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Abstract. Snow avalanches are a significant natural hazard in many mountainous regions
throughout the world. Although long recognized that avalanche impact can easily destroy
buildings and other infrastructure, design codes rarely, if at all, consider dynamic magnifi-
cation factors. The underlying problem is that flowing snow at impact behaves both as a solid
and as a fluid. The combination of solid and fluid behaviour makes it difficult to characterize
the avalanche impact loading. The solid behaviour of flowing snow leads to pile-up regions of
highly compacted snow in front of the structure. This dead-zone often adopts the form of a pris-
matic wedge with two distinct shear planes. The wedge serves to deflect avalanche snow around
the impacted object. Because avalanche snow likewise exhibits fluid behaviour, the deflected
snow can easily bypass the structure without stopping. In this paper we model the compaction,
pile-up and deflection of avalanche snow around walls, pylons and trees. The work energy the-
orem is used to model the forces assocated with the compaction process and therefore pile-up
phase. We show why the pile-up produces intensive, short duration loadings in the form of a
triangular impulse. We quantify the duration time as a function of the pile-up geometry and
compactive properties of the flowing snow. This allows us to both quantify the impact duration
as well as select the appropriate form of the impulsive loading. If the eigenfrequency of the
structure is known, dynamic magnification factors can be calculated for avalanche impact on
a wide range of structure geometries, especially ski-lift masts, walls and power transmission
towers.
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1 INTRODUCTION

In mountain environments snow avalanches pose a considerable threat to the built infras-
tructure [1, 2, 3, 4]. Structural engineers require calculation methods to relate avalanche speed
to design loads in order to construct structures that can survive avalanche impact (Fig. 1). At
present snow engineering practice applies the generic formula

1
p= 50qu>V§ (1)

to caluate the impact pressure p as a function of avalanche density pg and velocity V2 [5].
The pressure factor C'p accounts for avalanches impacting thin (Cp=1) and wide (C'p=2) struc-
tures. A more general equation to calculate the impact force F(t) on a structure hit by a snow
avalanche is,

F(t) = Fa(t) + Pe(t) + ﬂf(s,t) ds. 2)

Figure 1: On March 8, 2017 a snow avalanche destroyed several chalets at the Swiss village of Salvan, Canton
Wallis. Impact pressures were higher than 30 kPa. The air-blast from the avalanche blew down several trees behind
the buildings. The building on the right was completely destroyed. The picture appeared in the Walliser Bote on
March 8, 2017.

This formula characterizes the three physical processes that must be considered at impact:
(1) the shock loading Fa(t) caused by the solid, entirely plastic ’pile-up” of snow mass in front
of the structure, (2) the deflection force Fy(t) arising from the fluid movement of snow mass
around the structure and (3) edge forces f(s,t) which are produced when the deflected snow
jams the on-coming avalanche mass at the exterior edges £ of the structure. The line integral
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is given by the fact that jamming forces f (s, t) are defined per unit edge length. The upper limit
of the integration is given by the flow height of the avalanche which defines the sum of the
exposed edges of the structure. An important distinction between the two approaches is that
first approach (Eq. 1) calculates a mean pressure, whereas the second approach (Eq. 2) predicts
time-dependent forces that are assumed to be distributed unequally over the structure at impact.

By far the greatest challenge of developing methods to predict avalanche impact forces is
due to the complex solid-fluid behaviour of avalanche snow. The piled-up snow typically forms
a solid ”deadzone” in the shape of a prismatic wedge (Fig. 2). (Hence there designation with
the capital greek symbol A.) The wedge consists of highly compacted snow that serves to
efficiently deflect the on-coming avalanche snow around the impacted object. That is, at impact
both solid and fluid behaviour is evident. The solid material response is complicated further by
the irreversible compactibility (or Stauchen) of avalanche snow. Bulk avalanche flow densities
pe Tange between (say) pgp = 150 kg/m? for a disperse flowing/powder avalanche to (say) pe
= 450 kg/m3 for a dense wet snow avalanche [1]. Density measurements of piled-up snow in
front of obstacles indicates that final compaction densities are over pa > 500 kg/m? [6]. The
dynamic, impulsive loading at impact results from the compaction of the avalanche snow from
density pg to density pa. The time required to compact the snow to build the wedge therefore
defines the duration of the impact loading and therefore the rate of energy dissipation and the
impulsive (shock) response of the structure.

In this paper we develop a method to calculate how snow piles-up at impact allowing us
to estimate the magnitude, form and duration of the impulsive loading F(t). This is a nec-
essary prerequisite to determine the shock response (failure) of structures impacted by snow
avalanches. We begin by considering forces for pile-up without deflection. This serves to in-
troduce the application of the work-energy theorem to determine forces from the compaction of
avalanche snow at impact. We then turn our attention to the more realistic problem of pile-up
with deflection. This analysis allows us to determine dynamic magnification factors for simple
structures such as cantilever-type constructions such as pylons and masts which are typical for
ski-lifts and power transmission lines. We provide several example calculations. The first ex-
ample considers an avalanche impacting trees, where the eigenfrequencies are low. The second
example treats an avalanche impacting a circular ski-lift pylon, a common problem in avalanche
mitigation.

2 PILE-UP WITHOUT DEFLECTION: FORCES Fz

For the purpose of explanation we find the force F= where all avalanche mass piles-up com-
pletely at impact in front of the structure (Fig. 3). There is no deflection (Fy = 0) or jamming
(f(s,t) = 0). In this case the impact force F'(t) = Fx.

We consider a dense avalanche ® with velocity Vg, height hg and bulk density pg impacting
a rigid structure. The structure of width w is positioned at the position x=0; the positive -
direction defining the upstream direction of the pile-up. For simplicity we assume the avalanche
strikes the structure with a mean depth-averaged velocity and density; that is, both variables are
constant over the flow height defined in the z-direction, but can vary in the streamwise direction
and therefore time. We do not consider the impact of the powder dust cloud II. For now we
assume that the height of the structure A is higher than the flow hg¢ i.e. there is no overtopping
of the structure. The width of the flow is assumed to be larger than the width of the obstacle.

We describe the pile-up process by considering avalanche mass immediately before and after
the pile-up (Fig. 3). All the incoming mass is piled-up. The avalanche is divided into ”com-
pacting” avalanche snow, the knautschzone (region =, density not yet pq, velocity not yet zero,
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Figure 2: Examples of impact wedges. a) Pile-up at the measurement pylon at the French Col du Lautaret test site
reported by [6]. Note the dihedral shape of a triangular prism. The width of the impact plane is 1 m. The reported
compaction density was 540 kg/m?; wedge angles w;=40° and w»=50°, impact pressures of 30 kPa, see [6] for
details. b) Pile-up at the measurement wall at the Swiss Vallée de la Sionne test site [7]. The wall is 7m high and
3.5 m in width. The impact wall was designed to resist 500 kPa pressures. The depositions are from an wet snow
avalanche recorded on December 12, 1998 with maximum recorded forces of 61 kIN. Measured densities are 500
kg/m? at the wedge apex and 450 kg/m? at the wall. Photograph: M. Kern, SLF

time t) and "compacted” avalanche snow (region {2, density pq, no velocity, time ¢t + At). Mea-
surements of compacted snow density are rare. Thibert [6] measured a pile-up density pq of
540 kg/m? in front of the instrumented pylon at the French Col du Lautaret test site.

The avalanche mass arriving at the obstacle Mz and stopping within the time interval At is

ME == ,0q>hq>w [V@.At] . (3)

The corresponding change of kinetic energy A Kz of the avalanche is therefore
1 1
ARz = S M=(t)Vi = o pahaw Vant]. (4)

The length of the compacted, pile-up zone is denoted S, the height hg. The pile-up height
might be larger than or equal to the incoming avalanche height hg > he. Because we do not
have overtopping, we assume it remains smaller than the height of the obstacle hg < h. The
length of the pile-up zone is growing at the rate Sq; it is given by conservation of mass,

5o = LalDhall)y, ) )
paha
During the pile-up, the region = of length V3 (¢)At in the z-direction compacts, increasing the
length of the compaction zone €2 (Fig. 3). The difference in the locations of the center-of-mass
of the compacting zone = and the piled-up mass €2 defines the braking distance d=_, over
which the incoming mass must stop,

d=_,q = ; [%At ~ SQAt} : (6)
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Figure 3: Avalanche impact with no deflection. The upstream zone is divided into three regions: the dense flowing
avalanche ®, the compacting region = and the pile-up or accumulation zone ). The avalanche arrives at time ¢
travelling with the velocity Vg, bulk density pg and flow height hg. Within the time interval At the knautschzone
= develops in front of the structure with length Vg At. A pile-up zone 2 with length S, forms. The pile-up zone
is increasing at the speed Sa.

The mean force on the obstacle Fx is found by equating the work-done by the braking and the
change of kinetic avalanche energy in the compaction zone A K=,

Fzd=_,q = [pshow] dz_,o = AK= (N
or, v
FE = p¢h¢w7¢.‘/2 (8)
-5

The impact pressure p= is found assuming the force is applied uniformly over the impact area

hqw. Therefore,
h<I> V<I> 2

p= = P@hﬂw‘@ )]

and with the subsitution of the equation for mass conservation

he

== pe— |1 —
b= Pcbhﬂl

h —1
pe ‘D] V2. (10)

paha

It is therefore possible to define an pressure factor C'p, for the pile-up without deflection regime,

(11)

Note that the pressure factor becomes infinite when pghe = pohg. These values of equivalent
Cp are in agreement with measured values for all p, > pg, see Fig. 4b, and compare to
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Figure 4: a) Effective C% coefficient (Eq. 11) for different incoming avalanche densities pg and three compaction
densities pq. The flow height and pile-up heights are equal he = hq. Large effective C'p coefficients result when
pad ~ pq. In this case compacting (braking) distances are short and impact pressures are large. b) The calculated
paCp are in agreement with values derived from full scale measurements, e.g. [8]. For the sake of comparison to
measured values we plot the calculated pg C'p values with decreasing density to mimic increasing Froude numbers
(higher Froude numbers correspond to lower flow densities). This produces the effect that effective pressure factors
Cp are higher for lower flow velocities.

[8]. This result suggests that impact pressures of slow moving avalanches can be large if the
density of the incoming avalanche is near the compaction density. Substitution of Eq. 1 into the
work-energy theorem (Eq. 8) leads to

o VaAt
cF =22

e (12)

The pressure factor is therefore the length of the knautschzone = relative to the braking distance
dE—>Q~

3 PILE-UP WITH DEFLECTION: FORCES F

We again consider a dense avalanche ¢ impacting a rigid structure with velocity Vg, height
he and bulk density pg. This time, however, a prismatic wedge forms at the face of the structure
and avalanche snow is deflected (Fig. 5). We assume symmetry (a head-on interaction with the
structure). The structure of half width wy is positioned at =0; the positive = direction defining
the incoming avalanche direction; the y direction is defined along the width of the obstacle. The
total width of the obstacle is therefore 2 w,. We make the same avalanche flow assumptions as
for the previous case.

In the time interval At the incoming mass of the avalanche core Mg is partitioned into two
parts. The mass that is deflected My and the mass that is piled-up in a triangular wedge M

Ms = pq>h<pwV<pAt = M~ -+ Ma . (13)
—_—— ~~ N~~~
Incoming mass  Deflected mass Wedge mass

The mass piled-up on the wedge per unit width (y-direction) mn is

ma(y) = (1= L) pahadaat (14)
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Figure 5: Definition of wedge-shaped pile-up with deflection plus compaction in front of the obstacle. The
avalanche approaches the obstacle in the positive x-direction with velocity Vg. The bulk density of the flow is
pa. A pile-up wedge A is formed. The density of the piled-up snow is pa. The length of the wedge in the flow
(negative) z-direction is Sa. The speed the length of the triangular wedge grows is Sa. The wedge geometry is
defined by the angle oy with aiy =90° - 5.

where S, is the length of the wedge in the z-direction at the location 2=0, see Fig. 5. The speed
the wedge is growing is therefore Sa. The total mass of the snow pile up is found by integration

w 1 .
MA = /0 mA(y)dy = §pAhAU)SAAt. (15)

The loss of kinetic energy ka (y) per unit length in the y-direction is

1 1 .
baly) = 5ma@)Vi = 5 (1= 2) pahadaVi (16

The kinetic energy is lost over the “braking” distance

don (y) =35

VoAt — (1 - ) SAAt} (17)

w

From the work-energy theorem, the force per unit length fx is applied

Jade sn = ka. (18)
Therefore, [( ) . }
. kA . -2 SA

I s T T (1= my 5] 1

This value can be integrated over width of the triangle w (y-direction) to find the mean pile-up
force F» on the obstacle

w V Ve
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Figure 6: a) Effective C'5 coefficient (Eq. 22) for different incoming avalanche densities pg and three wedge
pile-up densities pa. The flow height and pile-up heights are equal hg = hg. Large effective C45 coefficients

result when pg =~ pa. b) Effective C’ﬁ coefficient (Eq. 22) for different § values. Note that the pile-up times vary
between 0.25s and 1.0s.

The pile-up pressure acting on the rigid obstacle is
Fa Vo Vo 5
=——=|—In|——+| —1| paVs. 21
YA wha [SA (Vcb - 5A> ] pote .

The pressure retains a VZ dependency with the pre-multiplier serving as the pressure factor Ca,

Vi %
Ch=22In|—2—] -1 (22)
Sa Ve — Sa
At present the model contains no constitutive parameters. The quantity S controls the duration

of the wedge formation and therefore the duration of the pile-up loading. We consider the
growth of the wedge to be given by the relationship

Sa = P2V exp (—B1). (23)
[N

The coefficient 5 (dimension 1/s) therefore describes the partitioning of the incoming mass into
the deflected and piled-up mass. At a certain time, when the wedge is sharp enough, the growth
of the wedge stops. Clearly other constitutive formulations can be postulated. The pressure
factor C' z% is a function of time, see Fig. 6.

4 RESULTS: DYNAMIC MAGNIFICATION FACTORS

The results of the preceeding section (Fig. 6) demonstrate that the impact pressure for pile-up
pa is well represented by a triangular impulse of the form

pa ~ pa(0) [1 —t/ty] (24)

where ¢; defines the duration time of the impulse. The dynamic magnification factor D for
triangular impulse loadings are treated in standard structural dynamics texts, see [9]. Table
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1 presents D values for various impulse length t; /7" ratios (T is the period of vibration of
the impacted structure). Periods of vibration for steel pylons and trees can be found using
Rayleigh’s method treating the structure as a partially loaded cantilever beam [10]. At the
ground the structures are fixed allowing no translational deformation or bending rotations. The
flow height of the avalanche defines the region on the cantilever which is loaded at impact.

t;/T 020 040 0.50 0.75 1.00 1.50 2.00
D 060 105 1.19 138 1.53 1.68 1.76

Table 1: Dynamic magnification factors for triangular impulse loadings, from [9].

The first practical result of our analysis is that pylon-type structures with eigenfrequencies
of greater than SHz (approximately) should consider dynamic magnification factors in design
and back analysis. Interestingly, mature spruce trees, typical for most mountain environments
have eigenfrequencies of w = 1Hz (and lower) [10, 11] and therefore long periods of vibration
T =~ 6 s. From the results above we find pile-up loading intervals 0.25 < ¢; < 1.0 s. The
calculated impulse length ratios are between 0.04 < t; /7 < 0.17. The dynamic magnification
factors for trees are less than 1 meaning that 0.1 < D < 0.6 (Table 1). This result indicates that
trees are able to withstand short duration avalanche pile-up loadings, but are remain susceptible
to longer duration air-blasts. This result would explain the extensive forest damage caused
by powder avalanches and the fact that many trees can withstand the impact of fast moving
avalanche cores, see Fig. 1.

For the next example problem we consider a circular ski-lift pylon made of steel with a
height of /= 15m and diameter of d = 1m. The thickness of the steel section is 3cm. The
pylon is struck by an avalanche with flow height he = 3m. For this loading, the calculated
eigenfrequency of the pylon is approximately w = 80 Hz, the period of vibration 7" ~ 0.08s.
Calculated impulse length ratios are ¢; /T > 3, indicating large dynamic magnification factors
D =1.76 (Table 1). Unlike trees, rigid steel structures appear to be more vulnerable to impulsive
pile-up loadings.

Finally we consider the impact forces on wall depicted in Fig. 2b [7]. This wall has a total
width of 3.5m. Measured maximum reaction forces on the right, center and left supports are
29kN, 61kN and 49kN respectively for a wet snow avalanche impacting the wall with a 4m
flow height and velocity of 4.6m/s. The length of the pile-up wedge was found to be 2m. This
pile-up height can be reproduced using a 5=1.5/s. The calculated reaction forces from Eq. 20,
assuming a direct hit, are 38kN, 63kN and 38kN.

S CONCLUSIONS

In this paper we have applied the work-energy theorem to calculate the magnitude, form
and duration of the impulse loading that results when mass is piled-up in the form of prismatic
wedge. We consider two cases — pile-up without deflection (force Fx) and pile-up with deflec-
tion (force Fa). The model assumes a single constitutive parameter () that defines the loading
interval which can be compared to the vibration period of the impacted structure. Dynamic mag-
nification factors can therefore be calculated and used in structural design. An interesting and
unexpected result of our analysis is that trees appear to have low magnification factors D < 0.5,
in comparison to rigid steel structures D > 1.5. This result would help explain the usefulness
of forests in avalanche defense and the danger caused by avalanches to the built environment.
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