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EMPIRICAL CALCULATIONS OF SNOW-AVALANCHE
RUN-OUT DISTANCE BASED ON TOPOGRAPHIC
PARAMETERS

By K. Likp and S. BAKKEH@I
(Norges Geotekniske Institutt, P.O. Boks 40, Tédsen, Oslo 8, Norway)

AsstrAaCcT. A method for calculation of “maximum™ avalanche run-out distance based on topographic
parameters only is described. 423 well-known avalanches have had their maximum extent registered.
The average gradient of avalanche path (e-angle), measured between the highest point of rupture and
outer end of avalanche deposit is used as description of avalanche run-out. The topographic parameters
which determine « are described.

A regression analysis of 111 avalanche paths based on 8 terrain parameters is performed, applying 26
independent combinations of these parameters as variables. The four best combinations of variables are used.
These variables are: second derivative »” of avalanche slope described by a second-degree function, average
gradient of avalanche track B, total vertical displacement of the avalanche H, and gradient of rupture zone 8.

The equation

e = (6.2x 10 7—2.8 X 107'H)Y") B+ (1.9 10'H)"—2.3)°+ 1.2 X 10714
has a correlation coefficient of 0.95 and standard deviation of 2.3°. This relationship makes possible a fairly
accurate prediction of avalanche run-out distance.

Reésumt. Calculs empiriques de la distance d’arrét d’une avalanche de neige d’aprés des paramétres topographiques.
On décrit une méthode de calcul de la distance “maximum” que peut parcourir une avalanche a partir de
paramétres topographiques. 423 avalanches bien connues sont enregistrées dans leur extension maximum.
La pente moyenne du couloir d’avalanche (angle ) mesurée entre le plus haut point de rupture et I'extréme
limite du dépét est utilisée comme paramétre descriptif de I'avalanche. On décrit les paramétres topo-
graphiques qui déterminent I'angle c.

Une analyse par régression de 111 couloirs d’avalanches, basée sur 8 paramétres de terrain est conduite
en prenant pour variable 26 combinaisons indépendantes de ces paramétres. On ne sélectionne que les
quatre meilleures combinaisons de variable. Cesont: la dérivée seconde »” de la pente de I'avalanche décrite
par une fonction du second degré, la pente moyenne du couloir d’avalanche B, la dénivelée verticale totale
de I'avalanche H et la pente de la zone de rupture 6.

L’équation

a= (6,2X107'—2,8 X 1071 Hy") B+ (1,9 X 107 Hy"—2,3)°+ 1,2 X 10714
a un coefficient de corrélation de 0,95 et un écart-type de 2,3°. Cette relation permet une prévision précise
de la distance d’arrét possible de I’avalanche.

ZUSAMMENFASSUNG. Empirische Berechnung der Reichweite von Lawinen auf der Basis topographischer Parameter.
Es wird eine Methode zur Berechnung der “maximalen™ Reichweite von Lawinen beschrieben, die
ausschliesslich topographische Parameter heranzieht. Fir 423 wohlbekannte Lawinen ist die grosste
Ausdehnung verzeichnet. Die mittlere Neigung der Lawinenbahn (Winkel «), gemessen zwischen dem
Abrisspunkt und dem d&usseren Ende der Lawinenablagerung, wird zur Beschreibung der Reichweite
benutzt. Die topographischen Parameter, die ¢ bestimmen, werden beschrieben.

Mit 8 Gelindeparametern wird eine Regressionsanalyse fiir 111 Lawinenbahnen durchgefiihrt, wobei 26
unabhingige Kombinationen dieser Parameter als Variabler vorgenommen werden. Die vier besten
Kombinationen von Variablen werden angehalten, ndmlich: Zweite Ableitung »” der Lawinenneigung,
ausgedriickt durch eine Funktion zweiten Grades, mittlerer Gradient 8 der Lawinenbahn, vertikale Gesamt-
verlagerung H der Lawine, und Gradient der Abrisszone 8.

Die Gleichung

a = (6,2% 107'—2,8 x 107'Hy") B4 (1,9X 10t Hy"—2,3)°+ 1,2 X 10710
hat einen Korrelationskoeffizienten von 0,95 und eine Standardabweichung von 2,3°. Diese Beziehung
ermoglicht eine recht genaue Voraussage der Lawinenreichweite.

INTRODUCTION

The intention of this paper is to examine the typical topographic features of avalanche
terrain, and discuss whether terrain parameters only may be used for the calculation of extreme
avalanche run-out distance. Determination of the different constants in the well-known

equations (Voellmy, 1955):
165
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could then be avoided. The parameters ¢, relative terrain roughness, p, coefficient of friction,
and £, avalanche height, may vary between wide limits and consequently give different
answers for velocity » and run-out distance, s (Perla, in press, and unpublished lectures in
mechanics and hydrodynamics related to snow avalanches given in 1978—79 by B. Schieldrop).
The exact calculation of maximum run-out distance for a given avalanche is not possible by
any method. It therefore seems that a probabilistic approach to this problem may be the
right way to go, whether one uses a pure hydrodynamical model, or an empirical model based
on terrain parameters.

1. FIELD OBSERVATIONS AND DATA
1.1. Basis of avalanche registration

This study is based on a detailed registration and measurements of 850 avalanches (Lied,
unpublished [a]; Haug, unpublished; Hestnes, unpublished). The majority of these
avalanches occur in populated areas, where the local population have had knowledge of the
avalanche behaviour and run-out areas for more than a hundred years. This is essential in
such an investigation because it is impossible to base an identification of maximum run-out
on damage to vegetation or geomorphological traces like transport and accumulation of loose
deposits, as described by Bovis and Mears (1976), when the frequency of avalanches near
their maximum extent may be of the order of 1 per 100 years or lower.

The knowledge of the maximum distance reached in each avalanche path is therefore
based on interviews with the local population and the study of documents from local history,
church documents, and old police reports describing avalanche damage.

Each avalanche is plotted on a map, scale 1 : 5 000, contour interval 5m, and scale
I : 50 000, contour interval 20 m, in its known maximum extent. The track and rupture
zones are identified by air photograph interpretation and in the field.

A great number of the avalanches terminate in fjords or lakes. These are excluded from
the study since maximum extent cannot be identified, and so are avalanches that bump into
terrain obstacles like river banks and mounds in the run-out zones. Only avalanches with a
free outlet in the valley bottom, are therefore analysed here. This leaves 423 avalanches where
terrain conditions and knowledge of observed maximum extent are good enough to be used.
Finally 111 avalanches are treated by regression analysis based on data from the avalanche
paths.

1.2. Topographic paramelers used

All the avalanches studied have been known to the local population for more than a
hundred years and for many avalanches there are documents which date back to the
seventeenth century. Itis assumed that optimum snow conditions for “maximum” avalanche
reach have occurred at least once in every single avalanche track. From this point of view,
avalanche reach might be calculated using terrain parameters only.

One basic idea in this work has been that the parameters chosen should be as objective as
possible, and not be based on subjective judgement which may differ from person to person
handling the problem. ldeally, one should therefore choose parameters which can be measured
directly in the field or from maps.
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As a first attempt the following parameters were chosen :

—
—
S

Average gradient of avalanche path.

Topography of starting zone.

Inclination of starting zone.

Supply of drifting snow to starting zone.

Width of starting zone.

Degree of confinement between starting zone and track.
Average gradient of avalanche track.

Total vertical displacement.

Minimum curvature radius of path.

Terrain profile of avalanche path.
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1.3. Description of paramelers
1.3.1. Average gradient of avalanche path o

This parameter is defined as « = arctan (H/L), where H is vertical height and L is total
horizontal displacement. (Measured between the highest point of rupture and the outer end
of the avalanche deposit.) The parameter has been used by Heim (1932), Scheidegger (1973,
1975), and Kérner (1976) to estimate average coefficient of friction, f = HJL. Itisimportant
to remember here that « is actually coupled to the motion of the centre of the mass of the
avalanche (Fig. 1) (Kérner, 1976; also B. Schieldrop in the lectures referred to above).

STARTING ZONE
( Rupture )

‘

2
-._f.__f
tan of'=

Path
f = average coefficient

of friction

Center
of mass

H RUNQUT ZONE

/
T ! Outer end of
-

Center of mass

Fig. 1. Average gradient of avalanche path.

From a mechanical viewpoint centre-of-mass measurements would be the only logical
way of describing « and £, but there are some practical difficulties related to a realistic defini-
tion of centre of mass in snow avalanches in Nature. Both Heim and Scheidegger have
pointed out that « may be used as a criterion for avalanche reach, and since 1971, when the
authors of this article started registration of avalanches, « has been thosen as a main criterion
for avalanche reach. It is emphasized that these measurements are purely empirical, because
the centre-of-mass position before rupture and after avalanche descent is impossible to
measure.

On the other hand it is thought that distribution of avalanche debris related to centre of
mass in different avalanches does not vary very much, and that centre of mass before rupture
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and after run-out are relatively the same in relation to the border of the mass. On open valley
floors where run-out is not obstructed by distinct topographic formations, avalanche debris
tends to spread out in a deposit where debris height is small in relation to horizontal distribu-
tion. Snow conditions when maximum run-out occur are also thought to be identical for the
different avalanche paths, this also may give a fairly constant distribution of avalanche mass
around the centre of mass in different avalanche paths. But it is underlined that there is a
source of error here.

1.9.2. Topography in starting zone

It is known that avalanches frequently have their starting zones in different types of basins
and depressions. It is also thought that total volume of avalanche snow in the rupture zone is
dependent on the topography around the rupture, and that velocities and run-out distances
may be functions of the avalanche volume. Rupture zones were therefore divided into five
categories depending on their topography:

(1) Cirques (glacier-made basins).

(2) Shallow depressions (smaller depressions, river-made).

(3) Scars (deeply incised, narrow depressions).

(4) Flat faces (open, even surfaces).

(5) Convex slopes (slopes steepening down-hill).

Clearly there is room for subjective judgement whether the rupture zone should be classified
in one or other group because of the gradual transition from one topographic formation to
another is so common in Nature.

1.3.3. Inclination of starting zone

Frequency and magnitude of avalanches are partly dependent on rupture-zone inclination.
On gentle slopes, about 25°-30°% the frequency is relatively low, because much snow must
accumulate before rupture takes place. This again tends to create bigger avalanches than in
steep rupture areas, where smaller snow amounts more frequently start sliding.

Inclination of rupture zone was measured on maps, scale 1 : 50 000, and the distance
between two adjacent hundred-metre contour lines at the upper border of the rupture point,
were used as criterion for inclination.

1.3.4. Supply of drifting snow to rupture area
Flat-topped mountains and extensive plateaux windward of the rupture areas are known
to be terrain formations where great amounts of snow can be eroded by wind and transported
into the rupture zones. Whether such a topography creates avalanches with longer horizontal
reach than avalanches having their origin in rupture areas surrounded by sharp mountain
ridges, and where accumulation of snow occurs direct from the atmosphere, has been a matter
of speculation.
Degree of drifting snow supply was divided into two groups:
(1) Starting zones surrounded by plateau-like hills and gently-inclined slopes with good
possibilities for snow-drift supply, and
(2) Rupture zones surrounded by sharp ridges without erosion areas from whence snow
can be collected.

1.3.5. Width of starting zone

Originally, starting-zone area was meant to be used as a parameter. But the down-slope
borderline of the rupture zone proved to be difficult to define, especially for avalanches
running on unconfined slopes, and consequently the estimation of rupture area was more or
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less a matter of guessing. Maximum width of rupture was therefore used as a description of
rupture zone magnitude, as the maximum width may more easily be identified on maps and
air photographs.

1.3.6. Degree of confinement between starting zone and track

A confined track is thought to create higher avalanche velocities than unconfined slopes
(Salm, 1972; Perla and Martinelli, 1976). This effect of concentration was investigated by
classifying avalanche slopes in three groups:

(1) Unconfined.
(2) Little to medium confinement.
(3) Strongly confined.

1.3.7. Average gradient of avalanche track

Avalanche track usually is defined as the portion of the whole avalanche length which lies
between the rupture zone and the run-out zone. The lower boundary of the rupture zone
proved to be difficult to define, because many slopes gradually decrease in slope angle, and
often there are few topographic features that definitely draw the borderline between rupture
zone and track. This is also the case for the transition between track and run-out zone; for
most of the avalanches it was difficult to define the run-out starting point.

Average gradient of the avalanche track is defined as the inverse tangent of the ratio of the
vertical fall between the upper boundary of rupture and the point in the path where the
terrain gradient is 10° and the horizontal distance between the same points (B angle). The
10° point was chosen because it seems to correspond to the lowest value of the dynamic friction
coefficient u in avalanche snow (u & tan 10°) (Fig. 2).

The exact value of u is not known and is unimportant here. The main reason for choosing
10° is that at slope angles around this value, it seems likely that retardation sets in. The 10°
point was measured on maps to a scale of 1 : 5 000 with a contour interval of 2 5 m.

Rupture

Maximum

'“t 7

Y —

L
Q
Fig. 2. Average gradient of avalanche track.
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1.3.8. Total vertical displacement

Vertical displacements of avalanches were measured on maps between the uppermost
boundary of rupture, and the lowest position of avalanche debris in the run-out zone.

1.3.9. Minimum radius of curvature of path

Radius of curvature in the transition zone between track and run-out area may cause a loss
of energy and consequently is important for run-out distance as shown by Heimgartner (1977).

Minimum radius of curvature was found by a method in which the avalanche path was
described as a fourth-degree polynomial. This polynomial could be handled mathematically
and the radius of curvature found at each point. The 111 paths were plotted with vertical
and horizontal coordinates, and the curvature equation was evaluated by the method of least
squares. A regression analysis programme was used and a high correlation between real path
and estimated path was obtained.

1.3.10. Terrain profile of avalanche path

As described in Section 1.3.9, terrain profile was calculated by regression analysis,
originally by a fourth-degree function. The analysis showed, however, that a second degree
function of the type y = ax?*+b, fitted the data just as well. Such a function has the property
that its second derivative is a constant, and this constant determines the type of curve (gentle
or steep) (from the lectures of B. Schieldrop already cited). This constant was therefore
chosen as a parameter (Fig. 3).

i
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Fig. 3. Sketch of diffevent types of avalanche slopes, real and estimated.
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2, RESULTS AND DISCUSSION
2.1. Distribution of o angle

Median path gradients were measured for 423 avalanches. The scatter of «-values was,
as expected, great, due to the variation of avalanche paths. The lowest value registered is
18°, the highest about 50°. The variation in « is seen from Table I.

TaBLE I. DISTRIBUTION OF a-VALUES
RELATED TO FREUQENCY

Number
of

o avalanches Distribution
deg %
18 1 0.2

19 1 0.2 r2
20 6 1.4

21 I 0.2

22 3 0.7

23 12 2.8 >12
24 17 4.0

25 19 45

26 21 5.0
27 25 59
28 20 4.7 #24
29 12 2.8
30 25 5.9

31 33 78

32 19 4-

33 16 3.3 27
34 22 5.2

35 24 5.7

36 18 4.3

37 19 4:5

38 22 5.2 >22
39 14 33
40 20 4.7

41 14 33

42 g 2.1

43 1.4 10
44 9 2.1

45 5 1.2
>45 10 2.4 2
Total 423 100

The variation indicates a normal distribution. The mean value is 33°, standard deviation,
6.3°. About g5%, of the avalanches have a mean gradient greater than 23° and about 759%,
greater than 2%°. Avalanches with a high « are most frequent, and are the avalanches easiest
to identify. The paths with lowest «, <C¢. 25° are of greatest consequences in land-use
planning, because of their low frequency, and the long run-out distances of such avalanches.

If one assumes that dry friction p is mainly responsible for movement resistance in
avalanches running under optimum conditions for long horizontal reach, p should be constant
over the entire avalanche path. For avalanches running under such optimum run-out
conditions, ploughing resistance and entrainment should be at a minimum.

The average gradient of avalanche path H/L might then be roughly equal to p. The
lowest observed «, 18°, corresponds to p = tan 18° = 0.32.
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2.2. Average gradient of avalanche track

A first attempt to explain the variation in « angles by terrain parameters was by use of the
average gradient of avalanche track, the parameter f angle. This parameter was chosen to
give a simplified expression of the track gradient, because it is evident that « angles are in a
way connected to the general gradient of the avalanche slope. It seems likely that a gentle
slope which is steep enough to keep the avalanche moving, will give a longer horizontal reach
than a steep slope where more energy is lost in velocity-dependent resistance, like ploughing
and entrainment (Perla, [¢1980]). This last type of slope usually also has a marked transition
between mountainside and valley floor, and the normal pressure, and hence the frictional
force, increases according to 22/R where v is avalanche velocity and R radius of curvature of
the slope. The relation between « and £ was first investigated for avalanches reaching or
passing the 10° point. Usually large avalanches reach or pass this point; 759, of the registered
avalanches did so in this investigation.

The ratio f/x has been worked out for 275 avalanches which all pass the 10° point.
Maximum f/« = 1.32, minimum value, of course, = 1.0, mean 1.07. Standard
deviation = 0.062. For all avalanches, both those terminating before the 10° point is reached
and those reaching farther out, the following relation is found by regression analysis:

o« = 0.988—1.2° Standard deviation 2.44°.
Coeflicient of correlation is 0.93.

This close relation between « and B indicates that terrain profile of the entire avalanche slope
is an important parameter for calculation of run-out distance.

2.3. Topography of starting zone

The starting zone topography was investigated to see if there is any relation to the value of
o angle. Starting zones are grouped in five classes as described in Section 1.3.2.

The five groups are related to every 5° of « angle, and the results are presented in Table II.
99, of all avalanches have their starting zones in cirques, and 509, of the avalanches coming
from cirques have their « angle equal to or lower than 25°. 199%, have their origin in shallow
depressions, and 199, of these again reach « < 25°. 289, start in scars, but only 49, of the
scar avalanches reach « < 25° 309, start from flat faces, and 89, of these reach o < 25°.
No avalanches from convex slopes reach « = 25° although 149, start on such slopes. The
results indicate that an avalanche starting from a cirque will have long horizontal reach,
avalanches from shallow, open depressions too have good possibilities for long reach, and
avalanches starting on flat faces and scars may also reach « < 25°

These parameters have not been quantified for handling by regression analysis. The
subjectiveness in judgement and classification of the topographic features in the starting zone
also makes these results questionable to some degree.

TABLE II. TOPOGRAPHY IN STARTING ZONE. PERCENTAGE OF EACH GROUP RELATED TO a-ANGLE

Total % of
e 25’ 25 < a< 30° 0< @< 35° 35 < a< 40° 40 < a < 45° «> 45° Total number total
o,

(o]

Total % 12 22 27 25 12 3 100 378 100

Cirques 50 g2 10 o 4 4 100 28 9

Shallow 19 32 b 30 14 3 2 100 63 19
depressions

Scars 4 25 24 25 18 4 100 93 28

Flat faces 8 18 36 27 9 2 100 97 30

Convex o 6 17 51 19 6 100 47 14
slopes
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2.4. Degree of confinement between starting zone and track

Concentration or confinement of avalanche mass has been mentioned as a factor giving
avalanches long run-out distances. Estimation of confinement is not particularly easy without
subjective judgement. The three classes of confinement were defined in terms of the rupture
width as follows: unconfined : rupture < 2 times width of track; little to medium confinement:
rupture 3—5 times width of track; strongly confined: rupture >5 times width of track.

Confinement does seem to imply longer horizontal reach, as 239%, of class g reach « < 25°,
compared with 129, of all avalanches (Table ITT). 89, and 119, of class 2 and 1 respectively
reach « < 25°.

TasLE III. DEGREE OF CONFINEMENT, IN %, RELATED TO z-ANGLE

Total
o <25 25<a 30’ 30<ag35 < a<g 40° o< a< 45° a> 45° Total number
%
Total % 12 22 27 25 12 3 100 328
1 I 19 19 29 7 5 100 151
2 8 23 34 26 8 1 100 133
3 23 29 32 7 7 2 100 44

For class g, 619, reach 25° < a < 35° while 499, of all avalanches reach these values.
Class g then falls abruptly off as « increases to more than 35°. Class 1 and 2 seem to be more
related to the total avalanche number for all « values.

For avalanches between 35°-40° the percentage decreases markedly from class 1 to 3.
The results indicate that strongly confined avalanches usually have longer horizontal reach
than unconfined and medium confined, and that strongly confined avalanches are scarce for
o < 35° The total number of class 3§, 44 avalanches, are on the other hand too few to be
quite representative,

2.5. Supply of drifting snow to starting zone

The effect of drifting snow is presented in Table IV. Fairly equal number of avalanches,
178 and 150 respectively, have their starting zones in the two groups. For « << 30°, the results
indicate that terrain formations giving a high degree of snow-drift supply to rupture zone
have no effect on avalanche run-out, as rupture zones with both high and little snow drift
supply are equally represented in relation to all avalanches,

Obviously, this dividing into groups is also a matter of subjective judgement, and the
classification may differ from person to person. The conclusion seems to be that snow drift
supply from neighbouring terrain formations in general is not necessary in order to obtain
avalanches with low « angles. On the other hand there may be certain terrain formations

TABLE IV. SuPPLY OF DRIFTING SNOW TO STARTING ZONE, IN 9%,, RELATED TO @ ANGLE

Total
a a<< 25 25<ag 30’ o< a3 pF<a<40® o< a< 45 a> 45 Total number
0,
0
Total %, 12 22 27 25 12 3 100 328
High 12 22 33 20 11 2 100 178
snow-
drift
supply
Little- 11 21 19 29 14 6 100 150
snow=-
drift
supply
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where snow-drift is important, for instance formations where a lee effect in itself is not obvious.
Such formations are flat faces and shallow depressions. In topography like this, a supply of
drifting snow from surrounding areas may accumulate more snow than the rupture areas are
able to accumulate directly from the atmosphere alone.

In Table V the supply of drifting snow is related to starting-zone formations. For cirques,
scars, and convex slopes, the rate of snow-drift supply does not seem to be of importance.
Avalanches from shallow depressions and flat faces have a markedly higher frequency of
snow-drift supply. The explanation may be as indicated, that these formations have a lower
degree of lee effect and therefore collect less snow directly from the atmosphere. For convex
slopes the supply of drifting snow does not seem to mean anything, presumably because such
formations are without any lee effect, and snow does not accumulate here because of wind
transportation.

TaBLE V. SUPPLY OF DRIFTING SNOW RELATED TO STARTING ZONE TOPOGRAPHY

Starting zone topography

Flat
Cirque  Depression Scar  face  Convex Total
Avalanche numbers 28 63 93 97 47 328
High snow-drift supply 15 42 40 60 21 178
Low snow-drift supply 13 21 53 37 26 150

2.6. Avalanches with specially low o values

Table VI contains avalanches with specially low « values. These results scem to indicate
that starting-zone topographies formed as group 2; shallow depressions with a high degree of
snow-drift supply, are most frequent at these low values of « angle. A high degree of confine-
ment does not seem to be necessary, and starting-zone gradient also has great scatter. Great
vertical fall height is not necessary to obtain low « angles, as avalanches with vertical fall of
370 m, a fairly low value, and of 1 240 m, which is high, both reach « < 20°.

TaBLE VI. TOPOGRAPHIC FORMATIONS FOR AVALANCHES WHERE o < 20°

Starting Starting
zone Snow-drift zone Vertical
topography supply gradient Confinement Sall @

deg m deg
1 Flat face High 34 1 440 18
2 Depression High 45 3 770 19
3 Depression High 40 2 320 20
4 Depression High 29 1 1075 20
5 Depression High 27 3 970 20
6  Depression High 45 3 460 20
7 Flat face High 40 1 500 20
8  Cirque Low 40 3 1240 20

Only three groups of starting-zone topography are represented, “scars” and “‘convex
slopes”” have higher « angles. Lowest « angle for avalanche from “scar” is 24°, and from
“convex slope” 27°.

Profiles of avalanches with a < 20° are shown in Figure 4.

2.7. Regression analysis of topographic parameters

One way to solve the problem of estimating run-out distance in an empirical way, is by
regression analysis of the different topographic parameters. The parameters examined in
Section 2 are of different importance to run-out distance, and some are difficult to quantify
and evaluate objectively. On this basis the following parameters were chosen:
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Average gradient of avalanche path

(1) o
(2) Inclination of starting zone 0
(3) Average gradient of track B
(4) Total vertical displacement H
(5) Terrain profile of avalanche path described by the second derivative i
(6) Confinement:
Maximum width of rupture i
Minimum width of track Tom
Maximum width of deposit, outer end s

The parameter minimum radius of curvature of path, proved to be difficult to handle.
Minimum curvature was easily estimated by the program, but the extension of the zone in
the path where the radius of curvature influences avalanche movement is not quite clear.
This parameter is therefore not included in the analysis. The confinement of avalanche paths
was divided into three groups in Section 2.4. In the regression analysis, confinement is
described by the relation, R_ ./ T i

It is assumed that « angle can be written as a function of these parameters:

a = (0, B, H,)", Rinax> T iy D

Regression analysis was then performed to find the five best equations with 1, 2, g, and 4
variables respectively, describing the « angle. Calculations were done by an optimal, multiple-
regression analysis program in FORTRAN (Bakkehei, unpublished) by a NORD-5 computer.
The advantage of using an optimal multiple-regression program instead of a stepwise regression
program, is that the best combinations of 1, 2, 3, and 4 variables will always be found. The
independent variables are combined to make different functions, products, inversions,
trigonometric functions, etc., of the parameters. It might therefore also be possible to find
constants which could be combined with more dynamical models for run-out prediction.

max) =

2.8. Correlation of parameters

The parameter f gave, as described in Section 2.2, a high correlation with « (correlation
coeflicient R = 0.93, standard deviation of the residuals 2.44° for 275 avalanches). The
regression analysis performed for eight parameters is based on 111 avalanches, including
avalanches which, to a high degree, differ in height, avalanche mass, slope profile, etc. This

m &
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H 21240 m

1000
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H=500m
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Fig. 4. Examples of profiles of avalanches with a« < 20°.
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is done to obtain a realistic composition of avalanche types. Correlation between « and § of
these 111 avalanches gave R = 0.88, and the resulting equation, &« = 0.97—1.4°, with a
standard deviation of 3.5° gives high possibilities of variation in run-out distance.

The variable »” gave R = 0.80, and the equation « = (1.07 X 10%"+21)°. Standard
deviation, 4.4°. As a next step the product Hy" was analysed. This gave the equation,
a = (1.17x 10t Hy"+21)°. Standard deviation is 3.4° and R = 0.89. A much better
correlation is achieved when the analysis is performed with two variables. The best equation
for o is, « = 5.2 x 10718+ (6.6Hy"+8.3)°. Standard deviation is 2.8° and R = 0.93. Another
combination of the variables gave « = 7.0 X 10718 (4.8 X 103" 4-3.0)° and standard devia-
tion was 2.9°, R = o0.92. The best equation without using the parameter f is
@ = 1.7 X 107104 (1.1 X 10*1Hy"+1.5)° with standard deviation 3.1°, and R = 0.91.

In a combination of three variables the equation « = (6.7 X 107'—3.2 X 10"1Hy") B+
+ (2.1 X 10t1Hy"+9.3 X 1071)° was obtained with standard deviation 2.5°, R = 0.94. A
more interesting equation is obtained by exchanging the expression y”"Hf with the angle 6
in the rupture zone. This gives an equation with a correlation coeflicient only 0.004 smaller
than the first one. The equation is @ = 1.4 X 10710 4.7 x 10718+ (6.5H)"+3.8)° and the
standard deviation is again 2.5°.

The best equation with four predictors was found when the variable 6 was included in the
equation giving the best result with three predictors, a = (6.2 X 107'—2.8 X 107TH)") B+
4 (1.9 X 10'Hy" —2.3)°+ 1.2 X 10716, standard deviation is 2.3° and R = 0.95.

~ Other combinations of the predictors give some higher standard deviations of the residuals
with some lower correlations. The increase in the correlation coeflicient when including four
predictors instead of three is modest. With the parameters chosen it is not possible to obtain
any significant increase in the correlation coefficient when equations with more than four
predictors are used.

The analyses were performed with 26 independent variables, 8, 8, H, »", Ry T mins £ maxs
J”IH’ (H)*, )’”f(H)i: H.y”! Hﬁ! .y”ﬁ! .y”HJBS Rmax/ Tmina Tmin/Rmnx! (Rmax/Tmin)is (Tmin/Rmax) l’
HRmnx/ Tmin! HTminll Tmax’ H(Rmax/Tmin) i! H(Rmax/ Tmin)!:! H.y”Rmax/Tmin’ H.y” min/Rmax!
Hy”(Rmamemin)i! and Hy”(Tmin/Rmax)i'

The expression »”H makes the profile independent of the total vertical displacement, and
consequently all the profiles are scaled with dimensionless H. The philosophy behind this is
that an avalanche path with small vertical displacement should have about the same value
of « as one with great vertical displacement and the same shape, as mentioned in Section 2.6.
From the analysis this seems to give a good result, and the equation o = (11.7Hy"+21)° has,
as earlier mentioned, R = 0.89g.

The parameters R,/ T, and D, do not seem to improve the result, and neither do
the expressions R ./ mins T min/Rmaxs €t¢. The quotient R, [T ;. is an expression for the
confinement of the avalanche path. This result is in agreement with Section 2.4.

The best equation with four predictors is found by using the angle 8, the angle B, the
expression y”H and »”Hp. It is observed that a high @ gives a shorter run-out distance, which
is natural. The avalanche will be triggered earlier because of the steeper slope and the mass
involved will be smaller than in avalanches with a more gentle starting zone.

The parameter f itself gives a high degree of correlation, and this angle also describes the
terrain profile to some degree. The predictor Hy" is a “dimensionless’ double derivative of the
terrain profile expressed as a parabola. The predictor »"Hf is harder to explain physically.

An important question is how accurately it is possible to predict run-out distance. If one
assumes the run-out zone to be horizontal, one can express the difference AL as

BE fmeds s i e
(tana tan(a:—{—Acx))

(L is the total horizontal displacement).
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Assume H = 8oom, « = 25° and Ax = —2.3° (one standard deviation). This gives
AL ~ —195 m, which means that the avalanche reach is 195 m longer than the calculated
mean value. Using the same numbers but Az = 2.3°, one gets AL = 164 m, which implies
a 145 m shorter reach. For an avalanche with @ = 25° and H = 800 m, the slope will be in
the order of 2 000 m, and standard deviation of 2.3° represents an error of g to 109, of the
total slope of the avalanche.

To illustrate the method, an avalanche path in Valldal in western Norway, is chosen as
an example. Observations of this path go back two hundred years, and the avalanche is
observed to have a maximum run-out which gives « = 25.5°. The best parabola fitting the
slope is expressed as, » = 1.54 X 107%x2—4.8. This gives )" = 3.08 X 10+. The inclination
in the rupture zone 6 = 36.5°, B = 34°, and H = 1 260 m. The calculated equation is,

« = 0.628-+19°{H}y"—0.29{H}»"B+0.120—2.3°,
o = 21.1°47.4°—3.8°+4.4°—2.3° = 26.8°.
The difference is 1.3° and is less than the standard deviation of 2.3°.

The most important parameter is the . Hy” is also an important parameter while A"
and @ are less important. In this example the run-out zone was almost horizontal, and the
vertical height [ is easy to find. In cases with steeper run-out zones one must first assume the
most probable place for the avalanche to stop, then find the height and calculate the «. With
this « one is able to find another / and then calculate a better «. This iterative process can be
repeated until no significant change in H occurs.
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