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a b s t r a c t

This paper focuses on the numerical simulation of ice abrasion induced by unbreakable ice floe. Under
the assumption that unbreakable floes behave as rigid body, the Discrete Element Method (DEM) was
applied to simulate the interaction between a fixed structure and ice floes. DEM is a numerical technique
which is eligible for computing the motion and effect of a large number of particles. In DEM simulation,
individual ice floe was treated as single rigid element which interacts with each other following the given
interaction rules. Interactions between the ice floes and structure were defined by soft contact and
viscous Coulomb friction laws. To derive the details of the interactions in terms of interaction parameters,
the Finite Element Method (FEM) was employed. An abrasion process between a structure and an ice floe
was simulated by FEM, and the parameters in DEM such as contact stiffness, contact damping coefficient,
etc. were calibrated based on the FEM result. Resultantly, contact length and contact path length, which
are the most important factors in ice abrasion prediction, were calculated from both DEM and FEM and
compared with each other. The results showed good correspondence between the two results, providing
superior numerical efficiency of DEM.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

A concrete gravity-based structure, a so-called C-GBS is themost
popular offshore platform in Arctic sea because of its superior cost
effectiveness and strong stability. However, special attention
should be paid to the potential damages associated with the
properties of concrete material. Huovinen (1990) classified the
damages into mechanical, physical or chemical action to concrete.
Mechanical damages can occur when moving ice floes wear on the
concrete surface. Abraded concrete surface may be subjected to
additional damage due to seawater inflow. Physical damage is then
caused by the pressure of freezing water inside in the concrete and
the shrinkage of concrete as well as thermal gradients. Shrinkage as
well as temperature gradients cause cracks in the concrete, which
enable the penetration of moisture and salts. The penetrated
moisture and salts can cause corrosion of concrete and even steel
bars inside the concrete structure. Water flow and associated poro-
mechanical pressure can also be caused bywet ice impact (Jacobsen
et al., 2015).

Therefore, C-GBSs installed for Arctic seas need to be designed
under the consideration of ice abrasion which is one of the most
critical damage sources. Although many studies about ice abrasion
have been carried out over the past decades, relatively little is
known on how to estimate the ice abrasion depth throughout the
structure's entire life. In fact, most of the studies were focused on
experiments to obtain ice properties or ice abrasion characteristics
so the theoretical backgrounds supporting the mechanics
explaining how softer ice can abrade harder concrete are very
limited. Due to the lack of standardized theory or calculation
method, it is really difficult to estimate the concrete abrasion depth
which is essential for the structural design of C-GBS.

The main contributing factors of ice abrasion are contact pres-
sure, length of abrasion path and resistance to ice abrasion of
particular material (Saeki et al., 1987). While evaluation of material
resistance to ice abrasion requires experimental studies, an
appropriate mathematical tool is needed for contact pressure and
abrasion path length during service life. The combination of both
numerical model for ice abrasion load and empirical model for
material resistance enables designer to calculate ice abrasion depth
(Bekker et al., 2011).

Bekker et al. (2012) developed a probabilistic macro-scopic
approach on the ice-concrete abrasion process. In this model,
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contact force is defined by the equations predetermined by ex-
periments and field study, and contact path length is calculated by
idealized equilibrium equations. Although the method lacks some
physical representation of the ice abrasion processes and relies on
many assumptions, it is considered to be the most complete model
of its kind (Jacobsen et al., 2015). Dorival et al. (2008) developed a
lattice model for ice crushing against a rigid structure. The lattice
model can describe ice behavior in high detail so it is considered to
be suitable to be applied to ice abrasion problem (Tijsen, 2015). A
lattice model for concrete ice abrasionwas developed (Ramos et al.,
2016) based on the analytical contact mechanics models for the
stress between concrete- and ice asperities. It could simulate the
fracture of the harder concrete by the mechanically softer ice.

One of key factors of the numerical model for structure-ice
interaction is to define if the floe is treated as breakable or un-
breakable. The criterion is of importance since the unbreakable ice
floe can be regarded as a rigid body. In other words, it is not
necessary to spend heavy computational expense on calculating
internal stress of the floe different from the breakable ice floe
whose failure mode such as local bending and global splitting
fracture should be considered critically. Eq. (1) is a simple criterion
for determination of breakability of ice floe developed by Lindseth
(2013).

D<
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
130h� 11

p
(1)

where D and h are the diameter and thickness of ice floe
respectively.

Under the assumption that unbreakable floes behave as rigid
body, it is possible to apply the Discrete Element Method (DEM) to
simulate the interaction between a structure and ice floes. DEMwas
originally developed by Cundall and Strack (1978), and was proven
to be a powerful numerical technique which is eligible for
computingmotion and effect of a large number of discrete particles.
DEM has been popularly used as a tool for ice load calculation in the
last decades. Sun and Shen (2012) used DEM to simulate the pan-
cake ice floes. They modeled the pancake ice floes as 3-D dilated
particles and the relationship between ice load and wave was
derived. Herman (2016) developed a software to study sea ice dy-
namics using LIGGGHTS, which is an open-source numerical library
for DEM. In the software, sets of bonded particles were used to
simulate the ice floes, and it is mainly used for oceanographic
research purpose. Morgan et al. (2015) simulated ice rubbing
against conical structures using 3D DEM. Theymodeled an ice sheet
using bonded particles and focused on qualitative observation and
learnings form the 3D simulation.

In DEM simulation, ice floes were treated as single rigid ele-
ments interacting with each other following given interaction rules.
Interactions between the ice floes and structure may be defined by
soft contact and viscous Coulomb friction laws. However, when
each floe is regarded as one particle in DEM, there is a concern for
loss of accuracy since it simplifies some physical mechanisms such
as local failuremode and contact behavior. Theses detailed abrasion
process between a structure and an ice floe can be simulated by
FEM and the parameters in DEM such as contact stiffness, contact
damping coefficient, etc. can be calibrated based on the FEM result.

In the numerical simulation of ice abrasion by FEM, it is
important to select an appropriate material property model for ice.
A number of different numerical material property models have
been studied to simulate the behavior of ice. Serre (2011) presented
a numerical simulation of ice ridge keel action on subsea structures.
Hilding et al. (2011) proposed a Cohesive Element Method with
Homogenization (CEMH) for the simulation of the interaction be-
tween a lighthouse and an ice sheet. The results were compared to
Norstromsgrund field test data in the Gulf of Bothnia and showed

good correspondence. Kim et al. (2015) applied the crushable foam
model with volumetric strain hardening to the cone-shape ice
crushing test. It is thought that this model is appropriate for the
simulation of ice abrasion induced by unbreakable ice floe since the
model capture the pressure concentration effect induced by spal-
ling effect in cone-shape ice crushing test.

In this paper, efforts have been made on the numerical simu-
lation of ice-induced abrasion using the DEM. In order to set up the
interaction rule between ice and structure, the nonlinear finite
element analysis was carried out in Eulerian domain. The failure of
ice colliding with the fixed structure was realized using Crushable
foam material model, whose detail parameters were tuned using
experimental results of ice cone crushing test. Also, an example of
abrasion calculation using DEM was presented based on the actual
environmental condition of Gulf of Bothnia. The simulation was
performed for 60 s, and the resulting contact pressure, path length
and abrasion depth were calculated.

2. Theoretical background

2.1. Ice abrasion calculation

As shown in Fig. 1, contact pressure, contact length and material
resistance are required for the ice abrasion calculation. Resistance
of material against abrasion can be measured through laboratory
experiments with specially designed test machine. Material resis-
tance means the abrasion depth and it can be measured once the
material is exposed to a specific load and friction distance. The
example of the measurement results obtained from the material
resistance test is shown in Fig. 2, where the x-axis is a certain
parameter which is determined by the relationship between
applied load and temperature, and the y-axis is the abrasion depth
per unit friction distance. Therefore, the final abrasion depth may
be calculated by combining the result of the ice abrasion load
calculation and the material resistance curve obtained from the
experiment. Numerous numerical models have been developed for
the interaction of ice with structures, but all these models have
been developed for different particular purposes such as ice resis-
tance, ice load, ice failure mode and so on. Except for the proba-
bilistic model developed by Bekker et al. (2011), it is very difficult to
find a suitable numerical model for ice abrasion. In this model, all
parameters related to ice abrasion are regarded as random vari-
ables, and the final wear amount is estimated after calculating the
probability of abrasion of the particular point.

In this study, the interaction between each ice floe is simulated
using DEM to overcome the drawbacks of the probabilistic model,
which is based upon some idealized assumptions. Both contact
pressure and friction length were targeted using DEM. Hence a
more realistic situation can be considered in predicting the contact
pressure and length, eventually leading to more accurate estima-
tion of abrasion depth. For this purpose, DEMwas formulated using
soft contact and Coulomb friction law and the interaction param-
eters were estimated based upon the detailed finite element
analysis.

Fig. 1. Ice abrasion calculation.
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2.2. Discrete element method

The discrete element method (DEM) is one of the most popu-
larly used numerical methods, which is suitable for calculating the
motion of many particles and their interaction. In this study, un-
breakable ice floes were represented by two dimensional circles
with arbitrary thicknesses and diameters. As shown in Fig. 3, in-
dividual particle was handled as rigid body, and Newton's 2nd law
applied for the dynamicmotion of particles. In order to consider the
deformation of the particle, both elastic and plastic one, the
penetration of colliding particles was allowed. The penetration
characteristics of colliding particles was defined as
forceepenetration curve, which is dependent on the material
behavior of ice floes.

Fig. 4 summarizes the calculation procedure of typical discrete
element method, which is applicable to the ice abrasion simulation.
As shown in Fig. 4, the calculation starts with initial setting of
particles, which includes the definition of the diameter, thickness
and position of the ice floes according to the corresponding

environmental conditions. Then time marching procedure follows.
Firstly, after confirming whether each ice floe is in contact or not,
contact force is calculated according to the predetermined contact
force and penetration relationship. The contact force is divided into
normal and tangent components for the surface. Contact normal
force is calculated according to Eq. (2). Contact normal force is
defined separately depending on the relative velocity of the two

colliding particles. During the penetration stage, i.e. V
!

rel$ n
!>0, the

contact normal force is assumed to be proportional to the pene-
tration depth, whereas it is assumed to be proportional to the 5th
power of the penetration depth during the separation stage, i.e.

V
!

rel$ n
!<0. Damping force, which is assumed to be proportional to

the normal relative velocity was also taken into account.

F
!

n ¼
�
kned�knv V

!
rel$ n

!�
n! duringpenetration; V

!
rel$ n

!>0

F 0
!

n ¼
�
kned

5�knv V
!

rel$ n
!�

n! during separation; V
!

rel$ n
!<0

(2)

where F
!

n and F 0
!

n mean the normal force during penetration and
separation stage respectively, and kne and knv mean the normal
contact stiffness and the normal contact damping coefficient

respectively. n! is the normal direction vector, and d and V
!

rel are the
depth of penetration and the relative velocity vector respectively.
The force penetration relationship between the colliding ice floe
during penetration and separation stage is shown in Fig. 5. Different
force penetration relationship between the penetration and sepa-
ration stage may be justified by the fact that the colliding ice floes
deform both in elastic and plastic way together with some fracture
and this plasticity and fracture induced permanent deformation

Fig. 2. Example of measurement results by material resistance test (Bekker et al.,
2012).

Fig. 3. Collision of ice floes simulated by 2-D circles.

Fig. 4. Calculation procedure of discrete element method.

Fig. 5. Relationship between contact force and penetration.
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will make the force penetration behavior during the separation
stage to be different from that of penetration stage. During the
penetration stage, it is more likely to see that the force tends to
increase rapidly as the penetration increases due to the possible
hardening behavior. However, one can simplify the relationship
with linear curve, as this will be confirmed with experimental data.
As the separation starts to develop, one may expect that the force
drops rather dramatically because of the permanent deformation
that the ice floes experienced during the penetration stage. The
exponent 5 of normal force during separation was empirically
determined value.

To calculate the tangential force acting on the contact surfaces,
an appropriate friction model was introduced to realize the friction
between two contacting objects. In this study, viscous Coulomb
friction model, shown in Fig. 6 was used (Andersson et al., 2007).
Viscous Coulomb friction model assumes that the friction force
during the stuck condition is proportional to the relative tangential
velocity of the two surface and the friction force during the sliding
condition is proportional to the normal contact force. The friction
status, either stuck or sliding, is determined based upon a certain
threshold value of the relative velocity. Once the velocity stays
within the range bounded by these threshold values, stick condi-
tion is kept. Otherwise, sliding condition is activated. The friction
force of viscous model during stuck condition can be expressed by
Eq. (3).

F
!

t ¼ mN
v0

�
V
!

rel $ t
!�

t
!

during stuck condition

F 0t
!¼ mN t

!
during sliding condition

(3)

where F
!

t and F 0
!

t is the friction force during stuck and sliding
condition respectively, and m is the friction coefficient, and v0 is

threshold value of relative velocity. t
!

is the tangential vector of the
colliding surface. It is noteworthy that very localized friction that
may happen during crushing phase was not taken into account.

Ice floes are subjected to several hydrodynamic loadings such as
drag, inertia and buoyancy forces since they are partly or mostly
submerged in the sea. Buoyancy force was not explicitly taken into
account under the assumption that the ice floes interact with each
other and structure in the plane of water surface during the

abrasion process, which is reasonable enough for vertical walled
structure. In this study, only drag force induced by the relative
velocity between the ice floe and sea water was considered. The
drag force considered in this study was calculated using Eq. (4).

Fd
!¼ �1

2
CF
drwAsub

�
V
!� Vw

	!�



V!� Vw
	!



 (4)

where CF
d is the drag force coefficient. rwis the water density, and

Asub and Vw are the submerged area andwater velocity respectively.
Eq. (5) shows the equation of motion of a single ice floe inmatrix

form. This is the uncoupled second order ordinary differential
equation with 3 DOFs, two translational and one rotational DOFs.

½M�
�
X€
�
¼fFg½M� ¼

2
4m 0 0
0 m 0
0 0 I

3
5
�
X€
�
¼

8>><
>>:
x1

€x2
€q3

€

9>>=
>>;
fFg¼

8<
:

F1
F2
M3

9=
;

(5)

where ½M� is themassmatrix, fXg is the displacement vector and fFg
is the external force andmoment vector.m and Imean themass and
moment of inertia of a single ice floe respectively. x1 and x2 mean the
translational displacements in two orthogonal coordinates, and q3 is
the planar rotational displacement. F1 and F2 mean the forces acting
in x1 and x2 direction, andM3 is the moment in q3.

The two translational forces can be easily calculated by adding
both contact normal and friction forces on top of fluid drag force.
The moment is calculated by taking the cross product between the
friction force and position vector.

3. Numerical simulation of ice abrasion using FEM and DEM

To simulation the ice abrasion process induced by the un-
breakable ice floes, finite element analysis was performed in
Eulerian domain using thematerial model popularly used for ice. To
calibrate the material properties used for the ice abrasion simula-
tion, the cone-shaped ice crushing test done by Kim et al. (2015)
was numerically simulated.

3.1. Verification of ice material property model

Before the abrasion simulation using FEM, an analysis was
performed to verify the selected ice material model. Fig. 7 shows an
experiment setup of 30� cone-shape ice crushing test used in the

Fig. 6. Viscous Coulomb friction model. Fig. 7. Experiment setup of 30� cone-shape ice crushing test [Kim et al. (2015)].
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study performed by Kim et al. (2015). In the experiment, a steel
plate on top of the test equipment was forced to move downward
with pre-defined velocity, and both the reaction force and pene-
tration depth were measured during the crushing. Among the va-
riety of different material models used for the elasto-plastic
behavior of ice, crushable foam model was applied in this study.
The yield surface of crushable foam model is an ellipsoid in the
principal stress space, meaning that the yield of ice depends on the
hydrostatic stress. Crushable foam model differs from the Mohr-
Coulomb model in that it yields as the hydrostatic compression
increases. The hardening rule is defined as the relation between the
volumetric strain and hydrostatic stress.

Tables 1 and 2 summarize the material parameters of crushable
foam and its hardening curve respectively. According to Kim et al.
(2015), two different material properties depending on the region
of ice better simulate the physical phenomenon, i.e., saw tooth
pattern of force penetration relation. They divided the ice region
into three parts, i.e. bottom, middle and top, and ‘Ice mode 100 was
applied to both top and bottom region and “Ice model 2” was
applied to themiddle region. However, averaged values throughout
the entire ice region without partitioning were used in this study
for simplification.

Fig. 8 shows the finite element model and its load & boundary
conditions. The cone-shaped ice was modeled in Eulerian domain
and its free surface was represented by VOF scheme. The steel
plate was modeled with Lagrangian rigid surface, which was
forced to move down with its velocity of 100mm/s. The bottom
of ice was fully fixed to realize the fixed boundary condition
imposed on the ice in the experiment. Eulerian model was used
for this ice crushing simulation because of the excessive defor-
mation of ice crushed by the steel plate. The numerical simula-
tion was performed by using the commercial finite element
analysis software ABAQUS Ver.6.12.

Fig. 9 shows the force and displacement relations of present
study, compared with the results of Kim et al. (2015). Force-
displacement curve that was calculated by Eulerian approach
with crushable foam material model shows good correspondence
with the experimental result of Kim et al. (2015) and also with their
simulation result. Judging from this, it may be concluded that the
crushable foam material model used in this analysis is appropriate
for the finite element analysis of ice abrasion induced by un-
breakable ice foes.

3.2. Ice abrasion analysis using FEM

Finite element analysis on the ice abrasion induced by a single
ice flow was performed using the material model verified through
the ice crushing analysis. The main purpose of this simulation is to
obtain the reference solution of pressure time history at designated
location on the structure when single ice flow interacts with the
structure. Some detail conditions on the numerical simulationwere
given in Table 3. Ice floe drifts toward the structure via the current
of 2.0m/sec, and collides with the structure of circular cross sec-
tion. Pressure time histories were recorded at three locations,
which were shown in Fig. 10. A target structure is assumed as Raahe
lighthouse in the Gulf of Bothnia which has been handled in the

study done by Bekker et al. (2011).
Fig. 11 shows the finite element model for ice-structure abrasion

Table 1
Material property of ice.

Density (kg/m3) Young's modulus (GPa) Poisson ratio Tensile cutoff stress (MPa)

Ice model 1 900.0 9.0 0.003 35.0
Ice model 2 900.0 9.0 0.003 15.0
Average value 900.0 9.0 0.003 25

Table 2
Hardening data for ice.

Volumetric strain Ice model 1 [MPa] Ice model 2 [MPa] Average [MPa]

0 0.015 0.05 0.0325
0.02 0.015 0.05 0.0325
0.021 1.5 5 3.25
0.25 1.5 5 3.25
0.251 3.75 12.5 8.125
0.5 3.75 12.5 8.125
0.501 6 20 13
0.75 6 20 13
0.751 7.5 25 16.25
0.85 7.5 25 16.25
1 7.5 25 16.25

Fig. 8. Finite element model and load & boundary conditions for ice crushing
simulation.

Fig. 9. Comparison of forceedisplacement curve during cone-shaped ice crushing test.
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analysis using coupled Eulerian-Lagrangian method. The cylinder
type structure, fixed in space, was modeled with rigid Lagrangian
surface and the ice floe and sea water surrounding the structure
and ice were modeled with Eulerian mesh. The material properties
of Eulerain ice was identical to what has been used in ice crushing
simulation, and sea water has density of 1000 kg/m3. Fig. 12 shows
themoments of the collision between the ice floe and the structure.
Since the moving ice floe was simulated by the volume fraction
technique in the Eulerian domain, the boundary between drift ice
and seawater is not clearly seen especially when themesh is coarse.
However, there is no problem with the contact force that is trans-
ferred from the moving ice to the structure since the momentum of
the ice floe is correctly transferred. In order to accelerate the
analysis time, only the elements of the part abutting the structure
were meshed finely.

Fig. 13 shows the change in pressure over time at the three
positions on the surface of structure. As shown in Fig. 13, 40� shows
the pressure at the first contact point, and 45� and 50� show the
pressures of intermediate and final sliding stage, respectively.

Table 4 shows the maximum pressure values at each point. It is
observed that the contact pressure at the first contact is much
higher than that at the sliding stage.

3.3. Ice abrasion analysis using DEM

Numerical simulation using DEM was carried out on the same
conditions as above mentioned finite element analysis. The contact
stiffness, contact damping coefficient, and drag force coefficient
were adjusted to obtain similar results to the pressure distribution
in Fig.13. First, after determining the contact stiffness which has the
greatest effect on the contact force, damping coefficient and drag
force coefficient were adjusted to match the behavior of the ice floe
obtained by the FEM.

The contact stiffness was derived based on the
forceedisplacement curve obtained by Kim et al.(2015). The

Table 3
Test conditions for the numerical analysis.

Diameter of structure [m] Thickness of ice floe [m] Diameter of ice floe [m] Ice-concrete friction coefficient Current velocity [m/sec] Measuring points

7.4 1.0 5.0 0.1 2.0 40� , 45� , 50�

Fig. 10. Pressure sensing locations on the surface of structure.

Fig. 11. Finite element model of ice-structure collision simulation using coupled Eulerian-Lagrangian method.

Fig. 12. Moments of the collision between ice floe and structure (Red: Ice volume
fraction of 1, Blue: Sea water volume fraction of 1).
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forceedisplacement curves obtained by the test show nonlinear
characteristics, however, equivalent linear curve was applied to the
simulation to simplify the calculation. The slope of the
forceedisplacement curve obtained from the test was found to vary
in the range of about 1.0� 106 to 2.0� 106, and the values giving
the most similar results to the finite element analysis was selected
after performing some parametric study. The contact damping
coefficient is same as the critical damping coefficient of individual
ice floe considering the heavy energy dissipation induced by the
plasticity of ice. In the case of the drag force coefficient, it was
adjusted so that the behaviors of particles (the change in the x and y
coordinates or the duration of the collision) in DEM and FEM results
match well each other. The determined major coefficients are
presented in Table 5.

The contact pressures and contact lengths experienced by the
structure were calculated using the contact forces and the particle
position changes. The average contact pressure is simply calculated
by contact force divided by the contact area described in Fig. 14.
Fig. 15 shows how to determine the contact length in DEM calcu-
lation. For example, assuming that the ice floe moves from A to B,
the contact length that the measuring point experiences is calcu-
lated as ‘b’ based on the movement of each particle, which is
measured every time step.

Figs. 16 and 17 show the comparisons of the numerical simu-
lation results using FEM and DEM for threemeasuring points on the
surface of a structure. In Fig. 16, the changes in contact pressure
over time for each case were compared. As a result, it can be seen
that the contact pressure at the first contact point showing the
greatest value corresponds very well with each other although
there is some difference in the sliding stage. However, the differ-
ences in the sliding stages are not likely to have a significant effect

on the total abrasion since the absolute values are relatively small.
In Fig. 17, to compare the movement of the ice floe, the changes of
the coordinate of ice floe center with respect to the time for each
case were presented. Because the motion of ice floe is directly
related to the abrasion length of a certain point of the structure, the
accuracy of the motion of ice floe is very important. Fig. 17 clearly
shows that the correspondence between FEM and DEM is very
good.

4. Example of ice abrasion depth calculation using DEM

An example of ice abrasion depth calculation using DEM is
presented to check the applicability of the proposed numerical
method. Raahe lighthouse in Gulf of Bothnia was targeted, and a
numerical simulation for 60 s was carried out based on the actual
environmental conditions (Bekker et al., 2011). Abrasion time used
in the analysis may be too short to be considered as a realistic case,
but focus is on the spatial distribution of the abrasion depth rather
than its actual value. Some details on the analysis conditions are
shown in Table 6. After setting themeasuring points at 15� intervals

Table 4
Maximum pressure values at the measuring points.

Location 40� 45� 50�

Maximum pressure [MPa] 3.04 0.54 0.23

Table 5
Parameters used in DEM.

Contact normal
stiffness [N/m]

Contact damping coefficient [Ns/m] Drag force coefficient

2.0� 106 Critical damping 8

Fig. 14. Determination of contact area for contact pressure calculation.

Fig. 15. Determination of contact length.

Fig. 13. Change in pressure over time at 3 positions on the surface of structure.
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as shown in Fig. 18, the contact pressures and the corresponding
contact length at those points were calculated. Fig. 19 shows the
randomly distributed initial ice floes with its concentration of 40%.
Ice floe concentration was selected as such because 40% concen-
tration is commonlymet situation in Sakhalin offshore area (Bekker
et al., 2004). Considering the relatively short simulation time, the
area was set at 120m� 100m, and no boundary condition was
imposed.

In Fig. 20, the contact pressures measured at each measuring
point were plotted over time. Typical pattern of contact pressure
time history was such that a sharp peak appears during the early
stage of contact and followed by gradually decreasing tail.
Maximum contact pressure experienced by individual moni-
toring point was different from point to point. Fig. 21 shows the
contact length for two locations on the structure as a function of
contact pressure. This can be derived by the discretization of the
contact pressure time history shown in Fig. 20 with a certain
time step size. As expected, the smaller the contact pressure was,
the longer contact length the monitoring point has. Abrasion rate
can be obtained by substituting the contact pressures and contact

lengths into Eq. (6), which was derived by the material resistance
test as explained earlier.

d ¼ 0:116�
�
T
s

��1:121

D ¼
Xn
i

di$Li

(6)

where d is the abrasion rate (mm/km). T is the temperature in �C,
and s is the contact pressure in MPa. D is the total abrasion depth
(mm), and di and Li are the abrasion rate and the contact length
calculated for a given contact pressure.

Finally, the total abrasion depth was obtained by summing the
product of the abrasion rate and contact length calculated at each
time step. Fig. 22 shows the normalized final abrasion depth dis-
tribution for each measuring point. It can be observed that the
central part of the structure experiences the most severe abrasion,
and the abrasion depth rapidly decreases as one move away from
the center. Fieldmeasurement on the abrasion of concrete structure

Fig. 16. Comparison of contact pressures between FEM and DEM models.
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performed by Hara et al. (1995) indicated the fact that the
maximum abrasion depth was observed off the center of the cir-
cular structure, which is somewhat different from current study
results. This may be ascribed to the geometric difference of the
structures, i.e., one is complete circle and the other one is ellipse
whose longer axis is parallel with flow direction. In addition to that,
the actual simulation time done in this study may not be long
enough to represent the long-term abrasion characteristics of the
structure under consideration.

5. Conclusions

In this study, DEM was used as a numerical simulation method
to calculate ice abrasion induced by unbreakable ice floes. Through
the application of DEM, a computationally efficient numerical
analysis is possible, and the accuracy can be kept through the
parameter calibration using FEM results. Based on the study results
described so far, the following conclusions were derived.

▪ A coupled Eulerian-Lagrangian method of FEMwas employed to
simulate the ice abrasion processes that occur during the colli-
sion between the structure and the ice floe. Crushable foam
model was used for the ice material and parameters of the
crushable foam were determined based on the results of ma-
terial ice tests. FE analysis results became important basis for the
determination of various coefficient used in DEM model.

▪ Collision of a structure with a single ice floe was simulated using
DEM. The coefficients in DEM such as contact stiffness, contact
damping coefficient, and drag force coefficient were calibrated
based on the pressure distribution results obtained by FEM. The
viscous Coulomb friction model was used to simulate sticking

Fig. 17. Comparison of ice floe movements between FEM and DEM models.

Table 6
Environmental condition for DEM simulation.

Diameter of structure [m] 7.4
Ice concentration [%] 40
Thickness distribution of ice floe 0.5m/0.7m/0.9m/1.1m/1.3m

(Evenly distributed by one-fifth)
Diameter of ice floe Randomly distributed between max.

and min. diameter
�Min. diameter: 4� h
�Max. diameter:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
130h� 11

p

where h is the thickness of ice floe
Ice-concrete friction coefficient 0.1
Current velocity [m/sec] 2.0

Fig. 18. Measuring points on surface of structure.

Fig. 19. Randomly distributed ice floes with 40% concentration.
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and sliding, and the drag force was applied to each ice floe to
realize the movement by ocean current.

▪ The resultant contact pressure and movement of ice floe
calculated using the two methods were compared at the same
conditions and locations. As a result, it can be seen that the
contact pressure at the first contact point showing the greatest
value is very similar between the two analyses. Differences
occurred during the sliding stage may not have a significant
impact on total abrasion depth since the absolute values were
relatively small.

▪ An example of ice abrasion depth calculation using DEM was
presented as well. A numerical simulation for short time dura-
tion was carried out based on the actual environmental condi-
tions, and contact pressures together with the corresponding
contact length at measuring points were calculated. Finally, the
abrasion depth was obtained by combining contact pressures,
contact lengths and material resistance test results.

▪ Sample numerical simulation demonstrated that ice abrasion
simulation using DEM aided by detailed FEM analysis, may
provide a chance for one to calculate abrasion depth of the
structure without heavy computational burdens. It should be
noted that further studies are required to apply the method to

Fig. 20. Contact pressures for 11 measuring points.

Fig. 21. Contact pressure vs. contact length.

Fig. 22. Spatial distribution of abrasion depth calculated by DEM.
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more realistic problem, where long-duration simulation is
necessarily required.
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