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A BSTRACT. A small avalanche path near the Bridger Bowl ski a rea in southwestern 
Montana has been instrumented to measure density, velocity and dynamic fri cti on in a 
Oowing ava lanche. These measurements, made by an a rray of sensors mounted in the ava­
lanche pa th, have been carri ed out for several dry-snow avala nches. l\1easurements of 
density were made using a capac ita nce probe tha t measures the dielec tric constant of 
any materia l that passes in front of it. Through a calibra tion procedure, the dielec tric 
constant of a given type of snow can be rela ted to the density of that snow. Optical sensors 
were used to measure light reOected from the avalanche as it passed by the sensors. Signals 
fro m adj acent optical sensors were cross-correla ted to determine velocity. Density and 
velocity measurements were made at several heights in the avalanche, with pa rticul a r at­
tention directed near the running surface. Results indicate that ava lanche deform ation is 
concentrated near the running surface where the snow density is found to be largest. Up­
ward from the surface, the velocity gradient fall s off g reatly while the density a lso de­
clines. 

Fina lly, the dynamic-fri cti on coeffi cient at the base of the avalanche was found by 
meas uring shear a nd norma l fo rces on a roughened 23 cm X 28 cm a luminum pl a te 
mo unted pa ra ll el and flu sh with the avalanche running surface. The ra tio of the shear 
fo rce to normal force on the plate provides a measure of the dynamic-friction coeffi cient 
at the base of the avalanche. 

INTRODUCTION 

In order to predict avalanche run-out distances, models of 

avalanche dynamics have utili zed linear and non-linear fluid 
consti t utive representations (Salm, 1966; Perla and others, 
1980; Dent and Lang, 1983). Unfortunately, many of these con­
stitutive models have not worked well because they conta in 
pa rameters that a re not easil y measured. To use the models, 
they must first be "calibrated" by modeling known ava­
lanches. Model parameters a re back-calculated by matching 
speeds and final run-out positions. These model pa rameters 
must then be correlated with avalanche type, size a nd terra in 
until enough experience is gained to allow the pa rameters to 
be estimated for different kinds of avalanches. This procedure 
permits vi rtually any model to be "calibrated". It also presents 
difficulties in new or unique situations. Lately, other less em­
pirical models of avalanche motion have been proposed . 
These models a re based upon mechanical properties of snow 
tha t can be measured. Most notable a re the g ranula r-flow 
models, which treat an avalanche as a coll ection ori ndividual 
snow grains (Dent, 1986, 1993; Savage and Hutter, 1991). How­
ever, due to a lack of detailed fl ow information, evaluation of 
these models is also difficult. In order to build better models of 
snow-avalanche motion, more information about that motion 
need s to be gathered. 

REVOLVING DOOR AVALANCHE PATH 

An avalanche-experiment facility has been constructed on 
the Revolving D oor avalanche path (Fig. 1) near the Bridge r 

Fig. 1. The Revolving Door avalanche path looking up slo/Je 
from the instrument shed. 
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Bowl ski area in southwestern Montana. The path is about 
100 m long on a nearly uniform 35° east-facing slope. A 
bowl-shaped starting zone provides snow for avalanches of 
up to 1.5 m deep and 1000 m3 in volume. Near the middle 
and slightly ofT to one side of this avalanche path, an instru­
ment shed has been constructed behind the protection of a 
large automobile-sized rock. The shed is about 2.5 m square 
and 2 m high. Both the rock and the shed become mostly 
buried by the mid-winter snowpack. By removing snow 
from th e track beside the rock and wall o[ the instrument 
shed, the top 60 cm of one wall of the shed parallel to the 

avalanche-flow direction can be exposed to avalanches as 
they descend the Revolving Door path. An explosive charge 
in the avalanche-starting zone is used to trigger avalanches 
which flow down the path, over the buried rock, and along 
the exposed wall of the instrument shed. Instrumentation 

mounted on this wall is used to measure flow properties as 

the avalanche goes by. Prior to each avalanche test, new 
snow must be removed from in front of the shed to a depth 
that exposes the instrumentation. Care is taken to smooth 
the slope in front of the shed and for 10 m upstream . This 
provides the avalanche a smooth constant slope on which 
to travel as it passes the instruments. Finally, the shed is 
fitted with a large window that allows the avalanche to be 
observed and photographed from inside the shed. 

~EflEtTI.' SU~FAtE 
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Fig. 2. Optical sensor operation. 
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Fig. 3. Optical sensor detection circuit. 

OPTICAL SENSORS 

Mounted in the wall of the instrument shed are an array of 
photoelectric sensors. These sensors are 7.3 mm in diameter 
and comprise an unfocused infrared light-emitting diode 
(LED) and an infrared-sensitive phototransistor. Manufac­
tured for use in industrial counting applications, the sensors 
are quite rugged and cost only US$2.00 each. In a technique 
similar to that ofNishimura and others (1993), the LED and 
phototransistor are mounted in the instrument-shed wall to 
look out at the avalanche as it passes. Light from the LED is 
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backscattered by the avalanche to the phototransistor where 
it is registered as base current in the transistor (Fig. 2). The 
base current determines the amount o[ current conducted 
between the emitter and collector of the transistor. The sim­
ple circuit shown in Figure 3 produces a voltage output that 
is proportional to the light intensity seen by the phototran­
sistor. The amount of infrared light reflected from the snow 
surface is a function of the structure and density of the snow. 
Since that structure and density changes from point-to­
point in the avalanche, the amount of light refl ected from 
the avalanche varies with time as the avalanche passes the 

optical sensor. A second sensor placed a short distance 
downstream from the fir t, sees nea rly the same snow pat­
terns. The output of the two phototransistors produce 
similar time varying signals with the second signal lagging 
the first by a short interval of time. Finding the time lag 
between the two signals enables the velocity of the snow to 

be calculated. 
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Fig. 4. Capacitance wall probe as seen nwuntedflush with the 
instrument -shed wall. Flow isjrom lift to right. 

CAPACITANCE SENSORS 

Louge and others (1997) have developed a capacitance 
probe that can be calibrated to measure snow density. Oper­
ating at a frequency of 16 kHz, the device measures the di­
electric constant of materi a l that passes in front of it by 
sensing the impedance change that occurs in a connected 
bridge circuit. The sensitivity of this probe has been 
increased by 3-6 orders of magnitude by eliminating stray 

capacitances at the probe a nd in the connecting cables. This 
is done by surrounding the probe sensor and connecting 
cable with a conducting guard that carries a signal of pre­
cisely the same sinusoidal voltage as the sensor. External in­
fluences that would distort the fi eld lines in the capacitor or 
in the cable are shielded from the sensor by this guard and 
are thus eliminated. For our application, a flat wall probe 
shown schematically in Figure 4 was constructed to mount 
in the wall of the Revolving Door instrument shed. The sen­
sor consists of a I mm high by 20 mm long brass strip sur­
rounded by an anodized aluminum guard. The electric-
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field lines emanate from the brass strip and termi nate on the 
aluminum body of the probe. With th e avalanche fl ow par­
a llel to the sensor strip the probe measures the inductance in 

a volume 20 mm wide, 5 mm high and 2.7 mm into the flow­

ing snow. The inductance measurement is converted to a 
density measurement by calibrating the probe with samples 
of known density snow. 

SHEAR BOX AND DEPTH GAUGE 

Shear and normal stresses were measured using a shear 
plate. The shear plate is a roughened 23 cm x 28 cm a lumi­
num p late. The plate is mounted in a sturdy box on two can­
ti levered arms. Each arm is fitted with st ra in gauges on the 
top, bottom and sides, which connect in a ' Vheatstone full­
bridge configuration. The box is rigidly mounted to the side 
of the instrument shed below the avalanche running surface 
so that the plate is flu sh and parallel with the surface. As the 
slide flows over the plate, the cantilevered arms deflect 
sli ghtly. Recorded as voltage changes across the bridge, the 
plate's normal and shear defl ection are converted to forces 
using a calibration curve produced by a se ri es of known 
weights. 

In order to measure the fl ow depth of the ava lanche as it 
passes the instrument shed, a 1 m aluminum ann was at­
tached to a rotary potentiometer mou nted 60 cm above the 
snow surface. The other end of the arm was attached to a 

small skid plate that surfs on the top of the avalanche as it 
passes the shed. After calibration, the resistance measured 
in the potentiometer indicates the depth of the flowing ava­
lanche. 

VELOCITY 

Shown in Figure 5 is the first I s of output from six pairs of 
optical sensors for a cold dry-snow avalanche triggered on 3 
February 1994. On this date on ly the optical sensors had 
been installed. In these plots, the relative reflection intensity 

for each sensor is plotted as a function of time. Each pair of 
sensors is spaced 2 cm apart in the flow direction, with the 
pairs located 1,5,9, 13, 17 and 21 cm above the avalanche run­
ning surface. Due to background sola r radiation, each sen­
so r initially reads an intensity of 1. As the ava lanche arrives, 
the lower sensors in the array pick up the snow and produce 
a rapidly varying signal in time. Data here were taken at a 
sampling rate of 2000 H z, chosen so that at typical ava­
lanche speeds of 7 m s -1 a snow partiele traverses about 
one-half the di ameter of each sensor. Snow structures lasti ng 
from one time-step to many time-steps can be seen in the 
data. The magnitude of the backscattered light depends 

upon the density, type, size and orientation of the snow crys­
tals in the avalanche. Attempts were made to correlate re­
fl ection intensity with snow density but failed because 
crysta l size and type were found more important in deter­
mining signa l strength than was the density. 

In the upper sensors shown in Figure 5, the passage of a 
powder cloud may also be seen. It shows up as a smooth 
dec rease to zero in the light reaching the phototransistors 
at the beginning of the avalanche. The powder cloud pro­
gressively shades the sensors from the sun yet does not reflect 
enough light from the LED to be picked up by the photo­
transistor. For the most part, the top sensors at 21 cm see 

only the powder cloud, which indicates that the core of this 
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Fig. 5. J'vo1"lnalized optical-sensor rifleclioll measurements 
taken at six heights, 3 FebTUQ7)I /994. Plots in/he left column 
aTe upstream sensors while jJlotted on the right are downstream 
sensors. 

a\'a lanche was mainly less than 21 cm in depth. Visual obser­
vation put the apparent depth of the avalanche at over l m, 
but what was observed was the cloud surrounding a fl ow of 
dense snow that was less than 21 cm deep. 

Data from sensors at the same height a re plotted next to 
each other in Figure 5. The upstream sensor is on the left 
and the downstream. sensor is on the right. Looking at these 
pairs of plots, it is easy to sce that the pai rs of signals are 
similar. Structure that cause a pa rticular response in the 
upstream sen or are carried by the ava la nche to the down­
stream sensor. Mixing and deformation degrade the corre­
lation somewhat. The difTerence in time between simi lar 
responses represents the time of transit ora particu la r piece 
of snow between the two sensors. That ti me difference can 
be used to find the snow velocity. To find the time delay 

between two sets of correlated signal s, Xi a nd Yi, accurate ly 
the covariance function (cross-correlation ) P.ry between the 
two signals is computed 

L:(x, - X)(Yi+j - j)) 

The covariance is found as a function of the time delay j, 
between the two signals. T he sums are taken over a fixed 
inten'al that represents a window in time for which the co­
variance is found . The time delay to the maximulll co­
variance is then used to compute the velocity of the snow. 
The variables x and fj are the window averages of the two 
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signals and j again is the offse t in time between the two se ts 
of numbers. Typical covari ance functions a re shown in Fig­
ure 6 for three different-sized data windows. The data win­
dow m ust be chosen la rge enough to contain a t least one 
unique feature or mu ltiple correlation peaks become possi­
ble as seen for the window of just [our data points (2 ms). On 
the other hand, if the window is chosen too la rge, the 

changes in the snow structure that natura lly occur in the 
fl ow tend to degrade the correla tion. The correla tion is 
found for the entire window, which effectively averages the 
motion of the snow over the length of the window. As a 
res ult, if the avalanche is speeding up or slowing down, 
sm aller windows provide more accurate calculations of the 
instantaneous velocity. 
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Fig. 6. 7jpical covariance between upstream and downstream 
sensors plotted as a f unction qf time delay for three different 
sized data windows, 3 February 1994. 

Velociti es can be computed at different times by shifting 
the data window to another time period and finding the 
time delay to maximum correlation. In practice, the win­
dow is shifted one data poin t forward at a time and the 
velocity is found consecutively in time fo r the entire dataset. 

VELOCITY RESULTS 

Velocity results for the data of Figure 5 are shown in Figure 
7. The bottom sensor pair during thi s time period produced 
signals tha t did not correlate well with each other. Because 
of the poor correlation, the velocity measurements were in­

valid. Possibly a small obstruction or variation in the snow 
running surface created a fl ow disturbance near the bottom 
pair of sensors. The disturbance was eventua ll y worn away 
or fill ed in as the avalanche passed, since the problem disap­
peared and velocities were able to be found later in the flow. 
A data window of 100 points (0.05 s) was used to calculate 

these velocities. In genera l the avalanche is slowing down 
as it passes the instrument shed but at any time the velocity 
is nearly the same at a ll sensor levels. Also note the passage 
of the powder cloud. It can be seen clearly in the top three 
sensors at the beginning of the avalanche as highly iluctuat­
ing velocity values. The velocity of the powder cloud was 

fo und from the sunlight transmitted through the cloud of 
varying density. For the topmost sensor, the cloud fin ally 
becomes too dense for sunlight to get through and the 
velocity cannot be found. 
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Fig. 7. Velocity vs time plots jor the avalanche qf 3 February 
1994 (0.05 s correlation window). 

The da ta-collection system used here a llowed only the 
first 1.3 s of this avalanche to be recorded, then the next 2 s 
were required to transfer the data from volati le to perma­
nent storage. T hen another 1.3 s of data were obtained. 
Velocit y profiles, plotted at times when a maj ority of the sen­
sors we re providing velocity readings are presented in Fig­
ure 8. As noted before, most of the deformation can be seen 
to occur below the I cm sensor. The avalanche velocity 
increases from zero at the running surface to 3- 4 m s \ 
I cm above the surface. The rate of shear is an order of mag­
nitude la rger here than in the region above I cm. This highly 
active layer of snow is primari ly responsible for the speed of 
the avalanche so, in order to be able to understand and pre­
dict avalanche motion and run-out, the mechanics of this 
thin shear layer need to be understood . 
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DENSITY 

The capacitance sensors were tested for the first time in the 

winter o[ 1996. Unfortunately, snowfall and wind patterns 
ended up producing a snowpack in which the Revolving 
Door avalanche path had a significant concavity in the slope 
at the instrument shed. The slope at the shed was about So 
less than the 3So average and, as a result, all of our ava­
lanches last year deposited a lot of snow at the shed as they 
went by. Many of our sensors ended up getting buried in this 
deposition . Figure 9 shows the data from the avalanche of27 
February 1996. This avalanche ran about 40 cm deep in very 
cold dry snow. Air temperature was -20°C. Improvement in 
the data-collection system allowed the collection of 10 s of 
continuous data, sampling at 3000 Hz; however only the 
first second of the avalanche is shown. A new optical array 
was also built in which three sensors, spaced I cm apart, 
were mounted at heights of O.S, 2.S, 3.5 and 20.5 cm. Only 
two out of each of the three sensors is plotted in Figure 9. 
Also shown are the density measurements from the capaci­
tance sensors operating at two levels, 1 and 6 cm above the 
snow surface. The capacitance sensors were mounted 20 cm 
upstream of the optical array. 
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Fig. 9. Four pairs rlj optical sensors and two capacitance sen ­
sors outputJor the avalanche rlj27 Februa?Y J996. 

As snow was deposited next to a sensor, the output from 
that sensor became stationary. After 0.1 s, snow is seen to 
stop moving at the bottom optical and capacitance sensors. 
At about 0.4 s, the optical sensors at 2.S cm and the upper 
capacitance sensor stopped seeing moving snow. Then 
motion stops at the 8.5 cm sensors at about 0.7 s. The capaci­
tance sensors show the same type of temporal variation seen 

by the optical sensors, with fluctuations between 100 and 
400 kg m 3. T his is so even though the measurement volume 

is several times the volume seen by the optical sensors. Note 
also that the capacitance sensors could be used in correlated 
pairs to determine velocity. 

Data from the capacitance sensors indicate that the snow 
density at the front of this avalanche is greater than the den­
sity later in the flow. A snow pit near the slope showed snow 
density varying from 30 kg m 3 for new snow at the surface to 
280 kg m 3 in older snow O.S m below the surface, to 

400 kg m " near the bottom o[ the snowpack 2 m below the 
surface. From the sensor data, snow of density 350 kg m 3 

from the front of the avalanche becomes deposited next to 
the bottom sensor almost immediately, while snow densit y is 
seen to vary as snow flows past the upper sensor. The average 
density of the snow passing the upper sensor is initially about 
250 kg m 3, while later the flow density falls to 180 kg m 3 as 
the sensor becomes buried by deposition. Snow at the front of 
the avalanche has a higher density than the trailing snow, 
even at the bottom of the avalanche. Additionally, Figure 9 
shows the stationary snow in front of the sensors densifying 
as the avalanche continues to flow over the snow deposited 
next to the sensors. The consolidation stops after the ava­
lanche has stopped moving. The final density readings of 
430 kg m -3 at the bottom sensor and 190 kg m -3 at the upper 
sensor compare well with those of 400 and 250 kg m 3 made 
from 2S0 cm" samples of snow taken from in front of the two 
sensors after the avalanche has stopped . 

The avalanche velocities, found using 200 point (0.067 s) 
data-correlation windows, are shown in Figure 10. The ava­
lanche is slowing and flow past the three lowest sensors has 
stopped due to deposition by t = 0.6 s. Three separate plots 
for the velocity at 20.S C111 are shown, each from correlating 
a different pair of the three adjacent sensors. The small 
difference seen is due a slight variation in the spacing of the 
three holes in which the sensors are mounted. 
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Fig. 10. Velociry atJour depthsJor the avalanche 0]27 February 
/996. At the 20.5 cm depth three velorities areJoundfrom cor­
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SHEAR AND NORMAL STRESS RESULTS 

On 30 March 1996, an avalanche was triggered using the new 
shear box and depth gauge installed at the instrument shed. 
The capacitance sensors were not available for this test. This 
avalanche comprised about 20 cm of fresh relatively hea\·y 
(p = 275 kg m -3) dry snow. Air temperature was - 4°C. The 

flow came by the instrument shed in two waves from different 
locations in the starting zone. The first wave was a shallow 
flow that came from an area above and to the right of the 
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o 73 cm 

Fig. 11. 2 cm diameter velocity jJrobe. Avalanche flow from 
right to lift. 

shed. T his fl ow hit the shed at an angle so that the snow did 
not flow against the instrument wall. During this first 0.4 s of 
the avalanche velocities could not be measured. The second 
wave of snow from the main part of the starting zone was 
much deeper and overtook the first wave and fi lled in the area 
next to the sensors such that the sensors below 8.5 cm never 
d id see moving snow that could be correlated. The upper op­
tical sensors did produce velocity measurements until t = 
4.0 s when the avalanche was nearly over and dropped below 
the height of the sensors. A new optical probe was con­
structed and was used to measure velocities in this test. The 

probe, shown in Figure 11, is a 2 cm diameter cylinder in 
which optical sensors are placed 2 cm apart. It was mounted 
on a 15 cm long arm attached to the instrument-shed wall 
J I cm above the shear plate. 

Shown in Figure 12 are the measurements of depth, nor­
mal stress, shear stress, dynamic-friction coellicient and 

velocity made during this avalanche. The sharp peak shown 
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Fig. 12. Depth, normal and shear stress, stress ratio, and 
velocity jor the avalanche qf 30 March 1996. 

at t = 0.6 s for the depthgaugeis thefootofthe gauge bounci ng 
into the ai r when the second wave of the avalanche hits the foot 
at 0.4 s. Later, at the tail of the avalanche, snow chunks can be 
seen going slowly by the depth gauge from t = 5 to 7 s. Using 
an average snow density of300 kg m 3

, the normal stress and 
depth gauge track each other closely until near the end of the 
avalanche. From about 0.4 s onward, the optical sensors show 
a deposit of about 10 cm of stationary snow on the shear box. 
The ratio of the shear-to-normal stress (S / N = 0.42) during 
themainpartoftheOow from t = I to 3 sis foundtobeless tha n 
the tangent of the slope angle (0.57) in front of the shed, even 
when the normal stress is reduced by the rv 10 cm of stationary 
snow residing on the plate. The result is accelerating flow as 
seen by the velocity measurement. As the avalanche comes to 
rest, the normal stress does not decrease to the static level that 
would be expected from the 15 cm of deposited snow left at the 
end of the avalanche. In addition the shear-to-normal stress 
ratio does not approach the slope angle as it should for an un­

supported column of snow. Support for the snow on the shear 
box is provided by surrounding snow in such a way that the 
normal stress reading is almost twice wha t it should be. If the 
normal stress is reduced to the value for 15 cm of 300 kg m 3 

snow on a 30° slope (N = 0.4 kPa) the shear-to-normal stress 
ends up being 0.6 which works out close to the tangent of the 

slope angle in front of the shed. 

CONCLUSIONS 

Revolving Door has evolved into an avalanche-test facility 
where instrumentation has been developed to measure 
velocity, density, depth, shear and normal stress in a moving 
avalanche. Several tests have been accomplished but none 
where a ll the instrumentation has been operating at the same 
time. It remains to collect data on avalanches in various types 
of conditions in order to determine as much information as 
possible for use in constructing models of avalanche motion. 
Also, additional instrumentation is being developed to meas­
ure air pressure and velocity in the powder cloud or air blast 
that accompanies the avalanche. Temperaturemeasurements 
in the flow are planned aswell as the use ofload cells to measure 
pressure distribution against various obstacles. 
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