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On the Stability of Semisubmersible Oil Rigs
(Part 2 : Dynamic Stability)

By
Hiroshi KaAGEMoTo, Ryuzo Takal, Hiroyuki ApacHI

Abstract

The dynamic behaviours of semisubmersible oil rigs in severe environmental conditions as well as
after damages are investigated with the focus on the survivability of the rigs.

The behaviours of the rigs are first examined experimentally to observe the dynamic effects
qualitatively., Theoretical simulation computer programs are developed for the quantitative evalua-
tion of the dynamic behaviours. Parametric studies are also carried out in order to extract the
dominant parameters that affect the dynamic motions.

It is shown that the dynamic behaviours have only secondary effects compared to static ones as far
as a capsizing is concerned. The maximum excursions or inclinations, however, after certain
damages can be magnified significantly due to the dynamic effects and thus can not be neglected in
the estimation of the behaviours of semisubmersibles after such damages.
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Fig. 2.1 General view of a model used
in the experiments
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Table 2.1 Experiment conditions

4 5J6.j7L'8-[9

ID NO. 1 | 2 | 3 |
Code Name DYNA—1 (s.59.11) DYNA—2 (s.60. 2)
Date condition—1 condition—2 condition—1 condition—2 | ggndi-,
0° 9%0° 0° 90° 0° 0° 0° 90° 9%0°
Water Depth (m) 1.5 1.5 1.5 1.5 .5 | L5 1.5 1.5 1.5
Displacement (kg) 197.0 197.0 }197.0 197.0 166.0 166.0 166.0 166.0 166.0
Draft (m) 0.44 0.44 0.44 0.4 0.240 0.240 0. 240 0.240 0.240
GM, (m) 0.037 '
0.044 0.020 0.038 0.042
GM, (m) , \
0. 051 0.024 0.019 0.019 0.003
KB (m) 0.129*  0.129% 0.129* ] 0.129*| 0.088 *| 0.088* | 0.088* | 0.088*| 0.088*
BM (m) 0.210°)  0.210% 0.210% ) 0.210%| 0.250%| -0.250* | 0.250* | 0.250* | 0.250°
0.219*  0.219% 0.219* | 0.219*| 0.262*| 0.262*| 0.262*| 0.262*| 0.262*
KG (m) 0.29% 0.295) 0.321 0.321 0.308
KO (m) 0.770 0.770 | 0.770 0.770 0.770 0.770 0.770 0.770 0.770
KF (m) 0.240 0.240} 0.240 0.240 | 0.240 0.240 0. 240 0.240 0.240
Kz (m)
Kyy (m) 0. 568
Kz (m)
T surge (sec) - 16.1 18.6 13.76 15.4
T sway (sec) 19.9 24.1 17.32 18.36 12.8
T heave (sec) 3.34 3.36 3.32 3.33 3.28 3.29 3.21 3.21 3.22
T roll (sec) 6.98 9.72 11.74 11.70 24.48
T pitch (sec) 7.01 9.00 8.80 7.38
T yaw (sec)
a surge (sec™) 0. 0906 0. 0950
a sway (sec™) 0. 0803 0.132
a heave (sec™) 0.0339 0.064% 0.0526 | 0.0504{ 0.0447 0.0616] 0.0544! 0.0610| 0.0608
a roll (sec™) 0.0780 0.0419 0.162 0.307
a pitch (sec™) 0.130 0.0621 0.0684 0.136
a yaw (sec™)
line weight (in air) (kg/m) 0.1725} 0.1725| 0.1725( 0.1725 0.1725
line weight(in water) (kg/m) 0.1480 | 0.1480( 0.1480( 0.1480| 0.1480
initial tention (kg) 0.329 0.202 0.467 | 0.488 '
0. 405 0.39% 0. 646 0.491
GM without mooring * . calculated value
with mooring T : natural period
BM BM, a . damping coefficient
BM, (from free oscillation test)
initial horizontal « :radius of gyration (around G)
tension vertical KO : keel to motion measured point
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Table 2.1 Experiment conditions
ID NO. 10 [ 1 12 | 3 | 14 | 15 16 | 17 18
Code Name DYNA—-3 DYNA—4 CAPS—1 CAPS—2
Date (S.60. 6) (S.60.9) (S.615) (S.61.9)
0° 90° 0° 90° 0° 90° 0° 90°
Water Depth (m) 1.5 1.5 1.5 1.5 1.5 L5
Displacement (kg) 185.0 166.5 166.5 189.0 189.0 179.1 179.1 189.0
Draft (m) 0.370 0.240 0.240 0.385 0. 385 0.323 0.323 0.385
GM, (m) 0.010 0.017 0.005 0.011
0.021 0.025 0.011
GM, (m) 0.019 0.013 0.013 0.019
0.031 0.025 0.019
KB (m) 0.088* | 0.088% | 0.115*| 0.115*
BM (m) 0.250* { 0.250* | 0.220* | 0.220*
0.262* | 0.262*| 0.229* | 0.229*
KG (m) 0.324 0. 324 0.338 0.338 0.347 0.344 0.319
(0.308) | (0.305)
KO (m) 0.770 0.770 0.770 0.770
KF (m) 0.240 | 0.240 | 0.240 | 0.240
Kyy (m) 0.563 | 0.566
(0. 529)
yy (m) 0.542 0.549
(0.508)
Kzz (m) 0.693
T surge (sec)
T sway (sec)
T heave (sec) 3.24
T roll (sec) 16.8
T pitch (sec) 21.1
T yaw (sec) 19.7
a surge (sec™)
a sway (sec™)
a heave (sec™?)
a roll (sec™)
a pitch (sec™)
a yaw (sec™)
line weight (in air) (kg/m) 0.1154 [ 0.1154  0.1154| 0.1154
line weight(in water) (kg/m) 0.1000 { 0.1000{ 0.1000( 0.1000 0.100
initial tension (kg) 0.428 0.436 0. 345 0.363 0.253 0.240
0.498 0.498 0.352 0.368 0.300 0.29%
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Fig. 2.2 Co-ordinate system and test arrangement
in regular wave under inclined condition
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Table 2.2 Particulars of the experiments in regular waves

ID No. index condition
1,2 1 displacement draft GM,=0. 0441m GM,=0. 0515m
197.0Kg 44. Ocm (longitudinal) (transverse)
3,4 (2) 197. 0Kg 44, Ocm 0. 020m 0.024m
5,6 (3) 166. 0Kg 24. Ocm 0. 038m 0.019m
7,8 (4) 166. 0Kg 24. Ocm 0.042m 0.019m
9 (5) 166. 0Kg 24. Ocm 0. 003m
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Condition
ID No|Index | line line weight| initial
length in water |tension
9.480m | 0.148kg/m |in head seas
1,2 | (1)
0. 329/0. 405
3,4 (2) 9.480m 0. 148kg/mlin beam seas
0. 202/0. 396
56 | (3) 9.480m | 0.148kg/mfin head seas
7,8 | (4) | 9.480m | 0.148kg/ml0. 467/0. 464
9 (5) 9.480m | 0.148kg/mlin beam seas
0. 488/0. 491
horizontal
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Fig. 2.9 Motions in regular waves under inclined conditions
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\
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Fig.2.10 Variations of the pitch natural frequency

due to inclinations (calculation)

flooded water

Fig. 2.12 Pitch motions during flooding in beam seas
(wave period © 2. 5sec)
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/e Ar GM=0.02m
draft=0.385m
£=0.4Hz
f=1.4Hz
.
1 1 1 1 1
% 10 20 30 0 50

Trim Angle (deg.)

Fig. 2.11 Magnification factor for pitch due
to inclinations (calculation)

2.2.3 FESTUHER
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PREFEES BEFMOEGEIT ). EHORHAIL,
ZE®E— FOBEERBEEICIET 24, 6 BHEDE
HEEBIEED, T4 FOREFEIZE-> TA)su-
rge, sway, yaw (2) heave (3)pitch, roll ® 3 DIk
BT % 5%, Bl 5, surge, sway, yaw (23§ T 2 BIE 5
REBTA LV PLEORNIZEZIEDTHBDIHL
T, heave IZXt T 3B NIZZ OKRE AL 5D
BKEICEDCLDTH D, BN, HEHIHT 278
SAVHEORNICEBEESN, T—A > Mg, AU
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LHANT, BEDRT v 7 FRBOBEIEE I E W,
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ID No.=12, draft=24cm, in still water

surge
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(a)

Fig.2.13 (a)~(h) Transient motions after a breaking of a mooring line
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ID No.=12, draft=24cm, in head seas(0.4Hz)
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" ID No.=13, draft=24cm, in beam seas(0.4Hz)

cm o su
20} /_,_\ _ ‘ ,
0 - + + + — —y
swa v
20t M
0 My —t + : + —+ —
1

_:_Jnunuﬂuf /nu“vnun v‘vlrlvll‘r‘y‘vlrntlt'v ’ill’l”ll”ll’lll”ml’

Breaking

Fig. 2.13 (a) ~ (h) Transient mofions after a breaking of a m(:.oorix;xg line
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ID NO.=12, draft=24cm, in head seas(1l.0Hz)

sway

deg.
deg.

AN ANY-S

I ;R TR 3 88 Tio
sec.

Breaking
(d)

Fig.2.13 (a)~(h) Transient motions after a breaking of a mooring line
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ID No.=13, d=24.0cm, in beam seas(l;OHz)
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20| -
0 } + } N
cm sway
50 WWW ,
M I Il 1 ]
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heave
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deg.
? roll
0 M t t t t +

L

0 2 I 3 ) 110
' sec.
Breaking

(e)

Fig.2.13 (a)~(h) Transient motions after a breaking of a mooring line




ID No.=14, draft=38.5cm, iﬁ still water
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0 T 16 32 48 64 80
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(f)

Fig.2.13 (a)~(h) Transient motions after a breaking of a mooring line
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ID No.1l4, draft=38.5cm, in head seas(l.0Hz)

cm ' '

surge

T

. sway

-0.7¢

diﬁ.

roll

s}

deg.

-2}

-
110
sec.

0 22 T 1 3 )
Breaking
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Fig.2.13 (a)~(h) Transient motions after a breaking of amooring line
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ID No.=15, draft=38.5cm, in beam seas(l.0Hz)
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Fig.2.13 (a)~(h) Transient motions after a breaking of a mooring line (547)
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ID No.=13 . . . ID.No.=13
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CECEEE— 4 Y MIL- (HEE) FELOM
BI&->TELT 3720, ZEOBAHERE LI, &
LHRIZLKRESREFT 5, -7, AILEROL:
H7Y T TCHELOMRBIZE-> T, HEBI 1 VT
OB EBEEIZ KA ED roll, pitch 2V 5 H 2
THENHD, BHZAOHEVDLTIIFREL 2 %
WERZRBAGFETIZ LD 3,

Heave LB EMEF I BAFISVNEBED b AKX L

EMLET A, MALETHRAENS 2D OBEAI» K
EVADBEEHEFORKEMIT/DEL, KoM
EoTIZRBIZE 5 B v,

Fig. 2. 14 (a)~(e} 121X, R 4 VMO I 4
7 T OXKFENDEG OB 2R T, AFEADE
BB i surge, sway HEIEIZREAK E (2m) N15%
BETHY, FABBPICEOTEBAROBAICHE
LTHEDERNDI-D2 ~3HKRELSENT S, &
12, Fig. 2.13 O sway, surge DECERICL R 5N 3 &
SRR EICESE - N—2a—-PRIEEALE S
{, BMLAROBMROLZNBIBRABIRLE 2 5,
B RERER OBRN 2 HA VIR IZIFEROEN—K
HEHIRET 2720, FERIZETIEREIELIC
EROBAICHERATEZ LRV TLLVIZVS, &
WOy 7FBTHNEL L2 ZOBRBEOKFEEA
DEW (excursion) #1753 LD LY h 3,

Fig. 2. 15 (a)~(d) {2 I3BkMT R DEE IR EE H - 2
BLELRIZMTA—y2FLE¥T, FH4
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BB/ A— 5Dl % L DT Table2. 4 1R T,
BHERMOELZBVIIHEAR, Bk, FREF/ 0¥
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#®OBEHEIZDNT, Fig 2.15 (@) I3FBF A > D
HNESHDERIBEL LS (EBLEH) & yaw
REPZIPEELEZVIEERL T3, ki, B
Az &k BB OE (EH L —HEB) 13 roll
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DT H 37, BEFEFOROMADOERIIFRIOK =
VIBE (1.0Hz) CEHETH Y, BITHROIGE L ICE
T3 72 DI ISR Ok L IR OM I OFEAALE H 18
A Bt SR TERT SV EMEIFROS5 N 3,

Table 2.4 Particulars of the model in
the experiments on mooring line breakings

displa- |draft
cement

weight of |initial
a mooring |tension
line inwate
(kg) (cm) | (kg/em) (kg)

ID No.

12 166.5 24.0 0.100 0. 345
0. 352

7 166. 0 24.0 0.148 0. 467
0. 464

14 189.0 38.5 0.100 0. 253
0. 300

horizontal
vertical

Fig. 2.16 (a)~(f) IZIXKEB P THREB T 1~ HMFRIC
BENAFET 4 1200b 3580 DFHAME D BRI %
Rl 7o EBREBEOEEIZTNTH 10ecm TH 5, Line
1idig EficREh~1FD5 4 v &RL, Line2 i3
ETRDS 4 v &RT, ARBIZEN DI 4EDTA
YD BFEEENCE DDA 1 EADEET [ AN
BE, RVDOIEIHWELESELTOIFL DT L
%58, Lol bRERHESE O AN
Eh-1%xThdEELZLNE, MIIRT LI ITKE
HDFRES 4 v ITEBEERNTE > TRIZH IBRED
BANMb-TEY, 74 VHEMEEICEBETERA
PEBT 3, BHOBRKBEIIF/IMOA —/1— > 2— b
BTIRE L, BEERAMTEL OB XEIFX
kb, EMOEEREAHBLTH 3 LBIONEL
BHEH I roll X pitch DBFEEHIZHK T LD
THD,BOIDRKIMEEE 25 &2 512 surge, sway,
yaw %2 EFDORKFHRADBEEBILVELTRB LR
BILHTED, FOMMEIZED L VBEIHL
T, BEEROBERPIIEVTAEDKEL L2356
BbhDO3, FEROERIZE S &, BEIFHRIZIZEE
BOFEF 4 VIZIIRATL SkgBEOH @B »
5, ¥R N D 0. 6kg M Z 5 LB AEN 2. 1kg (E
BIRE 260t; K& S5m) &0, ZBE2RFOOEE
5S4 v CHREL e L THITATE (350t~400t/5%)
a4 3 L4RIF27~3. 1L % 5,
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[eg.
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Fig.2.15 (a) Comparisons of transient motions after a breaking of a mooring line in various conditions
’ (in still water)
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Fig. 2.15 (b) Comparisons of transient motions after a breaking of a mooring line in various conditions
(in head seas) - : B AL
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ID No.=13
d=24cm, Hw~5cm

4eq.| Pitch (1.0Hz)

in still water EIE

Yaw

0
1
2 in still water
3
4

.
deg. g 10 20 30 ) 50 60
(sec.)

Fig.2.15 (c) Comparisons of transient motions after a breaking of a mooring

line in various conditions (in still water)

Surge ID No.=12  —— 1st exp.
(0.4Hz) ———— 2nd exp.

Surge (sec.)

L PRI
N ™

e
VA W

Fig.2.15 (d) The effects of the timing of the mooring line breaking in waves on the
subsequent transient motions
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B, &
) we
"ID No.=7
draft=24.0cm breaking
in still water
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r -
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&JL
‘“2t Line 2(horizontal)
0.4
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L i A L L 1
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(a)
ID No.=7
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T —F X
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[ -\ T\
l TN
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-0.4
Avl Line 2(vertical)
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§ s 16 T+ b
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Fig. 2.16 (a) ~ (f) Variations with time of mooring line tensions after
a breaking of a mooring line
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kg
1.4)
ID No.=7
Lof
draft=24.0cm
1.2k in head seas (1.0Hz)
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0.6

0.4

Line 1l(vertical)
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1.2 1D No.=7
Lol draft=24.0cm
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L N L 2 -
] 5 10 15 20
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Fig. 2.16 (a) ~(f) Variations with time of mooring line tensions after
a breaking of a mooring line
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ID No.=7
draft=24.0cm
in head seas (1.4Hz)

Line l(horizontal)

0.2 Line l(vertical)

Line 2(horizontal)

Line 2(vertical)

-0.2
0.4 . N " N L
0 B 10 15 20 75
Breaking

ID No.=7
1 draft=24.0cm
in head seas (l.4Hz)
Line l(horizontal)

0.6

0.4

0.2

Line l(vertical)

Line 2(horizontal)

Breaking

(f)
Fig. 2.16(a) ~ (f) Variations with time of mooring line tensions after
a breaking of a mooring line
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ID No.=13
draft=24.0cm
(cm) in still water

surge T

75

flooded water

Fig.2.17 Typical variations with time of 6-degrees-of-freedom of motions during the flooding in a lowerhull
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Fig.2.18 Comparisons of roll motios during the

flooding in still water and in head seas
(1.0Hz)
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Wlo T, 0T —nAHKEEIZERELEYD, 7y
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DR EDERGHFTNASNEL BB ENbH B,
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2.2.5 MWXiCHiT s BHBEER

BAkbIzH T2 EHMBERIL, BROCKEET S
ZEPHEELBOERICE D CHEN & ERMICHAN
ZEHBITIT - 70 KIBRIZE T 3B ARSI, #BK
FOHEDITHLTAEVEVWIRES & 3 10 AR
EIT2EHEMIBERIIERL THE v,
EBROBINIIROFEIZ L7, Bl b, BHEB)iEeE
DEFAEOESHEN %

(M+m)+Nz+kzx=0 (2.1

(m:FHIKER, N BEFRYE k: H8EIEH
LIRET S &, 208

1=C-e%cos(Jwi—a’t)

(@=N/2(M+m), oi=k/(M+m)) (22

BB, 5T, ERIZFVWTES N -BHBIBORK
o, 80EEY Fig. 2. 19 1R T X IZERT S
L

n,=Ce %%

mrs = Cemettir 2.3

-7,
_ _am

na=me «
EBN Fig 2.201RT &2l LT mn %
oy b LAk ENMEEA(=tand) &V

a=—2InA

N=2a(M+m)
MBI ERRA RO BN TE D, ZDHE
TIREENIPIERE ICHF T Z L L Tw3EH, HE

D2FIZHBITIREHETTELERL 2 ROEBHTE
REREL

(2.5)

(M+m0£+Ni+%wSCHiM+%x=0(ZQ
HBH0T
i+2ai+p|z|i+ wix=0
2.7)

a,BEVLOARBHE IS L L DI LELTE SN,

ZOE3IZL TROAEBEREE, SERRBLL
2% & BT Table2. 5127 T. EBRIZ—FE2BRVT
FTANTEERECEHHMIBER T4 EIHTY
JOAMmBIBIT, BICE D KW surge, sway, roll,
pitch 12OV TIREBEAA/PENADIZT CITEEL
TLEVELDF— 52 MBTI0XHETHE/0
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BONAREGREIIES D82 A 605, FICRHEL
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Fig. 2.19 Definition of ny
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0 N4

Fig. 2.20 Analysis of damping coefficients




(289)

Table 2.5 Natural frequencies and damping coefficients

obtained from the free oscillation tests

ID No|®2 7| #kE|GM, |GM, B B B # (sec) HEEH a (sec™) (2.5 R) ﬁifi?ﬁ:ﬁﬁigi Ke
(m) |(g) | @) | (m) urge [sway fheave | roll |pitch |yaw |urge |sway heave | roll pitch | yaw heave heave
L2l 040 197.0) oo o061 161 139 334 698 7.01 0.03% | 0.070( 0.130 0.0247 1.45 0.5 0.3
3.36 0. 0645
34) 040 197.0( 0.020( 0024 186 241 332 972 9.00 00626 | 0.0419{ 0.0621
1B 0. 0604
56/ 0240 1660 0038 0019 138 17.3] 328 IL7[ &80 0.0906) 0.0803) 0.047 | 0.162 | 0.0684 11.3 360 | 0.3
329 0. 0616 0.0247 5.42 L7 0.60
7,8 0240 1660[ Q042 0019 154 184 321 1.7 7.38 0.0%0 0.0544 { 0.307 | 0.136 1.2 359 |1 o7
32 0.0610
9 0240 1660 128 322 245 0.132 | 0.0608
0. 003,
1415 0385 1840 324 168 2.1 197 0,104 {0124 |0.066¢ | 00221 | 0.08% 1.2 047 | LOB
0011} 0.019 011e 0.5% 02 | LI7
18| 0385 189.0 332 0062
(0.014 ] (0. 0) (3.3 (0.0627)

) : no mooring

L
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3. EMABRMONSA KNI X451

3.1 NSARYYIXETFsOED

HETIE, I 7Y S7OERESICRIZ TSN N
DEBLEEDY 32— a vERIZEVEBRLE
BEfT-7e ThEOBWRBOERN S HEIIKE
TRTEIICKBELZEME Y 32— avit&sT
WEETH 3, LAL %A 5 BAEEMNIZRIETT THeM
DEHB35 2 —FI3EEIZEL, FhEDTNTOM
BELRIIDVWTARE L BEHELZIT) 2 L I38%
Tldh v, fE-> TAETIHABHROEHES MBS
RIFTEEZONIBHEN T A—sDOHRBIIOR, I
BHMELZBERESLVEBOWTERNTIES 3 28T
HEEREYIT ).

3.2 HAOEFNLE

IRIBES OBEEE 2 RIS ER T 01, 7
ROE) LY L —KTOEGHERXEE 2 3,

d’x

m(t)w+k(t)x=F(t) (3.1)
22T, m(t) BEIHTYVISIDEMERLLEA
REBISVIIMBEHEE—2 b, k() BERNE
¥, F(i) i5h, T—x2 25T, EROESE
26 EHEDEBTH Y, WEAZ L LERT 34,
TEHOERM S EmLBET A 2012 B DRI
TEET 3,

E2ZHHEBOERLEL TIIRLOLDONH B,
FNSIIBFEMICIZBBICES N, E—XA L bONS
YADERE L THBLTE S, B, #FE 3.1
ROF (1) 2&-TERTISNEY, F(i) OR
HHEELE L TRARMLTRIZRT IDDLDHIE L
5N, 20FDHFIEFig3 1IIRT L2 3,

F(t)=ad(t) (impulsive force) 3.2)
=qaH(t) (suddenly changing force) (3.3)
=at (accumulative force) (3.4)

fort>0
=0 fort=0

zzT, 8@ . H(t) 12%% Dirac D71 5 1
%, Heaviside DX 7 v 7 TH 5, DMk L D
#7227 & 1L impulsive force THRE h, FZHE 1 v
W, i< Fh, HERBIC L3R NHOREL LI
suddenly changing force 2B+ 3, & 512, ®Ki
accumulative force |2 CHIB{L & N3, /¥ 7 2 bk
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ARBMIITIIEL, BRAIEHT 3 X5 25813 su-
deenly changing force & accumulative force D#i
HEDbETFg3.20&) L3, B DRDE
%Y m@), k(¢) PEEMIZESZVEHRZ S
B.2~@B.HYRIZTERENBF (D) Izxs¥5 (3.1)
RORIIBHTIZRDS h

z(t)=A sin(wt) for (3.2) (3.5)
=A cos(wt) for (3.3) 3.6)
=At+B sin(wt) for (3.4) (3.7

(t>0)

ZIT,A, BIUHIRFILL-TREBZERTH 3,

F=a8(t) : impulsive force

t
0

F=aH(t) : suddenly changing force

t
0

F= at : accumulative force

.t
0

Fig. 3.1 Modelling of forces due
to damages

4 > t
0

Fig. 3.2 Modelling of a force due to
ballast-water transfer

3.3 YMRHEOETIE

B HMEMICITR L, 20BeRDB32D121EAH
DEFNAL L IS L ZIRIBIOIE U HEYIZHR
BTo4Erd5, B2RLTEENSFQ) (T
HIGT ARG IIRDEI I L ZD,

FF, G DROBEE IOV T —e~e DEEH




THRETHE
S: mx dt+S:kx d'=S_:a8(t)dt

mi(e)—mi(—e)+0(eNi(e)=a (3.8)

HBEBEIIBIEL TWAELTi(—e=0&D
2(e)~2(0)=a/m, x(0)~=zx(c)~ei(e)=0 (&)
(3.9)
o T, PIASRMIR
2(0)=0
2(0)=a/m (3.10)
LB,

KIZF (1) 2 (3.3)RITHRENIBEITR
X=1tb< &

mX +kX=aéd (¢) (3.11)
GADRIE 2R EFAULETH S L S5HMMRMFIR
(3.100 Rz &Y

X(0)=0, X(0)=a/m (3.12)

Bp %

#(0)=0, £(0)=a/m (3.13)

BBV, HEEF BT - ThLEEEBEOBNSE

WIB A BN OESIZL S & (x(0)=0)
2{(0)=—a/k (3.14)

E%Y

z(0)=—a/k

£(0)=0 (3.15)

AR E T AL TE S, (3.5),(3.6)RNDA
B A a/m, o/kIZHET B, - T, HBOKEE
ez THEE R, 2 HIZE U TEREEROEDIRE bk
%3,

Lk, #h5 3.2),3.)RDEIIt=0I12TR
BB 3BT, 205 08 hIE U THIER
Btk E - 28, AN BHRICTRENZRKE
COBS IRt RS hIc Lo TIHRES RS
Vi,

3.4 EBHEX

G DRTRERNEELERICT 52010, M
LZ—RIEDEHFBREELI N b - & 2R
KDEIITR D,

b, —RXICkOEE % R+ 2B HREAR

d
I (Mv)=F (3.16)

22T, MIWEORR, o WHEORE, FI5th
(3.16) X1
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oM iME—=F (1D
LhB. £IHTYSOBMEERBLE, BAEE
kD REAEIT BBAHEIE R0 L5
Zve BIDRT

v=2 (3.18)
u:t3#7u7®xﬁ,i=amn
Lhle ‘

igy-+M£=F (3.19)

EIH T ZIb AN L TREADLDOHER
/A, 20 5TEEEDOREDEHES T
B¥s80k Fot¥5L

Fo= —p2nds (.20

T A

p I MAEE, £z TV A3 EHHEANOWEE
TELL BN 7 bV (i » S HENOHEEZIEL T
3) OFEAIK

$ BEETHYOFBERTHERT ¥ ¥ VT,
%mﬁbﬁuﬁ%@%wﬁﬁﬁﬂﬁﬁiéhfwéo
¢HRHLENB L IPARE AL O EEZIER 1 Appendix— 112
FEEIITROEHHEA LB LI EIRDLEN B,

g (M, +mas) £ (t)+S:KkJ (t—7) i (r)dr

+i1%ﬂ+%{’s Cn|i1|ij+cux1]=Fk(t)

(k=1, 2, =, 6) (3.21)

2T, M,; (¥f$@§§, Myj :H'buﬁi, Ky, .
A EY —REBMEY, C, . BERAFE ColHAKRE,
F, ok R, #@s &I X3RN S

3.5 NIAPUYIRETT

EEEI W 2, (2D R TR L ZEB R R
Q2 EIEN IV T TDOEMERETE S, LA
LAAD, TNTOEEBEIIMOKE) & T3 L
BRAFEBIIAE LY, BURHEOKEZR) KV
KL L TuELEDL BV, fEo T, KEEHER
FRWT (3.21) R & BiEM 2B TEN ORERIE %
sk 3 KDV T Appendix—1 TENRB Z &L & L
ABTIzE IH T FOBRBROEEME L ET IV
PRELWTERMIIERTAIZLICkY), BT A
SOMEERAND,

— I SRR T, G 2DRIZEFVTXEY —
BRI K,, (1) 3EER: & R UIBBUTHET 525,
RN 3.2DROE2HERD & H1TEMT 30
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[ Kn@—Di@dr~Ku(@)i)  G.22

Bz, KEMIH S RiEHDFEREE, BRHIDE
BEAIRERLT, QG 2DXHD my, Ke, Cu ik
Bz iz &6 F—E LT 3,

ZDEIRRENS ET, 1 RENAHFRER (3.
MREEZSLRATHRENS,

(M+m)£+K(0)£+%pS Colili+Cx
=fcoswt+fs (3.23)

22U, HANEFOEMEEZIZLDELT, HED
SEAHEE LTI, BERIUBATEMT 3ikH feos
wt &, BMIZE>TEBMLEZOES D fAERT 3,
(3.23) R 1L, MBLLAHTROELIIZLEIT 5,
£+ 2ai+ 72|+ whx=fcos wit+fs
(3.24)
T
2a=K(0)/(M+m), 7=1p8 Co/ M+m)
wl =C/(M+m), f'=f/(M+m), f'=fs/ M+m)
(3.25)

IN WAVE

Fig. 3. 3 IZI3RANER Iz BT 2L 34 7Y Y DIFE
7 4 YHEMROBEAGORAF LR TS, ORI
Hohd &Iz, BE, BEOBTHS HrOHEEE R
HROE IV T I OEBIE, k& UEM(27/w)
TEHT 28y &, ZEBE— FOBERM (2 1/w,)

TEHTIRT LIRS,
B %

x=zxx(tn) + 2 (t1) (3. 26)
IZT

th=wl, L =wat (3.27)

3.26) Rz L T, BALERD &) ICERTILT 3,
xh. = Ih/{a
z*=x/L (3.28)
i
o BASHBRIEM, L3t IV 7Y 7OREZTETH
3,
BEEURTES T 3EMMSD 20 ILHKIRE L&
RN+ - ThEH5,
z*~0(1) (3.29)

— — — IN STILL WATE

PITCH

ROLL

WAVE

U

hw=8.9cm

0 10

TIME AFTER BREAKING (sec)

Fig. 3.3 Comparisons of transient motions after a breaking of a mooring line in still water and in waves
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EEMWTEDT 3001, BB (1=0) 12HI33

VIRARMGFICK-TRE A, BEEZ S 3RBIHL

<l
xt""’o(l)

kB,
e=w,/w, B={/L

L BERITTNTA—FEAVT,

LEETHC L

x| d'z" 2a,dxy | 2¢ ,dx’*
(‘Bdt,.’ T )+(w‘3dt,, te @ )

(3. 30)

(3.31)
(3.24) X % AR T

dxy dz* dx,* dx,*
+ﬂ(ﬁwh+€dt”5 Te

dt, dt,
* — g?
+er(Bxr+2*)= MFm)e'L, €0 t,,-!-m
(3.32)
%3,

B.3DR&LY, EHHRAIILIEIZHNOKEE
& T 3,
eNDKESIE, BEDOEIYTY ST
e~5X10"? for surge, sway,
~5X107! for heave
~1X107'~1X10"* for

yaw
roll, pitch
(3.33)

BRENEELZ 3,

surge, sway, yaw, heave I(Ix}3 3 elf, &FHAOD
BT EHRE, FERIIL->TREENS S, roll,
pitch 1234 % e {3, ELMBIZ &> TLERT 3,
(3.32)RDBEHENKE 1, ¢, a, B, 7HD/85 4 —
FIZkoTHREESNS D, & 2T

B~0 (),

ELT, B,
f/ (M~+m)w’L~0 (€),

7L~ 00)——~0& (3.34)

e*fy/ M+m)wi L~ 0(e?)
(3.35)

Ly BeE
[eD1%kDHE]

dz *
W CcoS tp

_.xh —_——

(3. 36)

(3.37)

L cos I

M-+m) o’
[eD 2 XkDH]

zdle dx,, 2a zdx;
dt’+( A +w,, dz)
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dx,. dx; ) dz’

+7L (8 52 N e e
€ 2
plUE e (3.38)

(3.38) AN L MBIHIKDZ Z L ISRETH 3 #7,
BEHLEHRT L

dle‘ *_ a
af+“'aﬂﬁﬁff

&%xn

2,*=A cost,+Bsin "“"thﬁdmr[ (3. 40)

ERDHENB,

Bib, LR UBBTED T IMSY 20 s, KEH
TEHT 23K 2" L, BEHZERT 3L D1k
DA —F—FTIFEA B L EBHHRER (3.36),
(3.39) R &ili~L, 20RIBHRIIKRDSNT,
(3.37), 3. 40)RTHRE N 3, (3.37),(3.40)R &Y,
HEFCEMTER T SEMIIT 2EEH, BEH
DEBIINEL, RRABTEHT AR, HERN
WEN—FEBY 7 ML ANBEEDLE L THHBET
BIZEHFbrB, xll xt EOERIZEENEN

(3.39)

3,
WA GV E EOEEHHERIT
[ e 2 knmE]
m, d dx*
(3.41)
La, BEAZERT L, 3.41)R0HEIL,
2,*=Acost;+Bsin i, (3.42)

Enn, 340R LHEL T, HFOBOEREHOGE
EHIEDO LWL EDEHIERNICLS VTN EE
MEZAELE2ZbDERLELIIIHZE, LAl
5, EFRIZIE, BRABEIEMIINL CIEEE LD
T, B.2)RIEIIERNFERCHED L VHE
L, BOFTEEMIZIY 7P LTWABEALTESL S
o, 3.40RE B.42)RETIE, 1, FREY, B
BESRE 3,

BTt u§ﬂ7X—9®k§éE&34(3%)
ROIIIRELAEERKILTIHDT, elda—i,
Ey FIZOWTIRIEWEEATE/LI B L, % 7:, (3.
35) XDFEHDOKE SLEREMFICL > TET 3,
ZDEIRBE I, o bt OERIZEEHSTIC
EEELRVILILE B,
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BEDZVHED, RBEOEEEHE (3.23) R %
> THEIBL S EET 5,
D2 VEEDBEEE) % 308+ 5B AR

dxz|dx _
a1 E-FC:—F

d’x dx |, 1
(M+m)TtT+K(0)37+7PS Co

(3.43)
&/J’Lféo

BEEOGHEG 2 EL 5L &5 NF I, 3.2)~(@.

4) 1I2TEz2 5B, ,

#REBA U HENEOEBEERTI2LLLT, K
DEHILBREFNVEEZ 5,

Blb, t=01FVWTFigd 4R T &I B4 4
—RERD I B/NA L DNREBS kB 5 kI IRRE
fbLAB0EHEE 23, 22T, /54 0 IZ8KEL
L BEENEY, N A1 IMEERICEABEEHERC
HMIBT 3, 5T, t= 012513 3{ZEHO—BREMT
BSA1 D=0 31 AEMOELL L THE
nst&Ez25%,

o> (

Fig. 3.4 Theoretical model for vertical
motions after a breaking of a
mooring line

A0, 1DERREEZA L, L £T3L,6>0
I2E 5 EBAREA

(M+m)£+K(0)a‘c+%,oS Colzld+ke(L+z—1Is)
+k, (L+x—1)=—mg (3.44)

b0t
(M-+m) #+K (0)2+4pS Co |2 12+ (ko+ks) x
=—mg+ko lo—L)+k, (1,—L)  (3.45)
VBRI, 1= 0 AMEEr=0&EL T3
(562)

5 (3.15) X &0

z(0)=0, £(0)=0  (3.46)

L% B,

Co=0 Nt &, B)PERHENLET (3.45) A &M
& 2D

= mg_kO(l;c_L) —k;({,—L) e~ cos (Jai—a® t)

+ —mg +k04(oli—kl;) +k; (ll_L) (3 47)

ZZT

a=K(0)/2(M+m), w'=(ki+k.)/(M+m)
(3.48)

(3. 47) RIZ TR & h 3 BEEAL * DEEREE ORI &
Fig. 3.5 127" ¥

EIHT) IOREEOBRE, S IIE_ETRAN
Oz, HEBROBEEGEORKEN, BRI EE
th B, BEEMERDOEMSY G ANRILTE RSN
3L &, BREM 2w BRBERORIOA —/1—2 2
— MFIZERE A

xu=xo(1 +e—ato)

(to=n/[wi—a®) (3.49)

Lk B, TITxld
_ —mg+ko (lo_L) +k1 (ll_L) (3 50)

o k.

TH NIBIBEROBHYESVEMNEET, b, HEBHE
OB EERE I I ERE I L) B AT IZHHNSE
WL D 2 /% fEI22 1 5 B,

Iy/xo=1 +e_°"’ (3. 51)

Xo

fE->T, BEEMEORHEAEMICIIBEN I AEE
BLEIOMENBEELZI LA bDL S,
a=0, Cp=00)<l:§li, Iu/xo=2 &3,
HENITANLF—-DOBFE»S
E,=E,+W (3.52)
2T
E (t=0 12H T3 NENZANVLF—
E, it=t, IHEIFINFEHIAILE—
W iit=0~t, OEIZZEEN L L 2 EHE
TH Y




Eo=gh(b—L)'+Lh (,—L)’
_L —_—T 2 1 2
E = 2 ko(lo—L—xy) +7k2 (li—L—zw) +mgxy

to
w={"K(0)#ar (3.53)
ThHdh5, 3.52)R&D
S k(=L + 5k (L —L)'=Lk (o —L— 2’

Lk~ L2+ mgn+ S:K(O)i‘dt
(3.54)
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DE i

xu { %(ko“*"kz)xu'—ko (lo—L)—k, (l'——L) +Mg} =0

(3.55)
By,

=2 %0
E% 3,
a>0 DL x|,

to
Sn K(0)#2dt>0 (3. 56)

Eh5, —pRIz

B.5)RX26 2w #RKDBIZUE, 2 OBHUBHAVBET < 2% (3.57)
HY, —IE o OB ERIERD S W02 a=0 &k
XM T
Fu) 1
o [
g :
[ ]
S xo } /\ e
- . \_/
=7 ]
/] 1
2 ! \/
a N
1
i
0 to time

Fig.3.5 Typical transient motions after a breaking of a mooring line

DEnBffRz, ZEN—EEHIHEL2AVTRT L,
Fig. 3.6 D& )12% 5, Fig. 3.6 T, MAA=HHEE
+C+B4+DT4#Y, C, B, DOEYI»EAREN,
BN, SALIZEDHEBRENBZZANLF-Th b,

UEosaTld, BEHLLTHEBRIZESLD
L, BRKEICEZLDREZ, BAOH@ELEESE
LT, EHORBLERL 2 - TIDEFT VI
%585 4 ~ BEUT % O heave, roll, pitch D E B I3
BT 32LDTH 3,

KIZ, BBI A4 VEMEOAFEAOES, BN
surge, sway, yaw DEB 42 EE T 5 -H1Z, Fig. 3.7
RTHREZEFVEEZ, t=0IlBVWT/HNR1DE
A k5 kz(kz<k1) B L 2 BOESOBEH £
2%, KPENOES: I L TIIBKEIZ K 3EED

2L LZ VL5, Fig 3. 4D/ % 01233 DI #E
2%,
2ADNA1,20BRER L, ET5L t>012k

T AEBARBERITIC,=0& LT
M+m) & +K(0)z+k, (L+x—1)—ki (L—x—1,)=0

(3.58)
VIHARME 2(0)=0,2(0)=00 ¢ & 12 (3.58) R %M
< &,

== -::%’,;i—(L—l,)e“”cos (Jo,i—a’t)

kl ""k _
+ m:—(L 1) (3.59)

(@a=K(0)/2M~+m), of= (k+k,)/M+m))
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L% B,
BEIgI A WL R, I3,

—k—ks 7

Ehs,
2=1x,(1—e " cos Jwi—a't) (3.61)

> T, zDFHAME xuld,
=20 (1+e %)

(to=n/[wF—a*) (3.62)
DBEL, BEFEK Y0251,
=2 %y (3. 63)

E% 3,

B, TALF-OME»S

Fh—L)+ k(L)

)

&%

(3.64)
a=00DL x(%
2t (kitka) zu—h (L= 1) + ke (L—1)b =0
(3.65)
%57,
=2 %, (3. 66)
»PBEshs,
—f%iza>0 D& xiT,
< 2 o (3.67)
L% 3,

L IHTY TEMBETZE, KEPEPLERICNT
BZEENIL, FHERIZEZ3LDZIITHY, heave,
roll, pitch 123+ 3B@EHIHNTHEL, o
T, BEBRMIAEL L3, £2T, (3.62)RDtlz—
#% 1= heave, roll, pitch IZH L ’(j( <Y, %Y
54 VMR OK TP ENES A A - —2a—-FL T
BRMEIZET 3 TORMIZSEENED (heave,
roll, pitch) IZHB L TEK L2322t bh B, (3.
47) (3.61)Ri% Fig 2.13 12 TR L 5HAIG % MM
12T 3, 2L, EHRIfIC & Tid surge, sway
DEBZOVWTHOPEVEMN e L 5 L) 2%
AHLNZ WA, THIZBREICFHET 3 £ TORR
HEWED, FOBIIRBENSIENFILY - 28
BLTLEIDEEZLSNS,

(564)

Lo+ + Ik t—L+ =+ [ KO #1a

¥ O
o 1
= 00
o =
WA
w &
e @ of
= Qo‘*
= 0O
Q &
&~
[
£ 3
~{C| B} D
E S5

O/D‘L Xy 2x%0 2(Lo-1) x

Fig. 3.6 Energy relationship before and after

a breaking of a mooring line

Spring 1 FSpring 2
x

Fig. 3.7 Theoretical model for horizontal
motions after a breaking of a

mooring line

tIHT)TIIEnTIE, BREAIR, BAREICER
T3L0,FERIERT 3 L0112, FLO—KHE
BT a < EMCMUTERELRE 2500 —H
HITH3,

fE-> T & DT 2 EE HREN T,

M+m)i+K(0)z+f(x)=F (3. 68)

B, fa) P x 1L TR LB TH 31B8,
2 DOMBIBFMKO N BT EXE 0, BEHH
M2 1L T LAMBTH3BE I LR
ANF— EHBOMRIIRIIT 3,

ENs, Fig. 3.8 15+ &) 2EEHW—FMHEL2EH
T3Et3IH7T)IORBAMOENEEE L, RBED
BHSIA VB L LA L &,

to . PR, BAENMNIZES T TORM

Clit=0~t, DMIIHENIL-THEENSZ T
FNF -




D .HWMLAESA Y UNDFRETA v OET v x
NIANF— (Gt A LF—) ORI

E:.t=0~t OBOLIHTY FOELDHES
FMOBEIZL2ET Yy v LT 2 LF— DN

T BL,Fig3 8itHt AWM (ZANLF—) Ad
5 (C+D+E) OHEBEZELFIWARYY, £3IH
TYTREN, ERESEIDIEhhiTERICE
3, - T, /RE74 VRMAMOBEREHI—EMERE
5T, EMOBESYS 2y 2 Fig. 3.8 D& 5128
3,

3
)
g
9
=
a0
=
-t
g
3 L
2 B
@
8 ;
A H
|
H
L
0 Xo X, X X

M “max

Fig. 3.8 . Energy relationship before and
after a breaking of a mooring line

(under nonlinear restoring force)

7720, D,EiX xuiZ, CIIEM ORERIREICKIET
355, RED 2y APROSNB3bIFTIRE VN, =,
NDED S 2K, Fig. 3.8 DanaxTH Y, %7z,
C,.D.EDHEHMIFADHEED =22 » 1~ 25BET
B335, xuOHERRIZFig 3.8 LW RH5N 32
Lz 3,

REMLZEIF TV 72E 2, BEL, BBET
3, 4BERBENRTVWE3ENDETEE, BBOEE
54 VBOBATIE, ) 7 OHKBEWE LT,

T/W~1/400 (3. 69)
BETHI.ZNDLE, »5—BOFEEF L V(B
AW L 2 LT 5 &, BHHEVERA 6, (pitch),
@0 (roll) %,

B ~ T-L/2
* T W-GM,
T-B
Po ™ W'GI/WZ, (3.70)
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ZZT, L=100m, B=80m, GM,=GM, =Im &L
T, T/WIE B6RDEEH S &,

0o~ Tdeg, @y~ 6deg (3.71)
&%h
Gu~206,/(1+4), pu~29,/(1+4) (3.72)

LMETE S, 413, Fig. 3.8 (C+D+E)/B % %
TRT, 4~0.2LT 5L,
Ou~11.5deg, ¢u~10.0deg (3.73)

& % o TR EBREWTEE DB KER OB E SR S5 W 5,
VI EDEEZ, EBIBIZL3HOELY B.3)RDE
SIZAT v THMTES W3IBS, b, FB54
RN, AN, HEGERERIC K AR NEHOBE L £ DR
BEROEHCEATE 3,

ootk & DEZE L &, HOED B.2)RTEX
N3 LI, 4 v VARMLEHAIZY, Fig 3.4, Fig
3TIRLAEFNVERAWTERE TR 3, 2L, 2
DPAIE, NAEHIELEFESE (3100
LEIHEBMBRRNEML ISR B, 1=0 2P 53
W, t>0 1281 3RAKEN x ITEEERIIRG
ki U 1

ZOBAY, Fig3.8 LRARE L ANLF - LIEEBD
B DD, BIb, Fig 3.9 IR T & 12, HE
N—EN R T,

A+C=%Mum’ (3.74)

M ZEOKRR, »(0): EE)
L Bane, MENLERL L& XOBKREMNT,
b 2y FEREHEEEL 2L EDBEARENE L 5,
2L, ZOBEIL, BHSIEWEIR 1<0IzH
AMBEL—BTS55,5,Fig3. 81l 35D ,EXE
T, 2o bEFL%2 3,

f

Overturning Moment

0 Xy X x

Fig. 3.9 Energy relationship after a collision
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BBIZ, BAOBEIEL, HHIE GHORDL I IR
REiIzmys 2, Eic, REOKR LA LHEIIE
ka2 & &%‘lﬁ')‘é L @2 REDEBHRRIL,

(M+m+at)F—+ (0)+a)%§+Cx==At
L&} 3, 3.75)
T, a lIBKET, BAIZLIBAREMSL Y
DREORBOMIMNERL, AIZHNERRH - DER

KERBTH S,
(3.78) RDFERE I

x==-—{t——-(K(0)+a)} (3.76)
L, —HRid
=n+a(—L&O)+l G

LB 2 () PERARFOBE 2 N OBHEEHAND
gL RbITET

5 (1) =C, (t+M+m)m’/"(l—ﬂ)[l—_l'p"

R EOTEOR
e+ MEmy  yrpq Mimy,
R V2 N Y2 1 (T R
Th3, (3.78)
ZZT,

y=C/e, B=1+K(0)/a (3.79)

THN, C, CIAMBRFIZEIREERS,

BAESFFEEIDEVIRE (a~0) 123, n@)~0
THHMEIF 2 5 -7, BkBEOESIT 3.77)X
NE2,3HOATEREN, BALILIZEMNHAIEEFIC
WM+ 32 &i2% 3,
3.6 HOES

HBIBEOLIF 7Y FOEMIIRIFTHEONELH
N5, Fig 3.4 1R L AEFMICT, RANEST
B4 2BIFL 2B E2E2 5,

EEHRERIE, G4)RIHELT

(M+m)a‘:'+K(0)a’c+—%—pS Cold|d+ke (L+x—1s)
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(a) Theoretical simulation of a free oscillation (heave)
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