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Summary

When snow is pushed very fast by a moving body, a plastic wave is generated at
the head of the body. If the velocity of the moving body becomes close to that of
the plastic wave, the snow may exert a great resistive foree against the body as de-
scribed by YosidaV. It is, therefore, important to study the dynamic behaviour of snow
at a high rate of deformation, which takes place when a snow plough is used on the
highway, a train runs on the railroad covered with snow, or an avalanche occurs.

Detailed processes of high-rate defomration of snow was studied by laboratory



BZoWHi 67

experiments made on impulsive compression of snow.

Rectangular parallelepiped blocks of snow, 20em in height at 10X10cm? in top-
surface area, were cut out from homogeneous snow layers of a snow pack. The den-
sity of snow ranged from 0.17 to 0.49 g/cm®. Guided by thin metal wires, a cylindrical
metal weight of 1kg in weight, was freely dropped from a height of 2m above the
top surface of the snow block to hit the top surfrce. This strong hit generated not
only elastic waves but also a plastic wave in the snow. Fracturing of snow often took
place when the snow density exceeded 0.3 g/cm®. Though an elastic wave is invisible,
a plastic wave advancing through the snow can be directly observed by successive dis-
placements of the dark lines marked at an interval of 2 cm on the front surface before-
hand (Figs. 1 and 2). The propagation of a plastic wave through the snow block was
observed by 16 mm slow-motion films taken at approximately 42000 frames per second.
The front velocity of a plastic wave was obtained by analyzing the films. Together
with the direct observation of the plastic wave, the pressure accompanying the front
of this wave was detected and the velocity of this was obtained by a pressure-detecting
device embedded beforehand in the snow block, which was connected to an oscilloscope
(Fig. 1). The plastic wave velocity obtained was compared with that obtained from
the slow-motion films for one and the same snow sample; it was confirmed that these

two agreed fairly well with each other.

(1) Dependence of snow density on plastic wave velocity

The travel-time curve of a plastic wave propagating through a fine-grained snow
of 0.18 g/cm?® in density is shown, as an instance, in Fig. 3 by a thick solid line run-
ning through solid squares. The gradient of this curve gives the front velocity, U,
of the plastic wave in the snow; the value of U in this case is 6.2 cm/s for the impact
speed of 4.3 m/s. The dark-marked lines on the snow surface move downwards, which
are shown by solid thin curves originating from the solid squares. The gradient of
each thin curve gives the particle velocity, #, of snow immediately after the passing
of the plastic wave. For the same impact speed the value of u ranges from 4.3 m/s
at the upper portion of the snow block, the same as the impact speed, to 3.8 m/s at
depths of 8-10 cm below the top surface.

Plastic wave velocities obtained for various kinds of dry snow were plotted by
open circles against the snow density in Fig. 5. Solid circles were those for wet snow,
whereas small dots enclosed by a dashed line were those derived from Napadensky’s
data®. Though these plots are widely scattered, it is seen from this figure that the
plastic wave velocity, U, for dry snow incrases with the increase of the density, o, of
snow: U is 6.5 m/s for gy=0.2 g/em®; U is 122 m/s for p,=0.4 g/cm?.

(2) Dependence of free water content of snow on plastic wave velocity

The plastic wave velocity, U, was measured for wet snow with the free water
content, w, which ranged from 2.6 to 17.7%, by using wet snow samples cut out from
fine-grained snow layers of a melting snow pack whose density ranged from 0.43 to
044 g/em®. The velocity U was plotted against the free water content w in Fig. 6,
and also against the snow density g, in Fig. 5 with solid circles. As seen in these
figures, there is no distinct correlation between U and w, but U is, in general, smaller
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than that for dry snow of the same density.

(8) Changes in density and structure of snow caused by impaction

Thin sections 1 cm thick were cut out from a snow block after each impact so
that changes in the structure of snow caused by the impact are examined. It was
observed under a transmitted light that the snow immediately below the indented
weight was heavily compacted by the impact as illustrated by “A” in Fig. 9 (a). The
structure of the underlying snow (“B” in Fig. 9 (a)) seems to remain unchanged, which
was verified by a microscopic examination of the texture (Fig. 9 (c)).

Immediately after the impaction, the density of snow was measured at an interval
of 1 cm throughout the snow, sample which had an original density of 0.30 g/cm®. The
density of the heavily compacted portion was found much larger than that of the orig-
inal snow as seen in Fig. 9 (b) and (c), but it decreased from 0.61 g/cm® at the top
down to 0.49 g/cm® at the bottom of the portion. The density of snow in the under-
lying portion “B” was, however, kept the same as the original density.

(4) Comparison of the observed density of the heavily compacted portion
with that predicted from the theory of the plastic wave
When a plastic wave is propagating through snow, the density of the snow should
arbuptly be increased by the arriving of its wave front. Since the pressure, P, in the
snow and the particle velocity, #, of the snow are respectively zero before the arriving
of the wave {ront, following formulae can be derived from conservation of mass and
momentum of snow (Rankine-Hugoniot relations):

1= po/(1—2u/U) (1)
Py = p-U-u=py(L—py/p;)- U* (2)

where py and p; are the density of snow respectively before and immediately after the
passage of the plastic wave front, U is the velocity of the wave front and # is the
particle velocity of snow.

The density p; of snow at the wave front was calculated by using formula (1) for
various snow samples with different densities. For instances, ©,=0.50=0.05 g/cm? for
snow of 0,=0.18 g/cm® and ©,=0.55-20.03 g/cm® for p,=0.24 g/cm®. For a higher density
of snow (0,=0.3 g/cm?), the calculated value of o, generally exceeds 0.8 g/cm® or even
becomes 0.917 g/cm?, i.e., the density of ice. This is, however, most unlikely to occur
in snow. It is well known that the density of snow at the closest packing of snow
grains is 0.60 g/cm® To attain a higher density of snow than 0.60 g/cm?, it is necessary
to compress the snow to allow the plastic deformation of snow grains. This implies
that the density associated with the plastic wave front cannot exceed the density of
snow at the closest packing: 0,=0.6 g/lcm®. When the value of o, exceeds 0.6 g/cm?,
macroscopic fracturing would occur at the wave front. Such macroscopic fracturing
was actually observed fairly frequently at the time of impact running through the
entire snow block whose density was larger than 0.3 g/em?.

The above formula (1) can be rewritten as follows:

U = u/(1—py/01) (3)

This formula shows that the plastic wave velocity becomes larger when the impact



HZoWHR 69

velocity % is larger or the initial snow density p, approaches py, the density of snow
at the closest packing. If g, equals p;, then U becomes infinite. In the experiments,
the impact velocity # was taken as 4.3:20.2 m/s, so that the plastic wave velocity U is
a unique function of the initial snow density gy, provided that p; is fixed at a constant
value such as 0.6 g/cm® The curve in a dashed line in Fig. 5 indicates the relation
between U and p, when p,=0.6 g/cm®. Though the observed values are widely dis-
persed, it may be said that they fit predicted curve as a general tendency.

(5) Pressure associated with the plastic wave

The pressure P, associated with the plastic wave can be estimated from formula
(2) by substituting the observed values of U and u, together with the initial density of
snow . The values of P, thus obtained ranges from 0.03 to 0.29 bars. These values
of pressure were compared with those obtained from the direct measurements. The
observed values of P; ranged mostly from 0.1 to 0.4 bars. Though the observed values
are slightly larger than those estimated from the theoretical formulae, the order of
magnitude of P; was found to be 0.1 to 0.3 bars. Since the compressive strength of
the snow is 0.1-0.3 bars, breaking of ice bonds between snow grains or microscopic

fracturing of snow could occur at the arrival of the plastic wave front.



