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ABSTRACT: Predicting snow pressure forces exerted by the snow cover on structures on sloping terrain
remains a challenging task. Especially with the increasing interest in alpine solar parks with little financial
margin for safety, the demand for monitoring systems as well as accurate prediction models for snow pres-
sure acting on slender supports is higher than ever before. This paper presents an experimental setup for
measuring the reaction forces of the snow cover on various support and pressure bars of an snow supporting
structure made of steel using strain gauges. In combination with the material properties and the entire static
system of the structure, we can back calculate the pressure exerted by the snow cover. In order to interpret
the measured forces correctly, additional field campaigns in winter are important to determine the local snow
distribution, the snow temperature and the density of the snow cover. We extensively address challenges
encountered during the measurement campaign, including eliminating temperature-induced strain, amplifying
the signal in low strain ranges, handling combined bending and restraint stresses, and protecting sensors
and cables against settlement and creep forces. Having overcome these challenges, the key advantages
of using strain gauges are that the system is cost effective and non-invasive and therefore allows rapid in-
stallation on a large number of sections of interest. We discuss results obtained from the first winter of the
campaign (2023/2024). The high measurement frequency of one measurement every five minutes provides
an insight into the daily cycle of the forces. Most notably, on warm spring days with cold nights, we observed
a continuous increase in forces starting at sunset, peaking at sunrise, followed by a rapid decline thereafter.
The measurement data can be used to calibrate newly developed viscoelastic 3D snow creep models with
various constitutive laws for the prediction of creep and glide forces on supporting structures. These models
as well as the presented experimental setup show great potential to further optimise the design of supporting
structures and installations of alpine solar parks.
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1. INTRODUCTION

Snow-supporting structures are one of the most im-
portant and commonly used active measures for
avalanche control (Margreth et al., 2014). They help
mitigate avalanche hazards by decreasing both the
likelihood and the potential size of avalanches. Dur-
ing the avalanche winter of 1999, these measures
proved highly effective; one assessment estimated
that snow-supporting structures in Switzerland suc-
cessfully prevented 300 destructive avalanches
(SLF, 2000).
While research in the past years mainly focused on
new numeric models (see Podolskiy et al. (2013)),
practitioners and guidelines (Margreth, 2007) still
rely on simple analytical models (e.g., Bader et al.
(1939), Haefeli (1939), Salm (1977)) when it comes
to the static design of supporting structures. The
main reason for this is that analytical solutions are
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more intuitive than numerical solutions for under-
standing the dependencies of snow pressure on
easy-to-measure input parameters such as slope
inclination, snow depth and snow density (Fellin,
2013).

In addition, the availability of measurement data is
still scarce. Hiller and Bader (1990) measured the
snow pressure on supporting structures at six loca-
tions in Switzerland over a period of 20 years using
a load measuring device mounted on the girder of
the instrumented steel bridge. Larsen et al. (1985)
instrumented masts over a period of 25 years us-
ing vibrating wires as strain gauges. This paper
presents an experimental setup to measure snow
pressure on steel structures using low-cost Wheat-
stone bridges in combination with the static system
of the structure. The first winter of the measurement
campaign (2023/2024) showed some promising re-
sults, but also some questionable force values. The
causes of these drawbacks are discussed in this pa-
per and countermeasures are already being taken
to improve the system for the next winter of the cam-
paign.
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Figure 1: Experimental setup of the supporting structure: a) schematic overview of one field of the supporting structure with all measure-
ment points as well as cable connections. b) Measurement points of the northernmost four fields on support and pressure bars. c) Strain
gauge with two measuring grids for temperature correction. d) Box with data logger, main board, battery and router. Solar panel with
antenna for real-time data transmission.

2. INSTRUMENTAL SETUP

The instrumented supporting structure ”Seetälli”
(46.853567◦ N; 9.816216◦ E) is located in the Davos
Parsenn ski area in Switzerland at an altitude of
2403 m.a.s.l. It is the lower of two rows, which
are approximately 25 m apart. The slope is 30-35◦

steep and faces east. The row consists of 6 main
structures with support bars, upper and lower foun-
dations, girders with horizontal crossbeams and a
pressure bar connecting the upper and lower foun-
dations (see Figure 1a). The 6 main structures are
connected with 5 intermediate structures. The row
has a net height of 3.5 m, defined as the average
distance of the upper edge of the supporting sur-
face from the ground normal to the line of slope.
The site was chosen because of its good accessi-
bility, the high snow depths in recent winters, which
are mainly due to heavy accumulation of drift snow,
and most importantly because of the high snow
pressure forces measured in previous measurement
campaigns (Hiller and Bader, 1990).
A total of six measuring points were chosen at
various support and pressure bars of the support-
ing structure. Each measuring point consists of
a strain gauge (HBK 1XY11-3/350), a temperature
sensor (PT1000) and an amplifier (FGCDMSv2), all
of which are protected from moisture, dirt and dust
by a sealed box. The strain gauges are glued to
the steel with two-component adhesive (X60) after
the surface has been derusted and smoothed. The
strain gauge and the temperature sensor are con-
nected to an amplifier that converts the analogue

signal into a digital signal. The sealing box, which
is equipped with a waterproof RJ45 interface, is at-
tached to the steel with silicone and two-component
adhesive. We used adhesives to increase friction
instead of fastening systems that increase normal
pressure (e.g. steel straps, screws) to avoid lo-
calised stress concentrations that affect the strain
measurement. The digital signal from the ampli-
fiers is transmitted to the main board (FGCMBV2)
via RJ45 cables inside the horizontal crossbeams to
protect the cables from UV radiation and snow set-
tlement forces. The energy supply is guaranteed by
a 175 W solar panel in combination with a 1080 Wh
battery. The measurement interval is 5 min to en-
sure a sufficient temporal resolution to capture the
daily cycle of forces. The measured data is trans-
mitted once a day via mobile connection.

2.1 Calculation of strains, stresses and forces

The supply voltage Vs of the strain gauges is 10 V.
The strain given a certain differential voltage at the
input of the measuring amplifier is then

ϵ =
V0

1 + ν

4

kVs
(1)

where ν is Poisson’s ratio (0.3 for steel), k is a char-
acteristic coefficient of the strain gauge (2.05 ac-
cording to data sheet) and V0 is the measured volt-
age difference. As an example, with a longitudinal
strain of 10 µm/m, we expect a differential voltage of
0.066625 mV at the input of the amplifier. The strain
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can then be used to calculate the normal force in the
support or pressure bar using Hooke’s law

F = ϵEA (2)

The resulting snow pressure force along the girder
can then be reconstructed using the static system of
the supporting structure. The instrumented support
and compression bars have freely rotating hinges
at both ends so that they can be regarded as sim-
ple tension and compression bars if the settlement
pressure due to the snow behind the steel bridge
is neglected. The upper foundation can only take
up normal loads from tension and no shear forces.
Therefore, the static system of this pressure bar
type of construction is determinate, which facilitates
the calculation of the normal forces from the external
loads considerably (Margreth et al., 2014). Figure 2
shows that if the steel bridge is completely buried
in the snow and the snow pressure is assumed to
be uniformly distributed over the snow depth, a unit
load of 1 kN along the girder leads to a normal force
in the supporting and compression bars of approxi-
mately -0.5 kN or -0.35 kN respectively.
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Figure 2: Left: Static system of the supporting structure (Mar-
greth et al., 2014) with resultant unit snow pressure (red) and
reaction forces (green). Right: resulting normal forces from unit
load.

2.2 Compensation of temperature-induced strains

A non-supported steel bar undergoes temperature-
induced strains of approximately 12 µm

m ◦C . At ex-
pected average snow pressure induced strains of
100 µm

m , temperate-induced strains have a strong
influence on the measurements and cannot be
neglected. We used a number of countermea-
sures to make sure that only strains caused by
snow pressure are taken into account. Firstly, the
strain gauges used are bidirectional and measure
the strain in the longitudinal and transverse direc-
tion of the bar (see Figure 1c). Assuming that
the temperature-induced strain is isotropic and the
stresses induced by the snow in the transverse
direction are negligible, the temperature-induced
strain in the longitudinal direction can largely be fil-
tered out with this setup. A preliminary test showed

that this reduces temperature-induced strain to ap-
proximately 0.5 µm

m ◦C . Secondly, a supporting struc-
ture is selected, which is usually completely buried
in the snow. As the highest temperature differ-
ences are reached when the support bars are ex-
posed to direct sunlight, temperature-induced strain
is drastically reduced if all the support bars are com-
pletely below the snow surface. In addition, one
measurement point was placed on a free end of
the tension bar connected to the upper foundation.
This free end is not loaded and therefore only has
temperature-induced strain. This control measure-
ment can therefore be used to quantify this tem-
perature effect. Finally, the temperature of all strain
gauges is measured simultaneously with the strain.
This data can be used in combination with the con-
trol measurement to recognise patterns between
temperature and strain, which can be corrected ret-
rospectively.

3. RESULTS

The winter of 2023/24 in Switzerland was charac-
terised by large differences in snow depth depend-
ing on altitude. Above 2000 metres above sea
level, which also applies to the instrumented loca-
tion, the snow depths were above the long-term av-
erage throughout the winter. The 45 automatic sta-
tions in this altitude zone, which have been in oper-
ation since at least 1999, show an average relative
snow depth of 123% over the period from Novem-
ber to March, which corresponds to fifth place in the
last 25 years (Zweifel, 2024). Figure 3 shows the
development of forces in the supporting structure as
well as the snow height, surface and air temperature
of the nearest IMIS meteo station (500 m distance).
In February and March, the measured forces in the
support and pressure bar continuously increased.
This period was characterised by low temperatures
with regular snowfall events. The period from 15-
18 February was an exception. During this period,
there was no cloud cover with warm temperatures
(between 1◦C and 5◦C) during the day and cold tem-
peratures (between -10◦C and -5◦C) at night. This
led to a characteristic daily cycle of the forces, with
the local maximum being reached at sunrise, fol-
lowed by a sharp decrease during the day until sun-
set. After sunset, the forces slowly increase again
until the next sunrise. In the period from 6-16 April,
there was a prolonged period of foehn winds. This
phenomenon led to high temperatures above freez-
ing temperature even during the night and thus to a
drastic reduction in snow depths (from 260 cm down
to 220 cm) and forces. On some nights the sky was
cloudless, which led to surface temperatures well
below zero and thus again to the characteristic in-
crease in forces during the night with the local peak
at sunrise. The warm period was followed by very
low temperatures from 17 to 29 April with a daily
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Figure 3: Forces over time in support and pressure bar calculated from the measured strain (top). Positive forces represent pressure
forces. IMIS meteodata from the nearby station ”Kreuzweg” (bottom). Each vertical grid line represents midnight.

mean air temperature of -10◦C, which led to a strong
increase in forces without a daily cycle pattern. The
annual maximum force of 110 kN in the support bar
and 90 kN in the compression bar is reached on 29
April at sunrise. Using the static system (see fig-
ure 2), this corresponds to a resultant force along
the girder of approximately 220 kN or 88 kN/m’ for
a field width of 2.5m. After reaching the maximum,
the forces decrease again in May, as the air temper-
atures are constantly high and there are no more
major snowfalls. Similar to the foehn period, there
were some clear nights in which the snow surface
temperature dropped well below zero and the forces
in the beams recovered temporarily. The force in the
support bar reaches zero at a snow depth of 180
cm. The force in the pressure bar reaches zero at a
snow depth of 125 cm.

4. DISCUSSION

The measurements during the winter of 2023/2024
showed consistent correlations between tempera-
ture and forces. Firstly, during warm periods (air
temperature ≫ 0, snow surface temperature = 0)
the forces decrease continuously, seemingly with-
out a time limit. Secondly, if a warm period is fol-
lowed by a cold period, the forces increase. This
increase in forces is limited and only lasts until the
point at which all the wet snow is frozen again.
If the temperatures are low over a long period of
time, the forces remain constant apart from the ad-
ditional mass caused by snowfall events. Since the
snow cover melts and freezes from the snow sur-
face in a downward direction, these decreases and
increases in force are much more pronounced in the

support bar. This temperature dependence and the
resulting diurnal variation of the forces was also ob-
served in the load cell measurements of Hiller and
Bader (1990) and Larsen et al. (1985), although it
was never possible to fully explain the reasons for
this phenomenon, mainly because the behaviour is
counterintuitive. At high temperatures, high forces
are to be expected due to severe sliding of the
snow at the base. Larsen et al. (1985) even de-
bated whether this behaviour is really caused by the
snow pressure or rather by the freezing and thaw-
ing of the load cells. In the current setup, however,
freezing and thawing cannot be an issue as there
are no moving parts in the sensor. Measurements
on snow nets also showed similar behaviour with
the suspicion that the steel warms up in sunlight,
melting the connecting snow layer so that the snow
cover is temporarily not retained by the net and the
forces therefore decrease (Margreth, 1995). One ar-
gument against this theory is that in this case, the
steel bridge was completely buried in snow and was
never exposed to direct sunlight until the beginning
of June.

One explanation for this temperature dependency
is that when the wet snow freezes, the internal
stresses can be transferred much better in a hori-
zontal direction and thus the influence zone of the
snow on the support structure increases. This is
comparable to the earth pressure coefficient in soil
mechanics: when the snow is wet, the stresses in
the snow cover can only be transferred poorly in a
horizontal direction, the earth pressure coefficient is
small and most of the force is transferred into the
soil due to gravity. If the wet snow freezes, the hor-
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izontal force transfer is much greater, which means
a higher earth pressure coefficient and the forces
are increasingly transferred not only into the ground
but also horizontally (or parallel to the slope) into the
support structure. In the case of slender obstacles
such as the supports of photovoltaic systems, this
effect is likely to be even stronger, because in ad-
dition to the force transfer parallel to the slope, the
force transfer in the direction transverse to the slope
is of additional importance.

The force in the support bar reaches zero before the
force in the pressure bar. This makes sense, be-
cause when the snow depth falls below the height of
the girder, more and more force is channelled into
the upper foundation and the pressure bar instead
of the support bar. Load case 1 (fully buried struc-
ture) turns into load case 2 (partially buried struc-
ture), which influences the load distribution in sup-
port and pressure bars Margreth (2007). In extreme
cases of load case 2, even tension forces may occur
in the support bar. The reason why the forces in the
pressure bar also reach zero long before the snow
is gone is because the supporting structure heats
up at low snow depths and melts all the surrounding
snow connected to it.

Although Hiller and Bader (1990) instrumented the
same steel bridge presented in this paper, compar-
isons are difficult due to the strong influence of tem-
peratures and climatic conditions on the snowpack
and the associated snow depth, density and slid-
ing properties. In the 20 years of measurements,
there were winters with little snow and thus maxi-
mum forces of only 5 kN/m. The highest force of
this earlier measurement series was 46 kN/m, mea-
sured in the avalanche winter of 1998/1999. Al-
though the snow depth in winter 2023/2024 was also
above average, the measured forces are clearly too
high. One possible reason for these too high forces
is the additional static and settlement force caused
by the fact that the support and pressure bars are
completely buried in the snow. This additional load
causes bending and an additional normal force due
to friction, both of which lead to an increase in the
measured (compressive) strain. One indication that
this force may not be negligible is that the sensor
box on the support bar was sheared off in early
March and had to be replaced. Another reason for
the excessive forces is that the sensors showed a
strong drift as soon as the forces became small.
As strain measurements are always relative and the
measurement series could only be started in the
middle of winter, it was difficult to retrieve the zero
value of the strain in spring in order to convert the
relative strains into absolute values. This problem is
to be solved next winter when the entire season can
be measured.

4.1 Temperature-induced Strain

Figure 3 confirms that the proposed setup success-
fully filters out temperature-induced strains. How-
ever, the fact that the steel bridge was completely
buried under snow for most of the winter and thus
kept temperature variations to a minimum was help-
ful. At the beginning of March, the sensor on sup-
port bar 5 had to be replaced. After the sensor was
back in operation on 19 March, the support beam
was still free of snow until it was completely cov-
ered again on 28 March. During this time, some
temperature effects are visible in the results, but
they only vary in the range of ± 3 kN. One of the
reasons why temperature-induced strains cannot be
compensated completely is that analogue electron-
ics also has a temperature dependency.

4.2 Installation Improvements

Several improvements are planned for next winter.
Firstly, the support and pressure bars need to be in-
strumented with two bi-axial strain gauges on both
sides. With this setup, the strain due to bending can
be separated from the strain due to normal force
in order to better filter out the effects of settlement
pressure. Additionally, simple maximum force indi-
cators (e.g., Brinell hardness test) are installed as a
plausibility test. The sensor boxes, even if they are
located on the back of the steel bridge, must be pro-
tected from settlement pressure. The same applies
to the cables. It is not enough to protect them inside
the horizontal crossbeam from pressure from above
(see Figure 1a and d), because when wet snow
freezes around the cables, it pulls the cables down
as the snow settles underneath. Ideally, the cables
should be buried or run in thin steel pipes whenever
possible to avoid problems. In addition, the cables
must be protected from rodents in summer if the in-
stallation is planned for several years. Finally, an
extensive field campaign is planned for the upcom-
ing winter, where local snow distribution, snow tem-
perature and density is regularly measured. Despite
the problems encountered during the first winter, the
system is a promising first step towards a low-cost,
non-invasive monitoring solution that is crucial for fu-
ture research into the design of structures exposed
to snow pressure.
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