






Figure 3: Avalanche #7226. The upper panel shows the
avalanche pressure measured at different heights above the
ground. The lower panel shows the corresponding maximum
bending moment (black line), and the maximum bending moment
that could have happened if the avalanche had slid over a snow
deposit, ds = 4 m, as assumed by our expert. Horizontal blue and
violet bands show the maximum bending moment corresponding
to the 300- and 30-years scenarios (1.25 � c � 1.75), respec-
tively.

velocity of around 10 m sŠ1 and a maximum flow
depth of around 7 m.

The maximum pressure was reached close to the
ground, just above the avalanche sliding surface
(Figure 2). The maximum bending moment, Mmax,
was smaller than the 30-years scenario. However,
assuming the avalanche could have slid over a snow
deposit of ds = 4 mas defined in section 3, the max-
imum bending moment, M	

max, would have been lo-
cally larger than the 30-years scenario.

4.2. Maximum short-lasting bending moment

The maximum short-lasting bending moment (static
equivalent load) occurs at the base of the pylon
upon the action of an intermittent load. This load im-
pacts on a large surface but stresses the structure
for only a fraction of a second as in the case of an
impact with mesoscale structures and surges char-
acterizing the frontal zone of a fully developed pow-
der snow avalanche (Sovilla et al., 2015). Köhler
et al. (2018) defined this regime as intermittent.

The maximum short-lasting bending moment at
the VdlS was exerted by the avalanche #7226,
spontaneously released on 22 January 2005. At the
pylon the avalanche was characterized by a frontal
intermittent region, which was coupled with a thin
basal cold dense layer. The cold dense flow had a
velocity of around 30 m sŠ1 and a depth of 1–1.5 m
while particles carried by the mesoscale structures

had velocities up to 60 m sŠ1 and reached as high as
5.5 m above ground.

The avalanche slid around 1 m above the ground.
Maximum pressures from the cold dense basal
regime where exerted between 1-2.5 m (Figure 3).
Very high local peak pressures were measured
by all sensors, up to 5.5 m above ground. The
maximum bending moment Mmax was smaller than
the 30-years scenario. However, assuming the
avalanche could have slid over a large snow deposit,
ds = 4 m, as assumed by our expert scenario in sec-
tion 3, the maximum bending moment, M	

max, would
have locally reached to the 300-years scenario.

4.3. Maximum pressures

The pressure distribution along the pylon varies ac-
cording to the flow regime. Maximum long-lasting
pressures are exerted in the frontal region of large
powder snow avalanches by the dense basal layer.
Figure 3 shows that the maximum long-lasting pres-
sure for avalanche #7226 is of the order of 800-
1000 kPa. The basal layer of this powder avalanche
is characterized by a cold shear regime, which has
an estimated depth of around 1–1.5 m. Branches
of trees, rock and ice granules transported into the
flow can produce large local pressure peaks. Fig-
ure 3 shows that the maximum peak pressure for
avalanche #7226 are of the order of 1600 kPa.

5. DISCUSSION

5.1. Flow regimes and pressure

The design of a narrow structure subjected to an
avalanche impact requires the knowledge of the
load distribution along the structure for both the cal-
culation of the bending moment and the definition
of maximum local loads. The analysis of the mea-
surements performed at the VdlS in 20 years of op-
eration shows that the maximum long-lasting bend-
ing moment at the pylon was exerted by a warm
plug avalanche characterized by relatively low ve-
locity (up to 10 m sŠ1) and large flow depths (up to
7 m). Indeed, in spite of the low velocity, warm
plug avalanches are able to produce force ampli-
fications on narrow structures as a result of the
jamming of the material around the pylon (Sovilla
et al., 2016). Low-speed wet avalanches exert
hydrostatic-like forces on structures that are flow-
depth dependent, thus these avalanches can be-
come decisive if the flow depth is as large as in the
case of avalanche #20103003.

On the contrary, cold dense avalanches flow fast
but normally the flow depth is thin in comparison to
wet avalanches, so that their maximum bending mo-
ment is small. Nevertheless, cold avalanches are
still important since they can exert very high local
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pressures, up to 1600 kPa in Figure 3, which may
locally damage the structure and endanger its sta-
bility. Further, cold avalanches can have longer run-
out compared to wet avalanches and thus they are
decisive for the design of infrastructure which are
located outside the reach of the warmer flow.

In particular, a cold dense regime is particularly
important if it is coupled with the intermittency flow
regime, as normally happens in the frontal region of
large powder snow avalanches. The intermittency
regimes is caused by mesoscale coherent struc-
tures. These structures can have velocities as much
as 60% larger than the avalanche front speed and
they can directly transport denser snow clusters and
single snow granules from the dense layer or the
static snow cover to significant heights and thus it
can cause very large forces at large heights above
the basal dense layer (Sovilla et al., 2015). How-
ever, these forces are intermittent and last only for a
fraction of a second.

5.2. Current design approach

According to the current design approach, load dis-
tribution and maximum local loads are calculated
using avalanche dynamics models that reproduce
the movement of a generic dense avalanche cor-
responding to return periods of 30- and 300-years.
Our analysis shows that the idealized avalanche
used as a basis for the calculation differs consider-
ably in respect to the real process. It is important to
note that a large part of the load defined by the tech-
nical procedures is due to the auxiliary definitions
of a large run-up height and snow depth. Indeed,
comparisons to field measurements show that, run-
up on small structure is smaller than calculated and
in some cases also negligible. Similarly, the effec-
tive snow depth around the pylon, which is theo-
retically setting the avalanche sliding surface, might
be reduced due to entrainment. These two quanti-
ties somehow balance the pressure calculated with
the numerical models and the current applied de-
sign approach, which in the cases examined in this
work, is lower than the measured one.

It is also important to note that the pressure ex-
erted by the intermittency flow regime is not taken
into account by the procedures, and it is not consid-
ered in practice. Nevertheless, the pressure of the
mesoscale structures can be considered indirectly
included by the procedures, thanks to the definition
of the run-up height, which covers approximately a
similar vertical extension.

Finally, it is very important to consider that pres-
sure peaks due to impact with stones or objects
moving inside the avalanche can damage the struc-
ture and cause failure after local deformations re-
duce the section modulus of narrow profiles. The
same applies to the dense basal layer that is of-

ten coupled with the mesoscale structures inside the
front of the powder snow avalanche.

6. CONCLUSIONS

This simple analysis shows that the avalanche dy-
namics calculations based on the current design
approach refer to an idealized avalanche that dif-
fers considerably from the observed physical pro-
cesses. On the other end, the technical proce-
dure currently used for the design of towers (Mar-
greth et al., 2015) is a conservative approach which
covers most of the situations observed at VdlS, if
correctly applied. Thus, corrections to procedures
based on actual observations can be very risky. This
means that, for example, the run-up height of the
avalanche cannot be reduced without otherwise ad-
justing the maximum pressure. It is important that in
future avalanche dynamics models and methods to
calculate avalanche impact pressure reproduce real
processes more realistically so that the calculations
can be optimized and adapted to the specific situa-
tions. Finally, we must not forget that it is also im-
portant that these results, valid for narrow objects,
must be extended to structures with other shapes
and sizes.
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der Lawinen- und Schneedruck-gefährdung bei Seilbahnen.
Technical report, WSL Institute for Snow and Avalanche Re-
search SLF.

Salm, B., Burkard, A., and Gubler, H. U. (1990). Berechnung von
Fliesslawinen: eine Anleitung fuer Praktiker mit Beispielen.
Mittlg. No. 47, Eidg. Institut f. Schnee- und Lawinenforschung,
CH–7260 Davos Dorf.
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