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ABSTRACT. Results of acoustic emission tests on cylindrical specimens under com-
pression are reported. Deformation-rate-controlled tests with strain rates ranging from
1:1� 10�6 s�1 to 2:6� 10�3 s�1 at temperaturesbetween T ¼ �11:2‡C and T ¼ �1:7‡C
were performed.The investigated snow was fine-grained, with a density varying between
220 and 380 kgm�3. The acoustic emission was measured with two distinct piezoelectric
sensors: a wide-band sensor (frequency 100^1000 kHz) and a resonant sensor (frequency
35^100 kHz). The relationship between the applied strain rate and the measured maxi-
mum acoustic-emission rate as a function of temperature and density was found to obey
a power law, which is valid for the ductile behaviour range.The quantitative and qualita-
tive effects produced on the acoustic emissions during the transition from ductile to brittle
behaviour, occurring at strain rates of approximately 1� 10�3 s�1, are reported. Finally,
the influence of the load history on the acoustic emissions of snow is discussed on the basis
of a cyclic test, including deformation-controlled loading steps and relaxation steps, per-
formed at different strain rates and different relaxation times.

INTRODUCTION

In the 1970s, a considerable effort was made to relate acous-
tic emissions from snow to avalanche formation and slope
stability. Both field experiments (St. Lawrence and Bradley,
1977; Sommerfeld, 1977; Gubler, 1979) and laboratory tests
(St. Lawrence,1980) were carried out in a frequency range
from a few hertz to several megahertz. St. Lawrence (1980)
noted that in field experiments avalanche formation was
related to both an increased acoustic-emissions activity (St.
Lawrence and Bradley,1977; Sommerfeld,1977; Gubler,1979)
and a quiescent period, i.e. a period without acoustic emis-
sions (Bowles and St. Lawrence, 1977). He supposed that
avalanche formation occurring without premonitory sig-
nals was due to brittle failure. Furthermore, St. Lawrence
maintained that low-frequency signals are associated with
a local instability when fracture is arrested prior to cata-
strophic failure. Conversely, high-frequency signals are
associated with microcracks occurring in the ice grains
during primary creep, similar to the processes observed in
polycrystalline ice (Gold, 1960). Based on the assumption
that high-frequency acoustic emissions are related to the de-
formation of snow, St. Lawrence (1980) developed a consti-
tutive equation which described the acoustic emission
activity as a function of both stress and strain for snow show-
ing ductile behaviour.

The work of St. Lawrence remains the only effort to
quantify the acoustic emission response of snow.The major-
ity of work is limited to a qualitative analysis. Unfortunately,
since the mid-1980s little experimental work has been un-
dertaken in this research field. For other forms of ice (e.g.
polycrystalline ice (Weiss and others, 1998) and frozen soils

(Fish and Sayles, 1981)), a few quantitative investigations
have been performed. Fish and Sayles (1981) have related
the maximum acoustic-emission rate (AE rate) to the mini-
mum strain rate occurring during secondary creep with a
power law based on the application of rate-process theory.

Our investigations attempt to quantify the influence of
temperature, applied strain rate and snow density on the
acoustic emission response of snow. The power law pre-
sented by Fish and Sayles (1981) is used to describe the rela-
tionship between the applied strain rate and the peak AE
rate, as a function of density and temperature. Further, the
influence of the temperature on the rate processes generat-
ing acoustic emissions is investigated.The wide range of the
strain rates investigated, covering both the ductile range
and the transition to a brittle behaviour, allows qualitative
insight into the origin of acoustic emissions in snow. In par-
ticular, the influence of the transition from ductile to brittle
behaviour on the acoustic emission detected by two differ-
ent piezoelectric sensors, a wide-range sensor (frequency
100^1000 kHz) and a resonant sensor (frequency 35^
100 kHz), is analyzed.These results give insight into the dis-
cussion of the hypotheses proposed by St. Lawrence (1980).

The data analysis is based on results of monoaxial
deformation-controlled compression tests on fine-grained
alpine snow with a density of 220^380 kgm�3 at tempera-
tures between T ¼ �11:2‡C and T ¼ �1:7‡C. The
applied strain rate was varied from _" ¼ 1:1� 10�6 s�1 to
_" ¼ 2:6� 10�3 s�1.

TEST PROCEDURE

The tests were performed using a deformation-controlled
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triaxial apparatus (von Moos and others, 2003). In total, 70
compression tests with acoustic emission measurements
were completed. For all tests natural, fine-grained
(d < 0:2mm) alpine snow was used. This snow was col-
lected near Weissfluhjoch, Davos, Switzerland, at approx-
imately 2540ma.s.l. The test samples, cylindrical
specimens126mm long andwith a diameter of 58mm, were
compressed to an axial strain of " ¼ 15%. During the tests,
acoustic emission signals were measuredwith the device de-
picted in Figure 1. As shown in Figure 2, the piezoelectric
sensors were incorporated in both the bottom and the top
load plate.The surface of the sensor was in contact with the
loaded snow. The piezoelectric sensors are standard pro-
ducts delivered by the company EPA (Euro Physical Acous-
tic): a resonant sensor type R6 with a frequency spectrum of

35^100 kHz, and a wide-band sensor typeWD with a fre-
quency spectrum of 100^1000 kHz. As shown in Figure 1,
the detected signals were amplified by a 60 dB power pre-
amplifier and filtered in a low-pass filter to eliminate back-
ground noise and disturbance signals caused by the cold-
room cooling apparatus (Fig. 3). The amplitude of the fil-
tered background noise was 10mV and that of the distur-
bance signal was approximately 100mV. Therefore the
disturbance signals could be eliminated easily using a burst
trigger circuit, where the bursts were counted. As shown in
Figure 3, one count was registered when the amplitude ex-
ceeded a trigger level of 250mV. In order to count an event
only once, we introduced a dead time of 200 �s for the R6
sensor and 20�s for the WD sensor after each count. The
dead time was selected on the basis of the analysis of the
waveform (maximum amplitude, rise time and decay time)
performed in preliminary tests.The cumulative counts and
the AE rates were determined with a pulse counter, which

Fig. 1. Schematic diagram of the acoustic-emission measuring system.

Fig. 2. Schematic diagram of part of the acoustic test equip-

ment. One piezoelectric sensor was integrated into each load

platen.

Fig. 3. Threshold setting to avoid triggering by continuous

background noise and short disturbance signals.
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was used to analyze the impulses received from the burst
trigger circuit. An oscilloscope was connected to the acous-
tic emission testing system (Fig. 1) in order to depict the
waveform and to calculate the power spectra (Fig. 4) of the
acoustic emission signals.

TEST RESULTS

Qualitative observations

Figure 4 shows typical power spectra for:

1 acoustic emissions from snow detected with the wide-
band sensorWD (Fig. 4a)

2 disturbance signals generated by the cooling apparatus

(Fig. 4b). The disturbance signals occurred for a few sec-
onds in an interval of a few minutes

3 acoustic emissions from snow detected with the resonant
sensor R6 for a test in the ductile range (Fig. 4d) and
during brittle failure (Fig. 4c).

The frequency distributions shown in Figure 4a and d are
related to events measured during the ductile deformation
of snow. As can be seen, the peak frequency is 500 kHz for
the wide-band sensor and 100 kHz for the resonant sensor.
The frequency distribution curves reflect the sensitivity of
both sensors. These observations lead to a first conclusion,
that the acoustic emission signal is a wide-band signal and
can therefore bemeasured over awide frequency range. Fig-
ure 4b shows the frequency distribution of a disturbance

Fig. 4. Power spectra for (a) acoustic emission of snow detected with the wide-band sensor WD for _� ¼ 331 kgm�3,

T ¼ �3:6‡C and _" ¼ 1:1� 10�5 s�1; (b) single disturbance signals generated by the cooling apparatus; (c) acoustic emis-

sion of snow detected with the resonant sensor R6 for a test during brittle failure for � ¼ 333 kgm�3, T ¼ �3:8‡C and

_" ¼ 2:6� 10�3 s�1; (d) acoustic emission of snow detected with the resonant sensor R6 for a test in the ductile range

� ¼ 331 kgm�3, T ¼ �3:8‡C and _" ¼ 2:0� 10�4 s�1.
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signal. As can be seen, the peak frequency is 2.6MHz. Fig-
ure 4c shows the frequency distribution of an event occur-
ring during brittle failure of snow. In this case, the
frequency distribution differs from Figure 4d. During brittle
failure, the peak frequency is spread over a range of 30^
100 kHz.

Figures 5 and 6 show the evolution of the AE rate with
increasing strain superposed with the stress^strain curve.
The ductile behaviour of snow is depicted in Figure 5. For
both sensors the AE rate increases with increasing stress
and strain until a peak value is reached, then it decreases
rapidly to zero. The strain at which the maximum AE rate

was measured corresponds to the strain " ¼ 1:5% at which
the material begins to yield. Note that the peak value of the
AE rates is much larger for the wide-band sensor than for
the resonant sensor. Figure 6 shows the material response
during brittle failure. Note that the stress curve, which
shows a series of abrupt movements, is characteristic for
brittle failure. On the wide-band sensor, we observed an in-
crease of the AE rate with increasing strain until a peak
value, and then a decrease, very similar to the measurement
for ductile behaviour. The measurements on the resonant
sensor showed somewhat surprising behaviour: the AE rate
increased to a peak value at a total strain of " ¼ 5%, that is
during large-scale failure of the specimen, and decreased
only at a total strain " ¼ 7:5%. Note that the peak AE rates
are, contrary to Figure 5, of the same order of magnitude for
both sensors.

AE-rate^strain-rate relationship

Researchers dealing with frozen soil (Fish and Sayles,1978)
and ice (Fish,1978) used the constitutive equation developed
by Fish (1978), based on the theory of rate processes (Glas-
stone and others,1941), to describe the relationship between
minimum creep rate and peak AE rate (Equation (1))

_Nm ¼ C _"mð Þ� ¼ C0e
� Q

RT _"mð Þ�; ð1Þ
where _Nm is the peak AE rate in bursts per second, C0 is a
pre-exponential, temperature-independent constant in
bursts per second, Q is the activation energy in kJmol�1,
R is the gas constant in kJmol�1 K�1, T is the temperature
in K, _"m is the minimum creep strain rate in s�1 and � is a
dimensionless exponent. In our deformation-controlled
tests, the applied strain rate is constant and the stress in-
creases until a yield stress is reached (Fig. 7). At this point
the relationship between yield stress and applied strain rate
is equal to the relationship between applied stress and mini-
mum viscous strain rate for creep tests (Scapozza and Bar-
telt, 2003), i.e. a steady state is reached. Therefore,

Fig. 5. AE rate and stress vs strain for � ¼ 378 kgm�3,

T ¼ �3:6‡C and _" ¼ 1:9� 10�3 s�1. The specimen

tested shows ductile behaviour.

Fig. 6. AE rate and stress vs strain for � ¼ 377 kgm�3,

T ¼ �3:6‡C and _" ¼ 2:6� 10�3 s�1. The specimen

tested undergoes brittle failure by a total strain "f ¼ 0:5%.

Fig. 7. Qualitative comparison between stress^strain curve

and cumulative acoustic emissions vs strain.The yield stress

is �y ¼ 425 kPa.
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Equation (1) is valid for both the minimum viscous strain
rate during creep tests and the applied strain rate for de-
formation-controlled tests. As shown in Figure 8, for the
wide-band high-frequency sensor WD, the power law ex-
pressed in Equation (1) is also valid for snow as long as the
snow remains in the ductile deformation region. At the
transition to brittle failure, we observe a decrease of the AE
rate with increasing strain rate. Thus, Equation (1) is not
valid for this region. Figure 9 shows theAE-rate^strain-rate
relationship for emissions registered by the resonant low-

frequency sensor R6. As can be seen, in this case the power
law (Equation (1)) is valid for both the ductile and thebrittle
behaviour. Quantitatively, the AE rates measured on the
wide-band high-frequency sensorWDare one order of mag-
nitude larger than those measured on the resonant low-
frequency sensor R6. Note that for strain rates below
_" ¼ 1:1� 10�5 s�1 no acoustic emissions were recorded.
The values of the pre-exponential parameter C and the ex-
ponent � of Equation (1) are reported inTable 1. The tem-
perature- and density-independent exponent � varies
between 1.87 and 2.52. As shown in Figure 10, the pre-expo-
nent C decreases with increasing temperature. Thus, for a
constant strain rate the maximum AE rate decreases with
increasing temperature. The influence of the temperature

Fig. 8. Peak AE rate vs applied strain rate for a density

� ¼ 378 kgm�3 at different temperatures. The acoustic

emission measurements were performed with a wide-band

sensorWD with frequency range of 100^1000 kHz.

Fig. 9. Peak AE rate vs applied strain rate for a density

� ¼ 378 kgm�3 at different temperatures. The acoustic

emission measurements were performed with an R6 resonant

sensor with frequency range of 35^100 kHz.

Table 1. Experimental values of the parametersC and � used
in Equation (1) for different densities and temperatures. r is
the correlation coefficient andN is the number of data values

Density Temperature C�1 � r N

kgm�3 ‡C bursts s^1

378� 3 �11:2� 0:0 2:45� 1011 2:59 0:993 5
380� 4 �5:7� 0:0 1:10� 1010 2:32 0:997 4
378� 3 �3:6� 0:1 2:51� 1010 2:50 0:999 5
381� 6 �1:7� 0:0 1:7� 109 2:20 1 3

330� 1 �11:2� 0:1 1:48� 1011 2:37 1 3
332� 2 �5:7� 0:1 1:43� 1010 2:22 1 3
331� 1 �3:7� 0:1 1:02� 1010 2:22 0:999 5
332� 2 �1:7� 0:1 6:79� 108 2:01 1 3

224� 1 �11:3� 0:1 2:79� 109 2:35 0:995 5
219� 4 �5:6� 0:1 1:17� 108 2:03 0:999 4
220� 9 �3:7� 0:3 1:38� 107 1:87 0:996 5
218� 0 �1:7� 0:0 2:88� 108 2:25 1 3

Fig. 10. Parameter C vs temperature for different densities.

The acoustic emission measurements were performed with a

WD wide-band sensor with frequency range of 100^

1000 kHz.
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on the pre-exponent C can be described, transforming
Equation (1) in the following equation:

C T1ð Þ
CðT2Þ

¼ e
Q
R

�
1
T1
� 1

T2

�
: ð2Þ

As can be seen in Equation (2), the influence of tem-
perature on the parameter C is regulated by the activation
energy Q. It was therefore possible to determine the activa-
tion energy Q from the data presented inTable 1. Note that
values of Q could only be calculated when the exponent �
was approximately the same for the temperatures T 1 and
T 2. The calculated values of the activation energy Q are
reported inTable 2 for different densities and temperature
ranges. As can be seen, the density-independent activation
energy Q varies between 110 and 178 kJmol�1. The cal-
culated values fit well with the calculated activation
energy Q ¼ 120kJmol�1 for polycrystalline ice for tem-
peratures above �10‡C (Barnes and others, 1971). Table 1
and Figure 10 also show the density dependence of the
pre-exponent C: It increases with increasing density. Thus,
for a constant temperature and strain rate, the maximum
AE rate increases with increasing density.

In addition to the analysis performed above concerning
the source of rate-process-based acoustic emissions in snow,
it is also possible to relate the evolution of acoustic emissions
over time to the stress and strain state of the specimen. Em-
pirically, a certain similarity can be established between
the stress^strain curve and the cumulative acoustic-emis-
sion vs strain curve (Fig. 7). Based on this similarity, St.
Lawrence (1980) developed a constitutive equation both
for strain- and for stress-induced emissions.The constitutive
equations developed by St. Lawrence (1980) are supported
by our test results for strains above "fc, where "fc is the
strain at which the first acoustic emission events were meas-
ured, over the whole investigated range of temperatures,
strain rates and densities. A detailed analysis of the stress-
and strain-induced acoustic emission is too extensive to be
included in this paper.

DISCUSSIONOF THE TEST RESULTS

Qualitative observations

The power spectra shown in Figure 4 provide information
about the microstructural origin of acoustic emissions. The
emissions produced by microcrack formation inside the ice
grains during ductile deformation have wide-band signals,
i.e. they can be measured with different sensors, although
the peak frequency of these acoustic emissions seems to be
in the region of 500 kHz.These results agree with the meas-
urements for ice performed byWeiss and others (1998) and
can explain the difference in the AE rates measured by the

two different sensors,WD and R6. Part of the event cannot
be recorded with the resonant sensor, because the peak fre-
quency is too far from the resonance frequency of the sensor
and therefore the signal amplitudes are very small. The be-
haviour shown in Figures 5 and 6 is somewhat surprising.
Large-scale fracture within the ice skeleton of snow pro-
duces acoustic emissions, which cannot be detected in high-
frequency range. In contrast to acoustic emission due to
ductile deformation, where the AE rate decreases after
reaching yield, theAE rates caused by brittle failure remain
constant during the failure process.

Our laboratory experiments leadus to the following con-
clusions about the field observations reported by St. Lawr-
ence and Bradley (1977), Sommerfeld (1977), and Gubler
(1979). The observed avalanche release after a quiescent
period (Bowles and St. Lawrence, 1977) is probably due to
softening of thematerial at large strains. As shown in Figure
5, for ductile behaviour, relevant acoustic emissions are re-
corded for strains below " ¼ 3%, while ductile fracture due
to softening occurs at strains of order " ¼ 20% (Narita,
1980).Therefore, there is a period without acoustic emission
before avalanche release. In the case of avalanche release
due to brittle failure, acoustic emissions are directly related
to avalanche release.The hypothesis of St. Lawrence (1980),
that avalanche formation without premonitory signals is
due to brittle failure, can be partly supported by our test
results. For strain rates in a brittle range, the first acoustic
emissions are detected at a strain "fc ¼ 0:35%; this strain
corresponds approximately with the strain at which the
specimen undergoes brittle failure. Subsequently, the time
interval between first acoustic emission and brittle failure
is very short, probably<1s.The further hypothesis reported
by St. Lawrence (1980), that low-frequency signals may be
associated with a local instability, can also be supported by
our experiments. The emissions recorded during both duc-
tile deformation and brittle failure of the specimen can also
be detected in the field by large-scale ductile deformation or
brittle failure of local zones. These local instabilities do not
necessarily lead to a catastrophic failure.

Table 2. Activation energy Q calculated from Equation (2)

for different densities and temperature ranges

Density Temperature range Q

kgm^3 ‡C kJmol^1

378 �11:2 to �3:6 178
330 �5:7 to �3:7 110
220 �11:2 to �1:7 141

Fig. 11. Influence of the load history on the acoustic emissions

for � ¼ 329 kgm�3 and T ¼ �11:3‡C.
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AE-rate^strain-rate relationship

As shown in Figure 8, the peak AE rate canbe related to the
applied strain rate using a power law based on the rate-pro-
cess theory (Equation (1)). The calculated activation
energy Q, based on the determination of the parameter C
of Equation (1), corresponds well with the calculated values
for ice creep based on Glen’s law (Barnes and others, 1971)
for the investigated temperature range. Therefore, we sup-
pose that the microcrack formation, which produces high-
frequency acoustic emissions during ductile deformation, is
related to creep processes occurring in the ice skeleton.The
parameter C increases with increasing density. This result
was expected, because high-density snow contains a higher
ice fraction per unit volume than low-density snow. As soon
as brittle failure occurs, the above considerations are no
longer valid and the peak AE rate decreases with increasing
strain rate. Two possible mechanisms could produce the
effect observed in Figure 8: (1) The strain at which the speci-
men undergoes brittle fracture is smaller than the strain
needed for yielding.Therefore, the maximum peak AE rate
due tomicrocrack formationwithin the ice grains cannot be
reached because the specimen fails at a smaller strain.
(2) Brittle failure involves localization of damage, rather
than the distributed microcrack formation occurring
during the ductile creep deformation. Therefore, fewer AE
events per unit stream (1) or per unit time (2) are produced
during brittle failure. Since the characteristic frequency de-
creases as the size of the AE source increases, the develop-
ment of the larger flaws would be expected to produce more
low-frequency emissions. This effect is indicated in Figures
5, 6 and 9.

As shown in Figure 9, for acoustic emissions measured
with a low-frequency resonant sensor, the peak AE rate in-
creases with increasing strain rate for brittle behaviour as
well. Unlike the high-frequency wide-band sensor, with the
resonant sensor R6 it was possible to measure both acoustic
emissions due to ductile deformation (Fig. 5) and large-scale
brittle failure occurring within the specimen. Hence, the
events occurring during the failure of the specimen could
be recorded.

Applicability of the laboratory test results

The following discussion concerns the applicability of the
laboratory test results discussed above with field measure-
ments. As shown in Figures 7^9, acoustic emissions and
AE rates can be related to stress, strain or strain-rate state
as functions of temperature and density.Therefore, it is sup-
posed that the same relationships can be applied to describe
the stress, strain and strain-rate state in the snow cover.
However, some points cannot be overseen in these consid-
erations. First, our tests were performed on small specimens
where the maximum distance between the acoustic emis-
sions source and the transducer was 126mm. In the field
the distance between a local source and the transducer
could be of the order of metres. Second, the specimens
tested were not subjected to a prior load history. As shown
in Figure 11, acoustic emissions are strongly dependent on
the load history. As can be seen, three different specimens
were strained in a first load cycle up to a total strain of
" ¼ 5% at three different strain rates. After a relaxation
period of 10min they were reloaded in a second cycle until
a total strain " ¼ 10% was reached. Although the strain

rate applied in the second cycle was the same for all the spe-
cimens, the peak AE rates differed considerably.The higher
the applied strain rate in the first cycle, the lower the peak
AE rate in the second cycle. The same procedure was re-
peated in a third cycle, which was started after 3 hours’ re-
laxation time. As can be seen, the peak AE rate was
approximately the same for the three specimens loaded up
to a total strain of " ¼ 15% at a strain rate
_" ¼ 2:0� 10�4 s�1. However, the peak AE rates reached
during the third cycle are clearly smaller than those meas-
ured in the first cycle at a strain rate _" ¼ 2:0� 10�4 s�1.
These considerations lead us to the conclusion that a quanti-
tative comparison between field measurements and labora-
tory tests will be very difficult.

CONCLUSIONS

The test results reported above show that the relationship
between applied strain rate and peak AE rate can be de-
scribed using a rate-process-based constitutive equation as
long as the specimen deformation is ductile. The influence
of temperature on the acoustic emissions is controlled by
the activation energy Q which fit well with the calculated
values for ice creep based on Glen’s law.Therefore, we sup-
pose that the microcrack formation, which produces high-
frequency acoustic emissions during ductile deformation, is
related to creep processes occurring in the ice skeleton.
Because density does not influence the activation energy Q,
we conclude that the microstructural deformation processes
occurring within the ice skeleton are the same over a wide
range of density.The transition from ductile to brittle beha-
viour influences the relationship between strain rate and
peak AE rate, because brittle failure involves localization
of damage, rather than the distributed microcrack forma-
tion occurring during the ductile creep deformation. Hence
there are fewer acoustic emission events per unit time. The
analysis of the power spectra shows that brittle failure is
characterized by low-frequency acoustic emissions, pro-
duced by large crack formation originating from material
flaws.

The constitutive relationship presented in this paper, in
addition to the constitutive equation developed by St. Law-
rence (1980), would be very helpful for monitoring the state
of the snowpack in the field. Ideally, it would be possible to
detect zones undergoing large viscous deformations, similar
to measurements carried out to determine the structural in-
tegrity of steel structures. However, this is unrealistic for
two major reasons. First, scaling problems from small-scale
laboratory measurements to large-scale field measurements
are present. Second, the load history, which is well known
for specimens tested in the laboratory, is totally unknown
in the field.Therefore, the equation parameters determined
in the laboratory are not directly applicable to field studies.
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