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Abstract Herein, fast fracture initiation in glacier ice is modeled using a Material Point Method and a
simplified constitutive law describing tensile strain softening. Relying on a simple configuration where ice
flows over a vertical step, crevasse patterns emerge and are consistent with previous observations reported in the
literature. The model’s few parameters allows identification of a single dimensionless number controlling
fracture spacing and depth. This scaling law delineates two regimes. In the first one, ice thickness does not play a
role and only ice tensile strength controls the spacing, giving rise to numerous surface crevasses, as observed in
crevasse fields. In this regime, scaling can recover classical values for ice tensile strength from macroscopic
field observations. The second regime, governed by ice bending, produces large-scale, deep fractures
resembling serac falls or calving events.

Plain Language Summary In ice sheets and alpine glaciers, fast-flowing sections are often
characterized by crevasse fields that play a significant role in the cryo-hydrologic system by facilitating
meltwater flow, enhancing basal sliding, weakening the ice, and impacting glacier thermodynamics. Modeling
these fractures at the glacier scale remains challenging and often necessitates integrating diverse models which
hinders the straightforward consideration of physical issues associated with crevasse fields on a large scale.
Here, a new numerical framework allows us to conduct field-scale experiments and paves the way for a scaling
law to elucidate the macroscopic factors influencing fracture fields and to easily incorporate crevasse depth and
spacing into large-scale models. A newly discovered scaling law highlights the transition between a mechanical
behavior where the regular crevasse spacing is unaffected by geometry to a regime where geometry plays a
significant role, particularly in large-scale fracture processes like glacier calving. While the numerical
experiments in this paper focus on glaciers, the model and conceptual framework is versatile and can address the
mechanical behavior of fractures in broader geophysical contexts such as snow, rock or ice avalanches, tectonics
and landslides.

1. Introduction

Fractures are hallmark features of rapidly flowing glaciers. Ocean-terminating outlet glaciers of the ice sheets
release large volumes of ice into the ocean by fracturing processes, termed glacier calving. Large inland areas of
the ice sheet. also exhibit highly crevassed zones which form integral components of the cryo-hydrologic system,
(Chudley et al., 2021; Koziol & Arnold, 2018; McGrath et al., 2011; Phillips et al., 2010) by storing meltwater and
facilitating pathways to the glacier bed, ultimately affecting basal sliding (Andrews et al., 2014; Schoof, 2010;
Sole et al., 2011) and hence the glacier dynamics. While these processes demonstrate the need to consider cre-
vasses in glacier simulations, accurately modeling and comprehending the varied characteristics of these fractures
remains challenging. For instance, in crevasse fields, Holdsworth (1969) observed that despite different ice
temperatures and strain rates, the spacings between initial transverse crevasses were surprisingly similar, with
variations ranging from 57 to 66 m for cold ice. Such order of magnitude was later recovered in different glaciers
with different configurations (Enderlin & Bartholomaus, 2020; Garvin & Williams, 1993; Malthe-Sorenssen
et al., 1999); however, slightly smaller values were also observed on the lower part of Jakobshavn Isbra, with
values ranging from 20 to 40 m (Garvin & Williams, 1993), and on the Western Skafta cauldron collapse in
Iceland (Malthe-Sorenssen et al., 1999). Moreover, Weiss (2003) suggested that crevasses are more regularly
spaced than would be expected from a random process, and thus, contrary to what is classically observed for
icebergs resulting from calving events, do not exhibit a fractal distribution (Walter et al., 2020).
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In an attempt to explain regular crevasse spacing, Nielsen (1958) proposed a simple mechanism based on a
flowing cantilever ice slab passing over a bedrock jump where fractures appear when the ice weight becomes
excessive. In this approach, crevasse spacing is a function of ice thickness and tensile strength. This result was
discussed by Holdsworth (1969), who showed that it worked only in limited cases and argued that crevasse
spacing should not depend on ice thickness.

The modeling of crevasse depth has received considerable attention since Nye (1955, 1957) introduced a theory
for closely spaced crevasses in an infinite slab of ice arguing that crevasses propagate downward when longi-
tudinal stress exceeds overburden pressure. Although the theory agrees well with field observations at the first
order (Enderlin & Bartholomaus, 2020; Holdsworth, 1969; Mottram & Benn, 2009), it is limited to uniform
crevasse fields because the stress singularities at crevasse tips are negligible in this case (van der Veen, 1998;
Duddu et al., 2020). To address this issue, linear elastic fracture mechanics (LEFM) proposes that mode | fractures
form under tension at short timescales as long as the stress intensity factor acting on an initial crack is higher than
the fracture toughness of the ice (Smith, 1976; Weertman, 1977; van der Veen, 1998; van der Veen, 2007). Within
this framework, the maximum crevasse depth depends on the ice thickness through a weight function in the stress
intensity factor (van der Veen, 1998). However, such functions are largely dependent on crevasse configuration
(Jiménez & Duddu, 2018), and their derivation is far from trivial. Another limitation is related to the purely elastic
approach that disregards plastic deformation and overestimates the stress concentration at the crack tip. Moreover,
LEFM only predicts the vertical propagation of small initial cracks introduced as the starting condition. Thus,
crevasse spacing is an input parameter that must be properly accounted for to provide better results than those of
the model of Nye (1957) (Mottram & Benn, 2009). The initial cracks are modeled using continuum damage
mechanics (CDM), where a damage state variable is advected by the ice flow (Duddu & Waisman, 2013; Huth
etal., 2021a; Pralong et al., 2003; Pralong & Funk, 2005) to represent small defects in the ice. This approach was
coupled with LEFM by Krug et al. (2014) to simulate the calving of ice and provide realistic results. However, an
additional damage equation must be solved, demanding additional parameters to be determined using field data.

Alternative approaches have been based on discrete element modeling (DEM). This approach escapes the con-
tinuum representation of fractures and therefore directly reproduces realistic patterns (Bassis & Jacobs, 2013) and
the fractal nature of icebergs (Astrém et al., 2014). Nevertheless, these simulations are computationally very
expensive.

More recently, Wolper et al. (2021) proposed a continuum damage material point method (MPM) associated with
elastoplasticity for glacier calving and tsunami genesis. The Eulerian-Lagrangian description of the MPM
allowed for the emergence of realistic fracture patterns while relying on continuum equations to reduce
computational time. Herein, we used the same framework but with a simpler elastoplastic law associated with
strain softening, thus reducing the number of parameters while maintaining the essence of the previous model.
The spacing and depth of the crevasses appear naturally with a simulation duration of a reasonable amount of
time, which allows us to perform dimensional analysis on all key parameters to isolate the mechanisms behind the
rapid formation of crevasses. A single dimensionless number drives these fractures with a regime that explains the
regular spacing of the crevasse in agreement with the intuition of Holdsworth (1969). The scaling law also fa-
cilitates the comparison of the model using field data and establishes a connection between field observations and
crucial parameters. Relying on such scaling law provides a more straightforward approach within broader
frameworks. Its development would facilitate coupling with large-scale models to integrate crevasse spacing and
depths, while considering the local geometric and mechanical parameters of the ice. For instance, this could help
accounting more easily for crevasses to study and model the cryo-hydrologic system.

2. Method

To deal with large inelastic deformations in a continuum framework, our numerical approach relies on MPM
(Sulsky et al., 1994), in which we implement a finite strain elastoplastic constitutive model (Gaume et al., 2018;
Klar et al., 2016; Mast, 2013; Simo, 1992). In such models, a yield function ® defines elastic states ® < 0 and the
yield surface @ 0 where plastic deformations occur. Here, we consider a capped strain-softening von Mises
yield function, which allows tensile fractures, such as calving and transverse crevasses, in glaciers (Colgan
etal., 2016; Krug et al., 2014; Weiss, 2003) to be addressed by considering such events as brittle, particularly in
the form of strong softening after failure. The yield function is given by
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where the pressure is p %tr ¢ and the equivalent von Mises stress is q gdev o :dev g, wheredisthe

space dimension and ¢ the Kirchhoff stress using dev(o) to denote deviatoric stress. A tensile cap p. on the von
Mises yield surface allows failure under tension to be considered. This model implies that for a state of stress
where p > p,, plastic deformation develops with a shear strength g, through an associative flow rule inducing no
compaction/dilatancy. However, we allow volumetric plastic expansion for states under tension at p  p,, thus
increasing the accumulated volumetric plastic strain €. The cap depends on ¢€P, particularly
Pe P GED ce %, where ¢ > 0 is the cohesion (or tensile strength) of the undamaged material and { > 0
gives the degree of postyield softening. Thus, initially, p. ¢, then with accumulating volumetric plastic strain,
p. increases toward zero naturally leading to material separation (Blatny et al., 2021, 2023; Klér et al., 2016;
Stomakhin et al., 2013; Wolper et al., 2019, 2021). For more details on the numerical scheme and the elastoplastic
law, please refer Supporting Information S1.

Because there is no viscosity in the model, we restricted our study to brittle and rate-independent fractures
occurring at very short timescales and large strain rates. Therefore, we do not expect the model to reproduce the
full complexity of the stress field but rather to highlight potential rate-independent structures that can emerge. We
assume that this scenario is likely for ice passing over a bedrock step. The configuration is sketched in Figure 1a,
where H; is the glacier thickness, L, is the slope length, H, is the height of the slope, W; is the glacier width,
pi 917kgm 3isthe ice density, and g is the gravity. The Young’s modulus E is set to 1 GPa and the mesh size to
dx 10 m. To remove mesh sensitivity introduced by the softening law, we followed the same approach as
Gaume et al. (2018) and Kohler et al. (2022) by adjusting the softening factor { with dx such that the same amount
of energy is dissipated regardless of the mesh size.

A Coulomb friction law was applied at the base of the glacier, and a frictionless condition was applied on the
lateral sides. This allowed us to avoid fractures generated by side friction and isolate the fracture processes
induced by the break of the slope. The glacier flow was simulated using a constant velocity V, 4ms *imposed
at its back. We checked that the velocity does not affect the results (Figure S2 and Text T1 in Supporting In-
formation S1). Other parameters of the simulations can be found in Table S1 in Supporting Information S1.

3. Results

The result of a three-dimensional (3D) simulation, corresponding to Figure 1a is a presented in Figure 1b (Movie
M1 in Supporting Information S1). Numerous fractures, that are regularly spaced, emerged and, despite the purely
elastoplastic framework, showed great similarity to the crevasse patterns of a glacier flowing over bedrock steps
(Figure 1c).

By calling the intercrevasse spacing L, a parametric study was conducted to determine the mechanical and
geometrical properties driving the spacing and depth.

3.1. Dimensional Analysis of Crevasse Spacing

We assumed that the spacing between crevasses was controlled by five dimensionless numbers such that

where S Hg/L; is the bedrock slope of the step. The role of bottom friction is left for further studies. Henceforth,
the number c/p;gH; is called the dimensionless cohesion. In Figure 2a, the median dimensionless spacing between
crevasses ﬁp: H; is plotted as a function of this number. The analysis is performed for two-dimensional (2D)
simulations to model a long glacier and to obtain a large number of crevasses. In this figure, the data gathered
around two different regimes described by two different power laws of the dimensionless cohesion. In the upper
area, the black dotted line has a slope of 0.5, which implies that.

ROUSSEAU ET AL.

3of 11

95U8017 SUOWILLOD 381D 3|dedl|dde sy Aq pauseno ae ssjoie O ‘8sn Jo Sa|n. 10} Aeiq1 78Ul UO A3|IAA UO (SUOTIIPUOD-PUR-SWLB)W0Y 4B 1M Ale.q 1 jeul |Uoy/:Sdny) SUOnIPUOD pue swie | au1 38S *[202/50/80] Uo Aiqiaulluo A8IM ‘YUz H13 Aq 90280T 19%202/620T 0T/I0p/wod A3 Arelqpul juo'sqndnfie//:sdiy wouy papeoumod ‘6 ‘¥:202 ‘20081v6T



. Y d N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL.108206

E A /
Vx// ¢Hi Dy}

ST T T T

zTég ig

Figure 1. (a) Sketch of the modeled configuration. Please note that there are no crevasses present at the initial timestep. (b) Snapshot of MPM simulation results.
(c) Glacier Blanc, French Alps. Credit: Martin Champon.
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where &, is a constant. This dependency scales with the so-called bending length L, (Petrenko & Whit-
worth, 1999; Wolper et al., 2021), which is required to fracture a cantilever beam of tensile strength c. This
implies that in this regime, the median length between crevasses is controlled by the geometrical bending law
proposed by Nielsen (1958).

In the lower regime (gray dotted line), linear dependency with dimensionless cohesion implies the following
relation:

£, 5 4
P pg

where &, is a constant. In this regime, the spacing is given by characteristic length for which the hydrostatic stress
equals the tensile strength. Such a length scale was considered a driving parameter for cohesive granular collapse
(Gans et al., 2023). In addition, this suggests that the glacier thickness does not impact the spacing between
crevasses in this regime (we verified in Figure S3 in Supporting Information S1 that the ratio L¢/H; does not
impact the spacing in this regime either). Therefore, the fractures are only controlled by the mechanical properties
of the ice; thus, we call this behavior the mechanical regime. By increasing the ice cohesion from 15% to 30 % of
the overburden stress, the geometry starts to influence the intercrevasse spacing as we enter the geometrical
bending regime.

In Figure 2a, the red empty markers represent the results obtained from 3D simulations. These points also scale
with the identified regimes, showing that the width W; can be excluded from the analysis. This was expected
because a free slip boundary condition was used on the lateral sides.
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Figure 2. (a) Median dimensionless average distance between crevasses pr= H; as a function of dimensionless cohesion c/(p;gH;). (b) Cumulative distribution of
intercrevasse spacing for three simulations in the geometrical bending regime. (c) Cumulative distribution of intercrevasse spacing for three simulations in the
mechanical regime. Snapshots of 2D simulations corresponding to (d) the mechanical regime (see Movie M2 in Supporting Information S1) and (e) the geometrical
bending regime (see Movie M3 in Supporting Information S1). The darker the color, the higher the volumetric plastic deformation €f.

To characterize crevasse spacing distribution, the cumulative distributions are illustrated in Figures 2b and 2c
for different simulations. These distances are normalized by the bending length L, (Equation 3) for the
simulation parameters. For clarity, we showed only three simulations per figure; however, the distributions
from other simulations exhibited the same behavior. Figure 2b shows the distribution of the simulations that
fit the geometrical regime in Figure 2a. The distributions are sharp with values close to the median (red dotted
line in Figures 2b and 2c). Figure 2c shows the distribution of simulations that pertain to the mechanical
regime in Figure 2a. Data points corresponding to a distance L, < 30 m were removed to avoid bias in our
results owing to the mesh size of dx 10 m. In this case, the distributions were larger than those for the
geometrical regime, with the median indicating that 50% of the data points fell below L,/L, 0.3 (with the
exception of the scenario where H; 100 m, which was almost in the geometrical regime). This illustrates
that a different regime distinct from the geometrical regime is indeed at play. Despite this variability in
crevasse spacing, the median intercrevasse spacing in Figure 2a seemingly agrees well with the deterministic
law provided by Equation 4.

3.2. Dimensional Analysis of Crevasse Depth

Figures 2d and 2e shows snapshots corresponding to the mechanical and geometrical regimes. A difference in the
crevassing structure is clearly apparent. For the mechanical regime, numerous crevasses with various depths are
observed. By contrast, in the geometrical regime, crevasses are always deep and clearly separated. To determine
whether a characteristic depth associated with each regime exists, the normalized median crevasse depth Iﬁpz H;
was plotted as a function of dimensionless cohesion. In Figure 3a, the purple vertical strip denotes the transition
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Figure 3. (a) Median dimensionless depth of crevasses as a function of dimensionless cohesion. (b) Median dimensionless depth of crevasses and median dimensionless
intercrevasse spacing as a function of the slope of step S. (c) Cumulative distribution of crevasse depths presented in panel 3a for the points in the geometrical regime.
(d) Cumulative distribution of crevasse depths in panel 3a for the points in the mechanical regime.

between the two behaviors identified in the previous section. For clarity, the analysis is limited to the ice
thicknesses below 800 m.

In the geometrical regime, Figure 3a shows that the median normalized crevasse depths are always deeper than
half of the ice thickness and are of the same order regardless of the parameters (with a slight shift for H; 100 m
as, in this case, the regime is close to the fully geometrical behavior). Figure 3b shows how the median depth
varies with the slope of the step. For the geometrical regime (¢ 3 MPaand H; 300 m), the median depth Dp is
always higher than that in the mechanical regime for all slopes higher than S 0.2 and reaches half of the glacier
thickness. For slopes exceeding S 0.5, the fractures penetrate the entire glacier thickness. Moreover, the
crevasse depth distribution in Figure 3c suggests that the crevasse depths have a very sharp distribution with
values always of the same order for this regime, indicating that only deep fractures are involved. These results
allowed us to conclude that above the bed slopes of 0.2, deep fractures that involved more than half of the glacier
thickness were characteristic of the geometrical regime.

Figure 3a also shows that in the mechanical regime, the median normalized crevasse depth is always lower than
half of the glacier thickness and follows the power law of dimensionless cohesion with

4=3 4=3
c & ¢ = 5

B, & - &
P P agH HF pg
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The right-hand-side formulation is reminiscent of zero-stress model except that we obtain a power law slightly
higher than unity. In addition, the term c/p;g is proportional to crevasse spacing through Equation 4, which shows
that we recover the same behavior predicted by LEFM (van der Veen, 1998): a decrease in c/p;g leads to small
crevasse spacing and a decrease in crevasse depth. However, in Equation 5, the inverse dependency was because
of the step. For a given length of the step, the tensile stress generated by the change at the glacier base propagated
less into the ice column for a thicker glacier. A similar behavior was observed by Zhang et al. (2023) using LEFM.
They observed that for a disturbance on the ground, the ratio between the length of the disturbance and the ice
thickness of the glacier L/H; had an impact on the depth of a basal crevasse. In our configuration and contrary to
the intercrevasse spacing, this ratio also impacted the crevasse depth, with crevasses becoming shallower as the
ratio increased (Figure S3 in Supporting Information S1).

Figure 3d shows the crevasse depth distribution for the mechanical regime. Despite the majority of small cre-
vasses (D,/H; < 0.3-0.4), the distributions were large and crevasses involving more than half of the thickness (i.e.,
characteristic of the geometrical regime) were still present (about 10%). This means that the bending mechanism
can remain in the mechanical regime. In Figure 3b, the slope dependence for the mechanical regime (points
marked with stars) shows that the median crevasse spacing and depth are almost insensitive to slope variations.
This supports the idea that the spacing between crevasses is purely driven by the mechanical properties of the ice
and is independent of its geometry. Nevertheless, because the geometrical regime still persists in the mechanical
regime, the maximum crevasse depth observed in the mechanical regime follows the same dependency with the
slope as the mean crevasse depth in the geometrical regime (Figure S4 in Supporting Information S1). This means
that only small crevasses are unaffected by slope variations. Numerous crevasses mask the slope dependency of
the few large crevasses.

In the mechanical regime, median crevasse depths were between 50 and 200 m, which were higher than that
generally observed in the field, where values generally range from a few meters to 70-80 m (Herzfeld et al., 2021;
Holdsworth, 1969; Mottram & Benn, 2009). A possible explanation is that we determined the crevasse depth
using the volumetric plastic deformation €f. Therefore, our quantification considered microfractures appearing
below the open portion of the crevasses; thus, the depths were overestimated compared with field measurements.

4. Discusssion

In this section, the obtained scaling relations are discussed with respect to field observations. Considering
crevasse spacing, the cases of the Eastern and Western Skafté cauldron collapses in the Western Vatnajokull ice
cap (Iceland) were investigated. These collapses, induced by episodic subglacial drainages (Figure 4a), have been
well studied, providing data for the spacing between crevasses (Malthe-Sorenssen et al., 1999) and additional
parameters such as ice thickness (J6hannesson et al., 2007; Ultee et al., 2020) or the mechanical properties of ice
(Ultee et al., 2020). The configuration was slightly different from that of a glacier flowing over a step; however,
crevasses rapidly formed owing to tensile stress caused by rapid subsidence of the basal ground (leading to a
similar shape of the ground). To investigate this geometrical setting, we simulated a glacier flowing over a
concave step in Figure 4b. The results show qualitatively similar shapes and crevasse patterns as in the case of
subglacial drainage, as shown in Figure 4a.

The distribution of crevasse spacings from the western cauldron is shown in Figure 4c (Malthe-Sorenssen
et al., 1999), exhibiting a median value Iﬁp 19 m. At this location, the ice thickness was about H; 300 m,
which gives Iﬁp= H; 0:07 (J6hannesson et al., 2007; Ultee et al., 2020). From Figure 3a, such a ratio should
correspond to the mechanical regime with a dimensionless cohesion equal to 0.08; that is, the cohesion would
bec 0.20 MPa.

The complex interplay between the development of fractures at viscous timescales and fast cracks during elastic
relaxation times is an open issue in glacier physics (Weiss, 2019). On the one hand, Ultee et al. (2020) considered
viscoelastic deformations and found that the tensile strength should be around 1 MPa, which is five times higher
than that suggested by our model. With ¢ 1 MPa, the dimensionless cohesion would be 0.37 and would
correspond to L/H; 0.4, giving a characteristic spacing of about 120 m, which is six times higher than that
observed on the cauldron. On the other hand, several studies have suggested a low threshold in the range of 0.04—
0.32 MPa for in situ observations (Vaughan, 1995; van der Veen, 1999) or between 0.10 and 0.50 MPa for models
based on CDM or DEM, where fractures initiate at short timescales (Duddu & Waisman, 2013; Krug et al., 2014;
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Figure 4. (a) Image of eastern Skafta cauldron in Vatnajokull ice cap, Iceland (Magnudusson et al., 2021). (b) MPM simulation of a glacier flowing over a concave step.
(c) Size distribution of the spacing between crevasses of the Skafta cauldron (from Malthe-Sorenssen et al. (1999)). The red-dashed line represents the median value.

Pralong & Funk, 2005; Astrom et al., 2013, 2014). Such values indicate a cohesion of ¢ 0.20 MPa and suggests,
in this case, that our scaling law can provide realistic values for crevasse spacing. As the spacing is driven by the
mechanical regime, such a crevasse formation does not depend on geometrical properties such as glacier thickness
or bedrock slope (Equation 4). Such an idea was proposed by Holdsworth (1969), who argued that bending could
not be responsible for the regular spacing between crevasses. Lastly, we should mention that our scaling does not
address viscous timescales; therefore, we do not expect it to accurately reproduce the entire crevasse field or strain
field.

Movie M4 in the Supporting Information shows the icefall of the Trift glacier in Switzerland. The configuration is
similar to the one proposed in this study because it features an abrupt change in the slope. In this movie, a large
and deep fracture regularly appears at the break of the slope, similarly to Movie M5 in the Supporting Infor-
mation, which shows geometrical fractures. In this way bending could be involved in such serac formations. Our
scaling suggests, in this case, two possibilities. If the glacier thickness is very low, the dimensionless cohesion is
sufficiently high such that the glacier fractures are purely driven by the geometrical regime; that is, no small
fractures should develop. By contrast, if the dimensionless cohesion indicates rather the mechanical regime, small
fractures should also develop as both types of fractures can coexist in this regime. The presence of small fractures
advocate for the second option; however, this should be taken cautiously as other mechanisms besides brittle
fractures could cause this smaller fractures.

A certain class of calving events could likely be analyzed within the same framework. Wolper et al. (2021)
showed that the size of initial icebergs from calving events could be given by

0 1
Ly c 1 E
T o1 6
Hi gpigHajl e i

with p,, as the water density, D as the depth of the immersed ice, and p,,/p; 0.9. In this law, we recovered
dimensionless cohesion with a factor 1=j1 ‘;—W H%j accounting for buoyancy. This factor strongly increased the
dimensionless cohesion as the ratio D/H; tended to 0.9 at full buoyancy (Wolper et al., 2021). This shows that the

ROUSSEAU ET AL.

8of 11

95U8017 SUOWILLOD 381D 3|dedl|dde sy Aq pauseno ae ssjoie O ‘8sn Jo Sa|n. 10} Aeiq1 78Ul UO A3|IAA UO (SUOTIIPUOD-PUR-SWLB)W0Y 4B 1M Ale.q 1 jeul |Uoy/:Sdny) SUOnIPUOD pue swie | au1 38S *[202/50/80] Uo Aiqiaulluo A8IM ‘YUz H13 Aq 90280T 19%202/620T 0T/I0p/wod A3 Arelqpul juo'sqndnfie//:sdiy wouy papeoumod ‘6 ‘¥:202 ‘20081v6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2024GL.108206

Acknowledgments

This study was supported by the Swiss
National Science Foundation (SNSF)
project COEBELI (Grant

200,020_197015/1). We also thank Prof.

em. Dr. Martin Funk for providing the
movie of the Trift glacier.

effect of sea water is the shifting of the dimensionless cohesion to high values where only the geometry drives the
fractures. By contrast, without seawater, the mechanical regime could be the driving regime. Equation 6 also
shows that if the glacier can reach full buoyancy (D/H;  0.9), the length of the icebergs becomes infinite so that
no fractures can appear because of ice bending. However, although this observation could explain certain large
calving events, it does not explain small calving events or the fractal distribution of icebergs (Walter et al., 2020;
Weiss, 2003). Further research should be performed to determine how our scaling relates to the distribution
observed by Astrom et al. (2021) for instance. Damaged ice and viscous deformation at calving face could induce
small fractures. Also, other fracture processes exist in shearing mode such as the crushing and grinding of icebergs
(Astrém et al., 2014, 2021).

5. Conclusion

We presented a new approach that comprises solving an elastoplastic law with tensile strain softening using
MPM. The major advantage of MPM is its explicit simulation of damage and fracture emergence during the
glacier flow. Based on the model results, we performed a dimensional analysis highlighting two distinct regimes
that control the spacing and depth of the fractures and are governed by a single ratio between cohesion and
hydrostatic stress. The first regime controls the regular spacing of crevasses observable on a glacier, whereas the
second regime is involved in large serac falls and calving events. Relying on this dimensionless number allowed
us to identify the different mechanisms behind brittle crevasses. In addition, the scaling law driven by this
dimensionless number hints to a ice tensile strength of 0.2 MPa (a value acknowledged in the literature),
demonstrating its potential capacity to match field observations. We believe that such scaling laws would allow
for straightforward comprehension and implementation of fractures on glaciers but also more generally for
patterns in snow science, tectonics and landslides. However, the purely elastoplastic framework cannot capture
the viscous nature of ice flow over long timescales. Further investigation is needed to clarify the role of viscosity
in the observed mechanisms in order to propose a more comprehensive scaling law. This could yield insights to
evaluate the utility of elasto-(visco)plastic models in glacier modeling. Another perspective would be to develop a
shallow-shelf approximation of this model to address efficiently large scale geometries such as proposed by Huth
et al. (2021b) and Guillet et al. (2023). Lastly, the model presented here can be used or extended easily to model
fracture processes in a broader spectrum of earth science applications, particularly for snow, rock or ice ava-
lanches, tectonics and landslides.

Data Availability Statement

Data and codes used in this work are freely available from Zenodo (Rousseau et al., 2024).
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