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Abstract

Frictional resistance coefficients (u) of a model ski (20 cm length) at low gliding
velocity (0.001~1 m/s) were observed near the melting point of snow by means of
the slope glides method and the tribometer method. The u values were depending
upon the gliding velocity and the snow temperature. The smallest u was observed at
around -10 “C and slower than 0.01 m/s. A noteworthy result of the temperature
dependency was the opposite effect with the actual skis. As an obvious load effect
was not observed at low velocity with the model ski, it is suggested a possibility that
the u of the model ski becomes small without generation of melt water-film by the
frictional heating on snow, which suggests the main mechanism of frictional
resistance is regarded as adhesion. Opposite temperature dependence of the u
accompanied with gliding velocity was explained with the adhesion phenomenon
resulting of the existence of liquid-like layer on the snow surface.
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1. Introduction



There is a long history of the study of ski gliding related to so-called “friction” (Lind
and Sanders, 1997). Generally, the term “friction” is including all of effects that
cause gliding resistance. It is easy to understand that the plastic snow deformation
under the ski, and/or the pack and plow resistances at the front of the ski and the
aerodynamic resistance of the top bend (and the skier) are important factors for an
actual ski gliding on weakly packed snow. Few quantitative experimental results,
however, have been reported concerning those additional resistances except the
aerodynamic one. For the elucidation of frictional resistance of ski gliding, the
simple mechanical concept of friction between the ski and the snow should be
discriminating from the whole gliding resistance. Ski gliding resistance at low
velocity on the flat and stiffly packed snow would be similar to the value on the ice,
and can then be considered the common frictional resistance. For ice-ice
interaction, gliding resistance at very low velocity and very low temperature were
frequently studied. In this paper, the low velocity expresses 0.001 to 1 m/s, the low
temperature means -10 to -20 “C, and the high temperature is -5 to 0°C.

It is well-known that the kinetic frictional coefficient () of ski is exceedingly small
in comparison with the u of the usual solid-solid contact. The low friction is
thought to result from the friction heating between surfaces of the slider sole and
the snow. The heat generates a thin melt-water layer that works a lubricant and then
reduces the friction force between solids. (Bowden and Hughes, 1939) There is
much evidence to support the idea of melt-water lubrication. For examples, the
melt-water has been observed in a laboratory experiment for an interface between
the slider sole and the ice where the frictional heat is accumulated. (Tusima and
Yoshida, 1969) The temperature rises of the sole were observed near the melting
point (-10 to 0 “C) by thermocouple when a down-hill ski glided with 2 to 10 m/s.
The upper most temperature of gliding ski base was depending upon the ambient
temperature. (Colbeck and Warren, 1991) Recently, the influence of the snow
temperature (the lowest of u appeared at around -3 “C) under racing condition was
emphasized. (Buhl et al., 2001) Additionally, gliding theories other than the
melt-water lubrication were proposed to understand the ski gliding in various
conditions. A lot of works related to the snow friction were reviewed and discussed

by Colbeck. (Colbeck, 1992)
For understanding the physics of interfacial phenomena of ski gliding on snow, the

knowledge of the real contact area, the conduction of the heat and the role of the
melt-water seem to be essential. But the u value of an alpine ski is usually very
small



(less than 0.05), then it is impossible to estimate the influence of the individual
energy loss of gliding resistances from the observed u of actual skis. When the ski
starts to glide, the temperature of a snow surface which contact with the ski is
heated with the friction and the heat is accumulated to be the ski passed away. The
view from the ski, the heat is accumulated for the ski sole by friction with snow
surface, but the top part of the sole is always cooling by the coming new snow and
air. Then the temperature of ski sole would be depending upon the distance from
the ski top. The frictional condition is also different with the sole position. The heat
accumulation is also depending upon the heat conduction of ski materials, the
snow condition, ambient temperatures and so on. Only an average u value of a
sliding ski could be obtained by the experiment. It is impossible to analyze the
friction state at individual sole position by changing the friction parameters on
experiments. It is also difficult to estimate the real contact aria of the gliding skis.
We can observe temperatures of a ski sole but cannot observe temperatures of the
surface of snow particles which rubbed by the ski. As the u value of a short slider is
equivalent to that of the head part of the real ski, the mechanism of the friction
would be simple and the heat accumulation would not be occurred especially for

the slow velocity.
In this paper, nearly the intrinsic frictional resistance of a short model ski at low

velocity were observed by means of the tribometer method and the slope glides
method with carefully prepared hard packed flat snow in the Cryospheric
Environment Simulator of NIED with an artificial snow and in the fresh air
condition of the Sugadaira Observatory of the University of
Electro-communications in Nagano with variety of natural snows. The snow
temperature, the gliding velocity and the load effects of the u were observed and

the mechanism of the frictional resistance was discussed.

2. Materials and Methods

Gliding frictions at low velocity of a short model ski (a polyethylene-base slider)
on packed snow were measured by means of the slope glides method and the
tribometer method.

2.1 The Model Ski

The model ski was a remake of an actual alpine ski with polyethylene-sole. It was
cut for a certain length and made the sliding surface flat by means of the insertion
of a duralumin plate on the sole polyethylene. The length and the width of a model
ski are



20 and 8 cm, respectively. The weight is changeable to be four times. No wax was
used.

2.2 The Snow Preparation

Artificial snow which made in the Cryospheric Environment Simulator of NIED and
variety of natural snows at Sugadaira in Nagano were used as sample snows. The
snow was compacted by pushing it with boots in a plastic box for about 15 minute
and was passed it through a sieve. The prepared snow was placed on the turn table
of the tribometer or the snow slope box which use for the slope glides method and
made the snow surface flat. Snow hardness is an important factor to discriminate
the energy loss of ski sink into the snow from the sliding resistance, but it is not easy
to control the surface one. (Hamalainen and Spring, 1986) On the other hand, snow
density is easy to control and seems an important factor correlating to the effect of
ski sink into the snow. In this paper, the snow densities of the test snow track were
prepared to be same for a series of experiment. The density of the sample snow was
fixed to be 360 ~ 550 kg/ms. Before the experiment, the snow was sintered for 6 to
16 hours at the observed temperature to harden the surface.

Fig. 1. Original snow crystals and the packed snow surface after sintering. (The
grid expresses 1 and 2 mm for the snow crystals and the snow surface,
respectively.)

The surface hardness of the test snow was observed by a home made penetrate type
of hardness meter. Indented depth was about 0.02 mm with the 2 kg/cmz2 of
pressure (diameter of the pressure head was 1 cm). The depth was the same order of
size with the snow grain. The pressure of the contact area of the model ski was
about 4 g / cm2(1/2 of the real ski). It may be given as a conclusion that the surface
snow condition was hard enough compare to the actual ski gliding, which indicates
that the plastic snow deformation and/or the pack and plow resistances are
negligible.

2.3 Methods for Measurement of Frictional Coefficients

2.3.1 The slope glides method.



As shown in Fig. 2, a model ski (20 cm length) glides on packed flat snow slope. The
position of the model ski is observed by means of an ultrasonic distance sensor
(KEYENCE UD-501, sampling time:17.5 ms, accuracy of distance at 0.5 m/s:8 mm).
The force balance of a slider on slope is shown in Fig. 2 (b). The friction force (F) of
a slider on the slope is expressed as a next equation.

F = mgucos® = mgsin® - ma
Where m is the weight of a slider, g is the gravitational acceleration, © is the angle of
the slope, u is the coefficient of kinetic friction and « is the acceleration of the slider.
The gliding velocity, the acceleration and then the u are deduced by the distance

data and the time.

Fig. 2. (a)The slope glides (b)The force balance of a model ski on
method. slope.

As shown in Fig.3, the mutual relation of distance vs. time is obtained by the
ultrasonic distance sensor. The velocity of the slider vs. time is deduced from the
time and distance relation.
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Fig. 3. An example of the time vs. the distance data of a gliding.



2.3.2 The tribometer method.

A schematic diagram of the tribometer is presented in Fig. 4. (Tomisawa et. al. 2000)
As the diameter of the turn-table is 180 cm, the snow track can be regarded as a
pseudo-straight track for the model ski (length: 20 cm, width: 8 cm) at low gliding
velocity (the centrifugal force of friction is negligible small). The slider “S” is
strapped to a static frame “L” via a load cell and the large snow-table is rotating
under the model ski by an electric motor with a speed controller. Snow surface of
the track on the table is prepared by a flattening blade “FB” which is fixed to the
static frame “L” as horizontal accurately. The apparent u is easily deduced by
measuring the traction force “7” of the slider by using the load cell. (T'= u X mg)
The actual track rotation angle and the velocity are measured with a rotary encoder
“R” located at the center of the table.
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Fig. 4. (a)A schematic diagram of the tribometer. (L: Static frame, FB:
Flattening blade, S: Slider, R: Rotary encoder, D: Differential gear box, M:
Motor)



(b)The model ski is gliding over the flat snow surface of the tribometer.

3. Experimental Results and Discussions

3.1 Temperature effect of u. (The slope glides method)

The model ski (Ilength 20 cm) was glided over the flat slope made of natural snows
such as new snow, compacted snow and depth hoar. The u were observed at around
0.3 m/s in the fresh air condition of Sugadaira in Nagano prefecture. The u vs. the
snow temperature is shown in Fig. 5.
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Fig. 5. The u value vs. temperature of variety of natural snows by means of the
slope glides method in Sugadaira. (The gliding velocity was around 0.3 m/s.)

It was found that the p values were decreasing with going down the snow
temperature. This behavior of the u is an opposite temperature dependency with the
well-known results of a small slider at high velocity. (Bowden and Hughes, 1939)
Furthermore, the u at around -10 “C (ca. 0.05) was the close value with the best
gliding condition of the



actual alpine ski at -3 to -5°C. (Buhl et. al., 2001)

3.2. Velocity effect of u. (The tribometer method)

Further accurate velocity effects of the u were observed with the tribometer which
gliding velocity was controlled to be constant by an electric motor in the Cryospheric
Environment Simulator of NIED. For the slope glides method, the gliding velocity is
reached to 1 m/s within 3 sec from the ski start to glide. The temperature of the
gliding surface of the ski will be going up simply, even the regenerate happened. On
the other hand for the tribometer, the model ski is gliding with a constant velocity
for long time. Both the regenerate effect and the cooling effect by new snow have to
consider at the same time for the friction surface. From the view of the model ski,
the gliding condition will be constant during the same gliding velocity. An
arborescent type artificial snow which made at -15 °C and stored in a polyethylene
bag at -20 °C for 2 month was used for our experiment. The compacted artificial
snow was crushed to particles, passed those through a sieve, compacted in a box and
put those on the turn-table of the tribometer. It was sintered for 16 hours after
flattening the surface at the observed temperature. The u vs. gliding velocity at
several temperatures are shown in Fig. 6.
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Fig. 6. The u vs. gliding velocity for an artificial snow at several temperatures.
(The tribometer was used in the Cryospheric Environment Simulator of NIED )

The observed data were classified into 3 patterns as shown in Fig. 7.
a) The u of fast glides (higher than 0.5 m/s) near the melting point were decreasing
with increase the velocity. Here after this phenomenon is called as [Pattern A]. 8



b) The u of very low glides (lower than 0.02 m/s) were decreasing with decrease the
velocity, which absolute values were decreasing with going down the snow
temperature between -1 and -10 “C. As the same with Fig.5, the opposite
temperature dependency with the actual ski of the u was shown. Here after this
phenomenon is called as [Pattern B].

¢) The u of very cold conditions (lower than -10°C) were decreasing with decrease
the gliding velocity. Here after this phenomenon is called as [Pattern C].
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Fig. 7. Three patterns of the u. An arrow shows the direction of the decreasing of

u values.

3.3 Discussion of [Pattern A] --- high velocity and high temperature---
As a gliding at higher the temperature and/or the faster the velocity seems to
generate easily the melt-water, it looks reasonable that the [Pattern A] can be
explained by means of the melt-water lubrication hypothesis.
The frictional heat (@) expressed as follows;

R=uMv
Where M is the normal force, v is the gliding velocity and u is the frictional
coefficient. According to the upper equation, as if the normal force and/or the
velocity are increased, the frictional heating and then the thickness of water film
would be increased and the friction force would be decreased. In fact, the lowest of u
appeared at around -3 “C for actual ski gliding of racing condition. (Buhl et. al., 2001)

<Normal force effect of u. (Natural snow)>

According to the melt-water lubrication hypothesis, it is reasonable that the u is



expected to be small when the velocity and/or normal force are increased. (Same
with Pattern A) It is frequently quoted in the ski science field that the main
mechanism of the friction of ice at higher the velocity than 0.01 m/s is explained by
the lubrication of the melt-water of ice which generated by the frictional heating.
(Bowden and Hughes, 1939) Velocity dependences of the u accompanied with the
load change of the model ski at several temperatures are shown in Fig. 8. The load

was changed by adding metal plate attachments to be the normal force twice or
forth.
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Fig. 8. The velocity dependence of the u using different load (O:usual weight,
A :twice, l:forth) of the ski at several temperatures with natural snow. (The
tribometer method in fresh air of the Sugadaira Observatory)

As the same with Fig.5 and 6, the u at lower velocity was larger at higher
temperature. Namely the opposite temperature dependency with the actual ski of
the u was observed. (Classified into Pattern B) It is clear from the above
experimental data that the u was decreased when the gliding velocity was increased
but an obvious normal force effect was not observed even the force become twice or
forth for any temperature. As a conclusion for the gliding of short model ski over the
packed snow, it is unlikely that the melt-water is generated at around 1 m/s for any
temperature. We have to reexamine the mechanisms of friction at 0.01 to 1 m/s for
pattern A.

3.4 Discussion of [Pattern B] --- low velocity and high temperature ---

The u was decreasing with going down the snow temperature until -10°C for any
snow type at around 0.3 m/s procured by the slope glides method (Fig. 5). Those u
values were exceptionally small as a friction between usual solids. Fig.6 was
rewritten to Fig. 9, in which the u vs. the temperature for each observed gliding
velocity are shown.

10
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Fig. 9. The u vs. the temperature for each gliding velocity (cm/s).

From Fig.9, it is clear as follows:

a) Temperature dependency of the u was drastically changed with the gliding
velocity at high temperature.

b) For the gliding of faster than 0.5 m/s, the u was roughly proportional to the
snow temperature. (Classified into Pattern A) But for lower than -10°C, it is
unlikely that the melt-water is generated.

c) The higher the temperature show larger the u for the gliding of slower than 0.1
m/s when the temperature is higher than -10°C. (Classified into Pattern B)

It is known that the frictional resistance between ices is generated by the adhesion
at the contact surfaces when the gliding velocity is slower than 0.01 m/s. The
friction force is regarded as the plastic shear deformation force of the thin firm of
ice between the contact surfaces. (Bowden, 1964, Barnes, 1971, Tusima, 1977) To
connect the frictional resistance of ice, it was reported that the u of a steel ball on a
single crystal of ice at very low gliding velocity (which means no melt-water
generation), show also very small value (0.005 to 0.2). The u value on the prismatic
plain was twice as large as that on the basal plane and there was no normal force
effect, which were explained



by adhesion theory. (Tushima, 1977) According to the well-known melt-water
lubrication hypotheses, it is unlikely that the melting point are different with the
crystal axis of the same crystal. Highly crystallized high density polyethylene is
frequently used as a ski sole which show good qualities for ski sole material such as
anti-abrasion, not difficult to process, elastic at low temperature and small adhesion
force with snow which seems the key quality of this paper. According to our
experimental results, the u was decreasing with decrease the gliding velocity at very
low temperature (lower than -10 “C) and at high temperature (-5 to -1 “C) of low
velocity (lower than 0.03 m/s). Further, as an obvious normal force effect was not
observed even the force become twice or forth at any temperature(-3 °C to -9 °C), in
this temperature and gliding velocity range, it is likely that the friction force of the
model ski is generated with the adhesion between the snow and the polyethylene.
Further, in spite of the very slow gliding velocity (0.05 m/s or slower) and the low
temperature (-10 “C) in which condition no melt-water is expected, the u of the
polyethylene-base model ski (Iength; 20 cm) show fairly small values (0.05 or
smaller). There is a possibility that the u of the model ski become small without the
melt-water as a lubricant. It is noteworthy result that the u value of this experiment
was close to the u of the real ski gliding which is explained by the melt-water

generation.
---Why the u at low velocity showed opposite temperature dependency with the

gliding of high velocity (or the real ski)? ---

The existence and its thickness of the liquid-like layer at the friction surface would
be very important factor for an evaluation of the adhesion forces. We can anticipate
that there are two kinds of intermolecular interactions are working between
polyethylene and snow (water); One is the dipole-dipole interaction which work
between C-H bond local dipole of polyethylene and the dipole of a water molecule,
and the others are the dipole-induced dipole interaction which work between C-H
bond local dipole and the water molecule, and a dipole of a water molecule and
polyethylene. The interaction energy of dipole-dipole interactions show opposite
effect (attractive or repulsive force) accompanied with the mutual orientation of
dipoles and those of dipole-induced dipole interaction show always attractive
energy. As the orientation of molecules is at random for both surfaces, the
dipole-dipole interaction is not arisen in bulk. On the other hand, the
dipole-induced interaction is always arisen and which strength is proportional to r-6
. Where r is the distance between the dipole and the induced-dipole. As the
interaction is a short range force, the role of liquid-like layer would be essential for

surface phenomenon such as adhesion.

12



In the ski case, interaction between polyethylene and snow, it seems that the
attractive interaction force would be arisen with the dipole-induced dipole
interaction. The dielectric constant of liquid water is far larger compare to the one of
solid ice, because of the mobility of water molecules is far larger for liquid water.
The interaction energy of polyethylene is expected to be larger with the liquid-water
than with the solid-ice. It is well-known that the thickness of the liquid-like layer of
snow crystal is increased with going up the temperature close to the melting point.
(R. Rosenberg, 2005) It is consistent that the thickness of the liquid-like layer of
snow becomes thin for the low temperature and the u value of low velocity gliding
(less than 0.3 m/s of Fig.6 and Fig.8) also become small accompanied with the going
down of the temperature. As a result, it is reasonable that the temperature
dependence of the u at low velocity is explained as if the liquid-like layer become
thin and then the adhesion force also become small. In this case, the gliding
resistance is consisted with the shear force of the adhesion between snow and the
polyethylene sole and means a plastic deformation of the liquid-like layer at the
contact surface. Consequently, the opposite phenomena of the temperature
dependency of the u (higher the temperature show larger the u) at low velocity
(around 0.01 m/s) is explained with rapid increase of the thickness of liquid-like

layer.
3.5 Discussion of [Pattern C]- -- low temperature effect---

The p of low velocity was increasing with going down the temperature from -10 “C.
The liquid-like layer is practically disappeared and at the same time the hardness
of the ice is increased drastically around -10 “C. (Bowden and Tabor, 1964) Then
the origin of the adhesion force is changed from the liquid-like layer-polyethylene
to the solid ice-polyethylene, and an attractive interaction force is decreased but the
destruction force(shear force) of the interface material would be increased because
of the ice is harder than liquid-like layer.
On the other hand, it is likely that the interaction force which generated by the
sintering between snow and the polyethylene sole surface is increased when the
temperature goes down at very low velocity. Then the shear fracture force would be
increased when the temperature goes down. The brake effect generated with
sintering would be increased. Further, the snow crystal is also hardened and the
plastic deformation of the crystal becomes difficult. These several effects seem to
associate for increasing the brake effect at very low temperature.

But on my experience at colder than -50 °C in the Japanese Mizuho camp of Antarctica,

13



skating ski was easy on hard packed snow but not comfortable in snow drift.

4. Conclusion

For the elucidation of the mechanism of friction between snow and ski, frictional
resistance coefficients (u) of a short slider (20 cm length) at low gliding velocity
(0.001~1 m/s) were observed near the melting point of snow (-20 ~ -1 “C) by means
of the slope glides method and the tribometer method. As the experimental results,
the u values were depending upon the gliding velocity and the snow temperature.
The smallest u, observed at around -10 “C and slower than 0.01 m/s in which
condition no melt-water is expected, was similar to the value of the best condition of
the usual skiing. It is reasonable that the temperature dependence of the u at low
velocity (lower than 0.02 m/s), which showed the opposite dependence with the
usual ski gliding, is explained as if the liquid-like layer become thin and then the
adhesion force also becomes small. In this case, the gliding resistance is consisted
with the shear force of the adhesion between snow and the polyethylene sole and

means a plastic deformation of the liquid-like layer at the contact surface.
The u of fast glides (higher than 0.5 m/s) near the melting point were decreasing

with increase the velocity but an obvious pressure effect was not observed even the
pressure become twice or forth. It is unlikely that the melt-water is generated at
around 1 m/s for any temperature. We have to reexamine the mechanisms of friction
at 0.01 to 1 m/s near melting point.
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ICK B SHICRF—DRDEDRDE (BXURF—V—) |[C{EHT3ZE
SHENDEELERTH D CCIFEMELP T V. LH L. ZERERZRITIE.
5 LIAmBEBRIC OV TOEENBREREFBRIFIFEA CHREINTULARL,
2X—BEOEERIBNZHESMITBICIE. AF—EORICE < Bl i
B TEE offS%. BEBENMSEDSUDDITTEZZRELNH S, FIBT
SLKHBE-EEZEERTHED L TOBERMIIKETOEISELS . ZDHBE
SRR RN L TIRR 3723 5, K—KOHEEERICDWTIE. &K
B OMMEETOBEEMHD LITLISHEINTET oo F@BXTIE. ER%E
0.001~1m/s. 1&E%* -10~-20°C. & &% -5~0°C& ¥ 3%,

2X—DEERFRH (W (& —HRNEBEERBELOFEMICH TS p EERT,
EHHTNHIIVWIERELLHENTWVWS, COBEERIE, BEm (V—I) &
FEOREDOE TELB3EEBERAICLDIDDIEEEZISNTWS, BELIRIC
S o TEVRIBKDED R IN. FNHEBEIC L TEC C & TEARBDE
BHHNMET S 3, (Bowden and Hughes, 1939) Rif#/KEBDE X HEEDIT
BEHLIIEZ V. o X BERAHNERITIBEMEKORAICEVT, £
ER=E CRIMKMERER I TUW S, (Tusimaand Yoshida, 1969) F7-. 47>kt
IWAF =D 2~10m/s TEET DB BENICKD@mEE ((10~0°C) TY
—ILBED LFEIEA SN BEFORAF—R—IADOHEEEEISABEEIC
&2 L TUL\ 7=, (Colbeck and Warren, 1991) EETld. L—XXETICHITS
FERBORE (WHBRNERZDIEELE -3°CHE) MEAINTLWS, (Buhl
etal.,2001) TS5IC. TEIELEHBTORT—IBEZIEM T 3780, FhfEK
HBUNDBEERRBDREINTSE o SOEBRICET 32 << OMHZFEIE
Colbeck Ic&>TL Ea—TCN. EHINTLS, (Colbeck, 1992)

FELICE T3 RAF—BEORARROMIBZIEM T 1213 EiEMERE. B0
-, 2L TREKORECETIHMENRXZcEHbNnS, LHL. 7
RYZF—O pEIFEEZTHLOH TNV



(0.05 i) DiFE. REOXEF—THASINI u 5. BEEMICE T SEL
DIFINF—BROXEZRBELZ IR TH D, XF—DEDIHED S
. AF— T ZEEOEEIIERTLER L. TORIEIXF—IEBT S
FTERINS. XXF—fiINSRD . TEEDERICEDY —ILICIZRNE
ZBNB—FH. VI ERBIZFHTCICHRAT B EEERICK o TREICHNEIN S,
L7ch > TY —ILEEIFR. RF—LENSDERICKETIECEZISND, B
BEHEDY—ILOUEICE>TRER D, IHICROERIF. XF—MEROMME
B EORE. AEBELRCEICHOEAING, RETRHSNZDIE. BEF
DRAF—DFGHIR ufEICRSN D, RERTEENIX—RZ2ZLTETH,
YV — LBEMUDBEEIREZ BRI T 5 EIFTERL, BERIF—DFE
BROEMERZHET D CDHLL. VoILRERBFEATETH, X¥—I(C
BEoNZ3EHNFREADBEIFRATIZV. BLWASAH—0 ufBEIFEIF—
%ﬁ%@%htﬁ%?étw\@ﬁ%ﬁm&@%ﬂﬁxﬁtﬁﬁﬁmﬁwéﬁ
DELIZ< LY,

AHY Tl ERFBICHITRIERETILAT—DIZIFEAEOERIENE®. +5
ARX—=RESIOFEBEEICE DER L7, EERIZ. NIED OERERES
TalL—RCTAIZEZHWV. ARICER LB HE >/ FEBEEBmLETIT-
ziFh. REEODERBEEAE - EFHAFMICTAIEZH T TIHREEREZ
WRICEMHL F=o TB. BEXRE. HEH n ICKIFIZEXAE L. EEER
DABDZZXLIZDWVWTHEET L T=.

2. MBS K UHE
FEELICEITZAERETILAF— (RUIFLIUIR=—ADATA4—) DK
EIGTOREEEE., NEBEES LUV SAARX—2ZEICEDAIE L.

21 ETIRE—

ETINRF—F RUIFLVEY - ZmIICRFEOT7 IR AF—ZMNT
LTHERELT. FIEORTICUIMIL. V—ILAIORUIFLVAICTD2TILS
VIRZBATBE T, BEEZFBICEZ .. ET/ILAF—DORI LIEIZ



ENETN20cm & 8cmo EDNIFRATA4BETTEEAGE. Tv I XIIfEH
L TLZLY,

22 E0O#E

ARIF E LT NIED (BIXRIEEAMMAZFA) OEEERIEY I 2L —2 TR
LIEAIS e, REBEFTHRNLAEBOXRATZRAV. S3TIXFY
VAT 15 DET—Y THAED. E£0HADWIIHITT, ARLIEEE -
SARA=ZDE—>FT—T )b FLREFREBEECHAWVWBRERERY I XIC
#HtE. RKEZFEICEZX -, SEOECIE. XF—HFITKAATCTELS
ITRIF—BREBEBEMCEZVIDDITZ5ATEELRERTH DD, REE
TZBVCEDICHIE T 2 DIFEZ TIE%A L (Hamalainen and Spring,
1986) —AT. EBREIILBIEEIL P T REF—DEHAHDZECE
BI3EERRFLEZIOND, AAKTIE. —EORRTHBRASZT NS v
DEEEHIFE—CBRD LS ISAR LT, SHEDOEEIL 360 ~ 550 kg/ms (C[E]
ELTco RERRNIC. RAITNICREERETTE ~ 16 AR SE. REZHE
'ﬂ:éﬁTCo

l‘éﬁ,ﬂ- 4 __
X 1EEFOESERE L. BEERICHEOBES SN-FEm, (BFiFx. SHEET
[Z1mm. SETIE2mMmEZENENTT,)

HBREORMECIE. BEOBEARBEESHCKLDBIE LT, £ 2kg/cm2 (0
EAY FEZ1cm) TOHLUIAHFFESIZN0.02mm THolco COETIEE
RREEREDOA—R—ThHb., EFILAF—OEMEICHSITEENIZN4g/
cm2 (BEXF—mD 1/2) THoTo UELD. HREOREIREIIEBED X F—
BERCHEARTHTRICELS. BEEFICKZ2ZTDOER P, MHOED - fEDHE
CL (FZ7) ICHSERIIERTET e ERDITENDS,

2.3 EEBRBORESE
231 NEBEE



K2iICRdg&5IC. 2K 20cm (D=E7-)I/7\=\’— rEESIN-FHEAEENEL
THERESTHEE, ETIRF—DMEIZ. BEREHt >t (KEYENCE UD-501.
B> ) B 17.5 ms 0.5 m/s L:BH%EE%E*%FEZS mm) (Z& DRIE L 7=
MELEBZIRZAEADHIDDODEVWER2(Db) ICRT. NELEDXSIAICEH
<EEA (F) &, "ATRINS,

F=mgucosb = mgsinb - ma
CCTMIRRSAFZDOEE. gl FENMEE.OIFFEA. p IFENEEBERH. alk
ATAADIEETH B, BERELIERE. T5IC pid. BRET —X CEFHE
b\BEHj l/TCo

‘__.

mg

2. (a) &maEx. &m. (b) NELDEFILRF—ICBEIFZHDODEL

ISR & OIS, BERERtE U YICL DR EKEOBERIMESND, R
A2 DREI. B%F'Eﬁ CERREDERD 5B HE NS,

0.6

BB (m)

0 0.5 1 1.5
Bl (s)

3 BEROERE X BT — 2 0—H4l.



232 FTARA—=H5K,

DA RX—2OERKZK 4 IC7"9, (Tomisawa (¥h', 2000) X—>F7—

TILDERIZ 180cm TH 378, BLIBEBERETIE (BRICERT =071

IFEBTETBRIFENTVY), EEM Y IEETILRAE— (EET:20cm, & :

8cm) ICNTRRUERR ST VI EHABRTENTED, XAT144 IS) 13O

—REILZNLTELETL—LA TL ICEESH, REFIHEENTOEHE—
RCEH>TAREDETF—TIHDHETFTILAF—DTFTCERET S, T—JILED

Sy IDEMEIL, FRIETL—L Tl ICIEREICKEL BB LSO FIFon-&
MITL—FK IFB) IC&DERBINZ, BENMNTO I, O—REILTRSIHD
Z5|H 1) ZAETEZECTERBICKDOENS, (T=uXmg) REDO+Zv

I DEEA CREREIL, T—TIIHRRICKRESN/-O—XVIT>O—H R) IC&K
DAIEI NS,

Snow

I: g Fi
Top view

Ml

K4. (@) FTARA—2OERXK, (L:FELET7L—L, FB: BihJL —
K, SIX544, RiO—42UIT>—4, D:EFHX TRV I X, M E—4)



(b) ETILRF =D SARX—2DOFBLEERLEZBELTLS,

3. RBERELUEE

3.1p DREKEE (REBESR

ETLZAE— (RT20cm) Z. FHZE - WHEDE - LHETSHEREDKRAS
Tt FIERRE L THES T, n 3. REREFOHBLATZKHETT.
BERER 0.3m/s ICEVWTAIE LT nvs. BIRDBEFRZER 5 ISR,

0.12
) 8 og
01 83885195
o
o [o]5)
o) ®) o
ey 0.08 F---———-_ % 8°£8 gg% ,,,,,,
¥ 0 gé o
: s o 8 g
® 0.06 88 %8 g &
LIV m 7 7 70— - 7 N © 2
35 e
0.04 ‘ ‘
-15.0 -10.0-5.0 &, °C 0.0

5. BFRICHITAREBEELICLZEZERAED pE vs. 'BE, CBERE
139 0.3 m/so)

FEDNTHBICONT. U DEIXMET T2 EHERINT. CD U DEFIE.
ERCBETDZINEISAA—THENTVLWBRREREIIFEDEEKREFEEZ TR T,
(Bowden and Hughes, 1939) & 512 uH¥J-10°C(#7 0.05) (ZHT BBl
=RDBEZRHD



EEDOTILRY AF— (-3~-5°C), (BuhliZh*,2001)

3.2. u DREEREFEM, (FTARX—2E)

K DFERRE u OREMREFMEIZ. NIED DEERRES I aL—2ARATEHE—XIC
SOBEREZ—TICHETED FSARX—2%EZHAVWTER L. REBE
ETIEGBERBH S 3WURISEEN 1 m/sISZET 3. AF—DBEMEEIX.
BEBNEZZHETHEMICERL TV, —ARSARX—2TIE. T
IRAEF—DREBICHTED—ERETEES D, BEE@mICDOVWTIE. BERZD
REFBICEDAENREZRFICEE T I2URENDH D, ETILAF—DEAT
lE. F—OBEREDRE. BERXMII—TFrHEE D, EERICIX.-15 CTIER
L. RUIFLIYRICANT-20°CT2 M BEREELEFRKROAIEZ AV,
ERELI-AISZHRFRICRSE, 32WVWELTHERTBEVERL. 51K
X=RZORA—=>T—TIL EICE BT, BARETREEZ FIBLL %, 16 K
BHESE T, REBEICEITZ nvs. BEEREDBBREX 6 ISR T,

4 5o

—1°C

10

6. BRDEEICEITAIALIED p L BEREDRAR, (NIED DIERRE
YZalL—RThIARX=2%EMA)

HRATF—2IF. RTICRILIICIDONE—VICHEINT-=.
a) AR EICH T EERBE (0.5m/sUL) Tk plHEEOEME ¥ HICE
Tl U, COBRRE [/INZ—2 A] EHESR, 8



b) IEEICEERDEE (0.02m/s Kid) Tl REHINMBETTBIFE uHMETL.
FDMIHMEITERD -1~-10 CATHBICONTNE LK B o7z K5 CREERIC,
KEDAF—ICHEITS p CIFFEDBREKEFENTRINT, LB, CORR%ZE
[Pattern B] & ME.3%,

c) IEEICEE (-10°CkiE) DERGETIE BEREDETICHEWL u HMET LT,
L%, TR % [Pattern C] & M3,

-1
7 '
-10
o —
P;\ / C
-15
0.001 0.01 0.1 BERE, 1.0
m/s

T.uD3DDNE—> KENF pEIMET I B HMAZETT o

33 INZ—=2A] OERE—RRE - SRFGF—
BENBWEE. FLERENMEWVEERBAKDECPTVWEEZILSNS D,
[INZ—> Al ISRERKEBRRICE > TEHATE 3L AHDDHEETH B,

BEE# (Q) lFmATRIND ;
Q=uMv

CCTMIFEERA. vIEBERE. uISBBRETHZ, LXED. EERS
BEV/ELIGTHRENEBMT 3 LERBEADIER. EORBRE L TKEDODET
HEL. BEBAOIKMETIZREEZAO5NS, EF. L—XEZHICHBITEIEIF—
DBETIE. p DERIMEIZH &L £ -3°CHETIRNT=. (Buhlet.al.,2001)

FEERND W ICRIFTE (KRS >
RtFEACEBIRERICE D IFIE. p i



BESLO FXLIGERIDENTZ . NS BB EFEINE, (INF2—
YA CER) XAF—RBONETIE. 0.01m/s ZBXZREEHICH T BKD
BEEOETERIZ. BERAICL > TELRAKNERBE LTEBLCEHIEE.
LIFLIFSIAENTWLWS, (Bowden and Hughes, 1939) B8 DEBERMICH
WT. EFILRF—DEEZZLTEEO p OREEREEER 8 ISR,
BIIEBROT7R2YFAYEEZENML. EEIDEED2EFLIFA4BERB
FOICEE LT

0.14 0.14 0.14

(=6°0) (=9°0)
0.12 0.12 0.12
‘\
0.10 0.10 ?i:\ 0.10
N\ /
A&
@ 0.08 Z0.08 : §0.08 %
& & bt
& 0,06 o 06 & .06
0.04 0.04 0.04 ‘
0.01 010  1.00 0.01 010 1.00 001 010 100
#HE (m/s) EE (m/s) HE (m/s)

8. BARAZFICHITE. BEUREERHFTOXF—DEER (O:@ERE. A2,
_K 41@5@:5 u DEREKFS. (EFEAF - BEAFBFEIFTO AR
A—5;

ESB&UEGKE&E\ﬁﬁﬁ?ﬁmm&tu#k*ﬁoto?&b% %
BBOXF—TROHNS un DEBEKREFEH CISEOERDHRA SN INF—
ICH3E), LEEDEERERLS. BEREDEMICHEVUIFETTS—A. 55'1}'5
ICHDHO S ERIZ 215 - 4BICL THREAREIIEEETIAh o1z,
ELEEBVETILAF—TBESEIRHETIE. WThDEBEETHELZEL
m/s {E TREFEK DY ER SN B ATREMEIZE L. /N2 —2 AICDWVWTIE. 0.01~1
m/s ICH T 2 EREE T BRSNS T 2RENH S,

34 [N2—>2B] OER — X - HEE —

MEREETRHSNIHKI 0.3 m/s DM (K5) Tld. TR -10°CEXTETS
BICONT, FEICHHDDET pnIdEDLTce TNE5D pid. —ARAIGEIAE
TOERE LTIBINNITNSWMETH S, K6Z2zR9 & LTHIEL. &
SNBBERECCIC p EREDBRER LT

10



0.12

0.1

0.08

BEBRE

0.06

0.04
-16 -12 -8 -4 0

9. BBEXRE (cm/s) ICHIT3 pu LBEDBER.

M9 &b, UFDOILHESHTH S,
a) BB TIE. BEREDEWVICED u OEBEEEKEENKECEL LTS

b) 0.5m/s ZEBX 3BETIE. pIFWRERICLHHAILT (NFZ—2A) TeF
L -10°CRiEm Tld. AEfEKHE L B rIaetE 3R,

2: ub‘ﬁ“(ﬁ%@ﬁ%j‘bt (/35— /B)o

BEREN 0.0l m/s KFD L E. KETOERIERIFEME TORNEICL>T
EL2eHHENTWVWS, BEEAIE. BEMERICH 3 FVIKBEOEMEE AR
EWIC & D heHimENnd, (Bowden, 1964, Barnes, 1971, Tusima, 1977) &
SISKDEEEMICEEL T, OTEWVEERE (TALEREKNE LA
WEH) ICHIT2BERKEOMEKRD pH. FEFIT/NSIVME (0.005~0.2) *
T EHRESINTVS, BRETO pIZEEORN 2 BT, EEEEOTEIL
Bond. InsidxokSICERBBE Nk

11



TEERICENIE, (Tushima, 1977) &< FSNI-RENEBIRERICEBS T .
FE—ERANTRRHEHICK > TRANER D ATEEIXEV. BERE0EBER
DIFLIE. MEFEEICEN. IMIL»I<., EETHEMEZRE. S
FENDNEVWE VWS T AF—BEAME LTORMEZRZ 37H. RF¥—K
MELTLIELIEAVLWSNTWS, EODITES DN BABENIZ. KB XD
BRrR3METHZ, ERERICKNIE. pld. BEE (-10°CEKHE) TIFB
EREOETICE > TR L X288 (-5~-1°C) THIKE (0.03 m/s k&)
TIXERISHED LTz T5IC. WTNhDEBE ((3°C~-9°C) ICHVLWTH, FHE
N2EBHZWVE 4 BICE>THHEELREEREMNRIIEIIN G, 22 h
5. CORE - EEBHETIE. ETILRAF—DEBAOIIZRIIFL >OMN
BICE>TELTVAREEEEDE V. THIC. BBKOEENRADHEWVFY
DR (-10 °C) ' DIEFEICELVBERE (0.05 m/s A TF) THBICHHLHH 5T,
RUIFLUVEDETILAE— (EXT20cm) D pldnimb/hE< (0.05 U4F)
TmoNnfc, BEEle L TOmBEKIN DS TH, ETILAF—D uhhE<AHD
BRZEETRELTWVWS, FEITAREFILIC. AEBRTESNT- L EIE. iR
IKOERTHETNIZEEDO R T —BERD u ISEVWDHDTH > fo

— BERHTO p D BRBE (XLRBEBROIF—) CIXFEOREKFY
2R LIcDIEBED ? -

BEEICFEI 2RERBOEEL. TOETIF. ENZFHEI 55X TH
BICEERERICRZEEZXOND, CCTRRUIFLIEE (=K o
FTEOFHEEEERC LT, FIC2BEZEETET S, 121dF. RUIF
L >® C-HEEDH DREPANIERTF £ K53 F D WAEF D (8 < WilRF - Wik
FHEER, 5 121F C-HEEDB/ANMEF EKDFICL > THFRIND
WHBF. 25 RITKDFOREFERYITF L AICHERE SN 3 MIEFOREIC
& < WilF - FENBFHEEERATH S, WilF - WEFHEEEROHEEERA
ITRILF—IF. WEBFORAEDBEAETHOEICE>TEIAICHFAICHEDES
DICH L. WTF - FEEFHEEEROIRILF—IFEICFI N LTEHL,
AXREDDFEMIIZT VA LTHBH. NILD TIFWNERF - WiEFHEEER
FRENICTEESIN. BBREILLABV. —A. WEF - FENEFREERIZ
BICEC. TDRTIF re il T D, ST riEWERF & FHENE T DR DR
BMTHD. CNOIIEHERENTH DD, [(HBEDL S BRERRICEWVTIE,
RIERBHRICTREDAENICHRZ L EX 5N D,

12



Z2F¥F—0iFa. RUIFL Y EEOMEEFRATIE. WBF—FERFEEE
BICK>TEIADRELTVWBREE R 5ND. RIEDKDFEXRIIEEDIKED
HIEBIMIKEVWD. CHUIRETIZKD FOEIEDIEERICEW-DHTH S,
RUIFLYOMEERAIRILE—IF. BEKEDBREKICH L TRIAE
BeFREINDG, BRISEDOVWTREN ENDIFY. SEEREADOREEED
EIHETiEL<HSNTWS, (R. Rosenberg, 2005) K8 TldRIERKE
NECARD, EERBE (K6-K8MD03m/skKim) ICHITE uED. BEKR
TICHE >TSS BB LEVWSHEREDEET S, LA >T EBEFICHITS
L DBEREFENEE. REKRBHIEC BRI THENDIED. 2OBERCL
THATE %, CCCOBEENIF. SLRUIFLVEARDNEICHRT S
HFAMD TER SN EEOREREBNEUER T ZEBKT %, I5IC.
B3R (%9 0.01 m/s) Tl BEAEWVEE u PRELBBEVWSHEDREKE
HEHARSNZH. CNIFRERBOESHNRE TS E THATE 3,

35 [NZ—>2C] OEZER—EKEDTE —

BRI D p I -10 CHSBEDNTHBICONTEML = HRIERRBIZIZITHE
K L. FEEFIC-10 CIHETKOBIHRBUIE ST Z e HARISNTWLWS,
(Bowden and Tabor, 1964) Z Df&ER. HENODERIE IKRiEREB—R) ITF
Ly) 55 TREK—RUIFLY] ABD, 5| HNAGHEEERIFSEE2—
HT. BIEEB K DKOAHEN=0. REMEOBIES (BARS) FBX
TRLEZLGND,

—h. BERTEEDNTHZ . BEERUIFLUEY —I)ILREADEEICE S
TEHELCAHEEERDIBIRIEMENT V. T5&. BEETFICH>THREOE
/uli‘ﬁﬁgzi%ﬁ:bj(jf KBBIEBRD, BEICE > TELS T L—FRbERE 3.
THIC. EREEADECLED, BROBEEZEI I DI KBS, 5L
TFEHMOERNER > T BEETIETL—FWRIMBRTZEEZISNS,

LH L. EEOEX - AT IEFEMF v > TT-50°CE FRIZETZERLICEEIE.
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WESIETIRRAT—T A4 I XX—FBDPIDoIch MESLEIDTIHRBEIFERBD o7

VI

B AEXF—OBICE L ZBEBEEEZESNMNCT R0, BLWRSAM4— (BT
20cm) ZEHVVELVEERE (0.001 ~ 1m/s) ICH T IEEIEINGRE (W) %=.
EDORESERE (20 ~-1°C) TREBEES LV SARX—REICLDER
L7zo BBROBERUISBERELSRICKETZZEDHOD 210 BND pi.
BRI DFEEHRIA TN -10 °CfHED D 0.01 m/s KFmDEKETERR TN,
—RHNRZEF—ICBITEIREXEDEE AL T, BEDBE L IIEDOMER %
T L7EERE (0.02 m/s ki) TOREMEFMEIX. REERBHIECARD, EN
ICHES>THRBHDNESK KRB EEZ B ETHATE %, COBE. BEER
FEERVIFLUVEY —IILONEBICHFK T 2 EAMDTER SN, EibmEIC
HBITIRERBOBEER #E%T 3,

ARAETOREBE (0.5m/si8) Tl EENLENBIFE pIMET LA
EHz 2E5H25 W4 EBICLTHHEBLENMRIGERSNGD oT LWTN
DREFRGTH. EXZ 1m/s HETRBIKDER SN S AREMEIFEV. RiR
EEICEITS 0.01~1 m/s DEEKIEZ BIRs T 2 UED H B,

HIEF

ANFOMRZMABLICEN. RROE[ZEDDOXTSREMITER -1
TRICECHRH - - BEEZ X EHRICRCRH TS, HHET.
KERICHN L T NEEIBEAFOENFERZKICOIHETZRT 5. AR
&, RIFAEEHEE FREES 16500395, 19500528) O—EPZIEEZITT
%ﬁﬁéhTCo

BEE

D.Lind / S.P. Sanders (1997) X —¥YEE | =ZEHICHITERF—]
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