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Abstract The ice loads on ship andfehore platform structures is the key factor in structure design for cold regions.
The discrete element method (DEM) is an important approach to determine the ice load on structures. According to the
Minkowski sum theory, the dilated polyhedra based DEM is employed to simulate the interaction between sea ice and shiy
and dfshore platform structures in this paper. In the dilated polyhedra based DEM, the enveloped function of the dilated
polyhedron is generated to establish the fast contact detection algorithm based on the optimization model. Meanwhile
the bond-break model between elements is established by consideringfiesstsoftening process between bonded
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elements. Accordingly, the high-performance algorithm based on CPU-GPU cooperative-heterogeneous environment i
developed. The ISO standard is employed to validate the ice load determined by the dilated polyhedra based DEM fol
better engineering applications of the interaction between sea ice and marine structures. The ice load on ship hull i
calculated by the proposed method while the line load distribution on ship hull is studied. The ice resistance of ship hull
is compared with the result by Lindqvist empirical formula to validate the accuracy of DEM simulations. The interaction
between level ice and multi-leg platform is simulated while the ice load on each leg is analyzed. For the ice managemen
in broken ice regions, the ice load on ship afiloore structures is simulated when the ship navigates arounéfshei@

platform in circle. The proposed method can Ifkeetively applied in the analysis of ice load on marine structures, and
can provide a scientific approach for the design and safety operation of shiffsimare structures.

Key words dilated polyhedron, discrete element method, ship dfghore platform, ice load, high-performance algo-
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Fig.11 Sketch of ice-slope interaction
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Table 2 Main parameters in sea ice simulation by DEM

Parameter Symbol Value Unit

drag codicient Cyt 0.2 1
sea water density Pw 1035 kgm?
current speed Vi 0.5 nys
sea ice density i 920 kgm?
sea ice modulus E 1.0 GPa
sea ice Poisson'’s ratio v 0.3 1
sea ice thickness h 0.5 m
size of ice region I xw 100x15 mxm
mean size of element Aave 4.0 m
friction codficient u 0.1 1
tensile strength on 0.5 MPa
cohesion C 15 MPa
internal friction b 0.3 1
mode-| fracture energy Gy 12 N/m
mode-| fracture energy Gj 12 N'm

PR VK L5 3T 45 R AH AR R 4 R n
B 12 Fro, ke iy A 7KSF 5 1) B x 7 1 (R4
1. WTUE W, SPEEUKLE S R B S R ARV
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PE. S RIBHURI A FE A 307, 45, 60° Fll 75° B fRIUK
Bofar, B — AN UKEATIE(E S 1SO 1990061 (1) AnifE
AN AT 6263, 1S0 kRl o 2T 1

1/4 2
Fu = 0.6807 (”Wghs) (w+ ”T'") @7)

A, & 2L S5

& = (Sina + ucosa) / (cosa — usina)

(8) P KUK 535 45 A4 AR LA R ZE A

(a) Ice failure during interacting with slope
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Fig. 12 DEM simulation of ice-slope interaction
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Fig. 12 DEM simulation of ice-slope interaction (continued)
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Fig. 13 Ice load on slope by DEM and ISO standard
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Fig. 15 DEM simulation of ice-cone interaction
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Fig. 18 Simulation of ship icebreaking in level ice region
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Fig. 20 Ice force on ship hull by DEM and Lindqvist formula
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Fig. 22 Line load during ice-breaking of ship
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Fig. 22 Line load during ice-breaking of ship (continued)
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Fig. 25 Simulation of double ships navigating parallel in level ice region (continued)
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(continued)

5% it

AR SCR B vl RS B A AR 3 T 9 2 1A
JG, MRAEY R 2 AR IR 4 BB RE T R Y
RIS, RIS ST 2% 18 M2 0 fe o e ) B
JCIRDRG S5 - DRI, b T TR T 2 T Ak
MR BT IS, JPRZI RN TR AR S e &
SR UK A TS AT O SR AIE AR STV ) A B
P, SR AT 1SO B R 0 7 s D00 K 28 5040 50
IR T AR SO S R HER L. RISy i3t —
AR T TRES R MEAAATEE A 6 S5 A8 UK AT
MRS M4 SRR W], e 2 R K & oe vk
FEREUK 55 I S5 R R AR LA L oo A AR B T AR &
ARG NE 0T AR 5 T A FR DK 38 2 A E A 2
By, SINE AR AR UL IR UK S 0 S R A
BAF R R AT VRN o M, D ARt i R L 1T
& A T 2 s AT iRt TR A I e i T B

IHEAT e JEE B TC P PR RACRR: DU AN T 3 7 R T )
AIELTEIN [ 22 SURBRERR R, ) A7 23R e 0K 5 454
FHELAE PR 20 AR B4 vy oF S0, O S T e
PRANI > MOk S SR AN AR RS, 365 5 18 i
TK RS I R AH 1. £ DEM-C DI I Rl 15 A5 28

2 £ X M

1 Ritch R, Frederking R, Johnston M, et al. Local ice pressures mea-
sured on a strain gauge panel during the CCGS Terry Fox bergy bit
impact studyCold Regions Sciend Technology2008, 52(1): 29-

49

2 EATEE, B, EATAE. BUUKCE & RUKIRIE 5T M. TRETE,
2007, 24(5): 159-164 (Yue Qianjing, Liu Yuan, Qu Yan, et al.
Fatigue-life analysis of ice-resistant platform&ngineering Me-
chanics 2007, 24(5): 159-164 (in Chinese))

3 Dempsey JP. Research trends in ice mechaii¢stnational Jour-
nal of Solids and Structure2000, 37: 131-153

4 Tan X, Riska K, Moan T. Hect of dynamic bending of level ice
on ship’s continuous-mode icebreakin@old Regions Science and
Technology2014, 107: 82-95

5 Kujala P, Arughadhoss S. Statistical analysis of ice crushing pres-
sures on a ship’s hull during hull-ice interactioBold Regions Sci-
ence and Technologg012, 70: 1-11

6 Li C, Jordaan IJ, Taylor RS. Estimation of local ice pressure using
up-crossing rateJournal of Qfshore Mechanic& Arctic Engineer-
ing, 2010, 132(3): 71-78

7 Sodhi DS. Vertical penetration of floating ice shedtgernational
Journal of Solids and Structure$998, 35(31-32): 4275-4297

8 Frederking RMW, Timco GW. Quantitative analysis of ice sheet fail-
ure against an inclined plandournal of Energy Resource Technol-
ogy, 1985, 107: 381-387

9 Huang Y, Ma J, Tian Y. Model tests of four-legged jacket platforms

in ice: Part 1. Model tests and result€old Regions Science and
Technology2013, 95: 74-85

10 Huang Y. Model test study of the nonsimultaneous failure of ice be-

fore wide conical structure€old Regions Science and Technology
2010, 63(3): 87-96

11 Shen HH, Hibler WD, Lepparanta M. On applying granular flow the-

ory to a deforming broken ice field\cta Mechanical986, 63(1-4):
143-160

12 Je, ORAl, FRIW0WAE, S A HE PR SR HT UKL RE S WA IR B G

I3 M. HEVETRE, 2018, 36(5): 92-100 (Long Xue, Song Chu, Ji
Shunying, et al. Influence of cone angle on anti-icing performance
of conical structure with numerical simulations of discrete element
method.The Ocean Engineerin@018, 36(5): 92-100 (in Chinese))

13 Sun S, Shen HH. Simulation of pancake ice load on a circular cylin-

der in awave and current fiel@.old Regions Sciend Technology
2012, 78(3): 31-39

14 Lau M, Lawrence K, Rothenburg L. Discrete element analysis of ice

loads on ships and structureShips and @shore Structures2011,
6(3): 211-221

15 FKk%, AL, MR EE. RIS i vk HE B AL,

JKF) 244, 2003, 6: 105-110 (Wang Yongxue, Li Chunhua, Sun



1738 71 2 ¥ Eji 2019 4 5§ 51 &

Hequan, et al. Numerical simulation of sea ice pile-up on inclined Matter, 2019, 21: 41
breakwaterShuili Xuebap2003, 6: 105-110 (in Chinese)) 30 Galindo-Torres SA, Mufioz JD, Alonso-Marroquin F. Minkowski-

16 XIB, Je T, M0, BT 8 2 1R 0 B R o LR T R Voronoi diagrams as a method to generate random packings of
BERI UK ATV, 122441, 2015, 47(5): 1046-1057 (Liu Lu, Long spheropolygons for the simulation of soighysical Review F2010,
Xue, Ji Shunying. Dilated polyhedra based discrete element method  82: 056713
and its application of ice load on cylindrical pil€hinese Journal 31 Galindo-Torres SA, Pedroso DM, Williams DJ, et al. Breaking pro-
of Theoretical and Applied Mechanic015, 47(5): 1046-1057 (in cesses in three-dimensional bonded granular materials with general
Chinese)) shapesComputer Physics Communicatio2§12, 183(2): 266-277

17 kbR, ZENGEA. ok S5 B T S A BAE F GPURS UG i 32 Behraftar S, Galindo Torres SA, Scheuermann A, et al. A calibration
L. J128274R, 2014, 46(3): 562-571 (Di Shaocheng, Ji Shunying. methodology to obtain material parameters for the representation of
GPU-based discrete element modelling of interaction between sea  fracture mechanics based on discrete element simulat@msput-
ice and jack-up platform structur€Chinese Journal of Theoretical ers and Geotechni¢®017, 81: 274-283
and Applied Mechani¢c22014, 46(3): 562-571 (in Chinese)) 33 Galindo-Torres SA. A coupled discrete element Lattice Boltzmann

18 Long X, Ji S, Wang Y. Validation of microparameters in discrete el- method for the simulation of fluid—solid interaction with particles of
ement modeling of sea ice failure proceBarticulate Science and general shapesComputer Methods in Applied Mechanig&sEngi-
Technology2018, 37(4): 546-555 neering 2013, 265(2):107-119

19 Jesh, XRESC, RN 7K AL AR A ] L (5 A DK 2 AT S M ) S 1 34 R, MW, SKRITVESE. Je ek RAESLS WHAELEE T I BT
JEAH. J55AR, 2019, 51(1): 74-84 (Long Xue, Liu Shewen, Ji B S R e S RBN RS BT ) 2244), 2019 51(1): 56-63
Shunying. Influence of water level on ice load on upward-downward (Tan Yuangiang, Xiao Xiangwu, Zhang Jiangtao, et al. Determina-
conical structure based on DEM analyshinese Journal of Theo- tion of discrete element model contact parameters of nylon powder
retical and Applied Mechani¢2019, 51(1): 74-84 (in Chinese)) at SLS preheating temperature and its flow characterisfibfese

20 Wilchinsky AV, Feltham DL, Hopkins MA. Modelling the reorien- Jounal of Theoretical and Applied Mechani@)19, 51(1): 56-63
tation of sea-ice faults as the wind changes directidmnals of (in Chinese))
Glaciology, 2011, 52(57): 83-90 35 Harkness J. Potential particles for the modelling of interlocking me-

21 Hopkins MA, Thorndike AS. Floe formation in Arctic sea ideur- dia in three dimensiondnternational Journal for Numerical Meth-
nal of Geophysical Research Oceaf806, 111(C11S23): 1-9 ods in Engineering2010, 80(11): 1573-1594

22 Liul,JiS. Ice load on floating structure simulated with dilated poly- 36 Houlsby GT. Potential particles: A method for modelling non-
hedral discrete element method in broken ice figdgplied Ocean circular particles in DEMComputers& Geotechnics2009, 36(5):
Research2018, 75: 53-65 953-959

23 Ranta J, Polojarvi A, Tuhkuri J. Limit mechanisms for ice loads on 37 Boon CW, Houlsby GT, Utili S. A new algorithm for contact de-
inclined structures: BucklingCold Regions Scienc& Technology tection between convex polygonal and polyhedral particles in the
2018, 147: 34-44 discrete element methodComputers& Geotechnics2012, 44(1):

24 Gong H, Polojarvi A, Tuhkuri J. Discrete element simulation of the 73-82
resistance of a ship in unconsolidated ridgéeld Regions Science 38 Boon CW, Houlsby GT, Utili S. A new contact detection algorithm
& Technology2019, 167: 102855 for three-dimensional non-spherical particléwder Technology

25 Smeets B, Odenthal T, Vanmaercke S, et al. Polygon-based contact 2013, 248(2): 94-102
description for modeling arbitrary polyhedra in the discrete element 39 Gherardi M, Lagomarsino MC. Characterizing the size and shape of
method.Computer Methods in Applied Mechanics and Engineering sea ice floesScientific Report2015, 5: 583-593

2015, 290: 277-289 40 Sotomayor OE, Tippur HV. Role of cell regularity and relative den-
26 JEFLE, T, SR, HMEAT RORE e 28 R A i B T RO RO 2 1 sity on elasto-plastic compression response of random honeycombs
F12%, 2017, 38(7): 2425-2433 (Zhou Haijuan, Ma Gang, Yuan Wei, generated using Voronoi diagramisiternational Journal of Solids
et al. Size fect on the crushing strengths of rock particl&ock & Structures2014, 51(21-22): 3776-3786
and Soil Mechanic2014, 46(3): 562-571 (in Chinese)) A1 Xk, ZENA. F R 2 i A gt ek B o A R AL
27 Wang J, Li S, Feng C, A shrunken edge algorithm for contact detec-  [EF}%%: #HI2E )22 K 302, 2019, 49: 064601 (Liu Lu, Ji Shun-
tion between convex polyhedral blocksComputers and Geotech- ying. A fast detection algorithm based on the envelope function of
nics 2015, 63: 315-330 dilated polyhedron.Sci Sin-Phys Mech Astrpi2019, 49: 064601
28 FEIR, ZEO0, THAMEAE. 0 e B B FA o B K A 2 FE 1 7 (in Chinese))
BOTRERL. 12254, 2018, 50(3): 622-632 (XiongXun, Li Tianmi, 42 Podlozhnyuk A, Pirker S, Kloss Cfligient implementation of su-
Ma Qiqi, et al. Discrete element simulations of the high velocity ex- perquadric particles in discrete element method within an open-
pensionand fragmentation of gartz glass rin@inese Journal of source frameworkComputational Particle Mechanic017, 4(1):
Theoretical and Applied Mechanic&018, 50(3): 622-632 (in Chi- 101-118
nese)) 43 Dong K, Wang C, Yu A. A novel method based on orientation dis-
29 LiuL, Ji S. Bond and fracture model in dilated polyhedral DEM and cretization for discrete element modeling of non-spherical particles.

its application to simulate breakage of brittle materiaBranular Chemical Engineering Scienc2015, 126: 500-516



¥ 6 X R WA S 6 SR VKT I RV R R 2 IR B O T T T 1739

44 Liu SD, Zhou ZY, Zou RP, et al. Flow characteristics and discharge nology, 1996, 56(3): 439-449

rate of ellipsoidal particles in a flat bottom hoppowder Technol- 56 Camanho PP, Davila CG, Moura MFD. Numerical simulation of
ogy, 2014, 253(253): 70-79 mixed-mode progressive delamination in composite matedals:-
45 Zhou Y. A theoretical model of collision between soft-spheres with nal of Composite MateriaJ2003, 37(15): 1415-1438
Hertz elastic loading and nonlinear plastic unloadifigheoretical 57 Govender N, Wilke DN, Kok S. Collision detection of convex poly-
and Applied Mechanics Letterd011, 1: 041006 hedra on the NVIDIA GPU architecture for the discrete element
46 Ramirez R, Poschel T, Brilliantov NV, et al. Gheient of resti- method. Applied Mathematics and Computatid?014, 267: 810-
tution of colliding viscoelastic spheref?hysical Review E1999, 829
60(3): 4465-4472 58 Nishiura D, Sakaguchi H. Parallel-vector algorithms for particle
47 Ji S, Shen HH. Internal parameters and regime map for soft polydis- simulations on shared-memory multiprocessadsurnal of Com-
persed granular material3ournal of Rheology2008, 52(1): 87-103 putational Physics2011, 230(4): 1923-1938

48 Zhang JH, He JD, Fan JW. Static and dynamic stability assessment59 Chow AD, Rogers BD, Lind SJ, et al. Incompressible SPH (ISPH)
of slopes or dam foundations using a rigid body—spring element with fast Poisson solver on a GPGomputer Physics Communica-
method. International Journal of Rock Mechani& Mining Sci- tions, 2018, 226: 81-103
ences2001, 38(7): 1081-1090 60 Torquato S, Jiao Y. Dense packings of the Platonic and Archimedean

49 Azevedo NM, Candeias M, Gouveia F. A rigid particle model for solids.Nature 2009, 463: 876-879
rock fracture following the voronoi tessellation of the grain struc- 61 Hopkins MA. On the ridging of intact lead icdournal of Geophys-

ture: formulation and validationRock Mechanics and Rock Engi- ical Research Ocean4994, 99(C8): 16351-16360

neering 2015, 48(2): 535-557 62 International Organization for Standardization. 1SO 19906: 2010,
50 Potyondy DO, Cundall PA. A bonded-particle model for rofh- Petroleum and natural gas industries-Arctifshore structures. Eu-

ternational Journal of Rock Mechani& Mining Sciences2004, rope: ISO, 2010

41(7): 1329-1364 63 Frederking RMW, Timco GW. Quantitative analysis of ice sheet fail-
51 Ma G, Zhou W, Chang XL. Modeling the particle breakage of rock- ure against an inclined plandournal of Energy Resource Technol-

fill materials with the cohesive crack mod€omputersk Geotech- ogy, 1985, 107: 381-387

nics 2014, 61(61): 132-143 64 Zhou Q, Peng H, Qiu W. Numerical investigations of ship—ice in-
52 Ma G, Zhou W, Chang XL, et al. A hybrid approach for modeling of teraction and maneuvering performance in level iCeld Regions

breakable granular materials using combined finite-discrete element ~ Science and Technolog®016, 122: 36-49

method.Granular Matter, 2016, 18: 7 65 LiZ, Chuang Z, Ji C. Ice forces acting on towed ship in level ice with
53 Guo L, Latham JP, Xiang J. Numerical simulation of breakages of straight drift. Part [I: Numerical simulatiorinternational Journal

concrete armour units using a three-dimensional fracture model in of Naval Architectur&& Ocean Engineering2018, 10: 119-128

the context of the combined finite-discrete element methoom- 66 Lindgvist G. A straightforward method for calculation of ice resis-
puters& Structures2015, 146: 117-142 tance of shipgProceedings of POAC, 1989, 722-735

54 Park K, Paulino GH, Roesler JR. A unified potential-based cohe- 67 Lu W, Lubbad R, Lgset S. Parallel channels’ fracturing mechanism
sive model of mixed-mode fracturdournal of the Mechanics and during ice management operations. Part II: Experiméhild Re-
Physics of Solid2009, 57(5): 891-908 gions Sciencé& Technology2018, 156: 117-133

55 Benzeggagh ML, Kenane M. Measurement of mixed-mode delam- 68 Lu W, Lubbad R, Aleksey S, et al. Parallel channels’ fracturing
ination fracture toughness of unidirectional gjag®xy composites mechanism during ice management operations. Part |: Th€oil.
with mixed-mode bending apparat@@omposites Science and Tech- Regions Scienc& Technology2018, 156: 102-116



