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1. Introduction

Submerged floating tunnel (SFT) i's considerec
l'imitations of transportation causedelbpyggéagdarp
for the past 40 years and several countries in
conducted feasibility studies. However,aup to r
real projedt tthoulghi IS Taormee cvherr oyl ocghiaelsl engi ng i n m
be more cost eff ecstdavbee da ntdu msmaeflesr et shpaenc iuanldleyr i n
Engineers seeking to build SFTs are required t
scenari bsecandtho#®é analysis results for the des|
t horough preliminary investigations to better wu

(Brancal eoni 1989) .
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Unt i | now, many researcher ®f haaedbdbmvesatviega toend
(1948) investigated the interaction of waves ¢
studi ed nonlinear wave foredesallo2n0 0 Mar iimevest  ge
relationships in dynamics bet weeweitghhet srtartuica u(rB
and the tunneét.lahbhdIhn9) Remsledthed t he finite el e
the interactions |boeatdwenegns 9 FnTcsl uadnidn gwatvhee ef f ect s
SFTsetGmI(2013) performed a series of model t es
and inclined mooréenga@cGd®lreE)msr e ds dnedmbiddc2 6 pBPpduc
expenent al resudomaiby sismmigati one progr ams.

In addition to the hydrodynamic | oads, such a
also influence on the gl obal performance of SF-
safeft yYSFTs. Since the significant earthquake ev
the influence o wafrethyuakeéspeoemf &@FMance t hrough
met hods

Brancal eoni (1989) inveshog@mar dad ghaeh ad&Tasmi wcn dee
seismic conditions. Fogazzi and Perotti (2000)

response @fnchorseeddb8HBT wunder extremset asteiismArcy e
responses of S usmpweintsiygdmeo b t i dSdg-eTs uwidtelr eart hqguak
i nvestigatedad adyL9d®2yn Their results showed that
motion was more significant than vertical moti o
dynanmniacr acteri stics of a SFT by setsmi(20@8ye
i nvestigatedsappbiTtad atmutture asseociadt2ed 6Wi t h
performed a numeri cal st-udduoad t heo edtfeectt wa WIf u
compressibility on pressures over structures w
Those seawater compressibility effects are not
cnsidered in the present study.

In thisweeseoeadaoaltct ed numeri cal simul ations of
mooring system under sea waveslomadhomrsi mal ami on
carried out using the comméipoaisal ppoggrRaamCOAKRMBIC
t hlhds been dev@luoghedebgathh Group duriknagngt he pa
and Kim 2014, Yang and Kim 2010) . Both regul ar
are inputted. I n heheér aas imh goankdé Intoét §i eosnfs tt hea ogirg h
of mooring |ines to thdnSEhimcsegpgmgdas irseail nwesd

data with varying amplitudes obtained from Cal
i nput seismic excitations.

2Modeling of the SFT and mooring configurations

The basic configurations with vertical and inclined mooring line configurations are shown in
Fig. 1. The dimension of the SFT is a length of 98 m, a diameter of 23 m, and a wall thickness of 1
m. The SFT withvertical mooring lines is referred to as S¥M and the SFT with inclined
mooring lines is called as SHM. The mooring lines of SFVM and SFFIM are 90 degrees and
60 degrees to the ground, respectively. All mooring lines are of diameter 0.12 m ngity @00
kg/m? and elastic modulus 197 GPa. The BWR is 2.6. The water depth is 80 m and the submerged
depth is 41.5 m. The SFTs were designed byeOAl. (2013), who also conducted experiments
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withl:tH0elal e model in regular wave conditions.

3. Equation of motdxocni tuantdieaon saeend mumer i cal si mul a

The dynamics of moored structures under wave/seismic excitations are solved in time domain
by time marching simulations. The governing equation for the 3DOF motion (surge, heave, and
pitch) is given by

0 © B ®0 U wo O O O 1)
where M is massp is added mass) is hydrostatic restoring coefficientQ is
wave exciting force, andO is mooringinduced force.w and x are acceleratiorand

displacement of the structure, respectively. Morison equation is generally used to calculate the
wave loads on slender cylindrical structures. This equation is expressed in terms of the linear
inertia and quadratic drag loads.case of earthquake simulations, the acoysgssure induced

force is neglected ithe right haneside of (1) and only the movements ohahor points are
inputted.The total wave load per unit length for a moving structure is represented asfollow
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where r is the water densityCa is the added mass coefficier@y (=1+Ca) is the inertia
coefficient,Cpis the drag coefficienD) is the diameter of the cylindrical structure,and — are
waveinduced velocity and acceleration, andand w are the velocity and acceleration of the
structure. The second term of (2) is equivalent to the added mass term of (1) inhbadetide.

O consists of the first and third term$ (2). In this study, the wave loads on the SFTs are
computed by means of the above Morison equation with linear wave kinematics. On the other
hand, the simulation of the seismic excitation is conducted by moving the anchor points of the
mooring lines akach time step as prescribed ground motions.

In the simulations, the inertia coefficie@y, is 2 Ca=1) for both OF and CP because the SFTs
are deeply submerged circular cylinders. In the case of the drag coefii@emthile CP uses a
constant dragoefficient of 1.2, the DeCew (2010) formulation is used in OF. In the DeCew
(2010) formulationCp is a functi of Reynolds number as follows

?8—/’(1- 0.8%2), 0<Re %
+ Res
11.45+ 8.5Re?? 1<Re &0

C, =|1.1+ &Re", 30 <Re 2.33%06 3)
1-3.41x10°(Re- 5.78x10 ), 2.3% 10 <Re ¢4.9% 1
io.401(1- g Re5.9946 ) 4.92 10<Re ¢ 1

s= - 0.07721565% (RH

R

In case of OF, t he Wheel er stretching method

linear wave theory for the wave induced waiarticle velocity and acceleration, while CP used
the original Airy wave theory. For example, the horizontal particle itglotAiry wave theory is

o fofd 1 - ————i QEo Qo (4)

wherey is angular frequency is wave number— is wave amplitude, anldis water depth. The

term, @ £QQa Q1 WECQ, leads to exponential decay of velocity with In Wheeler
stretching method, better estimation of velocity and acceleration may be made by replacing the
vertical coordinatez, with z s follows

U @0 — 0 (5)

wheredi s wave elevation. I n both computer program
instantaneous positions at each time step. For mooring line analyses, OF used massless springs,

which represent axial, bending, and torsional behaviors. Thegspare connected to nodes where
mass, weight, buoyancy, and other properties are lumped (Orcina 2015). Mooring line analysis of
CP is based on the higirder finite element (FE) method using extensible slenstbrelements
without twisting (Garrett 1982 The governing equation was formulated along the generalized
coordinate system (Garrett 1982). The line dynamics is fully coupled with floater motions by
solving the whole system in a combined matrix. The line dynamics includes the effect of gravity
force,hydrodynamic loads, and ground boundary conditions

K
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4 Wave and seismic conditions

As described above, SFT experiments in regular wave conditions were performedebglOh
(2013). Cifuenteset al (2015) carried out numerical simulations to compare with their
experimental results. The experiment results for regular waves are also utilized in this paper to
validate our numerical model. These regulave canditions are given in Table 1.

After validaing the numerical model, we next considered the SFT dynamics simulation in more
realistic irregular waves. JONSWAP wave spectrum with enhancement paraoe&8 is used
for irregularwave simulations. In the CP case, the irregular waves are genbkyasegerposing
100 wave components with randomly perturbed interval to avoid signal repetition. Table 2 gives

Table 1Regular wave conditions

Wave Period (s) Wave Height (m) Wave Steepness

0.85 0.013
1.75 0.027

6.5
2.65 0.040
3.50 0.053
1.30 0.013
2.70 0.027
8.0 4.00 0.040
5.30 0.053
2.00 0.013
4.10 0.027

10.
0.0 6.20 0.040
8.20 0.053
3.20 0.013
6.50 0.027

13.
3.0 9.80 0.040
13.00 0.053

Table2 Irregular wave conditions

Case # Significant Wave height (m) Peak period (s)
1 0.09 2.0
2 0.67 4.8
3 1.40 6.5
4 2.44 8.1
5 3.66 9.7
6 5.49 11.3
7 9.14 13.6
8 15.24 17.0
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Table3 Characteristics of earthquake conditions
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Earthquake Magnitude Horizontal Peak motiol  Vertical Peak motion
q (Richter scale) (cm) (cm)
Green ValleyCalifornia 3.9 -0.03 -0.0107
Honomu, Hawaii 49 0.06 -0.00347
Offshore Northern, California 54 0.16 0.0743
WNW of Ferndale, California 6.8 2.20 -1.7
0.03 0.08
0.02 - 0.06
F L el
.; 0.01 - % 0.04
E o yl h Illt ‘ A g 00
E_(m] | Tg’. 0 .‘_‘lMWMM,L*,,‘-\‘,_gh. S VS
-0.02 - -0.02 - ‘
-0.03 . : -0.04 . . .
0 20 60 80 100 120 140 0 20 40 60 80 100 120 140
Time(s) Time(s)
(a) nGrvaed | ey, Cal #8069 (b)) Honomu, Hawai i
0.
0.15 71
£ o1 [ T
s i | [ 1y s
gtllh- ‘ " ‘ L i 1f " l‘l\
z ‘. g N ¥ |
2 0t ,—:; 0 T |
Z 00s| lL'H z ." |
-1t ¥
-0.1
L ! 5 ; ; ; . . .
Bt 20 40 60 80 100 120 10 o 20 40 60 80 100 120 140
Time(s) Time(s)
(c) OMNoshbhre n, Cal Ebo (d) WNWrofdal e, Cal Efbo
Fig. 2 Rteall de@ird miom moti ons for !
-9 -9
6 x 10 | x 10
N N
= | 3
NE &) NE 0.8
£ g o6p
&3 &
£ Eo4t
ol 3
Eel | E,;n‘z
w @
. s M
0 2 cal N L 0 L L
0 2 4 6 8 10 0 2 4 6 8 10
frequency (Hz) frequency (Hz)
(a) Green Va(lMaegyni tQuad (b) HonomMuMa gdaiwau d e :

Fig. 3

Energy

densitgespmctr mmt Dbbns:

K



Dynamic response analysis of submerged floating

-6 3
| x 10 , . ; , 1.4 x 10

N N

= T2t
a a

0.8

g E

g g Ir

= £

g o8] Zos

9 £

7] 7]

.‘E’OA .?0‘6 r

4 4

2 2047

£50.2 ]

5 502

= =

@ @

0 - : : : 0 : - : :
0 2 4 6 8 10 0 1 2 3 4 5
frequency (Hz) frequency (Hz)

(c) Offshore NoMacdcreisthy (d) WNW of Fer(hMadreipt. u
FigComti nued

<107

0.01

__0oost [ _
g W Wt A |
= 0r AW T AR Ay = [} 1N g d
S I 1 ' S0 |
g r 'II | |“ ‘ § l\ | 'I |
= .0.005 - | | \“ £ ‘ |
= I >
2 227
-0.01 r
0.015 - : - : : - -4 + : : i i :
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time(s) Time(s)
(a) nGrvadé |l ey, Cal #8089 ( b) HoHaowau ,i (Magax) !
0.1 T T . - . . 2 = & s = = >
|
Z 005 [ | =1t
< Vi 2 f
z | il [ E J
§ o "(lrlu""h g0 '
2 L " 3 \
2 o0sF | | 8.t '
oy 20 40 60 80 100 120 4o o 20 40 60 80 100 120 140
Time(s) Time(s)
(c) Offshore Northern,(d) WNWrmfdal e, Cal Ebo
Fig. 4 cRelalseviesrmtiic motions for 1

irregular wave conditions. Eight wave conditions are selected based on significant wave height and
peak period, and-Bour simulations are performed for each wave case. To have the same iregular
wave condition in OF runs as the CP case, the wave elevatierseries generated from CP is
directly used in OF simulations.

Next, the dynamic responses of SFTs due to su
check the robustness of SFT mooring system unde
seimic motions in horizont al and vertical direc
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corresponding gl obal performance of SFTs. The ¢
are given in Table 3. The time histories and

il lustrated in Figs 2

4, Si muideswi & n
4.1 Regular wave - Validation of numerical models against experimental results

To validate the numerical models by CP and OF, the numerical simulation results under regular
wave conditions are first compared with the experimental results ef &h(2013).

Fig. 6 shows the results of SWMM and SFFIM side by side. In cases of SFWM, the
numerical simulation results reasonably reproduced the general trend of surge/heave responses and
mooringline tensions compared with the measured datgases of SFTM, the corresponding
experimenrdl data were not availablelowever, he twonumerical simulatiomesuls, OF and CP,
agree reasonably to each oth&hdr discrepancies for the extreme wave condgican be
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attributed to thalifferences in drag coefficients and wave kinematics formulas, as explained in the
previous sectionFor furthervalidation of the SFAIM design,the numerical simulations for the
case BWR3.4 wereconducted and compared with availabkperimental data under the same
conditions. Fig. 7 shows the tensi@omparison, in which the general trend of numerical

simuations agrees reasonably with experiment.data
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Fig. 7 Comparison ofmooring line tension (at fairlead) of SHM with the
experiments in regular wave conditions. (solid linegresent experiments,
open marks represent OF and solid rsdrklicate CP)

In case of SFIVM, the downward heave motion can be large in long waves with large
amplitudes due to slackness and-c@wn effect. The large downward motion can potentially
cause compressional loads and the risk of buckling. However, the inclined mooring system can
prevent the problem. The vertical mooring system also has weak stiffness in surge, so its surge
motions in bng and large waves are large. However, inclined mooring system significantly
reduced the surge and heave motions even for the worst (largest and longest) wave condition. The
differences between numerical and experimental results can be attributed toeaordind
diffraction/radiation effects and more subtle viscous effects, which can further be tuned by
adjusting inertia and drag coefficients and using nonlinear wave kinematics.

In the SFFVM and SFFIM, 4 and 8 mooring lines are used respectively. Tioeee the
maximum tension of SFIM is about 25% smaller than that of SWM. At any rate, SFIIM is
much better in overall dynamic performance but may be more expensive compared\UMSFT
Since the results of the numerical simulations by means of OFCBndgreed reasonably with
those of the experiments, it is subsequently applied in the next sections to more realistic-irregular
wave or marineearthquake environments.

4.2 Result of irregular-wave condition

SFTs in irregular waves are examined via nuca¢isimulations by means of OF and CP. As
described above, irregular wave conditions (see Table 2) are assumed through a JONSWAP
spectrum with gyof 3.3.The Morison equation may not be very accurate in shave regime but
the particle kinematics of short waves decay fast with depth, so wave effects become small and
unimportant anyway near the SFT position.

The surge/heave responses and mooring tensiwher the irregular wave conditions using OF
are summarized in Table 4. Figs. 8 and®w the maximum surge motions and mooring tension
in the irregular wave conditions by OF and CP. The general trend of surge, heave, and mooring
tensions in irregulawave simulations are similar to those in the regware ones. Moreover, the

K
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Table4 Maximum and minimum values of the responses and tensions in irregular waves using OF

Significant Wave Peak perioc Surge (m) Heave (m) Tension (kN)
Case# . - - -
height (m) (s) Min. Max.  Min.  Max. Min. Max.
1 0.09 2.0 0.000 0.000 0.001 0.000 63925 63925
2 0.67 4.8 -0.006 0.006 0.001 0.000 63867 63989
3 1.40 6.5 -0.082 0.092 0.001 0.000 63392 64529
4 2.44 8.1 -0.454 0.464 -0.001 0.000 61870 66181
5 3.66 9.7 -1.401 1.528 -0.029 0.002 59780 69391
6 5.49 11.3 -4.075 4658 -0.282 0.003 58297 73718
7 9.14 13.6 -12.559 15.070 -3.073 0.005 48396 89513
8 15.24 17.0 -21.626 27.950 -9.893 0.012 35514 126075
(&S)FT with vertical mooring | i
Significant Wave Peak perioc Surge (m) Heave (m) Tension (kN)
Case# . - - -
height (m) (s) Min. Max.  Min.  Max. Min. Max.
1 0.09 2.0 0.000 0.000 0.000 0.000 36248 36248
2 0.67 4.8 0.000 0.000 0.000 0.000 36169 36329
3 1.40 6.5 0.000 0.000 0.000 0.000 35497 37026
4 2.44 8.1 -0.001 0.001 0.000 0.000 33344 39344
5 3.66 9.7 -0.002 0.002 -0.001 0.001 29881 43485
6 5.49 11.3 -0.003 0.003 -0.001 o0.001 25875 47554
7 9.14 13.6 -0.006 0.006 -0.002 0.002 18376 56196
8 15.24 17.0 -0.012 0.010 -0.003 0.003 4999 77628
(bSFT wi t hmoionrcilnigneldi ne
Maximum Surge of simulation
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Fig. 8 Numerical results for maximum surges for SAW and IM from CP and OF in terms of
significant wave height and peak period
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Fig. 9 Numerical results for maximum tension for S¥W and IM from CP and OF in terms
of significantwave height and peak period
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Fig. 10 Numerical results for the (a) surge, and (b) heave (c) tension ov&FTrom OF, and CP in
irregular waves at significant wave height 15.24 m peakperiod of 17 s

results obtained from OF (see Figs. 8 and 9) well coincide with those from CP except for Case
8 (significant wave height of 15.24 m and peak wave period of 17 s). However, the difference is
less than 10%. Since the same input is used for incident irregalaes, the difference is most
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Fig. 11 Numerical results for the (a) surge, and (b) heave (c) tension ofilFRiom OF, and CP in
irregular waves at significant wave heidtb.24m and peak period of 1&

likely caused by different drag coefficients (application of DeCew formula in OF) and the usage of
Wheeler stretching method in OF. As in the regware cases, the surge and heave motions of
SFT-VM are critically larger than those of SHM in harsher wave coritibns. For example, as
shown in kgs. 10 and 11the maximum surge motion of SAWM is more than 25 m for Case 8,
while that of SFHIM is only 0.01 m. In addition, the minimum heave motion of SR is -9.9

m for Case 8, while that of SHM is only -0.08B m.

Fig. 9 shows the mooring tensions for S M and SFFIM. Generally, both mean and
dynamic tensions of SFVM are significantly larger than those of SHW (the maximum
difference between these two types of SFT is approximately 38%). Considerinditiest ®ere
used in SFIIM compared to 4 lines of SFVYM, the smaller maximum tension on each line of
SFT-IM can somewhat be expected. The overall performance ofll@Hil restricting SFT surge
and heave responses is much better than that oV8FTThe large surge and heave responses of
SFT-VM in harsh wave conditions are actually significantly exaggerated since both ends of the
model SFT are free. In reality, it is a small portion of long SFT which is to be fixed at both ends.

4.3 Result of seismic condition
4.3.1 Effects of harmonic seismic motions

In this section, we consider the same SR and SFFIM models under seismic excitations
instead of waves. The numerical models are modified to simulate the earthquake cases with
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