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Dynamic Instability of Submerged Floating Tunnels due to Tendon Slack
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Abstract - This study deals with dynamic instability of a tendon moored submerged floating tunnel (SFT) due to tendon slack. In
general, environmental loadings such as wave and current govern SFT design. Especially, the wave force, whose amplitude and
direction continuously change, directly induces the dynamic behavior of the SFT. The motion of the floating tube, induced by the
wave force, leads dynamic response of the attached tendons and the dynamic change of internal forces of the tendons
significantly affects to the fatigue design as well as the structural strength design. When the severe motion of the SFT occurs due
to significant waves, tendons might lose their tension and slack so that the floating tube can be transiently instable. In this study,
the characteristics of dynamic instability of the SFT due to tendon slack are investigated performing hydrodynamic analysis. In
addition, the effects of draft, buoyancy-weight ratio, and tendon inclination on tendon slack and dynamic instability behavior are
analytically investigated.
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Fig. 2. General configuration of the SFT model

Table 1. Environmental conditions and main particular of the
considered SFT models

Parameters Values
1. Environmental conditions
Water depth (h, m) 150.0
Wave period (T, sec) 10.0
Wave steepness 0.013, 0.027

0.040, 0.053

2. For tunnel
Outer diameter (m) 19.4
Wall thickness (m) 2.0
Moment of inertia (m*) 2243.077
BWR 1.2~1.5
Drag/added mass coefficient 1.2/1.0
Draft (m) 25.0, 50.0
3. Hollow section tendon
Outer diameter/thickness (m) 0.533/0.04
Elastic modulus (GPa) 210.0
Minimum yield stress (MPa) 482.6 (APl X70)
Minimum ultimate stress (MPa) 565.4 (API X70)
Drag/added mass coefficient 1.2/1.0
Tendon inclination angle 0, 30°, 45°
Tether spacing 50.0m
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Fig. 3. Motion of the SFT moored by vertical tendons (BWR=
1.3, draft=25.0m)

600

—— Hmax=2.03m —+— Hmax=4.21m
—— Hmax=6.24m —s— Hmax=8.27m

500 -

400

300

Axial stress (MPa)

N

=}

o
1

100 B

T
400 500 60(
Time (sec)

Fig. 4. Axial stress of the tendons of the SFT moored by ver-
tical tendons (BWR=1.3, draft=25.0m)

900 T T
—&— Maximum axial stress

- -- Average axial stress
800 - —a— Minimum axial stress

700 i

600 4

500 4

4004 ool - g

300 4

Axial stress (MPa)

200 4

100 4

0 T T
0.00 0.02 0.04 0.06

Wave steepness

Fig. 5. Effect of the wave height on the tendon response (BWR=
1.3, draft=25.0m)

3.2 259 g%

meto] o5k 94 A= A= (orbital) 52 k=), &}
FrHo R AR W X9 & YA o
off &gt EE=717} Zokxint, o= ArrH o 2 ¢
TL—]

wEro vyl 917 9] B4 s gheto] oj3t Jake

404 T2 =2 A20W A6E(FEA AI51F) 201749 129



—e— Draft=25.0m
—s— Draft=50.0m

°
o
!

Heaveo (m)
h

T T
400 500 600 400 500 600
Time (sec) Time (sec)

(a) Sway (b) Heave

Fig. 6. Effect of the draft on the motion of the SFT under the
regular wave (BWR=1.3, vertically moored SFT, Hmax=
8.27m)

600

—=— Draft=25.0m
1 —— Draft=50.0m

500 -

sood AALAAALALLLLL LA L L LA L

Axial stress (MPa)
w
o
o

IN)
o
=)
1

r—
I
—
b
-
—
-
-
I
N
—
-
-
-
b
b
-
-
-
-

100 -

T
400 500 60C
Time (sec)

Fig. 7. Effect of the draft on the tendon stress under the regular
wave (BWR=1.3, vertically moored SFT, Hmax=8.27m)

the A2 ofulgh, oleid B2)4 Uejo] et Figs. 6, 7
3} o] F47} 245 wego] ofat Hue] &5 2 14
AW} Fglo] skt 53 B4k HY 25 9 7]

AR o] Bagols 2 9L ulXA) gk B4 SHol

2 AFolM= U4 +
£ BE HYY B2 FYsith &, BWRY zjol= & A
ol A= Ed el Ak 9 714 ] 7] A2 (initial tension)
9] zto|& ojmgitt,

Figs, 8 9 99} Zo] BWRO| H3l= 1 25E9] 44 o
T4 S B Y vAY & Ao 2 A
SHol Hrh 2 S vAe Ao R et a2 A

o 2 w=2

Holte 7| 8A 0 = A AT MY 1] TRBINEE W
of N0 = g3 T Mol ulatar ofof wret
G772 8}

s
in}
ok
o
OJ>
N

T
——BWR=12 ——BWR=1.3
——BWR=14 ——BWR=15

T
——BWR=12 ——BWR=1.3
——BWR=14 ——BWR=15

S
=
i
=—
=—
=
=
—+
—
=—

%=
%=
%=
.+
—
,—+
=
%=

Al
whekukvivkv b A Y
AN

Heave (m)

T T
400 500 600 400 500 600
Time (sec) Time (sec)

(a) Sway (b) Heave

Fig. 8. Effect of BWR on the motion of the SFT under the re-
gular wave (Draft=50.0m, vertically moored SFT, Hmax=
8.27m)

700

T
——BWR=12 ——BWR=13
—+—BWR=14 —+—BWR=15
600 - 4

500 -

Pa)

= 400

Axial stress
w
o
o
1

200 4

100 i

T
400 500 600
Time (sec)

Fig. 9. Effect of BWR on the tendon stress under the regular
wave (Draft=50.0m, vertically moored SFT, Hmax=8.27m)

a4

2 )] 2+g- x| Aeke] Aol FxE0| 54 S 43
5 v e}, Tt 2 ATelolA S 13 Hegt
(522254 27Dl olat e 54 W) 27} mrke A
2710 oJ5t Rel- A% Ao Z710] w2 sAre] 27
9lz7} AT A7} A o R ek, S8 BWR
272 Ede] 27] AP 4 2lo] Z7hel wet 1)
AR)0] 27] Aelo] Hlgsle] Z7leks AL & 4 e,

O B ol P2 o

23] 7)ol uel 214 gk 424 8l g
7o) sFRITE, AukAel TLP &= 7]&elo] gl 44 7]
AR 2§57 tho] s 9 2Rl o5t HEY 43
W 95 94 SF B4at iU mEA AT oRA
of % 9L 44 WAk B uk obuje} 47 WA S5 A
of7} wolof a1, o]l whe 4 kel that 27] 44 =
Qo BA oz 1A 7129 £ele] Basich

=27 #2978 A6B(EA A1513) 20179 129 405



ri

A =Rl me sis Bde] 3 & AE

5
——SFT wvertical tendons | —— SFT wvertical tendons |
L SFTw d5deg inclined tendon:

—s— SFT w 45deg inclined tendons

E T T
400 500 600 400 500 600
Time (sec) Time (sec)

(a) Sway (b) Heave

Fig. 10. Effect of tendon inclination on the motion of the SFT
under the regular wave (Draft=25.0m, BWR=1.3, Hmax=
8.27m)

1000

—o— SFT w vertical tendons
| —— SFT w 45deg inclined tendons

800 — -

(2]

o

o
1

400 INDARARAD AR AR AR AR DA

Axial stress (MPa)

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

"

0
400 500 600
Time (sec)

Fig. 11. Effect of tendon inclination on the tendon stress under
the regular wave (Draft=25.0m, BWR=1.3, Hmax=8.27m)

500 . ; . ;

—2— Inclined moored SFT
|- * - Vertical moored SFT

400 1 4

300

200+

Axial stress (MPa)

100+

. . : .
0.00 0.02 0.04 0.06
Wave steepness

Fig. 12. Effect of the tendon inclination on the maximum stress
of the tendons

Figs, llﬂr 12b WA 7ol 1A st
F&E Heli=dl, 8 1

=
N

SH W AR Wat o) Bk 2 o 4 Atk &, 9
% B AR 7129 AAE B0 A8A T S 04
A AR ofat oS W so] 2] 7]

o3l
2
N
m-[o o,

Y 270l Easitt,

4.1 V3 =208 Wy 3 olo] e 2Y

—
A%

3
[+
oft
A

Fig. 13(a)= 2 5 dll5 El'E 9 &%
Yol &=o vjelict oFAAME| o)A T
7] 9 3719 SEe Kol vk, 5
13}1 ZAEE Seho] YR} A
Fig. 13(b)2} o] g9 574 &4
o] A2 Ws) oA BAa deLks AL
1, 53] 49| 2717t FAdaHA Wgshs Aol &
ceiyr, Bde) 5 9 AR A WelE A7

2, B9 54 Boby A%S 1A Fol

_IL
e
2
ot
A
offt
>,

>4|

I

0&”~

4

o]-r[é—é
ol

>

= ox T

Mr

s

iy
e
2

offf 3o oX

T oy

P
m[o
(¢}
o,

i
i -l>
-
o)
2

=
b3

oy o 4
E N
Mo
Of
)
it
0 of do 2 R B oo N ofmox Koo

>.
2

2 >

4

1

o

e
1o
T o
)
)
;T“
1o
r
L
=2,
N, 1o
ok
ox,
2
ol
;;;
=2
1o
ol

|

e

(transient) HP O] :Lﬁs} 7L]7bl-g|ﬂ =712 opy|alt}. o]
7o) Faluteol 484 uj wEA o tehp) B 2,
<

FHjsero] A gatol B7sta FHuee of) 7144 4
2 2Alo] ofgt o] MAE A9 B SAATol U
1

AT 4 3L, o= HEY

406 AT =2 A20W A6E(FEA AI51E) 201749 12¢



2% W gk ofuje} 71 1R WEL e 3
2702 el o] b8 54 B 9 ohet 214
e o w2 AR e 2 Heko A4gsh Hrt

19¢

——Sway e Wave height
—— Heave

Tunnel motion (m)

Time (sec)

(a) Tunnel motion

2000 . . 15
—=—Tendon stress - - - - Wave height

1500

Axial stress (MPa)
g
8
!

Wave elevation (m)

500

1
o

i

T T
300 400 500 600
Time (sec)

(b) Axial stress of the tendon

Fig. 13. Structural response of the SFT in dynamic instability
state (Draft=25.0m, BWR=1.2, Hmax=8.27m, Tendon
inclination=30°)

700 : :

---- BWR=1.2 (Dynamic instable)

—— BWR=1.4 (Stable)
600 E

500+

400

300 ' .

Motion PSD, SWAY (m” * sec)

!
" \
200, T B

]
o !
10040, LB, | i

i
Do !

i
TS

'« ! ”‘“ J‘WJ ik A
0Lt b, | . ; .
0.0 0.1 0.2 0.3
Frequency (Hz)

Fig. 14. Comparison of the SFT motion in frequency domain
(Draft=25.0m, BWR=1.2, Hmax=8.27m, Tendon incli-
nation=30°)

97 sl 16 13 1410 54 sy ofiol
£7} oS Zastohs o] 2 3142 Fa) AFEn

4.2 Case study 1: 40

3APOA] A5 Hlof o] A 4O RIE Sk
2 We) ARDSE sl et 12BY FH $HL WY
3] g4sgiet. Fig, 159 o] 5% BWR 1 7147 712
2 24 3E Hdo] B wtee] e we ) o 2
247} mefE4E st o3 HEe 2% 0 1A A
wislapo] Zhastol 241 0 o)) S $AI5H o
31 olo] wet FA BeHAL WAISHA] ehe Alo] 2 A
QA e,

4.3 Case study 2: 8-X}55 H(BWR) g% &

i)

R -A5H) 7L 258 310] Wy el vet 2144
o 2 27] gejo] a7 veby U3 s o)
A Ha4 oA Z7keH) Elo] 14 el 9%
ol ofgk Bae] 54 =/ As Al A of gt
= Fig. 162] BWRo|| Wh2 g9 o] &% @ 7144 A8 W3}

o & Uehhd, A3 o2 BWR —7}011 ne 27) 49
o skeo] oJ3t 7144 A2 wistekrch 2 4 714A2) 4

A

B
3 > Nl

o

——Draft=250m
—— Draft=50.0m

[—oraft=25.0m "
|+ Draft=s0.0m

Tunnel motion (m)
E—
3
B ——
=
[
—
L= —
%
=
P —
=%
. Tunnel motion (m)
I

T T T T
300 400 500 600 300 400 500 600
Time (sec) Time (sec)

(a) Tunnel motion-sway (b) Tunnel motion-heave

2000

" Draft=25.0m
1800 —— Draft=50.0m

1600 -

1400 -

)

MPa;

1200 -

(

1000 -

Axial stress
8
8

[AMA |
LU
Time (sec)

(c) Tendon stress

Fig. 15. Effect of the draft on the structural response of the SFT
under the regular wave (BWR=1.2, Hmax=8.27m, Ten-
don inclination=30°)

Fagrzsts) =2 4299 Aes(EA A1515) 20174 129 407



DA =&adel whe sis Bde] 4 & A%

Tunnel motion (m)

T T T T
300 400 500 600 300 400 500 600
Time (sec) Time (sec)

(a) Tunnel motion-sway (b) Tunnel motion-heave

Time (sec)

(c) Tendon stress

Fig. 16. Effect of the draft on the structural response of the SFT
under the regular wave (Draft=25.0m, Hmax=8.27m, Ten-
don inclination=30°)

2o] oxitt 202 HYo] $A Heby AFo] WAy ¢
A %4 9tk

T A 7] Fo] B4 G4 20 BH 4
o WA W), A} Y A F7hstel ARY FEGAS
@b}b £ gelo] LA o) VAT 4 3l

e%o}o:l A e|ojop 31,

Eq.ﬂ Oﬂsh— U]Z]‘—- a}=
sfata] A7 QlAs AAsop st
4.4 Case study 3: 7ZVgA] 712 9% 24

340] A Aol o) 7147 71&
uol—sk Oxg E?:]

SEEERS
25 25 Alolo] v w0l A|ut 57
w44 Astol M2 27] a7 gele] 279 g B
S50 ofa) $uEl 214 A wsleko] 271 4 Stk
Figs. 17~19% BWR % 347} 243 o) 2147 71£00]

e 35 BE Y &5 H I8A AEHIEAS A v
stal, 53] Fig. 172 A 71&dol H'd §4 =4 7
& Ao viAls Y BRI e A 7ol
255 HAY #EeF Aloldsol FHHER AFAdE

Tunnel motion (m)
Tunnel motion (m)

S

—— w vertical tendons
—o—w 30deg inclined tendons.|
- - -- w45deg inclined tendons

—— w vertical tendons
—— w 30deg inclined tendons
7~~~ w 45deg inclined tendons 1 89

T T T T
300 400 500 600 300 400 500 600
Time (sec) Time (sec)

(a) Sway (b) Heave

2000

(MPa)

Axial stress
8
8

g
8
L

300 400 500 600
Time (sec)

(c) Tendon stress

Fig. 17. Effect of the tendon inclination on the structural res-
ponse of the SFT under the regular wave (Draft=25.0m,
BWR=1.3, Hmax=8.27m)
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Fig. 18. Effect of the tendon inclination on the structural res-
ponse of the SFT under the regular wave (Draft=25.0m,
BWR=1.5, Hmax=8.27m)
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Fig. 19. Effect of tendon inclination angle on the tendon stresses
under the regular wave (Draft=25.0m, BWR=1.5, Hmax=
8.27m)
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