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The temporal and spatial variation of snow pressure on structures
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Measurements of snow creep pressure on an avalanche-defence structure in western Norway are presented. Two different
types of measurement methods are described and evaluated. Pressure data from four winters are correlated with the following
measured snowpack properties: density, snow depth, snowpack temperature, and snowpack stiffness. The results show that
maximum and average pressures are strongly dependent on the product of density and snow depth as well as snowpack
stiffness. The highest pressures were observed in spring prior to melting of the snowpack.

Key words: snow pressure, snowpack parameters, slope inclination, structures.

Des mesures de pression de fluage de la neige sur une structure pare-avalanches dans ’ouest de la Norvege sont présentées.
Deux types différents de méthodes de mesure sont présentés et évalués. Les données de pression recueillies durant quatre
hivers sont mise en corrélation avec les propriétés mesurées du couvert de neige: densité, épaisseur de neige, température et
rigidité. Les résultats montrent que les pressions moyenne et maximum dépendent énormément du produit de la densité par
I’épaisseur ainsi que de Ia rigidité du couvert de neige. Les pressions maxima ont été observées au printemps, avant la fonte

du couvert de neige.

Mots clés: pression de neige, paramétres du couvert de neige, inclinaison de la pente, structures.
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Introduction

Snow creep pressures are an important consideration in the
design of structures placed on mountainsides subject to deep
snow cover. Originally, avalanche-defence supporting struc-
tures provided the motivation for the study of this problem.
More recently, structures such as ski lift towers and power line
masts have received attention. The simplest problem to analyse
is prediction of pressures exerted at the centre section of a long
supporting structure such that edge effects may be ignored. This
two-dimensional treatment has been of interest for many years
(Bader et al. 1939; Haefeli 1948; McClung 1976; Salm 1977). It
is important to understand this two-dimensional problem
thoroughly before attempting analysis of more-complex struc-
tures in which three-dimensional considerations may be re-
quired.

Measurements are described using two techniques: (1)
construction of force, shear, and moment diagrams from strains
measured in the steel beams of the structure and (2) direct
estimates using pressure cells. Both of these methods are new in
relation to snow pressure work.

Analyses of the pressure data in relation to measured
snowpack characteristics provide descriptive information on the
pressure distribution as the winter proceeds and the properties of
the snow cover change. It is believed that this analysis gives
information that will be useful in the formulation of a theoretical
model of the action of snow on structures in mountainsides.

Description of field experiments

In the fall of 1975 an avalanche-defence supporting structure
was erected on a slope with an average angle of 25° at an
elevation of 1170 m in Grasdalen, Norway. A comparatively
smooth rock surface was chosen to give a good foundation for

[Traduit par la revue]

the structure, and because it provided a region upslope with
nearly constant incline for a distance of approximately six times
the expected maximum snow depth on the mountainside.

The supporting structure itself consists of three sections, each
5m long and 3.4m high (Fig. 1). The instrumented centre
section is constructed of upright steel beams and horizontal
cross pieces of aluminium. Measurements were taken from the
centre section of the structure to eliminate the complexity due to
shear forces and boundary effects towards the ends of the
structure.

Vibrating-wire strain gauges (Geonor P-200) were mounted
in pairs every 0.55 m on both sides of the upright steel beams,
and at both ends of the support beams (Fig. 2). Results from
these gauges are sufficient to enable construction of moment
diagrams for the upright beams, and for calculation of the axial
forces in the support beams. To provide accurate estimates of
pressure it was found necessary to calibrate the beams in the
field.

All the instruments were connected through a cable to a
recording station 700 m away. This enabled the data to be read at
any time. Observations were normally taken weekly. However,
when the snow cover approached an isothermal condition, they
were taken daily and sometimes more frequently.

The other measurement method consisted of pressure cells
mounted in the centre of 0.8 X 0.8 m plates at the front of the
structure. The cells are 0.11 m in diameter and contain Geonor
P-100 vibrating-wire strain gauges. For the 1975-1976 winter
one pressure cell was located 0.8 m above the ground surface.
For later winters five pressure cells were mounted at different
heights on the structure (Fig. 1).

The pressure cells do not always produce satisfactory results.
When the snowpack is dry, the cells produce values comparable
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FiG. 1. The avalanche-defence structure.

Aluminium cross pieces /—Stecl beams

Pressure cells Vibrating-wire strain gauges

Steel supporters

strain gauges

L /—-Vibrqting-wire

F16. 2. The instrumented steel beams and supporters.
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to pressures back-calcuiated from the beam deflection data, with
a trend for the pressure cells to give higher values. Late in the
season when the smowpack is wet and strong melt takes place,
the pressure cells clearly produce erratic readings with strong
diurnal variations. The estimated pressures can approach zero
during the day and then rise to unreasonably high values at night
during periods of refreezing. Larsen (1982) provides examples
of such data. It is suggested that these results correspond with
thawing and freezing on the pressure plates. Because of the
many complications, the pressure cell data were not used in the
analysis.

Estimated pressures were related to snowpack properties by
taking snow profiles and snow depth measurements at intervals
of approximately 1 month throughout the winter. The snow
profile observations consisted of density, temperature, ram-
sonde hardness measurements through snow cover, snow
crystal type and moisture content. Average values of these
properties were obtained at the location of the structure as well
as in the area upslope within the zone in which the structure is
expected to influence the snow cover.

Glide or slip of the snow cover over the ground was estimated
by measuring the displacement of glide shoes upslope from the
structure. Periodic readings showed that there was negligible
glide at the site.

Calculation of snow pressures from strain gauge data

Since the strain gauges were mounted in pairs it was possible
to calculate moments and axial forces given the modulus of the
steel beams and support members. The moment diagrams for
the beams and axial forces for the support members then enabled
the construction of shear force and load diagrams that were
compatible with the measured strains. From this information
two pressure diagrams were determined, one for each main
upright beam of the centre section of the structure. The
pressures were determined by averaging these two diagrams.

Some sources of error influence the results: (i) eccentric
connection between the steel beams and supporters; (ii) shear
forces acting perpendicular to the ground in the snow-wall
interface; and (iii) shear forces at the top of a buried structure. In
the determination of the moment diagrams it has been possible
to correct for the eccentric connection between the steel beams
and supporters as the axial forces in the supporters were
measured. It has been more difficult to eliminate the inaccuracy
caused by the other factors.

Description of snow pressure results

The strain gauge data from the beams provide reliable results
throughout the winter whenever there is enough snow to
produce mean pressures in excess of about 5 kPa. For the early
part of the winter when the snowpack is shallow, there is
normally not sufficient loading to bend the steel beams of the
structure enough to provide reliable stress data from the strain
gauges. This effect also accounted for the loss of data from three
complete winters that were characterized by shallow snowpacks.

The analysis of the strain gauge data provides information
about the distribution of pressure as well as the average
pressure, maximum pressure, and position of the resultant force
on the structure as the winter proceeds. Figure 3 shows typical
results calculated from 1981-05-11. The average pressure, &,
maximum pressure, o, and the resultant, R, are identified. The
resultant is depicted as perpendicular to the snow-structure
interface because the load has been assumed to act normal to the
structure. In reality, the resultant will act at an acute angle to the

q | |
0 5 10 15 20 o (kPa)
PRESSURE

Fic. 3. Snow creep pressure estimated for 1981-05-11.

0.50

FiG. 4. Pressure distribution calculated from a plane-strain finite
element analysis.

snow—structure interface that depends upon snow properties
and boundary conditions.

As a hypothetical example of the way the resultant may
behave, Fig. 4 shows a pressure distribution calculated from a
plane-strain finite element analysis. The assumptions are “no
slip” on the structure—snow interface, no glide on the ground,
and a constant average density. The snow was assumed to
deform as a linear compressible Newtonian viscous fluid, with
the static fluid pressure term neglected. For the calculations for
Fig. 4 the ratio of shear to bulk viscosity was defined by
assuming a viscous analog of Poisson’s ratio equal to 0.25.
Calculations such as shown in Fig. 4 and comparison of pressure
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FiG. 5. Snow creep pressure on the supporting structure during the winter 1981.
data with continuum models are discussed by McClung ez al. TABLE 1. Snow creep pressures and snowpack parameters
(1984).

Figure 4 shows that, given the assumptions, the resultant is Date H(m) T(°C) pgH (kPa) S(kJ) o, (kPa) & (kPa)
approximately in the middle portion of the snowpack, inclined
downward at an angle of 24° from the normal to the structure.

1976

This analysis is merely illustrative because the modelling 01-21 4.1 —4.1 14.1 5.9 17 9
chosen for the snow deformation is highly simplified. 02-29 43 -4.1 14.6 5.3 19 10
Figure 5 gives an example of typical pressure distributions 03-10 43 -39 16.5 6.0 20 13
during a winter. This shows that the resultant acts near 04-14 49  -3.5 20.0 8.5 23 16
mid-depth of the snowpack when the snow depth does not  04-30  — 0 = =2 24 17
exceed the structure height. If the snow depth exceeds the struc- ~ 05-18 3.7 0 18.2 2.0 20 13

ture height the resultant acts slightly above mid-depth of the 1979

structure. As the snowpack becomes wet and dense in spring, ——=
the resultant force appears to act lower on the structure. Figure 5 0125 2.3 =55 8.3 — 8 6
also shows that significant shear forces develop at the topofthe ~ 02-20 24  -538 8.0 1.6 9 6
structure for those later cases. Larsen (1982) gives similar data ~ 03-01 2.4 = 8.7 — 10 7
for the years 1976 and 1979, 03-26 2.5 B 9.6 2.4 1 8
The location of the maximum pressure is close to the location 8::5 %g :fg gg ;g H g

of the resultant during the course of the winter, that is, about the ’ ’ ' ’

mid-depth of the snowpack, and has a value that increases with 1981

snow depth and density. The snow pressure increased through- —
out the winter and seemed to reach the highest values just before ~ 01-23 3.1 -3.4 115 2.3 9 5
the snowpack became wet (Fig. 5 and Table 1). This appeared 02-06 3.2 ~05 12.0 3.1 11 7
usually in the beginning of May when the snow depth and 8%'(1)? 3_2 = 1'3‘_0 4_2 :‘71 J
: : X e - ) — - ! 11
density also were at the maximum. The stiffness of the 0327 3.4 = 14.3 = 19 1
snowpack seeme.d to increase parallel with the snow pressure g4 7 3.4 —1.7 14.3 7.6 17 1
throughout the winter, but decreased quickly when the tempera- 04-17 3.4 i 14.4 o 19 i1
ture rose to zero. 04-27 — o = — 18 12
05-04 4.1 -0.4 17.2 4.7 20 13
05-11 35 0 16.1 4.1 18 12

Statistical analysis of snow pressure results

For the statistical analysis, three indices of snowpack 1982
properties have been defined from snow profile data. The body  (p.17 1.8 -3.8 59 1.2 7 4
force index, B, is given as pgH (in kPa) where p is depth-  03-05 2.1 -3.0 7.0 0.7 7 4
averaged snow density, g is acceleration due to gravity, and His ~ 03-25 1.7 -3.0 6.2 1.4 7 4
snow depth measured perpendicular to the snow—rock interface.  04-07 2.1 -04 7.2 0.9 8 6
The stiffness index, S, is defined as the total energy (kJ)  04-14 %% ‘é-o ;3 }; g 2

required to drive aramsonde through the snowpack. Anindexof ~ 03-09
snowpack temperature, T, was defined as the temperature (°C)
at mid-depth in the snowpack. Table 1 gives the measured

NoTe: H = snow depth measured perpendicular to ground surface; p=
average density; S = stiffness index = total energy to drive a ramsonde through

values of these indices as well as estimated values of average the snowpack; g = acceleration due to gravity; T = temperature at mid-depth in
pressure, ¢, and maximum pressure, o, for six years of data the snowpack; o, = maximum snow pressure; & = average snow pressure
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FiG. 6. Variations in snow pressure with snowpack parameters.

from 1976—1982. No values were obtained for 1977, 1978, and
1980 owing to insufficient snow depth.

Figure 6 depicts the relationship between snow pressure and
measured snowpack properties for the winter of 1981. Regres-
sion analysis has been carried out to estimate the correlation
between the snow pressures and the body force index, B, and
stiffness index, §.

It is expected that the equations in the regression analysis
which follows will change as more data become available.
However, it is felt that there are enough data in Table 1 to
illustrate the trends between snow pressure variation and
snowpack properties.

Linear regression analysis

Linear regression analysis for all of the data in Table 1 gave
the following predictive equations (where r? is the correlation
coefficient squared and SD is the standard deviation of the
residuals):

[1] om=125B—125kPa; r2=0.92; SD=1.4kPa
[2] om=1.96S+6.88kPa; r2=0.71; SD=2.8kPa
[3] &=0.77B—0.40kPa; r>=0.89; SD=1.1kPa
[4] &6=121S+463kPa; r>=0.63; SD=2.1kPa

where B is expressed in kPa and S in kJ.

This analysis shows that o, and & are nearly linear with B,
but they do not correlate as well with S. Polynomial regression
analyses were also Performed with respect to B and S including
terms as high as B* and $* without significant improvement in
the correlation coefficient or standard deviation of the residuals.

GI'|’\
(kPa)T
30 wPo
.29
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2 o
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10 _9(900/
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Fic. 7. Maximum pressure as a function of the body force index
B = pgH.

G &
(kPa)
w30 -
2
&

Pal
L&JZO 3:0.77B'ﬂ
o O e
w —

e

S e
b o e = o
[
<o | _

.
5 10 15 20 P gH (kPa)

BODY FORCE INDEX, B

Fic. 8. Average pressure as a function of the body force index B.

Power law regression analysis
Power law regression analysis gave the following relation-
ships:

[5] om =0.98B1% kPa; r?=0.83 SD=1.1kPa
[6] on=7.695%"kPa; r*=0.78; SD=1.2kPa
[7] & =0.65B°%kPa; r>=0.85; SD=1.2kPa
(8] & =5.045°%kPa; r*=0.67;, SD=13kPa

These equations show that power law regression analysis
does not provide a better prediction than the linear analysis for
B, but there is an improvement with respect to S, and it can be
concluded that pressures are approximately proportional to Vs.

In regard to both average pressure and maximum pressure it
was found by a multiple regression analysis that T in linear
combination with B, S, or VS singly or together did not
improve the correlation for either the linear or the power law
regression analysis.

Figures 7-10 depict the data from Table 1 along with the best
single-variable predictive equations from the regression an-
alyses ([1], [3], [6}, and [8]).

Motivated by the similarity of the dependence of o, and & on
VS, a multiple regression analysis was performed for o,,, and &
as functions of VS and B. This analysis gave the following

equation:
[9] om= 1.00B + 1.72VS — 1.45 Kpa;
r’=0.95  SD=1.2kPa

which indicates that addition of V'S as a variable improves the
prediction of o,,. A similar analysis with respect to & did not,
however, result in a better equation for &.

There appears to be a correlation between body force index,
B, and the stiffness index, S. The power law regression analysis
gave the expression

r? =0.73; SD =14k}

[10] S = 0.044BkJ;
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FIG. 9. Maximum pressure as a function of the stiffness index S.
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Fi6. 10. Average pressure as a function of the stiffness index S.

The correlation coefficient for linear regression of In S with
respect to T was —0.12. Combining T with B did not improve
the correlation.

Conclusions

Conclusions from the experiments and analysis presented are
as follows:

(1) Of the two experimental methods used to determine snow
pressure, the one in which load diagrams are constructed from
the values of strain measured in the beams of the structure is
preferred. It gives an accurate estimate of the average pressure
and pressure distribution with depth.

(2) Analysis of the data shows that the resultant force on the
structure acts near the mid-depth of the snowpack when the
snow depth is less than or equal to the height of the structure. If
the snow depth exceeds the structure height, the resultant force
acts above the mid-height.

(3) Regression analysis of the data shows that the average
pressure, &, and the maximum pressure, o,,,, can be approxi-
mated by linear functions of body force index, B (= pgH),
and square root of stiffness index, V'S (S = total energy to drive
aramsonde through the snowpack). Power law regression of the
snowpack data alone showed that § a B with r*> = 0.73 (r =
correlation coefficient). The data show little or no dependence
of 6y and & on T (temperature in mid-height of the snowpack).

(4) The maximum values of average pressure and maximum
pressure normally occurred in late spring (around the first of
May) at the observation site. This is at the time when B is a

maximum. Since the maximum value in the pressure distribu-
tion also appears to be affected by the snowpack stiffness, it is
possible that highest pressures could be expected when B is
highest and before the stiffness is decreased by warming
temperatures and melting of the snowpack.

Discussion

Determining pressure diagrams from measurements of strains
in the steel beams of the structure is laborious and does not
provide a unique picture of the pressure distribution. The
advantage of the method is that it provides an accurate
measurement of the average pressure under any snowpack water
content condition and a fairly reliable descriptive picture of
variations in snow pressure with time and snowpack properties.

The proposed dependence of snow pressure on the snowpack
indices should be applied with caution. It is expected that the
equations might well change as more data become available. In
addition, these results may be highly dependent on the nature of
the snowpack. The snowpack at the observation site is deep and
normally remains cold throughout the winter. This is considered
to be typical of the high alpine zones of a maritime snow
climate. Experience shows that cold, thin snowpacks in
continental snow climates are not nearly as stiff as the one
studied here, and snow pressure characteristics may differ
considerably.
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