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Characteristics of snow gliding on rock

D. M. McCLUNG,
Departments of Civil Engineering and Geography, University of British Columbia, Vancouver, British Columbia V6T 124, Canada

SIMON WALKER AND W. GOLLEY
British Columbia Ministry of Transportation and Highways, Merritt, British Columbia VOK 2B0, Canada

ABSTRACT. Field measurements were made of snow gliding on steep, smooth
rock slabs. Supporting data included snowpack properties, snow rock interface
temperatures, air temperatures and precipitation. In this paper, the temporal and
spatial dependence of gliding is discussed from two seasons of measurements. The
results showed that the basic temporal and spatial characteristics repeated from year to
year at the site. The relationship of the measurements to snow-gliding constitutive
relations and applications is briefly discussed.

INTRODUCTION

Snow gliding (slip of snowpack over sloping terrain) is
related to the interaction of the roughness elements at the
interface over which the snow is gliding and the
distribution of water there (McClung, 1981; McClung
and Clarke, 1987). The study of snow gliding has three
important applications: (1) gliding can result in high
forces on structures placed on sloping alpine terrain (e.g.
McClung and Larsen, 1989); (2) gliding can be an
important consideration for slip of snow on roofs of
buildings, resulting in damage to chimneys, vents and
other objects; and (3) in alpine terrain and on roofs,
gliding can result in full-depth avalanche release
(McClung, 1987) as a result of reduction in snow

ground interface friction associated with the interaction of
free water and ground roughness elements.

In this paper, field measurements are presented for
two winters of gliding measured hourly on steep rock (31°
slope angle) in the North Cascade Mountains above the
Coquihalla Highway, southwestern British Columbia.
Supporting measurements include air and ground inter-
face temperatures, and precipitation and snowpack
properties. The principal results include temporal
characteristics of gliding on two time scales (diurnal
and seasonal), correlation of the measurements with full
depth avalanche occurrences (not addressed in this
paper) and the effect of an open crack (glide crack) on
glide speed above and below the crack.

In addition to glide speed characteristics, the
measurements are briefly discussed relative to existing
theoretical formulations of the snow-earth interface
boundary condition and its relation to engineering
problems. Particular attention is given to forces on
restraining barriers on roofs and avalanche formation
on roofs subject to gliding.
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DESCRIPTION OF MEASUREMENTS AND THE
SITE

Our measurement method involves using glide displace-
ment gauges (3m maximum displacement) similar to
those described by Gand and Zupancic (1966). During
the fall of 1987 we installed five gauges on a rock slab at
1450 m elevation on a south-facing slope with 31°
inclination (see plan view in Figure 1). The site is
characterized by a step in the rock below which the
snowpack separates from the rock to form an open crack.
The site was chosen to be steep enough for gliding to he
representative of nearby avalanche starting zones but not
steep enough for avalanches to start there normally.

Supporting measurements at the site include temper-
atures at the snow-rock interface, air temperature 3 m
above the snowpack surface, and air temperature near the
bottom of the crack between the rock step and the
snowpack (indicative of temperatures in a “glide crack™).
All temperature measurements were made with cali-
brated thermistors. Snow gliding and temperature
measurements were made hourly throughout the winter.
However, the gliding data reported in this paper include
those summed over two 12-hour intervals per day : 0600 h
to 1800 h (daytime observations) and 1800h to 0600h
(night observations). The accuracy of glide displacement
measurements was about | mm and in most cases, 12 h
displacements exceed 10mm. Gliding and temperature
measurements were recorded by a data logger at the site
connected to a radio and modem accessible from a
personal computer at the base station below.

We also assessed snowpack properties at the site by
taking snow profiles approximately every two weeks
throughout the winter. These measurements showed
that the snowpack almost always had a layer of wet
snow at the bottom with water content (by volume)
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Fig. 1. Plan and side views of snow glide gauge placements
(G#1 through G#5) relative to a 2m high step in the rock.
Glide interface temperature measurements are made at
GH#1, GH2 and GH#5. Also shown are locations of
thermistors in the glide crack between the step in the rock
and the snowpack and air temperature 3m above the
snowpack. A side view shows the configuration of the rock
and snowcover.

which ranged from about 8 to 15% or greater with
thickness one to several cm. The exception occured only
early in winter during cold conditions when the snowpack
was thin. In this case, glide was not observed and the
snowpack was frozen to the interface. Our measurements
showed snow depths at the site which ranged up to about
2m.

THEORETICAL FOUNDATIONS OF SNOW
GLIDING

Snow gliding occurs as a result of the snowpack sliding
over the snow/ground interface roughness elements
(McClung, 1981, 1987; McClung and Clarke, 1987).
Friction is accounted for by creep over the ground
roughness elements with nearly zero friction when the
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roughness elements are drowned or when the effective
ratio of amplitude to wavelength of roughness elements is
very low. In order for the snowpack to remain in
equilibrium at least some portions of the roughness
elements must slope uphill. Since gliding is not observed
in alpine terrain unless wet snow is present at the
interface, the usual assumption is that at least a thin
water layer is present at the base of the snowpack. That
being the case, the snowpack drag is calculated as the
downslope component of the normal forces on the ground
roughness elements averaged in the downslope direction.
If the snowpack is taken to be separated from the ground
roughness elements by a very thin film of water
everywhere, the constitutive equation for the downslope
(tangential) drag, 7, is given by McClung (1981) as:

__wu
T=30-wD (1)

where U is glide speed, D is a length parameter which
depends only on interface geometry and p, v are the
shear viscosity and viscous Poisson ratio of snow at the
interface. Equation (1) is derived without consideration of
large-scale longitudinal gradients of stresses and material
properties in the snowpack. It is also assumed that snow
deforms as a linear, viscous material with a constitutive
equation equivalent to a Newtonian viscous compressible
fluid with neglect of the static pressure term (McClung,
1981; Salm, 1967).

Equation (1) gives an expression which may be taken
to represent steady glide rate if the material properties of
snow are assumed constant. In reality, both g and v will
slowly increase with time due to bulk deformation and
they can be functions of the water content (McClung and
Clarke, 1987; Izumi and Akitaya, 1985). Since water
content may vary on short time scales in the lowest
portion of the snowpack, Equation (1) may also be used
to explain fluctuations in gliding due to changes in y and
v with water content.

The above theory may explain part of the fluctuating
component of gliding. However, it is our belief that the
most important part of the fluctuating component of
gliding is due to the changes in friction conditions at the
interface by drowning (or partial drowning) of interface
roughness obstacles governed by the supply of water
there. McClung and Clarke (1987) examined the
problem in a simple way and concluded that the simplest
extension of Equation (1) is given by:

ut

~2(1 - D @

T

where D* is greater than D) when part of the interface
area is drowned by water so that a smoother interface
geometry is present. Equation (2) has the capability of
explaining fluctuations of glide rate on the order of 100
times depending on water distribution and interface
roughness (McClung and Clarke, 1987). The gliding data
presented in this study showed wildly fluctuating values
throughout the season. We believe that the effect of water
on the interface geometry described by Equation (2)


https://doi.org/10.3189/1994AoG19-1-97-103

McClung and others: Snow gliding on rocks

explains most of the fluctuations, rather than variations of a'® ' E

p and v with water content. Since our field observations
showed that the character of snow at the interface
(usually slush) did not vary greatly over the course of
the winter, the greatest share of the fluctuating
component of gliding must be due to changes in the
area of the interface which is drowned or partly drowned
by changing supply of water there (McClung and Clarke,
1987). Since seasonal alpine snow is so highly porous
(porosity usually 50% or above), we do not feel that pore
pressure effects are significant in the snow-gliding

measurements reported in this paper. B
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Figure 2a—c shows data for the 1989-90 winter from glide ]
gauge | (above the step in the rock, see Fig. 1) and glide 0 100 150 200
gauges 2 and 3 (below the crack step in the rock). The DAYS SINCE NOV.1. 1989
data depicted are 12h average glide speeds resulting in

two data points per 24 h period (0600 h to 1800 h; 1800 h b 1° ' ' :
to 0600h). The data show highly fluctuating values
throughout the season at site | with high fluctuations in
early season. At sites 2 and 3, high carly season I
fluctuations were exhibited in early season as well as
late season (spring conditions). All three sites exhibited

-
(=]

two periods with zero glide in early season. For the first of
these, the snowpack completely melted. For the second,
the snowpack was very thin and the weather was cold,
resulting in the snowpack being frozen to the interface
(verified by our interface temperature measurements).
The high glide rates during spring at sites 2 and 3 are
attributed to addition of melt water and rain during
spring thaw conditions.

The high fluctuating values and high glide rates in
early season are seen in all our data. We believe that two
competing effects contribute: (1) heat stored in the rock 0 L ;
during summer results in melt at the interface to change q = 1 L =

the viscosities and the interface geometry and (2) the DAYS SINCE NOV.1, 1989
100 T T

GLIDE #2 (mm/d)

early scason snow is of relatively low density and therefore
the shear viscosity is low, resulting in faster deformation c
at the interface.

Our data also indicate that roughly the same seasonal 80 - e
pattern of gliding and rates of gliding roughly repeat on a
year-to-year basis (compare Figs 2a and 3a and Figs 2b
and 3b). This is due to the roughly similar character of
the snowpack and weather patterns during the two
seasons of data presented.

60 -

40 -

GLIDE #3 (mm/d)

SPATIAL PATTERN OF GLIDING AT THE SITE

With reference to Figure 2a—c, our data show that glide 20
rates increased in the downslope direction from gauges |
(above the crack) 2 and 3 (below the crack). Table I
shows mean values and standard deviations for glide rates ; )
for two seasons’ data. It may be noted that the data from 0 50 100
site 4 (left flank) are very similar to those from site 3. Also DAYS SINGE NOV.1, 1989

at site 5, the glide rates and fluctuations were nearly

double for 1989-90 as compared to 1988-89. In this case, Fig. 2. Glide speed (mmd ") measurements based on two
we believe there are two competing effects: (1) the 12} averages (0600—1800h; 1800-0600h) per 24 h
placement of the glide shoe was further downslope in periods (1989-90 winter). a, Gauge #1. b, Gauge #2.
1989-90 and (2) we believe the supply interface water ¢, Guage #3.

1
150 200
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Fig. 3. Glide speed (mmd V) measurements based on lwo
12h averages (0600-1800h; 1800-0600h) per 24h
periods (1988-89 winter). a, Gauge #1. b, Gauge #2.
The gauge exceeded the displacement limil past day 130.

from sources high on the slope at site 5 was extremely
variable near the location of site 3.

DIURNAL VARIATIONS

Based on two seasons, we have analyzed the information
with respect to gliding speeds collected during the day
hours (0600-1800h) and the night (1800-0600h). Our
data show that during 1988-89, gliding was generally
faster during the day than at night (Figs 4a and 5a), while
in 1989-90 there was no apparent difference between day
and night-time values (Figs 4b and 5b). We do not have a
complete explanation of these results but we believe that
our planned studies of radiation input and cloudiness at the
site may be revealing. In addition, air temperature records
at the site on a diurnal basis have not yet been analyzed.
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Table 1. Two seasons of glide data. Mean and standard
deviations in mmd*

Gauge # Year Mean Standard deviation
1 88-89 3.9 2.8
1 89-90 P d 2.0
2 88-89 10.2 12.4
2 89-90 12.8 9.1
3 88-89 9.3 8.9
3 89-90 139 12.9
+ 88-89 g2 12.1
+ 89-90 12.3 10.3
8 88-89 8.0 10.7
5 89-90 14.8 22.5

AIR TEMPERATURES

We have not completely analyzed our snow gliding
fluctuations in relation to air temperatures. In general,
snow glide rates do tend to increase with air temperature
at our site. However, the relationship is far from simple
due to effects which compete in a multivariate sense:
loading by precipitation (snow and rain), snowmelt by
solar radiation, the direct influences of water from rainfall
and the large-scale water drainage patterns at the snow—
rock interface. A comprehensive analysis is planned in our
future work.

ENGINEERING APPLICATIONS OF GLIDING:
FORCES ON STRUCTURES IN DEEP SNOW
COVERS AND BARRIERS AND SNOW FENCES
ON ROOFS

Consider the plane-strain problem of forces on a structure
placed perpendicular to a snow-covered surface which
can allow snow gliding. For a rough glide interface such
as an alpine terrain, the tangential drag at the snow
carth interface may be represented by Equation (2).
McClung and Larsen (1989) gave analytical solutions for
the forces on the barrier, due to interruption of snowpack
creep (internal deformation) and glide. It is assumed that
the proportionality between 7 and U (Equation (2)) is
constant all along the glide interface. The major
component of the barrier force is that in the downslope
direction with a depth averaged value &= [ff Txxdy
given by McClung and Larsen (1989):

o

-+ % (ﬁ) pghcos . (3)

In Equation (3), H is snowpack depth, ¢ is slope
angle, p depth averaged density (see Figure 6a for the
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Fig. 4. Quantile-quantile plots of glide rates for day
(06001800 h) versus night (1800-0600h) at gauge #1.
a, 1988-89 winter. b, 1989-90 winter. Note: glide rates
are plotted as mmd ™ (24 h period).

geometry). As with Equations (1) and (2), in Equation
(3) it is assumed that the snow deforms as a linear,
compressible Newtonian viscous fluid with neglect of the
static pressure term. The parameter L/H depends upon
the boundary conditions on the face of the barrier (see
McClung and Larsen, 1989). For example, if the barrier
face is traction free, L/H ~ 0.27 4+ v/12 (McClung and
Larsen, 1989).

If the glide interface is very smooth, such as on a
smooth roof, Equation (2) may be replaced in the extreme
low friction limit by (McClung, 1981):

< B
F=t (4)

In Equation (4), py is the viscosity of water at 0°C and &
is a parameter with dimensions of length. It (8) is equal to
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Fig. 5. Quantile-quantile plots of glide rates for day
(06001800 h) versus night (1800-0600h) at gauge #2.
a, 1988-89 winter. b, 1989-90 winter. Note: glide rates
are plotted as mmd™" (24 h period).

the thickness of the thin water film separating the
snowpack and the roof if they are taken to have parallel
sides (originally stated by Newton). In this case, the
tangential drag is extremely low and even though one
could replace D* in Equation (3) by

. 1 6
Y- ®)

the physical problem changes. In fact, with such low
interface friction, high tensile forces can develop in the
snow cover to produce a tensile crack high on the roof (see
Fig. 6b). Figure 7 gives an example of this common
configuration. Crack formation allows the entire snow
cover to act on the barrier to produce longitudinal barrier
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Fig. 6. Schematic_for calculation of stresses on a barrier on
a slope subject to snow gliding and slip. a, Equation (3)
gives the longitudinal stress on the barrier for moderate
gliding without presence of a tensile crack. b, Equation (6)
gives a simple formulation for rapid sliding ( zero friction)
when a tensile crack forms upslope from the barrier.

stresses given in a one-dimensional approximation by:

o e e X
= H a
& = pgH sin (6)

where Xj is the length along the roof from the barrier face
to the position of the tensile crack. Equation (6) is derived
by direct integration of the equilibrium equation
assuming zero friction at the glide interface with a free
surface at the upslope end of the snowpack. Equation (6)
may be taken as an approximate conservative engineering
design equation for the longitudinal stress on a barrier
placed on a very smooth wet roof subject to snow gliding.
Taylor (1987) reports coeflicients of sliding friction on
roofs as 0,05 for smooth steel or painted roofs and 0.02 for
smooth glass. Therefore, the design friction may be taken
near zero for a wetted, smooth roof (Taylor, 1987). Since
the friction all along the glide interface is assumed zero,
glide parameters (D" or ) do not appear.

Fig. 7. Appearance of a tensile crack high on a roof caused
by gliding. Equation (6) provides estimates of stresses on a
barrier where Xy is shown in Fig. 6b.

https://doi4org}%1 89/1994A0G19-1-97-103 Published online by Cambridge University Press

For avalanche formation on roofs subject to gliding
which do not have restraining barriers at the bottom
(near the eave), tensile stresses in the slab are higher than
for the case of avalanche formation in an alpine snowpack
(McClung, 1987) for the same glide interface boundary
conditions. In the case of the snow slab on a roof, the
lower, longitudinal boundary is a free surface instead of
being restrained by lateral compressive stresses (an-
alogous to the earth pressure at rest) as in the case of
the alpine snow slab. Therefore, this effect plus the
possibility that roofs can have smoother glide surfaces
than in alpine terrain can lead to easier sliding and earlier
avalanche formation than in alpine terrain. Taylor
(1987) reported that roof designers in the U.S.A. and
Canada begin to allow for sliding on warm slippery roofs
at slope angles exceeding 15°. Avalanche formation by
gliding in alpine terrain begins at about 25° and it is
probably true that both effects mentioned above
contribute to producing roof avalanches on slope angles
as low as 15°. For roofs, a smooth interface can allow
faster gliding and with a free surface at the lower end of
the slab, tensile stresses in the upper end of the slab are
higher than they would be if a free surface was not present
(see McClung, 1987, for the estimates without the free
surface) by approximately:

1
Py == | —— | pgH cosp. (7)
2\1—v

EXAMINATION OF GLIDE CONSTITUTIVE
PARAMETERS

We believe Equation (2) is more appropriate to describe
snow gliding for an alpine snowpack than Equation (4).
In Equation (2), both viscosity parameters u and v may
be influenced by changing water content in the snow
layer near the boundary. However, data by Tzumi and
Akitaya (1985) on hardness of wet snow as a function of
water content indicate that this effect is too limited to
explain fully the fluctuations in glide velocity indicated by
our data. Their data show that hardness can decrease by a
factor of about 25% for coarse-grained wet snow over the
variations in water content ( 8 to 15%) we observed in
the layer near the snow-rock interface. Our data show
that glide speeds may vary up to a factor of about 10 (Fig.
2b) in alpine terrain. We therefore attribute the highest
fluctuations to changes in D* as water content increases at
the rock interface. We feel that lesser changes in glide
speed are due to decreases in p and ¥ as water content
increases in the lowest layer, assuming that viscosity and
hardness both vary with water content as shown in the
data of Izumi and Akitaya (1985).

From the equations of equilibrium, we may equate
snowpack drag to the basal shear stress at the bottom of
the snowpack in a region assumed free of longitudinal
gradients of stresses and material properties:

NPT ..
ngsmd)-——g(l ey, (8)

We have approximate estimates of all of these parameters
except p (shear viscosity). From our data, typical
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parameters are: p =~ 400kgm i H=1 m, w=7381°%,
Uy~ 10mmd "' (Table 1) and v~ 0.2 (e.g. Salm,
1977). Given these parameters and D*/H in the range
0.1 to 1 (e.g. Swiss Guidelines, 1990; McClung, in press)
yields values for 4 in the range 0.2-2 x 10" kgsecm *.
Haefeli (1967) gives a value of about 0.4 x 10''kg
secm ° for the shear viscosity of snow with density
400kgm *. Tt may be noted that these estimates of
viscosity are about five orders of magnitude higher than
estimated by Gand and Zupancic (1966) by application
of a different glide constitutive equation. Therefore, even
though this dimensional argument is only approximate
and somewhat circular, we believe it lends some support
for our proposed glide constitutive Equation (2). In our
view, Equation (2) may be used to describe gliding with
the fluctuations interpreted by changes in D* and to a
lesser extent p and v, as water content varies near and at
the snow-rock boundary.

SUMMARY DISCUSSION

Our data from gliding on steep rock show the following
characteristics:

1. Highly fluctuating values of glide speed are found
particularly in early winter and late spring. Those
characteristics are, however, consistent with gliding
theory.

2. Data for two winters showed that glide rates tend to
be similar at the same location for winters of similar
character.

3. Our studies of spatial variation show that glide
speed is higher below the step in the rock (where snow
has separated from the rock) in the snow cover than
above it. There are probably two contributing effects:
(1) the presence of the free surface at the uphill surface
of the snow allows easier downslope motion of the
gliding slab and (2) the open crack can help to
concentrate melt water at the glide interface by
serving as an open reservoir for surface melt water to
concentrate.

4. We cannot conclusively say whether glide rates are,
on average, faster during the day than at night. Better
scrutiny of meteorological parameters is needed to
understand gliding on a diurnal time scale. Two
winters’ gliding data do not yield a clear answer.

5. We have presented simple analytical expressions for
the longitudinal force on restraining barriers in deep
snow covers (McClung and Larsen, 1989) and on
roofs when gliding is present. The character of the
problem on a warm, smooth roof is obviously of a
different character than that of a deep snow cover but
it may be approached [rom a similar mechanics
formalism. In the zero friction limit (Equation (3b))
constants from the glide constitutive equation do not
appear.
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One aspect of gliding which is not included in our
simple analytical formulae for barrier forces is time
dependence. Even though gliding shows highly fluctuat-
ing time dependence our equations are based on quasi-
static formulations. A complete time-dependent solution
is not available yet and its implications for engineering
problems have not been fully considered. Our simple
analysis of the fluctuations (Equation (8)) and physics of
snow gliding shows consistency with the proposed gliding
constitutive Equation (2). However, this analysis does not
constitute a proof that Equation (2) is appropriate.
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