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Abstract: In polar regions, floating ice exhibits distinct characteristics across a range of spatial
scales. It is well recognized that the irregular geometry of these ice formations markedly influences
their dynamic behavior. This study introduces a polyhedral Discrete Element Method (DEM) tailored
for polar ice, incorporating the Gilbert—Johnson—Keerthi (GJK) and Expanding Polytope Algorithm
(EPA) for contact detection. This approach facilitates the simulation of the drift and collision processes
of floating ice, effectively capturing its freezing and fragmentation. Subsequently, the stability and reli-
ability of this model are validated by uniaxial compression on level ice fields, focusing specifically on
the influence of compression strength on deformation resistance. Additionally, clusters of ice floes nav-
igating through narrow channels are simulated. These studies have qualitatively assessed the effects of
Floe Size Distribution (FSD), initial concentration, and circularity on their flow dynamics. The higher
power—law exponent values in the FSD, increased circularity, and decreased concentration are each as-
sociated with accelerated flow in ice floe fields. The simulation results distinctly demonstrate the con-
siderable impact of sea ice geometry on the movement of clusters, offering valuable insights into the
complexities of polar ice dynamics.

Key words: discrete element method; GJK-EPA algorithm; sea ice dynamics; floe geometry
CLC number: P731.15 Document code: A doi: 10.3969/].issn.1007-7294.2024.12.004

0 Introduction

Covering up to 10% of Earth’s ocean surface, sea ice is a critical component of the Earth’s cli-
mate system''. The polar oceans exhibit multiple and diverse ice distribution patterns, necessitating
a detailed nomenclature for various sea ice types””. These characteristics are often described as dis-
crete, irregular and rapidly changing. Traditionally, sea ice has been modeled on a geological scale
as a continuum, incorporating the floe size distribution (FSD) and ice thickness distribution (ITD)
into the governing dynamics and thermodynamics equations”™. This approach statistically repre-

sents floe clusters’ properties, with properties within the mesh determined by solving these govern-
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ing equations. In recent years, the quest for high—precision simulations has driven the development
of finer grids and enhanced parameterization schemes for the physical processes of sea ice.

5 modified from Coon’s elastic—

Hilber's first dynamic—thermodynamic coupling ice model
plastic model', has been proven effective and is widely utilized. An explicit elastic—viscous—plastic
(EVP) numerical scheme was later proposed to enhance computational efficiency and facilitate par-
allel computing!”, yielding ice motion results similar to the original model®™. As demands for high—
precision ice characterization increase, more detailed studies have emerged, including anisotropic

1 and air—ice drag coefficient'"", further refining the consti-

constitutive”, ice ridge parameterization
tutive model for sea ice. Initially, sea ice dynamics and thermal models had a spatial resolution of
125 km due to computational limitations. However, advances in computing have enabled simula-
tions at the 5 km grid level. Yet, in the continuum model, sea ice material properties are uniformly
distributed across the computational grid, making the continuity hypothesis challenging to establish
at higher spatial resolutions, as randomly generated Linear Kinematic Features (LKF's) like crevass-
es and ridges cannot be considered uniformly distributed'?.

The use of the same Euler grid solution idea as in atmospheric and ocean current models in
sea ice modeling restricts the accuracy of simulations. Consequently, an alternative approach has
been employed to describe the dynamic motion and thermal evolution of all ice floes in Lagrangian
coordinates'"”. First developed by Cundall"* and widely applied in fields like geotechnical mechan-
ics'™, chemical engineering!"” and ice engineering”™", the discrete element model (DEM) calcu-
lates the motion of each element, offering a more natural depiction of granular materials. While ear-
ly discrete element descriptions focused on the material and engineering scales due to computation-
al demands'"”, recent advancements in computer performance and parallelization technology have
bolstered confidence in using DEM to describe full-scale polar sea ice dynamics™ .

Initial models in sea ice research utilized the circular element discrete element developed by
Shen!"” and the polygonal discrete element developed by Hopkins'. Shen deduced the collision
rheology of idealized two—dimensional flows in crushing rinks, while Hopkins first applied DEM to
simulate Arctic region dynamics and subsequently to explore ice ridge formation mechanisms, me-

[24]

soscale floating ice collisions, and lead formations™. Full-scale triangular element discrete ele-

ment simulations of the Arctic region by Hopkins demonstrated the feasibility of DEM for geologi-

cal-scale numerical simulations®’

. Like the continuum model’s evolution from plane to spherical
coordinates, the SIKU model projects two—dimensional polygonal elements onto a spherical coordi-
nate system to describe sea ice motion on the Earth’s surface™!. Additionally, the variability of the
Smoothed Particle Hydrodynamics (SPH) method has been considered, with plastic disk elements
describing convergence and divergence”. Two—dimensional disk elements based on LAMMPS de-

P and any breakable polygon element is used to describe the rap-

scribe the process of sea ice jams
id change in geometry during the collision of sea ice materials™’.

DEM has evolved to represent various particle shapes to depict the real physical world more
accurately. Discrete element particle morphology has achieved arbitrary uneven polyhedron shapes
and irregular shapes with smooth surface functions”". Furthermore, DEM can be combined with

other numerical methods to develop models for large—deformation soft materials”'!, plastic materi-
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1 and more. Among these, the GJK— EPA method has emerged as one of

als®? breakable materials
the most widely—used polyhedron contact techniques in DEM. The dispersion of LKFs means that
the frozen ice sheet is cut into broken ice floes with a logarithmic size distribution. The natural ge-
ometry of ice floes is typically polyhedral on basin scales, with the horizontal spatial scale much
larger than the scale in the ice thickness direction. Compared with spherical elements, polyhedral
elements achieve a balance between computational efficiency and scale.

This paper presents a simulation method for sea ice dynamics based on polygonal discrete ele-
ments, designed to simulate the drift and collision of floating ice on mesoscale and larger scales.
Compared with spherical elements, polyhedral elements are more efficient in calculating ice floes,
because they can represent the complex geometric shape of a single ice floe with a smaller number
of elements'"®. GJK algorithm is a fast convex geometry contact detection algorithm with less com-
puter memory™", and is widely used in the field of robot collision detection. The EPA algorithm de-
veloped on this basis can calculate the overlap™'. Utilizing the GJK-EPA contact algorithm, the
method allows for the collision detection and contact force calculation of any irregular polygon. The
subsequent chapter introduces the specific implementation process of this method, including the
contact detection of floes, the DEM bond—fracture model, and the drifting process. To verify feasibil-
ity, uniaxial compression and flow tests are conducted to study the drift process under varying sea
ice concentrations, FSDs, and circularities. The final chapter summarizes this paper and outlines fu-

ture work.
1 Discrete element method for sea ice simulation

The GJK algorithm is utilized to evaluate the overlap between floating ice elements, while the
EPA quantifies this overlap. Subsequently, the Hertz contact force model is utilized to calculate the
contact force based on the determined overlap. The external forces acting upon these elements are
classified into three types: volume forces, surface forces and forces acting at surface contact points.
Additionally, a breakable bonded floe ice model is integrated, which leverages multiple polyhe-
drons to accurately represent a level ice sheet.

1.1 Contact detection based on the GJK-EPA algorithm

In the GJK method, the Minkowski difference is em-
ployed to generate a new geometric construct, forming the
basis for calculating the overlap between two elements. For
clarity and ease of understanding, this concept is illustrat-
ed through the two—dimensional scenario of polygon inter-
section. As shown in Fig. 1, the Minkowski difference

A © B between elements A and B can be expressed as

AOB={x-y|lxcA ycB| (1)

where x and y are the vertices of polygons A and B, respec- Fig.1 Convex hull 4 © B when
tively. The Minkowski difference A © B comprises all nov- A and B overlap



1852 AR 712 28 5 121

el points derived by subtracting the geometric positions of each vertex in A from those in B. The cri-
terion for determining the presence of an overlap between elements A and B is whether the convex
hull of these new points encompasses the origin 0. It is worth noting that the geometries of A and B
must be convex for the criterion to be applicable, since only convex hulls can fulfill the condition
expressed as

{O e A © B,overlap >0 2

0¢A S B,overlap <0

The surface overlap between the two geometric bodies is considered, specifically, scenarios
where they are merely in contact expressed as O € (A © B). The criterion for calculating the con-
tact force depends on the degree of overlap. Thus, if two elements are merely touching, the overlap
is considered to be zero. As a result, no contact force will be generated between the two geometric
bodies, making their state indistinguishable from a non—contact scenario.

The GJK algorithm determines the point with the maximum projection distance in a specified
direction among all surface points of a convex body. This process is facilitated by constructing the
support function, denoted as SF (A,v), where A represents a given convex body and v signifies any
chosen direction on the convex body. At the commencement of the iteration process, the point is ar-
bitrarily selected, with the initial query vector set as v, = (1, 1). The support function satisfies the
following conditions:

SF(-A,v) = -SF (A, -v) (3a)
SF(A © B,v) = SF(A,v) - SF (B, -v) (3b)

EPA determines the depth of overlap by using the final simplex obtained from the GJK algo-
rithm and extending it into polygons. After the GJK-EPA algorithm, the final normal overlap 6, and
tangential displacement 8, can be obtained. The normal contact force F, and tangential force F_be-
tween two elements are determined as

F =k& +C8 '8, 4)

F, =min(F,uF,)8 /8 |.F -k|8,

k=1

o, &)

where, k, denotes the effective normal contact stiffness, defined as k, = 4E" /R /3. In this context,
E" represents the equivalent elastic modulus, and R signifies the equivalent radius. 8, is the normal
overlap, 8, is the vector of the normal relative velocity, and C, denotes the normal damping coeffi-
cient. The constant k is assigned a fixed value of 1.5. In Eq.(5), k_ represents the effective tangential
stiffness between elements, defined as &k, = r_k,, where r,, = 1/(2 + 2v), and v is the Poisson’s ra-
tio. 8, is the tangential displacement, and w is the coefficient of sliding friction.

A simple test between a rigid bar and a plate is employed to verify the accuracy and stability of
the contact force calculation of our DEM model. As shown in Fig.2, a cube with an initial rotation
angle a is placed above the plate and then moves downward at a constant velocity of v°. After the
collision process, the cube’s velocity changes to v and the angular velocity around the Y axis is @ .
Friction and gravity are ignored during the simulation. The analytical forms of velocity v'and angu-

lar velocity @ can be expressed as follows™:
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. mv°’ (1 +e)rcos(a + w/4)
o - ) et ©
I, + mricos’(a + m/4)

v =wrcos(a + w/4) - e’ (7)
where, m is the mass of element, e is the coefficient of restitution, and /, is the moment of inertia
around the Y axis. In this simulation, the side length of the cube [ is 2 m, the value of e is 0.5, and
the density of the cube is 920 kg/m® of the sea ice. Then the mass m and moment of inertia /, can

be calculated.

Cube element

A

5

Y

Velocity after impact v’

Angular velocity after impact w"

Rigid plate Constant initial velocity v°

Fig.2 Schematic of the collision between cube element and rigid plate

The simulation is carried out with angle a of 10 . . .
Analytical 7o'/ vo

varying initial values, and the dimensionless analyti- iy
cal solution is compared with the simulation results e o 1
as shown in Fig.3. Although there is a small error TE
between the simulation and the analytical solution, é il |
the results can validate the soundness of the contact E - ™~
force model and the contact detection process. |

Intersecting LKFs, such as leads, are typically - ; ; :

0

30

a()

60

formed under external forces acting upon level ice.

Fig3 C i f di ionl locity be-
As shown in Fig.4, the incorporation of a breakable 18- LOMPpATISon of CHmeRsioiess velotily be

tween analysis and simulation results
bonded floe ice model enables the scenarios in
which a single piece of floating ice fractures into multiple segments. In this model, each individual
ice floe is subdivided into smaller triangular prism elements, which are then rendered in a frozen
state. More details about this model can be found in the literature of dilated polyhedron DEM!". In
scenarios where the number of intact bonding points on the bonding surface falls below two, the sur-

face is considered to have undergone complete failure attributable to a loss of stability.

Overlap area S

0, o

(a) Floes constructed using triangle elements
Fig.4 Breakable bonded model for floe ice

(b) Bonding model
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1.2 Drift force model
The dynamic governing equation for each unit area of ice is expressed as follows:
d A
mafl;:V'0'+Ta+TW+Tb—k><mfu—mgVHo (8)

where, m denotes the mass of ice per unit area in the horizontal direction, u represents the velocity
of the floe, 7, and 7, are the stresses induced by air and water velocities respectively, k X mfu ac-
counts for the stress due to Coriolis acceleration, o signifies the internal stress of the ice, mgVH, re-
fers to the stress caused by differences in ocean surface height, and 7, indicates the seabed stress.
Considering the basic discrete element as an ice floe, the governing equation for the element can be
simplified as

ou

mE:Fc-I-Fa-I-Fw-FFk (9)

where, F_ denotes the contact force of the element, F, and F represent the integral forms of ocean
currents and atmospheric stress respectively, and F, is the Coriolis force. In DEM calculations, 7,

and mgVH, are disregarded. As shown in Fig.5, the ocean force acting on an element is calculated

as follows:

F,=F,+M, +7,A (10)

1
b= S v vy, i

1
Md:_zacglre2prsubw|w|+Ferc (12)

1
T.A= _ECWPWA(U' - up) (u - uc) (13)

where, 7, denotes the stress acting on the bottom surface of the ice; A is the bottom area of the ice;
F, represents the lateral force on the sea ice element; M, is the moment exerted on the floe side; p,
is the density of seawater; A_, is the lateral area of the ice element submerged below the water sur-
face; r, is the equivalent radius of the element, calculated as r, = \/A/T; @ signifies the rotational
speed of the surface of the underwater part of the sea ice; r, is the RO vector as shown in Fig.5,
with point R located at the geometric center of the ABCD plane; u and u, are the ice velocity and

ocean current velocity, respectively; and V and V are the velocity vectors of some floe surface. The

Fy

Fig.5 Forces acting on an element
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summation symbol indicates the summation over all surfaces of the underwater part of the sea ice.
b and CY are the drag force coefficient and drag moment coefficient, respectively.
In comparison to hydrodynamic calculations for sea ice with the geometry of the element being

considered, the atmospheric forcing is obtained as

F =7A= —;capa/l(u - ua)‘(u - ua)

where, ¢, represents the drag force coefficient, p, denotes the air density, and u, is the wind velocity.

(14)

2 DEM simulations of floe dynamics

Due to the significant disparity between the horizontal dimensions and thickness at larger
scales, the ensuing numerical computations will exclusively focus on rotational dynamics in the hor-
izontal plane of the floating ice. Uniaxial compression tests were conducted on sea ice samples of
varying densities to evaluate the stability and modeling efficacy of our sea ice model. This was fol-
lowed by numerical simulations of narrow channel flows, which considered variations in concentra-
tion, size distribution, and the statistical characteristics of sea ice morphology. The flow velocity of
the ice under various conditions was comprehensively analyzed. Throughout the study, the sizes of
sea ice elements adhere to a power—law distribution. Each element is derived through Voronoi tes-
sellation, with their initial placement and orientations meticulously controlled to attain a predefined
concentration of floating ice elements within a designated square region.

2.1 Uniaxial compression

The uniaxial compression test is widely used to evaluate the compressive behavior of sea ice.
In this study, the floes are consolidated to examine the deformation of the floe field under ideal
boundary conditions, aiming to elucidate the distribution of the internal stress field. As shown in
Fig.6(a), the idealized floe is positioned on the sea surface and bonded together. The geometric con-
figuration of the sea ice consists of polygons generated through Voronoi tessellation, with an average
area of 100 m”. The sea ice remains in a frozen state, measuring 2 km in both length and width, and
is subjected to uniaxial compression at a velocity of 1 m/s. External driving forces, such as wind and
currents, are not considered in this setup. However, during motion, the sea ice experiences drag

forces from ocean currents acting upon its surface. Further details are provided in Tab.1.

(a) Initial state (b) Crack formation at a strain of & = 0.55%

Fig.6 Frozen floes under uniaxial compression
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Tab.1 Parameters of uniaxial compression

Definition Symbol Value Definition Symbol Value
Water drag force coefficient ch 0.20 Thickness of sea ice h 1.0m
Drag moment coefficient Czq 0.14 Normal bond strength g, 0.1,0.5, 1.0, 1.5 MPa
Ice density Pice 920 kg/m’ Seawater density P 1.025 kg/m*
Young's modulus E 1.0 X 10* MPa Number of elements N 4000
Poisson’s ratio v 0.3 Current drag coefficient c, 0.0055

As the floe field undergoes compression and lacks lateral constraints, it fractures and expands
bidirectionally, as shown in Fig.6(b). This process results in the formation of numerous channels be-
tween the emergent cracks. To accurately capture the stress distribution within the floe field, the
stress for each freezing face of the individual elements is calculated with the tension strength set to
1.5 MPa. Fig.7(a) depicts the profile of tangential stress distribution across the floe field at a strain
of 0.55%, confirming that compressive stress does not induce fracture in our model. Under uniaxial
compression, stress concentration is particularly notable along the direction of compression and near
the center of the ice field. The orientation of fractures serves as a crucial assessment tool in analyz-
ing sea ice deformation. Under varying strain rate conditions, the probability distribution function of
fracture angles exhibits an unimodal pattern(Fig. 7(b)), which is consistent with the findings of

Feltham"” regarding uniaxial compression of sea ice driven by wind in scenarios without refreezing.

Unit: MPa 0.08
10

Tangential Stress

1000

yim

Probability distribution function

T Y

-1000 0 - f 5 2
2000 -1500  -1000 -500 0 BOTSO0R S - SaRE M S0R R0) LRG0 S0

Jin Crack orientation(®)
(a) Tangential stress (b) PDF of crack orientation as strain
Fig.7 Frozen floes under uniaxial compression
To investigate the resistance to deformation under identical compression conditions across dif-
ferent sea ice freezing strengths, a statistical analysis of the driving force values is conducted, as il-
lustrated in Fig.8. Compressing sea ice along a single axis leads to a continual increase in compres-

sive stress as the strain of the sea ice evolves. Higher freezing strength indicates an enhanced resis-

tance of the floe field to deformation, necessitating a L e T T T

. . . . ——0.5MPa
more substantial external driving force to achieve an 6—1gmga
pe— a

equivalent strain within the same duration. Notably, b
the curve displays marked fluctuations within the ini-
tial 0.01% strain, a phenomenon attributed to the time

required for stress propagation within the ice. Upon

Compress stress(MPa)
w

reaching a strain of 0.25%, sea ice detachment occurs 1
due to the absence of compression in opposing direc- 0 - - . s s

0.0 05 1.0 1.5 20 2.5 3.0
tions on both sides, leading to considerable damage Strain(%)

within the frozen ice layer atop the smooth ice field. Fig.8 Compression stress—strain relationship
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Consequently, there is a rapid decrease in overall compressive stress. While subsequent stress peak
reductions continue to occur, the magnitude of each successive decrease diminishes. This pattern is
ascribed to the lack of lateral compression in the floating ice field, which gradually precipitates the
disintegration of sea ice on both sides.
2.2 Sea ice flow through narrow channel

Within high—resolution Earth system models, irregular and narrow geographical channels are
common. For instance, sea ice flows from the central Arctic ice sheet through the Fram Strait, serv-
ing as a primary source of Arctic sea ice and freshwater output. Transport processes in narrow
straits often interact with complex geographical boundaries, making them a valuable tool for evaluat-

(202738 ' Qeq jce drift in the Nares

ing the simulation capability of sea ice discrete element models
Strait exhibits significant seasonal and annual variations, and its complex and unique conditions
lead to the formation of ice jams in the south and north of the Nares Strait, creating an ice arch. The
formation of ice arches is influenced by the internal strength of sea ice and external forcing from the
atmosphere and ocean. It is widely believed that ice arches prevent sea ice from flowing outward
from the Arctic, thereby impeding the reduction of the Arctic sea ice extent. Employing polyhedral
ice floe elements, rather than morphological elements like spheres, offers advantages due to their su-
perior ability to capture geometric variations. This approach enables a more accurate representation
of floating ice blocks, resembling those observable in satellite imagery.

In this section, a square region of floating ice is constructed, measuring 1 km by 1 km, with a
predetermined concentration and floe size distribution function, as shown in Fig.9. Subject to the
forces of wind and ocean currents, the floating ice proceeded at a constant velocity through a narrow

channel, with the right—side opening spanned 250 m.

(5005,125)

1000m

ITTII1IrI1rrrTrnTll

Wind and current

Fig.9 Schematic diagram of sea ice flowing through the strait

In this study, the characteristics of the floating ice within the designated region are regulated
through three key parameters: the concentration (A), floe circularity (C) and the exponent (@) of the
power—law Floe Size Distribution (FSD). Several studies have substantiated that the exponent « is
typically less than 2. The values of current velocity u, is 4 m/s; wind velocity w, is 20 m/s; air densi-
ty is 1.2 kg/m’ and air drag coefficient ¢, is 0.0012. The same parameters and values as in Section
2.1 are not repeated here.

The initial sea ice concentration is defined as the ratio of the surface area occupied by sea ice

to the total surface area of the square region. During the concentration analysis, the average number
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of edges of ice floes between 5 and 10 is maintained, and the exponent of the power—law size distri-
bution function is set to 2 to mitigate their influence. Following the generation of initial sea ice us-
ing the Voronoi method, random rotations and placements within the region were applied to prevent
initial contact between individual ice floes. This methodology will be consistently applied for the
initial arrangement of sea ice in all subsequent simulations. As shown in Fig.10, the square sea ice
region is categorized into initial densities of 50%, 55% and 60%, corresponding to element counts

of 1243, 1394 and 1516, respectively.

(a) Concentration A = 50% (b) Concentration A = 55% (¢) Concentration A = 60%
Fig.10 Initial floe field with different concentrations

Due to variations in concentration that alter the total mass of sea ice within the entire region,
quantitatively comparing the resistance of fragmented ice to boundary conditions poses a challenge.
Our findings also suggest that a higher initial ice concentration within the region leads to increased
ice accumulation forces at the boundaries. Consequently, the velocity field of sea ice in a narrow
channel is used to characterize floe motion. Fig. 11 illustrates the evolution of the sea ice velocity
field after 170 seconds of drifting and upon entering the narrow channel at different initial concen-
trations. It is apparent that sea ice with a higher density is more susceptible to congestion, leading
to decreased drift speed and affecting the subsequent replenishment velocity within the channel.
The floating ice’s velocity significantly diminishes upon encountering the boundary. At lower densi-
ties, the speed reduction near the boundary exerts minimal effect on the ice velocity in the central
channel. However, at higher densities, a pronounced reduction in channel speed occurs, influencing

the velocity of sea ice as it exits the channel.
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Fig.11 Influence of different concentrations on floe velocities
The size distribution of ice floes, known as Floe Size Distributions (FSD), is significantly influ-
enced by dynamic processes within sea ice. These processes, which involve leads, ridges, and the

size of sea ice, play pivotal roles in the dynamic—thermodynamic evolution of sea ice. As such, FSD
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at the sub—grid scale has garnered considerable scholarly attention. Numerous researchers, through
the analysis of satellite or aerial images of sea ice, have found that FSD can be characterized by a
power—law formula in a non—cumulative distribution format represented as f{x) as follows:
f(x)=cx (15)
where, x denotes the size of the ice floes and « represents the power exponent. Practically, due to
the existence of an upper limit for ice floe sizes within a particular scenario, the non—cumulative

distribution coefficient ¢ can be expressed as

(a-1)a""!
=
—(g)]_“

where, a and b signify the lower and upper limits of the ice floe size range, respectively. In this

(16)

study, a is set at 5 m and b is set at 100 m. In this section, the power—law Floe Size Distribution
(FSD) functions with exponent values of & = 1.2, @ = 1.6, and a = 2.0 are investigated. The concen-
tration has been consistently set to 50% across all cases, resulting in ice floe field element counts of

512, 744 and 1243, respectively. The construction of the initial ice floe field is shown in Fig.12.

(a) FSD, e = 1.2 (b) FSD,a = 1.6 c¢) FSD, e = 2.0
Fig.12 Initial floe field with different FSDs

Under conditions of a lower power exponent, the ice floe field tends to produce larger—sized
ice floes, resulting in a correspondingly reduced total number of floes when concentration is main-
tained constant. Owing to the maximum size limit imposed on ice floes, a higher power exponent,
when larger ice floe sizes are held constant, correlates with a more fragmented ice floe field. After
300 seconds, observations revealed that large ice floes, generated under a lower exponent condition
(a = 1.2), led to ice jams in narrow channels. Conversely, in the other two scenarios (o = 1.6 and

a = 2.0), the ice floes navigated through the narrow channels, as shown in Fig.13.

— Unit: m's
30

-400-300-200-100 0 100 200 300 400 500 600

X

(a) Jam phenomenon (b) Ice velocity

Fig.13 Movement and jam phenomenon of ice floes in a narrow channel
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The simulation results further demonstrate a correlation between the velocity of ice floes
through narrow passages and the Floe Size Distribution function. Notably, larger exponents corre-
spond to faster ice floe velocities. At the 200—second mark, the ice velocities for the three scenari-

os, in conditions where ice jams have not occurred, are shown in Fig.14.
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Fig.14 Influence of different FSDs on floe velocities

B -500

Sphericity is an essential metric for evaluating the flow characteristics of particle motion. Con-
sidering the predominantly plane-like, two—dimensional motion characteristics of drifting sea ice,

the circularity of ice floe elements can be expressed as

C—Ds 17
= (17)

p

where, D denotes the perimeter of a given floe element, and D_ is defined as the perimeter of an ar-
ea—equivalent circle. The ice floe fields are constructed by regulating the generation of corners in
three scenarios: 5—10 corners, 10—15 corners, and 15-20 corners. Subsequently, the average circu-
larity is calculated using Eq.(17). The sea ice concentration is uniformly maintained at 60%, and
the power—law distribution exponent is consistently set at 2.0. As shown in Fig.15, the initially gen-
erated elements exhibit three distinct numbers of vertices, with corresponding average circularities

of 0.83, 0.90 and 0.92, respectively.

(a) C = 0.83 (b) € = 0.90 () C = 0.92
Fig.15 Initial floe field with variations in circularity
At varying levels of circularity, significant variations in flow velocities are observed among the
ice floes. Clusters of ice floes with higher circularity demonstrate markedly faster flow velocities

compared to those with more irregular shapes, as shown in Fig.16.
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Fig.16 Influence of different sphericity on floe velocities

3 Concluding remarks

The present study introduces a discrete element method based on the GJK-EPA contact detec-
tion approach for simulating the drift and collisions of ice at the floe size scale. The inclusion of a
bond—failure model between elements makes it more conducive for representing the phenomenon of
freezing and breaking in level ice regions. The stability and effectiveness of the model were validat-
ed through uniaxial compression tests on level ice surfaces under ideal conditions. A simple sensi-
tivity analysis of the bonding strength parameters was conducted. Increased bond strength results in
ice layers that are more resistant to breaking.

While there has been considerable recognition and further development in dynamic simulation
studies related to the scale of floe ice, research on the impact of floating ice geometry on its flow
characteristics remains limited. Numerous discrete element methods based on geometric shapes
such as circles and spheres have been employed for simulating ice floe scales. This study qualita-
tively explores the influence of ice floe roundness, concentration, and Floe Size Distribution on the
drifting process of ice through a narrow channel. The results indicate that higher roundness, in-
creased density, and lower power—law distribution exponent values result in difficulty for ice to flow
even in the jam phenomenon.

In future work, exploring the discrete element method applied to arbitrary concave and convex
polygonal shapes is among the proposed research directions. Additionally, it is essential to incorpo-
rate considerations for changes in floe thickness and size resulting from thermodynamic to enable
simulations spanning seasonal time scales. Although the study does not provide a numerical investi-
gation specific to geographical boundary conditions, the results are sufficient to underscore the im-
portance of considering the geometric features of floating ice in the study of ice drift at the geophysi-
cal scale. Further research is warranted to investigate the influence of additional geometric features
of floating ice on its flow characteristics. For instance, although the scale distribution of sea ice con-
forms to a power—law distribution in different seasons, the maximum size of ice floes undergoes sig-
nificant variations during the processes of freezing, fragmentation and complete disappearance. This
variability is particularly noteworthy in satellite observations and poses a research question, espe-
cially concerning the volume of ice passing through narrow channels. Furthermore, the LKFs of
floating ice often lead to the formation of elongated ice floes with a high aspect ratio, which should

also be considered in future studies.
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