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Abstract

Mass loss caused by glacier calving is one of the direct contributors to global sea level rise. Reliable calving laws
are required for accurate modelling of ice sheet mass balance. Both continuous and discontinuous methods have
been used for glacial calving simulations. In this study, the discrete element method (DEM) based on dilated
polyhedral elements is introduced to simulate the calving process of a tidewater glacier. Dilated polyhedrons can
be obtained from the Minkowski sum of a sphere and a core polyhedron. These elements can be utilized to
generate a continuum ice material, where the interaction force between adjacent elements is modeled by
constructing bonds at the joints of the common faces. A hybrid fracture model considering fracture energy is
introduced. The viscous creep behavior of glaciers on long-term scales is not considered. By applying buoyancy
and gravity to the modelled glacier, DEM results show that the calving process is caused by cracks which are
initialized at the top of the glacier and spread to the bottom. The results demonstrate the feasibility of using the
dilated polyhedral DEM method in glacier simulations, additionally allowing the fragment size of the breaking
fragments to be counted. The relationship between crack propagation and internal stress in the glacier is analyzed
during calving process. Through the analysis of the Mises stress and the normal stress between the elements, it is
found that geometric changes caused by the glacier calving lead to the redistribution of the stress. The tensile
stress between the elements is the main influencing factor of glacier ice failure. In addition, the element shape,
glacier base friction and buoyancy are studied, the results show that the glacier model based on the dilated

polyhedral DEM is sensitive to the above conditions.
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1 Introduction

The glacial calving process occurs when the front edge of a
glacier or ice shelf (also known as its terminus) breaks away and
is released into the ocean. This dynamic ice loss process is con-
sidered alongside thermodynamic ice melting when using ice
sheet models to obtain an accurate prediction of sea level rise
(Dyer et al., 2013; Zemp et al., 2019). In addition, coupled simula-
tions of atmospheric, oceanic, and ice-sheet processes show that
the ice-sheet mass loss can affect global ocean currents. The
meltwater generated by glacial disintegration from Greenland
may thus accelerate the further calving of glaciers in the Antarc-
tic by slowing the Atlantic overturning circulation (Golledge et
al., 2019). This positive feedback will have a more profound im-
pact on climate change.

Introducing a glacial calving law into existing ice sheet mod-
els is an important method of understanding the role of iceberg
calving in ice sheet mass loss (Schlemm and Levermann, 2018). A
complete law of calving should include environmental forcing,

glacier geometry, material properties, and preexisting flaws (Al-
ley et al., 2008). However, an accurate and sufficiently complex
calving law describing the location or rate of calving in all gla-
ciers and ice shelves has yet to be achieved (Benn et al., 2007).
One approach to develop a more accurate calving law is to para-
meterize the calving process from simulations, so the results can
be adapted to large spatial and time scale simulations.

With increasing interest in glaciers in the Arctic and the Ant-
arctic region recently, both continuous and discontinuous nu-
merical methods have been applied to explore calving laws.
Simple laws have previously been based on field data relating to
the calving process, such as the velocity of the glacier along-flow
(Alley et al., 2008) or the relationship between water depth and
ice thickness (Pelto and Warren, 1991). The tensile and shear fail-
ure of a rectangular glacier has also been investigated using the
stress field obtained from a 2-D full-Stokes finite element meth-
od (Ma et al., 2017). Schlemm and Levermann (2018) derived the
stress field of calving glacier from the two-dimensional Stokes
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equations and proposed a calving law based on yield stress (Sch-
lemm and Levermann, 2018). Many previous studies use con-
tinuous models such as FEM for glacial simulations including
iceberg calving (Cook et al., 2018; Pralong and Funk, 2005; Todd
et al.,, 2018; van Dongen et al., 2018), but the disadvantage of con-
tinuous models is that fractures cannot form explicitly, therefore
the interaction of fractures and the surrounding stress field must
be based on a parameterization (Benn and Astrém, 2018).

A discrete model based on a hybrid-lattice spring network ap-
proach has also been applied to investigate the unstable and
shear damage phenomena of glaciers (Koehn and Sachau, 2014;
Astrém et al., 2014; Benn and Astrom, 2018). This method com-
bines the brittleness of short-term damage and long-term vis-
cous flow (Koehn and Sachau, 2014). The most commonly used
discontinuous numerical method in glacier simulations is the
discrete element method (DEM). DEM, proposed by Cundall and
Strack in 1979 (Cundall and Strack, 1979), has a wide range of ap-
plications in geotechnical engineering, ice engineering, and
particle physics (Cleary, 2010; Liu and Ji, 2018). Due to the need
to study the fundamental mechanisms of the calving process, this
method of providing macroscopic and microscopic perspectives
has received extensive attention recently. Bassis and Jacobs
(2013) simulated the calving process by the discrete element
method, finding that glacier geometry, which controls the stress
state within the glacier, is the main factor leading to different
calving regimes (Bassis and Jacobs, 2013). The sphere-based dis-
crete element model has also been developed to simulate the
flow and calving of glacier geometries, which includes elastic,
brittle-fracture, and slow viscous behavior (Astrém etal., 2013;
Riikild et al., 2015). Benn et al. (2017) used the Elmer/Ice finite
element model and Helsinki DEM (HiDEM) discrete element
model to simulate the breaking process of a tidewater glacier. A
series of factors such as melt under-cutting, buoyancy and cliff
geometry were found to contribute to the calving process (Benn
etal., 2017).

Continuous models have the advantage of being able to rep-
resent the lateral hydrostatic pressure of the surrounding ocean
water on tidewater glaciers. The geometric deformation of the
glacier over a long time scale because of the larger timestep, so
that a more reliable state of stress within the glacier can be ob-
tained. But their disadvantage is that it is difficult to represent the
effect of crevasses on the surrounding stress field, and therefore it
is difficult to predict their propagation. Discontinuous models
such as the discrete element method accurately simulate the
crack propagation process during disintegration. Another ad-
vantage of the discontinuous method is that it can consider the
buttressing force on ice cliffs from the ice mélange (a mixture of
ice fragments and sea ice often found near calving glaciers),
which is proved important in calving (Burton et al., 2018; Robel,
2017). A simulation of glacier fracture based on the discrete ele-
ment model also shows that fracture and transport of detached
icebergs both play an important role in the disintegration of gla-
ciers (Bassis and Jacobs, 2013). On the other hand, the element
shapes used in glacial discrete element models are mainly sphere
(circles for 2D) and cube (Astrém et al., 2014; Benn et al., 2017;
Burton et al., 2018; Riikil4 et al., 2015; Robel, 2017). It is believed
that the element shape has a significant influence on the dynam-
ic behavior of granular matter (Lu et al., 2015). But the influence
of element shape in the simulation of glacier is unclear. From the
aspect of computational efficiency, the continuous models can
simulate longer timescale cases comparing with the discontinu-
ous models because the continuous models can use a much lar-
ger time step in the motion integral.
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The DEM with dilated polyhedral elements can be applied to
simulate the calving process of tidewater glaciers, providing the
potential for irregular convex-shaped elements. The interaction
between ice and water is represented by assuming the drag force
acting on each element. The elements are bonded together to
form a seamless glacier. Factors affecting the disintegration of
glaciers are still unclear, but due to their inherent instability, the
tidewater glaciers usually experience calving regularly and the
disintegration of the calving front can be simulated on short-term
scales. In this study, a dilated polyhedral DEM (DPDEM) com-
bined with a bond and fracture model is applied to simulate tide-
water glacier calving. The internal stress changes can be ob-
tained at the same time, and the size distribution of icebergs pro-
duced during calving process is counted. Based on the simula-
tion of different element shapes, bottom friction and buoyancy
conditions, we proved the sensitivity of this model to these
factors. Simulation results show that the DPDEM is a potential
and effective method for glacial calving simulation.

2 Dilated polyhedron discrete element method

2.1 Dilated polyhedral element and its contact model

A dilated polyhedral element is constructed by the Minkowski
sum of a sphere and a polyhedron. Using elements of this shape
can prevent several complex and inefficient geometric contact
detections on each time step. The Minkowski sum between two
geometric shapes A and B can be defined as

A®B={x+ylx<€Aye< B}, (1)

where x and y are vectors of sphere and polyhedral surface
points, © is the Minkowski sum operator which means sweeping
one set around the profile of the other. Figure 1 shows the pro-
cess of polyhedral dilation by the Minkowski sum. The polyhed-
ron becomes smooth at the corners while convexity does not
change. There are smooth spheres, cylinders and flat faces on the
surface of dilated polyhedron, which leads to six types of contact
patterns including face-face, cylinder-cylinder, sphere-sphere,
sphere-cylinder, sphere-face, and cylinder-face. Different con-
tact force models are established for different contact patterns,
which overcomes the limitations of the linear contact force mod-
el and avoids the empirical determination of the stiffness para-
meter (Liu and Ji, 2018).

The normal force of different contact patterns is modeled by
the normal stiffness parameter k,, given in the following formula,
which is defined as the normal contact stiffness:

Fy = k0% — Cy|n| 00, )

® © =

Fig. 1. Dilated polyhedral element constructed with the
Minkowski sum of an arbitrary polyhedron and a sphere.
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where x is usually 1.5 in the Hertzian model, which does not have
particular physical significance; ¢, is the normal overlap; and §,,
is the normal relative velocity. ¢, and 8, are projections of re-
lated variables in the vector of contact normal; k,, = 4E* \/}?/3,
where E* and R* are equivalent elastic modulus and equivalent
radius respectively; C, is the normal damping coefficient, the
variable is assigned by the following formula:

Cy= Cn V mABkm (3)

where Mg is the equivalent mass of element A and element B,
calculated by mag = mamg/(ma + mg), and ¢q is dimensionless
damping coefficient given by:

—Ine

b = Va2 + InZe’

4

where e is the restitution coefficient, which equals 0.1 here. The
tangential force Fs of each contact candidate is defined by the
tangential elastic force F, without a tangential viscous force, and
then related with the friction force:

F: = ksws"{_l&sa )

F, = min (|F,

s 1 |Fal) 85/ 105] (6

where ks is the tangential stiffness proportional to the normal
stiffness as ks = rs,ky; ds is the vector of tangential elastic deform-
ation; 4 is the sliding friction coefficient between elements. Ac-
cording to the relationship between the elastic modulus and
shear modulus of the isotropic material, ry, is defined as
1/2(1 + v), where v is Poisson’s ratio.

2.2 Bond and fracture model of dilated polyhedron element

A brief introduction of bond-failure model in the dilated
polyhedral DEM is given in Liu and Ji (2019). The weak form of
the governing equation can be derived for each bond point
between two rigid elements based on elastic theory:

/BuT (on) dS—l—/pSqudV:/SquildV, @)
s v v

where § is the variational symbol in the functional analysis; u=
{u v w}" is the displacement of the mass center in x, y, z direc-
tions, i is the acceleration of the mass center, z is normal of face
S, pis the mass density and the first part on the left indicates the
cohesion on the bonded interface, the second part represents the
body force fand the right term is force related to acceleration. To
avoid this complex calculation of surface integral, an evaluation
of the stress and strain is developed by considering a similar ap-
proach in the generalized contact model (GCM) (Azevedo and
Lemos, 2005). According to the dynamic relaxation method, the
continuum can be discretized in space, i.e., the stiffness matrix
can be regarded as discretized bond springs. Figure 2 shows the
construction of our bond model for the glacier structure, and the
contact force model between bonded elements.

Bond springs connect the corresponding vertices on the adja-
cent faces that are initially in a parallel state. Due to the relative
displacement of the bonded vertices, the normal strain ¢, and
shear strain ¢, are obtained from Eqs (8) and (9):
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Fig. 2. Construction of glacier with DEM and contact model
between bonded elements. The bonding considers the stiffness
and viscosity in normal and tangential directions.
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where d is the vector linking two bond points, n = (n; — n;) /
norm(n; — n;) is the unit normal vector of bonded face i and j,
norm(X) means the module of vector X. The characteristic length
Cjj is the sum of the distances from the center of mass of each ele-
ment to the bonding surface. The bond stress is determined
based on the elastic law of anisotropic material, and both the
elastic component 6. = {0e, %} and viscous component
oy = {ov, 7} are calculated in directions perpendicular and par-
allel to the bonded faces, o and r are the normal and tangential
stresses respectively. 0e = knén, Te = ksér, 0y = Pknén, and vy = Pksé,
[ is constant scalar taken as 2.0x10-6 here to introduce damping
related to the stiffness. The subscripts e and v above represent
the elastic and viscous components. The bond force of each bond
spring is then considered to be:

F, = (6e +oy) - A/n, (10)
where A is the area of the bonded face and rn is the number of
bonded points on the bonded face.

For each pair of bonded points, the normal strength ¢ is pre-
set and shear strength 7 is chosen by Mohr-Coulomb criterion,
and in our hybrid strength criterion, damage happens as:

(5) (=

where (-) is the Macaulay bracket, and (x) = x forx > 0, (x) =0
for x < 0. The variable describing the degree of material damage
is D, defined as:

(n

(5f gmax _ 50
- ) a2
6m (5m - 5m)

where the equivalent deformation d,, = 1/ (d,)> 4 62. The super-
scripts 0 and f denote the initial moment of damage and the mo-
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ment of complete fracture, respectively. Here 6fn =2G%/ol, the

equivalent stress om = 1/ {0)* + 2. 9™ is the maximum equival-
ent deformation during the loading process, as shown in Fig. 3.
The critical energy G° is related to the fracture energy in tensile
mode, Gf, and the fracture energy in the shear mode, Gj;, which is

defined as:

GGt (660 =G (13)
1 I T G[c + Gfl )

where 7 is a scalar constant, normally # = 1.75 for brittle materi-

als (Camanho et al., 2003).

2.3 Element motion

Each dilated polyhedral element may be subject to gravity,
inter-element contact forces, bond forces, buoyancy, and the
motion-induced drag force of water (Liu and Ji, 2018). F; is the
summation of all forces experienced by the element at time ¢. The
Verlet algorithm was used to carry out the translation in the glob-
al coordinate system, through which the position and velocity of
the element are calculated at each DEM time step. We use qua-
ternions to store the local position of each element point relative
to the initial position after rotation, since the Euler angles may
lead to a singularity in special circumstances (Lu et al., 2015). The
Verlet formula is defined as follows:

1
Vigne = Vi + 3 (a: + aiar) A, (14)
1
xHAt:x[—&-VHA[-AL‘+§ -u,-Atz, (15)
ayne = Frn/m, (16)

where 7 is the element mass. The quaternion g = {q1, q2, 43, 4}
is employed to calculate the rotational motion of each element.
The correspondence between the torque and the rotational ac-
celeration @ in local coordinate is defined as:

Mb I, —1I
b _ X Y 2z b_ b
b=+ (M) et
M /-1
o= () et a7
IJ’Y IJ’J’
MP Ly — 1,
.p_ Mg xx — Ly b_b
Q)Z B Izz + ( Izz ) wxwy7

where o represents the rotational velocity; L is the principal
moment of inertia around the ¢ axis including x, y and z; b rep-
resents the body-fixed (or local) coordinate system. The relation-
ship between the local coordinator and the global coordinate of
each point e® can be transformed by matrix A, G represents the
global coordinate system:

e =A- eG7

(18)

where the transition matrix A is defined as

G+a—a— a3 22+ dods)  2(q195 — Gog2)

A=| 2@g2—quas) G —ai+ad5—a;  2(9:295 + qGoqr)
2(1qs + Goq2)  2(92Gs — dor) g3 — 4% — G5 + 45
(19)
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Fig. 3. Constitutive relationship between equivalent stress and
deformation in the hybrid failure criterion.

The moment in the global coordinate system can be conver-
ted to the local coordinate system with Eq. (16). The quaternion
varies with the rotational velocity in the local coordinate system
according to:

4o Ob
AT O
2=l o | (20)
.2 y
qs P

T, . .
where ©° = {w? ? @2} is the rotational velocity in the local co-
ordinate system; W is defined as:

Go —qv —q2 —(q3
_ qdq1 9o —q3 (g2
W= qd g3 do —q1 @n

93 —q2 q qo

The quaternion can be obtained by step-by-step integration.
Accordingly, the transition matrix, rotational velocity, and the
new position of each vertex on the element can be updated.

3 Calving process simulation with DPDEM

The contact model and bond-failure model of dilated poly-
hedral DEM have been used and validated for sea ice simulation
in our study (Liu and Ji, 2018, 2019). These numerical models are
also used for rock breakage. Thus this method is proved to be an
effective approach in the simulation of brittle materials. The gla-
cier calving process over a short time due to inherent instability is
simulated by DPDEM. The bond strength is initialized with
Weibull distribution on the glacier.

3.1 Glacier model

The tidewater glacier is initialized by extruding triangular ele-
ments meshed on a preset geometry. Since the third dimension is
not considered in the extruding direction, the following simula-
tion is performed on the plane. The calving of an ocean-terminat-
ing glacier is severely affected by the geometry of its terminus
(Mercenier et al., 2018). The approximate natural shape of the
glacier front is set to gradually thin in the along-flow direction,
with under-cutting at the terminus caused by basal melting
(Bartholomaus et al., 2013), as shown in Fig. 4a. It is assumed
that the part below the sea level on the right-hand side of the gla-
cier will melt due to warm ocean currents, and the length of the
melt undercut, L, increases linearly with the distance from the
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Fig. 4. Simulation setup of the glacier calving process. a. Geo-
metry of the glacier, and b. mesh grids with dilated polyhedron.

sea. Several parameters that control the geometry of the glacial
front are defined: glacier height H and length L, undercut length
L and height Hy;, water depth Dy, and flotation depth Dg. The
model is grounded on a flat bottom face with no friction, and we
have a fixed vertical boundary on the left side to prevent it from
disintegrating backward. Figure 4b illustrates the dilated poly-
hedral elements in this case.

Geometric parameters and physical parameters in the simu-
lation used in this study are shown in Table 1. The research about
the fracture energy of the glacier is rather rare so that similar re-
searches on sea ice are considered. The size-independent frac-
ture energy is 15 N/m according to the experimental and analyt-
ical research of Dempsey et al. (1999). But the fracture energy
used in numerical simulations has different values, including
12 N/m by Paavilainen et al. (2011) and Paavilainen and Tuhkuri
(2012), 15 N/m by Lu et al. (2014), 20 N/m, 28 N/m and 50 N/m
by Giirtner et al. (2010). On the other hand, considering the hy-
brid model of the cohesive element for the breakage simulation

Table 1. Main parameters in DPDEM simulation of glacier calving
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of the rock, which is also the brittle material that is similar to ice,
the mode-II fracture energy can be 2-5 times the mode-I fracture
energy (Ma et al., 2016). Hence, the mode-1 and mode-II fracture
energy are 20 N/m and 40 N/m respectively. According to the re-
search of Camanho et al. (2003), the power coefficient 5 in Eq.
(11) for brittle material can be 1.75. Thus # = 1.75 is used in this
study.

The bond strength represents the tensile and shear resistance
of bonds, which is an important property of the material. Al-
though the glacier is typically a nearly continuous structure, to-
wards the terminus, where the glacier flows rapidly, the ice on
the leading edge wears under natural conditions, resulting in a
difference in the strength of the ice. Thus, the bond strength
between each bonded element follows the Weibull distribution
with a shape parameter of 2.0 and a size parameter of 4.0. The
normal bond strength is between 1.0 MPa and 1.3 MPa in this
case. The statistical probability density distributions of normal
tensile bond strengths used in the simulation are displayed in
Fig. 5, where each square in the histogram has a width of
0.01 MPa. The cohesion of each pair of bonded points is three
times the tensile bond strength.

3.2 Calving simulations

This case is performed on an HP Z8 G4 workstation, which is
equipped with Intel Xeon Silver 4114 processor and NVIDIA
Quadro GP100. We simulated the calving process 0f 9.389 s,
which took an average of 2.527 h. Figures 6 and 7 show the res-
ults of the calving process simulation up to 9.389 s. In Fig. 6,
green rods represent the unbroken bonds in the glacier model,
and red color rods represent bond pairs that have broken at this
time step. After the bonds are broken, the further the relative
movement distance is, the darker color shown in each figure. The
time slice of the calving process and velocity distribution of poly-
hedron elements is shown in Fig. 7. It can be seen from these two
figures that the calving of glacier, in this case, begins with the
generation of a top crack until the crack spreads to the bottom of
the ice, and then a shear band is formed throughout the fracture
zone. There are crisscross shear bands in the glacier which pro-
duce a similar grinding effect.

The size distribution of the broken iceberg fragments after
disintegration can be important for understanding their future
behavior (Savage et al., 2000). Since the model geometry is two-
dimensional, the size is measured as the area on the 2D vertical

Definition Symbol Value Unit
Drag force coefficient Car 0.2 1
Drag moment coefficient Cam 0.14 1
Ice density Pice 1 000 kg/m3
Young's modulus E 10 GPa
Poisson’s ratio v 0.3 1
Average element size Aave 2.5 m?
Element friction coefficient H 0.3 1
Boundary friction coefficient Hy 0.0 1
Under-cut length Ly 30 m
Flotation depth Dr 20 m
Water depth Dw 80 m
Glacier size HxL 120x200 mxm
Mode-I fracture energy Gi 20 N/m
Mode-1I fracture energy Gi 40 N/m
Power coef. for fracture energy n 1.75 1
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plane. The size distribution of the ice fragments produced in the
disintegration can be fitted by a power function, N (A) oc AP,
with the exponent D ~ 1.44, as shown in Fig. 8. According to the
Arctic ice floe measurements of Rothrock and Thorndike (1984),
the exponents are in a broad range, about 1.7 < D < 2.5. The dif-
ference between numerical and field results can be complicated.
The size in the field data is calculated as A = /m where m is the

0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

0.00
095 1.00 1.05 1.10 115 120 125 130
Bond strength/MPa

Frequency

Fig. 5. Statistical probability density distribution of tensile bond
strength illustrates the Weibull distribution in this case.

a.1=0.346s

c.t=2423s

e.1=4.846s

mass of the ice fragment, while the size in the numerical data is
calculated as the maximum length of each ice fragment. Besides,
the 3D simulation can provide the size on the other dimension,
but the simulation in this study is 2D.

In this study, the von Mises stress (o) can be calculated by:

os =V 0%+ 37,

where 0 is the normal stress; 7 is the shear stress; and o is calcu-
lated at each bonded vertex. We can obtain the stress results in
the computing domain with an interpolation method. Figure 9
shows the von Mises stress at different times in the glacier (0-0.65 s),
and bonds that have been broken are indicated by red dots. The
results indicate that the von Mises stress at the right bottom of
the glacier gradually increases with the separation of the left side
of the glacier when fractures form along the boundary. When the
ice surface at the glacier terminus begins to break due to excess-
ive stress, the changed glacier geometry causes the internal stress
to redistribute.

However, the von Mises stress cannot determine whether the
fracture between the bonded elements is caused by stretching or
compression. Figure 10 shows the time slice of the normal stress
o in the glacier. It indicates that the generation and propagation
of glacial cracks in this example are mainly caused by the tensile

22)

b.=1.211s
QR .
} 7
Y
’l\ 4
X
d. =3.634s
f. =9.389 s

Fig. 6. Failure of bonds simulated with DPDEM at different times. The crack propagates from the front top to the bottom until the
glacier front collapse, the failure bond is colored with red. The deeper color means the larger concentration of failure bonds.
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Fig. 7. Velocity distribution of glacier simulated with DPDEM at different times.
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Fig. 8. Fragment size distribution fitted in double logarithmic
space where the exponent D=1.44.

stress exceeding the ice strength.

Based on the glacier geometry and physical parameters com-
pletely consistent with the above experiment, we use the cubic
element to simulate the calving process under the same buoy-
ance conditions. As shown in the following Fig. 11, the glacier
geomtry is composed of cubic elements, the diagonal connection
between the square units is only for display and does not mean

that the element is split into two. The front end of the glacier is
composed of 9 369 elements.

Figure 12 shows the comparison of the glacier velocity distri-
bution at the end of the simulation, i.e., t = 9.389 s using cubic
elements and triangular elements. The retreat distances at the
bottom of the glacier in Figs 12a and b are 54 m and 53 m, re-
spectively, while the retreat distances at the top are 49 m and 57
m, respectively. The retreat distance is defined as the distance
between the front end of the glacier before calving and the front
end after calving.

The overall retreat of the glacier is not much different in the
two elements, and the retreat distance of the top of the glacier is
smaller than that of the bottom of the glacier, but a more de-
tailed analysis will find that due to the limitation of the element
shape, the direction of the grinding of the fragments generated by
the glacier collapse is affected by the element shape. As shown in
the red and black boxes in Figs 12a and b, the crack direction is
affected by the shape of the element. The cubic element causes
the fragments to follow the vertical sea surface direction, and the
use of triangular elements avoids the possibility of vertical crack
propagation due to element mesh to a certain extent, and
provides a more random propagation direction for crack
propagation, but the cracks still grow in the same vertical direc-
tion as square elements in general.

3.3 Parameter sensitivity
The bottom friction and buoyancy are important factors that
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Fig. 10. Normal stress of the tidewater glacier in the DEM simulation at different times.

Fig. 11. Glacier geometry composed of cubic elements.

affect the process of glacier calving. In the following research, we
conducted a series of simulations on bottom friction and buoy-
ancy. If the parameters used in cases are not listed separately,
they are consistent with the above experiment.

3.3.1 Bottom friction

In order to study the influence of bottom friction on the glaci-
er disintegration process, we place a glacier on a slope with an in-
clination of 0.05 radians, and set a fixed boundary condition on
the left side, as shown in Fig. 13. The whole glacier is divided into
6 454 triangular elements, the influence of seawater buoyancy is
not taken into consideration. The physical parameters in the cal-
culation are the same as those in the above research, but the fric-
tion between the bottom of the glacier and the base is set to 0.2,
0.4, and 0.6. The bond strength between elements follows the
Weibull distribution with a shape parameter of 2.0 and a size
parameter of 4.0 as before, and the normal bond strength is
between 1.0 MPa and 1.6 MPa in this case.

With different friction coefficients on the base, different forms
of crack propagation and disintegration occur in glaciers. When
the friction coefficient is small, such as 0.2 and 0.4, the glacier
cracks expand, but the glacier stabilizes finally, as shown in
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Fig. 12. Velocity distribution of glacier simulated using elements of different shapes.
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Fig. 13. Geometry of the glacier mesh with triangular elements.

Figs 14a and b. When the friction coefficient is taken as 0.6, the
glacier will continue to retreat, as shown in Fig. 14c. By compar-
ing the results of glacier disintegration under different bottom
friction coefficients, we know that glaciers tend to disintegrate
under larger friction coefficients, and smaller friction coefficients
are more likely to cause cracks to growl while the glaciers remain
stable. This is because the force provided by the base to the glaci-

er through friction plays a certain role in maintaining the stabil-
ity of the glacier.

The smaller friction force makes the stress inside the glacier
along the advancing direction of the glacier more evenly distrib-
ute, and the glacier is more difficult to disintegrate. That is to say,
when the friction is smaller, the bottom of the glacier front moves
more distance under the action of gravity, and the tensile stress
on the upper part of the glacier decreases. The larger coefficient
of friction enables the bottom to provide greater friction. The ad-
vancement distance of the bottom of the glacier front becomes
smaller, the upper part of the glacier is subject to increased
tensile stress, and the bottom of the glacier front crush under
greater friction and gravity, making it easier to disintegrate.

The propagation of cracks also validates this view. In the case
of 0.2 (friction coefficient), cracks occur in the center of the glaci-
er with a lower density, while the crack propagation in Fig. 14b
gradually extends to the front edge of the glacier. When the crack
propagates further, the part on the right side of the glacier in con-
tact with the basement will not be able to withstand, causing the
glacier to collapse and retreat.

3.3.2 Buoyancy
Based on the glacier geometry used in the above-mentioned

a. ;u=0.2

b. u=0.4

v, >,

27 TN -

c. u=0.6

Fig. 14. Crack propagation in glaciers under different bottom friction coefficients at ¢ = 2.165 s. The failure bond is colored with red,

the deeper color means the larger concentration of failure bonds.
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study of bottom friction, we conducted a study on the influence
of sea level position, that is, buoyancy on the calving process. The
base friction coefficients used in this example are 0.6. The results
are shown in Fig. 15. The sea level is set to 10 m, 20 m, and 30 m
from the bottom of the glacier front respectively.

It can be seen from the results that the higher the water level,
the less likely the glacier will collapse. In the case of Fig. 15a, the
sea level is 10 m from the bottom of the glacier front, and the gla-

sea level

IlOm

a. sea level is 10 m

sea level

30m
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cier collapses. In the case of Fig. 15b, the sea level is 20 m from
the bottom of the glacier front, the glacier does not collapse, but a
longitudinal crack that penetrates the glacier is produced in this
case. In the case of Fig. 15¢, the sea level is 30 m from the bottom
of the glacier front, the glacier does not disintegrate, and the
cracks cannot penetrate the entire glacier in the thickness direc-
tion.

sea level

IZOm

b. sea level is 20 m

c. sea level is 30 m

Fig. 15. Crack propagation in glaciers under different buoyancy conditions at ¢ = 8.66 s. Sea level is counted from the bottom of the
glacier front. The failure bond is colored with red, the deeper color means the larger concentration of failure bonds.

4 Conclusions

A practical DEM with dilated polyhedral elements for a gla-
cial calving simulation has been developed in this study. The
dilated polyhedron element has the potential for creating irregu-
lar, convex element shapes. It is also suitable for establishing
seamless glacier structures, and the fracture process of glacier ice
is simulated by using a hybrid fracture model based on critical
energy. The von Mises stress and the normal stress between the
elements are analyzed so that the relationship between the frac-
ture of the glacier and the internal stress can be effectively com-
bined to facilitate the observation. In our research, the glacier ice
has broken due to excessive tensile stress, and it broke off from
the top and spread to the bottom, then the entire glacier became
unstable and disintegrated. During the calving process, the
grinding between the ice blocks near the shear zone causes the
glacier to break down into smaller pieces, while the foremost part
of the glacier is broken into larger blocks, which is consistent
with some situation of field observation. It indicates that the
model is able to simulate a realistic tidewater glacier calving pro-
cess in a short time, confirming the feasibility of the proposed
model for calving simulations. By studying the glacier disintegra-
tion process of different element shapes, it is found that cubic
elements are more likely to cause fractures along with the ele-
ment division (vertical to the sea level), while the direction of
fragmentation of triangular elements is more random, but in gen-
eral, the element shape has little effect on the retreat distance of
the glacier. The friction at the bottom of the glacier will affect the
propagation of cracks and calving in the glacier, and in the case

of this article, a large friction coefficient is more likely to cause
the glacier failure. Buoyancy conditions have a significant im-
pact on whether glaciers disintegrate, because greater buoyancy
will make it more difficult for cracks to penetrate more glaciers.
In further research, different glacier geometries and 3D condi-
tions will be considered to explore the performance of calving
laws used in ice sheet models.
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