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2012 (Fig. 5). Today 60% of the potential release
area is secured with supporting structures.

Step 2: Assessment of mitigation measures

The goal of the second step is to evaluate the sup-
porting structures technically by determining their
reliability. The reliability was assessed based on
the structural safety, serviceability and durability.
The state of all structures was evaluated based
on field investigations and an analysis of a data-
base of all structures, which is the base of the
maintenance concept. The state of invisible com-
ponents such as anchors was assessed with the
observational method (Spross and Johansson,
2017). If no deformations of the structural geom-
etry were visible, we assumed that the structural
safety of the anchors is fulfilled. For the applica-
tion of the observational method, a monitoring
and maintenance concept is fundamental. The
structure height Dk varies between 3 and 5 m. The
structure height should be at least 4 m to be in
accordance with the 100 year design snow height.
The first structures were typically built in the most
critical release zones with the highest release
probability. These structures mostly do not fulfil
the current design guidelines (Margreth, 2007). If
necessary, faulty structures were exchanged or
reinforced in course of time. In some sectors the
effective height was increased by an elongation of
the supporting plane. Critical points in the assess-
ment of the reliability especially included too low
effective heights of the older structures, too long
distances between lines of structures, the only
partly fulfilled structural safety of the structures
built before 1984 and the insufficient durability of
the structures with wooden cross beams. Two ter-
rain bowls in the topmost part of the release area
are secured with 16 m high catching dams. The
300-year avalanche can overflow the eastern
catching dam and destroy the supporting struc-
tures situated below. Therefore, the reliability of
those structures is considered to be low. In total
78% of the installed structures have a high or lim-
ited to high reliability (Fig. 6). 8% of the structures
have a low reliability. To simplify the definition of
the release scenarios with the effect of the struc-
tures we determined the reliability for zones larger
than approximately 1 ha.

Step 3: Assessment of effectiveness

The third step, one of the key-points in the PRO-
TECT procedure, includes the hazard assess-
ment, considering the mitigation measures with
respect to their reliability. If the reliability is high, a
good functioning of the mitigation measure can be
expected. In scenarios with limited reliability, the
mitigation measures will only be partly effective.
In Switzerland hazard maps are based on scenar-
ios with a theoretic return period of 30, 100 and
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Fig. 7: Maximal velocity of RAMMS simulation of
scenario 300 years “West”.

300 years as well on an extreme scenario repre-
senting an overload of the mitigation measure. In
the present case, the 300-year scenario is deci-
sive for the extent of the hazard zones. We calcu-
lated the runout area of the avalanches with the
two-dimensional dynamics model RAMMS for two
independent release scenarios (Fig. 6).

6FHQDULR \H D UAr? aMala¢he re-
leases in the starting zone above the eastern
catching dam. The avalanche overflows the
catching dam (Fig. 5) and triggers a large second-
ary avalanche in the non-protected zone and in
the zone with the structures with a low or limited
reliability. The release volume is 145°000 m3. The
avalanche entrains 100’000 m® of snow along the
track. At the border of the settlement, the velocity
is 15 m/s and the flow height 1.2 m. The ava-
lanche stops on the main road (Fig. 7).

6FHQDULR \'H D An aya&aneleé with a
volume of 75'000 m3 releases between the lines
of structures and triggers a secondary avalanche
with a volume of 50'000 m? in the non-protected
zone below the controlled perimeter. We consid-
ered the retarding and braking effect of the lines
of structures with a reduction factor of 0.7 for the
fracture depth and an increased friction ( P=0.18
instead of 0.155 and [ = 400 ms2instead of 3000
ms2). The avalanche entrains 85000 m® of snow
along the track. At the border of the settlement the
velocity is 14 m/s and the flow height 1.2 m. The
avalanche also stops on the main road.
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The simulated avalanche intensities at the edge
of the settlement are higher than in 1951. A 300-
year avalanche without any mitigation measures
has a velocity of 29 m/s and a flow height of 2.1 m
there.

6. HAZARD MAPS

The elaboration of the adapted hazard map of
Airolo was especially challenging due to the build-
ings in the runout zone. We carefully analyzed
size, position and structure of the houses in view
of possible braking effects and destruction. The
calculated width of the endangered area was too
small in comparison with the historical ava-
lanches. We determined the reduced hazard
zones based on the insights of the 1951 event, an
analysis of the topography and buildings’ struc-
ture, simulations with the two-dimensional dy-
namics model RAMMS and expert judgement.
The currently valid hazard map dates back to
1982. Due to insufficient documentation, it was
unclear which assumptions that hazard map was
based on. Especially the red zone was even
smaller than the one on the newly elaborated
2017 hazard map without the effect of the mitiga-
tion measures. This problem occasionally occurs:
the extent of hazard zones in old hazard maps not
considering mitigation measures is smaller than
on newly adapted hazard maps taking into con-
sideration mitigation measures. Such conflicting
assessments are difficult to understand for non-
professionals. In such cases we propose to elab-
orate an updated hazard map without considering
the mitigation measures, in order to have a well-
defined basis for comparison. In the case of Airolo
the difference between the updated “old” hazard
zones and the “new” hazard zones which include
the effect of the mitigation is 20 to 100 m (Fig. 8).

7. CONCLUSIONS

In Switzerland the effect of permanent mitigation
measures is considered in hazard maps. Hazard
zones are typically re-evaluated every 10 to 15
years to consider new insights from avalanche
events or climate change, changes in the topog-
raphy, further developments of simulation models
or new mitigation measures. The reduced extent
of hazard zones mainly depends on the reliability
of the mitigation measure. High-risk avalanche
paths such as the Vallascia avalanche typically
have a long mitigation history. The oldest support-
ing structures that often do not meet the state of
the art are often situated in the main release
zones. A detailed analysis of the reliability of the
supporting structures is essential. The verification
of the state of invisible components such as an-
chors is particularly difficult. The development of
the structural state of the structures can be deter-
mined based on the observational method. For
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Fig. 8: Hazard map Airolo with and without the ef-
fect of mitigation measures. In the red zone the
impact pressure of a 300-year avalanche is more
than 30 kPa. In the blue zone the impact pressure
decreases from 30 to 0 kPa.

this, a sound monitoring and maintenance con-
cept is essential. If necessary, unreliable struc-
tures have to be replaced in time. In the present
case the analysis of the 1951 avalanche was very
helpful to understand the characteristics of the av-
alanche path and to define the reduced scenarios.
A precise calculation of the runout area was nev-
ertheless impossible because several rows of
houses brake the avalanche flow. In the present
case the extreme scenario, which is characterized
by a remarkable overload of the mitigation
measures and considered as a residual risk is
covered by the original hazard map without con-
sidering measures. The residual risk of a failure of
mitigation measures is typically not shown in haz-
ard maps. In cases leaving room for interpretation
a secondary independent evaluation can be help-
ful. The consideration of mitigation measures in
hazard mapping is a very difficult task, and of
growing importance.
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