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Abstract

Submerged floating tunnel (SFT) is a new structural solution for waterway crossings compared to the classical
solutions such as cable supported bridge, immersed tunnel or underground tunnel. An SFT is subjected to
extreme waves, currents, earthquakes and other environmental loadings. The effect of key structural and
waves parameters are important from the design perspective for an SFT. This study, the dynamic responses
of SFT are evaluated using truss and catenary cables to check the effect of cable stiffness. The second part
of this study deals with the effect of wave height and wave period on the dynamic responses of SFT. 3D
truss and 3D catenary cables give very similar dynamic responses under waves and vertical ground motions.
The wave height and wave period mainly control the dynamic behavior of SFT.
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INTRODUCTION

For shallow and narrow waterway crossing, it is easy to cross by constructing cable-supported bridge,
immersed tunnel or underground tunnel but it becomes difficult and uneconomical for wide and deep straits.
In addition, the construction cost increases for the conventional structures when the width of waterway
crossing goes on increasing. SFT is a watertight structure, the balance between pre-tension in the mooring
cables and net positive buoyancy (or residual buoyancy) maintains the structural stability of SFT. Because
the cost of an SFT per unit length remains almost constant with increasing length (Ahrens, 1997; Faggiano
et al., 2005), so it is an economical alternative for waterway crossings in comparison to long span suspension
bridges, underground tunnels or immersed tunnels, especially for deep and wide crossings. In addition, an
SFT is more advantages such as it is not limited to some specific geographic terrain and does not interfere
with water surface vessels. The research developments regarding the response of SFT under hydrodynamic
waves and current, seismic loadings are presented for last three decades. The fundamental aspects of the
dynamic behavior of an SFT under seismic and sea waves effects was presented by (Brancaleoni et al.,
1989). The local problem of fluid-structure interaction (FSI) of the SFT using two-dimensional model was
made by (Okstad et al., 1998), later on, a more comprehensive presentation of FSI was made by (Remseth
et al., 1999) using finite element implementation of the Naiver-Stokes equation. The dynamic response of
SFT under hydrodynamic waves and seismic excitations have been studied by many researchers using
simplified numerical models (Di Pilato et al., 2008; Fogazzi et al., 2000), however, in these studies more
attention is devoted to the design solution encompassing slender bars as anchor/mooring elements. The
vortex-induced vibrations of mooring/anchor cables caused by water currents is discussed by (Li et al., 2006;
Luoa et al., 2015; Yigiang et al., 2012). The important design parameters such as length of tunnel, buoyancy
to weight ratio, spacing of anchoring/mooring cables, inclination of the mooring cable with horizontal, depth
of submergence need to properly investigate for the realization of SFT. However, limited studies are available
focusing the design of parameters of SFT. The effect of tunnel length, structural damping and buoyancy to
weight ratio on the response of SFT was studied by (Long et al., 2015; Long et al., 2009) using finite element
models of the SFT through commercial software. However, the effect of cable stiffness and waves parameters
are not studied well and need to be investigated in more details. The study evaluates the dynamic responses
of SFT to check the effect of cable stiffness and waves parameters including wave height and wave period.
Some important conclusions are given based on the numerical simulations performed in this study.
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MATERIALS AND METHODS

Modeling of waves and currents

The ocean waves and currents are modeled by well-known Airy wave theory, and the wave forces are
calculated from the modified Morison’s equation, which is given as (Chakrabarti, 1987; Muhammad et al.,
2017; Muhammad et al., 2017):
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where subscript denotes the perpendicular components with respect to element axis. pw is the density of
water, D is the external diameter of SFT, Cp is the drag coefficient, Cy is the inertia coefficient, Ca = Cy -1
is the added mass coefficient, and are water particle velocity and acceleration, while and are structural
velocity and acceleration respectively. U is the velocity of water currents acting at the centerline of SFT.
Governing equations of motion

The equations of motion for the SFT subjected to waves and multi-support seismic excitations can be
written as (Muhammad, 2018):
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where the subscript sr represents the unrestrained degrees of freedo DOFs ) in the system including
both tunnel and cables DOFs, and g represents the support DOFs. ? (t) is time-dependent wave
(hydrodynamic) forces. The

Doy (t) is the effective seismic forces at the supports and is given as:
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where [i]is the influence matrix; {ug} is the seismic ground motion acceleration vector acting at the supports.
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The matrices [M] [K] ,and [C] are given as
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where[ M, Jis the mass matrix of the tunnel;[M,, ], [M,. ] are the added mass matrices for the tunnel and
cables, respectively ; [ML] is the mass matrix of the cables; [Ke] is the elastic stiffness of the tunnel
calculated from 3D beam element; | K | is the nonlinear mooring cable stiffness calculated by catenary
element; S, and B, arethe Raylelgh amping coefficients; ¢ is the modal damping ratio; @, ; are

the " and " modal natural frequencies of the structure, respectively. For obtaining the damping matrix, 2 5%
modal damping ratio was used (Veritas, 2006).
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The displacement {q} vector is given as

{af ={{a.} +{a.}} %

where {ql} is tunnel displacements and {qc} is mooring cable displacements and these matrices for one
element is given as

{qt} :[le 9y 471 Ox1 Oy 07 dxrqys 970 Oy Oy, O, ]T (8)
{qc}:{le 91 421 9x2 Y42 QZz}T 9)

In the present paper, the tunnel was modeled by 50 3D beam elements, and each cable was modeled by 5
catenary elements.

The solution of the nonlinear equations of motion (Equation 2) is calculated using the Newmark average
acceleration method for time integration and the modified Newton-Raphson method for the equilibrium
correction at each time step.

Numerical example

An SFT model to be built in Qindao Lake, China is taken as an example in this paper. The input parameters
are based on the environmental conditions of Qindao Lake China and described by (Muhammad et al., 2017)
unless mentioned otherwise. The SFT model used here is made somehow more symmetric, and all cables

have an inclination of 45°. The SFT model used for numerical simulations is shown in Figure 1. The notation
C1, to C6, represent the cable’s numbering from 1 to 6, respectively. The pretensions in the cables are
calculated from the net buoyancy acting on the tunnel and given in (Muhammad, 2018).
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Figure 1: Structural model of SFT used for numerical simulations

RESULTS AND DISCUSSION

Comparison of dynamic responses using 3D truss and 3D catenary

In this section a comparison of the SFT responses and cable top tension is presented using two type of
cable elements: (1) 3D catenary element: this element is based on the procedure described in reference
(Muhammad et al., 2018) . This element incorporate the geometric nonlinear analysis considering only
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self-weight of the cable element. (2) 3D truss element: this element is based on a 3D space truss considering
both elastic and geometric stiffness, and implemented in the geometric nonlinear procedure. The ground
motions are modeled by the procedure outlined in (Muhammad, 2018). Comparison of the SFT displacements
and cable top tensions, using truss and catenary cables at the location B under waves and vertical ground
motions, is shown in Figure 2. The SFT vibrates with large amplitude displacements under these conditions.
The SFT maximum horizontal displacements are 0.021 m and 0.021 m, using truss and catenary,
respectively. Similarly, The SFT maximum vertical displacements are 0.026 m and 0.026 m, using truss and

catenary cables, respectively. The maxim cable top tensions in the cable 3 (C3) are 0.734x10¢ N, and
0.734x108 N, using truss and catenary cables, respectively. Similarly, the maxim cable top tensions in the

cable 4 (C4) are 0.784 x108 N, and 0.784x108 N, using truss and catenary cables, respectively. There is a
relative difference between truss and catenary cables of 0.00 % SFT horizontal displacements, 0.01 % SFT
vertical displacements, 0.02 % cable 3 top tensions, and 0.02 % cable 4 top tensions, respectively. The
difference in the responses using centenary and truss cables is small in the present analysis case, however
catenary cable gives slightly larger responses and this element could be very useful for very deep SFT
problems, having very long cables. Comparison of the SFT maximum positive displacements and bending
moments envelope curves using truss and catenary cables under waves and vertical ground motions, are
shown in Figure 3. The SFT horizontal displacements (qY), the SFT vertical displacements (qz), the SFT

horizontal bending moments (MZ), and the SFT vertical bending moments (My) are very similar, using truss

and catenary cables. The shape of the bending moments give clear understanding of the cable stiffness.
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Figure 2: Comparison of the SFT displacements and cable top tensions, using truss and catenary cables at the

location B under waves and vertical groun
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Figure 3: Comparison of the SFT maximum positive displacements and bending moments envelope curves using
truss and catenary cables under waves and vertical ground motions (H=1 m, T=2.3, (=2.5%)

Effect of wave height and wave period on dynamic response of SFT

The waves are dominant actions in the dynamic analysis of SFT. Therefore, it is important to study the effect
of important waves parameters on the responses of SFT. In this section, the effect of wave height (H) and
wave period (T) on the responses of SFT is evaluated in more details. Effect of wave height (H) on maximum
SFT responses and maximum cable top tensions at location B under waves is shown in Fig. 4. The cable
horizontal displacements (qY) and vertical displacements (qz) increase linearly with increase of wave height.

Similarly, the cable top tension increase with wave height. The wave height greater than 2 m cause the
mooring cables to have slack conditions, and the top tension falls well below the initial pretension (0.5 x 108

N) in the cable. In the present study, the nominal tension of the cables having diameter of 0.06 mis 3.14x108
N. There is no tension that cross the nominal tension level of the used mooring cables.

Effect of wave period (T) on the maximum SFT responses and maximum cable top tensions at location B
under waves is shown in Fig. 5. The SFT horizontal displacements (qY) and vertical displacements (qZ)

increase with T. Similarly, the cable top tension increase slightly with T. The SFT displacements have a kind
of parabolic increment with the wave period. The cable maximum top tension increase with the wave period,
while the minimum tensions decrees with increase of wave period.




J. Appl. Emerg. Sci., 2018, 8(2)

Effect of Cable Stiffness and Waves Parameters on the Dynamic
Responses of Submerged Floating Tunnel

10 10’
»E; 10" = 5 10" =
1 0-2 \ \ \ | 1 0-2 | | | |
1 1.5 2 2.5 3 1 1.5 2 2.5 3
H (m) H (m)
(a) Max SFT horizontal displacements (b) Max SFT vertical displacements

Tension (N

—

H(m) © Hm)

(c) Max/Min cable top tension, T at C3 (d) Max/Min cable top tension, T at C4

Figure 4: Effect of wave height on maximum SFT displacements and maximum/minimum cable top tensions at
location B under waves (T=2.3 s, (=2.5%)

CONCLUSION

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 SFT behavior is evaluated
under hydrodynamic and vertical ground motions. A comparison of SFT responses and cable top tensions
is presented using truss and catenary cables. The following conclusions can be drawn from the numerical
simulations performed:

(1) Wave forces are dominant actions for the analysis of SFT. The wave forces cause extreme tunnel
displacements that can cause the mooring cables to become slack.

(2) The responses of SFT and cable top tensions show very similar trends using truss or catenary cables,
however catenary cable gives slightly larger responses and therefore, could be very useful for very deep
SFT having long cables.
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Figure 5: Effect of wave period on the maximum SFT displacements and maximum/minimum cable top tensions at

location B under waves (H=1 m, {=2.5%)
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