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ABSTRACT. Mechanical properties of snow were investigatedbymeans of avibration
response technique in a frequency range from 10Hz to 1MHz and a temperature range
from ^15‡ to ^0.1‡C with heating and cooling processes.The response signals were divided
into two kinds of propagation, transverse and longitudinal waves through the snow
sample.The temperature dependence of elastic-wave velocities showed a large decrease
above ^0.6‡C. Poisson’s ratio andYoung’s modulus of snow samples were derived from the
longitudinal and transverse wave velocities. Poisson’s ratio of snow samples showed avalue
of 0.35 � 0.01below ^0.6‡C, and dropped to 0.29 or less at ^0.1‡C.Young’s modulus of snow
samples at ^0.1‡C showed values seven-tenths as large as (25^34% less than) those below
^0.6‡C.These phenomena suggest weakening and slipping of boundaries between ice par-
ticles in snow samples near the melting temperature. The elastic-wave velocities and
Young’s modulus change with the density of samples and with time and temperature
cycling.These changes are related to the number and state of bonds between ice particles
in snow samples.

INTRODUCTION

The physical properties of snow, which change with time
and temperature cycling, are important from the viewpoint
of materials science and engineering for avalanche research
and forecasts, snowmelt forecasts and water-resources man-
agement. In our research of snow properties at tempera-
tures of ^15 to 0‡C (Takei and Maeno, 2001), we reported a
peak phenomenon: the low-frequency electric conductivity
of snow samples showed a peak around ^2‡C. Since a snow
sample is an aggregate of ice particles, the peak phenomen-
on of the conductivity strongly suggests the destruction and
reconstruction of contacts between ice particles in a thermal
environment near the melting temperature. However, the
nature of the contact is still not clear.

The mechanical properties of snow have been investi-
gatedbymany researchers andconnected to themicrostruc-
ture of snow, such as size, shape and arrangement of ice
particles, and the number and state of bonds between ice
particles (Mellor, 1975; Sommerfeld, 1982; Shapiro and
others,1997; Frolov and Fedyukin,1998; Golubev and Frolov,
1998; Lehning and others, 2002).We have tried to look at the
problem of the bonds between ice particles in the measure-
ment of the mechanical properties of snow by comparing
elastic-wave velocity with dielectric response (Takei and
Maeno, 2003). In this paper, we show the elastic properties
of snow samples which were sintered near the melting tem-
perature, and discuss the significance of the bonds for the
mechanical properties of snow.

EXPERIMENTALMETHOD

Samplesmeasuredweremade of stored snowdisintegratedby
sieving. Ice particles released from stored snow were put
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Fig. 1. Schematic representation of (a) the metal cylinder for

the sample preparation, and (b) the sample cell for the

mechanical measurement by the vibration response technique.

The diameter of the cylindrical sample was 30 mm.The con-

tact between the sample and the piezoelectric elements was

produced with grease.
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through two sieves of different mesh (e.g. 1 and 2mm diam-
eter). Low-density samples (5400 kgm^3) were directly pre-
pared by putting ice particles into a sample cell (No. 1 cell: a
vessel of 90mm diameter and 30mm height with piezoelec-
tric elements). High-density samples (4400 kgm^3) were
prepared by first packing them into a metal cylinder of
30mm diameter and 45mm height and lightly compressing
themwith a metal piston (Fig.1a) and then setting them into
a sample cell with piezoelectric elements (No. 2 cell: Fig. 1b).
The compressed sample was 30mm in diameter and about
30mm in height. Good contact between the sample and the
piezoelectric elements was achieved by coating the elements
with lithium grease with a working temperature of ^25 to
120‡C (AZ Inc., #720).

Themeasuring cell was constructed of double vessels, an
outer vessel and an inner vessel surrounded with heater
wire for temperature control.The measuring cell was set in
a freezer maintained at ^16 � 1‡C. The inner vessel con-
taining the sample cell could be controlled with a tempera-
ture stability of �0.01‡C.

The measuring system consisted of a frequency-response
analyzer (NF Electronic Instrument, FRA5090) for the
mechanical measurements, a digital voltmeter (Hewlett-
Packard,3478A) for temperature measurements and a com-
puter (NEC, PC9801) for controlling and recording through
the general-purpose interface bus. Measurements were per-
formed in a frequency range from 10Hz to 1MHz and in a
temperature range from ^15‡ to ^0.1‡C. The data for tem-
perature dependence were obtained from samples kept for
2 hours at each temperature.

We carried out the mechanical measurements of snow
samples by means of a vibration response technique. By
using snow samples with piezoelectric elements fixed at both

ends, we can excite the sample at one end and observe sig-
nals through the sample at the other end.The data obtained
are the intensity ratio and the phase shift of the output
signal (from the piezoelectric element as a sensor) com-
pared with the input signal (to the element as a violator).
The intensity ratio (dB) is given by a logarithmic relation
between the output Vout and input Vinput voltage amplitudes
(=20 log(Vout/Vinput)).The piezoelectric element usedwas a
piezo-ceramic 14mm in diameter and 0.22mm thick (con-
structed on a brass plate 20mm in diameter and 0.20mm
thick). The resonance frequencies of the sensor were 6 kHz
for the brass plate and126 kHz for the piezo-ceramic.

RESULTS AND DISCUSSION

Figure 2a and b show the frequency response (intensity
ratio and phase shift, respectively) of a snow sample (den-
sity 478 kgm^3, grain-size 51mm) in the frequency range
10Hz to 1MHz in the sintering process at ^16.5‡C. The
noise around 60Hz was produced from the power line of
60Hz. The peak signals around 120 kHz correspond to the
resonance frequency of the piezoelectric elements used,
which show no change over time. The signals in the fre-
quency range 10^40 kHz shift toward the high-frequency
region with time. Therefore, we can consider the signals to
be introduced from the mechanical vibration responses of
the snow sample.

Figure 3a^c show the mechanical vibration responses of a
snow sample (density 441kgm^3, grain-size1^2mmat ^0.11‡,
^0.66‡ and ^9.87‡C, respectively. A broad peak of the inten-
sity ratio at around 20^30 kHz with the first180‡ phase shift
indicates a fundamental vibration of the longitudinal wave

Fig. 2. Frequency dependence of the mechanical response for a snow sample (density 478 kgm^3, grain-size <1mm) in the fre-
quency range 10Hz to 1MHz in the sintering process at ^16.5‡C. (a) The intensity ratio (dB) and (b) the phase shift (‡)

against the input vibration signal.The five lines in each graph show the results of measurements 1, 12, 24, 38 and 48 hours after

sample preparation.
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through the snow sample. On the other hand, signals (each
pair of sharp dip and peak) of the intensity ratio around 12
and 24 kHz with each peak of the phase shift suggest reso-
nance of the transverse wave. Since these two signal patterns
aremirror images of each other, we infer that the first signal
around 12 kHz corresponds to a fundamental vibration of
resonance with a half-wavelength of the transverse wave,
and the second signal around 24 kHz to an overtone vibra-
tion with a full wavelength. The dip-and-peak signals de-
cayed near the melting temperature, which suggests that
the bond connections weakened and allowed ice particles
to move and slip more easily.

We can obtain a propagation velocity of the elastic wave
through the sample by using the phase shift and the sample
size.The propagation velocity VL of the longitudinal wave is

VL ¼ 2Lf180; ð1Þ

where L is the sample length between the piezoelectric ele-
ments and f180 is the frequency at the 180‡ phase shift of the
input vibration. The propagation velocity VT of the trans-
verse wave is

VT ¼ 2Lfp; ð2Þ

where fp is the frequency at the peak of the phase shift
around the first transverse resonance.

Figure 4a^c show the elastic velocity of snow samples of
different densities, with heating and cooling processes in the
temperature range from ^15‡ to ^0.1‡C. The elastic
velocities of the longitudinal and transverse wave show a
large decrease near the melting temperature. The elastic
velocities of each snow sample increase with time and tem-
perature cycling. Our measurements were performed after
the sample had been kept at each temperature for 2 hours.
This increase with temperature cycling is caused by an en-
hanced bond growth (namely growth of bond neck radius)
near the melting temperature. On the other hand, we can
see that the elastic velocity is larger at larger sample densi-
ties. Similar density dependence was reported by Yamada
and others (1974), Mellor (1977), Sommerfeld (1982) and Fro-
lov and Fedyukin (1998). Since our results show that velocity
increases with temperature cycling, a data spread of pre-
vious results is partially due to differences in the bond radius
within snow.

The elastic-wave velocities VL and VT of a homogeneous
elastic material are given as:

VL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eð1� �Þ

�ð1þ �Þð1� 2�Þ

s
; VT ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E

2�ð1þ �Þ

s
; ð3Þ

where E and � areYoung’s modulus and Poisson’s ratio re-
spectively, and � is the density of the material (Mellor,
1977). According to Equation (3), an increase in density in-
troduces a decrease in velocity, but the results for snow show
the opposite effect. In the case of snow, therefore, the change
in elastic properties E and � is of greater effect than the
change in density.

The 511 and 441kgm^3 samples in Figure 4a and b,
whose elastic velocities are larger at larger sample densities,
have a similar grain-size. The main difference in micro-
structure is presumably the number of bonds (and the ar-
rangement of particles or air space). We assume that the
number increases with increasing density and that the num-
ber of bonds contributes mainly to the elastic properties.
This assumption is supported by the fact that the low-den-
sity sample with a larger grain-size (Fig. 4c) shows smaller
velocities than the high-density samples, since we can expect
a small number of bonds. In the case of a low-density
sample, however, the arrangement of particles (or air space)
may also be important because of increasing porosity.

Since the sample density did not change much during
our experiments with temperature cycling, the change in
propagation velocities results from the change in elastic
properties.We can calculate the elastic properties (Poisson’s
ratio � and Young’s modulus E) from the elastic-wave
velocities VL and VT. From Equation (3),

� ¼ V 2
L � 2V 2

T

2 V 2
L � V 2

T

� � ; E ¼ �V 2
T

3V 2
L � 4V 2

T

V 2
L � V 2

T

: ð4Þ

Figure 5 shows Poisson’s ratio and Young’s modulus for a
snow sample (density 511kgm^3, grain-size 1^2mm) with
temperature cycling. Poisson’s ratio of the snow samples of
densities 441 and 511kgm^3 was 0.35 � 0.01 below ^0.6‡C
(although the 441kgm^3 sample shows a larger value of
0.38, in the first heating), and drops to 0.29 or less at ^0.1‡C.
The fall in Poisson’s ratio at ^0.1‡C suggests that ice particles
in the snow sample can easily move near the melting tem-
perature. Young’s modulus of snow samples at ^0.1‡C

Fig. 3. Frequency dependence of the intensity ratio (dB)

(solid lines) and the phase shift (lines marked with crosses)

against the input vibration signal for a snow sample with

441kgm^3 density and 1^2 mm grain-size at (a) ^0.11‡C,

(b) ^0.66‡C and (c) ^9.87‡C.The results are for the snow

sample in the third heating and cooling process. f180 and fp
with arrows are the frequency at the 180‡ phase shift of the

longitudinal wave and at the peak of the phase shift around

the first resonance of the transverse wave, respectively.
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decreased by about 25^34% compared to the values at
lower temperatures, below ^0.6‡C. Young’s modulus at
^10‡C is 2:8� 108 Pa in the first heating, 5:8� 108 Pa in the
first cooling and 8:9� 108 Pa in the fifth cooling for the
441kgm^3 sample, and 6:3� 108 Pa in the first heating,
1:0� 109 Pa in the first cooling and 1:6� 109 Pa in the
sixth cooling for the 511kgm^3 sample. These values of
Young’s modulus are slightly larger than those obtained
from natural-snow and core samples in previous researches
using pulse or high-frequency measurements (Mellor,1975).

Figure 6 shows the temperature dependence of the
propagation velocities of the elastic wave through the snow
sample with 441kgm^3 density in the third heating and
cooling process, and also of a polycrystalline ice sample hav-
ing only a few crystal boundaries.The propagation velocity
of ice in Figure 6, which resulted from the longitudinal wave
by the same measuring method, decreases slightly with in-
creasing temperature.These values of ice are slightly larger
than in previous data (Gammon and others,1983), but show
similar temperature dependence.The velocity of the longi-
tudinal wave through the snow sample also decreased with
increasing temperature, and decreased significantly above
^0.6‡C. The velocity of the transverse wave through the
snow sample did not change markedly (or increases slightly
around ^1‡C) up to ^0.6‡C with increasing temperature,
and decreases significantly above ^0.6‡C.The results in Fig-
ure 6 show that the propagation velocities of snow during
the cooling process after the highest temperature is reached
have a thermal hysteresis above ^0.6‡C and are larger than
during the heating process below ^0.6‡C, but ice does not
show such an increase or hysteresis.

The snowmechanical response has been discussed based
on snow texture and ice mechanical properties (Campono-
vo and Schweizer, 2001). A similar temperature depen-
dence of the longitudinal-wave velocity of snow and ice
below ^0.6‡C mainly reflects ice mechanical properties.

Above ^0.6‡C the large decrease in velocity of the snow
sample suggests a change in snow texture, since ice shows
a smaller decrease. Snow texture is characterized by the
number of bonds, arrangement of ice particles, grain-size,

Fig. 4.Temperature dependence of the elastic-wave velocities for three snow samples with different densities and for several heating and

cooling processes. (a) density 511kgm^3, grain-size1^2 mm; (b) density 441kgm^3, grain-size1^2 mm; (c) density 309 kgm^3, grain-

size 2^4 mm.The velocities of the longitudinal wave are indicated by open symbols, and the velocities of the transverse wave by solid

symbols.

Fig. 5. Temperature dependence of Poisson’s ratio (a)and

Young’s modulus (b) of the snow sample (density 511kgm^3,

grain-size 1^2 mm) with temperature cycling. The elastic

properties were derived from longitudinal and transverse elas-

tic wave-velocities in Figure 4a with Equation (4).
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radius of bonds and state of the boundary between ice par-
ticles. The number of bonds, arrangement and size of ice
particles in the snow sample would not change much in this
case, but the radius of bonds and the state of the boundary
between ice particles should be affected significantly in tem-
perature cycling.The observations of a large decrease and a
thermal hysteresis of the elastic velocities above ^0.6‡C sug-
gest pre-melting or generation of weak layers in the bond
connection and boundary in the snow sample. It is possible
that pre-melting occurred in the boundary between ice par-
ticles near the melting temperature because of the high-
energy state due to misfits of the crystal lattice, and even to
impurities included in natural snow (Dash and others,1995;
Wettlaufer, 1999a, b). Pre-melting of the grain boundary
may contribute to the drop of Poisson’s ratio above ^0.6‡C.
It is natural to consider that bonds between ice particles
grow by evaporation, surface diffusion and condensation of
water molecules in the sintering process. If pre-melting and
refreezing of the grain boundary occur with temperature
cycling, growth of the bond neck radius will be accelerated.
This bond growth causes the increase in elastic strength and
elastic velocities of the sample during cooling.

CONCLUDING REMARKS

The propagation velocity of the longitudinal wave through
snow samples decreased with increasing temperature below

^0.6‡C, but the velocity of the transverse wave did not
change markedly.The propagation velocities of the longitu-
dinal and transverse waves decreased significantly with in-
creasing temperatures above ^0.6‡C. Poisson’s ratio and
Young’s modulus were derived from the velocities. Poisson’s
ratio of snow samples showed a value of 0.35 � 0.01 below
^0.6‡C, and droped to 0.29 or less at ^0.1‡C.Young’s modu-
lus of snow samples at ^0.1‡C decreased by about 25^34%
compared to the values below ^0.6‡C. Hysteresis of the elas-
tic-wave velocities and decay of signals of the transverse
wave above ^0.6‡C were observed. These phenomena near
the melting temperature suggest pre-melting or weakening
of the boundary between ice particles in the snow samples.
The elastic-wave velocities and Young’s modulus of snow
samples change with snow density and with time and tem-
perature cycling. The velocities and Young’s modulus are
suggested to be mainly affected by the number of bonds, by
the radius of bonds and by the states of boundaries between
ice particles.

ACKNOWLEDGEMENTS

The authors would like to express their sincere thanks to the
reviewers and the scientific editor J. Schweizer for their
valuable suggestions. This work was partly supported by
the Grant-in-Aid (B(2)14390002) for Scientific Research of
the Ministry of Education, Science and Culture, Japan,
and the cooperative research fund of the Institute of Low
Temperature Science, Hokkaido University.

REFERENCES

Camponovo, C. and J. Schweizer. 2001. Rheological measurements of the
viscoelastic properties of snow. Ann. Glaciol., 32, 44^50.

Dash, J. G., H.-Y. Fu andJ. S.Wettlaufer.1995.The premelting of ice and its
environmental consequences. Reports on Progress in Physics, 58(1),115^166.

Frolov, A. D. and I.V. Fedyukin.1998. Elastic properties of snow^ice forma-
tions in their whole density range. Ann. Glaciol., 26, 55^58.

Gammon, P.H., H. Kiefte and M. J. Clouter. 1983. Elastic constants of ice
samples by Brillouin spectroscopy. J. Phys. Chem., 87(21), 4025^4029.

Golubev, V.N. and A.D. Frolov. 1998. Modelling the change in structure
andmechanical properties in dry-snowdensification to ice. Ann. Glaciol.,
26, 45^50.

Lehning, M., P. Bartelt, B. Brown, C. Fierz and P. Satyawali. 2002. A physi-
cal SNOWPACKmodel for the Swiss avalanche warning. Part II. Snow
microstructure. Cold Reg. Sci.Technol., 35(3),147^167.

Mellor, M. 1975. A review of basic snow mechanics. International Association
of Hydrological Sciences Publication, 114 (Symposium at Grindelwald 1974
� SnowMechanics), 251-291.

Mellor, M.1977. Engineering properties of snow. J. Glaciol.,19(81),15^66.
Shapiro, L.H., J. B. Johnson, M. Sturm and G. L. Blaisdell. 1997. Snow

mechanics: review of the state of knowledge and applications. CRREL
Rep. 97-3.

Sommerfeld, R. A.1982. A reviewof snowacoustics. Rev. Geophys. Space Phys.,
20(1), 62^66.

Takei, I. and N. Maeno. 2001.The low-frequency conductivity of snow near
the melting temperature. Ann. Glaciol., 32,14^18.

Takei, I. andN.Maeno.2003. Dielectric andmechanical alterations of snow
properties near the melting temperature. Can. J. Phys., 81(1^2), 233^239.

Wettlaufer, J. S. 1999a. Ice surfaces: microscopic effects of microscopic
structure. Philos.Trans. R. Soc. London, Ser. A, 357(1763), 3403^3425.

Wettlaufer, J. S. 1999b. Impurity effects in the premelting of ice. Phys. Rev.
Lett., 82(12), 2516^2519.

Yamada,T.,T. Hasemi, K. Izumi and A. Sato. 1974. [On the dependencies
of the velocities of P- and S-waves and thermal conductivity of snow
upon the texture of snow.] LowTemp. Sci., Ser. A, 32, 71^80. [In Japanese
with English summary.]

Fig. 6.Temperature dependence of the longitudinal and trans-

verse elastic-wave velocities for the snow sample with

441kgm^3 density and1^2 mmgrain-size, and of the longitu-

dinal elastic-wave velocity for a polycrystalline ice sample

with few crystal boundaries.The results of the velocities are

from samples in the third heating and cooling process.
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