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Abstract 

Ice bending is a major failure mechanism of level ice when ships and marine structures interact with 
level ice. This paper aims to investigate the ice bending and ice load when level ice collides on ships and 
marine structures using numerical simulation method, and compare the numerical results with field test. 
The fracture of ice is simulated with extended finite element method (XFEM), and cohesive zone concept 
is used to describe the crack propagation. In order to consider the characteristics of S2 columnar ice, a 
transversely isotropic elastic material model is used for the ice bulk elements, and a transversely isotropic 
Tsai-Wu failure criterion is adopted to predict the initiation of cracks. A well-controlled field test of a 
landing craft bow colliding with level ice in Baltic Sea is simulated to verify the numerical scheme. The 
ice plate’s continuous deformation, crack initiation and crack propagation at different impact velocities 
and angles are simulated and the results are discussed. In the simulation, the bending crack emerges at the 
midline of the top surface of ice plate, then propagates towards free boundary, and finally a circumferential 
crack forms. It is found that with the impact velocity increases, the bending load increases and the fracture 
size (perpendicular distance from the crack to the contact edge) decreases. And as the angle between the 
landing craft bow and vertical direction increases, the bending load and the fracture size decrease. The 
simulated results corresponds well with the field test. The competition between the circumferential crack 
and radial crack is also found in the simulation and will be discussed in this paper. The results show that 
this method well simulates the bending of level ice and predict the ice load, and provides a good approach 
for investigating the mechanism of different forms of level ice fracture. 
Key words: Level ice; Bending; Ice load; Extended finite element method; Transversely isotropic. 
 
1. Introduction 

Maritime activities in the polar regions have considerable economic prospects. Whether it is ship 
navigation or resource exploitation in the cold regions, it is inevitable to encounter the interaction of ships 
or marine structures with level ice. Predicting the ice load caused by level ice is necessary, and numerical 
simulation is a powerful method to achieve this purpose. While one of the characteristics of ice is that its 
tensile strength is much smaller than the compressive strength, and sloping shape is a common feature of 
ships and marine structures. These factors make level ice very easy to fail in bending. Therefore, bending 
fracture is a main failure mechanism of level ice and an important mechanism of limiting the ice load. 
However, simulating ice cracks is always a challenging task, and reliable comparison with experiments is 
far more from sufficiency. This paper aims to use numerical method to investigate the bending failure of 
level ice, and validate the numerical results with a field test. Meanwhile, the relation between bending 
crack and radial crack, and their initiation and propagation processes will be discussed. Extended finite 
element method (XFEM) combining with a transversely isotropic ice model is used to simulate cracks and 
obtain ice load. 

Typical scenarios where bending failure occurs include a ship sailing in level ice, and level ice 
pushing towards an inclined component of marine structures (anti-ice cone). The understanding of an 
individual bending event or a single bending crack of level ice is of great benefit to the investigation of 
these problems. However, current research on this issue is still limited. Some studies are based on empirical 
formulas or analytical methods for the plate and beam. 

Lindqvist [1] proposed a straightforward method to calculate the ice resistance on ships, in which a 
simple formula that it is related to the ship hull, ice thickness, ice characteristic length was established to 
calculate bending load. However, the method based on empirical formula can’t reflect the bending 
mechanism of level ice. Kerr [2-5] summarized several analytical solutions to determine the bearing 
capacity of ice plates. It was assumed that the ice plate was elastic and viscoelastic, then the analytical 
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solutions of ice plate under different loading and boundary conditions were discussed. One of the main 
conclusions was that the bending load was related to the angle of ice wedge, ice thickness and bending 
strength. This conclusion was used in many numerical simulations to determine the ice load induced by 
bending failure. One of them was that Biao et al. [6-7] applied this bending equation to investigate the ship 
performance in level ice. Zhou et al. [8] also adopted this equation to obtain the ice load of the ice breaking 
and accumulation. In addition to this, Lubbad and Loset [9] proposed a closed analytical solution for the 
maximum bending stress of a semi-infinite ice sheet when the load is distributed uniformly over a half 
circular area, to simulate real-time ship-ice interaction. While Erceg [10] proposed a quasi-static numerical 
method to model the initiation of circumferential cracks of level ice. It was assumed that the level ice can 
be discretized as radially oriented ice beams from the contact zone, and the ice beam is modeled as semi-
infinite beams resting on elastic foundation. Wang and Poh [11] adopted Euler-Bernoulli beam theory for 
level ice and potential fluid theory to simulate ice-wide sloping structure interaction and investigate the 
velocity effect on ice bending.  

The above solutions are mainly based on empirical equations or static analysis. While level ice 
bending caused by ships occurs mostly at high speeds, and the actual material properties of level ice is too 
complicated to be fully considered in analytical method. Ehlers and Kujala [12] used a plastic model and 
element deletion technique in LS-DYNA to simulate the bending failure of ice beam. The material model 
that differed the tensile and compressive constitutive relationships was used to capture the different 
characteristics of tensile and compressive failure of ice. While the bending of ice beam was quite different 
from the bending of ice plate, Sazidy [13] applied similar tensile-compressive plastic model and element 
deletion method to simulate bending failure of level ice wedges, and the strain rate effect on compressive 
behavior was considered. In that investigation, it was assumed that the ice plate bending was divided into 
two stages: radial cracking that cuts ice plate into ice wedges, then circumferential cracking to make the 
ice plate bend. However, it is well known that the form of the structure has significant influence on the ice 
failure mode. The two-step failure assumption may be suitable for the interaction of ice plate with narrow 
columnar structures, such as the anti-ice cones, in which condition the level ice contacts with the curved 
structure in a small and concentrated area compared to the size of ice plate. While for the interaction with 
ships and structures that usually have relatively flat hull, the contact way is different and the interaction 
force is distributed along the ice plate edge. In this condition, the relation between circumferential crack 
and radial crack needs to be further investigated. For example, the ice near the ship hull when the ship sails 
in level ice often undergoes continuous bending, so circumferential crack is a main mechanism of ice 
failure. However, it has rarely been discussed whether radial crack emerges and what is its relation with 
bending crack. 

In this paper, the field test that a landing craft bow collides with shaped level ice will be simulated. 
This field test was conducted by Technical Research Center of Finland (VTT) and Rauma-Pepola Oy in 
Baltic Sea [14]. In this test, a tug arranged with an artificial landing craft bow moved in horizontal direction 
until slammed into the level ice. Finite element analysis was conducted in [14] to predict the location of 
initial crack and the corresponding ice load, but the crack was not simulated. This field test is similar to 
the scenario of the ship navigating in level ice area, and can serve as a reference for level ice interacting 
with wide structure as well.  

Extended finite element method (XFEM) is used to simulate cracks’ initiation and propagation. 
XFEM originates from finite element method, but uses enrichment functions to introduce additional 
degrees of freedom of displacement, so the element can split. Because the crack can pass through the 
interior of an element in XFEM, the propagation of a crack can be well presented. XFEM retains the 
advantages of finite element method in description of continuous deformation, and can solve the problem 
of discontinuity caused by fracture. XFEM has been widely applied to the investigation of hydraulic 
fracturing of rocks in shale gas mining. For ice, Lu et al. [15] used XFEM to simulate the splitting crack 
of floe ice and obtain results consistent with field measurements. He also compared different numerical 
methods in simulating ice wedge bending, including element deletion, cohesive element method (CEM), 
discrete element method (DEM) and extended finite element method (XFEM) [16]. Compared to the other 
three methods, XFEM is characterized by the merits that the crack’s initiation and propagation can be well 
presented and no re-mesh is needed, thus has the potential to simulate the crack propagation path more 
realistically.  

The innovation of this paper is that a numerical method is proposed to simulate the bending crack of 
level ice and to predict the ice load, and a well-performed field test is used to validate the scheme. The 
comparison between simulation and field test of ice bending has been rarely done in the previous 
investigation, and this research will make up for this deficiency. Meanwhile, the formation mechanism of 
bending crack and radial crack, and the features of their initiation and propagation processes are discussed, 
some valuable conclusions are obtained.  



   
 

   
 

When using XFEM to simulate cracks, an appropriate crack initial criterion is required to determine 
the emergence of the crack, and an ice material model is needed to describe the behavior of ice bulk 
elements. In order to simulate the ice behavior properly, the ice material model and the initial fracture 
criterion take into account the transversely isotropic characteristics of the ice in Baltic Sea. Cohesive 
surface concept with traction-separation curves is used to simulate the crack propagation. 

In the following context, Section 2 sequentially states the numerical method and the constitutive 
relation used to simulate the crack, the material model for ice bulk elements and crack initial criterion, and 
the treatment of the ice crushing in contact area in bending simulation. Section 3 introduces the field test 
‘ice impact on landing craft bow’ and the finite element model. Section 4 discusses the simulation results 
and compares them with the test results.  

 
2. Method 

This section will firstly introduce the extended finite element method (XFEM) and the constitutive 
relation of describing the crack. Then Section 2.2 and 2.3 will introduce the ice material model and initial 
crack criterion taking the transversely isotropic characteristics of S2 ice into account. The final part will 
clarify the treatment of ice crushing in contact area. 
2.1 Simulation of cracks: extended finite element method (XFEM) and cohesive surface concept  

Extended finite element method uses enrichment functions (equation 1) to introduce additional 
freedom to enable the displacement discontinuities, and uses level set method to describe the crack 
geometry. In this way, a crack can pass through the interior of the element.  

4
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where u  is the displacement vector, ( )IN x  and Iu  are usual nodal shape function and nodal displacement 
vector; Ia  and I

b  are the introduced freedom vectors; ( )H x  and ( )F x
 are discontinuous jump function 

across the crack surfaces and elastic asymptotic crack-tip function [17].  
The principles of XFEM can refer to [18], and is not introduced in detail here. However, it is necessary 

to clarify the constitutive model of the crack. 
The crack simulation includes crack initiation and propagation, and the latter phase requires criteria 

to determine whether the crack extends and in which direction it extends. Stress based Tsai-Wu criterion 
as described in Section 2.3 is used as the crack initial criterion. While once the crack emerges, cohesive 
surface concept is adopted to describe the crack propagation. Cohesive surface concept uses traction-
separation curve to describe the relation of the two crack surfaces, so it also can be named as the 
constitutive model of the cracks. Traction (T) refers to the traction force between the two crack surfaces, 
and separation distance ( ) refers to the opening distance of the pair of crack surfaces. Crack propagates 
in the direction that is perpendicular to the maximum principle stress in this paper. 

Traction segmentTraction free segment

Crack surfaces

δc

 
Figure 1. Cohesive surface concept of the crack surfaces. (reproduced from [28]) 
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Figure 2. Traction-separation curve for the crack. (reproduced from [17]) 

Cohesive surface concept provides an effective and flexible way to describe the behavior of the crack, 
and fits well with XFEM. A schematic of the concept is shown in Figure 1. The physical meaning of 
cohesive surface concept can refer to the interpretation of ‘fictitious crack model’, which has been applied 



   
 

   
 

to describe the crack of sea ice in the investigation of [24-28]. More detailed explanations and schematics 
of this theory can refer to [28]. The main thoughts and assumptions are as follow: The ice in front of the 
tip of the real crack is not intact but with micro-cracks. And in order to consider the effect of the micro-
cracks on crack propagation, it is assumed that the length of the real crack is extended for a segment, then 
it is called as ‘fictitious crack’. For the real crack, there is no traction between the fracture surfaces that 
has been separated. While for the fictitious crack, it is assumed that the traction still exists between the 
crack surfaces of the segment near the fictitious crack tip, to represent the resistance and the influence of 
the inelastic deformation ahead of the crack [24]. The traction-separation displacement curve is used to 
describe the traction force, as shown in Figure 2. The traction will become 0 when the crack surfaces opens 
to the critical distance. An important parameter of this relation is the fracture energy Gc, which can be 
represented by the area under the curve as shown in Figure 2. Fracture energy indicates how much energy 
is released for per unit crack area in crack propagation. It’s unit is N/m. Dempsey [27-28] combined the 
fictitious crack model with viscoelastic bulk model to describe the tensile fracture of first year sea ice, and 
found it is consistent with the fracture of ice.  

Cohesive surface concept is also used in other numerical techniques to simulate ice breaking and 
crushing [19-23], such as cohesive elements method. Cohesive elements can be inserted between ice bulk 
elements, and is also described with traction-separation curve. The bulk elements are separated after the 
cohesive elements fail, then the gap between the remaining bulk elements represents the crack. Therefore, 
fine meshing is required to simulate the crack path accurately. Combining with XFEM, cohesive surface 
concept can be used for the simulation of ice fracture. Unlike the cohesive element method, the crack can 
pass through the interior of the bulk element in XFEM by enrichment functions, and cohesive surface 
concept is applied for the description of the pair of crack surfaces. 

In this paper, the traction-separation law assumes initially elastic behavior followed by damage 
initiation and damage evolution, as shown in Figure 2. Damage represents the degradation of the traction 
between the two crack surfaces. Damage initiation refers to the point of the curve at which the traction 
begins to degrade. And the damage evolution law describes the rate at which the cohesive stiffness 
degrades once the damage initiation criterion is reached.  

A traction-separation curve describes the constitutive relation of the crack surfaces as follow: At the 
beginning, traction force between the crack surfaces rises according to linear elastic relationship. At this 
phase, the traction is related to separation through a cohesive stiffness matrix Κ , which can be determined 
by the material property of the ice bulk elements.  
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where nT , sT  and tT  are normal traction and the two shear tractions. n , s  and t  are normal separation 
and two shear separations. nK , sK , and tK  are the corresponding cohesive stiffnesses.  

Once reach the damage initial criterion (point A), the cohesive stiffness will degrade according to a 
specific damage evolution law, which is linear in this paper as shown in Figure 2. Then the traction can be 
presented as, 

(1 )D= −T T                                                              (3) 

where T  is the traction vector in damage phase, T  is the traction vector if there is no damage and 
calculated according to the linear elastic relation. A scalar variable D represents the damage, and its value 
will rise from 0 to 1 after the damage initiation, corresponding to the traction decreasing from the highest 
value to 0.  

After the critical separation C  is reached, the interaction between the crack surfaces disappears 
completely and traction decreases to 0. If the two surfaces between which the traction has completely 
vanished re-contact with each other, the surfaces will not re-connect, which means the traction will not 
reappear, but only friction. Before that, if the unloading occurs during the traction decrease phase, causing 
the surfaces to stop separating, the traction will return to zero along the shortest linear path (line DO). If 
the crack re-separates in the subsequent process, traction force will reload along the route (line OD) onto 
line AB. Because the cohesive stiffness in elastic phase can be calculated using the ice bulk material model, 
the damage initiation point and the traction-separation curve in damage evolution phase can be calculated 
automatically by specifying the value of the fracture energy and the damage evolution law. 
2.2 Transversely isotropic elastic constitutive model 

In order to capture the behavior of ice bending, it is necessary to adopt an appropriate ice material 
model. The ice material model used in the numerical analysis should be consistent with the basic 
mechanical properties of the sea ice. The field test simulated in this study is located in Baltic Sea, where 
the ice is S2 columnar ice with low salinity. The characteristics of S2 columnar ice is that the ice grains 



   
 

   
 

are columnar shaped along vertical direction. This microstructure makes its mechanical properties isotropic 
in horizontal plane, and anisotropic in vertical planes. There may be micro-cracks, as well as brine pockets 
and brine channels that usually form vertically in sea ice, but these factors do not change the directionality 
of the ice as a whole. It is difficult and inefficient to include all these features in the numerical simulation. 
Therefore, it is assumed in this paper that the pores and defects inside the ice are evenly distributed, and 
the influence is merged in the mechanical parameters such as elastic constants. Considering the above 
factors, a transversely isotropic ice material model is appropriate. 

Another factor to be considered is whether ice can be treated as an elastic material. At different 
loading velocities, ice constitutive relation could be different. From the perspective of macroscopic 
phenomenology, the behavior of ice is visco-elastic under low strain rates and elastic-brittle under high 
strain rates [29]. The moving speed of the landing craft bow to be simulated in this paper is between 1m/s 
and 5m/s. In these conditions, the deformation of ice is quite fast. Level ice keeps intact and produces 
continuum deformation, transmitting stresses to further part until fracture emerges, thus can be simplified 
as elastic, except for ice in contact area and along the surfaces of cracks. The deformation in the two areas 
is not elastic. The ice in contact area is crushed and will be discussed in Section 2.4, while traction-
separation relation has been introduced in Section 2.1 to describe the crack behavior. 

Combining the directionality and elastic property of S2 columnar ice, a transversely isotropic linear 
elastic model can be used to describe the constitutive relation of ice bulk elements. According to the 
symmetry of stiffness matrix and ice microstructure, there are only five independent elastic constants to 
link the stress matrix and strain matrix. 

1,2,...6.i ij jc i, j = =                                                         (4) 
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where i  and j  represent the components of  stress and strain. ijc  refers to the elastic constants, 
representing the stress in direction i induced by the strain along direction j.  

The elastic constants can also be expressed with Yong’s modulus Ei , shear modulus Gij and Poisson’s 
ratio ijν , which represents the strain in direction j induced by unit strain in direction i when loading in 
direction i. The values of these parameters used in this paper come from the experiment on Baltic Sea ice 
and are listed in Table 1. The nominal temperature is -6 C . In the rectangular coordinate system for the 
ice model, it’s defined that the direction 3 is parallel to the direction of ice crystals growing (vertical), and 
direction 1 and 2 refer to the axes in the basal plane where ice properties are isotropic (horizontal).  
     Table 1. Elastic constants of S2 columnar ice of Baltic Sea [14]. 

Elastic constants E1 E3 12ν  13ν  G13 
unit Gpa Gpa - - Gpa 

value 7.28 10.16 0.59 0.34 2.48 
     Note: Temperature is -6 C . 
2.3 Transversely isotropic Tsai-Wu failure criterion 

Tsai-Wu criterion is thought an effective macroscopic mechanical failure criterion to describe the ice 
failure, and is adopted as the criterion of crack initiation here. It can describe different failure modes of ice 
in three dimensional stress space, including tension, compression and shear failure. Compared to other 
common failure criteria that are usually for steel or some geologic materials like rocks and soils, it can 
reflect the unique characteristics of ice, including the anisotropy and the sensitivity of ice strength to 
hydrostatic pressure. There have been many ice strength experiments that the results were found to fit well 
with Tsai-Wu criterion [14, 30-31]. 

The Tsai-Wu failure criterion adopted in this paper is based on stress state. The general form of this 
criterion can be represented as follow, and when f 1   the failure criterion is met and crack initiates, 

2 2 2
11 1 2 33 3 1111 1 2 3333 3 1122 1 2 1133 1 2 3

2 2 2
1313 4 5 1212 6

( ) ( ) 2 2 ( )

4 ( ) 4

f F F G G G G

G G

          

  

= + + + + + + + +

+ + +
         (6) 

where ijF  and ijpqG  are mechanical parameters in failure criterion. 



   
 

   
 

Due to the transversely isotropy of Baltic Sea ice, the determination of the mechanical parameters of 
the failure criterion requires several basic ice strength tests, including uniaxial and tri-axial compressive 
tests that are parallel, perpendicular and inclined to the ice axis respectively, as well as tensile tests. The 
necessary ice strength tests have been suggested in [14], including various kinds of compressive tests and 
tensile or bending tests. The measured independent ice strength values can be transformed to the 
mechanical parameters ijF  and ijpqG  in the failure criterion. The suggested values in [14] are illustrated in 
Table 2. 

Many first-year sea level ice encountered by ships and marine structures is S2 columnar ice. Although 
most sea ice generally has higher salt content than Baltic Sea ice, transversely isotropic is the basic attribute 
of S2 ice. Therefore, the material model and failure criterion adopted in this study also have reference 
value for the analysis of first year sea ice in other areas. 
            Table. 2. Mechanical parameters in Tsai-Wu failure criterion [14]. 

Tsai-Wu parameters unit value 

11F  -1MPa  1.550 

33F  -1MPa  0.806 

1111G  -1MPa  0.491 

3333G  -2MPa  0.194 

1122G  -2MPa  -0.395 

1133G  -2MPa  0.062 

1313G  -2MPa  0.345 

1212G  -2MPa  0.443 
    Note: The temperature is -6 C . 

2.4 Simplification of ice crushing in contact area 
Before the occurrence of ice plate bending, the ice edge is crushed and the crushing force is rising. 

Simulating crushing and fracturing of ice simultaneously is difficult. Because ice crushing is accompanied 
by spalling and generation of ice debris, and it is challenging to simulate this phenomenon using finite 
element method. At present, there are literatures on using plastic material model and element deletion to 
obtain pressure-area relation of ice collision [32-34]. For the simulation of bending of ice plate, the ice 
crushing phenomenon can be simplified while retaining the main features of the crushing force rising 
process. 

One of the feature is that the contact between inclined ship and level ice edge is line contact, especially 
for the case simulated in this paper. The contact area is a narrow and long area, which is different from 
that of the collision between a ship and icebergs as well as many indentation tests [35-37] using spherical 
indenters, where the contact area is generally composed by high-pressure zones with similar length and 
width.  

Besides, the forward ship will push water onto the level ice, and water may also influence the crushing 
force on ice edge. During 1981 and 1982, crushing experiments and related data analysis have been done 
to investigate the ‘line contact problem’ [14]. The ice was taken from the sea around the pilot station of 
Ajos in Baltic Sea, same as the ice used in the experiments determining the material constants above. The 
ice block was fixed, and the inclined stiff striker was pressed into the ice edge. The experiments without 
water (dry experiment) and with water spraying on the contact area (wet experiment) were conducted to 
study the influence of water on contact force. The analysis established the average ‘pressure-crushing depth’ 
relation, in which the pressure is exponential with the crushing depth ( np m −= ,   is crushing depth, n 
and m are constants).  

The crushing experiment found that the influence of water on contact force could be significant. The 
pressure in contact zone when water is fully considered is higher than the dry pressure, and the final average 
pressure-crushing depth curve is more flat. After multiplying the pressure and area, the resultant force-
crushing depth relation is close to linear within the limited depth. Based on the above observation, 
considering that the ice plate simulated in this paper is thin (0.36m), and the crushing depth before bending 
is shallow, the contact force is simplified to a linear monotonically increasing force with crushing depth, 
acting along the upper edge of the ice plate in contact area.  

The longitudinal section of the contact area of the bending level ice with is shown in Figure 3. The 
force-crushing depth relation used here can be presented as, 

F B=                                                                      (7) 

where   is the crushing depth, which is the vertical distance between the original ice upper edge and the 
ship plate; B is the crushing stiffness (unit: MN/m). And in the subsequent simulation of the impact of 



   
 

   
 

landing craft bow on ice plate, the direction of the contact crushing force is perpendicular to the flat landing 
craft bow. 

Contact area

ξ h 

Bending 
fracture

Crushing

β Ship plate

Ice

 
Figure 3. Schematic diagram of the contact area (left) and longitudinal section of bending level ice 

(right). h is the ice thickness,   is the angel between ship plate and vertical direction,   is the crushing 
depth. 

3. Field test and numerical modeling 
3.1 Field test of landing craft bow impact on level ice 

A field test of the landing craft bow impact on level ice in the coast of Baltic Sea was performed by 
Technical Research Center of Finland (VTT) and Rauma-Pepola Oy, to investigate the influence of speed 
and angle of ship on level ice [14]. In the test, an artificial landing craft bow was installed at the front of 
the tug Rauma I. The angle of the artificial bow can be adjusted and controlled, and the force can be 
measured through the supporting system. The tug moved towards the level ice in the horizontal direction 
at certain speeds. Figure 4 shows the sketch of the landing craft bow impact test.  

 
Figure 4. Sketch of the landing craft bow installed at the front of Rauma I [14].  

 
Fracture size d

 
Figure 5. The distance between contact edge and bending crack recorded in the field test. 

The size of the landing craft bow was 5m long and 2.5m wide. In all the test groups, the level ice were 
shaped to the same geometry, as shown in Figure 4 and 6. The length of the ice wedge edge was 3.5m, the 
wedge depth was 0.5m and the open angle was o45 . The thickness of the natural level ice varied in a 
certain range, it was between 0.3m and 0.42m. The temperature on the top surface was around -2 C  to 
-6.6 C . A total of 29 groups of tests were conducted, of which 9 groups were with the angle 𝛽 of o30  
between the landing craft bow and level ice, and 20 groups were with o50 . The speed of the tug was 
between 0 to 3.5m/s. The test recorded the ice load at different angle and velocity, as well as the distance 
d between the contact edge and the bending crack, as shown in Figure 5.  



   
 

   
 

3.2 Extended finite element model and parameters 
The numerical simulation is conducted with ABAQUS implicit dynamic analysis. Enrichment 

properties are applied in the area where cracks may emerge.  
3.2.1 Model size and boundary conditions 

The finite element model is symmetrical. The size of the modeled ice plate is shown in Figure 6. In 
the field tests, the size of the whole level ice is infinite compared to the size of the ship and bending area, 
and the boundary of level ice can be treated as fixed in the far field. The length and width of the ice plate 
modeled here is as large as 180m? 0m , and the three boundaries (AB, BC, CD) are fixed, the rest edges 
are free. The water buoyancy is simulated as springs at the bottom of the ice plate, while hydrodynamic 
effect is not considered in this simulation. The thickness of ice plate is taken as the average value as 0.36m. 
The landing craft bow is simplified as a rigid plate with size of 5m? .5m , moving at a constant velocity 
in horizontal direction towards the ice plate. The finite element model of the ice plate is shown in Figure 
6 (right). 

3.5m

45°

0.5m

Level ice 
from top view

180m

90m

A B

CD

   
Figure 6. Geometry and size of the ice plate model (left), and finite element model of the ice plate (right). 

Enrichment properties are applied in the green area. Over-closure contact with the red area. 
3.2.2 Crack setting and material parameters 

The water density is 1025kg/m3, and the ice density is 900kg/m3. The ice material parameters have 
been given in Table 1.  

No initial crack is preset. The initiation of the crack depends on Tsai-Wu criterion as clarified in 
Section 2.3 and the parameters are given in Table 2. Fracture energy is 5N/m [38-39]. According to the 
test, the area where cracks may emerge is around the contact edge, including the corner of the wedge 
portion. Therefore, enrichments properties are defined within a circle area with center at the middle of 
contact edge and radius of 4m, except for the very thin area along the contact edge between landing craft 
bow and level ice, shown in red in Figure 6. The failure mode along this contact area is crushing, rather 
than the fracture that limits the ice load. So it is assumed the crack will not emerge within the contact area, 
and over-closure contact is set here as stated in Section 2.4. The friction coefficient is 0.1. Due to the flat 
shape of the landing craft bow, the relative tangential movement in horizontal direction between the 
artificial bow and level ice can be avoided [14]. This design is convenient for the observation and 
measurement, and conductive to numerical simulations.  
3.2.3 Mesh size sensitivity analysis 

First-order reduced-integration solid element is used for the simulation. At present, there are still some 
restrictions on the application of XFEM in ABAQUS, that the enrichment properties are only available for 
solid continuum elements. In order to capture the bending of ice plate more accurately, the ice plate should 
be divided into as many levels as possible in thickness direction. 7 layers of elements are used in this paper, 
same as Lu et al. [15]. Considering computation efficiency and accuracy comprehensively, different 
regions are meshed with different grid sizes. Fine mesh is used within a circle area with center at the middle 
of contact edge and radius of 4m. It is shown in red in Figure 6. While coarse mesh is used for the portion 
far away from the circle area, and compromised mesh size for the transition area.  

XFEM is based on finite element method, and can’t completely overcome mesh sensitivity. In order 
to determine acceptable mesh size, impact at o=30  and =3m/sv  is simulated using different mesh sizes. 



   
 

   
 

Comparison of the fracture size and contact force is shown in Table 3. The analysis shows that the fracture 
size d is stable for the mesh sizes adopted here. The force of cracking through the top surface of the ice 
plate is lower as the mesh is finer. But for the mesh size of 0.4m? .45m  and 0.2m? .2m , the simulated 
results are quite similar. It seems that as long as the mesh is not too rough to capture the stress field, the 
crack path can be simulated stably. In the following analysis, in order to analyze the competition between 
circumferential crack and radial crack, the mesh size of 0.2 0.2  is used. 
Table 3. Simulation results of the case o=3m/s, =30v   at different mesh size. 

mesh size (m) 
Contact force (MN) 

fracture distance d (m) crack initiation crack propagation 
through the top surface 

1 0.6  0.450 0.728 2.20 
0.67 0.45  0.436 0.557 2.17 
0.4 0.45  0.415 0.524 2.3 
0.2 0.2  0.412 0.519 2.2 

 
4. Analysis and discussion 
4.1 Results 

The impact at different angle 𝛽 ( o30  and o50 ) and velocity v (1.2m/s, 2m/s and 3m/s) are simulated. 
The discussion of the results focuses on several aspects: the deformation and stress field before crack 
emerges, crack initiation, crack propagation path, and the corresponding ice load. 
4.1.1 General bending process 

The simulated deformation of the ice plate can be divided into three phases: continuous deformation, 
crack initiation and crack propagation. Take the case of o=50 and =2m/sv as an example, the vertical 
displacement at 7ms when the crack initiates is distributed as shown in Figure 7. Since the impact starts, 
the continuous deformation process lasts for 7ms until the initial crack emerges at 1.8m from the ice edge 
along the midline on the top surface of the ice plate. Along the centerline, the vertical displacement is 
negative at the contact point, which means the landing craft bow pushes down the ice plate here. At around 
3m in the midline, the level ice is squeezed upward, and gets to 0 in far direction, showing the 
characteristics of buckling. After the crack initiates, it begins to propagate towards the free boundary, and 
finally an arc-shaped crack forms as displayed in Figure 11. This shape fits well with the field test shown 
in Figure 5. The simulated contact force-time history of the case of o=50 and =2m/sv  can be found in 
Figure 8. The contact force for crack initiation is also shown as the middle point in the lines. It takes 5.2ms 
from the crack initiation to crack penetration through the top surface. The total time from contact to crack 
propagation is 12.2ms at this case, indicating that the cracking process is very fast.  

  
Figure 7. The ice plate displacement U3 in vertical direction at 7ms after impact (left), and its 

distribution along the center line (right). ( o=50 , =2m/sv ) 
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Figure 8. Simulated contact force-time curve of the ice plate under different angle 𝛽 and velocity v. 0 

represents the beginning of the contact, the maximum values represent the simulated ice load when the 
crack penetrating through the top surface of the ice plate. The contact force for crack initiation is also 

shown as the dot in the middle of the curve.  
4.1.2 Ice load and fracture size at different impact angle and velocity 

Figure 8 illustrates the simulated time history of contact force rising process of impacts at different 
speed and angle. tp represents the total time from beginning of contact between ice plate and landing craft 
bow to the crack penetrating through the top surface of the ice plate. In all the simulated cases shown in 
Figure 8, the circumferential fracture is simulated successfully. And the faster the impact speed, the higher 
the ice load and the shorter the time it takes. For example, it takes 14ms for a circumferential curve to form 
and the maximum force reaches 0.42MN at the speed of 2m/s and o=30 . While at the speed of 3m/s and 
the same angle, the time length is 11.5ms and the maximum ice load is 0.52MN. The effect of speed on 
ice load is important for the operation and safety of ships in ice covered areas [40-41]. The speed effect in 
the simulation here only comes from the dynamic response of the ice plate, since the hydrodynamics is not 
considered. 

The only history curve of contact force in the field test we can obtain from the report of Varsta [14] 
is for the case of o=30  and =1.2m/sv . It takes around 34ms for the contact force to rise to the maximum 
value. While in the simulation of this case, the simulated crack doesn’t emerge at the top surface but at the 
bottom of the ice plate, which means a radial crack is prone to form rather than a circumferential crack.. 
This phenomenon will be discussed in Section 4.3. Although the maximum contact force is not determined 
for this case as the simulated radial crack keeps extending, the field test curve can be used as a reference 
for other simulated cases. Considering the discreteness of ice, the difference is within an acceptable range.  

The trend of maximum ice load rising with impact speed is consistent with the test results, as shown 
in Figure 9. In the field test, this trend is obvious for o=50 , while the measured ice load of o=30  is 
quite discrete. The angle 𝛽 between the landing craft bow and ice plate has a great influence on the ice 
load. As the angle 𝛽  is larger, the bending load is smaller. Because as the vertical force component 
increases, it takes less total force to bend the ice plate. This trend proves the fact that a more inclined 
structure is more beneficial for the ice breaking. In addition, the contact force for crack initiation also 
shows a certain law. As the angle 𝛽 decreases and velocity v increases, the force for crack initiation also 
increases, indicating similar trend with the crack propagation load. In addition, some simulated ice loads 
are lower than the field test data. According to Valanto [42-43], the maximum ice load is not reached 
instantaneously by the time ice breaks. Due to the intertia of the broken ice and surrounding water, the ice 
load continues to rise during the broken ice accelerating at higher interacting speed. Therefore, the 
simulated ice load until ice breaks could be lower than the measured load, where elastic foundation is used 
to simulate water, and the interacting speed is relatively high. And at lower interacting speed, it shows in 
Lu et al. [44] that using the elastic foundation will overestimate the ice breaking load. These clues indicate 
that further researches on hydrodynamics and broken ice movement are necessary. 
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Another evaluation criterion is the fracture size d, as shown in Figure 5. Figure 10 displays the tested 
and simulated maximum distance 𝑑 from the bending fracture to the contact edge. The simulated fracture 
size 𝑑 becomes smaller as the impact speed and angle 𝛽 increase. In field tests, for the case of angle of 

o=30  and o=50  shown in Figure 10, the measured fracture size was around 1.5m to 2.0m, and doesn’t 
show a clear trend for different impact velocity. Despite this, the simulated size of the fracture is very close 
to the test result. 

 
Figure 9. Comparison of the ice load of field test [14] and numerical simulations at different velocity v 

and different angle 𝛽. 

 
Figure 10. Bending fracture size d varying with velocity v under different angle 𝛽 in field test [14] and 

numerical simulations. 
4.2 Stress state and crack initiation of circumferential crack 

The circumferential crack initiation and propagation processes are similar in all the cases. Take the 
case of o=50 , v=2m/s as an example, to illustrate the stress state of the ice plate before crack emerges 
and the crack initiation, as well as whether Tsai-Wu criterion can reflect the characteristics of the ice plate 
bending. 

Figure 11 shows the distribution of Tsai-Wu failure function f on the top surface of the ice plate and 
its variation with time. When the value of f exceeds 1, crack will emerge at the corresponding location. 
The area prone to crack is located around the centerline, distributing along an annular band. After the 
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landing draft bow collides with the ice plate, the potential crack area continues to shift further along x axis, 
and the failure function f keeps increasing until the crack appears at some place in the midline.  

While for the surface at the bottom of the ice plate, the area where the crack may initiate is located 
near the contact edge, which will be shown in Figure 14. Once it emerges, it will extends in radial direction. 
For the case of o=50 , v=2m/s until the crack initiation at the surface of the ice plate (t=7ms), the 
maximum value of f at the bottom is only 0.4. And during the top crack propagation, f at the bottom also 
doesn’t reach 1. Therefore, the crack doesn’t emerge at the bottom for this case. This simulated result is 
consistent with the phenomenon in the test, that bending failure is the dominant failure mechanism of ice 
plate.  

In order to investigate the fracture mechanism of ice plate and further discuss whether the failure 
mechanism is well captured, it is necessary to discuss the stress state of ice before fracture. The stress in x 
direction S11 along the midline on top surface of the ice plate is shown in Figure 12. Under the combination 
of horizontal force compressing the ice plate in plane and vertical external forces bending the ice plate 
outside the plane, S11 near the contact area is compressive stress, then increases as the distance from 
contact edge increases. A tensile stress region is formed in the range of 0.3m to 4m from the edge. Then 
S11 decreases to be negative and rebounds to 0 eventually. The S11 curve can be compared with the 
analyzed results of Varsta [14] that is shown in Figure 13. In the analysis of [14], membrane elements are 
used. Although the material parameters and ice plate modeling are different, the stress distribution of both 
analyses present the same trend, and the values are quite close. 

   

   
 
Figure 11. Distribution of crack initiation function f at the top surface of the ice plate. Time t=2ms, 5ms, 

7ms, 12.2ms from contacting with the landing craft bow in the case of o=50 , v=2m/s. 
In the previous investigations [45-46], it has been found that the tensile strength of ice is much smaller 

than its compressive strength, so the ice plate is prone to bending fracture induced by tensile failure. When 
the landing craft bow collides with ice plate in a certain angle, the ice plate is subjected to a vertical 
downwards force, causing that some part of the top surface of ice plate to be stretched. Once the tensile 
limit is exceeded, bending failure induced by stretching occurs. While for the ice plate simulated in this 
paper, it is symmetrical about x-axis, then S11 of the peak in Figure 12 is almost the maximum tensile 
stress in horizontal plane on the midline of the top surface. In the numerical simulation, the initial crack 
predicted by Tsai-Wu criterion emerges at the midline of the top surface, located at 1.8m from the contact 



   
 

   
 

edge. This position is quite close to the position of the maximum S11 when the crack appears (7ms) in 
Figure 12. Thus for the simulation of ice plate bending, simulating initial crack using Tsai-Wu criterion 
corresponds well to the above maximum tensile stress mechanism of level ice. However, judging bending 
failure according to Tsai-Wu criterion is not equivalent to the maximum tensile stress criterion. Because 
Tsai-Wu criterion is based on three-dimensional stress space, taking six stress components of the element. 

 

 

 
Figure 12. Stress in x direction S11 along the midline of top surface of ice plate calculated in ABAQUS 
for the case of o=50 , v=2m/s. The time 5ms and 7ms are the time after steel plate gets contact with the 

edge of ice plate. Positive value represents tension. 

 

 
Figure 13. Stress in x direction S11 along the midline of top surface of ice plate obtained in [14] for the 
case of o=50 , v=2m/s.. 5ms and 10ms are the time after steel plate gets contact with the edge of ice 

plate. Positive value represents tension. 
4.3 Competition between circumferential crack and radial crack 
4.3.1 Competition mechanism 

In the numerical simulations, circumferential crack and radial crack both emerge in certain cases. This 
chapter will discuss their formation mechanism, on which conditions different crack will emerge, such as 
collision speed and angle, as well as the features of  their initiation and propagation. 

At the top surface, the circumferential crack always emerges in the midline, then propagates towards 
free boundaries. While in the field test, it is not recorded that whether the bending crack emerges in the 
midline first, then propagates towards the free edges, or emerges near the free edge, or emerges at multiple 
places, due to the technical limitations at that time. Once the landing craft bow collides with the ice plate, 
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bending failure occurs in a very short time. But it is claimed in [14] that the circumferential crack is the 
dominant failure mode, and breaking the ice plate into two pieces from the bottom (splitting) is not 
observed during the test with varied speed.  

In the numerical simulation, the ice plate is pressed downwards under the external load, and the 
bottom surface close to the contact edge of the ice plate is also in a tensile state. This makes it possible to 
breakage here. It is found that there is a competition between the radial crack and circumferential crack in 
the numerical simulation, which means both cracks may occur and interact with each other. For most of 
the cases simulated in this paper, the crack initiation criterion f of the area at the bottom edge is far from 1 
at the time of a crack initiates at the top. And after the circumferential crack starts to propagate, the tensile 
state of the bottom ice is relieved, so the radial crack doesn’t emerge.  

   

   

   
Figure 14. Tsai-Wu crack initiation criterion f at the top surface (left) and the bottom surface (right) of 

the case o=30 , v=2m/s. First row represents the crack initiation at 10ms, second and third rows 
represents the crack propagation at 14ms and 16ms respectively. 

While in the cases of o=30 , v=2m/s, simulated initial cracks emerge both at the top surface and at 
the bottom edge. In Figure 14, it is shown that the values of f of the bottom edge near the contact area and 
of the top surface get close to 1 almost at the same time. It can be seen that the crack at bottom is vertical 
to the contact edge, and has a tendency to expand along the radial direction. Both circumferential crack 
and radial crack are vertical to direction of the maximum tensile stress. Along with the circumferential 
crack propagates, the crack at the bottom is also propagating, both in the horizontal direction and along the 
ice thickness direction. In the second row of Figure 14, when the circumferential crack propagates through 



   
 

   
 

the top surface, the radial crack penetrates two layers of ice elements in thickness direction near the edge. 
And in the third row of Figure 14, the radial crack propagates further in horizontal direction and penetrates 
three layers of elements in thickness direction, and circumferential crack also begins to penetrate 
downwards. The case of o=30 , v=1.2m/s is also simulated in our research. In this case, the 
circumferential crack does not form, and the radial crack emerges first.  

The difference between the numerical simulation and the field test of this two cases may come from 
several factors. First, the hydrodynamic force of water is not considered in the simulation. The dynamic 
“bedding” under the level ice influences the time-dependent deformation of level ice, affecting the 
distribution of stress and strain, thus the location and timing of the initial crack, the crack propagating 
process as well as the ice load. With sufficient consideration of water, cracks may not appear at the bottom 
of level ice, and the crack development could also be influenced. Second, there is a temperature difference 
between the upper and lower surfaces of the level ice, so the mechanical properties in vertical direction is 
gradient. Then gradient material parameters and failure criterion may be necessary to verify how this 
property affects the level ice behavior. Another possibility is that in the field test, along with the 
circumferential crack forms, radial cracks at the bottom may also emerge, but their expansion is suppressed, 
so the ice does not break in this way and only some damage exists at the bottom. In the ship-ice plate 
interaction process, as shown in literatures [47-48], the two forms of fracture are usually symbiotic, but it 
is not certain whether initial crack at the bottom has occurred during bending. After the occurrence of 
bending failure, the boundary condition of the peeled off ice plate changes, then a second failure (splitting) 
occur due to the contact with the ship hull and surrounding ice, as well as the influence of water. In any 
case, for the ice plate simulated in this paper, breaking into two pieces is not the mechanism dominating 
the maximum ice load. Because the rectangular ice plate is fixed in three boundaries and pressed 
downwards by the landing craft bow, the radial crack can not keep expanding and reach the fixed 
boundaries, then becomes the final failure mechanism that determine the maximum ice load. Even if the 
radial crack appears first and keeps crack propagating, bending crack should emerge at a certain timing 
and terminate the ice load rising. Due to the difficulty of numerical simulation, it is not proved in this paper 
whether and when the circumferential crack occurs in the case of the bottom crack emerges first. 
4.3.2 Influence of impact angle 𝛽 and velocity v 

Table 4 summarizes the maximum f along the midline of the upper surface and along the midline of 
the lower surface respectively. It could be clearly seen that for o=50 , the top f is significantly higher than 
the bottom f, so a circumferential crack always emerges. And as the impact speed increases, the top f is 
much higher than bottom f. There is a similar trend for the cases of o=30 . While f for o=30  at the two 
locations are relatively close, and top f is higher when the speed is high.  

The impact speed and angle will not only affect the ice load, but also the competition of the ice 
fractures. For all the cases of o=50 , crack at the bottom never emerges. For cases of o=30 , only radial 
crack emerges at =1.2m/sv , and only circumferential crack emerges at =3m/sv , while both cracks emerge 
at =2m/sv . It can be concluded that as the velocity is higher, or the landing craft bow is titled more 
horizontally, the ice plate is more inclined to bending, otherwise a crack may initiate at the bottom.  
 Table 4. Maximum crack initiation function f along the midline of the upper surface and lower surface. 

case 
top f bottom f 

value location x (m) value location x (m) 
o=30 , =1.2m/sv  0.814 2.91 1.001 0.15 

o=30 , =2m/sv  1.029 2.31 0.989 0.15 
o=30 , =3m/sv  1.005 2.11 0.945 0.15 

o=50 , =1.2m/sv  1.005 2.11 0.744 0 
o=50 , =2m/sv  1.004 1.71 0.439 0 
o=50 , =3m/sv  1.005 1.307 0.262 0 

 
5. Conclusion 

This paper uses extended finite element method (XFEM) in ABAQUS to simulate a field test where 
an inclined landing craft bow impact on level ice in Baltic Sea. Transversely isotropic elastic material 
model is adopted for the constitutive relation of ice bulk elements, and transversely isotropic Tsai-Wu 
criterion is for the prediction of the initiation of the crack. Once the crack initiates, cohesive surface concept 
with traction-separation curve is used for the description of crack propagation. The contact force is 
simplified as a monotonously increasing force. And dynamic implicit analysis is used for the simulation.  



   
 

   
 

Numerical simulation of the impact is carried at different speeds (1.2m/s, 2m/s, 3m/s) and different 
collision angles ( o30 , o50 ). The stress state of the level ice before cracking, the location of the initial 
crack, and crack propagation path and ice load can be obtained. Main conclusions are as follow: 
1. In the impact with landing craft bow, the level ice deformation can be divided into three phases: 

continuous deformation, crack initiation, crack propagation. Before cracking, the crack potential area 
represented by Tsai-Wu criterion shifts away from the contact region, and f value is increasing, until 
initial crack emerges at the midline of the top surface of ice plate. Then the crack propagates towards 
free boundary in the direction perpendicular to the maximum principle stress, and finally an arcuate 
crack forms. The simulated bending crack is consistent with the field test. 

2. The impact velocity and inclination of the landing craft bow have a great influence on the cracking 
process in the numerical simulation. Contact force of the circumferential crack penetrating through 
the upper surface of ice plate is taken as the bending load. At the same inclination, as the collision 
velocity increases, the bending load increases, and the time from contact to bending as well as the 
distance of the initial crack from the contact edge decrease. While for the same velocity, as the angle 
β between the landing craft bow and level ice increases, the ice load decreases, indicating that the ice 
plate is more easily bent, and the fracture size is reduced. In addition, the time required for bending in 
numerical simulation is also in good agreement with the field test. 

3. In numerical simulations, the competition between the circumferential crack and the radial crack is 
found. For the case of o=30 , =2m/sv , crack appears simultaneously from the top and bottom of the 
ice plate. Top crack propagates as a circumferential crack. The bottom initial crack is located closely 
to the contact area and perpendicular to the contact edge, having a trend to propagate in the radial 
direction. The competition is related with the impact speed and inclination of the landing craft bow. 
If the speed is higher and the angle 𝛽 is larger, only circumferential crack emerges. While if the speed 
is lower and the angle 𝛽 is smaller, such as the case above, radial crack may initiate at the bottom of 
the level ice. 
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