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1 Introduction

Hazard assessment for landuse planning in snow avalanche prone areas requires, besides
knowledge of return periods, the specification of expected runout distances. For a
complete risk assessment, additionally, the intensity of the event, often expressed in
terms of impact pressures, and the corresponding vulnerability of endangered objects
are needed.

To obtain dynamical parameters, such as velocity, it has become state of practice to use
2-dimensional depth integrated avalanche models like RAMMS (Christen et al. 2010)
or SAMOS-AT (Sampl and Granig, 2009). However, those models still lack a thorough
and documented validation - which is partly caused by the lack of sufficient avalanche
data - and therefore, it requires extensive experience from practitioners to assess the
model results. Mainly, the models are calibrated based on runout observation, however
runout observations provide limited constraints for the validation of the empirical
parameters used in common present-day numerical avalanche models.

On the other hand side, observations of runout distances combined with velocity meas-
urements suggest that "major" dry-mixed avalanches show a scale invariance to the total
drop height Hsc. This is in accordance to the proposed upper-limit envelope of the
maximum velocity by McClung and Schaerer (2003) and a simple scaling analysis using
a simple mass block model on cycloidal and parabolic tracks (Gauer, 2018). Therefore,
those combined observations give a much more stringent constrain for the parameter
choice.

2 Research goals

This note is a continuation of work started in the previous report-period (Issler et al.
2020) and includes a more systematically scanning of the model behavior of two models
used in Norway for avalanche simulations.

As mentioned above, the combination of runout observations and velocity scaling can
provide a more stringent constraint to the choice of the empirical model parameters for
the commonly used friction laws. Choosing a simple track geometry and the use of
expected runout and maximum velocities along the track can therefore give a fast
impression of model performance versus observations depending on the model
parameters.

The approach is exemplified in (Gauer, 2018 and 2020). Figure 1, Figure 2, and Figure
3 show results obtained with a simple mass block model that accounts for mass
entrainment. Although only a first order approximation, the model captures the
observations for “major” dry-mixed avalanches reasonably well. Therefore, the figures
give a reference for the 2D simulations shown in Section 4. As the model is basically
scale invariant regarding the drop height Hsc, Figure 1 will be similar for various drop
heights.
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Figure 1 MBVM (Mass Block with Variable Mass): Maximum normalized velocity,

U, EU/ VgHSC/ 2 , iso-lines of scaled avalanche velocities on some parabolic orbits with
different steepness given as go-angle. Outlet length given to hit the average outlet angle o
corresponding to the a-f model (Lied and Bakkehgi, 1980). Also marked are corresponding
positions of -, am, and where z becomes zero. Gray shaded area shows am o range.
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Figure 2 Simulated maximum velocity, Umax, versus square root of the drop height,\/HTC. The

color illustrates the scaled velocity Use =Unac [9Hsc ! 2. The figure shows example calculations
for a cycloidal and parabolic track and two erosion depths. The initial slope angle ¢, of the
tracks is 40° The gray triangles depict measured maximum front-velocities from major
avalanche events in various tracks. The lines depict the probability of exceedance.
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Figure 3 Simulated runout marked by the a-angle and maximum velocity (color coded) on a
parabolic track with the mean slope angle, 5, as parameter. (¢) marks runs with entrainment
height He = 0.25 m and (¢) those with He = 0.5 m. Observations are shown as gray dots.
Estimated exceedance probabilities of o versus B, according to the a-B model o =0.965 —1.4°

(Lied and Bakkehgi, 1980); gray shaded area #o.

3 Methods

As mentioned, avalanche velocity is an important parameter to characterize the dynamic
behavior. Observations imply that the maximum velocity of major avalanches scale with
the total drop height HSC, that is U, ~JgH, 12 (McClung and Gauer, 2018; Gauer,

2018; Gauer, 2014). Combined with estimates on the expected runout of major
avalanches, e.g., by using statistical models, these observations provide implications for
the choice of the empirical parameters of the Voellmy-model, which is used in most of
present-day avalanche models.

Using a simple parabolic track, model performance can be tested. To this end,
simulations were performed on slightly channelized parabolic tracks where the thalweg
is given by

z,/Hye =a(x/ Hge)? +b(x/ Hgo)+c (1)
and

z(xy) = z,(1+ f(y)) 2)

Here, f(y) defines the degree of canalization. Using a slight canalization should reduce
lateral spreading, which is caused by numerical diffusion and therefore is an artefact.
The parameters a, b, and ¢ are determined by the initial slope angle ¢o and a proxy of the
mean slope angle is B ~0.72¢, —1.4" (for explanations see Gauer, 2018), shows an
example grid.
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At the low point, the track is horizontally extended. The volume is adjusted according
to expected deposition volumes (e.g. see Figure 5). The corresponding release areas are
located above the actual track (i.e. zsc > 1) with an assumed snow height HS = 1, 1.5,
and 2 m and a constant slope angle ¢o given by the initial tangent of the track.

Figure 4 Model grid; the (e) mark the - and dm-, (am-0)-, and (am-2 o)- points.

The friction parameters are chosen according to standard values for RAMMS
corresponding to the respective volume class (Bartelt et al 2017). However, only the
highest elevation class is used, which gives the lowest friction values—that is, they should
favor longer runouts and higher velocities. Correspondingly k& = g/& is chosen for the

MoT-Voellmy model. An overview of the initial and input parameters is summarized in
Table 1.

Here we use RAMMS (Christen et al., 2010) using the commercial version 1.7.20 and
the build version MoT-Voellmy.2020-05-12.exe. All tests are run without erosion.
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Figure 5 Observed avalanche deposits of “major events” versus total drop height Hsc (for
references to the data see Gauer et al. 2010). (¢) indicate some of the volumes used in the model
simulations in the next section. The lines show the estimated exceedance probabilities derived
from these observations.

Table 1 Overview of the various input and terrain parameters used in the simulations.

Initial slope Snow Drop height | Fracture Volume Turbulent Dry-friction | Turbulent
o) height Hsc (m) depth D (m) | (m3) drag MoT (=) drag
HS (m) k (m) RAMMS
£ (ms?)
40 1 100 0.8 699 0.00654 0.275 1500
300 12 258 0.004905 0.235 2000
500 49 754 0.003924 0.195 2500
750 161 461 0.00327 0.155 3000
1000 366 154 0.00327 0.155 3000
1500 1170 947 0.00327 0.155 3000
2000 2712 440 0.00327 0.155 3000
1.5 100 1.1 1049 0.00654 0.275 1500
300 18 387 0.004905 0.235 2000
500 74 630 0.00327 0.155 3000
750 242 191 0.00327 0.155 3000
1000 549 231 0.00327 0.155 3000
1500 1756 421 0.00327 0.155 3000
2000 4 068 660 0.00327 0.155 3000
2 100 1.5 1399 0.00654 0.275 1500
300 24 516 0.004905 0.235 2000
500 99 507 0.00327 0.155 3000
750 322 921 0.00327 0.155 3000
1000 732 307 0.00327 0.155 3000
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Initial slope Snow Drop height | Fracture Volume Turbulent Dry-friction | Turbulent
o) height Hsc (m) depth D (m) | (m3) drag MoT (=) drag

HS (m) k (m) RAMMS
g (ms?

1500 2 341 895 0.00327 0.155 3000

2000 5424 880 0.00327 0.155 3000

45 1 100 0.7 675 0.00654 0.275 1500

300 11 383 0.004905 0.235 2000

500 50 686 0.003924 0.195 2500

750 159 822 0.00327 0.155 3000

1000 365 992 0.00327 0.155 3000

1500 1172692 0.00327 0.155 3000

2000 2714 634 0.00327 0.155 3000

1.5 100 1.1 1012 0.00654 0.275 1500

300 17 066 0.004905 0.235 2000

500 75277 0.00327 0.155 3000

750 239 620 0.00327 0.155 3000

1000 548 729 0.00327 0.155 3000

1500 1758 209 0.00327 0.155 3000

2000 4 070 030 0.00327 0.155 3000

2 100 1.4 1350 0.00654 0.275 1500

300 22 766 0.004905 0.235 2000

500 101 373 0.00327 0.155 3000

750 319 644 0.00327 0.155 3000

1000 731984 0.00327 0.155 3000

1500 2 345 385 0.00327 0.155 3000

2000 5 429 267 0.00327 0.155 3000

30 1 100 0.9 700 0.00654 0.275 1500

300 11 558 0.004905 0.235 2000

500 50 289 0.003924 0.195 2500

750 160 475 0.00327 0.155 3000

1000 366 356 0.00327 0.155 3000

1500 1177 402 0.00327 0.155 3000

2000 2720837 0.00327 0.155 3000

1.5 100 1.3 1050 0.00654 0.275 1500

300 17 337 0.004905 0.235 2000

500 75433 0.00327 0.155 3000

750 240713 0.00327 0.155 3000

1000 549 534 0.00327 0.155 3000

1500 1766 102 0.00327 0.155 3000

2000 4 081 256 0.00327 0.155 3000

2 100 1.7 1400 0.00654 0.275 1500

300 23115 0.004905 0.235 2000

500 100 578 0.00327 0.155 3000

750 320 951 0.00327 0.155 3000
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Initial slope Snow Drop height | Fracture Volume Turbulent Dry-friction | Turbulent
o) height Hsc (m) depth D (m) | (m3) drag MoT (=) drag

HS (m) k (m) RAMMS
g (ms?

1000 732712 0.00327 0.155 3000

1500 2 354 803 0.00327 0.155 3000

2000 5441 675 0.00327 0.155 3000

35 1 100 0.8 700 0.00654 0.275 1500

300 11 556 0.004905 0.235 2000

500 50 064 0.003924 0.195 2500

750 159 536 0.00327 0.155 3000

1000 368 939 0.00327 0.155 3000

1500 1172 392 0.00327 0.155 3000

2000 2719 856 0.00327 0.155 3000

1.5 100 1.2 1049 0.00654 0.275 1500

300 16 389 0.004905 0.235 2000

500 75 066 0.00327 0.155 3000

750 239 206 0.00327 0.155 3000

1000 553 183 0.00327 0.155 3000

1500 1757 873 0.00327 0.155 3000

2000 4078 124 0.00327 0.155 3000

2 100 1.6 1399 0.00654 0.275 1500

300 23111 0.004905 0.235 2000

500 100 128 0.00327 0.155 3000

750 319072 0.00327 0.155 3000

1000 737 878 0.00327 0.155 3000

1500 2344784 0.00327 0.155 3000

2000 5439713 0.00327 0.155 3000

50 1 100 0.6 674 0.00654 0.275 1500

300 11 100 0.004905 0.235 2000

500 51 362 0.003924 0.195 2500

750 162 238 0.00327 0.155 3000

1000 367 709 0.00327 0.155 3000

1500 1172 680 0.00327 0.155 3000

2000 2710621 0.00327 0.155 3000

1.5 100 1.0 1012 0.00654 0.275 1500

300 16 667 0.004905 0.235 2000

500 77 123 0.00327 0.155 3000

750 243 610 0.00327 0.155 3000

1000 549 846 0.00327 0.155 3000

1500 1760 847 0.00327 0.155 3000

2000 4082873 0.00327 0.155 3000

2 100 1.3 1349 0.00654 0.275 1500

300 22 217 0.004905 0.235 2000

500 102 805 0.00327 0.155 3000
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Initial slope Snow Drop height | Fracture Volume Turbulent Dry-friction | Turbulent
o) height Hsc (m) depth D (m) | (m3) drag MoT (=) drag
HS (m) k (m) RAMMS
g (ms?
750 324 729 0.00327 0.155 3000
1000 735992 0.00327 0.155 3000
1500 2 347 187 0.00327 0.155 3000
2000 5442 419 0.00327 0.155 3000
55 1 100 0.6 674 0.00654 0.275 1500
300 11697 0.004905 0.235 2000
500 49 840 0.003924 0.195 2500
750 160 351 0.00327 0.155 3000
1000 366 083 0.00327 0.155 3000
1500 1170 434 0.00327 0.155 3000
2000 2725712 0.00327 0.155 3000
1.5 100 0.9 1011 0.00654 0.275 1500
300 17 556 0.004905 0.235 2000
500 74 804 0.00327 0.155 3000
750 240 666 0.00327 0.155 3000
1000 549 444 0.00327 0.155 3000
1500 1756 672 0.00327 0.155 3000
2000 4 090 946 0.00327 0.155 3000
2 100 1.1 1348 0.00654 0.275 1500
300 23 414 0.004905 0.235 2000
500 99 767 0.00327 0.155 3000
750 320 981 0.00327 0.155 3000
1000 732 805 0.00327 0.155 3000
1500 2342910 0.00327 0.155 3000
2000 5456 180 0.00327 0.155 3000
4 Results

Figure 6 and Figure 7 show plots corresponding to Figure 1. The values in both cases
are taken along the center line of the track. On a first glance, the results suggest that the
models are capable to capture the runout distances reasonably well, although one could
have expected even longer runouts with respect to the model setting, see also Figure 10.
There are, however, noticeable difference between the predicted maximum velocities
and those observed, especially for avalanche drops heights larger 1000 m. This is also
very well reflected in Figure 11. But also, for smaller drop heights it seems there are
differences in the velocity profiles and that the simulations reach its maximum velocity
early on and underestimate the velocity the lower part of the track. RAMMS and MoT-
Voellmy show quite similar behaviour.

\\xfil1\prodata$\2020\00\20200017\wpO0 - project admin\delivery-result\technical-notes\20200017-04-tn_compobsmodel\20200017-04-tn_compobsmode|_final.docx



.
1 “
un E
=
- |
e =
R TR R TR R TR N O TR R TR R TR I N s
e iy H - D e 1 w iy H = D = 1 w
.
- 1 “
a un E
z =
0 s )
| =# Ed
a8y wn Tas & 1% 1 &8 TR R T o
e iy H e = 1 w iy H - = 1 w
™ b
I i
© ' ® 1 - 1
i "
W 1
1 I =
- i un - un - 1=
- L] - = ]
- L] - - 1
" A N # s =
i
L)
® e | e =
s om ne 1 a8 ¢ @8 1 s
w iy H - D 1
.
| 1
| un
=
0 -
| e
O N
w iy H = rEOE e LA
.
in
A
w iy H O E e LA
bty s My
un

T A R T T A T &5 6 BB 1 A% @ @8 3 A
e e H e e we S H O e e H P R

Figure 6 MoT-Voellmy: Maximum normalized velocity, U, = U/ . /gHSC /2, along the center line

for various drop heights, Hsc = [100, 500, 750, 1000, 1500, 2000] m (top to bottom) and snow
height, HS = [1,1.5, 2] m (left to right).
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Figure 7 RAMMS: Maximum normalized velocity, U, = U/ A /gHSC /2, along the center line for
various drop heights, Hsc = [100, 500, 750, 1000, 1500, 2000] m (top to bottom) and snow depth,

HS =[1,1.5, 2] m (left to right).
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Figure 8 MoT-Voellmy: Maximum relative flow depth hy/HS along the center line for various
drop heights, Hsc = [100, 500, 750, 1000, 1500, 2000] m (top to bottom) and snow depth, HS =
[1,1.5, 2] m (left to right).
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Figure 9 RAMMS: Maximum relative flow depth hy/HS along the center line for various drop
heights, Hsc = [100, 500, 750, 1000, 1500, 2000] m (top to bottom) and snow depth, HS = [1,1.5,
2] m (left to right).
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Figure 8 and Figure 9 show the simulated maximum flow depth scaled by the initial
fractur depth. Here, little systematic observations are available, hence a comparison with
observation is not possible. However, it can be noticed that here are considerable
differences in between the models RAMMS and MoT-Voellmy. Some of those values
seem to be influenced be the numeric.

Figure 10 gives a summary of the simulated runout angles. As mentioned the model
seem to capture the expected runout according to the observations. However, one could
have expected longer runouts considering the simulation setup that should have favoured
higher velocities and longer runout. Also, it can be noticed that there is a slight increase
in runout length with increasing slope steepness.
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Figure 10 Simulated runout marked by the a-angle and maximum velocity (color coded) on a
parabolic track with the mean slope angle, [ (varying symbol) and snow depth HS (varying
symbol outline) as parameter. Expected runout angle a versus [, according to the a-f model
a,=0.963-1.4"(Lied and Bakkehgi, 1980); gray shaded area +o. Simple size gives an
impression of the avalanche size according to EAWS volume classification. On the left: RAMIMS;
on the right MoT-Voellmy.
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Figure 11 Simulated maximum velocity, Umax, versus square root of the drop height,m with

the mean slope angle, 8 (varying symbol for comparison see Figure 10) and snow depth HS = [1,
1.5, 2] m (varying symbol outline) as parameter. The color illustrates the scaled velocity

Use = Umax/ gHse /2.
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For many practitioners an important question is the velocity at a beginning of the runout
area regarding the design of mitigation measures, such as catching- or deflection-dams.
Figure 12 shows a comparison of simulated maximum velocity at the B-point for the
mass block (MB), Mot-Voellmy (MV) and RAMMS. As earlier mentioned, Mot-
Voellmy and RAMMS behave quite similar, however there is are considerable
differences in respect to the mass block model. This suggests that the two models
underestimate the velocity, most pronounced for shallow slopes. Considering that the
velocity is a major design criterion, the deficiency is crucial.
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Figure 12 Normalized velocity U = U(xg) / J9Hsc /2 at the [-point for various [-angles and
different drop-heights.

The presented simulations reveal again some of the known deficiencies of the Voellmy-
friction law and its commonly proposed parameter set in respect to major dry mixed
avalanches.

Gauer and Issler (2004) and Sovilla (2004) emphasized the importance of mass
entrainment long the avalanche track. Gauer and Issler noted that erosion and
entrainment of mass can contribute considerably to the retardation of an avalanche. They
estimated a ratio between the contribution due to entrainment and due to frictional losses
of the order of 0.2. The effect of erosion was recently demonstrated by Gauer (2020)
using a simple mass block model. He demonstrated that the model is capable to predict
runout distances reasonably well while also reproduce the observed velocity scaling:
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where
- U is the velocity (m s™)
- Hsc is the total drop height (m)
- g is the gravitational acceleration (m s72)
- Om is the slope angle at the location of the maximum (°)
- ao is the apparent friction factor (-)
- Ke fracture toughness (kPa Jm )
- de erosion depth (m)
- Ps density of the snowpack (kg m™)

- ¢(Cm, Go) curvature factor (-)

- m(Em) scaled avalanche mass M/(Hsc w) (kg m)

w is the avalanche width (m)

- Cm scaled length, s/Hsc along the track (-)

- Om subscript m marks the location of the maximum velocity

Eq. (3) reveals the influence and importance of the erosion term p.d, /m(¢). Firstly,

this contribution to the retardation of the avalanche is not constant along the track—with
increasing mass its contribution decreases. Furthermore, high avalanche velocities and
longer runouts are favoured by a small ratio p.d,/m(c). This suggest that the relative

magnitude of the release mass m(Co) = Mo/(Hsc w) is of major importance for large size
avalanches, here is the width of the release area.

At the same time Eq. (4) gives some indications how to adapted the friction parameter
for the Voellmy-models to better reproduce the observed velocities along the track for
major dry-mixed avalanches. The simulation the mass block model suggests

a,00.3 5)

Observations of velocities and outlet distances for rare dry avalanches suggest the order
of magnitude relationship (Gauer, 2014):

gHsc =0(0.1) (6)

where & gives an average value. Comparing Eq. (3) with a PCM-type model results in
an initial estimate for the order of a:
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a5~ AL

(7

where Ma(s) is the avalanche mass at position s along the track and w is the avalanche
width. The relationship between PCM-type model and Voellmy-type model give
a, =g/&h,, where hy is the flow height. Therefore, it might be possible to a certain

degree to adapt p and £ used in RAMMS. However, whereas the &£ is more or less a

constant in RAMMS, the square dependent term due to erosion varies along the track as
the total mass varies along the track as the total mass varies. If one disregards mass loss
due to deposition and assumes a constant width w of the track, Eq. (7) can be rewritten
for a cycloidal track as

9Hsc 1

Q) o (1 5, G —Sin¢1(§))J ®
sing,
where
L _PH,_cos(p(<))
Co PHS cos(gh)
Co is a coefficient describing the length of the release area and is expected

to be in the range of 0.1 to 0.3 for major avalanches.

Small values of ¢ favor higher velocities and longer runout distances.

5 Concluding Remarks

In this note, a simple track geometry was used to test the performance of present days
avalanche models. The model tracks varied in drop height and mean steepness. The
model results were compared with expected values of the maximum velocity and runout
based on avalanche observations.

On a first glance, the results suggest that RAMMS and MoT-Voellmy are capable to
capture the statistical mean runout distances reasonably well, although one could have
expected even longer runouts with respect to the model setting. There are, however,
noticeable difference between the predicted maximum velocities and those observed,
especially for avalanche drops heights larger 1000 m. Also, for smaller drop heights, it
seems there are differences in the velocity profiles and that the simulation reaches its
maximum velocity early on and underestimate the velocity the lower part of the track.

It might be possible to adapt the model parameters to a certain degree to compensate for
the short comings, however, as long as the parameters are static and erosion is not
directly included, this is only regarded as a patch for the models.
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Here, we focused mainly on RAMMS and on MOT-Voellmy, but similar results are
expected and are known for other models using the Voellmy-rheology too, like DAN3D
(Aron et al. 2016; Conlan, et al. 2018) or SAMOS-AT (Sample and Granig, 2009).
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