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An elastoplastic model of ice bending failure in peridynamics

ZHANG Yuan, WANG Chao, GUO Chunyu, YE Liyu, LIU Zheng

(College of Shipbuilding Engineering, Harbin Engineering University, Harbin 150001, China)

Abstract: To improve the accuracy of particle method in simulating the mechanical properties of ice, especially the
plastic deformation characteristics of ice in the failure process, this paper proposes an elastoplastic constitutive
model of ice bending failure based on the peridynamic theory of meshless particle method. Peridynamics is a newly
proposed non-local theory, which is formulated in an integral form and can be applied to predict failures without
extra assumptions. In addition, peridynamics is effective in deformed bodies, even in discontinuous objects. First,
on the basis of Von-Mise criterion, the elastoplastic constitutive model of ice was established according to the
relationship of incremental plastic strain and incremental plastic stress. Then, the application method of boundary
conditions and the criterion of ice failure were analyzed. Next, the numerical calculation method of the constitutive
model in FORTRAN was introduced. Lastly, the four-point ice bending process was simulated by using the ordinary
state-based peridynamics method, and the force curve over time was predicted. The simulation results were
compared with experimental results. Results show that ice failure process, crack propagation mode, and force curve
predicted by the numerical model were in good agreement with the experimental results. Therefore, the numerical
model established in this paper can be applied to the prediction of elastoplastic bending failure process of ice. The
proposed constitutive model improves the basic numerical strategy for simulating the actual ice breaking process of
ships sailing in horizontal ice.
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Fig.1 Boundary condition of displacement and velocity™™
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Fig.2 Constitutive relationship in plastic deformation
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Fig. 6 Schematic diagram of four-point bending test of ice
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Tab.1 Test conditions and parameters of ice
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Fig.7  Numerical results of four-point bending test of ice (before damage) (¢=0.31s,V,, .. =0.003 580 m/s)
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Fig.8 Numerical results of four-point bending test of ice (after damage) (#=1.00s,V, ., =0.003 580 m/s)

N T BAEA SRR BRI R AL RV, =0.003 147 m/s JN# T.H0HEAT XS HLBIE,
ORI AR, S3 BT V0 =0.002 750 m/s - Bfif — IF I AZ RO R THRLR AN 10 s, Bfi s



556 1

sl , A5 VKA AR A SRR R T 3 B ) AR 93

R AT R A — 2 g 45 R
BIESLN V,ppon =0.003 580 m/'s fif (1475 iy fie K 2efif
R, Wi T fe . 3% 2 B 1 3 Mom s 2 T
S5 a6 X 7 ) A% 1L 288 A 250 0 A0 JFG 2 A i
], A bl LU 36 i) 25 SR A0TSR AE A iR 25 7
10% LA , BERHAR SCHE ST 19 6 AR V5 DR AS Ry A L g
R DK B2 M BRI 72

8
— - RER
—HELER .
Al
6 ‘/ |
)/ v
Z A l
&= 4 o
®] L
4
2 I,
4
T p
0.20 0.40

t/s

B9 Voo =0.003 580 m/s 7k 25t 3075 — i) B 40

Fig. 9  Force-time curve of four-point bending test of ice

(Vo =0.003 580 m/s)
8 r
— - -RRLER y ’|
6 —— MfHLR P i
P
z . .
= 4
&= ) I
4 y !
I
2| p :
0 0.25 0.50
t/s
(8) V,pon=0-002 750 m/s
8

— - ~RRHER
6 ——HELSR

H i /kN

[\S)
-

0 0.20 0.40
t/s
(b) V., =0.003 147 m/s

upport

E10 kM ET i - AE&E

Fig. 10 Force-time curve of four-point bending test of ice

K2 HETEMLLEH3IMEELRANENITEER
Tab. 2

Numerical simulation and test results under three

velocity conditions

N . 1 {H/ kN ]/ s
INBGESE/ (mes™) — - -
IRIBLER BUETT SR RN s R SUETHAL
0.002 750 6.49 6.32 0.44 0.42
0.003 147 5.89 6.02 0.34 0.34
0.003 580 6.89 6.45 0.33 0.32

4 % b

1) AR S0t 37 ) AE 250 R 5 o Af 540 DK 7 0 o
IOLTEASIE S I EASAE /S i S v

2) vKA Y 2 o AR R, 2R BRAE [ 5E W1
SR E

3) vk iR 0 R 3 TR, W S B X T
JREHB IS a7 B o IZ IR A IR BAT B 14
—EE,

4) X F KA VY2 A A Vo =
0.003 580 m/'s i ) 25" ] fi K 2 Ao i K, W7 284 ]
R o

5% Xk

[1] KHON V C, MOKHOV I I, LATIF M, et al. Perspectives of
northern sea route and northwest passage in the twenty-first century
[J]. Climatic Change, 2009, 100 (3/4). 757. DOI. 10. 1007/
510584 — 009 —9683 -2

[2]LIU Jiancheng. Mathematical modeling ice-hull interaction for real
time simulations of ship manoeuvring in level ice[ D]. St. John’s,
NL: Memorial University of Newfoundland, 2009

[3]ERCEG S, EHLERSA S. Semi-empirical level ice resistance prediction
methods[ J]. Ship Technology Research, 2017, 64(1); 1. DOI;10.
1080/09377255.2016. 1277839

[4]CHO S R, LEE S. A prediction method of ice breaking resistance
using a multiple regression analysis [ J]. International Journal of
Naval Architecture and Ocean Engineering, 2015, 7 (4). 708.
DOI:10. 1515/ijnace —2015 - 0050

[5] VON BOCK UND POLACH R, MOLYNEUX D. Model ice: A
review of its capacity and identification of knowledge gaps[ C]//
Proceedings of the 36th International Conference on Ocean, Offshore
and Arctic Engineering. Trondheim, Norway: American Society of
Mechanical Engineers, 2017. DOI;10. 1115/0MAE2017 - 61808

[6] KUUTTI J, KOLARI K, MARJAVAARA P. Simulation of ice
crushing experiments with cohesive surface methodology[ J]. Cold
Regions Science and Technology, 2013, 92. 17. DOI: 10. 1016/
J- coldregions. 2013. 03. 008

[7]LI Fang, KORGESAAR M, KUJALA P, et al. Finite element based
meta-modeling of ship-ice interaction at shoulder and midship areas
for ship performance simulation[ J]. Marine Structures, 2020, 71
102736. DOI:10. 1016/j. marstruc. 2020. 102736

[8] WANG Chenxu, FENG Feng, LIU Yu. Research on bow forms of
songhua river icebreaker [ J ]. Procedia Engineering, 2012, 31

228. DOI:10.1016/]. proeng. 2012.01. 1016



- 94 - Mok O Tl K% F R

%54 %

[9] GAO Yan, HU Zhigiang, RINGSBERG J W, et al. An elastic-
plastic ice material model for ship-iceberg collision simulations[ J].
Ocean Engineering, 2015, 102; 27. DOI: 10. 1016/j. oceaneng.
2015.04.047
[10] XU Ying, HU Zhigiang, RINGSBERG J W, et al. Nonlinear
viscoelastic-plastic material modelling for the behaviour of ice in
ice-structure interactions [ J ]. Ocean Engineering, 2019, 173
284. DOI.10.1016/]. oceaneng. 2018. 12. 050

[11]VON BOCK UND POLACH R, EHLERS S. Model scale ice—Part
B: Numerical model[ J]. Cold Regions Science and Technology,
2013, 94. 53. DOI. 10.1016/]. coldregions. 2013. 06. 009

[12]LIU Lu, JI Shunying. Bond and fracture model in dilated polyhedral
DEM and its application to simulate breakage of brittle materials
[J]. Granular Matter, 2019, 21 (3). 41. DOI; 10. 1007/s10035 -
019 - 0896 -4

[13] XU Zhijie, TARTAKOVSKY A M, PAN Wenxiao. Discrete-
element model for the interaction between ocean waves and sea ice
[J]. Physical Review E, 2012, 85(1 Pt2) . 016703. DOI: 10.
1103/PhysRevE. 85. 016703

[14]DAS J, POLIC D, EHLERS S, et al. Numerical simulation of an
ice beam in four-point bending using SPH[ C]//Proceedings of the
33rd International Conference on Ocean, Offshore and Arctic
Engineering. San Francisco, California; American Society of
Mechanical Engineers, 2014. DOI. 10.1115/0MAE2014 - 23228

[15] LIU Yang, QIAO Yue, LI Tiange. A correct smoothed particle
method to model structure-ice interaction [ J ].
Modeling in Engineering & Sciences, 2019, 120(1): 177. DOI.
10. 32604/ cmes. 2019. 06338

[16 ]ZHANG Ningbo, ZHENG Xing, MA Qingwei. Updated smoothed
particle hydrodynamics for simulating bending and compression
failure progress of ice[ J]. Water, 2017, 9(11) . 882. DOI.10.
3390/w9110882

[17]LIU R W, XUE Y Z, LU X K, et al. Simulation of ship navigation
in ice rubble based on peridynamics [ J]. Ocean Engineering,
2018, 148 286. DOI;10.1016/j. oceaneng. 2017. 11. 034

[18 ] WANG Qing, WANG Yi, ZAN Yingfei, et al. Peridynamics

simulation of the fragmentation of ice cover by blast loads of an

Cmes-Computer

underwater explosion [ J ]. Journal of Marine Science and
Technology, 2018, 23 (1) . 52. DOI. 10. 1007/s00773 - 017 -
0454 —x

[19]YE Liyu, GUO Chunyu, WANG Chao, et al. Peridynamic solution
for submarine surfacing through ice [ J]. Ships and Offshore
Structures, 2020, 15(5): 535. DOI:10. 1080/17445302. 2019.
1661626

[20] NGUYEN C T, OTERKUS S. Ordinary state-based peridynamic
model for geometrically nonlinear analysis [ J ].
Fracture Mechanics, 2020, 224. 106750. DOI. 10. 1016/
j. engfracmech. 2019. 106750

[21]SILLING S A. Reformulation of elasticity theory for discontinuities

Engineering

and long-range forces| J|. Journal of the Mechanics and Physics of

Solids, 2000, 48 (1): 175. DOI:10. 1016/s0022 — 5096 (99 )

00029 -0

[22]SILLING S A, EPTON M, WECKNER O, et al. Peridynamic states
and constitutive modeling [ J ]. Journal of Elasticity, 2007,
88(2): 151. DOI;10.1007/510659 - 007 -9125 -1

[23]MADENCI E, OTERKUS E. Peridynamic theory and its applications
[M]. New York: Springer, 2014. DOI 10. 1007/978 -1 — 4614 -
8465 -3

[24 ] DIYAROGLU C. Peridynamics and its applications in marine
structures| D]. Glasgow: University of Strathclyde, 2016. DOI.
10.48730/7b5t — bw9o8

[25] OTERKUS S. Peridynamics for the solution of multiphysics
problems[ D]. Tucson, AZ: University of Arizona, 2015

[26 ] FOSTER J T, SILLING S A, CHEN W W. Viscoplasticity using
peridynamics[ J ]. International Journal for Numerical Methods in
Engineering, 2010, 81(10) ; 1242. DOI.10. 1002/nme. 2725

[27] GAO Yan, OTERKUS S. Peridynamic analysis of marine
composites under shock loads by considering thermomechanical
coupling effects[ J]. Journal of Marine Science and Engineering,
2018, 6(2) : 38. DOI.10.3390/jmse6020038

[28 JPASHAZAD H, KHARAZI M. A peridynamic plastic model based
on von Mises criteria with isotropic, kinematic and mixed
hardenings under cyclic loading [ J ]. International Journal of
Mechanical Sciences, 2019, 156 182. DOI:10. 1016/j. ijmecsci.
2019.03.033

[29 ]MADENCI E, OTERKUS S. Ordinary state-based peridynamics for
plastic deformation according to von Mises yield criteria with
isotropic hardening[ J]. Journal of the Mechanics and Physics of
Solids, 2016, 86: 192. DOI:10.1016/j. jmps. 2015.09. 016

[30 ] MACEK R W, SILLING S A. Peridynamics via finite element
analysis [ J ].
43(15): 1169. DOI.10. 1016/j. finel. 2007. 08. 012

[31] OTERKUS S, MADENCI E, AGWAI A. Peridynamic thermal
diffusion[ J]. Journal of Computational Physics, 2014, 265 71.
DOL.10. 1016/j. jep. 2014. 01. 027

[32 ] EHLERS S, KUJALA P. Optimization-based material parameter

Finite Elements in Analysis and Design, 2007,

identification for the numerical simulation of sea ice in four-point
bending [ J ]. Proceedings of the Institution of Mechanical
Engineers Part M-Journal of Engineering for the Maritime
Environment, 2014, 228(1) : 70. DOI. 10. 1177/1475090213486892

[33]DAS J. Modeling and validation of simulation results of an ice beam
in four-point bending using smoothed particle hydrodynamics[ J ].
International Journal of Offshore and Polar Engineering, 2017,
27(1): 82. DOI:10.17736/ijope. 2017. ik01

[34 ]SAZIDY M S. Development of velocity dependent ice flexural failure
model and application to safe speed methodology for polar ships
[D]. St. John’s, NL: Memorial University of Newfoundland,
2015

[35]TIMCO G W, WEEKS W F. A review of the engineering properties
of sea ice [ J]. Cold Regions Science and Technology, 2010,
60(2): 107. DOI:10.1016/]j. coldregions. 2009. 10. 003

(%4 &K <)



