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ABSTRACT

Snow avalanches threatening the road to the
Sunshine ski area in Banff National Park, Alberta,
Canada, are controlled by helicopter bombing and
preplanted explosives. The effectiveness of these
methods is evaluated using two ratios: avalanche
points/bomb and avalanche points/kilogram of ex-
plosive, where avalanche points are computed on a
scale of 1 to 5, according to size. Analysis of 74
helicopter missions shows a sianificant increase in
avalanche points/bomb with increasing bomb mass.
Comparison of helicopter bombing (near-surface
detonations) with preplanted charges (ground detona-
tion) shows that ground detonations are at least as
effective as bombs detonated just below the snow
surface.

INTRODUCTION

In many mountainous areas throughout the world
the avalanche hazard is controlled by using explo-
sives to bring about artificial release. For example,
each year in North America a variety of methods are
used to detonate ~10° explosive charges on slopes
with suspected instability (Mellor 1968, 1973, Perla
and Martinel1i 1976, Perla 1978[a], [b]. Despite the
widespread use of explosives in avalanche hazard
control, very little is known about the best choice
of mass and placement of an explosive to release a
given slope.

In the few comprehensive studies to date, Gubler
(1976, 1977[a] and [bl, 1978) reports on the attenu-
ation of explosive energy in a level plot of snow as
a function of explosive amount, position, and speed.
His tests indicate that a charge detonated at or
above the surface of the snow has a much greater
range coimpared to a charge buried in the snow since
the energy attenuation is relatively large within the
snow. Gubler (1978) presents data from Switzerland
and Austria confirming the advantage of air propag-
ation in the blasting of avalanche slopes, and recent
experience at North American ski areas suggests that
there may be some advantage to above-surface deton-
ations (personal communications from L FitzGerald at
Snowbird, Utah, and C Israelson at Lake Louise,
Alberta). Thus, there is growing evidence that
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explosive effectiveness depends on the position of
the explosive with respect to the snow surface.

Detonation above the snow surface is not practi-
cal in most situations. The vast majority of explo-
sives are hand-thrown or launched against the snow
surface. If the snow surface is relatively hard, the
explosive may rest directly on it during detonation,
but more generally the charge penetrates into the
snow and detonates at about 0.1 to 1.0 m below the
surface.

Certain types of artillery rounds have base-
mounted fuses which require a solid impact against
the surface of the ground for reliable activation.
Also, in some areas where zones suitable for starting
avalanches are inaccessible, a practical alternative
is to preplant explosives on the ground during autumn
for subsequent detonation with coded radio signals.
It is not known how a charge detonated at the snow-
ground interface compares in its effectiveness to one
detonated just below the surface.

A related question concerns the effectiveness
gained by increasing or decreasing the mass of explo-
sive. Gubler found that the energy delivered to his
transducers on a level plot varied as the square root
of explosive mass. To date, there are no studies
which confirm that square root scaling applies to
the failure and release of inclined snow slopes.
Moreover, there are no objective guidelines for
matching the mass of an explosive to a potentially
unstable slope.

One difficulty in answering the above questions
is the large number of variables associated with the
nature of the terrain and with meteorological factors,
as well as practical constraints that are present in
any study of the release of avalanche slopes. Another
difficulty is the lack of a method of evaluating what
constitutes an "effective" response to blasting an
avalanche slope. Our present study which employs ten
years of data on explosive control illustrates some
of these difficulties. In spite of large statistical
scatter, we will reach some modest conclusions about
explosive position and mass.

AVALANCHE CONTROL DATA
The access road to the Sunshine ski area in
Banff National Park, Alberta, is threatened by 14
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avalanche paths which descend vertically ~1 000 m
from starting zones ~10% to ~10% m? in area.
Most of the starting zones are inaccessible to
artillery or avalanche control teams, and trans-
mission of explosives by cable car to detonating
positions above the snow surface was judged impracti-
cal considering the vertical distance from valley
bottom. Helicopter bombing was introduced in 1968,
and self-consistent record-keeping of missions bhegan
with the winter 1970-71. A total of 74 helicopter
missions was flown in the period 1970-71 to 1981-82.
Beginning in the winter of 1974-75, helicopter
bombing was supplemented with explosives detonated by
VHF radio, preplanted in the starting zone during the
autumn in accordance with techniques described by
Everts and Laidlaw (1978). A total of 38 missions
based on preplanted explosives was completed during
the winters 1974-75 to 1981-82, but not necessarily
on the same days as helicopter missions flown during
those years.

0f direct relevance to the questions posed in the
introduction is that helicopter bombs detonate at or
just below (<1.0 m) the snow surface, depending on
the snow surface hardness, and always 1ift snow and
detonation gas from henispherical blast craters. By
contrast, preplanted bombs detonate at the ground-snow
interface which, in the Sunshine area, is typically
1 to 3 m below the snow surface depending on lateness
of season and snowfall amounts. Craters are small or
not observed, noise is muffled, and usually only
small amounts of snow and detonation gas are thrown
upwards above the snow surface. Therefore, the
records of the Sunshine control missions provide a
possibility for comparing nearsurface and ground
detonations. In addition, the average helicopter bomb
mass was varied from one mission to the next (1 to
16 kg); this provides a possibility for comparing
results as a function of bomb mass.

A11 bombs contained a high percentage of tri-
nitrotoluene (TNT), and were comparable in speed of
detonation and pressure.

EXPLOSIVE EFFECTIVENESS

Avalanche size in response to an explosion was
recorded on a point scale 1 to 5, based on the
destructive capability of the avalanche as shown in
Table 1. The records in the present study included
up to size 4 avalanches, but not size 5, which is
the extreme 1imit for the world's largest avalanches.
From the viewpoint of field observers and record
keepers, the 1 to 5 scale of Table I is easy to use,
will give self-consistent scores since observers
will rarely disagree by more than one point, and has
direct relevance to hazard evaluation. However, it
is far from the best measure of avalanche response to
an explosive blast. Perhaps it would be preferable to

TABLE I. METHOD OF ASSIGNING AVALAMCHE POINTS
Avalanche points Observation
1 Sluff. Could not bury or injure
a skier.
2 Small avalanche. Could bury or

injure a skier.

3 Hedium avalanche. Could destroy
a building or car.

4 Large avalanche. Could destroy a
village or forest.

Extreme. World's largest avalan-
ches (e.g. in Andes, Himalayas,
St Elias Mountains).

8, ]
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use area and thickness of the initial slab released
by the explosive; unfortunately these data were not
recorded consistently. The absence of a more direct
measure of avalanche response to a blast may explain
some of the high variance in our present results.

We assume that an avalanche larger than size 1 is
an effective response to an explosion. The choice of
this somewhat arbitrary threshold could cause some
of our high variance; however, the threshold should
not be selected to minimize variance. In our opinion,
a non-release or a sluff (size 1) is an ineffective
response (this is open to controversy). For any
number of bombs or missions we can therefore define
two ratios which characterize the effectiveness of
the bombs or missions: (a) the total avalanche points
(»2) divided by the total number of bombs, and
(b) the total avalanche points (32) divided by
the total mass of explosives in kg.

The simpler alternative is to equate effective-
ness with the number of avalanches above a threshold
(size 2 in our case), without any additional size
discrimination. As explained later, we found that
this alternative gave a poorer correlation with bomb
mass. We believe (again open to controversy) that
there is a need to introduce avalanche size in the
measure of explosive effectiveness.

PRECIPITATION INDEX

An important complication in any comparative
study of avalanche control is the variation of
meteorological variables from mission to mission.
Snowfall, precipitation, temperature, and wind data
were recorded daily during the mission period from
1970 to 1982, inclusive of the months November to
April. These data were used to derive indices by
sumning the data back into the past from the day of
the wission. Analysis was made of indices based on
one-, three-, and seven-day sums of the above vari-
ables. It turned out that the precipitation (in mm
of water) summed for the three-day period before the
mission correlated most significantly (r = 0.63) with
total avalanche points. The importance of precipita-
tion compared to the remaining variables (snowfall,
temperature, wind) is recognized in many previous
studies of avalanche forecasting, which usually find
higher correlations between avalanche activity and
precipitation, and especially high values where
explosive control is conducted during or immediately
after heavy snowfall in anticipation of instability
due to new snow. By contrast, in the present study
missions using helicopter bombing and preplanted
explosives were usually conducted durina favourable
weather, often many days after a precipitation cycle.
The intent was to force instability in deep, weak
layers (depth hoar) usually found in the snowpack of
the Canadian Rockies, as well as the possibility of
forcing release of the newly-fallen snow.

In any case, the precipitation history preceding
a mission is an important variable, as we will show,
and should be considered in comparing the effective-
ness of missions.

RESULTS: NEAR-SURFACE AND GROUND DETOMATIOMS

Data from each mission are compiled in the
appendix. These data can be grouped as shown in
Table II which gives a comparison of 74 helicopter-
bomhing missions (near-surface detonations) and 38
preplanted-charge missions (ground detonations). The
74 helicopter-bombing missions are divided into two
columns: 31 missions flown in the early years before
the introduction of preplanted explosives, and 43
missions flown contemporaneously with the use of pre-
planted explosives. We draw attention to the effect-
iveness ratio points/kg which is significantly higher
for preplanted-charge missions. This follows despite
a lower three-day precipitation history. We also note
that the ratio points/bomb of the preplanted-charge
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TABLE II. COMPARISOM OF MISSIONS USING HELICOPTER BNMBING AND PREPLANTEN EXPLOSIVES

Helicopter bombing Preplanted explosives
Nov 1970 to May 1974 Nov 1974 to May 1982 Nov 1974 to May 1982
Humber of missions 31 43 38
Total number of bombs 453 609 100
Total mass of explo- 3 537 2 369 531
sives (kg)
Average bomb mass (kg) 7.81 3.89 5,37
Total number of ava- 141 118 85
lanches (size »2)
Average avalanche size 3.01 2.60 2.50
Total avalanche points 424 307 91
Points/bomb 0.936 0.504 0.910
Points/kg 0.120 0.130 0.169
Average three-day 32..5 233 1 |
precipitation history
history (mm)
missions exceeds the points/borb of the contemporan- versal at 4.3 and 2.0 kg. However, an important
eous helicopter-bombing missions, and even approaches complication is that the 3-day precipitation
the points/bomb for the earlier missions which were histories also stratify in the same order as the
carried out with larger bomb masses and synchronized bomb masses, and it is therefore necessary to separ-
to much higher three-day precipitation histories. ate the effect of these two variables (precipitation
Given a snowpack where there is potential deep- and bomb mass) on the points/bomb .
slab instability, we conclude from Table II that _One method of making a separation of effects is
ground detonations have an effectiveness that is with a two-stage regression in which the dependent
comparable to near-surface detonations. We only variable is the points/borb Y, and the two indepen-
resist a stronger conclusion because of the imbalance dent variables are three-day precipitation Xj and
in the total amounts of explosive, but the possib- bomb mass Xp. Table IV summarizes the statistics of Y,
ility that ground detonations are better in some X1, and Xp from the 74 helicopter-bombing missions.
circumstances should not be dismissed. First-stage correlations are summarized in Table V

which indicates that X1 is the slightly stronger
independent variable, and that the linear function
of X2 as opposed to (X2)2,(X2)1/2, and (Xp)}/3 is

RESULTS: BOMB MASS optimum. Because the correlations are too weak and

From Table II it is also possible to conclude too close to one another it is premature to accept
that the effectiveness ratio points/bomb increases a linear relationship between Y and X2 in preference
with increasing bomb mass. Table III confirms this to, say, a square-root relationship (preferable
trend by listing helicopter-bombing and preplanted- according to Gubler's attenuation measurements) as
charge missions according to average bomb mass. The anything more than a statistical result, given the
trend appears to hold with the exception of a re- high variance of our data.

TABLE IIT. MISSIONS LISTED ACCORDING TO BOMB MASS

Type of Mumber of Average bomb Points/bomb Average 3-day precipi-
control missions mass (kg) tation history (mm)
Helicopter 11 10.3 1.06 33.9
Helicopter 34 6.8 0.81 29.6
Helicopter 11 4.3 0.48 26.6
Helicopter 18 2.0 0.57 18.8
Preplanted 23 6.8 1.09 16.8
Preplanted 15 4.0 0.82 | iy
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TABLE IV. VARIABLES IN REGRESSION ANALYSIS OF 74 HELICOPTER-BOMBING MISSIONS

Variable Symbo1l
Points/bomb Y
3-day precipitation (mm) X1
Bomb mass (kg) X2
Total avalanches i

(>2)/bomb

Range Mean Standard deviation
2.67 0.74 0.56
104 27.1 20.1
16.6 5.78 2.99
0.68 0.26 017

As noted earlier, there is the possibility that
a simpler measure of effectiveness based on a total
number of avalanches (above a threshold) could be
used in place of Y. With reference to Tables IV and
V, we found the correlation of Xp with Z (= total
number of avalanches »2 divided by the number of
bombs) to be poorer (r = 0.27) than the Y - Xp
correlation. This gives partial justification for
choosing Y instead of Z as the effectiveness measure
(and dependent variable in a regression analysis).

TABLE V. CORRELATION OF VARIABLES DEFINED IM TARLE IV

Correlation P

Y vs X1 0.40
Y vs (Xp)1/3 0.34
Y vs (X2)V/2 0.35
Y vs Xz 0.37
Y vs (Xp)2 0.36
Z vs X2 0.27

In the second stage of the regression, Xz is
correlated with the residual Y - (mX1 + b), where
n and b are the respective first-stage regression
constants 0.011 and 0.44. The correlation of Xp
with the residual gives r = 0.32, which is Tow but
none the less significant (given 74 data pairs), and
proves that Y indeed depends on both X1 and Xp
despite the dominating influence of Xi. The complete
two-staqge regression is

Y

0.011X; + 0.055Xp + 0,196,

where r = 0.47. This regression is too poor to have
predictive value, although it does suqggest relative
trends.

CONCLUSIONS

From our study of artificial avalanche release
in the Canadian Rockies by means of either heli-
copter bombing or preplanted explosives we conclude
(1) with respect to the effectiveness of releasing
avalanches, explosives detonated at the ground-snow
interface are comparable to explosives detonated
just below the snow surface, and (2) the probability
of avalanche release increases significantly with
increasing bomb mass in the range of 1 to 16 kg of
high explosive.

These conclusions are based on data with rather
high variance (low r-values). Further confirmation
is necessary, especially in other areas where the
snowpack is thicker (>2 m), where instability is
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mostly confined to surface layers of newly fallen
snow, and where explosive control is usually
attempted during or immediately after periods of
heavy snowfall.

It was not possible to formulate quantitative
guidelines for choosing the best placement and mass
of avalanche explosives because of the large number
of uncontrolled variables in our data. It may always
be difficult to go beyond some :odest guidelines
because avalanche situations differ from each other,
Nevertheless, more work is needed on this interesting
and challenging problem.
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APPENDIX: MISSION DATA

Date Total snow 3-day precipi- Type of Number of Total mass of Number of ava-
(year,month stake tation history control bombs explosives lanches
day) (m) * (m)  ** ok (kg) size 2 size 3 size 4
70/12/4 1.00 20 H 10 68 0 4 1
71/1/16 1.60 16 H 15 102 1 4 1
71/1/31 2.40 104 H 19 129 3 1 9
71/2/26 2.30 23 H 18 122 2 3 0
71/3/31 2.60 43 H 20 136 0 3 1
71/11/22 0.65 T H 8 54 1 0 0
71/12/18 1.00 13 H 17 116 0 3 0
71/12/22 1,18 18 H 14 95 0 5 0
71/12/25 1.41 34 H 12 82 0 5 0
72/1/10 1.48 20 H I3 102 0 3 1
72/1/17 1.65 10 H 15 116 1 0 1
72/1/21 1.92 37 H 18 163 0 1 1
72/1/23 1,95 66 H 18 299 0 1 2
12/2/16 2.18 31 H 13 116 0 2 1
72/2/17 2.10 29 H 5 48 0 2 0
12/2/29 2.25 25 H 20 136 0 7 2
72/3/1 2:15 50 H 3 48 0 0 2
72/3/10 2.70 31 H 18 122 0 2 0
72/12/2 0.80 44 H 15 102 5 1 0
712/12/27 1.10 60 H 18 136 0 5 3
73/1/15 1.10 12 H 10 68 2 2 0
73/1/26 1.38 29 H 16 109 4 2 0
73/3/11 1.60 34 H 16 109 3 1 0
73/11/20 0.70 2 H 16 109 3 3 0
713/11/29 0.95 33 H 16 109 2 1 0
73/12/21 1.10 2 H 17 204 3 2 0
74/1/15 1.65 57 H 15 102 0 3 i
74/1/16 1.80 55 H 12 122 2 1 5
74/1/30 2.30 45 H 20 136 0 1 4
747271 2.10 7 H 14 95 2 0 0
74/4/27 2.5h 50 H 12 32 4 0 0
74/12/5 0.95 27 H 15 102 2 3 0
74/12/27 1.10 23 P 1 7 0 0 0
74/12/28 1.10 31 H 3 20 0 1 0
74/12/30 1.05 13 H 10 78 0 0 0
75/1/24 1512 15 H 8 54 2 1 0
75/2/13 1.60 30 H 13 88 1 0 0
75/2/14 1.65 28 H 15 102 0 2 0
75/12/3 1.20 64 P 1 9 0 i 0
75/12/5 1.45 74 H 12 82 0 3 2
75/12/10 1.65 62 H 13 88 i 0 0
75/12/31 1.60 30 H 12 82 0 3 0
76/1/16 1.65 10 H 16 109 1 2 0
76/1/16 1.65 10 P il 7 0 0 0
76/2/19 2.00 14 P 1 7 0 0 0
716/2/20 1.96 5 H 16 109 1 2 0
16/2/27 2.08 22 H 15 102 0 1 1
76/3/4 1595 0 H 12 82 i 2 0
76/12/22 0.70 2 H 16 54 2 0 0
77/1/20 0.90 16 P 1 7 0 1 0
77/1/20 0.90 16 H 16 54 3 0 0
77/3/8 1.10 13 P 1 7 1 0 0
77/3/9 1,12 18 H 16 77 0 4 0
77/4/1 1,35 4 H 22 95 1 2 0
17/12/4 1205 24 H 12 82 1 3 0
17/12/22 1.10 0 H 14 28 0 1 0
78/1/5 1.40 24 H 14 28 2 0 0
78/2/4 1235 18 P 4 27 3 il 0
78/3/13 1.45 13 H 17 34 3 0 0
78/3/13 1.45 13 P 4 27 0 0 0
78/3/18 1.50 9 P 4 27 1 2 0
18/3/27 1.65 30 H 6 12 4 0 0
18/12/22 0.85 15 H 15 30 3 2 0
78/12/22 0.85 15 P 3 20 0 1 1
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Date Total snow 3-day precipi- Type of Humber of Total mass of Humber of ava-
(year,month stake tation history control hombs explosives lanches
day ) (m) * (m)  *=* Atk (kq) size 2 size 3 size 4
78/12/26 0.92 9 P 1 7 0 % 0
79/2/9 1.25 14 P 4 27 0 1 0
79/2/12 1.45 25 B 3 20 0 2 0
79/2/14 1:55 31 H 26 52 2 L 0
79/2/27 1.62 27 H 8 16 1 0 0
79/4/6 1.70 12 P 4 27 0 0 0
79/4/17 1.73 11 P 1 i 0 0 0
79/4/18 1.90 33 H 20 40 2 1 0
79/12/8 0.93 9 P 4 27 0 0 0
79/12/14 1.40 45 P ! y 1 0 0
79/12/15 1.70 65 H 14 48 0 0 0
79/12/18 1.60 41 H 33 66 0 0 0
80/2/22 1.70 6 H 15 15 0 0 0
80/3/10 1,75 15 P a 27 0 1 0
80/3/14 2.08 30 P 1 7 0 0 0
80/3/14 2,08 30 H 26 86 3 2 0
80/3/18 2.08 12 p 1 7 0 0 0
80/3/20 2.03 16 H 17 70 2 1 1
80/4/15 1.92 4 p 1 . 0 0 0
80/4/20 1,78 1 P 1 7 0 0 0
80/4/23 1.75 4 B 1 1 1 0 0
80/4/23 L-.75 4 H 4 20 0 1 0
80/11/22 0.90 53 H 6 28 1 1 0
80/12/4 1.20 44 P 5 20 0 1 0
80/12/4 1.20 44 H 5 30 0 0 0
80/12/15 1.10 8 P 3 12 1 0 0
80/12/26 1.42 29 P 2 8 0 0 0
80/12/27 1.42 27 P 2 8 0 0 0
80/12/28 1455 41 H 13 62 1 3 0
81/2/15 1.42 1 P 3 12 1 1 0
81/2/16 1.53 8 P 2 8 1 0 0
81/2/18 1.58 24 P 2 8 1 0 0
81/2/20 1,73 18 P 4 16 0 0 0
81/2/21 1.73 15 H 16 32 2 2 0
81/3/6 1.75 14 P 3 12 0 0 0
81/4/8 1.80 14 H 14 34 1 0 0
81/4/16 1.82 4 p 2 8 1 0 0
81/4/16 1.82 - H 6 17 1 0 0
81/4/17 1.82 6 p 2 8 1 0 0
81/12/11 1.03 9 P 2 8 0 2 0
81/12/11 1.03 9 H 17 36 2 5 0
82/1/26 1.60 37 P 7 28 2 2 )
82/1/26 1.60 37 H 9 18 0 a 1
82/2/2 173 10 H 14 28 2 4 0
82/2/15 2.00 27 H 16 32 2 2 0
82/3/12 2.00 6 P 6 24 1 0 0
82/3/15 2.25 30 P 7 28 0 0 0
82/3/22 2.05 2 H 22 50 0 0 0

% Total snow depth at a level study plot at elevation 2 200 m, and located within 5 km of starting
zones at elevation 2 500 to 3 000 m.

**  Sum of all water equivalents of snow over 3-day period preceding mission, and measured at level
study plot as in footnote*.

*** i is helicopter-bombing mission; P is radio detonation of preplanted explosive.
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