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1 OBIECTIVES AND LIMITATIONS
1.1 []l‘:|_|l_"n.:.[i-.-|_'~..

Phis notebook malenal accompanies the Avalanche Release and Maotion lecture presented in the
2003 National Avalanche School in Reno, Nevada. The topics covered in the lecture and this

notebook material include:

a.  When does a slab exist?

b. Slab boundaries and fracture surfaces.

¢, Material properties of snow.

d. Strain sofiening, failure, fracture, and stability sequences.
apatial variahility in a starting rone.

[. Criteria associated with human-triggered slabs,

g. Loose-snow avalanches.

h. Awalanche motoen,

The objectives arce to provide notebook material that is reasonably consistent with the main
lecture on Avalanche Release and Motion and to direct the reader 1o selected references where
some of the topics are covered in greater detail. The two textbooks listed in the references: The
Avalanche Handbook, (McClung and Schacrer, 1993) and Staving Alive in Avelanche Terrain,

( 'remper, 2001 are both excellent and highly recommended. The “Handbook™ covers topics in
greater technical detal, while “Staying Alive” is less technical and is inlended for a broader
audience. Several recently-published technical or scicntific papers relating to slabs, weak layers,
racture, avalanche release and land-use planning for extreme avalanches are also listed

[.2 Limitations

The material summarized here is based on current research and the field ohservations of
numerous practitioners. However, systematic study of snow and avalanches (“snow and
avalanche science™) s a relatively young discipline. The study of snow and avalanches began
seriously in the first half of the 20 century and has progressed fairly slowly because relatively
tew researchers (compared o those involved in other studies) have been involved.

Eccause the science of snow and avalanches is a young one and is practiced by a small number of
people, substantial modifications 1o some of the concepts presented here will no doubt take place
in future yvears.




2 WHEM DOES A SLaB EXLSTY

A slab exists when a stronger. more cohesive layer of snow overlies a weaker layer, as illustrated
in Figure 1. If this strength relationship between the slab and the weak layer does pot exist, only
loose-snow avalanches will be possible. A wide range of slab density, strength, cohesiveness and
wetness is possible as long as the strengih relationship between the slab (stronger and more
cohesive snow) and weak laver (weaker, less cohesive snow) exists. Slabs may range from as
low as 50 ka/m” (5% water) 1o as much as 700 kg/m” {70% water) in density, may consist of dry
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To produce an avalanche some type of rigger is also needed. This can be a shock load
(explosives, cornice fall, snowmebile, human, et¢.), a gradual load (new snow, drifted snow, rain,
deformation of the slab on the weak layer), or further weakening of an already weak layer (b

In the absence of some type of trigger the slab may remain unstable and easily uiggered for a

long period of time if a weak layer persists, It then requires only some tngger to produce fracture

in the weak layer and avalanche release.




i SLAB BOUNDARIES AND RELATIVE SURFACE AREAS

A released slab is a block of snow bounded by fracture surfaces: the bed, the crown, the fanks,
and the stauchwall (Figure 2).
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In typical slab avalanches. the bed, which is subject to shear fracture (one surface slides over the
adjacent surface parallel to the stress), is by far the largest, exceeding, in typical cases, the
combined arcas of the crown, flanks and stauchwall by a factor of 30 w300 or more. The ErEWH,
s subject to tensile fracture (at right angles to the direction of stress), the flanky 1o both shear and
tensile fracture, and the sranchweall to shear fracture, although it is loaded in COMpPression prior w
slab release. Direction of these fractures are shown in Figure 3.

FIGURE 3. Shear fracture is parailel to the direction of stress {arrows),
tensile fracture ix perpendicular to the stress.




There appears to be no limit to the size of slab fractures although the smaller slabs usually consist
of low density snow and the larger fractures are usually of somewhat higher density. The larger
slabs exhibit a greater “fracture toughness™ which enables larger slab depths and fracure sizes.
When slab and weak layer are both present, when terrain is continuous over long distances, and a
rigger of some type 15 applied, fractures have been observed to extend for 1000°s of meters, but
thev can be a short as 1m-3m. Slab thickness is the perpendicular distance from the top of the
snow 10 the weak layer and often varies considerably over the slab area. Slabs are usually
thickest in the crown because of wind redistribution of snow and becomes thinner lower on the
hed (Figure 4). In typical avalanches the average thickness of the crown may range from about
avalanches 1.0m 1o 3.0m and in small avalanches (0.1 to 0.3m.

ahly 10m) have been observed in crown fracture areas of deep wind

0.3m o 1.0m; in very larg
Larger thickness (up lo m
blown snow. Unless constrained by topographic features, the widih of a slab fracture {[Tank 1o
flank distance) usually cxceeds the distance between the crown and stavchwall fractures by a
factor of 2 or more, As discussed more fully in Section 3, the initial fracture is in shear within a
weak laver or a thin interface below the slab. This fracture propagates rapidly to the crown and
flanks (which fracture in rension and shear). The stauchwall then fractures in shear as it is
overrun by the sliding slab.

| FIGURE 4. Cross section of a slab, showing typical variation in siab

thickness from the crown o the stanchwall,
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+ MATERIAL PROPERTIES OF SNOW

The following properties contribute to the some of the observed behavior of snow slabs;
« Snow usually exists very closc to its “triple point;”
o MNew snow 15 highly compressible:
« Weak layers below the slab undergo “strain seftening,”

» Snow has both *viscons™ and “elastic” propertes.




4.1 I'riple Faoint

The “triple point™ is the remperature at which a material (snow, in this case), can exist in solid,
ligquid, and vapor forms simultaneously. Snow ¢an exist from the minimum temperature of
2737C (absolute zero, the coldest possible temperature), up to (F C (snow’s melting or wiple
point). However, within temperate climates snow usually 15 within the warmest 3°C w0 20° C of
it's possible temperature range (its upper 2%-8%). It becomes highly volatile and is easily
deformed within the final 37 C where relativelv large amounts of water vapor saturate the ample
pore space (30-20% of the volume) and hquid water may also be presenl, Because snow s so
ncar the triple peint it can change rapidly through metamorphism, deformation, and walter

saturaticn,
i Compressibility

Snow 13 highly compressible when compared with most solid materials. Dry snow often
accumulates on the ground art less than 1] kg/m” density {10% water) but can compress to 200
300 kgf/m” under its own weight in a few days or weeks, even in the absence of wind, other
mechanical disturbances, sun or rin, An old dry snow layer may reach 400-550 kg/m” . In the
first few davs after a major snowfall, compression of new snow substantially changes its strength
and porosity. lhe density and tensile strength increase, and its resistance (o deformation by
seltlement and downslope creep alse increase. As a result of strength and viscosity increase,
snoew also shears on any underlying weak layer much more slowly as it compresses and becomes
stronger. This compression of the new snow 15 one of the several metamorphic proceases and is
sometimes known as pressure metamorphism which is probably the fastest-acting metamorphic
change in a dry, new snow layer dunng the first days after a snowfall. Pressure metamorphism
can increase the tensile strength {and probably viscosity) of snow by a factor of 10 or more ina

few days, particularly when snow temperatures are within 5% - 10°C of the triple point,

| FIGL'RE 5. The new slab both geqles and shears on the weak laver. This

shear may produce sirain-soffening, a decrease in strengrh witkin the laver
e fatlwre, Thiy can lead to shear fractare and flab release.




| he dencit zones probably vary in length from abowt 0. 1m to 10m and may be widespread across
a slab. As rapid shearing and strain-softening continues, the super-weak deficit zones “fail.”
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4.4 Visco-elasiic snow

A visco-clastic material (including snow) has both viscous properties (it can flow, like warm
|:||:||_':-.-_: and elasiic |‘-|.'I.'IE:II."I'I'i|:‘-x (1l can bounce back, like a rubber ball), Because of its I[|_||-._;-'|:,‘
viscous properties, honey, by itself will not bounce; in contrast a rubber ball, being an elastic
material will not flow, In a snowpack this “model” (the linking of the viscous and elastic
properties) applies to the slab, the weak laver, and the older snow, They are all behaving in a

visco-elasie manner but ot different rates.

The speed at which a viscous material can deform through slow “flowing” is highly dependent on
its temperature, Warmer snow is capable of deforming faster before it fractures while colder
snow 1s more brittle, less tolerant of Fast Jeformation and therefore fractures more casily. This is

why warm or wet slabs are more difficult to fracture with explosives

However, when snow is subject 10 a rapid lead by a person, machine, explosive or other rapid
I force it will deform art first and then may “bounce back,” assuming the snow did not

[racture @5 @ result of the load, This bounce is the “elastic™ property of snow, If snow were not
elastic as well as viscous it would not fracture at all and slab avalanches would not be possible.

The visco-elastic property can be concepualized as a block of snow on a flat table (Figure 7).
First this sample is subject to a force that causes it 1o deform (the viscous part). When the force
15 quickly removed the snow bounces back a small amount (the elastic partl. The viscous part
cnables the snow to adjust to new siress while the elastic part can transfer stresses through the
snowpack and is manifested as fracture.

Viscous Deformation |
QOrce Elastic Rebound
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FIGURE 7. The behavior of visco-elastic snow can be conceptualized as o block of [
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STRAIN SOFTENING, FAILURE. FRACTURE AND STABILITY SEQUENCES

A

As illustrated schematically in Figure 8, the evolution of a snowpack from stable 1o unstable w
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fracture (or re-stabilization) follows certain steps.

a. The new slab accumulates on a weak kaver through storms, wind loading, or both;

b. The new slab deforms internally and produces shear stresses within the weak Byer on

on a thin interface;

¢. Super-weak deficit zones begin to form in the weak layer; they may combine to torm
larger deficit zanes; small bonds break faster than they grow,

d. Assteps “a” theough “c” continue simultaneously, the slab settles and becomes
denser and stronger; this can r'.-_ fuce the deformation rate on the weak laver becausc
the slab deforms more slowly on this laver. This may lead to bonding betwecn the
slab and the weak layer as bonds grow faster than they break

=, Il additional weight of the slab on l|1c weakl layer sto F"“ o1 -|m'.'-u f il 'I'c'rr'l'u'iull rale

[ If the forms |_|_J.\__|_1 of de Iu iL FOmes ,:.ﬂ-[_‘m.n_u .1'11 those Zones coim |IIII g, failure in the
weak layer will take place; the snowpack may then reach “the point of no return;
shear fracture may follow failure

o, Fracture in the weak laver propagates to the crown, flanks and eventually the

'\....'-\.JI_I R ..|||.-
h. If all surfaces fracture in one event, slab avalanche release oCcurs.
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FIGURE 8. Processes tending toward slab fracture or stability.
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The temperature in the slab and weak layer also have an important effect on stability, Warm
snow tends 1o erther stabilize or fracture sooner than cold snow because all the processes
i=ettlement, shear, weak-laver deformation, breaking and building of bonds) occur faster ar
warmer temperatures. Slabs stabilize faster {and may fracfure sooner) at warmer lemperatures.
Persistent cold temperateres {in the slub and weak layer) can lead to persistent weak layers an

prolonged mstability in the snow,

Un the other hand, warm slab temperatures enable disturbances at the snow surface such as the
weight of a skier or snowmeobtler to penetrate to and disturb the weak layer more easily than in
cold slabs of simalar thickness. If this weak layer below the slab is already undergoing high

deformation rates and possible strain sofiening, avalanches may be triggered more casily when

the slabs are relatively warm

slabs are commonly frectured and avalanche released by “shock loads.” This can ocour
deliberately, unintentionally, and naturally. Types of shock loads include explosives comice
Falls, smaller stab and loose-snow avalanches, leaping and impacting snowmaohiles, people,
carthguakes, etc. These lomls occur so rapidly that the snowpack has no chance to adjust
viscously to the new stress. Therefore, the most effective application of a shock load occurs
when a weak layer or interface under the slaly is already undergoing strain-softening and Tailure.
Al these times the snowpack is sometimes described as “unstable™ and can be more easily be

fractured.

Deliberate applications of shock loads for avalanche-hazard management are often most cffective
during a relatively “short window of snowpack instability.” This window of instability tends o
be relatively shert in warm snowpacks and longer in colder snowpacks. This is consistent with

lthe general observation that an “unstable condition™ lasts longer in colder snow,
] ofAllAL VARIABILITY

Snow slabs are commonly assumed to be relatively uniform over starting zones and are often
ficld tested for stability by shear tests, rutschblocks and other methods. Results of tests in a
single pit are all too often confidently extrapolated o a much larger starting zone. Results of
these pit tests are sometimes used to make important safety decisions in and near starting zones,

decisions that may not be justified on the basis of isolated tests.

It bas long been known that stability is highly variable across a mountain range, with elevaiion
and exposure, and within a complex starting zone. Recent research, which has been hased on
detatled strength and stability tests, has also found slab stability to vary significantly over a single
small. uniform area (Landry, et. al, 2002; Birkeland and Landry, 2002). Some important findings
of Landry’s recent research can be summarized:

a.  Stability tests in individual pits represented the stability in a 30m x 30m plot area (the
size of a small starting zone) that included the pit sile only about half of the time. In
the other half of the cascs, the pits either overestimated or underestimated the overall
strength of the plot




b, The spatial variability within a plot {or starting zone) seems o frcregye a5 overall
stability increascs. Therefore the strength differences between the relatively strong
and relatively weak arcas below the slab increase through time,

¢. The spatial variability within a plot seems o decrease as overall stability decreases.
Cherefore, as a loading event (such as a snow storm) is taking place and is “forcing”
high shear rates in the weak laver, the strength differences between the strong and
weak layers decrease,

These findings have important implications for backcountry stability evalvation. Most avalanche
accidents (1) are tnggered by the vietims, and (2) occur days (possibly weeks) after the storm
event that produced widespread natural avalanches. Experienced persons will probably avoid
starting zones when conditions are obviously unstable (when condition “¢” prevails). They will
wait until overall stability has improved and may go into avalanche starting zones while
condition “b” prevails, At these times strength has greater variability within the starting zone
and individual tests may be less reliable. When performing stability tests these limitations
should be considered.

Backcountry users of avalanche lerrain may therefore be faced with a dilemma: 18 they wait for
overall stability to improve they will be confronting a snowpack that is becoming increasingly
variable in stability from point 1o point. A stability test or pit at on site may therefore become
less reliable an indicator of local starting zone stability. This is indicated schematically in
Figure . The choice of a site in which a stability test is made can be somewhat subjective, A
sufticiently steep slope angle must be chosen for any stability test. Generally a slope within the
257 - 30° range which is safe from avalanches must be used. However, if there exisis a 50% or
less chance that a pit stability test will represent the strength of a potential starting zone, there is a
strong probability the test may not represent the stability of the starting zone. As a result of this
uncertainty, other indicators of slab stability (multiple tests, recent avalanche activity, changes in
weather conditions, etc.) must be used as well as stability tests,

potential Starting Zone
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W |FIGURE S Potential starting zone with superweak “deficit” areay and test
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|pir sites.  Pir locartion must be selected 1o represent slab, if possible however
tres mrery e difficull or impossible,




SONME CHARACTERISTICS OF HUMAN-TRIGGERED SLABS

The majonty of avalanche accidents are caused by slabs which are triggered by peaple or people
using over-snow machines. Recent studies of many of these human-triggered avalanches in
Canada and Switzerland provides some insight into characteristics of human-iri geeril
avalanches in the snow climates in Canada and the Swiss Alps. These are discussed in
MeCammon and Schweizer (20027 and Schweizer and Jameison (20020,

The Tollowing factors were found o he important in a majority of the 145 triggered avalanches
stucied by MecCammon and Schweizer.

a. Depth of fracture (= 1.0m) — %% of cases had a fracture {measured near the crown
where snow tends to be thicker) of less than a meter.

b. Hardness difference (= 1 step) — 90% of cases had a hardness transition across the
weak layer of 1 slep, as measured by a standard hand-hardness 1est,

. Griin tvpe (persistent) — 836% of cases involved persistent grain types (Tacets, surface
hoar, depth hoar, ice lenses and ¢rusts) within the weak laver or interface

d. Weak-laver thickness (< or = 1lem) - 7T8% of the cases had weak laver thicknesses of
less than Mcm.

¢. Grain-size difference (> 1mm) — 65% of the cases had a grain-size differcnce across
the weak layer of 1mm or more

Human ’J'i':luS.'L':J avalanches "|:l;"|.':1r|._'-:_| Loy b2 more I:Lj-._"l:.- when 3-t0-4 of the ahove factors wers
present within the 145 avalanches in Canada and Switzerland studied.

In a similar study by Schweizer and Jamieson {2002) stable and unstable snowpack profiles were
compared. They found the following characteristics to be significant in contrasting these
profiles. Table I provides the median values for the stable and unstable cases of the significant
characteristics. The differences in the median values was highly significant, as determined by
standard statistical wests.

Table 1, Data ||~ m Schweizer and Jamicson ( "I'fH'_I'f"l
o= e i i | =2
| Variahle B | _:5 of cases | Stable L Il‘sl:i.bla.‘_i

Fraciure layer grain size (mm) 421 11 ) 10
Fracture layer hardness thand test) | 401 #2 (4 fingers) | #1 fist)
Size difference across interface (mm) | 356 fr'i 1.1

| Hardness difference (hand) 4011 | 1.( $0

[xu[.h hblack score 369 I “'\n_ Y 3 1

Slope angle of slabs are usually measured at the crown fracture. As shown in a study of 809
human-triggered slab avalanches in Canada and Switzerland, 76% of slab avalanches were
triggered in the 35° to 43° range, although 24% have been trigeered in the 257 - 34° and 44°- 5

L]

range. Durng extremely rare conditions slabs have heen inggered outside of this range,

-
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FIGURE 10, Slope angles. measured near the crown, of 809 human-rriggered avalanches

(from Tremper, 2004 |
|
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8 LOOSE-SNOW AVALANCHES

A loose-snow (point-release, or sluff) avalanche consists of loose, unconsolidated snow sliding
downslope. Small loose-snow avalanches arc sometimes called “sluffs.”" In contrast 1o slab
avalanches which fracture at a distinct ling, loose-snow avalanches start at a point as a small
volume as unconsolidated and cohesionless snow exceeds its local angle of repose and slides
downslope. They typically become wider and deeper and descend until the frictional and
ploughing resistance of the moving snow exceeds the gravitational driving foree. They are
common on steep slopes and are often begin below disturbed areas (like ski tracks), rather than
above them, thus may differ from slab avalanches in this important respect,

Loose-snow avalanches can be a sign of a stabilizing snowpack as small point-release avalanches
gradually distribute snow from steep to less steep slopes where it may be less prone to slab
fracture. They are common during thaw events (including rain) and adjacent 1w rocks, trees, or
soil that absorb heat.

Although loose-snow avalanches are often “small and harmless,™ this is not always the case. A

small point-release, loose snow avalanche can be a significant danger to a person exposed on a

steep slope. For example, ice-climbing routes often will be located in small, steep drainages that
can channelize small loose-snow avalanches, Occasionally they tngger the larger and more
dangerous slab avalanches and, during certain optimum conditions (e.g., saturated snowpack on a
long, steep slope) they can be sufficiently large and energetic to travel long distances and destroy
a butlding.




[y
4

. AVALANCHE MOTION

After a slab avalanche fractures and avalanches begin, the initial rigid slab can quickly break into
chunks that slide, roll, bounce, disintegrate and break apart into progressively smaller pieces. If
the avalanche travels far enough or falls over steep, rough terrain, it can develop into a fully-
developed “flow,” consisting of a mixture of chunks of the slab, finely-pulvenzed snow and
entrained air. Because avalanche motion resembles, superficially, the flow of a tluid, avalanche

motion has sometimes been represented or modeled as fluid flow

Avalanches can increase in mass, speed. and energy as they accelerate downslope and entrain
F i

smow and air. The phases of avalanche motion are illustrated in Figurel ] and consist of (1)

acceleration and entrainment of new snow, (2) maximum speed and mass is attained, and (3}
deceleration and deposition. The distance an avalanche moves within a particular avalanche path
depends on its mass and the type of snow involved in a particular event. Whale typical large
avalanches may stop fairly high in the avalanche path {on slopes of 107 - 15%) the rare or unusual
cvents of interest in engineering and land planning may travel unexpectedly long distances on
eentle terrain. Some large avalanches have been known o travel more than 1OMKm on slopes of

less than 57, destroying mature forest as the runout zone was exlended.

2. Maximum |
speed and mass |
)
- > ) 5 il 3. Deceleration and
FIGURE T1. Phases of avalunche M avilanche deposition
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A fully-developed avalanche moves by sliding on its ranning surface (old snow or ground) and
by deforming internally (Towing) as it also slides. Sliding dominates the motion of some wet-

snow avalanches and small avalanches because the energy of Now 1s not sufficient w overceme

the cohesion of the moving mass, Such avalanches remain close to the ground, and do not
become well developed, However, when dry-snow avalanches exceed approximately 20m/fsec
{(45mph) velocity, they become “fully developed” mixtures of snow, pulvenized snow, and air.
Typical and extreme avalanche speeds are summarized in Table 2,
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