Flow Regimes in Snow Avalanches: New Insights and
Their Possible Consequences®
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1 A brief (and biased) review of experimental knowl-
edge on avalanches

Snow avalanches occur in a bewildering variety of sizes and forms. Flow depths range from
10~'m to 10? m, runout distances from 10'm to 10*m, flow velocities from 10°ms~? to
10%2. ms~!, and masses from 10°t to 10°t. The flowing material may be dry, humid, wet
(or even mixed with water in the case of slush avalanches). Humid or wet avalanches
usually form shallow flows (relative to their length and width) of quite high density, with
moderate to low agitation of the constitutive particles. Dry-snow avalanches instead often
develop a deep layer of suspended particles that may completely separate from the dense
avalanche core and follow a different path. For general reviews of avalanche dynamics,
see (Hopfinger, 1983; Hutter, 1996; Issler, 2003).

Besides the density, the particle size distribution and the water content are important
factors determining the rheological behavior of snow in motion. In typical dry-snow
avalanche deposits, snow balls of various sizes (from less than 1cm to nearly 1m) are
embedded in a matrix of fine-grained snow (Issler et al., 1996). The deposits are often
quite cohesive, but this may be a property developed only in the very last phase of
the motion. The flowing dry-snow avalanche shares many properties with polydisperse
granular materials. Some wet-snow avalanches clearly resemble granular flows as well, but
there are other cases where visco-plastic behavior is predominant.

Typical densities in dry dense-flow avalanches are believed to range from 100 to
300kgm~3. Particles are then more or less permanently in contact with others so that
stresses are transmitted either by chains of particles in contact (the so-called effective
stresses) or through collisions of particles. The mean free path is below one particle di-
ameter in this case. In contrast, the density of the suspension layer (the powder-snow
avalanche) is below 10kgm™, i. e., less than 1% of the volume is occupied by snow grains.
The mean free path is many particle diameters, particle collisions are very rare and stresses
are transmitted mainly by aerodynamic forces. Impact measurements using sufficiently
small load cells show very high continuous pressures (up to about 1 MPa) in the dense
core of an avalanche; pressure fluctuations in the tens of millisecond range are significant,
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but clearly less than the mean pressure (Schaerer and Salway, 1980; Nishimura et al.,
1987; Schaer and Issler, 2001). In the suspension layer, pressures are much lower (a few
kPa) and show fluctuations in the range close to one second, characteristic of turbulent
flow (Nishimura, 1995).

For at lest 25 years, there has been evidence for an intermediate flow regime in dry-
snow avalanches (Schaerer and Salway, 1980; Nishimura et al., 1987; Schaer and Issler,
2001). Its hallmark are very high pressure peaks (again up to 1 MPa) lasting for about ten
milliseconds, between which the pressure drops to almost zero. These peaks correspond
to the impacts of single snow particles of various sizes. From the impact frequency and
impulse, one infers densities between 10 and 100kgm—3in this layer (Schaer and Issler,
2001). In measurements with load cells and radar it may be found both ahead of the
dense core and above it. Observations of medium-size to large dry-snow avalanches very
often reveal an extended distal runout zone where the deposits are shallow and covered
with scattered snow blocks whose size may approach 1m (Issler et al., 1996). On the basis
of the experimental observations, one infers a free mean path of a few particle diameters.
Hence both particle collisions and inertial transport of momentum must be important in
stress generation.

Given the visibly granular nature of many snow avalanches, recent novel laboratory
studies of the flow of dry granular materials (Pouliquen, 1999; Pouliquen and Forterre,
2002; Louge and Keast, 2001; GDR MiDi, 2004; Rajchenbach, 2000, 2004) may be relevant
to avalanche modeling. Steady granular flows are possible only in a limited range of slope
angles that moreover depend on the flow depth. The flow velocity grows with the 3/2
power of the flow depth. These findings imply that the friction law for granular flows is
much more complicated than the simple Coulomb law F; = pF;, that is often assumed
(Fy and F), are the friction and normal forces, respectively, u is the friction coefficient).
Detailed measurements in very densely packed flows revealed linear velocity profiles—a
finding that cannot be explained in traditional rheological terms (Rajchenbach, 2004).

2 Avalanche models

Avalanche dynamics is a fascinating topic for scientific research in its own right, but
the main driving force has been the practical need of protecting settlements and traffic
routes. Here, the main concern is not so much the time of release of frequent events
(which is important for temporary measures such as road closures and evacuations), but
the reach of rare and extreme avalanches (frequency < 107'a™') and their effect on
structures. Hazard mapping is the primary area where avalanche models are applied, but
they may also help greatly in the dimensioning of protective structures such as deflection
or catching dams—if they are advanced enough to handle such complicated geometries.
Accordingly, dynamical models of widely disparate complexity have been developed. We
shall not consider the statistical runout models here because they do not give information
on pressure. A condensed and useful overview of avalanche models up to 1997 can be
found in (Harbitz, 1998), much of the pioneering Russian work is summarized in (Eglit,
1983, 1998).

The simplest and also earliest models that have been proposed treat the avalanche as
a sliding point mass. Various laws for the bottom friction can be implemented, and the
solution for the center-of-mass motion can be expressed in terms of a quadrature. A variant



has been used for powder-snow avalanches: the mass “point” is given a length, width and
height, which vary according to dynamical or geometric criteria and may influence the
resistive forces (Fukushima and Parker, 1990; Beghin and Olagne, 1991).

At the other extreme of the scale are the models that describe the avalanche as an
assembly of particles and solve their equations of motion, including collisions. Such models
are not presently used for modeling an entire event from release to stop, but to study the
influence of the particle properties on the rheology of the granular material. An interesting
attempt to introduce some degree of granularity (and stochasticity) is the PLK model
(Perla et al., 1984), which is routinely used in North America.

For the description of powder-snow avalanches, the most complete models solve the
three-dimensional Navier-Stokes equations with extra equations for the evolution of tur-
bulence and the motion of suspended snow particles (Hermann et al., 1994; Naaim and
Gurer, 1998; Zwinger et al., 2003). Depending on the model, various assumptions are
made for the interaction with the snow cover (entrainment and deposition), and between
the dense core and the suspension layer. These codes can only be used by specially trained
professionals.

Descendants of the shallow-water equations of hydraulics are presently the favored
compromise between accuracy and speed, particularly for dense-snow avalanches. The
balance equations for the mass and the momentum are integrated over the flow depth and
have the following structure:
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h(z,t) and U(x,t) are the flow depth and the depth-averaged velocity, respectively, 7,
is the depth-averaged longitudinal stress, 7, and 7, are the shear stresses at the top and
bottom surface. p, g and 6 are the density, gravitational acceleration and slope angle,
respectively. The Boussinesq coefficient f is close to 1 and depends on the velocity profile.
Finally, w, is the speed at which the snow cover is entrained; most models neglect it, some
assume it to depend on the snow properties and the bottom shear stress exerted by the
avalanche. These equations are written for the one-dimensional case (coordinate x along
the centerline of the path), but can easily be extended to 2D.

The two most popular friction laws are Coulomb friction, Tb(c) = phpgcosf, and

Coulomb friction combined with a “turbulent” drag term, Tb(v) = b(C)—l-kpU 2 as introduced
by Voellmy (1955). The Coulomb model is scale-invariant and predicts ever-accelerating
flows on slopes with inclination tanf > p. The Voellmy model predicts a terminal ve-
locity that scales as the square root of the flow height. The NIS model (Norem et al.,
1987, 1989) postulates dispersive stresses proportional to the square of the shear rate and
predicts a terminal velocity scaling as h3/?, in agreement with at least some of the gran-
ular flow experiments. A more radical proposal has recently been made by Naaim et al.
(2004) on the basis of chute experiments with natural snow: An empirical friction law is
derived directly from the experimental results (after appropriate non-dimensionalization
in terms of the Froude number Fr = U/+/gh). The thin bottom layer of very high shear
is represented in terms of a slip velocity, above it a linear velocity profile is assumed. The
same data is used to model snow entrainment and deposition in a way that takes into
account the acceleration of eroded material.



3 Modeling flow-regime transitions

The transition from the dense-flow regime to the fluidized one has not been directly
observed in snow avalanches. On the basis of simple estimates, we may exclude a purely
aerodynamic mechanism that would be similar to hydroplaning in subaqueous debris
flows (Elverhgi et al., 2000; Mohrig et al., 1999). The most viable candidate mechanism
leading to fluidization is therefore the dispersive pressure created by particle collisions,
even though these collisions are quite inelastic for snow blocks. Extending the approach
of the NIS model, we assume the normal stresses to be the combined effect of continuous
particle contacts (the effective stress p.) and dispersive pressure proportional to the square
of the shear rate ¥(z) = du(z)/0z,

Oz = —Pe — me(p)"yQ. (3)

Similarly, the shear stress is made up of Coulomb dry friction and a dispersive component,

T = ppe + pm(p)i>. (4)

The coefficients my and m are functions of the density, as will be discussed below.

In the simplest case of steady shear flow on a slope inclined at a constant angle 6, the
balance of forces demands o, = —(h — z)pgcosf and 7 = (h — z)pgsinf. Inserting this
into Egs. 3 and 4 and solving for 4 and p., we obtain
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For slope angles tan > m/ma, the effective pressure vanishes—the hallmark of fluidiza-
tion as the whole overburden weight is supported by the pressure due to particle collisions
(and inertial momentum transport).

What happens when the fluidization threshold is crossed, e.g. after a steepening of
the path? The dispersive pressure drives the particles apart, the density decreases, and so
does the frequency of collisions: both m and my decrease when the density decreases. If
their ratio remained constant thereby, the dilution would never stop. But if m decreases
more slowly than ms with diminishing density, the ratio m(p)/ms(p), which is the effective
friction coefficient, increases as the avalanche dilutes. A new equilibrium density p.(6) is
reached when

m(p)

ma(ps)
Note that the fluidized density will be much lower than the non-fluidized one if the ratio
m/msy decreases slowly with increasing density.

= tan 6. (7)

The rheology embodied by the NIS model is rather general and neither predicts the
values of the coefficients p, m and mgy nor their density dependence. Particle models of
granular materials may lead us one step further, but there are many such models with
conflicting predictions. Early theories of granular matter based on kinetic theory did not
find a density dependence of the effective friction, but extensive computer simulations
based on a 2D hard-sphere model (Campbell and Gong, 1986) indicated a pronounced



decrease of pi. s with increasing density. An analytic study of the kinetic theory of dense
granular gases in 2D that paid particular attention to the geometry of the collisions in the
averaging process (Pasquarell et al., 1988) revealed the likely reason for this density de-
pendence. It is the combined effect of the directional dependence of collisional momentum
transfer for a single collision, the directional dependence of the collision probability, and
the density dependence of the collision velocity (at fixed shear rate). It therefore seems
that the effective friction coefficient indeed has the behavior that leads to a new equilib-
rium density in the fluidized phase. However, the precise form of the density dependence
of m and my cannot be inferred from these 2D studies.

The resulting model thus has the following form:

e The balance equations for mass and momentum have a similar form as in the original

NIS model.

e A subroutine checks after each time step whether the fluidization conditions are
reached somewhere in the flow. Where this is the case, the current equilibrium
density is determined using a prescribed curve p,(6).

e Where the density differs from the equilibrium density, it is adjusted according to

dt
p(t+dt) = p(t) + = (px — p(t)), (8)
with dt the length of the timestep and T a suitably chosen relaxation time. The
flow height is also modified for mass conservation:

Wz, t) — hiz,t) - p(tp(ﬁlt).

(9)
A second-order accurate, conservative non-oscillatory central scheme is currently being
implemented to solve these equations.

4 Do we need such sophisticated models?

Advanced models like the one presented in the preceding section contain a considerable
number of adjustable parameters, yet they are not complete enough to predict the values
of these parameters. Therefore a corresponding amount of experimental data is needed
to determine the probable ranges of these parameters. Among avalanche researchers,
there are two opposite attitudes towards this problem: One group considers that our
knowledge of avalanche dynamics will always be insufficient and therefore advocates the
use of the simplest models with three or fewer adjustable parameters that are to be
calibrated extensively. The price to pay is a very wide range of these parameters that
are moreover nearly devoid of precise physical meaning (Barbolini et al., 2000; Issler
et al., 2005). Prime examples are the Voellmy—Salm and Perla-Cheng—McClung models
(Voellmy, 1955; Salm et al., 1990; Bartelt et al., 1999; Perla et al., 1980).

The opposite attitude is to try to construct models that correctly capture the main
physical processes in avalanche flow and contain parameters with a clear physical meaning.
Advocates of this approach argue that the parameters can in principle be measured in



experiments and their probable range of values can be guessed in advance. This is perhaps
most clearly realized in a powder-snow avalanche model proposed by the author (Issler,
1998). The new extended NIS model also belongs into this category because its parameters
can in principle be measured in laboratory experiments. Moreover, one may expect that
molecular dynamics simulations of small portions of the flow can be used to determine
the correct parameter values from first principles.

Finally, there are a few models that do not readily fall in either category: The Savage—
Hutter model (Savage and Hutter, 1989; Pudasaini and Hutter, 2004) has only two param-
eters that are directly measurable and have precise meaning in the context of dry granular
flows, but it neglects a great many processes that are specific to, and important in, snow
avalanches. The new model proposed by Naaim et al. (2004) gives complete precedence
to (laboratory) experimental data; it does not seek direct phyical intgerpretation of the
empirical friction law, yet it does not in principle require calibration by means of field
data.

In the rest of this paper we adopt a pragmatic point of view and ask what consequences
are to be expected if we use the proposed extended NIS model? This model assigns rather
different properties to two components of the avalanche that are not distinguished by
other models. In an avalanche flow, the head typically has a much higher velocity than
the tail. Accordingly, fluidization will usually occur only in the front part of the avalanche.
The model states that the parameter m that determines the shear stress is smaller in the
fluidized phase than in the dense phase. Therefore, the shear rate will be higher than
it would (hypothetically) be in the dense phase under the same conditions. Since the
flow height also is larger, a significantly higher velocity results at lower density. In many
situations, the fluidized phase will attain a much longer runout distance than the dense
phase, and due to its high velocity, it may follow a different path, e.g. Ispilling over the
bend of a gully. Examples of such behavior have been observed many times (Issler et al.,
1996).

It is too early to predict with confidence how strongly hazard maps created with the
new model will differ from the existing ones. After all, in most cases those maps were not
elaborated by blindly applying a numerical model following rigid guidelines, but also by
taking into account observations of past events and the expert’s judgment. Nevertheless,
the conventional models were calibrated using rare or extreme events, which often will
generate a fluidized phase. It is the runout distance of the fluidized phase that was used
for the calibration, resulting in very low friction coefficients. Running the conventional
models with these parameters, the correct runout distance is obtained, but much too large
deposits are predicted in the far distal area, where, in fact, only relatively thin deposits
due to the fluidized phase are observed. Furthermore, pressures in the distal area are
calculated with an assumed density typical of the dense core (a value of 300kgm™3 is
suggested in the Swiss guidelines), whereas the density of the fluidized phase is smaller
by a factor of 3-10. With the new two-flow-regime model, one may therefore expect the
following differences compared to the conventional models:

e In avalanches where fluidization does not occur, the effective friction may be larger
than in the conventional models, so the runout distances may be somewhat shorter.

e [f fluidization does occur, the fluidized phase attains higher velocities than predicted
by the conventional models and may take a straighter path than expected for a slower



avalanche. This is important in winding channels or on alluvial fans with an incised
channel that is followed by the dense phase, but not by the fluidized one.

e On a valley floor, the fluidized phase stops near the same point or slightly beyond
the runout of the conventional models while the dense phase comes to a halt more
proximally. Beyond the runout of the dense core, the new model is expected to
predict pressures that are lower by a factor > 2 than those obtained hitherto.

e The effects on the zoning depend on the criteria that differ from one country to
another. Generally, the zones of moderate danger might be extended somewhat in
cases where truly extreme avalanches have not been observed yet and the zoning
depends on modeling alone. In contrast, the zones of high danger will be reduced
in many cases.

However, the readers are cautioned that these conclusions are still rather speculative.
Extensive testing of the model is needed before it can be used routinely in hazard mapping,
and more high-quality data from the two large avalanche test sites at Ryggfonn (Norway)
and Vallée de la Sionne (Switzerland) is eagerly awaited.
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