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Abstract. The quantitative description of aeolian snow transport remains a challenging issue for theoretical
modelling but also for environmental concerns. Drifting snow is crucially dependent on snow cover proper-
ties, including cohesive force and snow type. Snow transport is particularly impacted by cohesive processes
in contrast to wind-blown sand. Our study explores in particular the effect of snow sintering on both the aero-
dynamic and impact erosion processes.We propose here an original experimental set-up to determine both the
aerodynamic and impact erosion rate in the context of snow packs. The experiments were carried out in the
cold wind-tunnel at the Cryopsheric Environment simulator in Shinjo with snow packs of various sintering
times. Our results reveal that as sintering time is increased, impact erosion efficiency —which is determined
by the number of particles ejected per impact— is decreased. Our preliminary findings are in line with recent
experiments made with moist sand, suggesting similarities between snow and moist sand.

1 Introduction

Aeolian transport of particles, including sand and snow,
is a process that shapes natural landscapes and influ-
ences environmental systems. In cold regions, wind-
driven snow transport affects environmental and infras-
tructural surroundings, influencing snow erosion, drifting
and avalanche formation. Understanding the thresholds
that initiate and sustain particle transport—the aerody-
namic threshold and the impact threshold, respectively—is
essential to predict these processes. These thresholds are
governed by particle-fluid interactions, environmental fac-
tors and the cohesive properties of the particles which lack
controlled experiments.

For non-cohesive materials, such as dry sand, the phys-
ical mechanisms governing aeolian transport processes
have been widely studied during the past decades and are
now relatively well understood [1-3]. Bagnold [4] estab-
lished the principal foundation describing the dynamics
of sand grain. In particular, he emphasized the important
role of the erosion induced by the impact of saltating par-
ticles, the so-called splash process. In the context of non-
cohesive granular materials the impact process has been
thoroughly studied through model collision experiments
[5-7] and numerical simulations [8, 9]. One of the remain-
ing issue is to investigate how impact erosion is modified
for cohesive materials like moist sand and snow.

Snow is a complex material regarding transport dy-
namics. Snow particles are irregular in shape and cohe-
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sive, its transport is then highly sensitive to temperature
and humidity. Indeed, snow cohesion could vary in time
due to a process called sintering where ice bonds form
between particles and generally increases through time as
bonds continue to form.

There is a large gap regarding the influence of sintering
on the snow transport properties. Very few experimental
studies report on the splash process with cohesive granu-
lar packing. In contrast, numerical studies were recently
developed. Comola et al. [10] developed a 3D discrete
element method (DEM) for investigated the erosion of a
granular packing made cohesive with icy bonds. Rala-
iarisoa et al [11] studied again via DEM the splash process
with a cohesive granular packing made cohesive with lig-
uid bridges. These studies suggest that the impact erosion
process exhibits different features according to the level of
cohesion. Three regimes were identified. For weak cohe-
sion, the ejection of particles is not altered by the presence
of cohesive bonds. For intermediate cohesion, the erosion
efficiency decreases while the critical impact velocity to
trigger the splash process remains unchanged in compar-
ison with the cohesionless case. For higher cohesion, the
critical impact velocity increases while the erosion effi-
ciency keeps decreasing. These outcomes are summarized
in Fig. 1, where the number of ejected particles per im-
pact, N,, is plotted as a function of the dimensionless im-
pact velocity V;/V;.—1 for different cohesion numbers Co*
(Co* = W, /P defined as the ratio of the energy needed to
break a cohesive bond W, to the grain weight P and V. is
the critical impact velocity below which there is no ejec-

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution
License 4.0 (https://creativecommons.org/licenses/by/4.0/).



EPJ Web of Conferences 340, 06009 (2025)
Powders & Grains 2025

https://doi.org/10.1051/epjcont/202534006009

tion in a cohesionless case). Selmani et al. [12] showed
that the critical cohesion numbers that define the regime
transitions in [10] are Co] ~ 0.1 and Co; =~ 2 for co-
hesive beds with ice bridges. Both moist sand and snow
show similar behaviors. These numerical outcomes have
been recently confirmed by experiments made with cohe-
sive sand [12, 13].
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Figure 1. Number of ejected particles per impact N, as a func-
tion of the dimensionless impact velocity V;/V;. — 1 for different
cohesion number Co* (Data from [10] extracted from Selmani et
al.[12]).

The challenge of the present work is to investigate ex-
perimentally the effect of snow sintering on the splash pro-
cess. We used a similar approach as that used by Besnard
et al. for cohesive sands [12, 13]. The experiments were
carried out in a cold wind tunnel at the Cryospheric Envi-
ronment Simulator [14]. Various snow samples were stud-
ied and the cohesion strength was varied by increasing the
sintering time. Preliminary results are promising for a first
experimental characterization of the splash process in the
context of snow.

2 Experimental Setup and Calibration
2.1 Wind-tunnel Facility

The experiments were conducted in a closed-loop wind
tunnel (Figure 2) with a test section that measures 14 me-
ters in length and has a cross-section of 1m X 1m. A fan
generates an airflow within the tunnel at a nominal speed
U, corresponding to the reference velocity measured us-
ing a Pitot tube placed 14 cm below the ceiling, upstream
of the test section. The wind speed can be varied from 0
to 20 m/s. The average temperature is 7 = —10°C and
the mean relative humidity of the air is HR = 82%. The
floor of the tunnel is covered by a non-erodible icy bed
obtained by spraying water over an artificial snow layer.
The turbulent air flow was characterized by 3D ultrasonic
anemometers and the velocity profile was found to obey
the classical logarithmic law of the wall given by:

U@=§mﬁj (1)

20

where u” is the so-called friction velocity, zy is the aerody-
namic roughness length and « = 0.41 is the Von Karman

constant. The friction velocity «* was found to be propor-
tional to the nominal flow velocity Uy, (u* =~ 0.037 Us)
and zj is roughly constant and equal to 7o ~ 2 x 10~ m;
These characteristics are specific to the wind-tunnel and
the iced floor.

2.2 Seeding system

A seeding system is set at the beginning of the test section
and allows to feed the turbulent air flow with an incoming
mass flux Q;, of snow. The seeder is filled with artificial
snow (see next subsection for further details) which goes
through a sieve of 500 u m. The incoming mass flux can be
assessed via a snow particle counter (SPC-S7) [14] which
is positioned downstream in the center of the tunnel.

The Snow Particle Counter (SPC) is an optical sensor
that measures airborne particle transport by detecting the
shadows cast as particles cross a 2x25 mm?, 0.5 mm thick
laser beam. It provides data on particle size distribution
and horizontal flux density at a specific height (Fig. 3).
SPC was used to measure accurately the incoming mass
flux Q;, which could vary from one experiment to another
due to clogging issues of the sieve of the seeding system.

The SPC measurements provided us with an estimate
of the median diameter d of the particle coming from the
seeder: d = 250 um.

2.3 Snow Samples

The snow samples under study are placed downstream at a
position x = 12.6 m from the beginning of the test section.
They are displayed in a square box with a side of 20 cm and
adepth of 2 cm. They are subject either to the aerodynamic
erosion from the shearing of a clear turbulent air flow or by
the erosion induced by the impact of the particles coming
from the seeder.

The snow under study is artificial snow produced at
the facility by the NIED snowfall machine [14]. The box
was filled on average with 210 g of snow (corresponding
to a constant volume fraction of 0.28). The filling was
achieved using a 500um sieve. Once filled up, the surface
of the snow pack was leveled off using a ruler. The waiting
time between the preparation of the sample and the exper-
iment was varied between 0 and 900 minutes to study the
effect of sintering. We studied four different samples with
sintering times 0, 60, 120 and 900 minutes.

2.4 Experimental protocol

At the beginning of an experiment, the snow sample is
weighed. The sample is placed in the tunnel and is then
subject to either aerodynamic or impact erosion for a fi-
nite time. At the end of the experiment, the sample is again
weighed. From the mass loss, we can calculate the erosion
rate E:

My — M,

= TTexT @

where M; and M are the initial and final mass of the sam-
ple, S = 4.1072 m? the surface area of the box and T the
duration of the experiment.
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Figure 2. Illustration of the test section of the climatic wind tunnel in Japan. The air flow will be moving from right to left. At2.3m
downstream from the tunnel entrance we have a seeding system to introduce an upstream mass flux of snow. The snow sample is
confined in a 20cm x 20cm x 2cm box and placed at 12.6m downstream. While, an SPC and a 3D ultrasonic anemometer are positioned
13.05m downstream. The SPC is placed along the centerline of the tunnel, while the anemometer is offset 26.8cm to the left of the

centerline.

0.0016

0.0014

0.0012

0.0010

0.0008

FluxSPC (g/cm2/s)

0.0006 1 /|
0.0004 [

0.0002

0.0000

10 20 30 40 50 60
Time (seconds)

Figure 3. The incoming mass flux density as a function of time
for two experiments with the nominal velocity U, = 6m/s.

3 Aerodynamic erosion

The experiments carried out for characterizing the aerody-
namic erosion were not successful. Indeed, the turbulent
air flow achieved with the maximum power of the fans and
providing a nominal velocity U, = 20m/s was not able
to erode any of the snow samples, even the one with the
smallest sintering time meaning the aerodynamic thresh-
old for all samples is higher than u* =~ 0.74m/s. Typi-
cal aerodynamic threshold velocities reported for a similar
setup is 0.3 m/s (Besnard et al.[13]) for dry cohesionless
sand of 200 ym. Our outcome thus shows the high cohe-
sion of sintered snow.

4 Impact erosion

The impact erosion rate is expected to be proportional to
the impact flux ¢ and can be expressed as:

E = ¢x N(V,,Co*,...) A3)

where the average number of ejected particles per impact
N, depends on the impact velocity V; and the cohesion
number Co™.

Our goal is to evaluate the variation of N, with V; and
Co*. Cohesion is varied by increasing the sintering time ¢,
while impact velocity V; is controlled by the wind strength.
The exact relationships between Co* and t,, and between
Vi and u*, have not yet been established. Further experi-
ments are planned to investigate the variation of cohesion
strength with sintering time using micro-mechanical tests,
and to assess the velocity of impacting particles through
imaging techniques. As emphasized by Eq. 3, the evalu-
ation of N, requires the knowledge of the impact flux ¢

which varies with the wind speed for a given incoming
mass flux Q;,.

4.1 Measurement of ¢

The impact flux ¢ is obtained directly by trapping the
impacting particles at the location of the snow box. To
trap the snow particles, we replaced the snow sample with
silicon oil to efficiently trap the particles. ¢ was then
estimated by weighing method as for the erosion rate.
[12, 13].

We thus characterized the dependence of ¢ with the
friction velocity u* (see Fig 4). The data indicate that ¢ fit
the law observed by [13] and is very well captured by:

Ag

gk )2
(I/t Mreb)

¢ = Qin 4)
where A a fit parameter (A = 1/250), g the gravitational
acceleration (g = 9.81m/s?) and u’ . the critical shear ve-

locity to sustain the motion of a single particle on the rigid
icy bed (u7,, ~ 0.06m/s).
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Figure 4. Rescaled impact flux ¢/Q;, as a function of the friction
velocity u*.
4.2 Measurement of the rescaled erosion E/¢

We provide here preliminary results of the rescaled erosion
rate E/¢ as a function of the sintering time for a given
friction velocity (see Fig. 5). E/¢ can be interpreted as the
number of ejected particles per impact N,. This indicates
that the impact erosion process is less and less efficient as
the sintering time and the cohesion are increased.
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Figure 5. Rescaled erosion rate E/¢ as a function of the sintering
time 7, for a friction velocity (¢* ~ 0.29m/s)

We are currently investigating the impact erosion pro-
cess over a wide range of friction velocities to have a com-
plete description of E/¢ as a function of the sintering time
t; and the friction velocity u* to be able to compare our
experimental data to the numerical ones of [10, 11].

5 Discussion and conclusion

Similar wind tunnel experiments were carried out with co-
hesive sand [12, 13] but never with snow. These experi-
ments are the first to characterize the erosion process by
impact on Snow.

The main issue is to determine whether the erosion
mechanisms differ for cohesive sand where cohesion is en-
sured by capillary bridge and snow where the bonds are
formed by solid ice bridge. Numerical simulations done
on particle impact on cohesive granular packings in the
context of liquid bridges [11] and solid bridges [10] in-
dicate that the process of impact erosion is similar. The
completion of our experiments should provide a definite
answer.

The remaining issue is to quantify the cohesion
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