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Abstract

This paper presents theoretical foundations, numerical implementation and examples
of application of a two-dimensional Discrete-Element bonded-particle Sea Ice model
DESIgn. In the model, sea ice is represented as an assemblage of objects of two
types: disk-shaped “grains”, and semi-elastic bonds connecting them. Grains move on5

the sea surface under the influence of forces from the atmosphere and the ocean, as
well as interactions with surrounding grains through a direct contact (Hertzian contact
mechanics) and/or through bonds. The model has an option of taking into account
quasi-threedimensional effects related to space- and time-varying curvature of the sea
surface, thus enabling simulation of ice breaking due to stresses resulting from bend-10

ing moments associated with surface waves. Examples of the model’s application to
simple sea ice deformation and breaking problems are presented, with an analysis of
the influence of the basic model parameters (“microscopic” properties of grains and
bonds) on the large-scale response of the modeled material. The model is written as
a toolbox suitable for usage with the open-source numerical library LIGGGHTS. The15

code, together with a full technical documentation and example input files, is freely
available with this paper and on the Internet.

1 Introduction

Sea ice cover in polar and subpolar seas is a complex assemblage of ice blocks of
various sizes, thickness, age, structure and properties resulting from their genesis,20

typically consisting of multiple cycles of partial melting, (re)freezing and mechanical
deformation resulting from the action of external agents (wind, waves, solar radiation,
etc.) and from interactions with surrounding ice. In favorable conditions, the ice blocks
may join (freeze) to form larger blocks (ice floes), behaving like semi-rigid bodies, so
that the deformation of ice is localized, limited to narrow shear and compression zones.25

This type of ice cover is characteristic for the compact, central Arctic ice pack. Close
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to the ice edge, extensive breaking primarily caused by ocean waves produces ice
behaving as a polydisperse granular material composed of individual, relatively small
floes of various diameters. In all cases, many important aspects of sea ice dynamics
are directly related to its discrete, discontinuous nature. Consequently, although some
of the large-scale effects of those processes can be parameterized in continuum sea5

ice models, mechanisms underlying them can be investigated and understood only by
means of models that properly take into account the fundamental physics.

Probably the most appreciable way in which the granular nature of sea ice influ-
ences other processes, including its own behavior, is through the floe size (mean and
the floe-size distribution, FSD). Examples include: mechanical weakening of ice af-10

ter storms resulting from its fragmentation (Holt and Martin, 2001; Asplin et al., 2012,
2014), manifesting itself for example in the intensity of inertial ice motion (Gimbert
et al., 2012; Haller et al., 2014) and influencing large-scale changes of sea ice extent
(Kohout et al., 2014); strong contribution of the form drag due to floe edges to the total
surface drag coefficient at medium ice concentrations (Steele et al., 1989; Lu et al.,15

2011; Lüpkes et al., 2012); lateral melting rates dependent on the total floe perime-
ter within a given area (Steele, 1992); spatial light distribution under ice, with effects
analogous to those observed under melt ponds (Frey et al., 2011); and wave propaga-
tion and attenuation in the marginal ice zone (MIZ; e.g., Williams et al., 2013a, b). The
range of these mechanisms is much wider than this list suggests (see further Sect. 2.2)20

and only begins to be appreciated as new observational and computational techniques
provide new insights into sea ice physics and dynamics.

The Discrete-Element, bonded-particle Sea Ice model DESIgn presented here has
been developed as a tool for studying the processes mentioned above at the floe level,
with hope that it will help to deepen our understanding of ice dynamics at different25

scales, and possibly to develop parameterizations of relevant processes for continuum
models.

This paper presents the theoretical background, underlying assumptions and equa-
tions of the model, its numerical implementation and examples of applications to sea-
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ice problems. The model is an extension of the earlier versions described in Herman
(2013a, b). The paper is accompanied by the model code and a full technical docu-
mentation, so that it can be freely used and modified by anyone, as described in last
section. A full, very detailed description of all equations used in the model is provided,
even if some of them are standard in discrete-element models (DEMs) – for the sake of5

completeness and in order to make it easier for users inexperienced in DEM to config-
ure and run their own simulations. The main purpose of the modeling results presented
here is the verification of the model’s consistency and its new features rather than vali-
dation against observational data, which will be presented in further works.

The model is two-dimensional (2-D), but it enables to take into account some wave-10

related effects, i.e., stresses resulting from flexural moments acting on sea ice when
surface waves are present. It can be applied to a wide range of sea ice types, although
it is worth stressing here that the word “granular” in the present context describes
macroscopic, large-scale ice properties, i.e., the fact that it is composed of individual
ice floes. It does not refer in any way to smaller-scale material structure at the level15

of (groups of) ice crystals. Also, in view of specific assumptions underlying the model
(e.g., the above-mentioned two-dimensionality), it is not suitable for early stages of
sea ice formation, like frazil and grease ice; pancake ice can be regarded as a rough
lower limit of the model validity in terms of floe size. On the other hand, although the
model was designed for sea ice, it can be applied to other 2-D materials composed of20

disk-shaped grains.
The paper is structured as follows: The next section contains a short review of hith-

erto attempts to account for the granular nature of sea ice in numerical models of its
dynamics. Section 3 begins with the general concept and underlying assumptions of
the model proposed here, followed by the presentation of the equations. The mechan-25

ics of grains and bonds is discussed in Sects. 4 and 5, followed in Sect. 6 by the
presentation of the types of internal forcing implemented in the present model version.
The numerical implementation of the model is described in Sect. 7. Modeling results
illustrating the most important aspects of the bond-related model behavior are pre-
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sented in Sect. 8, followed by a discussion of possible directions of the further model
development in Sect. 9.

2 Modeling granular effects in sea ice dynamics – a brief review

2.1 Sea ice floe-size distribution

From the point of view of processes analyzed here, one of the most important proper-5

ties of sea ice is the FSD. Since the seminal paper of Rothrock and Thorndike (1984),
observations from various parts of the world showed that typical FSDs are very wide
and can be well approximated by a power law (e.g., Lytle et al., 1997; Holt and Martin,
2001; Paget et al., 2001; Toyota and Enomoto, 2002; Inoue et al., 2004; Toyota et al.,
2006; Lu et al., 2008; Steer et al., 2008; Toyota et al., 2011). However, only a few at-10

tempts have been made to create models that would explain the observed variation of
the FSD shapes, including the values of the exponent of the distribution and deviations
from the power law occurring in certain situations. The validity and range of applicabil-
ity of the proposed statistical models (Herman, 2010; Toyota et al., 2011; Perovich and
Jones, 2014) remain to be assessed. Power laws are produced by a very wide range15

of models, including very simple models of breaking, making the selection of a proper
model and the identification of mechanisms that are important in any particular real-
world situation a challenge.

2.2 Parametrization of granular effects in continuum models

A number of parameterizations have been developed to improve the performance of20

continuum sea ice models in situations when granular effects have significant influence
on the large-scale sea ice behavior. One group of parameterizations is related to the
so-called collisional rheology, describing stress in fragmented sea ice due to inelastic
collisions between floes, relevant especially in MIZ. In the existing collisional rheology
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models, stress is calculated from the average collision frequency and momentum trans-
ferred during collisions, assuming uniform distribution of the floes on the sea surface
and either constant (Shen et al., 1984, 1986; Leppäranta et al., 1989) or variable floe
sizes (Lu et al., 1989). Although the models proved useful in reproducing some aspects
of sea ice flow in MIZ (Feltham, 2005), collisional rheology is very rarely taken into ac-5

count in ice modelling, presumably partly because the rather unrealistic assumptions
on which it is based tend to underestimate the contribution of collisional effects to the
total stress.

Tremblay and Mysak (1997) developed a parametrization of dilatation effects, which
accompany slow shear deformation of granular materials and are related to the di-10

rectional distribution of contacts between neighboring grains. Their model relates the
effective angle of friction of sea ice – its macroscopic property – to the microscopic an-
gle of friction characterizing the material. Implemented in a continuum sea ice model
of the Arctic, the parametrization allows to obtain ice concentrations lower than 1 in the
central ice pack, mimicking the lead-opening processes.15

Steele (1992) proposed a parametrization of the lateral-melting rate in sea ice com-
posed of separate floes of a given mean diameter. A number of studies concentrate on
parametrization of floe-related effects on the effective skin and drag coefficients over
fragmented sea ice (Steele et al., 1989; Lu et al., 2011; Lüpkes et al., 2012, and refer-
ences therein), as well as on various aspects of sea-ice–wave interactions in MIZ. For20

example, Dumont et al. (2011) formulated the first combined strain and stress failure
criteria for ice breaking in a flexural mode due to the action of waves. Their results were
used by Williams et al. (2013a, b) to formulate a wave–ice interaction model for MIZ,
in which waves break the ice thus determining the maximum floe size and the FSD,
and in turn the FSD is used to estimate the wave-attenuation term in the wave energy25

balance equation.
Following the well-established theory describing the evolution of the ice-thickness

distribution in continuum sea ice models, analogous equations for the floe-size distri-
bution (Zhang et al., 2015) and for the joint floe-size and thickness distribution (Horvat
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and Tziperman, 2015) have been proposed recently, thus providing a general frame-
work within which advection, lateral freezing and melting, as well as ridging and frag-
mentation processes can be parameterized, making continuum models more suitable
for MIZ.

2.3 Discrete-element methods in sea ice modeling5

Although continuum models remain a standard tool for simulating sea ice dynamics,
especially at large scales, a number of discrete-element models have been developed
in recent decades, in which sea ice is represented as an assemblage of interacting
objects (“particles”); although the models share the same underlying idea, they dif-
fer in terms of the shape and properties of their building blocks, details of the con-10

tact mechanics formulations, parametrization of physical processes not explicitly ac-
counted for in the model (e.g., ridging), as well as numerical algorithms used to solve
the model equations. Some models combine an Eulerian, grid-based approach typi-
cal for continuum models with a Lagrangian, particle-based approach used in DEMs
– examples include particle-in-cell (PIC) models (Flato, 1993; Huang and Savage,15

1998), distributed-mass/discrete-floe (DMDF) models (Rheem et al., 1997; Fujisaki
et al., 2007) or smoothed-particle hydrodynamics (SPH) models (Gutfraind and Sav-
age, 1997a, b, 1998; Li et al., 2014). In PIC and DMDF, ice floes are represented by
individual particles, advected in a Lagrangian manner based on velocities obtained
from momentum equations solved on a fixed grid. To the contrary, in SPH models20

Lagrangian particles represent sets of discrete ice floes. The SPH models with Mohr-
Coulomb rheology, implemented within the viscous-plastic approach of Hibler, proved
particularly useful for sea ice problems with strong-deformation zones and/or compli-
cated geometry (Gutfraind and Savage, 1997a, b, 1998). It is worth stressing that the
authors use a DEM model, conceptually very similar to the one proposed here (Sav-25

age, 1995; Sayed et al., 1995), to verify their SPH model – they treat DEM as “a very
useful tool for the determination of the most appropriate rheology to describe ice as
a continuum”. Their DEM model is 2-D, based on disk-shaped particles, and takes into
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account contact forces as well as air and water drag as external forcing to calculate
motion of each particle in the system.

In a series of papers by Hopkins and coworkers (Hopkins and Hibler III, 1991; Hop-
kins, 1992, 1996; Hopkins et al., 2004; Hopkins and Thorndike, 2006), the ice pack
of the DEM model consists of blocks of thick, multi-year ice and thin ice filling spaces5

between them, with both types of ice approximated as convex polygons. The model
contains a ridging parametrization and, in the newer version that includes elastic joints
that may fail under tension or compression, enables to simulate crack generation and
propagation in compact sea ice and produces realistic floe-area distributions in com-
putations of sustained deformation in the Arctic basin. Hopkins (1994) and Hopkins10

et al. (2004) developed a joint-particle DEM model of ridging due to flexural failure of
a floating ice sheet. The same model with an incorporated shear-rupture mechanism
was used by Wilchinsky et al. (2010) to study sea ice fragmentation under convergent
wind stresses, and by Wilchinsky et al. (2011) in a study on the influence of changing
wind direction on evolution of the crack patterns in sea ice. Hopkins and Tuhkuri (1999)15

used a 3-D DEM model based on disk-shaped particles with a circular edge to study
floe rafting and underturning during compression; the same model has been applied to
simulations of pancake ice on waves (Hopkins and Shen, 2001; Sun and Shen, 2012).
A DEM model of sea ice has been also used by Xu et al. (2012) to study sea ice break-
ing and floe formation in MIZ due to the action of waves. Although their model is based20

on the same joint-particle principles as the one proposed in this paper, it is used in
2-D-V (2-D vertical), i.e., the initial ice floe representing MIZ, composed of a 1 m thick
layer of small, bonded particles, is subject to flexural strain induced by the oscillatory
motion of prescribed amplitude and frequency.

Finally, the works by Herman (2011, 2012, 2013a, b, c) present results obtained with25

DEM models of increasing complexity that have led to the development of the model
presented here: from a simple event-driven molecular-dynamics type of model suitable
for low-concentration sea ice (Herman, 2011, 2012), to a DEM including a contact
mechanics model suitable for studying deformation of a compact ice cover Herman
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(2013a, b, c). The common focus of these works has been on strong polydispersity of
sea ice and the role that it plays in its dynamics, including cluster formation of ice floes
and stress transmission in ice under shear deformation.

3 Bonded-particle discrete-element sea ice model

3.1 General model concept5

The sea ice model proposed in this work describes the motion and interactions of two
types, or classes, of objects. Following the nomenclature used in similar models of
rocks and soils, we will refer to those two types of objects as “grains” or “particles”,
and “bonds”. (In the documentation of the numerical libraries on which the numerical
model is based, the terms “atoms” and “bonds” are used independently on the type10

of those objects; see Sect. 7.) Together they form a heterogeneous granular material
with large-scale macroscopic behavior depending on the mechanical properties of its
individual parts interacting at a “microscopic” scale. In rock mechanics, where bonds
represent the cement filling spaces between grains of sedimentary or crystalline rocks,
such models have been shown to reproduce a wide range of observed rock behavior,15

including crack formation and propagation, damage accumulation, and dilational effects
(Potyondy and Cundall, 2004; Cho et al., 2007; Asadi et al., 2012; Bahaaddini et al.,
2013). Similarly, bonded-particle models are successfully used to study the behavior of
cohesive soils, as well as calving and fracturing of glaciers (Åström et al., 2013).

In the context of sea ice, we define the particles as disk-shaped sea-ice blocks mov-20

ing within a two-dimensional space representing the sea surface. The bonds form when
the neighboring disks freeze together. In other words, bonds represent new, usually
thinner ice filling cracks, leads and other open spaces between thicker ice blocks.
Throughout this paper, sets of bonded particles will be called floes – similarly as in
Hopkins and Thorndike (2006), who treated ice floes as groups of frozen discrete ele-25

ments of their model. Depending on the context and the purpose of a particular model
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configuration, the ice disks may be interpreted as elementary “building blocks” of sea-
ice floes, or as floes themselves (Fig. 1). In the first case, useful for example in studies
of floe formation and evolution of the floe-size distribution (FSD), it is reasonable to
base the simulation on a very large number of disks with sizes much smaller than the
expected floe size. In the second case, the FSD may be regarded as given, and its5

influence on the sea ice behavior analyzed in a way similar to that in Herman (2011,
2012, 2013a, b), whose model is a special case of the one presented here.

There are two essentially independent mechanisms of interactions between neigh-
boring particles. The first, based on repulsive and frictional forces between particles,
requires that they are in direct contact with each other. The second requires that the10

particles are connected with an elastic bond. Crucially, whereas forces are transmitted
in both cases, bonds are also able to transmit momentum. Another substantial differ-
ence between the two interaction types results from the fact that bonds have certain
tensile strength. Consequently, if they are present in a material, it attains a tensile
strength at a macroscopic level as well.15

From the point of view of sea-ice modeling, the bonded-particle approach has a num-
ber of important advantages and provides an opportunity to overcome several draw-
backs of the existing models. In particular, the model is suitable for arbitrary ice con-
centration A, from a compact ice cover at A ' 1 to very loose ice composed of freely
drifting floes at A� 1. The same equations describe short pairwise collisions and20

semi-permanent contact between floes. Also, the model is suitable for both a rapid
flow regime with relatively large ice velocities and to quasi-static deformation in a com-
pact ice pack. Further, non-cylindrical floes can be modeled as bonded assemblages
of disk-shaped elementary particles, so that the model equations are still solved for
simple, centrally-symmetric objects, without the need to calculate and store their ori-25

entation – which is not the case in models based e.g. on polygonal elements, which
require complicated algorithms for calculating grain overlap, force momenta and orien-
tation (see, e.g., Hopkins, 1992, 2004).
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In typical soil and rock applications of bonded-particle models, the simulations are ini-
tiated with fully-bonded material, and the bonds are allowed to break, but not to recover
during a simulation (see, e.g., Potyondy and Cundall, 2004; Bahaaddini et al., 2013).
In the present version of the sea ice model, new bonds may be created at selected
time instances between pairs of grains located closer to each other than a specified5

distance (see the technical documentation).

3.2 Basic definitions and assumptions

Let us consider an ensemble of N disk-shaped ice grains with a constant density ρ,
and with variable thickness hi and radii ri , for i = 1, . . .,N. To make a clear distinction
between the horizontal and the vertical dimension, we adopt the following notation in10

a Cartesian coordinate system: [xi ,zi ] = [x1,i ,x2,i ,zi ] denotes the position of the center
of the i th disk, [ui ,uz,i ] = [u1,i ,u2,i ,uz,i ] – translational velocity of its mass center, and
[ωi ,ωz,i ] = [ω1,i ,ω2,i ,ωz,i ] – its angular velocity. As already mentioned, the model is
two-dimensional, with some effects related to surface waves included. Precisely, this
means that zi ≡ 0, uz,i ≡ 0 and the distance between disks i and j is calculated as15

δi j = ‖xi−xj‖−(ri+rj ), i.e., within the x1x2 plane. In the absence of waves, the vertical
axes of the disks are perpendicular to the horizontal sea surface. If waves are present,
zi and uz,i are still equal zero; the only change is that ωi 6= 0 and the deviation of the
disks’ axes from the vertical axis are described by a tilt [θ i ,0] = [θ1,i ,θ2,i ,0]. For details
of the wave-related effects, see further Sect. 6.3.20

The horizontal space S available to the particles may be unlimited, or bounded by
rigid walls representing shorelines, concrete structures etc.; in a general case, they
may change their position over time. The motion of the disks within S is influenced
by (i) the body and surface forces from the ocean and the atmosphere, and (ii) the
particle–particle and particle–wall interaction forces. For the sake of simplicity and25

conciseness, the particle–wall forces are not included in the equations formulated be-
low (in the model implementation, they are treated in exactly the same way as their
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particle–particle counterparts, as the contact model used is equally valid for both kinds
of contact).

Let Ci (t) denote the set of all disks in contact with disk i at a certain time instance
t. For each j ∈ Ci , the respective pairwise contact force will be denoted with Fc,i j . It is
convenient to express this force as a sum of two components, normal and tangential5

to the plane of contact: Fc,i j ,n and Fc,i j ,t. The normal component contributes to the
translational motion of disks i and j , and the tangential component – to their rotation.
The respective torque Mc,i j equals:

Mc,i j = r i j ×Fc,i j ,t, (1)

where r i j is a vector of length ri pointing from the center of disk i to the contact point10

with disk j .
Analogously, let Bi (t) denote the set of all disks that are bonded to disk i at time t,

and Fb,i j , Mb,i j – the bond-transmitted force and torque, respectively, calculated for all
j ∈ Bi . Again, Fb,i j is a sum of two components, Fb,i j ,n and Fb,i j ,t, but the total torque
Mb,i j results not only from Fb,i j ,t, but also includes bending and twisting components,15

as detailed in Sect. 5.2.
Finally, the net external force acting on disk i , Fe,i , can be obtained from the density

of surface and body forces, fs,i and fb,i (measured in N m−2 and N m−3, respectively):

Fe,i =
∫
Si

fs,ids+
∫
Vi

fb,idv , (2)

where Si and Vi denote the total surface area and volume of the disk. Analogously, the20

net momentum of those forces is:

Me,i =
∫
Si

r × fs,ids+
∫
Vi

r × fb,idv , (3)

where r denotes distance from the disk center.
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3.3 Momentum equations for grains

Let us define a unit vector pointing upward, n = [0,0,1], and a 3×3 projection matrix
H from the 3-D space to the x1x2 plane: H11 = H22 = 1 and all remaining elements
are zero. By definition, the horizontal position xi and tilt θ i are related to ui and ωi ,
respectively, through:5

ui =
dxi
dt

, (4)

ωi =
dθ i
dt

. (5)

The general form of the equation describing the translational motion of the i th grain is:

mi
dui
dt

= H

Fe,i +
∑
j∈Ci (t)

Fc,i j ,n +
∑
j∈Bi (t)

Fb,i j ,n

 , (6)

where mi = πρhi r
2
i is the mass of the grain and t denotes time. Analogously, the10

angular-momentum equations can be written in the form of Euler’s rotation equations
for a rigid body:

Ix,i
dωi
dt

= (Iz,i − Ix,i )ωz,in× [ωi ,ωz]+H

Me,i +
∑
j∈Bi (t)

Mb,i j ,t

 , (7)

Iz,i

dωz,i

dt
= n ·

Me,i +
∑
j∈Ci (t)

Mc,i j +
∑
j∈Bi (t)

Mb,i j ,t

 . (8)

In the grain-fixed frame of reference, in which these equations are formulated, the15

inertia tensor is diagonal and its principal values are:

Ix1,i = Ix2,i = Ix,i =
1
12
mi

(
3r2
i +h

2
i

)
, Iz,i =mi

r2
i

2
. (9)
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In accordance with the assumptions formulated in the previous section, the torques due
to contact forces have only vertical components and hence do not appear in Eq. (7).

4 Grain–grain contact mechanics

Each of the normal and tangential forces Fc,i j ,n and Fc,i j ,t is a sum of two terms. The two
normal forces are: the repulsive force and the viscoelastic damping force; the tangential5

force is a sum of the shear force and the damping force. The damping components
depend on the relative velocity between the interacting particles. At each time step, the
amplitude of the tangential force is limited through the Coulomb friction law:

|Fc,i j ,t| ≤ µ|Fc,i j ,n|, (10)

where µ is the static yield criterion.10

The details of the formulation of the contact forces depend on the selected contact
model and on the geometry of the interacting particles, as described in the Supple-
ment Note S1, which also contains the derivation of the full set of equations used in
the present sea ice model. Both alternative formulations available are based on the
Hertzian contact mechanics. Additional details of the Hertzian model in a general con-15

text can be found, e.g., in Brilliantov et al. (1996); Zhang and Makse (2005); Schwager
(2007); Zhou (2011). In sea ice studies, (elements of) this model were used, e.g., by
Hopkins and Thorndike (2006); Fortt and Schulson (2011); Xu et al. (2012).

Notably, in the quasi-3-D version of the model, the contact forces are calculated in
the same way as in the 2-D version, i.e., without taking into account the tilt between20

grains – which amounts to the assumption that the orientation of the axes of symmetry
of neighboring grains do not deviate significantly from each other.
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5 Elastic bonds

5.1 Bond properties

In the following, the bonds are identified by the pair of indices of grains that they con-
nect. Each bond, cuboid in shape, is characterized by the following set of properties:
thickness hi j ; length bi j ; width 2Ri j (measured in the direction perpendicular to the5

line connecting the centers of grains i and j , see Fig. 2); Young modulus Eb; ratio of
the normal to shear stiffness λns; tensile strength σt,max; compressive strength σc,max;
shear strength τmax. In the present model formulation:

Ri j = λRmin{ri ,rj}, (11)

bi j = λb(ri + rj ), (12)10

where λR ∈ (0,1], λb ∈ (0,1] – similarly as Eb, σt,max, σc,max, τmax – are global param-
eters, common for all bonds of a given type (the model enables to define a number
of bond types with different properties). When λb = 1, elastic deformation is calculated
as if it were distributed across grains (as, e.g., in the sea ice model of Hopkins et al.,
2004); when λb→ 0, it is limited to narrow zones at the grains’ boundaries. Note that15

the distance δ between the grains’ edges (Fig. 2) is not included in calculation of bi j .
The normal and shear stiffness, kn,i j and kt,i j , depends on Eb and the bond’s length:

kn,i j =
Eb

bi j
and kt,i j =

kn,i j

λns
. (13)

The moments of inertia of the bond are: Ix1,i j = Ix2,i j = Ix,i j =
1
6h

3
i jRi j , Iz,i j =

2
3hi jR

3
i j , and

the polar moment of inertia Ji j = Ix,i j + Iz,i j .20

5.2 Bond mechanics

The forces and torques acting on the grains connected with a bond result from the
(finite) relative displacement and rotation of those grains; they can be decomposed into
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axial, tangential, bending and twisting components (Obermayr et al., 2013). Similarly to
the history effects in the contact model, the force increment during a time period ∆t can
be calculated based on differences between the grains’ linear and angular velocities,
∆ui j = uj −ui and ∆ωi j =ωj −ωi .

The components of the force due to the relative displacement are calculated from5

a linear elastic material law:

Fb,i j ,n(t) = γdFb,i j ,n(t−∆t)+kn,i jSi j∆t∆ui j ,n, (14)

Fb,i j ,t(t) = γdFb,i j ,t(t−∆t)+kt,i jSi j∆t∆ui j ,t, (15)

where Si j = 2Ri jhi j is the cross-sectional area of the bond, γd is a damping coefficient,
and ∆ui j ,n and ∆ui j ,t denote components of ∆ui j normal and tangential to the plane of10

contact (or, equivalently, parallel and perpendicular to the bond axis). In the 2-D model,
both forces act in the horizontal plane and thus Fb,i j ,t contributes to the grains’ rotation
around the z axis.

Analogously, twisting and bending moments due to changes of the relative orienta-
tion of grains i and j are given by:15

Mb,i j ,tw(t) = γdMb,i j ,tw(t−∆t)−kt,i jJi j∆t[∆ωi j ,n,0], (16)

Mb,i j ,bn(t) = γdMb,i j ,bn(t−∆t)−kn,i j∆t[Ix,i j∆ωi j ,t, Iz,i j∆ωi j ,z], (17)

where ∆ωi j ,n, ∆ωi j ,t denote the normal and tangential components of ∆ωi j , respec-
tively.

In total, Mb,i j ,t in Eqs. (7) and (8) is given by:20

Mb,i j ,t = r i j ×Fb,i j ,t +Mb,i j ,tw +Mb,i j ,bn. (18)

In the 2-D version of the model, the twisting moment Mb,i j ,tw ≡ 0 and only the z compo-
nent of the bending moment Mb,i j ,bn can be different from zero. Note that in Eqs. (14)–
(18), the forces and moments have to be rotated after each time step due to changes
of the orientation of the bond.25
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5.3 Breaking criteria

According to the classical beam theory, the shear stress acting on the bond can be
calculated as:

τb,i j =
|Fb,i j ,t|
Si j

+
|Mb,i j ,tw|Ri j

Ji j
. (19)

The normal stress reaches its maximum value at the bond peripheries. It has two com-5

ponents, one from the bending moment resulting from the relative rotation of the grains
(letters “C” and “T” in Fig. 3), and one from the normal force. The bending moment
produces tension and compression on the opposite sides of the bond, which may be
enhanced or reduced by the normal force depending on its sign. Thus, the maximum
tensile and compressive normal stress can be written as:10

σt,i j = −
Fb,i j ,n

Si j
+
|HMb,i j ,bn|hi j

Ix,i j
+
|n ·Mb,i j ,bn|Ri j

Iz,i j
, (20)

σc,i j =
Fb,i j ,n

Si j
+
|HMb,i j ,bn|hi j

Ix,i j
+
|n ·Mb,i j ,bn|Ri j

Iz,i j
, (21)

In the present version, the bond breaks if at least one of the stress components
(Eqs. 19–21) acting on that bond exceeds the bond strength, i.e., if:

σt,i j > σt,max or σc,i j > σc,max or τb,i j > τmax. (22)15

6 External forcing

In terms of the formulation of forces acting on the grains, the model is very flexible and
enables to specify any combination of forces that may be space- and time-varying and
depend on the properties of the individual grains (e.g., their mass or size). To make
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the configuration of the model more convenient, formulae describing the forces most
relevant to the motion of sea ice on the sea surface have been implemented in the code
and the corresponding forces can be activated easily by means of simple commands
described in the User’s Guide. These forces include the Coriolis force, and the skin and
form drag due to the wind and surface current.5

6.1 The Coriolis force

The Coriolis force acting on the i th grain, FC,i , is given as:

FC,i = −mi fn×ui , (23)

where the Coriolis parameter f = 2ΩZ sinφ, ΩZ denotes the angular velocity of the
Earth, and the latitude φ can be constant or spatially variable. The net torque due to10

the Coriolis force MC,i ≡ 0.

6.2 Wind and surface currents

In most real-world situations, the dominating surface forces acting on sea ice floes are
the atmospheric and oceanic skin drag, τha,i and τhw,i , and body drag, τva,i and τvw,i :

τha,i = ρaCha|ua|ua, (24)15

τhw,i = ρwChw|uw −ui |(uw −ui ), (25)

τva,i = ρaCva|ua|ua, (26)

τvw,i = ρwCvw|uw −ui |(uw −ui ), (27)

where ρa and ρw denote the air and water density, ua and uw are the wind and current
velocities, and Cha, Chw, Cva, Cvw – drag coefficients at the respective surfaces of the20

grain. The skin drag acts on the upper and lower surface of the grains, respectively,
with surface area of both equal πr2

i . The atmospheric and oceanic body drags, τva,i
and τvw,i , act on the grain’s edges above and below the water line, respectively. Here
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we assume that the vertical area exposed to τva,i equals πrihf ,i , and the area exposed
to τvw,i equals πri (hi −hf ,i ), where hf ,i = hi (ρw −ρ)/ρw is the grain’s freeboard. In the
case of deformed ice, additional drag acting on the slopes of ridges and keels could
be taken into account by modifying these expressions. In the present form, the net
forces from the atmosphere and the ocean integrated over the respective surface areas5

become:

Fa,i = πr
2
i ρa

(
Cha +

hi
ri

ρw −ρ
ρw

Cva

)
|ua|ua, (28)

Fw,i = πr
2
i ρw

(
Chw +

hi
ri

ρ
ρw
Cvw

)
|uw −ui |(uw −ui ). (29)

The net torque of Fa,i equals zero. Because of the dependence of Fw,i on the disk’s
velocity relative to the water, the z component of the torque associated with this force,10

Mz,w,i , is different from zero and has a damping effect on the disk’s rotation:

Mz,w,i = −π
r4
i

2
ρw

(
Chw +

hi
ri

ρ
ρw
Cvw

)
ωz,i . (30)

6.3 Surface waves

6.3.1 General idea

In MIZ, as well as in regions with low ice concentration, sea ice is affected by sur-15

face waves (wind waves and, most importantly, swell). Flexural stresses related to the
curvature of the sea surface are one of – or presumably the – dominant factor lead-
ing to floe breakup (e.g., Dumont et al., 2011; Williams et al., 2013a). However, these
stresses, being related to forces and torques acting out of the horizontal x1x2 plane,
cannot be taken into account in a 2-D model. A question emerges, if – and how – some20

of the wave-induced effects can be included in the model without introducing full three-
dimensionality, i.e., without having to abandon the obvious advantage of calculating the
floe–floe distances and solving the equations within a 2-D plane.
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In the present formulation of the model, two wave-related processes have been
implemented: forces due to the oscillating surface current, and a net momentum of
buoyancy forces due to the time-varying sea surface slope and curvature. These two
mechanisms tend to be relevant in different conditions. The alternating convergence
and divergence associated with oscillatory motion of the sea surface, and the result-5

ing tensile and compressive stress, influences pancake ice formation and dynamics
(Shen et al., 2004). It is generally significant for relatively small floes, whereas larger
ones are affected by the curvature of the sea surface (Dumont et al., 2011). Also, it
is clear that a number of other wave-related effects may be important. Some of them
can be relatively easily implemented in the type of model described here; other, like for10

example rafting and ridging during compression, would require either a fully 3-D com-
putations (like in Hopkins and Tuhkuri, 1999) or some kind of parametrization. Thus,
this part of the model may be unsuitable in certain situations and should be treated as
experimental.

6.3.2 Oscillating surface current15

Let us suppose that the sea surface elevation ξ = ξ(x,t) is given as a superposition of
Nwv propagating harmonic deep-water waves:

ξ =
Nwv∑
n=1

an cos(kn ·x−ωnt+φn) =
Nwv∑
n=1

an cosϕn, (31)

where an, ωn and φn denote wave amplitude, frequency and phase, respectively, of
the nth component and kn = [k1,n,k2,n,0] is its wavenumber vector. The instantaneous20

horizontal velocity uwv,n of water particles at the sea surface (z = 0), associated with
that component equals:

uwv,n =ωnan
kn

kn
cosϕn. (32)
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After summing the contribution from all elementary waves and averaging over the sur-
face of the i th grain we obtain:

uwv,i =
1

πr2
i

Nwv∑
n=1

ωnan
kn

kn

∫
Si

cosϕndS

and finally:

uwv,i =
Nwv∑
n=1

ωnan
kn

kn

sin(k1,nri )

k1,nri

sin(k2,nri )

k2,nri
cosϕn. (33)5

The oscillatory current is effective only for small grains and long waves (knri → 0),
when sin(knri )/(knri )→ 1. At the opposite extreme, when the grain diameter is large in
comparison to the wavelength, the influence of the oscillations cancels. Formula (33)
has a computationally convenient form, as it is a product of a time-dependent term
evaluated at the position of the grain’s center, and terms that are functions only of the10

grain’s size.
If the oscillating current is to be taken into account in the model, uwv,i is added to the

formula for the current-induced force (Eq. 29): uw = ūw +uwv,i , where ūw denotes the
slowly-varying component of the total current.

6.3.3 Wave-induced horizontal torque15

As mentioned above, the presence of waves and the associated space- and time-
varying slope of the sea surface induces torque and rotation around the horizontal
axes of the ice grains. In the following, an assumption is made that the x compo-
nents of torque are produced by the unbalanced buoyancy forces acting on a disk if
its upper surface is not parallel to the local sea surface, as shown in Fig. 4. It is also20

assumed for simplicity that exactly half of the disk experiences an excess of buoy-
ancy, the other half – an excess of gravity (see also Dumont et al., 2011). As de-
fined in Sect. 3.2, θ i = [θ1,i ,θ2,i ,0] denotes the tilt of the disk, i.e., θ1,i and θ2,i are
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angles between the z axis and the projection of the symmetry axis of the disk onto
the x1z and x2z plane, respectively. Further, let θs,i = [θs,1,i ,θs,2,i ,0] denote the mean
sea surface slope “under” the disk: tanθs,1,i =

(
ξ(x1,i + ri ,x2,i )− ξ(x1,i − ri ,x2,i )

)
/(2r),

tanθs,2,i =
(
ξ(x1,i ,x2,i + ri )− ξ(x1,i ,x2,i − ri )

)
/(2r). The unbalanced part of the (verti-

cal) buoyancy force acting on an elementary volume Ṽ (r) at the horizontal distance5

r = r [cosθ,sinθ,0] from the grain center (dashed area in Fig. 4) is:

Fwv,z,i (r ) = ρ̂gh̃i (r )rdθdr ,

where h̃i (r ) = βi · r , βi = tan(θ i −θs,i ), and ρ̂ equals ρ or ρw for the emerged or sub-
merged part of the grain. Thus, the total torque, integrated over the disk’s volume, is:

Mwv,i =

ri∫
0

2π∫
0

Fb,z,i (r )n× rdθdr ,10

which gives:

Mwv,i =
π
4

ρ+ρw

2
gr4
i n×βi . (34)

It should be added as part of Me,i to the right-hand side of Eq. (7); as the vertical
component of Mwv,i equals zero, it does not contribute to Eq. (8).

For unbonded grains, their angular momentum resulting from Eq. (34), and thus15

variation of their tilt, depends both on their size and the wave characteristics: they
decrease with increasing grain radius and wave length.

7 The numerical model

The numerical model is based on two libraries designed for effective simulation of
large systems of objects interacting through a variety of short- or long-range forces:20
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LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator; Plimpton, 1995,
http://lammps.sandia.gov/) and LIGGGHTS (LAMMPS Improved for General Granular
and Granular Heat Transfer Simulations; Kloss and Goniva, 2010, 2011; Kloss et al.,
2012, http://www.cfdem.com). The code of the DESIgn model has a form of a tool-
box that – thanks to the modular, easily extendable nature of the above libraries – can5

be incorporated into the standard LIGGGHTS program in a straightforward manner,
as described in the attached documentation. Importantly, many changes to the model
configuration, including specification of additional forcing types, can be made via con-
figuration files, without modification and recompilation of the code.

All information on the availability of the code can be found in last section at the end10

of this paper.

8 Modeling results

All simulations described in Herman (2011, 2012, 2013a, b, c), obtained with older,
LAMMPS-based versions of the model, can be reproduced with its present version,
with proper model settings. Therefore, the results presented here concentrate on the15

new model features, related to the functioning of bonds and to the influence of waves on
sea ice. They have been obtained with very simple configurations and can be treated
as test cases that verify the model behavior in clearly defined, easily interpretable situa-
tions. Both groups of calculations presented below (Sects. 8.1 and 8.2) were performed
for the so-called reference model setting, as well as for a number of settings differing20

from the reference ones in terms of one selected parameter, so that the influence of
that parameter on the model behavior could be analyzed. The model parameters used
in the two reference simulations are listed in Tables 1 and 2. Simulations similar to
those presented below are useful for calibration purposes, as they help to find rela-
tionships between the “microscopic” properties of grains and bonds, and the desired25

“macroscopic” properties of sea ice such as its compressive or tensile strength, which
in real sea ice varies strongly with changing temperature, ice porosity, microstructure,
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etc. For a summary of material properties of sea ice, see, e.g., Schulson (1999) and
Petrovic (2003).

8.1 Sea ice breakup under plane stress

In the first set of simulations, a rectangular sample of compact sea ice (densely packed
grains with uniform size distribution, fully connected with their neighbors) is subject to5

a prescribed uniaxial tensile, uniaxial compressive, or shear strain. The strain rate is
obtained by setting to zero the velocity of the grains located at the lower boundary of the
domain, and moving the grains located at the upper boundary with a specified velocity
until terminal failure (see Herman, 2013c, for a similar model configuration without
bonds). In all cases the strain rate increased linearly in time from ε0 to the maximum10

value εe. In the great majority of cases, macroscopic failure of the sample occurred
before the end of the simulation. Figure 5 shows examples of damage patterns resulting
from compressive, tensile and shear deformation. The evolution of the global maximum
normal stress and the shear stress under compressive and shear strain is shown in
Figs. 6 and 7, respectively. Analogous plots for tensile strain simulations are shown in15

Supplement Fig. 3.
In all cases, the initial increase of strain results in a fast, approximately linear in-

crease of stress. The rate of the stress accumulation in the material depends on its
properties. In particular, it increases with increasing mean bond thickness hm and bond
Young modulus Eb (panels a–d in Figs. 6, 7 and Supplement Fig. 3). To the contrary,20

the width of the bond-thickness distribution δh – that is, the spatial inhomogeneity of
the bond thickness – hardly influences the slope of the stress curves. However, it un-
derstandably does influence the final damage pattern: for a given value of hm, higher
δh implies larger number of thin, weak bonds distributed throughout the material, and
thus more potential spots where breaking can be initialized. Consequentially, a more25

complex damage pattern develops, with a larger number of fracture zones with more-
ragged surfaces. This can be seen even in the simplest configurations, like those in
Fig. 5a and b: under tension, a uniform material tends to break along an approximately
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straight line, whereas large δh in situation in panel b resulted in two competing fractures
propagating in opposite directions. Easier initiation of breaking is also responsible for
slightly lower macroscopic strength of samples with larger δh (panels a and b in Figs. 6,
7 and Supplement Fig. 3).

The role of λns, defined in Eq. (13), is more complex, as its influence on the macro-5

scopic material behavior depends on the type of deformation. (It is worth stressing
that λns determines the shear stiffness kt; it has no influence on the normal stiffness
kn.) Under uniaxial compression, higher kt stabilizes the bonds and contributes to the
overall strength of the material. Under shear strain, varying λns manifests itself in very
different fracture patterns. Small λns, i.e., large kt, produces fracture zones aligned ap-10

proximately with the direction of motion of the upper boundary of the sample, as in
Fig. 5f. The dominating bond breaking mechanism in this case is related to the shear-
stress criterion (Eq. 19) in zones of high velocity gradient. To the contrary, large λns
and small kt are conducive to breaking related to extensive normal stresses acting on
bonds. As a result, tensile fractures develop, penetrating deep into the sample, as for15

example in Fig. 5e.
In all simulations initialized with ε0 = 0, the initial gradual buildup of stress was re-

lated with only isolated breaking of single bonds. This phase was followed by a rapid,
avalanche-like increase of bond-breaking rates, manifesting itself in terminal failure of
the material and the associated sudden drop in internal stress as the fraction of bro-20

ken bonds increased (Figs. 8 and 9). Under compression, damage has a character of
a single, clearly defined event; under shear, damage tends to occur through a large
number of events of comparable magnitude. However, the course of stress buildup and
the associated deformation of the sample is obviously strongly related to the history of
strain, which can be illustrated by varying ε0. In the case of compressive strain, putting25

ε0 close to εe amounts to a sudden hit into the modeled sample, which results in very
different failure patterns than those described above, with wide – see Fig. 10d and, for
more extreme examples with rapidly increasing strain rates, Supplement Fig. 4.
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A very important aspect of the model, mentioned in the introduction, is that both
types of interactions – those due to bonds and those due to a direct contact between
grains – act mutually and contribute to the overall properties of the modeled sea ice.
In the simulations discussed above, the majority of grains were in direct contact with
their neighbors. Even though, macroscopically, the stress due to pairwise interactions5

tends to be more than an order of magnitude lower than the stress transmitted through
bonds (e.g., it never exceeded 2–3 % in the reference model run), it in many ways in-
fluences the sea ice behavior. In particular, pairwise interactions play a crucial role in
the development of the fracture zones, as, obviously, after bond breaking they are the
only type of grain–grain interactions present. Thus, friction between grains influences10

sliding along deformation zones, as well as their width. Figures 10 and 11 show exam-
ple snapshots of instantaneous stress acting on individual grains under compressive
and shear deformation, respectively. Figure 10 illustrates how the strands of grain–
grain forces span the whole sample, transmitting the stress across the fracture zone.
Figure 11 illustrates the complementary role of bonded and pairwise interactions in15

transmitting shear stress through the sample (the spatial pattern of normal stresses
is similar): grain–grain forces are strong in regions subject to compression and along
fractures (bottom right in Fig. 11b), whereas bond-transmitted forces are strongest in
regions under tension.

8.2 Wave-induced sea ice fragmentation20

In the second group of simulations, a rectangular area of compact sea ice is subject
to flexural stresses generated by regular deep-water surface waves with a prescribed,
spatially uniform amplitude a and period T . The computations are performed until no
bond breaking occurs. Thus, each simulation amounts to a breaking event of an initially
“undamaged” ice cover. Obviously, properties of ice floes in real-world MIZ are a result25

of a long series of past breaking and freezing events – but it is nevertheless instructive
to analyze the model behavior in very simple configurations.
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The great majority of combinations of the model parameters produce either very
strong fragmentation of the ice cover (with the majority of bonds destroyed and a clearly
defined maximum floe size) or almost no fragmentation (with only a very small fraction
of bonds broken). This is understandable considering spatial uniformity of both the
forcing and the properties of grains and bonds, with random spatial distribution of the5

grains and the associated variability of the bonds’ orientations being the only source
of “disturbances”. Arguably the most interesting results are obtained for a relatively
narrow range of the model parameters between the two above-mentioned extremes,
when breaking results in floes with a wide range of sizes. For example, as illustrated in
Figs. 12 and 13a, the reference run, with wave period T = 25 s, represents such a case,10

with floe sizes spanning at least three orders of magnitude. The results are very dif-
ferent for both longer and shorter waves. With wave period of less than 23 s, hardly
any floes contain more than 10 grains (Figs. 12 and 13b); with wave period higher
than 26 s, a few largest floes contain more than 90 % of all grains in the system. Vary-
ing other model parameters produces similar model behavior, see Supplement Figs. 515

and 7 for examples (changing the mean bond thickness hm and the bond elastic modu-
lus Eb, respectively). Interestingly, increasing spatial variability of the bonds’ thickness,
and thus their stiffness, has almost no influence on the resulting floe-size distribution
(Supplement Fig. 6), although for exactly the same initial conditions it produces slightly
different spatial pattern of broken bonds (not shown).20

As can be expected, for any selected grain, the time variability of its tilt, and thus
its angular velocity, decreases with increasing size of the floe this grain belongs to
(Fig. 14a). More importantly, instantaneous differences between angular velocities of
pairs of bonded grains exhibit a similar pattern (Fig. 14b). Because these differences
directly determine the bending moments acting on the bonds, it results in bonds within25

the large floes being subject to lower stress than bonds within small floes. In accor-
dance with this observation, a Fast Fourier Transform (FFT) analysis of the grains’
motion shows that for grains within large floes the power spectra have one dominat-
ing frequency – that of the external forcing – whereas additional peaks are present in
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spectra representing grains within small floes. In other words, large floes tend to keep
an approximately horizontal orientation and more effectively dampen individual motion
of grains building them. It is reasonable to presume that the largest floes are thus par-
ticularly affected by stresses due to unbalanced buoyancy forces (Dumont et al., 2011)
– the mechanism that is not taken into account in the present model version.5

Finally, it should be noted that some combinations of the model parameters produce
unrealistic floe shapes, with “branches” of connected grains stretching in different di-
rections (some of these features can be seen in Fig. 13a) or even floes with “holes” in
the middle, filled with loose grains or smaller floes. These features tend to disappear
if some irregularity is introduced to the model (e.g., if the forcing is specified as a su-10

perposition of more than one elementary waves with different directions and phases),
so that it may seem irrelevant in more realistic model settings than those analyzed
here, but nevertheless it signals an undesired feature of the model. The tendency to
produce non-convex floes decreases with increasing shear stiffness and decreasing
shear strength of bonds (relative to their normal stiffness and compressive strength,15

respectively), but it remains to be investigated whether adjusting these parameters ac-
cordingly does not produce any other negative effects.

9 Discussion and further perspectives

The modeling results presented in this paper have been limited to very simple config-
urations, with the goal to test the basic model features and to analyze the influence of20

the model parameters on its behavior. Further work is necessary to verify the model –
its underlying assumptions, numerical algorithms etc. – in a wider range of configura-
tions. Importantly, the modular structure of LIGGGHTS in general and of the sea ice
toolbox in particular make it relatively easy to modify and/or replace some parts should
better or alternative solutions become available. In the same way, the model may be25

extended with new features, including time variability of the properties of grains and
bonds (e.g., changes of their thickness due to thermodynamic processes), other con-
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tact models or bond breaking criteria, or a model of wave–sea ice interactions in which
the wave characteristics are not prescribed, but modified based on the properties of
the ice cover. As noted earlier in Sect. 6.3.1, the wave-induced flexural breaking of ice
is just one of a number of breaking mechanisms that may be of different importance in
different conditions. In particular, it should be possible to include at least some of those5

mechanisms in DESIgn, e.g., by adding the vertical component to the grains’ positions
and taking into account buoyancy forces acting on the ice on the vertically moving sea
surface. It is also worth mentioning that the model can be applied to simulate the mo-
tion of icebergs (solitary or embedded in sea ice) and any other objects floating on the
sea surface, provided suitable forcing is formulated.10

The fact that DESIgn is a toolbox of LIGGGHTS offers a possibility to relatively eas-
ily combine this model with a wide range of functionalities offered by LIGGGHTS.
In particular, the mesh-free SPH method available in the open-source LIGGGHTS
version could be used to simulate sea ice in a manner similar to Gutfraind and Savage
(1997a, b, 1998). Also, coupling the DEM sea ice model with a continuum model of15

the ocean and/or atmosphere is possible thanks to the CFD–DEM Engine Goniva et al.
(2012), where CFD stands for Computational Fluid Dynamics (see also Zhao and Shan,
2013). The tool provides solvers for both unresolved and resolved coupling. In the first
method, the grains are taken into account in the Navier–Stokes equations by means of
a volume fraction they occupy in each computational cell. The second method, suitable20

for relatively large grains, resolves the fluid motion around each grain. The CFD–DEM
could be used, e.g., to solve the equations of the ocean mixed layer under fragmented
ice; or to simulate the wave–ice interactions as a coupled problem. Among more tech-
nical issues, meshes with complex geometry can be used in simulations with coastlines
and other boundaries.25

Among the challenges related to the usage of DESIgn (and other, similar models) to
realistic sea ice problems, validation with observational data undoubtedly belongs to
the most urgent ones. Although substantial progress has been made in recent years
in terms of availability of high resolution remote-sensing data, the temporal and spatial
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resolution of that data is still too low to capture some rather subtle effects described
in Herman (2011, 2012, 2013a, b, c) and in this paper. Moreover, they only provide
information on the position of objects within images, from which average velocities
between subsequent snapshots can be calculated with the help of motion-tracking al-
gorithms. Validation at shorter time scales and in terms of other variables requires5

carefully planned and usually expensive in situ or laboratory measurements, e.g., with
accelerometers and stress sensors placed on (a number of) ice floes within a given
area, combined with meteorological and oceanographic observations. Because of very
high costs of such undertakings, numerical models may be a particularly useful in plan-
ning of experiments, suggesting processes worth investigating and methods suitable10

for their analysis.

Code availability

The code of DESIgn, together with a full technical documentation and example input
files, is freely available with this paper and at the internet page http://herman.ocean.
ug.edu.pl/LIGGGHTSseaice.html. The present version of the model is 1.3; effort will be15

taken to keep the code of the toolbox compatible with future versions of LIGGGHTS,
although no guarantee can be given that there is a DESIgn version suitable for every
version of LIGGGHTS, as its code is evolving very fast and new releases appear every
couple of months.

All comments, questions, suggestions and critics regarding the functioning of the20

DESIgn model can be directed to the author of this paper.

The Supplement related to this article is available online at
doi:10.5194/gmdd-8-5481-2015-supplement.

Acknowledgements. The development of the sea ice model would not be possible without
LAMMPS and LIGGGHTS. In particular, the bond-related code of DESIgn is based on the25
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experimental version of the bond package available through the LIGGGHTS home page. Part
of the simulations presented in this paper have been conducted at the Academic Computer
Center in Gdansk (TASK, http://task.gda.pl/).

References

Asadi, M., Rasouli, V., and Barla, G.: A bonded particle model simulation of shear strength and5

asperity degradation for rough rock fractures, Rock Mech. Rock Eng., 45, 649–675, 2012.
5489

Asplin, M., Galley, R., Barber, D., and Prinsenberg, S.: Fracture of summer perennial
sea ice by ocean swell as a result of Arctic storms, J. Geophys. Res., 117, C06025,
doi:10.1029/2011JC007221, 2012. 548310

Asplin, M., Scharien, R., Else, B., Howell, S., Barber, D., Papakyriakou, T., and Prinsenberg, S.:
Implications of fractured Arctic perennial ice cover on thermodynamic and dynamic sea ice
processes, J. Geophys. Res., 119, 2327–2343, doi:10.1002/2013JC009557, 2014. 5483

Åström, J. A., Riikilä, T. I., Tallinen, T., Zwinger, T., Benn, D., Moore, J. C., and Timonen, J.:
A particle based simulation model for glacier dynamics, The Cryosphere, 7, 1591–1602,15

doi:10.5194/tc-7-1591-2013, 2013. 5489
Bahaaddini, M., Sharrock, G., and Hebblewhite, B.: Numerical investigation of the effect of joint

geometrical parameters on the mechanical properties of a non-persistent jointed rock mass
under uniaxial compression, Comput. Geotech., 49, 206–225, 2013. 5489, 5491

Brilliantov, N., Spahn, F., Hertzsch, J.-M., and Pöschel, T.: Model for collisions in granular gases,20

Phys. Rev. E, 53, 5382–5392, 1996. 5494
Cho, N., Martin, C., and Sego, D.: A clumped particle model for rock, Int. J. Rock Mech. Min.,

44, 997–1010, doi:10.1016/j.ijrmms.2007.02.002, 2007. 5489
Dumont, D., Kohout, A., and Bertino, L.: A wave-based model for the marginal

ice zone including floe breaking parameterization, J. Geophys. Res., 116, C04001,25

doi:10.1029/2010JC006682, 2011. 5486, 5499, 5500, 5501, 5508
Feltham, D.: Granular flow in the marginal ice zone, Philos. T. R. Soc. A, 363, 1677–1700,

doi:10.1098/rsta.2005.1601, 2005. 5486
Flato, G.: A particle-in-cell sea ice model, Atmos. Ocean, 31, 339–358,

doi:10.1080/07055900.1993.9649475, 1993. 548730

5511

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://task.gda.pl/
http://dx.doi.org/10.1029/2011JC007221
http://dx.doi.org/10.1002/2013JC009557
http://dx.doi.org/10.5194/tc-7-1591-2013
http://dx.doi.org/10.1016/j.ijrmms.2007.02.002
http://dx.doi.org/10.1029/2010JC006682
http://dx.doi.org/10.1098/rsta.2005.1601
http://dx.doi.org/10.1080/07055900.1993.9649475


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fortt, A. and Schulson, E.: Frictional sliding across Coulombic faults in first-year sea ice: a com-
parison with freshwater ice, J. Geophys. Res., 116, C11012, doi:10.1029/2011JC006969,
2011. 5494

Frey, K., Perovich, D., and Light, B.: The spatial distribution of solar radiation under a melting
Arctic sea ice cover, Geophys. Res. Lett., 38, L22501, doi:10.1029/2011GL049421, 2011.5

5483
Fujisaki, A., Yamaguchi, H., Duan, F., and Sagawa, G.: Improvement of short-term sea ice

forecast in the southern Okhotsk Sea, J. Oceanogr., 63, 775–790, 2007. 5487
Gimbert, F., Jourdain, N., Marsan, D., Weiss, J., and Barnier, B.: Recent mechanical weakening

of the Arctic sea ice cover as revealed from larger inertial oscillations, J. Geophys. Res., 117,10

C00J12, doi:10.1029/2011JC007633, 2012. 5483
Goniva, C., Kloss, C., Deen, N., Kuipers, J., and Pirker, S.: Influence of rolling friction modelling

on single spout fluidized bed simulations, Particuology, 10, 582–591, 2012. 5509
Gutfraind, R. and Savage, S.: Marginal ice zone rheology: comparison of results from

continnum-plastic models and discrete-particle simulation, J. Geophys. Res., 120, 12647–15

12661, 1997a. 5487, 5509
Gutfraind, R. and Savage, S.: Smoothed particle hydrodynamics for the simulation of broken-ice

fields: Mohr–Coulomb-type rheology and frictional boundary conditions, J. Comput. Phys.,
134, 203–215, 1997b. 5487, 5509

Gutfraind, R. and Savage, S.: Flow of fractured ice through wedge-shaped channels: smoothed20

particle hydrodynamics and discrete-element simulations, Mech. Mater., 29, 1–17, 1998.
5487, 5509

Haller, M., Brümmer, B., and Müller, G.: Atmosphere–ice forcing in the transpolar drift stream:
results from the DAMOCLES ice-buoy campaigns 2007–2009, The Cryosphere, 8, 275–288,
doi:10.5194/tc-8-275-2014, 2014. 548325

Herman, A.: Sea-ice floe-size distribution in the context of spontaneous scaling emergence
in stochastic systems, Phys. Rev. E, 81, 066123, doi:10.1103/PhysRevE.81.066123, 2010.
5485

Herman, A.: Molecular-dynamics simulation of clustering processes in sea-ice floes, Phys. Rev.
E, 84, 056104, doi:10.1103/PhysRevE.84.056104, 2011. 5488, 5490, 5503, 551030

Herman, A.: Influence of ice concentration and floe-size distribution on cluster formation in sea
ice floes, Cent. Eur. J. Phys., 10, 715–722, doi:10.2478/s11534-012-0071-6, 2012. 5488,
5490, 5503, 5510

5512

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2011JC006969
http://dx.doi.org/10.1029/2011GL049421
http://dx.doi.org/10.1029/2011JC007633
http://dx.doi.org/10.5194/tc-8-275-2014
http://dx.doi.org/10.1103/PhysRevE.81.066123
http://dx.doi.org/10.1103/PhysRevE.84.056104
http://dx.doi.org/10.2478/s11534-012-0071-6


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Herman, A.: Numerical modeling of force and contact networks in fragmented sea ice, Ann.
Glaciol., 54, 114–120, doi:10.3189/2013AoG62A055, 2013a. 5484, 5488, 5490, 5503, 5510

Herman, A.: Molecular-dynamics simulation of contact and force networks in fragmented sea
ice under shear deformation, in: Proc. 3rd Int. Conf. Particle-Based Methods, 18–20 Septem-
ber 2013, Stuttgart, Germany, 659–669, 2013b. 5484, 5488, 5489, 5490, 5503, 55105

Herman, A.: Shear-jamming in two-dimensional granular materials with power-law grain-size
distribution, Entropy, 15, 4802–4821, doi:10.3390/e15114802, 2013c. 5488, 5489, 5503,
5504, 5510

Holt, B. and Martin, S.: The effect of a storm on the 1992 summer sea ice cover of
the Beaufort, Chukchi, and East Siberian Seas, J. Geophys. Res., 106, 1017–1032,10

doi:10.1029/1999JC000110, 2001. 5483, 5485
Hopkins, M.: The numerical simulation of systems of multitudinous polygonal blocks, Tech. rep.,

Cold Reg. Res. Engng Lab., U. S. Army Corps of Engineers, Hanover, N. H., USA, cRREL
Report 92-22, 74 pp., 1992. 5488, 5490

Hopkins, M.: On the ridging of intact lead ice, J. Geophys. Res., 99, 16351–16360, 1994. 548815

Hopkins, M.: On the mesoscale interaction of lead ice and floes, J. Geophys. Res., 101, 18315–
18326, 1996. 5488

Hopkins, M.: Discrete element modeling with dilated particles, Eng. Comput., 21, 422–430,
2004. 5490

Hopkins, M. and Hibler III, W.: Numerical simulation of a compact convergent system of ice20

floes, Ann. Glaciol., 15, 26–30, 1991. 5488
Hopkins, M. and Shen, H.: Simulation of pancake-ice dynamics in a wave field, Ann. Glaciol.,

33, 355–360, 2001. 5488
Hopkins, M. and Thorndike, A.: Floe formation in Arctic sea ice, J. Geophys. Res., 111, C11S23,

doi:10.1029/2005JC003352, 2006. 5488, 5489, 549425

Hopkins, M. and Tuhkuri, J.: Compression of floating ice fields, J. Geophys. Res., 104, 15815–
15825, 1999. 5488, 5500

Hopkins, M., Frankenstein, S., and Thorndike, A.: Formation of an aggregate scale in Arctic sea
ice, J. Geophys. Res., 109, C01032, doi:10.1029/2003JC001855, 2004. 5488, 5495

Horvat, C. and Tziperman, E.: A prognostic model of the sea ice floe size and thickness distri-30

bution, The Cryosphere Discuss., 9, 2955–2997, doi:10.5194/tcd-9-2955-2015, 2015.
Huang, Z. and Savage, S.: Particle-in-cell and finite difference approaches for the study of

marginal ice zone problems, Cold Reg. Sci. Technol., 28, 1–28, 1998. 5487

5513

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.3189/2013AoG62A055
http://dx.doi.org/10.3390/e15114802
http://dx.doi.org/10.1029/1999JC000110
http://dx.doi.org/10.1029/2005JC003352
http://dx.doi.org/10.1029/2003JC001855
http://dx.doi.org/10.5194/tcd-9-2955-2015


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Inoue, J., Wakatsuchi, M., and Fujiyoshi, Y.: Ice floe distribution in the Sea of Okhotsk
in the period when sea-ice extent is advancing, Geophys. Res. Lett., 31, L20303,
doi:10.1029/2004GL020809, 2004. 5485

Kloss, C. and Goniva, C.: LIGGGHTS: a new open source discrete element simulation software,
in: Proc. 5th Int. Conf. Discrete Element Methods, London, UK, 25–26, 25–26 August 2010,5

2010. 5503
Kloss, C. and Goniva, C.: LIGGGHTS – open source discrete element simulations of granular

materials based on Lammps, in: Suppl. Proc.: Materials Fabrication, Properties, Characteri-
zation, and Modeling, 2, 781–788, 2011. 5503

Kloss, C., Goniva, C., Hager, A., Amberger, S., and Pirker, S.: Models, algorithms and validation10

for opensource DEM and CFD-DEM, Prog. Comput. Fluid Dy., 12, 140–152, 2012. 5503
Kohout, A., Williams, M., Dean, S., and Meylan, M.: Storm-induced sea-ice breakup and the

implications for ice extent, Nature, 509, 604–607, doi:10.1038/nature13262, 2014. 5483
Leppäranta, M., Lensu, M., and Lu, Q.-M.: Shear flow of sea ice in the marginal ice zone with

collision rheology, Geophysica, 25, 57–74, 1989. 548615

Li, B., Li, H., Liu, Y., Wang, A., and Ji, S.: A modified discrete element model for sea ice dynam-
ics, Acta Oceanol. Sin., 33, 568–63, doi:10.1007/s13131-014-0428-3, 2014. 5487

Lu, P., Li, Z., Zhang, Z., and Dong, X.: Aerial observations of floe size distribution in the marginal
ice zone of summer Prydz Bay, J. Geophys. Res., 113, C02011, doi:10.1029/2006JC003965,
2008. 548520

Lu, P., Li, Z., Cheng, B., and Leppäranta, M.: A parameterization of the ice-ocean drag coeffi-
cient, J. Geophys. Res., 116, C07019, doi:10.1029/2010JC006878, 2011. 5483, 5486

Lu, Q., Larsen, J., and Tryde, P.: On the role of ice interaction due to floe collisions in marginal
ice zone dynamics, J. Geophys. Res., 94, 14525–14537, 1989. 5486

Lüpkes, C., Gryanik, V., Hartmann, J., and Andreas, E.: A parametrization, based on sea ice25

morphology, of the neutral atmospheric drag coefficients for weather prediction and climate
models, J. Geophys. Res., 117, D13112, doi:10.1029/2012JD017630, 2012. 5483, 5486

Lytle, V. I., Massom, R., Worby, A. P., and Allison, I.: Floe sizes in the East Antarctic sea ice
zone estimated using combined SAR and field data, in: Third ERS Symposium on Space
at the service of our Environment, edited by: Guyenne, T.-D. and Danesy, D., ESA Special30

Publication, 14–21 March 1997, Florence, Italy, vol. 414, 931 pp., 1997. 5485
Obermayr, M., Dressler, K., Vrettos, C., and Eberhard, P.: A bonded-particle model for ce-

mented sand, Comput. Geotech., 49, 299–313, 2013. 5496

5514

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2004GL020809
http://dx.doi.org/10.1038/nature13262
http://dx.doi.org/10.1007/s13131-014-0428-3
http://dx.doi.org/10.1029/2006JC003965
http://dx.doi.org/10.1029/2010JC006878
http://dx.doi.org/10.1029/2012JD017630


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Paget, M. J., Worby, A. P., and Michael, K. J.: Determining the floe-size distribution of East
Antarctic sea ice from digital aerial photographs, Ann. Glaciol., 33, 94–100, 2001. 5485

Perovich, D. and Jones, K.: The seasonal evolution of sea ice floe size distribution, J. Geophys.
Res.-Oceans, 119, 8767–8777, doi:10.1002/2014JC010136, 2014. 5485

Petrovic, J.: Mechanical properties of ice and snow, J. Mater. Sci., 38, 1–6, 2003. 55045

Plimpton, S.: Fast parallel algorithms for short-range molecular dynamics, J. Comput. Phys.,
117, 1–19, 1995. 5503

Potyondy, D. and Cundall, P.: Bonded-particle model for rock, Int. J. Rock Mech. Min., 41, 1329–
1364, 2004. 5489, 5491

Rheem, C., Yamaguchi, H., and Kato, H.: Distributed mass/discrete floe model for pack ice10

rheology computation, J. Mar. Sci. Technol., 2, 101–121, 1997. 5487
Rothrock, D. and Thorndike, A.: Measuring the sea-ice floe size distribution, J. Geophys. Res.,

89, 6477–6486, 1984. 5485
Savage, S.: Marginal ice zone dynamics modelled by computer simulations involving floe col-

lisions, in: Mobile Particulate Systems, edited by: Guazelli, E. and Oger, L., Springer, the15

Netherlands, 305–330, 1995. 5487
Sayed, M., Neralla, V., and Savage, S.: Yield conditions of an assembly of discrete ice floes,

in: Proc. 5th Int. Offshore Polar Engng Conf., The Hague, the Netherlands, vol. II, Int. Soc.
Offshore Polar Engineers, 11–16 June 1995, 330–335, 1995. 5487

Schulson, E.: The structure and mechanical behavior of ice, JOM-J. Min. Met. Mat. S., 51,20

21–28, 1999. 5504
Schwager, T.: Coefficient of restitution for viscoelastic disks, Phys. Rev. E, 75, 051305,

doi:10.1103/PhysRevE.75.051305, 2007. 5494
Shen, H., Hibler III, W., and Leppäranta, M.: On the rheology of a broken ice field due to floe

collision, MIZEX Bulletin III, USACREL Special Report 84-28, 29–34, 1984. 548625

Shen, H., Hibler III, W., and Leppäranta, M.: On applying granular flow theory to a deforming
broken ice field, Acta Mech., 63, 143–160, 1986. 5486

Shen, H., Ackley, S., and Yuan, Y.: Limiting diameter of pancake ice, J. Geophys. Res., 109,
C12035, doi:10.1029/2003JC002123, 2004. 5500

Steele, M.: Sea ice melting and floe geometry in a simple ice–ocean model, J. Geophys. Res.,30

97, C11, 17729–17738, 1992. 5483, 5486

5515

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1002/2014JC010136
http://dx.doi.org/10.1103/PhysRevE.75.051305
http://dx.doi.org/10.1029/2003JC002123


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Steele, M., Morison, J., and Untersteiner, N.: The partition of air-ice-ocean momentum ex-
change as a function of ice concentration, floe size, and draft, J. Geophys. Res., 94, C9,
12739–12750, doi:10.1029/JC094iC09p12739, 1989. 5483, 5486

Steer, A., Worby, A., and Heil, P.: Observed changes in sea-ice floe size distribution dur-
ing early summer in the western Weddell Sea, Deep-Sea Res. Pt. II, 55, 933–942,5

doi:10.1016/j.dsr2.2007.12.016, 2008. 5485
Sun, S. and Shen, H.: Simulation of pancake ice load on a circular cylinder in a wave and current

field, Cold Reg. Sci. Technol., 78, 31–39, doi:10.1016/j.coldregions.2012.02.003, 2012. 5488
Toyota, T. and Enomoto, H.: Analysis of sea ice floes in the Sea of Okhotsk using

ADEOS/AVNIR images, in: 16th Int. Symp. on Ice, Int. Assoc. for Hydraul. Res., Dunedin,10

New Zealand, 211–217, 02–06 December 2002. 5485
Toyota, T., Takatsuji, S., and Nakayama, M.: Characteristics of sea ice floe size distribution in

the seasonal ice zone, Geophys. Res. Lett., 33, L02616, doi:10.1029/2005GL024556, 2006.
5485

Toyota, T., Haas, C., and Tamura, T.: Size distribution and shape properties of relatively small15

sea-ice floes in the Antarctic marginal ice zone in late winter, Deep-Sea Res. Pt. II, 9–10,
1182–1193, doi:10.1016/j.dsr2.2010.10.034, 2011. 5485

Tremblay, L.-B. and Mysak, L.: Modeling sea ice as a granular material, including the dilatancy
effect, J. Phys. Oceanogr., 27, 2342–2360, 1997. 5486

Wilchinsky, A., Feltham, D., and Hopkins, M.: Effect of shear rupture on aggregate scale forma-20

tion in sea ice, J. Geophys. Res., 115, C10002, doi:10.1029/2009JC006043, 2010. 5488
Wilchinsky, A., Feltham, D., and Hopkins, M.: Modelling the reorientation of sea-ice faults as

the wind changes direction, Ann. Glaciology, 52, 83–90, 2011. 5488
Williams, T., Bennetts, L., Squire, V., Dumont, D., and Bertino, L.: Wave-ice interactions

in the marginal ice zone. Part 1: Theoretical foundations, Ocean Model., 71, 81–91,25

doi:10.1016/j.ocemod.2013.05.010, 2013a. 5483, 5486, 5499
Williams, T., Bennetts, L., Squire, V., Dumont, D., and Bertino, L.: Wave-ice interactions in the

marginal ice zone. Part 2: Numerical implementation and sensitivity studies along 1D tran-
sects of the ocean surface, Ocean Model., 71, 92–101, doi:10.1016/j.ocemod.2013.05.011,
2013b. 5483, 548630

Xu, Z., Tartakovsky, A., and Pan, W.: Discrete-element model for the interaction between ocean
waves and sea ice, Phys. Rev. E, 85, 016703, doi:10.1103/PhysRevE.85.016703, 2012.
5488, 5494

5516

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/JC094iC09p12739
http://dx.doi.org/10.1016/j.dsr2.2007.12.016
http://dx.doi.org/10.1016/j.coldregions.2012.02.003
http://dx.doi.org/10.1029/2005GL024556
http://dx.doi.org/10.1016/j.dsr2.2010.10.034
http://dx.doi.org/10.1029/2009JC006043
http://dx.doi.org/10.1016/j.ocemod.2013.05.010
http://dx.doi.org/10.1016/j.ocemod.2013.05.011
http://dx.doi.org/10.1103/PhysRevE.85.016703


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Zhang, H. and Makse, H.: Jamming transition in emulsions and granular materials, Phys. Rev.
E, 72, 011301, doi:10.1103/PhysRevE.72.011301, 2005. 5494

Zhang, J., Schweiger, A., Steele, M., and Stern, H.: Sea ice floe size distribution in the
marginal ice zone: theory and numerical experiments, J. Geophys. Res., 120, 1–15,
doi:10.1002/2015JC010770, 2015. 54865

Zhao, J. and Shan, T.: Coupled CFD-DEM simulation of fluid-particle interaction in geomechan-
ics, Powder Technol., 239, 248–258, doi:10.1016/j.powtec.2013.02.003, 2013. 5509

Zhou, Y.: A theoretical model of collision between soft-spheres with Hertz elastic loading and
nonlinear plastic unloading, Theor. Appl. Mech. Lett., 1, 041006, doi:10.1063/2.1104106,
2011. 549410

5517

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1103/PhysRevE.72.011301
http://dx.doi.org/10.1002/2015JC010770
http://dx.doi.org/10.1016/j.powtec.2013.02.003
http://dx.doi.org/10.1063/2.1104106


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Physical and numerical model parameters used in the reference simulations in
Sect. 8.1.

Parameter Symbol Value Units

Grains

Density ρ 910 kg m−3

Thickness h 1.5 m
Minimum radius rmin 50.0 m
Maximum radius rmax 150.0 m
Elastic modulus E 6.0×109 Pa
Poisson’s ratio ν 0.33 –
Static yield criterion µ 0.7 –

Bonds

Length coefficient λb 0.8 –
Radius coefficient λR 1.0 –
Mean thickness hm 1.0 m
Width of thick. distr. δh 0.0 m
Ratio of normal to shear stiffness λns 2.5 –
Elastic modulus Eb 6.0×109 Pa
Compressive strength σc,max 1.0×106 Pa
Tensile strength σt,max 1.0×105 Pa
Shear strength τmax 1.0×106 Pa

No. of grains N 7829 –
Initial no. of bonds Nb 15 967 –
Time step ∆t 0.0005 s
Initial strain rate ε0 0.0 s−1

Final strain rate εe 1.0×10−4 s−1
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Table 2. Physical and numerical model parameters used in the reference simulations in
Sect. 8.2.

Parameter Symbol Value Units

Grains

Density ρ 910 kg m−3

Thickness h 1.5 m
Minimum radius rmin 12.5 m
Maximum radius rmax 37.5 m
Elastic modulus E 6.0×109 Pa
Poisson’s ratio ν 0.33 –
Static yield criterion µ 0.7 –

Bonds

Length coefficient λb 0.4 –
Radius coefficient λR 1.0 –
Mean thickness hm 0.5 m
Width of thick. distr. δh 0.0 m
Ratio of normal to shear stiffness λns 2.0 –
Elastic modulus Eb 9.0×109 Pa
Compressive strength σc,max 5.0×105 Pa
Tensile strength σt,max 5.0×104 Pa
Shear strength τmax 5.0×104 Pa

Waves

Amplitude a 1.5 m
Period T 25.0 s

No. of grains N 30 000 –
Initial no. of bonds Nb 73 421 –
Time step ∆t 0.0005 s

5519

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-print.pdf
http://www.geosci-model-dev-discuss.net/8/5481/2015/gmdd-8-5481-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
8, 5481–5533, 2015

Discrete-element
bonded-particle sea

ice model

A. Herman

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(a) (b)

Figure 1. Two approaches to the usage of grains and bonds in DESIgn: without bonds, when
ice floes identical with grains and the FSD is prescribed (a); with bonds, when ice floes are
assemblages of bonded grains and the FSD is obtained as a solution (b).
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Figure 2. Geometry of two grains, i and j , connected with a semi-elastic bond.
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Figure 3. Forces and torques acting on an elastic bond connecting grains i and j : top view
(a) and side view (b). Letters C and T denote points where maximum compressive and tensile
stress, respectively, occurs due to the bending moment caused by ∆ωi j ,z in (a) and ∆ωi j ,t in
(b). Gray curved arrow in (b) denotes twisting moment associated with ∆ωi j ,n.
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Figure 4. A sketch of a circular grain on a sloping sea surface, illustrating the variables involved
in calculation of the wave-induced torque (see text for details).
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hm = 0.8 m (a) δh = 0.9 m (b)

reference settings (c) ε0 = 0.3 · 10−4 s−1 (d)

λns = 3.0 (e) δh = 0.9 m (f)

Figure 5. Example damage patterns obtained in simulations of an initially compact sample
under uniaxial tensile (a, b), uniaxial compressive (c, d), and shear (e, f) strain. Thick gray
lines show the bonds between grains. Model parameters that differed from the reference run
are given with each panel. See Supplement Figs. 3–5 for more images.
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Figure 6. Amplitude of the maximum normal (a, c, e) and shear (b, d, f) stress due to bonded
interactions in simulations under uniaxial compressive strain, with variable model parameters.
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Figure 7. As in Fig. 6, but in simulations under shear strain.
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Figure 8. Temporal evolution of the fraction of broken bonds and the rate of bond breaking (a);
relationships between the fraction of broken bonds and and the global normal and shear stress
in simulations under uniaxial compression (reference model settings).
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Figure 9. As in Fig. 8, but in simulation under shear strain.
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(a) (b)

Figure 10. Instantaneous normal stress (color scale; in Pa) acting on individual grains in sim-
ulation under uniaxial compressive strain short after terminal failure of the material (t = 600 s,
see Figs. 6 and 8). Panel (b) shows a fragment within the rectangle marked in (a), with bonds
between grains illustrated with thick blue lines. Reference model settings.
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(a) (b)

Figure 11. Instantaneous shear stress (color scale; in Pa) acting on individual grains due to
bond interactions (a) and pairwise interactions (b) in simulation under shear strain at t = 2000 s
(see Figs. 7 and 9). Reference model settings. Note different color scales in (a) and (b).
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Figure 12. Rank-order statistics of floe sizes (a: number of grains in a floe; b: floe surface area)
obtained in simulations with different wave period T . The dashed line in (b) marks the area
of the largest individual grain in the ensemble. Results of the reference run are shown with
crosses.
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(a) (b)

Figure 13. Fragments of the model domain at the end of the reference simulation, with T =
25 s (a), and a simulation with T = 23 s (b), showing the pattern of floes. The wave propagation
direction is from top to bottom.
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Figure 14. Normalized histograms of: (a) standard deviation of the x1 component of the floes’
angular velocity in function of their size (number of grains); and (b) instantaneous angular
velocity differences between pairs of bonded grains within three floe-size ranges.
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