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ABSTRACT. A computer code is reported that models two-dimensional flow of a snow-avalanche cross
section over a down-slope structure of arbitrary cross-sectional shape. Impact forces and pressure are 
predicted, and the flow pattern past the structure may be arrayed pictorially. The model is applied to the 
prediction of forces on rectangular obstacles which are of fractional height to the Lominal avalanche flow 
depth for avalanche flow speeds up to 20 m/so The program is applied to modeling a n experiment by Salm 
of impact of snow blocks upon a slope-normal wall in order to demonstrate the accuracy of the code in com
parison to impact-force histories measured by Salm. Difference between the experimental results and the 
computer simulation is less than 2 I %, and supporting discussion is given on factors that m ay account for the 
difference. 

R EsUME. Forces s'exerfant sur une structure heurtee et entourie par des avalanches. On presente un programme d e 
calculateur qui simule l'ecoulement bi-dimensionnel d'une section en travers d'une avalanche de neige sur 
un obstacle a I'aval de section variable. On prevoit les forces et les pressions a l'impact, e t I'on peut rep re
sent er visuellement par des fleches le comportement d e I'ecoulement a u passage de l'obstacle. On applique 
le modele a la prevision des forces sur des structures rectangulaires dont les hauteurs sont d es fractions de la 
hauteur tota le de I'avala nche pour des vitesses d 'avalanches allant jusqu 'a 20 m/so On a pplique le programme 
a la modelisation d'une experience menee par Salm du choc de blocs de neige sur un mur p erpendiculaire a 
la pente en vue de demontrer la precision du programme en compa ra ison avec les forces d'impact reellement 
mesurees par Salm. La difference entre les resultats expel'imentaux et la simulation par l'ol'dinateur est 
inferieure a 2 I % avec des discussions possibles sur les facteul's qui peuvent expliquel' la difference. 

ZUSAMMENFASSUNG. Kraftwirkungen aui Bauwerke, die von Law;~en angefahren und einiJehilllt werden. Es wil'd 
libel' ein Rechenpl'ogl'amm bel'ichtet, das den zweidimensionalen Fluss eines Lawinenquerschnitts liber ein 
hangabwarts liegendes Bauwerk mit beliebiger Quersch nittsfol'm modell iert. Die Kl'afte und d el' Dl'uck des 
Aufpl'alls werden bel'echnet; d as Fliessmustel' hinter dem Bauwel'k ka nn bildmassig dal'gestellt wel'den. Das 
Modell wil'd zur Bel'echnung der Krafte auf l'echteckige Hindernisse vel'wendet, del'en Hbhe einen Bruchteil 
der nominellen Lawinenhbhe betl'agt; die Fliessgeschwindigkeit kann bis zu 20 m /s betragen. Eine 
Anwendung gilt del' Simulation eines Vel'suches von Sal m libel' den Aufpra ll von Schneeblbcken auf eine 
ha ngparallele Mauel'; sie ermbglicht eine Beurteilung del' Genauigkeit des Progl'amms durch Vel'gleich mit 
dem von Salm gemessenen Verlauf del' Aufpra llkl'afte. Der Unterschied zwischen d en Versuchs- und 
R echenergebnissen liegt untel' 2 I %. Die Faktol'en, von denen diese Differenz herrlihren kann, werden 
diskutiert. 

INTRODUCTION 

A methodology for the prediction of forces and pressures on structures subj ected to snow
avalanche impact is developed in this paper. The case of initial impact, in w hich the shape 
of the leading edge of the avalanche controls the nature of the face build-up on a structure, 
has been developed by Lang and Brown (1980). The case considered here is that of ini tial 
impact, followed by overflow of the structure as the transient flow envelops the structure. 
The computer code developed to carry out this analysis is versatile so far as the specific 
geometry of a structure that can be represented is concerned. The two-dimensional flow 
profile can be multi-surfaced as when overflow occurs or when particles of snow impact and 
splash. Direct application of the program to the analysis of impact upon abutments, avalanche 
sheds, avalanche defense structures, and related structures is straightforward, requiring only 
some knowledge of programming with the Fortran computer la nguage. 

52 9 

https://doi.org/10.3189/S0022143000014507 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000014507


530 

F'inite _ 
dif f erence 
grid 

1nlua1 
avalanche 
leading 
edge 

RigId 

lO"'er 
boundary 

JOURNAL OF GLACIOLOGY 

Suhsequent 
leading edge as 
flow proceeds 

fnrces on 
obstaCle 
after- impact 

Impact 
obstacle 

Fig. I. Physical description, of avalanche and impact obstacle. 

DESCRIPTION OF PROBLEM 

The requirements for the equilibrium flow of snow on a slope have previously been 
described by Lang and others (1979). For given surface-friction and kinematic-viscosity 
coefficients, snow flow will be uniform at a nominal velocity Uo only at a specific slope angle 4> 
(Fig. I). For example, to have a nominal flow velocity of Uo = 20 m/s, with surface friction 
set atf = 0.5 and viscosity at JJ = 0.5 m 2 /s, then c/> must equal 30°. An initial sloping, straight
edged snow mass based upon this set of parameters will transform into the dashed-line 
shape shown in Figure I after one cycle of calculations using the computer code developed 
for the present analysis. This leading edge will change continuously as the finite-difference 
Navier-Stokes equations are applied together with the imposed conservation of mass and 
momentum to predict the advancement of the" flow of this viscous, incompressible fluid. In 
the present study, details of the shape of the leading edge of the avalanche are not important, 
unlike the case considered by Lang and Brown (1980), since the primary concern is for the 
average forces that develop as the" flow overflows and envelops the structure. A typical flow 
sequence is that shown in Figure 2 which is the actual computer printout for an avalanche 
one meter deep impacting a 0.6 m high obstacle at a nominal impact speed of 15 m /so The 
time variations of the total slope-parallel and slope-normal forces on the obstacle are shown 
in Figure 3. The transient-force response occurs over the initial 0.3 s of impact, then settles 
to a slowly decaying value as the avalanche overflows the obstacle. 

The magnitude of the transient response depends primarily upon the shape of the avalanche 
leading edge and is not considered further in this paper. Instead, we consider the secondary 
force response which is slowly decaying, and its variation as the obstacle height is varied 
relative to avalanche flow depth . The secondary force is computed as the average force after 
the initial transient and for up to 100 ms after the impact. During this interval of time the 
flow does not become steady, so that the secondary forces are larger than steady flow values. 

The primary parameters influencing force on the obstacle are flow speed, snow density, 
and height of the obstacle relative to the avalanche flow depth. Surface friction and kinematic 
viscosity affect principally the speed and wave-front profile of the incident avalanche, for 
which data are insufficient to draw any effective conclusions as to parameter values. Fluid 
compressibility, excluded in the present investigation, would, if included, tend to lower impact 
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Fig. 2. Computer output of avalanche impact (lines addedfor emphasis) . Cell designations are : 2 = full cell, 3 = surface cell, 
</ = empty cell, and 5 = obstacle cell. 
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b (upper right ). Early impact (t = O. OOI s ). 
c (lower left ). Early overflow (t = 0.036 s ). 
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Fig. 3. N ormal- and shear-force variation with time for impact of a [.0 m-deep avalanche against a 0.6 m-high slope-normal 
obstacle at a nominal flow velocity of I5 m/so 
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Fig. 4. Secondary normal- and shear:force variation with avalanche velociry for different obstacle heights relative to avalanche flow 
depth. 

pressures (except in the case of wave reflection and reinforcement in a specific structural 
design) . Fluid compressibility is considered to be a secondary factor in the light of current 
comparisons with experimental data discussed in the following section. 

ANALYTICAL RESULTS 

Average values of the secondary normal and shear forces are plotted against R, the ratio of 
obstacle height to avalanche depth, for impact velocities of 10, 15, and 20 m /s in Figure 4. 
If straight-line approximations are selected to represent the three variations, then the corres
ponding equations for normal force are: 

and for shear force 

Fn = p( IBoR-20) 
Fn = P(355R-45) 
Fn = p(605R-Bo) 

Fs = p( 53R-16) 
Fs = p( 93R-2B) 
Fs = P(133R-40) 

for v = IQ m/s, } 
for v = 15 m /s, 1.0 ~ R ~ 0 . 2 

for v = 20 m/s, 

for v = 10 m/s, } 
for v = 15 m /s, 1.0 ~ R ~ 004-

for v = 20 m /s, 

In these equations, p is the density of the impacting snow. These equations can be further 
consolidated by incorporating the velocity dependence as follows: 

(
16R ) Fn = 0.2 pV2 ---I , 
VO· 25 

Fa = 2.75pV I •3(R-o.3), 

0.2 ~ R ~ 1.0, 

in these equations force is measured in newtons if density is in kg/m3• 

DISCUSSION OF RESULTS 

The computer code adapted in the present analysis has been verified as representing fluid 
flow for a number of different fluid configurations by Amsden and Harlow ( 1970). The results 
reported above are stable with respect to convergence based upon grid size. The grid size 
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used in all the above calculations was 0.1 m (Fig. I), and near-identical results were obtained 
for a grid dimension of 0.5 m. Accuracy of the reported results relative to the assumed model 
for snow is currently being investigated. Model tests are presently in progress to verify both 
the fluid description for snow, and its impact characteristics with rigid structures. 

One experimental investigation has been reported in sufficient detail that a comparison 
can be made with the computer formulation. The experimental results are those of Salm 
(1964), in which rectangular blocks of high-density snow (p = 530 kg/m3) were impacted 
against a slope-normal wall at a speed of 12 m/so Test number 3/6 1 of Salm's reported 
experiments can be compared to our computer simulation of the same problem. This test of 
Salm's is the only one of six reported in which the impacting block remained intact during the 
test. The two response curves for slope-parallel average normal stress per unit density are 
shown in Figure 5. Initial transient response for the two cases is different, as expected, since 
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Fig. 5. Computed normal stress compared to experimentally measured values. Block impact velocity = 12 m/so 

the computer simulation is for impact against a rigid wall, whereas the experimental impact, 
according to Salm, is against an elastic obstacle. Secondary stresses for the two cases are, 
however, comparable, with an estimated experimental value of 165 m2/s2 and a computer 
value of 200 m 2/s2, a difference of 21 % . This error is in the correct direction since, from a 
physical point of view, Salm's experimental results should show a reduced stress because the 
frontal cross-section of2.5 X 0.95 m2 spreads radially at impact, whereas in the computer model 
it can only spread upward. The 21 % difference must include effects of the difference in elasticity 
of the two impact structures, difference in the lateral-spreading patterns for the two cases, and 
difference in shape of the leading edges in addition to fluid compressibility effects, although an 
explicit knowledge of the relative strengths of these effects is not known. 

In summary, the computer code, as currently formulated , can be used in evaluation of 
structures and structural systems. Although the code is a two-dimensional formulation, the 
indication is that results may be extended to three-dimensional cases in which flow around the 
ends of the structure is not a large fraction of the flow distribution. 
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APPENDIX 

COMPUTER CODE DESCRIPTION 

The computer code modified for the study of avalanche flow was originally reported by Amsden and Harlow 
(1970) and designated the SMAC code (an acronym for Simplified Marker-And-Cell approach to fluid-flow 
representation). Modifications made to the code to facilitate impact analysis include: 

I. A cell-pressure and force-on-obstacle calculation section. 
2. Iteration over only the filled part of the flow grid, and automatic time incrementation. 
3. The insertion of a slip-flow boundary condition. 
4. On-line printout of flow profile (Fig. 2) in place of alternate printout options that were incorporated in 

SMAC. 
5. Removal of tape dump and restart instructions in SMAC. 
6. Removal of other miscellaneous instructions not needed for the specific problem of two-dimensional 

avalanche impact. 

A listing of the modified code, written in FORTRAN IV, together with instructions on use of the code may be 
obtained by writing to the Rocky Mountain Forest and Range Experiment Station, Fort Collins, Colorado 80521, 
U.S.A., to the attention of Dr M. Martinelli, Jr. 
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