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Table 1 The preliminary parameters of the model elements
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Fig.2 The stress-strain curves of different

element compactness
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Fig. 3 The stress-strain curves of different random values
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Fig.4 Comparison of numerical and experimental uniaxial

compression stress-strain curves
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Table 3 The contact model parameters after calibration
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Table 4 The test conditions of numerical simulation
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for horizontally (a) and vertically (b) loaded sea ice samples
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Fig. 11 The variation of uniaxial compressive strength (a) and elastic modulus (b) with porosity

for sea ice samples in uniform pore size distribution

4.3 FLBE R~ 4> fa 3t ik 58 EE RO 220

AN TR FL B R F 4 A 2SR (1 g vk B 1 46 56 5 A
SR A B L B SR 1 AR A G 1B 12 BT, BRL TR 47 5
JEEE TR L A 247 L R 3 ) 346 o AT, 2R B K AL
B R A1 28 AR Bl AR LB 3R o ALl 4 5 A
PERLRL A SE B . AR FLBR R T, FLBR R T oA 2%
TR Xt 3 ALl R 457 9 R S R ) B i O R — K
WAL 10% B, FLBE R F 2 Gamma 4345 -1 1
SEAT UK T 7 1) Jom 28 54 A e 44 8 3 KT AL B R 4 A
SR YY) G A ) B R 4 R R T 24 AL B RN 20% B
TRRE 26 B HE 1 5 B R /INH R M AL B R 10% 1, fL
Bt RS2 Gamma-T 53 A3 1947 DK T J7 1] fin 288 56 P A5
R T LR F 20 A o Gamma-T1 43 A5 (1) 3 P A%
T 25 AL B 15% B iR 3 B0 L A 8 M AE £ DR /N AH
J, 3% B AL B RUST 29 A 25 U X 1 K Bl R 4 i 32 R i
PR 119 52 W O TC B R, X7 2 0 L R B A i
KR 0 1 b

& 13 45 T FLBR R 10% (B AL B R SF 40 Ai B oA
[7] 2 78 1) S AT VK TET 7 1) 0 28 e 2 TR B 1) 2 4
Oy o AN TR FLBR 3 A1 S Xt A% 43 A 5 T 114 26 B

BRI AL BB TS LB R T . AL R 8
/N, W Gamma 43 A7 -1 288U (1] 13¢), A AL B 2
Z HmE ., —Jrm, Bua R 2 LR 5 R il 1E 52 2
Tor I SEE Y R 5 — T, B LR S B
HE DU AR TR, A 2 1Y AN L B AR TE L B Ak, DT
SUHEEFEBIR . LB RS8R, sy 5] 4 A 2 A
(&l 13a), IWXFE N LB 2D, HLALBR 22 8] i e,
SLUEY A %Y LK 54
4.4 FLBRALE 575 Xt ik 58 B &2

13 KB T ALBE Y R 0 A 52 e SLEE I 8
BEAb, 25 HE B A BO(EAE TR g ST ), AH 7] 4 A 25 R AT AL
Bt 2 S5 T AL B 7 R B AL 2 4 AE R N By . T
I, AR FE AL R A B X i K BRI R 4 5 B Y S ),
S 3 LB EE 10% HAL BRI /2 35 20 53 4 1) 3
EUKT 7 ) i B RE, IR AT R R AE L. 1K 14
5T 3 AR KRR S R G R R SRR IR
78 55 f AR LAY e 5 UK W g o3 AT o X I
KB 3 R RAT B R 50 45 SR AL, 2 B AH R FL B =R
FURSE 43 AT, FL BT X T UK B Ak PR 45 ) 1 T A
MRS /N H 3 UM i L 2455 JR BB — 2L,



6 REME

= FLBR XL A DK B i TS 406 56 2 52 ) 14 B (DL 5

47

HBh R 458 ¥ /MPa

B dh [ 4558 /M Pa

Fig. 12

BERRIAS 2.1 < 107

L 443 0.64 MPa

09 0.4
a o + Y55t b + 55T
. x ARHE IR AR . 03 ¥ x FRUEIEZAR ST
0.6 L x o © Gamma-I a oo f * © Gamma-I
’ + * Gamma-II Q * * Gamma-II
i 02 *
x s . B ° 3+
03} X . & ¢
8 : o1t
0.0 . 1 : : ) 0.0 . . . . )
0 5 10 15 20 25 0 5 10 15 20 25
LB/ % FLBRE/%
0.9 -
¢ % - BB "y - BB
x bR EA A * x FRMEIEA A
+ © Gamma-I g 03 ¥ © Gamma-I
06 r * . Gamma-II ) % ° Gamma-II
¢ & @ 02} ‘g
*
03 f ¥ H .
¥ Fo °
0.0 : ; : ; ) 0.0 : : . . .
0 5 10 15 20 25 0 5 10 15 20 25
FLBRE/% FLBRE/%
12 ORTRIFL BRI SF A 2 70 i Vi DK Pl e 4 5k 0 380 A o i L B R A A8 4k

The variations of uniaxial compressive strength and elastic modulus with porosity in different distributions of pore size

a, b R AT VKT J7 8N4, ¢, d S E oK 77 18] i 4%

a, b. Horizontally and c, d. vertically loaded sea ice samples

BL13 FLBRR g 10% B09-FAT T 5 160 0 4 S b s 48 e e 2 WA DR ) 10 T R SR 7 e
Fig. 13 The crack development of horizontally loaded sea ice samples with 10% porosity

a. B 5150, b bR ifE IE A 43, ¢. Gamma 434 -1, d. Gamma 4345 -11

Pore size distributions: a. uniform distribution, b. standard normal distribution, ¢. Gamma-I and d. Gamma-II

HHE 4598 0.66 MPa
BpERERE 0.29 GPa
BEHRRAS 2.1 % 10°

bl R 4578 % 0.68 MPa
SRR 0.29 GPa
R RAE 2.4 x 1073

SRR 0.30 GPa

el &
il =
| 2
) &
R ER i ERS WK
C

a

14 LR 10% HALBRR ST -G 34950 23 A 69 28 0K T J5 1 fin 28 3 5P 2l 1 4 (R U 4

Fig. 14 The simulation results of uniaxial compression of vertically loaded sea ice samples with 10% porosity and

uniform pore size distribution



48

(GRERE T LE

FL B 23 )37 B b f BE B A1 1l 75 SR G2 A0 7 e o7
AT o 454G VKN R o0 A T, 28 B0
TR SRy B e AR IR, A IS 7 3 A T 3R B A SRy i X ek
TE R 380 s R, fL B S B T 1R N AR AR IR i
e Fp S BEAZ 2% (9 1 IR A, 8 2R ST X BT
J3 CBRIT I J3 o TEARD), BCRE A BT R ) 22 B MG A2 2
S A 25 B O A T B 1L AR I D IE, 390 I A 41
HEE R 970,

5 45ip

UEAF SR A BRI, B3 T K A J52 32 4 2 £ B2 245
T WA A 8 38 AR A A, i 0K 14 738 At 5 7 7 4
JUBE b, BV oK N T L B 25 80 20 A1 25 e ik B9 k28,
HE T 52 Wi I UK J1 25 L IR 22 55 47 o IIRIEIKIN
FLBRAY & fE o RUST F 53 A X1 K T 2 P A S 0,
ST — T B HIOT T VR B BEALFL BRI v Y, X
AR AL 107 s IR I DR S TR 47 ) 747 o kAT
TRMERHL, 73 DUT 458

(1) FLBE 35 52 52 ey R DI 53R B2 A 1 28 PR, B AL
B S 4 H I, YA D P Bl T 4 55 JEE D S5 A R P IR
FLBEE A [ I, T vk 3 30 A 5 B2 A AR, (H AL B & it

SE K

2 W) URAEREIR I 2 2 RS o LB RS B BE AL
3 A1 28 BN 53413 5L %k ¥ pK Rk TR 46 ) 2 v B
M AN B

(2) 1 DR B Il 1T 25 3R P9 848 9 RS i 2 207
IO 3 IR AR IR, b AR T B ORS00 WL 28 4 5 o 1
R B9 5 O D IR RS T B, R R SRR, 4 0L
REEFE e, B R 2L T

) LB ok N 24 9 e 07X A7 ok
5 1) I AR A 5 B FL B, Ll R I 3R R OR S 4%
i T 0K 75 1) 0 A8 6 35 A B LB, L R 5y
LA GE T .

RSO UK TR ALBREE A A B e, R T LA
A FH 2 58 2 1 045 20 0 76 DK FL B 23 WL 55 i 0 HG g o
PEBTR W B2 R o (H A5 ZHARE, AR SR8 ST
T AL LB I DK T A R RN T vk, Al PR A
FrdE— 2P B0k o [ T DK P 0 LB 14 25 1) A %) 96
VKRR T g Ay S 2R R, B Tl 5 pLIe = R
FORTEMGE R G 0 A B, T — 0 %5 TR S Tk
FLBR A5 ) = HEASE R, I K FL B HEAT USRI GE 373
Hr, LU 7 FL B2 6] 20 A B iR 7 05, R TS FL B Y 25
163 73 413 X DK AT S B4 52 )

(1] JAiE, 253, SRR 5 3R R XU KO TR Bl AL IR ] A SE ) [T]. W TE244R, 2023, 45(9): 10-24.

Zhou Xuan, Su Jie. Effect of liquid precipitation and surface air temperatureon the early melt onset of Arcticsea ice[J]. HaiyangXuebao,

2023, 45(9): 10—24.

(2]  Z=Epi, ST, 250K, 4. BT rKIEIEARER Y 2018—2019 AEJUAR MG IGE SRR 23 2816 00T [T, B R4, 2023, 45(8): 31-45.

Li Jingyue, Lei Ruibo, Li Na, et al. Analysis of spatiotemporal changes in Arctic sea ice motion characteristics in 2018—2019 using ice-

based buoy data[J]. HaiyangXuebao, 2023, 45(8): 31-45.

(3] BLeMy, Taua, sk 1080, 55, B IK AR BR AR CBRAR(LRFE S HLEE (7], MPE2F44H, 2015, 37(6): 12-20.

Zheng Dongmei, Wang Zhibin, Zhang Shuying, et al. Interannual and interdecadal variations of the sea ice in Bohai Sea and its mechan-

isms[J]. Haiyang Xuebao, 2015, 37(6): 12-20.

[4] Salomon M L, Maus S, Petrich C. Microstructure evolution of young sea ice from a Svalbard fjord using micro-CT analysis[J]. Journal of

(5]

(6]

(7]

(8]

(9]

[10]

[11]

Glaciology, 2022, 68(269): 571-590.

Eicken H. Automated image analysis of ice thin sections—instrumentation, methods and extraction of stereological and textural paramet-
ers[J]. Journal of Glaciology, 1993, 39(132): 341-352.

Light B, Maykut G A, Grenfell T C. Effects of temperature on the microstructure of first-year Arctic sea ice[J]. Journal of Geophysical
Research: Oceans, 2003, 108(C2): 3051.

Perovich D K, GowA J. A quantitative description of sea ice inclusions[J]. Journal of Geophysical Research: Oceans, 1996, 101(C8):
18327-18343.

Karulina M, Marchenko A, Karulin E, et al. Full-scale flexural strength of sea ice and freshwater ice in Spitsbergen Fjords and North-
West Barents Sea[J]. Applied Ocean Research, 2019, 90: 101853.

TianYukui, Ji Shaopeng, Kou Ying, et al. Characterization of uniaxial compression strength for columnar saline model ice in CSSRC
small ice model basin[J]. Journal of Ship Mechanics, 2020, 24(12): 1647—1656.

BEE, BAOZR, BBAL, 5. K FH ARG 2 12 IR TTHERE (). 177243, 2021, 53(3): 639-654.

Ni Baoyu, Zeng Lingdong, Xiong Hang, et al. Review on the interaction between sea ice and waves/currents[J]. Chinese Journal of The-
oretical and Applied Mechanics, 2021, 53(3): 639—654.

Screen J A, Francis J A. Contribution of sea-ice loss to Arctic amplification is regulated by Pacific Ocean decadal variability[J]. Nature
Climate Change, 2016, 6(9): 856—860.


https://doi.org/10.1017/jog.2021.119
https://doi.org/10.1017/jog.2021.119
https://doi.org/10.3189/S0022143000016002
https://doi.org/10.1029/96JC01688
https://doi.org/10.1016/j.apor.2019.101853
https://doi.org/10.1038/nclimate3011
https://doi.org/10.1038/nclimate3011

6 SRGTRNAE: LIRS I DR B Al TR 45 9 B 5 i B (BB 5 49

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(271

28]

[29]

[30]

[31]

[32]

G, F S, REZERR, . AHAAT K AT P ok A 2 55 19 SRARIBI 04T (0], MR, 2023, 45(7): 102-109.

Ji Shunying, Wang Jianwei, Yuan Kuilin, et al. Cumulative damage analysis of ice-induced structural fatigue for polar ships navigating in
ice-covered regions[J]. Haiyang Xuebao, 2023, 45(7): 102—109.

Timco G W, O’Brien S. Flexural strength equation for sea ice[J]. Cold Regions Science and Technology, 1994, 22(3): 285-298.

Wang Qingkai, Li Zhaoquan, Lu Peng, et al. Flexural and compressive strength of the landfast sea ice in the Prydz Bay, East Antarctic[J].
The Cryosphere, 2022, 16(5): 1941-1961.

ZERRE, SRR, PN, A IR UKL AN B R AR S R 1 SRR ST (0], T ERRE: BORBLE, 2011, 41(10): 1329-1335.

Li Zhijun, Zhang Limin, Lu Peng, et al. Experimental study on the effect of porosity on the uniaxial compressive strength of sea ice in
Bohai Sea[J]. Scientia Sinica Technologica, 2011, 54(9): 2429-2436.

PRI AR, 4%, T4 R, 4. JET DI ME n kRL e RS [J]. 1245441, 2020, 52(3): 625-634.

Chen Xiaodong, Cui Haixin, Wang Anliang, et al. Experimental study on seaice tensile strength based on Brazilian tests[J]. Chinese
Journal of Theoretical and Applied Mechanics, 2020, 52(3): 625-634.

Wang Anliang, Wei Zhijun, Chen Xiaodong, et al. Brief communication: full-field deformation measurement for uniaxial compression of
sea ice using the digital image correlation method[J]. The Cryosphere, 2019, 13(5): 1487-1494.

FNE, 225, RN, S 2 T 2R DU Ay R AR R 2 ML R L P B SIS T 5 (D). A )% 5 TR AEER, 2020,
39(5): 912-926.

Wang Hui, Li Yong, Cao Shugang, et al. Brazilian splitting test study on crack propagation process and macroscopic failure mode of pre-
cracked black shale[J]. Chinese Journal of Rock Mechanics and Engineering, 2020, 39(5): 912-926.

K, B, BORNE, S5, SRR KA RE XA A i B R RS AL (1], B, 2023, 42(10): 106-109.

Zhang Yan, Jing Wei, Jing Laiwang, et al. Numerical simulation of effect of fracture inclination and length on strength and damage char-
acteristics of rocks[J]. Coal Technology, 2023, 42(10): 106—109.

oK, AR, R, . S LR RAT R ALY (7], BEREOR, 2023, 42(9): 134-139.

NiuYongzhen, Su Peiyang, Li Zhishen, et al. Research on influence law of hollow holes on crack propagationbehavior[J]. Coal Techno-
logy, 42(9): 134-139.

Zong Zhi. A random pore model of sea ice for predicting its mechanical properties[J]. Cold Regions Science and Technology, 2022, 195:
103473.

Potyondy D, Ivars D M. Simulating spalling with a flat-jointed material[C]//Proceedings of the Sth International Itasca Symposium on
Applied Numerical Modeling. Vienna, Austria: ITASCA, 2020.

TR PR 22 . sl v O v 0 B 0K B RO TR BB AR 5T [D]. KHE: RHERA, 2019.

Ouyang Qunan. Laboratory experiments and distinct element method research on Quasi-Static and dynamic mechanical properties of
ice[D]. Tianjin: TianjinUniversity, 2019.

ZEINGE, ZET0HE, 1R, 5. PRC™ BB TH RSB ROI S B0 e 7k (1], ZRAEKREES4R (ARBHEAM), 2016, 37(4): 562-566.

Li Kunmeng, Li Yuanhui, XuShuai, et al. Method to determine microscopic parameters of PFC?" numerical model[J]. Journal of North-
eastern University (Natural Science), 2016, 37(4): 562—566.

Potyondy D O. Simulating perforation damage with a flat-jointed bonded-particle material[C]//Proceedings of the 51st U. S. Rock Mech-
anics/Geomechanics Symposium. San Francisco, California, USA: ARMA, 2017.

Lee H, Jeon S. An experimental and numerical study of fracture coalescence in pre-cracked specimens under uniaxial compression[J]. In-
ternational Journal of Solids and Structures, 2011, 48(6): 979-999.

Maus S, Schneebeli M, Wiegmann A. An X-ray micro-tomographic study of the pore space, permeability and percolation threshold of
young sea ice[J]. The Cryosphere, 2021, 15(8): 4047-4072.

AT T, RIS, TR, A5, ST ALIREE + AR An B T IR ET (0] N FH BRI T2, 2020, 41(2): 182-194.

Chen Qingqing, Zhang Yuhang, Zhang Jie, et al. Study on a 2D mesoscopic modeling method for concrete with voids[J]. Applied Math-
ematics and Mechanics, 2020, 41(2): 182—194.

Schwarz J, Frederking R, Gavrillo V, et al. Standardized testing methods for measuring mechanical properties of ice[J]. Cold Regions
Science and Technology, 1981, 4(3): 245-253.

Wang Qingkai, Lu P, Leppéranta M, et al. Physical properties of summer sea ice in the Pacific sector of the Arctic during 2008—2018[J].
Journal of Geophysical Research: Oceans, 2020, 125(9): €2020JC016371.

AR, I, AR, A TDARID S2 pRONBR ST AR BT ST [9]. HETE TR, 2002, 20(1): 20-23,40.

Li Zhijun, Meng Guanglin, Gao Shugang, et al. Experimental study of confined shear strength of S2 ice in Liaodong Gulf[J]. The Ocean
Engineering, 2002, 20(1): 20—23,40.

Brown E T. Rock characterization, testing & monitoring: ISRM suggested methods[M]. Oxford: Pergamon Press, 1981.


https://doi.org/10.1016/0165-232X(94)90006-X
https://doi.org/10.5194/tc-16-1941-2022
https://doi.org/10.6052/0459-1879-20-036
https://doi.org/10.6052/0459-1879-20-036
https://doi.org/10.6052/0459-1879-20-036
https://doi.org/10.5194/tc-13-1487-2019
https://doi.org/10.1016/j.coldregions.2021.103473
https://doi.org/10.1016/j.ijsolstr.2010.12.001
https://doi.org/10.1016/j.ijsolstr.2010.12.001
https://doi.org/10.5194/tc-15-4047-2021
https://doi.org/10.1016/0165-232X(81)90007-0
https://doi.org/10.1016/0165-232X(81)90007-0
https://doi.org/10.1029/2020JC016371
https://doi.org/10.3969/j.issn.1005-9865.2002.01.004
https://doi.org/10.3969/j.issn.1005-9865.2002.01.004
https://doi.org/10.3969/j.issn.1005-9865.2002.01.004

50 WPE2ER 46 6

Numerical study on the effect of pore on the uniaxial
compressive strength of granular sea ice

Wu Jiahe', Wang Qingkai?, LiJinzhao', LuPeng', Li Zhijun'

(1. State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian 116024, China; 2. Polar Research
Institute of China, Ministry of Natural Resources, Shanghai 200136, China)

Abstract: Strength is one of the key properties effect the interaction between sea ice and structures. Brine pockets
and air bubbles in sea ice have important effects on the strength of sea ice. In order to explore the effects of ice pore
structure such as porosity, shape and size distribution on the mechanical properties of sea ice from a microscopic
perspective, a numerical sea ice model including pores was established based on the discrete element method to sim-
ulate the uniaxial compression process under brittle failure of granular ice in the directions of horizontal and vertic-
al to ice surface. In the numerical simulation, the pore size was set to conform to uniform distribution, standard nor-
mal distribution, and Gamma distribution. Results show that porosity is the main factor affecting the strength of sea
ice, and sea ice uniaxial compressive strength and elastic modulus decrease with the increase of porosity. When the
compressive stress reaches extreme value, the cracks in sea ice develop rapidly. The cracks around circular pores
develop mainly along the loading direction, and thus, the final failure of horizontally loaded ice samples exhibits
large cracks. While the cracks around elliptic pores are easy to develop into crack band.When sea ice porosity is the
same, the types of pore size distributions and locations of pores in ice have little effect on the uniaxial compressive

strength and elastic modulus, but the development modes of cracks in sea ice are affected.

Key words: sea ice; pore; uniaxial compressive strength; elastic modulus; DEM
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