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Abstract @ The height of large car and truck carriers from the keel to the wheel house is 44 ~ 46 m, and as the car-carriers increases in size, it
exhibits the ‘top heavy’ characteristic, where the upper section is heavier than the lower section. This study aims to estimate the maximum outward heel
angle of the Golden Ray car-carrier (G-ship) during turning maneuvers for accident investigation and the prevention of similar accidents. The
theoretically calculated maximum outward heel is 7.5° (at 19 kn, rudder angle 35°) with a GM of +3.0 m or higher, and 16.7° with a GM of +1.85 m.
Meanwhile the experimentally modified maximum outward heel is 10.5° (at 19 kn, rudder angle 35°) with a GM of +3.0 m or higher, and 23.3° with
a GM of +1.85 m. The G-ship is maneuvered during an accident at a speed of 13 kn, at starboard rudder angle of 10° to 20° it changes course from
038°(T) to 105°(T) based on the instructions of the on-board pilot. At this time, the maximum outward heel is estimated to be between 7.8° and 10.9°
at the port side, which is 2.2 times higher than the normal outward heel. In the IS code, cargo ships are required to exhibit a minimum GoM of +0.15
m or more. The maneuvered G-ship exhibits a GoM of +1.72 m. It is not maneuvered because it fails to satisfy the international GoM criteria and
because its GoM is insufficient to counteract the heeling moment during the maneuver. This study is performed based on accident-investigation results

from the Korea Maritime Safety Tribunal and the USCG.
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PCC(Pure Car Carrier) %2+ PCTC(Pure Car and Truck Carrier)
As 2k S8 EY, F] 7)1 A 58 555
A AAE Auke e, HE 4,00~7,000t(RT43 28 5
|2 7199 AS g Hel Ho] g 5 k. A AAH
O 7 8300 o] ° H 2 gk # 2ol 8,500
fEs ds 9 | E3atlom, 2~3d
9,100t1E S 4 A+ 22Uy ASAREA(LCTC, Large
Car and Truck Carrier)©] 71222 of 4 o] t}(Market.us, 2023).
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gE TE2E 7ML ) THGuajardo Camps, 2020). 2019
S(capsizing)®l T+ #lo]s ot Zo] 7400tE AS = 9
Aure] A9, 2= A S 9d 127] 2T car deck)©]
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2.1 d3| 5 gZA LY el

uto] EbzZi(rudder angle) 0°ol A 2 Z&tcir) o2 bz
(10°, 20°, 35° 5)& 59, Fig. 13} o] AJZ o7 HFHAL
(inward heel)7} HA Tt} <7 Aloutward heel) = B} 7]
Hoh oAb duke] AR S FRYUE did HgE
BTt AA3] gk AAES HolAl Hrh o]e} Zol
HAZ 7o Ao AAES Ho 9 A (max.
outward heel)o]e} aln], Hoi <AL B o] A
st BE Fo] dAsA HeE dA(HE H3 &,
steady turning motion)oll A Kol AALZHS 3 A ZH(normal
heel)©] 2} 3+TH(Yoon, 2015; Lee et al., 2002; Kang et al., 2020).
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Fig. 1. Heel angle due to ship turning.
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21} ZEHIMO, 2008).
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My, = 0.200 X A X (KG—%) 1)

7NN, My BZARRE(kNm), V, Auke] Az &
2 (m/s), LWL(Length on Load Water Line)2 4417 (m), A&
ko] wjSEE S (ton), KGE A A (keel)ol| M FAIFA (GY7HA]
o] %472 (m), d= FFE5(m), 0200 A5=o]Th.

2) Rhodes. M. A

Fig. 29} #o] E& Ab&-3td o
o] #-gste] M3|7p wAg MRt FAFAG) XA
Arlegoe] WA, FAB) $ACA 4] E(centripetal
force)o] A} o3t YE]E ]85} Rhodes. M. A2
22yt o] Aut o AATS AlLtekel thRhodes, 2003).
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Fig. 2. The center of action of centrifugal and centripetal forces

during ship turning.

3) Kinzo. I.

“A3] F B NAA EUEE B9 RdEe 7
tpeks o] 23t “d3E Fo Mdpmade ol wwEkd FAS
4] ol Erhakel Aol o]&l] HZK(drift angle)o] AT =
2 & o]&3te] Kinzo. L& 2(3)2=E WA AMS At
tH(Kinzo, 2013).

sinf = % Ge 3)

o71M, viz A A3 T Ames), RS A7 48] 5 A
3] RHE(m), B A3 T LAstE A7), GCE= B T4
OFH FASHOG7HA Y FAA8m), ge TR

(9.81 m/s)E 2 H| g},

4) Kim et al.(2018)

Kim et al.(2018)& o744 A Sl
o2 M3 F FAAE A é@é}ﬁi, 92, @),
213yell o3k Alkgka} AEgks v FA el A A v

Axkgkat Aggkel oha zbol7k &S ¥
off )3 AFAlzhe Attt oF 407} H T 229 2(3)
< Aol vl 22} “d%h ok o LH(FH A& 0.3°, A 2.00),

A% A& AHgaHs A, - A3 A L4n), 2 48 A
L1 S sflof A&zt 2 j]sn% At}
sinf(stb’d turning) = Formula (2 or 3) x 1.4 @)
sinf(port turning) = Formula (2 or 3) x 1.1 (5)
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ekl 20021 E o] A8 Z(Tricolor)9t 2004 FAh 105
% (Hyundai No. 105), 20123 %E of o] 2~ F (Baltic Ace) AFILE
F B oy ARy Alareln, 2006 F7} of o]
223 (Cougar Ace)9t 20161 EE A X AT (Modern
Express) Abale 3 &l T 2bF A A3 A= aeb EA =
A%y ALt 20159 &1 QAF7HE (Hoegh Osaka)@}F 2019
W FE d°]|%(Golden Ray) Al A3 5 A FHAL
EEﬂ_Eoﬂ o)t @EA}EME}(BMA, 2002; BMA, 2012; PMA,
2016; MAIB, 2016; NTS, 2021).
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Table 2. Simulation scenario

- R N o Lo . Items Unit SNO1 SNO02 SNO03 SN04
—'r;l%i(n@r 13kn®] WhEr(half) S AlA] EFZE 10° ~ 20°2 ® Cargo 5 s e 5]
Ak g d=sis. Water ballast 4112.7 3868.7 3117.9  2932.97
Deadweight ~ Oh 51788 116378 11451 13452
Table 1. Specifications of the accident vessel and stability at Lightweight (M/T) 21433 21433 21433 21433
the time of capsize voyage Displacement 266118 33070.8 32884 34885
Items Hoegh Osaka Golden Ray Draft(mean) 7.67 8.85 8.84 9.29
Ship’s type PCTC PCTC KG 15.77 17.04 16.84 18.21
LOA(m) 179.9 199.95 GM +4.19 +3.6 +3.77 +1.85
Breadth(m) 32.0 354 GoM m +4.03 +3.42 +3.64 +1.72
Gross ton(ton) 51,770 71,178 RC 4.27 4.27 4.27 4.27
Deadweight(ton) 16,886 42,428 GC 11.5 12.77 12.57 13.93
Lightship(ton) 15,532 21,433 BG 11.94 12.62 12.42 13.56
CEU 5,400 7,742 Remarks;
Speed(kn) 12.0 13.0 1) RC: Veni.cal di.stance from keel(K) to rudder center(C) .
Vean drafi(n) 562 929 2) GC: Vertical §1stance from the rudder center(C) to the ship's
Capsizing center of gravity(QG)
voyage KG(m) 16.32 18.21 3) BG: Vertical c.iistance from the center of buoyancy(B) to the
GM(m) +1.29 +1.85 center of gravity(QG)
G,M(m) +0.70 +1.72
Remarks; 3.2 Z0f YIMZ FYE St 24 @

1) CEU: Car Equivalent Units(Based on RT43)
2) KG: Vertical distance from keel(K) to center of

gravity(G)
3) G,M: Vertical distance from the center of gravity(G) to
the metacenter(M) considering the free surface effect

3. M3 & 2of AYFAZ FF

3.1 AEdo|H W

B Ao A Kim et al.(2018)9] AFATNE wfE o R 2 (3)
3 2 (@)F o] &3] 7,400 CEUF AEatewtd Gz ol
o P AAZLE FA sz gt AlEE oA AluEl e
Table 29} Zo] AU 2 1(SNO)S A F 3}Eo] gle AH
(ballasting condition)Z, A|LFe] Q. 2(SN02)$F Alvha] £ 3(SN03)
2 GE AmAba A o] ket Mg frARe s TF
A3k Zolm, AlubE] & 4SNO4)E GE A=A AL A 294
deolnt. o 7] A, Alvtg] 2 1-300] thgk Mt 5914 ol
=5 o)z HYUA AE(Trim and Stability Booklet)E

r

AR IAE Gtk Hd A FAS
3Rk, Azt Fol tigh 84 Ak s
4 A3}E M (Result of sea trial, 7,400 CEU PCTCO)E &
319 THHMD, 2017a; HDSH, 2017).

A3 F iAAbl TS T AR E AKHWV)T A
3] F AZHB), GCEFTE] 2-gH oA FAFA7A +4 A
7)), TY7H5E(g), A3 AER), GMo] Ut
1) 43| HHH (steady turning radius, Radius)

G52 X4 3]% 7 (advance), 4 3] 7 (tactical diameter), 413] Wt
7 (radius) #kS Table 33 Tt} GEo A3 WHES $ A3
Al A2(19.0kn)oll A 257m, BFE(13.1kn)ol A 191mE B QITh,
Fig. 3 WH5(13.1kn) S ollA] EFZPE(10°, 20°, 35°) 4134
S AEo]A% AdALE AT E Y] STR-Sim 2014)°] T}
1 Al Aztel AlEdold ANE vy epzhd,
2 3] 9hE S ALetH Table 494 2T

ol

Ipr

g

2) ®ZH(drift angle, B)
G329 a4 Al A Iresult of sea trial)oll A HAF A3
A Z}(drift angle)> 22.0°% THHDSH, 2017).

ofy

3) GC

Aurel gt 280l A Ant FAIFAG)S FAAE
+ Table 29} 2t}h A¥E FAFTA GOl =555 GC #%=
S7reth AluE]l L 4SNo4oll A GCE 13.93m=E of 2 AL
g oo Bl +1.2m~+2.4m =& Fx] otk
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Table 3. Steady turning radius during sea trials of PCTC
Unit: m
Items Port turning Stb’d turning
Rudder angle 35°
Load condition Full loading
Advance 476(2.5 LBP) 486(2.5 LBP)

o Tactical dia.  490(2.6 LBP) 512(2.7 LBP)
Radius 164 191
505(2.6 LBP) 529(2.8 LBP)
«qn Tactical dia.  512(2.7 LBP) 625(3.3 LBP)
Radius 201 257

Advance

Table 4. Turning radius based on speed and rudder angle

Unit: m
13.1kn 16.0kn 19.0kn
Items R/A
port stb’d port stb’d port stb’d

35 476 486 490 508 505 529

Advance  20° 661 689 681 719 701 749
10° 912 972 940 1,015 967 1,058

35 490 512 501 569 512 625

20° 686 717 688 780 691 844
10° 882 909 902 1,009 921 1,110

35° 163 190 182 224 201 257

Radius  20° 221 257 246 302 271 347

10° 294 338 328 397 361 456

Tactical
dia.

Remarks;

1) Port: Port turning

2) Stb’d: Starboard turning
3) R/A: Rudder angle

Advance

N

W -
. i
E Speed —SSmmgsEE

Tactical diameter 13.1kn

Fig. 3. Turning circle of PCTC by rudder angle of 13.1kn.
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ol A HdHl GM2 +3.6m ©]/¢S Holi Qr}. TRk, LA
3L HA](SNO4)S] GME +1.85m$I THNTS, 2021). AFaL BA] A

w8 o] gr PG Al AR F9 o, =3
G} L T sHEo] o] ¥ g ARHATE T AP
< ®FshE Apge] opvnz Adup 54 ARt T2
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Fig. 4= Au8] 9 33} 49] KG, BG, GM2] ¥0o|= w|u 3
Zoltt. GE AmAbaL FA FAFTH G Avte] e 35t
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Fig. 4. PCTC Stability (SNO3 and SNO4).

3.3 M3 5 Aof gZA Hut

Table 5= 2](3)o.Z Akt Hd <ALz o] ™ Table 6
& A= AAEE gholth 2@3)ell 23 ) oA
GM®| +3.0m ©]*A :@EH ”@—(SNOI, SN02, SNO3)oll A & of
7.5°(19kn, B} 3592 Z3}8bx] kgko}t, GMo] +1.85mSl
AEHSNO4)ON M= 16.7°2 2 2ol 2 Kt}

2@l o3 o) e]WAE A GMo] +3.0m ©]/d<l 33}

ol A 10.5°(19%n, EFZ} 35°), GM©] +1.85mellA] 23.3°%E GM©]
xloz[:i =2 gu]—ﬁ/\]_ﬁ—o Eoﬂl:]—

GE& AEARAL FA|, ZAALe] A Aol whet 48 13kn EFE
(Stb’d 10° — Stb’d 20°)S AF&&Fe] = 038°(T)ol A 105°(T)
2 W3 Foldrk. GMo] +3.0m o4t gErE Aot
A U AALLGL 330 ~35°2]3) T 46° ~ 4.9°(AHE F
BE Y, AeAbart 2 E2 Ao R 78°(*‘ 3) WAl 109°
A=, 7 Al AR 220 2 FAE BYS A
o= ddHd. G ?%oHZ}‘E_ﬂiX}X](Voyage Data Recorder,
VDR) 4] 7zl ©]ahw, 20191 99 8% 14] 36+ 58%(&
A2y AF el ZE ol 91% A3 Al e, BAAL
7 wde AT7F S vk ol WART F oUAEAL
5 H37] el ddwt ':*“M =3 oR FAH

Fig. 5 ~ Fig. 7= 2l@)°ll o3k Ao WA S ezl
2 Uepd Zlojth Alue] e 1-390] ]3] AlvE L 4 el

BAzre] 228 B&E & S glek
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Table 7> G& 9] &3 7At]d ] IS code(2008) 7]l =
3 YEAE wol Astolth GEE o 8714 B}
Lol A 2744 el A wEd ghs Btk HdA
(GZ curve)oll A 3000 A1 40°7}4] A 0] 0.030m - radian ©]
olofof &fit, 0.011m - radiandl] Ega1, A, 7 A,9]
H] & (area ration)©] 1 o]/Fo]ofof s}, ool dtt A, 9] WA
(A} EARAE)] A, WA vhael o]g FAw
AE)H T 7ok A TheA s

Fig 82 G&o] HmAta &xbe] GZaA(FH
SN03e]  Gz=A1 (3 A A)E Hlagk Aotk Alute
3(SN03) 7 o] Ay WAL 0.280, A, WA 0.1402
A,/ Ay9) 7 201t olefRt A9 A% FsAo] s
Stk ey GE A=A A A0 HA g 0] A
GZ %ol “1.5xHAFS-#H A4 (wind heeling lever) 'S 43| 8t=
gol slofok A, WHo] AxsE), WE LsxPA-HEA
grwch Ak 2 Aol FAZ Ho P A el G
9] @% 7}%@% E]Hl—‘]g],;_ o)

P =

Table 5. Max. outward heel by formula (3)
Unit: degree (°)

Rallll‘gli:r S(p°k$d SNOI  SN0O2  SNO3  SNo4
13 2.1 2.7 25 59

S10° 16 2.7 3.4 32 7.6
19 46 5.9 5.5 13.1

13 2.7 3.5 33 7.8

S20° 16 3.5 45 42 10.1
19 43 5.5 5.2 12.3

13 37 47 44 10.5

S35° 16 47 6.1 5.7 13.6
19 5.8 7.5 7.0 16.7

Table 6. Max. outward heel by formula (4)
Unit: degree(°)

Rallll‘gli:r S(p;n";d SNOI  SNO2  SNO3  SNo4
13 2.9 3.7 3.5 83

S10° 16 37 48 45 10.7
19 46 5.9 5.5 13.1

13 3.8 49 4.6 10.9

$20° 16 49 6.3 5.9 14.1
19 6.0 7.7 73 17.3

13 5.1 6.6 6.2 14.8

S35° 16 6.6 8.5 8.0 19.0
19 8.1 10.5 9.8 233

AAZE A0 BE AT
14.0
120 | 4 SNO1 ©SN02 +SNO3 xSNO4 X
> X
=100
2
- 80 X
2
3 00 @
5 40 ?
= 0}
2.0
0.0
12 13 14 15 16 17 18 19 20
Ship's speed(kn)
Fig. 5. Max. outward heel at a rudder angle of stb’d 10°.
200
180 || +SNO1 0SN0O2 +SNO3 x SNO4| %
~ 160
T 140 X
£
= 12.0 X
©
2 10.0
2 80 ol
5 60 ¢
= 40 ¢
20
0.0
12 13 14 15 16 17 18 19 20
Ship's speed(kn)
Fig. 6. Max. outward heel at a rudder angle of stb’d 20°.
250
[ » SNO1 0 SNO2 +SNO03 «SNO4| X
;20.0 X
@
2
£ 150 X
E
2100 Q
5 ¢
= ¢
= 50
0.0
12 13 14 15 16 17 18 19 20
Ship's speed(kn)
Fig. 7. Max. outward heel at a rudder angle of stb’d 35°.
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Fig. 8. Comparing the GZ curves of Golden Ray and SNO3.
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Table 7. Result of the assessment of the mandatory requirements of the 2008 IS Code

Stability of Golden ray Required value

ltems Units (Sept. 8™ 2019) (IS Code, 2008)
Part A. Section 2.2 - Criteria regarding righting arm curve properties

Area to 30° m - radian 0.084 (pass) At least 0.055 m - radian
Area to 40° / down flooding m - radian 0.095 (pass) At least 0.090 m - radian
Area between 30° and 40° / down flooding m - radian At least 0.030 m - radian

Max. GZ at 30° or greater m 4.056 (pass) At least 0.2m

Angle of maximum GZ degree 80.4 (pass) At least 25 degree
Initial GM m 1.84 (pass) At least 0.15m

Part A. Section 2.3 - Severe wind and rolling criteria

Angle of static heel (¢) degree

Not to exceed 16 degree or
angle for 80% of angle to
deck edge immersion

6.2 (pass)

Area ration (A,/ A, ) m - radian

Greater than 1

4. 2 E

Ao 3 HA GoMe H.15m °]AS {38k 9l
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