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Abstract Two outstanding questions of the ski—snow
friction are considered: the deformation mode of the snow
and the real contact area. The deformation of hard, well
sintered snow in a short time impact has been measured
with a special linear friction tester. Four types of defor-
mations have been identified: brittle fracture of bonds,
plastic deformation of ice at the contact spots, elastic and
delayed elastic deformation of the snow matrix. The latter
is the dominant deformation in the ski—snow contact. Based
on the measured loading curves the mechanical energy
dissipation of snow deformation in skiing on hard snow has
been determined and found negligible compared to the
thermal energy dissipation. A mechanical model consisting
of ice spheres supported by rheological elements (a non-
linear spring in series with a Kelvin element) is proposed to
model the deformation of snow in the ski-snow contact.
The model can describe the delayed elastic behaviour of
snow. Coupled with the complete topographical description
of the snow surface obtained from X-ray micro computer
tomography measurements, the model predicts the number
and area of contact spots between ski and snow. An aver-
age contact spot size of 110 um, and a relative real contact
area of 0.4% has been found.
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1 Introduction

It is well known that the slipperiness of ice and snow is due
to the formation of a thin meltwater film [1-5]. The fric-
tional heat generated by the rubbing of ice asperities
against a slider’s base melts the ice and the resulting
meltwater lubricates the interface. In very cold conditions
when the heat is not sufficient to melt the ice, snow is
similar to sand with a high dynamic frictional coefficient of
0.3 [6]. In most natural conditions, however, meltwater
lubrication occurs and snow and ice exhibit frictional
coefficients as low as 0.01 making skiing, sledging and
skating possible.

Snow is a sintered material consisting of mono-crystal-
line ice grains, which are bonded together [7]. The ice
crystals form in the atmosphere. After they fall to the
ground they immediately start to sinter together and
quickly form a 3D foam-like structure that we call snow.
At this stage a process called snow metamorphism starts.
During snow metamorphism the size and shape of the ice
crystals change. In addition the bonds between the indi-
vidual crystals grow stronger by sintering. This converts
the initially fragile snow into a denser and stronger solid
porous material. Depending on how far the metamorphism
proceeded, snow densities range from 50 kg/m* for freshly
fallen snow to 800 kg/m* for firn. The latter is close to the
density of ice (920 kg/m’). In Figs. 2 and 3, the 3D
microstructure of a high-density snow and its surface is
visualized. The surface consists of the same type of grains
as the rest of the snow. Only under certain conditions
special surface layers, like surface hoar or ice crust occur.
In this study, we do not consider such surfaces.

Skiing involves complex and interesting scientific phe-
nomena that attracted the attention of many researchers
over the past 100 years [3, 8, 9]. Since the pioneering work

@ Springer



224

Tribol Lett (2009) 36:223-231

of Bowden, who proposed the idea of meltwater lubrication
[1] and introduced polytetrahydrofourene (PTFE) as a
superior ski base material [10], the theory of ski friction
has been developed to a high degree on a phenomenolog-
ical basis. The effects of temperature [11], load [11], speed
[12], snow type [13], and ski base material [10, 14] on the
frictional coefficient of a ski were studied experimentally.
In addition qualitative relations were established on an
empirical basis. More recently, a fundamental approach to
understand the basic physical processes involved in ski
friction was started by Glenne [3] and Colbeck [8]. The
latter reviewed the individual mechanisms that contribute
to the resistance of a ski sliding on snow [8]. These include
the plowing of snow in front of the ski, snow compaction
below the ski, deformation and fracture of asperities rub-
bing against the ski, shearing of the meltwater film, drag by
dirt particles, and possibly capillary attachments between
snow grains and ski base. Currently, these processes, but
especially their interactions are poorly understood and a
comprehensive description of the ski—snow friction is
missing. An attempt to numerically model the friction of a
flat polyethylene slider on ice including all physical pro-
cesses was recently made by Baeurle et al. [15]. They
concluded that the most critical parameter in the formation
of the meltwater film and thus the frictional coefficient is
the real area of contact.

We address two outstanding questions of the ski—snow
friction: the deformation mode (elastic, plastic or brittle) of
the snow during the contact, and the real contact area
between snow and ski base. This is studied by displace-
ment-controlled loading experiments of hard packed snow
samples. A ski base is pressed vertically on the snow
samples. The analysis of the resulting force—displacement
curves gives insight into the dimensions of the occurring
forces, displacements and consequently the mechanical
energy dissipation during skiing. Before and after the
loading experiment a high resolution 3D image of the snow
microstructure is captured by X-ray computer tomography
[16]. By comparing these images we can visualize the snow
deformation. This visualization and the analysis of the
force—displacement curves allow a precise identification
and quantification of different deformation modes. Fur-
thermore we use the 3D images to characterise the snow
surface. The radius and the distribution of the snow grains
at the surface are important parameters in the ski-snow
contact. In a last step a model of the ski-snow contact is set
up. The mechanical response of each grain is modelled by
rheological elements. Combining this with the distribution
of the grains at the surface, we can model the measured
force—displacement curves. The parameters of the rheo-
logical element are determined using the Hertzian theory of
elastic contacts [17] and a finite element simulation of the
mechanical response of the snow structure. The modelled
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stresses at the contacts exceed the strength of ice by far, so
that following simple approximation for the real contact
area can be justified: the real contact area is the ratio
between normal force and strength of ice [18]. With this
approximation, the model predicts besides the number also
the size of the contact patches. These are the most
important input parameters of a frictional heat simulation.

While our experiment is a vertical impact, in reality the
snow grains rub against the ski and experience a shear
force in addition to a normal force. Due to the low fric-
tional coefficient, the normal force is much bigger than the
shear force and therefore we can neglect the shear defor-
mation in respect of the real contact area and the defor-
mation mode. However, this approximation is valid only in
the beginning of the contact. When the accumulated fric-
tional heat melts the top of the ice grains, the contacts get
lubricated and the real contact area increases. The amount
of meltwater also increases, but it is constantly squeezed
out from the contacts. In this region the real contact area is
primarily determined by the melting—squeezing mechanism
not by the deformation of the grains [15]. The polishing
effect of the meltwater lubrication is very pronounced. The
relative contact area after the passage of a ski was deter-
mined from micrographs of the snow surface. It was found
to be around 2-4% [8, 15, 19]. This is one order of mag-
nitude higher than the contact area of 0.4% we determined
in our experiments without frictional melting.

2 Experiments
2.1 Snow Sample Preparation

The goal was to prepare reproducible snow samples with
structural and mechanical properties similar to that of the
snow on racing ski tracks. This corresponds to high density,
well packed and well sintered snow with relatively small
grains. We used finely grained fresh snow stored for sev-
eral months in a freezer at —40 °C. Grains with diameters
between 250 and 500 um were sieved into the sample
holder in a cold room at 7,;, = —6 °C. The sample holder
consisted of a 35 mm diameter solid cylindrical base and a
hollow cylinder that fits snugly, but can slide easily up and
down on the base. This is illustrated in Fig. 1. The snow
was compacted to a density of 500 kg/m® in the sample
holder. A flat ultra high molecular weight polyethylene
(UHMWPE) sheet was used as an impactor. UHMWPE is
the base material of modern skis. During compaction the
hollow cylinder slides down on the base. Holes drilled into
the cylinder prevent pressure build-up in the pore space of
the snow. After compaction the snow was allowed to
sublimate for approximately 1 h to smoothen the snow
surface. It was then covered to prevent further sublimation
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Fig. 1 Sketch of the experimental setup used for sample preparation
(a, b) and the loading experiments (c¢). For sample preparation low-
density snow (a) is compacted to high-density snow (b) by pressing
the ski base on the snow. During compaction the hollow cylinder is

and placed into a chamber where it was stored at -3 °C for
24 h to obtain a high strength, well sintered sample. In
total, 16 samples were prepared.

2.2 Tomography Measurements of the Snow Surface

It is possible to obtain a high resolution 3D image of the
snow structure with X-ray tomography [16]. A uCT 80
X-ray micro computer tomograph (nCT) from Scanco
Medical (Bassersdorf, Switzerland), placed in a cold
chamber, was used to characterise the snow surface and to
visualise the deformation of snow grains. A special adapter
allowed placing the sample holder into the pCT. Images
with 18 pm nominal resolution were taken of the top 3 mm
of the snow samples. The duration of a scan is approxi-
mately 1 h. For image processing and stereological char-
acterisation the raw sinograms of the HCT were
transformed into 16-bit images. To reduce the noise, the
stacked images were median filtered using a 3 x 3 x 3
kernel and Gaussian filtered usinga 5 x 5 x 5 kernel with
o = 1.2. Finally these images were segmented by thres-
holding, resulting in a binary image of the snow micro-
structure. Images were taken before and after the impact
experiment. To determine the location and magnitude of
the snow deformation, the displacement field between the
two images was calculated using particle image veloci-
metry [20]. Therefore the displacement vector of each
voxel is determined by cross-correlating a neighbourhood
of the voxel in both images. In addition to this analysis, the
3D images were transformed to 2D surface profiles in order
to calculate different roughness properties including aver-
age roughness, height distribution, surface density of grains
and bearing area ratio. Out of the 16 snow samples, 10
were scanned and analysed with the pCT.

2.3 Impact Loading Experiments
The experimental set-up for the experiments was basically

the same as for the sample preparation (Fig. 1c). The snow
samples were loaded with a short time vertical impact. The

pushed down by the ski base. It is guided by the solid cylinder. In the
experiments the snow is impacted with the ski base. The hollow
cylinder is pushed down a bit before running the experiment (c¢) to
avoid contact with the ski base

complete loading—unloading cycle takes about 100 ms
which roughly corresponds to the passage of a 2-m long
racing ski sliding with 20 m/s. The experiments were
performed by a linear friction tester (LFT) placed in a cold
chamber where temperature was kept at —6 °C. The LFT
consists of two high power and high precision computer
controlled linear drives that can be programmed to realize
any 2D movements. In these specific experiments the
horizontal drive is fixed while the vertical drive is pro-
grammed to apply an impact on the snow sample placed
under the drive. A 2 mm thick flat UHMWPE sheet is
glued to the face of the vertical drive and acts as an
impactor. The sheet overlaps the snow sample in order to
impact the whole sample.

The force and displacement are recorded during the
experiment with a high sampling rate. The force is mea-
sured with 0.1 N resolution by a Kistler Model 9254 pie-
zoelectric force plate (Kistler, Switzerland) placed under
the snow sample. It measures all three force components
simultaneously. The displacement is measured with 1 pm
resolution by a linear encoder (Renishaw, UK).

The samples were repeatedly impacted several times. By
repeating the impact we were able to observe whether the
mechanical behaviour of the sample changed and we were
able to observe the recovery of the samples. We varied the
impact load from 10 N which corresponds to 12 kPa (the
maximum pressure under a stationary ski) to 140 N. For
the maximal load of 140 N the deformation of the samples
was around 20 pm. The sample height was 5 mm. Relating
the deformation to the sample height we obtain a strain of
0.004 and a strain rate of 0.04 1/s.

3 Results and Discussion
UHMWPE has a higher mechanical strength than ice, but a
lower Young’s modulus [21].1 As a result the ski base

deforms elastically during the ski—snow interaction while

! For material properties of UHMWPE refer to www.uhmwpe.org
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the ice fails when the stress exceeds its compressive
strength. This makes the skis wear resistant and long
lasting.

Let us consider the impact of a flat UHMWPE sheet
(slider) on hard snow. What would we expect as a result of
such an impact: first, the top ice grains come into contact
with the slider. As long as the load on the grains is not too
excessive the contacts are elastic. The area of the contact
patch can be calculated from the Hertzian contact theory.
Since the grains are part of a flexible snow matrix, they are
not fixed in space. They are pushed down by the contact
force. As the contact force increases the grains start to fail.
Either the contact pressure reaches the compressive
strength of ice, or their bonding in the matrix is not strong
enough. In the former case the ice yields until the contact
stress drops below the compressive strength. In the latter
case the bonds that support the grains yield, and the grain is
displaced from the surface as a whole. The failure of grains
continues until the number of grains in contact and the real
contact area is high enough to support the load. We tried to
visualise the deformation of the grains in the snow with the
nCT.

T

displ. (roomy
o900 9

Fig. 2 3D image of a 6 x 6 mm section of the snow surface before
(a) and after (b) the loading experiment. The absolute displacements
between the two images, calculated by particle image velocimetry, are

disph. (roeny

N

Fig. 3 Close-up of the deformation of a grain that originally rises
well above the surface (image a). It fails under the impact and falls
down (image b). In its new position it is below the average surface
level indicating brittle failure. Another evidence of brittle failure is
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The 3D images of the surface of a snow sample before
and after an impact experiment are shown in Fig. 2. The
absolute displacements of most surface points are around
zero. Except for a very few surface grains no deformation
is visible. This confirms our expectation that on hard snow
the ski—snow interaction is limited to the very top of the
snow. All of the grains that show a visible permanent
deformation originally rise well above the average surface
level. These grains come into contact with and loaded by
the slider first. They experience excessive loads. Their
bonds fail and they fall down. One example of such a grain
is shown in Fig. 3. In its final position the top of this grain
is under the surface. This shows that its bonds failed
completely by brittle failure and the grain fell down instead
of having been pushed down by the slider. The sharp
transition from the big displacement of the grain to no
displacement of the neighbouring grains confirms this.
Beside the brittle failure of the bonds the grain itself might
deform plastically and forms new bonds in its new position.
The grain does not carry any load after failure. The
cracking of the bonds of these grains was also observed in
the loading experiments: In Fig. 4 the oscillations in the

-
w
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colour-coded in (b). No considerable deformation can be seen as a
result of the 150 kPa impact. Only isolated grains (in red) that
originally rise above the average surface level deform considerably

-

that the immediate neighbourhood of the grain shows zero deforma-
tion. For a plastic deformation we would expect a smooth transition
similar to the deformation pattern shown in Fig. 7
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Fig. 4 Schematic force—displacement curves of two subsequent
impact experiments with the same maximum force. Four different
deformation modes (A-D) can be identified. The first impact shows
an oscillation of the force from —200 um to O pm (A). This is the
brittle failure of surface grains. The surface is defined as the point
from which the force signal starts to rise continuously. After the
maximum force is reached an elastic recovery of 3 um occurs during
the unloading of the sample (D). The point where the second impact
touches the new surface gives information about the delayed elastic
recovery of the snow matrix (C) and the total permanent deformation
(A + B) of the snow. Thereof about 5 pm are caused by the flattening
of the grains which are in contact with the ski (B)

force in the initial phase of the loading are caused by the
brittle failure of the bonds. This occurred only in the first
loading of the sample, subsequent loadings showed a
smooth increase of the force. The failure of these weakly
bonded surface grains is a permanent deformation.

Another expected permanent component of the defor-
mation is the failure of ice on the top of the grains. This
deformation is too small to be visible on the pCT images,
but it appears in the loading experiments as a shift between
the first and subsequent loadings. In Fig. 4 it is labelled as
phase B. It is approximately 5-10 pm. Due to the low
number of grains actually in contact with the ski base very
high local stresses develop on the top of the grains. The
stress far exceeds the compressive strength of ice (around
10 MPa at high deformation rates [21, 22]). As a result a
localized failure of the ice is inevitable. The failure
mechanism is probably a mixture of plastic flow, micro-
cracking and possibly pressure melting depending on the
actual stress and strain rate experienced by the grain.
Failure of the ice continues until the average stress drops
below the strength of ice.

The permanent deformations of the snow discussed
above only appear in the first loading of a snow sample.
After this first impact the surface is ‘prepared’ to take the
load without further permanent deformation. In subsequent
loadings the force rises and drops smoothly. This can be
observed in the force—displacement curve of the second

Distance from surface (um)

Fig. 5 Average measured force—displacement plot of the impact
loading of 10 hard snow samples (open circles). The grey band shows
the variation of the measured loading curves (approximately 20%).
The whole loading—unloading cycle takes approximately 100 ms.
Subsequent loadings of a sample follow exactly the same curve. The
calculated plot based on our model shown in Fig. 6 is also shown
(solid triangles and line)

impact in Fig. 4. This smooth force—displacement curve is
plotted in Fig. 5. The curve shown is the average of mea-
surements on 10 different samples. Different samples
showed 20% deviation which is quite reasonable in
experiments with snow. Two interesting features are
immediately noticeable. One is the small deformation. The
snow is very hard, the total deformation is only 22 pm at
140 N (corresponds to 150 kPa). Another interesting result
is that the loading and unloading follow different paths.
The loading curve forms a hysteresis loop. This indicates
permanent deformation in the snow. Subsequent loadings
of a sample, however, closely follow the same curve. The
position of the surface where the force starts to rise remains
exactly the same. It seems that the sample recovers the
strain after unloading and regains its undeformed state. In
Fig. 4 this recovery is labelled as phase C. This behaviour
is well known in ice mechanics. It is referred to as primary
creep or delayed elasticity [23]. It has never been studied
for snow. Only for crushed ice Singh et al. [24] describe
this behaviour. It is expected to be more pronounced in
snow than in case of polycrystalline ice since it is known to
be greatly enhanced with increased porosity [25]. Never-
theless it is very surprising that delayed elasticity is present
at such a high strain rate (0.04 1/s) and that the deformation
is fully recovered. This is a clear indication how significant
delayed elasticity can be in snow. In ice one would expect
brittle failure at this strain rate. Polycrystalline ice behaves
brittle at strain rates higher than 1073 1/s [23]. Unlike in
ice, however, the grains have a high mobility in the snow
matrix. They can freely move by grain boundary sliding,
which is the underlying mechanism of delayed elasticity
[23, 25]. The high mobility of the grains then leads to an
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effective stress relaxation mechanism, and hence improved
delayed elasticity.

The reverse creep of delayed elasticity is slower than the
withdrawal of the impactor in our experiments. As a result
the unloading part of the curve shows the purely elastic part
of the deformation. This is only 2-3 pum and includes both
the elastic deformations of the ski base and the snow matrix.

Pressure melting and premelting of the ice cannot
explain the observed hysteresis in the loading curve. In
case of pressure melting a melting—refreezing cycle of the
top of the loaded snow grains could result in a hysteresis,
but in reality the ice fails well before it could melt.
According to the Clausius—Clapeyron equation the melting
point of ice changes with pressure as 13.35 MPa/K. All of
our experiments were conducted at —6 °C. Lowering the
melting point of ice to —6 °C requires around 80 MPa
which is eight times higher than the compressive strength
of ice (10 MPa) at high strain rates.

It has been shown by different experimental techniques
that a naturally occurring quasi liquid layer (QLL) exists on
the surface of ice close to the melting point [26]. However,
the thickness of the QLL is very small compared to the
displacements in our measurements. Even for ice with a
high impurity content (which is known to enhance pre-
melting) it does not exceed 100 nm at —6 °C [27]. In
addition, the relative humidity in our cold rooms during the
experiments was between 30 and 50%. In such a low
humidity we do not expect to have a QLL on the surface of
the top snow grains [28].

Nano- and micro-indentation experiments on ice show a
recovery of the ice surface similar to our observations. In
nanoindentation the heeling of the surface is attributed to the
flow of the QLL [29]. As we mentioned above, in the dry air
of our cold rooms we do not expect a QLL present at —6 °C.
In addition, the length scale of these experiments is very
different. The small volume of the imprint of the microscope
tip is filled up quickly, but it is insufficient to account for the
20-30 um deformation in our experiments. In micro-
indentation of ice the indent is filled very slowly (on the time
scale of hours) by newly growing ice grains [30]. In our
experiments the snow is recovered after 1 min, a very dif-
ferent time scale. While we cannot exclude that some of the
processes discussed above present in our experiments,
delayed elasticity seems to be the dominating underlying
mechanism of the hysteresis observed in our loading
experiments.

The energy dissipated through snow deformation in
skiing can be estimated from the loading curve shown in
Fig. 5. The total energy dissipation of a ski, P is simply
P = WwF, where u is the frictional coefficient of the ski on
snow, v is velocity and F), is the normal load. For a racing
ski, u = 0.1, v=20 m/s and F, = 400 N which yields
800 J/s. The area of the hysteresis loop (860 x 107° I)
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corresponds to the energy lost to compaction of around
10> mm? of snow. A 7-cm wide ski, moving with 20 m/s,
compacts 1.4 x 10° mm?/s of snow. Hence the energy lost
to snow compaction of this ski amounts to approximately
1 J/s, 0.1% of the total energy dissipation. Therefore, snow
deformation can be neglected on a hard ski track leaving
thermal energy dissipation the dominant process.

Based on our impact experiments it is possible to con-
struct a mechanical model of the ski—snow contact which
will serve as an input to thermal simulations for calculations
of meltwater generation. The model includes only the non-
permanent part of the deformation, namely the elastic
deformation of the ski base and snow, and the delayed elastic
deformation of the snow. Figure 6 shows the schematic
representation of the model. The mechanical behaviour of
the surface grains and their support by the snow matrix are
modelled with rheological elements. Each grain is supported
with a spring (K;) and a Kelvin element (K5, c,) in series.
This is the simplest rheological model which can describe the
desired deformation mode. The spring element (K;) includes
the two elastic components of the deformation: the contact
between the top of the grains and the ski base, and the elas-
ticity of the snow matrix. The former can be calculated from
the Hertzian theory of elastic contacts [17]:

Fo(5) = 35 VRS2 (1)

Here the normal force, F, is expressed as a function of
deformation, d. E” is the effective combined modulus and R
is the combined radius of UHMWPE and ice, respectively. R
includes the radius of the ice spheres that come into contact
with the flat UHMWPE ski base (Rypmwpe = o0). This
contact radius was determined from the nCT images. An
algorithm was used that fits a sphere to the top section of all
surface grains. Therefore not the whole grain, only its top
part is used to obtain the radius. A value of 0.18 mm was
obtained which is surprisingly close to the average radius of
the ice grains used in the sample preparation (0.175 mm).
With this, and the Young’s moduli of 9100 and 1200 MPa for
ice and UHMWEPE, respectively, Eq. 1 becomes
F,(5) = 680.52 N mm >* §*. The implementation of this
non-linear relation requires a non-linear spring (K;) in the
mechanical model shown in Fig. 6.

In addition to the contact between ski base and ice
grains the spring element in the model includes the purely
elastic component of the deformation of the snow matrix.
This was calculated with finite element simulations. A
1.8 x 1.8 mm? section of the 3D pCT images of the snow
samples was converted into a discrete finite element mesh
with ANSYS ICEM CFD.” The mesh was then used to

2 For further
www.ansys.com

information on CADFEM products refer to
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Fig. 6 Schematic presentation of the mechanical model of the ski—
snow interface. Only surface grains are considered all having the
same (average) radius. The grains are supported by elastic springs and
dashpots that represent the snow matrix

0.0 0.1 02 03 04 05 06 07 08
displacement (pm)

Fig. 7 Contour plot of the vertical displacement of a typical finite
element simulation of the stiffness of surface grains in the snow. It
was calculated with a linear structural analysis in the finite element
program ANSYS. A realistic load of 0.3 N was applied on this grain.
With the simulated displacement of 0.8 pm, a stiffness of 0.375 N/um
results for this grain

calculate the stiffness of 50 randomly chosen surface grains
of the snow with the commercial finite element software
ANSYS (see footnote 2). In these simulations a load is
applied on the top of a surface grain and the resulting
displacement is calculated by linear structural analysis. The
result of a typical simulation is shown in Fig. 7. The
average stiffness of the grains was found to be 0.53 N/um,
a surprisingly high value. In order to check the validity of
the simulations we calculated the Young’s modulus of a

Number of peaks per mm?

-1 T T T T T T T T T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180
Distance from surface (um)

Fig. 8 The number of peaks per unit area in the snow samples as a
function of depth. It was calculated from the pCT images. Error bars
show standard deviation. The red line represents the best fit of a
Weibull distribution

sample with a density of 520 kg/m>. We obtained
1200 MPa which corresponds well with measured values
[31]. In addition we verified that the dependence on system
size is negligible.

The Kelvin element (K,, c,) in the model is responsible
for the delayed elasticity and the majority of the defor-
mation. Since no measurements of delayed elasticity exist
for snow in the literature the parameters of the spring and
dashpot (i.e. the spring constant, K, and damping coeffi-
cient, ¢,) are unknown. They must be determined by fitting
the model to the measured loading curve. This requires the
height distribution of the grains on the snow surface. We
determined this from the nCT images with an algorithm
that finds the coordinates of the peak of each surface grain.
The number of grains per unit area as a function of depth,
n(z) is plotted in Fig. 8. The curve has a maximum at
around 0.09 mm, half the average grain radius. Note the
scale of the x axis. The resolution of the pCT is 18 um,
only slightly smaller than the total deformation of the
snow. Therefore, the fitted curve must be used to extrap-
olate values close to the surface. With this the total force
F(Z) as a function of depth Z can be calculated from

z

F(Z) = A« /d—n(z) * fz(z)dz (2)

dz
0

where A is the area of the sample and f»(z) denotes the
force exerted by a single grain originally being in a depth
of z and finally pushed down to Z. The total force was
calculated numerically.

Since the displacement of the impactor follows a non-
linear curve over time, the deformation rate the grains
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experience, depends on the depth z. Therefore, the function
fA2) is different for each Z and it must be calculated
individually for each Z. In practice, we calculated f(z) with
ANSYS for eight different Z values. To this end a transient
analysis was performed on the rheological model in Fig. 6.
The real displacement of the UHMWPE impactor over
time in the experiments was applied on the model and the
reaction force calculated. The total force could then be
calculated for the eight Z values.

The parameters of the Kelvin element in the model (K,
and c,) are unknown. The fit shown in Fig. 5 was obtained
with the following parameters of the Kelvin element:
K> =262 N/mm and ¢, = 550 kg/s, respectively. The
unloading part of the curve could be determined in the
same way using the displacement of the impactor during
withdrawal. The parameters of the Kelvin element are
material constants of the snow. They describe the delayed
elasticity of hard snow.

The force on a single grain can be obtained by dividing
the total force by the number of grains shown in Figs. 5 and
8, respectively. It is shown in Fig. 9. In the beginning of
the loading (i.e. close to the surface) only a few grains are
in contact with the ski. The force per grain is enormous.
This is when grains and bonds in the snow fail. As more
and more grains come into contact with the ski the force
per grain decreases and eventually reaches a constant value
of 0.3 N. This force is still remarkably high. The Hertzian
contact theory predicts an average stress of 50 MPa in the
contact patch, if the deformation was purely elastic. As the
strength of ice is considerably below 50 MPa, the ice on
the top of the grains certainly fails. The failure will
increase the area of the contact patch until the average
stress drops below a critical value. Assuming that this
critical stress is the penetration hardness of ice, which is
approximately three times the compressive strength [17],
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Fig. 9 Force per grain (solid symbols) and contact area per grain

(open symbols) as a function of depth. Both force and area have a
relatively constant value
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the real contact area can be calculated from the ratio of
normal force to penetration hardness. This approach is
similar to the calculation of the real contact area between
metals [18]. The resulting real contact area of one grain is
shown in Fig. 9. A value of 0.011 mm? corresponds to a
contact patch radius of 55 um. The relative real contact
area between snow and ski is found to be around 0.4%.
This is the contact area at the front part of the ski right after
the front impacts the snow. It will increase when melting
starts.

An estimation of the permanent deformation of the top
of the snow grains after the first impact can also be made
from the contact area per grain. A lower and upper limit of
the deformation can be given from simple geometrical
considerations. The top of the grain is flattened by the high
load until a contact patch radius of 55 pum is reached. This
can be achieved by either pushing the ice aside to form a
plateau or by shaving the top of the grain completely off.
The former approach gives a lower limit of the deforma-
tion, and results in 4 um. The latter predicts 9 pum, and it is
an upper limit. These estimates are very close to the
5-10 um permanent deformation observed in the experi-
ments (phase B in Fig. 4).

4 Conclusions

The ski—snow contact is a complicated mechanical process.
Even without sliding the effect of the impact of a ski on the
snow is very complex. Four types of deformation have
been identified during a high speed impact on hard snow
with a maximum pressure of 150 kPa:

— The brittle failure of the bonds of some surface grains
that come into contact with the ski first. These grains
are displaced from the surface and do not bear any load
after failure.

— Highly localized failure of the ice on the top of the
grains at the contact with the ski. This type of failure
continues until the contact stress drops below the
strength of ice and it is 5-10 pm. It is probably a
mixture of plastic flow and micro-cracking.

— Elastic deformation of the ski base and snow matrix.
The former is 2-3 pum, the latter is around 0.5 pum,
practically negligible.

— Delayed elastic deformation of the snow matrix. This
deformation is fully recovered after unloading. It is
approximately 20 pm.

The first two types of deformation are permanent, while
the two other are fully recoverable.

A mechanical model consisting of basic rheological
elements was constructed that describes the recoverable
part of the snow deformation. The model can properly
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describe the deformation of the snow as a result of an
impact. Coupled with the topography of the snow surface
obtained from uCT measurements, the number and area of
the contact spots can be determined. A remarkably constant
value of 0.3 N as the force on one grain during the loading,
and 0.4% relative real contact area between ski and snow
were found. These values serve as important input

parameters in the thermal simulation of meltwater
lubrication.
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