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the origin of the instability. Therefore, a nomenclature based on
fracture patterns has been developed to facilitate discussion of slab
mechanics. This nomenclature was influenced somewhat by the Varnes (1958)
description of landslide markings.

With reference to Fig. 1, a plan view of an idealized slope upon which is
superimposed a typical fracture line, and Fig. 2, a view of the typical
fracture surfaces remaining after slab release, the following nomenclature
is specified.

Fracture line - On the snow-air surface, the closed curve which
demarcates the boundary of the slab.

Crown Tine - The upslope section of the fracture line, usually an arc.

Toe 1ine - The downslope section of the fracture line, often obliterated
when bulldozed over by the falling slab.

Right and left flank lines - The side sections of the fracture line,
usually jagged. In keeping with geological nomenclature,
right and left refer to the slab as viewed downslope from
the crown line.

Crown - The snowpack which is immediately upslope from the crown line.
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Toe - The snowpack which is immedately downslope from the toe Tline.

Right and left flank - The snowpack which is respectively to the right
and left of the right and left flank Tines.

Correspondingly, the slab is also subdivided into: Slab crown, Slab toe,
Slab right flank, Slab left flank, and Slab center. Furthermore, since
fracture lines tend to reappear from season to season, or even from storm

to storm, in almost the same slope position, it is reasonable, when the
position of the fracture line is approximately predictable, to subdivide

each slope into: crown region, central region, toe region, and flank regions.

The fracture Tine is the bounding curve of the fracture surface which can
be subdivided into: crown surface, flank surfaces, and the bed surface.
The latter comprises by far the greatest portion of the fracture surface.

The crown profile (Fig. 3a) consists of: snow-air surface, slab layer,

bed surface extension, slab substratum, and ground surface. With reference

to conditions before slab release, the crown region profile (Fig. 3b) con-
sists of: snow-air surface, crown region layer, and ground surface. Similar
terminology can be applied to the flank and toe regions. The slab Tlayer,

slab substratum, and crown region layer may each consist of several laminates,
numbered consecutively; e.g., slab layer laminate 1, slab layer laminate 2,
etc., with the higher number laminates closer to the ground surface. Within
the crown region layer, potential bed surfaces may be associated with weak
laminates or the discontinuity between adjacent Taminates.
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Method of Slab Observation and Measurement

Observations of fracture geometry and snow properties were made at 23

fracture lines on the average of a few hours after slab release. In two
instances, the author equipped with field instrumentation ski-released a

small slab and was afforded the opportunity of immediate measurement.

However, the majority of the measurements were made on Targe slabs which

were released by explosives or artillery, and to which access was not possible
until safe approach routes could be established. The maximum delay between
slab release and fracture line observation was about 24 hours. Large delays
were permitted only on north facing slopes where reduced radiation would

not drastically alter the snow properties during the delay. Measurement

of south-facing fracture lines was all completed within a few hours after

slab release. Observations were not taken after mid-March since the intense
solar radiation of spring quickly metamorphoses the snow on all exposures

and measurements taken even a few hours after slab re]ease would not represent
conditions at time of release.

Although it would have been preferable to measure snow properties at several
points along the fracture line, there was insufficient time for the author,
working alone, te take readings at more than one fracture location. The
approximate center of the crown line was chosen as the standard observation
location because the crown Tine was the least disturbed and most easily
identified sect1on of the fracture Tine.

Accessibility to the crown Tine was usually a problem since a general hazard
existed just when conditions were most interesting. Careful route-finding
and other precautions of winter mountaineering were required. Equipment
management at the crown line was troublesome since the bed surface was
usually steep and smooth. One slip would have sent equipment and observer
on a devastating ride. '

The entire crown profile, with special emphasis on the bed surface extension,
was sampled in a 1m x 1m slot which was shoveled out of the crown. In this
slot, the author, working downward from the snow-air surface, measured at
about 8 cm intervals the density, temperature, crystal structure, and shear
frame strength of the snow. Density was measured by a Swiss portable density
kit, temperature by a dial thermometer, crystal structure by a 10x hand

lens, and snow strength by a shear frame (Roch 1966a,b).

Before leaving the crown line, the crown surface was examined for fracture
markings, the shape of the fracture line with relation to surface protrusions
was sketched, and the angle between the crown surface and the bed surface,
averaged over the entire crown line, was judged with the aid of a rectangu-
lar plate as falling into one of the categories: greater than, less than,

or equal to 909,

After completion of the crown 1ine observations, a pit was dug at the approx-
imate center of the bed surface and the crystal structure of the slab sub-
stratum was noted. Finally, the mean inclination of the bed surface to the
horizontal was measured to the nearest degree with an inclinometer, and

the curvature of the bed surface was judged as either convex, imperceptible,
or concave.
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Maximum temperature (average of Column 18)----------muunm- -4.10C
Minimum temperature (average of Column 19)-----=-----==an- -7.50C
Mean shear frame index (average of Column 20)-------=----- 1610 N m-2
Maximum shear frame index (average of Column 21)---------- 3306 N m-2
Minimum shear frame index (average of Column 22)---------- 537 N m~2

The inhomogeneity of shear frame index is quite striking as is seen by
forming the ratio maximum shear frame index (Column 21) to minimum shear
frame index (Column 22) for each slab, and then averaging this ratio over
all the cases to give

(maximum shear frame index)

(minimum shear frame index) 7-3% huatage

The density inhomogeneity, calculated in a similar manner, is also signifi-
cant
(maximum density) _
(minimum density)

1.9 average

H. Properties of the bed surface extension. First, it must be emphasized
that in about 50% of the investigated slabs the bed surface extension was

not found to be a well defined surface of discontinuity between adjacent
lTaminates, but rather an extension of the bed surface into a relatively

thick laminate. Although the bed surface extension could not always be loca-
ted visually as a distinct surface, a significant variation between the shear
frame index measured at the bed surface extension (Table 2, Column 23) and
the shear frame index measured about 5 cm above the bed surface (Table 2,
Column 24) was found: ;

shear frame index 5 cm above bed surface extension = 1.5
shear frame index at bed surface extension

From Column 25 we find the mean temperature of the bed surface extension to
be -4.29C. Finally, from Column 26 we note that the bed surface extension
consists of a wide variety of crystal types. (For explanation of the crystal
types, see: Sommerfeld and LaChapelle 1970; Magona and Lee 1966.) As we
have argued in a recent paper (Perla and LaChapelle 1970), the properties

of the bed surface (and its extension) are vital data for snow slab analysis.

The Strength-Load Ratio for the Bed Surface
Various strength-load ratios for the bed surface which are of the form

(some strength index of the bed surface )
(some measurement related to the stress on the bed surace)

have been proposed as practical quantitative aids in slab stability analysis. s
The proponents of the strength-load ratio technique, for example Krasnosel'skii
(1964), Bradley (1970), and Gardner and Judson (1970), each recommend for

the snowpack of their mountain range, a critical strength-load ratio, which

is not necessarily unity, and which varies greatly depending on the type of
strength and stress measurements employed. From a combined theoretical and



169

experimental standpoint, the most intricate study on strength-load ratios
is due to Roch (1966a, 1966b) who chose a Coulomb-Mohr strength criterion
for the biaxial behavior of snow, and performed his strength and stress
measurements gn the bed surface extension of actual slabs, in contrast to
Krasnosel'skii, Bradley, and Gardner and Judson who developed correlations
between the general avalanche activity in their respective mountain ranges
and data either gathered from level study plots or from slopes which may or
may not have avalanched.

First, Roch (1966a) determined the Coulomb-Mohr characteristics of alpine
snow by placing weights of various magnitudes on his shear frame, and thus
measured the effect of normal stress oy on the shear frame index T,. He
found that his data fit the expression

Ts = C+ (0.4 +0.00008 C) d (1)

=2
whereT ¢, C, and oy are in Nm ~, and C is the cohesion of the snow, that

is, the shear frame index for dy = 0. Next, Roch (1966b) toured to the
fracture Tine of 36 slabs and measured the cohesion (C) of the bed surface
extension, the density throughout the slab layer (p), and the bed surface
inclination (8). On the assumption that the shear stress acting on the bed
surface is given by

snow=-air surface 7
Oy = g sin @v(v)dy (2)
bed surface

and the normal stress acting on the bed surface is given by

_ snow-air surface
Oy = g cos E5p(y)dy (3)
bed surface

he calculated for his 36 cases the strength-load ratio TS/ct, and

found
i. Range of TS/Ut ................ 0.76.7 7.50
1i. Average of Tty & ionhins i s et 2.05
iii. 97.5% of.the CASES i vinnnrnnns Ts/gt < 4.0
92.0% of the cases .secsssvosss Tsfgt < 3.5

86.5% of the cases ............ Ts/Oy < 340
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Table 1. Climatology, Alta, Utah, 1945-1970, 1969-1970.

Maximum Number
snow days with Mean Mean
Snow- Water depth on 30 cm or Ava- daily daily
fall content ground more of lanche maximum minimum
(cm) (cm) (cm) new snow  days B L

Mean data_for 1945 - 1970
Dec. 224 20.

6 153 2.16 8.14  +0.3 - 9.5
Jan. 232 22.2 226 2.12 10.34 -1.1 -11.0
Feb. 200 18.2 266 2.00 9.04 -0.4 -10.3
Mar. 214 20.2 306 1.92 10.49 +0.4 - 9.5
Total 870 81.2 -— 8.20 38.01 -— --

Mean data for 1969 - 1970

Dec. 178 13.4 132 1 11 +0.5 - 8.7
Jan. 263 30.0 256 2 13 -3.3 -10.4
Feb. 154 14.0 272 1 4 +1.1 - 8.5
Mar 198 18.3 292 1 10 -1.8 -10.8

7 - 5 38 - -

Total 793 75.







Table 2. Continued

Shi.fir Sh.fr.ind. Tem-
ind. at above bed per-

St1

Slab Density (kg m'3) Temperature (°C) Shear frame index (Nm'z) bed sur—zsurfage ature Crystal
No, Mean Max. Min. Mean Max. Min. Mean Max. Min. face Nm™© Nm~ °c  form
1 14 15 16 17 18 19 20 21 22 23 24 25 26

1 260 300 200 -8 -5 -14 1350 2400 500 1600 2400 -5 E.T

2 250 300 200 -7 -5 -8 1770 3000 300 950 2600 -5 (a)

3 240 290 170 -8 -6 -9 2600 3300 2400 1100 2400 -6 Esl

4 250 280 200 -5 -2 -9 1800 2700 100 1200 2400 -1 E.T

5 230 280 160 -5 -3 -6 3000 9500 150 2200 1800 -2 T.G

6 220 280 140 -3 -2 -5 1600 2300 300 1400 2300 -2 T.G

7 240 310 140 -4 -1 -6 1660 3200 60 1900 2200 -1 Tl

8 210 320 100 -5 -3 -7 2200 3400 800 2000 2600 -3 T.G

9 220 260 100 -9 -3 -13 1980 4000 300 2800 4000 -3 E.T.

10 250 340 120 -1 0 - 3 2380 4000 300 2600 4000 v -1 T.G

11 260 360 140 ? ? ? ? ? _ ? 2800 ? ? T.G.

12 240 320 160 -5 -5 -4 2220 4200 450 3300 3600 -5 E.T

13 240 310 160 -2 -1 -2 2180 3460 900 2900 3500 -1 T.G

14 300 400 240 -2 -1 -3 4000 10000 1460 1500 2300 -1 T.G

15 250 300 180 -4 -4 -5 2300 3820 800 1400 1900 -3 T.G

16 370 420 350 -5 -5 -7 ? ?7 ? 2900 ? -5 E.T

17 350 400 ? ? ? ? ? ? T2 7300 ? -5 E.T

18 170 230 84 -9 -5 -13 1220 2300 140 1900 1700 -5 E.T

19 230 250 184 -12 -12 -12 840 1000 600 600 600 -13 Exl

20 140 180 96 -9 -6 -10 990 2000 400 1000 2000 -10 (b)

21 110 110 110 -9 -9  -10 290 300 280 200 300 -7 (c)

22 90 100 80 -b -5 -7 220 240 200 200 200 -5 ()

23 140 210 94 -4 -4 -5 600 1000 300 800 1000 - -3 (d)
Legend:

@  ____imperceptible curvature T.G ---Temperature gradient crystals (c)---Rime free dendrites
1 ----about 90 E.T ---Equi-temperature crystals over a hard crust

Tess ----slightly less than 90 (a) ---Graupe (d)---Equi-temperature crystals

more ----slightly more than 90 (b) ---Surface hoar over a hard crust
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Table 4. Strength-load data, Alta, Utah

s1ab No. Oy o C L t/
(Table 2) Nm™2 Nm™2 Nm ™2 Nm™2

1 860 1333 1600 2305 2.68
2 430 613 - 950 1242 2.89
3 1120 1600 ‘1100 1880 1.68
A 1100 1510 1200 1950 1.77
5 880 1050 2200 2805 3.19
6 735 1050 1400 1936 2.64
7 1430 1700 1900 2840 1.99
8 1250 1480 2200 2829 2.26
9 745 920 2800 3374 4.53
10 1040 1600 2600 3571 3.43
11 2010 2980 2800 4660 2.32
12 2080 2660 3300 5330 2.56
13 1480 2100 2900 4230 2.86
14 3220 3580 1500 3360 1.04
15 1900 2610 1400 2740 1.44
16 2200 2610 2900 4550 2.07
17 - s - . -
18 908 850 1900 2368 2.61
19 708 840 600 977 1.37
20 396 566 1000 1272 3.21
21 124 147 200 261 2. 11
22 112 125 200 252 2.25
23 460 585 800 1072 2 48



















