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ABSTRACT: Fixed avalanche control installations are frequently used today due to their various ad-
vantages to artificially trigger avalanches. Gas mixtures or explosives are ignited to create the required 
overpressure on the snowpack which is then transferred to the snowpack and may cause weak layer fail-
ure. Hitherto, extensive research has been conducted on explosives. However, comprehensive gas ex-
ploder experiments have so far been lacking and the detailed effect of gas explosions on a snowpack is 
poorly known – although it is no question that gas exploders are successfully operated throughout the 
world. We performed experiments with a mobile prototype gas exploder on a flat level study site. In total, 
35 experiments with different gas quantities consisting of propane and oxygen were conducted. Similar to 
previous experiments, we measured surface air pressure with microphones at different distances from the 
point of explosion and snowpack accelerations at different depths within the snowpack and different dis-
tances from the explosion. Measurements were performed along two different axes to consider the effect 
of a directed explosion. As it is the case with explosives, air pressure and accelerations within the snow-
pack decay strongly with distance from the point of explosion and depth within the snowpack. The test 
procedure is well suited as a standard procedure to compare different avalanche release methods. Our 
findings will help to better understand the effect of different fixed avalanche control installations.  
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1. INTRODUCTION 

The artificial release of avalanches is a key active 
control measure in avalanche mitigation. Hun-
dreds of fixed avalanche control installations have 
been installed during the last decade – and are 
successfully operated. Still, a number of questions 
on the effectiveness remain unanswered. 

To release avalanches artificially, an explosion is 
either caused by explosives or a gas mixture. In 
the snowpack, the explosion leads to peak stress 
and strain within a fraction of a second and might 
cause the failure of a weak layer. A subsequent 
avalanche release is probable if the snowpack is 
prone to crack propagation. Within the scope of 
this research, we focus on gas explosions.  

Different studies were performed on the effect of 
explosions on snowpacks, many of them investi-
gated the effect close to the point of explosion, i.e. 
within the shock region, and showed the strong 
attenuation of waves within a snowpack (e.g., 
Frigo et al., 2012; Johnson et al., 1993). Tichota et 
al. (2010) and Binger and Miller (2016) developed 

a measurement setup to record air overpressures 
above and accelerations within the snowpack at 
short distances from the explosion and showed a 
strong decrease of the measured parameters with 
distance from the point of explosion and depth 
within the snowpack. 

At larger distances, more relevant for the effec-
tiveness of artificial release, Gubler (1977) per-
formed an extensive study with explosives used 
for artificial avalanche release. He showed, among 
other findings, the influence of charge placement 
and the increased effect of a charge elevated 
above the snowpack. Other studies observed the 
effect of a snowpack on the propagation of acous-
tic wave above the snow surface (e.g., Albert and 
Hole, 2001). Simioni et al. (2014) recorded a weak 
layer failure caused by an explosion. Also using 
explosives, Simioni et al. (2015) performed exten-
sive field studies to study the impact on a snow-
pack and reported that air pressures decayed 
strongly, proportional to x-1.6

, where x is the dis-
tance from the explosion. Snowpack accelerations 
decreased significantly with depth within the 
snowpack and distance from the explosion. 

Liebermann et al. (2002) described the principle of 
a fixed avalanche control system working with gas. 
Berthet-Rambaud (2009) performed first investiga-
tions on this kind of release systems. The effect of 
ground motion induced by a gas exploder at far 
distances was investigated by Suriñach et al. 
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(2011). They concluded that ground motion 
caused by a gas exploder was not sufficient to 
trigger avalanches at distances greater than 
120 m. 

Many of the studies on the impact of explosions 
were performed at short ranges and with explo-
sives only. Only one study was particularly dedi-
cated to gas exploders, however at large 
distances (>120 m) (Suriñach et al., 2011). We are 
not aware of any published studies investigating 
the effect of gas explosions on a snowpack.  

The aim of this work was to assess the impact of a 
directed gas explosion on the snowpack. We used 
a mobile prototype gas exploder and measured air 
pressures above and accelerations within the 
snowpack.  

2. METHODS 

2.1 Study site 

We performed the experiments at the military firing 
range in Hinterrhein (Switzerland) (Simioni et al., 
2015). Snow depth at the level study site was be-
tween 70 and 80 cm; the snowpack was predomi-
nately dry and spatially rather uniform. 

2.2 Measuring equipment 

The measurement setup was similar to the one 
used by Binger and Miller (2016). Microphones 
were installed above the snow surface to measure 
the air pressure and accelerometers within the 
snowpack to measure snowpack accelerations 
(Simioni et al., 2015). The instruments were in-
stalled at different distances ranging from 11.6 to 
49.2 m from the point of explosion. Measurements 
were performed along different axes from the point 
of explosion to account for the fact that the effect 
of the directed gas explosion is not radially sym-
metric. 

2.3 Mobile gas exploder 

A mobile prototype gas exploder, provided by 
TAS, the manufacturer of the Gazex

®
 system, was 

used to perform the experiments. The gas explod-
er consists of a steel tube open on one side 
(length: 2.5 m, inner diameter: 80 cm); it is sus-
pended from a crane and anchored to the ground 
with steel wires to absorb the recoil. The two gas-
es (oxygen and propane) are stored in tanks at a 
pressure of 6.5 and 1.4 bar, respectively). The gas 
then flows for a certain period of time from the 
tanks into the gas exploder where it is mixed. A 
plastic lid prevents the gas from flowing out of the 

tube before the explosion. This is required since 
the oxygen-propane mixture is heavier than the 
ambient air. The gas mixture is ignited using spark 
plugs.  

The gas exploder was installed at different eleva-
tions from the snow surface and angles between 
the snow surface and the exploder. 

2.4 Gas quantities and scaling 

The released gas quantity 𝑚𝑚𝐺𝐺 (in kg) is calculated 
using the ideal gas law: 

𝑚𝑚G =
∆𝑝𝑝𝐺𝐺  𝑉𝑉tank
𝑅𝑅𝑠𝑠 𝑇𝑇

  

where ∆𝑝𝑝𝐺𝐺  is the pressure difference between be-
fore and after releasing the gas from the tank (Pa), 
𝑉𝑉tank is the volume of the pressure reduction tank 
(m

3
), 𝑅𝑅𝑠𝑠 is the specific gas constant of the respec-

tive gas (J kg
-1

 K
-1

) and T  is the gas temperature 
(K). 

The gas volume is calculated from the gas mass 
using air temperature and the ambient air pres-
sure. 

For explosives, the influence of the charge mass is 
usually considered by scaling the distances from 
the point of explosion with the cube root of the 
charge size (Cooper, 1996). For a directed gas 
explosion, this relation might not hold true. There-
fore, the scaling factor was determined from the 
air pressure results. The scaling factor was varied 
within a certain range and the best fit of the air 
pressure vs. the scaled distance was chosen. 

𝑥𝑥′ = 𝑥𝑥 𝑚𝑚G
−𝑐𝑐G      (m kg−𝑐𝑐G) 

where 𝑐𝑐 is the scaling factor and the subscript G 
stands for gas. 

 

Fig. 1: Gas exploder during explosion. 
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The acceleration data were integrated with time to 
obtain displacement velocities and displacements. 
In addition, an energy equivalent was calculated 
by integrating the square of the displacement ve-
locities with time, similar to the air pressure energy 
equivalent. 

Air pressure data were fitted against scaled dis-
tance with a power law relation, e.g.:  

𝑝𝑝max = 10a 𝑥𝑥′−b  
where a and b are the coefficients of the power 
law. The coefficient b describes the magnitude of 
the decay of a certain parameter with distance or 
depth. 

Accelerations and derived parameters were first 
fitted with depth within the snowpack. This fit was 
used to calculate the decay with distance at a cer-
tain depth within the snowpack – again with a 
power law. 

3. RESULTS AND DISCUSSION 

We performed 35 gas exploder experiments above 
dry and partly moist snowpacks during the winters 
2014-2015 and 2015-2016.  

The angles between the axis of the gas exploder 
tube and the second measuring axis ranged be-
tween 23 and 37° above snow and 89° above bare 
ground. The elevation of the tube bottom edge and 
the snow/ground surface was between 1.4 and 
1.8 m. 

The quantities of the gas mixture were between 
0.4 and 1.45 kg. Exact gas quantity measure-
ments were only performed during the winter 
2015-2016. The quantities of the first season were 
determined using the air pressure measurements 
and the scaling factor from the second season. 

3.1 Scaling factor 

The best scaling factor 𝑐𝑐G was 0.65 for experi-
ments above snow and 0.4 for experiments above 
bare ground. This shows the influence of two dif-
ferent surfaces on air pressure propagation. 

3.2 Air pressure 

The maximum air pressure decayed on average 

with 𝑥𝑥′−1.67. This is in good agreement with or 
slightly higher than reported by earlier studies that, 
however, all used explosives (Albert and Hole, 
2001; Gubler, 1977; Ingram, 1962; Mellor, 1973). 
Up to the maximum angle of 37° from the exploder 
axis, no lateral decrease was observed. The max-
imum derivative of the air pressure decreased sim-

ilarly as the maximum air pressure. The energy 
equivalent decreased stronger than the air pres-
sure with distance. This is plausible, since the en-
ergy of a wave decays following the square of the 
amplitude decay.  

3.3 Acceleration, displacement velocity and 
displacement 

The accelerations decreased strongly with depth 

proportional to 𝑧𝑧−0.9 to 𝑧𝑧−1.4. This is in the same 
range as observed in other studies using explo-
sives (Binger et al., 2006). Displacements were 
small ranging from 10

-3
 m to 10

-6
 m and were in 

good agreement with previous results by, e.g., 
Gubler (1977). 

The incline and the elevation of the gas exploder 
did not have a significant effect on the measured 
quantities. Compared to the distances at which we 
measured, the slight change of elevation and the 
change of incline within a range of only 10° are 
expected to have a minor influence. The incline 
was not changed to more extreme values as the 
tested inclines were similar to those for operational 
gas exploders. 

The strength of the air pressure decay was similar 
to the decay of the maximum vertical accelera-
tions. This finding means, that the behavior of the 
air pressure can be used as an approximation for 
the behavior within the snowpack. The propaga-
tion speed of the air pressure wave never exceed-
ed the speed of sound in air for locations larger 
than approx. 11 m. At shorter distances, no meas-
urement was possible to prove the existence of a 
shock wave with higher speeds. 

 

Fig. 2:  Example of the air pressure signal at the 
three measuring locations on the x-axis, data from 
18 Feb 2016, experiment 5. Distances for X1, X2 
and X3 are 16.0, 25.6 and 34.9 m, respectively. 
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4. SUMMARY AND OUTLOOK 

We performed the first extensive measuring cam-
paign with a mobile gas exploder to investigate the 
effect of gas explosions on a snowpack.  

We observed an air pressure of 1 kPa at approx. 
57 m with 1.8 kg of gas which is similar to what we 
observed with a 4.5 kg explosive charge. This 
shows that the impact of a gas exploder is cle-
comparable to the impact obtained with solid ex-
plosives.  

Within an opening angle of approx. 70° no lateral 
decay of the impact was observed. However, it is 
expected that the decay will be different at larger 
angles due to character of the directed explosion. 
Slight changes of incline and elevation of the gas 
exploder had no influence on air pressures above 
and accelerations within a snowpack. The snow-
pack accelerations decreased similarly as the 
maximum air pressure or the air pressure deriva-
tive with distance from the point of explosion. The 
decay of the latter parameters might therefore be 
useful as approximations to assess the behaviour 
within the snowpack. 

All the relevant quantities are clearly sufficient to 
trigger an avalanche – as far as our understanding 
goes. In particular at close distances the impact is 
extremely high. The size of the resulting ava-
lanche might rather be related to crack propaga-

tion propensity than a high impact at large dis-
tances. 

These results help to understand the effect of a 
directed gas explosion on snowpacks. The find-
ings might be used to assess differences in the 
effect of different explosions. 

5. LIMITATIONS 

Our results obtained with a prototype gas exploder 
cannot directly be compared to an operational 
Gazex

®
. The gas masses and volumes measured 

during the experiments do not correspond to the 
size of an operational gas exploder given in m

3
.  
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Fig. 2: Example of the vertical (left) and horizontal (right) accelerations at two depths (top: 14 cm, bottom 
38 cm) within the snowpack at 25.6 m from the gas exploder. Data from 18 Feb 2016, experiment #5. 
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