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ABSTRACT

Natural resources development in Sakhalin area and the Sea of Okhotsk requires
proper means of sea transportation from Russian Far East region and China. Sea
routes in the Sea of Okhotsk are normally covered with sea ice of less than 1 m
thickness from December to April and sea—going vessels should be equipped with

sufficient icebreaking capability or at least ice-worthy hull structures.

Ice rubble pieces broken by the bow impact load and side hull of an icebreaking vessel
usually pass along the ship's bottom hull and may hit the propeller/rudder or other stern
structures causing serious damage to ship's hull. It is important to estimate the size of
broken ice pieces during the icebreaking process. The dynamic interaction process of
icebreaker with infinite ice sheet is simplified as a wedge type beam of finite length
supported by elastic foundation. The wedge type ice beam is loaded with vertical impact
forces due to the inclined bow stem of icebreaking vessels. The numerical model
provides locations of maximum dynamic bending moment where extreme tensile stress
arises and also possible fracture occurs. The model can predict a failure length of
broken ice sheet given design parameters. The results are compared to analytical
solution for static load and observed pattern of ice sheet failure onboard an icebreaker.
The meaning of sizes of ice rubble is discussed by comparing computed failure length

with the characteristic length.
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Table 2-1 Maximum deflection of the ice plate under concentrated load
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Table 2-1 Maximum deflection of the ice plate under concentrated load

E(kg/cm?)
100. 200. 500. 1000. 5000. 10000. 15000.
h (cm)
l.(m)
1.000 0.0968 0.116 0.146 0.174 0.260 0.309 0.342
2.000 0.165 0.196 0.246 0.293 0.437 0.520 0.576
3.000 0.223 0.265 0.333 0.397 0.593 0.705 0.780
4.000 0.277 0.329 0.414 0.492 0.736 0.875 0.968
5.000 0.327 0.389 0.489 0.582 0.870 1.034 1.145
6.000 0.375 0.446 0.561 0.667 0.997 1.186 1.312
7.000 0.421 0.501 0.630 0.749 1.119 1.331 1.473
8.000 .0465 0.553 0.696 0.827 1.237 1.472 1.629
9.000 0.508 0.604 0.760 0.904 1.352 1.507 1.779
10.000 0.550 0.654 0.823 0.978 1.463 1.740 1.925
20.000 0.925 1.100 1.383 1.645 2.460 2.926 3.238
40.000 1.556 1.850 2.327 2.767 4.137 4.920 5.445
60.000 2.109 2.508 3.154 3.750 5.608 6.69 7.381
80.000 2.617 3.112 3.913 4.653 6.958 8.275 9.158
100.000 3.093 3.679 4.626 5.501 8.226 9.783 10.826
150.000 4.193 4.986 6.270 7.456 11.150 13.259 14.674
200.000 5.203 6.187 7.780 9.252 13.835 16.452 18.207
250.000 6.150 7.314 9.917 10.937 16.355 19.449 21.524
300.000 7.052 8.386 10.545 12.540 18.751 22.229 24.678
W,y /P (e /ton )
1.00000| 1306.19980 923.62274 584.15031 413.05665 184.72455 130.61998 106.65077
2.00000|{ 461.81137 326.54995 206.52832 146.03758 65.30999 46.18114 37.70674
3.00000| 251.37827 177.75128 112.41978 79.49279 35.55026 25.13783 20.52495
4.00000{ 163.27498 115.45284 73.01879 51.63208 23.09057 16.32750 13.33135
5.00000{ 116.83006 82.61133 52.24799 36.94491 16.52227 11.68301 9.51913
6.00000| 88.87564 62.84457 39.74639 28.10494 12.56891 8.88756 7.25667
7.00000{ 70.52816 49.87094 31.54115 22.30296 9.97419 7.05282 5.75860
8.00000| 57.72642 40.81874 25.63520 18.25470 8.16375 5.77264 4.71334
9.00000| 48.37777 34.20825 21.63520 15.29839 6.84165 4.83778 3.95003
10.00000f 41.30566 29.20752 18.47245 13.06200 5.84150 4.13057 3.37259
20.00000 14.60376 10.32642 6.53100 4.61811 2.06528 1.46038 1.19239
40.00000 5.16321 3.65094 2.30906 1.63275 0.73019 0.51632 0.42157
60.00000 2.81049 1.98732 1.25689 0.88876 0.39746 0.28105 0.22948
80.00000 1.82547 1.29080 0.81637 0.57726 0.25816 0.18255 0.14905
100.00000 1.30620 0.92362 0.58415 0.41306 0.18472 0.13062 0.10665
150.00000 0.71101 0.50276 0.31797 0.22484 0.10055 0.07110 0.05805
200.00000 0.46181 0.32655 0.20653 0.14604 0.06531 0.04618 0.03771
250.00000 0.33045 0.23366 0.14778 0.10450 0.04673 0.03304 0.02698
300.00000 0.25138 0.17775 0.11242 0.07949 0.03555 0.02514 0.02052

_11_




Dr<a (x<a) 9 4% 3714 a=a/.)
w= —% + —%a (ker'Maberx — kei M abei x ) (2-36)

Dr>a (x>a) 4 4%

w = —l%oz (bermq kerx — bet (1)0414:61')() (2-37)
Wate] Ho AFe 35 FAH (r=0:x=0) A B3 1 37
Pl1+ aker'Va]
max = (2_38)
v Tka’

o] fr}. o714 P=ma’q & AA %S UL Ao 33 ZHE 94 &5 A
A (r=0)M A7), 2 A7 v53 2o

tmaxz : (2_39)

M= —=ho; (2-40)

ol (2-39)4 3 (2-40) =5 WaS wid oa A= a5 v 2ol A

2
P= : (2-41)
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CRACKING OF A FLOATING ICE SHEET

UNIFORM DISTRIBUTIED
LOAD

RADIAL CRACKS DUE TO
........ TENSION ON BOTTOM
OF ICE

CIRCUMFERENTIAL CRACK
DUE TO TENSION ON TOP
OF ICE

Fig. 2-4 Failure model of the ice plate

Y

y

Fig. 2-5 Idealization of ice plate as a wedge type ice beam
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(2-42)

ANM  x =1/, r & WANE Ageln a=a/, a = FFHAFo|t. 2y 2

(2-42)5 Z7] 98] === "H4E 5A o (characteristic length)® 33 o] AFoJH
t}.

L=y (2-43)

¢ 12k

ueha] 2(2-42)9] sf= te A e® sdETh

w=[aDny () 00, () +eDns () +dDny () +l}%

(L )k

«

(2-44)
A7IA P #7]Rel 283 AA stF
¢ A7IR 7
2tan (¢/2) :r =114 #7]|He] &
Dy (x) ~ Dny (x) : Nevel1961)0] Aol 3.

a~d: ZAxAd s dFHE T

a7t Z7hgel wet A7) AU FRRAEY] A71E thh daHAT A FYRAE

A Ass fAE S0 27 ol 2ow A4 oAt 5, BxaFe Wt
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A% et
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=03
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2oM/P
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—0;9

=0

Fig. 2-6 Bending moment distribution in a wedge beam on elastic foundation

where L =1, (Redrawn from Nevel, 1961)
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Dynamic Force Equilibrium:

vt by—2E — A ) (3-1)
x
Dynamic Moment Equilibrium:

oM

76— 1+ =0 (3-2)
ox

Moment-Curvature Relation:

M= £r2 (3-3)
ox

Shear-Slope Relation:

V=xXAGY (3-4)
glzzy—+¢ (3-5)
X
7] A

() B Sl Aol d Fa A (effective mass)
Hx) SRAAA 7] Gojdold ZAAT (=p 0
Z(») e ARG EAE

EA ) B 8773 (bending rigidity)

kAR D A4 (shear rigidity)

Az, )t F91Hold 85 (external force)

S
X

>
(i
o

displacement)

d(x, )t wdol ok 29 9] (bending slope)
Y(x, At Aol o] & 2} 9] (shear slope)
W E (bending moment)

5
M x, »: A (shear force)
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4. A3 AHA A AT E Qo] “IceView”

A dute] W= Wkl diste] olaielr] faiA = WA Adure] AA = (thrust) o ¥
Ao A B WA (ce resistance)®] /ME 3 HAFZ7} 44 JA &5 & dloA] A H
alof & WelF(ice load)old NS FEsfoF ot WA ol fyidnto] WS 7
Azxlat7] skl ztaojor & Fx17|#e] 8-S AAst7] A Had Abgoln, o] o A
k2 A (rigid body)= 7FAE® Az Wy AZstA] e Zlo] HEojth whd A
A z7F W= mg}%o]a} Adube] FAE 52 AE SHAA F2FATE = dA sk
(global loads) &2 FxFAe ZH 2Z&sle] v =2
F(local loads)& oJm|gtrt. AAl Wajge] WHdH= o
(multi-year ridge), €5%7}t=(ice rubble field) & "j-%- o)
e A FEelAe] WARS tFa k. ol HrholAe WAF sfae] rht
7120l Hm wgk Al golatA AT ¢ vt A wEd Aotk
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iy

”
&,
A0
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—
@
<
@
o
(@)
N
(o]
r v
0%
o
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A 2, 3FelA ThE e Adtd JuY FEAE A FAYFe FEPRO
sto] ATE SRR YA 5
o A= T ehy o A +¢HHJ A] 27 9}

Kashteljan et al.(1968)

Herlo o] WASS o2 AAdstA d14s AL Kashteljan et al.(1968)F A A A|
| WAge ot g

R,= K W, B0 j+ K0, B0 4%+ KB 7™ n, C fon) (4-1)
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Fig. 4-1 Definition of angles in Shimansky's
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ofth.
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Fig. 4-2 Ice resistance vs. ship's speed based on Kashteljan's empirical formula with
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varying ice thickness

Lewis and Edwards(1970)

1960 wl=r S RI(USCEH A= HA3E A Ae o]gale] Wa o XA
ZA2ES H3HTt Lewis and Edwards(1970)% Kashteljane] HeEH] At

& FYstel B A=
of 3 ATE AEEA ThE 2 el WAL ALl
R,y= CoOh*+C 10 ,8Bh+ Cop Bl V* (4-2)
714 o = o9 wIAE, g = ZEylETo|1 UmA] HEEL gyl 2dsit 5L 4

(4-2)5 o422 Yo] Fx43} 319em USCG Wind class WA 5o REAE 2 AXAE A5
g o83l AFE ¢, =0.146, ¢, = 8840 & ¢, = 5905 = A7G3IGUtk Ak 2] EfFA &<l

< 918 Wind class WA 5 7Fedt BE AMule] wyg Wl AN AE g5 FA3} 319 Fig. 4-3
3} o] YERNALE Fig. 4-4 & Us3]ARAS 53 M3 23gA]s] Aye} Kashteljan 2 White2]

A} wl5gt Asjolt),

-
.53, 61.5
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I
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2
& }A [ ] WIND full scale

B
=3

o ' \ \
0 05 1

B pgh
CHEE)

Fig. 4-3 Non-dimensional experimental continuous—mode ice resistance data vs. the
product of non-dimensional beam and the volumetric number (Lewis and Edwards,

1970)
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Fig. 4-4 Comparison of various continuous—mode ice resistance prediction methods

with full-scale data (Lewis and Edwards, 1970)

Edwards et al.(1972)

Edwards et al.(1972)2 91°] Lewis and Edwards(1970)21& 04,2 WAl p  gps? O3 ol

LS A HALNS gt Al tel e e T Ale] 42 Agik

R _ i 22 S, 0 (4-3)
o e? = 2B 43500 S LT60 T ; +5.4635 % 5 <380
i_ JLZ 2 . [0) ﬂ .
b ey T 32163387 0.01947 47 - T 22,6187
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o 714

_28_



o] A& USCG Wind Class aJ¥ A Staten Island®} Mackinaw A& 2ZHEH L8, &
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Fig. 4-5 Non-dimensional ice resistance data of the Mackinaw vs. non-dimensional

ship's speed (Edwards et al., 1972)

Vance(1975)

Vance(1975)= REEAE 2 AXx5 (Mackinaw, Moskva class, Finncarrier, Staten

Island % Ermak)Z5-E A4 WA ate] thaat 22 HH3EA4 S 4L v ik

R=C P gBs+ CoBs+ C 0,V LE"*B"P (4-4)
o714

C, = $HAAZAS (submergence coefficient) = 16.91

C, = WEALAS (breaking coefficient) = 0.034

C, = EX=AZAST (velocity coefficient) = 0.165

L = AAdke] o]

— [e) =
0 =49 #IUE
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Fig. 4-7 Analysis of Mackinaw data (Vance, 1975)

Edwards et al.(1976)
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Fig. 4-6 Full-scale resistance data for CCGS Louis S. St. Laurent in snow covered ice

with regression lines from combined data (Edwards et al., 1976)

Wartsila(1973)
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Rio= BiPsgCi( Cit C,)

Cy= 110347+ 00090870 +0.0000445 (5 )]

C.=160.640 0157 (f) (0006799 + 0.14115V 2/ £)7

2
C,=[20068.39 1.77088X(J?) 0.77867V H/ L, (5)0.014@]

2z,
1714
L= FAwelAe Aol
B = 4awelAe) =
py = Aol AEs) A5 AR 2

A9 Wartsila 2]S t}& Z27Adnt A80] 7hs

& o st

velocity : 2.3 to 13.8 mph for 1-ft ice thickness
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stem angle : 30 to 82 deg
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Fig. 4-9 Estimated icebreaking resistance of a 60,000 DWT bulk carrier (Wartsila)
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Arctec Inc.(1974)

ARCTECHI|A 9] RFAIFA A= Ao Ae] LB o w2 Riste] FE313ich
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ARCTEC 22 v Zxrt 287}

ofr
ol

.

0B< [<8F
0.17V gh< 2<2.63V o

34D oh<0 <2890 .

6000 —

ARCTEC Ice Model Basin
h=03m
————— h=06m

— -
5000 . h=o09m

1 L=3048m -

= ~
4000 — B=32m -~

3000 —

lce Resistance (kN)
|

2000 — -

1000 —| //

_33_

(4-7)



Fig. 4-10 Estimated icebreaking resistance of a 60,000 DWT bulk carrier (ARCTEC)

Arctec Canada Ltd.(1984)

Arctec Canada Ltd.(1984)°4+= 19861 7HZ% bulk carrier MV Arctice] E3Ad 2
¥} o] g3t T A& Atk

A=10.000083850/4+ 0.1525 24+ 0.5517 4 (MN) (4-8)

1714
0 = 459 wdd=(kPa)
4 = e F7(m)

v = A% (knots)

Baker and Nishizaki(1986)

Baker and Nishizaki(1986)% S=r8-& bulk carrier®l MV Arcticoll th3t A<=8dol tiate] ef <
TAE=ES] B EAE Axte}l vl udkRth MV ArcticS 1978\ 9] Arctic Class 2 Auto]ixult Ao o
T2 1985/86'dl AH4 Blskel Arctic Class 4 29| Ja#lo]=E s Atk A2 A58/l
AAE el FHY s vl o] Arctec Canada Ltd.(ACL), =¥2¢] HSVA, HAZd=29] WARCOIA]

o

& AR S8l FArde] A4 Zolele] ]

) =
WE S AR AR Qs AAskaA) Si9aL o] AeIM AR AAPGeR A AAE
4
ACL2 391245 gsl 7 il daedidel wis) vt 22 A WA 445 490
Rr= 177105 LV 4 +1.095 C5° 0" +17.590% P 4+ 3.342°° () (4-9)

o1 714

0o =

e
dlo

o] w4 x=(kPa)
Cy = forward block coefficient

7 = Auke] 7ol (m)
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v = A&(m/s)

W] F7)(m)

n, = AA epRAS

Zahn et al.(1987)
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Fig. 4-8 Ice resistance vs. ship speed data for Mobile Bay
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