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Graduate School of Korea Maritime University

ABSTRACT

As the oil price soars and the Russian economy revives, increasing new orders of
icebreaking cargo vessels become an important issue in the world’s shipbuilding
market. One of the areas of the concern which arises during navigation in
ice—covered waters 1s the magnitude of ice impact loads encountered by ships.
However, the accurate estimation of ice load still remains as a rather difficult task

in the design of icebreaking vessels.

This study focuses on the development of a simple ice load prediction formula for
the ice-going cargo vessels. For this purpose, various ice load scenarios are
discussed concerning possible ship/ice interaction modes. Since the maximum ice
loads are expected from unbroken ice sheet, these load are most likely to be

concentrated at the bow area.

In this study, published ice load data for icebreaking vessels, from the model tests



and also from full-scale sea trials, are collected and then several ice load prediction
formulas are compared with these data. Finally, based on collected data, a new,
semi-empirical, ice load prediction formula is recommended for the design of
icebreaking cargo vessels. An ice load estimation software "IceView” is developed

by using ice load prediction formulas.

In addition, an ice transit model for icebreaking cargo vessels in the Northern Sea
Route is studied. The ice transit model can select optimum sea routes with the
shortest navigation time and the lowest operation cost. This model, with basic
information such as ship capabilities, transit directions and months of transit, can
calculate total transit distance and elapsed time, mean speed, operation cost for each
vessel. In the ice transit model, environment information such as the site-specific
ice conditions, wave and wind states is utilized for four different months (April,
June, August, and October) along the Northern Sea Route. The model also defines
the necessary periods of an icebreaker escort. Then the optimum sea routes are
selected and visually displayed on the digital map wusing a commercial software

ArcGIS. Usefulness of the selected sea routes is discussed.
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Fig. 2-3 Indentation pressure-contact area data (Sanderson, 1988)
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Table 2-1 Ice conditions and various ice—ship interaction modes

Ice Condition Characteristics Interaction Modes
Level Ice (F8X FHK)
_ . 10/10, FY C,R S, B
lincludes land-fast ice]
) - single or multiple,
Ice Ridges ("9 KJK) R, S, B
FY or MY
Rubble Fields (¥ &x7t%) grounded or floating R, S
Iceberg (YA Jkil) single R, S
Ice Floes (Wb ki) single or multiple, FY C,R, S, B
Pack Ice (+% k)
lice ridges may exist]
level 4 (very close pack ice) 9/10 - 10/10 C, R, S
level 3 (close pack ice) 7/10 - 8/10 C, R, S
level 2 (open pack ice) 4/10 - 6/10 C, S
level 1 (very open pack ice) 1/10 - 3/10 C, S
open water (ice free) < 1/10
Brash Ice
) . . consolidated or loose C, S
[broken ice pieces in channel]
C: Continuous
Ice Concentration icebreaking
[0/10 - 10/10]
R: Ramming

Remarks

FY: First-year Ice

MY : Multi-year Ice

S: Side hull compression

B: Beaching on ice

and ice loads

Table 2-2 Various ice and ship parameters needed to determine ice failure modes

Ice Properties

Ship Properties

Ice Failure Modes

Load Estimation

Models
Ice Sheet Thickness
Flexural Strength Shlp Speed Crushing
Crushing Strength Displacement Bending
Ice Density Length Buckling
Young's Modulus . .
. . Breadth Spalling/Shear Failure N/C
Poisson’s Ratio
Depth/Draft Circumferential and

Friction Coefficient
Temperature

Grain Size/Orientation

Salinity

Hull Form/Lines

Engine Power Creep

Radial Cracking
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Autel] ZgstE WileS A M =2 e A4S o&dE A ASse
Aot shAwr AM AZFe A§ AAA v o] Fo] 59, oA AZFHE WaF
A5 =3¢ W3 (severe ice condition)& ol A Auloe] & EAAS WS AL 3R
thes Mube] Fx24 ¢hdS 8] Brh &3ket 3 SHelA AFH grel7] wikel =g
W3l (extreme ice load) B th vha 22 ghol A4S = 497F 8o £ e F
A D AsEA, A £ S 22 AHE we3t A5 oy gEo] Wy
g Al Ao FHFT HEo FEse WITe EEXE AT Hgsre u$

old o

:Dé
i
>
T
30 Iy
o

(1) Icebreaking Tanker "Manhattan”

Manhattan® = 1962 Bethlehem Steels’ shipyardoll A A zZ3 f Ao 24 1968
el ~7Fe] North Slopedll Al thiF=E o] g ot AdE AFE At
SHE Aot W= TRt AH A A R AAE S o] &5t A3 E (Northwest
Passage)E T3 ddFFol 7t5eA AES] H8] 19699 2 197030 AA Al F &
& FAdsk.

ﬂll

Manhattan® &= 9 dub F2A)AqAw, A4 Ay A AA F45 g
(ice belt)e} MujF o FxHQ BIAFS T3] 2% 34 (cebreaking tanker) o= 7]z
Y. ZEA gl £ 1o} ¢ Naval Undersea Warfare Center, Z & 29 Sogreah,
AH= 9 Wartsilaol Al =8 F A o™, 71 2% Manhattan® #| 42 Table 3-13 #t}.

& O
q2> A
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AN g 3ol A Manhattan® = A7 8 FHoz T/ 4t(1.22m) ©]9 dolA
+ 3knots(1.54m/s) HFE= ALK Yol HE7hsste] T4 W (ramming) B2 o= 3
gomA AAS ZzAdd we E4 AYAT Avd Bde Fzo HPeFol
AZxdolx 7[eAog 7testhes S Y56kt Manhattans o] Al @ aaf= 2
s o] gd sl Hx Adoelgt= d oot Atk AT A 7]
28 WstF 27y 2dAEe A" 25+ A2 ¢u (Mookhook et al., 1981).
Table 3-1 Dimension of the SS Manhattan
o] (Length Overall) L,,(m) 306.3
*# (Moulded Breadth) B (m) 50.5
ek ALY
< 4= (Draft) d (m) 16.8
vl 5= 2 (Displacement) A (tons) 115,000
Adt A5 71 %% ¥ (Engine Power) | (shp/MW) 43,000/3.6
A A A 4=7F(Stem Angle) v (deg) 18
80" DW,
L
-
e
.-n:
I
o
TS 6 W R oa’ B W g’?d'_lz'lif_"!‘l“ 3 4 82 & e ﬂ:-;‘—mu
Body Plan of S$ MANHATTAN
O 1§ 35 38 46 35 48 W TS W0 u w u lm 108. 110 38 12 130 145 166 lllm
135 188 175 108 M
Locations of Ice Load and Hull Bending Strain Gages
Fig. 3-1 Modification of icebreaking tanker, Manhattan (EF# A1 5%, 2006)
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Fig. 3-2 Pictures of Manhattan’s voyage along the Northwest Passage

{Ibs x10%)
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1,500
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=4

,ﬁael

1,000

N
NN

500

Restistans and Thrst

\

10
(kts)

-3
o L
o

Speed

Fig. 3-3 Comparison of ice resistance measured from Manhattan’s voyage and ice

resistance calculated by Enkvist’'s method (3 # f1 %, 2006)
(2) Canadian Coast Guard Icebreaker "Canmar Kigoriak”

Mttt S8 A5 @587t 7hsd Aol dxg s8] 19813 2 19834
o] A3 Canmar Kigoriak® ¢} Robert Lemeur& el AAAHS Fa s dube =&
= HEES 489t 53 19839 69, 79, 10¥ Beaufort aol Al S8 =AW A
° x

ghol 19N Ee FAL vdAddAe F= A 2Asts A Wetse
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Al Zbel mE} ZA 5= Aol FH HAo|Ut Alg o] Al8%F Canmar Kigoriak @ 9]

AYLE Table 3-29F 2t}

=
—
K —

Fig. 3-4 Canmar Kigoriak

(

Table 3-2 Dimension of the Canmar Kigoriak

Z o] (Length) L,,(m) 79.3

Z (Moulded Breadth) B (m) 17.3
Ak A A Z o] (Moulded Depth) D (m) 10.0

< 4~ (Draft) d (m) 8.5

i <= 2 (Displacement) A (tons) 8,549
Auk A5 71 %% ¥ (Engine Power) | (shp/MW) 17,400/12.2
N A ji-’r—’-}(‘Stem Angle) v (deg) 24

4243 (Bow Type) spoon bow

WEsa Ice class CASPPR class 3

oA AHAAFLE dei 2 MAAg EHFES AT AFsd 1 2=

B2H dAA WFS FASYY. AT Canmar Kigoriak@ ol = 6% H QA H3
249 SAP V& o] &3 AU stz A= AAFES vg ZAsT o & niyg o

Fx)e] BRAYANS MATI MAe ZF Zy Aol strain gauge® shear gauge

-

X
B\
N

= O

I accelerometer, ice pressure gauge, Doppler microwave radar 5 < 4 |3} t}.
ol A FHE ASAAE o] &s) Aol wet AAe] AEste A" 5
EE A3 94 W (extrapolate) S T3 vt M4Ho g dA W
A3ttt Fig. 3-5ollA & Adute fF84 2dY 35379 FEE Fig.
A AL o] &3] Kigoriak® o ZF Z o

FAAA A doj ASgES vlaste] BojFa gt

N
A )

w ol
(‘j; -
3 ol
5
e
X
B\
2,
i)

2
B\
£

i
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Fig. 3-5 Beam modeling and forcing functions (Ghoneim et al., 1984)
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¥ T
et ' -
= T & = I 5
{a} PREDICTED {a) PREDICTED
28 2.
160 .o
1A .
‘ 8 g ) §
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E:-'L’Bﬁ Te2B0
~aha Bt
BT - e 24
{b] MEASURED
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Fig. 3-6 Comparison between measured and predicted bending moment at frame

(Ghoneim et al., 1984)
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Canmar Kigoriak®+ 6¥€ 3 749, 1dAWNA 15~63m/s ALY F=2L£x=2 A

= 3l
AgE FYdstdY. 108 AdadAEsE gddAR-AAN FAFHA=d, 6897 799 AS5A

2o BEXME Ea] Aure) o prAR e T ASHXNE FrlE H23doh 19833
Ao A= dEF 40009709 FE o|WEV 7| EE% o o]E wy o =Z Fig 3-7d F

o
i)
N

A4 ek 2% Awe FELEY $52 Edshel Ueh AL Table 3-3
o A%E A

=2

4 + DATA - SYMMETRIC RAM
40| # DATA - UNSYMMETRIC RAM
‘?;:' 30 JOHANSSON
= 2V A% Cosy ——
w ki AN
}_g
51 %
2
f—) =* -
g 20 A 4
Z 4
2
& 2
=104 *®
T T T T T —

RAMMING VELOCITY [m/3)
Fig. 3-7 Global ice loads vs. ramming speed for Canmar Kigoriak (Ghoneim et al.,

1984)

Fig. 3-7°14 Kigoriak¥ 9 W35 A85E HW AA WslFo] =
AL ¢ 4 9t} Johansson et al.(1981)2 Canmar Kigoriak® ¢ A3 A8 S 7}
2 Ao st AA WeES F,,.= VAR FAs9c. WeE FAH 2 #e

Ao 3244 AA3 FEZE s

rr

Canmar Kigoriakz 2] AlgadslE T3 A H3F £ &S & F e
o, thd Ao A g A A WesS o Kigoriak® 9F 2 EFe)E A
% o} o] gh

9] A %% F7 % (longitudinal strength)”7} F&35F# &thes A& HoF3d
e}

JJr—t— o]& CASPPR /MA A A% B&E wkad &),
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Table 3-3 Global ice loads vs. ramming speed for Canmar Kigoriak

Ship Speed(m/s) | Global Loads(MN) Data Sources
1.41366 10.4263
2.37067 14.5928
252774 16.3084
2.65881 18.8818
2.96047 17.1254
2.93447 21.2407
3.26214 19.7396 1983 measured data
3.50763 21.1182 .
1.00580 141639 Ghonemmn et al.(1954)
4.01422 16.8701
4.17545 16.2267 75 Symmetric Ram
4.01422 20.8118
3.85194 20.5157 4 Unsymmetric Fam *
453017 25.1519
5.01907 19.229
4.16297 9.7013 =
4.01006 17.8095 *
3.71359 23.5588 *
2.76907 21.2407 *

(3) Canadian OBO Carrier "MV Arctic”

MV Arctic®+ Arctic class 2 532 bulk carrier24 7iutt &2 AAAH
ko] el A Mo wet olF AYS +FF7] A HAHoR 19789 AxH
th. MV Arctics & FELWAOZA At EHY G S84 795E 8¢9 %
7hAe] RS A7TE 11E7HA A48T & U AR BS54 R
ofd Fiko] T EA MV ArcticZE oil/bulk/ore carrier (OBO) &uka o2 W73}
| $18) 1982d Ambe] 7|&E Mg FA4H HA FSHE Nxse] CASPPR class 4
THow AZzhstAh

fl

I O = = |
D 4

Fig. 3-8 MV Arctic

y
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Mg Hfueads FAar7A AMFA 1etd MV ArcticgiE  Arctec Canada

=9l WARC % 339 WalgzoA Mz Ay

23 = o] Z(flare angle)& 7F5 3 =LA

A =A™ ZF(waterline angle)° Zola, AZH(stem angle)L 30°H o2 7ZHAA
1

A WA Hes A FFAAT. AxE AWAAA MV Arcticg o A Y2 Table

Table 3-4 Dimension of the MV Arctic

Z o] (Length) L,,(m) 206.0
#(Moulded Breadth) B (m) 22.9
Av A9 7_3‘01 (Moulded Depth) D (m) 15.2
< 4 (Draft) d (m) 11.1
vl 5= & (Displacement) A (tons) 38,104
A 3} % % (Deadweight) DWT (tons) 28,373
Ak A5 7] %% 2 (Engine Power) | (shp/MW) 14,820/10.9
A7 (Stem Angle) ~ (deg) 30.0
A FA 2= 4 3B oW TyHe) .Me.lvﬂle bow
(inclined wedge)
Wesa Ice class CASPPR class 4

btk ACLAIAE Aubsh 239 55 A Hoe] Asiol F§5E WitFEe 57
37] 918 Froude AAMM A& ol &3 MV Arctic9 140 %59 R4S #1435 o]

2YNFE F939

9] 7%%539&, -@L@E’_Uﬂé% —T—Zéﬂﬂ sto] 1270¢) 2Z oz Ry H flexible typed
AL th, Zbzhe] AA xzbe ~xZEa AR dAFo o, RPM 72 279
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f
:OL_II
ofN
Z
0
o,
oy U
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Fig. 3-9 Strain gauge placement on the MV Arctic model (Daley et al., 1986)
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Fig. 3-10 Estimated peak vertical force vs. ship speed for MV Arctic derived from
model test (Daley et al., 1986)
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Table 3-5 Dimension of the Polar Sea

Z o] (Length) L,,(m) 107.3

= (Moulded Breadth) B (m) 25.5
Ak A -

% 4= (Draft) d (m) 85

i <= 2 (Displacement) A (tons) 13,190
Auk A5 71# % 2 (Engine Power) | (shp/MW) | 93,000/44.8

2 2= 7}
M W 11‘7—1 (Stem Angle) ~v (deg) 22.5

A4 3 (Bow Type) wedge-shaped bow

53 Ice class 1.8m HE dg 44

-

Polar class AW A2 etz WagEdE S48 7] A3 AFHFo strain gauges A
213ke] 19821 9¥ 3 102 (95 2) Beaufortdll ol A thd AW o] FE2 1983 3€ %
49 (A& 3) Chukchisgfoll Al 1A fd AR 7 o] FEo) A Mdute] z2H&3st= Wt
I WS AP e, o] 7|2k Tt 1400709 FE dlolEHE FHRFAT
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Fig. 3-13ol A - AH 7

3 FE A b & HEt t
(cant frame)oll W3dl Z+ 5=2] 830l strain gaugeES F2Hslo] 10712 ZHALS ol
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047]/\1 6070 ¢] strain gauge IMEE FAlol 91m?*7tA =Ao] 7}sstH, Z+ strain
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Sea AWl s FAHE AA W5 Ao g A=7F Ao 9

Polar Sea ¥ AL 19841 A& 3 Beauforts] ¢} Chukchish e A @3S E8 & 337
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Fig. 3-13 Strain gauge locations for instrumented bow panel aboard Polar Sea

(SNAME SSC Report No.340, 1990)
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Fig. 3-14 Measured total ice force vs. ship speed from 1983 North Chukchi data
(SNAME SSC Report No.340, 1990)
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Fig. 3-19 Global ice loads vs. ramming speed for Polar Sea 2% Aand Polar Star
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Table 3-6 Global ice loads vs. ramming speed for Polar class icebreakers

Ship Global Ship Global
Data Data
Speed Loads S Speed Loads E
(m/s) | (MN) ources Il mss) | (MN) ourees
1.6 4.19 3 8.01
1.3 3.63 3.1 11.17
1.3 9.14 3.6 8.03
1.3 7.49 3.6 14.04
2.4 14.9 3.6 6.77
1 10.21 4 7.14
2.6 10.3 2.1 5.26
2.7 19.82 2.2 16.04
2.9 19.74 2.6 14.06
2.3 11.05 4.4 16.18
3 6.09 3.1 14.68
2.2 13.21 2.5 12.86
2.2 10.98 3.5 11.47
15 6.43 4.4 12.36
3.7 1262 | 798586 Data|l 31 109 | 798586 Data
3.2 15.23 4.5 9.87
98 976 SNAME SSC| 36 ]38 SNAME SSC|
2.2 5.75 Leport o 19.52 Report
2.1 8.5 Nowsdl 4.6 14.58 Noz2l
3.1 8.99 Sl 7.65
2 36 No.743 (1990) 26 1097 | No343 (1990)
1.4 11.65 2.6 10.05
2.2 8.43 5.9 20.44
2 9 5.6 14.13
15 85 3.4 6.77
2.4 11.52 4.6 9.31
3.4 19.38 3.1 6.48
3 13.53 3.2 19.16
3.1 10.66 4.4 24.97
3.2 15.09 3.9 15.97
4.3 8.48
4.6 16.66
4.4 15.11
3 55
4.4 13.97
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(5) Swedish Icebreaker "Oden”

1988 Axd 29d YA Odent e HIFS dF5 dE 348 A 2 A
o g4 t& Ayt fFmaAe o =
Maritime Administration(SNMA)9] # ¥

5 AA@ Avtolr),

Oden® = A4%57F wedge typedl 71& AYAA}= &
craf) 3 22 FE=A HUTHS A FAAIIL 5=
THAA Wags Fwe A" F A=F AxHAY 5
A&7 490MPa ©)/e] i HZHEHS steel) s AHE-3
g NFE 59 521445 850mm=E F7HAI71aL &

A

=
Aol AZHT 5m o HE reamerE % 3do] o4& 39
H

gl A¢E7F %45 A (landing
i

A eldel FAS

f
N
H
=

Table 3-7 Dimension of the Oden

Z o] (Length) L,,(m) 107.8
# (Moulded Breadth) B (m) 25.0/29.4(reamer)
Auk A A Z o] (Moulded Depth) D (m) 12.0
< 4= (Draft) d (m) 7.0-85
vl = % (Displacement) A (tons) 13,000
Ak A5 71 %% ¥ (Engine Power) (shp/MW) 24,500/18.0
A ZH(Stem Angle) v (deg) 22
A4 A _ spoon-shaped bow
ToeE A3 (Bow Type) P P ,
(flattened section)
- DnV 1A1 Polar-20
LIRS Ice class CASPPR el 10
class

Oden® += 1989 W€l Bothnia® ¥ &5 =3 Greenland &% 3l|otolA Ald 23

o
FstArt B Ag oA 3BAEY AFAN I AFEEH A=, AA A F

_28_



A% strain gauges Fd 2709 FWE Mg SEFZoA ddE Yy wIRANE $9

S A AAT ASE AR = Bx gow wWAzHol ul$ 2337 u

ol ASE Ase Wiss osste=d ol auA FadAE v oZ HA

T3 Odenz e e s Fsigoz AALY wiol desjolde Ad o=
(3]

F-A ol strain gauge® A A 3Gt (Fig. 3-22). T3 AFRE 223
Zur3ko) 110H S 1161 53 Abolo] 15709 strain gaugeE H-#stoich 181
H

471 9] servo accelerometerE ©| &3 FE o/WE Al AAY FALTFOLZHE HAA H

- LJJU\Jl'I {372 Length Over AN 10B.0m

M Beam BAm

i Depth 12,0m

i &L Draft 7.0-8.5m

M Complement 2B people
TETTTITTITN

Fig. 3-20 General arrangement of icebreaker Oden (Lindberg et al., 1989)
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Fig. 3-21 Waterline of icebreaker Oden (Lindberg et al., 1989)
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Fig. 3-22 Locations of global load strain gauges at frame 107.5 of Oden (Liljestrom

et al., 1990)
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Ay F syl vdERY Atk o714 Aol FAE A A8 Hog Wete2 18~
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_30_



RAMMING TESTS ONBORRD I-B ODEN - OCT i(8&¢
3200

TEST 804 ? Oct 1889 ©9:37:38
Ramming Speed 12.2 knots

1826 Tonnes

(Tonnes)

| CHANNEL: 124 TOTAL VERTICAL LOAD: FROM STRAINS ]
CH E 133 TOTAL LORD ON BOW FRAMES

L CHANNEL: 126 VERT. LORD: FWD RCCELEROMETERS

CHANNE 127 VERT. LORD: STERN RCCELEROMETER 1

-2800
4 TIME (Seconds)

Fig. 3-23 A sample of measured impact load during 1989 Oct. ramming test
onboard icebreaker Oden (Liljestrom et al., 1990)

1991 8~109¥ Oden® o] H=H7HA Al oA F 80071 F& olHIEY}
AT o 71 A Aaiek AA Age F AR strain gauges F3 Aol &3}
= 74 WS 44, Fig. 3-240l & 4m FA o] WAH] FE A SxE
(1.5m/s, 29m/s, 4.6m/s)= FHHE 524 W5 A57F et o714 i o8&
Ho] FELSEV T/ uE A8se WeFY AV E 4 ShES & & S

20

MN)

Vertical Bow Force (

time (s)
Fig. 3-24 Total vertical bow force on Oden for impacts at three speeds on 4m
thick ice (Frederking, 1999)
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Fig. 3-25 Two samples of measured impact loads during 1991 Oct. Polar voyage
(Frederking, 2005)

Table 3-8 Global ice loads vs. ship speed for icebreaker Oden

Ship Speed(m/s) | Global Loads(MN) Data Sources
0.03 5.47 1994 measured data
0.04 6.49 LFrederking (2005)
46 171 1994 measured data
2.9 126 o
15 151 Frederking (7999)

(6) Canadian Coast Guard Icebreaker "Louis S. St. Laurent”

CCGS Louis S. St. Laurent®+= 19694 Canadian Vickers Ltd.olA] AZ% 7yttt st 7dH]
o] AWM eRA +E7F 7HF Atk St Lawrent®i 1983~93d 71E AWE duls) sEE
Alg = o] Halifax Shipyard Ltd.cllA dute] Aol& Fohrzlat FAlol AH=E A Jd3 F
713w, dEl] AHlE F7FE AAE AT St LaurentSe T2 T8 thadH ol A9 3o
o] FH A Ayt F=8e] of 5 Aot AH St. Lawrence®He] Gulf A 9oll4] Montreal
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I} Quebec To& el Aute] 238 F7] A AFSEHA ME"E WA Louis S. St

Table 3-9 Dimension of the Louis S. St. Laurent

Z o] (Length) L,,(m) 110.32

# (Moulded Breadth) B (m) 23.31
Ak A Y -

% 4= (Draft) d (m) 8.53

vl = % (Displacement) A (tons) 12,875
Ak A5 71 %% ¥ (Engine Power) (shp/MW) 27,000/20.1

2 2= 7}
Mo A d—:7-1 (_Stem Angle) ~ (deg) 17

A48 (Bow Type) wedge—-shaped bow

LIRS Ice class CASPPR CAC 3

St. Laurent® & " =9 A Polar Sea®t &7 H= WAAARE 47 AT &
Ao 19949 A5H EFME THetes AP E a

WA Foer E5E A Y
98] St. Laurent® 9] MFEe M= MAHo F 63702 strain gaugeES F 23kt
(Fig. 3-26). £3] AFH o 24719 strain gaugeES AAFPow M43 AA panel
WAL 72m x 3mela W& 307012 sub-paneldl Al AlZ=HATE (Fig. 3-27 =),
o] 2 3 strain gaugeEX> FF A EA(COSMOS/M)Q] &4e Fal o 3o &

AT Aol FHsto] 53] dd WS SAeUT

Mo
o
ol
i)
fr
offl
2
rx
N
2
)
ofo
ol
ol
fr
o
ofr
i)
ofy
=
o,

St. Laurent® 9] &3] &3 Al T o|WEE strain gauge’f
A FA A AR AN 3

E oMEZL ZEH oW, o= T FafeA A2 AA G o] FE OJWE F Ut

4 B2 do"HE 7IEsn. BA 53 439 FAE dEF 1-2mA =N oM, 9
39 H A Z(concentration)x= 94% A E=t}. Fig. 3-282 single small panel(0.72m?)°l
243 Hol HE 3 paneldl &3 AA}FES RogFa vl 7] A single panel®l
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Fig. 3-26 Locations of strain measurement panels onboard Louis S. St. Laurent,

1984 Polar crossing voyage (Ritch et al., 1999)
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Fig. 3-27 Layout of strain gauges in the bow area (Ritch et al., 1999)
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17.3, 16.7 15.7MNeo] a1 dute] &%= 3.2~5.0knots(1.64~2.57m/s) % t}.
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Fig. 3-29 Total impact loads on Louis S. St. Laurent: (a) 1-2m thick ice (b) 4-5m
thick ice (Frederking, 1999)
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Fig. 3-30 Location of MOTAN system on St. Laurent (Johnston et al., 2003)
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Fig. 3-31 Three highest global ice loads measured from MOTAN system during
Louis S. St. Laurent trials (Johnston et al., 2003)
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Fig. 3-32 Global ice loads measured from MOTAN system during Louis S. St.

Laurent trials, according to ice type (Johnston et al., 2003)
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Fig. 3-33 Global ice loads on the Louis S. St. Laurent, according to ice type
(Johnston et al., 2003)
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(7) U.S. Coast Guard Icebreaker "Healy”

USCG Healy®+= 1999 71z v]= sfiebdnlth 4250 Hrdid o2 Polar class #1841 <]

& dojr) HealyiE el 2 Aol A7 2 AT A AEA wA FF
o e "9 T A=F AAH] A W 300mell ol2= A/AH st §A 5001
o FeE 8% F 915—’ —50°F (—45°C)e] A2ollA 2¢fo] 7Fset F7H4 o= A,
A T 5 -(search and rescue), FEHEA AT T FHD vk LA Pl A
% A

o,
2

HealyZ ¢ A|Y-& Table 3-103} #t}.

Table 3-10 Dimension of the USCG Healy

7 o] (Length) L,,(m) 120.85
# (Moulded Breadth) B (m) 24.23
Ak A Y .
< 4= (Draft) d (m) 8.53
vl 4= = (Displacement) A (tons) 15,965
Ak A5 7] %% & (Engine Power) (shp) 30,000
A FA A2 (Stem Angle) v (deg) 19
U353 Ice class A& FEW 15m

20009 4¥€ 3 59 v x-Ayrke] wA FFEAT A gl o3 Alrche] Labradorsl ¢
Greenland A 3¢He] Waf ol AldgsE FhstA =0, o 4TS s HealyZol
Attt NRC-CHColl Al 71 2g MOTAN(MOTion ANalysis) Al=®|& #Hzx= A3k}
Ak o] Ax=de HAAE AR HFs WIS ¢ SoF Ak & Ak
Fo] MA &g A
-36 #=x).

B
2
3

mlo (e

[e]
64FE $HYS AT olF B AA LFPA

Wt S Altste Al ~"o|t} (Fig. 3-34, Fig. 3-35, Fig.

w
i
BN

d

r

MOTAN Al ~e1e =7 AMel A%y Zeadow FAwo uf. Ao =7]s
26cm x 16ecm x 10cm ©ol9, FA&= 1.88kgl 24 Ful7l 7Fssl AAe Ao Aol
=4 AAE & 7] W&ol dAEenk HFE ZEO9S &% HAAS A& A
dube] 64 = wA Y HE W S VSRS ALdd T MOTAN A 24
A7AA AA Y &I Waksol g ALt A7 RPA Py & AZFER o
Ao vuwz & dxseE Aoz HFHIJY (Johnston et al, 2003, Johnston and
Gagnon, 2005).
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Fig. 3-35 Components used to calculate global ice force (Johnston et al. 2003)

_40_
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Fig. 3-36 Schematic of MOTAN system (Johnston et al., 2001)
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Fig. 3-37 Ridge impact force estimated from MOTAN onboard the Healy (Johnston
et al., 2001)
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Fig. 3-38 Global ice loads and motions of the Healy during part of Event H14
(Johnston et al., 2003)
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Fig. 3-39 Global ice loads on the Healy and the Louis S. St. Laurent, according to
ice type (Johnston et al., 2003)

20
@ HEALY (16 impacts)
3N ALOUIS (202 impacts
A
15 4
=z
=
©
©
o
I
o)
k]
O]
A
A A
0 I I I
0 5 10 15 20

Ship speed (kt)

Fig. 3-40 Global ice loads measured on the Healy and the Louis S. St. Laurent
(Johnston et al., 2003)
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(1) Hull Damage Statistics at Baltic Sea

Johansson< 1962~631, 1965~66 A=x3 WEHHE E3st= 20001 e Adrtol
el Wekgol o) AA FFA B 5=, el &4 JFde] AP AA &4
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res
Fig. 3-41 The strength of ships of ice class 1A in the bow region. The black spots
indicate that the ship has ice-damage in this region. The white spots indicate that
no damage has occurred. The solid line is the design pressure proposed by
Johansson(1967). The broken line is the design line adopted in FMA/SMA Rules
(strength p in kp/cm® A in tons, P, in shp).
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Fig. 3-42 Design ice pressure curves for the framing of ice class 1A proposed by
Johansson(1967)
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(2) Canadian Coast Guard Icebreaker "Canmar Kigoriak”

Arctic tanker A A=
T4
Balticsl o] %

s 2oz 3
o 2 Ay

A 7 = A

i‘xJOJ\—]o]

= L

Ly

-

5% WaEF An 3

A A7sh A e 19720 =98 A Qe A
Canadian Arctic Shipping Pollution Prevention Regulations(CASPPR)&
7] W&o gy R 19y QAsASs
g Az F49

2 98 el ARAYS

NFo R
¥ o] CanmarAl+=

=

Hop g2 2dE A4S AAs
olgl g #AHowREH surt AF = Canmar Kigoriake & o] &3 AAAHES +3

o'
e
s
=
m-io

Table 3-11 Comparison between August and October test conditions

Parameter August October
. Range 1.3 ~ 7.2 05 ~ 4.2
Velocity (m/s) N 85 >0
. Range 12.0 ~ 30.0 50 ~ 12.0
Ice Thickness (m) Vi 50 50
Iee S T s “c) Range 0~ -1 -1 ~ -3
ce Surface Temperature s Yy Yy
Uniaxial Strength Range 1.8 ~ 3.7 3.0 ~ 74
(MPa) Mean 2.9 4.3

NOTE: The uniaxial compress strength was measured in the vertical direction.
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KIGORIAK IMPACT TESTS, AUG & OCT 1981
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Fig. 3-43 Local ice pressure vs. contact area for Canmar Kigoriak in linear scale

(Daley, 1994)
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Fig. 3-44 Comparison of predicted and measured ice pressures as a function of

contact area (Ghoneim and Keinonen, 1983)
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Table 3-12 Dimension of the Sisu

4 o] (Length) L, (m) 96
Aet A4 < (Moulded Breadth) B (m) 235
< 4 (Draft) d (m) 8.3
L [ | } |
N Mg
PAGT HAMMER (8] N o\o%,
10,000 |— So, N8 -
§ _— Pak0-2 \4@;'\ 1,
- —— .[ \4')\'60.9
(] N4
0« mee TS MY ARGTIG (6] "2 8
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Fig. 3-45 Local ice pressure vs. contact area for Finnish icebreaker Sisu and some

example design curves (SNAME SSC Report No.340, 1990)

(4) U.S. Coast Guard Icebreakers "Polar Sea”, "Polar Star”
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Fig. 3-46 Highest average pressure on a single sub-panel vs. impact speed for the
1982 summer Beaufort Sea data (SNAME SSC Report No.329, 1990)

i
H Z
200
g sf ' p
= e J
[42] .
W [ eeo | J
o
o " see - d
g
% sga k 4
< s
o reo t 4
]
U:J) 4} 622 ¢ - =
@ i
w see §
) 3
(G} 422 - -
= P
n 2f- 3ee | . N
=
=1 00 b 4
= 1=
< 1ee - -
g ol ] 2 = - Kts
° i 2 4 s 5 ?
L 1 I 1
o 3 L

k 2
SHIP SPEED

Fig. 3-47 Highest average pressure on a one sub-panel vs. Ship speed for the 1984 summer
Beaufort Sea data (SNAME SSC Report No.339, 1990)



(siuea3 £9)
sjueal seeiling __E___.__EE
(Siuea3 /29)
Pepioaay Ayaojep 1oBdun I\\ll

(siueaz 90.)

POPIOOBY INOH HEH KIBAT UOKISOY
wolj ueyel AHDOIBA 9BBiBAY \\\\\\ \&

(81eA3 ggl)

peplooey S8BUNOIL

winwixew pue 90BI0AY POAISSGD %//////

aNaemn

SLN3A3 £t 9

siNaAa eez | 77777
B AANNNNZENN

] 2kt

(yannns)
ULTCR LU = RS i

69 vol
GLN3AZ €Lt I§. % Vas DNIuae
L O Winos
;744
cabN T -\w§ vas oNluae
| AT HLHON

g2 2 ¥02

mm_vn

Yas HONNHD
HLNOS

T i \\\ l
MLIMMMTIN

YA IHONAKHD
HLYON

SIN3AT 40 SHIABAWNN 008

Fig. 3-48 Summary of all data showing the number of events and the type of data

in each geographical area (SNAME SSC Report No0.329, 1990)

_52_



Polar Sea WAL Wtz ASS s AFF HA5(cant frame)oﬂ 8071 ¢
strain gauges 6

e

O.\.u mm
—{E
1%
ol
ol
2
|o
=)
°

w ofN

& -49+ 1983 49 Chukchidll ol A1 Polar Sea 4} 4
S Aol ASH WY veoleE vkl Aotk Fig. 3-4901 4 w3t

AL AA AEHA g Jo JddSs el Hog gy
ol /1 WAsl=d, "Peak Meas.”2 ¥ AlE A& 28]g WA A
yeldtl (Daley, 1994).

fo & r

i

FOLAR SEA - NORTH CHUCHI, 1263
12.00 T T T

\ Prgssuraa at time of peak total force.

10.00 \

8.00 |
\(e ak Meas.

6.00 N

4,00

(uaually sdme a5 peak presaure)

PRESSURE (MFPa)

2.00

0.00
o] 1 2 3 4 5 (2] 7 & 2

AREA (m"2)
Fig. 3-49 Measured ice pressure vs. contact area from 1983 winter Polar Sea data

(Daley, 1994)

Fig. 3-50-% Polar Sea AW AFHI} AFH SAE WG oA
ko] e WdE dolHEY Hu EFA(extreme envelope)% vl 2L gk 7 o]
V Arctice & A9er v Hdute] 95 Ayny HAue 2
T o] A SA A= @C’]‘:}. A RE o] = AP
== 7t7] @57l o2 fadc. o E 5W R &
= E

7}
Ex FAE td Al A F] & st

_53_



10‘000_ RALPS GSEAS . NG 0N 0 ) (NSRS SERMRSGR RS G e S B 69 i possamee JR— 411
80 — IH|-l{ccac Lours sT.LAURENT -
X o % (U2TA nv-Lnni.Agrjn SOUND [ T
S B i c S b e — —
N L M.V.ARCTIC
B N {Calculated from Damage incident)
N\ Nov, MY-NW PASSAGE
10 |- b4 :\L ] U Jluon
=S P 1.B.818U Jl.ll ﬁllﬂ "Y'Nw PASSAGE
- Vo—— —JE Mar,Apr, - S F==F=- 1t
=6F o gl A4 o % Qt‘___\ WM_V.KIGORIAK
o . @ T~ Oct, MY=-BEAUFORT
z % 500 .T.. mnm' "L\ N
S te Winier I N NI L0 (m.v.xiaomiax
« o FY-QULF OF N N L
3 THNIA o Aue,
s L2 BOTHNIA N BEAUFORT
e | & L 4 \
£ [ 8.8 MANHATTAN ——1 ; f
L ™ USCAC POLAR.SEA
1= Oot,Mar, MY-NW PASBAGE {Bummer Deployment}
E 100 e+ . Oot, WY~
B | 1 | i 8 0 2 | b HORTH CHUKCHI
B USCGC POLAR SEA
= 8 {Wintes Deployment)
B Apr, MYEFY-NORTH CHUKCHI
-
ak
10 1 100
3 AREA (Square Feet) °
1 L1 1 turut [ R [ A AN
0% .05 .5 1 5 10

AREA (Square Meters)

Fig. 3-50 Comparison of the extreme envelopes of various measured data during

1983 winter Polar Sea trials (SNAME SSC Report No.329, 1990)

Fig. 3-512 Polar Sea W AXMAAS Tl o Aol xeda ofegf Hs
o AuolA AAT AA Fd="E F43 mlug Aotk CASPPR A3 2 Aot 1774
g MRS Tl SAE WU doldE A JAFHA 2 FEo A
= AR dATE & F Ak AR HEH Aol & B e du Al o
ol AA 7] wiEoel o] FEel tid A Al Hlue o] P}

_54_



10,000
50 _
5000
10
F 1000
2° [ =
= Uy
S [ =s00
w |
> L 2
o0 [
0 W
w w
o [ 4
o = O
L TUNIK roac 83
E 00— ‘c'gpé':!g"g"f:‘.ﬂo"
R | A LT T ANH - T
ok ") NEW SOVIET NN R
N nzms'rln RuLes | [T AN AT
B - Y —
L s HH 952 M 1 N
POLAR sn-——-/ AR . N R
~ {Summer Deployment} _|

1 10 100 1000
AREA (Sguare Featl) >

L ! L1111l | NN i Illlllilolu
& AREA (Square Meters)

Fig. 3-51 Comparison of ice class regulations design pressures with 1983 winter

Polar Sea measured data (SNAME SSC Report No.329, 1990)

Polar Sea %42 1982~84d Beaufortd] *3 3 19841 &=
th. 1982 Beauforts A @adsie= WASA o] ¢ S5 FAE dAAR oA AA
o] 3 11.1MPa¢ ®gHo =
7 2ft(0.61m)elthe]l 1AM HAso] Wede 72MPa =7 S A
(Fig. 3-52). 18] 1984d 199 Adgsle= G819 o5 Holgt WAz o] vy
23tsto] =48 WgPE 4MPa A= Wtk (Fig. 3-53).
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Fig. 3-52 Highest average pressure from 1982 and 1984 Beaufort Sea data vs.
impact area (SNAME SSC Report No0.339, 1990)
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(5) Russian SA-15 class Icebreaking Cargo Vessel

SA-15 classi= 1982~87dol A2 IAHd=oA 7xd 54 slEdozA 558 3= o
>3 A AN EE getelr] Y HHoR #Ajol Wl gl wEl 1938 0] R
t}. SA-15 class A¥Fe] AY-& Table 3-133 2t}

32 ofy

Table 3-13 Dimension of the SA-15 class

71 o] (Length) L, (m) 159.6
< (Moulded Breadth) B (m) 24.5
Ak A4 21 o] (Moulded Depth) D (m) 15.2
< 4 (Draft) d (m) 9.0
vl = % (Displacement) A (tons) 25,900
Ak A5 7] %% ¥ (Engine Power) (shp/MW) 21,000/15.4
Vs s Ice class Russia ULA 1m@2knots

SA-15 classe AAE 2347 224 A 27337k = 3 5 F (transverse frame),
A 27 RE ARAA = F5 F(ongitudianl frame) +Z2 2 Hodd. 282 5
= A2 08m= 5453 (web frame)E v 4~55=(3.2~4.0m)vket wf x| sttt A
A HFES E3R2 gets AAE AR oH, FHE&H S 315MPad Eo] il vhy

Y= g5 &Ho| 235MPasl ©A47S o]&35tgth 1985d 5 H HdAx" SA-15 Superd
1

qE Z7] SA-15 class Aubo A wHAe A £4S Fol7] Yo AR = AH F
7.

1983 5% Franz Jose Land <#ol A SA-15 class® 3¥H#A A3l Igarkas & o]

Z). 99714 20cme A4S 71F Im FAY HeEH o A= 1knots(0.51m/s)e £E =2
AxHlegdn Fd3 HAEE=S 7F 08m FAY FHEH o)M= 3knots(1.54m/s) Y
E52 33 An

=~

Igarka® o] 29 F7 0.7~09m A= WAS FHsHA 79 FE o|HET}
H

o
= [}
sEEn, o714 249 Wgee] ExE g 15-30MPad Ry HEWA

J
flo



0.12~0.17m* A =%t} (Table 3-14).

Table 3-14 Ice pressure vs. contact area for SA-15 class cargo vessels

Contact |Ice Pressure Data Contact |Ice Pressure Data
Area(m?) (MPa) Sources Area(m?) (MPa) Sources
0.168 1.54 0.112 6.27
0.16 29 0.131 5.29
0.136 2.43 0.156 4.48
0.144 2.92 1993 Duta 0.193 3.62 1993 Dita
0.148 2.9 0.241 2.99
0.144 2.2 Tsoy et at 0.287 2.69 Tsoy et al
0.12 3 (1995 0.347 2.45 (1998)
0.0711 11 0.409 2.27
0.0763 10 0.475 2.22
0.0823 9.03 0.548 2.17

Kapitan Danilkin® = A <4=%d| strain gauges A X 35lo] 19873 EHZa 9} =24 o]

Molo) NEERE Fo YA FAGALH, ot AL FAL 4-5mAEAD
A HAEE 9/10~10/108 =% eh. Adute] FE545 %+ 2.0~75knots(1.02~3.86m/s)
A1, 6knots(3.01m/s)7HA] =R E 8o Mz 9 Ho] FEALA 30%E =735

2 okt Fig. 3-559F Fig.3-569] = Kapitan Danilkin& o] & o|WlEo A A% A
= o] YELFSITE (Table 3-14).

{—) m/s Igarka
m/s Kapitan Danilkin

1 % . r
120 130 140 170 180 190 200

Fig. 3-54 Location of strain gauges in the forebody of Igarka and Kapitan Danilkin
(Tsoy et al. 1998)
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Fig. 3-55 Local ice pressure vs. contact area at a speed of 3-4m/s for SA-15 class
ships (Tsoy et al. 1998)
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Fig. 3-56 Influence of ship’s speed upon ice pressure and contact area (Tsoy et al.
1998)
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(6) Canadian OBO Carrier "MV Arctic”
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M.V. ARCTIC RAMMING TRIALS AT COBURG ISLAND, 1984
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Fig. 3-58 Local ice pressure vs. contact area for 1984 MV Arctic trials (Daley,
1994)

(7) U.S. Icebreaking Research Vessel "Nathaniel B. Palmer”
Nathaniel B. Palmer@ = vl 318k ©H(National Science Foundation)d] W ZAMAOZA
=8 A B 2ALE A BHoR 19929 dx% M /do]rh. Nathaniel B. Palmers ] A

28 Table 3-159} Zt},

Table 3-15 Dimension of the Nathaniel B. Palmer

4 o] (Length) L,,(m) 93.7
Z (Moulded Breadth) B (m) 18.3
Ak A Y 7} o] (Moulded Depth) D (m) 9.1
< 4 (Draft) d (m) 6.3
v 4= 2 (Displacement) A (tons) 6,417
Auak A5 7] 2% 9 (Engine Power) (shp/MW) 12,720/8.8
A 8 jjfl:l}(‘Stem Angle) ~ (deg) 27
A48 (Bow Type) wedge—-shaped bow
Wesg Ice class ABS A3 0.9m@3knots
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Nathaniel B. Palmerz & #

AP Al A A5 A4S AT AT WS FL
=9 Polar class AW A3 29wl Odenz o] AutA4 o]t} Palmerd & Hig= ol W
slol wrel WIlFo] YA FEs=A 7] H3 Polar Sea W A3 Oden< 9

Azagel mawgon W (ice belt)e] 7z HEA d23e 25 A HAsE Y
TS 1Y57] Y& Aeie AR S AFeRE vty 2 MujRo strain gaugeE
—Hrq'ﬁ}o% “Jﬁ}%ﬂr Holels Z=A39th Palmers® 3% S99 Weddelldll, South

EOP 3T (F1g 3-59). 7] A ‘ﬂ“’”—*”.«l 2 Al
il

Palmer%+ 5970 9] strain gauge FZHAXE /324 HS T A9 1992
d 843 99 A@Feel A A WA WA GH S i

Mo F 10~20%= 2~4ft(06~12m)9 HeEWoldn, &9 A wddE== 75
psi(615kPa)Z ZA = ATE. F+ HA WAFH = 1~2£t(0.3~0. H o

L9 H H¥ AT+ 79psi(b45kPa) A

. s - 4
5 TNE = \L / I_‘-"/'
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Fig. 3-59 Locations for the measurement of local ice impact loads (SNAME SSC
Report No.376, 1995)

_62_



Jpw

Fig. 3-60& A A9 2z panelo] 3 Hf Bt £
wHAol PAZ YvelAn. HEW Ao 2z FREoAM
HotH IHE Jgdae AR g =

al
sl MER MulR wgd oz YdIHY, Fig. 3-612 single sub-paneld
1} A

(-
2
o
in
&
) o
o o,
_11}1, I‘:I,J
qr oz
° o
oz, T
X . &
-

AV R - )
ol ox

Wetel s Mute] FE &5 el UERd Add, o7 AR Ho WgH
735psi(5.07MPa) A=tk w3 Fig. 3-62& EE sub-paneld s UYetd Ao g,

ol M4Nol AT Ao PahEe 236LT(2IBMN) A=A,

1000 “—

100

Average Pressure (psi)
.—"///

10

1.00 10.00 100.00
Contact Area (sq. ft)

Panel Panel Panel Transom

—®—— NBPBow ——{—— NBPSide ——4— NBPBottom ——<—— NBP
Panel

Fig. 3-60 Extreme pressure for all hull panels vs. contact area (SNAME SSC
Report No.376, 1995)

_63_



800

» ® Bow Panel
700 + = )
= m} O Side
e L [ |
gmu a L L - + Bottom
] | O © Transom
n

§500 . | -ll:}. n
&400 o B " mt
2 u fa "
a n ..P " n ..II -
| 300 "LE L7 ") ]
w ™ L] l ...F a
: Fo lodtERLR L 2 L
£ =
[

10.0 120

Ship Speed (kt)

Fig. 3-61 Single sub-panel pressure vs. ship speed (SNAME SSC Report No.376,
1995)
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Fig. 3-62 Hull panel ice load vs. ship speed (SNAME SSC Report No.376, 1995)
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Report No.376, 1995)
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Fig. 3-65 Global ice loads vs. ship speed for Canmar Kigoriak
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Fig. 3-66 Global ice loads vs. ship speed for Polar class icebreakers
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Fig. 3-67 Global ice loads vs. ship speed for MV Arctic
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Fig. 3-68 Global ice loads vs. ship speed for Swedish icebreaker Oden
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Fig. 3-69 Global ice loads vs. ship speed for icebreaker Louis S. St. Laurent
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Fig. 3-70 Global ice loads vs. ship speed for icebreaker Healy
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(2) =5 W& (Local Ice Pressure)
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Fig. 3-77 Local ice pressure vs. contact area for SA-15 class ships
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Fig. 3-78 Local ice pressure vs. contact area for Nathaniel B. Palmer
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Table 3-16° &= 2
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Table 3-16 List of icebreaking vessels for sea trial data measurement

Name - Length | Displacement Data Data
e
of Ship P (m) (tons) Type Source
. Northwest Passage
Manhattan oil tanker 307 115,000 LP
1969
Canmar ) Beaufort Sea
S icebreaker 79.3 8,550 GL / LP
Kigoriak 1981, 83
. Beaufort Sea
Polar Sea icebreaker 107.3 13,190 GL / LP
1985, 86
) ore/bulk )
MV Arctic . 206 38,100 GL / LP Baffin Bay 1984
Carrier
Oden icebreaker 107.8 13,000 GL Polar Crossing 1991
multi-
Northern Sea Route
SA-15 purpose 159.6 25,900 LP
: 1983
cargo ship
Louis S. ) )
icebreaker 110.3 12,875 GL Polar Crossing 2000
St. Laurent
Sisu icebreaker 96 = LP Baltic Sea 1982
research
N.B Palmer 93.7 6,417 LP Antarctica 1992
vessel
Healy icebreaker 120.8 15,965 GL Labrador Sea 2000
GL: Global Ice Load
Remarks
LP: Local Ice Pressure
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¢ sl ofgeh (Glen et al., 1985).
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Table 3-17 Dimension of the Polar 8 icebreaker

7 o] (Length) L,,(m) 173.50
Z%(Moulded Breadth) B (m) 30.57
Ak A Z o] (Moulded Depth) D (m) 18.75
< 4 (Draft) d (m) 12.50
vl = % (Displacement) A (tons) 37,700
Adt A% 7] ¥ % 2 (Engine Power) (MW) 75.0
A4 A A ZFH(Stem Angle) v (deg) 17
Wew Ice class CASPPR Arctic class 8

Avtt ACLoAl A= MV Arcticsol Z&3ste= dA Watss FA7] A8t 1:40

A RPAE Azstd 5 AR5 Al T4 MODICEoN A R A
FastAdnh. 2P AP Aol 4~12knots(2.06~6.17m/s)Q TS AHo=
ol ™, 12knots(6.17m/s) 74A = Aubel] FH o2 A gste HAA WiFS

o2 yed ¢ drk (Daley et al, 1986). dtA 9k o] 2] & MV ArcticE 9} #AFgH
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Daley et al.(1984)% 19831 Polar Sea?] Chukchid] AlgdtolA Aoz 212709
FE HMEES B3 Fx93d ooy 2 AA WaE FAAE Astdt (Fig.

3-82 F=x).

1.4566
.| o l
Fouw= 129 pg hd{f x Y } [MN] (3-13)

pgh " /gh

A7l Vim/s)= Adere] £x, h(m)e= ¥ae 77, oy(MPa)= 49 wd4%=, p

(kg/m*)= 29 W% g(m/sH)e FE7&5, [ Wk dolt)

E35 Hwakol g l=tana/\/tan2a+tan2ﬁ+l—8— 1 Z}(waterline half-angle) «
9} =49 o] Z(flare angle from the vertical) 82l <=4 Polar Sead 4% a=30°, 8
=54° ol & [=0.3 o|t}. 18] Al 1.299F 145662 3] # A (regression analysis)<

sl @izl gholt

EF Whites 45425 2450 3244 A 339 At #43439% e

ol yEh At

F.oo=6.64V(WRxA) [b] (3-14)

max

of 7| A phft/sec)= AHre] £X A(b)v= wigFFoli, ppe Aute AWATS U

Bl = White RatioZ ¢ n| 3},

Ad we] FANN AL BAAA RG] FRAT B o)L Wgow
Azl A= HgP= o (Korzhavin, 1962). ol WHo Witz %E_,'J(bearing
capacity) & Z HE Hulo] 283l W EFS FAs = Yo XY W] 8= F
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White(1970)&= &A A A 7|8k A o] Trol 28 utgow =2 Wik 3 [F9
FFA A 5 ode WHe Ao FA hE Ug e BAZ YeEhio,

ke

Fy = 0.425 04 h* [Ib] (3-15)

o714 op(psiy WSl ARAE M, h(fo Wake] FA ol o).
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Fig. 3-82 Non-dimensional maximum ice force and normal velocity times flexural

strength for the Polar Sea, 1983 measured data (SNAME SSC Report No.329, 1990)
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Fig. 3-83 Global ice loads vs. ship speed for six icebreaking vessels
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1714 py= 3+ 0.85(AP,) P AEne] Zgae wH WP oA A(10%on)E
Auke] wjgaFol P(MW)E Auhe] Fupd o]t} pT<MPa>er A g e
(reference pressure)¥} 7] 5™ 4 (reference contact area)s YERNW, ol p, = F, /A4, 9%
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¢ Fig. 3-51°l+= Polar Seaol W@ =5 wWsts FA44 4
A& #AZ e T

B\

ARE FH P

AH#=9 VTT(Technical Research Center of Finland, 1982)o] A+ 7lutie] ==
Wol Canmar Kigoriak® ¢ MV Arcticz o] WetE A4 AZSAXNE /MEsd =, o

W S5 YgdEd(MPa)S HEHH (MY FF2A 9 o] AdstA.
P=4.4A4"% for Canmar Kigoriak (3-18)
P=4574""% for MV Arctic (3-19)

I HEHHe #AAS AAsdE ZHol

£71 A4A CASPPR FAAE GdAwse] 5 A 248 A2s B4 =
CEREE of %

H
28w F skt Glen et al.(1985)S Hu s}

F

max

§o = =

1_

[MPa] (3-20)

524 )085

1.24(me

o714 A(m*)= A

i

WAool F . (MN)E Daley et al.(1984)7F A Al 2] (3-8)<&

Riska and Frederking(1987)2 7iutie] NRCS & =9 VTTo FFAFolA
Varsta(1987)7} =3 A HEA ol B A9 n#2e T % !
A 71E WaEe wEA f(4)=P,/P,,= BIdAt 152 FA thadAH o
A FEAY MV Arctic® 9 ramming testE E3 HES49 ®

fA)= P,/ P,,, =0.30[4/ 4] " #AAE Atk o w -10°CAA P, =142MPa
Qi Ay =1m’o|BR o] F Fa tga 2 Ytes g5de dAANE Ated

=
P=43A4 """ [MPa] (3-21)
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Masterson and Frederking(1993)2 MV Arctic® ¢ Canmar Kigoriak® ¢ ®s+g 2
A AR A W9 A4 A=A5(Pond Inlet, Hobson’s Choice, Resolute Flat
Jack Tests)E At HFWAY T stpe gz 25 yedAr (Fig.
3-86). A7IA EE WgE Ane HdgS 1HAHeE FAGHNL HHoETYH %
THAe 2 s Adow Ueudth. oju o W (MPa) 44 vh& 2o

— 2
P=81A4 "7 for A <19m’ (3-22)
|
20 [—4— l
° _. ia - | | Loy = 0572
er " |2 | {p=aipo|
e
= RO X D
£ 5 Aeo,2l Py =t
A ° 8 o el ¥
= Fooarue s ol T g
w K Wt '_-- o PR -.._"\., :
P SRR . E R /7
17} L o B o s s o
i e \ A
a1 - RN A 5
> 8 *a
05 — R ® |
i 8
e i
0.2 : g -
0.1 0.5 1 5 10 50 100

AREA (m?)
Fig. 3-86 Local ice pressure vs. contact area: combined data; (0)3m” Pond Inlet
Tests, (-)MV Arctic, (1989 Hobson’'s Choice Tests, (*¥)Canmar Kigoriak,
(MA)Resolute Flat jack Tests, (—+—+—)Mean all data, (———)2x(standard
deviation). (Masterson and Frederking, 1993)

Sanderson(1988) w1, 194 &, thd A siWelA ASE durat S A& g+
= ASAse A APFHNAM A" ¥ (ndentation) A d ARE BF A

s ¢Ed HEuAe] #Az A (Fig. 3-87). ol 94 ZE AFAER
o] R xol FUZ kAT FFHA N} ”J te o] AFS olsist=d Ao wE
T o] 9tk Sandersona Weibull(1951)¢] 39+g Al A7)
Z17F HlE gt dARRE ASARY] ddder #99ES b5 2ol xdEA

_92_



Sanderson2 ©] 4

|

w

HEAA Y -1/2%09] vl

AA
U A2

=K & ohAE, AeE AR
Faw v v 29T (Fig 3-89)

(3-23)

il

o]

(a)

FRESHWATER ICE

o Laboralory (5-2) & lake ice
= River bridge piers

FIRST YEAR SEA ICE

= Laboratory & in situ lests

» Islands 8 struclures

MULTI YEAR SEA ICE

o Islands & structures

© Meso-scale models

Fig. 3-87 Indentation pressure vs.

1988)

contact area for wvarious test

CONTACT AREA m*

data (Sanderson,

1000 T T T T T
5
o
=
w
=
=
@
i
hd B wo Y 1
g B s A
<o -~
gz 1 - i 3 agy : S’
4 v
E * g?o “ E T~ -
E . e e \ ~N~ -
w Qo1 = = ®
o D
z 0 ° ?_
Q.01 | [~
, —?—ﬁrl
0.001 L \ A n L . .
10-2 10-+ 10-3 1072 107 100 10 102 10° 104 10° 108 107

CONTACT AREA m?
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pressure data (Sanderson, 1988)
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4], Sanderson°] AZ|g ARZHFE A FE AP} FIHFE A7 A FHolA

59 45979 HUGES I5MPaz, AMFE ] AP A= 1~2MPaz 714 314
e 2ol etk (Fig. 3-89).
P=0.33(14+20.31/v/A4) [MPal (3-24)
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Fig. 3-89 Ashby et al.(1986) design curve for local ice indentation pressure data
(Sanderson, 1988)
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Frederking(2003)-2 Louis S. St Laurent® ¢ 1994\ &3] L£3foA =
olHIEN A HEHA 7IZ-MZ FAH|(aspect ratio)E F3 AAWHS AAs 2
olo] W& WAL A4 ATt Frederkinge 5274 HIUYHS & = =

(MPa)#h HAWEA (m*)3}e] AAS T&a 2 FAH2o= Atsy

P=74A4"% for 0.72m*<A<10m? (3-25)
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Table 3-20 Calculated global ice loads and local ice pressures of icebreaking vessels and

icebreaking cargo vessels for ice load prediction formulas
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Table 3-21 Summary of global ice load prediction equations

Comparison
References FEquations . P Comments
with Data
Johansson et = VA Canmar
al.(1981) F,..= 25Vsiny A"? Kigoriak
Tunik(1982) F... =0.65V"9A%3
Keinonen 1.37 £0.9 Canmar
F. .= 048 A
(1983) max v Kigoriak
Daley et al. B 4/3( A )3/ , .
(1934) F,..= 8(Vcosy) T 2655107 Polar Sea
F. o =0.036 V3 AS,04 g po-t
Tunik(1985) spoon-shagdaiiiy,
Fmax =0.027TV "A . "92 Extreme
wedge—shaped bow Impact Load
(Semi-infinite
Daley et al | p el 1B T MY Arctic | Tee
CASPPR(1996)
Glen et al. F. . S NG Ln i
(1984)
Manhattan,
MV Arctic,
Canmar
IA<(2:§O6[)JR Fo = 1.6 VAY? Kigoriak,
Robert
LeMeur,
Polar Sea
KI\;[;O;)‘%RL F .= 2.55 VA% MV Arctic
_ 2
White Fy=04250.h Operating
(1970) P = 6.64 V(WRx A Condition
e Ice Load
Dal L o 14566 (Finite-size
aley et a Fo =199 pgh? Iy Vi C?nmar o)
(1984) max pgh " gh Kigoriak ce
Riska(1994) F= 0.766 " (sinvy)"?(A pg9)*° VvV

Baltic ships
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Table 3-22 Summary of local ice pressure prediction equations

Comparison

References Equations ) Comments
with Data
pO - pr
P= Pbo— Ar A
Johansson A=[2F + 81]1/2* 9 Canmar
et al.(1981) ' Vs Kigoriak
po=3+085(AP,)
pl‘: EII}IX/AT'! Fmax = VAOQ
P=44A4"" Canmar Kigoriak Canmar
VTT(1982) s Kigoriak
P=4574""" MV Arctic MV Arctic
Field and Lab
Ashby et al. .
S (1?97866) a P=0.33(1+20.31/1/A) Indentation
Tests
Riska and
Frederking P=4.34" %4 MV Arctic
(1987)
Sanderson Field and Lab
d(1988) P=cA 2 Indentation
Tests
Canmar
Masterson and Kigoriak, MV
Frederking P=81A4 25 Arctic, Field
(1993) Indentation
) Tests
CASPPR(1996) P 1
Glen et al. P= A 1= (524 o Polar Sea
(1984) 1.24 o
Frederking _ 06 Louis S. St.
(2003) p=T44 Laurent
Frederking and B o6 Probabilistic
Johnston(2005) p= 1484 Terry Fox Model
Frederking _ — 059
(2005) P=T.754 Oden
KMU-ARL P=28.054" %% for A< 1m”
(2007) ) X MV Arctic
P=8.09A4"""% for A=1Im"
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@ Johansson et al.(1981)
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Fmax/Ar
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= VA0
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Fol Zoba [MW]
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Fl= A4 1

P,

I [MN]

G|

p, = 715 %9 l[reference pressure, MPa]

A

?)

[reference contact area, m

Z
A

71 ™

r

. Johansson, B., Keinonen, A., Mercer, B. and Stubbs, J., 1981, "Technical

!

Development of an Environmentally Safe Arctic Tanker,” Proceedings of the Ice

Tech 81, SNAME STAR Symposium, Ottawa.
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9 A3} Canmar Kigoriak® @] Hlo]H & wvig oz =3 Wtd e Z3ghs
FA = Aol
@ VTT(1982)
P=457A4"%
A= HZ=HH [m’]
P = =5 4y [MPal

Z % Technical Research Center of Finland, 1982, Assessment of Strengths of

the Bow Structure of the MV Arctic under Ice Loads Caused by Multi Year

Ice, Report to Canadian Coast Guard.

2] A8 VTT(Technical Research Center of Finland)ol A& 7iuthe] o2&
MV Arcticg o] Wats ASHFAE A=, of wf AAd =

Fmax l
P - A [1 - (%)0,&5
F
1.24
A= 3504 [m’]
Flax = A B35 [MN]
P = =5 W4y [MPal

Glen, LF., Daley, C.G. and Tam, G., 1985, "Analysis of the Structure of

=4
the Proposed CCG Polar class 8 Icebreaker under Extreme Ice Loads,” Society
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of Naval Architects and Marine Engineers Transactions, Vo0l.93, pp.283-301.

FoAbak 1996d AMAE AVt W5F AF7F4A CASPPR (Canadian Arctic

} -
= oE gy F4

.

30

Shipping Pollution Prevention Regulations)ol A A}-& % 12

21 0 2 Daley et al.(1984)7} A or3 AA W5 F .. = o

o
o

@ Riska and Frederking (1987)

P: 4.3 A*0.41

MPa]

S
I

Al

R

ok

L

i

=74: Riska, K. and Frederking, R, 1987, Modelling Ice Load during
Penetration into Ice - Ice Load Penetration Model Report 2, Joint Research

Project, NRC and TRC of Finland, Espoo.

H]

oAt Ayl NRCE HAS =29 VITY F5ATE MV Arcticg e thd A+

dolH g B4se Aol % Wge =440t}

(® Masterson and Frederking(1993)

P=8.14 057 for A <19m’

=
g
&,

A =
P = %% yery

Z 7. Masterson, DM. and Frederking, RM.W., 1993, "Local Contact Pressures in Ship/Ice
and Structure/Ice Interactions,” Cold Regions Science and Technology, Vol.21, pp.169-1&5.
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froatal A Canmar Kigoriak, MV Arctics o] A4 Wt oloje], g W)Y
ke -H &

7 W= do]E(Pond Inlet, Hobson's Choice, Resolute Flatjack Tests)E
WA azz AHosded EE dolHY ATz R sty 26 @il ks

AR

B Aole) o] A P=8.14""%¢] Jelz @) APIS} CSAZESA ALH T S,

L

Ashby et al.(1986)

P=0.33(1+20.31//A)

A= HZ544 [m’]
P = =5 ®4E [MPal

Z=7: Ashby, MF. et al, 1986, "Nonsimultancous Failure and Ice Loads on Arctic
Structures”, Offshore Technology Conference Paper No. OTC 5127, pp.399-404.
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fro)Abel: Sanderson®] WHEH-HEHA
o] Al¢kdl FAAoltt. d&e] hEuHe] dask Ao Y=HS 15MPaz 7Hgska gl

@ Frederking(2003)

P=74A406

A= #2914 [m’]

P = =3 ®ee [MPal

= A Frederking, RM.W., 2003, "Determination of Local Ice Pressures from Ship

Transits in Ice”, Proceedings of the 13th International Offshore and Polar

Engineering Conference, Honolulu, Hawaii, USA, pp.484-488.

frojabas AW Louis S. St. Laurent= o] W ete A dolHE o &
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Frederking and Johnston(2005)

P=1.48 4 040
A= HEZW9A [m’]
P = =% WeE [MPal

=74 Frederking, R., 2005, "Local Ice Pressures on the CCGS Terry Fox”,

Ll

Proceedings of the 15th International

Conference, Seoul, Korea, pp.718-723.

Offshore

Terry Fox& 9 HW¢E 2= HolHE

and Polar

Engineering
%8 $AL B9

© KMU-ARL(Korea Maritime University - Arctic Research Laboratory, 2007)

P=8.054 0% for A <Im°
P=28.09 4 %52 for A >1m°
A-4%

P = =5 ®4E [MPal

T 0 MV Arctice ¢ & HHAA B
o =R weky FAAL AskdTh
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Table 4-2 Calculation of the global ice loads [MN] for ship’s speeds

TESE

_ Im/s 2m/s 4dm/s

F4 2
White (70) 1.19 1.19 1.19
Johansson et al. (81) 8.59 17.18 34.37
Tunik (82) 2.49 7.06 19.96
Keinonen (83) 4.82 12.46 32.21
Daley et al. (84)-@ 12.12 30.53 76.94
Daley et al. (84)-® 6.25 17.15 47.07
Daley et al. (86) 5.79 758 9.92
CASPPR (96) 37.97 37.97 37.97
IACS-UR (06) 6.14 12.28 24.57
KMU-ARL (07) 5.72 11.43 22.86

Table 4-3 Calculation of the local ice pressures [MPa] for contact areas

HA=mA
: 0.25m? 2.0m? 4.0m?
F34
Tl Im/s 6.24 3.80 1.01
2m/s 6.40 5.09 3.59
et al. (81) 4 "% 6.49 578 4,96
VTT (82) 7.42 3.59 2.81
Ashby et al. (86) 13.73 5.07 3.68
Riska & Frederking
7.59 3.24 2.44
(87)
Masterson &
. 17.90 5.45 3.67
Frederking (93)
CASPPR Im/s 9.90 4.47 2.76
2m/s 12.07 6.97 5.09
(96) am/s 14.26 9.33 758
Frederking (03) 17.00 4.88 3.22
Frederking & Johnston
2.80 1.08 0.78
(05)
KMU-ARL (07) 12.37 5.64 3.93
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Fig. 5-1 Northern Sea Route (NSR)
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Fig. 5-3 Data and decision nodes selected for the Northern Sea Route. Redrawn

from Mulherin et al.(1996)



25 FAs= wlolH x==(data node)% ZAA »=Z(decision node)oll= Z7}
o) fAARIE dHEH 9o} I Aol FAbe] HolAnt FAE FEHE MR GgE
B 4 A4 =Es 98k o Ao dde By o9k @8 24 =

A %

Fe& AT 5+ o] dold wsoM E g ol

o]x ¢ Ice Transit Model> R AHre] A3} A7, 35 &5 54 HAHES

Qestol FEd 20T £OFNE AT F2E YHRAEAY BE 2 o] F
54, 4E54H 5)9 D/B 52 Btel &3l AGF AWAe] Az Aue] 5
Qe FAT 5 gom, o8 bsd FRE A4sE A @ FEW 4uE o g
el 74 ¢9YRE Agan

2 mddd 328 P4 THRE 2 A8 9AE Table 5-19 Gttt o
71 AAGRE F 5909 AdozA, 14709 AA =9 45709 dHolH === F

Table 5-1 Node data of the Northern Sea Route

Node Type Transit 4 s O\ AT Latituc?e Longitu.de

segment (deg min) | (deg min)
Data node 1 1-0 Murmansk 69 24 34 26
Decision node 0 Mouth of Kolskiy Gulf 69 57 35 43
Data node 1A 0-2A 72 30 40 00
Data node 2 0-2A 74 13 50 57
Data node 5 0-2A 75 55 56 30
Decision node 2A Cape Zhelaniya 77 39 71 46
Data node 6 2A-3B 78 04 73 20
Data node 7 2A-3B Cape Arkticheskiy 80 27 87 07
Decision node 3B 82 06 95 19
Data node 18 3B-6B 81 08 113 37
Data node 19 3B-6B 78 30 130 00
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Decision node 6B Zemlya Bunge 76 46 140 54
Data node 27 6B-7 75 36 150 20
Data node 28 6B-7 74 44 161 37
Data node 29 6B-7 71 36 172 48

Decision node 7 Longa Strait 70 11 177 03
Data node 37 7-8 68 36 182 36
Data node 38 7-8 67 32 187 44

Decision node 8 Bering Strait 66 41 189 03
Data node 3 0-2 70 30 40 00
Data node 4 0-2 71 10 50 43

Decision node 2 Kara Gate & Yugorskiy Shar 70 13 56 09
Data node 15 2-4 71 40 65 52
Data node 16 2-4 73 12 76 32
Data node 3 2-4 Dikson 73 21 81 21
Data node 11 2-4 75 47 90 43

Decision node 4 VR R 77 42 103 26

Straits
Data node 13 4-23 77 39 108 38

Decision node 23 Taymyr Peninsula 76 10 117 29
Data node 24 23-5 75 22 122 09

Decision node 5 Tiksi 74 00 130 00
Data node 26 5-6 72 56 135 03

Decision node 6 Drnitriya Lapteva 72 39 141 38
Data node 33 6-7 73 52 146 12
Data node 34 6-7 72 32 153 38
Data node 35 6-7 72 06 165 55
Data node 36 6-7 71 14 171 46
Data node 14 2-3A 71 37 62 23
Data node 17 2-3A 73 37 71 16

Decision node 3A Mid Kara Sea 74 11 74 42
Data node 8 3A-3B 78 36 77 53
Data node 9 3A-3B 79 44 86 59
Data node 20 3B-5 80 02 112 29
Data node 21 3B-5 77 20 120 55
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Data node 22 3B-5 75 58 125 55
Data node 25 5-6A 73 26 135 12
Decision node 6A Sannikova Strait 74 13 140 58
Data node 30 6A-7 73 23 151 10
Data node 31 6A-7 73 12 160 23
Data node 32 6A-7 71 34 170 37
Data node 10 3A-4 76 12 86 28
Data node 12 3A-4 77 06 94 28
Data node 39 4-6B 77 54 122 53
Data node 40 4-6B 77 29 127 43
Data node 41 4-6B 76 59 132 13
Data node F1 23-5 74 00 114 00
Decision node F2 Indigirka River 73 00 148 00
Data node F3 F2-8 71 00 162 00
Data node F4 F2-8 69 30 178 00
521 Wale g A Beel A
B AT AR S56 2 FY mde 553 A9S ¥ A
FY A7 HAA FFFRS A AT A Agdold mdelt o= 7 HA
o B74A4RE vgon AWANY HE SUYRE A4 A A4A AF LU
of wig Adubd F FyAY, 28, HIEEE, FRHYAY AEAZ, 28 AHE
AxtatA |
Walel e wdl(lce Transit ModeD)& Hvhe] Zieh @l dhaywier 0 )72
NEstn U g AlEdolde] ARt o7 A i Norilsk class, Lunni

class, Streckalovsky class, Vasily Dinkov 4l 7}1A & A A8t

on ot AF Tz

Aol Ao dojA T2 W Hdute] U3 A5 E dHFH Yo T2 AlEH oA
Aol AYPFHEE FAFHAAJY, FPutdd WY PN FE29ra, FEukaIN
HEggPgoez FES & AESE TG, g3 A7s 538 F29 J3aAS
s WAZAo Hul £33 49 6¥, 8Y, 10¥€ 2 AAs A,

g AEHIHAAN FAZ ALY F Sy ALY AAAY, ol MAIAEY 2FA
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1)

Norilsk class :

Multi-purpose cargo ship

A== (ship owner)

A A 4 o] (length overall) 174m
Ak A2 Y #H ) &4 (maximum draft) 10.5m
A 3} 5 % (deadweight) 19,950ton
vl =& :
Aur g 7] &2 ¥ (engine power) 20,600hp
A9 5 3 (icebreaking capacity)| 1m F72] W&l oA 2knot
A A 7 Z A}H(builder) Wartsila, Finland 1982

Russia

Fig. 5-4 Russian Norilsk-class SA-15 multipurpose icebreaking cargo
(Mulherin et al. 1996)
2) Lunni class : Liquid bulk carrier
A A 4 o] (length overall) 164.5m
Ak A Y #H ) &4 (maximum draft) 9.5m
A 3} 5 % (deadweight) 16,000ton
=4
A s 7] %% ¥ (engine power) 15,400hp
A * 5 & (icebreaking capacity)| 1m F7 ¢ =&} 9 o)A 2knot
Kvaerner Masa-Yards, Finland
7 Z A (builder)
71 AR 1976
A= (ship owner) Finland
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Fig. 5-5 Finnish Lunni-class liquid bulk carrier (Mulherin et al. 1996)

3) Strekalovsky class : Dry bulk carrier

# A 2 o] (length overall) 162.1m
Auak A o) &4 (maximum draft) 9.9m

A 3} 5 2 (deadweight) 19,252ton
Al A5 7] %% ¥ (engine power) 11,050hp

7 Z A} (builder) Germany 1981
EELE! T .

1= (ship owner) Russia

| Y

= _: _

-::ﬁ‘r__':_:l—'r'i‘j_“i‘i*.-i_ = _~—_?@

Fig. 5-6 Russian Strekalovsky-class dry bulk carrier (Mulherin et al. 1996)
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119 el A1 2.8knot

Samsung Heavy Industries Co.,

256m
70,000ton
2TMW
Russia

Ltd., Korea 2007

. Icebreaking crude oil tanker
A % 5 & (icebreaking capacity) |1.6m 72 =

A A 4 o] (length overall)
A 3} 5 % (deadweight)
7] %% 9 (engine power)

71 Z A} (builder)
A1 (ship owner)

Al 4
718 AR

4) Vasily Dinkov
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Table 5-2 Determination of ship’s speed in knots based on sea ice thickness and

concentration
Ice thickness (cm)
120- 180-
Ice free <120 >240
180 240
Ice free Full speed
I
ce <30 Full 8 8 7 6
concentration 30-60 d 8 8 7 6
(%) 60-80 9 6 10 10 10
80-100 8 6 6 4

* Full speed: Autd g &S e,
1) Norilsk: 17.0knots 2) Lunni: 14.5knots
3) Strekalovsky: 15.2knots 4) Vasily Dinkov: 15.0knots

Table 5-3 Initial ship speed to compensate for selected sea route

Ice thickness (cm)
Ice free <120 120-180 | 180-240 >240

Ice free 1.00

Ice <30
0.97
concentration 30-60 1.00

(%) 60-80 0.95

80-100
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Table 5-4 Determination of ship’s speed in knots based on wind direction, ice

concentration and wave height

Wind direction vs. ship heading

Ice
) Wave height )
concentration (m) Head sea Beam sea Following sea
m
(%)
Full speed
<3m Full speed Full speed
-1kn
Full speed Full speed
Ice free 3 to bm b Full speed P
(full sea) -2kn +1kn
Full speed Full speed Full speed
>5m
-6kn -3kn -3kn
<Im 8kn
1 to 2m Tkn
0-30% 2 to 3m 6kn
(partial sea) 3 to bm 5kn
5 to 7m 4kn
>Tm 3kn
>30% (no sea) Om Full speed
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Fig. 5-9 Monthly optimum sea routes determined
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Table 5-5 Results of transit model simulation

498 H3ZH L£I4g =2 Norilsk Lunni Strekalovsky |Vasily Dinkov
1) Total Transit
2957.70 2957.70 2957.70 2957.70
Length (nm)
2) Total Elapsed
. 254.66 276.60 270.08 271.91
Time (hr)
3) Mean Speed
11.61 10.69 10.95 10.88
(knot)
4) Mean IB escort
126.25 126.25 126.25 126.25
(hr)
5) Total Cost ($) 357250 331320 314970 764740
69 A LIJg= Norilsk Lunni Strekalovsky |Vasily Dinkov
1) Total Transit
3299.45 3299.45 3299.45 3299.45
Length (nm)
2) Total Elapsed
. 337.26 366.86 358.06 360.53
Time (hr)
3) Mean Speed
9.78 8.99 9.21 9.15
(knot)
4) Mean IB escort
195.65 195.65 195.65 195.65
(hr)
5) Total Cost ($) 416620 382100 356210 857060
8¥ H3Z L£Idg= Norilsk Lunni Strekalovsky |Vasily Dinkov
1) Total Transit
3371.52 3371.52 3371.52 3371.52
Length (nm)
2) Total Elapsed
X 280.79 311.51 302.25 304.84
Time (hr)
3) Mean Speed
12.01 10.82 11.15 11.06
(knot)
4) Mean IB escort
64.13 64.13 64.13 64.13
(hr)
5) Total Cost ($) 376000 351000 330050 799040
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