations of motion of SFT

and the Modified Newton-Raphson’s method is applied for
equilibrium correction in each time step.

The SFT displacements, internal forces and cable tension
are evaluated under waves, seismic excitation and high-speed
trains. The SFT displacements, bending moments and cable
top tensions are significantly influenced by moving trains. The
SFT experiences extreme vertical displacements and there is a
large drop in the minimum cable top tensions. This indicates
that under the trainloads, the cable tensions will be reduced
significantly, and slackness will happen. The slackness may lead
to the snap tensions or to the structural failure of SFT if the SFT is
supported only by net buoyancy in the vertical direction, which
is key concept of the SFT. Therefore, additional buoyancies’ are
recommended for the safe operation of SFT under high speed
trains.
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