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Fig. 1 Underwater explosion Fig. 2 Shock wave paths for an underwater explosion with overlying ice
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p/MPa p/MPa p/MPa p/MPa
3.193 ] 1.896 2.687 3.196 ]
2.444 1373 2.034 2.463
1.696 0.851 1.382 1.730
0.947 0.328 0.729 0.996
0.199 —0.194 0.076 0.263

—0.549 -0.717 -0.577 -0.471

-1.298 - -1.239 - -1.229 - —1.204

p/MPa p/MPa p/MPa p/MPa
11.300 3.023 2.649 3.386
9.198 1 2.286 1 2.006 1 2.628 1
7.099 1.549 1.362 1.870
5.000 0.812 0.719 1.112
2.900 0.074 0.075 0.354
0.801 —0.663 —0.568 —0.404

—1.298 - —1.400 - -1.212 - —1.162 -

K5 wkEKEDZR

Fig. 5 Water pressure contour of ice cover

(a) Simulation result (b) Experimental result
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Fig. 6 Ice cover fragment
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Fig. 7 Diameter of ice breaking hold
versus denonation distance
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Table 2 Factor level of orthogonal experiment
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Table 3 Factor level of orthogonal experiment

T X/g X,/m X,/m

W R 18 S VK Z BB S ARAE S R, ek ] o0 . i
yo(k)s B 2 o AR B ALK R O LB, 12l 5 100 06 0o
x, (k) xy(k) xy(k)o W HLECES 5 255 B9 I b 5 100 0o 032
Ah: 4 200 03 032
Xi = (xi(1), x:(2), -+, xi (k) i=1,2,3 (0) 5 200 0.6 024

Y =(y(1),y(2),-- -, y(k)) @) 6 200 0.9 0.28

XF LA b 9 FBLHL T 28 AT BB AU, A5 AR AL 7 300 03 0.28

gE P BIE R v =(0.300, 0.701, 0.602, 0.400, 8 300 0.6 0.32
9 300 0.9 0.24

1.100, 0.400, 0.299, 0.199, 0.801).
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Table 4 Sequences region value of orthogonal experiment

TH X X, X5 y

1 0 0 0 0.112
2 0 0.5 0.5 0.557
3 0 1.0 1.0 0.447
4 0.5 0 1.0 0.223
5 0.5 0.5 0 1.000
6 0.5 1.0 0.5 0.223
7 1.0 0 0.5 0.111
8 1.0 0.5 1.0 0

9 1.0 1.0 0 0.668

x5 TRERENEIKFTIHBRAFENREKERB L KKE
Table S Gray relational degrees and gray incidence coefficients between radius of

breaking ice breaking hole and different factors at different levels

T.H

Zjhkx, FRIEX, TKIELX,

1 0.940 0.970 0.940

2 0.632 1.000 1.000

3 0.687 0.633 0.633
4 0.796 0.834 0.543

5 0.659 0.659 0.476
6 0.796 0.543 0.796
7 0.507 0.94 0.721

8 0.476 0.659 0.476
9 0.757 0.757 0.584
RHR 0.694 0.774 0.685

5 &

IR R A O Py vk v K 3 DA K STt /K T R A% 2 S AT RS it . AR SCRY E S IR .

(1) FIH BB -FAE B H RS D735 3R 77K 5 K i vk, B2 SR 5 S0 56 25 R W) R, IR 257
8% LAV, I LAARGF b A TR BEXE 25 /K T e KE R vk 52

(2) VK2 K 0.29 m, 255K 100 g, BEFE N 0.2~1.5 m B, K FIRVEVKZBEIR ARG E 9 0~1.1 m.
UEAN, BEPEE T 1.2 m B, il P AT AN 2 0 K2 38 B IR o R BE X UK Z B IR AR B2 i K, e R BE
9 0.3~0.45 m,

) I IVKIZIRSE 24~32 cm, 255 100~300 g A [RS8 T A9 Bk vk 42, K 1E 3SR 580 74 Ak (6
RIRBE WL A RS &, TR T 250k BRIE . VKRR R 2R 5 0 vk A8 00 G IR B R BSR4 T
3R S SE R o X KN R MEB K S AL AR BRI T AR A R L e R TR B Y 1
Ci
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Fragmentation of ice cover subjected to underwater explosion shock wave load
and its influence factors

WANG Ying, XIAO Wei, YAO Xiongliang, QIN Yezhi
(College of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, Heilongjiang, China)

Abstract: Ice breaking by blasting is a complex process in underwater explosion engineering. In this study
we examined the fragmentation characteristics of ice cover with underwater explosion shock wave and
simulated the process of underwater explosion breaking ice process using LS-DYNA. We also compared the
simulation result with the experimental data and found the min good agreement. Based on this we verified
the simulation model and calculated different conditions. Then, keeping the test environment unchanged, we
set different detonation distances, and calculated the radius of the ice breaking hole; varying the charge
dosage, the detonation distance and the ice thickness, we designed nine group simulation conditions by the
orthogonal design method, and analyzed the gray relational degrees and gray incidence coefficients between
radius of breaking ice hole and different factors at different levels using the gray system theory. The
analytical results showed that, at 100 g of the dosage, the ice thickness is 29 cm, the water depth is 2.9 m, the
detonation distance range is 0.3—1.5 m, the radius range of breaking ice hole is 0—1.1 m, and the best
detonation distance is between 0.3—0.45 m. According to the analysis of the above nine simulation
conditions, the influencing factors that matter most remarkably in underwater ice breaking are the detonation
distance (0.3, 0.6, 0.9 m), the dosage (100, 200, 300 g), and the ice thickness (24, 28, 32 cm), in order of
their importance.
Keywords: underwater explosion; shock wave load; fragmentation of ice; orthogonal experiment; gray
system theory; relational grade
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