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ABSTRACT. Snow forces are understood as forces originating from a very slow motion of the seasonal 
snow cover and acting on boundarie3 confining it. They depend on the total water-equivalent (a statistical 
magnitude with a certain probability of occurrence) and on mechanical characteristics of snow. The approxi
mation of considering of snow as a Newtonian liquid fits the requirements for applications best. In this 
the only mechanical characteristics to be taken into account, besides density, are shear viscosity and Poisson's 
ratio. They depend strongly on the snow structure. Generalizations are shown in which the snow cover is 
subdivided into layers having constant (Newtonian ) properties. Non-Newtonian behaviour is also mentioned. 

REsuME. Forces de la neige. Des forces de la neige - comprises comme forces qui agissent sur les bords 
de la couche saisonniere de la neige et qui sont causees par son mouvement lent - dependent d e la valeur 
en eau de la couche totale d e la neige (une valeur statistique qui se produit avec une certaine probabilite) 
et des proprietes mecaniques de la neige. Au niveau des problemes pratiques, la neige se comporte approxi
mativement comme un liquide Newtonien avec une d ensite et des proprietes mecaniques viscosite au 
cisaillement et nombre de Poisson qui dependent [ortement de la structure. Comme generalisation, le 
manteau neigeux est subdivise d'une part en strates a proprietes mecaniques constantes (Newtoniennes) et 
d'autre part les proprietes non Newtoniennes sont m entionnees. 

ZUSAMMENFASSUNG. SchneekriiJte. Schneekrafte - verstanden als Krafte aus der schleichenden Bewegung 
der Saisonschneedecke auf sie begrenzende Randflachen - hangen ab vom Wasserwert der Gesamtschnee
decke (ein statistischer Wert, behaftet mit einer Wahrscheinlichket des Auftretens) und von m echanischen 
Eigenschaften von Schnee. Fur praktische Anwendungen eignet sich vor allem eine angenaherte Betrachtung 
von Schnee als Newtonsche Flussigkeit. Als m echanische Eigenschaften treten dabei neben der Dichte 
nur die Scherzahigkeit und die Poissonsche Zahl auf, welche ihrerseits stark strukturabhangig sind. Verallge
meinerungen werden gezeigt, in denen die Schneedecke in Schichten mit konstanten (Newtonschen) 
Eigenschaften aufgeteilt wird, ferner wird auf nicht-Newtonsches Verhalten hingewiesen. 

LIST OF SYMBOLS 

A Interval between two structures on the same contour-line, measured across the 
slope, or 
Amplitude of the bed topography of the ground. 

a Characteristic of snow determining €, or 
Factor introduced by Haefeli for calculation of 7JF. 

b Half of the length I of a supporting structure measured across the slope, or 
Half of the segment over which an external stress acts on the surface of the snow 
cover. 

c Cohesion (friction, independent of normal stress and velocity), or 
Factor taking variable viscosity into account. 

D General thickness of the snow cover perpendicular to the ground. 
Df Fictitious snow thickness perpendicular to the ground. 
d' Stagnation depth perpendicular to the ground. 

JR End-effect factor for the calculation of SR'. 
g Acceleration due to gravity. 

H General vertical snow depth. 
k Yield stress. 
L Characteristic length, or 

Distance between two rows of supporting structures measured parallel to 
ground. 

I Length of a supporting structure measured across the slope. 
~l Length of application of the end-effect forces on supporting structures measured 

across the slope. 
m Viscous analogue of the cross-section number or the inverse of the viscous 

analogue of Poisson's ratio. 
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N Glide factor. 
n Relative glide velocity. 
p External normal stress acting on the surface of the snow cover. 

R' Resultant force per unit length on a supporting plane. 
r Radius in polar coordinates. 

SN' Snow force parallel to the slope per unit length on a supporting plane which is 
unconfined in its length across the slope (creep and glide force). 
Part of SN' acting on one horizontal crossbeam. 
Snow force perpendicular to the slope per unit length on a supporting plane. 
Part of SQ' acting on one horizontal crossbeam. 
Additional snow force parallel to the slope and working on the lateral edges of 
the supporting plane (end-effect force) . 

s Vertical snow load on a roof. 
Sg Snow load on the ground. 

t Temperature [in 0C]. 
U Characteristic velocity. 

u, v, w Velocity components of a particle in a system of coordinates x, y and z. 
x,y, Z Rectangular Cartesian coordinate system. 

Yb Length of the back-pressure zone parallel to the slope. 
IX Angle in polar coordinates, or 

Factor introduced by Haefeli for the calculations of 'Y]F. 

f3 Angle of roof slope, or 
Creep angle, i.e. angle between the velocity vector of a particle in the neutral 
zone without gliding and the direction parallel to the ground. 

y General density (force per unit volume) . 
Yo Characteristic density. 
Yi Density of ice, or 

Constant snow density of the ith layer within a snow cover. 
S Thickness of a shear boundary layer, or 

Angle between an external force acting on the snow surface and the snow 
surface. 

€ Angle between R' and the direction parallel to the slope. 
~ Pressure coefficient at rest. 

'Y]F Efficiency of a supporting structure in regard to snow pressure. 
Ao Wavelength of the bed topography of the ground. 
p- Shear viscosity (defined by the state of stress of simple shearing 0"2 = -0"1 

and 0"3 = 0), or 
Snow-load coefficient. 

Po Characteristic density (mass per unit volume). 
0"1' 0"2, 0"3 Principal stresses. 

o"x, O"y, o"z Normal stresses in a system of coordinates x, y and z. 
Txy, Txz, Tyz Shear stresses in a system of coordinates x, y and z respectively. 

Function used by Haefeli for the calculation of snow pressure. 
Angle of the slope. 

<l> 

if; 

DEFINITIONS 

Back pressure zone. The up-hill zone within which the state of the neutral zone is noticeably 
perturbed by a rigid wall. 

Constitutive equation. An equation establishing a relation between static (e.g. stress) and 
kinematic (e.g. rate of deformation) tensors. 
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Creep fo rce. T he pa rt of the force on a rigid obstacle o riginating from creeping. 
Creep ing. The ra tes of deformation in the continuum snow, i.e. the symmetric pa rt of the 

tensor of the velocity-vector gra dient. 
Creep number. Dimension less number governing the viscous creep, if snow is considered as a 

Newtonian fluid (product of Froude and Reynolds number). 
Critical slope angle. The slope angle where one principa l stress vanish es (changes fro m com

pressive to tensile n ormal stress) . 
Glide fo rce. T he pa rt of the force on a rigid obstacle o rig inating from gliding. 
Gliding. T he movem en t of the en tire sloping snow-p ack caused by a high gradien t of the 

velocity parallel to the ground in a compara tively small layer near the ground. T he 
process is strongly rela ted to the ground characteristics. 

Neutral zone. The state of the snow cover where a ll g radients para llel to the ground totally 
disappear (gradients of the thickness of the snow-p ack and the individual layers, of slope 
a ngle, characteristics of the materia l and of the sn ow- ground in terface conditions) . 

Pressure at rest. The (principal) stress p a rallel to the ground origina ting from the uniax ia l state 
of deformation in the neutral horizontal snow cover . 

Viscous fluid 
- Newtonian fluid. A fluid with a constitutive equa tion relating stresses a nd rates of d eforma

tion linearly. Only two constant characteristics of the material occur for a given snow type 
and tempera ture (e.g. shear viscosity and cross-section num ber). 

- quasi-Newtonian flu id. A first step in the genera lization of a Newtonia n fluid , wh ere the 
two characteristics of the materia l (e.g. shear viscosity and cross-section number ) a re no 
lo nger constant but depend on the invariants of the stress tensor. 

- non-Newtonian flu id. The most general case, where the tensor of the rates of deforma tion 
d epends on the unit tensor, the tensor and the squa re of the tensor of stresses, and on three 
associated indep endent functions each conta ining the invaria n ts of the stress tensor 
(R einer- Rivlin fluid). 

I. G ENERAL COMMENT S AND DEFINIT IONS 

Snow forces a re understood as for ces of the continuum snow acting on boundaries with 
certa in boundary conditions. In a pplied snow mech a nics two differ en t types of such forces 
are of interest. 

T he first type occur with rap idly moving snow (avala nches). H ere two characteristic 
numbers are predomina nt in governing the processes : F irst the Froude number 

gL 
(Fr ) = U2' 

a m easure of the relative importa nce of potential a nd kinetic energy. g is the accelera tion 
due to gravity, L a cha racteristic length and U a c ha racteristic velocity of the p roblem. 
Secondly the Reynolds number 

PoUL 
(Re) = -- , 

I-'-

a measure of the rela tive importance of kinetic energy a nd viscous dissipa tion. Po is a charac
teristic density and I-'- the (constan t ) coefficient of shear viscosity. 

T he second type occur with slow movements of na tura l, undisturbed snow where the kinetic 
energy is negligible compared with viscous dissipa tion. As in the case of avalanches, the 
significant acting bod y force is gravi ty with a corresp onding potentia l energy. Therefore the 
R eynolds number b ecomes very sm a ll a nd the Froude number very la rge. T he product of 
both- it could be called "Creep number" -
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governs the processes and is a measure of the relative importance of potential energy and 
viscous dissipation. Slow-moving snow is generally considered as a non-Newtonian fluid 
with Newtonian behaviour only in a confined range of low stresses. Thus Equation (3), 
involving a constant viscosity, is not generally valid. If 1'0 and j1. remain constant, from the 
required constancy of (er ) it can be concluded that U increases with the square of L and the 
stresses- as can be shown by using Newton's law of viscosity- proportional to L and independent 
of the shear viscosity. 

The present paper is confined to the second type of forces; forces associated with avalanche 
movements are generally excluded. Since applications are envisaged, the extreme values of 
the stresses are of especial interest because they have to serve as a basis for the design of 
structures. Because gravity is the only body force to consider, our forces are a function of the 
total snow depth and associated densities, that is to say of the water-equivalent of the snow 
cover. The maximum values of these quantities to be expected are mono tonically increasing 
functions of the return period (the mean time interval in years within which a certain event 
reaches or exceeds a certain magnitude). For an optimum design of structures, the require
ments of the structures have to meet the chosen return period. For our problems the most 
important functions are maximum snow depth and water-equivalent in relation to return 
period for different climatic regions. The best way to represent such data is to establish a 
distribution function for a reference sea-level and in addition an altitude dependence within 
a region. This must be done on the basis of continuous measurements and calculated with 
the methods used in the statistics of extremes. I t will not be the object of this paper to describe 
these methods; the needed quantities will be assumed to be known. 

2. SNOW COVER ON HORIZONTAL GROUND 

2. I. State of stress and deformation 

The simplest case is snow cover with uniform thickness D and a surface free of stress. One 
principal stress (and therefore as can generally be assumed also a principal strain-rate) is 
always perpendicular and the other two parallel to the ground. The boundary conditions are 
a stress-free surface and a vanishing settlement velocity on the ground. 

If constant density and Newtonian behaviour are assumed, the following well-known 
results are obtained (Fig. I). The principal stresses 0"1 , 0"2 and 0"3 become 

and 

0"1 = O"x = - ')IX, 

O"x 
0"2 = Cf3 = O"y = O"z = -- , 

m - I 

or written with the coefficient of pressure at rest' 

,= O"y = _1_. 
O"x m - I 

(5) 

(6) 

where m is the viscous analogue of the cross-section number or the inverse of the viscous 
analogue of Poisson's ratio (i.e. the ratio of the longitudinal to the lateral rate of deformation 
in the uniaxial state of stress) . 

From this the magnitude of the settlement velocity u is obtained as 

u = Uo ( I - ~22) , ( 7) 
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Fig. I. System of coordinates in the snow cover x,y, z: and associated velocities u, v, wand stresses "x, ay, az· 

where 

y(m-2) Dz 
Uo = 2/k (m- r ) -;-, (8) 

IS the value at the surface x = o. p. is the shear viscosity. For the stress at the ground 
x = D we get 

2p. (m- l ) 2 
crx = - m-2 DUo = -yD, (9) 

where Uo and D are the characteristic velocity and length respectively, the requirements of 
the creep number are fulfilled in Equations (8) and (9). * 

If stresses are acting on the surface of the snow cover, e.g. a uniform pressure p over the 
segment - b <y < b of the boundary x = 0 (Fig. 2), then the following stresses have to be 
superposed on those given by Equations (4) and (5) respectively: 

crx = _L [2/Xz-2/XI-(sin 2/Xz -sin 2/XI )] , 
27T 

( 10) 

( 1 I) 

where /XI and /xz are the angles in polar coordinates defining the position of the element under 
consideration from origins at x = 0, y = - b and x = 0, y = b respectively (Fig. 2). 

These equations are derived for the two-dimensional case and for a linear-elastic semi
infinite solid and are analogously also valid for a Newtonian fluid. The example given in 
Figure 2 shows that the principal stresses are no longer perpendicular and parallel to the 
ground and that the perturbation is distributed over an increasing area accompanied by a 
reduction of the stress peaks. 

According to an idea of Bucher ( 1948), Equation (7) can easily be generalized for an 
arbitrary snow cover which is subdivided into layers with constant density, viscosity and 
cross-section number. For a layer t1Di (Fig. 3) Xi - I ~ x < Xi and the constants of the material 
denoted by an index i, the stress is 

i - I 

crx = -ytX - L y t t1Dt, 

* An arbitrary expression containing the cross-section number could be included in the creep number since 
the cross-section number is dimensionless. However because its influence depends on the state of stress, no 
general expression can be given. 
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and the corresponding velocity 

U = 2fL~~~~I) [Yi:i
2 

(1 - :i:)+(Xi-X)i~ YiL\Di] +Uoi. 
The calculation of Equation (14) has to start with the lowermost layer where Uoi vanishes. 

For non-Newtonian behaviour Equation (14) remains valid if mean values of viscosity 
and cross-section number- corresponding to the mean stress and to the uniaxial state of 
deformation-are taken from a known constitutive equation. 
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Fig. 2. Additional stresses in a horizontal snow cover with a uniform pressure p acting on its surface. 
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Fig. 3. M ulti-layer model of the snow-pack. 

2 .2. Normal stress on the ground 

For practical purposes, the most importa nt force is the velocity-independen t normal stress 
on the ground (snow load ). It serves as a basis for the de termination of snow loads 0 11 roC!fs. 

Probably the most comprehensive investigations concerning this problem were made by 
the Nationa l R esearch Council of Canada (e.g. Alien, 1956; A lien, 1958; A li en a nd Turkstra, 
1958; Lutes, 1970; Schriever a nd others, [1 975] , etc. ). R ecently the Interna tiona l Organisation 
for Standa rdization (1974) (ISO) has ela borated a draft proposal for the snow loads on roofs, 
which seem s to be in agreem ent with the Canadian results. It is stated that first of a ll the snow 
load on ground has to be known as a function of the r e turn period, the a ltitude and the 
climatic r egion (see Section I ) . For exa mples see Germa n sta ndards (Deutsches Institut fur 
Normung, 1975) and M artinec (1977). For design, a return period of 50 years is proposed , 
but using m ore than one could be foreseen , e.g. 5 years for a n ordinary and 50 years for a n 
extraordinary load, both of course with a ppropriate permissible stresses (i.e. higher ones for 
the longer r eturn period ) . In perfectly calm weather, fa lling snow would cover roofs and the 
ground with a uniform bla nket of snow, a nd the design snow load could b e considered as a 
uniformly distributed load equal to the snow load on the ground. T his case however is ra re 
a nd is only observed in a reas that are sheltered on all sides by high trees, buildings, ete. In 
most regions snowfalls a re accompanied or followed by winds, which will r edistribute the 
snow on the roof. T he snow load on a roof s is therefore d efined as the p roduct of the (un
disturbed a nd representa tive) snow load on the ground Sg a nd a shape coefficient p.. Also 
parameters such as the roof surface ma teria l, heating of the roof, etc., can b e of importance, 
but are, due to lack of informa tion, not included in the dra ft. 

As an example of the ISO proposal, Figure 4 represents t he shape coeffi cients of a biplana r 
roof. It dem onstra tes that the accumula ted leeward drift load is larger tha n Sg. On the other 
hand the sliding effect is ta ken into accoun t for steep roofs ( f3 ~ 60°). W hen the building is 
exposed to the winds on a ll sides, the ISO proposal a llows a reduction of the snow load 
coefficients of25 % (e.g. IL l = IL2 = 0.6 for f3 = 0). I t seem s important that this wind exposi
tion must b e guaranteed a lso in fu ture and must not be a ltered by new buildings or trees. 
T wo (rare) special cases m ay be added to the ISO draft. 'F irst, the alread y m entioned possi
bili ty of snowfall without wind . Here for flat roofs, i.e. withou t sliding effect , a ll coefficients 
should be set to unity. Secondly, extrem ely wind-exposed si tes in high altitudes- e.g. a t the 
top of a m ountain- where the snow load m ay become independent of ground load a nd 
only be given by the mecha nics of the air- snow mixture, i .e. the possibili ties of snow accumula
tion in the flow pattern . Fina lly, an effect should be taken into account which is often observed 
but so far nowhere men tio ned in standards, tha t is the possibility of snow d eposits exceeding 
the ground plan of a roof, as a resul t of snow drift and creeping or creeping and gliding 
(movement a t the roof- snow interface). A t least a length of overhang of about the snow depth 
on the roof should genera lly be added to the load. In regions abundant with snow the 
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l OO~~~15° 

~o< ~ <300 

~ = 30
0 

30
0 
< ~ <60

0 

~ ~ 60
0 

wind direction 
~ 

~1 = ~ 2 = 0,8 

linear interpo-
lation with i3 
111 = 1,2 112 =0,8 

linear interpo-
1at�on with i3 

111 = ~ 2 = 0 

Fig. 4. SIlOW load Oil a hiplallar roof (accordillg to the ISO draft ). 

overhang may be much larger. In extreme cases the overhanging snow joins up with the snow 
cover on the ground and causes a great increase in the load. 

In forestry the snow load on trees is of some importance as a cause of damage. Only little 
data, especially from Japanese researchers, are available (see Wakabayashi, 1975 and therein 
mentioned literature) . In this case snow load on the ground is only of minor importance for 
tree loads, whereas the type and shape of tree, the temperature of the air and the wind 
intensity seem to dominate the problem. Reported values of loads referred to the ground
plane of a tree vary between 15 and 50 kp m - 2 • 

2.3. Stresses parallel to the ground 

From the viewpoint of applications, stresses parallel to the horizontal ground are less 
important than those described in the previous section, although sometimes the problem of 
horizontal loading of vertical walls of buildings or avalanche galleries arise. The problem is, 
however, more attractive for snow mechanics. In the following we confine consideration to a 
snow cover with uniform depth and a surface free of stress, i.e. to the pressure at rest, which 
is a basic feature of snow mechanics with close relations to the stress conditions in an inclined 
snow cover. 

Assuming Newtonian behaviour, the following methods have been used for the deter
mination of coefficient ~ of Equation (6) : 

( I) Direct measurement of the vertical and horizontal pressure, crx and cry respectively, 
under a uniaxial state of deformation. 

(2) Measurement of the cross-section number under a uniaxial state of stress and calcula
tion of ~ by Equation (6). 

(3) Measurement of the creep angle {3, i.e. the angle between the velocity vector of a snow 
particle and the direction parallel to ground in the neutral zone (vanishing gradients 
parallel to ground) of a sloping snow cover. In terms of the slope angle .p we get 
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I m - 2 
tan f3 = tanf 2(m- I) , 

which for f = 45° becomes the standard value 

and with this 

or 

m - 2 
tan f3w = ( ) , 

2 m - I 

~ = I - 2 tan f345 "' 

I - tan f345" m = 2 ----'-:::'-
I - 2 tan f34 5" . 

75 

(17) 

(4) Compression of thin sections and measurement of the longitudinal and lateral displace
ment of snow particles. Since this is obviously a two-dimensional state of deformation, 
the ratio of the longitudinal and lateral displacement obtained as to be corrected by 
the addition of unity. 

Continual assumption of Newtonian behaviour leads to the idea that the cross-section 
number depends on density and structure of snow. The influence of temperature is certainly 
less, because m is a ratio of rates of deformation where viscosity- to which temperature depen
dence is normally attributed- does not appear. We write therefore 

m(y , s) = m(y) • m(s, YoJ, (19) 
where the parameter Y means the influence of density and s that of the structure ; Yo IS a 
reference density. If m(y ) is known, the influence of structure alone becomes 

m(y o) 
m(s, Yo) = -;;;- m(s, y )' (20) 

(y ) 

when m(s , y ) is a measured value. 
Haefeli ( I 942 [a] , [b], 1966) used the third method as described above. His results are 

represented in Figure 5. He derived a density function 

Y/Yi+ O·9 
m(y ) = Y/Yi -

O
.

I
' for 180kpm- 3 < Y < 740 kp m - 3

, (21) 

0,6 

o 
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Haefeli (19661 
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Fig. 5. Haefeli's test results for the determination of tan f3. s" and the pressure cod}icient at rest. 
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with Yi being the density of ice. The scatter of the results must be attributed to the influence 
of structure. Haefeli's results are mainly valid for the domain of low densities and stresses. 

Bader and others (1951 ) used the second method. The results (Fig. 6) can be represented 
by a density function (with Y in kp m- 3) : 

1.48 
m(y ) = -- [1-(o.8o x 10- 3) y][I +(3.87 X 10- 3) y], 

IO- 3y 

and are valid for the domain of higher densities and probably (though not explicitly indicated) 
higher stresses. Again the scatter of the results must be attributed to the influence of structure. 

Y ~kP m- 31 
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Haefeli / 
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13 

Fig. 6. Measurements of the cross-section number by Bader alld others (1951). 

Comparison of Equations (21) and (22) with a compilation of results by Roch (1948) 
represented in Figure 7, gives the impression that these density functions cover the main 
domain of measured cross-section numbers, except the results of the tensile tests, which seem 
to be too high because, roughly speaking, snow under uniaxial tensile stresses does not change 
its volume (m = 2). 

When the assumption of Newtonian behaviour is abandoned, the cross-section number 
becomes additionally a function of the longitudinal stress (Ix and Equations (5) and (6) are 
no longer valid. In this case obviously only the first of the above-mentioned methods will 
furnish reliable results. Landauer (1957) first recognized that the cross-section numbers 
resulting from the second method and the use of Equation (6) generally over-estimates the real 
coefficients ~. His results using method 1 and 2 are represented in Figure 8. It seems how
ever, that his m-values for the uniaxial state of deformation are too large, probably as a 
consequence of his measuring method (friction on the side walls). More reasonable data 
from the first method were obtained by de Quervain (1966) and Klausegger (unpublished da ta), 
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Fig. 7. Compilation of cross-section numbers by Roe;' (1918). 
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who made measurements in the natural snow cover by means of electrical pressure plates 
(Fig. 8) . The data below Haefeli's function originate from low stresses in shallow snow and 
have no significance. The range of variation of m with O'x is demonstrated in Figure 8 by 
results of laboratory tests (Salm, in press) under uniaxial deformation with snow of uniform 
structure and fitted with a non-Newtonian constitutive equation. 

As an example for the fourth method, Yosida's (1963) data are plotted in Figure 8. With 
the correction recommended by the author- to add unity to the measured ratio of deforma
tion- the points are shifted into the range of both density functions. 

To conclude this section, an attempt will be made to estimate the relative importance of 
the two factors on the right-hand side of Equation (19) . To do this, the density function m(I' ) 

is assumed to be given by the average of the values given by Equations (21 ) and (22). With 
Equation (20) and a reference density of Yo = 350 kp m - 3 the structure-dependent magnitude 
of m(s. 1'0) is calculated from experimenta l m(s. 1'). Then the coefficient of pressure at rest ?: is 
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Fig. 8. Measurement of the cross-section number. Comparison of results using different testing methods. 

determined by Equation (6), which is not exactly correct because of the non-Newtonian 
behaviour. The error involved can be assessed in Figure 9, a plot of ~ versus 0''10, where the 
results of Sal m (in press) with snow of uniform structure fitted on the basis of a non-Newtonian 
constitutive equation are shown. The lower curve represents the directly measured ~. The 
dashed curve was obtained from (stress-dependent) cross-section numbers resulting from the 
uniaxial-state of stress and ~ calculated using Equation (6) . Both curves decrease with 
increasing stress and their difference is not dramatic so that Equation (6) may be used for 
applied problems. In Figure 9 available data with known density and stress intensity are 
collected, the only remaining free parameter is therefore the structure. The high scattering 
--enlarged by errors because of the measuring method (see, e.g. the remarks above on 
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Fig. 9. Influence oJ stress on the cross-section number (non-Newtonian behaviour ). 

Landauer's and de Quervain's results) and by the use of Equation (6)-demonstrates emphati
cally the dominating influence of m(s, Yo) ' Future research should be directed to a quantita
tive understanding of it. 

The conclusion is, that for a rough estimate of stresses parallel to the ground- in many 
cases sufficient for practical applications- Equation (6) together with Haefeli's function, 
Equation (21 ), and Bader 's, Equation (22) may be used for compression_ For tension the 
value m = 2 applies approximately. 

The problem of the cross-section number was treated in some detail because it is- besides 
density- the only mechanica l parameter affecting the pressure on rigid obstacles directly, as 
will be shown in the following sections. 

3. SNOW COVER ON SLOPES 

3.1. State of stress and diformation 

The simplest case is the infinite snow cover of constant thickness D, inclined with a 
constant angle if; and having a surface free of stress. The so-called " neutral zone" is defined 
by the disappearance of all gradients (including characteristics of the material and the snow
ground interface conditions) respective to the y-axis parallel to the ground (the same system 
of coordinates as in Figure 1 will be used, with the y direction positive downward). If co
incidence of the principal stresses and rates of strain is assumed, the principal directions can be 
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determined by a known velocity vector of a snow particle (creep angle (3) as proposed by 
Haefeli (Bader and others, 1939). * The boundary conditions are a stress-free surface and, 
on the ground, vanishing velocity u perpendicular to the ground and generally a non
vanishing velocity Vg parallel to it. The latter is called the " gliding velocity". 

If constant density and Newtonian behaviour are assumed, the following well-known 
results are obtained (same symbols as In Figure I). The stresses related to the system of 
coordinates become 

CIX = -yx cos !{I, 

Txy = -yx sin !{I, 

CIX 
CIy = CIz = -- , 

m-I 

Tyz = Txz = o. 

From this, the component of the velocity in the x-direction is obtained as 

where 

m- 2 DZ 
UO = Y cos !{I ( ) - , 

2fL m - I 2 

is its value at the surface x = o. 
The component in y-direction becomes 

D = Vo (1 -~Zz) + Vg, 
where Vo is its value at the surface x = 0 

I Dz 
Do = Y sin !f - - . 

fL 2 

The ratio of u and V for Vg = 0 is the tangent of the creep angle (3, already given in Equation 
( IS). It is constant over D. 

According to Haefeli ( 1942 [a]) the principal stresses can be expressed in terms of the slope 
and creep angle: 

CI 1 - yx [cos !{I + sin!f cot (45° +~)] , 

CIz = -yx [COS!{l-Sin!{ltan(45 ° +~)]' 
2 . 

CI3 = -yx- [cos !{I-sm!f tan (3] 
m 

cos !f 
- yx--. 

m - I 

* The general deduction of the creep angle by Perla (1971 , 1972) is essentially nothing else than a consequence 
of the same assumption, and therefore independent of constitutive equations. 
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Haefeli (1966) introduced a "critical slope angle" tfo, for which O"z = o. Its value is reached 
if 

tan .1. = +(_1 )! 
'1-'0 m - I ' 

for higher !f the second principal stress becomes tensile. 
If the surface is not free of stress, e.g. if a force of the magnitude R at an angle 0 to the 

surface is acting on the boundary x = 0 (Fig. 10) then the following stresses have to be 
superposed on those given by Equation (23) : 

y 

y 

y 

0" Y = (jr cosz IX, 

'T xy = (jr SIn IX cos IX, 
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Fig. 10. AdditiOIWI stresses ill all inclined snow-pack by a single force. 
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where the radial stress is 

2R 
(Jr = - (a-o). 

7Tr 

The above equations are derived for the two-dimensional case and for a linear-elastic semi
infinite solid and are analogously also valid for a Newtonian fluid. The example given in 
Figure IQ shows a rapid distribution of the perturbation over an increasing area accompanied 
by a reduction of the stress peaks. 

As with snow cover on horizontal ground, Equations (24) and (26) can be easily generalized 
for an arbitrary snow cover if this is subdivided into layers with constant density, viscosity 
and cross-section number. For a layer !!.Di (same notation as in Figure 3) Xi- I :::::;; x :::::;; Xi and 
with constants of the material denoted by an index i, the stresses are 

i - I 

(Jx = -YiX cos.p- L yt!!.Dt cos .p, 

i - I 

Txy = - ytX sin.p- L yt!!.Di sin.p, 
1 

and the corresponding velocities 

mi - 2 [YtXi2 (X2) ; - 1 ] 
u = ( ) cos.p -- 1 - - +(Xt - x) L Yi/).Di + Uoi, 

2JLt mt- I 2 Xt 2 
1 

The calculation of Equations (36) and (37) has to start with the lowermost layer where Uot is 
zero and the gliding velocity Vg must be known. 

For non-Newtonian behaviour Equations (36) and (37) remain valid if mean values of 
viscosity and cross-section number-corresponding to mean stresses and to the two-dimensional 
state of deformation- are taken from a known constitutive equation. 

No supplementary remarks have to be added for stresses on the ground in the neutral 
zone; the resultant stresses remain the same as in the horizontal snow cover and consist of 
a normal and shear stress (although the present Swiss standards (Schweizerischer Ingenieur
und Architekten-Verein, 1970) neglect the shear stress of the snow load on an inclined roof if 
"sliding off is not prevented"). 

3.2. Snow gliding 

With regard to applications, snow gliding is an important component of the motion in the 
seasonal snow cover. Several mechanisms have been proposed and it seems that in nature 
several are competing. The movement occurs when the temperature at the ground, i.e. in 
the snow-ground interface, is at or above the melting point of snow. 

The parameters influencing the magnitude of the motion can be subdivided into those 

- originating from snow (temperature, water content of the boundary layer, magnitude and 
state of stress), and 

- originating from ground, i.e. characteristics or constants of the terrain independent of the 
special weather and snow conditions in one winter (slope angle, altitude, roughness and 
water permeability of the ground, kind of surface of the material forming the ground). 

An interrelation between varying and constant parameters exists through the actual tempera
ture of the ground at the time of the first snowfall (determined by weather and ground 
elements). 
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Haefeli (Bader and others, 1939) did experimental work to investigate how the sliding 
velocity of a snow sample depends on the magnitude of shear and normal stress with different 
temperatures. As material for the ground he used a flat glass plate. He found that after a 
small displacement ( < I mm) a constant sliding velocity was obtained for each slope and load. 
The representation of his results became obscure because he attributed his observations to a 
Coulomb type of friction (stress-independent cohesion plus a term proportional to the normal 
stress) . If however his data are fitted by a relation 

where ao and a j are functions of the normal stress Ux and the temperature t, surprisingly simple 
correlations can be found. From Figure I I, the tests for which were performed with a constant 
temperature t = o°C, it follows that 

and 
ao = c = constant, } 

/Lw 
a j = 3(O'x) , 

/Lw being the viscosity of water (at t = o°C) and 3 the thickness of the shear boundary layer, 
assumed to consist of water. 3 linearly increases with the magnitude of the normal stress 
(Fig. I I ) . The conclusion can be drawn that as far as snow participates in the gliding process 
on a surface without macroscopic roughness, a stress-independent cohesion and a Newtonian 
viscosity seem to create shear stresses. 
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Fig. 1 I. Reinterpretation if Haifeli's (Bader and others, I939 ) tests on snow gliding on a flat glass plate. 
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Haefeli found furthermore a profound effect of the transition from a wet to a dry interface 
upon the frictional characteristics. By definition this is no longer gliding but a creep 
mechanism within the snow structure which can be treated by Equation (37). 

The parameters of Equations (38) and (39) should be investigated for different surfaces 
without macroscopic roughness (e.g. a smooth grass surface). In a steadily gliding snow-pack, 
shear stresses given by Equation (38) equilibrate the value of the tangential stress (Equation 
(35)) on the ground. As on Haefeli's glass plate, stresses given by Equation (38) are one order 
of magnitude smaller than the normal stresses, equilibrium is possible only with very small slope 
angles. But material with higher microscopic roughness than glass would probably exhibit 
also higher shear stresses as given by Equation (38). 

Bucher (1948) states that glide velocity is determined by snow viscosity, hence the actual 
velocity profile a lways has to become zero at the ground, maybe in a very small snow layer. 
He admitted non-zero values only in the case when the topmost layer of the ground itself is 
in motion, becoming viscous by water infiltration. This is true for creeping given by Equation 
(37), but not for gliding. 

In contradiction to Equations (38) and (39) in d er Gand and ZupanCic (1966) proposed 
a shear stress composed of dry friction (proportional to (Jx) and Newtonian viscous friction 
(proportional to Vg, with constant D). They found D = 0.8 cm, whereas the re-examination 
of Haefeli's test furnishes D ~ 10- 6 cm, which demonstrates again that this would be a creep 
mechanism. 

Brown and others (1973) discussed glide as a motion between materials with very different 
hardness. In such a case gliding is initiated by shear failure in the softer material (snow), and 
therefore is associated with the shearing capacity of snow. Healing may also happen. Thus 
a continuous process of fracture and healing- producing a steady speed-is expected. After 
a certain fracture, the shear stresses in the interface are assumed to be proportional to the 
normal stress (dry friction). 

A realistic glide model has to include the macroscopic roughnesses of the ground, i.e. 
amplitudes of the unevenness of at least several snow-grain diameters. The shear stresses of the 
weight of the snow pack are then additionally supported by these roughness obstacles. 
McClung ([1975] , unpublished) considered this important aspect of gliding. Unlike Brown 
and others (1973) he did not think that fractures actually occur-which is probably true for 
most cases, because it appears generally unlikely that the necessary critical rate of deformation 
can be reached (Salm, 1971 )-he has the idea that snow creeps around the obstacles. The 
basis of his considerations are results of investigations about the sliding of temperate glaciers 
over their beds (Nye, 1969, and others). The snow is modelled by an incompressible 
Newtonian fluid and shear stresses according to Equation (38) are neglected. A simple sine 
wave is assumed to model the ground roughness (general solutions may be obtained by a 
superposition rule) . The influence of regelation is also discussed, but found to play a very 
small role if any. From this the average shear stress becomes 

fL 
'Txy = d' Vg; 

d' is termed the " stagnation depth" (Fig. 12). It is an apparent thickness ofa boundary layer 
and can be expressed as 

1 (A)2 
d' = (27T)3 ;; Ao, 

where Ao is the wavelength and A the amplitude of the bed topography. fL means the (constant) 
viscosity of the lowermost snow layer of thickness 6.D (order of magnitude of A). An interesting 
feature of the stagnation depth is its dependence on the ratio of the wavelength and amplitude 
only, and not on the amplitude itself. This means for applications-e.g. the artificial reduction 
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Fig. 12. Definition of the stagnation depth for an arbitrary velociD' profile of the snow-pack. The ground is represented by a 
sine function. 

of gliding in areas with supporting structures-that one has to make the wavelength as short as 
possible, the amplitude being of minor importance. (Limited by structural possibilities, e.g. 
minimum dimensions of earth terraces.) 

For direct measurements of the stagnation depth, as performed by McClung (unpublished), 
two remarks have to be made. The depth is strictly speaking defined by the tangent line on 
the velocity profile of the lowermost layer as shown in Figure 12. Furthermore the tangent 
line on the displacement profile (e.g. sawdust column) may be misleading because of the 
variable gliding velocity with time as measured by, e.g . in der Gand and ZupanCic (1966) or 
McClung (unpublished). 

A superposition of the pure glide mechanism (Equations (38) and (39) ) on the creep 
mechanism (Equations (40) and (41)) yields a general glide law when in Equation (40) the 
apparent quantities 

and 

Txy ap = Txy-C, 

d' 
dap ' =----:c 

/Lw d' . 
1+--

/L S 
are introduced. McClung (unpublished) assumed Equation (42) for the effect of inter
digitation caused by the vegetation. For /L he proposed furthermore to take a stress-dependent 
viscosity. In the case of higher microscopic roughness than that of glass, /Lw probably becomes 
larger than the viscosity of water. 

In Switzerland, field-test data have resulted in an empirical classification of gliding with 
respect to slope aspect and roughness characteristics (Switzerland. Eidg. Institut fUr Schnee
und Lawinenforschung, 1968). This classification is understood as dependent on " terrain 
constants" under extreme snow conditions. Gliding is expressed with the parameter 

N = V ( I+ 3n), 

known as the "glide factor", where n is the relative glide velocity (Haefeli, 1948) 

Vg 
n = -, 

Vo 
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and becomes for a triangular creep profile 

dap' 

n=n' 
For practical applications N varies between 1.2 (aspect to north, rough terrain) and 3.2 
(aspect to south, smooth terrain). The apparent stagnation depth therefore varies between 

dap ' = (0.15-3.08) D. 
McClung's data (unpublished)" are near the minimum of this range. 

3.3. Interruption of the gliding and creeping movement by a wall 

In avalanche control by supporting structures, the structures have to be strong enough to 
withstand the snow forces due to the interruption of the glide and creep velocities. Commonly 
the problem is formulated in such a way that the state of stress and deformation in the neutral 
zone is perturbed by a rigid plane perpendicular to the ground and to the fall line and over 
the whole thickness of the snow cover. The length of this supporting plane across the slope 
may be confined (three-dimensional problem) or unconfined (two-dimensional problem). 
The stresses exerted on this plane are a function of the state of the snow cover in the neutral 
zone. In a Newtonian fluid the creep number (er) expresses the stresses being linearly 
dependent on a characteristic length, e.g. the thickness D. In the two-dimensional problem, 
forces result from an integration over D , are therefore proportional to the square of D and 
analogously in the tridimensional problem proportional to the third power of D. 

The first attempts to calculate snow forces on supporting structures were made by con
sidering a snow block lying between two barriers and with dry friction resistance on the 
ground. This model is generally unrealistic because of the linear increase of snow pressure 
with the slope distance between the two structures. Haefeli (Bader and others, 1939) recog
nized first the limitation of the zone within which additional compressive stresses are created 
and on the other hand shear stresses are reduced toward the obstacle. In view of this he 
introduced the back-pressure zone Yb 

Yb=-H [ 2f3 (1+ 3n)] !, (47) 
tan 45. 

where H = D COS- I if; is the vertical snow depth. With an approximate value of 
tan f345 . = 0.32 (corresponding to y ::::: 400 kp m - 3) the formula 

Yb ::::: -2·5H ( I+ 3n)i = - 2·5HN, (48) 
is obtained as a rough approximation (Haefeli, 1948). The back-pressure zone- the practical 
effective range of a supporting structure up the slope- is the basic concept of Haefeli's snow
force calculation. He assumed a triangular creep profile (including gliding) and also took the 
pressure at rest- the remaining force for if; = o- into consideration. 

His final formulation of the resultant snow pressure per unit length across the slope, on a 
rigid wall is (Haefeli, 1948) 

SN' = "i. H2 [ ( 1 - 2 tan f3w) cos3 if; + !.. ( 2f3 )! sin 2if; ( 1 + 3n)!] . 
2 3 tan 45 · 

The distribution of the creep pressure (second term in the square brackets) is uniform over H, 
whereas the pressure at rest (first term in the square brackets) decreases linearly to the snow 
surface. 

SN' becomes for if; = 0 the integrated value of Equation (5) . Taking again tan f345 . = 0.32, 
the approximation 

(50) 
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is obtained . For 30° ~ .p ~ 50° <D va ries only slightly around 0.95. As the pressure a t rest 
does not d epend on the gliding process, Equa tion (50) is not exactly valid . The above formula 
has proved to be in fairly good accorda nce with measurem ents and even with la test theoretical 
investigations, although some of Haefeli 's assumptions cannot be completely justified (Salm, 
1960). 

When the wall is rough, the settlem ent U is hindered because of the adhesion of snow on 
the wall, a force component parallel to the wall SQ' develops. In ana logy to Equation (15) 
H aefeli (1948) takes for the angle € between the resultant force and SN' 

SQ' a 
tanE = - = --

SN' ta n .p ' 
where a is a constant to be found by field tests. The rela tion is established for pressures without 
gliding, if however gliding occurs SQ' a pproximately does not change its va lue. This is the 
reason tha t in the Swiss guidelines (Switzerla nd. Eidg. Institut fur Schnee- und Lawinenfor 
schung, 1968) a is divided by the glide factor N, occurring in Equa tions (49) and (50) 

a 
tan € = N ./. ' tan't' 

M easurements showed a variation 0. 2 :::;::; a ~ 0.5, the lower value associa ted with dense a nd 
the hig her with loose snow. Bucher (1948) made an attempt to calcula te the snow forces by 
assuming Newtonian behaviour. T he correct constitutive equa tion furnishes the following 
relations for plane stra in (Fig. I) : 

(53) 

'OU I m- I ( cry ) 

'Ox = ;. ---;;- crx- m- 1 ' 

ov _ ~ m- I (cr _~) 
oy - fL 2m y m - I ' 

(55) 

'OU ov I 
-::;- + -::;- = - T xy · 
vy uX fL 

(56) 

For the calcula tion of SN ' Bucher took Equa tion (55) neglecting the second term in brackets, 
and Equa tion (56) disregarding the first term on the left-ha nd side. As boundary condi tions 
are assumed a stress-free surface, v = 0, on the ground (no gliding) a nd a t the wall, a nd for 
y -+ - 00 the state in the neutral zone. 

SQ' is calculated with Equation (55), the left-hand side being zero, and with Equa tio n 
(56), neglecting the second term on the left-hand side. The boundary conditions a re a 
vanishing U at the wall and on the ground, furthermore the sta te of the n eutral zone for 
y -+ - 00 . A stress-free surface is not assumed (shear stresses T yx are zero at the surface 
because of the symmetry of the stress tensor T yx = T XY) ' The above assumptions mean that 
Bucher 's result is only valid for low-density snow and tha t the distribution of SQ' near the 
surface is not correct. 

With the equilibrium equations for pla ne strain a nd the replacement of the para bolic 
function (Equations (24) and (26» for the boundary condition y -+ - co (neutral zone) by a 
sine function, Bucher gets for the velocity para llel to the slope for 0 > y > - 00 

[ {
'TT' y (m- I)!}] v = Voo I - exp + ;15 ~ , 
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('" D-X) VOO = Vooo sin ;--n ' 

I Dz 
Vooo = y sin .p - - , 

JL 2 

(58) 

the velocities in the neutral zone. Theoretically the back-pressure zone extends over an 
infinite distance. Practically, when 95 % of the undisturbed velocity is reached, the wall 
influences the snow cover over a distance of 

6 (2m)! Yb = --D -- , 
TT m - I 

(59) 

which is in good agreement with Haefeli's value of Equation (47) when no gliding is assumed. 
The normal stress for Y = 0 is 

(Jy = - TTD JL (~)~v oo, (60) 
2 m-I 

i.e. proportional to the creep velocity in the neutral zone. From this the resultant becomes 

SN' = - ! sin.p DZ (~)! (61) 
2 m - I ' 

and analogously the resultant of the stresses parallel to the wall 

y ( m-2)~ y SQ' = - - cos .p DZ ( ) = - - cos tjJ Dz (tan f345') i . 
2 2m-1 2 

Finally for the angle E a similar expression as Equation (5 I ) is obtained: 

SQ' I (m-2)! 
tan E = SN' = + tan.p -~ . 

Attempts have been made by de Quervain and Roch (de Quervain and Figilister, 1953) to 
generalize Bucher's result for gliding. For the velocity profile they assumed a sine or parabolic 
function whose zero point lies below the ground. The resultant correlation between snow 
pressure SN' and the relative glide velocity n (glide factor) does not differ very much from that 
of Haefeli (Equations (49) and (44». A criticism may apply in view of the concept of the 
stagnation depth (Section 3.2), implying a depth given by the tangent to the velocity profile 
at the ground. If this is done and the stagnation depth is known, instead of D in Bucher's 
formula, a fictitious Df 

has to be introduced (assumption of a parabolic function). 
Regarding Equation (60), a generalization of Bucher's snow-pressure formula to an 

arbitrary snow cover seems possible with an analogous procedure to that described in Section 
3. I , i.e. subdividing the snow cover into layers with constant material characteristics. Integra
tion of Equation (60) over t1Di yields with a known velocity profile (same notation as in 
Figs I and 3) 

(65) 

(66) 
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and 

For /::,.D t = D and no gliding, Equation (65) again furnishes Bucher 's result (Equation (61 )) , 
but larger by a factor of 7T j3, a consequence of integration of the p a rabolic instead of the sine 
function . 

Shoda ([1 975] ) similarly tried to generalize Haefeli's snow-pressure theory by assuming 
a multi-layered snow-pack. His complicated results however do not fit the requirements for 
practical use. 

Field observations using sawdust columns exhibit in many cases a triangular creep profile. 
Because of this fact, MeUor (1968) and McClung (unpublished ) assumed a shear viscosity 
proportional to the first invariant of the stress tensor, * i.e. quasi-Newtonian beh aviour. In 
the neutral zone the first invariant cr(I) is 

(68) 

if a constant cross-section number is assumed ("semi-quasi-Newtonian behaviour" ). With 
constant density, crx increases linearly with x, the viscosity can therefore be written as 

fL = ex, 

and the velocities in the neutral zone become 

m- 2 
U = ( ) ycos .p (D- x), 

2C m- I 

a nd in so far as gliding takes place 

y sin .p , 
v = -- (D + dap -x). 

C 

(69) 

Because of a common property of the quasi-Newtonian and the semi-quasi-Newtonia n 
fluid with the Newtonian fluid, a restriction exists for the choice of shear viscosity a nd cross
section number of quasi-linear constitutive equ ations. Let fL' a nd m' be stress-dependent 
values for uniaxia l compression and fL" and m" those for uniaxial tension. Superposing a 
principal compression stress crx = crI on a principal tension cry = cr2, we get the rates of 
d eformation : 

ou crx cry 

ox 
2fL' (I + n:') 2fL" (I + m") , 

av cry crx 
ay -

2fL" (I + ~,,) 2fL' (I + m' ) , 

ow crx cry 
oz. - 2fL' (1 + m' ) 2fL" ( I + m") . 

For simple shear crx = - cry and cr. = 0, awjoz. h as to vanish in accordance with the con
stitutive equation. Therefore the general condition 

fL' ( I + m') = fL" ( I + m"), (72) 

exists, i.e. stress d ependent functions fL and m have to become equa l for pure shear. Assump
tion (69) with constant m is in agreement with the a bove condition. 

* Which is cer ta inl y not generally valid , e.g. for pure shear the first invaria nt is zero! 
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McClung (unpublished) calculated the stresses cry on a barrier for the two-dimensional 
case by the finite-element method, assuming a viscosity proportional to the first invariant of 
the stress tensor and the glide law Equation (40) with the same stress-dependent viscosity. 
Density and cross-section number are taken constant. As boundary conditions he took a 
stress-free surface, disappearing velocity v at the barrier and not only an ideally rough 
(u = 0) but also a smooth surface ( TXY = 0) of the obstacle. The calculations up-slope were 
continued until the velocities (and stresses) returned to their neutral-zone values (Equation 
(71)), which defined the back-pressure zone. 

An application of plasticity theory to snow mechanics is described by Ziegler (1963, 
[1975]). He idealizes snow as a rigid- plastic incompressible material, which make the 
relevance of his results generally questionable, except probably for loose new snow and a 
snow cover at the melting point. The two-dimensional case of a uniformly thick and not 
gliding slab, terminated at its lower end by a rigid rough barrier is treated. The goal of the 
paper is to get an expression for the maximum spacing of barriers given by the critical state 
of the slab, i.e. when plastic flow occurs. For this state he obtains for the critical thickness 

k 
Der = - . -.1. ' (73) ysm't' 

where k is the yield stress in pure shear (von Mises yield criterion), a normal stress on the wall 

cry = - k [i cot 1 + 2 (I - ~22Y] , 
and a corresponding resultant force 

, D 
SN = -k - (cot tjJ + 7T). 

2 

(The requirement of the creep number is not fulfilled because of the different idealization 
of the material.) For the critical distance between two rows of barriers, i.e. the minimum 
where sliding can occur, Ziegler ([ 1 975]) obtains 

k cot Y+ 37T 
Ler = y 2 sin tjJ , 

which may be considered as a back-pressure zone. 
In Figure 13 an example calculated by the finite-element method for an ideal rough wall 

based on field observations (McClung, unpublished) is shown. It has been performed with a 
stress-dependent viscosity (proportional to the first invariant) but also for a constant value. 
Its difference is surprisingly small. All further possibilities presented for the calculation of the 
normal stress are also plotted in the figure. The observed data were : 

D = 3.54 m, 
d' = dap ' = 1.13 m, 

y = 546 kp m- J , 

tan f3w = 0.286. 

tjJ = 45°, 
N = 1.40, 
m = 3.33, 

Equation (74) by Ziegler furnishes the largest pressure if k- playing the most important 
part in his relations- is calculated from Equation (73) assuming that D = D er .. The second 
term in square brackets ofHaefeli's Equation (49)-the creep pressure- delivers a stress close 
to the maximum of McClung's stress distribution of variable viscosity. Bucher's pressure 
Equation (60), generalized for gliding by Equation (64), is at its maximum the same as 
Haefeli's creep pressure, but essentially smaller in the lower part of the wall. A triangular 
velocity profile in the neutral zone (Equation (71 )) was assumed for the method of the multi
layered snow-pack (Equation (65)). The resultant force is the smallest, but the pressure 
distribution seems realistic. Brown and Evans ([1975]) calculated the same example as 
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Fig. 13. Comparison of the different calculation methods for the normal stress on a rigid obstacle when the same characteristic 
of the snow cover are assumed throughout. 

-_ . -- Equation (65) 
_ .. - Ziegler, Equation (74) 
- . - Haefeli, Equation (49) 
. . ....... Bucher, Equations (60) and (64) 
~ ~ - ~ ~ - McClung (unpublished ) constant viscosity 
-- M cC lung (unpublished) variable viscosity 

given above, also making use of the finite-element method. Like McClung, they took a 
viscosity proportional to the first invariant of the stress tensor and furthermore presumed thal 
during deformation p lane sections remain plane (also within the back-pressure zone) and that 
the shear stress on the ground is proportional to the basal velocity. The resultant average 
stress is cry = 1 750.5 kp m - 2, similar to that of Bucher. The back-pressure zone, when using 
the differen t methods, becomes: 

McClung (variable viscosity) 
Haefeli (Equation (47)) 
Bucher (Equations (59) and (64)) 
Ziegler (Equation (76)) 
Equation (66) and (59) 

Brown and Evans ([1975]) 

-28.0 m 
-15.6 m 
- 14.6 m 

- 18·4 m 
- 4.8 m (topmost layer) up to 

- 14.6 m (lowest layer) 
-10.3 m 

In favour of the multi-layer model it must be said that an increase of Yb towards ground 
seems realistic. Unfortunately the "truth" of the above calculations cannot be found , because 
of the lack of snow-pressure measurements . 

At Weissfluhjoch (altitude 2680 m), Switzerland, for many years snow force measure
ments have been performed on a supporting structure (DAI) which is erected perpendicular 
to the slope and 3.2 m in height. This structure consists of three parts, a central field (4 m in 
length) for the measurement of the forces on the infinitely long barrier, and on each side of it 
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a boundary field (2 m in length) for the measurement of the end-effect forces. On each hori
zontal crossbeam the forces perpendicular (SNb') and parallel (SQb') to the supporting 
structure were measured by the deformation of springs. No or almost no gliding occurs on 
the 37" inclined slope. The measurements (Kummerli, 1958) served- besides theoretical 
investigations- as main basis for the establishment of snow forces in the Swiss guidelines for 
avalanche control in the starting zone (Switzerland. Eidg. Institut fur Schnee- und Lawinen
forschung, 1968). In Figures 14, 15 and 16 some results referring to the central field are 
given. Figure 14 shows the resultant force SN' and SQ' and some related characteristics as a 
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Fig. 14. Snow Jorce field tests at Weiss.fluhjochf Davos. Resultant snow Jorces and associated characteristics as a Junction oJ time. 

function of time. The development of SN' and SQ' is similar, however tan E decreases with 
increasing density (compare Equation (63) with Equations (21 ) or (22)) . In this context it 
has to be mentioned that the Swiss guidelines distinguish two types of loading of structures. 
The first type is based on an extreme snow depth (equal to the maximum height of the 
structure) but having only a relatively low average snow density Ya = 270 kp m - 3• The 
second type takes into consideration only a partial covering of the structure- 77 % of the 
extreme snow depth- but allows for an increased snow density Ya = 400 kp m - 3 • The same 
resultant force is assumed for this type, which leads to higher stresses. Figure 14 shows the 
maximum tan E (Equation (52)) corresponding to a = 0.5. For the determination of the 
minimum, only ranges with a snow depth of at least 77 % of the maximum of the winter in 
question were considered. From this it turned out that a never becomes smaller than 0.35 
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(de Quervain and Salm, 1963). The point of application of the resultant force always lies 
in about the half of the snow depth, but cannot however follow quick increases of D because 
of the fact that newly fallen snow causes smaller stresses. Figure 14 demonstrates generally the 
development of the forces with densification. In Figure 15 the pressure distribution exhibits 
a similar shape to that of McClung (with variable viscosity) or that of the multi-layer model in 
Figure 13. An exception occurs when the snow thickness exceeds the height of the structure 
(end-effect) . The stress distribution at the moment of the maximum resultant force of a 
winter is shown in Figure 16 for a period of 6 years. The above remarks are verified by this 
plot. 
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Fig. 16. Snow7!orce field tests at WeissjluJUochJDavos. Distribution of the snow forces at the time of maximum resultant snow 
force cif one winter. 

If the extension if the supporting plane across the slope is confined in length, end-effect forces will be 
present. These forces are due to the three-dimensional viscous flow around the supporting 
plane. This becomes evident when a Newtonian fluid is considered, where the stresses are 
proportional to the gradient of velocity (see, e.g. Equation (55)) . Towards the end of a 
barrier this gradient becomes larger than that of an infinitely long wall, because of the velocity 
component w in z-direction. At the same time the back-pressure zone decreases towards the 
end but lateral shear stresses T z y reduce the velocities in a lateral zone exceeding the length 
of the structure, creating there a compressive zone up the slope and a tensile zone down the 
slope, 

For a single structure- i.e. no interference with other structures- Haefeli (1942, 195 I) made 
a first attempt at the calculation. He introduced the efficiency YJF of a structure with regard 
to snow pressure, i,e. the ratio of the real force to that on the infinitely long plane, acting 
over the same length . On the basis of Equations (10) and (I I) for y = 0 he got 

TT I +a cos IX 

7]F = 2' IX-2 tan IX In sin IX ' 
(77) 
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where 
b 

tan Q( = - . 
Yb 

The length of the structure equals 2b, Yb is the length of the back-pressure zone and 
o ~ a ~ I a llows for the tensile zone down-slope of the structure (zero when disregarding 
this zone). 

Obviously because it was felt that Equation (77) is overestimating the efficiency, in the 
Swiss guidelines of 1955 (Switzerland. Eidg. Inspektion fur Forstwesen, Jagd und Fischerei, 
[1955]) a different and much smaller value 

was taken into consideration. Subsequent measurements and observations proved however 
the inadequacy of Equation (78), especially for gliding. 

The author (Salm, 1960, in press) assumed an incompressible Newtonian fluid to 
describe approximately the flow near the end of and outside a laterally confined structure. 
The Hele-Shaw flow (Schlichting, 195 I) 

8-

~ :: ~;Y. Z)[I -(X2/D2)], } 
W = W(y. z)[1 -(x2/D2)], 

Singl e s truct ures 

N ~ 1, 3 

o Measurem ents Weissf luhjoch ISw itze rland} OAI 
1950 - 195 5 

{::, Measurement s Weiss f luhjoch ISw it zerland} Schafi ager 
7 19 38 - 1952 

6 

5 

3 

Haefe li 119511 w i th tensile zon e 

! I - SWisS gUidelines 11968} 

/ I Haefeli 119511 without tensile zone 

5 10 
I o 

Fig. 17. Efficiency 'I F ofa structure in regard to snow pressure as afunction of the ratio of the length I of a structure and snow 
thickness D. 
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is a solution for this three-dimensional problem. V(y. z) and W(y. z) are solutions of the plane 
potential flow fulfilling the boundary conditions v = 0 for y = 0 and - b ,:;;: z ,:;;: b, and 
v = Voo (Equation (26)), W = 0 for y = - 00. Near the end of the structure the stress
assumed to be proportional to the gradient of v for y = o-becomes 

bz 

ay = - p-f(m) (bz - zz) i Voo, (80) 

where f(m) is a function of the cross-section number. The infinite stress for Z = b is assumed to 
be limited by the strength of snow. From this the end-effect force SR' (an additional force to 
SN' per unit length of the structure, operating parallel to the slope over the length !1l ) of the 
Swiss guidelines (Switzerland. Eidg. Institut fUr Schnee- und Lawinenforschung, 1968) IS 

obtained 

with the end-effect factor 

and 

D 
III = -. 

3 
(83) 

A comparison of the described methods with measurements is given in the Figures 17 and 18. 
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Fig. I8. Efficiency 'IF of a structure in regard to snow pressure as afunction of the ratio of the length I of a structure and snow 
thickness D. 
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Confined structures, arranged relatively close together in an interval A across the slope, 
cannot be treated as described above. Certainly the end-effect forces decrease with decreasing 
A. In the Swiss guidelines of 1955 it was assumed that 

A 
'YJF = 1 + -2b 

for A ~ D, 

whereas in the latest guidelines the following approximation was made. The maximum 
possible force acting in the interval A consists in the fictitious pressure SN' (rigid plane in A) 
plus a traction originating from the down-slope snow cover, limited by the tensile strength. 
Together with a presumed linear dependence of JR on N in analogy to Equation (82), this 
consideration led to 
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Fig. 19. Efficiency 1/F of a structure in regard to snow pressure as a function of the lateral interval A. Field test data from 
Dorfberg test area (Davos). 
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A 
6.l = 0.60 -. 

2 
(86) 

The quantities in Equations (85) and (86) can obviously not become larger than those of 
Equations (82) and (83). 

Measurements of the snow pressure with increasing A have been performed in the test 
area of Dorfberg/Davos, Switzerland. The results including the values of the guide-lines 
are plotted in Figure Ig. The pressures were normalized to the values on the infinitely long 
wall and to a uniform snow thickness (by the ratios of D2). At the test site the glide factor N 
varies between 1.3 and 2.4. The scatter of the results is large, the guide-lines Ig68 cover, 
however, the steepest measured increase of the forces with A. 
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DISCUSSION 

E. R . LACHAPELLE : In the case of roof loading there is a third situation where the over
hanging snow on the edge of a roof joins with the surrounding snow cover on the ground. 
This leads to the maximum roof load through settlement of the snow cover. 

B. SALM: What I mentioned is certainly a minimum. Forces exceeding it have to b e put into 
the remaining risk, which can be made smaller by assuming larger overhangs. Furthermore 
the calculation of this boundary force has to be as simple as possible. 
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D. V. REDDY: Have you carried out "flume tests" for snow drift in your Institute? 

SALM: No, we did not carry out such tests. 

D. M. MCCLUNG: Do you have field measurements to support your proposed theory which 
features two mechanisms of snow gliding? 

SALM: No, but I hope that somebody will perform them. The existence of the gliding 
mechanism associated with micro-roughness is proved by Haefeli's tests with the glass plate. 
To understand this mechanism better we need further laboratory tests with different ground 
material (e.g. a flat grass surface) . The mechanism associated with macro-roughness becomes 
evident by your considerations in "Avalanche defense mechanics" (McClung, unpublished). 

https://doi.org/10.3189/S0022143000029221 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000029221

	Vol 19 Issue 81 page 67-100 - Snow forces - Bruno Salm

