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Abstract 
 

A new approach is presented for the detection of deformation of snow with the help of plate 
waveguide for avalanche warning. Avalanches are difficult to predict due to heterogeneity of the 
snow media and the uncertainties associated with triggering mechanisms. Monitoring of acoustic 
emission (AE) is a very effective non-destructive technique, which is applied to identify micro 
and macro-cracks and their temporal advancement in snow. The propagation of these elastic 
waves in attenuated media to long distance is helpful for extracting useful information for slope 
monitoring. Since the snow exhibits a high attenuation during wave propagation, a less 
attenuative media like plate sensors (solid steel and aluminium waveguide) is essential. 
Preliminary experiments towards the formation of Lamb waves in a plate coupled with snow was 
performed with the help of piezoelectric sensors. Different deformations (1-100 mm/min) were 
applied to various snow samples having different densities (300-450 kg/m3). The dependence of 
stress-strain with AE and visible crack is examined along with the wavelet transform. The wave-
let transform (WT) was used and applied on the time-frequency of AE present in plate wave-
guide. Lamb waves are detected from a long distance, which help in understanding the physical 
condition of snow stability with the help of waveguide. 
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1. Introduction 
 

The effect of climate change has resulted in significant impact on catastrophic events such as 
snow avalanche in the cryospheric regions of Himalaya. Summer temperature rise, changes in 
snowfall pattern, fluctuation in mean seasonal temperature, heavy precipitations are few 
indications of global climate changes and these have adverse effect on the avalanche activity. 
Avalanches are difficult to predict due to heterogeneity of the snow media and the uncertainties 
associated with triggering mechanisms. In most cases, initially, there is a formation of crack at 
micro/macro scale inside the snow pack, which leads to the fracture initiation and finally the 
formation of an avalanche. During this crack formation acoustic emission (AE) are emitted. 
Acoustic emissions are elastic wave, which are formed when snow is under critical stress and 
give the information prior to any failure [1, 2]. Monitoring of AE is a very effective and non-
destructive technique, which has been applied to recognize instability and their temporal ad-
vancement in snow [3]. Acoustic emission in porous media (like snow and soil) is difficult to 
measure because of the high attenuation of the source signal during propagation [4, 5]. High fre-
quencies are more attenuated than lower frequencies due to small wavelength [6]. The prime 
challenge in this kind of study is to detect the behavior of such changes (AE signal) prior to large 
failure in snow. The phenomenon of propagation of acoustic wave inside the snow takes place 
through the solid skeleton of snow and pore structure. Mainly three types of waves travel through 
the snow; two are longitudinal and one is shear (transverse) waves. The shear wave travels 
through the solid snow and the longitudinal wave travel through the pore space as well as solid 
snow structure. As shear waves are not supported by air of pore space so they do not travel 
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through pores. Propagation of wave through pore is again depends on the pore structure of snow 
which might be opened or closed and the propagative wave is highly attenuated [7, 8]. If a solid 
media is in contact with snow the transmission of the acoustic wave can take place, which help 
us understand the behavior and physical status of snow. The propagation of these elastic waves 
in attenuative media up to a long distance is useful for extracting important information for slope 
monitoring. Since the snow exhibits a high attenuation during wave propagation [4, 5, 9, 10], a 
less attenuative medium like plate waveguide (solid steel and aluminum plate guide) is required 
[11]. The associated elastic waves travel through the snow medium and enter into the plate struc-
ture in the form of longitudinal, shear and Lamb waves [12]. Shear wave propagation depends 
upon the couplant used between snow and plate. Out of these three longitudinal and Lamb waves 
are dominated in plate. Lamb waves are formed inside the plate when the thickness is compara-
ble to the wavelength of guiding plate media. These waves travel up to long distance due to mul-
tiple reflections from boundaries of plate or structure. The low attenuation feature of Lamb wave 
makes it a perfect choice for guiding wave, which can travel up to long distances [13]. Various 
kind of waveguide is developed for different length and shapes and the thickness of waveguide is 
a key parameter for good signal strength [11]. 

 
2. Approach 
 

Preliminary studies towards the formation of Lamb waves in a plate coupled with snow were 
performed with the help of piezoceramic sensors. The dependence of AE and visible crack with 
stress-strain was examined along with the wavelet transform. Due to various types of defor-
mations, AE activity develops in the snow sample. The associated elastic waves travel through 
the snow medium [7] and enter into the plate structure where these can be dominated in the form 
of Lamb waves [12]. The application of guided waves for evaluation of material properties in-
volves modes of propagation in a material (plates), which are given by the well-known disper-
sion curves (dependence of velocity on frequency)[14]. The present work describes the AE re-
sponse in snow as a function of stress and strain. The AE in snow indicates qualitative infor-
mation of major crack, creep-glide rupture, inter-granular deformation and friction between vari-
ous grains of snow [1]. Different deformation rates were applied to various snow samples having 
different densities. The wavelet transform (WT) was applied to Lamb wave, which is a potential 
technique to detect attenuation of source signal, presence of cracks, defects and different modes 
of Lamb waves in plates [15-20]. Wavelet transformations have been performed on different 
kind of AE signal. Results show that various types of Lamb wave modes and their dominance 
with time. The WT was applied to the time-frequency analysis of both symmetric and anti-
symmetric Lamb wave modes. Experiments were performed using the artificial AE signal pro-
duced on the surface of waveguide plate to ensure sensors coupling and attenuation of source 
signal [21]. WT and frequency components of AE signal can give important information about 
energy carried by different frequency components.  

 
3. Instrumentation 
 

In order to see the structural deformation in snow, a compression test was performed with 2.5 
kN load cell on various snow samples (with density 300-450 kg/m3) under Universal Testing 
Machine (UTM). All snow samples were cylindrical in shape having 65 mm in diameter and 150 
mm in length and were loaded uniaxialy under a constant strain rate from 10–2 to 10–4 s-1. 
Variable deformation rates of 1, 5, 10, 100 mm/min. were applied.  
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AE signals were detected by a set of seven piezoceramic sensors. The sensors were attached 
to the plate with the help of H210 high-vacuum compound grease in a circular pattern with a 
distance of 50.5 mm from the center of the circular plate waveguide (thickness 2 mm, diameter 
130 mm) as shown in Fig. 1a and 1b. In order to have the proper contact, the air between the 
sensors and waveguide plate was removed. Similarly a thin ice layer was used for contact 
between snow sample and waveguide plate. In order to see the proper contact between the AE 
sensors, and waveguide plate, a standard procedure [Hsu-Nielson source] was followed, i.e. a 
pencil lead (0.5 mm, HB) was broken close to the contact. The AE instrumentation consists of 
Physical Acoustic Corporation (PAC) MISTRAS-2003 (SAMOS AE system), which has a 
frequency range from 1 kHz to 530 kHz. The analysis has been carried out on single wideband 
piezoceramic transducers (PAC R30I-AST transducers) with operating range 125−450 kHz 
(resonance frequency 300 kHz; dimensions, 29x31 mm). To avoid the chamber and other 
background noise the threshold level of the sensors was set to be 45-50 dB. The peak sensitivity 
of sensors was -22 dB ref. 1 V/µbar. Other parameters, viz. Peak Definition Time (PDT), Hit 
Definition Time (HDT), Hit Lockout Time (HLT), were set to be 200 µs, 800 µs and 1000 µs, 
respectively. 

 

    
Fig. 1. a) Deployment scheme of deformation of snow sample. b) piezoceramic transducers on 
aluminium plate used for testing. 

 

 
Fig. 2. Load-time curves of snow under three deformation rates. 
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4. Results and Discussion 
 
4.1 Mechanical deformation of snow sample 

 
It has been observed that snow behaves differently under different strain rates (Fig. 2). When 

the deformation rate is small (5 mm/min) snow starts to deform due to the basal slip inside the 
snow grains [23]. For higher deformation rates, brittle transition occurred, which corresponds to 
the complete breakage of snow grains inside the sample (disjointment) [23, 24]. Both the brittle 
transition at 10 and 100 mm/min took place below 5% strain level. The same behaviour was 
observed after repeating the experiment for multiple times with same parameters. 

 

 
Fig. 3. Amplitude distributions of AE events with load applied to Snow having density 401 
kg/m3 (grain sizes 0.7-1.0 mm) with deformation rate 10 mm/min at -10ºC under uniaxial 
compression tests. Photographs below show the progressive formation of major cracks, 1, 2, 3. 

 
Figure 3 gives load versus time, along with AE activity and shows the typical nature of AE 

events, which were irregular for this snow sample. The amplitude of each AE event is also 
indicated. This was due to the heterogeneity of snow sample. From the load-time analysis it was 
found that sample was getting irregular deformation with applied stress before pre-failure stage 
[25]. Similar behavior could not be observe in others sample with density lower than 400 kg/m3. 
Therefore, it was speculated based on the observations that load behavior of snow is changed 
close to 400 kg/m3 [26]. The AE increases with the applied stress and the reason for this may be 
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due to deformation of snow, crack, creep-glide rupture, inter-granular deformation and friction 
between various snow grains. When sample changes its behavior from less dense to more dense 
state, the AE activity lasts between 10−40 second. This directly corresponds to structural 
deformation of snow sample before complete failure. The AE growth developed prior to the first 
crack. This is at 12 sec and is marked as “1”. It was found that during the formation of second 
and third crack (marked 2 and 3 at 18 sec and at 24 sec), there was large increases in AE 
intensity (Fig. 3). Almost complete deformation of snow sample took place after the appearance 
of the third crack, and the next peak in load diagram corresponds to mixed effect of all three 
cracks. Afterwards small internal crack events took place, which contain mainly burst kind of AE 
signals. In other samples, changes of AE behavior was seen. The behavior was similar only in 
initial stage where they follow load curve before densification. No major visible crack was found 
in low deformation rates, i.e. 1 and 5 mm/min. It was found that after three main cracks, AE rate 
was quite scattered. A number of spikes of AE events were observed in later part, which 
corresponds to small sliding events in deformed snow and no visible crack were found during the 
rest of experiment. At last when the sample is released from the load a few relaxation events of 
inter-granular grain were observed at ~140 sec. During the process of major cracking, large 
continuous events were observed, which show the sliding friction, shearing and slip or 
intergranular breaking of snow grains. 

 
4.2 Wavelet analysis of acoustic emissions 

AE signals from snow samples consist of various frequency components. Two types of AE 
signal were captured. First was in continuous mode and second was in burst mode (Fig. 4a and 
4b). 

 
Fig. 4 Typical AE signals (a) in continuous mode. (b) in burst mode. 

 
Wavelet analysis (WT) was done to decompose these emitted signals into different 

frequencies component to understand the composition of various frequency components and 
their temporal variation. Freeware software AGU-Vallen Wavelet from Vallen-Systeme GmbH, 
2001 [27] was used for time-frequency and wavelet analysis. It uses Gabor (Gaussian form) 
wavelet as a mother function where correlation between frequency, time and amplitude can be 
easily achieved. It has been observed during the compression test of snow that continuous AE 



	  

 105 	  

signals have generally small amplitude, which occurred near the yield stress of the snow. The 
acoustic impulses of small amplitude are released close to each other, which reflect that all the 
events form a band [28]. This shows the continuum behavior of snow before any major failure 
inside the sample. The continuous emission was sensitive to strain rate, as the strain rates varied 
from 10-4 - 10-3 s-1. These activities show that the snow deformation and failure were strain rate 
dependent. The strain rate dependencies were characterized as brittle behavior at higher strain 
rates and plastic deformation corresponding to low strain rates. The burst type signals are the iso-
lated events during the failure of snow and can be characterized as crack growth and catastrophic 
failure. The burst type emissions were observed during the brittle transition, which is due to the 
disjointment of snow grain bond in the sample [23]. It was observed that burst signals were dom-
inant during the crack formation. In all failure cases there were emissions of continuous signals, 
which were followed by burst signals. Therefore, acoustic emission spectra can be used to char-
acterize the brittle and plastic behavior of snow. 

 
For wavelet analysis burst signal was analysed and a typical of this is shown in Fig. 4b. It 

was found from the wavelet coefficient that it has maximum amplitude at 125 µs. Wavelet 
coefficients with respect to frequency have been drawn for 125 µs. It was found that signal 
mainly contains of two major frequencies of 32 kHz and 160 kHz as shown in Fig. 5. This shows 
that signal is dominant in lower frequency ranges. In the present case, most signals (both 
continuous and burst) were in the lower frequencies ranges below 200 kHz. 

 
Fig. 5 Three-dimensional diagram of wavelet coefficient of a burst AE signal (Fig. 4b) against 
time and frequency. 
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Fig. 6. Time- frequency plots of a signal between 0 to 200 kHz and time 0 to 250 µs (for three 
segments of a burst signal).  
 

Figure 6 shows the time-frequency plots of a single burst signal at different time segments. 
Color code scheme on the right-hand side shows the magnitude of WT coefficient. Symmetric 
(S0) and anti-symmetric mode (A0) dispersion curves were drawn for circular plate waveguide of 
thickness 2 mm and shown in Fig. 6. The anti-symmetric mode is dominant in the frequency 
ranges 20-70 kHz and 120-170 kHz. In the present experiment, disturbances comes through the 
snow sample, which is out of plane with respect to plate waveguide. Thus, anti-symmetric 
mode’s domination should be expected, as found in the time-frequency diagrams. A0-mode 
domination is an important factor for analysis, helping to select suitable piezoceramic sensors for 
better avalanche forecasting.  

 
5. Conclusion 

An attempt was made to correlate AE with the various damage mechanisms occurring inside 
snow with varying parameters. The AE activity is a strong function of strain rate, density and 
grain size of snow sample. Snow shows continuous AE behavior throughout the deformation. AE 
increased near the yield point of snow in the stress-time curve. AE can be used to continuously 
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monitor the evolution of the damage in snow sample. Burst type AE signals were related to crack 
formation and failure of snow sample regardless of the others parameters. WT was used to 
identify the AE s during major crack formation.  
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