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Much progress has been made in forecasting d i rect action soft slab ava

lanches from metero l og ica l observations. Fa ctors such as wind, temperature 

and precipitation intensity are weighed against preset cr iteria a nd the hazard 

is judged according ly . 

However, the interplay of meterological factors is complex and standard 

metero l ogica l observations cannot be exc lu sively reI ied on for soft s l ab pre

diction. Ambient air temperature for example, cannot be corre l ated with 

crystal str ucture which is determined by upper atmospher ic conditions . Also, 

because of radiation, air temperature may not be indi cative of the metamorphism 

of freshly deposited snow. 

With present instrumentation the forecaster is hard-pressed to keep track 

of the var ious crystal structure and property changes tak in g place during a 

storm. Besides basic cha nges in dendritic structure, crysta l l ayers wil I vary 

in such important modifying features as degree of riming4 , impurity concentration, 

wind fragmentation, wetness, and c lu stering. Thus, a set of meterological co~di

tions measured at a convenient location with conveni ent in struments cou ld app ly 

equa ll y we I I to a variety of s l abs which differ from one another in many mechanical 

properties. 

Measurement of the mechanical properties of newly deposited snow are needed 

to s upp l eme nt metero l ogica l data and improve upon the predictabil i ty of soft 

s lab release. 

There is a scarcity of exper imental data pertaining to properties of newly 

deposited snow in the density range of 0.05 to 0.20 gm/cm3. Most of the informa

tion which covers this low range is extrapo l ated from relationships derived from 

experiments on snow with densities greater than 0.2 gm/cm3. Soft slab avalanches 

usua ll y occur during or immediately after a storm and involve snow in this low 



density range. Laboratory exper iments on fresh s now are diff icu lt to set up, 

hence the development of "in s itu" experimental techniques are necessary. 
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Two problems are encountered in the setting up of consistent "in situ" 

experiments. ~igure I. s hows the first problem: Property and st ructure vari

ation in the z-direct ion . To so l ve the first problem requires gat her in g data 

at appropriate ~ z intervals. Th e second problem is property and st ructure 

variation in the x and y directions . The so luti on of the second problem in

vo l ves the choice of a su it ab l e study area, free of loca l wind anomol ies, and 

the statistica l design of the experiment to account for X and Y data variations. 

The drop cone penetrometer 

The Haefel i ram penetrometer is a conveni ent device for measuring the 

strengt h of the snow pack. In t he Haefel i method, an impact energy i s imparted 

to the ram and the corresponding penetration i s noted . From these data, strength 

as a function of z can be calculated for the snow profile. These strength meas

urements are of great value to the avalanche forecaster in evaluating c l imax and 

deep s l ab hazards. However, even if t he Haefe l i ram is set gent l y on a fresh 

layer of snow, its narrow head may exert a pressure on an order of magnitude 

greater than the resistive pressure of the snow. 

At the Alta Avalanche Study Center an instrument, simi l ar in operat ion to 

the Haefe l i penetrometer, was developed. This instrument, capab l e of measuring 

the strengt h prof i Ie of a soft s lab, is the drop cone penetrometer. Previous 

models of this instrument have had a successfu l hi story of providing consistent 

fresh snow data. I ,2,3 

The sequence of oper at ion for t he Alta model (Figure 2) is as follows: The 

instrument rests on the s now, supported by its flange in a l eve l pos i tion. The 
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cone assembly is held up by the clamp. The operator looks through the observa

tion window, loosens the clamp, and gently lowers the cone assembly until it 

makes contact with the snoW. The operator holds the cone assembly in this 

position and notes the meter stick reading, designated Zr to symbol ize reference 

pos ition. The cone a ssembly is then 1 if ted to an initial Zl reading on the 

meter stick, released and allowed to fall and penetrate · the snow . The cone 

assembly comes to rest at a meter stick position recorded as Z2' The cone 

assembly is then 1 if ted and clamped in the up position, the aluminum frame is 

picked up and reset in a level position over a new sampl ing area, and the sequence 

is repeated. 

If the weight of the cone assembly i s w, the impact energy is given by : 

U =w(Z2 - Zl) 

and the penetration is : 

Z = Z2 - Zr 

Minimum input energy is obtained when 

Zl = Zr 

U can be increased by decreasing Zl (i . e. raising the cone assembly since the 

meter stick is oriented with the 0 marking above the 1 meter marking) until the 

cone touches the cross bracket. For further increases in U it is necessary to 

add weights to the cone assembly. 

Previous drop cone penetrometer models measured the diameter of the cone 

impression. This was a time-consuming operation and restricted the experimenters 

to two or three drops per determination of U. Using the construction and pro

cedure described above enables the operator to quickly make 5 to 10 drops for 

each determination. 
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Provision was made for attaching 120, 90, 60, and 45 degree cones to the 

cone assembly. Comparative studies of the various cones were set up and the 60 

degree cone was finally selected as most suitab l e for future studies . Though 

120 degree and 90 degree cones gave consistent r esults, the diameter of these 

cones would have to be relatively l arge to a ll ow for deep slab penetration. The 

45 degree cone was disqual ified because of a pecul iar inconsistency; certain 

s nows wou ld fracture around the impact point of this narrow angle co ne . 

Analysis of data 

As shown in figure 3. , a typical run on dry, low density snow, 10910 U 

i s a 1 inear function of 109 10 Z. This l eads to the following expression 

where the "n" and "k" are constants evaluated from the l og U log Z plot. Each 

s l ab can be descr i bed by these cons tants. It is hypothes i zed that "n" and "k" 

give information pertaining to the mechanical behaviour of the s l ab. 

It is useful to reformulate the problem in terms of res i stive pressure or 

hardness . In Hokkaido, Japan, Yosida and his colleagues, using a free fa ll ing 

measuring system, were able to determine the resistive force exerted by various 

f f · f' 6 types 0 snow as a unction 0 time. Figure 4 . shows the ir results for freshly 

deposited snow. From Figure 4. it appears that the snow compacts beneath a 

penetrating object and causes the resistive pressure to increase with depth of 

penetration. I f P represents the resistive pressure of the snow , then 

P = p(Z) 

and the total force exerted by the snow on a surface, S, is 

R = fs P (z) d s 
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The component of R in the z-direction for a 60 degree cone is 

~ for 
The impact energy must perform work according to 

U = )o~ 
which is the scalar integral 

u~ 

or in differential form 
d:l.U .... 
die'" 

~ -3 P(e) 
n but since U = kz ~ 

d U 
d~Ol.. 

_ K N ( II-!) ?; /'I-;J.. 

and finally solving for p(z) 

kl'f(N-I) N-3 

Mellor S gives an excellent summary of previous studies based on similar power 

S 

relationships between pressure and penetration. The above relationship is con-

sistent with these studies. 

For a slab of thickness H, a single coefficient of hardness P could be 

p-
If 1 P(t)d"£: 

3 
<;J. 7T R. 

defined as 

Because the apparatus developed at Alta gives k and n directly, there seems 

to be no advantage in using the pressure formulation constants kl and nl . 

However, P will be a useful coefficient to calculate because it gives ordered 

hardnesses which can be used to verify the drop cone theory. 

It is possible to think of (k,n) and ~ as descriptive coefficients of a 

slab in profi Ie. If it is real ized that the expression U = kzn is only an 

approximation to the successive discontinuous collapse of the slab's infini-

tesimal layers the dimensional problems inherent in the power function repre-

sentation can be reconciled. 
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In an infinitesimal collapse of thicknessAi:, if P is constant 

and 

As before, examining the z component for the 60 degree cone 

..sL ( Ll U) = P )0 ~ ~ j p7r ~ 
~ (Ll i) d:;c 3 7T-r.. =-= 3 

7T 3 
or 4U = Par (Ai) (Pressure) (Change in Volume) -

which is a dimensiona ll y consistent expression. Then as hypothesized in 

Fi gure 5., U = kzn is the approximation to a set of cubic col lapse functions, 

each dimensionally proper. 



The results of the 1967 drop cone experiments are shown in Tabl e 1. 
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Date Time Samples ~ k n P 

2/26 1300 10 0.10 0·55 3·75 11 

3/14 1500 

3/15 1100 

3/ 16 1500 

3/ 19 0800 

3/19 1500 

3/29 1500 

3/30 1100 

3/30 1700 

4 / 1 1500 

4/13 1100 

5/6 1700 

5/11 1500 

5/13 1700 

25 

10 

11 

17 

25 

20 

15 

28 

15 

20 

20 

15 

10 

100 

0.12 0.14 4.40 17 

0.18 1.20 3·70 21 

0·3 1 0.39 4.40 48 

O. 1 2 0 . 3 1 3 . 89 9 

0.11 1· 95 3·36 13 

0.17 2.63 3.40 20 

0.10 0.80 3.52 8 

0.21 35.50 2·56 39 

0.07 1.26 3.40 10 

0.21 0.34 4 .42 44 

0 ·39 0.56 4.30 52 

0.11 1.60 3.26 

0.10 0.28 3.84 

9 
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32 3.9 956 
*p is based on H - 15 cm. 

Tab le 1. 

Crystal type 
and 

Slab Structure 

Heav il y rimed dendrites 

Rimed stel lar crystals and graupel 

Slab of 3/ 14 

Slab of 3/ 14 damp 

Heavily rimed assortment and graupel 

New s now and 1 ight wi nd s s ince 0800 

Alternate layers, stellar, graupel 
and ste llar 

Rimed assortment 

11 00 snow - 1 inch thick sun and 
wi nd cru s t 

Avalanche 
Occurrence 

Sluffs 

Slab release 

Stable 

Stab 1 e 

Sluff s 

Sluffs 

Mos t 1 y stab 1 e, 
some release 

Slab release 

Stable 

Clusters o f needl es and s tellars with Stable 
1 ight rime 

Damp s now - one day o ld 

Wet Snow 

Partiall y melted dendrites 

Moderatel y rimed stellars 

Coar se rock salt crystals 

Stable 

Occa s ional wet 
l oose s now 

avalanches 
some we t slab 
release 

7 
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Conclusions 

The results shown in Ta b l e I . cover on l y the conc ludin g mont hs of one ava

lanche season. Mu ch more data wi ll be needed before correlations ca n be worked 

out between (k , n) and s lab re l ease. It is hoped that event uall y (k,n) wi ll fit 

in to a comp lete factor analysis t hat will include the variables of Figure I . 

Thi s wil I entai l the deve lopment of extens i ve " in situ" testing procedures. 

The low cost a nd ope rati onal s impl icity of the drop cone penetrometer g ives 

it the potential to become a useful soft s lab forecast in g instrument . Further 

stud ies are pl anned. 
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Figu re I. The first problem. Structure and property variation in the 
z -dir ection . 
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Obs e r va t i on 
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4' high 
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~(------ 2 ' diameter -----4) 

Figure 2 . The Alta drop cone penetrometer . 
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Figure 3 . Linear approximation to the dat a of March 19 . 
Taken at 1500 . 
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Figure 4.. Sketch of an oscillogram s howing resistive f or ce 
as a function of time . (Reference 5. ) 
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Fi gur e 5 - u = zn i s an app r ox imat io n to a di sco nt inuous 
f un c ti on. I t i s hypo t hesized that d ime ns ional cons iste ncy 
i s ac hi eved if t he d i sco ntinuous fu nc tion is a set o f cub ic s . 


