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Abstract

A plastic wave is generated at the head of a body moving in snow at high speed. The
propagation of these waves in dry snow was studied in order to evaluate the effect of
impact velocity and snow density on the velacity of the wave. Laboratory experiments
were carried out by impacting snow at various speeds from 4 m/s to 49 m/s. The range
of snow density used in the experiments was from 0.15 Mg/m® to 0.54 Mg/m®.

The plastic wave speed U was obtained as a function of initial snow density and
impact velocity v. The ratio of U to v increased sharply as the density increased, and also
increased as v decreased.

The terminal plastic velocity V* was estimated as the maximum velocity of plastic
wave existing in snow, and the critical plastic velocity V** was calculated from the snow
density increase to the ice density at the wave front. It was shown that these two
velocities are almost equal to the elastic wave velocity of the snow.

1. Introduction

Compared with the numerous works on low speed compression tests on snow, there
are few reports on high speed compression studies, including shock waves in snow.

The first attempt to measure the plastic shock wave was made by Napadensky
(1964). She explosively compressed high density snow samples of polar firn in Greenland.
Yosida (1974) suggested that snow may exert a large resistance to a moving body which
impacts snow at the speed of a plastic wave. Sato and Wakahama (1976) studied plastic
wave propagation at low impact velocities. Gubler (1977) made explosion tests in the
field. Sato and Brown (1983) measured the wave attenuation in wet snow using an
electromagnetic stress-wave generator. Although theoretical work was done by Brown
(1980, 1983), there have been few experimental and theoretical studies on plastic wave
velocity.
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As snow shows very complicated mechanical behavior, plastic wave propagation has
to be influenced by many factors such as impact velocity, snow density, water content,
snow temperature and so on. In this paper, we focus on the measurement of the plastic
wave velocity as a function of impact velocity and density. Also observed are the plastic
wave propagation with high speed photographs and thin sections of snow specimens to
investigate the density change due to the plastic wave.

2. Experimental procedure

(a) Apparatus for compression

A wide range of impact velocities was obtained by using the 4 different apparatus
described below. Thus the impact velocities ranged from 4 m/s to 49 m/s.

First a cylindrical metal weight with a diameter and thickness of 50 mm was dropped
from a height of 2 m. This is shown in Figure 1 with the two measuring methods of wave
velocity described below. By this apparatus, impact speed of 4 to 5 m/s was obtained.
Second, a spring gun was designed to eject an aluminum disk of 50 mm diameter and 30
mm thickness to compress the snow specimen. This apparatus is shown in Figure 2. The
impact speed varied from 5 to 11 m/s.

The third was the Hopkinson bar method, a schematic figure of which is shown in
Figure 3. Using nitrogen gas with 6 bars of pressure, an aluminum bar of 30 mm in
diameter was accelerated in a 2 m launch tube. The snow specimen placed on the end
of the tube was compressed at a speed of 20 to 25 m/s. For the fourth method a pitching
machine was used, which had a rotating arm driven by three strong springs to pitch a
baseball. This can be seen in Photo 1. In our experiment, a high speed ball hit a small
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Fig. 1 A metalweight dropping method with two plastic wave velocity measuring
method, a high speed photography and a pressure transducer.
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wooden plate on the surface of snow specimen to generate a plane plastic wave. The
impact speed generated by this device ranged from 24 to 49 m/s. Table 1 summarizes the
described apparatus with driving force, impact direction, and gained impact velocity.
(b) Methods of measuring the plastic wave velocity

The compressive speed was measured in all tests. Two split parallel laser beams
were set on the sample surface to detect the impactor speed just before the impact, as

Photo 1 A pitching machine,
which generated impact
speed from 24 to 49 m/s.
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Table 1  Apparatus for plastic wave generation
APPARATUS | DRIVING FORCE moiel e | VELIEETE
DROPPING METHOD ~ GRAVITY | VERTICAL | = 2m’s |
SPRING METHOD COIL SPRING VERTICAL (13::118)
PITC”&%%%ADCHINE‘ SPRING & MOTOR | HORIZONTAL | 24749
.

described in Figure 4. Time intervals of cutting off the 2 beams by the impactor were
measured by a universal counter. The measured impact velocity had a relative error of
less than 1 %.

In order to observe the generation and propagation of the plastic wave, high speed
photographs using 16 mm film were used. Two different cameras were used according
to the wave speed (HYCAM with a maximum film speed of 4,500 fps and DYNAFAX-350
with a maximum speed of 35,000 fps).

The front surface of the snow specimen was lined beforehand at 10 mm intervals by
carbon powder in 2 mm widths. By analyzing the high speed photos, time-travel curves
were obtained, as shown in Figure 5. This graph gives impact velocity, plastic wave
velocity, and particle velocity.

Small pressure trasnducers were also used to detect the plastic wave speed, as shown
in Figure 2. A plastic wave front which is accompanied ay a pressure jump hit succes-
sively two light aluminum tubes buried in the snow. Plastic wave velocity was calculated
by the intervening space of the aluminum tubes and the time interval recorded with a
transient memory.
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Fig. 4 A schematic diagram of an
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Fig. 5 An example of high speed photos analysis, gradients of thick line, thin lines, and
dashed line give the velocities of plastic wave, particle, and impact respectively.

(¢) Snow samples

Naturally deposited snow was taken from the field into a cold room and tested. Dry,
freshly deposited snow and dry settled snow were used as samples. To avoid the
influence of the laver structure of naturally deposited snow, samples were taken from a
homogeneous layer, and compression was made always parallel to the boundary planes
of the deposited layers. The experiments were conducted in a cold room of temperature
around —6 °C.

3. Experimental results

(a) The effect of impact velocity on plastic wave velocity

Plastic wave velocities U were plotted against the impact velocity v, as shown in
Figure 6, and were divided into three groups of initial snow density. These groups are
composed of “Shinsetsu” (freshly deposited snow), “Shimari Yuki” (settled snow), and
“Kata-shimari Yuki” (compacted snow), the respective density ranges of which are 0.15
—0.20 Mg/m?, 0.20—0.30 Mg/m?, and 0.30—0.54 Mg/m®.

After plotting on a logarithmic graph, it was found that the data lie on a straight line
for each group. Regression lines were calculated as a form of

U=av® (1)

Standard deviation for each group was calculated as 0.99 for (a), 0.98 for (b), and 0.97 for
{c), as seen in Figure 6. A coefficient a and an index b can be thought of functions of
density, and are listed in table 1 for these three groups.
(b) Particle velocity

As shown in Figure 5, particle velocities were calculated from the gradients of thin
solid lines. These values decrease from u=5.6 m/s to 2.9 m/s with an increase of depth
in this case. For the three different snow densities, changes of particle velocities in
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relation to the depth from the impact surface are shown in F igure 7. Lower density
snows very little decrease of particle velocity with depth, while higher density snow
exhibits a significant decrease.
(c) Density increase

Thin section observations of snow specimens after impact, and structural changes of
the snow were made, as reported in Wakahama & Sato (1977). Two zones were seen -
a heavily compacted zone located just below the impacter, and a zone with unchanged
structure in the forward portion. Density measurements were made in detail to investi-
gate the changes in the compacted zone, as shown in Figure 8. The portion A represents
the compacted zone and B, the undistured zone. Here, the density for portion B remained
at 0.30 Mg/m®, which was the same as the original sample density. On the other hand,
portion A showed a density jump from 0.30 to 0.49 Mg/m? at the boundary, and a gradual
increase to 0.61 Mg/m?® at the top of this portion.

4. Discussions

(a) Upper limit of plastic wave
We obtained an equation (1), which establishes a relation between impact velocity v
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and plastic wave velocity U.A coefficient a and an index b were investigated as functions
of the initial snow density, as shown in Figure 9. Apparent relations were found to be

a=2.25p,+1.01 (2)

b=—0.17p,+0.97 (3)

Then an empimical equation U=av® can be written as a parameter of snow density.
The obtained equation (1) is larger than the line U=v for all experimental impact
velocities, This means that the plastically deformed zone always advances faster than
the impactor in the snow. In addition, the index b is smaller than the unity for all initial
snow densities. Therefore the two lines, (1) and U=v, must intersect at some high impact
velocity v, where the impact velocity is equal to the plastic wave velocity. We call this
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velocity the terminal plastic velocity, which expressed as
V*=exp [(In a)/(1—b)] (4)

We have listed the V* values for the three density groups in Table 2.

Table 2 Calculated constants a, b, terminal plastic velocity V*, critical plastic velocity
V**, and measured longitudinal elastic velocity V for the three density groups.

Density U=av® V* (m/s) Ve (Elastie)
= ——V* (m/s) ]
(Mg/m?) a b A=01|4=02 (m/s)
0.15—0.20 (0.18) | 143 094 388 142 190 (200—350)

0.21—-0.30 (0.25) | 1.55  0.93 024 275 400 400— 1700

0.31—0.43 (0.35) | 1.83 091 824 430 700 750—1200

V* [ Intersection of U=av® and U=v
V** : Density jump to the £,,=0.917 Mg/m*

(b) Density increase

The plastic wave velocity can be argued from the conservation of mass. As seen in
the previous section, the elastic wave is much faster than the plastic one in the range
experimented. Therefore we can assume that effects of the elastic wave have died out
by the time the plastic wave arrives at a particle.

It is convenient to use the impact velocity v rather than the particle velocity u, since
U, is difficult to measure in the compression tests. As seen above, the particle velocity
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u, decreases from the initial velocity, which is equal to the impact velocity v, as the snow
depth increases. The extent of this decrease differs depending on snow density. The
ratio r of the particle velocity to the impact velocity is written as the following equation
and shown in Figure 10,

r=up/v=a+p.+ yp.’ (5)

In the following analysis, a depth of 30mm was used, so that the coefficients become «
=1.0, £=0.19, and y=—2.68 (Sato 1980). Then the density behind the wave front was
calculated and expressed as

p=ap, / [(@a—rv'®)(1+4)] (6)

where A is the ratio of diverged area, which is the lateral expanse behind the wave front
as seen in Figure 11, and estimated as 0.1 to 0.2 (Sato, 1980). In other words 4 is a
correlation factor which enables application of the law of mass conservation to this
phenomena. Equation (6) is graphically expressed in Figure 12 for the cases of initial
density p,=0.18 Mg/m?® and 0.35 Mg/m?®. The above eluation gives=10.52 Mg/m? for the
case of pp=0.35, 4=0.2 and v=35 m/s, which agrees with the observed value shown in
Figure 9. The equation (6) shows that p, reaches 0.6 Mg/m?® at v=30 m/s and 0.63 at v
=50 m/s for the same initial density p,=0.35 Mg/m®.

The maximum density of p; could be the ice density pic.=0.9917 Mg/m®. For such
a critical velocity to cause p;.. must be calculated by the equation (6). We call this the
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critical plastic velocity and it is denoted as V**. The calculated velocities V** are shown
in Table 2 for the three initial density groups.
(c) Plastic wave velocity

Combining the conservation of mass and equation (6), the equation for plastic wave
velocity is obtained as

U=arv / [a+(vit—a)l+ 4)] (7

which is a function of the initial density and impact velocity and also has parameter of
4.

From the equation (7) the ratio U/v is calculated as a function of density and impact
velocity v. Calculated curves for these three different impact velocities are shown in
Figure 13. Also plotted are experimental values classified into three groups of impact
velocities. Experimental values have a lot of scatter, but there is a clear tendency for U/
v to become higher for lower v, and also for U/v to increase with increasing initial
density.

The obtained equation {7) shows the substantial agreement with the observed values,
especially with respect to v dependence. Clearer dependence of U/v on v is shown in
Figure 14 with the parareters of density. For lower density, only a small change is seen
as v increases. However high density snow has a large value of U/v, and this decreases
as v increases. This could be interpreted as time dependent viscoelasticity.

(d) Maximum velocity of the plastic wave

In the previous section the critical plastic velocity V* was obtained as an equi-
velocity of the impact speed. These values are plotted in Figure 15 against the snow
density, also expressed are the measured elastic wave velocities in snow (Yamada et al,
1974) which scatter in the dotted area. As seen in this figure, V* agrees well with the
elastic wave velocities. It is well known that if an object flies in the air at a higher speed
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than sound, a shock wave is generated in the air. Even for the propagation of sound in
snow, there could be the interaction between the ice framework and void air (Sommer-
feld, 1981). If an impactor moves with a velocity higher than the sonic velocity, there
might appear a new shock wave in snow, and a strong interaction with the ice frame-
work,

From the other viewpoint of density increase at the plastic wave front, the critical
plastic velocity V**, which causes the density increase of snow to that of the ice, is
calculated and listed in Table 2. As seen here, these values of V** are about the same
range of sonic velocity.

It can be inferred that there exist normal plastic waves when the impact velocities
are smaller than V* or V**, and that, at these impact velocities, a plastic wave is caught
by the impactor and the snow is compressed to the ice density at the wave front.

5. Conclusion

A relation between impact velocity and plastic wave velocity was obtained empiri-
cally for a wide range of both dry snow density and impact velocity. Measurements
showed that the snow particle velocity decreases with the distance ahead of the impactor,
and is dependent on the initial snow density even if the distance from the impactor is the
sdme.

The conservation of mass was introduced to estimate the density increase at the
wave front, and plastic wave velocity as a function of initial snow density. These results
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agree with those observed. Next it was shown that the ratio of plastic wave velocity to
impact wave velocity increases sharply with increasing density, and decreases with
increasing impact velocity.

Finally it was shown that two critical impact velocities can be estimated from the
intersection of lines U=v and U—av", and from calculations which assume that density
increases to the ice density at the plastic wave front, and these are close to the velocity
of longitudinal elastic waves in snow as a function of density.
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