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Abstract:  11 

In this paper, the coupled dynamic motion characteristics of a tunnel element suspended from a platform 12 

have been studied at a 1:50 scaled model by using the weakly compressible Smoothed Particle Hydrodynamic 13 

(WCSPH) method. The corresponding numerical model was validated with the experimental published data of 14 

the motion characteristics of the tunnel suspended from a fixed platform, and the case of a floating structure 15 

with its mooring lines. Multiple linear wave conditions and different sinking depths of the submerged were 16 

involved in the numerical model for tunnel dynamic response and cable behavior investigation. Effects of the 17 

mooring system, the wave parameters, the tunnel sinking depth and its mooring configurations were studied. 18 

The numerical results were arranged to inform about the dynamic characteristics and mooring behavior for 19 

different case studies. The results indicate that the tunnel motions decrease with the increment of the tunnel 20 

sinking depth and decrease with the decreasing mooring angle. The natural periods of the tunnel-platform 21 

system play key roles in the wave condition impacts on the tunnel motions. It was found that the additional 22 

mooring system anchoring the tunnel to seabed played a specific role in reducing the tunnel motions in roll and 23 

sway, the motion amplitude of the tunnel in heave is mainly controlled by the suspension cables, particularly 24 

when subjected to lower sinking depth and longer period waves. 25 

 26 
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 28 

1. Introduction 29 

With the growing economic development, the demands for the maritime transportation are constantly 30 

increasing. Compared with the cross-sea bridges, the main advantage of the submarine tunnel is that vessel 31 

navigation will not be hindered. Meanwhile, the requirements of the highly efficient maritime transportation can 32 

be achieved. Nowadays, the submerged tunnel has been widely applied due to its multiple advantages compared 33 

with the shield tunnel (Glerum, 1955; Janssen, 2006), such as prefabricated tunnel components onshore, a better 34 

quality of construction, lower construction cost, safety construction method, etc. (Fu, 2004; Ingerslev et al., 35 

2012). 36 

Due to the comparatively higher requirements of the design of the submerged tunnel, the severe weather 37 

conditions will remarkably affect the stability and safety of the tunnel during its lowering. Hence, the influence of 38 

the sea environment on the tunnel lowering has become a critical factor for design issue. Aono et al. (2003) 39 

conducted the model test and numerical analysis on the stability of the Naha Submerged Tunnel under wave 40 

impact with a significant wave height of 5.3 m. A rapid emplacement method is proposed to maintain the 41 

stability of the tunnel, which has been successfully applied to the installation work of submerged tunnel. Based 42 

on the physical tests and the numerical simulations, the stability of the submerged tunnel of the Busan–Geoje 43 

Fixed Link has been subjected to detailed studies by Kasper et al. (2008), experiencing the significant wave height 44 
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up to 9.2 m. Nagel et al. (2011) investigated the effects of the swell waves on the tunnel element motions, and 45 

different buoyancy weight of the tunnel has been numerically and experimental tested for study the impacts on 46 

the tunnel dynamic response.  47 

Meanwhile, the coupled dynamic behavior of the tunnel is more vulnerable to being frequently attacked by 48 

waves during its sinking process, which is sensitive to affect the positioning accuracy of the submerged tunnel. 49 

Therefore, it is exigent to investigate the hydrodynamic coupled characteristics of the tunnel and its lowering 50 

system subjected to waves, employing series of the model tests and numerical modellings. Chen et al. (2009a) 51 

carried out the experiment to investigate the motion response of the submerged tunnel element and the wave 52 

loads, in the physical model the mooring system is not considered. Chen et al. (2012) and Peng et al. (2012) 53 

experimentally and numerically investigated the dynamics of the tunnel-pontoon systems during an interruption 54 

in the sinking procedure, based on the Hong Kong-Zhu Hai-Macao Bridge project. Huang et al. (2019) 55 

experimentally analyzed the coupled motion characteristics of the tunnel and the immersion rig with its hoisting 56 

cable under different wave conditions. The results indicate that the coupling between the tunnel and rig was 57 

more vulnerable with longer period waves. 58 

The Smoothed Particle Hydrodynamics (SPH) method has recently attracted wide attention since it was 59 

introduced into the hydrodynamic field by Monaghan (1994). It is well suited for handling fluid-structure 60 

interaction problems due to its complete mesh-free ability. Bouscasse et al. (2013) presented a weakly 61 

compressible SPH (WCSPH) solver for applications involving the nonlinear wave-structure interaction, based on a 62 

complete algorithm of computing the fully coupled viscous Fluid–Solid interactions. Ren et al. (2015) investigated 63 

the nonlinear interactions between the waves and the floating body, using the WCSPH method with an improved 64 

algorithm based on the dynamic boundary particles, which is proposed to deal with the moving boundary of the 65 

floating body and has been verified with the experiments. Bayareh et al. (2019) investigated the two-dimensional 66 

channel flow in the presence of a square solid object and lid-driven square cavity flow for both Newtonian and 67 

non-Newtonian fluids by using explicit incompressible SPH algorithm, it indicates that this method has a high 68 

ability to predict the behavior of non-Newtonian power law fluids. As evidenced by the above analysis, it is 69 

appropriate to apply SPH method to investigate the coupled interactions between the submerged tunnel and the 70 

complicated support system for lowering process.  There is currently a lack of specific study on the lowering 71 

characteristics of the tunnel suspended from a fixed platform, for example, combined suspension cable and 72 

mooring behavior under resonant wave conditions and optimization of the cable and mooring configuration etc., 73 

solving the problem of the submerged tunnel is firstly investigated by using SPH method as well.  74 

The present study aims to fill two major research gaps. The influence of the suspension cables as well as the 75 

mooring system on the dynamic response of the submerged tunnel element is firstly investigated under different 76 

immersion depths during tunnel immersion. Multiple wave condition effects and mooring configurations were 77 

applied. Hence, a numerical model of the submerged tunnel element suspended from a fixed platform subjected 78 

to waves was developed by using SPH method, to investigate the tunnel hydrodynamics and the coupled tension 79 

behavior of combined lowering support system. The paper is organized as follows. After the introduction, Section 80 

2 introduced the methodology including the governing equations of WCSPH model and the coupled equations 81 

for solving the motion response of the submerged tunnel element. Then, the validations of the numerical 82 

modelling were carried out in Section 3, including the validation of the numerical wave flume, the mooring 83 

tensions of the floating structure and the motion response of the hoisting tunnel element, respectively. In 84 

Section 4, the validated numerical model is applied to investigate the effects of various wave climate, sinking 85 

depth of the tunnel and different mooring configurations on the dynamic behavior of both the tunnel motions 86 

and the combined hoisting-mooring system. The main conclusions and the perspectives in the future research 87 

are drawn in Section 5. 88 
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 89 

2. Methodology 90 

Due to the advantage of meshfree particle resolution on solving the fluid-solid coupling problem, Smoothed 91 

Particle Hydrodynamics (SPH) method is used in this paper to simulate the dynamic response of the submerged 92 

tunnel element suspended from a platform. The motion response of the tunnel, the suspension cable tension 93 

and the mooring loads of the complicated couple system are calculated by using the proposed numerical model. 94 

The details of the governing equations, the motion equations, the fluid and cable force and the summary of the 95 

numerical set-up are presented in this section. 96 

2.1 Governing equations of SPH 97 

Kernel approximation and particle approximation are basically involved in obtaining the SPH formulation 98 

(Liu et al., 2010). Kernel approximation function and its derivative are represented in Eq.(1) and Eq.(2) 99 

respectively. Then, a finite number of the particles set in the computational domain, Eq.(3) and Eq.(4) represent 100 

the particle approximation and its derivative, respectively.   101 
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In the above equations (3-4), subscripts i and j donate the target particle and the neighboring particle within 106 

the support of i. N is the total number of the neighboring particles, h represents the smoothing length. m and ρ 107 

represent the particle mass and density, respectively. x is the position vector, Wij is the kernel function that 108 

replaces the Dirac delta function. In this paper, a quintic kernel suggested by Wendland (1995) is used: 109 
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The flow fluid is governed by the Navier-Stokes equations (Eq.(6) and Eq.(7)), substituting the SPH particle 111 

approximations and its derivative (Eq.(3) and Eq.(4)) to the N-S equations, then the equations can be rewritten as 112 

Eq.(8) and Eq.(9). 113 
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where ρ is the density of the fluid, u is the velocity vector, p is the pressure, and g stands for the gravitational 118 

acceleration.  119 

Furthermore, Г is the dissipation term, the artificial viscosity proposed by Monaghan (1985) is used to 120 

eliminate the unphysical oscillations. The viscosity of the real fluid is neglected and an artificial viscosity term Пij 121 

is added in the Eq.(10), to produce a shear and bulk viscosity (Monaghan, 1992). Пij is given by 122 
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where uij and rij are the relative velocity vector and relative space vector, respectively. uij = ui-uj and rij = ri-rj. In 124 

addition,cij andρij denote the average speed of sound and the average density, which are given bycij = (ci + cj) / 125 

2 , ρij = (ρi + ρj) / 2 , and μij= huij ∙ rij / (rij
2 + 0.01h2). 126 

The fluid is assumed as the weakly compressible flow, the pressure is determined by solving the status 127 

equation. In this modelling, the equation of state (Eq.(11)) proposed by Monaghan and Kos (1999) is used. 128 
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where c0 is the speed of sound at the reference density (c0
2 = 200gd), which is derived from the numerical speed 130 

of sound in a fluid medium by using SPH method, initially proposed by Monaghan and Kos (1999). d is the water 131 

depth, ρ0 denotes the reference density, the value of ρ0 is 1000 kg/m3, and γ = 7. 132 

The particles are set as the initial density of 10³ kg/m. In gravity flows, it needs to correct the hydrostatic 133 

pressure for adjustment after the pressure obtained from the equation of state. For example, when the gravity 134 

acts in the negative z direction, the density is given by 135 
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where B= c0
2ρ0/γ, z is the vertical coordinate of the particle, and z = 0 is located at the bottom of the flume. 137 

In order to smooth the high frequency fluctuations of the particle in the density and pressure field, a 138 

Shepard filter [33] is used to renormalize the density field in every 20 time-steps: 139 
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To reduce the randomness of the particles, the XSPH proposed by Monaghan (1989) is used to calculate the 141 

position of the particles: 142 
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where ε is a constant value between 0 and 1, and ε is taken as 0.3 in this model.  144 

In this paper, based on the Dynamic Boundary Conditions (DBC) proposed by Dalrymple and Knio (2001) and 145 

later explicated by Crespo et al. (2007), the Dynamic Boundary Particles (DBPs) are implemented with specific 146 

treatment by Ren et al. (2015) is used: 147 
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where ρi and ρi’ are the density of DBPs and its modification, respectively. χ is a weighted coefficient between 0 149 

and 0.5, which is chosen as 0.2. j is the fluid particles in the kernel support, and N is the total number of the 150 

particles. ∂ρj/∂r (ri-rj) is a correction term. 151 

According to the reference by Antuono et al. (2015), Δta and Δtc are calculated based on the particle 152 

acceleration and the viscosity conditions, respectively. Meanwhile, the time step Δt is chosen as the minimum 153 

value (Δt=min (Δta, Δtc)) as follows 154 
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in which ||ai|| is the particle acceleration, the value of CFL in the Predictor-Corrector scheme is normally chosen 157 

within the range [0.1, 0.3] (Green, 2016), and taken as 0.2 in the present work. πij (Antuono et al., 2012) is 158 

calculated by 159 

 ( ) ( )
2

i

ij

i


−  −

=
−

j i j

j

u u r r

r r

 (18) 160 

2.2 Motion equations of submerged tunnel 161 

The force analysis diagram of the submerged tunnel element with its lowering system in water wave is 162 

shown in Fig. 1. The tunnel element is suspended from a fixed platform, the upper of the tunnel is jointed and 163 

supported by the suspension cable lines. The tunnel element is tensioned with its mooring system and anchored 164 

to the seabed.  165 

 166 

 167 

Fig. 1. Diagram of the force analysis for submerged tunnel element 168 

 169 

The motion of the submerged tunnel element follows Newton’s second law, and the centroid motion and 170 

rotation of the tunnel are given by 171 
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where M is the mass of the tunnel, I is the inertia moment of the tunnel, v and ω are the centroid linear velocity 173 

and the centroid angular velocity, respectively. Ff, Fm and Fc are the fluid loads, the mooring force and the cable 174 

tension acting on the submerged tunnel. Tc, Tm and Tf are the corresponding moments of Fc, Fm and Ff. 175 

A series of solid boundary particles are set on the boundary of the tunnel, the velocity of the boundary 176 

particle is given by 177 
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where subscript i denotes the solid boundary particle; ri and ro are the position of the solid boundary particle and 179 

the mass center of the tunnel, respectively. 180 

The fluid force fi acting on the DBP from the neighboring fluid particles is calculated as following: 181 
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By summing up fi on all DBPs, the global fluid force Ff and the moment Tf acting on a module can be 183 

calculated by 184 

 
i
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In this paper, the tunnel element is assumed to be continuously lowered by the type of mooring system with 188 

a tensioning wheel. Thus, for different immersion depth of the tunnel, the mooring lines are set to be tensioning 189 

in the numerical model. Then, the mooring lines as well as the suspension cables are simulated as a tensible line 190 

with a lightweight spring, such cable lines can only bear tensile forces and according to Hooke’s law the mooring 191 

force can be calculated as 192 
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For the above equations, the subscript symbol m and c represent the components of the mooring line and the 197 

cable line, respectively. For example, lc is the suspension cable line length and lm is the mooring line length. lc0 198 

and lm0 represent the initial length of the suspension cable and mooring line, respectively. km is the mooring 199 

stiffness and kc is the hoisting stiffness of the cable.  200 

2.3 Numerical flume and model setup 201 

To reduce the influence of the secondary reflection of the waves in the numerical flume testing area, the 202 

active-absorbing wave generation technique proposed by Hirakuchi et al.(1990) was applied. The motion of the 203 

wavemaker in the numerical flume is calculated by 204 
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where Xm is the displacement of the wavemaker, ω=2π/T is represented as the angular frequency of the wave, ηp 206 

and ηm are the target and measured surface elevations at the wave paddle, respectively. T0 is the transfer 207 

function of the evanescent mode 208 
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where k is denoted as the wave number, and the parameter D is calculated by 210 
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in which kn is an imaginary wave number, which can be calculated by the dispersion relation as follows 212 

 2 tanhn nk g k d = −  (31) 213 

A sponge layer is arranged at the end of the flume to absorb the wave reflection, by adding a damping term 214 

to the fluid momentum equation to reduce the speed of the water particle movements. An artificial damping 215 

term μ(x)·ui is added to the momentum equation (Eq.(9)), where μ(x) is calculated by 216 

  ( ) 0

0 0 s

s

x x
x x x x l
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−
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 (32) 217 

in which α is the sponge layer coefficient that is chosen in reference (Carmigniani et al., 2018); x0 and ls are the 218 

initial position and the length of the sponge layer, respectively. 219 

        Fig. 2 shows the numerical flume and the tunnel element model suspended from the platform located in the 220 
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testing area in the central of the flume. A Froude model scale of 1:50 was chosen for numerical simulation is 221 

consistent with the experimental results that of the tunnel lowering from a floating twin-barge (Yang, 2017), to 222 

investigate the characteristics between different lowering methods. The numerical flume setup and the testing 223 

wave conditions are introduced in Table 1. The main properties of the tunnel-platform system are simulated 224 

according to the prototype values as summarized in Table 2, and the local coordinate origins of the tunnel 225 

element were on the centroid of the tunnel. 226 

 227 

 228 

Fig. 2.  Numerical wave flume based on SPH 229 

Table 1  230 

Properties of numerical wave flume and testing wave conditions. 231 

Flume 

length (m) 

Flume 

width (m) 

Flume 

height (m) 

Wavemaker 

position (m) 

Water depth 

(m) 

Sinking depth of 

tunnel (m) 

Testing wave 

periods (s) 

Testing wave 

height (m) 

9.21 1.0 0.9 0.5 0.8 0.3-0.5 0.95-1.4 0.03-0.05 

 232 

In the numerical model, the suspension cables and mooring lines are symmetrically arranged, they are 233 

located on the onshore side and offshore side of the tunnel element. The arrangement of the mooring system is 234 

parallel-shape in x-y plane, and the angle between the wave direction and the mooring lines is 45°, as is shown in 235 

Fig.2. The suspension cables are calculated as the springs with stiffness and the wire ropes with negligible weight 236 

which is represented at small-scale, the stiffness and weight properties which are Froude scaled from the full-237 

scale hoisting cables, the simplified properties of the suspension cable and mooring system for the tunnel-238 

platform in the numerical model are shown in Table 2. For simplification, it is assumed that the cable tension is 239 

equal at any position when it is in tension, while the cable force acting on the tunnel and platform is equal to 240 

zero when it is slack. Hence, the suspension cable and mooring system maybe commutatively support the tunnel 241 

in every time step during its immersion stage.  242 

Table 2  243 

Main model properties of tunnel-platform system. 244 

Component Parameter (unit) Model scale   Prototype 

Tunnel element 

Length (m) 1 50 

Width (m) 0.3 15 

Height (m) 0.2 10 

Weight in water (N) 600.25 0.375×108 

Center of buoyancy (m) a 0.099 4.93 

Cable-mooring system 

Cable stiffness kc (N/m) 1.4×103, 5.8×103 1.75×108, 7.25×108 

Cable length (m) 0.34, 0.44, 0.54 17, 22, 27 

Mooring stiffness km (N/m) 3.4×103, 7.4×103 4.25×108, 9.25×108 
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Mooring length(m) 0.69, 0.52, 0.34 34.5, 26, 17 

mooring angle θ (°) 75, 60, 45, 30 75, 60, 45, 30 

a COB measured from the bottom of the twin-barge/tunnel element. 245 

 246 

3. Modelling validations 247 

In this section, a series of the validation cases are carried out to validate the numerical model by comparing 248 

the computational and the experimental results. Modelling convergence is also tested to determine an optimal 249 

spatial resolution.  250 

3.1 Numerical flume verification 251 

Firstly, the wave generation performance of the numerical flume is given to compare the computed time 252 

histories of the wave elevations with different initial interparticle distance dp to create the fluid and boundary 253 

particles in SPH. The generated wave height should be accurately calculated by the appropriate initial 254 

interparticle distance according to the study of Altomare et al. (2017). Hence, four spatial resolutions of H/dp=0.5, 255 

1.0, 3.0 and 6.0 are chosen to examine the numerical convergence of the SPH model for validation. For example, 256 

when the wave height is of H=0.03 m, the corresponding dp are 0.06m, 0.03m,0.01m and 0.005m, allowing a 257 

total number of particles generated with these different resolutions of 1741, 5968, 48329 and 187004. 258 

Fig. 3 provides a comparison between numerical and theoretical results of the generated wave elevation 259 

history at two measured wave gauges 1# and 2#, which were arranged at 0.5m and 1.0m in front of the tunnel 260 

element, respectively. Based on the active-absorbing wavemaker and sponge layer technique using WCSPH, 261 

numerical values are obtained for four different resolutions (dp =0.06m, dp =0.03m, dp =0.01m and dp =0.005m), 262 

good agreement can be seen with the theoretical value of the generated wave height (H=0.03 m).  The computed 263 

results show that the computational results of the wave elevation with four different spatial resolutions are close 264 

to each other, and the difference between the finer computations is lower, compared with the difference 265 

between the coarser ones. Accordingly, considering the calculation accuracy and calculation efficiency, the most 266 

refined computation has been found throughout the comparisons (dp =0.01m). Meanwhile, the convergence of 267 

the established numerical mode is validated.  268 

 269 

(a)  270 



9 

 

   271 

(b)    272 

Fig. 3. Comparison of the computed time histories of the wave elevations at (a) 1# and (b) 2# wave gauges  273 

3.2 Verification of floating body with mooring line 274 

To verify the mooring characteristics of the floating body, a validation test is carried out to compare with 275 

Peng et al. (2013) that studied the interaction between a submerged floating body and its mooring lines by 276 

conducting the physical experiments. In this experiment, the wave tank was 30m in long, 0.7m in width and 0.9m 277 

in depth, a piston-type wavemaker and a rubble mound were used to generate waves and absorb waves, 278 

respectively. The moored submerged pontoon was 0.40 m long, 0.15 m high and 0.68 m wide. The mass and 279 

moment of the inertia for the pontoon are 28.6 kg and 0.435 kg·m2, respectively. The anchor angle of the 280 

mooring system is of 60°. According to this, a corresponding SPH model is established, and the testing conditions 281 

are set as the same as the experiment, as is shown in Fig. 4. Regular wave with the wave height of 0.046m and 282 

wave period of 1.0 s is simulated in the numerical model. For simplification, the taut stainless chains in the 283 

physical tests were simulated as a light spring with the mooring stiffness of km =106 N/m in the modelling. A wave 284 

gauge set at the seaward side of the floating buoy was selected to record the measured wave surface in the 285 

numerical model, as is seen in Fig. 4. 286 

 287 

 288 

Fig. 4.  Sketch of the moored pontoon model for validation of mooring characteristics 289 

 290 

Fig.5 compares the wave surface elevations at the position of the wave gauge(#W1) which located at 1.2m 291 

from the wave generator, for numerical and experimental results.  The simulated numerical wave surface is in 292 

good agreement with the published experimental data, and the numerical generated wave height matches well 293 

with the setting wave height property. Besides, the modeled motion responses of the pontoon buoy compared 294 

with the experimental results are provides in Fig. 6. Comparatively the modeled and experimental results of the 295 

pontoon’s motions in sway, heave and roll directions agree very well, with the SPH model able to replicate the 296 

measured motion amplitude of the floating body with mooring system, albeit with a slightly difference of the 297 

dynamic response of the moored pontoon in heave, which may be caused by the simplification of the taut chain 298 

model in the simulation. 299 



10 

 

 300 

Fig. 5.  Comparison of the experimental and modeled wave surface elevation 301 

Furthermore, Fig.7 provides the comparison of the pontoon mooring loads between the numerical and 302 

experimental results. It can be observed that the two curves match well with each other, only a slightly 303 

underestimation of the maximum mooring amplitude occurred at one of the dual peaks of the mooring tensions. 304 

Likewise, the convergent mooring loads are in good agreement with the experimental data, which demonstrates 305 

that the developed numerical model successfully implement the simulation of the mooring system for a floating 306 

body. 307 

 308 

 309 

 310 

Fig. 6.  Comparison of the experimental and modeled motion response of the pontoon buoy 311 
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 312 

 313 

Fig. 7.  Comparison of the experimental and modeled mooring loads of the floating body 314 

 315 

3.3 Verification of immersing tunnel element with cable line 316 

The process of the sinking of the tunnel element is critical and with highly safety requirements supported by 317 

the suspension cables. The accuracy of the modelling for the hoisting cable tension and the corresponding tunnel 318 

dynamics are very important in the modelling approach. Hence, in this section, the proposed submerged tunnel 319 

element lowering by suspension cable system is modelled and validated with the experimental results from Chen 320 

et al. (2009a). The experimental set-up of the carried out physical tank tests is shown in Fig.8, for the top view 321 

and the front view.  The wave tank is 50 m in long, 3.0 m in width and 1.0 m in depth. The gravity and the 322 

negative buoyancy of the tunnel element are 1208.34N and 32.34N for a completely submerged state, 323 

respectively.   324 

 325 

 326 
Fig. 8. Sketch of the experimental set-up for validation case 327 

 328 

Fig.9 compares the modelled hoisting cable tensions of the tunnel element and the relative measured 329 

results obtained in the experiment, for case condition of H=0.03m and T=1.1s with the immersion depth of 330 

d=0.5m. Weightiness wire rope and light spring with stiffness are used for simulation in both the physical tank 331 

test and numerical model. From the validation results, the computed time history of the hoisting cable tensions 332 
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matches well with the recorded data in the measurement. A slightly phase difference between the numerical and 333 

experimental cable tensions of the tunnel can be observed, which may be caused by the reflection effects acting 334 

on the tunnel in the physical tank tests. Therefore, the obtained good agreement between the modelling and 335 

experimental results on the dynamic motions, suspension cable force and mooring loads of the tunnel element 336 

proves the correctness and rationality of the developed SPH model, for simulating the tunnel-platform system 337 

proposed in this paper. 338 

 339 

 340 

 341 

Fig. 9.  Comparison of the experimental and modelled hoisting cable tensions of the tunnel-platform system 342 

 343 

4. Results and discussion 344 

In this section, the motion response of the tunnel element, the cable force and the mooring line tensions 345 

are analyzed. First, the three degrees of freedom of the tunnel motions are compared to the tunnel with and 346 

without mooring system. Then, the effects of the wave condition and the immersion depth of the tunnel on the 347 

motions and the mooring tensions are further analyzed and discussed. Finally, special attention is paid to the 348 

effect of mooring arrangement on the system dynamics and its mooring behavior. The results are discussed in 349 

detail below. 350 

4.1 Effect of mooring system on the tunnel motions  351 

Based on the regular wave tests in the modeling, the tunnel motion and the cable force of the coupled 352 

system are simulated to investigate the dynamic behavior of submerged affected by the mooring system. The 353 

sketch of the tunnel model suspended from a fixed platform is shown in Fig. 10 with two mooring conditions: a) 354 

without mooring lines; b) with mooring lines. For a better understanding of the dynamic behavior of the tunnel 355 

influenced by the mooring system, the normal positive incident wave is generated in the numerical model to 356 

observe the tunnel motions and its mooring tensions. The wave angle and the mooring angle with z-axis are fixed 357 

as α=90° and θ=30°, respectively, in this section.  358 
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  359 

                                                                            (a)                                                       (b) 360 

Fig. 10.  Model sketch of the tunnel element suspended from a fixed platform: (a) with mooring lines; (b) without 361 

mooring lines 362 

Figs. 11-12 shows the numerical results of the motion response of the tunnel element and the 363 

corresponding suspension cable tensions within the selected test duration of approximately 10 regular waves. To 364 

evaluate the dynamic characteristics of the suspended tunnel and its mooring effects due to the resonance mode, 365 

the wave parameters are chosen to have the wave height of H=0.03m and the wave period close to the natural 366 

period of the tunnel-platform system of T=1.1s (without mooring), the immersion depth in this section is set as 367 

d=0.3m. The time history of the motion response of the tunnel element suspended from fixed platform is shown 368 

in Fig. 11. From the Figure, for the roll mode, it can be clearly seen that the motion amplitude of the tunnel 369 

element with mooring lines is obviously smaller than that of the tunnel without mooring lines. That is to say, 370 

after combining the mooring system, the tunnel roll motions are obviously constrained and sensitively affected 371 

by the mooring lines anchored at the seabed. However, the heave motion amplitude of the tunnel element 372 

performs an increasing trend after mooring. To explain this phenomenon, the synchronous suspension cable 373 

(hang the tunnel for sinking) tensions of the tunnel element are shown in Fig.12. It can be found that after 374 

combining the mooring system the suspension cable tensions getting increased at both the onshore and the 375 

offshore sides, this increasing cable tensions directly increases the inertia force acting on the tunnel, thus it 376 

motivates the motion response of the tunnel in heave mode. This phenomenon has also been observed in Ref 377 

Chen et al. (2009a) and the similar sinking case for tunnel-barge systems (Yang, 2017). 378 

 379 

(a)                             (b)                           (c) 380 

Fig. 11.  Time history of the tunnel motions with and without mooring system (kc=1.4x103 N/m) 381 
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    382 

Fig. 12.  Suspension cable tension of the tunnel with and without mooring lines (kc=1.4x103 N/m) 383 

 384 

Furthermore, the larger heave motion of the tunnel element would directly influence the safety sinking 385 

which is mainly controlled by the suspension cables. Thus, to reduce the tunnel motion response in heave, the 386 

larger stiffness of the suspension cables with kc=5.8x103 N/m is chosen for comparison. The results of the tunnel 387 

motions and the suspension cable tensions with and without mooring liens are given in Fig. 13 and Fig. 14, 388 

respectively. In this case study, with the larger suspension cable stiffness (kc=5.8x103 N/m), the mooring system 389 

could no longer motivate the inertia force of the tunnel, but only reduce the dynamic response of the tunnel 390 

itself in heave (Fig. 13 b). In Fig.14, for this case, the suspension cable tensions are apparently getting larger after 391 

combining the mooring system, and there is an obvious phase difference occurred between the two conditions 392 

(with and without mooring lines), compared with the case of kc=1.4x103 N/m. The difference of the motion 393 

amplitudes between the two mooring conditions in the sway and roll modes is relatively small (Fig.13a and 13c). 394 

Based on the above analysis, to some extent, the suspension cables play a dominant role on controlling the 395 

tunnel heave motions, while the appropriate mooring configurations could help to restrict the tunnel motions for 396 

roll.  397 

 398 

(a)                             (b)                           (c) 399 

Fig. 13.  Time history of the tunnel motions with and without mooring system (kc=5.8x103 N/m) 400 

   401 

Fig. 14.  Suspension cable tension of the tunnel with and without mooring lines (kc=5.8x103 N/m) 402 
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 403 

4.2 Effect of wave parameters  404 

The maximum and minimum motion amplitudes of the moored tunnel suspended from the platform are 405 

plotted in Fig. 15(a-c) under beam sea conditions T=1.1s and fixed immersion depth d=0.3m. Three different 406 

wave heights of H=0.03m, 0.04m and 0.05m are considered in the numerical model. In Fig.15(a-c), it can be 407 

clearly seen that the maximum tunnel motion amplitude increases approximately linearly with the increasing 408 

wave height, especially for heave mode (see Fig.15b). This is due to the tunnel experienced more severe dynamic 409 

response with the increment of the wave height, and thus leads to the stronger wave loads acting on the tunnel 410 

element. For heave, the downward motion amplitude is larger than the upward motion of the tunnel.  411 

The motion amplitudes of the tunnel element against different wave periods are plotted in Fig.15(d-f). To be 412 

conservative, wave periods from 0.95s to 1.4s were chosen, to cover a range of the resonance conditions for this 413 

proposed model. For sway, the results clearly show an increasing trend of the tunnel motions with increasing 414 

wave period, for each different wave height conditions (see Fig.15d). For heave, the maximum motion amplitude 415 

of the tunnel increased with the increasing wave period until reach a local maximum at T=1.25s, and then 416 

decreased. However, for the roll motions, based on the increasing trend with the wave height and wave period, 417 

the local peak(T=1.15s) and the trough(T=1.25s) of the tunnel motions can be concurrently observed, which 418 

indicates that multiple resonant mode would be happened during the sinking in roll.  419 

Combining the effects of wave height and wave period, Fig.15 (g-i) present the percentage difference of the 420 

tunnel motion response against the wave condition of H=0.03-0.05m and T=0.95s-1.4s with the immersion depth 421 

of 0.3m. Whereby the percentage difference ƞ is obtained as follows 422 

 ( )( )2 1 2/ 100% h h h   = −   (33) 423 

From Fig.15(g-i), it is clearly shown that the maximum motion percentage difference between the wave 424 

height of 0.05m and 0.03m is larger than the other one, for sway, heave and roll modes. Compared with the roll 425 

mode, the percentage difference between the wave height of 0.05m and 0.03m is relatively larger, nearly reach 426 

two times of the percentage for comparison between H=0.03m and H=0.04m. Furthermore, the maximum 427 

motion percentage difference increased nonlinearly with the increment of the wave heights, especially for the 428 

longer waves, i.e. T>1.15s. This is probably because of the resonance mode occurs at this range of wave period, 429 

which made the effect of wave height significantly during its sinking process under such combined wave 430 

conditions.  431 

          a                                                                d                                                               g 432 

 433 
            b                                                             e                                                                h 434 
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 435 
         c                                                              f                                                                   i 436 

 437 
Fig. 15. Motion response amplitude of the tunnel element for different wave heights 438 

 439 

The comparison of the mooring tension of the tunnel between three different wave heights (H=0.03m, 440 

0.04m and 0.05m) with wave period of T=1.1s are shown in Fig.16. The results show that the suspension cable 441 

tensions increase with the increasing wave heights, the offshore side cable tensions perform an approximately 442 

linear relationships with the increment wave height, whist the onshore side cable tension increases more 443 

nonlinearly because of the complicated fluid-structure interactions occurring at the wave-facing zone of the 444 

coupled tunnel-platform system. This phenomenon can be also observed in the mooring line tensions of the 445 

tunnel that is drawn in Fig.17. Besides, it can be observed that the onshore tensions of the suspension cable are 446 

larger than that of the offshore suspension cable for each wave height case, which are also obtained in the 447 

numerical results for different wave period conditions, as is shown in Fig.18(a). In Fig. 18(a) and (b), for both the 448 

onshore(offshore) suspension cable and mooring tensions, the cable/mooring tensions increase with the 449 

increasing wave period until reach a local maximum at T=1.25s, and then decrease. This local peak period is 450 

related to its natural period of the system, which caused by the stiffness of the suspension cable and mooring 451 

lines set in these model cases. Different with the suspension cable, the mooring tension at the offshore side 452 

performs an increasing trend after the local peak resonant wave period, which may be due to the constrained 453 

motions controlled by the cable force resistance mechanism, for larger dynamic motion modes of the tunnel.  454 

   455 

Fig. 16. Suspension cable tensions of the tunnel-platform system for different wave heights 456 
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      457 

Fig. 17. Mooring tensions of the tunnel-platform system for different wave heights  458 

 459 

    460 

(a)                                          (b) 461 

Fig. 18. Comparison of the suspension and mooring tensions of the tunnel-platform system with different wave 462 

periods 463 

 464 

4.3 Effect of sinking depth of the tunnel  465 

In this section the motion response and the cable tensions of the moored tunnel with different sinking 466 

depth are investigated. Three different sinking depth of the tunnel element suspended from the platform are 467 

considered, they are d=0.3m, 0.4m and 0.5m. The corresponding ratios of the sinking depth and the water depth 468 

are 0.375, 0.5, and 0.625. The wave periods of T=0.95-1.4s are chosen to evaluate the effects of the sinking 469 

depth of the tunnel. Figs. 19a-f show the motion amplitudes of the tunnel element as well as the percentage 470 

difference for a range of wave periods and for different sinking depths with wave height of H=0.03m. The 471 

percentage difference ƞ is calculated using equation(33), where the sinking depth d=0.3m is used as reference 472 

case. The tunnel motion amplitudes are simulated for sway mode (19a), heave mode(19b) and roll mode(19c). 473 

The corresponding presentations of percentage differences are given in Figs. 19d-f, respectively. It can be seen 474 

from Fig.19 that the motion amplitudes of the moored tunnel increase with a decrease of the sinking depth of 475 

the tunnel, allowing nearly linear growth with the decreasing sinking depth in heave. In Figs. 19d-f, the maximum 476 

and minimum of the percentage difference for the sway motion ƞ_sway between d = 0.4m and 0.3m is 23.5% 477 

and 38.1%, respectively. Whilst the ƞ_sway between d = 0.5m and 0.3m is of the order of 51.9% and 91.6%. The 478 

heave mode is increasing for larger wave periods. The negative percentage difference ƞ presents a decrease in 479 

the motion response of the tunnel. The percentage difference ƞ_heave are at the order of -69.1% to -47.5% (d 480 

= 0.4m vs 0.3m) and -46.5% to -20.3% (d = 0.5m vs 0.3m), respectively. As for the roll mode, for the local peak 481 

period corresponding to the maximum percentage difference occurs at the wave period of T=1.2s. The 482 
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percentage difference for roll between d=0.4m and 0.3m is at a smaller magnitude compared to the sway and 483 

heave mode (ƞ_roll = -16.7% to -5.1% (d =0.5 vs 0.3m)), whilst another case in the roll mode is of ƞ_roll = -484 

45.1% to -10.5% (d = 0.4m vs 0.3m). 485 

Furthermore, the force behavior of the suspension cables and the mooring system of the coupled platform-486 

tunnel are discussed under different sinking depth of the tunnel. In Fig.20, the suspension cable tension and the 487 

mooring line tension of the tunnel decrease with the increase of the sinking depth, for both the onshore side and 488 

the offshore side cables. From Fig.20(a), it can be observed that the onshore suspension cable tensions are 489 

slightly larger than that of the offshore side one, with each different wave period condition. While, for the 490 

mooring system, the line tension variates little between the onshore and offshore cables, experiencing almost 491 

the same dynamic process under the combined wave period and sinking depth impacts, as can be seen in 492 

Fig.20(b). 493 

 494 

                                a                                                                           d 495 

  496 

497 
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                                b                                                                           e 498 

  499 

                                c                                                                           f 500 

  501 

Fig. 19 a-f. The maximum motion amplitudes of the moored tunnel with different sinking depths and H = 0.03m: 502 

a) sway motion, b) heave motion, c) roll motion, d) – f) corresponding percentage difference ƞ_sway, ƞ_heave, 503 

ƞ_roll 504 

 505 

 506 

(a)                                                                              (b) 507 

Fig. 20. The maximum suspension cable force and mooring tensions of the tunnel for different sinking depths 508 

 509 

4.4 Effect of mooring configurations 510 

In order to investigate the mooring behavior effects on reducing the dynamic response of the tunnel 511 

element suspended from a fixed platform, the mooring configurations such as the mooring angle and the 512 
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mooring stiffness of the chain are involved in this model study to better understand the restricted behavior of 513 

the mooring system. The schematic of the mooring arrangement of the tunnel element was set and represented 514 

in Fig. 21(a-d). Due to the different arrangement of the mooring lines (the mooring angle variated in x-z 515 

coordinate plane), the tunnel element was anchored by the mooring lines which were set along the y-axis. As is 516 

shown in the Fig.21, four mooring angles of the tunnel element are considered in the modelling, the incident 517 

wave angle is fixed as α=90° with z-axis as the numerical set-up above.  518 

Firstly, the mooring behavior of the tunnel element with the four mooring arrangement is simulated. 519 

Figs.21(e-h) show the dynamic history of the mooring tensions for the onshore and offshore side cables. The 520 

mooring angle θ here is defined as the acute angle between each mooring line and z-axis. It can be found that 521 

the phase difference between the onshore and offshore mooring tensions decreases with the decreasing 522 

mooring angle (the mooring angle is defined with x-axis). For the mooring angle greater than or equal to 45°, the 523 

offshore mooring tension is lower than that of the onshore side one. For θ ≥45°, the percentage difference of the 524 

mooring tension amplitude increases with the increasing mooring angle.  While for θ=30°, the mooring tensions 525 

at the onshore and offshore sides are close to each other. Among the four mooring arrangements of the tunnel, 526 

the maximum tension of the mooring line occurs at the condition of θ=60°, whilst the smallest mooring tension 527 

occurs at θ=75°. And the mooring tensions between the mooring angle of θ=30° and θ=45° are less 528 

differentiating at some level. Correspondingly, in the coupled system, the force of the suspension cables induced 529 

by the tunnel response and mooring loads are also investigated, the relevant results for the same condition 530 

above are shown in Figs.21(i-l). It shows that the suspension cable and the mooring lines are almost in the anti-531 

phase, especially for the smaller mooring angle cases. For heave, the suspension cable force is larger than the 532 

 533 
Fig. 21.  Dynamic behavior of the mooring and suspension cables with four different mooring arrangement: a-d) tunnel mooring 534 

arrangement types; e-h) time history of the mooring tensions; i-l) time history of the suspension cable tensions 535 
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mooring tension component of the tunnel in z direction, at the cases for larger mooring angles (θ=75° and θ=60°). 536 

It illustrates that the mooring angle can affect both the mooring line tension and the suspension cable force, the 537 

cable loads perform an increasing trend with the decrease of the mooring angle of the tunnel element. 538 

Then, the amplitude response of the tunnel with the above four mooring arrangements against three typical 539 

wave periods (T=0.95s, 1.1s and 1.2s) are obtained and shown in Fig.22. Here, two different mooring stiffness 540 

with km=3.4×103N/m and km=7.4×103N/m are both considered, to evaluate the restraint behavior of the mooring 541 

system on the tunnel motions in sway, heave and roll modes. Fig.23 and Fig.24 show the scalar filed of the 542 

pressure and the velocity around the tunnel, with the selected cases of θ=75° and θ=30° (for two mentioned 543 

mooring stiffness) during two wave period. This series of the motion amplitudes of the tunnel element were 544 

simulated with a range of tests under regular waves. In the sway and roll modes, it can be seen from Figs.22(a) 545 

and (c) that the motion response of the tunnel element increases with the increasing mooring angle in this range 546 

of the numerical tests, whilst for heave the tunnel motion performs an inversely trend that it increases with the 547 

decreasing mooring angle (see Fig.22(b)). Comparing the flow pressure with the flow velocity simulated at the 548 

same period, it can be seen that the pressure in the flow field around the tunnel variated stronger for the larger 549 

mooring angle case of θ=75°, generating more local contaminating field of velocity at the tunnel edge corners, as 550 

can be seen in Fig.23 and Fig.24, respectively. That is to say, for this proposed specific tunnel-platform system, 551 

the smaller mooring angle could reduce the dynamic response of the tunnel in sway and roll modes, but would 552 

help to increase the inertia force of the tunnel under such combined suspension-mooring controlled system.  553 

The effect of the stiffness of the mooring lines is also conducted to further investigate the motion restricting 554 

mode. The numerical results show that the tunnel motion response reduced by the larger mooring stiffness, in 555 

sway and roll directions for all mooring line angles 30-75°.  While for heave the mooring stiffness effect on the 556 

motion response of the tunnel is little, only show a slightly decreasing trend with larger mooring stiffness at 557 

cases of θ = 30-60°, for wave period of 0.95s and 1.1s. As can be observed in Fig.23 and Fig.24, for larger mooring 558 

stiffness of km=7.4×103N/m at the condition of smaller mooring angle, there is almost no vortex shedding and the 559 

pressure field is uniformed which could be owing to the well restricted performance of the suspension-mooring 560 

system for certain incident waves. Generally, for the coupled mode of the suspension-mooring system of the 561 

tunnel, the mooring system plays a role on reducing the tunnel roll motion and the sway low-frequency motion, 562 

the larger mooring stiffness with the smaller mooring angle (with z-axis) is more reliable and could help to 563 

improve the motion restriction effects, from the point of view on reducing the mooring operational risks. The 564 

heave dynamic response of the tunnel element is mainly controlled by the suspension cables, even though the 565 

tunnel has a relatively larger mooring stiffness to a certain extent. Therefore, a point needs to be point out is that 566 

the single mooring tensions or the suspension cable forces cannot be only used to evaluate the support 567 

capability of the tunnel element, for different method using in the submerged installation (including different 568 

vessel type), the optimal mooring system arrangement needs to be individually studied and determined in 569 

conjunction with the coupled motion modes for design.  570 

 571 

(a)                                                                       (b)                                                                        (c) 572 
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Fig. 22.  Comparison of the tunnel motions with different mooring angles and different mooring stiffness: a) sway; b) heave; c) roll  573 

 574 

 575 

Fig. 23. Scalar view of the pression field around the tunnel element support by the suspension cable and mooring system. 576 
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 577 

Fig. 24.  Scalar view of the velocity field around the tunnel element support by the suspension cable and mooring system. 578 

 579 

5. Conclusions and Future work 580 

In this paper, a numerical model for a submerged tunnel element suspended from a fixed platform is 581 

developed by using SPH method, the additional mooring system of the tunnel was investigated to improve the 582 

understanding of the coupled dynamic response of the tunnel induced by the multiple cable force actions 583 

subjected to waves.  The modelling results of the tunnel motions, the cable forces and the mooring loads of the 584 

combined system were compared with the measured data for numerical validation at experimental scale.  Based 585 
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on the numerical modelling, the effects of the wave characteristics and the mooring configurations on the 586 

complicated dynamics of the submerged tunnel suspended from a platform were discussed.  587 

The obtained results in this study demonstrate that the additional mooring system used to support the 588 

submerged tunnel during its installation procedure introduces an important aspect in the tunnel dynamic 589 

behavior, which needs to be considered in the early design for tunnel sinking. The comparison results illustrate 590 

that the mooring system plays a key role on reducing the tunnel motions in roll and sway (low-frequency mode), 591 

but the heave motions are mainly controlled by the suspension cables. Therefore, it is crucial that consideration 592 

is made on how to limit or control the inertia force of the tunnel-platform system that caused by the additional 593 

tunnel moorings. Determining which suspension cable stiffness and mooring arrangement can be classed as safe 594 

for sinking, could help to avoid the excessive dynamic response of the tunnel that inducing the cable breakage 595 

during installation at an early design stage.  596 

The maximum suspension cable tensions and tunnel mooring loads increase with the increment of wave 597 

height as well as the decreasing sinking depth of the tunnel. The amplitude tensions of the mooring system 598 

increase with the wave period until reached a local maximum at T=1.15-1.25s (for sway, heave, and roll) and then 599 

occurs a decreasing trend. The onshore tensions of the suspension cable are larger than that of the offshore side 600 

one. The largest tunnel motions and the lowest mooring tensions both occur at condition of θ=75°. However, the 601 

lowest motion response of the tunnel element occurs when the mooring angle is set as θ=30°, whilst the largest 602 

tension on the mooring lines occurs at θ=60°. Hence, evaluation of the mooring system effects needs to be 603 

considered in conjunction with the suspension cable behavior and the coupled tunnel-platform dynamic 604 

responses, the mooring line arrangement should be identified and determined to reduce the operational risk 605 

during tunnel lowering.  606 

Overall, this numerical model presented here has its limitations that it is a 2-D WCSPH model and the tunnel 607 

lowering process is specific as discontinuous certain immersion depth under the water. Therefore, further work 608 

should be conducted: 1) optimization of the mooring system (coupled with suspension cables) in a 3-D numerical 609 

model to investigate the fully dynamic tunnel motions in long-term real sea conditions, aiming to find an 610 

appropriate support cable arrangement for motion restriction of lowering the tunnel; 2) studies of continuously 611 

lowering of the tunnel element by using SPH method, and consequently develop a numerical model for 612 

simulating a tensible lowering support system during installation.  613 
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