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 14 

Two numerical methods which are constant added mass (CAM) method and fluid-15 
structure interaction (FSI) method are widely used for simulating ship-ship and ship-ice 16 
collisions. In the CAM method, the hydrodynamic effect of the surrounding water is 17 
treated as a constant added mass, whereas in the FSI method the surrounding fluid flow 18 
is explicitly modelled. As there is a lack of analysis in the difference between the CAM 19 
method and the FSI method, there is a strong need for an investigation and comparison 20 
of the two methods. In this paper, to compare the methods, we considered a collision 21 
between a freshwater ice block and a floating steel structure. The numerical simulations 22 
were performed using two methods by LS-DYNA software. The behaviour of the ice 23 
was modelled using an elliptic yield criterion and a strain-based pressure-dependent 24 
failure criterion. To ensure get accurate results, the ice model was verified using 25 
empirical data from laboratory and in-situ indentation tests and the fluid model in the 26 
LS-DYNA was verified by comparing the added mass coefficients for a spherical body 27 
and a rectangular block with the corresponding WADAM results. To validate and 28 
benchmark the numerical simulations, experimental data on ice-structure interactions in 29 
water were used, including the acceleration of the floater wall with the dynamic motion 30 
unit (DMU) on it, the relative velocity between the ice and the floater before the impact 31 
and some images extracted from video recording of the test. The results of the 32 
comparisons indicated that the FSI method yielded better results for the motion of the 33 
floater, i.e., the acceleration of the floater wall caused by the ice block’s impact and the 34 
relative velocity were in reasonably good agreement with experimental measurements. 35 
The results also indicated that the CAM method was faster but predicted a higher peak 36 
impact force and more dissipated energy in the ice block than the FSI method did. 37 

Keywords: numerical simulation; fluid-structure interaction; constant added mass; ice-38 
structure collision; freshwater ice 39 

1. Introduction 40 

Collisions with massive ice floes can directly result in the loss of human life, environmental 41 

damage and structure loss, and it is important to design engineering structures (i.e., bridges, 42 



ships and offshore structures) that have sufficient resistance to ice collisions (e.g., IACS [1] 43 

and DNV GL [2]). With the rapid development of computer technology in recent years, 44 

numerical simulations have been increasingly used in analyses of collisions between ice and 45 

ships to predict structural damage and to complement physical testing during the early stage 46 

of the design process (e.g., [3,4]). Experimental studies remain either very expensive or 47 

difficult to conduct. 48 

The hydrodynamic effect of the surrounding water plays an important role in the 49 

analysis of ship-ship collisions, ship-platform collisions and collisions between ice and 50 

movable structures [5]. For instance, hydrodynamic forces cause a struck ship or floating 51 

body to move before the actual impact, which affects its response to the collision [6]. It is 52 

necessary to take into account of hydrodynamic effect of surrounding water in dealing with 53 

the absorbed energy by collision [7]. 54 

A review of studies of ice-structure collisions that use the finite element method 55 

reveals that there are two common methods of considering the hydrodynamic effects of the 56 

surrounding water in assessments of the amount of energy absorbed in platform-ice and ship-57 

ice collisions. One is the constant added mass (CAM) method, in which the effect of the 58 

surrounding fluid is treated as a constant added mass, and the other is the fluid-structure 59 

interaction (FSI) method, in which the surrounding fluid is explicitly modelled. However, 60 

only few studies have focused on the difference between the CAM method and the FSI 61 

method with respect to the energy dissipated during a collision. As a contribution to 62 

knowledge, there is a strong need for an investigation and comparison of the two methods.  63 

The objective of the present study is to compare the CAM and FSI methods for 64 

numerically simulating a collision between an ice block and a floating structure. To the 65 

authors’ knowledge, this is the first comparative analysis of these methods for ice-structure 66 

collision problems. 67 



All the simulations described in this paper are performed by LS-DYNA. We address 68 

the FSI problem using an ALE formulation and an ALE to Lagrangian formulation coupling 69 

algorithm [8]. The modelling technique used with the FSI method is presented in detail. The 70 

focus is on validating the model’s input parameters and the key numerical results using 71 

experimental data on freshwater ice-steel structure collisions. First, the ice model parameters 72 

and LS-DYNA’s fluid model are validated. Second, the results of laboratory collision 73 

experiments in water are used to verify the FSI technique and to evaluate the two methods. 74 

Finally, the results of the two methods, including the acceleration of the floater wall with the 75 

dynamic motion unit (DMU) on it, the contact force, the energy dissipation and the central 76 

processing unit (CPU) time, are compared and discussed. 77 

The layout of the paper is as follows: Section 2 describes the advantages and 78 

drawbacks of the CAM method and the FSI method; Section 3 presents the experimental data 79 

that were used for the validation and evaluation of the numerical models; Section 4 presents 80 

the details of the two methods, including the simulations’ setup, validation and major results; 81 

Section 5 presents a comparison of the results obtained using the FSI and CAM methods; and 82 

Sections 6 and 7 present a discussion and the conclusions, respectively. 83 

 84 

 85 

2. CAM method and FSI method 86 

2.1. The CAM method 87 

In a collision scenario, the analysis procedure is decoupled into two independent parts: the 88 

external dynamics and the internal mechanics. The external dynamics addresses the energy 89 

released for dissipation and the impact impulse of the collision by analysing the rigid motions 90 

of the colliding ships and by accounting for the effect of the surrounding water. The internal 91 

mechanics is concerned with how the strain energy is dissipated in the striking and struck 92 



objects. That these are decoupled implies that there is no interaction between the ships’ 93 

motions and structural deformations. A simplified decoupled method for colliding ships was 94 

first presented by Minorsky [9]. In the force-acceleration relationship, he proposed using a 95 

constant value of 0.4 for the sway added mass coefficient of the struck ship, and since then, 96 

this value has been used in analyses of ship-ship and ship-ice collisions (see, e.g.,[10][11]).  97 

Because of its simplicity, the CAM method has attracted the most attention in marine 98 

engineering. Within the framework of the decoupled method, the majority of ship-structure 99 

(or ice) collision problems have been solved using the CAM method (see Table 1). For the 100 

external dynamic analysis, the constant added masses of two impact bodies were widely used 101 

for accounting for the effect of the surrounding water in dealing with the energy dissipation 102 

and impact force by analytical method [12][13][14]. For the internal mechanic analysis, the 103 

constant added mass of the colliding body was usually included in the numerical simulations 104 

[15][16]. In the coupled method, Wang et al. [10] and Zhang et al. [17] used the CAM 105 

assumptions for finite element analysis of ship-ship collisions. However, most of them used 106 

the other simulations or some simplified formulations to validate their results and there is a 107 

lack of experiments to validate the CAM method immediately. 108 

There are several limitations of the assumption of constant added mass. Those are: 109 

1. In reality, the added mass of the struck ship depends both on the duration of the 110 

collision and on the relationship between the collision force and the deformation.  111 

2. Using the CAM method means neglecting the effects of the presence and the 112 

motion of the other body during the approach and collision processes. 113 

3. The effects of free-surface wave generation cannot be considered in the CAM 114 

method. 115 

The first limitation indicates the “uncertainty” of the added mass. Motora et al. [7] 116 

investigated the validity of Minorsky’s assumption of constant added mass in a series of 117 



model tests and concluded that this assumption is only reasonable when the duration of the 118 

collision is very short. For collisions with longer durations, the value of the added mass 119 

increases and can reach a value that is equal to or even greater than the ship’s own mass. The 120 

second limitation represents a lack of the effect of the relative motion of the ice and the 121 

structure, and the third indicates that the time-varying wetted surfaces of the two bodies 122 

during the impact are neglected. These can have consequences for the accuracy of the fluid-123 

structure interaction depending on the time scale of the impact and the geometries and 124 

kinematics involved. 125 

2.2. The FSI method 126 

In contrast to the decoupled CAM approach, the FSI approach can provide solutions to fully 127 

coupled ship collision problems in which the surrounding water flow is explicitly modelled 128 

and actual ship motions are considered in the evaluation of the contact forces. The solution is 129 

obtained using numerical methods such as computational fluid dynamics (CFD), the arbitrary 130 

Lagrangian Eulerian (ALE) method, smoothed-particle hydrodynamics (SPH) and other 131 

simplified fluid dynamical simulation methods (see, e.g., [18][19][20][21]).  132 

Currently, the ALE method is most frequently used to analyse ship-ship and ship-ice 133 

collisions in which the FSI is explicitly considered. To solve a water-structure interaction 134 

problem, a Lagrangian formulation is adopted for the structural materials, and an ALE 135 

formulation is adopted for the water. In addition, with both Lagrangian and ALE 136 

formulations, a contact type algorithm is used to handle the coupling between the water and 137 

the structure’s materials. This method is capable of coupling external and internal mechanics. 138 

Several research articles have presented results of FSI-based simulations that use LS-DYNA’s 139 

ALE formulation (see Table 1). Therein, some of them are lack of validations for the FSI-140 

based simulations of ship-rigid structure collision [22], ship-ship collision [6] and ship-141 

iceberg collision [23]. Wang and Derradji [24] carried out wave-maker simulations using 142 



ALE method to compare the wave length with the data used for calibration. However, the ship 143 

and the ice were treated as rigid bodies in the collision model, which decrease the reality and 144 

accuracy with respect to prediction of structural damage. Gagnon and Derradji [25] conducted 145 

an ALE simulation of a ship colliding with bergy bits. It showed a good agreement with the 146 

experiment in the sway motion. Gagnon and Wang [26] performed the numerical simulations 147 

of a collision between a bergy bit and a tanker using ALE formulation to incorporate 148 

hydrodynamics. Load measurements from the lab tests compared reasonably well with 149 

estimates from the simulation. However, the validation for the case of FSI analysis of ice-150 

structure collision remains a topic of active research. 151 

There are serval limitations for the ALE method in LS-DYNA: 152 

1. It is predominantly applicable to laminar flow. Also, the ALE solver is not a full 153 

Navier-Stokes solver and thus does not account for fluid boundary layer effects such as drag. 154 

Effects of fluid viscosity derive solely via the material model [ ]. 155 

2. It computes the coupling force using a penalty method, i.e., the force is always a 156 

function of the displacement. While in reality, the added mass is in phase with acceleration or 157 

deceleration. 158 

3. This fully coupled ALE method requires considerable modelling efforts and large 159 

computation resources. 160 

Table 1. Summary of the previous studies on ship-structure collision and ice-structure 161 
collision 162 

Source Collision 
problem 
considered 

Tool Water 
representation 

Modeled 
phenomenon 

Validation 

Pedersen 
and Zhang 
[12]  

Ship-ship 
Ship-rigid 
wall 
Ship-offshore 
structure 

Analytical  CAM Energy loss  Compared 
energy loss 
with that 
calculated by 
time domain 
simulation 

Yamada 
and 

Ship-ship Analytical CAM Force and 
energy 

Compared 
force and 



Pedersen 
[13] 

energy with 
those 
obtained by 
FEA 

Yang and 
Caldwell 
[14] 

Ship-bridge 
pier 

Analytical CAM Force and 
collision 
duration 

Compared the 
crushing 
strength of 
the bow with 
Minorsky’s 
formula and 
Gerard’s 
formula 

Kim et al. 
[15] 

Ship-ice 
masses 

LS-
DYNA 

CAM Impact force, 
motion of the 
plate and 
plate 
deflection 

Compared the 
force and 
plate 
deflection 
with data 
from the test 

Kwak et 
al.[16] 

Ship-ice MSC/DY
TRAN 

CAM Strength of 
bow structure 
and 
mechanical 
properties of 
ice 

Compared 
with ice 
design load 
for IACS 
Polar Class 
Rules 

Wang et al. 
[10] 

Ship-ship MSC/DY
TRAN 

CAM Contact force 
and energy  

None  

Zhang and 
Suzuki [17]  

Ship-ship LS-
DYNA 

CAM for 
surrounding 
water and FSI 
for crude oil 
inside the tank 

Energy, 
motion and 
impact force 

Compared 
pressure and 
impulse with 
data from a 
drop 
experiment  

Derradji 
and Earle 
[22] 

Ship-
structure 

LS-
DYNA 

FSI Motion and 
stress 

None 

Lee et al. 
[6] 

Ship-ship LS-
DYNA 

FSI Damage 
configuration 

None 

Lee and 
Nguyen 
[23] 

Ship-iceberg LS-
DYNA 

FSI Motion  None  

Wang and 
Derradji 
[24] 

Ship-ice floe LS-
DYNA 

FSI Contact force  Compared the 
wave details 
with data 
used for the 
calibration 

Gagnon and 
Derradji 
[25] 

Ship-bergy 
bit 

LS-
DYNA 

FSI Sway 
displacement, 
load and 
pressure 

Compared the 
sway motion 
with the data 
in the field 



Gagnon and 
Wang [26] 

Ship-iceberg LS-
DYNA 

FSI Load and 
pressure 

Compared the 
load with lab 
data 
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3. Experimental data 165 

This section reports the experimental data that are used for validation and to test the 166 

effectiveness of the CAM and FSI methods. Data collected from ice-structure indentation and 167 

impact tests are considered. Pressure-area data from laboratory and in-situ tests on freshwater 168 

ice at constant and variable indentation speeds are used to quantify the degree to which the ice 169 

model accurately represents the failure process of ice during a collision. The results of 170 

laboratory experiments on collisions between ice and a movable steel structure are used to 171 

verify the FSI technique and to quantify the confidence in and predictive accuracy of the FSI 172 

and CAM methods. 173 

3.1 Ice indentation and impact data 174 

Indentation and impact tests provide force-time plots that are converted to pressure-175 

area data. Figure 1 presents the pressure-area data collected using freshwater laboratory-176 

grown granular ice (see [3] and [18-20]) and natural iceberg ice [21] on millimetre and metre 177 

scales. Using a lower bound estimate of these experimental data from freshwater granular ice, 178 

an empirical pressure-area relationship (𝑃𝑃 = 0.35𝐴𝐴−0.5) was determined (see Figure 1). This 179 

relationship serve as a basis for building credibility in the constitutive model of ice and for 180 

validating the input parameters for ice. In the interest of clarity, we limit ourselves to the tests 181 

in which the ice exhibited characteristics of brittle compressive failure such as radial cracks, 182 

spalling, saw-tooth loading, etc.  183 

 184 



 185 

Figure 1. A pressure-area log-log plot: 𝑝𝑝 = 0.35𝐴𝐴−0.5 is a lower bound pressure estimate for 186 

spherical rigid indenter. 187 

 188 

3.2 Ice-structure collision data 189 

This section presents experimental data that are used to verify the FSI technique and to 190 

evaluate the CAM and FSI methods. Detailed information about the experiments can be found 191 

in Kim et al. [13]. Only a short summary is presented here. The interaction between an ice 192 

block and a stationary floating structure in water was considered. The tests were conducted at 193 

the Aalto ice tank facility using laboratory-grown freshwater granular ice and a steel floating 194 

structure. The test represents impacts between an approximately 1000-kg ice block and a 195 

purpose-built steel target at speeds of 1.0 and 2.0 m/s (Figure 2). A total of 18 impact tests 196 

were conducted. Test no. 11 was selected for the analysis because it represents a central 197 

impact most accurately. In this test, the ice block’s mass was 850 kg and the impact speed 198 

was approximately 2.0 m/s.  199 
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 200 

Figure 2. Photograph of a typical impact event. The floater carries a dynamic motion unit 201 

(DMU) to record its acceleration. 202 

 203 

(a) 204 



 205 

(b) 206 

 207 

(c) 208 

Figure 3. The geometry of the impacted structure and the ice block: a- the scheme for 209 

attaching a stiffened panel to the floater; b- a stiffened panel (mild steel); and c- the 210 

freshwater ice block (the grid lines are 0.15 m apart). 211 

 212 

Figure 3 shows the geometry of the impacted structure and the ice block. The structure 213 

consisted of a stiffened panel bolted to a floater. The global dimensions of the floater at the 214 

water plane were 2 m × 4 m, its draught was 0.95 m and its total height was 1.25 m. The total 215 

weight of the floater including the 12-mm thick impact panel was 7537 kg. The overall 216 



dimensions of the panel were 1.1 m × 1.3 m. The panel was supported by six transverse flat-217 

bar stiffeners; they were 150 mm high and placed 500 mm apart, as shown in Figure 3 (b). 218 

The total plate area of 1100 mm× 1100 mm (excluding the L-profiles) was wider than the 219 

expected area of crushed ice. The ice block had overall dimensions of 1.0 m × 1.2 m and a 220 

height of 0.9 m, as shown in Figure 3 (c). 221 

The impact event was recorded using a high-speed video (HSV) camera and five video 222 

cameras at different angles. A dynamic motion unit (DMU) recorded the acceleration of the 223 

floater using a data acquisition system with a sampling frequency of 523 Hz. The floater’s 224 

acceleration, the HSV images and the velocity of the floater (and the ice block) are used for 225 

validating and evaluating the numerical results. 226 

 227 

4. Numerical analysis 228 

This section details the FSI and CAM methods, including the simulation setup, the model 229 

validation process and major results. 230 

4.1. The FSI method 231 

4.1.1 Simulation setup 232 

Figure 4 shows the numerical domain of the simulations. It consisted of water, air, the floater 233 

and a spherical ice block. The dimensions of the modelled region were 12 m × 10 m × 4 m, 234 

including 1.5 m air on the top. The dimensions of the floater are shown in Figures 3 (a) and 3 235 

(b). For simplicity, the ice block shown in Figure 3c was assumed to be a sphere with radius R 236 

= 0.61 m. The coordinate system is also shown in Figure 4, in which the direction of the ice 237 

block’s forward motion (i.e., the impact direction) was defined as Y-axis. In this paper, the 238 

motions of the ice block and the floater in the Y-direction were assumed as sway motions. 239 



 240 

Figure 4. The meshed region for the ice block and floater collision simulations. 241 

 242 

The hydrostatic pressure was simulated using the procedure described by Day [22]. 243 

The air and water were modelled using eight-node solid elements with a one point ALE multi-244 

material element formulation (by tracking the interface of the two materials within each 245 

element). The mesh size for the air and water was100 mm × 100 mm × 100 mm. The ice 246 

block and floater were discretized using Lagrangian-based finite element formulations, i.e., 247 

eight-node solid elements with reduced integration for the ice and four-node Belyscho-Tsay 248 

shell elements with 5 integration points along the thickness for the floater. The mesh size for 249 

the ice block was approximately 12 mm × 12 mm × 12 mm. To reduce the computation time, 250 

the rear half of the ice block was meshed with rigid brick elements because it was relatively 251 

far from the impact area. The floater was meshed with an element size of 30 mm.  252 

The Lagrangian mesh was allowed to overlap the ALE mesh and the two meshes 253 

interacted according to LS-DYNA’s coupling algorithm [23]. This coupling served to 254 

generate forces that resisted penetration of the ALE mesh into the Lagrangian mesh. 255 



To avoid numerical errors caused by overlapping meshes, we ensured that the water 256 

was removed from the volume that was occupied by the objects when the ice block model and 257 

the floater model were added to the LS-DYNA k-file. 258 

The ice block travelled through a distance of 1.0 m to allow a head wave to develop 259 

before the collision; this avoided having it traverse an overly large volume of water, which 260 

would have necessarily increased the simulation time substantially. The contact between the 261 

ice block and the plate was implemented using a contact-eroding surface-to-surface 262 

formulation, which was used with the segment-based contact option (soft=2). The contact 263 

force between them was contained in the ‘rcforc’ file produced by using a database-rcforc 264 

command. The self-contact of the ice component was implemented using the contact-eroding 265 

single-surface formulation with a static coefficient of friction of 0.15.  266 

The behaviour of the ice (except for the rigid part) was modelled using the elliptic 267 

yield criterion and the strain-based pressure-dependent failure criterion for freshwater 268 

granular ice implemented by Liu et al. [24]. The model is dependent on the hydrostatic 269 

pressure, and thereby the triaxial loading state of the ice. A Tsai-Wu yield surface was fitted 270 

to experimental data sets. The yield surface is a function of both the second invariant of the 271 

deviatoric stress tensor 𝐽𝐽2 and the hydrostatic pressure p as 272 

𝑓𝑓(𝑝𝑝, 𝐽𝐽2) = 𝐽𝐽2 − (𝑎𝑎0 + 𝑎𝑎1𝑝𝑝 + 𝑎𝑎2𝑝𝑝2) = 0 (1) 

 273 

with coefficients 𝑎𝑎0, 𝑎𝑎1 and 𝑎𝑎2. When an element reaches plasticity in compression, it 274 

follows the yield surface until failure. Due to low tension capacity of ice, an element is 275 

removed by erosion if the tensile stress surpass 2 MPa. For compressive stress-states, failure 276 

by element erosion was activated if the equivalent plastic strain 𝜀𝜀𝑒𝑒𝑒𝑒 (compressive) reaches the 277 

failure curve 𝜀𝜀𝑓𝑓, defined by 278 



𝜀𝜀𝑓𝑓 = 𝜀𝜀0 + (
𝑝𝑝
𝑝𝑝2
− 0.5)2 (2) 

 279 

In which 𝜀𝜀0 is the initial failure strain and 𝑝𝑝2 is the larger root of the yield function 280 

(Eq.1). The Tsai-Wu criterion is plotted in Figure 5. This failure criterion is based on trial and 281 

error and is purely empirical. For details, please refer to work by Liu et al. [24]. 282 

 283 

(a) Yield surface 284 

 285 

(b) Erosion criteria 286 

Figure 5. Tsai-Wu yield surface and erosion limit with the parameters used herein (see 287 

Table 2). 288 
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For the steel, the model implemented and verified by Alsos et al. [25] was used; it 290 

incorporated a plateau strain, power law hardening and RTCL damage criterion. The 291 

equivalent stress-strain relationship is: 292 

𝜎𝜎𝑒𝑒𝑒𝑒 = �
𝜎𝜎𝑦𝑦                                  if 𝜀𝜀𝑒𝑒𝑒𝑒  ≤ 𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝐾𝐾(𝜀𝜀𝑒𝑒𝑒𝑒 + 𝜀𝜀0)𝑛𝑛                    otherwise 

(3) 

 293 

where 𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the equivalent plastic strain at the plateau exit and 𝜎𝜎𝑦𝑦 denotes the initial 294 

yield stress, K is strength index, n is the strain hardening index. The strain 𝜀𝜀0 at the 295 

intersection of the plateau and power law expression, (𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝, 𝜎𝜎𝑦𝑦) is given by the following 296 

expression: 297 

𝜀𝜀0 = (
𝜎𝜎𝑦𝑦
𝐾𝐾

)
1
𝑛𝑛 − 𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

(4) 

 298 

The RTCL damage criterion was employed. Detailed information can be found in the 299 

paper by Also et al.[ ].The material parameters used for the ice block and the floater are listed 300 

in Table 2. 301 

Table 2. Material parameters used in the FSI-based numerical simulations. 302 

Ice parameter used in Liu’s model Value Mild steel parameter Value 

Ice density (kg/𝑚𝑚3) 900 Steel density (kg/𝑚𝑚3) 7890 

Young’s modulus (GPa) 9.5 Young’s modulus (GPa) 210 

Poisson’s ratio (-) 0.3 Poisson’s ratio (-) 0.3 

Inelastic 𝑎𝑎0 (MPa2) 2.588 Yield stress (MPa) 235 

Inelastic 𝑎𝑎1 (MPa) 8.63 Strength index K (MPa) 700 

Inelastic 𝑎𝑎2 (-) -0.163 Strain index n (-) 0.24 

Initial failure strain (-) 0.008 Initial failure strain (-) 0.005 



Ice-steel friction (-) 0.15 Mesh exponent (-) 0.71 

 303 

4.1.2 Verification of the material model of ice 304 

Because small changes in the ice input data may cause significant changes in the outcome in 305 

terms of structural deformations and energy dissipation [24], it is essential to verify that the 306 

material model of ice is capable of predicting a reasonable pressure-area relationship that is in 307 

agreement with the experimental data for freshwater ice (in Section 3.1).  308 

A numerical simulation of a collision between the freshwater ice block and a rigid 309 

plate was performed. The ice’s geometry and material parameters were the same as those used 310 

in the FSI-based simulation described in Section 4.1.1. The mesh size for the rigid plate was 311 

approximately 30 mm × 30 mm. For the ice block, to check the solution’s convergence, four 312 

meshes with characteristic element lengths of 20 mm, 15 mm, 12 mm and 10 mm were 313 

considered. 314 

The results of the simulation are presented in terms of the average pressure versus the 315 

nominal contact area in Figure 6. The ice pressure was calculated by dividing the contact 316 

force by the nominal contact area, which is a function of the penetration distance. For 317 

comparison purposes, the empirical pressure-area relationship (𝑃𝑃 = 0.35𝐴𝐴−0.5) which was 318 

determined by the model’s predictions with the experimental data for laboratory-grown 319 

freshwater ice within the brittle regime (i.e., see Section 3.1) is also plotted. Two points are 320 

noteworthy: first−figure 6 shows that convergence is reached when the element size is 321 

smaller than 15 mm: the results from the element size of 12 mm and 10 mm are very close. A 322 

trade-off between computation time and accuracy supports a mesh size of 12 mm. 323 

Second−there is a good agreement between the simulation results and the empirical ice 324 

pressure-area relationship when the element size of the ice block is smaller than 15 mm. The 325 

results of numerical simulations indicate that the material model of ice (including the input 326 



parameters) with the element size of 12 mm is able to predict accurate results with respect to 327 

the pressure-area relationship.  328 

For natural iceberg ice or other types of ice, one can improve the predictive accuracy 329 

of the ice model by additional tuning of the model parameters listed in Table 2.  330 

 331 

Figure 6. The average contact pressure versus the nominal contact area. 332 

4.1.3 Verification of LS-DYNA’s fluid model 333 

Performing an ALE analysis with LS-DYNA is not straightforward, and it is important to 334 

verify that the fluid model provides accurate results. One way to verify the model is to 335 

calculate the equivalent added mass coefficients of the floater (a rectangular box) and the ice 336 

block (a sphere) and then, to compare them with the values obtained using the potential flow 337 

solver WADAM.  338 
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The frequency-dependent added mass of each object was found using the following 339 

procedure: the geometry of each object was the same as it was in the test, and the material 340 

was assumed to be rigid. The densities were adjusted to obtain the draft used in the test. The 341 

objects swayed freely and were restrained in all other DOFs. Each object was made to 342 

oscillate by applying a harmonic sway force history (in the y-direction) (see Figure 7). Using 343 

the time histories for the acceleration and displacement of the floater and the ice block, the 344 

added mass was calculated for a range of frequencies between 12 and 50 rad/s, which were 345 

considered representative of the impact situation.  346 

The harmonic excitation force was applied for five periods for each frequency. The 347 

frequency-dependent added mass was found using Eq. 1, which applies when the 348 

displacement reaches a maximum, the velocity of the object is zero, and the only contribution 349 

to the dynamic equilibrium is the inertial force. 350 

�𝑀𝑀 + 𝐴𝐴yy�𝑦̈𝑦 = 𝐹𝐹y(𝑡𝑡) (5) 
 351 

Here, M is the mass of the object, 𝐴𝐴yy is the added mass in the sway direction induced by the 352 

acceleration in the y-direction and 𝐹𝐹y(𝑡𝑡) is the excitation force in the y-direction. 𝑦̈𝑦 is the 353 

acceleration of the object in the sway direction. 354 

 355 

 356 

 357 

Figure 7. Side view: The floater (left) and ice (right) were made to oscillated for the 358 

estimation of the added mass coefficients. 359 

y 

𝐹𝐹y = 𝐹𝐹f𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔) 

 

𝐹𝐹y = 𝐹𝐹i𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝜔𝜔) 

 



Figure 8 shows results of the simulations in which the external force was 360 

approximately 10 times the floater’s weight at a frequency of 21 rad/s.  361 

To assess the effect of the magnitude of the force, four different amplitudes for both 362 

the floater and the ice block were used in the simulations performed at a frequency of 21 363 

rad/s. The results are shown in Figure 9 and Figure 10. It is observed that the sway added 364 

masses of the floater and the ice are virtually independent of the magnitude of the force in this 365 

analysis.  366 

 367 

Figure 8. The time history of the floater’s sway motion. 368 
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 369 

Figure 9. The influence of the magnitude of the force on the sway added mass coefficient for 370 

the floater (the added mass coefficient is the ratio of the added mass to the mass of the body). 371 

 372 

 373 

Figure 10. The influence of the magnitude of the force on the sway added mass coefficient for 374 

the ice 375 

 376 

Figure 11 and Figure 12 present the results of the LS-DYNA simulations with the 377 

added mass coefficients calculated by WADAM for frequencies between 12 and 50 rad/s.  378 
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 379 

Figure 11. A comparison of the added mass coefficients from LS-DYNA and WADAM for 380 

the floater (ω is the frequency). 381 

 382 

Figure 12. A comparison of the added mass coefficients from LS-DYNA and WADAM for 383 

the spherical ice block (ω is the frequency). 384 

 385 



The comparisons of the results show that the added masses of both the floater and the 386 

ice block calculated using LS-DYNA are very close to the values obtained using WADAM 387 

for high frequencies (ω≥10 rad/s). For the floater, the added mass coefficient for infinite high 388 

frequency was approximately 0.35 in the LS-DYNA simulation, compared to 0.33 in the 389 

WADAM simulation. For the ice block, the added mass coefficient for infinite high frequency 390 

was approximately 0.38 in the LS-DYNA simulation, compared to 0.35 in the WADAM 391 

simulation. These differences are most likely due to the nature of the fluid-structure coupling 392 

in DYNA which computes the coupling force using a penalty method, i.e., the force is always 393 

a function of the displacement. While in reality, the added mass is in phase with acceleration 394 

or deceleration. WADAM uses widely accepted linear frequency domain methods for marine 395 

hydrodynamics. The frequency dependent added mass is calculated based on potential theory. 396 

Results using WADAM are more trustworthy [ ].  397 

Overall, it is concluded that a collision analysis performed using the FSI technique in 398 

LS-DYNA may give realistic results as far as the added mass is concerned. The values 399 

calculated by WADAM were used for CAM method. 400 

 401 

4.1.4 Verification of the FSI technique for analysing ice-structure collisions 402 

This section presents a mesh conversion of study and comparisons between the results of the 403 

FSI-based simulations and the results of the laboratory experiments, including pictures of the 404 

collision and the relative velocity between the floater and the ice block before the impact. It is 405 

noted that the input parameters of the material model of ice and the FSI method were 406 

measured in physical and numerical experiments (see Sections 3.1.2 and 3.1.3) and are 407 

independent of the tests used to validate the accuracy of the FSI method.  408 

The mesh conversion study was carried out by comparing the time histories of the 409 

contact forces. Figure 13 shows that the peak of the contact force decreases with reducing the 410 



mesh size. It is found that the contact force is sensitive to the mesh size both in terms of 411 

oscillation amplitude and period. There is little difference in contact force between case II and 412 

case III. Therefore, 12 mm for the ice block and 30 mm for the floater are then considered as 413 

an appropriate element size for subsequent simulations. 414 

 415 

Figure 13. Contact force for different mesh sizes 416 

Figure 14 and Figure 15 show images extracted from video recordings of the test and 417 

from the FSI-based simulations. It is observed that the ice block generated a progressive 418 

disturbance (a bow wave) that caused water to pile up in front of the panel before the actual 419 

impact in the HSV of the test. The floater exhibited a lateral response to the bow wave in the 420 

test. A very slow drift of the floater in the direction of the impact occurred before the actual 421 

impact. This drift was caused by the water pile-up. Similar results were observed in the 422 

simulations. 423 

The agreement between the tests and the FSI-based simulations of these phenomena is 424 

reasonably good. The velocities of the ice block and the floater before the impact were 1.9 425 

m/s and 0.17 m/s in the FSI-based simulation, respectively, and 1.8 m/s and 0.1 m/s, 426 

respectively, in the test. These differences are not surprising because the velocity in the tests 427 
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is the average velocity, which was estimated using a few images extracted from the high-428 

speed video recordings after the impact. From the perspective of the velocity of the ice block 429 

relative to the floater, the FSI-based simulation agrees well with the test (the relative 430 

velocities before the impacts were 1.73 m/s and 1.70 m/s in the FSI-based simulation and the 431 

test, respectively.) 432 

 433 

 434 

Figure 14. A sequence of images extracted from the video recording of the test (above) and 435 

the numerical simulation (below) from the above. 436 

437 

438 
Figure 15. A sequence of images extracted from the HSV of the test (above) and the 439 

numerical simulation (below) from the side. 440 



4.2 The CAM method 441 

4.2.1 Simulation setup 442 

Numerical simulations of the ice block’s impact with the floater were performed without the 443 

fluid model. The floater was assumed to be stationary before the impact, and the initial 444 

velocity of the ice block was 2 m/s; these were the same as the initial states in the test. The 445 

hydrodynamic effects of the surrounding water were taken into account as constant added 446 

masses throughout the collision. Therefore, predicting the velocities of the ice block and the 447 

floater before the impact using the CAM method was impossible. 448 

As the duration of the impact in the test was very short, i.e., approximately 22 449 

milliseconds, the added mass coefficients for infinite high frequency can be used [ ]. The 450 

value of 0.35 for the ice block and of 0.33 for the floater which were obtained by WADAM 451 

(see Figure 11 and 12) were used in the CAM-based simulations.  452 

The numerical model is shown in Figure 16. The material parameters of the floater 453 

and the ice block were the same as they were in Section 4.1 except for the density. To 454 

maintain the correct energy dissipation, the density of the panel and the front half of the ice 455 

were the same as they were in the FSI-based simulations; only the densities of the remaining 456 

parts were changed to take the added mass contributions into account. To avoid changing the 457 

effect of the element size on the collision response, the size of the elements of both the floater 458 

and the ice block were the same as they were in the FSI-based simulation. The total number of 459 

elements was much lower in the CAM-based simulation than in the FSI-based simulation due 460 

to the absence of water and air. The ice block was meshed with 8-node solid elements with 461 

reduced integration and stiffness-based hourglass control, and the floater was meshed with 4-462 

node shell elements. No gravity was applied to the elements in this simulation. The contact 463 

between the ice block and the panel and the self-contact of the ice component were 464 

implemented the same manner as they were in the FSI-based simulation. 465 



Because the velocities of the ice block and the floater before the impact were changed 466 

as a result of the bow wave effect, the case with the “true” velocities at the instant of impact 467 

was also investigated. In this case, the velocities of the ice block and the floater were assumed 468 

to be 1.8 m/s and 0.1 m/s, respectively, as estimated using the HSV of the test. 469 

 470 
 471 

 472 

Figure 16. The finite element model of the floater and the ice block. 473 

 474 

4.2.2 Results 475 

Figure 17 shows the time histories of the contact forces from the results of CAM-based 476 

simulations. The comparison of the results shows that the case with the “initial” velocity 477 

predicts a higher peak force than the case with the “true” velocities. In the case with the 478 

“initial” velocities, the peak force was 115 kN and the total energy dissipation in the ice block 479 

was 1.85 kJ; the corresponding values were 89 kN and 1.34 kJ, respectively, in the case with 480 

the “true” velocities. These differences are due to the larger relative velocity between the ice 481 

block and the floater in the case with the “initial” velocities. It indicates that the relative 482 

velocity before the impact has significant effect on the collision response with respect to the 483 

contact force and energy loss.  484 

y 

z 



 485 

Figure 17. The contact force between the panel and the ice block during the collision versus 486 

time. 487 

5. Comparison of the results of the two methods 488 

Comparisons of the results of the FSI method and the results of the CAM method are 489 

presented below. They include the acceleration of the floater wall with the DMU on it, the 490 

contact force and the total energy dissipation in the ice block and the CPU time. To evaluate 491 

the results from two methods, the time history of the acceleration of the floater wall measured 492 

by the DMU during the test was used. It is noted that the results of the CAM-based simulation 493 

with the “true” velocity (i.e., 1.8 m/s for the ice block and 0.1 m/s for the floater) were used 494 

for comparison. All the simulations were run on an 8 CPU workstation with Intel 3.4 GHz 495 

processors and 32.0 GB of RAM. The software used was LS-DYNA version Ls971 R5.1.1 496 

revision 65543 with single precision.  497 

5.1 Acceleration of the floater wall with the DMU on it 498 

Figure 18 shows the comparison of the acceleration time histories of the floater wall with the 499 

DMU on it from the test and the CAM- and FSI-based simulations. It is noted that the 500 
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accelerations in the numerical simulations were calculated from the same location as in the 501 

test by the DMU (for the location of the DMU see Figure 2). 502 

These histories represent the vibration response of the local plate and indicate that the 503 

panel vibrated significantly in the test and the numerical simulations due to the ice block’s 504 

impact. Both high- and low-frequency components are presented in the registered and 505 

simulated responses. As shown in Figure 18, the FSI-based simulation’s acceleration time 506 

history is almost the same as that of the test in the first 22 milliseconds, i.e., during the initial 507 

response to the impact. However, there are slight phase and a little peak differences in the 508 

dynamic response of the steel floater after the 22 milliseconds, i.e., during the second 509 

vibration phase. These differences may be caused by the limitations of the ALE solver, in 510 

which it does not account for the fluid boundary layer effect and the coupling force is a 511 

function of the displacement (i.e., see Chapter 2.2). Overall, the FSI-based simulation agrees 512 

well with the test. In the initial 22 milliseconds, the maximum acceleration in the CAM-based 513 

simulation was 20.8 m/s2, compared to 21 m/s2 in the test. This agreement indicates that the 514 

CAM method may predict the initial collision response with reasonable accuracy. However, 515 

after the 22 milliseconds (see Figure 18), it is clear that the peaks in the results of the CAM-516 

based simulation are significant higher than those in the results of the test. Moreover, in the 517 

CAM-based simulation the oscillation period is much smaller than in water, especially during 518 

the initial part of the shown evolution. These differences are due to the neglect of the dynamic 519 

interactions between the water, the ice block and the floater in the CAM method. 520 



 521 

Figure 18. Acceleration of the floater wall with the DMU on it from two simulations and test. 522 

 523 

In short, the FSI method with verified ice and water models can provide more realistic 524 

and reliable predictions of the collision response of the floater wall with the DMU on it as far 525 

as sway accelerations are concerned than the CAM method. However, it has a lower 526 

computational efficiency than the CAM method because more elements are added to the 527 

model. The details of this will be discussed later. The increased accuracy is due to the better 528 

approximation of the hydrodynamic effects during the collision, and the decreased 529 

computational efficiency is due to the demands of numerically solving for the fluid’s motion. 530 

 531 

5.2 Contact force 532 

Figure 19 shows the contact force versus time from the FSI- and CAM-based simulations. 533 

The comparison shows that the FSI-based simulation had a lower peak force and a shorter 534 

impact duration. The peak force was 74.7 kN in the FSI-based simulation and 89.0 kN in the 535 

CAM-based simulation. The duration of the impact in the FSI-based simulation was 536 
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approximately 28 milliseconds, compared to approximately 38 milliseconds in the CAM-537 

based simulation.  538 

 539 

Figure 19. The contact force between the panel and the ice block during the collision versus 540 

time.  541 

5.3 Energy dissipated in the ice  542 

Figure 20 shows the time histories of the energy dissipated in the ice block from the FSI- and 543 

CAM-based simulations. Figure 21 shows the deformation of the ice block after the impact in 544 

the two simulations. It is observed that the ice block was more significantly crushed in the 545 

CAM-based simulation than it was in the FSI-based simulation. The CAM-based simulation 546 

predicted a greater amount of energy dissipated in the ice block than the FSI-based simulation 547 

did. In the CAM-based simulation, the amount of energy dissipated in the ice was 1.34 kJ, 548 

compared to 0.91 kJ in the FSI-based simulation. The possible reasons for the difference are 549 

the following: 550 

• In the FSI-based simulation, the water was forced out of the general space between the 551 

ice and floater both before and during the ice-floater contact. Before contact the floater 552 

was pushed by the water (i.e. the bow wave of the ice) as the ice movement effectively 553 

reducing the relative impact velocity. The displaced water and the forced movement of 554 

the floater by the water both dissipated portions of the energy, whereas there was no 555 
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energy dissipation in the CAM-based simulation before contact took place. These 556 

energy-dissipation effects continued to happen in the FSI-based simulation, even after 557 

ice-floater contact initiates, right up until the ice penetration reached its maximum 558 

value. 559 

• Due to the hydrodynamic interaction between the bodies, the sway added mass may 560 

differ from that calculated for the bodies separately for infinite high frequency. The 561 

values of the constant added mass that were assumed in the CAM-based simulations 562 

may overestimate the hydrodynamic effect and therefore, caused the amount of energy 563 

dissipated in the ice block to be overestimated. 564 

 565 

Figure 20. The amount of energy dissipated in the ice block versus time. 566 

 567 

                                   (a)                                                                          (b) 568 

Figure 21. The deformation of the ice block after the impact: (a) CAM-based simulation; (b) 569 

FSI-based simulation. 570 
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In summary, by comparing the results of the FSI- and CAM-based simulations 571 

(described in Sections 3 and 4), it is concluded that the surrounding water has a noteworthy 572 

effect on the motions of the ice block and the floater when they are close and therefore, 573 

affects the collision response of the floater, the contact force history and the energy 574 

dissipation.  575 

5.4 CPU time 576 

The number of elements and the timing information from the two methods are presented in 577 

Table 3. The total number of elements was 40% greater in the FSI-based simulation than it 578 

was in the CAM-based simulation. The calculation time and the total CPU time were one 579 

order of magnitude larger in the FSI-based simulation. This shows that the CAM method sped 580 

up the calculation significantly. 581 

It is noted that workstations with larger numbers of CPUs are currently available. In 582 

addition, massively parallel processing (MPP) is a type of computing available for LS-DYNA 583 

that uses many separate CPUs running in parallel. Each CPU has its own memory and 584 

executes a single analysis. Consequently, simulations such as the present two can be run in 585 

much shorter time periods. Therefore, the CPU times given in the table should only be 586 

considered comparative values; they are not absolute. 587 

Table 3. Comparison of the CPU time* 588 

Method Number of elements Simulation time (s) CPU time (h) 

FSI 1904200 0.63 248 

CAM 1424200 0.07 20 

*The CPU times listed in the table should only be considered comparative values; they are not 589 

absolute. The reason is that the simulations can run in much shorter time if a workstation with 590 

more CPUs and/or massively parallel processing (MPP) solvers are used. 591 

 592 



6. Discussion 593 

The objective was to compare the CAM and FSI methods. To do so, we used the FSI and 594 

CAM methods to analyse the ice-structure interaction problem of a collision between a 595 

freshwater ice block and a movable structure. Our results confirm that the FSI method can 596 

provide more realistic and accurate predictions of the responses of the ice and the structure 597 

than the CAM method can, as long as ice’s behaviour and the fluid model are adequately 598 

verified. There was good agreement between the results of the FSI-based simulation and the 599 

experimental data with regard to the sway acceleration of the floater wall with the DMU on it. 600 

The CAM method was able to predict the initial response of the floater (i.e., the maximum 601 

sway acceleration) quite well during the first 22 milliseconds, but overestimated the peak 602 

contact force, the impact duration and the amount of energy dissipated in the ice block. These 603 

results and their applicability are discussed in the following paragraphs. 604 

The validation of LS-DYNA’s fluid model in this study (see Section 3.1.3) is similar 605 

to the transient approach used by Zong [28]. The sway added mass determined using a force 606 

vibration analysis was found to be virtually independent of the magnitude of the applied 607 

force, which confirmed the results obtained by Zong [28]. 608 

The relative velocity between the ice and the floater before the impact was influenced 609 

noticeably by the hydrodynamic interaction between the ice and the floater (the “bow wave”). 610 

It was 1.73 m/s in the FSI-based simulation and 1.70 m/s in the experiment. The results 611 

demonstrated that the FSI method is capable of simulating this bow wave effect accurately. 612 

In contrast to the FSI method, the CAM approach cannot predict changes in the 613 

velocities of the ice block and the floater prior to impact. When their hydrodynamic 614 

interaction were not taken into account, the CAM-based simulation overestimated the peak 615 

contact force and the amount of energy dissipated in the ice block. This is because the relative 616 

velocity between the ice block and the floater immediately before the impact was greater than 617 

it was in the test.  618 



The acceleration histories of the floater wall with the DMU on it in the FSI-based 619 

simulation and the test (shown in Figure 14) agreed quite well in terms of magnitude and 620 

frequency. This agreement between the experimental and numerical results indicates that the 621 

FSI method can accurately predict the response of the floater. This finding is similar to the 622 

FSI-based model’s prediction of the acceleration response of a lifeboat in free-fall described 623 

by Bae and Zakki [29]. When the measured velocities were used in CAM-based simulations, 624 

the maximum accelerations of the floater wall compared reasonably well with the 625 

experimental data. However, after the first 22 milliseconds (see Figure 16), the accuracy of its 626 

prediction of the collision response during the free vibration phase was lower.  627 

The comparison between the FSI- and CAM-based simulations in Section 5 also 628 

shows that the CAM method estimated a higher peak force during the impact, a longer impact 629 

duration and a larger amount of energy dissipated in the ice block. These differences may be 630 

caused by the effect of the hydrodynamic interaction between the two bodies on the sway 631 

added mass of the ice block. When two bodies are close to each other, the sway added mass of 632 

each body can be divided into two parts due to the hydrodynamic interaction. One part is 633 

induced by the sway mode of the body itself, and the other is induced by the sway mode of 634 

the other body. Besides, the bow wave between the ice block and the floater was observed in 635 

both FSI-based simulation and test. As the size and mass of the ice block was smaller than the 636 

floater, this wave should have more influence on the sway acceleration of the ice block and 637 

thus affect the sway added mass of the ice block. If a smaller added mass coefficient for the 638 

ice block was used in the CAM method, we can expect that the peak accelerations of the 639 

floater wall with the DMU on it after the 22 milliseconds will reduce (i.e., closer to the values 640 

in the test) and peak force and energy dissipated in the ice block will be closer to the values 641 

estimated in the FSI-based simulation. It indicates that the added mass coefficient for the ice 642 

block related to the forward motion may be small in this case. Therefore, for the case that the 643 



hydrodynamic interaction has significant effect on the motions of the impact bodies before the 644 

impact, the added mass coefficient values should be careful evaluated for the CAM-based 645 

simulation. For the ship-ship collision, in the most case the bow wave induced by the forward 646 

motion of the colliding ship is small due to the effective shape of ship bow and thus has little 647 

effect on the motions of two ships when they are close. The added mass coefficient related to 648 

the forward motion of the ship has been found to be 0.02 to 0.07[ ]. The sway added mass 649 

coefficient for the collided ship has been taken as 0.4 [ ]. Thus, if the duration of the impact is 650 

very short, the CAM-based simulation using these added mass coefficients may provide 651 

similar results compared with the FSI-based simulation for ship-ship collision. 652 

Both the FSI- and CAM-based simulations predicted that the structure was sufficiently 653 

strong to crush the ice block with no permanent deformation of the impacted plate. This was 654 

confirmed by the experimental test. 655 

The computational efficiency of the CAM method was one order of magnitude better 656 

than that of the FSI method. This was partly due to the number of finite elements, which was 657 

40% larger in the FSI-based simulation, in which the water and air were also modelled. 658 

However, the computation time increased significantly by more than the sheer number of 659 

elements. This was because several factors contributed to the increase in CPU time. These 660 

were: (1) the time-consuming solution in the fluid domain; (2) the FSI method must simulate 661 

the ice moving towards the floater to generate the hydrodynamic interaction during the 662 

approach phase; (3) the ALE formulation used to solve the FSI problem was relatively 663 

expensive in comparison with the Lagrangian approach because of the additional advection, 664 

interface reconstruction, and coupling computation [23]. 665 

Regarding the numerical discretization, both the FSI- and CAM-based simulations 666 

required fine meshes for the regions of the ice and the panel where the two objects came into 667 

contact during the collision. The simulation results (the peak force) were sensitive to the size 668 



of the elements on the ice block and the floater (see Figure and Figure ). This finding is 669 

similar to that for collisions between ice and stiffened panels (see Kim et al. [3] for details). In 670 

addition, there are practical limitations on how small the elements in a CAM- or FSI-based 671 

simulation can be because the simulation’s time step is determined by the size of the smallest 672 

element in the mesh. Furthermore, if all the elements are small, then a large number of them is 673 

involved in the computations, which leads to an extremely large amount of CPU time. 674 

Consequently, to obtain accurate results, the size of the elements on the ice block and the 675 

floater should be carefully evaluated prior to performing FSI- or CAM-based simulations. 676 

Studying the sensitivity of the element size and other important parameters such as the fluid 677 

viscosity and the equation of state used in the water model have been carried out [ ]. 678 

In this study, we have performed FSI-based simulations of a collision between an 850 679 

kg laboratory-grown freshwater ice block and a 7537 kg steel structure. In a full-scale 680 

scenario (e.g., a collision between a stationary vessel and a bergy bit), the ice block and the 681 

impacted structure may be larger and have different shapes. In addition, the numerical 682 

discretization will differ from the one used in this study. ALE-based simulations of full-scale 683 

ship-ice collisions with realistic ice shapes and verified constitutive ice models are rarely 684 

performed, and currently, there is not enough experimental and/or numerical data to further 685 

discuss how the hydrodynamic interaction influences the collision response in the full-scale 686 

scenario. In the future, we will use the FSI method to analyse full-scale ship-ice collisions. 687 

 688 

7. Summary and conclusions 689 

Numerical simulations of an impact between an ice block and a deformable steel floater have 690 

been performed using two methods: the FSI method and the CAM method. To ensure reliable 691 

results, validation of the ice and fluid models in LS-DYNA were performed. The results of 692 

the FSI- and CAM-based simulations were compared with experimental results, notably with 693 

respect to the acceleration of the floater wall with the DMU on it, the contact force, and the 694 



amount of energy dissipated in the ice block and the CPU time. The major findings are 695 

summarized as follows: 696 

• The FSI method can provide more realistic and reliable predictions of the floater 697 

wall’s acceleration history than the CAM method can for the problem of a collision 698 

between an ice block and a floating steel structure. The accelerations calculated using 699 

the FSI method agree reasonably well with the acceleration time history measured in 700 

the ice-structure collision experiments. Besides, there is a good agreement between the 701 

FSI-based simulation and the test with respect to the phenomena (i.e., bow wave) and 702 

the relative velocity between the ice block and the floater before the impact.  703 

• The maximum acceleration in the CAM-based simulation compares reasonably well 704 

with that of the test during the initial response to the impact. The accuracy of its 705 

prediction of the collision response during the second vibration phase (i.e., after the 22 706 

milliseconds) is somewhat worse. In addition, the CAM-based simulation cannot 707 

predict the “true” velocities of the ice block and the floater immediately before the 708 

impact because it neglects the hydrodynamic interaction during the approach phase. 709 

Using the “undisturbed” initial velocities causes it to overestimate the contact force 710 

and the amount of energy dissipated in the ice block. 711 

• Compared with the results of the FSI-based simulation, the CAM-based simulation 712 

estimates a higher peak force, a longer impact duration and a greater amount of energy 713 

dissipated in the ice block.  714 

• The CAM method is simple to use and much more computationally efficient than the 715 

FSI method is. This is mainly due to its omission of the fluid model. 716 
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