








Figure C5: Deflecting dam at Langageiti, western Norway, after the second avalanche during the

winter 1998/99 (photos: NGI). The second avalanche overtopped the lower part of the dam. The

first avalanche overtopped the uppermost part of the dam. Arrows on the photo to the right show the

assumed flow direction of the second avalanche; the red curve shows the outer extension of the flow,

the dotted blue curve shows the outer extension of the deposits; the light blue area shows deposits of

the first avalanche.

the snow depth on the terrain Hcr +hs = 12.9+4.0 = 16.9m is lower than the dam height in

this case, so a shock should form although some initial splashing would be expected due to the

critical flow depth of hcr = 6.8m being greater then the remaining dam heightHD−(Hcr+hs).
It thus seems hard to reconcile the total overflow of the 2006 avalanche with the new design

criteria even for no momentum loss during the initial impact unless of course the avalanche

velocity was considerably higher than assumed here.

C.4 Deflecting dams at Nautagrovi and Langageiti

Two deflecting dams were built at Gudvangen, Aurland Municipality, in western Norway in

1998. The Nautagrovi dam is 300m long and 15m high in the upper part, descending gently

to 8m in the lower part, whereas the Langageiti dam is 570m long and 11m high in the

upper part, descending gently to 7m in the lower part (Fig. C5). The dams deflect avalanches

from two neighbouring gullies away from a small inhabited area that includes a hotel building

between the gullies. The dams, which were designed by the Norwegian Geotechnical Institute

(NGI) (Harbitz and others, 2001), are located in a quite steep hillside and the Langageiti dam

has a curved axis providing an interesting example to compare the traditional and new dam

design criteria. The total volume of fill material in the Nautagrovi dam is 60,000m3 and

80,000m3 for the Langageiti dam.

The dams were hit by two medium-sized wet-snow avalanches each in the winter 1998/99

(Harbitz and others, 2001) (see also Fig. 5.12, a photograph on the title page and discussion in

Jóhannesson and others (2008)). The avalanches hitting the Nautagrovi damwere successfully

deflected with an estimated vertical run-up of 7m on both occations. The Langageiti dam was

slightly overflowed by both avalanches, implying a run-up in excess of 11m, but the main part
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Table C4: Design parameters and dam height for deflecting dams at Nautagrovi and Langageiti in

Gudvangen according to the original design by NGI and the new design criteria. The oncoming flow

depth h1 and snow depth on the terrain hs for the Nautagrovi dam are not given as separate numbers

by Harbitz and others (2001) but only their sum h1 +hs = 6.5m. Here, h1 is defined as 2m and hs is
given a value of 6.5m− 2m = 4.5m because of the possibility of multiple avalanches in one winter,

which is the reason for the comparatively high value of 6.5m for h1 + hs. Two values separated by a

“/” are given for h1 and hs for the Langageiti dam. The dam height as described by Harbitz and others

(2001) is determined from hu alone and therefore the value for h1 and hs in the original design are given
as zero (the values before the “/”). In the calculations of the dam height according to the new design

criteria, h1 = 2m and hs = 2m are somewhat arbitrarily assumed here (the values after the “/”). The

deflecting angle ϕ is given in the table rather than ϕh as in Tables C1, C2 and C3 because this is the

quantity given in the design by NGI. The first number in the HD column for the original design is the

sum hu+h1+hs, where hu is the calculated run-up due to the velocity of the oncoming flow according

to the methodology applied by NGI in the design. The second number after the arrow (⇒) is the dam

height according to the original design. The gullies are rather narrow so that the avalanche flow that

is deflected along the dams may be assumed to extend out of upstream avalanche flow towards the

shock. For this reason, the distance from the uppermost contact of the avalanche with the dam to the

locations considered in the table are assumed to be ξ = 100m for the Nautagrovi dam and ξ = 200m for

the Langageiti dam. The uppermost part of the Nautagrovi dam has a radius of curvature in the range

200–260m, but the lower half of the dam is almost straight. The radius of curvature at the considered

location is here given an intermediate value of Rκ ≈ 400m. The Langageiti dam is curved and the

radius of curvature is estimated to be Rκ ≈ 600m. The coefficient k describing loss of momentum

during the initial impact was computed according to Equation (5.14). Storage above the dam does

most often not need to be considered for deflecting dams. In this case, storage above the Nautagrovi

dam is indirectly used as an argument for the rather high value of hs, but does not otherwise enter the
determination of the dam height. See Appendix B for explanations of the variables in each column.

Design avalanche Original
Dam and dam geometry design New criteria

u1 h1 hs ψ ψ⊥ ϕ hu HD Hcr hcr Hcr +hcr h2 ΔHψ⊥ ΔHκ hr H HD
(m s−1) (m) (m) (◦) (◦) (◦) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m)

Nautagrovi 25 2 4.5 22 13 34 7.5 14⇒ 14 2.6 4.4 7.0 10.5 3.5 1.7 15.7 20.2 16.5

Langageiti 40 0/2 0/2 36 15 18 10.9 10.9⇒ 11 2.8 4.3 7.0 10.0 4.0 4.5 18.5 20.5 15.8

of the avalanches was successfully deflected in both cases.

Table C4 summarises the relevant properties of design avalanches, as well as the dam

height components according to the original design and the new criteria. The design used a

methodology developed at NGI (Irgens and others, 1998; Harbitz and others, 2001), which is

not directly comparable with the traditional design as described in Section 3. This involves

computing the trajectory of a point-mass on the sloping dam side based on assumptions re-

garding momentum loss during the initial impact with the dam and friction in the curved

movement up the dam side, and a final empirical adjustment of the run-up height. The value

in the hu column for the original design in Table C4 is the run-up calculated according to this

method. For comparison, the traditional velocity run-up component hu = (u1 sinϕh)2/(2gλ),
which is tabulated for the previous examples from Flateyri, Siglufjörður and Seyðisfjörður
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in this section (Tables C1, C2 and C3), is hu = 7.3m for Nautagrovi and hu = 11.3m for

Langageiti, which is close to the values found from the point-mass trajectories. For this com-

putation, the energy dissipation parameter λ was chosen to be equal to 1.5 for the Nautagrovi

dam and 1.0 for the Langageiti dam in accordance with the original design where a greater

initial momentum loss is assumed for the Nautagrovi dam owing to the large angle of inci-

dence.

The dams are located in unusually steep terrain where there is substantial difference be-

tween dam height normal to the terrain and vertical dam height (Eq. (5.1)). One also needs to

take into account the difference between ϕ and ϕh and a difference between the slope in the

direction of the steepest inclination of the dam side and the direction normal to the dam axis.

Based on the values of ψ and ϕ in Table C4, and the steepest inclination αs = 39◦ assumed in

the dam design, one may calculate ϕh = 36 and 22◦, and α = 48 and 33◦, for the Nautagrovi
and Langageiti dams, respectively, from Equations (6.1) and (5.2).

Table C4 shows that the dam heights according to the new criteria are for both dams

determined by flow depth downstream of the shock, which is about 3m greater than the dam

height needed to prevent supercritical overflow. The run-up components ΔHψ⊥ and ΔHκ,
corresponding to terrain slope towards the dam and curvature of the dam axis, are several

metres each and add in combination approximately 5m to the height (normal to the terrain) of

the Nautagrovi dam, and more than 8m to the height of the Langageiti dam. Transformation

to vertical dam height reduces the design height by approximately 4m. In the final result, the

vertical dam height is somewhat higher than according to the original design, in particular for

the Langageiti dam. The increase in the height of the Langageiti dam results mainly from the

omission of the terms h1 and hs in the original design, whereas the corresponding terms are

included in the design based on the new criteria.

C.5 General considerations
For almost all the examples described above, it was found that flow depth downstream of the

shock determines the dam height rather than supercritical run-up, if momentum loss during

the initial impact was assumed. In fact, Figure 5.11 shows that for h1 > 2–3m, flow depth

downstream of the shock is greater than supercritical run-up for dam heights lower than ca.

15–20m. Flow depth downstream of the shock is, therefore, according to the new design

criteria, the deciding factor for the design dam height for many or most dams that are actually

built. It is only for dams higher than 15–20m, especially for rather shallow design avalanches,

that supercritical run-up determines the dam height. As explained in Section 5, supercritical

run-up according to the new design criteria is most often lower than the dam height determined

from the traditional criteria, in particular for deflecting dams for which λ = 1 was often used in

traditional design. The dam height requirement arising from the new criterion involving flow

depth downstream of the shock is, however, in many or most practical cases, slightly higher

than the traditionally determined dam height, especially for curved deflecting dams or when

the terrain slopes towards the dam where the new dam height terms ΔHκ and ΔHψ⊥ become

important. Therefore, the new criteria will in many cases lead to somewhat higher dams than

determined from the traditional methodology.
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D Integrated protective measures—A practical example

Tómas Jóhannesson

Avalanche dams are sometimes built in combination with other protective measures, such that

the combined effect of several types of constructions needs to be taken into account in the

design. Protective measures that were built during the years 1999–2002 for the Drangagil

area at Neskaupstaður in eastern Iceland are an example of a comparatively complex system

of this kind. They consist of ∼1250m long and Dk = 3.5–4m high snow nets (1000m of

which have been installed), thirteen 10m high braking mounds with steep upper faces in two

staggered rows, and a 400m long, 17m high, steep catching dam (Figs. D1, D2, 15.7, 15.9

Figure D1: Protective measures in the Drangagil area at Neskaupstaður, eastern Iceland. The map

shows the position of the supporting structures in the starting zone, two rows of braking mounds be-

neath the gully and a dam just above the uppermost houses. A closer map view, a photograph, and a

vertical cross-section of the dam and mounds are shown in Figures 15.7, 15.8 and 15.9 in Section 15.

Hazard zoning before and after the construction of the protection measures is shown in Figure G3.
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Figure D2: The braking mounds at Neskaupstaður and the catching dam behind them. Each mound

is 10m high and the catching dam is 17m high. (Photo: Tómas Jóhannesson.)

and G3). The protective measures were designed by VST Consulting Engineers Ltd. and

Cemagref (Tómasson and others, 1998b,a).

D.1 Hazard situation
The avalanche hazard situation in Neskaupstaður is unfavourable and not suitable for any

single type of protective measures. The town of ∼1400 inhabitants stretches along a narrow

shoreline below a long mountainside that reaches up to 700–900m a.s.l., with many starting

areas for snow avalanches. More than 90% of the settled area is within hazard zones (Arnalds

and others, 2001b,a). Several historical avalanches are reported to have reached far into the

currently settled area (Haraldsdóttir, 1997).

The upper part of the mountain is characterised by several wide bowls that narrow down-

wards and merge with gullies halfway down the mountainside. The gullies open onto an

unconfined run-out zone with a slope between 10 and 20◦ that is several hundred metres long

above most of the settlement. Snow depths in the middle of the bowls and in the gullies are

greater than what can be reasonably accommodated by supporting structures, but supporting

structures can be used in much of the bowls outside the areas of the greatest snow depths.

There is insufficient space in the run-out area for deflecting dams, except near the inner

and outer limits of the town, because of the elongated shape of the settlement along the coast.

Modelled avalanche speeds in the run-out area are so high, that catching dams of practical

height cannot be used to stop the avalanches before they reach the inhabited area. A general

assessment of potential protective measures for the whole town by VST and Cemagref (1998)

concluded that combined protection measures with supporting structures, braking mounds and

catching dams are the best option to protect most of the town. On the basis of this conclu-

sion, more detailed designs of protective measures have been established for the Drangagil

and Tröllagil avalanche paths (Tómasson and others, 1998b; Sigurðsson and others, 2003).
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The measures for Drangagil have been constructed, and construction in the Tröllagil area is

scheduled to start in 2009. An overview of the design of the protective measures for the

Drangagil and Tröllagil avalanche paths is given by Indriðason and others (2008), together

with descriptions of protective measures at several other locations in Iceland.

D.2 Design of the Drangagil protection system
The protection system for the Drangagil avalanche path is based on the idea that, in order

to provide acceptable safety for the settlement, all available options for protective measures

need to be used in combination, although each of them individually is insufficient to reach

the targeted safety. The chosen design avalanche reaches approximately 100m beyond the

shoreline, and has a modelled speed between 30 and 40m s−1 in the run-out area above the

settlement. This is a very high velocity, as in the case of Neskaupstaður a deflecting dam is not

feasible due to the layout of the town. Supporting structures in that part of the main starting

zone, where snow depths are not too great, are used to reduce the volume and run-out of the

design avalanche, and consequently the speed of the avalanche in the run-out area. The avail-

able space in the upper part of the run-out area is utilised for two rows of braking mounds that

retard the avalanche and further reduce flow speeds to a level that makes it possible to stop

the avalanche by a catching dam located just above the uppermost houses. The design chal-

lenge is to choose the most effective combination of the three types of protective measures, to

provide the required safety.

Table D1 summarises the relevant properties of design avalanches, as well as the dam

height components according to the design documentation and the new dam height criteria.

The speeds in the table for the alternatives with braking mounds are determined in accordance

with the methodology that was used in the appraisal report to estimate the retarding effect

of the two rows of braking mounds. This assumes that the combined effect of both rows

of mounds, and the slowing down of the avalanche from the landing point of the jet to the

catching dam, leads to a lowering by a factor of 0.6 of the flow speed from the impact speed

at the upper row of mounds. The speed reduction according to the methodology developed

in Section 9 about braking mounds is described in a separate subsection below. The speed

u1 = 27m s−1 at the dam location for the “dam+ supp. struct.” alternative is not explicitly

given in the design documentation, and is calculated on the basis of other quantities that are

tabulated there.

D.3 Comparison of four alternatives
The “dam only” alternative leads to an impractical dam height of over 40m, requiring a vol-

ume of fill material to build the dam on the order of 1,400,000m3. The dam height for this

alternative is similar according to the traditional and new criteria. In this case, the dam height

according to the new criteria is determined by supercritical run-up.

The “dam+mounds” alternative was explicitly evaluated in the appraisal report and com-

pared with the alternative with both supporting structures and mounds. The dam height for

this alternative is approximately 2m higher according to the new criteria compared with the

traditional ones, and is determined by the flow depth downstream of the shock. The report re-

commended the alternative with supporting structures (“dam+ s. struct. +mounds”) in favour

of this alternative. The alternative with supporting structures was judged to have a more
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Table D1: Design parameters and dam height for the catching dam at Drangagil in Neskaupstaður,

according to the traditional and the new design criteria. The first number in the HD column for tradi-

tional design is the sum hu + h1 + hs, where hu = u21/(2gλ) (Eq. (3.2)), and the second number after

the arrow (⇒) in the second and forth lines of the table is the actually chosen dam height according to

the appraisal report. Due to an increase in the excavation depth upstream of the dam, the design height

of the dam was modified from 15 to 17m during the technical design phase. The HD value in the

table is taken from the original appraisal report and does not take into account this change. The energy

dissipation parameter λ was chosen to be equal to 2.0. Four alternatives are shown, a dam without

any other protective measures, a dam with two rows of braking mounds in the run-out zone, a dam in

combination with supporting structures in the starting zone, and a dam in combination with supporting

structures in the starting zone plus two rows of braking mounds in the run-out zone. The second and

fourth alternatives are described in the appraisal report. The other two are shown here for comparison.

The deflecting angle is ϕh = 90◦, the slope perpendicular to the dam axis ψ⊥ = ψ, and the dam height

components ΔHψ⊥ = ΔHκ = 0 for catching dams. ϕh, ψ⊥, ΔHψ⊥ , and ΔHκ, therefore, do not need to be

specified in this case. Storage above the dam does not turn out to be determining for the dam height.

See Appendix B for explanations of the variables in each column.

Design avalanche Traditional
Dam and and dam geometry design New criteria
location u1 h1 hs ψ hu HD Hcr hcr Hcr +hcr h2 hr H HD

(m s−1) (m) (m) (◦) (m) (m) (m) (m) (m) (m) (m) (m) (m)

Dam only 32 3 2.5 10 36.8 42.3 29.4 11.0 40.5 31.6 40.5 43.0 40.5

Dam+mounds 23 3 2.5 10 13.2 18.7⇒ 19 7.3 7.9 15.2 19.7 19.7 22.2 20.9

Dam+ supp. struct. 27 3 2.5 10 18.3 23.8 11.8 8.7 20.5 22.8 22.8 25.3 23.9

Dam+ s. struct. +mounds 19 3 2.5 10 9.4 14.9⇒ 151 4.2 7.0 11.2 16.9 16.9 19.4 18.3

1The dam height was increased to 17m in the technical design.

proven effectiveness, however, it was estimated to be ∼20% more expensive. Furthermore,

the higher flow velocity in the alternative without supporting structures leads to a longer jump

length from the upper row of mounds, as described below, and a greater chance that the ava-

lanche jumps over the lower row of mounds, which does then not effectively slow down the

avalanche before it hits the catching dam.

Based on avalanche modelling, the supporting structures, which cover about one third of

the main starting zone in Drangagil, are assumed to reduce the velocity of the avalanche at

the location of the upper row of braking mounds by ∼15%. This lowers the flow velocity

at the dam location for both the alternative with and without mounds (the third and fourth

lines in Table D1). In both cases, the calculated dam heigh according to the new criteria is

determined by the flow depth downstream of the shock rather than by supercritical run-up.

The dam height for the alternative without mounds is similar according to the traditional and

new criteria, but the dam height for the alternative with mounds is approximately 3m higher

according to the new criteria.

The alternative with braking mounds was recommended in the appraisal report based on

preliminary studies, indicating that properly designed braking structures could effectively re-

duce the speed of granular flows. These studies were later expanded in work that led to the

guidelines for the design of braking mounds described in Section 9.
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Table D2: Throw length of a jet formed by the impact with the first row of braking mounds at Dranga-

gil, Neskaupstaður.

Design avalanche Throw length, L
Alternative Impact velocity, u0 k = 0.7 k = 0.8 k = 0.9

(m s−1) (m) (m) (m)

Dam+mounds 38 65 79 94

Dam+ supp. struct. +mounds 32 48 59 71

D.4 Braking mounds

The braking mounds below Drangagil satisfy the geometrical requirements described in Sub-

section 9.3. That is, i) their height above the snow cover (10− 2.5 = 7.5m) is in the range

of 2–3 times the estimated thickness of the dense core of the avalanche (h1 = 3m); ii) they

are steep; iii) the aspect ratio is close to 1 if the top width of the mounds (10m) is used, but

somewhat lower than 1 if the half-width is used; and iv) they are placed side by side close

to each other in two staggered rows. The remaining requirement of Section 9 states that the

separation of the two rows (80m) should be large enough to ensure that the trajectory of the

jet formed by the avalanche during the impact with the first row should land upstream of the

second row.

The trajectory of the jet was computed according to the methodology outlined in Subsec-

tion 9.2 for the two alternatives with mounds in Table D1 (the second and fourth lines), using

the parameters k = 0.7, 0.8 and 0.9, β = 60◦ (α ≈ 86◦), and f/h j = 0.004m−1 (Table D2).

The results show that jets corresponding to the alternative with supporting structures land up-

stream from the second row of mounds for all three values of the energy dissipation parameter

k. For the higher velocity, corresponding to the alternative without supporting structures, the

jet is found to land upstream of the second row of mounds for k = 0.7, and barely so for

k = 0.8, but the throw length L > 80m for k = 0.9. If the alternative without supporting

structures had been chosen it would, therefore, have been advisable to increase the separation

of the rows slightly. Finally, the jet formed by the impact with the second row should land

upstream of the catching dam. Since the flow velocity at the impact with the second row is

lower than the impact velocity with the first row, and the distance to the catching dam, for

practical reasons, is greater than the separation between the two rows of mounds, it is easy to

see that the second requirement is satisfied.

The velocity reduction, according to the recommendation given in Section 9, should be

estimated as a 20% relative reduction in speed for an impact with one row of mounds, and

an additional 10% for a second row. This reduction should be applied at the location of the

mounds in a model computation that takes into account the effect of terrain friction between

the mounds and the dam to further reduce the flow speed. The modelled variation of the speed

between the two rows of mounds, and from the second row to the catching dam, depends

on the avalanche model used in the design. Here, for simplicity, a square root variation of

the speed with horizontal distance, calibrated to match the speeds and distances given in

the appraisal report, will be used to illustrate these computations. For the alternative with
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supporting structures, the speed is found to be reduced from 32 to 25.6m s−1 by the impact

with the first row of mounds. The speed is further reduced to 22.5m s−1 when the flow hits

the second row of mounds, to 20.3m s−1 by the impact with the second row and to∼14m s−1
by the flow over the 120m distance from the second row of mounds to the catching dam.

Similarly, for the alternative without supporting structures, the flow velocity is reduced from

38m s−1 at the upper row of mounds to ∼20m s−1 at the impact with the catching dam.

This speed reduction is somewhat greater than assumed in the appraisal report of 1998, in

which in both cases, the speed at the dam was calculated to be ∼19m s−1 and ∼23m s−1
(Table D1) for the alternatives with and without supporting structures, respectively. Design

dam heights corresponding to the flow speeds u1 = 14 and 20m s−1 according to the new

design criteria are 14 and 19m, respectively, which is close to the original design dam heights

from the appraisal report (the fourth and second lines in Table D1). Overall, according to

the new criteria, the design dam height at Drangagil is, therefore, found to be consistent with

the dimensions determined in the original design, although there are (comparatively small)

compensating differences in intermediate results of dam height calculations.
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E Loads on structures—Practical examples
Peter Gauer

E.1 Load on a wall
In the following, two examples are given for the determination of the design force on a 20m

high and 100m long wall in the lower part of an avalanche path. The assumed location of

the wall is approximately 900m downstream of the starting zone. Input parameters are sum-

marised in Table E1. A velocity of 25m s−1 and a density of 150 kgm−3 are used in example

e1, and a velocity of 10m s−1 and a density of 250 kgm−3 in example e2. These values for

the flow density are used rather than 300 kgm−3 based on an assumption that the density de-

creases with increasing velocity. As described in Section 11, a density of 300 kgm−3 is often
chosen for safety reasons and the choice of a lower value must be based on expert judgment.

In both cases, the density downstream of the shock, ρ2, is assumed to be 500 kgm−3; the wall
friction factors, c1 and μ, are set to 0.3; the shape factor, n f , is 1; and the expansion factor for

the height of the fluidised layer ce = 2 is used.

Table E1: Example input: Load on a wall.

Parameter Symbol Value

e1 e2

Height of the wall Hwall (m) 20

Width of the wall Wwall (m) 100

Distance along the track ltrack (m) 900

Height of snowpack / deposits hs (m) 1.5

Flow height (dense flow) h1 (m) 2

Front velocity u1 (m s−1) 25 10

Density (dense flow) ρ1 (kgm−3) 150 250

Using the assumptions above one obtains:

Parameter e1 e2

Froude number Fr1 5.6 2.3

Intensity factor f (Fr1) 1.07 1.24

Density ratio ρ2/ρ1 3.3 2.0

Flow height ratio h2/h1 4.6 2.6

Figure E1 depicts the pressure distribution according to the recommendation given in Sec-

tion 11. It should be noted that the derivation of the Swiss recommendations is not momentum

conserving and leads to an overall higher total force normal to the wall. The initial peak im-

pact pressure, which lasts on the order of 0.1 s, is considerably higher than the recommended

mean value. For sensitive structures, in particular, it is important to account for this load.

During this time, the pressure decreases from its initial peak value and approaches the recom-

mended mean value. Simultaneously, the flow height increases from h = h1 to h = h2. The
area on the wall affected by the pressure peak is, however, restricted to the upstream flow
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Table E2: Comparison of the calculated loads on a wall for the example according to the recommended

approach and the Swiss recommendation; example e1. Dynamic forces and moments per metre length

of the wall are given.

Force Recommend. Swiss Moment Recommend. Swiss Remarks

(kNm−1) (kNm−1) (kNmm−1) (kNmm−1)

F ′peak 563 – M′
peak 1969 – expert

judgment

F ′sx 17 – M′
sy 17 –

F ′dx 204 375 M′
dy 1234 938

F ′stau – 1196 M′
stauy – 9255 λ = 2.5

F ′f lx 67 – M′
f ly 849 –

F ′px 7 – M′
py 111 –

F ′totx 295 1571 M′
toty 2211 10192

F ′totz 81 471

Table E3: Comparison of the calculated loads on a wall for the example according to the recommended

approach and the Swiss recommendation; example e2. Dynamic forces and moments per metre length

of the wall are given.

Force Recommend. Swiss Moment Recommend. Swiss Remarks

(kNm−1) (kNm−1) (kNmm−1) (kNmm−1)

F ′peak 150 – M′
peak 525 – expert

judgment

F ′sx 10 – M′
sy 10 –

F ′dx 66 60 M′
dy 276 150

F ′stau – 31 M′
stauy – 128 λ = 2.5

F ′f lx 14 – M′
f ly 100 –

F ′px 0.2 – M′
py 2 –

F ′totx 90 91 M′
toty 387 278

F ′totz 24 27

depth of the avalanche, h1. The figure shows the initial impact peak acting over an area di-

rectly above the snowpack. As mentioned in Section 11, one needs to allow for a possible

higher point of attack of the peak force by up to h1. Table E2 gives the calculated forces

for example e1 and Table E3 for example e2. If one uses ρ1 = 300 kgm−3 in example e1,

the initial peak force, F ′peak, would be 1125 kNm−1 and M′
peak would be 3938 kNmm−1; the

total mean force, F ′totx, would be 536 kNm−1 instead of 295 kNm−1, and the total mean mo-

ment, M′
toty, 4936 kNmm−1. Note that, as discussed in Section 11, it is a question of expert

judgement whether the initial peak pressure is taken into account in the design or not.
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Figure E1: Distribution of impact pressure on a wall for the example, according to the recommenda-

tion. An initial impact pressure peak with a magnitude of 3ρ1 u12, which may be taken into account

in design depending expert judgment, is shown. Also shown is a comparison with Swiss recommenda-

tions. Top: example e1; Bottom: example e2.
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E.2 Load on a mast
In the following, an example is given for the determination of the design force on a 1.5m

wide cylindrical mast in an avalanche path. The assumed location of the mast is approxi-

mately 900m downstream of the starting zone. Input parameters are summarised in Table E4.

No considerations about return periods are given. The recommended loading according to

the Swiss recommendations (Gruber and others, 1999b) (see Appendix F.2) is also given for

comparison.

Table E4: Example input: Load on a mast.

Parameter Symbol Value

Diameter of the round mast W (m) 1.5

Height of the round mast Hmast (m) 20

Distance along the track ltrack (m) 900

Height of snowpack hs (m) 1.5

Front velocity u f (m s−1) 30

Density (dense flow) ρd (kgm−3) 300

Flow height dense flow hd (m) 2.0

Figure E2 depicts the distribution of the dynamic pressure, ρu2f /2 (i.e. the pressure is

not factored by CD), according to recommendation given in Section 12 and compares it with

the Swiss recommendations (see F.2). It should be noted that the derivation of the Swiss

recommendation is not momentum conserving and thus allows an overall higher total force

normal to the mast. Table E5 gives the calculated forces for both cases. The figure and table

both show the peak pressure, ppeak = 2ρd u2f , which may be taken into account for square or

blunt obstacles depending expert judgment, even though the peak pressure does not need to

be taken into account for the cylindrical mast considered here.

Table E5: Comparison of the calculated loads on a mast for the example according to recommended

approach and the Swiss recommendation. The reduction factor f (W/hd) = 0.55 is found by interpo-

lating the values tabulated in Table F2.

Force Recommend. Swiss Moment Recommend. Swiss Remarks

(kN) (kN) (kNm) (kNm)

Fpeak 1620 – Mpeak 5670 – expert

judgment

Fs 152 0 Ms 152 0

Fd 608 405 Md 1519 1012

Fstau – 1023 Mstau – 7024 λ = 2.5

Ff l 319 – Mf l 1450 –

Fp 21 – Mp 166 –

Ftot 1100 1428 Mtot 3287 8036
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Figure E2: Distribution of dynamic pressure on a mast for the example according to recommended

approach and the Swiss recommendation. An impact pressure peak ppeak = 2ρd u2f , which may be

taken into account for square or blunt obstacles depending expert judgment, is also shown.
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E.3 Load due to impacts of solid bodies
The example considers an impact of a rock with a diameter of 0.3m onto a 5m high, 5m

wide, and 0.3m thick concrete wall. The avalanche speed is assumed to be 25m s−1 and

the density 300 kgm−3. Table E6 summarises the input parameters and Table E7 various

calculated parameters as well as the estimated pressures and forces. The recommended loads

according to GVA (1994) are lower than the theoretical values found by the Hertzian or the

plastic failure approach. However, as mentioned in Section 13, the impact of a solid body

will in most cases be damped by the surrounding snow and therefore the lower recommended

values may be justified. It should be noted that the loading according to the Hertzian or the

plastic failure approach depends largely on the choice of the size of the impacting body. The

difference in the loading according to the different approaches mostly reflects the choice of the

size of the boulder rather than indicating a fundamental difference between the methodologies.

Table E6: Example input: Load due to impacts of solid bodies.

Parameter Symbol Value

Avalanche speed u1 m s−1 25

Avalanche density ρ1 kgm−3 300

Volume of the wall Vw m3 7.5

Young’s modulus for concrete Ec GPa 20

Poisson ratio for concrete νc 0.15

Yield (ultimate) stress of concrete Y MPa 20

Density of concrete ρc kgm−3 2500

Young’s modulus for rock Er GPa 50

Poisson ratio for rock νr 0.25

Density of rock ρr kgm−3 2600

Volume of the rock Vr m3 0.014

Table E7: Comparison of the calculated local impact loads onto a wall for the example according to

the recommended, the Hertzian, and the plastic failure approach.

Model parameter Symbol Recommendation Hertzian plastic

Effective Young’s modulus E∗ GPa 14.8

Effective radius R m 0.15

Effective mass m kg 36.7

Contact radius a m 0.125 0.032 0.078

Contact time ti ms 0.8 2.5

Impact pressure (max) pI (p0) MPa 12.5 887.5 60

Impact force FI kN 624 4241 1140

172



E.4 Snow-creep load
The following example shows the determination of the design force for a 1.5m wide cylin-

drical mast on a 30◦ slope. Input parameters are summarised in Table E8 and the calculated

loads are given in Table E9. Loading according to the recommendation of Larsen (1998) is

given for comparison. Larsen based his recommendation on experiments on snow creep loads

on two masts with different diameters at the Norwegian test-site Fonnbu (see Appendix F.3).

Table E8: Example input: Snow-creep load calculation.

Input parameter Symbol Value

Diameter of the round mast W (m) 1.5

Slope angle ψ (◦) 30

Snowpack density ρ (kgm−3) 300

Snow depth hs (m) 1.5

Snow thickness D (m) 1.3

Table E9: Example snow-creep load calculation according to the Swiss recommendations (cf. Mar-

greth, 2007), and according to Larsen (1998). The first case according to the Swiss Guidelines corre-

sponds to a situation with low gliding, the second to extreme gliding conditions.

Model parameter Symbol Value

Swiss Larsen

Creep factor K 0.66 0.66

Gliding factor N 1.2 2.6

c-factor c 0.6 6

Efficiency factor ηF 1.52 6.2

Coefficient CL 1.69

Factor KL 1.2

Total snow creep load SN,M (kN) 5.95 52.6 6.52

Total moment MN,M (kNm) 3.87 34.2 4.24
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F Loads on walls and masts—Summary of existing
Swiss and Norwegian recommendations
Peter Gauer

F.1 Load on wall-like structures
Swiss recommendations

According to Gruber and others (1999b), the following approach for the determination of

the force on extended obstacles is recommended in Switzerland. “Extended” means that a

considerable part of the avalanche is deflected by an angle ϕ, which the obstacle makes with

respect to the flow direction of the oncoming avalanche.

Dense flow

The impact pressure normal to wall, pdn, is expressed as

pdn = ρu2 sin2ϕ , (F1)

where ρ is the density of the avalanche, and u is the speed of the approaching flow. In the case
of a vertical wall, ϕ would be 90◦. The tangential pressure is assumed to be

pdt = μ pdn . (F2)

Figure F1: Load on a large obstacle.
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For safety reasons, a flow density, ρ = 300 kgm−3 is assumed.

It follows that the normal force acting on a wall with width b is

Fdn = pdn (zhd− zhs)b . (F3)

With that, the tangential force

Fdt = μFdn , (F4)

and the moment

Mdn =
(zhd + zhs)

2
Fdn , (F5)

can be calculated.

Above, the flow depth of the avalanche, the pressure is assumed to decrease linearly within

a stagnation (climbing) height, which is given by

hstau =
u2

2gλ
. (F6)

For dry, mostly fluidised flows, λ = 1.5 is proposed. For dense flows, it is assumed that

2≤ λ≤ 3. The pressure is given by

p(z) = pdn
(ztot− z)

(ztot− zhd)
. (F7)

The force component is

Fstau =W pdn
(ztot− zhd)

2
, (F8)

in case the obstacle is lower than ztot = zhd +hstau, and the moment is given by

Mstau =
ztot +2zhd

3
Fstau . (F9)

The expressions for Fstau and Mstau have to be modified slightly if the wall is lower than

ztot .

Fluidised/saltation layer and powder part

In Gruber and others (1999b), Issler provides some estimates of the effect of powder-snow

avalanches and the saltation layer on an obstacle. He expresses the impact pressure acting on

the obstacle as

ppn = f ρu2 sin2ϕ , (F10)

where the factor f is between 0.5 and 1. It is closer to 1: (i) the higher the velocity, u, (ii) the
higher the deflection angle, (iii) the higher the density of the powder part, and (iv) the larger

the particle size within the flow. For perpendicular impact, f = 1 is recommended. Vertical

profiles of ρ or ppn are not specified.
The density, ρ, within the saltation layer is assumed to vary between 10 and 50 kgm−3,

and in the powder part between 1 and 10 kgm−3. The depth of the saltation layer is assumed

to vary between 1 and 5m, and the powder part is assumed to be several tens of metres high.
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It follows that the force acting on a wall is

Fpn = pn (zhp− zhd)b (F11)

and the moment (no profile specified) is given by

Mpn =
(zhp + zhd)

2
Fpn . (F12)

F.2 Load on mast-like structures
Swiss recommendations

According to Gruber and others (1999b), the following approach for the determination of the

force on narrow obstacles is recommended in Switzerland. The impact force is expressed as

Fm =CDA p(z) . (F13)

Here, no distinction is made between different flow regimes. Also, no distinction between

dry- or wet-snow avalanches is made. The recommended values forCD are given in Table F1.

Table F1: Drag coefficientsCD according to the Swiss recommendations.

Flow regime Obstacle form CD

No distinction © 1.0

� 1.5

� 2.0

The projected area, A, is defined as

A = htotW , (F14)

where W is the width of the obstacle. The total impacted height, htot , is given by (see also

Fig. F2)

htot = hd +hstau , (F15)

where hd is the flow height of the avalanche. The second term on the right hand side describes

the climbing height, and is given by

hstau =
u2f
2gλ

f (W/hd) . (F16)

For dry, mostly fluidised flows, λ = 1.5 is proposed. For dense flows, 2 ≤ λ ≤ 3 is assumed.

f (W/hd) is a reduction factor, which depends on the ratio of obstacle width to flow depth.

Proposed values for the reduction factor are given in Table F2.

Within the flow height, the pressure is assumed to be constant and given by

pd =
ρu2f
2

. (F17)

177



Table F2: Reduction factor f for loading of masts as a function of the ratioW/hd .

W/hd 0.1 0.5 1 2 ≥ 3

f (W/hd) 0.1 0.4 0.7 0.9 1

Hence, the force component on the mast from the dense flow is

Fd =CDW pd (zhd− zhs) (F18)

and the moment

Md =
zhd + zhs

2
Fd . (F19)

Above the upstream height of the dense part, a linearly decreasing impact pressure is assumed

(see Fig. F2), i.e.,

p(z) =
ρu2f
2

(ztot− z)
(ztot− zhd)

, (F20)

where again ztot = zhd +hstau. Consequently, the total force due to the impact pressure above

the upstream height of the dense part is

Fstau =CDW pd
(ztot− zhd)

2
, (F21)

and the moment is

Mstau =
ztot +2zhd

3
Fstau . (F22)

As for loading of walls, a flow density, ρ = 300 kgm−3 is assumed for safety reasons.

The expressions for Fstau and Mstau have to be modified slightly if the mast is lower than

ztot .

F.3 Load due to snow pressure
Based on experiments with snow creep loads on two masts with different diameters at the

NGI test-site Fonnbu, Larsen (1998) proposed the following relation for the design load on

mast-like constructions.

S′N,M = KLCL
ρ

1000
D2 g sinψ [kNm−1] , (F23)

where ρ is the average snow density, D the thickness of the snowpack perpendicular to the

ground, ψ the slope angle, and g is the acceleration due to gravity. The factor, KL, depends

on D. In his experiments, Larsen (1998) found KL = 1.2 for a snow thickness of 4m, and

KL = 0.7 for a snow thickness of 5m. The coefficientCL depends on the mast diameter d

CL = 0.98d0.63 +0.42 . (F24)
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Figure F2: A schematic diagram of the impact pressure distribution due to an avalanche on a mast-like

structure according to the Swiss recommendations.

Margreth (2007) notes that this model neglects effects due to snow gliding and is therefore

limited to situations without snow gliding. The moment is given by

M′
N,M =

hs
2
S′N,M [kNmm−1] . (F25)
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G Laws and regulations about avalanche protective
measures in Austria, Switzerland, Italy,
France, Norway, and Iceland

Massimiliano Barbolini, Dieter Issler, Tómas Jóhannesson,
Mohamed Naaim, Karstein Lied and Lambert Rammer

Laws and regulations regarding the adaptation of hazard zoning after avalanche protective

measures have been completed, are different in different countries. In France, no changes are

made in zoning, so that no relaxation of land use restrictions is made in spite of the improved

safety provided by the protective measures. This underlines the policy that protective mea-

sures are only intended to improve the hazard situation in existing settlements, and should

not lead to increased population density in potentially hazardous areas, especially considering

the inherent uncertainty regarding the effectiveness of avalanche protective measures. In most

other countries, the hazard zoning is modified after protective measures have been completed,

in order to reflect the improved hazard situation. However, the detailed manner in which

modifications are made differs between countries. The design requirements for the protective

measures are usually expressed in terms of a minimum return period of avalanches, which can
reach the settlement with a given impact pressure, or a maximum acceptable risk in the settle-
ment after protective measures have been constructed. The following sections summarise the

laws and regulations that concern avalanche protective measures in some European countries,

where snow avalanches constitute a natural hazard.

G.1 Austria

According to the Austrian Constitution (B-VG 1920) the protective against torrents and av-

alanches falls within the responsibility of the Federal Government. Subsidies are granted by

the Government and the Provinces for preventive measures, and area planning is to be carried

out in accordance with hazard zone maps. The provisions of the Austrian Forest Act (1975),

§ 8 b and § 11, are the basis of hazard zoning. Detailed regulations concerning hazard zone

maps are laid down in the Ordinance on Hazard Zoning of 1976.

The hazard zone map is to be worked out by an office according to § 102 of the Forest

Act (Austrian Service for Torrent and Avalanche Control), which is a subordinate body of

the Federal Ministry of Agriculture, Forestry, Environment, and Water Management. The

approval of the hazard zone map is granted by the Federal Minister.

According to § 1 of the Ordinance on Hazard Zoning, it is the basis for the planning

and execution of the protective measures of the Austrian Service for Torrent and Avalanche

Control, as well as for the ranking of these measures according to their urgency (priority list).

Hazard zone maps have to be elaborated in such a way that they can serve as a basis for

general development planning, building trade, and safety planning. The hazard zone map is

only a “directive”, but no subsidy can be granted for torrent and avalanche control measures if

the hazard zone maps are not taken into account in other aspects of planning. It may be stated

that, according to laws and regulations, the hazard map is actually an expert opinion with the

character of a forecast.

In accordance with § 6 of the regulations of the Ordinance on Hazard Zoning, hazard zones
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Table G1: Hazards zones for snow avalanches in Austria according to the “Directive for hazard zon-

ing” released by the Federal Ministry of Agriculture, Forestry, Environment and Water management

(AR = avalanches-red, AY = avalanches-yellow, P = impact pressure, T = thickness of deposits).

Zone Design Event Frequent event (1–10 yr recurrence)

P > 10 kPa P > 10 kPa
AR

T > 1.5m T > 1.5m

1 < P < 10 kPa 1 < P < 10 kPa
AY

0.2 < T < 1.5m 0.2 < T < 1.5m

have to be determined, taking into account an event with a probability of recurrence of ap-

proximately 150 years (design event). Additionally, a “frequent event” with a probability of

recurrence of 10 years was defined in the “Directive for Hazard Zoning”, released by the Fed-

eral Ministry of Agriculture, Forestry, Environment, and Water Management. The determined

hazard zones reflect an expert estimation of the sum line of all possibilities for the occurrence

of a design event.

The catchment areas of torrents and avalanches are the basis for the designation of natural

dangers in the hazard zone map, in accordance with the Forest Act § 99. The most important

protection category are hazard zones which mark areas endangered by torrents and avalanches

to such an extent that a permanent use for settlement is not possible or only with an unpropor-

tionally high effort (red zone) or some impairement (yellow zone). The other zones outlined in

the hazard zone maps are: blue areas, which are reserved for future protective measures by the

Austrian Forest Engineering Service for Torrent and Avalanche Control; brown areas, which

indicate other natural hazards than torrents and avalanches, such as landslides and rock-falls

without assessing the intensity and frequency of an event; and purple areas, which show the

protection function dependent on the soil composition (terrain). Table G1 shows the criteria

used to define hazard zones for avalanches in Austria. Further information about these criteria

and hazard zoning in Austria in general is given in Rudolf-Miklau and Schmid (2004) and

Sauermoser (2006).

The delineation of hazard zones, reservation areas, and areas indicating other natural haz-

ards is carried out on the basis of state-of-the-art methods, the personal experience of experts,

the documentation of historical catastrophe events (the torrent and avalanche chronicle), and

the estimated consequences of possible disaster events (scenarios) with a recurrence period of

up to 150 years. In principle, it is necessary to clarify for any planned building and land use

activity in areas endangered by torrents, avalanches or erosion, whether the plan is compatible

with the hazard zoning, and whether the effort for possible protective measures is technically

and economically acceptable. Besides their protection effect, protective measures should be

in harmony with the use of the building. Improved protection of existing buildings should also

be evaluated.

All Building Acts (Building Regulations) of the Austrian provinces contain provisions re-

garding natural hazards. The building acts regulate how a building permission for a construc-

tion site can be issued, considering the safety of the building itself and the natural hazards
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that may threaten the site. As a rule, building schemes in hazardous areas are permitted. In

most building acts in Austria, an obligatory declaration for a site concerning the suitability for

building purposes and the preliminary examination by the building authority prevents building

schemes in endangered areas from reaching the official hearing for the building permission.

In case of substantial danger, a permission for a new building or rebuilding is only granted if

sufficient protective measures can be constructed.

Direct references to the hazard zone map are not made in the building acts of the Austrian

provinces except for the Tyrolean Building Act. But the hazard zone map, as a basis for the

consideration of natural hazards, becomes effective indirectly via the development plans. The

specifications of the development plan and development scheme are legally-binding. Building

permissions by the authority have the legal force of an ordinance, thus the object protective

measures laid down in these documents must be constructed by the building-owner.

Hazard zone maps can serve as an effective basis (information source) for local safety

planning, providing the basic principles for warning and evacuation plans, as well as crisis

management. However, until now, these possibilities have hardly been used in Austria. The

avalanche warning commissions most likely use the information from the hazard zone maps

to assess the situation in avalanche-prone areas (run-out lengths, propagation of avalanches)

in order to estimate the area of necessary closings under impending avalanche danger. In

Austria, initiatives are taken to build up computer-based crisis information systems. Based

on geographical information systems, the hazard zones can be overlaid with other data, for

example the number of persons to be evacuated in a given area.

The implementation of permanent protective measures is one of the consequences of haz-

ard zoning. Therefore, assistance of governmental institutions for natural hazard control is

frequently requested by the communities for such constructions, and public funds from the

federal and provincial governments are requested on a large scale. In Austria, approx. 25

million Euros are currently spent annually on avalanche protective measures and more than

30 million Euros on erosion and torrent control measures. These technical measures have

to be designed based on the same parameters as are used in the hazard zoning. In Austria,

public funds are only available for projects to protect existing settlements and installations,

not to enable new developments. The reduction of hazard zones as a consequence of protec-

tive measures is, therefore, limited to these areas and depends on type, function, maintenance

and lifespan of these constructions. Especially supporting structures in the starting zone of

avalanches have to be considered carefully. The formal reduction of hazard zones after the

implementation of protective measures often seems to be more difficult than the first assess-

ment of the reduction of the zones had indicated due to the economical, social and political

consequences.

According to the methods described above, legal conditions and administrative regula-

tions, hazard zoning, and construction of protective measures seem to have reached a relative

high level of performance and social acceptance in Austria. This situation is based on current

knowledge and experience and needs to be developed further. The main points to consider in

this future development are:

• Continuous adaptation and verification of the hazard maps in the event of extraordinary

natural disasters, to check whether basic environmental factors have changed after the

implementation of protective measures.

• Elaboration of “Evacuation Plans” by communities on the basis of avalanche hazard
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maps, to ensure that people are not endangered outside their houses in case of high

avalanche danger.

• Long-term management of mountain forests, to ensure their protective effect and to

prevent the development of new hazard sources.

• Improvement of numerical models in international research programmes.

• Adaptation of national legislative and administrative regulations (e.g. “Avalanche De-

cree” for cabled railways) to an international standard at least within the European

Union.

G.2 Switzerland

Protection from snow avalanches and other natural hazards has for a long time been an im-

portant responsibility of the Swiss authorities at the communal, cantonal and confederational

level. The fundamental legal basis for this activity is the general principle that the state has to

protect life, health and property of its citizens. In certain areas, the protective effect of moun-

tain forests was recognised already in the Middle Ages and local laws prohibited logging and

grazing in these forests. Avalanche catastrophes in the second half of the 19th century led Jo-

hann Coaz, the Federal Forestry Superintendent, to have catastrophic avalanche events in the

Swiss Alps systematically observed and catalogued. The Federal Forestry Policy Law of 1876

provided the legal basis for general preservation of protective forests, and for reforestation of

mountain slopes, where the growing industry’s consumption of firewood and timber, as well

as the need of the poor mountain population for pastures, had dangerously reduced the stands

and left villages without adequate protection.

Based on this tradition, protection against natural hazards and avalanche research in Swit-

zerland were mostly under the auspices of the federal and cantonal forestry authorities until

near the end of the 20th century. Accordingly, it was in the Executive Regulations of 1965,

detailing the application of the 1902 Federal Law on the Forestry Police, that the cantons

were required to prevent construction in strongly endangered areas and to demand adequate

protective measures in less endangered areas. The Confederation will not subsidise protective

measures for buildings outside approved construction areas. To this end, the cantons are to

elaborate avalanche hazard maps.

In 1979, the Federal Law on Land-Use Planning stipulates that the cantons elaborate the

necessary information for the master development plan, and thereby designate the areas en-

dangered by natural hazards and other adverse influences. The communal land-use plans have

to be in agreement with the master plan. This implies that the cantons have jurisdiction and

responsibility over the avalanche hazard maps, even if they delegate the elaboration of such

maps to the communes. The 1991 Federal Law on Forests (WaG) declares the duty of the

cantons to secure the starting zones of avalanches that endanger human life or significant

property values, and allows federal subsidies of up to 70% of the costs. Passive measures

in the run-out zone, such as dams, are not mentioned, but the 1992 Federal Edict on Forests

(WaV) details the protective measures against natural hazards in words that do not exclude

protection dams. At a yet lower legal level, the Recommendations on Land-Use Planning and
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Table G2: Degrees of risk used in the Swiss guidelines for avalanche hazard mapping, their relation-

ship to return period and impact pressure, and their consequences with regard to land-use planning.

DFA: dense-flow avalanche; PSA: powder-snow avalanche.

Zone Return period Pressure Consequences and measures

DFA: any No construction allowed.

Red
≤ 30 yr

PSA: > 3 kPa No reconstruction of old buildings.

30–300 yr > 3–30 kPa1

≤ 30 yr PSA: < 3 kPa Construction with reinforcements.

Blue DFA: < 3–30 kPa No buildings open to public.
30–300 yr

PSA: < 3–30 kPa1,

but also > 3 kPa

Evacuation plans.

30–300 yr PSA: < 3 kPa No constructive measures required.
Yellow

> 300 yr DFA: any Alarm organisation needed.

White — 0 No restrictions on land-use, no partic-

ular organisational measures required.

1Limit pressure depends on return period according to the diagram in Fig. G1.

Natural Hazards5 explicitly state that passive measures may be used in certain cases to enlarge

existing settlement areas or create new ones.

In order to harmonise avalanche hazard maps throughout Switzerland, the Federal Office

of Forestry and SLF issued the “Guidelines to Account for Avalanche Danger in Activities Re-

lated to Territorial Organisation” in 1984 (BFF/SLF, 1984), following the provisional guide-

lines of 1975. As such, these guidelines do not have the status of a law passed by Parliament,

but only spell out administrative regulation that can be changed when scientific or technical

reasons demand it. Nevertheless, they have binding character.

The guidelines pioneered the notion of risk as the basis for land-use planning. Mostly,

the risk is quantified as the probability of structures being damaged or destroyed, but con-

siderations of human exposure and vulnerability also appear at various places. The threshold

for the acceptable residual risk of death from avalanches is considered to be around 10−5 per
person and year living in an Alpine settlement. However, the guidelines use event frequency

and intensity (pressure) as proxies for the local risk.

For hazard mapping in settlement areas, a nominal return period of 300 years has been

selected as the threshold beyond which avalanche danger is classified as residual risk. Two

or three degrees of danger/risk are differentiated according to frequency (the reciprocal of

the return period) and impact pressure, see Table G2 and Figure G1. Associated with these

degrees of risk are specific consequences for land use and required active protective measures.

In the 1980s, a method was developed at SLF for calculating run-out distances and pres-

sure distribution of dense-flow avalanches (Salm and others, 1990), based on the Voellmy–

5“http://www.are.admin.ch/imperia/md/content/are/are2/publikationen/deutsch/natur_raum_de.pdf” or

“. . . /natur_raum_fr.pdf”, in German or French.
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Figure G1: Representation of risk levels as a function of event frequency and intensity. Low fre-

quencies are in the range 3.3–10.0·10−3 per year, high frequencies are 3.3 · 10−2 per year or higher.

Low intensity is associated with pressures below 3 kPa, high intensity corresponds to pressures above

30 kPa. Left: Diagram from the 1984 guidelines for snow avalanches. Right: New schematic diagram

applied to other natural hazards, but not in full agreement with the original diagram for avalanches.

Salm dynamic avalanche model, as well as a statistical approach for determining the initial

conditions (i.e., mainly the vertical extent of the starting zone and the fracture depth) as a

function of the return period. With the advent of numerical models, the method was adapted

(Gruber and others, 1999a) and extended to powder-snow avalanches (Issler, 1999). This cal-

culational procedure has to be followed in all avalanche-hazard mapping work, and is being

taught in courses for engineers at ETH Zurich and for practitioners.

Salm and others (1990) also indicate simple methods for estimating the impact forces on

objects, as well as the run-up height at wide and narrow obstacles. These methods are based

on point-particle considerations as discussed in Sections 11 and 12. SLF is currently working

on guidelines for catching and deflecting dams, with similar objectives as the this book. New

experimental studies at reduced scale are employed to this purpose.

The 1984 guidelines clearly state that the avalanche hazard maps have to be adapted to

newly recognised dangers, reforestation, passive protective measures and new buildings, but

it is not specified under which conditions protective measures justify lifting of land-use restric-

tions. In recent years, efforts were made at various levels to achieve a consensus among the

cantonal agencies and practitioners throughout Switzerland, as to the technical conditions for

protective measures to be considered effective. At the time of writing, no conclusive results

have been obtained, but the following principles are most often applied:

• The endangered areas may be reduced only if the protective measures remain functional

with no or little human intervention, or if regular maintenance will be assured over the

life cycle of the measure. For example, temporary snow bridges or artificial release

devices such as GazEx are not adequate.

• The effectiveness of the measure should be quantifiable and undisputed. In the case of

dams, this means that the dam should be constructed according to the general indica-

tions given in the guidelines on avalanche calculations (Salm and others, 1990; Gruber
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Table G3: Definition of hazard zones for snow avalanches in Italy (Barbolini and others, 2004). T
is the return period (years) of avalanches, and P is the impact pressure (kPa) of an avalanche with the

indicated return period at the location in question. “T > 100 yrs” in the last line of the table indicates

that only avalanches with a return period longer than 100 years can reach the location.

Hazard zone Hazard level Definition

T = 30 yrs and P > 3 kPa orRed High
T = 100 yrs and P > 15 kPa.

T = 30 yrs and P < 3 kPa orBlue Moderate
T = 100 yrs and 3 < P < 15 kPa.

T = 100 yrs and P < 3 kPa orYellow Low
T > 100 yrs.

and others, 1999a; Issler, 1999).

• After a passive protective measure has been completed, the hazard map has to be ad-

justed on the basis of the best methods and tools then available. In practice this is done

in a rather conservative way and only after an adequate observation period.

At the time of writing, no legally binding method for selecting and designing protective

measures have been issued, with the exception of the Guidelines for Defence Structures in the

Starting Zone (BUWAL/WSL, 1990). General guidelines concerning the choice of protective

measures for different types of natural hazard have been issued by the Building Insurance

Institution of the Canton of St. Gall (Egli, 1999). They do not have binding legal power but

have been well received and serve as a reference work in Switzerland. As mentioned above,

guidelines for the design of protection dams are in preparation.

G.3 Italy
A national regulation concerning avalanche hazard mapping does not exist in Italy, and Alpine

regions produce their own laws to take snow avalanches into account in land use planning pro-

cedures. Recently, as a result of a collaboration project of AINEVA (Italian Association for

Snow and Avalanches) and the University of Pavia, new “Guidelines for Avalanche Hazard

Mapping” (Barbolini and others, 2004) have been published. This document proposes crite-

ria and methods to be used during different phases of territorial planning in avalanche-prone

areas, and represents a reference for the Italian public administrations, which operate in moun-

tainous regions. The mapping criteria proposed in this document exclusively consider urban

settlements; traffic roads, electric systems, ski and chair lifts, etc. are excluded. The mapping

criteria and some relevant aspects of these “Guidelines” are briefly presented below.

Three zones with decreasing degree of hazard are defined on the basis of the return period

and impact pressure of avalanches (Table G3).

Red hazard zones include those areas that can be reached relatively frequently by avalan-

ches, even with moderate destructive power, or by rare events with high destructive
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potential.

Blue hazard zones include areas reached by residual effects of relatively frequent avalan-

ches, or rarely by avalanches with moderate destructive power.

Yellow hazard zones are those areas that can be reached by the residual effects of rare events.

Also, areas reached by extreme events belong to the yellow hazard zone.

Some important aspects of these new guidelines that should be highlighted are:

• The static component of the snow pressure should also be accounted for in the calcu-

lation of avalanche impact pressure; this means that the mapping is also based on the

deposition depth.

• Monitoring and evacuation plans must be prepared to increase the safety of people living

in red, blue and yellow zones.

• Modification of hazard maps after protective measures have been built (or following

reforestation) is allowed under certain conditions (no new white areas, that means that

the boundaries between red/blue and blue/yellow zones may be moved, but the yellow

boundary is not modified; a maintenance plan for the defence measures must be made;

etc.)

Some general criteria for the updating of hazard zoning is also suggested. On the basis

of new information, hazard maps have to be checked and, if necessary, modified. Particular

attention has to be paid to:

• historical documentation of past events, not already used in the preparation of the pre-

vious hazard map;

• new avalanche events (that is avalanches in areas not registered in the avalanche cadas-

tre) or known events with unexpected extraordinary magnitude;

• natural or artificial modifications to the environment that increase the exposition factor

(e.g. deforestation of the release area). Up-to-date nivometereological data and the de-

velopment of new calculation tools also have to be considered as part of the updating of

hazard maps.

Factors that can decrease hazard levels have to be considered also, for example, natural

reforestation of release areas or the construction of protective measures in the release and/or

run-out areas. In order to maintain a control on areas potentially exposed to “extreme” ava-

lanches, the updating of hazard maps should only involve a re-classification of hazard levels,

maintaining the earlier total extent of the hazard zones, that is the boundary of the yellow area

should remain unchanged. The updating process should be carried out, making use of expert

evaluations which:

• consider the effect of reforestation on the release and motion of the snow mass, depend-

ing on the type, density and age of the vegetation, as well as its exposure to risk factors

that can reduce its efficacy;
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Figure G2: An example of the modification of an Italian hazard map after the construction of protec-

tive measures: The hazard map before the protective measure were built (left) and an updated map after

the construction of protective measures (right) (both snow bridges in the release zone and a deflecting

dam in the run-out zone). According to current Italian guidelines, the boundary of the yellow zone has

remained unchanged. “Trabuchello” avalanche path, Isola di Fondra community, Brembana Valley,

Italy, Central Alps.

• take into account how the protective measures modify release conditions and avalanche

dynamics. The life-time of the protective constructions has to be considered as a part of

hazard re-classification.

Limitations on land use and specific safety requirements for hazard zones are defined ac-

cording to the hazard level. Due to the high level of hazard associated with the red zone,

construction of new buildings (both residential and commercial) is not allowed in these areas.

In the blue (moderate hazard) zones, new constructions are allowed, but with “strong” restric-

tions (low building indexes, properly reinforced structures, etc.). In the yellow (low hazard)

zones, new constructions are allowed, with “minor” restrictions (public facilities, like schools

and hotels, are not allowed).

Figure G2 shows an example of the original and a revised hazard map from “Trabuchello”

avalanche path, Italy, after the construction of protective measures.

G.4 France

France is a country that remains moderately affected by natural disasters. It has an old system

of risk prevention. In the middle of the last century, the urbanism code introduced several

measures to prevent natural hazards. Articles R-113-2 and R-111-3 allowed the authorities to

prohibit construction or to impose requirements on construction in the areas affected by this

type of risk. The Code states that “the construction on land threatened by flooding, erosion,

landslides, or avalanches may be subject to special construction requirements. The recom-

mendations are set by the national representative at the department level. This concerns all
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areas where the phenomenon is considered sufficiently serious and probable. The safety rec-

ommendations concern buildings and their occupants.” This land use legislation introduced

hazard mapping to the Land Use Plan.

On 10 February 1970, an avalanche killed 39 persons at the Val d’Isère ski resort. This

disaster highlighted the need for safety planning in mountainous areas and triggered a new

step in prevention policy. The development of winter sports and tourism has greatly increased

the risk in mountainous areas. The pressure on land use has created new risks caused by an

increase in vulnerability.

During the 1970s, the maps of areas exposed to landslide risks (ZERMOS maps) were

drawn up by various government agencies. The same was done in avalanche zones with the

CLPA maps (location of avalanche phenomena), informative maps detailing the extent of past

avalanche events. During the same period, Maps of Areas Exposed to Avalanches (PZEA)

were prepared to account for the intensity and frequency of avalanches in urbanised areas.

Avalanche mapping covered only avalanche hazard. A system: white for very low hazard, red

for high hazard, and blue for moderate hazard or doubtful areas, was adopted.

A new system was established in the early 1980s. It is based on two measures: the PER

and CATNAT. The 1982 legislation established the Predictable Natural Hazard maps (PER).

The right to compensation and the compensation system called Natural Catastrophes CAT-

NAT were set up in 1984. The law concerned property damage covered by insurance policies.

Human life, in particular, was excluded. The CATNAT principle of compensation was bal-

anced by the PER, which contains and even reduces vulnerability. However, between 1982

and 1998, 61,000 insurance claims resulting from natural disasters were filed, showing that

this system has not increased prevention. The PER map combines the notions of hazard and

vulnerability. Vulnerability must be quantified taking into account direct and indirect poten-

tial damage. The hazard study ascertains the reference event and vulnerability is quantified

using the event’s intensity as a reference. Once the event’s intensity and spatial extension

are determined, homogeneous areas are defined according to a classification that takes into

account the types of construction and economic activity. Hazards and vulnerabilities were

difficult to quantify, and the monetary evaluations too time-consuming and too complicated

to carry out. The studies were long and expensive. The required consensus between stake-

holders and the lack of funding were the main obstacles for the implementation of these plans.

Approximately 10,500 municipalities are concerned by risks; 700 PER were started and only

307 were achieved in 1995, evidence of the near failure of this legislation.

One important aspect of the French legislation concerns citizen information. The law of

22 July 1987 created the right of citizens to be informed of the risks to which they are exposed.

New documents were set up and disseminated at the national and local levels.

In 1995, the national government simplified the prevention policy against natural hazards

within the framework of the above-mentioned environment law. The precautionary principle

was retained as the basis for all environmental questions in the 2 February 1995 law. It was

stipulated that “the absence of certainty, in terms of scientific and technical knowledge, should

not delay the adoption of effective and adequate measures to prevent serious and irreversible

risk . . . at an economically acceptable cost.” This principle led to the adoption of new pre-

vention plans against natural hazards. Following this principle, preventive measures must not

only be effective but also proportionate to the risk one is attempting to prevent.

New maps were produced: Prevention of Predictable Risk maps (PPR), which are tools

for both information and urban planning regulation that included construction requirements.
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Existing maps (R111-3 and PER) were automatically converted into PPR maps. The new

procedure was meant to simplify and speed up map design and implementation.

One of the objectives of the PPR programme is to delimit areas directly subjected to risk.

For avalanches, the reference event is defined as the avalanche corresponding to the maximum

known extension since the middle of the 19th century if this has a return period that is longer

than 100 years. If not, the 100-year return period event is determined (statistically, expert

assessment) using current knowledge. The intensity of the reference event is determined and

mapped. In the area where the pressure is higher than 30 kPa, construction is banned. This

area is the red zone. In the area reached by the reference avalanche, but with a pressure lower

than 30 kPa, construction is restricted. This area is the blue zone. A methodological guide is

currently being prepared.

In addition, the law has provided a complementary solution: procedures for the expropri-

ation of property exposed to major natural hazards (law of 17 October, 1995). To benefit from

this particular type of expropriation, a series of conditions are required. Avalanches, land-

slides and torrential floods are the only types of predictable natural hazards likely to come

within this specific expropriation measure.

Unlike PER, the PPR also incorporates human life and the ability to impose use require-

ments and additional reinforcement for existing constructions. This additional work must be

done within a period of 5 years after the adoption of the PPR, and shall not exceed an amount

equivalent to 10% of the property’s value.

Laws and regulations also state that avalanche zoning should not be modified after ava-

lanche protective measures have been constructed. For example, no relaxation of land use

restrictions is made in spite of the improved safety provided by the protective measures in

place. This underlines the policy that protective measures are only intended to improve the

hazard situation in existing settlements and should not lead to increased population density in

potentially hazardous areas, especially considering the inherent uncertainty on the effective-

ness of avalanche protective measures. If the construction of a defence structure increases the

hazard in specific areas (for example avalanche deviation towards an initially safe area), this

must be included in the hazard mapping. Lastly, hazard mapping has to be updated every 10

years.

G.5 Norway
The Building and Planning Act in Norway is the principal legal act concerning snow avalanche

and landslide hazard. The legal demands concerning avalanche safety was first established in

the Building Act of 1924. The act was put into force for the whole country in 1966. The last

revision was made in 2008. The municipality is responsible for maintaining the Planning and

Building Act.

Two paragraphs are of special importance concerning snow and landslide hazard: § 25

defines the different Regulation areas:

• Building areas

• Agricultural areas

• Public traffic areas

• Danger areas: “. . . areas that because of the risk of avalanches, landslides or flooding,

or other specific danger, are not allowed to be built out, or can only be developed under

191



Table G4: Hazard zones for snow avalanches and landslides in Norway. Nominal frequency and return

period in the Norwegian Building and Planning Act.

Safety class Max. nominal1
frequency per year

Return period
(years)

Type of construction

1 Small 10−2 > 100
Garages, smaller storage

rooms of one floor, boat

houses.

2 Medium 10−3 > 1000
Dwelling houses up to two

floors, operational buildings in

agriculture.

3 Large < 10−3 > 1000 Hospitals, schools, public

halls etc.

4 Very large No danger accepted — Oil refinery, other big

industrial plants, etc.

1The word “nominal” is used for snow and landslide frequencies, in order to distinguish it from “real”.

Admittingly it is often impossible or very difficult to calculate the real frequencies of snow and landslides, and

subjective judgement by experts is accepted.

special conditions concerning safety.”

and § 68, which puts demands on the Building ground:

• “An area can only be disposed of, or built upon if there is sufficient safety against

danger or considerable disadvantage because of natural or environmental conditions.

The municipality may forbid building, or put forward special requirements for the use

of areas mentioned above.”

Supplementary details to the paragraphs in the act are described in Technical Regulations,

where conditions on the location and safety of buildings are given:

“Buildings must be located and designed to give satisfactory safety against damage from

natural hazards such as:

• avalanches and slides

• flooding

• sea

• wind.”

According to the Technical Regulations in the law, four classes of snow and landslide

frequencies are usually taken into account, see Table G4. The table accounts for both the size

of the building, indirectly the number of people occupying the building, and the length of time

it is used for residence.

As can be seen from the table, buildings like garages, are allowed to be built, where snow

and landslide frequencies are up to 10−2 per year. A normal dwelling house should not be

exposed to a hazard greater than 10−3 per year. The safety for a school or a hospital should be
better than 10−3 per year, how much better is to be decided by the municipality in each case.
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Very large industrial plants and similar buildings should not be exposed to snow and landslide

hazard at all.

In addition, the regulation states that rebuilding after fires or other types of repair may be

done for class two, when the nominal yearly frequency is lower than 3 ·10−3.
There are no specifications concerning impact forces from snow avalanches or landslides

in the regulations.
Nothing is said specifically concerning the use of safety measures and the effect of safety

measures on hazard zones, but the regulations state that: “The safety against snow avalanches

and landslides is supposed to be satisfactory when buildings in safety classes 1, 2, and 3, plus

the directly adjacent external areas are dimensioned or protected against snow and landslides

in such a way that the norm figures in the table are fulfilled. Buildings in class 4 are not to be

located in hazard areas.” According to this, it is legal to develop areas in hazardous regions,

as long as they are protected according to the regulations.

Other legal regulations which are of interest concerning snow and landslide hazard are:

Police Law: The police are responsible for the safety of the inhabitants in dangerous situa-

tions.

Working Environment Law: The working environment must be arranged in such a way that

employees are not exposed to falling objects or slides.

Natural Hazard Law: National law for compensation caused by natural hazards and for con-

tribution to safety measures.

• Buildings insured against fire are automatically insured against natural hazards.

• Governmental compensation for mitigation measures based on the Natural Hazard

Law is about 50%. The county, the municipality and the owner must pay the rest.

River Course Law: Regulates management and control of river courses.

For the protection of road traffic against snow avalanches and landslides, there exist no

official laws concerning acceptable snow and landslide frequency, but the Norwegian Road

Administration has worked out a set of internal guidelines. According to these guidelines,

the frequencies taken into account when defence structures are made, depend mainly on traf-

fic density, type of traffic, importance of the road, and alternative routes when the road is

blocked.

G.6 Iceland
The Icelandic regulation on snow and landslide hazard zoning is based on individual risk

(The Ministry for the Environment, 2000; Jónasson and others, 1999; Arnalds and others,

2004), i.e. the probability of death as a consequence of a snow avalanche or a landslide. The

so-called local risk (i.e. ignoring exposure, see Arnalds and others (2004)) of 0.3 · 10−4 per

year is defined to be acceptable for residential areas, and three types of hazard zones are

defined, where the risk is progressively higher, see Table G5. The guidelines for the zoning

and utilisation of the hazard zones are tailored to attain the acceptable risk level in residences

when the exposure and increased safety provided by reinforcements have been taken into
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Table G5: Hazard zones for snow avalanches in Iceland.

Zone Lower level of
local risk

Upper level of
local risk

Building restrictions

C 3 ·10−4 yr−1 – No new buildings, except for summer

houses1, and buildings where people are

seldom present.

B 1 ·10−4 yr−1 3 ·10−4 yr−1 Industrial buildings may be built without

reinforcements. Homes have to be

reinforced and hospitals, schools etc. can
only be enlarged and have to be

reinforced. The planning of new housing

areas is prohibited.

A 0.3 ·10−4 yr−1 1 ·10−4 yr−1 Houses where large gatherings are

expected, such as schools, hospitals etc.,
have to be reinforced. The planning of

new housing areas is prohibited.

1If the local risk is less than 5 ·10−4 per year.

account. For industrial buildings, the guidelines probably correspond to a somewhat higher

risk, but this may be justified by the absence of children.

The Icelandic hazard zoning regulation (The Ministry for the Environment, 2000)6, which

is based on a law from 1997 concerning avalanches and landslides (Alþingi, 1997)7, states

that protective structures “shall only be built to increase the safety of people in areas already

populated.” The effect of protective structures shall be assessed and/or calculated, and this

effect is reflected in an updated hazard zoning, which is issued by the government after the

protective measures are completed. This leads to a (partial) relaxation of previous restrictions

on the use of land in the protected area. This applies in particular to catching and deflecting

dams in avalanche run-out areas and to supporting structures in starting zones. In areas with

protective structures, both local risk in the absence of such measures, as well as local risk tak-

ing the structures into consideration, shall be shown on the hazard map. Protective measures

shall be designed with the aim to increase the safety such that that the risk to humans in the

protected area is as near as possible to the acceptable risk as specified by the hazard zoning

regulation (see above). However, this goal is not an absolute requirement. Due to the large

uncertainty in the design assumptions of avalanche protective measures, the adaptation of the

hazard zoning to a large extent is based on the subjective judgement of experts involved in the

design of the structures. In order to reflect this uncertainty, the outer boundary of the A hazard

zone is typically not moved higher up than the line corresponding to the previous boundary of

the C hazard zone.

Figure G3 shows a hazard map for the Drangagil area in Neskaupstaður, eastern Iceland

(Arnalds and others, 2001a), where protective measures consisting of supporting structures,

6No. 505/2000, “http://www.vedur.is/snjoflod/haettumat/reglugerd_505_2000_e.pdf”
7No. 49/1997, “http://www.vedur.is/snjoflod/haettumat/log_49_1997_e.pdf”
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Figure G3: A hazard map for the area below Drangagil in Neskaupstaður, eastern Iceland, showing

the estimated local risk both in the absence of protective measures (solid lines) and the estimated local

risk after the structures have been fully completed (dashed lines, the B and the C lines coincide below

the dam) (cf. Table G5). The protective measures consist of supporting structures (not shown in this

figure, but shown in figure D1), 10m high braking mounds, and a 17m high catching dam (see also

Figures D1 and D2).

braking mounds and a catching dam have been constructed (Tómasson and others, 1998a,b).

The map shows the estimated isorisklines in the absence of protective measures, and the esti-

mated local risk after the structures have been fully completed.
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