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ABSTRACT: Impact forces by snow avalanches on obstacles need to be taken into account to design
hazard maps of avalanche prone areas. An important question is how the forces depend on the velocity
and the thickness of the incoming flow. Existing engineering rules recommend to multiply the incident
dynamic pressure of the free flow of the avalanche by a constant drag coefficient in order to obtain
the effective pressure on the obstacle. But recent field data have shown a strong variation of the drag
coefficient according to the flow parameters. This paper addresses the open question of the relation
between the effective pressure developed by an avalanche on a given obstacle as a function of the flow
parameters and the obstacle shape. The flow of the snow avalanche is considered as a gravity driven
free surface flow and a general formulation of the drag coefficient is proposed. This formulation leads to
low drag coefficients for rapid flows and higher drag coefficients for low velocity flows. This formulation
was successfully tested on existing data including laboratory experiments and recent results from the
Lautaret and la Sionne test sites. The new formulation is implemented in a simple avalanche dynamic
model and the consequences on the hazard mapping are succinctly analysed.
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1 INTRODUCTION

The delimitation of the areas directly ex-
posed to avalanche risk is the goal of the hazard
mapping. For the definition of the phenomenon
to be taken into account one refers to historical
events. For avalanches, similarly to floods, the
reference event to be taken into account regard-
ing the safety is the maximum between the high-
est avalanche observed on the path since the
end of the ’little ice age’ (middle of the nineteenth
century), and the centennial event. Hazard map
assessment has also to be carried out defining
high-hazard red zones where no construction is
allowed and moderate-hazard blue zones where
constructions are allowed with some specific re-
strictions. The upper limit above which an area is
considered as a high-hazard red zone is defined
in terms of avalanche pressure and the pressure
threshold is 30

�����
in France.

Contrary to forecasting whose objective
is to predict the precise date of occurrence of a
specified event, the predetermination, is a statis-
tical prediction and consists in the announcement
of the characteristics of a future event (non lo-

cated in time) with its probability of occurrence or,
equivalently, its return period. Concerning snow
avalanches, one will estimate, for a given loca-
tion in a given path, whether the probability that
the flow height, velocity or pressure would ex-
ceed a given threshold or, symmetrically, height,
velocity or pressure which have a given proba-
bility of exceedance. In France, the available
data, for at least 4000 well documented paths,
are the release and run-out altitudes during a pe-
riod ranging from 30 to 100 years. Historical,
compiled from field inquiry, old documents and
supplemented by experts and geomorphological
studies, are also used. As data are strongly
dependent on the avalanche path morphology,
it is a priori not allowed to extrapolate the cu-
mulative distribution function fitted to these data
without severe restrictions. In order to over-
come this issue, several authors (refer to Eck-
ert et al. (2007)) proposed new approaches us-
ing avalanche-dynamics numerical models. The
parameters of the model (friction coefficient) are
fitted to the field data. As the parameters are
random variables, an appropriate statistical dis-
tribution is adjusted on each of them. Simulating
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a large number of (fictitious) avalanches using a
Monte Carlo approach allows determining the cu-
mulative distribution function of the run-out dis-
tance or the pressure on a much broader range
than initially with the historic data.

2 PRESSURE ON STRUCTURES

Once the reference event is defined by
its extension, it remains to choose the pressure
field associated with the reference event. There
are an infinite number of solutions for the pres-
sure field because the run-out distance results
from two independent parameters: the snow vol-
ume and the snow quality. A precaution we are
used to is to retain the solution that maximizes
the pressure field, but this is renouncing to rig-
orously use the centennial event as a reference
event. However, coupling statistical modeling, to-
pography and dynamic model allows solving this
issue. Using this approach, it is possible to get,
for a given location in the considered path, the
relation between the exceedence probability and
the pressure.

A remaining question concerns the im-
pact pressure developed by an avalanche on a
given structure. It depends on the free pressure
of the incident flow (equal to the kinetic energy
per unit mass) and the drag coefficient. Is it con-
stant or does it vary with the flow parameters? In
the following we will try to answer the following
questions:

� What is the drag coefficient ?
� What is the difference between the drag co-

efficient of powder snow avalanche and the
flowing avalanches ?

� How does the drag coefficient vary ac-
cording to the flow parameters for flowing
avalanche?

� What are the consequences in terms of
hazard when mapping medium or low haz-
ard areas?

This paper has three distinct parts. The
first summarizes succinctly the available re-
sults concerning constitutive equations of snow
avalanches. In this part an equivalent simple fluid
is defined for suspensions of snow. Afterwards,
equivalent viscosity and Reynolds number are de-
fined. In the second part, a synthesis of scaling
laws relating the drag coefficient to the flow pa-
rameter is presented. Finally, the resulting scal-
ing laws are applied to a simple avalanche case

in order to highlight the influence of the drag co-
efficient trend on avalanche mapping.

3 BASIC PHYSICS

3.1 The snow behavior

The snow is a complex natural mate-
rial : heterogeneous and anisotropic. The grain
and aggregates sizes vary from snow grains (less
than a millimeter) to flow height. The snow, which
is a cohesive granular material, may behave as a
solid. On a steep slope, it can stay motionless in
spite of the stress induced by gravity. The snow
may also behave as a liquid in flowing avalanches
where the grains interact each other through fric-
tional contacts. The snow may also behave as a
gas. Inside a powder avalanche, the particles are
entrained by the interstitial fluid (air).

3.2 Snow avalanche characteristics

An avalanche can be defined as a rapid
movement of huge mass of snow (several thou-
sands of �

�
) on an inclined terrain. It can display

different shape and properties.
If the snow density remains close or

higher than the initial density of the snow mantle,
the flow will be considered as a dense avalanche
(or flowing avalanche). The volume of dense
avalanches can reach several hundred thousands
of �

�
and in certain cases several millions of �

�
.

Velocities are ranged between 1 and 70 ��� ���
�
,

heights are ranged from 1 to 20 � , and den-
sity is ranged from 150 to 500

�
	
� ���

�
. Dense

avalanches are characterized by quasi constant
velocity profile which means that the shearing is
mainly located at the bottom. Tee shearing in
the core of the avalanche is one order lower than
the shear at the bottom (refers to Bouchet et al.
(2003)). If we consider the density constant over
the depth, the dynamic pressure is quasi constant
over the depth of the avalanche.

When an avalanche develops at its top a
significant turbulent cloud, the flow is called pow-
der flow. Evidences from field observations and
FMCW radar measurements showed a strong
stratification of certain avalanche flows. The pow-
der part of an avalanche can attain several ten
of meters and move up to 70 ��� ���

�
. The ve-

locity into the powder part prolongates the veloc-
ity profile of the dense part. Inside a thin layer,
the velocity decreases or increases depending on
the dynamics of the powder part. In the rest of
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the powder part, the velocity decreases rapidly.
The density is maximal at the bottom, inside the
exchange thin layer, and decreases quasi expo-
nentially with the depth. The density varies be-
tween 1.3 and 50

�
	
� � �

�
. The vertical velocity

in the powder snow layer can reach values close
to the front velocity and the velocity along the
slope inside the avalanche can reach the double
of the front velocity Naaim-Bouvet (2003). These
considerations have a significant influence on the
pressure inside a powder flow.

3.3 Constitutive equations

Dense avalanche

The dense avalanches are made of
grains and aggregates of various size and shape.
It is not trivial to establish a simple and gen-
eral constitutive equation. Several constitutive
equations derived from analogy with other fluids
or from field observations are available Voellmy
(1955), Bouchet et al. (2003) and Rognon et al.
(2008). In these models a coulombian model is
adopted where the stress stress ( � ) is propor-
tional to the normal stress (

�
) and the propor-

tionality coefficient � is the effective friction co-
efficient. If � and � denote respectively the mean
velocity and the flow height, and

	
the gravity ac-

celeration, the friction coefficient � can be given
by Voellmy (1955):

�������
	 	 � ��	 � (1)

where ��� (no unit) and
�

( ��� ����� ) are coefficients
depending on the quality of snow and on the mor-
phology of the avalanche path.

If � is the density,
� ��� 	 ��������� is the

normal stress at the bottom ( � is the slope angle)
and �� ��� � is the mean shear rate, then

�������
	 �� � 	 �� � � (2)

This allows to write the shear stress at
the bottom ( � ):

��� � ���
	  � �� � 	�! �� � (3)

Snow can then be considered as a shear
thickening fluid. This means that the apparent vis-
cosity increases with the shear rate.

If we consider the snow as a simple fluid,
the apparent viscosity " , defined as the ratio be-
tween the shear stress and the density times the

shear rate, can be written as:

"#����� � �� � 	  � �� � � 	$! �� (4)

When an avalanche hits an obstacle of
lateral dimension % , we can define a macroscopic
Reynolds number Reynolds (ratio between the in-
ertial force and the viscous force):

&(' � �%" � �%���*)+,.- 	0/1)32- 25456�7 �� (5)

The Reynolds number ranges from 0 to
100 for typical values of flow depth, velocity and
frictional coefficients �$� and

�
.

Powder snow avalanche

A powder snow avalanche (PSA) is a tur-
bulent flow of a snow suspension. The volumetric
concentration is less than 5%, which allows con-
sidering the interaction between grains as negligi-
ble compared to the interaction with the interstitial
air. The constitutive equations are therefore not
influenced by the grain-grain interactions but only
by the presence of the grains. The air-particles
mixture behaves as a gas and in a first approxi-
mation the constitutive equations of pressure and
viscosity can be written:

� � &98 �;:=<?>A@ �8 �;:CBD> (6)"#�E"�F 8 � 	HG � I <?> (7)

where
@

is the temperature,
&

is the universal gas
constant,

<
and

B
are respectively the mass and

volume concentration of ice, "�F is the viscosity of
the air.

The viscosity formula is valid for a volu-
metric concentration

<
of 2%. For a higher con-

centrations Batchelor (1971) has proposed a cor-
rective term:

"J�E"�F 8 � 	HG < 	LK � G < � > (8)

When a powder snow avalanche hits an
obstacle of lateral dimension % , it is possible to
define a macroscopic Reynolds number as done
for dense avalanches (equation 5):

&(' � �%" � �%"�F 8 � 	HG < 	LK � G < � > (9)

Considering the classical parameters of
PSA, the Reynolds number ranges from

�NMDO
to�NMDP

.
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Figure 1: Pictures of dense (left) and powder (right) avalanches

4 OUTCOMES FROM FLUID MECHANICS

Rapid flows of natural fluids such as
snow avalanches or debris flows display similar
behaviours in terms of the pressure evolution for
decreasing incoming Froude numbers. We de-
veloped a common framework allowing the eval-
uation of the load by a rapid mass movement on
an obstacle. And a unified formula for the total
drag coefficient has been proposed Naaim et al.
(2008a). This allows to derive the pressure from
the depth and the velocity of the incoming flow,
and the rheological properties of the flowing ma-
terial. This section reports briefly the main con-
tent of this theoretical framework.

The force � exerted by a flow on an ob-
stacle can be written as:

� ��������� �G � � (10)

where � is the fluid density, � is the obstacle cross
section perpendicular to the flow direction, � is
the flow velocity and ��� is the total drag coeffi-
cient.

The behavior of a structure submitted to
a rapid mass movement depends mainly on the
loading properties especially the maximum value,
the spectral content and the spatial distribution.

In practice, we are used to consider an
equivalent static pressure taking into account the
maximum pressure and non steady states. The
equivalent static pressure is obtained considering
a constant drag coefficient based on an analogy
with the turbulent hydraulic flows and the dynamic
aspects are taken into account through a safety
coefficient. Recent field and laboratory measure-
ments have shown non trivial trends. From ex-
perimental point of view, many authors (Holzinger
and Hubl (2004), Sovilla et al. (2008), Thibert
et al. (2008) and Naaim et al. (2008b)) have
shown a decrease of the total drag coefficient with
the flow Froude number. Naaim et al. (2008a) has

conducted a theoretical approach in order to ex-
plain such observed trends. After a compilation of
the existing data concerning the drag coefficient
of Newtonian and non Newtonian fluids at low and
moderate Reynolds number, a theoretical analy-
sis in the framework of gradually variables shallow
flows allows defining a macroscopic viscosity and
a Reynolds number based on the mean velocity
and the obstacle width. Assuming the Reynolds
similarity, the formula obtained for simple fluid has
been extended to obtain a general formula relat-
ing the drag coefficient ��� to the slope angle � ,
the Froude number and the ratio between the flow
height and the obstacle width as shown by the
equation (14).

�	�� 8 &('�
� > � G�� ��� � 	���� 	 8 &(' >�� � ��� ����� 8�� > &! #"%$&' (11)

� 8�� > � � �
� : I � �' 	 � �K 	 �

' (12)

&(' �  G � 	 �� %� ! � � �( � � � 8 ����� � > � (13)

� � �) 	 � < ���?� (14)

where
�

is the constitutive equation power law in-
dex. For an obstacle at rest immersed in a rapid
mass flows, the mean pressure on the obstacle
integrated over the depth of the flow is given by
the next equation as the sum of the dynamic and
the hydrostatic pressures :

� � � G * ���.� � 	 	 ���������#+ (15)

As a first approximation, we may consider
the snow as a shear thickening fluid with a power
law coefficient

�
equal to 2. The Reynolds num-

ber and the drag coefficient, for a dense snow
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Figure 2: Application of the drag formula (given by equation 16) to a simple avalanche case

avalanche, can then be derived as a function of
the slope angle, the aspect geometrical ratio and
the friction parameters as shown by the equation:

��� 8 � � ��� > � G M � � GDI � � 	���� 	 8 &(' >�� � ��� ��� & $&' (16)

&(' � GDI' �	 8 ( � � � : ��� >< ���?�
� � � � � %��� � (17)

This formulation has been compared
with observed data of drag coefficient depen-
dences reported in Sovilla et al. (2008) for snow
avalanches and in Holzinger and Hubl (2004) for
debris flows. As detailed in Naaim et al. (2008a),��� given by equation (16) fits effectively well the
data both for snow avalanches and debris flows
reported in Sovilla et al. (2008) and Holzinger and
Hubl (2004).

5 INFLUENCE ON AVALANCHE MAPPING

When the slope decreases, the dense
snow avalanche decelerates and the Froude
number and the Reynolds number decrease. The
drag coefficient increases significantly and may
reach 10 for very low Froude numbers. When
the velocity decreases, the kinetic pressure of
the flow decreases quadratically with the veloc-
ity but the impact pressure decrease is limited

by the increase of the drag coefficient. The new
formulation, which is able to take into account
this behaviour, has been implemented in a sim-
ple avalanche dynamic model.

A simple application illustrating the influ-
ence of the drag coefficient influence on the pres-
sure distribution in the run-out zone is given in
the figure 2. If an avalanche characterized by a
velocity � �� ' M

��� ���
�
, a height of ��� G � , and

the Voellmy coefficients � � M
�
���

and
� � � MDM

��� ����� , enters in a run-out zone of 10 	 , a pylon of
diameter 0.3 � , will be submitted to a pressure
significantly different from the pressure inside the
free flow. The figure compares the dynamic pres-
sure to the impact pressure and show significant
differences.

� the dynamic pressure in the case of free
flow decreases quadratically with the veloc-
ity whereas the impact pressure decreases
quasi linearly with the velocity;

� the threshold pressure of 30
�����

is attained
by the pressure of the free flow for a velocity
of 14 ��� ���

�
and 15

�����
for 10 ��� ���

�
;

� the threshold pressure of 30
�����

is attained
by the impact pressure for a velocity of 5
��� � �

�
and 15

�����
for 3 ��� � �

�
.

The conclusion from this simple example
is that the red zone (the area where the pres-
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sure is higher than 30
�����

) will increase signifi-
cantly and accordingly the blue zone (the extent
area where the pressure is lower than 30 kPa)
will be significantly reduced. The front of dense
avalanche, specially those involving moist snow,
can be significantly thick inducing a very low
Froude number and a high hydrostatic pressure
(for a 2-m-high flow with a density of 300

�
	
� ���

�
,

the hydrostatic pressure is around 6
�����

). In
these conditions it seems to be difficult to base
the definition of the blue zone on the pressure.

6 CONCLUSION

The knowledge of the impact forces ex-
erted by snow avalanches is needed to design
hazard maps of avalanche prone areas. Re-
cent measurements on snow avalanches at Val-
lée de la Sionne (Switzerland) and at Col du
Lautaret (France) have shown that classical en-
gineering rules used to derive impact pressure
may lead to underestimation of impact pressure in
the runout zone where the avalanche decelerates
(low value of the Froude number). A new theoret-
ical framework based on general equations de-
scribing shallow gravity driven free surface flows
has been proposed and successfully compared
to full-scale measurements of pressures due to
snow avalanches (see details in Naaim et al.
(2008a)). In the present paper, this general for-
mulation is briefly presented and has been im-
plemented in a simple avalanche dynamic model.
Then it has been applied to a simple avalanche
example to show the difference between the es-
timated pressure from the classical engineering
rule and the new approach, and to raise questions
about hazard map assessment when designing
the moderate-hazard blue zone on the basis of
the pressure evaluation.
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