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ABSTRACT

Avalanches threaten many areas of the world. For many years, risk has been
mitigated through artificial avalanche initiation using explosives. Even with extensive
use, a lack of experimental determinations of the interactions between explosive
detonations and the snowpack response exists. To address this, a multiyear field based
research project was conducted at Montana State University, Bozeman, MT. A portable
instrument array consisting of pressure and accelerometer sensors was fabricated and
utilized to record the overpressure and acceleration of the snowpack resulting from
detonation of pentolite cast boosters. Explosives were detonated 0-2 m above the snow
surface, at 0.5 m increments. All sensors were placed within a 7 m radius of the explosive
in soft slab and hard slab snow conditions. The data was used to characterize
relationships between explosive size and location to the resulting overpressure and snow
acceleration based on various snow parameters. The snow surface was shown to be able
to reflect shockwaves, thus, increasing the shockwave pressure. It was shown that
elevating an explosive off the snow surface resulted in greater overpressure and peak
snowpack acceleration than surface detonations. Elevating an explosive was found to not
influence the vertical or radial attenuation. Therefore raising a charge increased the
volume of influence. Overpressure and acceleration were shown to be nonlinearly related
to the explosive mass. Doubling the mass resulted in less than double the response. The
acceleration of moist snow was determined to be less and the attenuation greater than for
dry snow conditions. Hard slab conditions indicated lower acceleration and greater
shockwave attenuation than soft slab snow. Snowpack peak acceleration and attenuation
were shown to have little dependence on either the total snow water equivalent or snow
density. For rock bed surfaces the shockwave was reflected back through the snow while
meadow bed surfaces did not. This project verified past theoretical and experimental
results, but further research would be beneficial for avalanche mitigation work. A
continuation of this work could lead to increased efficiency and safety for the avalanche
community.

1
INTRODUCTION

Avalanche and Mitigation Background

At the simplest level, an avalanche is snow moving down slope. Often avalanches
occur in mountainous areas when people are not present without any threat to human life.
Other avalanche situations involve people recreating at established ski areas, using
transportation corridors, or simply carrying out daily activities in inhabited areas. When
avalanches pose a direct threat in these situations, the risk is often mitigated through the
use of artificial release methods. Artificial avalanche initiation is a widely used method
for reducing the hazard and is primarily done with the use of explosives (LaChapelle,
1977). Initiation methods are very diverse: ranging from hand explosives; military
ordinances; solid and gas mixtures; stationary and mobile delivery systems (Atwater,
1968; Gubler, 1977; LaChapelle 1977; McClung and Schaerer, 2006; Perla, 1978). In
North America, 0.9 kg pentolite cast boosters are the most commonly used explosive
(Perla, 1976). Pentolite cast boosters are manufactured primarily for use in mining
operations to initiate non self-igniting explosives such as ANFO (ISEE, 1998). Generally,
the explosives used are classified as “fast” based on the detonation velocity. Perla (1976)
indicates high-speed explosives are preferred over low speed explosives for many
reasons, including handling safety and the untested belief they are more effective at
initiation of avalanches. As the detonation velocity increases so does the frequency of the
resulting shockwave (Brown, 1980).
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While explosive methods for mitigating avalanche hazards are common, a
fundamental understanding of the interactions between snow and explosives is lacking. In
avalanche mitigation work, practitioners use explosives to overload a weak layer in the
snowpack. Often times, the placement of charges is based on experience, with little
scientific basis for decision making, due to a lack of research. Explosives are used for
avalanche mitigation work because the pressure jump, due to explosive detonations, loads
the snowpack (Miller, 2011). To create failure of a weak layer, the pressure resulting
from an explosive must be greater than the failure or yield strength of the layer (Johnson,
1994). Explosives are used for avalanche mitigation work due to increasing stress in
critically weak zones (Johnson, 1994). The load necessary to initiate failure is not
constant due to variability of instability (LaChapell, 1977). To increase the probability of
success, it is desired to maximize snow stress and volume impacted by the explosive.
The use of explosives for avalanche mitigation is generally effective and yields
the desired result, but occasionally the snowpack responds unexpectedly. Recently, there
have been several unintended avalanche releases following explosive mitigation work, at
ski areas. In the 2008-2009 winter season there were four fatalities and another 18 people
involved in avalanches within US ski area boundaries (Abromeit, 2010). Since 2009,
avalanches within resort boundaries have killed an additional five skiers and
snowboarders (www.avalanche.org). Most of these incidents have been classified as postcontrol releases and illustrate the need for continued and expanded research efforts
(Ferrari, 2010). The use of “control” in this situation is analogous to risk mitigation work
because avalanches cannot be controlled.
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Explosives Background

Explosive detonations rapidly transform chemical energy in a limited space
accompanied by a sudden increase in pressure, temperature and velocity resulting in the
formation of a blast wave. The blast wave is also called an n-wave due to the shape of the
pressure-time history of the wave (Gubler, 1977). When the resulting blast wave velocity
is greater than the acoustic velocity of the material, a shockwave occurs. Due to
geometrical expansion and losses to the surrounding medium, the shockwave eventually
attenuates to an elastic or acoustic wave (Kinney and Graham, 1985). The amount of
energy transmitted by the blast wave into other mediums depends on the coupling
between the explosive and medium. For good mechanical impedance match,
(1)
Where DV is the detonation velocity, ED is the explosive density, AV is the acoustic
velocity of the medium, and MD is the density of the medium (Mellor, 1973).
To fully describe a blast wave three independent characteristics must be known:
initial shock intensity; duration of the blast wave; and impulse. Figure 1 denotes the
characteristics on an example blast wave. The initial shock intensity can be described
multiple ways, but the simplest to record is the peak overpressure. The overpressure is
defined as the difference between the pressure immediately behind a blast wave and the
ambient air pressure; such that an overpressure wave is created when the explosive is
detonated in the air. Time duration is an indicator of the possible damage a blast wave
could cause. A blast wave has a positive pressure phase time duration defined by the time
the overpressure is positive. There also is a negative pressure phase duration, but
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measuring it is more difficult. The negative duration is typically longer than the positive
duration. Blast wave impulse also indicates the damage-causing ability of a blast wave,
especially for short duration explosions. Impulse is defined as the area under the
pressure-time curve and has units of force-time. The blast wave impulse depends on the
peak overpressure, time duration, and overpressure rate of decay (Kinney and Graham,
1985).

Figure 1 Example blast wave pressure time graph with overpressure, duration, and
impulse denoted.
Blast waves can be reflected off solid surfaces. The amount of reflection depends
on the material properties. Reflection due to explosives is an oblique reflection due to the
near head-on incidence angle of the incoming wave front. Oblique reflection results in the
reflective material experiencing two successive shocks. First the direct shock occurs and
is followed by the reflected shock (Kinney and Graham, 1985). Shock reflection results
in an increase of the pressure wave thus increasing the input the material is subjected to.

5
Past Research

In the past, there have been limited theoretical and experimental research projects
specifically focusing on the dynamic response of snow to explosive detonations. Brief
overviews of these projects are presented in the following discussions. While some
experimental research has been performed, there has been little modern empirically based
experimental analysis work characterizing the interactions of explosives and snow.

Theoretical Investigations
Past theoretical work focused on interactions between explosive detonations and
snow cover is limited. By modeling snow as a non-linear viscoplastic material and
assuming a rate-sensitive yield stress, Brown (1980) was able to model non-steady plastic
shockwaves in snow. Assuming the shockwave is steady does not allow for
computational solutions for wave attenuation. Brown was able to show that density
change due to surface loading decreases rapidly with depth. By varying the load, the
author showed the increased density is significant near the surface, but at deeper depths it
became almost negligible. This illustrated the ability of snow to absorb energy. Brown
also showed that the peak pressure attenuates quickly, congruent with the findings for
density. Brown compared his results to those found experimentally by Wisotski and
Snyder (1966). Wisotski and Snyder (summarized in Brown, 1980) buried 0.45 kg
pentolite charges and placed piezoelectric transducers 0.25 m to 1 m away at the same
depth. Their experiment showed significant attenuation of peak pressure values. Brown
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also calculated that lower frequency waves have lower attenuation than high frequency
waves. This is in agreement with a finding by Lang (1976) for non-plastic waves.
Further work by Brown (1981) showed a fourth order nonlinear partial differential
equation could be solved to characterize snow pressure response to rapid compressive
deformations. The rapid compressive deformations were the result of explosive
detonations. Comparison of the numerical solution, computed using finite differencing
methods, to the limited available experimental data, yielded reasonable results. The
calculations indicated wave amplitude was reduced by about 90% of the original
amplitude within 0.1 m of propagation distance. This method is exceedingly time and
computationally intensive and, therefore, is not commonly practiced.
Johnson (1982) applied Biot’s theory to snow, treating the snow as a porous
medium consisting of an elastic lattice filled with air. Using this theory and applying the
necessary parameters, he was able to show an acoustic wave is comprised of three
distinct waves. There are two attenuated dilatational waves and an attenuated shear wave.
While he was able to calculate theoretical properties of these waves, no experimental data
had separated the two dilatational wave types therefore experimental confirmation of the
individual wave types was not possible. From the shear wave calculations, Johnson
predicted wave propagation velocities decreased as the snow density increased.
Similar to Johnson’s (1982) work, Austiguy Jr. and Brown (1993) applied a
mixture theory to model stress waves in snow. They focused on stress wave propagation
outside of the crater left in the snow due to explosive detonations. The snow densities
investigated ranged from 410 kg/m3 to 600 kg/m3. The authors looked at two different
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frequency ranges, 1-100rad/sec and 1000-10x108 rad/sec. The two ranges were chosen
because they determined shockwaves due to explosive detonations are high frequency
and very short time duration events. Waves in the high frequency range were shown to
consist of three wave types, similar to Biot’s theory (Johnson, 1982) predicted. For low
frequencies, only one dilatational wave and the shear wave were detected. Regardless of
the frequency range, Austiguy Jr. and Brown showed wave velocity increased with
increasing density for all wave types. Similarly, wave attenuation coefficients for all
wave types were found to decrease as the snow density increased. Brown (1980) and
(1981), Johnson (1982), Austiguy Jr. and Brown (1993) focused on theoretical
determination of wave characteristics with little experimental data for comparison
purposes.

Laboratory Investigations
Along with theoretical work, laboratory experiments pertaining to snow
shockwave interactions to simulate explosive detonation have been conducted. Research
conducted in the 1990’s was focused on dynamic snow response and fundamental
characteristics of snow subjected to high and rapid loading. Johnson et al. (1993)
conducted gas gun impact tests and determined the pressure-density relationships for
several initial snow densities with stresses up to 40 MPa. The pressure range of interest
varied from 2-5 MPa and 20-40 MPa and initial snow densities ranged from 111 kg/m3 –
520 kg/m3. Shockwaves were produced by firing flat plates into natural and processed
snow samples with stress gauges embedded in the snow. The stress gauges were located
directly below and within 5 cm of the impact location (Johnson et al., 1993). Due to the
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gauge locations, this would be akin to a location directly below an explosive detonation
in the field. Johnson used the resulting measurements to determine constitutive pressuredensity relationships based on the initial snow density. The data indicate the occurrence
of strain hardening as a rapid slope change of the curve. The strain hardening transition
occurred at the point of critical density. Prior to reaching critical density, particle
deformation has not occurred, but once reached, deformation must occur for the density
to increase. Prior to reaching critical density, the snowpack will not accept significant
stress. Critical density depends on the snow sample initial density as well as the loading
process. Theoretical calculations were in close agreement to the experimental values
available.
Furnish and Boslough (1996) explored the interactions between shockwaves and
snow by conducting impact tests on snow to experimentally derive Hugoniot states, reshock characteristics and release properties. The Hugoniot state describes shock
relationships pertaining to the state of a material just in front of and just behind a shock
wave and is dependent on the material of interest (Cooper, 1996). Furnish and Boslough
determined shock Hugoniot states from the transit time of wave within a sample of
natural snow and material simulators. They report reliable snow Hugoniot states, with
snow density of 500 kg/m3, at stresses up to ~4 GPa. While these experiments provide
critical data and insights on fundamental snow responses, they are difficult to scale up to
avalanche control field scenarios.

9
Field Investigations
Other studies have targeted explosive avalanche control in particular through field
measurements. A field experiment conducted by Hansen and Brown (1986) investigated
snow microstructure before and after a blast and determined the role of crack formation
in energy dissipation. They developed a statistical model with nine parameters; the
parameters were measured prior to and following a detonation. From this, it was
determined ice fracture does not significantly influence energy dissipation of
shockwaves. This finding was applicable for snow densities less than 600 kg/m3. Hansen
and Brown believed interactions between the solid ice and air would have a notable
impact on the energy dissipation of a shockwave within snow.
Two field experiments involving sheet explosives were conducted by Johnson et
al. (1994) and Solie et al. (1993). Johnson et al. (1994) detonated sheet explosives on the
snow surface to produce a plane shock wave. Stress gauges were buried at various depths
and were used to determine attenuation of the shockwave pressures with distance. The
experiment showed high shockwave attenuation within the snow cover. Power law
regression was applied to the data to determine attenuation. The attenuation was
determined to be x-1.6 for a sheet explosive. Johnson et al. (1994) determined attenuation
is related to the explosive geometry and pressure volume deformation during loading and
unloading. An examination of explosives detonated on the snow surface indicated a large
portion of the energy will be dissipated through snow compaction in the crater zone.
Johnson et al. (1994) believed the primary transfer of the pressure wave into the snow
was through the air pores. An examination of the snow following charge detonation was
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done and determined compaction as well as permanent deformation of the snow occurred.
The compaction resulted from a combination of particle rearrangement and particle
deformation until a critical density was reached. It was noted that beyond the critical
density, compaction was a result of deformation. This finding was similar to that
described by Johnson et al. (1993). The pressure required to compact snow to a final
density value increased with decreasing initial density. An analysis of experimental air
blast data from Ingram (1962) and Wisotski and Snyer (1966) (summarized in Mellor
(1985)) allowed the authors to present a scaled curve of maximum air pressure as a
function of burst height and radius from the blast vertical axis. This curve identifies the
scaled burst height for maximum pressure at particular scaled distances. The data
supports ~40% increase in overpressure as the detonation height is increased from the
surface to the optimal height (for a particular range and net explosive weight). The
maximum overpressure was relatively insensitive to scaled detonation heights above
~2 m/kg1/3
Solie et al. (1993) also detonated sheet explosives over snow. He detonated the
explosives at and above the snow surface in 1 m deep snowpacks. Stress gauges were
placed at different depths below the snow surface. The measurements recorded by the
stress gauges showed rapid attenuation of shockwaves in snow. To determine the effect
of excluding explosive gasses from the snowpack, a thin aluminum membrane was
placed at the snow air interface. Tests conducted in this manor resulted in increased
pressures within the snowpack as well as reduced wave time of arrival. Both time of
arrival and pressure as functions of depth were shown to fit power law decay very well.
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The use of power law regression in this study was similar to that employed by Johnson et
al. (1994).

Crater Investigations

Directionality of explosives and crater sizes resulting

from detonations were investigated in multiple studies. Fuchs (1957) conducted a field
experiment detonating 40% gelatin and TNT at different depths. Following detonation a
visual inspection of the snow was done to characterize the results of the explosion. He
found the largest resulting crater for a particular mass of explosive, regardless of type,
was for a buried charge. Ram profiles before and after detonations were collected. Ram
profiles index the snow hardness through a vertical section of the snowpack (McClung
and Schaerer, 2006). Fuchs recorded a decrease in ram hardness in the center of the crater
directly after detonation for a buried charge. As time elapsed, the ram number increased
at the crater center. While this early study examined changes in the snowpack it was more
of a qualitative than quantitative study.
Livingston (1968) conducted explosive studies in Greenland on snow. A
combination of seismographs, three types of pressure gauges, and two accelerometer
types were used to record responses to explosive detonations. Multiple pressure and
accelerometer instruments were necessary for different response ranges based on location
from the explosive. Due to detonating charges above, at, and below the snow surface, at
multiple depths, Livingston noted the crater size increased to a maximum then decreased
as the charge depth increased. While seismic, pressure, and acceleration values were
obtained, the study primarily focused on the failure process that occurred in the snow. It
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was shown implosion as well as scouring and vortex motions occurred in the snow cover
as a result of explosive detonations.
Powell (2000) investigated the use of shape charges, to concentrate the energy as
desired, for avalanche mitigation work. Shape charges were placed and detonated1.2 m
below the snow cover. For the different shape charges studied, all resulted in increased
crater volumes when compared to a control crater volume due to a non-shape charge
An experiment conducted in Utah focused on the effectiveness of a charge based
on orientation (Binger et al., 2006). Effectiveness was determined by crater
characteristics. The charge placement and orientation were varied. Following detonation,
the resulting crater was measured and profiled. From the study, the authors concluded the
blasting cap orientation did impact layer compression. Downward facing caps resulted in
greater compression than caps facing upward. The greater compression was noted both
with depth and range. Cap down orientation also resulted in a deeper crater with a larger
radius than a cap up did for surface detonations. While Binger et al. showed cast boosters
do have directionality due to cap orientation; Sherwood (2000) presented information on
the directional characteristics of hand charges and noted that while hand charges do have
directionality, this decreases with increasing distance. Therefore, an elevated explosive
will have less directionality than a surface or buried charge (Sherwood, 2000). For
explosions in air, the resulting waveform is the similar regardless of the explosive shape,
but the amount of energy influences the characteristics of the wave (Kinney and Graham,
1985).

13
A study by Frigo et al. (2010) focused on dynamic snow response to two
explosive types. The first explosive was an emulsion and the second was dynamite. The
explosives were located below, at and above the snow air interface. Snow profiles,
georadar, seismic, vibration, and acoustic measurements were used to compare pre and
post detonation situations. Georadar was used to determine density variability and
changes in snow depth while the seismic sensors were used to estimate mechanical
properties of the snow. A combination of geophones and microphones were used to
monitor vibrations due to the detonations, and were located 56-180 m from the blast. The
acoustic sensors were used for gathering the overpressure resulting from air blasts. The
authors saw a decrease in crater size with elevated shots. The georadar showed changes
in the snow layer locations as a result of the detonations. At the time of paper publication,
the data was still being analyzed to determine relationships between the different
variables. Examination of the crater indicates the amount of energy absorbed by the snow
at that location, but does not provide any information on how the shockwave moves
through the snow. Even though the crater is larger, the effectiveness of the explosive for
avalanche mitigation may not be maximized.

Snow Dynamic Response and Overpressure Investigations

To investigate the

shockwave snow interactions outside of the resulting crater, a couple of field based
research projects were conducted. Gubler (1977) conducted field tests to determine the
effect of pressure waves due to explosive detonations in snow beyond the crater zone.
Gubler investigated buried, surface and elevated shot locations for different sizes, shapes,
and types of explosives. Accelerometers and pressure sensors were placed within the
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snowpack to record responses to explosive detonations. The measurements were taken
10-60 m, with the majority at 20m or greater, from the detonation. Gubler noted that
shots detonated below the snow surface resulted in the smallest response when compared
to different charge placements. The low response for explosives placed below the surface
indicated coupling between the explosive and snow was low. Gubler noted a peak
pressure decrease of 1-2 orders of magnitude for buried detonations when compared to
airblasts. Coupling between the air and snow was shown to be better than between the
explosive and the snow through greater snowpack response for airblasts. In dry snow
conditions, the shockwave coupled to the snow well while in wet snow conditions it did
not. Higher attenuation was noted in wet than dry snow. From his work, Gubler
determined an elevated charge height of 1-2 m would be the most effective for initiating
an avalanche in dry snow.
Ueland (1992) used seismographs to record snow response that resulted from
explosive detonations to compare different snowpacks, explosives, and masses along with
charge placement. The seismographs allowed for recording acceleration in the vertical
direction only and restricted the nearest sensor placement to 20 m from the charge. For an
isothermal snowpack, Ueland noted substantial attenuation of the shockwave vertical
component. For low density dry snow the attenuation was less than the isothermal
snowpack. Ueland believed snow hardness rather than density had a controlling effect on
attenuation. It was hypothesized the increased attenuation in an isothermal snowpack was
due to three water phases being present. A comparison of 0.9 kg cast boosters to 1.25 kg
of ammonia gelatin dynamite was conducted. The two explosives resulted in comparable
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results. When varying the explosive mass he showed the area of influence increase is not
linearly related to the mass increase. Changing the charge elevation confirmed Gubler’s
finding that airblasts showed greater wave amplitudes than surface or buried charges did.
Machida et al. (2008) focused on wet snow due to common wet conditions found
in Japan. They utilized a water gel explosive and inserted the explosive into the snow
cover by drilling a hole and backfilling. Buried charges were the standard explosive
placement in the region of interest. Air pressure sensors were inserted into the snowpack
at different depths. Recordings from these sensors indicate that explosive bury depth
along with the explosive mass impact the resulting air pressures recorded in the snow.
Explosives also were placed in a pattern attempting to release snow and create a sliding
plane. The explosives were placed in two zones for this portion of the project. The first
zone was the destruction zone and the second was the sliding plane formation zone. For
the two cases explored, the authors were able to show the explosives worked as planned.
The pressure shockwave above the snow surface also was investigated in multiple
studies and summarized by Mellor (1985). Using values from Ingram (1962), Joachim
(1964), and Mellor and Smith (1967), Mellor determined the overpressure attenuation
with radial distance. A plot of the values fit with a power regression indicated an
attenuation exponent of -1.6. A summary of overpressure values obtained by Wisotski
and Snyder (1966), again summarized by Mellor indicated the overpressure with range
was proportional to 1/r2 where r is the radial distance from the explosive. A comparison
by Mellor of shock reflection showed the reflection to be less over snow than a rigid
surface. Values for snow reflection were from work conducted by Ingram (1962). Using
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data from Wisotski and Snyder (1966), Mellor created plots indicating that regardless of
the charge detonation elevation and the radial distance, the overpressure was less for
snow than bare ground.

Past Research Impacts

Many avalanche mitigation programs have benefitted from explosive research and
consequently adapted their operational techniques. For example, Juergens (1984)
discusses implementation of the first and subsequent explosive delivery tramways at
Bridger Bowl Ski Area, Montana. A comparison of aerial detonations and hand thrown
charges in adjacent slide paths indicated a larger volume of snow was moved due to the
suspended charges. Not only has the practice of elevating charges been used, but appears
to have increased the effectiveness of avalanche mitigation work. There still needs to be
more research into the dynamic snow response due to explosive detonations.
Technological advances would allow for and justify continued research on the
snowpack response to explosive detonations. Continued research would allow for
confirmation of previously determined relationships and possibly new determinations.
Research in this area has the potential to increase the effectiveness of avalanche
mitigation work, which in turn could potentially result in increased safety and financial
savings for mitigation programs.
To address this need, Miller et al. (2011) started a research project at Montana
State University. Using AUTODYN, a commercially available explicit modeling
program, the authors modeled surface and air blasts and the resulting snowpack response.
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The model allowed for simultaneous non-linear solid and gas interactions to be
calculated. This was accomplished by describing the snow as an Eulerian material, the air
as a Lagrangian material, and the interface between the materials as interactions between
the two material types. The model predicted enhanced surface pressures due to reflection
of the shockwave off the snow surface. Compression and shear stress waves were shown
to move through the snow vertically as well as radially. Density increases, due to the
detonation, were also shown. Comparison of particle velocity at different radial ranges,
due to a surface and a 1 m elevated shot was done. Acceleration in close proximity to the
blast, ~ 0-.25 m, was greater for a surface detonation than the elevated charge. For
distances ~ 0.5-3 m the elevated charge resulted in more than double the acceleration.
The model predicted greater air pressures due to a surface charge for radial distances of
0-2.5 m. Beyond 2.5 m the elevated charge resulted in greater pressures (Miller et al.,
2011).
Past field research and the recent analytical modeling work by Miller et al. (2011)
was a catalyst for the research in this thesis. Multiple projects used crater size as an
indicator of explosive effectiveness. Crater size may indicate the destruction due to the
explosive at the detonation site, but does not yield any information about the
effectiveness of the charge over a large area. Therefore recording the blast wave effect on
the snow is necessary.
In past research efforts, the methods used to record interactions between
explosives and the snowpack restricted the closest measurements to be at least 10 m from
the explosive. Technological advances would allow sensor placement to be closer than in
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the past resulting in quantification of the snowpack response in close proximity to the
detonation. Shockwave attenuation of -1.6 was determined for sheet explosives, but the
explosives for avalanche mitigation are spherical. Determination of shockwave
attenuation for spherical charges would be applicable to actual field application. A
continuation of research to characterize explosive snow interactions would benefit the
avalanche mitigation community.
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RESEARCH METHODS

Objectives

The main goal for this project was to investigate dynamic snow response in close
proximity to explosive detonations by using instruments with greater dynamic range and
durability than those used in earlier studies. Modern instrumentation and techniques
allow for detailed investigation of effects in close proximity to the blast allowing for
greater understanding of explosive use. To do this, a multiyear (2010-2012) field based
research project was completed. The experimental goals of this study included:
1) Development of an instrumentation suite that is field portable and capable of
capturing snow dynamic response at multiple locations and air blast overpressure
values.
2) Determine the relationship of air overpressure values to explosive placement.
3) Characterize the relationship between explosive detonations and the resulting
snowpack response.
The first objective was completed prior to conducting field tests, while the remaining
objectives involved gathering and analyzing field data. The second and third objectives
are multifaceted and are discussed in detail in the Results and Discussion chapter. The
overpressure data was examined to establish a relationship between:


charge locations and overpressure



overpressure and pressure impulse



compare overpressure values at the snow surface to an elevated height
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Snowpack acceleration was used to characterize snow dynamic response and was
analyzed to determine:


test-to-test repeatability



response increase due to charge position



the impact on snow acceleration with depth and range due to different detonation
elevations



charge location effect on shockwave vertical attenuation



charge location effect on shockwave radial attenuation



the difference in snowpack response for dry and moist snow conditions



the response difference between detonating 0.45 kg and 0.9 kg explosives



the difference in acceleration response for soft and hard slab snow



acceleration and attenuation dependence on total snow water equivalent



acceleration and attenuation dependence on snowpack density



snowpack displacement due to explosive detonations



bed surface ability to reflect shockwaves

Testing Protocol Overview

During the winter of 2010-2011, the investigation focused on soft slab snow
conditions while tests were conducted in hard slab snow conditions during the 2011-2012
season. There were some procedural variations between the two seasons, due to lessons
learned in the first season, but the overall experimental methods remained very similar.
Detailed methods, per season, are presented in the Test Methods section. On each test
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day, upon arrival at the test location, a general test layout, comprised of several test sites,
was outlined. A snowpit was conducted to characterize the daily snowpack in terms of
stratigraphy, density and depth at the test location. Prior to each test, a portable
instrumentation array was installed at the selected location. The instrumentation array
consisted of accelerometers and over pressure sensors. A general sensor layout is shown
in Figure 2, actual sensor locations varied by testing year.
A monitoring station consisting of a computer with a companion data acquisition
system and battery for power was established in a safe location. Instrumentation cabling
was secured to the sensor array to supply excitation power and monitor analog signals. A
data acquisition system and accompanying computer was used to capture analog data in
digital formats. The computer program was tested to ensure full system functionality
prior to the test. Multiple tests were conducted each day with sensors placed in
undisturbed snow. Field data was post processed and analyzed supporting the objectives
listed above.
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Figure 2 General testing layout plan-view with exploded cross sections. A total of 6
accelerometers were placed within the snowpack at two radial ranges. The accelerometers
were placed through the snowpack depth with a sensor in the top, middle, and bottom
portions of the snowpack. The overpressure sensors were located at a single radial
distance. Sensor placement was determined by the snowpack and varied per day.
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Field Locations

Different test sites were necessary to locate naturally occurring soft slab and hard
slab snow conditions. Locations were chosen for snow type, site accessibility and ability
to safely conduct explosive testing. The sites were not located directly in avalanche
terrain, but did provide an excellent opportunity to measure the snow explosive response
during multiple tests. Both locations were within operational ski areas and ski patrol
personnel performed all explosive handing tasks. All testing locations provided enough
area for multiple tests to be conducted per testing day with a minimum of 10 m between
blast centers.
Bridger Bowl Ski Area in Southwest Montana was selected for soft slab snow
investigations during the 2010-2011 winter season. All tests were conducted in a large
low angle, approximately 15-20 degree slope, meadow. Trees bordered the meadow and
helped ensure adequate snow depths for testing. The meadow was located beyond the ski
area boundary, but within the permitted blasting region, allowing testing to occur during
regular operating hours. Figure 3 shows the Bridger Bowl testing site.

24

Figure 3 Photo taken during sensor placement at Bridger Bowl during the 2010-2011
testing seasons. This site was selected for soft slab testing. The explosive for this test was
elevated 2 m above the surface. While research personnel handled instrumentation, snow
safety personnel conducted all explosive handling tasks.

Testing for the 2011-2012 season was done at Big Sky Resort in Big Sky,
Montana to focus on hard slab snow conditions. Big Sky Resort commonly has hard slab
avalanche issues requiring mitigation and therefore was a good hard slab test location.
Ski area personnel helped identify areas containing unskied hard slabs. Three locations,
within Big Sky, were utilized for testing during this winter season. All three locations
were near tree line with talus rock as the primary bed surface. Since the sites were within
ski area boundaries, testing occurring after the resort was closed to the public. One of the
testing sites is shown in Figure 4.
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Figure 4 One of the testing sites at Big Sky resort for hard slab snow conditions
conducted 2011-2012. The charge is elevated 1 m (left foreground) and the sensor
placement as shown was the season testing standard.

Testing Methods

A general test protocol was previously presented, but detailed methods are
included in this section. The 2010-2011 winter season was dedicated to soft slab snow
conditions at Bridger Bowl. The snow conditions this season were generally dry, but
moist snow was also tested late in the season. Testing that occurred during the 2011-2012
season focused exclusively on hard slab snow conditions at Big Sky Resort. This season
was a very low snow year for the area and adequate depth hard slab conditions did not
develop until late in the season. As a result, all testing occurred later with moist snow
conditions.
Upon arrival at the testing location, regardless of the testing season, individual
detonation sites were selected and locations conveyed to the explosives handler. Sites
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were chosen to ensure a minimum of 0.9 m of snow depth at the charge and sensor
locations and 10 m spacing between blast centers. On each testing day, a snow pit was
completed. Pit data for each test day is included in Appendix A. The snow pits classified
the hand hardness and/or crystal type for individual layers and density values were taken
every 10 cm, regardless of the layer locations. Generally, the ski patroller performed a
snowpit classification of the snow at the testing site while sensors were being placed.
Accelerometers were placed below the snow surface and the air pressure sensors were
located above the snow surface, all located within a 7 m radius of the explosive and the
computer setup a safe distance away. Placement of sensors is detailed below with the
sensor technical details presented in a subsequent section.

Air Pressure Sensor Placement
A prototype Larcor acoustic instrument was used to measure blast overpressure
due to the explosive blast, at a single radial distance, illustrated in Figure 2. One sensor
was used during the 2010-2011 winter season. The predicted maximum overpressure and
the sensor’s range determined the placement distance of 5 m from the explosive. The
sensor was located at the snow air interface. Due to acqusition of additional funding, a
second sensor was purchased and used in the 2011-2012 winter. With two sensors, one
was located at the snow surface and the other was elevated 1.5 m above the snow cover.
An elevated sensor allowed for determining if the snow surface reflected the shockwave
resulting in higher overpressure values at the surface compared to the elevated location.
Originally the sensors were located 5 m radially from the blast center, but were moved to
7 m after exceeding sensor dynamic range and saturating the sensor signal. Regardless of
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the season, the microphone sensors were aligned facing the blast center for all tests
conducted.

Accelerometer Placement
The accelerometers were located at two radial distances referenced to the
explosive charge location and at three depths for a total of six locations. Measuring
acceleration at multiple depths and ranges allowed for comparisons to be made with
range and depth changes. Accelerometer pair placements were placed at general locations
near the surface, mid depth and at depth in the snowpack as depicted in Figure 2. The
sensor placements on a particular test day were dictated by the snowpack stratigraphy.
The accelerometers were oriented to capture vertical and radial snow accelerations,
referenced to the explosive. The radial distance of accelerometer placement for the two
testing seasons is shown in Table 1. The accelerometer placement depths were
determined by the snowpack conditions for each particular test day, but were placed in
similar locations for all tests in a testing year. Average depths below the snow surface for
the two testing seasons are denoted in Table 1.

Table 1 Accelerometer type utilized and location for both testing season.
Testing Season
2010-2011 Testing
2011-2012 Testing
Radial Distance

2m

5m

3m

5m

Accelerometer
Utilized
Average Top
Accelerometer Depth
Average Middle
Accelerometer Depth
Average Bottom
Accelerometer Depth

ADXL
193

ADXL
321

ADXL
278*

ADXL
321

-0.12 m

-0.22 m

-0.38 m

-0.53 m

-0.62 m

-0.81 m
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The sensors were placed in the snowpack by digging a small pit and inserting the
accelerometer cards into the pit face. The pit wall was oriented away from the blast so the
sensors could be oriented toward the blast. Each set of accelerometers were placed in
separate pits that were offset. Placement in this manner ensured the accelerometers had
undisturbed snow between them and the blast center. Care was taken during placement of
the accelerometers to allow free movement of the accelerometers and not have the
movement restricted by the wires. The pit was completely backfilled following sensor
placement.

Instrumentation

Instrumentation for recording the dynamic snow response within close proximity
to the explosive detonation included both air over pressure and embedded acceleration
sensors. Air blast pressures were measured using high pressure acoustic sensors. The
overpressure is of interest because it is a direct measure of shock strength due to an
explosive detonation. Snow dynamic responses were measured utilizing a combination of
paired single-axis and dual-axis capacitive accelerometers. In pairing single axis
accelerometers, care was taken to ensure orthogonality of the two axes. Dual axis
accelerometers allowed for capturing the vertical and radial components, referenced to
the explosive center, of acceleration for a single location. Acceleration of the snowpack is
of interest because it is related to the stress experienced by the snowpack as a result of
explosive use in avalanche mitigation work. The signals from the sensors were routed
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through a signal routing box then to a data acquisition system that was connected to a
laptop computer.

Air Overpressure Sensor
Custom made Larcor acoustic instruments were used to measure the explosive
shockwave over pressure in the air. These custom sensors were designed and built for this
project by Larcor. Operation required a 6-15 VDC excitation voltage, and the output was
an analog voltage signal ranging from ±2.5 VDC equating to ±34.4 kPa (± 5 psi). The
usable microphone frequency range was between 2 and 1000 Hz. Figure 5 shows the
sensors in the field.

a)

b)

Figure 5 Air over pressure sensors in the field.
a) Single sensor for the 2010-2011 season. b)
Surface and elevated sensors for the 20112012 season.

30
Accelerometers
Two accelerometer types were utilized to meet expected dynamic responses at
different ranges from the blast. When choosing accelerometers the mass and size of the
sensors was taken into account. For coupling purposes, it was desired to have the density
of the accelerometers be similar to the snow densities expected. The first testing season,
2010-2011, pairs of Analog Devices ADXL193 single-axis accelerometers were utilized;
data sheets are located in Appendix B. These accelerometers had a dynamic range of +/250g. Three sets of these accelerometers were mounted orthogonally on circuit board
substrate. The approximate density of these accelerometers and circuit board was 1090
kg/m3. Analog Devices ADXL321 (see Appendix B for data sheets) dual axisaccelerometers, also mounted on circuit board substrate, were the second accelerometer
type used. The range of the ADXL 321 accelerometers was +/-18g and they are dual axis
accelerometers. The approximate density calculated for the ADXL 321 accelerometer and
circuit board was 1050 kg/m3. Both accelerometers are shown in Figure 6.

Figure 6 Accelerometers utilized for the 2010-2011 testing season. a) ADXL 193
accelerometers orthogonally paired to be dual axis and b) a dual axis ADXL 321
accelerometer.
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For the 2011-2012 testing season, the ADXL 193 accelerometers were replaced
due to resizing the accelerometers for a better dynamic range fit based on the previous
year’s results. This was done for increased precision by utilizing a larger portion of the
sensor range. Analog Devices ADXL 278, Appendix B contains data sheets,
accelerometers were used instead. These accelerometers had a range of +/-35g in the
radial direction and +/-70g in the vertical direction. The larger range was orientated
vertically because the largest component of acceleration was in the vertical direction for
the locations investigated.
The second set of accelerometers remained the same, Analog Devices ADXL 321
+/-18g. Both types of accelerometers density, including substrate was approximately 850
kg/m3. The accelerometers used in the 2011-2012 season are shown in Figure 7.

Figure 7 Accelerometers utilized for the 2011-2012 testing season. a) dual axis ADXL
278 accelerometer and b) a dual axis ADXL 321 accelerometer.
Regardless of the accelerometer type, the accelerometers were connected to 5 V
power supply, a ground, and signal wires. The wires were attached to the accelerometer
boards to strain relieve the wire connections. Following wiring the accelerometers were
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painted with epoxy for waterproofing purposes. The wires, strain relief, and epoxy
coatings can be seen in both Figure 6 and Figure 7.

Data Acquisition System
The data acquisition system (DAQ) had to be field portable, battery operated,
support a very high sampling rate and operate at cold temperatures. For each season,
these requirements were fulfilled by using a National Instruments DAQ paired with a
laptop computer to record transducer signals. For the 2010-2011 testing season, a
National Instruments NI-USB-9221 module was utilized. This allowed sampling of 13
sensor channels, 12 accelerometer and 1 overpressure, at frequencies up to 15,000 hertz.
Sampling at 15,000 hertz was the maximum the DAQ could perform on all channels.
Originally sampling was done at 5,000 hertz, but was increased to the maximum possible
of 15,000 hertz to verify capture of the short time duration transient event. Sensor signals
were routed through a signal routing box then each channel transmitted to the DAQ that
was located with the computer. The DAQ and computer were connected by a USB cable
and are shown in Figure 8. The USB communication protocol required the DAQ to be
located with the laptop computer and battery as shown by the functionality diagram in
Figure 9. Sensor signals were routed through a signal routing box prior to being
transmitted to the DAQ. The signal routing box was buried in the snow near the
detonation for added protection from the shockwave.
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Figure 8 Data acquisition setup for testing season 2010-2011 soft slab snow investigation.

Safe Zone
Battery
Computer
DAQ

Signal Routing Box

Accelerometers and
Pressure Sensor

Testing Site
Figure 9 Functionality diagram showing the test setup for the 2010-2011 testing season
and the communication between individual components.

During the 2011-2012 testing, the data acquisition system was upgraded to a
National Instruments NI cDAQ-9188 chassis. Changing the DAQ and number of sensors
utilized, due to lessons learned from the first season of testing, resulted in a complete
rebuild of the system. It was desired to minimize cabling and set up time along with use
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new sensors. The chassis was coupled with three NI 9205 analog input modules. Data
sheets for the chassis and modules are in Appendix C. These modules allowed for
sampling at 250 KHz split over the number of channels being utilized on each module.
This module allowed sampling on a total of 14 channels with the ability to expand the
number of channels if necessary. The resulting sampling rate for the experiments was
25,000 Hz on all channels. This DAQ transmitted signals via Ethernet cable rather than
USB and could be located farther from the computer. The DAQ is shown in Figure 10.
This DAQ configuration allowed for easier movement of the system due to being more
portable and integrated than the 2010-2011 design. In the newer design, the battery for
power supply, signal routing box and DAQ were encased in a durable waterproof case
and buried in the snow near the blast. Figure 10 shows the contents of the waterproof
case. The functional layout for the new DAQ is shown in Figure 11.

Signals to
DAQ

Signal routing box

Battery
Ethernet from DAQ
to computer

Power to sensors
and signal relay

DAQ
Figure 10 Testing season 2011-2012 data acquisition setup contained in Nanuk case
buried below the snow surface.
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Safe Zone

Computer

DAQ

Battery

Signal Routing Box

Accelerometers and
Pressure Sensor
Testing Site
Figure 11 Functionality diagram showing the test setup for the 2011-2012 testing season
and the communication between individual components.

Data sampling rates of the sensors were chosen based upon Nyquist theorem
sampling considerations. The theorem indicated the sampling rates were more than
adequate to capture the transient and relatively high-frequency acceleration signal
components, and sufficient to monitor acoustic signals well beyond the range of the
microphones.
The signal routing box was necessary to regulate and distribute excitation power
to the sensors as well as route analog signals from the sensors to the DAQ. Power was
routed through a fuse to protect against damage to the system resulting from a power
surge or an accidental short. The power supply to the box was split within the box and
through a voltage regulator. This allowed for 5 V to be supplied to the accelerometers and
12 V to the over pressure sensors. This was due to the power requirements for the
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specific sensors. The accelerometers were connected with 15 pin D-Sub connectors and
the pressure sensors were connected with 9 pin connectors. One set of both sensors was
connected with a female end and the other was with a male end resulting in a single
connection configuration ensuring all instruments were properly connected thereby
eliminating the possibility of cross connecting sensors. Wiring diagrams for the signal
routing box used in the 2011-2012 testing season are included in Appendix D and a
functional wiring diagram is in Figure 12.

Signals to DAQ
Fuse

Power In
Ground In

+5 V Voltage
Regulator

Ground and Power
out and Signals in

Accelerometers

Ground and Power
out and Signals in

Overpressure Sensor

Figure 12 Functional wiring diagram of the signal routing box constructed for the 20112012 testing season.

During both seasons, the laptop was running National Instruments Labview v8.6
code using technical data management streaming, a capture format allowing the high
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sample rates. An example screen shot of a test in Labview is shown in Figure 13. The
program was written to show the recorded signals as the event occurred.

Figure 13 Screenshot of the Labview program following a test detonation from the 20102011 testing season. The explosive event is shown as registering on all channels. The
entire time duration shown is approximately 0.15 seconds with the actual event occurring
in approximately 0.07 seconds.

Sensor Errors
The gathering of field data will inherently have errors associated due to the
method of gathering data. Errors associated with the accelerometers were determined for
both nonlinearity and the alignment error of the sensors used as presented in Table 2. The
error calculations were based on the maximum range of the accelerometers and the
typical error values from the data sheets. Therefore, the errors in Table 2 represent the
maximum expected. The largest error associated with the accelerometers was due to the
nonlinearity, but in comparison to the values of acceleration obtained the errors would
not appreciably impact the results.
The data acquisition system (DAQ) accuracy was also determined; see Table 3.
Calculations were based on the typical voltage output from the individual accelerometers
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to the DAQ, resulting in the typical maximum error. The voltage accuracy increased as
the accelerometer range increased, but in comparison to the data voltage values were
acceptable.

Table 2 Errors associated with the accelerometers used for collection of field data. The
alignment error from the manufacture was not available for the single axis 250g
accelerometers.
Alignment Nonlinearity
Error
Sensor Error
2
Range
m/sec
m/sec2
18 g
0.308
0.350
35 g
0.599
0.687
70 g
1.199
1.373
250 g
4.905

Table 3 Accuracy of the DAQ modules per accelerometer type.
DAQ
Sensor Accuracy
Range Volts
18 g
0.00169
35 g
0.00177
70 g
0.00181
250 g
0.00187

The air overpressure sensors were calibrated by the manufacture and certified to
be within 5% of the input value. Calibration was performed with an acoustic calibrator.
Response at selected frequencies is shown in Table 4.

Table 4 Percent response of overpressure sensor resulting from calibration.
Calibrated Overpressure for Selected Frequencies
100 Hz
30 Hz
10 Hz
3 Hz
2 Hz
100%
100%
100%
97%
96%
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Explosives and Detonation Practices
Orica Mining pentolite cast boosters were the explosives investigated, technical
data sheets are in Appendix F. These explosives are used primarily to boost larger
charges in mining applications. They are also very common in avalanche mitigation work
in Montana. For the 2010-2011 soft slab snow investigation, Pentex AP Cast Boosters in
two masses were used, 0.45 kg and 0.9 kg. These are single cap and fuse explosives.
Detonation was achieved using a cap and fuse combination resulting in approximately a
90 second delay between initiation and detonation. Avtrol Avalanche DUO Cast Boosters
were used in hard slab snow investigations during the 2011-2012 testing season. A single
mass of 0.9 kg was used. These explosives require double caps and were detonated using
shock tubing. Use of shock tubing resulted in a momentary delay between initiation and
detonation of the explosive. The shorter delay using shock tubing significantly reduced
the extraneous data collected.
Bridger Bowl ski patrol used a single cap and fuse detonation system resulting in
using Pentex AP Cast Boosters. Big Sky Resort used Avtrol Avalanche DUO Cast
Boosters because their detonation protocol was to double cap and fuse the charges. Even
though the names are different, the chemical components are the same, but with different
cap configurations. Both explosives used had a detonation velocity of 7,924 m/s and
detonation pressure of 250 kb. The explosives were detonated from the surface up to 2 m
elevated in increments of 0.5 m. All elevated shots were placed on bamboo poles, an
industry standard.
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DATA PROCESSING

After data collection was completed and prior to examination for trends, the
accelerometer and air pressure data was processed. The accelerometer and air pressure
data was converted to allow for comparisons of engineering terms such as acceleration,
velocity, position, and pressure. The data processing also included distance scaling to
permit comparison of different charge masses. Wave attenuation in the vertical and radial
direction was computed. The field data was used to create surface plots of acceleration
with range and depth. These processing methods are described in the following sections.

Overpressure Data

The Larcor pressure sensor data was recorded in voltage. The voltage was
converted to units of pressure (psi) using a manufacturer calibration constant by:
(2)
Where P is pressure (psi), V is measured voltage (V), and 2 is a conversion constant
provided by Larcor (psi/V). Example data from the pressure sensors is shown in Figure
14. Surface and elevated sensor placements are shown together in the figure. Both sensor
elevations show an initial rapid positive pressure increase followed by a negative pressure
pulse. The negative portion of these figures is due to the outrush of gasses leaving the
center of the explosive and is only seen for spherical detonations (Kinney and Graham,
1985). Positive and negative pressure impulses were calculated by integrating the
pressure curves in time using the trapezoid method, Equation 4. Determination of the
impulse was done to determine the relationship between pressure and impulse.
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Figure 14 Example pressure sensor data for both surface and 1.5 m elevated heights. The
sensors were located a radial distance of 7 m from the explosive detonation. In these
examples the positive pressure phase was approximately 0.005 sec, illustrating the short
duration of the overpressure wave.
Accelerometer Data

Data obtained via the accelerometers were recorded in voltage by the National
Instruments LabView code. The voltages were converted to units of acceleration (m/s2)
with the following conversion:
(3)
Where A is acceleration (m/sec2), V is recorded sensor voltage (V), x is a conversion for
the specific accelerometer used (g/mV), 1000 (mV/V) and 9.81 (m/sec2) are unit
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conversions. Table 5 shows the conversion values, x, for the accelerometers used. These
values were taken from Analog Device Data Sheets included in Appendix B.

Table 5 Conversion factor used specific to each accelerometers used for converting
voltage to acceleration.
Vertical
Radial
Direction Direction
mV/g
mV/g
ADXL 321
100
100
ADXL 193
8
8
ADXL 278
55
27

Voltage was converted to acceleration for the vertical and radial vector
components of acceleration as recorded by the sensors. The accelerometers inherently
have some noise and record gravity; by time averaging the acceleration values recorded
prior to shockwave arrival and subtracting the value from all subsequent readings to show
zero acceleration prior to the event. This also removed the influence of slope angle on the
acceleration recorded. Example acceleration data in the vertical direction at 5 m radial
distance are shown in Figure 15. The accelerometers were oriented with positive
acceleration upward in the snowpack, therefore, the initial acceleration was negative as
the pressure pulse moved across the surface. The positive radial direction was orientated
away from the blast center resulting in the initial acceleration to be positive. Figure 15
illustrates the initial transient response followed by a damped oscillatory response.
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Figure 15 Vertical sensor voltage data converted to acceleration for a test sequence at a
radial distance of 5 m. The three sensor depths at this radial distance are shown. The
transit time between sensors at different depths is evident by comparing the peak
acceleration times. A post-test oscillatory response is evident and frequently observed.

The composite trapezoid method, equation 4, was utilized to numerically integrate
the acceleration curves to yield velocity. The same method was then used to integrate
velocity to yield position:
(4)

∑ [(

) (

)]

Where I is the numerically evaluated integral, velocity or position, t is the time, and v is
the value of acceleration for velocity calculation or velocity for position calculation
(Chapra, 2005). An example of the velocity components at 5 m radial distance, from
Figure 15 acceleration, is shown in Figure 16. The initial velocity is negative due to being
in the downward direction, the same as the acceleration component in Figure 15. The
initial transient velocity has been smoothed when compared to the acceleration figure, a
consequence of numerical integration. Position was then found by integrating the velocity
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values. Figure 17 shows the position of the same test at 5 m radial distance. Similar to the
velocity component, the position figure shows further smoothing of the snowpack
response. Both the velocity and position do not return to zero due to remaining
accelerometer noise or possible sensor movement during testing (orientation relative to
gravity).
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Figure 16 Vertical velocity as integrated from acceleration data shown in Figure 15. The
three different depths of accelerometers are shown at 5 m radial distance from the charge.
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Figure 17 Vertical position components at three different depths, as integrated from the
velocity components shown in Figure 16.
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Resultant vector magnitudes, based on the vertical and radial components, were
computed from the vector components (Beer and Johnston, 1996); this was done for
acceleration, velocity, and position, by:
(5)

√

Where M is acceleration magnitude (m/sec2), Vc is the vertical component of acceleration
(m/sec2), and Rc the radial acceleration component (m/sec2). An example of acceleration
resultants as recorded by sensors is shown in Figure 18. This example is for a soft slab
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top layer at radial distances of 2 m and 5 m, and the resultant magnitudes are positive.

Figure 18 Acceleration resultant magnitudes recorded by top layer accelerometers in a
soft snow slab. The blue data series is for the accelerometer located 2 m radial distance
and the red series is located 5 m radially, note the different scales.
Distance Scaling

Different explosive masses have different explosive energies associated with them
resulting in different shockwave characteristics. Since the test plan called for different
sized explosives detonated at differing heights and distances, a method to make
comparisons across tests was required. Distances were converted to 1 kg TNT
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equivalents for comparison purposes. This technique is commonly used for comparisons
by converting a specific blast into the equivalent distance, with the same response, for a 1
kg TNT charge. Since pentolite and TNT have different explosive energy per unit mass,
pentolite cast booster masses were converted to TNT equivalent masses by:
(6)
With mT being the TNT equivalent mass (kg), mP the pentolite mass (kg), and 1.35 the
conversion factor of pentolite to TNT (kg/kg), as provided by Orica Explosives.
Distances were then scaled from the TNT masses, using scaling law theory. The scaled
distance relationship employed was (Kinney and Graham, 1985):
(7)
Where LS is the scaled distance (m/kg1/3), LA is the actual measured distance (m), and mT
is the TNT mass (kg). This scaling was applied to the distance from the charge center,
and the depth of sensors below the snow surface. This technique allowed for direct
comparison of different charges and distances through TNT equivalents. Distance scaling
yields the distance where a specific effect would be equivalent to a 1 kg TNT charge. For
the 2011-2012 testing season, the scaled distances were within 6% of the actual distances
because the pentolite charge size used converted to TNT mass was very near 1 kg. Scaled
distances during the 2010-2011 winter season showed more variability than the 20112012 season due to using two charge masses.
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Acceleration Attenuation

Shockwave attenuation is due to a combination of geometric expansion of the
shock wave, snow deformation and interactions within the ice pore network (Mellor,
1973). Peak acceleration magnitude as a function of scaled radial distance and scaled
depth was determined. Acceleration was plotted as a function of scaled distance and fit
with a power regression equation of the form:
(8)
Where Ap is the peak acceleration magnitude (m/sec2), LS is the scaled distance (m/kg1/3),
c (kg1/3/sec2) is a coefficient and d is the power exponent. Equation 8 has been fit to
acceleration with the units presented. Both c and d were found by curve fitting data plots
as described in the following descriptions. The exponent d describes the attenuation of
the shockwave. Since the shockwave is diminishing with distance due to wave expansion
and snow attenuation, the exponent d is negative. The larger the magnitude of d, the
faster the shockwave is decaying. Power law fitting of data was shown to be applicable to
shockwave attenuation in snow and was applied in other research projects e.g. (Gubler,
1977; Johnson, 1994; Solie, 1993).
Example power law curve fits, showing attenuation d, leading coefficients c and
R2 fit values resulting from all acceleration responses for a particular elevated charge
height and snow layer, are shown in Figure 19 and Figure 20. Responses from the top
snow layer taken during the 2010-2011 testing season are shown in Figure 19. Responses
from the middle snow layer, taken during the 2011-2012 winter season, are shown in
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Figure 20. Distance scaling allowed for the two different charge sizes in the 2010-2011

Acceleration (m/sec2)

winter season to be graphed together in Figure 19.
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Figure 19 Example acceleration magnitudes recorded by the top accelerometers for
multiple charges suspended 1 m above the surface fit with a power law regression for
determining radial attenuation for soft slab snow in the 2010-2011 testing season. In this
particular case, c=736.04, d=-1.781 and R2=0.9329.
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Figure 20 Example acceleration magnitudes recorded by the middle accelerometers for
multiple charges placed on the snow surface fit with a power law regression for
determining radial attenuation for hard slab snow in the 2011-2012 testing season. In this
particular case, c=187.46, d=-1.788 and R2=0.9019.
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Shockwave attenuation in the vertical direction was found by plotting the
acceleration resultant magnitude through the snow depth at the individual radial distances
for a specific elevated charge height. Examples from the 2010-2011 and 2011-2012
seasons are in Figure 21 and Figure 22. The sensors were not always placed at the same
depth and the actual location is reflected by the data points not all being stacked at the
same scaled depth below the snow surface.
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Figure 21 Example acceleration magnitudes recorded through the snow depth at 2 m
radial distance from the blast for multiple charges elevated 2 m above the snow surface
fit with a power law regression for determining vertical attenuation for soft slab snow in
the 2010-2011 testing season. Both 0.45 kg and 0.9 kg charge masses are included in the
data set. In this particular case, c=45.331, d=-0.67 and R2=0.6179.

50
35

y = 4.7573x-1.078
R² = 0.9371

Acceleration (m/sec2)

30
25
20
15
10
5
0
0

0.1

0.2

0.3

0.4
0.5
0.6
1/3
Scaled Depth (m/kg )

0.7

0.8

0.9

Figure 22 Example acceleration magnitudes recorded through the snow depth at 5 m
radial distance from the blast for multiple charges placed on the surface fit with a power
law regression for determining vertical attenuation for hard slab snow in the 2011-2012
testing season. Only 0.9 kg charge masses are included in the data set. In this particular
and Surface Plot Creation
case, c=4.7573, d=-1.078 andContour
R2=0.9371.
Contour and Surface Plot Creation

The acceleration data was used to create contour and surface plots showing
acceleration as a function of scaled depth and range simultaneously. Originally, power
law regression equations were explored as a means to extrapolate data to cover the same
depth and range for each season of testing. This would have allowed for easier
comparisons between the hard and soft slab snow conditions. Unfortunately,
extrapolation beyond the test ranges resulted in erroneous edge effects. As a result, the
contour and surface plots were created directly from field data instead of using the power
law equations. The plots allow for comparison of the acceleration in both the vertical and
radial direction at the same time. MathCAD software was used to create both contour and
surface plots. Each plot resulted from six data points, one for each accelerometer placed
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in the snowpack. Distances were scaled prior to plotting to allow data from different
charge masses to be included in the plots. Contour and surface plots showing the data
points used for creation are in Figure 23.

Figure 23 Example contour and surface plots created in MathCAD. a) Contour plot b)
Surface plot.
Following data processing of the gathered field data, it was possible to analyze the
data to determine trends in snowpack response to explosive detonations. The data
examinations are presented and discussed in the following chapter.
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RESULTS AND DISCUSSION

Once processed, the data was examined to characterize the overpressure and
dynamic snowpack response to pentolite cast boosters. This chapter will report and
discuss the testing and the resulting data. Data from the overpressure sensor include the
pressure and the impulse of the overpressure wave. These values are investigated to
determine correlations between the explosive location and the response. The average
acceleration resultant values obtained by the accelerometers were also examined for
correlations with the explosives used and the snow characteristics. Acceleration was used
as an indicator of the snowpack response because the greater the acceleration the greater
the stress and strain experienced. The overpressure values are presented first and
followed by the accelerometer data. Each section details the analysis, and discusses the
findings particularly those of pertinent interest.

Test Matrix

Each winter season had a different number of total tests conducted. A different
number of shots at a particular elevated height and charge sizes also occurred for the two
winter seasons.
shows the tests conducted during the 2010-2011 testing season on soft slab snow
and includes 0.45 kg and 0.9 kg charge masses. The number of tests conducted in dry and
moist snow conditions also are denoted. Hard slab snow test configurations conducting in
2011-2012 are contained in Table 7.
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Table 6 Test matrix for the 2010-2011 testing season at Bridger Bowl Ski Area
investigating soft slab snow conditions

Charge
Height
0m
0.5 m
1m
1.5 m
2m

0.45 kg Charge

0.9 kg Charge

Dry
Snow

Dry
Snow

Moist
Snow

1
1
3
1
3

1
1
1
1

1
1
2
1
1

Moist
Snow

1
1
1
1

Table 7 Test matrix for hard slab snow investigations conducted at Big Sky Resort in
2011-2012.
Blast
Repeatability
Charge Height
response
tests
tests
0m
3
0.5 m
3
1m
3
5
1.5 m
3
2m
2

Overpressure Sensor

Data recorded by the overpressure sensors, along with positive and negative
impulse, is presented in Appendix F. In this section, average maximum overpressure and
impulse values also are presented for the different charge heights investigated. Impulse
rather than duration was examined because even though duration and impulse are linked,
in short duration explosive events the impulse generally impacts the damage possible
more than the shockwave duration does (Kinney and Graham, 1985). Figure 14 illustrates

54
the rapid increase in pressure as the shockwave reaches the sensor followed by a more
gradual decrease in pressure. The positive pressure region is followed by a negative
pressure pulse. These wave characteristics were present in all of the data and are
indicative of a pressure wave.
Data from the microphone sensors was examined for links between the charge
elevation to peak overpressure and the positive and negative impulse based on snow
hardness. Peak overpressure and impulse values at the snow surface were compared to
values recorded 1.5 m above the snow surface at the same radial distance. Findings from
these investigations are presented in the following sections.

Soft Slab Snow Investigations
During the soft slab snow testing, one overpressure sensor was used and was
located at the snow surface. Average data for these snow classifications and charge sizes
are shown in the following tables. Table 8 is for 0.9 kg charge masses, Table 9 is for
0.45 kg charge sizes.
Table 8 values show that raising the charge was shown to result in increased
overpressure at all charge heights when compared to a surface charge. Increased
overpressure values at the snow surface directly correlates to a greater input to the snow.
In the case of dry snow this increase was at least 1 psi, which was a 50% increase. The
moist snow resulted in less of an increase, but still an increase. The overpressure values
also indicate the moist snow peak overpressure were greater than the dry snow for all
charge heights other than 1 m. The moist snow may create a surface that reflects the
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shockwave more than the dry snow does. For the 1.5 m and 2 m elevated charge heights
in moist, snow the pressure reached the maximum value recordable by the sensor.

Table 8 Average overpressure values, positive and negative impulse values resulting from
the pressure shockwave as recorded at the snow surface at a distance of 5 m radially from
0.9 kg blasts. Dry snow conditions are on the left and moist snow are on the right.
Dry Snow
Moist Snow
Peak Over- Positive Negative Peak Over- Positive Negative
Charge pressure
Impulse Impulse pressure
Impulse Impulse
Height (psi)
(psi*sec) (psi*sec) (psi)
(psi*sec) (psi*sec)
0m
3.10
0.00685 -0.00689
0.5 m
4.08
0.00685 -0.00689
4.54
0.00500 -0.00562
1m
5.03
0.00809 -0.00837
4.50
0.00925 -0.00932
1.5 m
4.21
0.00719 -0.00696
5.16
0.00958 -0.00938
2m
4.63
0.00783 -0.00873
5.16
0.00946 -0.01018

The positive and negative pressure wave impulses are very similar for individual
charge heights. At some charge heights, the positive impulse is slightly greater than the
negative and in others the negative pressure impulse is greater than the positive impulse.
This may have to do with the numeric integration calculation of impulse from the
pressure wave curve. The breaking point between positive and negative was very clear,
but the end of the negative impulse was less apparent as the pressure returned to
atmospheric. The integration was stopped when the area in a trapezoid being evaluated
was less than (x)10-5for the negative pressure impulse. A comparison of positive and
negative impulse values for both dry and moist snow conditions is in Figure 24. This
figure shows there are similar trends for both snow types as well as between positive and
negative impulses. The individual snow types have very similar magnitudes regardless of
being positive or negative.
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Figure 24 Comparison of positive and negative pressure impulses as a result of 0.9 kg
detonations in soft slab snow. Both dry and moist snow conditions are represented. Note
the moist snow does not have a surface charge detonation.
Overpressure and pressure impulse are compared in Figure 25 to determine the
relationship between the parameters. Comparison of the two parameters was done
because together the overpressure and impulse describe the blast wave from the explosive
detonation. The left axis shows pressure values while the right axis is for impulse. Only
the positive impulse is shown due its similarity of magnitude between positive and
negative impulse. Both the overpressure and impulse data series show the same trend;
increases due to raising the charge off the snow surface. Fitting Figure 25 with
polynomial regression indicated a peak in overpressure and impulse occurs near a charge
elevation of 1.5 m. Beyond this charge elevation the response begins to decrease due to
the geometric expansion of the wave being greater than the increase due to raising the
charge. If the explosive is elevated too high the shockwave will have diminished to a
sonic wave by the time it reaches the snow surface (Miller et al., 2011).
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Figure 25 Comparison of pressure and impulse for individual charge heights investigated.
Each data series is for 0.9 kg charge masses obtained in soft slab snow conditions and is a
combination of dry and moist snow data.
Data for 0.45 kg charges was also examined in the same manner as the 0.9 kg
charges. Table 9 shows average peak overpressures, positive and negative impulses
recorded 5 m radially from the blast at the snow surface. Raising the charge resulted in
increased overpressures for all charge heights investigated. The increase was at least 23%
greater. The increase for the 0.45kg charges was less dramatic than for 0.9 kg charges.
Similar to the 0.9 kg charges the increase was greater when the snow was dry than when
it was moist. The moist snow resulted in greater values of overpressure than the dry snow
for all elevated charge heights, other than the 2 m elevated charge height.
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Table 9 Average data for soft slab 0.45 kg mass detonations pertaining to peak
overpressure, positive and negative impulse experienced at the snow surface 5 m radially
from the detonation site.
Dry Snow
Moist Snow
Peak Over- Positive Negative Peak Over- Positive Negative
Charge pressure
Impulse Impulse pressure
Impulse Impulse
Height
(psi)
(psi*sec) (psi*sec) (psi)
(psi*sec) (psi*sec)
0m
2.18
0.00318 -0.00394
0.5 m
2.68
0.00400 -0.00395
2.74
0.00461 -0.00399
1m
2.85
0.00509 -0.00527
3.62
0.00558 -0.00568
1.5 m
2.99
0.00495 -0.00517
4.32
0.00562 -0.00508
2m
3.23
0.00586 -0.00594
3.20
0.00534 -0.00534

The positive and negative impulses are shown, for both dry and moist snow
resulting from 0.45 kg charges, in Figure 26. Impulse for dry and moist snow are similar
as indicated by Figure 26. Regardless of the snow classification, there is an increase in
both the positive and negative impulse from an elevated shot. This is a similar trend as
seen in the 0.9 kg charge data. At some charge heights the positive impulse was greater
and others the negative impulse had a larger magnitude. The moist impulses for 0.9 kg
charges showed a greater increase than the 0.45 kg charges did. The magnitude of the
impulse was less for the 0.45 kg charges than the 0.9 kg charges. The lower value would
be expected because there is less explosive material creating the shockwave.

Impulse (psi*sec)
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Figure 26 Positive and negative impulse comparison for both dry and moist soft slab
snow conditions taken 5 m radially from 0.45 kg charges.
Positive impulse and peak overpressure for 0.45 kg pentolite cast booster
detonations in dry and moist snow conditions were compared in Figure 27. Each data
series has a unique scale, as shown on the two sides of the figure. Both the peak
overpressure and positive impulse show an increase due to raising the charge off the
snow surface. Since the impulse is a result of the pressure wave, it would follow that the
two would have similar trends. For the 0.45 kg charges the maximum overpressure
occurs for a charge height of approximately 1.5 m. This is shown by the decreased peak
overpressure at 2 m radial distance. The positive impulse value does not decrease though.
It seems it would since the overpressure did. Examination of the pressure-time history
shows a longer positive duration in comparison to the other charge heights, resulting in a
greater impulse.
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Figure 27 Peak overpressure and positive impulse for 0.45 kg detonations as recorded in
soft slab snow. The data series are a combination of dry and moist snow conditions.

The 0.45 kg charges resulted in lower overpressures than the 0.9 kg charges; as
expected because the amount of explosive energy is greater for a larger mass. Doubling
the mass did not result in double the overpressure, the percent increase in overpressure
varied from 40% to 75% increase with an average increase of 50%. The increase in
overpressure values is not linearly related to the charge mass increase. The relationship
between explosive mass and impulse also was not linear. Twice as much mass resulted in
approximately a 60% increase in impulse value.
Johnson et al. (1994) indicated ~40% increase in overpressure when charges were
detonated from the optimum height. Assuming the optimum height is 1-2 m, the increase
in overpressure from the field data was found to be 49% for 0.9 kg charges and 39% for
0.45 kg charges. These values are very similar to findings by Johnson et al. (1994).
Detonations above 2 m were not conducted in this research project due to the practicality
of elevating charges above 2 m without a tram. Therefore, it is not possible to determine
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if the overpressure was insensitive to elevated charge heights greater than 2 m, as was
done by Johnson et al. (1994).

Hard Slab Snow Investigations
Due to difficulty with adding a second overpressure sensor, most of the season
resulted in a single pressure reading. Additional wire was added to the original sensor for
placement farther from the signal conditioning box. The added wire resulted in signal
communication errors and unusable data. The reading obtained was for a sensor elevated
1.5 m above the snow surface. Without having a surface pressure for comparison
purposes the reading did not yield any appreciable results. The signal issues were fixed
with the overpressure sensor so both sensors were operational for repeatability testing.
Data obtained during test repeatability investigations is presented in Table 10. The
standard deviation values for the overpressure and the impulse were very low. This
indicates the data gathering method for overpressure was consistent and appropriate. It
also affirms the pressure readings obtained are representative of the test configuration.
The elevated sensor values were more consistent, shown by lower standard
deviation values, 0.39 and 0.00057 for peak overpressure and impulse, than the snow air
interface sensor. Standard deviation differences indicate the snow surface condition and
terrain influenced the pressure. Differences in peak overpressure at the surface and 1.5 m
elevated height also were noted. The peak overpressure at the snow surface was 25%
greater than at the elevated sensor location. Greater response at the surface supports that
the shockwave is interacting with the snow surface resulting in increased pressures.

62
Table 10 Overpressure at the surface and 1.5 m above the surface at a radial distance of 7
m obtained during repeatability testing with the charge elevated 1 m. Peak overpressure,
positive and negative impulse, and the standard deviation of the data are presented.
Surface Sensor
Elevated
Peak Over- Positive Negative Peak Over- Positive Negative
Charge
pressure
Impulse Impulse pressure
Impulse Impulse
Height
(psi)
(psi*sec) (psi*sec) (psi)
(psi*sec) (psi*sec)
3.98
0.00780 -0.00860
3.13
0.00735 -0.00797
4.02
0.00764 -0.00868
3.30
0.00796 -0.01210
1m
4.00
0.00751 -0.01600
3.17
0.00756 -0.01604
3.45
0.00767 -0.00843
3.32
0.00746 -0.00818
4.81
0.00952 -0.01016
3.31
0.00791 -0.01114
Average
4.05
0.00803 -0.01037
3.25
0.00765 -0.01109
Std. Dev.
0.48
0.00084 0.00322
0.09
0.00027 0.00331

For some tests, the positive impulse was larger while for other tests the negative
impulse was larger. A comparison of the impulse values as recorded at the two elevations
show the surface positive impulse being larger by 1% and the elevated negative impulse
being larger by 6%, indicated the impulse at the snow surface was comparable to the
impulse for the 1.5 m elevated sensor. As previously mentioned the negative impulse
values are impacted by the numerical integration stopping criteria while the positive
impulse values are not.
The sensor located at the snow surface recorded higher pressures than the elevated
sensor, shown in Figure 28. This increase illustrates increased pressures due to
shockwave reflection off the snow surface. Increased pressures were expected because
the reflected shockwave traveled through air that had already been impacted resulting in
increased pressure values (Miller et al., 2011). Testing occurred late in the afternoon on a
warm day with a moist snowpack. By the time the fifth shot was detonated the
temperature had dropped. A re-evaluation of the snowpack when placing the sensors
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indicated refreezing of the surface. The higher overpressure seen in the fifth detonation
may be due to greater shockwave reflection from a harder frozen snow surface.
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Figure 28 Comparison of 1.5 m elevated and surface pressure measurements for 0.9 kg
charge masses detonated 1.5 m above the snow surface. Data was obtained during a
repeatability testing sequence.

Regardless of the snow type and charge mass, elevating the charge resulted in
increased overpressure as well as impulse. There is a direct relationship between the peak
overpressure at the snow surface and the loading input to the snow cover. Therefore, it
follows that an increase in overpressure correlates to an increase in snow acceleration.
Increasing the overpressure would be more effective in avalanche mitigation work.
Overpressure values over moist snow were greater than for dry snow indicating greater
reflection of the shockwave. The overpressure values were found to be larger at the
surface than for an elevated sensor, indicating refection of the shockwave off the snow
surface.
Predicted overpressure for 0.45 kg and 0.9 kg unconfined air blasts were
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calculated at 5 m and 7 m radial ranges for an air temperature of -7oC. Distance scaling
laws and charge size factor relations were utilized in these calculations (Kinney and
Graham, 1985). Results of these calculations are in Table 11.

Table 11 Predicted overpressures calculated from explosive scaling law for open air
detonations for comparison purposes.
0.45 kg pentolite
0.9 kg pentolite
Radial
Distance (m)
5
7

Predicted
Overpressure (psi)
2.7

Predicted
Overpressure (psi)
4.1
2.24

Compared to the field experimental data, the open air blast predictions were less.
For a 0.45 kg charge mass with the sensor located at the snow surface 5 m from the blast,
the observed pressure was 19% greater. A 15% increase was noted for 0.9 kg pentolite
charges for the sensor located at 5 m radial range on the snow surface. At 7 m radially,
the percent increase was 80% at the snow surface and 45% 1.5 m above the surface.
These findings further support the determination that the snow surface reflects the
shockwave resulting in increased pressure values. The hard slab snow, 7 m radial range,
appears to be a more effective reflective surface than the soft slab, 5 m radial range. Since
at two different ranges it is not possible to determine if the snow classification is
completely responsible for the increase, the radial range must also be considered.
A comparison of the predicted overpressure for 0.45 kg and 0.9 kg charges
indicates doubling the charge mass resulted in a 52% increase in overpressure. This
increase is in close agreement to the field data increase, average of 50% increase, due to
doubling the charge mass.
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Accelerometer Data Investigation

The acceleration responses obtained during the two year research project were
investigated to determine:


The test repeatability of the system and data spread



The effect of charge elevation on:
o Snowpack response
o The ramifications of depth and range from the detonation on the
acceleration response
o The radial attenuation of the acceleration resultant response
o The shockwave attenuation in the vertical direction
o Power law leading coefficient value



The influence of snow moisture content on acceleration response



The difference in acceleration response due to 0.45 kg and 0.9 kg charge masses



The significance of slab classification, soft or hard, on dynamic snow response



The correlation between snowpack response and total snow water equivalent



The relationship between snowpack response and snowpack density



Snowpack movement due to explosive detonations

Data investigations and results are detailed in the following sections.

Acceleration Data
Resultant acceleration magnitudes for the six distinct sensor locations are shown
in Figure 29. This figure shows acceleration response decreases as the shockwave travels
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in the radial direction. Irrespective of the sensor depth, the data series at 2 m radial
distance is larger than the series at 5 m. The response also decreases with depth in the
snowpack, illustrated by the acceleration peak decreasing with depth at the same radial
location. The time it takes for the shockwave to travel through the snowpack, radially and
vertically is also illustrated by the time delay between the acceleration peaks, both
radially and through the depth. This figure is one test, but is representative of all tests
days. The acceleration data show an oscillatory damped acceleration response.
Average peak acceleration response magnitudes from the soft slab snow testing,
2010-2011 winter, is presented for both 0.45 kg and 0.9 kg pentolite cast boosters in
Table 12. For both charge sizes, dry and moist snow condition data is shown. The hard
slab snow conditions, 2011-2012 winter, data for 0.9 kg charges is presented in, Table 13.
The snow on each testing day was moist. Test repeatability was explored during the
2011-2012 winter season and the data is included as a subsection in Table 13. The snow
for repeatability testing was classified as a moist hard slab and all tests were conducted
on the same day.
Peak resultant magnitudes, and sensor scaled distances for both soft and hard slab
snow investigations are shown in Appendix G. Acceleration data rather than velocity or
position was analyzed for trends. This was done because the acceleration values result
from a single conversion from voltage values, rather than a conversion and integration as
velocity and position require. Therefore, integration errors are not compounded. The
acceleration values investigated are the average peak acceleration response magnitudes.
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Peak values of acceleration would correspond to the greatest impact on the snow and
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would be of the most interest for avalanche mitigation.

Figure 29 Resultant acceleration values for a 0.45 kg charge detonated during the 20102011 testing season illustrating general trends for the acceleration data gathered. There
are two data series per section, acceleration at 2 m radial distance, the blue data series,
and accelerations at 5 m radial distance shown in red. The two data series are plotted on a
separate axis with different scales.
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Average peak acceleration response magnitudes from the soft slab snow testing,
2010-2011 winter, is presented for both 0.45 kg and 0.9 kg pentolite cast boosters in
Table 12. For both charge sizes, dry and moist snow condition data is shown. The hard
slab snow conditions, 2011-2012 winter, data for 0.9 kg charges is presented in, Table 13.
The snow on each testing day was moist. Test repeatability was explored during the
2011-2012 winter season and the data is included as a subsection in Table 13. The snow
for repeatability testing was classified as a moist hard slab and all tests were conducted
on the same day.
Peak resultant magnitudes, and sensor scaled distances for both soft and hard slab
snow investigations are shown in Appendix G. Acceleration data rather than velocity or
position was analyzed for trends. This was done because the acceleration values result
from a single conversion from voltage values, rather than a conversion and integration as
velocity and position require. Therefore, integration errors are not compounded. The
acceleration values investigated are the average peak acceleration response magnitudes.
Peak values of acceleration would correspond to the greatest impact on the snow and
would be of the most interest for avalanche mitigation.
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Table 12 Average peak acceleration values per charge elevation for both 0.45 kg and 0.9
kg pentolite masses obtained for soft slab snow conditions during winter 2010-2011.
Values are given for both radial distances, 2 m and 5 m.
Dry Soft Slab Snow Data for 0.9 kg Pentolite Cast Booster
2 m Radial Distance
5 m Radial Distance
Charge
Height
Top
Middle Bottom Top Middle Bottom
2
0m
Average Resultant (m/sec ) 145.37 115.69 76.00 35.09 25.27
21.44
0.5 m Average Resultant (m/sec2) 159.57 96.04
90.03 28.51 22.23
21.51
2
1m
Average Resultant (m/sec ) 273.50 105.18 70.30 57.18 27.82
22.61
2
1.5 m Average Resultant (m/sec ) 173.39 106.66 69.09 34.18 22.92
20.38
2
2m
Average Resultant (m/sec ) 289.69 148.14 103.62 43.08 23.89
19.77

0.5 m
1m
1.5 m
2m

0m
0.5 m
1m
1.5 m
2m

0.5 m
1m
1.5 m
2m

Moist Soft Slab Snow Data for 0.9 kg Pentolite Cast Booster
Average Resultant (m/sec2) 153.79 45.19
25.76 33.66 10.95
2
Average Resultant (m/sec ) 245.21 72.91
46.13 47.75 12.15
2
Average Resultant (m/sec ) 129.22 47.91
33.28 38.46 10.83
2
Average Resultant (m/sec ) 130.48 53.91
53.91 52.23 12.88

10.11
12.13
7.83
6.88

Dry Soft Slab Snow Data for 0.45 kg Pentolite Cast Booster
Average Resultant (m/sec2) 163.18 107.93 65.99 27.48 15.43
Average Resultant (m/sec2) 203.53 143.01 78.57 39.06 21.26
Average Resultant (m/sec2) 150.88 101.80 72.11 27.56 21.49
Average Resultant (m/sec2) 174.23 114.86 91.64 34.17 21.87
Average Resultant (m/sec2) 140.12 112.17 59.09 39.26 26.36

13.77
15.87
19.10
17.54
18.74

Moist Soft Slab Snow Data for 0.45 kg Pentolite Cast Booster
Average Resultant (m/sec2) 99.53
76.83
76.33 19.88 16.97
2
Average Resultant (m/sec ) 107.89 65.63
68.08 28.79 13.98
2
Average Resultant (m/sec ) 127.23 71.64
34.09 27.05 18.33
2
Average Resultant (m/sec ) 127.27 54.41
57.63 25.79 16.98

10.00
10.12
13.27
10.80
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Table 13 Average peak acceleration values for hard slab snow investigations taken winter
of 2011-2012 according to charge elevation. The accelerometers were located 3 m and 5
m radially from the explosive.
Moist Hard Slab Snow Data for 0.9 kg Pentolite Cast Booster
3 m Radial Distance
5 m Radial Distance

Charge
Height
0m
Average Resultant (m/sec2)
0.5 m Average Resultant (m/sec2)
1m
Average Resultant (m/sec2)
2

1.5 m Average Resultant (m/sec )
2m
Average Resultant (m/sec2)

1m

Top
50.30
84.60

Middle
23.84
46.81

Bottom Top Middle Bottom
15.93 25.78 12.01
5.85
20.59 34.84 13.00
9.95

106.17

49.58

34.63

39.99

13.18

9.23

101.05
109.15

74.45
33.65

36.31
25.80

33.55
47.55

14.08
17.80

7.61
9.45

Moist Hard Slab Snow Repeatability Data for 0.9 kg Pentolite Cast Booster
Average Resultant (m/sec2)
37.06
21.90
14.48 17.53 12.27

9.34

Repeatability Acceleration Testing
During the 2011-2012 winter testing season, the repeatability of test methods and
procedures was explored by doing five repeated tests on the same day. On the testing day,
five 0.9 kg pentolite cast boosters were detonated at an elevation of 1 m above the snow
surface. Each detonation location was different, but the accelerometers were placed at the
same depths and radii from the blast. The complete data from these tests are presented in
Appendix G. Table 14 shows the average and standard deviation for individual
accelerometer locations.

Table 14 Average acceleration and standard deviation values for repeatability tests
conducted in the 2011-2012 winter season.
3 m Radial
5 m Radial
Top Middle Bottom Top Middle Bottom
Average 37.1 21.9
14.5
17.5 12.3
9.3
Stdev
12.8
9.1
5.0
5.6
2.5
2.4
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The standard deviation values indicate the top accelerometers have the most
variability. On this particular day, the snowpack layers 0.2 m below the surface were
similar in hardness and density. The top portion of the snow possibly had more variation
between individual tests than deeper in the snow. Also, the testing day was warm with
moisture in the upper portion of the snowpack. According to McClung and Schaerer
(2006) the snow moisture content was classified as less than 3%. When the sun was no
longer on the slope, a crust formed on the snow surface as evidenced by visual inspection
while placing the sensors, as well as fractured plates on the snow surface following a
detonation. The slope experienced sun for tests 1-3 and the slope was shaded for tests 45, but the surface did not refreeze until test 5 was conducted. The density of the top
portion of the snow was less than deeper in the snowpack. This could have contributed to
larger variability of acceleration values at the top accelerometers by greater susceptibility
to sensor rotation. From the data it was concluded that the testing method was appropriate
for recording snow acceleration values due to explosive detonations.

Impact of Elevating Charges
It was desired to determine what impact raising an explosive off the snow surface
would have on the resulting snowpack acceleration. Past research (Gubler (1977), Ueland
(1992), and Johnson (1994)) indicated the response would increase, but it was desired to
verify and further quantify this. The snow acceleration was expected to be greater for
elevated charges because the snow loading is due to the reflected shockwave. A surface
charge loses a large portion of the energy by creating a crater. Impacts of raising a charge
were examined:
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By calculating peak acceleration resultant percent increase



For implications on the depth and range of an explosive



To determine the impact on shockwave attenuation in the vertical direction



To characterize the ramifications on radial attenuation of the resulting shockwave



By investigation of the leading coefficient from power law regression

This was done for both soft and hard slab snow conditions and the results are presented
in the following sections.

Percent Increase Referenced to Surface Detonations

To investigate the

implications of raising an explosive above the snow surface on the acceleration of the
snow, percent increase in the average peak acceleration response resultant recorded at all
accelerometer locations was determined. The surface charge was used as the baseline in
calculating percent increase. Detonations on the snow surface resulted in the smallest
snow accelerations when compared with other charge heights investigated. Percent
increase is shown in Table 15 and Table 16, with the surface charge showing 0% increase
since it was used as the baseline value. Data for dry soft slab snow conditions and a
combination of 0.45 kg and 0.9 kg charges are shown in Table 15. Inclusion of dry snow
only was done to minimize variability of response due to individual testing day snowpack
Table 15 and Table 16 show all accelerometer locations, other than the middle
accelerometer at 2 m radial range for charges elevated 1.5 m, indicate elevating a charge
increased acceleration. The percent increase varies, but all locations show at least a 5%
increase, some are greater than 100%. The percent increase denoted in Table 16 is
substantial for all accelerometer locations investigated. The moist hard slab data indicates
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a greater increase than the dry soft slab data does. This indicates either the water content
of the snowpack or a characteristic tied to the snow hardness is influencing the percent
increase in acceleration. Unfortunately, during the soft slab snow testing, surface charge
data was not obtained for moist snow. Therefore, it is not possible to determine from
percent increase if the water content or another snow characteristic difference is
responsible for the elevated levels of percent increase seen between the two testing
seasons.

Table 15 Percent increase of peak acceleration resultants for elevated charges compared
to surface detonations, data is for dry soft slab snow conditions and a combination of
0.45 kg and 0.9 kg charges.
Percent Increase of Acceleration in Soft Slab Snow
2 m Radially
5 m Radially
Charge
Height
Top Middle Bottom Top Middle Bottom
0m
0
0
0
0
0
0
0.5 m
18
7
19
8
7
6
1m
40
6
9
40
45
36
1.5 m
13
-1
13
9
10
8
2m
71
13
48
54
27
7

Table 16 Percent increase of peak acceleration resultants for elevated charges compared
to surface detonations, data is for moist hard slab snow conditions and 0.9 kg charges.
Percent Increase of Acceleration in Hard Slab Snow
3 m Radially
5 m Radially
Charge
Height
Top Middle Bottom Top Middle Bottom
0m
0
0
0
0
0
0
0.5 m
68
96
29
35
8
70
1m
111
108
117
55
10
58
1.5 m
101
212
128
30
17
30
2m
117
41
62
84
48
61

Gubler (1977) indicated the optimum height for an explosive was 1-2 m above the
snowpack. Table 15 and Table 16 indicate the percent increase for this charge elevation

74
range had a low of 6% increase and a high of 212%. The percent increase values
determined are in agreement with Gubler’s results. Raising a charge too much would
eventually result in decreased acceleration resultant response. The decrease would result
from geometric expansion and attenuation, resulting in shockwave energy losses while
traveling through the air prior to transfer into the snowpack.

Impacts on Acceleration with Depth and Range

To further examine the

implications of elevating an explosive and to specifically investigate this impact on the
snowpack response with depth and range, average peak acceleration response and scaled
depth of sensors were computed for each charge elevation. The peak average response for
individual accelerometer locations were plotted against the scaled sensor depth. Scaled
sensor depths were necessary to allow inclusion of data from both 0.45 kg and 0.9 kg
charges. This was done for each charge height as well as both radial accelerometer
ranges. Both seasons of data are presented below, soft slab conditions in Figure 30 and
Figure 31 and hard slab snow in Figure 32 and Figure 33, respectively.
The figures illustrate similar trends, an increase in snowpack acceleration as a
result of elevating charges, regardless of the snow classification and radial distance. The
effect is more pronounced closer to the surface, but is also present deeper in the
snowpack. The advantage of raising the explosive varies for different snow type, depth of
sensor, and radial distance as comparisons of Figure 30 to Figure 33 indicate. The surface
charge consistently resulted in the lowest peak acceleration. The increased snow
acceleration is larger at 2 m or 3 m radially from the detonation than at 5 m radial
distance. The top layer at 2 m radial range showed a maximum increase of 71% while the
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bottom layer was 48% for soft slab snow. At 5 m radial distance, the maximum increase
in the top layer was 54% and the bottom was 36%, respectively. These values support the
visual determination from Figure 30 and Figure 31 that the total increased snow
acceleration is more significant near the snow surface and at small radial ranges. The

Acceleration (m/sec2)

values for hard slab snow varied from the soft slab snow, but the trend was the same.
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Figure 30 Average peak acceleration resultant response recorded by accelerometers at 2
m radial distance in soft slab snow conditions. Data used for the figure is from dry snow
conditions, both 0.45 kg and 0.9 kg charge mass detonations are included.
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Figure 31 Average peak acceleration resultant response recorded by accelerometers at 5
m radial distance in soft slab snow conditions. Data used for the figure is from dry snow
conditions, both 0.45 kg and 0.9 kg charge mass detonations are included.
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Figure 32 Average peak acceleration resultant response recorded by accelerometers at 3
m radial distance in moist hard slab snow conditions. Data used for the figure is from
0.9 kg charge masses.
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Figure 33 Average peak acceleration resultant response recorded by accelerometers at 3
m radial distance in moist hard slab snow conditions. Data used for the figure is from
0.9 kg charge masses.
Figures similar to those presented in Figure 30 to Figure 33 were created, but with
acceleration represented as a function of scaled radial distance rather than scaled depth.
Each sensor depth was plotted as an individual figure with multiple data series to
represent the different charge locations. These figures further substantiate the
acceleration response increase due to elevating an explosive and are included in
Appendix H to provide another viewpoint. The data used is the same and trends are not
significantly different from those presented above, hence inclusion in the appendix.
From the data gathered it is clear an elevated charge results in greater snow
acceleration than a surface charge. Therefore, an elevated charge would be more effective
at initiating an avalanche during avalanche mitigation work. Larger acceleration values
are associated with greater stress on the snowpack increasing the likelihood of weak layer
failure. Larger acceleration at a particular location indicates an increase in the depth and
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range of effectiveness for the explosive. This would be true if the shockwave attenuation
does not increase due to elevating an explosive.

Vertical Attenuation

Attenuation was determined and compared for the

different charge heights. Power regression fit functions for determining the vertical
attenuation for individual charge heights are shown in Appendix I. The power exponent,
d, was plotted along with the corresponding charge height to examine the relationship
between charge location and vertical attenuation. The resulting attenuation for soft slab
snow is shown in Figure 34 and hard slab snow is presented Figure 35.

Vertical Attenuation Exponent (d)
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Figure 34 Peak acceleration resultant vertical attenuation for individual charge elevations
at both 2 m and 5 m radially for soft slab snow conditions and a combination of 0.45 kg
and 0.9 kg charge masses. The average rate at 2 m was found to be -0.61 and at 5 m to be
-0.52 respectively.

79

Vertical Attenuation Exponent (d)

0

0.5

1

1.5

2

0
-0.2
-0.4

-0.6
-0.8
-1
-1.2
-1.4

Charge Height (m)
3m Accels

5m Accels

Figure 35 Peak acceleration resultant vertical attenuation for individual charge elevations
at both 3 m and 5 m radially for moist hard slab snow conditions and 0.9 kg charge
masses. The average decay at 3 m was found to be -0.98 and at 5 m to be -1.11.
Both seasons of data show vertical attenuation independence from the charge
height. No clear trend to the data is shown, it is relatively clumped around the average
value for a particular radial distance. The two radial distances do show different
attenuation, but the averages are 0.09 different for soft slab snow and 0.13 for hard slab
snow. The differences in attenuation at the two radial distances are small enough to be
insignificant. The vertical attenuation at both radial distances indicate the vertical
attenuation is independent of the radial range. In other words, regardless of the radial
location the vertical attenuation is essentially the same. The primary cause of vertical
shockwave attenuation is believed to be due to snow deformation and interactions of the
shockwave within the ice-pore lattice but also includes geometric wave expansion. Due
to the close proximity of the sensors through the depth, snow interactions are believed to
be a large contributor to attenuation.
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The hard slab attenuation exponent was 56% greater than for the soft slab. It was
desired to determine why the attenuation was different. The soft slab data is for both dry
and moist snow conditions, while the hard slab data is for moist snow only, as such it is
not possible to determine from direct comparisons if the vertical attenuation difference is
due to the moisture content or hardness of the snow or another snow characteristic
difference. To further investigate this, the attenuation for dry and moist soft slab snow
classifications were determined from 2010-2011 data. These values are presented in
Table 17. At both radial distances, the vertical attenuation for the moist snow was more
rapid than for the dry snow. Research by Ueland (1992) and Gubler (1977) indicated
moist snow attenuation was greater than dry snow in the vertical direction. This same
result was noted in this research project. Moisture in snow is believed to be a contributing
factor for different attenuation in dry soft slab snow and moist hard slab snow, but it is
not possible to definitely determine the contributing factors. Average vertical attenuation
for moist hard slab snow is greater than the moist soft slab snow. Since comparing the
attenuation of moist snow with different snow hardness characteristics, the hardness must
play a role. The hardness classification of snow involves multiple parameters, therefore,
determination of exactly which snow parameter is impacting the attenuation is not
possible from this test set up. It can be stated though that for the data examined hard slab
snow attenuates faster than soft slab snow does within the depths investigated.
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Table 17 Comparison of dry and moist soft slab snow vertical attenuation, d, as
determined from data obtained in the 2010-2011 testing season from 0.45 kg and 0.9 kg
charge masses.
Dry Soft Slab
Moist Soft Slab
Charge Height
2m
5m
2m
5m
0.5 m
-0.421
-0.358
-0.570
-0.567
1m
-0.608
-0.442
-0.676
-0.775
1.5 m
-0.439
-0.439
-0.762
-1.004
2m
-0.713
-0.531
-0.541
-0.851
Average

-0.5453

-0.4425

-0.6373

-0.7993

On days the snowpack was classified as moist, the entire snowpack was not
isothermal. Moisture was present in the portion of the pack containing the top and middle
accelerometers. The bottom accelerometers were located in dry snow. This means the
shockwave traveled through moist snow into dry snow; possibly resulting in an
impedance mismatch between snow layers. This could explain the greater attenuation
indicated in Table 17.

Radial Attenuation

Shockwave attenuation not only occurs through the

snowpack depth, but also in the radial direction. To investigate the link between charge
elevation and radial attenuation, the radial attenuation was plotted similarly to vertical
attenuation presented above. Appendix J contains the data used to determine the radial
attenuation for the individual charge heights investigated. Average radial attenuation as a
function of elevated charge height for soft slab and hard slab snow are in Figure 36 and
Figure 37, respectively. Three power exponents were computed in the radial direction:
one for the top layer, one for middle of the snowpack, and finally the bottom
accelerometer locations.
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Figure 36 Radial attenuation for individual charge elevations for soft slab snow
conditions. Both dry and moist snow conditions are included as well as 0.45 kg and
0.9 kg charge masses. From the top to the bottom of the snowpack the average
attenuation was found to be, -1.45, -1.62, and -1.73 respectively.
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Figure 37 Radial attenuation for individual charge elevations for moist hard slab snow
conditions and 0.9 kg charge masses. From the top to the bottom of the snowpack the
average attenuation was found to be, -1.67, -1.83, and -1.91.
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Similar to the vertical attenuation analysis, the radial attenuation appears to be
largely independent of charge elevation. This holds true for all depths and snow types
investigated. The average radial attenuation indicates the depth of sensor does not
appreciably impact the attenuation. Average attenuation for the three sensor depths was
0.2 different between the soft and hard snow conditions. Figure 36 and Figure 37 indicate
the top accelerometers experienced the slowest shockwave decay and the bottom
accelerometers the fastest acceleration decay regardless of the snow type, but the
difference was less than 0.3, concluding the radial attenuation is relatively independent of
depth within the snowpack. The radial attenuation calculated for the soft slab data is less
than the hard slab snow by 0.2. A similar trend was also noted for vertical attenuation
comparisons in the preceding section.
Theoretically accelerometers at 2 m and 5 m radial distances are located in the
same snow layer with the same snow properties. As such there would be little to no snow
impedance mismatch between the two locations. Greater shockwave radial attenuation in
moist hard slab than combination of moist and dry soft slab snow indicates the snow
water content or another snow variable is contributing to increasing the magnitude of d.
To determine if the moisture content affected the radial attenuation, the soft slab snow
power law exponent, d, was broken down according to moisture content, Table 18. For
the sensor locations investigated the attenuation for dry snow was shown to be greater
than for moist snow, a maximum of 0.3 different. This may be due to greater shockwave
reflection for moist snow than for dry snow resulting in a greater input at 5 m radial
distance. Since moist snow attenuates a shockwave less than dry snow in the radial
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direction; the greater attenuation seen in moist hard slab snow than dry soft slab snow
must not be due to being moist. Another variable between the two snowpacks must be
responsible for the attenuation difference, but the current set up does not allow for
determination of the particular characteristic.

Table 18 Comparison of dry and moist soft slab snow condition radial attenuation for
data obtained in the 2010-2011 winter testing season resulting from 0.45 kg and 0.9 kg
charge masses.
Dry Soft Slab
Moist Soft Slab
Charge
Height
Top
Middle Bottom
Top
Middle Bottom
0.5 m
-1.66
-1.71
-1.69
-1.73
-1.34
-1.31
1m
-1.88
-1.54
-1.35
-1.57
-1.60
-1.85
1.5 m
-1.67
-1.64
-1.53
-1.55
-1.36
-1.22
2m
-2.08
-1.81
-1.43
-1.38
-1.27
-1.32
Average

-1.82

-1.67

-1.50

-1.56

-1.39

-1.42

Radial attenuation was found to be greater than vertical attenuation regardless of
snow type. Shockwave attenuation is due to a combination of spherical shockwave
expansion along with snow deformation and interactions between the snow solid and pore
space. Radial distances were much greater than vertical, resulting in the geometric
shockwave expansion playing a larger role. Since the shockwave is expanding
geometrically, there is a different acceleration input at the near and far accelerometer
locations in the radial direction. Therefore, the radial attenuation is highly impacted by
geometric expansion. While for attenuation in the vertical direction the accelerometers
experience the same input to the snow surface resulting in the attenuation being due to
snow deformation and interactions within the ice pore lattice. For charges placed 1 m
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above dry snow with sensors placed >0.8 m below the surface, Gubler (1977) found a
vertical power exponent of -1.21 and a radial attenuation of -1.59. Similarly, Mellor
(1985) noted a radial attenuation of -1.6. For the field data gathered in this project, radial
attenuation for dry snow was -1.59, very close agreement with the previous research. The
vertical attenuation determined from the field in dry snow conditions was -0.52. The
difference may be due to the sensors, for this research, all being closer to the surface and
the charge than the sensors used by Gubler or the snowpack differences. Brown (1981)
predicted a 90% loss of response amplitude in 0.1 m of distance. The attenuation
determined here were much less than this. Possibly because the parameters used for
theoretical modeling by Brown were not the same as the snow properties encountered in
the field.
Combining the greater snowpack acceleration due to elevating the explosive and
the shockwave attenuation being independent of the charge elevation is a very pertinent
finding. This shows the ability to maximize the depth and range of a single explosive.
Not only is the area of influence increased, but the volume of influence due to the blast
being axisymmetric.

Power Law Leading Coefficient (c) Comparison

The power law data fit not

only determined the power exponent d, but also the leading coefficient c. It was desired
to determine what impact elevating an explosive charge in relation to the snow surface
would have on the leading coefficient from the power law fit. Since elevating an
explosive off the snow surface resulted in increased accelerations, it would follow that
the leading coefficient would indicate the same. Data from the hard slab testing was used
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for comparison purposes. It was decided to use the hard slab data rather than the soft slab
data due to consistent sensor placement for all tests. To compare leading coefficients, the
sensor depth needed to be the same, otherwise the comparison would include variables
other than charge elevation. Table 19 shows values for shockwave vertical attenuation as
a function of charge elevation. Coefficient constants for shockwave radial attenuation are
presented in Table 20. The tables show both the leading coefficient and the power
exponent. Both values are required to determine which c values are comparable. The
power exponent dictates the shape of the curve and the leading coefficient determines the
location of the curve. For the same d value, a larger c value indicates the acceleration
response to be greater.

Table 19 Leading coefficients (c) and power exponent (d) as calculated from power law
regression of acceleration resultant as a function of depth at both 3 m and 5 m radial
distance. The power law fits are for hard slab snow investigations as a result of 0.9 kg
charges. Highlighted values were deemed to have similar enough d values to allow
comparison of the c values.
Vertical Power Law Coefficient and Power Comparison
3m
5m
Charge
1/3
2
1/3
2
Height c (kg /sec )
d
c (kg /sec )
d
0m
13.89
-0.826
4.76
-1.078
0.5 m
15.28
-1.066
7.07
-0.99
1m
18.57
-1.029
6.36
-1.116
1.5 m
32.65
-0.692
5.82
-1.084
2m
17.09
-1.127
6.68
-1.255
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Table 20 Leading coefficients (c) and power exponent (d) as calculated from power law
regression of acceleration response resultant as a function of radial distance for the three
different accelerometer depths. The power law fits are for hard slab snow responses
resulting from 0.9 kg charge mass detonations. Highlighted values were deemed to have
similar enough d values to allow comparison of the c values.
Radial Power Law Coefficient and Power Comparison
Top
Middle
Bottom
Charge
1/3
2
1/3
2
1/3
Height c (kg /sec )
d
c (kg /sec )
d
c (kg /sec2)
d
0m
186.93
-1.286
187.46
-1.788
114.52
-1.92
0.5 m
497.95
-1.727
227.86
-1.72
80.303
-1.461
1m
735.87
-1.895
301.74
-2.031
174.57
-1.909
1.5 m
480.85
-1.561
703.58
-2.271
305.04
-2.162
2m
476.83
-1.504
126.15
-1.28
223.99
-2.092

For the highlighted values in Table 19 and Table 20, the charge elevation appears
to impact the coefficient c. In the vertical direction, at both 3 m and 5 m the increase in
the constant c was approximately 3 times as great. The radial attenuation data indicates
that for middle and bottom accelerometer locations, the leading coefficient increased
substantially, about

40 kg1/3/sec2 and 110 kg1/3/sec2 for middle and bottom

accelerometers, as a result of elevated charge placement. Both of these sensor depths
were compared to a surface charge. The top accelerometers are difficult to compare
because the surface power law exponent d was not similar in any of the tests. There is no
base value to be compared to, but if the other sensor locations are any indication, these
values would be larger than that for a surface charge.

Comparison of Acceleration in
Dry and Moist Snow Conditions
For soft slab snow conditions dry and moist snow conditions were investigated
with both 0.45 kg and 0.9 kg charge masses. Acceleration responses due to the two
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charge sizes were combined and an average response for the individual charge heights in
each snow type was determined. It was possible to combine responses from two
explosive masses because the sensor locations were scaled as described in the Data
Processing Chapter. The average responses at the sensor locations were used to create
contour and surface plots using MathCAD Software. This allowed for a comparison of
the dry and moist snow responses. Appendix K contains contour and surface plots
coupled with the data points used to create them. Data in Appendix K were used to create
the figures in this section. The contour and surface plots presented here are used to
compare dry and moist snow conditions. Each figure is for a different charge elevation
investigated.
Surface charges were only tested in dry snow conditions. Since the response was
so much lower than for suspended charges, surface charges were not detonated in moist
snow conditions. As such, Figure 38 shows the contour and surface plots for dry snow
conditions only. Near the explosive charge, the acceleration is greatest and rapidly
deceases with increasing distance. This is true in both the vertical and radial directions.
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Figure 38 a) Contour and b) surface plots of average acceleration, due to 0.45 kg and
0.9 kg charge masses, as a function of radius and depth for surface charge detonations.
The data is from soft slab investigations and is for dry snow conditions, no surface shots
were conducted in moist snow conditions.
Elevated charge heights also were examined. The 0.5 m elevated charge
comparison of dry and moist snow is shown in Figure 39. The figure indicates that for all
sensor locations, dry snow resulted in greater snowpack acceleration than moist snow did.
The maximum difference is ~40 m/sec2 and occurs in close proximity to the charge. For
the area of interest, the two surfaces did not intersect. As the radial range increased, the
difference between the two responses was less.
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Figure 39 a) Contour and b)surface plots of average acceleration, due to 0.45 kg and
0.9 kg charge masses, as a function of radius and depth for detonations 0.5 m above the
snow surface. The data is from soft slab investigations and the dry snow is shown as
black and the moist snow is in blue.
For charges elevated 1 m above the snow surface, the dry snow response is
greater than moist snow accelerations, as shown in Figure 40. The difference between the
two responses is the greatest close to the explosive and diminishes as the distance
becomes greater, in both the vertical and radial directions. The dry snow dynamic
response ranges from approximately 10 m/sec2 to 25 m/sec2 greater than the moist snow
response. The response contour shape, as illustrated in Figure 40, is very similar between
the two snow types. For the charge elevated 1 m above the snow surface, there was less
difference between the dry and moist snow response than seen in a charge elevated 0.5 m.
This would support raising an explosive charge results in increased snow accelerations
for both snow types.
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Figure 40 a) Contour and b) surface plots of average acceleration, due to 0.45 kg and
0.9 kg charge masses, as a function of radius and depth for detonations 1 m above the
snow surface. The data is from soft slab investigations and the dry snow is shown as
black and the moist snow is in blue.
Dry and moist snow comparisons for an elevated charge height of 1.5 m again
indicates the dry snow experienced greater acceleration as a result of an explosive
detonation than moist snow. Acceleration values in the dry snow varied from 10 m/sec2
to 25 m/sec2 greater than the moist values. This variation is comparable to that of the 1 m
elevated charge height. Similar to the other charge heights, the greatest difference is near,
both vertically and radially, the detonation center. Contour shapes for the dry and moist
snow show some variation as indicated in the contour plot of Figure 41.
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Figure 41 a) Contour and b) surface plots of average acceleration, due to 0.45 kg and
0.9 kg charge masses, as a function of radius and depth for detonations 1.5 m above the
snow surface. The data is from soft slab investigations and the dry snow is shown as
black and the moist snow is in blue.
In Figure 42, the acceleration for dry snow in response to a 2 m elevated charge
detonation is greater than the response for moist snow conditions. The modeled surfaces,
based on measured data, show greater acceleration of the dry snow at all locations. This
result is the same as seen for charges elevated 0.5 m to 1.5 m above the snow surface.
The 2 m elevated charge does indicate a greater spread between the two snow types than
the previously examined elevated charge heights. The acceleration difference ranges from
approximately 10 m/sec2 to 50 m/sec2. The greatest difference between the two snow
types occurs in close proximity to the explosive. Dry and moist snow conditions resulted
in similar contour shapes. This was also noted for 0.5 m-1 m charge elevations.
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Figure 42 Contour and surface plots of average acceleration, due to 0.45 kg and 0.9 kg
charge masses, as a function of radius and depth for detonations 2 m above the snow
surface. The data is from soft slab investigations and the dry snow is shown as black and
the moist snow is in blue.
Figure 38 to Figure 42 indicate that for the sensor locations investigated, dry snow
conditions resulted in greater snow accelerations than moist snow conditions regardless
of the charge placement. The trend is accentuated when close to the explosive and
diminishes with increasing depth and radial distance. Peak overpressures were higher for
moist snow, but the snowpack response was lower when compared to dry snow. Dry and
moist snow contours exhibited the same general shape.

Comparison of Acceleration for
0.45 kg and 0.9 kg Charge Masses
During soft slab snow condition investigations, both 0.45 kg and 0.9 kg charge
masses were detonated and the resulting dynamic snow responses were recorded. It was
desired to determine the influence of explosive size on snow acceleration. Greater
acceleration of the snow would presumably increase the effectiveness of avalanche
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mitigation work. In an effort to minimize the impact on acceleration response due to
snow type, 0.45 kg and 0.9 kg charges were compared for the same test days only. This
resulted in comparisons being made for 1 m and 2 m elevated charge heights. Data from
the tests were used to create contour and surface plots, using MathCAD software, of
acceleration response for the two charge masses. Sensor depths and radial distances were
scaled to 1 kg TNT equivalents, as described in Data Processing. Due to distance scaling,
it was expected to have similar acceleration from 0.45 kg and 0.9 kg charges at particular
depths and ranges. To investigate this, contour and surface plots comparing the two
charge sizes are shown in Figure 43 and Figure 44. The data points used and the
individual surface and contour plots are found in Appendix L. Due to distance scaling,
the data for the two charge sizes does not cover the exact same depth or radius. The
surface plots show the relative difference between acceleration experienced due to the
different charge sizes and the contour plots show the values
Contour and surface plots for the 1 m elevated charges are in Figure 43 and 2 m
elevated charges in Figure 44. Two data series were combined for the 1 m elevated
charge height, one data series for each charge mass. To solidify the preliminary results
here, more data sets are needed. Currently, outlier data has a large impact on the analysis
and possibly skew the data. As expected, the 0.9 kg charges resulted in greater
acceleration than the 0.45 kg charges in close proximity to the explosive. Near the edge
of the surface from the 0.9 kg data, the 0.45 kg charge acceleration is the same. Since this
occurs at the edge of the data this may be an effect of the location. For locations where
the 0.9 kg response is greater than the 0.45 kg charge, the difference is substantial. The
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1 m elevated charge indicates an approximate difference of 10 m/sec2-110 m/sec2 while
the 2 m charge height shows a 10 m/sec2-170 m/sec2 increase. In close proximity,
doubling the explosive mass resulted in more than double the acceleration response. The
plots indicate the acceleration response decreases with depth and range more rapidly for a
0.9 kg charge than 0.45 kg explosive. The input experienced by dry snow was less than
moist snow, but the acceleration resultant was found to be greater. This indicates the
shockwave travels from the air into the snow cover better for dry snow conditions than
moist snow conditions. For dry and moist snow conditions, the findings from this project
are in agreement with those by Gubler (1977). He noted that dry snow coupled well with
air shockwaves while wet snow did not. Greater acceleration response is due to better
coupling between the snow and air even though the overpressure for moist snow was
greater. For a majority of the charge elevations investigated, while the contour

Figure 43 a) Contour plot and b) surface plot, showing comparison of acceleration
response due to 0.9 and 0.45 kg charge mass detonations elevated 1 m above the soft slab
snow surface. The black data series is for the 0.9 kg charge masses and the blue series is
for the 0.45 kg charges.
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Figure 44 a) Contour plot and b) surface plot, showing comparison of acceleration
response due to 0.9 and 0.45 kg charge mass detonations elevated 2 m above the soft slab
snow surface. The black data series is for the 0.9 kg charge masses and the blue series is
for the 0.45 kg charges.
The larger explosive mass and explosive energy yielding greater snow
accelerations would be expected and is supported by the data. Figure 43 and Figure 44
show a 0.9 kg charge mass would be more beneficial than a 0.45 kg charge for avalanche
mitigation work because the snow dynamic response was greater even at the same scaled
distance. For an elevated charge height of 1 m the 0.9 kg charge acceleration was 20-80%
greater than the 0.45 kg charge. At a 2 m elevated detonation the percent increase was
found to be 20-130% greater for a 0.9 kg charge when compared to the response due to a
0.45 kg charge. For both charge heights investigated, the increase in acceleration
resultant due to doubling the explosive mass was substantial.
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Comparison of Acceleration in Soft
Slab and Hard Slab Snow Conditions
Hard slab snow conditions typically present different avalanche mitigation
hazards than soft slab snow. Therefore, a comparison of soft slab and hard slab test data
was done in an attempt to determine the difference in acceleration response for the two
snow types. Average peak acceleration data for the investigated charge heights were used
in MathCAD to create individual surface and contour plots. The two snow types were
combined and overlaid as shown in Figure 45 through Figure 48. The figures are created
for moist snow conditions regardless of the snow slab type and scaled distances were
used. The two data series do not cover identical ranges due to different sensor placement
and different charge masses. For soft slab snow testing, the radial range of data was from
2.1-5.3 m/kg1/3 and the vertical depths were from 0.11-0.57 m/kg1/3 below the snow
surface. For the hard slab snow condition testing season the plots cover from 2.8 m/kg1/3
to 4.7 m/kg1/3 radially and 0.2-0.76 m/kg1/3 below the snow surface.
Surface charge detonations for the two seasons are not compared. In soft slab
snow conditions, surface shots were only conducted when the snow was classified as dry.
For the hard slab snow testing, the snow conditions always were moist. A comparison of
data from the two years would not only be varying the hardness of the snow, but also the
moisture content.
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Figure 45 a) Contour and b) surface plot comparison of acceleration response due to an
elevated charge height of 0.5 m in soft and hard slab snow conditions. The individual
data series are from the two testing seasons, the response in soft slab snow conditions, is
shown as the blue data series and the hard slab snow is shown in red.

Figure 46 a) Contour and b) surface plot comparison of acceleration response due to an
elevated charge height of 1.5 m in soft and hard slab snow conditions. The individual
data series are from the two testing seasons, the response in soft slab snow conditions, is
shown as the blue data series and the hard slab snow is shown in red.
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Figure 47 a) Contour and b) surface plot comparison of acceleration response due to an
elevated charge height of 1.5 m in soft and hard slab snow conditions. The individual
data series are from the two testing seasons, the response in soft slab snow conditions, is
shown as the blue data series and the hard slab snow is shown in red.

Figure 48 a) Contour and b) surface plot comparison of acceleration response due to an
elevated charge height of 0.5 m in soft and hard slab snow conditions. The individual
data series are from the two testing seasons, the response in soft slab snow conditions, is
shown as the blue data series and the hard slab snow is shown in red.

A comparison of the contour and surface plots reveled the acceleration recorded
in soft slabs generally was greater than the snowpack acceleration for hard slabs.
Acceleration values indicate the soft slab snow was up to 130% greater than the hard slab
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snow as a result of a specific charge elevation above the snow surface. Examination of
the contour shape for the two snow types indicate similarities between the two. This is to
be expected because regardless of the type of snow, the geometric expansion of the
shockwave is spherical. The spherical nature of shockwave expansion is indicated by the
contours presented.
For a charge elevated 1.5 m, the two surfaces intersect giving the same response
at particular locations. The intersection occurred near the bottom edge, with respect to
depth, of the soft slab data. This may be a result of the area edge effects or the surfaces
may truly intersect. During hard slab snow testing, one of the 1.5 m charge tests showed
very high accelerations, an outlier data point and possibly enough to possibly skew the
data resulting in the surface intersections.
Examination of the contour plots indicate the acceleration differences varied from
~ 20 m/sec2 to 60 m/sec2 for 0.5-2 m elevated charge heights. The greatest difference in
acceleration occurred in close vicinity to the explosive detonation center. The 1 m and 2
m elevated charge heights gave the smallest variation in acceleration between the two
snow types, 20 m/sec2and 30 m/sec2, respectively. From the limited quantity of data
available, it is indicated that moist soft slab snow acceleration is greater than moist hard
slab snow accelerations in response to pentolite cast booster detonations.
Lower acceleration values in hard slab snow indicates it would require a larger
input to impact a weak layer located at the same depth or radial range from the explosive.
The radial range and depth of influence for the same explosive in hard slab snow
conditions would be less than in soft slab conditions. Persistent weak layers may develop
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and present more of an issue in hard slab snow more often than soft slab snow due to this.
Johnson et al. (1994) stated the pressure wave primarily was transferred to into the snow
through the air pores. A hard slab would generally be associated with high densities and
would theoretically have little pore space and, therefore, transfer of the shockwave from
the air into the snow may be limited. This would be in agreement with Johnson et al.’s
determination.

Total Snow Water Equivalent Influence
On each testing day and location the snow depth was not consistent. It was
desired to determine if the total snow depth at the sensor location impacted the
acceleration experienced. The hypothesis was that for sensors at the same location, but a
different total snowpack depth, the acceleration due to an explosive detonation would be
different. The working assumption was that a deeper snowpack would have a decreased
response because it would require more energy to initiate movement of the entire
snowpack. To examine the impact of the total snow depth on acceleration response, total
snow water equivalents (SWE) were computed for the sensor locations. The repeatability
tests conducted on hard slabs from the 2011-2012 testing season were selected for
comparison. While it was a similar snowpack for each test, the overall depths did vary.
Total SWE was computed by multiplying the density at each layer by the height of that
layer. The acceleration at two radial distances were plotted as a function of total SWE.
The 3 m radial distance is shown in Figure 49 and the 5 m radial distance is in Figure 50.
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Figure 49 Peak acceleration resultants as a function of total SWE for the tests conducted
for test repeatability purposes. Each accelerometer depth at 3 m radial distance is
represented as a separate data series. The explosives were 0.9 kg pentolite cast boosters
and were detonated 1 m above the snow surface.
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Figure 50 Peak acceleration resultants as a function of total SWE for the tests conducted
for test repeatability purposes. Each accelerometer depth at 5 m radial distance is
represented as a separate data series. The explosives were 0.9 kg pentolite cast boosters
and were detonated 1 m above the snow surface.
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Figure 49 and Figure 50 indicate no strong dependence between the total SWE at
the sensor location and the peak acceleration resultant response. This finding directly
conflicts with what was expected, but was determined from only five tests on a single
day. The findings may indicate the explosive creates motion in the top layers independent
of the entire of the snowpack when the snowpack is deep.
Since acceleration did not indicate a relationship to the total snow water
equivalent at the sensor location, the attenuation was compared to the total SWE. Again,
data from the test repeatability day was used to remove as many other snow factors as
possible. The vertical attenuation, determined from power law fitting of the data, was
used. Figure 51 shows acceleration as a function of sensor depth; therefore, the power
exponent d is for the attenuation in the vertical dimension. Examination of Figure 51
indicates no definitive relationship between power exponent and total SWE.
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Figure 51 Vertical attenuation, exponent d, versus total SWE. Exponents at 3 m radial
distance are shown as the blue data series and the red series is for 5 m radial distance.
The data used to determine the attenuation and SWE is from test repeatability
investigations.
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The shockwave radial attenuation for the top accelerometers was compared to the
total SWE as well. Since the above investigations did not indicate a correlation to total
SWE, this was not expected to yield different results. Figure 52 confirms that there is no
correlation between the radial attenuation and total SWE. The total SWE was determined
by averaging the total SWE at the 3 m and 5 m radial distances. Only the top layer of
accelerometer attenuation is shown since there is no correlation between the attenuation
and total SWE.
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Figure 52 Comparison of radial attenuation at the top accelerometers as a function of total
SWE. The attenuation and total SWE are for the test repeatability day conducted in the
2011-2012 testing season.
From examination of acceleration, vertical, and radial attenuation as functions of
total SWE there does not appear to be any significant correlation between acceleration or
attenuation and the total SWE. It should be noted these determinations are the result of
five tests conducted on a single day. To confirm the findings, more test days with one
charge configuration should be conducted. A lack of correlation between the quantities
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investigated was not expected, but did occur. This indicates the total snowpack SWE,
may not influence the snowpack acceleration or the attenuation of the shockwave
resulting from explosive detonations.

Average Snowpack Density Influence
From the above analysis, the total snowpack water equivalent did not influence
the acceleration resultant of the snowpack or the attenuation of the shockwave
attenuation. This lead to an examination of the average snowpack density. Average
density for the snowpack per day was calculated. The acceleration resultant for each
charge elevation was plotted as a function of the test day average snow density. An
example is shown in Figure 53 for all explosives detonated 1 m above the snow surface.
The 1 m charge elevation was chosen because this elevation had the largest data set.
Other charge heights are included in Appendix M.
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Figure 53 Acceleration resultant as a function of average snow density for all charges
detonated 1 m above the snow surface. The acceleration resultant is shown for the top,
middle, and bottom accelerometer locations as separate data series.
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In Figure 53 there is not a significant correlation between the acceleration and the
snow density. This result was not expected. Previously the acceleration and attenuation
were shown to vary on different days indicating a snow characteristic is influencing the
acceleration response. From this analysis though, the density does not appear to be the
characteristic influencing the acceleration.
Due to there being no apparent relationship between acceleration resultant and
snow density; the vertical attenuation for 1 m elevated charges as a function of density
was determined and shown in Figure 54. From this figure, the vertical attenuation does
not have a correlation to the average snow density for the testing day.
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Figure 54 Vertical attenuation as a function of the snow density for individual testing
days for explosives detonated 1 m above the snow cover.
There being no dependence of acceleration resultant or vertical attenuation on the
snow density was unexpected. There is a snow characteristic influencing the dynamic
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snow response, but exactly what it is cannot be determined from the data gathered in this
project.

Position Change of Snowpack Due to Detonation
Two dimensional position vectors were calculated from the acceleration data via
double integration as detailed in the previous Data Processing chapter. Snowpack
displacement is important for avalanche mitigation work. Greater relative displacement
results in greater strain and therefore stress experienced by the snowpack, possibly
resulting in failure of weak layers. The maximum displacements calculated were
exceedingly small, on the order of millimeters or less. There were no obvious weak layers
present in the snowpacks tested, so small displacement values were expected. The
displacement in the vertical direction was greater than in the radial direction. This follows
from the vertical component of acceleration being greater than the radial direction, and
was expected. Figure 55 and Figure 56 show examples of vertical and radial components
of position due to an explosive detonation. The initial radial displacement is positive and
the vertical displacement negative due to directional sensor placement.
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Figure 55 Vertical displacement at 2 m radial distance resulting from a soft slab snow
investigation with the charge detonated 0.5 m above the snowpack. From the top to the
bottom accelerometer the displacement experienced was 1.19 mm, 1.17 mm, and 1.18
mm.
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Figure 56 Example of snowpack position in the radial direction as recorded 2 m radially
from a 0.5 m elevated charge in soft slab snow conditions. This is for the same test shown
in Figure 55. The displacements were: 0.40 mm, 0.30 mm, and 0.31 mm from top to
bottom.
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From the displacement figures, examples in Figure 55 and Figure 56, the
accelerometers experienced permanent displacement, shown by not returning to zero. Not
returning to zero displacement could be due to multiple reasons. If the sensors rotated
during testing, gravity would be recorded as residual acceleration leading to
displacement. The noise associated with the accelerometers would increase due to double
integration and contribute to the displacement not returning to zero. The velocity values
also did not fully return to zero confirming that integration of noise is included in the
position data. From the data available, determining the displacement of the snow
independently of extraneous additions to displacement is not possible. Some tests
indicated displacement oscillation of the snowpack, as seen in Figure 57.
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Figure 57 Vertical position as a function of time for a 0.45 kg charge detonated 1 m
above the soft snow surface. The sensors are located 5 m radially from the blast and the
displacement shows an oscillatory response.
The position of the snowpack is directly related to the acceleration and time
duration of the acceleration as illustrated by the above figures. The displacement
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experienced by the snow was very small. It is important to bear in mind, weak layers
were not present within the snowpack that could result in large movements. The
displacement recorded was due to the snowpack moving and deformation of the ice
crystals as a result of the explosive detonations.

Shock Reflection Off Ground Surface
One of the testing locations utilized during the 2011-2012 testing season consisted
of a long rock rib that created a good hard slab drift. The snow depth for a couple of the
tests was between .9-1 m deep at the sensor locations. In these tests, the vertical direction
of acceleration showed a reflection off the ground surface. This was evidenced by greater
positive than negative accelerations in the vertical direction. Not only is the initial
positive portion of the acceleration due to reflection of the wave off the bed surface, but
also the expected rebound due to unloading and the elastic nature of snow. The bottom
accelerometer positive rebound peaked prior to the middle and top accelerometers, also
indicating the rebound. Figure 58 shows the acceleration values for one such test. The
three different depths of sensors show the reflection phenomenon. The total snow depth
for this test at the accelerometer location shown in the figure was 0.98 m deep.
Shockwave reflection was not present in all tests, but the tests with shallow depths
compared to the sensor placed in greater snowpack depths did.
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Figure 58 Example of data showing acceleration values in the upward direction greater
than the downward due to shockwave reflection off the bed surface. This data was taken
3 m radially from a surface detonation in hard slab snow conditions for a 0.9 kg charge.
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SUMMARY
To examine the snowpack’s response to explosive detonations, multiple goals
were established. The first goal of this research project was to develop a self-contained,
field portable system capable of measuring air overpressure and snowpack acceleration
due to explosive detonations. This was accomplished by determining the most
appropriate componentry and fabricating the system. A combination of overpressure
sensors and dual-axis accelerometers in conjunction with a signal routing box, data
acquisition system and laptop computer comprised the testing setup.
The second goal was to determine correlations between the explosive detonations
to the resulting overpressure and impulse values. Overpressure graphs showed a rapid
increase in pressure, when the shockwave reached the sensor, then decreasing pressure as
the wave passed and finally a negative backpressure before the pressure returned to
ambient. The overpressure values were examined to determine the impact of snow
characteristics and charge location on the overpressure and impulse. Regardless of the
detonation elevation, moist snow conditions correlated with greater overpressure than dry
snow. Examination of the overpressure values obtained at the snow air interface indicated
elevated charges resulted in larger overpressures than surface detonations. For charges
elevated 1-2 m above the snow surface, the increase was at least 1.1 psi for 0.9 kg
charges and 0.7 psi for 0.45 kg charges. Greater overpressure values indicate greater
input to the snow. For both 0.45 kg and 0.9 kg charges, the optimum elevated charge
height appeared to be around 1.5 m. Pressure impulse (positive and negative) also
indicated greater values for moist than dry snow conditions and an increase with elevated
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charge height. A comparison of the overpressure values for 0.45 kg and 0.9 kg charges
indicated the relationship between charge mass and overpressure or impulse was not
linear. Doubling the mass of explosive (0.45 kg to 0.9 kg) resulted in a 20-75% increase
in overpressure and 60% increase in impulse were observed.
It also was of interest to determine the difference between the overpressure and
impulse at the snow surface and 1.5 m above at the same radial range. For charges
detonated 1 m above the snow surface, the pressure at the snow air interface was greater
than 1.5 m above the snow for a radial range of 7 m. Surface data indicated a 25%
increase over the elevated overpressure values. The pressure difference illustrates the
snow surface reflection of the shockwave. Greater variability in the surface pressures
than the elevated values indicated the surface characteristics influenced the overpressure
recorded at the interface. Irrespective of the snow characteristics, all overpressure values
indicated higher pressures than predicted for open air blasts. The percent increase varied
from 15-80% based on different radial ranges, snow characteristics, and explosive
masses. The gathered data allowed for characterization of relationships between the
overpressure, snow attributes, and explosive characteristics.
The final goal of the project was to characterize the snowpack dynamic response
due to an explosive blast. Specifically, the test setup was tested for repeatability and the
data was analyzed to determine potential correlations between the dynamic snow
response, detonation size and location, and snow characteristics. The acceleration data
showed a rapid transient response followed by an oscillatory damped response due to the
explosive detonations. Test repeatability was evaluated and used to determine that the
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field testing method was appropriate and repeatable. The impact on the snowpack
acceleration as a result of elevating an explosive was analyzed in several ways.
Calculating percent increase in acceleration as the charge was raised 0.5-2 m showed at
least 5% and up to a 100% increase. Generally, a 1-2 m elevated charge indicated the
greatest percent increase. The percent increase was larger in moist hard slab than dry soft
slab snow conditions. The acceleration increase was largest both vertically and radially,
in close proximity to the explosive. The top accelerometers showed 1.5 times the increase
in acceleration due to raising the explosive than the bottom accelerometers. Acceleration
at 2 m radial distance increased on average approximately 1.35 times the acceleration
increase at 5 m radial distance. These values illustrate that the increase in acceleration
was greatest close to the explosive. Raising an explosive resulted in a deeper impact
within the snowpack and at larger radial ranges, evidenced by greater acceleration
response at the same sensor location.
To verify the increased volume of influence, the relationship between attenuation
of the shockwave within the snow cover and charge placement was investigated. The
volume of influence only would be greater if there was not an increase in attenuation due
to elevating the explosive. The charge location relative to the snow surface was shown,
through power law fitting resultant acceleration data, to not influence the attenuation in
the vertical or radial directions, regardless of the snow type. The vertical attenuation at 2
or 3 m from the explosive, depending on the testing season and sensor placement, was
essentially the same as at 5 m; signifying the vertical attenuation is independent of the
radial distance for the radial ranges investigated. The average vertical attenuation in soft
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slab snow was -0.57 and -1.01 in hard slab snow. The input to the snow at a single radial
distance is the same for all locations at that range. Since the accelerometer locations for
determining the vertical attenuation are in a vertical plane, the primary reason for the
attenuation within the snowpack is due to snow interactions and the geometric wave
expansion plays less of a role. The radial attenuation calculated for specific accelerometer
depths was similar. Thus, indicating the radial attenuation is independent of depth, for the
depths investigated.
The geometric expansion of the shockwave contributed to the radial attenuation
being greater than the vertical attenuation. Hard slab snow showed greater vertical (56%)
and radial (12%) attenuation than soft slab snow did. Moist snow was shown to increase
the vertical attenuation and decrease the radial attenuation, indicated by the comparison
of attenuation in moist and dry soft slab snow conditions. Moist snow decreased the
radial attenuation because of increased shock reflection as shown by the overpressure
data. Not only was the attenuation from power law data regression investigated, but
values of the leading coefficient were analyzed. The leading coefficients indicated greater
acceleration resultants due to elevating the explosive. Coupling the increased snowpack
acceleration as a result of elevating an explosive with attenuation being insensitive to
charge height is extremely applicable to avalanche mitigation work. Avalanche
mitigation work relies on overloading a weakness within the snowpack. Therefore,
influencing the largest volume of snow with a greater load increases the likelihood of
impacting a weak layer. The volume of influence for a single charge can be increased by
detonation occurring above the snow surface.
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The next objective in characterizing the snow response to explosives focused on
different snow and explosive characteristics. Results between specific snow
classifications were compared to determine the difference in response based on snow
type. The dynamic snow response recorded in moist snow was less than that recorded in
dry snow conditions, irrespective of the charge height, ranging from 0.5-2 m. The
greatest difference in response occurred near the explosive in both the vertical and radial
directions. A maximum difference of 50 m/sec2 or 35% was noted. The air overpressure
values indicated a greater input to the snow, but the acceleration response is less. These
two findings suggest less of the shockwave is transferred to moist snow than dry snow. A
comparison of responses due to 0.45 kg and 0.9 kg charge masses showed the larger mass
was associated with greater snow cover acceleration. A larger amount of explosive
energy should strengthen the resulting shockwave. The relationship between mass and
acceleration was not linear, for charges elevated 1 m, the acceleration increased 20-80%
by doubling the mass. An acceleration increase of 20-130% was noted for doubling the
explosive mass when the charges were placed 2 m above the snow. Soft and hard slab
snow conditions were also compared. The soft slab snow showed greater acceleration
than the hard slab snow with an equivalent charge. This finding indicates the shockwave
couples with the soft slab snow better than with the hard slab snow.
The total snow water equivalent at the sensor location did not show a correlation
to the snowpack acceleration or vertical and radial attenuation. This was shown for both 3
m and 5 m radial distance along with the top layer accelerometers. Snowpack
acceleration, vertical and radial attenuation as a function of average snowpack density
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also did not indicate a correlation regardless of the explosive location. The lack of
correlations suggests the total snowpack depth and density does not influence the
dynamic snow response or the attenuation of the response. Displacement of the snowpack
was small, millimeters or less, but snowpack permanent displacement did occur.
For shallow snowpacks with a rock bed surface, the shockwave was shown to
reflect off the bed surface. Similar snowpack depths with an underlying meadow did not
significantly demonstrate this response. This phenomenon was indicated by the positive
rebound vertical component of acceleration being greater than the initial response as well
as the bottom accelerometer rebound peaking prior to the other accelerometers. This may
indicate the effectiveness of an explosive detonated above a shallow snowpack is
increased from increased snow dynamic response due to the shock reflection from a hard
bed surface.

Possible Future Work

This project illustrated a current data collection system capable of recording
overpressure and dynamic snow response due to explosive detonations. While the
findings of this research project are insightful, more research needs to be conducted to
further characterize the interactions that occur between the snowpack and explosive
detonations. For example, a larger data set would be beneficial in definitively defining
relationships. Having the same number of tests for a particular snow type and charge
elevation would reduce data scatter. Additional sensors to gather data at the same radial
distances and depths but at another location on the arc to be averaged would also reduce
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the acceleration response scatter. Using the same radial distance and depths for all tests
would result in easier data comparisons. To better determine the amount of shockwave
reflection, the overpressure sensors should be located at the same radial distance
regardless of the snow type. To diminish the impact of different snow types when
comparing various charge masses, the same test matrix should be repeated varying the
charge size for a given day. Conducting a detailed daily snowpit for classification of the
snow type would allow for further determination of the influence of snow characteristics
on the response to explosives.
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APPENDIX A
DAILY TESTING SNOWPIT DATA
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1.17.11 Soft Slab Snowpit Data
Total snow depth 0.9 m
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3.3.11 Soft Slab Snowpit Data
Total snow depth 0.86 m

127

3.3.11 Soft Slab Snowpit Data
Total snow depth 0.86 m
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4.12.11 Soft Slab Snowpit Data
Total snow depth 1.47 m
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4.28.11 Soft Slab Snowpit Data
Total snow depth 1.75 m
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3.16.12 Hard Slab Snowpit Data
Total snow depth > 5 m
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3.27.12 Hard Slab Snowpit Data
Total snowpack depth 3.35 m
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4.8.12 Hard Slab Snowpit Data
Total snow depth 3.55 m

133

APPENDIX B
ACCELEROMETER DATA SHEETS
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APPENDIX C
DATA ACQUISITION DATA SHEETS
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APPENDIX D
SIGNAL ROUTING WIRE DIAGRAMS
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# 13 Red Power
# 14 Green Signal
# 15 White Signal

#6 Gray Power

# 12 Black Ground

# 4 Brown Ground

# 2 Black Ground
# 3 Red Power
# 4 Green Signal
# 5 White Signal
#6 White Signal
# 7 Green Signal
# 8 Red Power
# 9 Black Ground

# 2 Black Ground
# 3 Red Power

# 1 Blue Signal
# 2 Purple Signal
#3 Green Signal
# 4 White Signal
# 5 Yellow Signal
# 6 Orange Signal

# 4 Green Signal
# 5 White Signal
#6 White Signal
# 7 Green Signal
# 8 Red Power
# 9 Black Ground

# 8 Blue Signal
# 9 Purple Signal
#10 Green Signal

# 12 Black Ground
# 13 Red Power
# 14 White Signal
# 15 Green Signal

Signal
Conditioning
Box

# 11 White Signal
# 12 Yellow Signal
# 13 Orange Signal
#14 Gray Signal
#15 Brown Signal

# 2 Black Ground
# 3 Green Power
# 4 Red Signal

#23 Dark Blue Ground
#24 Brown Ground
#25 Green Ground
# 2 Black Ground
# 3 Green Power
# 4 Red Signal

Note: New mic connection
between black and gray:
Pin #1 Red Signal
Pin #5 Green Power
Pin # 19 Black Ground
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#6 Gray Power

# 4 Brown Ground

# 2 Black Ground
# 3 Red Power
# 4 Orange Signal
# 5 Yellow Signal
#6 White
# 7 Green Signal
Signal
# 8 Red Power
# 9 Black Ground

# 12 Black Ground
# 13 Red Power
# 14 Purple
# 15 Blue Signal
Signal

# 2 Black Ground
# 3 Red Power
# 4 Orange Signal
# 5 Yellow Signal
#6 White Signal
# 7 Green Signal
# 8 Red Power
# 9 Black Ground

# 12 Black Ground
# 13 Red Power
# 14 Purple Signal
# 15 Blue Signal

# 2 Black Ground
# 3 Red Power
# 4Gray Signal

# 2 Black Ground
# 3 Red Power
# 4Brown Signal

Voltage
Regulator

# 1 Blue Signal
# 2 Purple Signal
#3 Green Signal
# 4 White Signal
# 5 Yellow Signal
# 6 Orange Signal
# 8 Blue Signal
# 9 Purple Signal
#10 Green Signal
# 11 White Signal
# 12 Yellow
#Signal
13 Orange Signal
#14 Gray Signal
#15 Brown Signal

#23 Black Ground
#24 Black Ground
#25 Black Ground
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APPENDIX E
EXPLOSIVE DATA SHEETS

182

183

184

185

186

APPENDIX F
OVERPRESSURE DATA
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Peak overpressure values measured at the snow surface 5 m radially from the detonation
for soft slab snow investigations taken during the 2010-2011 testing season. The 0.9 kg
and 0.45 kg charges are in separate tables organized by charge location relative to the
snowcover surface.
2010-2011 Dry and Moist Soft Slab Snow Data for 0.9 kg Pentolite Cast
Booster
Dry Snow
Moist Snow
Peak
Peak
OverPositive Negative OverPositive Negative
Charge pressure Impulse Impulse pressure Impulse Impulse
Height
(psi)
(psi*sec) (psi*sec) (psi)
(psi*sec) (psi*sec)
0m
3.10
0.00685 -0.00689
0.5 m
4.08
0.00685 -0.00689
4.54
0.00500 -0.00562
4.78
0.00762 -0.00759
4.50
0.00925 -0.00932
1m
5.15
0.00836 -0.00874
5.16
0.00830 -0.00879
Average
5.03
0.00809 -0.00837
1.5 m
4.21
0.00719 -0.00696
5.16
0.00958 -0.00938
4.11
0.00706 -0.00730
5.16
0.00946 -0.01018
2m
4.62
0.00807 -0.00841
5.16
0.00836 -0.01050
Average
4.63
0.00783 -0.00873

2010-2011 Dry and Moist Soft Slab Snow Data for 0.45 kg Pentolite Cast
Booster
Dry Snow
Moist Snow
Peak
Peak
OverPositive Negative OverPositive Negative
Charge pressure Impulse Impulse pressure Impulse Impulse
Height
(psi)
(psi*sec) (psi*sec) (psi)
(psi*sec) (psi*sec)
0m
2.18
0.00318 -0.00394
0.5 m
2.68
0.00400 -0.00395
2.74
0.00461 -0.00399
2.18
0.00533 -0.00546
3.62
0.00558 -0.00568
1m
2.74
0.00436 -0.00465
Average
2.85
0.00509 -0.00527
1.5 m
2.99
0.00495 -0.00517
4.32
0.00562 -0.00508
2m
3.23
0.00586 -0.00594
3.20
0.00534 -0.00534
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Peak overpressure values resulting from 0.9 kg pentolite cast boosters detonated 1 m
above the snow surface. The sensors were located 7 m radially from the charge. One
sensor was on the surface and the other 1.5 m elevated above the surface.
2011-2012 Moist Hard Slab Snow Data for 0.9 kg Pentolite Cast
Boosters
Surface Sensor
1.5 m Elevated Surface
Peak
Positive Negative Peak
Positive Negative
OverImpulse Impulse OverImpulse Impulse
Charge pressure (psi*sec) (psi*sec) pressure (psi*sec) (psi*sec)
Height (psi)
(psi)
3.98
0.00780 -0.00860
3.13
0.00735 -0.00797
4.02
0.00764 -0.00868
3.30
0.00796 -0.01210
4.00
0.00751 -0.01600
3.17
0.00756 -0.01604
1m
3.45
0.00767 -0.00843
3.32
0.00746 -0.00818
4.81
0.00952 -0.01016
3.31
0.00791 -0.01114
Average
4.05
0.00803 -0.01037
3.25
0.00765 -0.01109
Std.
0.48
0.00084 0.00322
0.09
0.00027 0.00331
Dev.

189

APPENDIX G
SNOW ACCELERATION DATA
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Soft slab snow acceleration data from 2010-2011 testing season for 0.9 kg pentolite cast
booster detonations organized by charge detonation location referenced to the snow
surface. Dry and moist snow conditions are presented in separate tables.

2010-2011 Dry Soft Slab Snow Data for 0.9 kg Pentolite Cast Booster
2 m Radial Distance
5 m Radial Distance
Charge
Height
Top Middle Bottom Top Middle Bottom
1/3
Scaled Depth (m/kg ) 0.11
0.35
0.57
0.11
0.35
0.57
0m
2
Resultant (m/sec )
145.37 115.69 76.00 35.09 25.27
21.44
1/3
Scaled Depth (m/kg ) 0.11
0.35
0.57
0.11
0.35
0.57
0.5 m
2
Resultant (m/sec )
159.57 96.04
90.03 28.51 22.23
21.51
1/3
Scaled Depth (m/kg ) 0.11
0.35
0.57
0.11
0.35
0.57
2
Resultant (m/sec )
197.21 101.34 84.58 61.54 34.41
31.94
1/3
Scaled Depth (m/kg ) 0.08
0.32
0.50
0.08
0.32
0.50
1m
2
Resultant (m/sec )
355.11 78.88
60.63 68.13 18.74
17.30
1/3
Scaled Depth (m/kg ) 0.11
0.35
0.57
0.11
0.35
0.57
2
Resultant (m/sec )
268.19 135.31 65.68 41.86 30.31
18.60
2
Average Resultant (m/sec )
273.50 105.18 70.30 57.18 27.82
22.61
1/3
Average Depth (m/kg )
0.10
0.34
0.55
0.10
0.34
0.55
1/3
Scaled Depth (m/kg ) 0.11
0.35
0.57
0.11
0.35
0.57
1.5 m
2
Resultant (m/sec )
173.39 106.66 69.09 34.18 22.92
20.38
1/3
Scaled Depth (m/kg ) 0.11
0.35
0.57
0.11
0.35
0.57
2
Resultant (m/sec )
213.11 144.88 171.25 50.55 24.54
17.33
1/3
Scaled Depth (m/kg ) 0.08
0.32
0.50
0.08
0.32
0.50
2m
2
Resultant (m/sec )
218.55 179.09 54.05 23.77 20.72
21.68
1/3
Scaled Depth (m/kg ) 0.11
0.35
0.57
0.11
0.35
0.57
2
Resultant (m/sec )
437.42 120.44 85.55 54.91 26.41
20.30
2
Average Resultant (m/sec )
289.69 148.14 103.62 43.08 23.89
19.77
1/3
Average Depth (m/kg )
0.10
0.34
0.55
0.10
0.34
0.55
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2010-2011 Moist Soft Slab Snow Data for 0.9 kg Pentolite Cast Booster
2 m Radial Distance
5 m Radial Distance
Charge
Top Middle Bottom Top Middle Bottom
Height
1/3
0.35
0.57
0.11
0.35
0.57
Scaled Depth (m/kg ) 0.11
0.5 m
2
153.79 45.19
25.76 33.66 10.95
10.11
Resultant (m/sec )
1/3
0.35
0.57
0.11
0.35
0.57
Scaled Depth (m/kg ) 0.11
1m
2
245.21 72.91
46.13 47.75 12.15
12.13
Resultant (m/sec )
1/3
0.35
0.57
0.11
0.35
0.57
Scaled Depth (m/kg ) 0.11
1.5 m
2
129.22 47.91
33.28 38.46 10.83
7.83
Resultant (m/sec )
1/3
0.35
0.57
0.11
0.35
0.57
Scaled Depth (m/kg ) 0.11
2m
2
130.48 53.91
53.91 52.23 12.88
6.88
Resultant (m/sec )

Acceleration data for 0.45 kg pentolite detonations obtained during the 2010-2011 testing
season for soft slab snow investigations. Dry and moist snow conditions are in separate
tables and organized by charge elevation.

2010-2011 Dry Soft Slab Snow Data for 0.45 kg Pentolite Cast Booster
2 m Radial Distance
5 m Radial Distance
Charge
Height
Top Middle Bottom Top Middle Bottom
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
0m
2
Resultant (m/sec )
163.18 107.93 65.99 27.48 15.43
13.77
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
0.5 m
2
Resultant (m/sec )
203.53 143.01 78.57 39.06 21.26
15.87
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
2
Resultant (m/sec )
181.68 119.26 81.22 27.95 23.95
21.38
1m
1/3
Scaled Depth (m/kg ) 0.09
0.34
0.48
0.11
0.34
0.53
2
Resultant (m/sec )
120.09 84.34
63.01 27.17 19.02
16.81
2
Average Resultant (m/sec )
150.88 101.80 72.11 27.56 21.49
19.10
1/3
Average Depth (m/kg )
0.12
0.39
0.60
0.12
0.39
0.63
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
1.5 m
2
Resultant (m/sec )
174.23 114.86 91.64 34.17 21.87
17.54
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
2m
2
Resultant (m/sec )
140.12 112.17 59.09 39.26 26.36
18.74
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2010-2011 Moist Soft Slab Snow Data for 0.45 kg Pentolite Cast Booster
2 m Radial Distance
5 m Radial Distance
Charge
Height
Top Middle Bottom Top Middle Bottom
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
0.5 m
2
Resultant (m/sec )
99.53 76.83
76.33 19.88 16.97
10.00
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
1m
2
Resultant (m/sec )
107.89 65.63
68.08 28.79 13.98
10.12
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
1.5 m
2
Resultant (m/sec )
127.23 71.64
34.09 27.05 18.33
13.27
1/3
Scaled Depth (m/kg ) 0.14
0.44
0.72
0.14
0.44
0.72
2m
2
Resultant (m/sec )
127.27 54.41
57.63 25.79 16.98
10.80
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Hard slab snow acceleration data for the 2011-2012 testing season for 0.9 kg pentolite
cast boosters. All data is for moist snow conditions and all tests for a specific charge
elevation are presented together with average values as well.
2011-2012 Moist Hard Slab Snow Data for 0.9 kg Pentolite Cast Booster
3 m Radial Distance
5 m Radial Distance
Charge
Height
Top Middle Bottom Top Middle Bottom
1/3
Scaled Depth (m/kg ) 0.23
0.52
0.77
0.23
0.52
0.77
2
Resultant (m/sec )
38.69 34.96
19.27 26.41 9.33
5.42
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
0m
2
Resultant (m/sec )
52.05 26.03
13.20 22.52 12.68
6.01
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
2
Resultant (m/sec )
60.16 10.54
15.31 28.40 14.01
6.12
2
Average Resultant (m/sec )
50.30 23.84
15.93 25.78 12.01
5.85
1/3
Average Depth (m/kg )
0.20
0.49
0.76
0.20
0.49
0.76
1/3
Scaled Depth (m/kg ) 0.23
0.52
0.77
0.23
0.52
0.77
2
Resultant (m/sec )
92.08 89.44
35.33 40.78
17.64
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
0.5 m
2
Resultant (m/sec )
66.81 29.12
17.33 32.05 15.97
8.06
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
2
Resultant (m/sec )
94.91 21.88
9.12
31.69 10.02
4.16
2
Average Resultant (m/sec )
84.60 46.81
20.59 34.84 13.00
9.95
1/3
Average Depth (m/kg )
0.20
0.49
0.76
0.20
0.49
0.76
1/3
Scaled Depth (m/kg ) 0.23
0.52
0.77
0.23
0.52
0.77
2
Resultant (m/sec )
128.55 92.06
68.80 32.07 14.53
10.94
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
1m
2
Resultant (m/sec )
113.42 12.38
7.54
49.00 13.86
8.15
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
2
Resultant (m/sec )
76.55 44.29
27.55 38.89 11.14
8.60
2
Average Resultant (m/sec )
106.17 49.58
34.63 39.99 13.18
9.23
1/3
Average Depth (m/kg )
0.20
0.49
0.76
0.20
0.49
0.76
1/3
Scaled Depth (m/kg ) 0.23
0.52
0.77
0.23
0.52
0.77
2
Resultant (m/sec )
138.42 111.77 39.81 30.00 17.03
10.77
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
1.5 m
2
Resultant (m/sec )
103.29 75.53
52.42 24.96 12.99
6.54
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
2
Resultant (m/sec )
61.45 36.05
16.70 45.69 12.23
5.53
2
Average Resultant (m/sec )
101.05 74.45
36.31 33.55 14.08
7.61
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Continued 2011-2012 Moist Hard Slab Snow Data for 0.9 kg Pentolite Cast Booster
Average Depth (m/kg1/3)
0.20
0.49
0.76
0.20
0.49
0.76
1/3
Scaled Depth (m/kg ) 0.23
0.52
0.77
0.23
0.52
0.77
2
Resultant (m/sec )
151.12 35.60
26.70 56.30 14.37
6.12
2m
1/3
Scaled Depth (m/kg ) 0.19
0.47
0.75
0.19
0.47
0.75
2
Resultant (m/sec )
67.19 31.69
24.89 38.81 21.23
12.78
2
Average Resultant (m/sec )
109.15 33.65
25.80 47.55 17.80
9.45
1/3
Average Depth (m/kg )
0.21
0.50
0.76
0.21
0.50
0.76

Repeatability testing acceleration data obtained in the 2011-2012 testing season for hard
slab snow conditions. All charges were 0.9 kg pentolite and located1 m above the snow
surface.

2011-2012 Moist Hard Slab Snow Repeatability Data for 0.9 kg Pentolite Cast Booster
3 m Radial Distance
5 m Radial Distance
Charge
Height
Top
Middle Bottom Top
Middle Bottom
1/3
Scaled Depth (m/kg )
0.19
0.37
0.56
0.19
0.37
0.56
2
Resultant (m/sec )
54.83
32.30
21.78 14.17
13.03
12.30
1/3
Scaled Depth (m/kg )
0.19
0.37
0.56
0.19
0.37
0.56
2
Resultant (m/sec )
30.89
7.36
8.04 12.72
9.00
7.69
1/3
Scaled Depth (m/kg )
0.19
0.37
0.56
0.19
0.37
0.56
1m
2
Resultant (m/sec )
30.49
24.11
14.58 17.43
11.67
8.51
1/3
Scaled Depth (m/kg )
0.19
0.37
0.56
0.19
0.37
0.56
2
Resultant (m/sec )
45.70
23.72
12.51 27.06
15.91
11.40
1/3
Scaled Depth (m/kg )
0.19
0.37
0.56
0.19
0.37
0.56
2
Resultant (m/sec )
23.41
21.98
15.48 16.26
11.76
6.79
2
Average Resultant (m/sec )
37.06
21.90
14.48 17.53
12.27
9.34
1/3
Average Depth (m/kg )
0.19
0.37
0.56
0.19
0.37
0.56
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APPENDIX H
ACCELERATION AS A FUNCTION OF SENSOR RADIAL DISTANCE
FOR CHARGE PLACEMENT IMPACT ON ACCELERATION
WITH DEPTH AND RANGE

196
Acceleration as a function of radial distance for acceleration depths (top, middle, and
bottom locations throughout the snowpack) illustrating the advantage due to raising an
above the snow surface. The advantage is more pronounced in close proximity to the
detonation location in both the vertical and radial direction.
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APPENDIX I
VERTICAL ATTENUATION POWER LAW CURVES

200
Acceleration plots fit with power law regression to determine vertical attenuation for soft
slab snow investigations during the 2010-2011 testing season.
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2010-2011 hard slab snow acceleration plots fit with power law regression to determine
vertical attenuation.
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1 m Elevated Charge
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1.5 m Elevated Charge
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2 m Elevated Charge
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APPENDIX J
RADIAL ATTENUATION POWER LAW CURVES

211
Radial attenuation determination from power law regression of acceleration plotted as a
function of scaled radial distance for soft slab snow investigations during the 2010-2011
winter season of testing. Attenuation was determined and are shown for top, middle, and
bottom locations in the snowpack.
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2011-2012 hard slab snow acceleration plots fit with power law regression to determine
vertical attenuation.
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Note: For the one day of data the accelerometers placed in the middle and near the
bottom of the snowpack show the acceleration at 5 m to be greater than at 3 m. This is not
possible and indicates for this test the accelerometers did not experience the same
acceleration due to the detonation as the snowpack did. From the above figures it appears
the reading at 5 m is correct and the reading at 3 m is incorrect.
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1.5 m Elevated Charge
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APPENDIX K
CONTOUR AND SURFACE PLOT CREATION FOR 2010-2011
DRY AND MOIST SNOW COMPARISONS

227
Data (acceleration, scaled radial distance, and scaled depth) used to create contour and
surface plots for comparison of dry and moist snow conditions during the 2010-2011 soft
slab snow investigation. The black figures (corresponding to r, d, a data values) are for
dry snow conditions and the blue figures (rw, dw, ra correlating data) are for moist snow
conditions.

Surface Detonation
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0.5 m Elevated Detonation
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1 m Elevated Detonation
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1.5 m Elevated Detonation
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2 m Elevated Detonation
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APPENDIX L
CONTOUR AND SURFACE PLOT CREATION FOR 2010-2011
0.45 KG AND 0.9 KG EXPLOSIVE COMPARISONS

233
Data used to create contour and surface plots for comparison of 0.45 kg and 0.9 kg
charges in dry snow conditions during the 2010-2011 soft slab snow investigation. The
black figures (corresponding to r, d, a data values) are for 0.9 kg explosive masses and
the blue figures (rw, dw, ra correlating data) are for 0.45 kg pentolite masses.
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APPENDIX M
ACCELERATION AS A FUNCTION OF DENSITY

236
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