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Abstract：Ships navigating in ice-covered regions will inevitably collide with ice ridges. Compared to
other ice bodies, ice ridges exhibit more complicated mechanical behaviors due to the scale and struc⁃
ture characteristics. In this paper, nonlinear finite element method is used to investigate the interac⁃
tion between a polar ship and an ice ridge. The ice ridge is modelled as elastic-plastic material based
on Drucker-Prager yield function, with the consideration of the influence of cohesion, friction angle
and material hardening. The material model is developed in LS-DYNA and solved using semi-implic⁃
it mapping algorithm.The stress distribution of ice ridge and ship, and the ice load history are evaluat⁃
ed through the simulation of multiple collisions. In addition, parametric analysis is performed to inves⁃
tigate the influence of ridge thickness and impact velocity on the ice load and energy absorption.
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0 Introduction

Ice ridge is formed by the freeze of stacked ice piles. It is common in cold regions and its larger
size up to a few dozen meters would cause a higher ice load on nearby ships in operations, leading
to unexpected structural damage. First-year ice
ridges in Gulf of Bothnia and Northumberland
Strait even determine the design load levels for
marine structures[1]. Due to complex mechanical
properties and potential destructiveness of ice
ridges, reasonable modelling of the interaction be⁃
tween ice ridge and ship is of vital significance.

As shown in Fig.1, a typical ice ridge mainly
consists of three parts: (1) sail, which is the small
part above the waterline and consists of stacked
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Fig.1 Typical structure of ice ridge



ice blocks, which has pores that are filled with air; (2) keel, which is the pile of ice blocks that are
loosely or partly consolidated below the waterline, and has pores filled with water and even air pock⁃
ets; (3) consolidated layer, which is the refrozen layer around the waterline that connects the sail
and keel[2-4]. Ice ridges vary in size, Timco and Burden[5] proposed equations to describe the geomet⁃
ric characteristics of the ridges based on the analysis of salient features of 112 first-year and 64
multi-year sea ice ridges. Furthermore, the mechanical properties of ice ridge were prevailingly in⁃
vestigated based on in-situ full-scale and model-scale tests, through which the shear strength of
keel, the flexural and compressive strength of the consolidated layer, etc. have been evaluated[1, 6-10].

The previous studies about the interaction between ice ridges and marine structures were car⁃
ried out based on theoretical analysis[11-15] and experimental studies[16-21]. Due to higher computation⁃
al efficiency and remarkable applicability, numerical methods have been widely used in simulations
that are related to ice bodies. Since most part of an ice ridge is made of individual ice blocks, Dis⁃
crete Element Method (DEM) is widely considered as an effective numerical method to describe the
deformation and failure of ice ridges. Sawamura[22] simulated the accumulation of ice piles and mod⁃
elled the 2D/3D interaction between ice ridge and ship. Gong et al[2-3] studied the resistance of ship
in an unconsolidated ridge, which demonstrated the major effect of ridge width on the resistance.
Molyneux et al[23] analyzed the load during the interaction between the first-year ice ridges and a
vertical cylinder using discrete element code (DECICE), and pointed out the importance of the in⁃
volvement of cohesion among ice blocks in numerical simulation. Besides, Polojärvi[24] established a
combined finite-discrete element framework to imitate the freeze bonds, which takes both the defor⁃
mation of ice blocks and contact among the ice blocks into account.

Due to general continuity inside ice ridges and the specific material properties of ice ridges, fi⁃
nite element method (FEM) has also been applied to the related numerical models. FEM provides
various material models (elastic-plastic models, visco-plastic models, etc.), and is convenient for
secondary development to precisely model ice ridges. Heinonen[1] presented a constitutive ice ridge⁃
model based on cohesive softening and multiple failure surfaces, and simulated the punch shear test
in ABAQUS; Serré[25] proposed a softening model, in which the cohesion decreases linearly so that
the freeze bonds failure in the ice blocks could be represented. In addition, FEM is effective for the
structural evaluation of ship hulls under ice load. Zhao et al[26] conducted structure analysis of a
heavy icebreaker during ramming of first-year ridges, in which the local ice-induced pressure on
the hull and subsequent structural responses were discussed.

Multiple collisions between ice ridge and ships are not just simple repeated impacts, while for⁃
mer collision would weaken the strength of ice ridge before the next collision occurs. According to
Timco's in-situ punch tests: when load exerted on the ridge reaches its first peak, a large number of
freeze bonds among inner ice blocks fail, which leads to the breakage of ice blocks and overall
strength reduction of ridge; when the second collision occurs, free ice blocks break into smaller
pieces and fill the inner gaps. The ice ridge is compacted under compression, which is related to the
second peak in the load curve. Due to failure of freeze bonds among ice blocks and change of cohe⁃
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sion and friction angle after the first collision, the second peak value is obviously lower than the
first one[27]. Variations of material properties of an ice ridge during multiple collisions are mainly
featured as follows: (1) cohesion decrease caused by the failure of freeze bonds; (2) variation of fric⁃
tion angle due to the free motion and compaction of ice blocks; (3) material hardening caused by
gaps filling and relative motion of ice blocks.

In this paper, multiple collisions between ship and ice ridge are numerically modelled using
LS-DYNA software. Ice ridge is modelled as elastic-plastic material using secondary development
program, in which the Drucker-Prager yield function is induced and further modified according to
the characteristic variations during the multiple collisions. Based on the simulation of multiple
ridge-ship collisions, the stress/strain distribution and energy absorption of ice ridge, motion of the
ship and ice load history are obtained and analyzed.

1 Material model of ice ridge

1.1 Constitutive relation
Ice ridge is formed by freezing discrete stacked ice blocks, with its internal space filled with

air, water and impurities. It exhibits more complexity than other ice bodies. Ettema and Urroz, Tim⁃
co and Cornett[28-29] carried out a series of shear tests and proposed that the mechanical behaviors of
ice ridge could be modelled as elastic-plastic material. Then Heinonen, Serré and Wong et al[1, 25, 30]
validated this material model and made improvements based on different yield criteria. In this pa⁃
per, isotropic elastic-plastic model is used to describe the deformation of ice ridge. The total strain
ε ij could be decomposed into elastic strain εeij and plastic strain εpij

ε ij = εeij + εpij (1)
When ice ridge is elastic, the constitutive relation satisfies

σ ij = C ijklεekl (2)
where, σ ij is the stress tensor and C ijkl is the elastic coefficient tensor. In the case of the associated
flow rule, the plastic strain rate is

ε̇pij = λ ∂f
∂σ ij

(3)
where, f is the yield function, and λ is the plastic consistency parameter. The volumetric plastic
strain rate and equivalent deviatoric plastic strain rate are relatively expressed as follows:

ε̇pvol = -λ ∂f∂p (4)
ε̇pdev = λ ∂f∂q (5)

where q is the second stress invariant and p is the hydrostatic pressure.
1.2 Yield criterion and modification

Ettema and Urroz, Timco and Cornett, and ISO[28-29, 31] recommended that Mohr-Coulomb (M-C)
yield criterion be applicable for the constitutive modelling of ice ridge in numerical simulation. Be⁃
sides, Drucker-Prager (D-P) yield criterion further induces smooth approximation, and the yield
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function is
q - d - p tan β = 0 (6)

where d is the cohesion and β is the friction an⁃
gle. Though shear failure has been involved, D-P
yield criterion is not sufficient to precisely de⁃
scribe the plastic behaviors of ice ridge. At latter
stage of interaction, the cohesion fails and the
macroscopic gaps inside the ice ridge provide
space for the relative motion of free ice blocks
and filling of broken ones, which directly leads to
the volumetric change. Ice blocks are compacted under compression, causing a distinct increase in
strength of ridge. Thus, a new yield surface is defined for the latter stage of interaction when com⁃
pression predominates, and the strength increase of ice ridge directly related to the volume is de⁃
scribed using plastic hardening. The yield surface is shown in Fig.2.

If p ≤ Pa, the shear yield surface
fs = [ ]( )p - Pa tan β 2 + q2 - ( )d + Pa tan β (7)

and if p > Pa, the compression yield surface
fc = ( )p - Pa

2 + ( )Rq
2 - R ( )d + Pa tan β (8)

where R is a parameter that defines the shape of shear yield surface, and Pa is a hardening variable
that determines the type of yield surface, which could be obtained from

Pa = Pb - Rd
1 + R tan β (9)

where
Pb = P0e-

εpvol - εpvol|0
κ0 (10)

where P0 is the hydrostatic pressure, εpvol|0 is the plastic volumetric strain at the reference state, and
κ0 is a softening parameter, the value of which is typically set to 0.03 according to Heinonen’s in-
situ punch tests[1, 32].

The cohesion strength of ice ridge
d = d0e-

εpdev
ε∞ (11)

where d0 is the initial cohesion strength and ε∞ is the cohesion decrease rate.
In addition, Cam model is introduced into D-P yield criterion so that the strength change of ice

ridge under the effect of shear and the variation of friction angle in plastic deformation could be in⁃
volved[33]. Cam model is defined as

εpdev - εpdev|0
εpvol - εpvol|0 =

2 sin φ
( )M/ 3 2 - ( )sin φ 2 (12)

Fig.2 Revised yield surface
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where, εpdev|0 is the plastic deviatoric strain at
the reference state, φ is the friction angle in
the M-C yield function, and M is the critical
constant that could be evaluated based on
the fitting results of triaxial tests[34]. As shown
in Fig. 3, M could be approximately ex⁃
pressed as a linear function of initial friction
angle φ0.

It is noted that tan β = 3 sinφ due to
shear action, so that

tan β = 12 3∙( )εpdev - εpdev|0
εpvol - εpvol|0

2

+ 4M 2 - 3
2
εpdev - εpdev|0
εpvol - εpvol|0 (13)

1.3 Failure criterion
During plastic deformation, the stress of ice ridge will flow on the yield surface until the failure

occurs. Nevertheless, there is no widely accepted failure criterion yet. Considering that ice ridge is
compacted and broken ice blocks flow out from gaps between ice ridge and ship like viscous fluid in
the latter stage of interaction, it is reasonable to apply the failure criterion of icebergs for the ice
ridge. Based on the empirical failure criterion of icebergs, the elements of ice ridge[35-36] are as⁃
sumed to fail if

εpeq > ε f (14)
or

p < pc (15)
where

ε f = ε0 + ( )p
10 8 - 0.5

2
(16)

where, ε f is the failure strain, ε0 is the initial failure strain, and pc is the cut-off pressure.

2 Numerical implementation and validation

2.1 Numerical model
Semi-implicit backward Euler algorithm features higher stability, and avoids the solution of

plastic flow direction and plastic modulus gradient as well. In this paper, semi-implicit mapping al⁃
gorithm is adopted, and the material model of ice ridge is encoded in the secondary-developed dy⁃
namic link library LSDYNA.LIB (dyn21). The plastic deformation is calculated based on incremen⁃
tal theory so that stress could be obtained from constitutive relation according to incremental strain
in each time step. The calculation procedures in each time step are shown in Fig.4. The constant d,
Pb and β are calculated based on Formulas (11), (10) and (13).

Fig.3 Fitted results of critical constant M
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Fig.4 Flow chart of the calculation of constitutive model
Elastic strain will firstly appear in the ice ridge after the first ridge-ship collision occurs. Then

with the increase of impact force, ice ridge undergoes plastic deformation and starts to break when
it reaches the critical failure state. The kinematic velocity of ship decreases due to resistance in⁃
duced by the ice ridge. When the velocity decreases to zero, there is no actual contact between the
ice ridge and ship so that it enters unloading phase, where elastic strain vanishes while plastic
strain remains the same. Before the numerical calculation for the next collision, the cohesion, fric⁃
tion angle, yield surface of shear failure or compression failure around the contact area are no lon⁃
ger the same, which should be determined by the plastic strain at current time step. Therefore, the
variations of cohesion, friction angle and material hardening are described using state variables and
equivalent plastic strain, and parameters like stress and strain could be precisely transmitted to nu⁃
merical model for the next collision.

Explicit central difference algorithm is used to solve the governing equation. The differential
equation of motion in time step n is

M∙ẍ ( )tn + C∙ẋ ( )tn + K∙x ( tn ) = Fn
ex (17)
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where M、C and K represent the mass, damp and stiffness matrix of structure, respectively. Fn
ex is

the matrix of external force and x is the nodal displacement. It can also be written as
ẍ ( )tn = M -1 ( )Fn

ex - Fn
int = M -1F residual

n (18)
where, Fn

int = C∙ẋ ( )tn + K∙x ( tn ) is the matrix of internal force and F residual
n is the matrix of residual

load. The velocity vector at time tn + 1 2 and coordinate vector of node at time tn + 1 could be calculat⁃
ed based on the acceleration of node as

ẋ ( tn + 1 2 ) = ẋ ( tn - 1 2 ) + ẍ ( tn ) ( ∆tn + 1 2 + ∆tn - 1 2 ) /2 (19)
x ( tn + 1 ) = x ( tn ) + ẋ ( tn + 1 2 ) ∆t( )n + 1 2 (20)

The calculation procedures are shown in Fig.5.

Fig.5 Flow chart of the LS-DYNA solver
In order to ensure the numerical stability and avoid contact penetration, the time step in expli⁃

cit algorithm should satisfy
∆t ≤ 2 wmax (21)

where wmax is the maximum natural frequency of the structure. For hexahedral element,
∆tmin = V/ é

ë
êê

ù

û
úúAmax

E ( 1 - μ )
( 1 + μ ) ( 1 - μ ) ρ (22)

where, Amax represents the maximum element area, E is the elastic modulus, μ is the Poisson ratio
and ρ is the density of material.
2.2 Validation

The material model is validated through the simulation of the ridge-cone interaction, and the
numerical results are compared with experimental data from model tests performed at HSVA on be⁃
half of Aker Solutions. The geometric properties of cone and ice ridge are the same as that in Ref.
[21]. The ice ridge is modelled using solid elements and material properties are shown in Tab.1.

i n

i
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Since both the rigid cone and ice ridge are relatively large in size, the influence of water is neglect⁃
ed in this section. Both ends of ice ridge are of fixed, non-reflective boundary. The type of contact
between ice ridge and ship is set as *CONTACT-ERODING-SURFACE-TO-SURFACE, and the
static and dynamic friction coefficients are 0.11 and 0.05, respectively. Due to huge strength differ⁃
ence between the ice ridge and ship, softened contact constraint algorithm and“Surface to Surface”
search method are used to reduce the numerical error. The impact velocity is 0.2 m/s.

Tab.1 Material parameters of ice ridge
Parameter
Density

Poisson ratio
Elastic modulus
Initial failure strain
Initial friction angle

Cohesion

Unit
kg/m3

-
MPa
-
(°)
kPa

Value
900
0.3
5.7
0.01
35
7

Parameter
κ

R
M
PC
ε f

Unit
-
-
-
MPa
-

Value
0.03
2
3.54
-4
0.35

Fig.6(a) presents the calculated history of horizontal ice load during the cone-ridge collision,
and both variation tendency and the peak load agree well with the experimental results. It should be
noted that the numerical error mainly comes from the structural distinctions, as the ridge in model
test exhibits more randomness while that in numerical model are more ideal and conceptual.

（a）Numerical results
Fig.6 History of horizontal ice load

（b）Test results from Aker[21]

3 Numerical simulation

3.1 Numerical model
The ship model used in this paper is based on Xuelong icebreaker, with a displacement of

18 102.4 tons. Since the icebreaking performance of the ship and the damage of ice ridge are re⁃
search priorities, only the hull shell is modelled using shell elements with certain thickness. The
shell thickness is determined according to the assumption that the weight of shell is equal to the dis⁃
placement. In addition, the motion of water will cause additional water mass during the ship-ridge
interaction. Additional water mass is related to the hull shape, motion characteristics and the ship-
ridge interaction, which is about 0.02 to 0.07 times the hull mass[37]. In this paper, the additional wa⁃
ter mass is set to 0.05 times the hull mass, which is achieved by increasing the shell thickness by

Ridge loads-Fixed test

Ridge width/ m
Ridge width/ m
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0.012 m. Furthermore, the grids around the bow are
refined so that the contact in this area could be cap⁃
tured precisely. The hull material is modelled as
elastic model, and the parameters are listed in Tab.2.

The contact type is the same as that in Section
2.2, except that the dynamic friction coefficient is 0.11 according to Ref. [38]. Besides, in order to
model the semi-infinite ridge and weaken the boundary effects, the width of ice ridge is taken much
larger than ship breadth. The side that collides with the ship is set as free boundary, while the other
sides are fixed and non-reflective boundary. The material parameters of ice ridge are the same as
those listed in Tab.1. The geometric characteristics and parameters of ice ridge are shown in Fig.7
and Tab.3.

The ship is kept in upright condition, and moves towards the ice ridge with an initial velocity of
2 m/s. If the ship starts to exit from the inside of ice ridge, the same initial velocity is applied on the
ship again to drive the next collision. Furthermore, the plastic strain and residual grid of ice ridge
will remain unchanged before the next collision occurs. The steps above are repeated until the ship
completely penetrates the ice ridge.
3.2 Numerical results

Fig.8 illustrates the strain distribution of ice ridge after the second collision, which indicates
that the elastic strain has mostly disappeared and only exists in a small part of the outer ice ridge
that is still in contact with the hull. However, the plastic strain remains in the ice ridge, which leads
to lower structural strength of ice ridge compared to that before the previous collision. Therefore,
the part of ice ridge with existing plastic strain is more likely to fail in the subsequent collisions.

(a) Elastic strain
Fig.8 Strain distribution of ice ridge after the second collision

(b) Plastic strain

Tab.2 Material parameters of ship hull
Parameter
Density

Elastic modulus
Poisson ratio

Unit
kg/m3

GPa
-

Value
7850
200
0.3

Fig.7 Geometric characteristics of ice ridge

Parameter
Thickness of surrounding level ice
Thickness of consolidated layer

Keel thickness
Keel width

Keel bottom width
Keel angle

Macro-porosity of keel

Unit
m
m
m
m
m
°
%

Value
0.83
3.1
5.73
240
36
29.6
20

Tab.3 Geometric parameters of ice ridge
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The damage and stress distribution of ice ridge after the first three collisions are shown in
Fig.9. The higher stress is mainly concentrated on the surface that is in contact with the ice ridge.
Besides, the stress of ship hull in Fig.10 indicates that the areas under significant compression are
mainly the load-bearing parts, like stem post and outer shell around the bow, which should be
strengthened in structural design.

(a) t = 22.5 s [3.859E+02~4.539E+05]

(c) t = 48.5 s [5.548E+02~5.834E+05]
Fig.9 von Mises stress of ice ridge after multiple collisions

(a) t = 22.5 s [6.902E+05~1.333E+08]

(c) t = 48.5 s [9.202E+05~2.635E+08]
Fig.10 von Mises stress of ship hull after multiple collisions

(b) t = 35.0 s [3.545E+02~3.789E+05]

(b) t = 35.0 s [7.851E+05~3.037E+08]
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During each collision, the ice load will increase as ship enters the inside of ice ridge. And the
elements of ice ridge will be deleted if they reach the critical failure state, causing the formation of
gaps between ridge and ship and the unloading of contact force. Since the bow has not entered the
ice ridge sufficiently and the ridge thickness around the contact zone is relatively lower during the
first collision, the ice load in this period would be lower than that in the subsequent ones. Details
about ice load will be discussed in Chapter 4. The velocity history of ship in Fig.11 illustrates that
the velocity decreases more slowly in the first collision than those in the other ones, which is related
to the lower ice load in this period. Thus, this lower ice load also causes larger displacement, as
shown in Fig.12. When the ship hull enters the inside of ice ridge in subsequent collisions, there is
no significant difference in the ridge thickness anymore. Therefore, similar variation characteristics
are concluded for velocity/displacement during the second and third collisions.

4 Discussion

The influence of ridge thickness and impact velocity on the ridge-ship collision is investigated
in this chapter. The ice ridge thickness here is defined as

T = Tk + Tc - T l （23）
where Tk is the keel thickness, Tc is the consolidated layer thickness, and T l is the level ice thick⁃
ness. If the keel thickness is too high, excessively high upward force caused by the crushed ice be⁃
low the ship bottom would lead to trim by the stern, and the ship will lose its ability to move for⁃
wards or backwards and strand in the ice ridge. The designed draft for the ship in this paper is 8 m,
and the maximum ridge thickness in this chapter is set as twice of it. The initial velocity and ridge
thickness in different scenarios are listed in Tab.4.

Tab.4 Initial velocity and ridge thickness in different scenarios
Scenario

Initial velocity /(m⋅s-1)
Ridge thickness /m

1
2
8

2
3
8

3
4
8

4
3
12

5
3
16

The numerical results show that the number of impacts needed for the complete penetration are
6, 3, 2, 3 and 4 respectively for the five scenarios, which is apparently negatively correlated with

Fig.11 Velocity history of ship during multiple
collisions (vn represents the velocity
during the nth collision)

Fig.12 Displacement history of ship during
multiple collisions (sn represents the
displacement during the nth collision)
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the impact velocity and not sensitive to the ridge
thickness. Fig.13 shows the ship displacement dur⁃
ing each impact in five scenarios. As shown in
Fig.14, the ice ridge is almost completely penetrat⁃
ed after the third collision in Scenario 5, and the
volume of the remaining ice body is less massive,
which means that the ridge will be fully penetrated
within a short period of time in the fourth collision.
The ship displacement after the last impact will be
much larger than that in other scenarios, and there
is no actual ship-ridge interaction for a long time.
Therefore, the ice load and energy absorption are discussed only when the ship displacement is less
than 70 m.

(a) After the third impact [8.472E+02~4.420E+05] (b) After the fourth impact [6.984E+02~4.999E+05]
Fig.14 von Mises stress of ice ridge in Scenario 5

4.1 Ice load
Fig.15 presents the history of horizontal ice load (Fx) during multiple collisions in five scenari⁃

os. During each collision, the ice load increases first and then decreases.The peak horizontal ice
load during the first collision exhibits a positive correlation with both impact velocity and ridge
thickness. From the perspective of the entire icebreaking process, as the ship enters the ice ridge,
the ice load gradually increases with the increase of the thickness of the ice body. When the ship
reaches the middle part of the ridge, the ridge thickness maintains at a high level, and the ice load
level increases with a lower growth rate. Fig.15 also indicates that the peak ice load during a colli⁃
sion is generally higher than that in the previous collision, and the extreme ice load throughout the
whole process usually occurs during the last two collisions. However, when the ship speed is 2 m/s,
more impacts are required due to the limited ice-breaking range and lower initial kinematic energy
in a single impact. Thus, the lower structural rigidity of residual ridge will directly lead to a slightly
lower peak ice load in the last collision. There are no significant differences between the peak ice
loads in Scenarios 4 and 5, which indicates that the resistance induced by ice ridge is less likely to
be affected if ridge thickness is larger than the designed draft of ship.

Fig.16 demonstrates the fluctuation of Fy around zero during multiple collisions in five scenari⁃
os. Considering that the ship is symmetrical about the y-axis, an approximately neutral force condi⁃

Fig.13 Ship displacement during each impact
in different scenarios

s (m)
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tion in y-direction is reasonable. Higher ice load occurs when the hull is in sufficient contact with
the thickest part of the ridge in the later stage, and the magnitude of instant ice load is within 5×106
N. Comparative analysis indicates that Fy generally shows positive correlation with both impact ve⁃
locity and ridge thickness.

As shown in Fig.17, the vertical ice load shares many similar characteristics with the horizontal
one from the perspective of the entire
icebreaking process. Nevertheless, due
to the existence of inclined plane on the
bow, the magnitude of vertical ice load
is obviously larger than that of horizon⁃
tal load. Ship that rushes to ice ridge
with an impact velocity of 4 m/s is sub⁃
ject to higher ice load, while vertical ice
load is approximately the same when impact velocity is 2 m/s or 3 m/s. In addition, the vertical ice
load increases remarkably with the ridge thickness, while this increase is not evident when ridge
thickness is larger than 12 m. This insensitivity is due to the neglect of the pile-on effect caused by
the crushed ice at the ship bottom.

The statistical results of ice load are listed in Tab.5. The ridge thickness generally has positive
correlation with the statistical variables concerning average ice load and peak ice load. The in⁃
crease of ice load is significant when the ridge thickness increases from 8 m to 12 m, while the dif⁃
ference is less obvious when ridge thickness is 12 m or 16 m. If the designed draft of ship is equal

Fig.15 Fx-displacement curves in different
scenarios

Fig.16 Fy-displacement curves in different
scenarios

Fig.17 Fz-displacement curves in different scenarios

Tab.5 Statistical results of ice load

Average ice load during first collision (Fx ( 1 ))
Maximum of average ice load during single

collision (Fx_average_max)
Maximum increase of average ice load between

adjacent collisions (Fx_incre_max)
Maximum Fx(Fxmax)
Maximum Fy(Fymax)
Maximum Fz(Fzmax)

Unit
×106 N
×106 N

%
×106 N
×106 N
×106 N

Scenarios
1
1.55
4.23

129
4.85
1.91
12.56

2
2.54
4.28

68.5
5.12
4.42
12.48

3
3.23
4.34

34.4
5.48
3.49
13.96

4
2.56
4.62

80.5
5.53
3.25
18.12

5
2.64
4.65

76.2
5.45
5.19
15.23

Fx Fy

Fz
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to the ridge thickness, the ship bottom is hardly affected by the ice body during the impact. When
the draft is less than the ridge thickness, there will be residual ice body at the ship bottom when
ship penetrates the ice ridge. The high ridge thickness will cause the structural stiffness of the ridge
to increase, thereby causing an increase in ice load. When the ridge thickness increases from 1.5
times to 2.0 times the draft, since the interaction area is still mainly concentrated in the upper part
of the ice ridge, further increase in the vertical stiffness of the ice ridge structure will not significant⁃
ly increase the ice load.

It seems that the average horizontal ice load during the first collision is obviously sensitive to
the impact velocity, while the influence of ridge thickness could be neglected. On the other hand,
numerical results show that the effect of impact velocity and ridge thickness on the maximum of av⁃
erage ice load during single collision is limited. The analysis of maximum increase of average ice
load between adjacent collisions indicates that higher impact velocity will lead to a relatively large
initial ice load, but subsequent increments will be smaller. Therefore, it is reasonable to conclude
that the ship should collide with the ridge with a lower velocity at first and gradually increase the
impact velocity in the subsequent collisions, so that the lower ice load and higher ice-breaking effi⁃
ciency could be ensured.
4.2 Energy absorption

The energy absorption of ice ridge in five different scenarios is shown in Fig.18. Comparative
analysis shows that the energy absorp⁃
tion is higher if impact velocity is low⁃
er, which illustrates more severe dam⁃
age inside the ice ridge during approxi⁃
mately static loading. When the impact
speed is high, the ice ridge will under⁃
go significant deformation in the im⁃
pact area in a short period of time, and
then fracture and damage will occur.
However, there is no extensive deforma⁃
tion at the far end of the ridge, so that the overall deformation energy is lower. In addition, the ener⁃
gy absorption of ridge has generally positive correlation with ridge thickness. It is also reasonable to
conclude that the influence of ridge thickness on the ship-ridge interaction is rather weak if the
ridge is 0.5 times thicker than the draft, since there is no significant difference in energy absorption
and ice load Fx and Fz when ridge thickness is larger than 12 m.

5 Conclusions

In this paper, ice ridge was numerically modelled using elastic-plastic model, with the consid⁃
eration of cohesion, friction angle and material hardening characteristics. The numerical results
show that the accumulated damage and failure of ice ridge in multiple collisions could be properly
captured through the numerical model proposed. Meanwhile, the stress distribution on ice ridge and

Fig.18 Deformation energy absorbed by ice ridge
in different scenarios
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ship hull, motion of ship and ice load are obtained. In addition, parametric analysis based on ridge
thickness and impact velocity is carried out. The main conclusions are as follows:

(1) During the entire ship-ridge interaction, the ice load generally shows an increasing trend,
with multiple loading-unloading stages. The extreme ice load occurs during the last two collisions,
when the ship travels to the position where the thickness of ice body reaches the maximum.

(2) The vertical ice load is much greater than horizontal load, which should be considered as a
principal factor in icebreaker design. Ice load mainly causes stress concentration at the stem post
and outer shell around the bow.

(3) Ridge thickness directly determines the structural stiffness of ridge, which shows positive
correlation with the ice load and energy absorption by the ridge. However, since the ship-ridge in⁃
teraction area is mainly distributed around the ship hull, the effect of ridge thickness on ice load
and energy absorption of ridge could be neglected when the ridge thickness exceeds 1.5 times the
draft.

(4) The impact velocity represents the kinematic energy that ship initially carries. The number
of impacts needed for the complete penetration of ridge is negatively correlated with impact veloci⁃
ty. High impact velocity will cause the local ice body around the hull to undergo large deformation
and fragmentation in a short period of time, but it is difficult to cause obvious deformation of the en⁃
tire ice body. Though higher impact velocity will cause higher ice load, the energy absorbed by the
ridge is lower.

(5) Based on the analysis of ice load and energy absorption, it is suggested that ship should
rush to the ridge with a lower velocity in the first collision and gradually speed up at the beginning
of the subsequent collisions, so that the ice load is lower and the icebreaking efficiency could be im⁃
proved.
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极地船舶与冰脊多次碰撞的数值模拟

贾 宾 1，鞠 磊 1，石 莉 2，王 庆 1，庞福振 1
（1.哈尔滨工程大学 船舶工程学院，哈尔滨 150001；2.美国船级社（中国）有限公司，上海 200001）

摘要：极地船舶在冰区航行时将不可避免地与冰脊发生相互作用。相比于其他类型的冰体，冰脊由于其尺度与结构特

点，呈现出更为复杂的力学特性。本文采用非线性有限元方法研究极地船舶与冰脊之间的相互作用。基于弹塑性模型

建立冰脊模型，并选取Drucker-Prager屈服准则，同时考虑粘聚力、摩擦角以及硬化的影响。将开发的材料模型嵌入

LS-DYNA中，通过半隐式图形返回算法进行求解。通过模拟冰脊与船舶的多次碰撞，评估冰脊和船体的应力分布以及

冰载荷的时历变化。此外，通过参数化分析，讨论冰脊厚度和冲击速度对冰载荷和吸能结果的影响。

关键词：冰脊；船舶；非线性有限元；冰载荷；相互作用；强度
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