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The snow microstructure is crucial for the mechanical behavior of snow, but is usually
simplified in numerical models. In Discrete Element Models (DEM), often used in snow
mechanics, the microstructure is typically represented by sphere assemblies. This
renders a model validation difficult, as the real snow crystal shapes affect the actual
contacts and consequently the macromechanical behavior. To approach this problem
from the experimental side, we created simplified microstructures comprising spherical
ice particles and examined this model snow under structural and mechanical aspects. We
developed a new method to create uniform ice spheres and performed a detailed particle
characterization using 3D computed tomography (CT). We examined sintered sphere
assemblies to relate microstructural and macromechanical properties in a geometrically
well-defined system. Microstructural variation was created by varying the sample density
and sintering time, to study the role of the number and size of contacts. 3D CT
scans were taken of sintered sphere samples, which were then tested in unconfined
compression experiments together with a nature identical snow type as a reference.
The scans were evaluated regarding the number of particles and contacts, and were
used to compute the elastic modulus, as additional mechanical property. The results
of the particle characterization showed the spherical shape and sharp size-distribution
of the particles, which are the main prerequisites for model validation. The CT image
analysis showed the reproducibility of the sphere assemblies and can be applied for
efficient reconstruction of the experimental samples as initial condition for simulations.
The mechanical properties conform with the reference snow and the expectations from
literature, however, the CT scans revealed a complex geometry of the sintered contacts
with measurable impact on the mechanical properties.

Keywords: snow mechanics, microstructure, sintering, ice spheres, CT image analysis, compression experiments,
discrete element modeling

1. INTRODUCTION

Snow mechanics is still an active field of research, despite its considerable history over the past 90
years (Mellor, 1975; Shapiro et al., 1997). Avalanche risk forecasting, snow mobility, snow sports
or snow and firn compaction, in general, are just a few of the applications that require quantitative
characterization of the dominant mechanical processes. The main challenge thereby comes from
the versatile and changeable nature of snow microstructure. Snow is a porous material that consists
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of an ice skeleton and air. The skeleton forms from single ice
crystals that grow at mutual contacts via (early stage) sintering
and later evolve in time via (late stage) sintering which are
commonly subsumed in the term snow metamorphism. The
geometry of the microstructure manifests itself in diverse snow
types and physical properties. A reliable mechanical model
would only need to combine a geometrical description (snow
microstructure) with mechanical properties of ice to fully predict
the mechanical behavior of snow (Schneebeli, 2004; Chandel
et al., 2014; Hagenmuller et al., 2014).

The geometrical characterization of snow microstructure
has considerably advanced in recent years, mainly due to
micro-computed tomography (CT). CT imaging allows
us to constrain the microstructure in simulations for
comparison with experiments. Combining microstructural
and mechanical properties of snow has considerably enhanced
the comprehension of snow mechanics (Wang and Baker, 2013;
Hagenmuller et al., 2014; Kochle and Schneebeli, 2014; Srivastava
et al., 2016). For example, it has been shown that the sintered
contacts between the grains are the mechanically weakest parts
where the structure fractures (Hagenmuller et al., 2014); or that
the elastic moduli can be fully predicted from the microstructure
measured by CT and the elastic properties of ice (Gerling et al.,
2017). However, the incorporation of the microstructure comes
along with high methodological and computational effort. A
detailed reconstruction (Hagenmuller et al., 2015) is restricted to
small volumes, whereas in a simplified representation (Theile and
Schneebeli, 2011) the precision is limited by the complexity of the
snow crystal shape that renders an unambiguous identification
of grains and contacts impossible. Quite generally, if a model
utilizes a microstructure model comprising grains, the mapping
onto the real bicontinuous geometry obtained from CT images
remains the main difficulty.

The difficulty of incorporating the microstructure is an
inherent problem of discrete element modeling (DEM) of snow.
DEM has become a powerful tool to model snow mechanics
(Johnson and Hopkins, 2005; Gaume et al., 2015; Hagenmuller
et al., 2015; Michael et al., 2015; Kabore and Peters, 2018)
and has also been employed in snow optics (Kaempfer et al.,
2007). DEM is widely used to simulate granular materials
by calculating particle dynamics and interactions. For snow,
DEM is appropriate because the granular particles can also be
bonded and thereby represent the sintered, solid-like structure
of snow, and yet fracture can be described, as under fast
deformation. Then the two key ingredients that need to be
specified in DEM modeling are particles and contacts between
them. In the simplest and computationally most efficient case,
the particles are spherical. The remaining difficulty is then to
map the experimental microstructures onto a sphere assembly
that captures properties of real snow. The existing approaches
include e.g., generic (ballistic) deposition models (Mulak and
Gaume, 2019) or configurations drawn from Baxter’s sticky hard
spheres (Gaume et al., 2017). While these approaches capture
some aspects of the microstructure, they do not overcome the
complex shape of the snow crystals that affects the particle
interactions, and thus the mechanical response is strongly
simplified. The effects of the snow particle shape and the actual

micro-mechanical contacts cannot be resolved. This was pointed
out by Hagenmuller et al. (2015) who studied diverse snow
microstructures and their mechanical properties through DEM
compression tests. They underlined the necessity of mechanical
experiments in combination with CT scans to reduce the
uncertainties of the microscopic contact parameters and to
validate models. This problem, namely the comparability of
experiments and simulations, can be tackled in two ways. First,
on the modeling side, the representation of microstructure in
DEM could be made more sophisticated (Mede et al., 2018) to
represent the true microstructure by only using spheres. Second,
it is possible to explore the problem also from the experimental
side, and experimentally create synthetic microstructures that
closely resemble ideal sphere assemblies.

Snow made of spherical ice particles has been prepared
and used in several studies on sintering, the formation of
solid necks at the contact points (Kingery, 1960; Kuroiwa,
1961; Hobbs and Mason, 1964; Chen and Baker, 2010). The
spheres were commonly produced by spraying water into liquid
nitrogen or oxygen to obtain particles in a diameter range
of 20pum up to 4mm. Ideally grown necks were observed
in conformance with the theoretical prediction (Hobbs and
Mason, 1964). This renders systems of sintered ice spheres
as ideal candidates for DEM models since the key entities of
particles and contacts are well-defined. The contact size can
even be modified by varying the sintering time. These are
ideal preconditions to examine microstructural and mechanical
properties of an artificial microstructure comprising spheres.
However, the size-dependent sintering process is faster on
smaller particles, and the deviations from the ideal spherical
shape, due to mass transporation from bulk to neck growth,
are more pronounced on smaller particles. Therefore, rather
large spheres seem practical to examine contact properties of a
sphere assembly while preserving the spherical particle shape for
a longer time.

In the present paper, we examine the potential of spherical
model snow as a mean to close the gap between experiments
and simulations of snow mechanics, that remains despite
detailed CT imaging of the microstructure. The ice spheres
with clearly defined shapes and contacts, seem to be an ideal
intermediate step, to examine contact properties and facilitate
a close model validation. We present a new method to create
spherical model snow and idealized microstructures, together
with a careful characterization of geometrical (spheres, contacts)
and mechanical (elasticity and strength) properties. We seek to
provide experimental data that can be used for actual DEM
simulations. To this end, we developed a novel method for
ice bead production and performed a detailed characterization
of the particles in terms of particle size and sphericity, using
CT images. For the mechanical characterization, unconfined
compression experiments of sintered ice bead samples were
performed in combination with 3D CT scans. The scans were
used to analyze the microstructure and relate it to the mechanical
response, and to compute the elastic modulus through FEM
simulations as an additional macro-mechanical parameter. Two
important contact parameters relevant for DEM (number of
contacts, mechanical properties of contacts) were experimentally
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manipulated: some of the ice bead samples were densified to
increase the number of contacts, and different sintering times
were investigated to influence the size of the contacts between
the particles. As a reference we performed experiments also with
nature identical snow.

The results of the particle characterization, namely high
sphericity, and narrow size distribution, are ideal prerequisites
for an experimental DEM analogon. The CT image analysis
showed the reproducibility of the sphere assemblies, and can be
applied for efficient reconstruction of the experimental sphere
assemblies, as initial condition for simulations. However, the
CT images revealed a complex geometry of the bonds after
the manipulation by sintering with measurable impact on the
mechanical properties.

The paper is organized as follows: The next section starts
with the description of the production of the ice beads
and snow samples, followed by the specification of the
compression experiment. The CT-based methods for particle
and structure analysis, as well as the simulation of the elastic
modulus are explained together with a qualitative analysis
of the ice bead crystallography. The order of particle and
structure characterization, simulations of elastic modulus, and
compression tests is given in the result section as well as in the
subsequent discussion.

2. MATERIALS AND METHODS

2.1. Ice Bead Production

To meet the requirements of very round ice particles with a
narrow size distribution, we constructed a tumbling machine
to round off frozen water droplets, similar as in industrial
methods like tumbling or barrel finishing (Gillespie, 2007). The
droplets were obtained by dropping deionized, purified water
with a syringe on a Teflon sheet at ~20°C. Using the syringe,
the particles had approximately the same initial size. For the
tumbling machine we mounted an aluminum can with a diameter
of 15.5cm on a rotary motor, sketched in Figure 1A. The can is
coated with sand paper (ISO grit P100) on the inside and closed
with a cap during tumbling. The rotational velocity (= 3s~!) was
chosen such that the granular flow kept in the rolling regime and
no particles stick to the wall due to the centrifugal force. During
tumbling the particles become smaller and round off by abrasion

to a spherical shape. Tumbling velocity and time determine the
size of the particles. For our analysis we produced ice beads
in the size range of 2—2.2mm and we stopped the tumbling
process once the particles passed a 2.2 mm sieve. Dust and smaller
particles were sieved out with a 2mm sieve. The frozen water
droplets need to be tumbled for ~24h at -20°C to turn into ice
beads in this size range. A microscopy image of one exemplary
particle is shown in Figure 2B.

Within the scope of the present application, ice beads can
be reused as they were not destroyed in the experiments. We
did neither observe fractured particles after the experiment nor
any changes of the regarded particle characteristics, like size, or
shape. However, before using them in a next experiment, they
were tumbled again for about half an hour to smooth the surface
which became rough during sintering.

2.2. Nature Identical Snow

As reference for the analysis and the mechanical tests, we
included a prevalent and widely investigated snow type in the
analysis with isothermally metamorphed rounded grains. The
snow was produced in the lab using fresh, dendritic snow
from a snowmaker (Schleef et al., 2014) as base material. It
was sieved into a Styrofoam box and stored at -5°C over 3
month. Rounded grains developed in a sub-millimeter size range
(Figure 2A). According to Schleef et al. (2014), who performed
a comprehensive comparison of lab-produced and natural snow,
we refer to this snow as “nature identical snow” and classify it as
large rounded grains RG according to Fierz et al. (2009).

For the compression tests, the snow was sieved with two sieves
with mesh sizes of 1.4 and 0.7 mm, to obtain separated particles
in a restricted size range. A 2D cross-section of a 3D binary
CT image is presented in Figure 3D. CT images were used to
characterize the snow structure in terms of density and specific
surface area (SSA).

2.3. Sample Preparation

With the freshly tumbled ice beads we prepared cylindrical
samples (Figure 2C) for the compression experiments. The
sample holders consisted of a round base with a diameter of
33.6mm and a cylindrical wall around. The wall could be fixed
on the base to fill in and sinter the particles, and slid down to
perform the unconfined compression test (Figures 1B,C). The

for the compression tests.

sample holder,
screw to fix
cylindrical wall

FIGURE 1 | (A) Sketch of the tumbling machine consisting of a cylindrical drum and a rotary motor. (B) Sketch of the sample holder and (C) the experimental set-up

c tl . Compression device

< Sintered sample

P Sample holder wall, slid
down for compression

. Force measurement plate
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sintered ice beads, after removal of sample holder wall, before compression test.

FIGURE 2 | Microscopy images of exemplary particles of nature identical snow (A) and ice beads (B), same scale (mm) in both images. (C) Sample of unconfined

FIGURE 3 | CT images of the samples: (A) binary 3D image of experimental cylindrical ice bead sample (the particles at the rim appear flat, due to the chosen section,
to cut out the sample holder wall). (B) 2D slice of ice bead sample, gray image with 18 wm resolution; (C) downscaled and segmented binary image, ice beads were
identified using a watershed algorithm and the watersheds as contacts between the particles are depicted as yellow lines. (D) Binary microstructure of nature identical

snow (white ice phase), identification of particles and contacts is ambiguous.

fixed cylinder wall determined the sample height of 14 mm.
With the ice beads, we created two sample classes, namely
compacted and uncompacted samples. For the uncompacted
samples (referred to as poured beads), the wall was fixed and the
particles were poured in. Before they were sealed with a lid to
avoid evaporation, particles that stick out were carefully removed
to flatten the surface, without pushing them into the sample.
For the compacted samples (referred to as tapped beads) the
cylindrical wall was held higher than 14 mm for filling in the
particles and tapping them 30 times on the table, to densify the
structure. After the tapping the wall was slid down and fixed to
the same height of 14 mm, to flatten the surface and close the
sample with a lid. The samples of the nature identical RG snow
were prepared in the same way as the poured ice bead samples:
the snow was sieved into the sample holder with the fixed wall
and the surface was flattened by removing additional particles.
For sintering, the samples were then placed in a Styrofoam
box in a -10°C cold room. The temperature during the entire
sintering process was measured for the tapped samples. The

fluctuation in the box was £0.5°C. For all sample classes we
investigated different sintering times t;,. We chose two main
sintering times with a higher number of samples and some
sintering times in between, with less samples, to cover a wider
time-range. The numbers of samples per sintering time are listed
in Table 1. The number of samples with CT scans is written in
the parentheses and also counted in the total number of samples.
We have chosen different main sintering times for ice beads and
RG snow. This reflects the differences in sintering behavior of
different snow types (van Herwijnen and Miller, 2013). In the
experiments we aimed to cover the time ranges with highest
sintering rates, which are different for ice beads and nature
identical snow.

2.4. Unconfined Uniaxial Compression
Experiments

Unconfined compression experiments were performed to derive
with the compressive strength a macro-mechanical property of
the samples. The experiments were conducted at -10°C with a
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TABLE 1 | Overview of the tested samples per sintering time ts.

Sample class 5min 2h 4h 8h 1day 2days 3days 5days 10days
Poured ice beads - - - - 4 6 13 (2) 122 5(2)
Tapped ice beads - - - - - - - 7(7) 6)
RG snow 11 6 20 (3) 6 16 (3) 7 - 5 -

Number in parentheses is the number of samples with CT scan.

friction and compression testing machine described by Theile
et al. (2009). To compress a sample it was fixed on a force
measurement plate, where the outer wall of the sample holder
was removed by sliding it down, as sketched in Figures 1B,C. The
unconfined specimen was then compressed to a depth of 8 mm
with a constant velocity of 10 mm/s. A force—displacement curve
was recorded with a sampling rate of 10 kHz. For the stress—
strain conversion, the force was normalized by the circular
sample area. Taking the sample area as contact area included the
simplification of a constant area. The change of the actual contact
area, due to falling out particles during compression, could not
be recorded.

2.5. Micro-Computed Tomography

For some samples, 3D CT scans were taken before the
compression tests by using a Scanco Medical CT 40 scanner,
that is operated in a cold room. The X-ray scanner was held
constant at —10 £ 1°C. The trade-oft between scanning time
and resolution led to a scanning duration of 3 h and a voxel
size of 18 pum, resulting in a sample dimension of about (2,000 x
2,000 800) voxel. With that, the entire cylindrical sample was
scanned to allow for a complete reconstruction of all particles
in the experimental samples, as input for DEM simulations,
(Figure 3A). The scans were timed as close as possible to the
compression tests (f; — 3h) to capture the final sintering state
in the images, but some variations were unavoidable.

2.6. 3D Image Analysis

First, the gray images (Figure 3B) need to be segmented to
define ice and air phase. For each image, the appropriate
threshold was determined by fitting the sum of three Gaussian
distributions to the grayscale histogram, as described by
Hagenmuller et al. (2013). A sub-volume of the binary image
was then used to compute the elastic modulus, as described
below, and to determine the specific surface area SSA via
interface triangulation. The triangulation based method is a
standard evaluation of the CT images that is provided by the
vendor software from Scanco Medical (Hildebrand et al., 1999),
for which a deviation of 5% was determined for a reference
object with known surface area (Hagenmuller et al., 2016). For
the structural analysis of the samples, the image resolution
was decreased by a factor two, for numerical reasons. The
downscaling was performed on the gray images and therefore
acted like a filter. The preservation of the mean gray value before
and after downscaling implies the invariance of the air-ice ratio,
thus the scaling should not affect the derived parameters (number
and size of particles and number of bonds). For the scaling

eight voxels were integrated into one before the threshold was
determined and the images segmented, as described above. A
2D slice of the downscaled binary image is shown in Figure 3C,
where the ice phase is green (1) and the air is blue (0).

The subsequent image analysis was done in Python. The
particles needed to be identified to determine the size distribution
of the beads and to characterize the structure in terms of the
number of particles 7, and the number of contacts np. In a
first step, air bubbles in the ice phase had to be removed as
they disturbed the segmentation process. This is achieved by
identifying the largest connected air component and assigning all
other voxels the ice value 1. On the bubble-free image a watershed
algorithm was applied to identify the particles. This common
algorithm is contained in the Python Scipy library. It is often
used for similar problems and works well on clear defined shapes
(Spettl et al., 2016), as the ones of the ice beads. With a distance
transform on the ice phase, local maxima are found around the
center of the particles. From these points the watershed algorithm
starts to “flood” the ice phase, until a constriction — a watershed
- is reached. Such a watershed should be located at the contact,
the narrow part between two particles. When the contacts were
found the particles were identified. The watersheds themselves
were counted as the contacts and are depicted as yellow lines
in Figure 3C.

To determine the size r, of the ice beads, the voxels belonging
to each particle were counted. Knowing the voxel size, we
calculated the particle volume and translated this to the radius
of an ideal sphere with equivalent volume. This method works
well, given the spherical particle shape. For the sample density p
the ice volume fraction ¢ was determined and multiplied by the
density of ice, p = Ppice-

2.7. FEM Simulation of the Elastic Modulus
A voxel-based Finite Element (FE) code (Garboczi, 1998) was
used to compute the elastic moduli E of the samples. This
was done to obtain a second macro-mechanical property,
independent from the compression experiments. It has been
shown by Gerling et al. (2017) that this microstructure-based
method can be considered as a reliable estimate of the true elastic
modulus of snow. In the FEM code, effective elastic moduli are
computed from volume-averaged stresses when the sample is
subjected to a prescribed volume-averaged strain. We used the
same parameterization as Gerling et al. (2017) by assuming a
microstructure made of isotropic, polycrystalline ice, with the
ice bulk and shear moduli K = 8.9 GPa and G = 3.5 GPa. The
simulations were performed on a cubic sub-volume of the binary
images with the original resolution of 18 wm. For obtaining
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equivalent cutouts, we analyzed the vertical density profiles of the
samples and cut the uppermost slices off at a comparable density
value. The x- and y-dimensions were the same for all images and
chosen such that a maximum cube was cut out of the cylindrical
sample volume. The sample dimension was then (1,200 x 1,200
x650) voxel, corresponding to (21.6 x 21.6 x 11.7) mm, with
slight variations in the z-dimension.

2.8. Qualitative Ice Bead Crystallography

As the internal crystalline structure of the ice beads is of potential
relevance for model validation, we provide a fabric analysis, as
part of the particle characterization. The analysis is based on
polarized light microscopy (Riche et al., 2012). This method
for visualizing the internal crystalline structure exploits the
crystal-axis-orientation dependent optical properties of ice. Thin
sections of ice were illuminated under different angles and from
the refraction of the translucent light the crystal orientation was
deduced. Due to the absence of a calibration of the microscope,
only a qualitative picture can be provided. This is, however,
sufficient to visualize differences in intensity and to identify
differently oriented grains. We examined 31 particles, a random
selection of which is shown in Figure4. The ice bead slices
we analyzed in this way consisted of 1 - 10 crystals. While we
observed several mono-crystalline beads, we could not find an ice
bead consisting of more than 10 crystals. The expectation value
and standard deviation was (2.3 & 1.5) crystals per bead.

3. RESULTS

3.1. Characterization of Ice Beads and RG

Snow

The key requirements for the particles are a spherical shape and a
narrow size distribution. To assess these properties, we analyzed
the particle radius 7, and the specific surface area SSA. The
particle radii r,, of the beads were calculated from all CT samples,

FIGURE 4 | Visualization of crystalline structure of several ice beads, ground
to 50 uwm thick slices. A mono-crystal is represented by one color.

with the average and standard deviation:
7p = (1.12 £ 0.1) mm.

For the specific surface area SSA we obtained from all CT samples
the average and standard deviation:

SSA = (3.1 £ 0.1) m’kg L.

With a deviation of 6% this is very close to the SSA of an ideal
sphere with the mean radius 7, of the ice beads, with 2.9 m*kg ™.
Since the SSA, the surface to volume ratio, for a given volume
is minimal for a sphere, this result implies that the ice beads are
close to an ideal spherical shape. From these results, a measure of
sphericity can be derived, by the ratio of the surface of a volume-
equivalent sphere and the surface of an object (Wadell, 1935).
For an ideal sphere, the sphericity is one, for the ice beads the
computed sphericity is 0.92.

The nature identical snow was characterized in terms of
density and SSA, both derived from the CT images. The
respective mean values of the six samples are given by: p =
(399 £+ 50) kg/m3 and SSA = (10.7 £+ 1.2) mzkg’l.

The SSA of all CT samples, from RG snow and ice beads,
is presented in Figure 5B together with the respective sintering
time. The dotted lines indicate the averages and shows that the
SSA is rather constant and no trend with sintering time can
be seen.

3.2. Characterization of the Ice Bead

Structures

To demonstrate the reproducibility of the ice bead structures, we
determined the number of particles 7, the number of bonds 7,
and the ice volume fraction ¢ as structural parameters from the
CT images, Table 2. From these values we calculated the contact
density v. = ¢Z, as used by Gaume et al. (2017), with the
coordination number Z. = 2n;/n,. For all samples these values,
normalized by the mean of the respective sample class, are shown
in Figure 5A, for the poured (left) and tapped beads (middle).
The standard deviation of <10% as indicated in the dotted lines
underlines the reproducibility of the structures. The sintering
time of the samples can be read on the abscissa. To relate these
parameters to the elastic moduli, all values were determined from
the cubic sub-volumes of the images which were used for the
computation of the elastic moduli.

To show the differences between the two sample classes, the
contact density v, is plotted against the ice volume fraction ¢
in Figure 6. Although there is no sharp transition, it reveals the
trend that the tapped samples have a higher density and more
bonds per particle than the poured.

For the nature identical snow only density and elastic modulus
are shown in Figure 5A (right), since no contact density could be
determined. For both parameters the scatter is higher than for the
ice bead samples and E exceeds the -10% range.

3.3. FEM Simulations of the Elastic

Modulus
The results for the elastic modulus are shown in Figure 7A
against the sintering time f; of the respective sample and in
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FIGURE 5 | (A) Structural parameters, x = v¢, p, and E normalized by the mean X of all images of one sample class are shown for all samples of the poured (left) and
the tapped beads (middle) and for RG snow (right). The dotted lines indicate +10%; the sintering time is denoted on the abscissa. (B) Ice volume fraction and SSA of
all samples against the sintering time.

TABLE 2 | Mean and standard deviation of the ice volume fraction ¢, contact
density ve and elastic modulus E.

Poured beads Tapped beads RG snow
13 0.62 + 0.01 0.63 + 0.01 0.43 £+ 0.05
ve 3.47 +£ 01 3.6 £0.13 -
E (GPa) 1.03 £ 0.04 1.0+ 0.11 0.44 + 0.01

Figure 7B against the ice volume fraction ¢. The contact density
ve of the ice bead samples is color-coded and magnified in
the inset. For the ice beads and the RG snow the values of
E are clearly separated and each in a narrow range, between
0.34 and 0.52 GPa for RG snow and 1.2 and 1.5GPa for the
ice beads. Figure7A distinguishes the two ice bead classes
in symbols and colors and reveals a rather large scatter
of elastic moduli for the tapped samples, compared to the
poured. A relation with the sintering time cannot be extracted
which indicates that the effect of sintering is not resolved
in the images. Figure 7B shows the increase of E with the
ice volume fraction, as expected from the literature (Kochle
and Schneebeli, 2014; Gerling et al., 2017). The inset shows
the elastic moduli for the ice beads as a function of the
two investigated parameters with a potential influence on E:
on the abscissa is the ice volume fraction and the contact
density in the colors. The general picture looks as expected:
an increase of E with ¢ and v.. However, a closer look and
an intercomparison of the points reveals that examples can be
found with similar ice volume fractions, and contact densities but
different elastic moduli.

3.4. Compression Experiments

For a visual inspection of the compression curves we show
an example of a poured ice bead sample in Figure 8A.
The sample has been sintered for 5 days and shows the
typical behavior observed in all samples: strongly pronounced

peaks occur when clusters of particles fall out (Figure 8B),
the stress drops until a new contact is formed and the
sample further compressed. The sampling rate of 10kHz
proved to be high enough to resolve the fracture, as is
depicted in magnification of the highest peak in the inset
of Figure 8A.

In order to derive an objective characteristic of the rather
irregularly shaped curves, the maximum within the first 10%
strain (red star) was extracted from all curves. To examine its
significance, it was compared to the maximum of the respective
smoothed curve, which was calculated with a moving average
over 1,000 data points (black curve and star in Figure 8A).
The correlation of the two maxima is presented in the inset
for all ice bead samples. Despite the scatter, both definitions of
strength are reasonably correlated and led to the same overall-
picture (Figure 9), indicating the usability of the first definition.
Therefore, the raw data maximum within the first 10% strain
is considered as characteristic for the sample. It is presented in
Figure 9 as compressive strength o against the sintering time £,
for all samples.

The log-log plot in Figure 9 summarizes all experiments of
ice beads and RG snow. It shows the relation of compressive
strength and sintering time and allows to intercompare the
sample types. The RG snow sinters much faster and stronger
than the ice beads, thus shorter sintering times were examined.
A monotonic increase of the strength with sintering time was
observed for the RG snow. In analogy to van Herwijnen and
Miller (2013) we fitted the power-law ¢ = a - 2 to the
data. For RG snow, a good fit (RMSE = 2.96 kPa) was achieved
with an exponent b = 0.3. For the ice beads no fit was
possible. The strength increases monotonously only up to 5
days (poured) and decreases toward 10 days again. The strength
of the tapped samples exceeds the one of the poured after
5 days sintering, but it decreases after 10 days to about the
same value.

A high-speed video of an ice bead compression experiment is
available in the Video S1.
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B
T

/(-U\ ® Poured Beads P 3.92
o ¢ Tapped Beads - -
O D> RG Snow - 3.84
-~ — — Koechle, Schneebeli (2014)| ~ e N
w —e— Gerling et al. (2017) e 3.76 —
7] — 5
21t e | 3.68 =
=} P - - - - g
o e 3.60 O
2 2 0
= B 2 i 352 €

»B o 4% 5
(&] P
= "0 e .’r“Q‘ 1 3.44
® %
Y 0.8 ¢ i 3.36
[T} 0.61 0.62 0.63

0.4 0.5 0.6

Ice Volume Fraction ¢ (-)

4. DISCUSSION

4.1. Methods and Ice Bead

Characterization

In mechanical tests and CT-based investigations of ice bead
packings, we examined the potential of spherical model snow.
In the tumbling of frozen water droplets, we found a method
to produce suitable, uniform ice spheres: the standard deviation
of the size distribution is <10 % and the SSA is close to the
one of a volume-equivalent ideal sphere, which implies high
sphericity. Spherical shape and monodiseperse size are the main
requirements for the experimental discrete element counterparts
and critical for model validation. The sphericity, derived from
the SSA, was constant for samples of different sintering times,
implying the preservation of the spherical shape throughout the
experiments (Figure 5B). The particle size can be modified by the

tumbling time, and smaller particles with an optical diameter of
natural snow crystals can be produced as well. The qualitative
evaluation of the crystallography indicates that the ice beads
consist of one to 10 crystals. The growth of monocrystals would
probably be favored under warmer conditions when the water
freezes slower. This could be of interest for further sintering and
optical experiments, or mechanical tests with the incorporation
of the crystal orientation. So far, most “spherical ice particles”
presented in the literature (Kuroiwa, 1961; Chen and Baker,
2010; Molaro et al., 2019) were produced by spraying water into
liquid nitrogen and were not characterized in a similar way,
which allows only qualitative comparison. A multicrystalline ice
structure of particles with a 4 mm diameter was shown in SEM
images (Chen et al, 2013), and on microscopy images these
particles look less spherical than the ones presented here. Hobbs
and Mason (1964) report about mono- and poly-crystalline,
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FIGURE 9 | The compressive strength of nature identical snow increases
monotonously with sintering time, a power-law fit could be performed. For the
ice beads, an increasing strength can only be observed up to 5 days. The
10-days-samples are weaker for both sample types.

mono-disperse spheres with a diameter within one percent in the
range of 20-300 wm. No measure for the sphericity was given.
Therefore, we believe that the mechanical tumbling method
presented here is an interesting alternative to produce idealized
model snow comprising spheres.

Besides the particle characterization, a well-working image
processing with particle identification is the basis for our analysis
of microstructure and contacts, as well as the reconstruction
toward mapping onto models. To this end, a watershed algorithm
could successfully be applied to the 3D CT images to identify the
particles and characterize the samples in terms of the number

of particles and contacts. The contact size, as second relevant
contact parameter besides the number of contacts, is expected to
change with sintering time. This was observed in the experiments
through increasing compressive strength, but could not be
derived from the images, which were analyzed regarding the
watershed sizes (number of voxels of the watersheds, which were
counted as contacts). The constant watershed sizes must be due to
the image resolution of 18 wm and the fact that these narrow parts
in the microstructure are most sensitive to binary segmentation,
which comes along with a loss of information. However, the
image processing can be applied for a complete reconstruction
of the samples. Besides the contacts and number of particles,
the position of all particles and contacts could be determined.
Together with the high sphericity and quasi-monodispersity,
this renders the system an ideal candidate for model validation:
experimental samples can be reconstructed as input for (DEM)
models for a close comparison.

4.2. Relation Between Microstructure and

Mechanics

The structural analysis of the CT images showed the
reproducibility of the ice bead samples, with a standard
deviation of the structural parameters of <10 %. The variation
of density and elastic modulus of the RG snow samples was
higher than for the ice bead samples. The densities of the ice
bead samples lie in the range of a close random packing, which
allows little structural variation. Yet, the effect of the sample
compaction by tapping can be seen in higher densities and
more contacts. The differences between the tapped and poured
structures are small and without a sharp transition. But they
are also mirrored in the mechanical properties, the simulated
elastic modulus, and the experimentally measured compressive

Frontiers in Earth Science | www.frontiersin.org

September 2019 | Volume 7 | Article 229


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Willibald et al.

Spherical Model Snow in Mechanical Tests

strength. While in the present paper the tapping was only
employed as a proof of concept, a more systematic tapping
method (using e.g., vibrations with a given frequency) may open
the door for targeted manipulation of the packings.

Two main contact parameters were manipulated in the ice
bead samples—the number of contacts by tapping and the size
of the contacts through variation of the sintering time—and can
be related to the mechanical response. The effect of sintering
was not resolved in the CT images and consequently in the
elastic modulus, for which a relationship with the contact density
and ice volume fraction was observed. The compressive strength
is related to both parameters, even though only indirectly.
Since the sintering time did not change the other structural
parameter (SSA, density, contact density) that potentially affect
the compressive strength, the increasing strength can be ascribed
to the increase of the contact size. As the contact size matters
but could not be quantified, no relation with contact density and
compressive strength could be derived.

The Elastic moduli E were determined by voxel-based FEM
simulations of 3D CT images. With a voxel size of 18 um the
image resolution was too low to resolve details of the sintering
effect, as particularly the bond area is sensitive to the image
resolution. Thus, no relation of E with sintering time was
observed (Figure 7A). E is dominated by the particle geometry
and structural arrangement of the sample. While in snow science
E is usually related to the ice volume fraction ¢ (Mellor, 1975;
Kochle and Schneebeli, 2014; Wautier et al., 2015; Srivastava
et al,, 2016), for the ice beads, we could additionally relate it to
the contact density v, which is shown in the colors of Figure 7B.
Regarding the relation with the ice volume fraction ¢, the results
of the RG snow samples are in very good agreement with the
fits of Kochle and Schneebeli (2014) and Gerling et al. (2017)
who utilized the same method. Their empirical power-law [E =
21078 . p>8 (MPa)] fits with RMSE = 0.021 GPa our results
for the RG snow samples. However, it overestimates E of the ice
beads, as does the fit of Kochle and Schneebeli (2014). In both
studies, the fits are restricted to a certain density range. Kochle
and Schneebeli (2014) even specify two fits for two ranges, which
underlines the restricted validity. As their ranges do not cover
the ice volume fractions of the ice bead samples, the fits are
not expected to describe the elastic moduli of the beads. Yet,
lower E are presumed toward higher ¢, as E must saturate at
some point to the value of solid ice. The ranges of both, ice
volume fraction and elastic moduli, are clearly separated for RG
snow and ice beads, but the ranges of these parameters within
the respective systems are small. The RG snow samples line
up on the fit, i.e., clearly increasing E with ¢. The ice bead
samples, in contrast, are rather clustered. Partially this can be
explained by looking at the contact density v, as resolved in the
magnification (Figure 7B), for which an increasing relation with
E is expected (Gaume et al., 2017) and seen in the results of the
poured samples. For tapped samples, the relation is rather vague,
due the uncertainty intervals of all parameters and their small
ranges. The higher variability of the tapped samples compared
to the poured, is already observed in the relation of ¢ and v,
(Figure 6) as well as in the relation of E and t; (Figure 7A).
This might be due to the sensitivity of the applied tapping

method to small variations, whereas the pouring of the particles
is better constraint.

The compressive strengths o were extracted from the
experimental stress-strain curves which are difficult to interpret
on the first sight (Figure 8). The focus in this study was on a
mechanical characteristic that allows for comparison of different
sintering times and sample types, rather than on the fracture
mechanism itself. Such a characteristic was found in the highest
peak within the first 10% of strain and referred to as compressive
strength, after an alternative evaluation of the smoothed curves
and the deformational energy confirmed the results. The relation
of compressive strength and sintering time (Figure9) shows
the reproducibility of the experiments, despite the large scatter,
which however is typical for snow. The requirements for the
representative elementary volume (REV) are met for the ice
beads with 32 r, and n, € (1,000, 1, 200) at the lower limit, which
was found in 30 r, (Wiacek and Molenda, 2016) or n, > 1,000
particles (Gaume et al., 2017). In contrast, the requirements are
clearly fulfilled for the RG snow samples. Yet, the experimental
results have a similarly high scatter, which is considered to be the
(reproducible) variability of the compressive strength. On the
contrary, the scatter of the structural parameters is comparably
small, within £10%. This indicates the relevance of the exact
arrangement of the particles and the formation and mechanical
importance of force bearing chains in snow structures
(Kry, 1975).

Taking the highest peak of the stress-strain curves as
compressive strength, as a characteristic of the sample, renders
the comparison of different samples and sintering times possible
(Figure 9). The compressive strengths of the ice bead samples
reflect the variation of both contact parameters: tapped samples
with higher contact densities exceed the poured samples; and
for the poured samples an increasing strength with sintering
times between 1 and 5 days was observed, assigned to the
change of the contact size. A quantitative relation of strength,
contact density, and contact size cannot be discussed, lacking
information about the evolution of the sintered contacts. The
relation of compressive strength and sintering time was examined
in confined compression experiments and also related to the
particle size (Jellinek, 1959). A similar relation with time was
found as we observed in the RG snow, but the increase of
compressive strength with particle size is in contrast to our
results. Reasons for this are discussed in the next paragraph.

4.3. Effect of Sintering on Compressive
Strength and Sintering Anomaly of Ice
Beads

In the relation of compressive strength and sintering time, large
differences of RG snow and ice beads were observed. This
relation has been investigated for snow in confined compression
experiments (Jellinek, 1959), where an exponential fit was applied
(o o ek) that represented well the monotonic increase of the
compressive strength with the age of snow. To the similarly
progressing curve of the RG snow, however, we fitted a power-
law 0 = a - t,* in analogy to van Herwijnen and Miller (2013).
The exponent b is related to the standard sintering theory and
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links the locally and globally increasing strength. The obtained
exponent b 0.3 for the RG snow compares well to their
ones for comparable snow (natural and nature identical rounded
grains), considering the different densities. According to the
standard sintering theory, the bond-to-grain ratio develops in
time following the power-law:

Ty "
< Tp )

with the temperature dependent B that captures geometrical and
material properties. Assuming vapor transport as the dominant
sintering mechanism for the regarded time scales (Hobbs and
Mason, 1964; Blackford, 2007; Chen and Baker, 2010), the
exponents are # = 5 and m = 3 and the bond-to-grain ratio
should grow in time with £;'/>. Hence, the relation of compressive
strength and sintering time is due to the locally growing bonds
and for the RG snow in good agreement with the literature.

Compared to the RG snow, the ice beads sinter much slower
and weaker. First compression tests were initially performed
after 1 day, but most of the ice bead samples fragmented when
the outer wall of the sample holder was removed and could
not be used for compression tests. In contrast, the RG snow
could be tested after only 5 min. This difference can only
partially be explained by the particle size. The size dependence
of the sintering rate is prescribed by Equation (1) that predicts
decreasing sintering rates for increasing grain sizes, as do the
simulation results of van Herwijnen and Miller (2013).

The ice bead samples evolve similarly as RG snow but only
for sintering times up to 5 days, with weaker but still increasing
strength. Unexpectedly, the 10 days samples were weaker than
the 5 days samples, for both sample classes. This result presently
lacks a sound theoretical explanation. However, the CT images
and observations reported in the literature indicate that due to
the porous nature of the bonds the growth is not monotonic.
The results of the structural analysis and the elastic moduli—
that show no variation with sintering time—do not indicate any
remarkable differences in the structures of the 10 days-samples,
as they are not conspicuous, e.g., in the relation between E

_ B,

- (1)
p

and v.. Moreover, different temperatures or large fluctuations
of the temperature during the sintering process can be excluded
from the temperature measurement of the 5 and 10 days tapped
sintering process. In both cases the temperature fluctuations
were restricted to +0.5°C. The sintering theory behind Equation
(1) describes the growth of a solid neck between two particles
in contact, as it developed for the RG snow. In additional CT
images with higher resolution (6 jLm), we observe porous bonds,
several column-like structures form the contact between two
particles (Figure 10). A very similar observation is described by
Chen and Baker (2010), for polycrystalline ice spheres of a 4 mm
diameter under temperature-gradient and quasi-isothermal (-
10°C) conditions, and by Adams et al. (2008) for natural snow
crystals (sieved with a 0.99 mm sieve). Chen and Baker (2010)
reported the growth of several “protrusions” from one particle
to the other, forming a porous bond. Interestingly, they report a
retreat of the protrusions after growth of 6 days, but only if the
protrusions could not get in contact with the opposite sphere
(if the spheres were initially not in contact but separated by a
small gap). The described images of the bonds were taken after 6
(maximum extension of the protrusions) and 12 days (retreated
protrusions), which matches the time frame of our observation,
the weakening of the compressive strength. Their observation
is an optical one and no mechanical tests were performed. The
retreat is reported only for initially separated particles. Our
results show their mechanical relevance, i.e., weaker sintering
of large ice particles and indicate that the reversal of bonding
also takes place when the particles were in contact, i.e., that
the porosity of an existing bond can increase in time. These
results may help to explain the empirical observations of weakly
sintered spring snow on ski slopes or roads, consisting of large
and round grains, the weak layer potential of hail and graupel or
even spherical ice particles in the food industry.

The porously growing bonds seem to be related to the particle
size, as it has only been observed in 4 mm particles so far (Chen
and Baker, 2010). In other studies of sintering of ice spheres
with diameters between 20 and 300 um the growth of a solid
neck was observed, as predicted by the theory (Kuroiwa, 1961;
Hobbs and Mason, 1964). The size of our particles with 2-2.2 mm

between the particles and their evolution.

FIGURE 10 | High resolution (6 um) CT scans of ice beads, after 0, 5, and 10 days sintering. The 2D cross-sections of the binary images show porous bonds
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is in between. Though unexpected, our results fit the former
observations, which indicate some effects for the sintering of
large spheres that are not captured by sintering theory. The onset
of these effects lies supposedly between particle sizes of 0.3 and
2 mm. Further investigation of this seems worthwhile to explore
the size dependence and the mechanisms for these protrusions.

5. CONCLUSION

In this paper we presented a novel tumbling method for
producing model snow that comprises highly spherical ice beads.
We characterized the spheres and analyzed the structures and
mechanics of sintered sphere assemblies. This showed that
the investigated ice beads are well suited for snow model
comparison, due to their clearly defined size, high sphericity
and the well-working structural analysis by means of CT-
imaging. The tumbling method presented here enables the
production of uniform ice beads in different size ranges. Smaller
and larger spherical ice particles than the ones presented here
can be generated as well. The microstructures of the samples
were characterized and related to the mechanical properties,
by examining CT images of the samples that were used in
the compression experiments. Microstructural variation was
generated by densification of some samples and by variation
of the sintering time. The sintered bonds of the ice beads
developed with a complex geometry, contrasting the predictions
from the standard sintering theory. This was observed by optical
inspection of the CT images, as well as in the evolution of
compressive strength with sintering time. In the compression
tests, the ice bead samples exhibited after 10 days sintering
lower strength than after 5, in contrast to the monotonic
increase of the reference snow and the expectation from theory.
The sintering artifacts, revealed in the CT images, impede
the quantification of the contact size. Although unexpected in
our experiments, similar observations are documented in the
literature and indicate that the artifacts could be circumvent by
utilizing smaller particles to allow for a complete quantification of
the contact parameters (number and size of bonds). Despite these
complications, the ice beads qualified also in the mechanical tests
for model snow: until 5 days the ice beads developed a similar
relation of strength and sintering time as the reference snow and
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