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Numerical Simulation of the Model Ice Flexural Strength
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Abstract: In the past few decades, the navigation performance of ships and structures in ice-covered waters
has not been fully studied, especially the influence of ice mechanical properties on icebreaking ability. Ice
bending strength is a key ice parameter for predicting ship ice loads, and accurate ice bending strength is also
the key to scaling model tests results to real ship. However, numerical simulation studies on model ice
bending strength of ice tanks are often neglected. In this paper, an explicit finite element method model is
used to simulate the ice cantilever beam test, and the failure load and bending strength of the ice are obtained.
In this model, the Tsai-Wu failure criterion is used as the material constitutive model, and the required
simulation parameters are obtained from the model ice test in ice tank. Parameter sensitivity analysis shows
that the cantilever beam size of the model ice has a significant effect on the flexural strength. The results
show that proper rounding at the root of the cantilever beam is beneficial to reduce stress concentration and
obtain more accurate bending strength; the thickness, width and length of the cantilever beam should conform
to a certain ratio, and consistent with the ITTC recommended reference. Therefore, the results of this study
can promote model ice experiments and numerical studies and provide ice strength data support for ship
design and polar ship maneuvering.
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0 Introduction

With the development of polar resource exploration and transportation, especially the opening of the
Arctic waterway, the research on the interaction between polar ships, ocean structures and sea ice has become
increasingly popular. The research on the basic mechanical properties of ice is the key to the development of
resources and waterways, and related numerical simulations still need to be further studied.

The model scale test in ice tank is the state-of-the-art and most reliable prediction method of icebreaking
performance. The suggestions and guidelines for basic mechanical performance test of model ice in ice

tanks were given by ITTC Ice Committee, providing a reliable method for the test methods (ITTC, 2021"";
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Myland, et al 2020"; Huang, et al 2022"). Von Bock and Polach, et al (2013)"* combined experimental and
numerical methods for the study of ice cantilever beam bending tests. And the combined method has been
verified to be more effective in observing and understanding of the ice mechanics. Compared with actual sea
ice, model ice has more stable mechanical properties, is easier to obtain, and provides a good support for
numerical simulation. Bending damage is the main factor in the ship-ice interaction process because the
flexural strength values of the inclined structure of the bow and ice are both lower than their compressive
strength values. Therefore, the ice shows significant bending damage when it breaks (Enkvist, 1972
Lindqvist, 1989 or Valanto, 2001[7]). Fig. 1 illustrates that most of the ice is damaged by bending under the
impact of the ship (Huang, 2010"; Li et al., 2018 and 2019"”; Guo et al., 2021[“]), this clearly explains
why flexural strength is often used in semi-empirical formulas to predict the resistance of ships in ice
(Lindqvist, 1989": Suominen et al. 2021, Huang et al., 2022[3]). Local compression damage cannot be
ignored, Varsta (1983)“3] gave the state-of-the-art schematic diagram of ice damage when a ship impacts with

level ice, as shown in Fig. 1. The work of this
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paper is to study the flexural failure of model ice ponar

based on the Tsai-Wu failure criterion using the
finite element method (FEM). In general, it is very
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necessary to numerically simulate bending failure failure

as the main failure form, which can provide a
Fig.1 Inclined structure causing bending and compressive fail-

numerical model of ice material for numerical i i 031
ure of ice (Guo et al, 2022" ; Varsta, 1983" )

simulation of ship-ice interaction.

The finite element method (FEM) is widely used in the numerical simulation of the interaction of ice
structures. Firstly, the failure criterion for columnar-grained ice propesed (Varsta, 1983[13]) is a non-linear
dynamic finite element model to simulate the bending of the columnar sea ice wedge based on the Tsai-Wu
failure criterion. With a unified model covering freshwater ice and sea ice proposed (Derradji-Aouat, 2000,
Derradji-Aouat, 2003'"™), Tsai-Wu yield function was more widely used as a criterion for the failure of ice
matericals (Liu et al., 201 1“(’]; Gao et al., 2015[17]; Xu et al., 2019[18]; Li et al. 2022[19]). Rossi et al. (2020)[20]
presented a study evaluating the validity of the Tsai-Wu constitutive material model laws in the LS-DYNA
FE code. However, the study was aimed at composite materials under low-speed loading conditions, and
further verification of the applicability of the model to ice materials is needed. In addition to the above
discussion, the Tsai-Wu yield criterion has been widely used in the numerical simulation of ship-ice
interaction, and good results have been obtained.

Although Tsai-Wu yield criterion is very effective, the determination of its parameters remains a
difficult point. Because the mechanical properties of ice vary with many factors, such as salinity, temperature,
loading rate, etc. (Chai et al. 2020[21]; Riska, 2018[22]; Li et al. 2019[10]; Van Vliet and Metrikine 2019[23];
Mikko, et al. 2019[24]). In this simulation, the columnar model ice in the ice tank is selected, which further
limits the environmental factors of the model ice. The columnar model ice is S2 type ice, and its structural
characteristics are shown in Fig. 2 (Derradji-Aouat, 2003“5]), Fig. 2(a) is the crystal structure of multi-year
sea ice, and Fig. 2(b) is the crystal structure of first year sea ice. The brine and air pockets of multi-year ice
are precipitated, and the columnar structure is more obvious. During the experiment in ice tank, the
temperature was stabilized at -6°C, the temperature of the ice should be limited as the same temperature.
According to the ITTC rules, the model ice should fail in the same mode as mostly brittle, at a higher test
speed, but at the same time the speed must be slow enough to avoid significant hydrodynamic effects or

specimen damage due to the high local impact of the test plunger. Therefore, in this study, the stress—strain
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behavior of model ice is considered to be linearly elastic with a brittle mode of failure (Varsta, 1983
Derradji-Aouat, 2003[15]). The parameters used in the Tsai-Wu yield criterion are selected by the above
constraints. It can be seen from Fig. 3 that the ice exhibits obvious elasticity in the brittle stage, and finally
fails after the yield stage. Of course, using Tsai-Wu failure criterion only is not enough to analyze the ice
loade. Therefore, it is necessary to define the constitutive equation describing the stress-strain in the elastic
stage when performing numerical simulation. The type of anistropy of S2-ice, called transversely istropic
material, and the relationship between stress and strain can be simplified into Eq. (1). Eq. (1) and Eq. (2) are
empirical, and the constants involved must be determined experimentally. Gratz and Schulson ( 1994)[25] and
Gratz ( 1996)[26] presented the results of a series of columnar saline ice tests using Laboratory Grown Saline
Ice (LGSI). In the LS-DYNA FE code, the failure criterion for the tensile and compressive matrix mode is
given as Eq. (3).

+— Ductile ——+wBrittle—P

L
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Compressive stress, 0 —a
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Strain rate —

Fig.3 Schematic sketch of the effect of strain rate on the

Fig.2 Structural characteristics of S2 type ice (Gratz, 1996"") stress-strain behavior of ice (Schulson, 2001

1 Method

1.1 Mechanical properties of model ice

As described in the introduction, accurate modeling of the failure of ice materials requires a constitutive
model and a failure criterion model. The relationship between stress {o} and strain {¢} for a transversely
isotropic linear material can be defined with five independent constants in strss-strain matrix [C]. The
engineering notations are adopted for stress and strain. The type of model ice described in this paper is the
S2-type model ice, and the crystal structure grows into a columnar structure along the longitudinal direction.
Affected by its crystal structure, this material is homogeneous in the 1-2 plane and heterogeneous in the
1-3 or 2-3 plane, and the coordinate system is defined as shown in Fig. 2. This means that the mechanical
properties of the columnar ice material in the horizontal direction are the same, and the stress-strain

constitutive model of the ice material can be simplified to the following form:

E,
Cci1—¢C 2= — 1
(cni—cn)/ A +vn) (M
1 —v;3v3 _YutVaVis _ VantVisVa

h . etrai . co = e = Cr. = LT V18Vs1
where, ¢;; are constants in strss-strain matrix [C], Cii EEA 12 EEJ 13 EEJ
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o = 1—v,v3 1= vy = 2vavi3 = 2vy v3y v
TOEA EE, '
Consequently, there are five unknown elastic constants in Eq. (1). The numerical values of these

seu=G 4=

constants are given by Evers (1993)[27], Sazonov (201 1)[28] and ice tank test data, where the results of modle
ice test are presented in Tab. 1.

Tab.1 Parameters of model ice in Tsai-Wu theory at —6 C

Parameters E,/MPa E;/MPa E./MPa
Value 40.64 40.64 56.90

Parameters Vab Vae Vhe
Value 0.3 0.3 0.3

Parameters G,/MPa G,./MPa G,/MPa
Value 14.08 14.08 15.63

The application of mumerical methods to ice probelems has created a need for a more sophisticated
macroscopic failure criterion than the maximum principal stress criterion. Another drawback of the common
criteria is their unsuitability for describing anisotropic materials.

The basic assumption of Tsai-Wu strength criterion is that there exists a failure surface in the stress-
space in the following scalar form:

flo) = Z F,+0,+ Z G0 0w Q)
ij ijikl
where, F; and G, are intensity factors used to express the relationship between intensities. The components

of the Tsai-Wu criterion F; and Gy, can be determined by substituting the strength values S and U in the

following formule:

1 1 1 1 1 1
Fh=—-—F3=—-—.G;);,=—— ;G = ——
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3= T [1 +(Fy +F33V31)ng —(Gin +G3333V§1)(Sfé)2] 3)
2V31(Slé‘
1
G = E(Gllll =Gun)
Gia3 = ! 1+1(F + F3) U (45%) 1(G +Ga33 +2G1133)
1313_U§(45°) 5 W 33)Uc 2 \Jun 3333 1133

The constitutive model and a failure criterion model required in the numerical simulation model ice
process are analyzed above. In this paper, the special material model MAT 55 in LS-DYNA code is used,
which is based on Tsai-Wu failure criterion.

1.2 Numerical simulation in LS-DYNA

In the LS-DYNA progressive failure model of ice, the Tsai-Wu criterion is treated as the tensile and
compressive modes and the elment erosion method is combined. When the stresses go to 0, the integration
point is deleted. The failure criterion for the tensile and compressive matrix mode is given as
2 Th T *(Y.-Y) T >0 failed
md = Y.Y, +(S_c) + A 1{ <0 elastic }

where Y, and Y, are the compression stress and tensile stress respectively, and S.. is the shear stress.

e

“)

The directional indices used in LS-DYNA should be taken into account when using material parameters,

the a, b, ¢ coordinate system in the program is the same as the x;, x,, x3 coordinate system in Fig. 2. In
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MAT 055, an integration point is deleted (all stresses go to zero) only if the tensile stress at that point
reaches. Other strengths serve to cap stresses but do not delete the integration point. In an optional damage
model for transverse shear strain, out-of-plane stiffness (GBC and GCA) can get linearly decreased to model
interlaminar shear failure, as shown in Fig. 4. The GBC and GCA are shear modulus ab and bc space, which
is equal to Eq. (2). When failure has occurred in all the through-thickness integration points, the shell element
is deleted, as shown in Fig. 5.

Transverse shear stiffness
A

GBC, | D=0 Ee‘é‘gﬁ’z‘ Reduction
GCA Y by 0.5(SOFT+SOFT2)
(orthogonal) T
I
Element
D=TSMD deleted > Reduction
N by SOFT (parallel)
I -t >
EPSF EPSR  Transverse shear strain Fig.5 Diagram of element deleted and direction
Fig.4 Linear damage for transverse shear behavior dependent softening

1.3 Simulation of cantilever beam test

Two different cantilever beams were built, with one rounded at the root and the other not rounded at the
root. Fig. 6 shows the schematic diagram of beam dimendions. From ITTC (2021)", the in-situ cantilever
beam test is the most common and best-known method to determine the flexural strength of an ice sheet. The
numerical model size / x b X h is defined as 0.4 m x
0.16 m x 0.06 m. Compared with the experimental
model, the numerical model is simplified on the
basis of ensuring the simulation accuracy, so as to
save disk storage space and calculation time. Only

the part of the indenter that is actually in contact

with the ice remains, and is pressed down at a con-

Fig.6 Mesh of model ice cantilever beam test

stant rate v=5 mms ' until the model ice damage.

The impactor was modeled as a spherical rigid body using the 8 noded solid elements (ELFORM 1) with
three degrees of freedom for each node and the MAT RIGID material model used. The initial velocity v =
5mms ' was defined in the negative z-direction by using INITIAL VELOCITY card. The cantilever beam
model was free to bend, and the three sides of the ice sheet model were set to be rigidly fixed. A segment-
based CONTACT AUTOMATIC SURFASCE TO SURFACE was established between the impactor and
the model ice with SOFT=2. The FE model is shown in Fig. 6.

The flexural strength simulation is affected by boundary conditions and numerical simplifications as
shown in Eq. (4). Svec et al™ described the notch effects at the root, it is shown that the size of the radius
between ice sheet and beam afffects the flexural strength greatly. The rigid clamp-support was used around
ice sheets, which was the same as that in Ref. [30]. The buoyancy effect was modeled with Motion_Nodes,

where displacements caused a reaction force like springs.

2 Results and discussion

2.1 Effect of ice sheet size on flexure strength
ITTC recommends three commonly used bending strength test methods, which are also commonly used

in numerical simulation. They are cantilever beam method, three-point bending method and four-point
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bending method. In ice tank tests, the cantilever beam method is the only recommended method because of its
convenience in specimen fabrication and minimized impact on ice sheet by in-situ testing (Von Bock and

Polach”™” and Huang, et alm). The three-point bending test uses ice room or field ice. Rena et al (2019)[31]

32
B2 sed

simulated a three-point bending test using a fully lagrangian particle method. Ehler and Kujala (2014)
LS-DYNA to simulate bending failure of ice beams using plastic model and element deletion method. The
different tensile and compressive properties of ice were considered in the material model (the material
parameters obtained using a particle swarm optimization (PSO) algorithm), and different stress-strain
relationships were adopted for tensile and compressive properties. Compared with the three-point and four-
point bending tests, the cantilever beam test is essentially different regarding the influence of the surrounding
test environment. Therefore, the size of the ice sheet around the cantilever beam will be affected by the results
of the cantilever beam test, and this phenomenon is more significant in the numerical simulation.

When the cantilever beam specimen is loaded in the ice tank, the ice sheet can be regarded as an infinite
elastic boundary instead of a fixed boundary. Therefore, the size of the ice sheet should be large enough to
eliminate the influence of the fixed boundary. In this paper, different ice sheet sizes are selected to analyze
the influence of the size of the ice sheet around the cantilever beam on the cantilever beam test. The size of
the cantilever beam numerical model / x b x A is 0.4 m x 0.16 m x 0.06 m and the ice sheet L x B x H is
defined as shown in Fig. 6. The size L x B x H of the ice sheet model is changed to verify the influence range
of the elastic region of the model. The thickness of the ice sheet is consistent with that of the cantilever beam,

and the length range L is 1, 1.5, 2, 2.5 and 3 times Tab.2 Simulation results of the case 4= 0.06 m,

the length / of the cantilever beam respectively. y=5 mm/s

The simulation results are shown in Tab. 2. It can Ice sheet size/m  Max bending load/N o/ /kPa
be seen from the simulation results in Fig. 7 that 0.4%0.32 7.92 33.02
the stress has a greater influence in the longitu- 0.6x0.32 7.87 32.80
dinal direction, and the simulation should satisfy 0.8x0.48 7.84 32.68
that the length of surrounding ice sheet must be at 1.0x0.48 7.71 32.12

1.2x0.48 7.28 30.33

least three times the length of the cantilever beam.

Ice will produce different failure modes under different loading rates. ITTC recommends that model ice
should meet the brittle failure of ice as much as possible when loading. The loading rate simulated in this
paper exceeds the ductile-brittle conversion loading rate of the model ice by 10 *~107 s, showing obvious
brittle failure. This result is consistent with that of the test in the ice tank, as shown in Fig. 3 and Fig. 8. In the
numerical simulation results, the simulated value is within a reasonable range compared with the

experimental value.

Effective stress (v-m) 35 T T T T T
2.279E+02 —— Experiments /=52 mm | d.
2.051E+02{ 30 |-|—— Simulations /=52 mm Fun
1.823E+02 - <
1.595E+02 - & 25r ]
1.367E+02 =
1.139E+02 20 ]
9.115E+01 ~ g
6.836E+01 ~ T:) 15+ ]
4.558E+01 g
2.279E+01 :I 510 |
0.000E+00 - [
5t a ]
0 . L L

0 0.5 1.0 1.5 2.0 2.5 3.0

Fig.7 Effective stress of model ice cantilever beam Time/s

test simulations Fig.8 Flexural strength of experimental and numerical results
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The flexural strength was calculated by the following equation:

o, =6Fl/bl’ %)
where F is the maximum loading force, / is length of beam, b is width of beam and / is ice thickness as
shown in Fig. 6.

2.2 Stress concentration in the root of ice cantilever

When cantilever beams are used in ice tank, they are loaded to failure at rates sufficient to fail brittlely.
Studies have shown that in-situ cantilever beam tests commonly used to determine the flexural strength of ice
sheets are significantly affected by stress concentrations around the beam root. Stress concentrations can be
T and Svec(1985)[29] carried out

field tests and finite element theoretical analysis. There are still stress field concentration problems near the

eliminated by pre-drilling holes, as related research Frederking, et al., (1983)

connection between the cantilever beam and the surrounding ice plate remaining to be resolved, such as the
size of the stress concentration factor and the influence of the root opening on the stress distribution.

The stress concentration factor at the end of the unchamfered cutout was determined using the numerical
method described above and compared to the cantilever condition where the end of the cantilever beam is
usually at right angles. The geometric model is shown in Fig. 9, and the simulation results are shown in
Tab. 3. As the diameter of the stress relief hole increases, the peak stress decreases monotonically, which is
consistent with the experimental results of Svec (1985)°". Even a single chamfer can significantly reduce
stress concentrations caused by unmodified right angles. For small-diameter holes (d/h <<0.8), the stress has
double maxima, one occurring in the beam near the edge of the hole and the second at the back of the hole, as
shown in Fig. 10 and Fig. 11. And Fig. 11(a)-(d) show the damage conditions of the ice cantilever beam at
different time points, which correspond to the moments shown in Fig. 8(a)—(d).

B-width office sheet N Tab.3 Stress concentrations

y/A

7

\l § |L-length of ice sheet

b/cm Hole diameter/mm Max g, /kPa
4 0.6 38.10
|—I - — 6 1.25 27.2
-7 hole diameter 8 188 236
12 3.13 20.4
16 0.5 19.7

Effective Stress (v-m)
3.638E+02
3.274E+02:I
2.910E+02 -
2.546E+02 —
2.183E+02 —
1.819E+02 —
1.455E+01 —
1.091E+01 —
7.275E+01
3.638E+01 ]

0.000E+00 -

Fig.10 Bottom view of cantilever beam failure
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Effective Stress (v-m)

Effective Stress (v-m)
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Fig.11 Failure process of cantilever beam

3 Conclusions

The FEM method of the LS-DYNA code is proposed to simulate the cantilever beam test on ice
according to the Tsai-Wu criterion. The model ice material is modeled as a brittle material, with the elastic
process and failure point governed by the material constitutive equation and failure criterion. The comparison
between field tests and previous calculation results shows that the model used in this paper can be used for
the simulation and prediction of ice material failure. Next, the model of the cantilever beam is simplified, and
the numerical calculation of the bending failure of the cantilever beam with different sizes and root opening
sizes is carried out.

It can be concluded that: (1) the model ice material in the ice tank should be regarded as a brittle
material. Compared with the test data, LS-DYNA MAT 055 has sufficient accuracy in simulating the ice
cantilever beam test; (2) in the numerical simulation of the cantilever beam model, the size of the surrounding
ice sheet will obviously affect the simulation results, and its length should be at least 3 times the length of the
cantilever beam to effectively reduce the boundary influence; (3) the use of chamfered openings has proven
to be far superior to simply cutting cantilever beams, and it is found that the width and thickness ratio of the

cantilever beam should exceed 1 to obtain accurate bending strength values.

References

[1] ITTC. Test methods for model ice properties[R]. ITTC Report, 2021.

[2] Myland D, Ehlers S. Model scale investigation of aspects influencing the ice resistance of ships sailing ahead in level ice[J].
Ship Technol. Res, 2020, 67: 26-36.

[3] Huang L, Li F, Li M, et al. An investigation on the speed dependence of ice resistance using an advanced CFD+DEM


https://doi.org/10.1080/09377255.2019.1576390

984 AT WA 5529 555 6 11

approach based on pre-sawn ice tests[J]. Ocean Engineering, 2022, 264: 112530.
[4] Von Bock and Polach R F, Ehlers S, Kujala P. Model scale ice-Part A: Experiments[J]. Cold Reg. Sci. Technol, 2013, 94:
53-60.
[5] Enkvist E. On the ice resistance encountered by ships operating in the continuous mode of ice breaking[R]. The Swedish
Academy of Engineering Sciences in Finland, 1972.
[6] Lindqvist G. A straightforward method for calculation of ice resistance of ships[C]/The 10th International Conference on
Port and Ocean Engineering Under Arctic Conditions 2, 1989: 722—735.
[7] Valanto P. The resistance of ships in level ice[J]. SNAME Transactions, 2001, 119: 53—83.
[8] Huang Y. Model test study of the nonsimultaneous failure of ice before wide conical structures[J]. Cold Reg. Sci. Technol,
2010, 63(3): 87-96.
[9] Li F, Goerlandt F, Kujala P, et al. Evaluation of selected state-of-the-art methods for ship transit simulation in various ice
conditions based on full-scale measurement[J]. Cold Reg Sci Technol, 2018, 151: 94—108.
[10] Li F, Kotilainen M, Goerlandt F, et al. An extended ice failure model to improve the fidelity of icebreaking pattern in
numerical simulation of ship performance in level ice[J]. Ocean Eng., 2019, 176: 169—183.
[11] Guo C, Zhang C, Feng F, et al. Predicting ship ramming performance in thick level ice via experiments[J]. Ships and
Offshore Structures, 2022, 17 (10): 2141-2149.
[12] Suominen M, Repin R, Lu L, et al. Flexural strength of freshwater ice in Saimaa area[C]//Proceedings of the 26th POAC,
Moscow, Russia, 2021.
[13] Varsta P. On the mechanics of ice load on ships in level ice in Baltic Sea[D]. Espoo: Helsinki University of Technology,
1983.
[14] Derradji-Aouat A. A unified failure envelope for isotropic fresh water ice and iceberg ice[J]. Cold Regions Science and
Technology, 2003, 36: 47-70.
[15] Derradji-Aouat A. Multi-surface failure criterion for saline ice in the brittle regime[J]. Cold Regions Science and
Technology, 2003, 36: 47-70.
[16] Liu Z, Amdahl J, Leset S. Plasticity based material modelling of ice and its application to ship—iceberg impacts[J]. Cold
Reg. Sci. Technol, 2011, 65(3): 326-334.
[17] Gao Y, Hu Z, Ringsberg J W, et al. An elastic—plastic ice material model for ship-iceberg collision simulations[J]. Ocean
Eng, 2015, 102: 27-39.
[18] Xu Y, Hu Z, Ringsberg ] W, et al. Nonlinear viscoelastic-plastic material modelling for the behaviour of ice in ice-structure
interactions[J]. Ocean Eng., 2019, 173: 284-297.
[19] Li M, Yuan Y, Tang W. Bending failure analysis of level ice with temperature-gradient effect under inclined structure
collision[J]. Ocean Eng., 2022, 257: 111706.
[20] Rossil T A, Fayazbakhsh K, Fawaz Z. Application of LS-DYNA constitutive material model laws to simulate low velocity
impact damage to composite plates[J]. Journal of Aerospace Engineering, 2020, 33(6): 04020065.
[21] Chai W, Leira B J, Hoyland K V, et al. Statistics of thickness and strength of first-year ice along the Northern Sea Route[J].
J Mar Sci Technol, 2020, 26: 331-343.
[22] Riska K. Ice edge failure process and modelling ice pressure[J]. Philos T RSoc A, 2018, 376(2129): 20170340.
[23] Van Vliet R, Metrikine AV. Failure criteria for a numerical model of sea ice in multi-directional tension, compression,
bending and splitting[J]. Cold Reg Sci Technol., 2019, 159: 123—-141.
[24] Mikko K, Mikko S, Pentti K. Rotating ice cusps on ship’s bow shoulder: Full-scale study on the cusp sizes and
corresponding peak loads in different ice and operational conditions[J]. Ocean Eng, 2019, 189: 1-11.
[25] Gratz E T, Schulson E M. Preliminary observations of brittle compressive failure of columnar saline ice under triaxial
loading[J]. Annals of Glaciology, 1994, 19: 22-38.
[26] Gratz E T. Brittle failure of columnar S2 ice under triaxial compression[D]. Hanover: Dartmouth College, 1996.
[27] Evers K U, Jochman P. An advanced technique to improve the mechanical properties of model Ice developed at the HSVA
ice tank[C]//Proceedings of Conference on Port and Ocean Engineering under Arctic Conditions (POAC), Hamburg, 1993.

[28] Sazonov K, Klementeva N. Study of failure behavior for simulated ice cantilever beams[J]. Transactions of the Krylov State


https://doi.org/10.1016/j.oceaneng.2022.112530
https://doi.org/10.1016/j.coldregions.2013.06.009
https://doi.org/10.1016/j.coldregions.2010.06.004
https://doi.org/10.1016/j.coldregions.2018.03.008
https://doi.org/10.1016/j.oceaneng.2019.02.051
https://doi.org/10.1016/S0165-232X(02)00093-9
https://doi.org/10.1016/S0165-232X(02)00093-9
https://doi.org/10.1016/j.coldregions.2010.10.005
https://doi.org/10.1016/j.coldregions.2010.10.005
https://doi.org/10.1016/j.oceaneng.2015.04.047
https://doi.org/10.1016/j.oceaneng.2015.04.047
https://doi.org/10.1016/j.oceaneng.2018.12.050
https://doi.org/10.1016/j.oceaneng.2022.111706
https://doi.org/10.1061/(ASCE)AS.1943-5525.0001171
https://doi.org/10.1016/j.coldregions.2018.12.002

6 M GUO Chun-yu et al: Numerical Simulation of the Model Ice Flexural Strength --- 985

Research Centre, 2011, 63(347): 19-26.

[29] Svec O, Thompson J, Frederking R. Stress concentrations in the root of an ice cover cantilever: Model tests and theory[J].
Cold Reg. Sci. Technol, 1985, 11: 63—73.

[30] Von Bock and Polach R F. Sea ice characteristics and its impact on model test{fM]. Berlin: Technical University of Berlin,
2005.

[31] Rena D, Jong C P, Sung C H, et al. Failure simulation of ice beam using a fully Lagrangian particlemethod[J]. International
Journal of Naval Architecture and Ocean Engineering, 2019, 11(2): 639-647.

[32] Ehlers S, Kujala P. Optimization-based material parameter identification for the numerical simulation of sea ice in four-
point bending[C]//Proceedings of the Institution of Mechanical Engineers. Part M: Journal of Engineering for the Maritime
Environment, 2014, 228(1): 70—80.

[33] Frederking R M W, Timco G W. On measuring flexural properties of ice usin cantilever beams[J]. Ann. Glaciol., 1983, 4:
58-65.

ET Tsai-Wu B354 N BBk 5 5 E BU{ER

HEW, KAKR", £ A EHEE’
(1. MR IE TR 35 S A0 & R, IR 75 5 2660005 2. M /RIE TAERS: A0 5187 TR0, 1A
JRIE 150001)

FEE: Ae5d BALHAF B, AN SS R A vk X A AT AT M RE i R AR B FE i 5%, TR VK ) 24 O T vk A 1 1 52
M o 2 p 5 B s T A AP R A 4 O R Pk S K, v A Sl R W A TR B 468 SR [ Y S A S S
o SR, XTAEAL UKD i A B E AT A 2 . AR SCR R 3 BRI A VKSR i, 753
VKA SR A A S SR BT . ASREHSR ] Tsai-Wu 2080 TR R bRk A AR A, 308 38 vOK Tt P AT PR B0 3545
JTRR RIS, SRR AT R 0, A PR I R R 25 s B A S 3 . 45 SRR e AR S
24080 54 07 ) Tl N B AR R A, A R v A i s B R R L e A A A — R
LB, 5 ITTC S % —8, AMFFT4s R ] R U R vk (R B0 ABUE AT 2T, A AN R AN R A B A vk
SRR S IO S
F 48R BAYK; LS-DYNA; Tsai-Wu REEN]; B R 56,
FESEKS: U661.7 CERFRINED: A
EETH: HR ARSI H (52371316); BR824 Z 5 B H (202106680054 ) ; VT.75 4% A 2A%F
2R A I H (23KIB580003 ) ; A& kT4 B SRR 364 7% B0 H (YQ2022E015)
YEE BT : SN (1981-), T, WAJRIE TR K # 02, 14 s
TEFME(1985-), 22, M /RIS TRER 22 .


https://doi.org/10.1016/0165-232X(85)90007-2
https://doi.org/10.1016/j.ijnaoe.2019.01.001
https://doi.org/10.1016/j.ijnaoe.2019.01.001
https://doi.org/10.3189/S0260305500005243

