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Abstract:

Contained in this thesis is a description of snow avalanche dynamics. This information is gained from
the researches of others and from an experimental program that is described within. Tests were carried
out in which 2.1 m”3 volumes of snow were decelerated to a stop from 18 m/s on a flat level snow
covered runnout. Data concerning leading edge position versus time and flow velocity versus depth
were collected.

Based upon this information a biviscous modified Bingham flow model is proposed and developed.
This flow model consists of a constitutive relation that is linear between the stress and velocity
gradients over two distinct regions. There is a region of high viscosity, for low stresses, where little
deformation will take place and a second region with a much lower viscosity that operates for stresses
above a specified level.

This model, in the form of a finite difference computer code, is used to simulate the results of the snow
flow tests. In carrying out this modeling, values of the parameters that appear in the biviscous flow law
are evaluated.
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ABSTRACT

Contained in this thesis is a description of snow avalanche dyna-
mics. This information is gained from the researches of others and from
an experimental prggranm that is described within. Tests were carried
out in which 2.1 m™ . yolumes of. snow were decelerated te.a stop from 18
m/s on a flat level snow-cqQvered. runnout. Data concerning leading edge
position versus .time and flow, velocity wversus depth wexe.collected. '

Based upon this information a biviscous modified Bingham flow
model is proposed and developed. This flow model consists.of a con-
stitutive relation that is linear between the stress and. velocity
_gradients over two distinct regions. There is a.region.of high vis-
cosity, for low stresses, where little deformation will .take place
and a second region with a much lower viscosity that operates for
stresses above a specified level.

This model, in the form of a finite difference computer code, is
used to simulate the results of the snow flow tests. In carrying out
this modeling, values of the parameters that appear in the biviscous

flow law are evaluated.
}




CHAPTER I
INTRODUCTION

Snow avélanches represent a significant hazard in.thélmbuntainous
regions of the world. Every year mahy people are killed and millionsnof
dollaxs df damage are done by avalanches. The United States alone,
averages seveﬂ déaths and $300,000 in property destruction annually.
(Perla and Martinelli, 1975). The European Alpine countries, because
of their much more densely settled mountain regions have a much more
severe problem. Single avalanches have taken as many as 96 lives in
the United States and an avalanche consisting of ice, sﬁow,ana earth'
completely buried a village in the Peruvian Andes in 1970, killing
over 20,000 people. ’

As activity -increases in the mountainous regions of the world,
the potential for avalanche destruction mounts. It thus becomes
increasingly important to be able to identify avalanéhe h;zards.
Avalanche paths aﬁd their zxunout zones must be mapped in those regions.
people frequent, so that construction in hazardous areas can be ﬁini—
mized. In those instances where building in an avalanche péth cannot
be avoi@ed, for example, roads and bridges, engineeriné design criteria
must be established to minimize potential danger. This can take the
form of constxuction of defensive éttructures'for protection, or
designing the primary structﬁre.itselﬁ to withstand.anficipéted ava-
lanche ercés. In.either case, it is necessary to bé able £6 predict

avalanche motion and the forces that the avalanche would exert on the




structure undex congideration. Tt is these concerns that'motivate the
study of avalanche dynamics. Through an understanding of the mechanics
of flowing snow, predictive models may be devélopgd that will allow
engineers to bﬁild safely in avalanche hazard areas.

Confained in this thesis is a description of avalanche mechanics.
Much of this infofmation is observational in nature, since great dif-
ficulfy is encountered in attempting to instrument and measure full
scale avalan&he motion. From this understanding of avalanches, a flow
model is propoSed and developed. This model, based upon thé‘clasSical
equations of continuum mechanics, may be used to predict avalanche
motion and impact'forces.‘ Anaiytical data on moviné snow are écarce;
therefore, to tést the model, it was necessary to institute a field
program for the collection of data. The field data were used to help
verify and then fo calibrate the flow model. This provided a source of
analytic, as well as qualitative information on flowing snow that has
led to a better ﬁnderstanding of the mechanics of snow flow. The model

may now be used to predict avalanche motion and impact forces.




CHAPTER IJ
‘A- DESCRIPTION OF AVALANCHE MOTION

.Observations

A snow avalanche can range from a few snéw particleSnfolling and
bquncing_down a slope to a massive assemblage of ice, snow, and ea?th;'
moving with enoggh velocity to destroy virtually ahything in its path..
The majority of avalanches are of the formei type; harmless sluffs of
smail volumes of snow that occur as new snow is deposited on- mountain ‘
slopeg. Laxge avalanches occur much 1e§s often and only achieve de-~
structive éotential wheh the volume of snow reaches about 1000 msl
These déstructive ayalanches typically start high on ;'mountain side iﬁ
snow catchment areas called starting zones.. As snow is deposited on
these 30 to 45 degree siopes, the snow load eventually exceéds the
strength of'the bonds holding the snow in plgce. Volumes of sﬁow up-
waxrds of 105m3 can then be released at one single timei The released
snow may be made up.of new cohesionless snéw that-has recently been
deposited, in which case the resulting avalanche is a'looée snow ava-
lanche. If the snow has resided on the ground for a period of timé,'it
will have sintexed into a solid matrix. When it then starts to move,
this slab avglanche initially moves as a large rigid block that im-
mediately begins to break into pieceé; Pinally, if the snow pack has

warmed and there is free water in the snow when.it is released, a wet

snow or slush avalanche results. Combinations and variations .of these’




avalanches, of couxse, alsa may be observed.

Once iniﬁiated the .avalanche gains speed as it flows down the
avalanche track.. The blocks that may have been present af relea;e begin’
to break up. They tumble and collide with each other roﬁnding corners,
and reducing their sizes. The smaller snow-particles can ‘be thrown into .
the air by collisioﬁs with other particles, creating a dust cloud that
may completely surround the flow. It is even possible for loose snow
avalanches to become entirely airborne, with all the snow being air
entrained so that there is no central flowing core. 'However, the
majority of avalanches consist of a dense flowing cofe that.contains‘
.most of the momentpm and is responsible for the high damage po;ential.
_This core is éurrounded by a large diffuse dust éloud that makes obser-
vation of the flowing core difficult. As.a large avalanche continues
to move down the mountain its velocity may reach upwards of 50 m/s.
Typical flow speeds however, are more in the range of 20-40 m/s. The
avalanche keeps flowing until the slope éngle decreases to a point
where gravity can no longer sustain the motién.or unti; some obstacle
is encountered.

.Measurements

The description.of avalanche motion.involves specifying such
parameters as velocity, density, and volume, as fundamental.vyariables.
These guantities must be known as functions of space and time to totally

define the flowing system. But, because of the formidable nature of




5
snow .avalanches and their hostile environment, even the simplest
measurements have proven very difficult to perform.. As a.resﬁlt,
much of the information about .avalanches has been gathered. by examining
the debrié after'it has. stopped. Mass estimates, type of snow, and
particle_sizes cénAallibe ascertained. The slope profile can be
measured and simple energy angiysis used to determine average friction
values and a&e:age flow velocities (Korner 1981), Data.collection on .
moving avélanches was at first limitéd to eye witness accounts and
their estimates of épeéd and length of time that the avalanche ran. A
few avalanchés wgfe timed to yield average velocity values. Only in
recent years have atﬁempts been hade to collect time dependent data.
Thése efforts have mostly centered on the measurement of avalanche
veiocities, of which most measurements have béen only of the leading
edge of the avalanche. For example, Shoda (1966), LaChapelle and Lang
(1979), and Martinélli et al. (1980) have all used motion picture
photography to gather'this information. They £filmed gvalanches as the&
descended a slope and then analyzed the film to determine the number of
frames necessary for the front of the avalanche to traversé known
distances between landmarks. This is a tgdious éroceduré that is-
frought with many difficulties. Among them are paralla# erroxs, badly
spaced or poorly defined landmarxks, and obscurement of the flowing mass
by the powder dust cléud. Photogrammetric techniquesheliminate the '

parallax and landmark difficulties at the expense of more effort for




data collection and reduction. Bruikhanov (1967) in the Soviet Union.
and Brugnot (1980) in France have succeséfully embloyed this méthod té
measﬁré'the time-dependent leading edgée wvelocity for_sevéral-full scale
.avalanches. There is iny in existence then a very limited,numbér.gf
data sets providing aﬁalanche leading edge ve;ocities.

Measureménfs of flow velocities in avalanches at péints other than
the leading edge are extremely rare. Some measurements,haﬁe been made
by Schearer (1973}, Schearer and Salway (1980) énd.Shimizu et al.
(1973, 1975, 1977, 1981). These researchers‘mounted sets of pressure
transducers in avalaﬁche paths. By correlating the pressure gignals
observed in separate sensors and the time difference between the sig-
nals, internal velocities could be calculated. Only sporadic measure-
ﬁents could be made,_however, due té the difficulty in finding cor-
relations bg?ween sensor signals.

A potentially Qowerful technique for'measuring velocities lies in
the use of ﬁicrowave radar. Gubler (1980) has useé this geéhnique to
measure leading edge velocities and is currently experimenting witb the
use of active and passive sensors imbedded in thé avalanche flow. It
is hoped that development of this system will lead to the capability'of
measurihé internal flow velocities. .

Because velocity data is so hard to gather by field measurements,
physical modeling has provided another means of obtaining useful éva;‘

lanche data. Powder avalanches in particular have lent themselves to
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this type of aﬁalysis. In scale modeling, dynamic simiiarity,must be
maintained and boundary.conditions faithfully reproduced. Dynamic
similarity is achieved by matchiﬁg certain charactexistic diﬁeﬂ;ionless
numbers that involve the flow parameters. In the case»of.bowder ava-—. .
lanche modeling it is the densimetric Froude number, -which is the ratio
of inertial forces to gravitational force;, that must be matéhé@. In
addition, the Reynolds number, which is the ratio of inertial to &is—
cous forces must be maintained high so that viscous effects are negli-
~gible. Hopfinger and Tochan-Danguy (1975) and Tochan-Danguy and
Hopfinger (1977) were able to match the Froude nurber of powde?lava—
lanches by using the gravity flow of salt solutions. They constructéd.
a three meter long inclined tank to ailow a salt brine to flow under a
less dense ambient fluid. The qualitativé results of this model.strong—
ly resemble the motién of the natural event. Quantitative déta, however,
was limited.

As sparse-as.aata is for velocities, it is much better than the
data available for snow density within the flowing avalanche. Direct
density measurements have been very difficult fo make. Eyber—-Berard et.
al. (198Q) attempted to use gamma iays to obtain some ave:age‘density
measurements .in.flowing snow, but they .obtained .little useful data.
Indirect evidence based on flow depths, has also been.used to estimate

the ayerage snow density in an avalanche. These estimates range from

3
60-90 kg/m3 for dry snow avalanches to 300-400 kg/m~ for wet snow
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avalanches, $chaerér.(1975); Scﬁaerer and Salway éIQBQL cancluded from
evidence gathered from their pressure gauges located at Rogexrs Pass in
British Columbia "that well-devloped dry snow avalanches...consist of
three stratified components: dense flowing snow at the bottém, lightl
flowing snow, and powder snow" at the top (fig. li. They go on to sa&
that.the dense zone was 0.5 to 1.2 m deep and formed the principle maSSv-
of the avalanche. The light flowing snow, with an average density from
10 to 30% of that of the dense zone, consisted of a mixture of powder
and lumps of snow of up to 60 mm in diameter. Theif speculation is
that this 1 to 5 m 1aY?r of light snow is the result of lumps being
tossed upwards from the surface of the dense flowing show by the turbu-
lent motion at that surface. In the runout zone the light flow is
-ofteﬂ observed to separate from the dense flow either at bends.in the
avalanche track or_during rapid deceleration. The third component of
the avalanche reported by Schaerer and Salway is the powder cloud which.
could not be detected by their instrumenté, but was observed'visualiy.
Systematic directvmeasurements of snow density in avalanches wiil
probably have to await furxther development of remote sensing. techniques..

There is;-in general, a lack of documentation of avalanche_flow.
Very little time;dépehdent data is available and virfually no systematic’
measurements have been made. Also lacking is experimental .data undex N
controlled f£low qonditiqns, detailed data.that could.be used for evalua-

tion of theoretical models. Therefore, it was necessary to-initiate’
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Figure 1. PROFILE OF AN AVALANCHE DERIVED FROM PRESSURE SENSORS
(SCHAERER 1981) .
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a field tegt ppoéram for .the exéress purﬁose‘of documenting srow
flowiné under controlled conditions. This effort‘is~descr$bed in
Chaptér IV. The next ghapte: gives an historical review of the.develdp—

ment of snow avalanche theory.




CHAPTER' :III,
' HISTORICAL ANALYSIS OF AVALANCHE MOTTON
If one were to try to characterize snow~avalaeches.in general -
'_terms, a'description might read: 'A snow avalanche is the ttansient;
3—dimenstonal'motien of a variable mass system made up.ofza noﬁ;:igid,
'non—rotund;non—tniform,assemblage of cohesive gtanulér sno& fregments
flowing down e non—unifotm slope of varying surface resistaece." The °
driving force iﬁ an avalanche is the force of gravity, but-tte resist—:
ive forces are dependent upon the interactions between the indiwvidual
snow fregmentsL Even i1f the form of the interaction forces were known,
the large number end-hithy variable nature of the pa;ticles would make
enalysis upmanageable, except in some statistical seﬁse. -Giten, then,
that the exact meehanical solution to the ava;encﬁe motion ptoblem may
be.impossible, it is also enﬁecessary. fhe motion of individuel snow
fragments is only of limited interest. For most purposes the time and
‘ . L
spacial transients are small. A possible exception would be the impact
of an individual snow clod upon at area of similar or smaller size. 1In
general,‘it is the overall motion - the average motion, in some sense -
of the avalanche that is of interest. Approximations to the mechanics
of the fragment interactions must be made so that analy51s can be
ltarried out. ‘In th;s way, some approprlate average velocity may be
determined from which\runout distances and impact forces can be calcu-
lated. ‘ It is generally true that the more reallstlcally the lnteractlon

forces are modeled, the more accurate and general will be the analytical
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solution. - Tt ‘has.been .the objective. of the avalanche dynamicist tQ
formulate avalahche_flow models .simple enough. ta solve, yet complicated
énqugh_to include as much of the mechanical bebhaviax of the.avalanéﬂe
as possible.

" Open Channel Flow

Among the first to present an analyticél formulation. for .avalanche
flow was A. Voellmy in his classic monograph presented in.1955.
Voellmy based his analysis on the equations developed to describe open-
channel fluid flow. He extended the open-channel hydrauliés approach,
with all its implicit assumptions, to the flow of snow on a mountain
slope. Voellmy, and many others siﬁce him,'have based their_theories
on the observation that snow avalanches seem to "fiow". That is, as
the material deforms, it conforms to the slope, and is often seen to
flow around obstaclés. This motion is ﬁuch like the movement of water
along a streambed - hence the analogy with opgn channel hydraulics.
Implici£ in the assumptions of this approach is that flowing snow
behaves as a fluid. 'In most continuum mechanical theories, fluids are
considered to be continuous, homogeneous, and isotropic. That is, any
granulaf nature of the material is. ignored, and»spatial'variations in
the flﬁid.aré neglected. Furthermore, hydraulics deals with materials,
that can be considered incompressible. The degree to which. thege
considerations influence snow avalanche movement de#ermines the extent

to which an'incompressible fluid model can‘give useful results. The
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incompressible f;uid model.doeg,however,‘provide“for simple analjsié.'
Using a continuum mechanical theory, the avalanéhé.flow problem is
feduced to:findipg point values for-thé st?esses witﬁin fhe-métefial.
This can be done most easily by ﬁsiﬁg a momentum-balance approaph.. Tbe
stresses must then be related to.the deformation by“a constitutive
equation thaf takes into account the properties of the fluid.

The open channel hydraulics analysis that Voellm& appliea, contains,
in addition to the fluid assumptions, approximations felated té fluid
motion in an-open channel. Chief among these approgimations ig that
the flow is steady: that is, that thére is no time-dependence to the
mbtibn.' It ié asspmed tha£ the avalanche_quickly accelera£es on a
constant slope to a terminal velocity and théreafter exhibifs steady
motion. The momentum=-balance equatioﬁ is then commonly integrated over
.the slope-normal cross sectional area so that only the boundary ;tress—
es need be considered. The dependent variable becomes the average
velocity of the material in cross-section. Iﬁ addition, a uniform
motion is usually assumed, so that the flow Variationézalong the slbpe
can be neglected. Under these assumptions, the momentum Balance equa-
tion becomes.the equilibrium condition,

T = pgh sin@ ' ' (3.i1
in which T is the resistive sheax stress at the.fluid.boﬁndary, p is

the average fluid density, g is the acceleration of gravity, h is the
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flow depth, and @ is the slope angle. In'ofder to dexiyve an expfessipn
for the velocity of the flow, an equatlon relatlng the Velec;ty to the
stresses on the boundary must be introduced. For this constitutive.
equation Voellmy used the Prantl mixing length.approximation (Pao
1961), which. for turbulent fluid flow, in which the velocity and stress-
es at any poiﬁt fluctuate randomly, yields the following boundary drag:
) o )
T=k,v (3.2)
1
However, Voellmy -also noted that a minimum slope angle was required for
an avalanche to 'start, so he proposed to modify this equation by
adding a constant.
. 5 , _ .
T = le + Ughp cos@ . (3.3)
The form of the additional term in this equation is the same as that of
a conventional coulomb friction force in which U is the coefficient of
friction. The addition of the friction term was found to be necessary,

because of the cohesion or locking property that snow exhibits; a

minimum stress-level must be exceeded before deformation occurs. Using
equation 3.3 for the shear stress at the avalanche snow surface inter~
face, the momentum balance equation may be solved for the flow velo-

city yielding

=J€ h(sin® - Hcos ©) | , ' k3.4)

where the drag coefficients and the density have been.combined lnto a
single parameter £. The flow velocity calculated by this equation is

the average steady state or terminal velocity that an avalanche is
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supposed t@-attain under uniform conditiéns on a constant slope. (In
the case of channellized flow, the height of the avalanche, h, i§ often
replaced by the hydraulic radius, R, which is defined as the ratio of
the cross-sectional_arga to the wetted perimeter.)

To calculate runout distances; the avalanche path.nust be divided
'infq“thrée parts: the starting zone, where the évalaﬁche.is initiated
and agcéleratgs; thg avglanché track, wi£h a copstant slope'which aliows"
gteédy—state flow eéuations,to be applied; and the prunout.zone, where
the.slope of the track has decreased to allow the a&alanche.to dec- |
elerate to a stop. If it is assumed that the avalanche enters a con-
stapt-slope runout zone with the velocity calculatea from the steady-
state conditions of the track flow, the runout distance S, can be found

from a simple energy-balance equation. The equation Voellmy derived is

iS = v2/[Zg(UCos@ -tan®) + vzg/Ehm] o ‘3.5)
in thch hm is the mean depbsition_depth. By applying these.eéuations
to avalanche péths, avalanche runout may be calculated. The uéual
procedure.is to subjectively break the avalanche track into its three
sections. the important point being the transition'péint into the
runonut zone; The steady velocity is calculated, from the aVepaée slope
of the track and then the runout distance is computed from the transi-
tion point. The result of'the analysis is highly dépendent ﬁponlegaétly

how the path is divided and where the transition point is chosen.
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Through experieﬁce, individuals have become very éroficient at choosing
these poipts,'and this method hés yieldeé good results. As.the'gva-.
‘1énéﬁe paths become compiicated, the application.of Voellmy's équations
become more difficult. Also, the method is found to.be diffiqult-for
an inexperienced persoﬂ to successfully apply. ' |

The matefial‘paraﬁeters appearing in Voellmyfs eqﬁationSuare E,'ﬁhe
turbulent. friction coefficient, and }, the dry fricti&n-coefficient.
The value of the coeffiqient ¢ is dependent upon .snow type ana métion{.,‘
‘ génerally the heé@iei the snow and the slower, the motion the smaller the
turbulent coefficient. As speéd increases.ahd the snéw’becomés more
powdery & becomes largef.. The coefficient & was said to be iﬁ the range
400~-600 m/s2 by §oellmy. Later investigators, Mears (1976f, Schaerer
(1975), Leaf and Martinelli (1977), Buser and Fruitiger (1980), and
Martinelli et al. (1980), have'allowed £ to become as iargg as 1600 m/s2
for powder avalanches, and have recommended averaée valueg of about 1400
_m/sz.' |

Bucher and Roch (1946) were among the first-to publish data'for the
dry ffiction coeffiéient, M. They found that for hard, wet snow sliding-
siowly over .a harxd, wet snow surface, tﬁe frictiop coefficient ranged
fréﬁ..l to. .4. Iného.(194ll §1id blocks.of dry snow over. a granﬁlar:_t
-surface and found.p to range from .4 to .6. Heimgartner (1977] mgésuréd
values for ﬁ'f:om .22 ﬁo ;39]bn‘a small test slide ét'WeissfuhjqchJ ana

Sommerhalder (1972) computed a maximum friction coefficient of 0.5 and
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an average value of 0.32 from data eon snow flowing over' snowsheds.
Using data reduced from 16 mm movie f£ilm, Martinelli et:al (1980) -
computed the friction coefficient for a wet slab avalanche in the runout

zone to be from .30 to .35.

‘Center of Mass Motilon

Salm (1966) expanaed'upon Voellmy's,theoretical.treétment'and
derived a time-dependent equation for the velocity of the . mass-center
of an‘avalanché. ‘His resistive force was a Taylor series in velocify,f

truncated after the third term.
2

[4

R=R +R %+R (3.6)

o) 1 ! 2

[\

The constant term (RS) represents a dry friction force, Rl can be
attributed to liheag vigcosity,land the third term is due to furbulent
fricfiqn and the ploughing of the avalanche into the stationary snow.
Salm neglected the second term with respéct to the third-for high speed
flowing avalanches, assuming that the energy dissipated by internal
friction (R1 term) ié small compared to the turbulent énergy dissipation
(the R2 terﬁ). The'resulting expression‘fof maximum velocity oﬁ-a
constant slope then fook the same form as Voellmy's equation. Salm,
also used energy éonsiderations to derive an equation for runout dis-
tance. It is'a more comprehensive treatment than Voelimyfé'and include$
the'possibility of artificial obstacles. The equatioﬁ is?considerably

more complicated but it does not contain the troublesqme singularity

that appears in Voellmy's equation.
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'Mellor in 1968 presented an analysié.similar to that of Salm (19266)
except that he considered the possibility of having a variable mass
system. The mass was allowed to Vafy linearly with the avalanche -
velocity.

m=m (1L +kv) o (3.7)"
Here m is the initial -avalanche mass and k is an entraiﬂment co-
efficient. This is an empirical relation based upon a’ correlation
between avalanche mass and veloéity. The dynamic egquations that
result.from this analysis are cumbérsome and "afford little insight
into the effects of entrainment as they stand." (Mellor, 1968).

Perla et al. (1980} also deyeloped a center-of-mass system of
equations similaxr to these models. They included a mass-entrainment
term piopértional to the square of the speed in the dissipative forces.
This term combined with other v2 terms into a single term with the
coefficient D, resultéd in an equation of motion that was so}ved
successively over small intervals along the slope. In each interval
the slope and friction coefficients were coﬁsidered to be consfant.

The expression forlthe maximum velocity over any intefval hgs the same

form as Voellmy's equation for terminal Velocify,

= sin@ - Hcos © (3.8)
Vinax \[D (sin® - Pcos Q) , |
in which m/D replaces Yoellmy's &h. In addition, at the juncture of

the two segments, a correction for momentum loss due to the slope

transition is ‘included.
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Values for the parameters Y and m/D for this model are found in
the same way that'u and £ are found for Voellmy's model. The papers
by Perla et al. (l9é0) and. Bakkehdi et al.’ (1980] discuss and give
examples for these parameters.

In anofher work, Perla (1980) analyzed the effects of snow en-
trainﬁent that occur at'g constant rate per unit length of avalanche
travel. "Initially entrainment and‘drag coopefate to éppose accélera—
tion, but if entrainment continues the mass increase wi114é9entually
work ggain;t the drag and velocity will increase. However, ««..the
veloclity boost is only_significant given continual entrainment on very '
lpng‘paths.".

Linear Viscous Model

A major drawback to the mass-center approach to avalanche dynamics
is the lumping of the avalanche mass at a single point. An avalanche'
is an extended mass of variable densty and changing velocity. The
use éf the cenfer—of-mass equations does not prévide any insight into
the.spatial propertie; of the fléw. 'Thé flow depth, for example,‘may
appear as a parameter, but it ig never calcﬁiated.'.Tq account for
spatial characteristics, a general stress-deformation.relation must be
applied over the entire flowing mass. One of fhe simplest‘reiations‘
is the continuum mechanical representation of a lineay viscous £fluid,
where the flow in two dimensioné, is governed by the équétion;r

_ ..,0u, 9V, ' '
T = Ryt - (3.9)
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Here u and v are the slope parallel and slope normal velocity compo-.

nents, and x and y are the slope parallel and slope normal .coordinates.

The constant of proportionality H, between the shear stress, T, and the

Velocity gradient term is called the dynamié'coefficient of viscbsity.
In addition the kinematic coefficiént of viscosity is defined as the
dynamic viscoéity divided by the mass density, P, of the fluid.
When this constitutive relation is substi;uted into the equation-of
motibn, which is dérived from momenﬁum balance cpnsiderations} é non-
1ineaf partial differential equation results - the Navier-Stokes Equa-
tion. For tﬁe flow geometries encountered in avalanche motion only
computer solutions to this equation can be found, and then only iﬁ two
dimensions and for incompressible flow. The method of.solution'and the
use of this model is detailed in Chapter 5.

The principle parameter for linear viscous fluid flow, the Newtonian

viscosity, has never been measured directly for moving snow. Estimates

’ . . . : . : -5
of this parameter range from the kinematic viscosity of air, 1.5 x.-10
2 o : , .
g}n (Perla, 1980), to the viscosity associated with creep motion 63.4

m2/S, {shen and Roper, 1970).

_Bingham Model

. The linear yiscous flow model providesg a method for calculating the
spatial characteristics of flowing snow. However, it is questionable
vhether flowing snow.obeys a linear constitutive equation. The exact

dependence of the internal resistive forces on velocity gradient is‘not_
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known. Many have spéculaﬁed that at low speeds the forces may be
linearly viscous and that at highef speeds the forces take on a velocity
squared dependence due to turbulent ﬁotipn (Voellmy 1955, Pérla, 1980).
Thus at leasf for flows at low velocity a linear viscous'modelﬂwould
seem té be appropriate. However, snow exhibitsathé.granular property of
requiring a minimum stress to initiate deformation.. Reéions of material
below that minimum stress level do not deform, they translate as rigid
bodies. This is seén clearly in the,initiatioﬁ phases of an avalanche
where large chunks of material ﬁove as blocks until the internal stress-
es become large énough tb break them apaft. The linear viscous eguations
cgnnot model this behavior since deformation occurs until all internél
stresses are relieved.. A block of linear viscous material initially at
rest.on a horizontal surface will @eform until it has completely col-~
lapsed to zero height and infinite surface extent.

The simplest mathematical model that'exhibits the l&pking propexrty
observed in snow and other granular matgrials is the Bingham model. 1In
the Bingham model n6 deformation occurs until the shear stress in the
material exceeds a specified value (To), then|deformatioﬁ proceeds ag a
" linear viscous material at a rate proportional to the amount that the
stregshexcéedg IQ. 'The constitutive eguation for a Bingham f£luid then

congists of two'parfs.

For T < T du ' = q oo : ' (3.10)
Q 3y X - .
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and

For T > T ,M (5 7 =T =T ' S (3.1

Substitution of this constitutive rela£ioh Into the e@uatioﬁé'of motion
again yields a partial differential equation. The details of:the com-
puter method of solution of this équation is also inéluded in Chapter 5.

Direct measurements.of the parameters in the Bingham model, the
sheax stress (Toi and viscosity'coefficient, ), have pot been carried
out. However, Bucher and Roch (1946), in méaéuring the fr;ctional
resistance of hard wet snow for speeds between 0.2 and 2l4 m/s, found
that the linear fit to their data yielded a constant of proporfionality
of 475 ﬁ:ggé-. If it is assumed that there was a 2 mm layer of granu-
lated snow of density 300 kg/m3 between the sliding sﬁrfaces and that
the velocity gradient was linear in this region, then the viscosity in
this layér would be gbout .003 m2/s. Siﬁilar tests byiLang et'al..
(I98;),‘using-hard siﬁ#ered snow over the velocity range O.llto-0i25 m/s
yielded a viscosity coefficient of .004.m2/sec and a‘To value Qf 540 -
N/m2 (Figure 2). These values are for a'very narrow range of slow |
speeds and will most likely differ at higher speedsp but. do sefve as
possible order—of—magnitude estimates. |

The wviscosity of fluidized snow has been measuxed in Japan by Maeno.
“and Nishimura (1979), and Maeno et al. (1980).. By paséing air -upward

through a snow column they were able to suspend the snow and creafe a
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SNOW DENSITY: 300 kgm'3

TEMPERATURE: -18°C
NOMINAL SNOW
GRAIN SIZE: 0.4 mm

RELATIVE HUMIDITY: 88%
OVER-BURDEN PRESSURE
OF PLATE: 1170 Nm

Figure 2.

J09 k0 3o el 25

SHEAR STRESS OF GRANULAR SNOW ON AN OVER~RIDING
SURFACE-ROUGHENED STELL PLATE VERSUS SPEED OF THE
PLATE. (LANG ET. AL. 1981).
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fluidized bed. "Tﬁqlgeneral behavipr of.the fluidized snow.resembied

- that of a liquid." -(Maeno et al. 1980)._”The dynamic viséﬁsity was
measured by s£andard techriiques for a fully fluidized bed and was found
to be about .3 to 10—3 N—sec/mz, varying with the parﬁiqle.size-and the’
fluidization velocity. When thig numbex is divided by the density of l
the snow, values of the kinematic viécosity are found to be in the ranéé
5 x 10_6 mz/s tb..OOl.mZ/s. As the fluidization air velocity is de-
creased below the velocity necessary for complete fluidization, thev
measured viscosity coefficients rise sharply. At éhe minimum possible
air flow velocity, bélow which the incomplete fluidized bed becomes

unstable and it becomes impossible to measure the Viscosity, the mea-

2 : 2
surements yield results in the range .000l m /sec to .00l m /sec.

Granular Theories

Since flowing snow‘is made up of granular materials, some of the
work in grain flow ﬁay eventually be used‘in sﬁow avalanché models.
Mears (1980) hés_;ried to apply some of the results of Bagndld's (1954,
-1956) work on cohesionless grain flow to snow. Additiongl references in.
the granular maéeriai area are articles by Goodman and Cowin (1971,
1972) entitled “A'Cohtinuum Theory Fox Graﬁular Matgxials" an@ "T'wo
pfobiems in-the Gravity Flow of Granular Materials, a monograph by
Savage (19792), “The:Gravity Flow of Cohesionless Granular'Materia;s in

Chytes and Channels", an article by Nedderman and Lachakul (1980}, "The
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Thickness pf fhe Sheaf Zone of ‘Flowing Grénuiar Materials" and a paper
entitled "“A Miéropolar Continuum Theory for the Flow of Granular Mat- .
erials" by Kanatani (1979). Constitutive equations for granular mat-
erials are formulated in these papers and the rheology of grain flow is -
probed by experimental as well as theoretical techniques. Only a paf—
tial 1list of the work in grain flow has been provided, other investi-
~gations either completed or in progress may also have relevanée'to sSnow
flow. .It remains for further research to make use of these theoriés and
formulate better mathematical models for flowing snow. Before much
progress can be made in this area‘howeQer,‘better Aata sets must-be
gathered to check the models against. The next chapter gives the re-

sults of one such data collection effort.




CHAPTER 1V

FIELD TEST PROGRAM

The Test Facility

A 30° slope near the Bridger Bowl Ski Area in Southwestern Montana l

~ was. chosen as the location of an experimental test facility. This
facility was used to run a number of controlled flow tests of avalan- .
ching snow; In these experiments, volumes of preparea snow‘up'to 2.7
m3 were released. This snow descended é 30° slope in a polyethelene
lined, one metgr radiué, semi-circular cross-section track. The polyj
ethelene was utilized to minimize friction to achieve maximum snow
velocities. The snow mass accelerated down the length of the track and
exited onto a flat-level runnout area.of racked snow. Using track
iengths of 60 m, generated flow speeds of up to 20 m/s at the entrance
to the runhout area. Upon entering the level iuhout ‘zone the snow
mass deceierated and came to rest. The runout was marked off in one
meter increments and a 16 mm movie camera waé used to record this phase'
of the motion. It was the deceleration phase of the snow motion that
constituted the snow flow tést. A schematic and photograph of the -
test facility is shown in Figures 3 and 4.

The snow used in the tests ranged in density from'250 to 300
kg/m3. Thé ambient temperatures on days of testing were alwgys below
0°C, with the skies overcast. The snow was released from g polyetbelene

lined plywood box by unlocking a hinged door. The mass of show then
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DUMP
BOX m

HINGED
DOOR
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TRACK

/IIlzjm ]
/////f //Alm

POWDER CLOUD RUNOUT ZONE
ABATEMENT PACKED SNOW
CARPET SURFACE

Figure 3: SCHEMATIC OF FIELD TEST FACILITY.
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Figure 4: PHOTOGRAPH QF FIELD TEST FACILITY.
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accelerated as a semi-rigid body. At the entrxance to the runout zone

a piece of carpeting was installed just above the track in an attempt
to reduce the dust cloud that always accompanied the flowing snow. °

Depth gauges at the entrance to the runout zone and along the track

- were .used to ﬂmnitor the depth of flow. In addition,_the final debris

pile was cross-sectioned and the depth profile was measured.

" An étteﬁpt aléo w;s made to measure the veloéity profilé as &
function of depth at one:point in the deqelerating flow. This was
accomplished by'placing a glass window in the punout 2zone and filming
the flow as it passed in front of thé window. Marker particies and dye

were injected into the snow just prior to reaching the window to en-

" hance visiblity. A photograph of this.facility is shdwp in Figure 5.

Observatiops and Measurements

A number of tests were run on this experimental setup dﬁriﬁg the
winter of 1979-80. For each.of these tests the dump box was.filled_
wifh sifted snow, snow chunks, or combinations.of both.  In addition,
powdered dye was added to the snow at specific locatiéns ih the réleasg
dump. One such release setup is shown in Figure 6. Upon reléase,bthe
snow mass accéleréted.down the polyethelene track and was observed t6
spreéd slowly lqngitudinally.' This spreading appeared as c¢revices
formed in the snow. Peformation was also obsérVed, caﬁsed.mostiy by
ir:égularities in the track. As the mass spread; its depth diminishgd'

correspondingly.
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Figure 5: GLASS WINDOW USED TO MEASURE VELOCITY PROFILE.
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~
ANGULAR SNOW Bl..()CK.\

(10 cm max
dimension)

MIXED
GRANULARIZED SNOW

AND SNOW BLOCK :
DIRECTION OF

RELEASE

Figure 6: DUMP GEOMETRY, TEST NO. 3=2-23=-80.
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| The flow eﬁentgally reached speeds.of 15-20 m/s and then exited
onto the rﬁnout area where it deCeleratéd.. The variations: in maximum
speed Qere due mainly to the varying con¢ition of the polyethylene
lined 91ope.‘ Thé‘suﬁ shining on the plastic caused. the . snow beneath it
to melt, anq this-méterial then refroze at night. Over a period of
several weeks this process increased local irregularities in the track
which then retarded the flow. As the speed of the flow reached about
10 m/s, a powder cléud was observed to form. This made observation of
the main flowing mass difficult. Because of this cloud, the depth of
flow could not be measured, but was estimated to be about 30 cm at the
entrance to the runout area. Deceleration of the snow continued in
.the . runout area until the flow finally stopped; Total runnout dis-
tances ranged from 14-21 m depending upon the inflow velocity;' This
motion was recorded on 16 mm'motion picture film which was then analyzed.
Again, the powder cloud obscured the motion of all but the.very front
of the flqwing snow (Figure 7). Analysis of the film provided only
position data on the leading edge as a function of fime. Upon coming
to rest, the debris depth distribution was measured as a funcfion'of
position. The maximum debris depth was.generally.zo - 25 cm and the -
length of the debris was usually about lO‘ﬁ. Beyond 10 m there was a
minima.i amount of snow c.)f less than 5 crﬁ‘depth' deposited all the way

.Back.to the runout. entrance. The dump dimensions, runout position




Figure 7:

POWDPER CLOUD.,
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versus time, and deb#is‘distributiop for a typical test are shown in
Figures 8,9 and :‘10. This particular test will be used as the protdtype'
for calibration of the flow models discussed in Chaptex 5.

The debris distribution for.each test was cross-sectioned to
determine the locations of the dyes that were inserted in the snow
prior to.release. It was generally found that the dye maintained the
same relative positiqn in the debris that existed in the.releésed snow.
For example, the debris dye locations for the releasg shown in Figure 7
are plotted in Figure 11, In this figure the distribution of the
different colored dye;'in the debris pile is shown where concentrations
were greatest. The red dye Which started at the back and bottom of the
Aump ended up Qith some dye on the surface of thé debris near the 15.0m
position apd then penetrated into .the snow until maximum concentration
was observed at station 14.0 near the bottom of the debri;. The blue
dyg, which started at the bottom front of the released snow, ended up
as é ribbon of snow.dyéd blue 1 to 5 cm thick at the bottom of the
debris.extending from the front to the rear of the entire debris pro-
fiie. There was also a concentration of blue dye near éhe bottom front
of the aebrisznear Station 18. The spreéding of dye, initially at the
front edge of the flow, to the entire length of the runnqut zone was-
obsexved in other tests as well. in addition, a thiﬁ layexr about i.O
cm in tﬁickness of snow dyed blue was lef;:trailing the debris ali the

way back to the entrance of the runout zone.
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Figure 8: DUMP GEOMETRY, TEST NO. 2-2-23-80.
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Figure 1l: DEBRIS DISTRIBUTION TEST NO. 3-2-23-8Q.
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For the majoxity of tests, including those discussed above, the
felease mass was made up of snow sifted through a 6 mm wire mesh to at
least a depth of 30 cm. The upper half of the release.mass was then
made.up of granularizéd.snow with some intersperséd blocks.éf'up to 5
cm maximum dimension. In another serxies of tests, considerable effort
was taken té fill the réleaée box witﬁ,individuél.snow blocks with a
minimum of interstitual granular snow. Large blocks of snow were
taken from the mid-winter sintered ;nowpack and cut by 'a shovel into-
smaller blocks with maximum dimensions between 10 and 20 cm.; These

!
blocks were individually placed in the dump box, with the esfimated
granular énow résiaue being less than 5% of the total snow coﬁtent.
Overall dimensions of the release dump and location of local conqentra—
tions of dye for a typical chunk test are shown in Figure 12. ‘Outflow
of the main body of snow for this test extended to 14.0'm; with individ~
ual snow blocks projecting out to 18.0 m (Figure i3). The movement qf
‘dye was similér to that observed in other téétg. In this case,‘the
brown and blue dyes remained localized on the surface,'the green dye
stayed in the trailing seétion'and the red aye extended as a.ribbon
over the length of the debris at the bottom. The yellow block placed
on the_su£face remained on the surface. of the debris.after the test.
In exaﬁining the.cghtept of the debris pile, it was found that no solid
blocks extended down to the runnout surface, and the snow.at thé,bottoﬁ

of the debris was:éll granular. Blocks.that were deposited on the
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Figure 12: DUMP GEOMETRY, TEST NO. 1-2-25-80 (Block Test).
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Figure 13: DEBRIS DISTRIBUTION TEST NO. 1-2-25-80.
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surface retained their angular shapes, while blocks.that wefe found
interspersed with granular snow buried in the. debris were small énd
rounded showing éonsiderable wear and abx.‘asion° Figures 14 and 15 arxe
photograpﬁs.of the debris crOSSrsection showing this snow distrxibution.
The average depth of the surface of the debris, including blocks,

" was recorded and then the blocks were removed_and the debth.of the

_ granularizéd snow was measured. ’This information is plotted in Figure '
.13;

Window Tests

In a number of.granular snow tests, the motion of the flowing snow
was photographed from behind a glass window ihseited ih'the wall near
the entrance of the runout area. This enabled the measurement of the
flow velocity as a function of depth in the flow. Figufe 16 shows thé
resulting‘velocity profile as measured from several tests. These
measurements were only taken 0.1 to 0.2 secoﬁds into the flow past the
window to minimize thg effects of deceleration of the snow. These
results show a strong velocity gradient near the lower surface and a =
nearly uniform velocity for the upper 75% of the fldwing snow. The
dashed line in the figgre is an exponential cuxve fit to the data.

‘Discussion .of. Test Results

In examining the test results, several conclusions can be made,
First, there is little mixing or relativée motion in the upper depths of -

the flow. Dye that started on the surface in tests was found to still








































































































































































































































































































































































































































