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INTRODUCTION

This report covers the work performed by the University of Washington in
connection with avalanche studies in the North Cascades. The research was per-
formed the second year of a three year program in conjunction with the
Washington State Highway Department (Research Project No. Y1301) and included
the period from September 1971 to July 1972. The first year of the study
provided a field reconnaissance of avalanche conditions on the North Cascades
Highway (SR—QO)l. In the second year of the project, diversified activities
were carried out by the investigators. These are reported here.

Dr. E. R. LaChapelle was on leave at the Institute of Low Temperature
Science, Hokkaideo University, Sapporo, Japan, in the Winter Quarter. While in
Japan a complete bibliography of snow clearing methods was compiled, and the
local avalanche problems studied. The fifst_part of this report is a discussion
of the avalanche problems.‘ The written portion is supported by a movie film.
The bibliography on snow clearing methods is included as an Appendix at the end
of this report. |

In order to gain some guantitative impression of avalanche dimensions and
mechanics, Dr. Brown and Dr. Evans prepared a study of the state of stress in
fallen snow and subsequent mechanics of slab avalanching. Dr. LaChapelle added
material which provided correlations of the theory with observed avalanching. A
complete paper was published, and the result of this inquiry2 is included in the
second part of this report.

Important mechanical parameters of the snow are required for the engineer-
ing application of the theory. These strength, glide and creep properties are
being collected at test sites in the North Cascades. The third part of this
report is concerned with the data obtained and the apparatus. The information
is not complete, and this aspect of the report is of an interim character. Refine-

ment of the apparatus and the resulting data collection will be continued into

the third year of the study. This work is being undertaken by Mr. D. McClung



and supervised by three investigators.

The final part of the report consists of winter observations at Washington

Pass which Mr. L. Miller organized. This was supervised by Dr. LaChapelle.



PART 1.

(a) Snow and Avalanche Technology in Japan

The following report summarizes collateral information concerning current
snow research and avalanche control ﬁractices in Japan. These observations
were collected during a tour of Japanese institutions and avalanche sites by
E. R. LaChapelle during the period January-March 1972. Emphasis here is
placed on those observations most directly pertinent to research on avalanches

in the North Cascades being carried out under the present contract.

Snow Research Activities

The Japanese Disaster Prevention Institute maintains snow research stations
at Nakaoka and Shin-jo in the Japanese Alps on the Island of Honshu. Both of
these stations are engaged in a wide specfrum of applied research relating to
avalanche control, snow damage, and problems of snow removal from buildings,
streets and highways. By way of background, it can be noted that those parts
of the Japanese Alps facing the Sea of Japan are subjected to very heavy winter
snowfall at low altitudes, including sea level. Large quantities of
snow can arrive in a single storm, usually heavy, wet snow deposited at temper-
atures close to the freezing point. Many wet snow avalanches are engendered
by these snowfalls, which also present formidable difficulties for traffic
movement and the general routine of winter life. |

The following research projects at the Nagaoka and Shin-jo Stations are
especially pertinent,

Roof Snow Removal:

Heavy snow accumulations often cause structural damage to roofs and build-
ings in the Japanese Alps. Extensive tests are now underway on various methods
of removing the snow from roofs. Most of these involve snow melting. Injection

of hot water into snow at the roof peaks is one method. Another is circulation

T



of hot water in pipes immediately under the roof. Special attention is given
to design of eaves so that a cold zone does not develbp along the roof edge
and generate an ice trap. Model roofs of various angles and composition have

been constructed at Shin-jo to ascertain the optimum conditions for snow melt.

Snow Settlement:

The well known daméging effects of settlement in a deep snow cover on
exposed structures is being systematically tested at Nagaocka by observing the
effects of snow on horizontal bars of various shapes, sizes and materials.
Tests in a cold laboratory are also underway to determine the zone of influence

within the snow cover of buried structures.

Laser Snow Depth Gauge:

The Nagaoka Station has developed a successful laser snow depth gauge
which automatically transmits an accurate measure of snow depth to a recorder
on interrogation. The laser beam and sensor are shifted by mechanically
operated mirrors to scan for and detect the snow surface.  The present design
is suitable for research purposed but probably is too large and complex for
convenient installation at remote sites away from power mains. The basic
principle of the gauge can seemingly be adapted to smaller and more portable

versions.

Snow Glide Observations:

Especially pertinent to avalanche research is the ingenious methodology
developed at Nagaoka to study glide or the movement of the snow cover over the
ground. Glide has a significant effect on vegetation and is often related to
avalanche formation in wet snow conditions. A research area at Nagaoka has
been prepared on a convenient hillside with a tunnel giving access underneath

the ground surface at mid-slope. In the roof of the tunnel a glass port has



been installed flush with the ground surface. A direct view of the base of the
snow cover is thus possible. Character of the snow crystals, including debris,
and the glide motion itself can all be directly observed. A time-lapse motion
picture camera has been used to record variations in glide velocity. The study
has produced useful insights into the influence of weather patterns and snow
thickness on glide motion. It has also identified a period of rapidly accel-

erated glide prior to the onset of wet snow avalanching on the ground surface.

Snow Melting in Streets:

A convenient combination of warm snowfalls and the availability of warm
water from numercus hot springs in the coastal regions of the Japanese Alps
has led to an unusual method of removing'large snowfalls from city streets.

A sprinkler system for distribution of the warm water has been installed down
the center of major thoroughfares. As soon as snowfall begins, these sprink-
lers are turned on and the melted snow is carried away by gutters. FPlates 7C
and 7D illustrate an operafional installation of this system. The Shin-jo
Station presently is testing various combinations of sprinklers, spacing and
water temperature on a short section of experimental highway to ascertain the
optimum method for snow melting. It should be noted that this method is use-
ful only in climates where air temperature commonly rises above freezing

after snowfalls; otherwise, a sheet of ice could quickly build up on the

streets.

Snow Capacity of Culverts:

Snow plowing activities plus natural and artificial melting place a heavy
load of water apd slush in the culverts in this climate. The Shin-jo Station
has constructed an artificial section of culvert with variable dimensions and
input of snow and water. Tests are being made to determine the optimum shape

and size of culvert to carry off expected storm loads.



The Japanese National Railways maintains a snow and avalanche research

station at Shiozawa. Current research prdjects of interest include:

Free Water Content Meter:

A modified and improved version of the Ambach.metood for determining liquid
water content of wet snow has been developed. This method depends on the
dielectric effects of free water on a capacitor. The improved versioﬁ samples

a large snow volume and utilizes advanced electronics.

High Speed Plow Tests:

To date, the famous JNR Hikari high speed train system has been constructed
only in the southerﬁ part of the country where winter snowfall is not a problem.
Looking forward to eventual extension of such a system to the northern regions,
the JNR has begun a series of tests on the design of snow plows Intended to
operate at speeds up to 150 miles per hour. A scale model test is underway
at Shiozawa. A large steel frame (Plate la) guides the travel of a cable-
propelled model plow through a layer of snow, seen in this Plate just behind
the standing figure. Forces exerted on the model plow (Plate 1lb) are sensed
by strain gauges and sent by radio telemetry to a recorder. A wide variety
of plow shapes is now being tested with this equipment to provide design data

for a full scale test. (Our 16 mm film on Japanese snow work includes footage

of this test in operation.)

Snow Roof Tests:

An alternate method of operating a high speed train in snow country is to
cover the track with a continuous snowshed. Various shapes, styles and mater-
jals of roofs for this purpose are being tested at Shiozawa with emphasis on
developing a design which will allow snow to slide off spontaneously and mini-

mize the need for heavy supporting walls.
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The Japanese Ministry of Forests operates a snow research station at
Kamabuchi. Emphasis here is on examining the creep and glide characteristics
of the snow cover in relation to effects on vegetation. An ambitious test of
the effects of exposure (compass orientation} of a Slope on glide is underway
in an aptificial basin carved out of a hillside to form half a bowl with slope
varying through 180°, The slopes in this basin are instrumented to measure
both creep and glide of the snow. Nearby another section of the hillside has
been modified to provide plane slopes of varying inclination and surface rough-
ness (Plate lc).‘ The willingness to move a substantial amount of earth to
estabiish uniform and controlled test slopes is a noteworthy aspect of this
study.

The Institute of Low Temperature Science, Hokkaido University, operates
an avalanche research station at Toikanbetsu in Northern Hokkaido. Thie is a
region where wet snow glide avalanches predominate in the spring. A current
study program is addressed to the problem of determiniﬁg the details of snow
mechanics involved in creep deformation of the snow cover. An instrumental
scheme has been devised to measure strain ellipses in the snow without intro-

ducing foreign elements in the snow except at the actual moment of measurement.

Snow Remowl Methods

Although the visits to scientific institutions in Japan were not aimed at
investigating snow removal methods, there were numerous opportunities to
observe this during the winter and to collect some useful information.

The larger snow plows seen in Japan, both push plows and rotaries, were
generally related to familiar types known in this country. Push plows with
wings and throwing blades (e.g. Plates 3¢ and 3d) were common. There seems to
be little opportunity .on the narrow and crowded mountain roads of Japan for

such plows to be operated at sufficiently high speeds for effective throwing
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action. Most such plows observed at work on the highways in fact were oper-
ated at much slower speeds. A less familiar type was two variations of large
end-loaders. One variation was a straight push plow (Plates 2d and 3b, plus
righthand unit in Plate 2c)}. More unusual was the other variation (not illus-
trated) in which a rotary package complete with power plant was hung on the
front of an end‘loader. |

Only one example of our familiar sno-go type of rotary was seen. Most
large rotary plows in Japan are based on the Swiss Rolba design {marketed by
Snowblast: in U.S. A.).. Plates 2a and 2b illustrate heavy-duty modifications of
the Rolba system utilizing solid plates instead of open reels to gain additional
strength and durability. Thesé large machines appear to be comparable to the
Snowblast machine in power and performance. A distinctly different type of
rotary plow is the lefthand unit in Plate 2c. This asymmetric design intended
for clearing highways in deep snow country utilizes a single rotating blade as
combination disaggregator and blower, a design long used on railway snow plows.

The most distinctive Japanese snow plows are the smaller models intended
for hand 0peratioh by a man walking alongside or at the rear. Several types of
these were observed in operation, some of them substantially larger than any
hand-guided plows we are familiar with and obviously powered by substantial
engines. Anrexample of this type of machine is shown in Plate 3a. Smaller
hand operated plows of the garden tractor variety are also common. Another type
of small machine is a hand guided push plow resembling a miniature caterpillar
tractor which is used for clearing city streets and parking lots.

Extensive use is still made of hand labor to clear snow in Northern Honshu
and in Hokkaido. For this purpose a small, hand propelled push plow shaped
like a scoop is widely used. Such plows seem more common than snow shovels

in many parts of Japan. Observations of these plows iIn use suggest that they
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are an efficient means of clearing snow from sidewalks, driveways and around
buildings where powered machinery normally is not used. They could well be
adopted in this country for similar purposes where snow shovels are commonly

and often inefficiently used.

Avalanche Defenses

A combination of mountainous terrain, heavy snowfalls, and a dense rail-
way and highway network leads to a considerable avalanche hazard to transpor-
tation routes in the northern part of Japan. To a very large extent the serious
avalanching is associated with wet snow, either freshly deposited or warmed
by rains. Many of the avalanche paths threatening rail and highways are rel-
atively short and many, especially in the Japanese Alps, originate in demnse
timber or brush covered slopes. Large, open slopes invelving dry slab avalanches
do occur in the higher reaches of the Alps and in the higher mountains of
Hokkaido, but these generally are not associated with direct hazards to
communities or traffic. Where rail or highways do pass thourgh the bigger
avalanche zones, the danger is usually averted by tunneling. Tunnels, in
fact, abound everywhere in Japan, and their excavation is undertaken in places
where in our own country they would be eschewed on account of cost. (A Japanese
engineer, who looked through a copy of the Avalanche Atlas for the North
Cascade Highway, remarked that in Japan they would never even consider build-
ing a highway in such a high avalanche hazard zone as Washington Pass-- they
would tunnel under it.) Avalanche defense systems are widely used and snow
sheds are common. Diversion walls and barriers are also frequently used. Most
of the defense systems (supporting structures of one kind or another designed
to inhibit avalanche release) are on relatively short slopes, in some cases
little more than road cuts or embankments. Artificial release of avalanches

as a control measure is little used, in large part due to lack of available
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military weapons but aiso to the prevalence of wet snow avalanching, which is
less susceptible to reliablerartillery or explosive control than dry snow. In
some parts of the Japanese Alps a téchnique is used to dynamite and release the
entire snow cover prior to onset of spring melt and a wet slide cyéle, but this
is limited to relatively small slopes due to the time and éffcrt required to
prepare and instail the dynamite charges.

The technology of avalanehe defense structures in Japan shows evidence of
a ready willingness to experiment with fresh ideas and materials. In several
places, new stﬁuctufes were explained as being strictly experimental and had
in fact not yet stood up to the test of a major avalanche. Most of the
defense systems are of recent construction, but there is one rather extensive
system of defense for a railroad line in the Japanese Alps which was built
over 50 years ago. This system consists of a series of snow sheds, diversion
walls and barriers, all of heavy masonry construction. Early European tech-
niques apparently were the basis for this design, but the Japanese construction
was carried to considerably greater length and effectiveness than was usual
for that period prior to the foundation of a formal science of avalanche defense.

Some specific aspects of modern Japanese avalanche defense systems are

discussed below:

Supporting Structures:

Most modern systems of supporting structures follow closely the principles
set forth in the Swiss Guidelines. Some of the bridges on smaller slopes are
rather light and anchored by uphill tension tables, like those in the cutbanks
in Plate 4a. In areas of heavier snowfall, the downhill compression braces
following customary Swiss design are used (Plate 4b). Sometimes special soil

and foundation problems require extensive concrete footings and braces (Plate 4c).

These general patterns, predominantly bridges rather than rakes, are found in
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most defense systems that were observed. To a lesser degree, snow jacks
(Plate u4d)} are also used along road banks. The spacing in this illustration
indicates the jacké are aimed at anchoring wet snow to the ground; they would
be largely ineffective against soft slab release. In some localities of the
Japanese Alps, individual supporting structures are located in gulleys among
thick timber stands where avalanche release would not ordinarily be expected.

An incidental item of interest is the market pole in the foregroun¢ of
Plate 4a (also in the middle distance). .The arrow points to the road margin
as a guide for snow plows and is equipped with reflectors for easy visibility
at night. Markers of this type are used extensively on thé highways of Hokkaido.

They are removed in the spring.

Snow Sheds:

Snow sheds are extensively used, and the structural details vary widely
according to snow conditions and size of the avalanche path. A useful inno-
vation is the tunnel-liner type of shed (Plate 5a) used to eliminate nuisance
sluffs in deep road cuts. Steel, concrete, and combinations of these are used
variously according to expected impact forces and economié considerations at
the site (Plates 5b, 5c¢, 5d).

Some unique experimental designs of snow sheds are presently being tested.
The shed shown in Plates 6a and 6b was just constructed ana had not yet sustained
a major avalanche impact. Concrete is used for the uphill abutment where most
of the impact force would be expected, while the rest of the shed is made up
of steel arches to conserve material and costs. This shed probably will be
effective against smaller avalanches, but may well be damaged by very large,
high-velocity ones (only the former kind normally fall at this site). A still
more unusual design is the one located on the east side of Nakayama Pass in

Hokkaido (Plate 6c). The cantilevered snow shed was built to avoid a serious
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foundation problem on the downhill side of the road. This one also has yet to
pass the test of a severe avalanche. Plate &d illustrates an elegant solution
to a combined problem of poor road foundation and a short avalanche slope at

one end of a Highway bridge.

Avalanche Dams:

The frequent occurrence of wet snow avalanches invites the use of avalanche
barriers or dams, which are much more effective against wet snow sliding along
the ground than against high velocity dry snow accompanied by a dust cloud.

Such structures in Japan are usually constructed of masonry or reinforced concrete
at the foot of narrow gulleys where wet snow avalanches occur at least annually.
Two examples are shown in Plates 7a and 7b. The one in Plate 7b is of recent
construction. The holes allow discharge of flood water during spring run-off.
This is an exceptionally massive dam at the foot of a rather long gulley -- it

has not yet sustained a full-lcad test from a major avalanche.

By way of collateral information, the rip-rap in the foreground of Plate 7a
is a common pattern in Japan. The elements are pre-cast of concrete. This

rip-rap faces the approach to a snow shed.

Snow Fences:

Though not usually associated with avalanche control directly, snow
fences are widely used for the customary purpose of snow drift management
along highways and railways. The most common type is made of netting suspended
from poles, an ecopomical arrangement which can readily be erected in the fall
and taken down each spring. A variation used in parts of Honshu utilizes rice
straw mats instead of nets. A more permanent type used in the heavier snow
zones consists of perforated steel panels which can be raised by sliding

them up steel supporting poles to adjust to accumulating snow.
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PART 2

The Mechanics of Slab Avalanching and the State of Stress in Fallen Snow

A recent paper on snow slab failurea provides an avalanche model falling
into four parts:

a) Shear failure at the snow-ground or snow-snow interface

b) Tensile failure at the slab top

c) Shear failure at the slab sides

d) Compression failure at the slab bottom

These regions are indicated in Fig. 1 The physical reasons for the snow-
ground or snow-snow interface shear failure have been dealt with3; the subsequent
behavior is a consequence of this initial shear degeneration. Unfortunately,
the above models could not be developed into a complete theory because no adequate
way of predicting the sfress distribution in the snow slab prior to avalanching
appeared to be available. Therefore, only order of magnitude arguments were used
to examine the consequences of the model. In spite of this restriction, the
results proved encouraging.

In this paper a method of incremental analysis developed for accreting
bodies is used to determine the initial state of étress in fallen snow;1+ it
thus corresponds most closely in nature to conditions for soft slab avalanches
originating in new fallen snow. The basic anlaysis is for uniform cover of a
plane surface of constant slope, but the effect of curvature is examined by
congidering uniform accretion on a spherical surface. Non-uniform coverage is
also investigated.

The shear stresses over a part of the interface are then released, and
the subsequent forms of failure at the top, sides and bottom described. The

bottom failure can be due to buckling or fractures. Both modes are examined.
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The consequences of the theory are slab dimensions (length and breadth) in terms
of the thickness, slope, snow density and mechanical properties.

These dimensions are consistent with observed slab behavior and suggest
that the Perla-LaChapelle approach is valid.

One concept of metamorphosis involves a shear strength degeneration along
a layer. This layer may be located at the ground-snow interface,at an interface
between new and old snow or at some other surface in the snow thickness. The
cause of the metamorphosis may be crystal metamorphism, e.g. the development
of depth hoar, or some completely different phenomenon such as lubrication of
the interface by percolating meltwater. The origin of metamorphosis = is not,
in fact, germane to the arguments of this paper and the term will be used to

describe ' any shear degeneration.
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IDEALIZATION

The varied physical conditions of snow and avalanche terrain have to be
idealized in order that an analysis can be generated. Here we consider initially
an infinite, uniform, rigid surface of angle 6 on whiéh snow is continuouély
deposited to a depth t. In nature this surface may be either the ground or an
old snow surface. It is referred to here as the ground for convenience. The
coordinate Xy is on the snow-ground interface, and X, is the normal so that
the snow surface is %, = t. These matters are illustrated in Fig. 2. The
snow density as deposited is p(x2),_the modulus of elasticity E, Poisson's
ratio v( » and u are the equivalent Lamé constants). The stresses in the
deposited snow are Uij(Xl,XQ). Metamorphosis over a rggion -Dg X, € D changes

this stress state to Eij(xl,xz) where
zij(xl,xz) = oij(xl’x2) + Tij(xl’x2) (1)

when 012(x2=0) is smaller than the new shear strength.

Tii is the state of stress associated with the reduction Qf shear capacity
at the metamorphosed region to a value below that of the initial shear stress.

When metamorphosis occurs above the interface, a distance t' Dbelow the
surface (t' <t), then t' should replace t in all subsequent analysis.

The strengths of the snow in tension, compression and shear are 21,22 and
Ly respectively. Complete failure of the snow slab is manifested by an aval-
anche of breadth 2B. The length is assumed to be bounded by X, = +D. The
snow is assumed to behave linearly elastically and the ground to be rigid.
oij is first described, and then the effect of the change on the interface is

evaluated in order that zij can be compared to snow strengths El, 22, and Iy

(T
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THE INITIAL STATE OF STRESS

It is first assumed that snow is deposited uniformly to a final depth, t,
on a rigid infinitely extending uniform slope (Fig. 2). At some time in this
accretion process, snow 1s at a depth & as shown in Fig. 3. An increment of
thickness #a, density pla) is added. Initially interest is in the incremental
stresses, Aoij’ at Xy<a due to this addition. The analysis follows that pf

u_ .
Brown and Goodman, -1963.

The incremental loading at X5= & is separated into normal and shear parts

as shown in Fig. 3. The incremental boundary conditions are, for normal load-

ing,
Xy =a; Aoy, T -pha COS O (2)
A°l2 =0
x2.= 03 Aul = Au2=0

and, for shear loading,

X, =a; Aoy, =0 ' (3>
6012 = -pAa sSin 6
X, = 0, Aul = Au2 = 0,

Considering the normal loading case, the infinite extent of the region

requires that

Aejy = BAegg ® 0. (W)

Using the constitutive law
Acij = Mgy Gij + 2uAeij (5)
the state of stresslis bound to be

1 _1 _ _ _
x By, =% Bog5 = bo,, = -pAacos 6 (6)

Ao,, = 0, 1 #7]

=-26-



NORMAL LOADING SHEAR LOADING

Geometry and Incremental Loading Conditions

-27-



where

_ Vv
k = ) A+ 2]-1 - lfﬂ) * (7)
The solution for the increment of shear loading is

A

1o = -Pbasin 8 ~(®)

i

Ag,, = O, i#1, 52

1]
Since. the snow is added froma =0 toa =t, the final stress state is

obtained by summing these incremental stresses. Analytically this is done by

shrinking Ao to the limit and integrating so that

t
Cij(xi) = Jx doij(og). : - (9)
: 2

For uniform snow density (9) with (6) and (8) gives

= = 7V -
011 ¥ 933 = 15, 0 o8 8 (t-x,)

-p cos & (t-x,)

O22 (10)

015 = -p sin o (t—x2)_

It should be noted that the results of (10) may be obtained directly by
treating the weight as a body force applied to the entire thickness. Such is
not generally the case for such accretion problems however, as may be shown

for the subsequent analysis where some consequences of relaxing the assumptions
on gecmetry and density are considered.

a) Variation of Snow Density.

The density of the deposited snow may vary with the depth. Such a varia-

tion can be expressed by

pla) = ] o4 ot (11)
i=0
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This leads to

o [+ ) . A
-y "1 L A+l o itl
013 T 933 T T ©°8 eiZ__o ()

o0 .p - . -
Z i (t1+l—x 1+l)

999 7 S8 L T 2 (12)
- ain 8 ‘f Pi (it 1L
912 7 TR VL OTAT 2

where (10) is the solution for i=0. The density variation due to consolidation
by itself does not affect the initial state solution. However, such an effect

would mean that A and p depend on o in the incremental constitutive law,

which would then modify the form of (12).

b) Curvature of the Ground Surface

This is examined by extending the previous analysis to the case where the
ground surface is spherical. In order to examine the effeét of curvature on
the initial stress state radial loading only is taken into account.

The perfectly flat géometry previously discussed can be modified to the
convex or concave spherical shapes of Fig. 4. The rigid surface is at r,
and the snow deposit of thickness 4o is at a. Ty 0 and 1r, the generic

position, are surfaces of concentric spheres. The requirement of (4) becomes

Aua = Au¢ = 0 (13)
in spherical coordinates, and only Aur exists. These conditions provide point
symmetry and increment of radial displacement, Aur, is governed by the Lamé

equation of elasticity

2Aur
(A ur,r + = )’r =0, A1)
This has a solution
_ C
bu = Br + r—2 (15)
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CONVEX CONCAVE

Spherical Ground Geometry & Incremental Conditions
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The incremental boundary conditicons are

r=Er; o Au =0 (16)
r=a ; Ao = _ pAa
rr :
where
4Cy '
Ao = A - —
o = (3A+ 2w)B - . (17)
T
The incremental solution is then
r To 3
du = 2 3 3 {(;74 -1} Aa
(3a+2u) o +uuro
— 03 r,. 3
fo, = ——F2 {3x +2ut 4y () } pa (18)
(3A+24)a 3+ '-I-]r,i'.’.“o3
3 ro 3
boge= b0, = = s 3% +2u -2u ) Jba.
¢ (3a+2u)a’+ e
Final stresses are found by integration, i.e.
r it
o
og,, = do, . @) (19)
ij . ij :

where in the above, and also subsequently, the upper sign refers to the convex

shape and the lower sign to the concave. Stresses are

3 N
-P {33+ 2u + 4y (%) } (20)

1 3
Ogg = c¢¢= -P {3x + 2u -2 (30 1

ag
by o

where
(G+lip)2(G2-Gq+q2)
(G2-G<l¢p> + <lip>2) (G+q)2

Pr
_ 0 . 1
P= QTS {3(1+p-q) -G Z In

+ V3 Tant ZLIP)E 73 opum1 206 } (21)

V3 @ /3 G
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and

3 _ 4y _ 2(1-2v) _ _ t _r
¢ Twmay T TIm P /e aF /7,
%00
Of particular interest is the ratio R for small curvature. This may
r
be found by substituting
r=Erot ) _ (22)

into (20) and expanding. Retaining only terms linear in.;ﬁ- there results
o

=88 _ v (+ vwa-2v) .
g l-v = (l—v)2

=
|
1

)
r . (23)
The ratio given by (10) is thus corrected for curvature. As opposed to the flat
case, the value of K varies with position in the snow. At 6 = 0, K = k;

this value increases with distance from the interface for convex shapes and

A . -8
decreases for concave shapes. However, the sensitivity in ranges of —
o

of interest is negligible compared to the quality of idealization already posed.

¢) Non-Uniform Snow Deposition

This is investigated by considering snow deposition which is uniform in

time but which increases linearly with x, so that the final depth, t, is

1
given by

t=z1t + A

The incremental loading is again separated into normal and tangential parts, and
it is assumed that A 1is small enough so that the upper surface may be con-

sidered to remain essentially parallel to the %, axis.

The problem formulation is identical to that of (2) and (3) with
X

p(l+A3£)A o replacing pld a as the incremental load. Solution of the elasticity

~A2.



problems leads to

X
_ -V 1
Acll = T:\J— p (1+A '—ﬁ-) cos BA o
!
A022 = - p(1t+A —ﬁJ cos BAa C(24)
A012 = 0
for normal loading and
-2x A
Aoll = { ot v(l+v)(x2—a) } p Psin A«
Ac = (x-—a)ipsin 8A o (25)
22 2 D
_ A A .
A012 = —-(1+ ﬁ-xl) §esin 6h a

for shear loading.

The final state is determined by integration, and is

_ v A
017 = I Pcos 8(1+ —-xl)(t—x2)

D
A . 2 v(1l+v) o8 2
T esin S{ﬁ (t—x2)x2 t = (‘t-—x2) }
(26)
_ A _ _ Ap sing Y
U5y = =p cOS 9(1+ﬁ-xl)(t x2) 55 (t x2)

. A
Gyp =0 sin 6(l+ﬁ-xl)(t—x2)i

It may be seen from (26) that 93 and %50 contain correction terms in
' X

addition to replacing p in (10) by p(1+ Ar%ﬂ. These corrections increase the

compressive initial stress. The correction is small for typical avalanche dimen-
X X

sions since A —%— will be of order unity and A—%- will be small compared with

unity.
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The ratio Ull/ O pn is given by

' 2x
- _ Vv (1-v)Atan® 2 v(1+v)
k= U11/022 Y {1+ N {(1-v)D + ) (t—x2)J} (27)
vw( 1+AB-—)

Atan e(t~x2)

1+
%1
2D(1+A-—,;—)
2 (t-x.)
. Y Atan® {2 *2 v 2
oy Ut x, & YT }} (28)
1+A—

D
It follows from (28) that K wvaries along the length and through the
thickness of the avalanche. For example, K = k at the interface (x2=0) and

for v =%-, 8 =30°, and D/t =8 has a maximum value of 1.57 k at x.= -D

] s x2=t.

SLAB FAiLURE

Knowledge of the initial state of stress allows failure conditions to be
determined by calculating the additional stress induced by the reduction of the
shear strength over some area of the interface. Exact three dimensional solu-
tions based on linear isotropic elasticity are not available; even three dimen-
sional numerical solutions are presently intractible. Accepted values for
Zys 22, ES suggest the following order of failure: top tensile fracture, side
shear fracture and bottom compressive failure. Analyses are carried out assuming
a reduction to zero of the shear strength over a metamorphosed basal rectang-
ular region (-D S <D, -B $X4 £B) and considéring each of these failure modes
chronologically.

a) Upper Tensile Slab Fracture

The interface metamorphosis in the region -D sx gD of Fig. 2 alters the

snow stresses to Zij as in equation (l). For zero shear capacity

3



at the interface Tij is obtained by considering the stresses
caused by shears at x2=0, ~D ﬁxl §D given by the negative of 94 (x2=0) in

equation (10).(See Fig. 5). The boundary conditions are

By BT Tpp =Ty =0

X, = 03 u, = 0 ' : (29)
X, = 0, -Dg X, £D; Typ =P 8in et

X, = 0, 2, »D, X, <=D3; wu. =0

2 1 1
Because of the stress singularities at X, = 1D, we concentrate our attention
on the average tensile failure features of the top slab (Fig. 1). From the evi-

dence of Perla and LaChapelle3 and Sommerfeldé, a brittle failure

representation of the form
t
J 2.11 (x,= D, x,) dx, = Zl‘t (30)
e}
may be employed. The components of zll (Equation 1) are 5ll(x=D, xz) and
Tll(x=D, x2).
The second component cannot be determined analytically at x.= D, but from

1
statics and arguments of symmetry about x.= 0.

1
t D _

J rll(xl= D, x2) dx2= J Tyo (xl, X, = 0) dxl. | (31)

o o
Hence in (30)

-y t2

To; PC0s 8 —5 + p sin @tD = th (32)
and the dimensional ratio

R:z_l T+ 2 Lot (33)

t p t sind 1-v 2 -

This important ratio depends on the show properties Zl’ p and v , the ground

slope, 6, and the snow thickness, t. The tensile strength of snow, Zl’ is
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Conditions for Tij

Fig5s
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dependent in part on snow density, p. Values of the ratio Zlﬁa vary from 3.
meters for fine grained old snow to 6 meters for coarse grained old snows,
6 1s usually in the range of 30° to 450,
Poisson's ratio, v , seems to be ill-defined but values from 0.1 to 0.4 are
reported. Regardless of the values chosen, the second term of the right hand of (33)
is dominated by the first. Fig. 6 shows a plot for computing D/t for various

values of 6, v and &

170
Gyq is zero at the surface, x2=t,for all shapes of surface. As stated
above, the solution for 11 is intfactable at x,= D because of a singularity
at x2= 0. However,
T3 = p sin 6D (34)

is an excellent representation (see Discussion and Conclusions). This means
that the tensile stress will be greatest at the upper surface, and incipient
tensile failure in the upper slab will be indicated by surface cradking on

X, = t along the region about x, = D.

b) Side Shear Fracture

Tensile fracture along the line x,= D causes a force of magnitude 2 thB,
where 2B 1is the length of tensile failure in the Xs direction, to be accommo-
dated in shear over the region 0« X, <t, x3 = B and -B, and in compression over
0 <X, <t, Xy = ~D. An upper bound on shear stress is obtained by assuming that

the force is taken exclusively in shear until the full shear capacity is mobil-

ized. Then

H I, Dt = 2Bt z, (35)
d
an B _ 223 D ‘ (36)
= = =, . 36
t El t
o1 7
In most materials T = 3+ Interpretation of the tests

1
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suggests a value of %u If any of the force 2 zltB released by the tensile failure
failure is accommodated with the bottom slab compression region, then % in
(37) will be increased. Thus, we would expect under all circumstances

B>D (37)

c) Bottom Slab Compression Failure

Failure on three sides of the slab results in high compression at the lower
slab, X7 -D. Two ques of failure are possible and both have been reporteds,
buckling of the slab over X % -D and compression failure at
Xy = -D. The latter is more common for catastrophic slab failure leading to
avalanche release. Buckling is usually associated with slower deformation
accompanying glide of thé Snow cover over the ground.
A possible buckling configuration is shown in Fig. 7, the problem being

equivalent to that of a beam under the action of an end load and a distributed

axial load. An approximate solution by Rayleigh's method has been found.8

In Fig. 7 the coordinates have been changed so that

¥ =x. +D

1 (38)
w= X, (39)
The deflected shape is
w= WY) (40)
which must satisfy the conditions
w =0, Q%_ = 0 (41)

at ¥ = 0 and for ¥z L.
The axial loading is p sin 6t(2D -L) at ¥ =L which describes the accumu-
lated tangential forces over ¥:L and a spread axial loading p sin 8t over

0 ¢ ¥ <L.An assumed shape that satisfies (41) is
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suggests a value of %ﬂ If any of the force 2 EltB released by the tensile failure
failure is accommodated with the bottom slab compression region, then %— in

(37) will be increased. Thus, we would expect under all circumstances

B2>D (37)

¢) Bottom Slab Compression Failure

Failure on three sides of the slab results in high compression at the lower

slab, X, -D. Two modes of failure are possible and both have been reporteds,
buckling of the slab over X, > -D and compression failure at

X,= -D. The latter is more common for catastrophic slab failure leading to
avalanche release. Buckling is usually associated with slower deformation
accompanying glide of the snow cover over the ground.

A possible buckling configuration is shown in Fig. 7, the problem being
equivalent to that of a beam undgr the action of an end load and a distributed

axial load. An approximate solution by Rayleigh's method has been found.8

In Fig. 7 the coordinates have been changed so that

¥ =x+D (38)

w= X, (39)
The deflected shape is

w= w¥) (40)
which must satisfy the conditions

w= o, Q; =0 (41)

at ¥ = 0 and for ¥> L.
The axial loading is ¢ sin 6t(2D -L) at ¥ =L, which describes the accumu-
lated tangential forces over ¥zL and a spread axial loading p sin 8t over

0 € ¥ sL.An assumed shape that satisfies (il) is
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w= A(l- cos 2%24

which, when applied to the Rayleigh quotient, gives an upper bound

2.3 -1
psin 6tL 5—1—535——5- (2%—— %0
3(1vI)L

A stationary value of psin 6tL occurs at

L =2D,

that is the whole slab will buckle rather than a portion L <2D,

TrzEt3

2 p sin 0tD ¢
6(1-v2)n2,

(45) gives snow properties p, v and E for buckling given the geometry 8

t and the results of equation (33).

For compression at the bottom of the slab

2 psin 6tD = th.

Therefore, from (45) buckling will oceur when

3
BE; 7 < It
{1-v°)D

where 8 is the numerical value that insures an equality in equation(45),

2
i
L —
B‘n 6 -
From (33) we may write
‘b 1
t o} t sin @
and this together with (47) gives
2
Bt2 gin 6< ¢ ££:3—l z 2.
2 2 1
p E

Therefore,

(52)

(43)

(Ly)

In this case

(45)

and

(46)

(47)

(48)

(49)

(50)

(51)



The previous argument indicates an insensitivity to the value of B8 .
Improvements may be obtained by a better description of w(¥). In particular,
the boundary condition %%—(T=L) = 0 is unrealistic when L=2D. Then the bound-

ary condition

== (¥=L) = 0 (52)

is appropriate; this corresponds to zero moment at the top surface. The

function

_ 2 5 .3
w—A(‘i’ —-3-1.?'*""

N

—
st (53)
satisfies (52) and gives a value of B8 =1.,18.

Z

As previously discussed, 513 varies from 3.4 to 6 meters. The ratio

Mlm

is of the order of 1000. This means that for elastic buckling the thickness
2

must be less than about 35 cm.

Shear failure will occur at the base if

1
22 > 5 ):3 - (54)

and in this case a 45° slip plane will originate at X = -D.
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DISCUSSION AND CONCLUSIONS

The previous stress calculations were based on certain assumptions which

merit further discussion. The condition

infinitely extending slab, but is an approximation for finite slabs.

of equation (4) is valid for an

Provided

the displacement vector at X, = 0 remains zero throughout the accretion, (4)

still provides a very close description of the actually occurring strains.

This may be understood by considering the work of Goodierg who dealt with a

very similar problem and éhowed, by use of St. Venant's principle, that ¢

11

and €33 would be non-zero only in the region close to the edges of the slab.

Also important is the effect on the

of the snow.
the linear viscoelastic problem10

011 and Og3 will only change through the

so that ¢

initial state of the viscous behavior

In fact, the state of stress given by (10)may be extended to

" will be as shown while

and Top

12

dependence on time of Poisson's Ratio.

The significant point with regard to the initial stress state is that it

is closely estimated by (10) and that the initial stress 011 is compressive

and increasing with snow depth.

Exact solutions for the state of stress after metamorphosis are not

possible in the present medel in view of

the singularities at x, =

R

In order to justify the use of averaged stress values, a finite element analysis

for the elasticity problem of (29) was carried out.

except in the neighborhood of the points
essentially uniform and in addition that
uniformly from X, =
imately 2t beyond x

0 to xl = D and then

1 = D. Such analysis

in determining the avalanche conditions.

43~

The results showed that,

X, =+ D, X, =.0, the stresses were

1
the average of Ty Over 1t increased
died away in a distance of approx-

justifies the approach of Section IV

For a finite width slab, the dimensiocnal



ratio D/t is underestimated by (33) since no contribution from the shear along
the sides is taken into account. |

On the basis of the consideratiaons of mechanics in previous sections,
certain conclusions can be drawn with regard to slab avalanche release. The
dimensional quantities D and B provide limiting dimensions for the avalanche
slab. A lower bound on the length, 2D, necessary for top tensile fracture is
given by (33) and is shown in Fig. 6. This length, which depends on snow
thickness, properties and slope, is the extent of up slope metamorphosis nec-
essary for superficial cracking to occur at the top of the potential slab
avalanche. The initial state of stress is one of compression, and because this
compression increases with depth, it is to be expected that the tensile cracks
will initiate at the surface of the slab.

The lateral extent of the tensile crack is expected to correspond approx-
imately to the breadth of the metamorphosed region. The pfeceding analysis
provides a lower bound, but not an upper bound, to the breadth of any subsequent
avalanche. If the breadth of the metamorphised region‘is less than 2D, then
no side shear and avalanching will occur. The assumptions made concerning the
shear transmittal in.the derivation of equation (37) are extreme. Any accommo-
dation,by compressive stress at the bottom,of the force released when the top
cracks,will require B > D for side shear failure.

The conclusion that B must exceed D for slab avalanche release is
consistent with observations. Snow slabs wider than they are long are observed,
sometimes the width greatly exceeds the length. Slabs longer than wide have not
been observed. Table 1 shows a compilation of B/D values for observed aval-
anches. TFor the values in the table

2.5 < B/D < 10.7

-y



with an average figure of 4.7. These observations conform to the theory,
particularly since there is no theoretical upper bound to slab avalanche
wgﬁth. They do suggest that bottom compression plays a considerable role in
determining the minimum width for side shear failure. This is confirmed by an
observation near Silverton, Colorado, (December 1971) of an area where a slab
avalanche had occurreg?lZﬁowed that a zone of highly compressed snow existed
just below the bottom. It should be noted that the values in Table 1l are for
fallen slab avalanches rather than states where just top tensile and side
shear failure has occurred.

Complete failure by slab avalanching requires failure at the bottom, and
as shown this will in general be by shear-compression rather than by buckling.
If avalanching does not occur immediately after side shear failure, then only
a change in snow properties can result in subsequent avalanching for the same
snow layer. Observations indicate that slabs which fracture but do not fall
normally stabilize in place and fail to generate avalanches. On a non-uniform
slope, the viscoelastic character of the snow will cause amplification of any
initial irregularity in conjunction with glide. What is probably the result
of such deformation is shown in Plate. 8. Although immediate avalanching may not
occur, such uplift would seem to be a danger indicator. The condition in Plate. 8.
was accompanied by a separation of some two meters in the tension zone. Such

"glide cracks" are common in isothermal snow.
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Plate 8

Possible Creep Buckling Mode
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TABLE 1.

Observed Values of B/D in Aectual Avalanches
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Sources for the dimensions in this Table are photo-
graphs, principally from copies of "Schnee und
Lawinen in den Schweizer Alpen," published annually
by the Swiss Federal Institute for Snow and Avalanche

Research and the collection of E. R. LaChapelle.
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PART 3.

Mechanical Parameters of Snow

Snow Glide.

Snow glide is the movement of the entire snow cover over the ground. During
the winter of 1971-72 measurements of snow glide were conducted at ten differ-
ent sites in the Cascades. The sites were selected to sample varied compass
bearings and ground-surface vegetation conditions. Five of the sites were in
the Stevens Pasé area, and the remaining five were in the vicinity of Cascade
Field Station and Mt. Baker ski area.

The basic method of measuring the glide is by fecording the time-history of
the motion of a metal glide shoe placed on the ground before the first snow-
fall. Results showed that throughout the winter one to two feet of glide is to
be expected depending on compass bearing and vegetation pattern. In general,
south and west facing slopes showed more glide than north facing slopes. Tim-
bered or brushy slopes yielded less glide than smooth or grassy slopes.

Figure 8 shows typical glide data collected at sites #2 and #3 at Mt.
Baker. Site #2 is a south facing slope in timber while site #3 is a south
facing slope with small brush and some grass. These data are quite typical of
other data collected at Mt. Baker.

In general, the highest glide velocities were obtained at the beginning
of the winter with a steady decline throughout the winter. The high veloci
in early winter may be attributed to a lubrication of the snow-ground interface
by melting snow at the bottom of the snowpack due to escape of heat stored in
the ground during the summer and f£all.

Another prominent feature of the snow glide data is the presence of
strong peaks during periods of rainfall in late winter. These peaks appeared

to be more pronounced for smooth slopes than for timbered or brushy slopes.
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This effect may be an important consideration for the design of avalanche
defenses in the Nerth Cascades. Since rainfall usually comes in late winter
when the snow depths are large, it is to be expected that stresses on defenses

due to glide may be large during this period.

Snow Creep.

Snow creep is the result of shear deformation and settlement in the intericr
of the snow pack. Creep measurments were carried out throughout the spring of
1872 on the same slopes that glide measurements were madélat Stevens Pass and
Mt. Baker. This enabled a comparison of the rate of shear deformation and
settlement within the snow pack with the rate of glide over the ground.

The method used in the creep experiments was an examination of the deform-
ation of vertical sawdust columns placed in the snow pack. The duration of the
experiments was typically two months. |

The experiments showed that the velocity dﬁe to shear deformation was of
the same order of magnitude as the velocity due to glide during the experiments.
Settlement is more difficult to assess by this method since the results are
complicated by ablation of the snow at the surface. .Accordingly, snow settle-
ment experiments are planned for the winter of 1972-73 to complement the saw-
dust column experiments. These experiments should together yield a solid
quantitative definition of the creep processes in the snow pack for the Cascades.

Since velocities due to creep deformation in the snow pack are of the
same order of magnitude as glide velocities, it is apparent that for avalanche
defense design the stresses due to snow creep as well as for snow glide must
be taken into account. This result is also evident from the work of Swiss

engineers concerned with defenses.
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Measurements of Snow Strength

An important input to understanding the stability of snow slabs with regard
to slab avalanches is the failure strength of the snow. Accordingly, in-situ
measurements of the strength of the snow were made at Cascade Field Station near
Mt. Baker during the 1971-72 winter.

These measurements were attempted by a new method which utilized large
tilting tables. The great advantage of the method is that it enables large
samples of snow to be used. This feature is deemed to be essential to reduce
the large scatter in the data gained by previous methods.

The warm character of the 1871-72 winter presented uhexpected problems
with the experiments which were rectified by the end of the season. In addition,
it was evident that a slight modification was needed to enable.sampling of
the lowest density snow.

The data taken during the 1971-72 season show less scatter than previous
in-situ measurements, thus perhaps indicating that the basic method is adequate.
The number of data points obtained and the lack of data in the important low
density range seem to indicate a need for more experiments before a definite
appraisal of snow strength can be made, however. Accoﬁdingly, another series

of experiments is planned for the winter of 1972-73.
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PART 4.

1971-1972 Snow Report on the North Cascades

The 1971-1972 winter was, along the North Cascades Highway as well as
throughout the Washington Cascades, a severe one with respect to the large
amounts of snowfall and the great amount of avalanche activity which took
place. The charts on the following pages summarize the observed weather and
slide activity for this winter on the section of SR-20 between Washington Pass
and Early Winters.

Figures 9 and 10 show the 24 hour maximum and minimum temperatures which
were observed at three places along the highway. Daily temperature observa-
tions were made at Early Winters (elevation 2200 feet), about three miles
west of Mazama at the mouth of the Early Winters Canyon. Temperature obser-
vations were also made at Cutthroat Creek (elevation 4000 feet) at the times
when the observer was present. In addition, a thermograph was in operation
at Washington Pass (elevation 5500 feet), from which daily maximum and mini-
mum temperatures have been extracted and are produced in Figure 10.

The record at Early Winters exhibits a wide range of temperatures. There
were many sub-zero days as well as many in which above freezing temperatures
were reconded.

Although the intermittent Cutthroat Creek record appears to show less
amplitude of diurnal temperature fluctuations, a day by day examination reveals
that corresponding temperature observations at the Early Winters Station
were usually quite comparable in magnitude and range. (The observations at
Cutthroat Creek usually were made during storm periods when cloudiness may
have pre&ented radiative heating and cooling from playing a large rﬁle in
widening the daily temperature range.) However, a fairly large number of

above freezing temperatures were reported at the 4000 foot station.
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The Washington Pass record shows on the whole slighfly lower maximum
temperatures with a fewer number above freezing than the two lower stations.
The minimum temperature at Washington Pass often dipped below the -15° F,
1imit of the thermograph chart.

Figures 11 and 12 show snow depth information for fhe 1971-72 winter. When
studying these charts, it should be considered that measurements of snow
depth often were taken on different days, and the interpolated values of snow
depth (which are indicated by the lines on the chart connecting observations)
may not accurately represent the daily.values for use in'comparing the differ-
ent eleﬁations.

Inasmuch as observations were made nearly every day at 2200 feet, the
variations in that record, especially sharp rises, may help in interpreting
the infermittent data at the higher levels. Of course, when it snowed at
upper levels but rained below,as happened often in February and March, the
2200 foot record cannot be considered representative of the variationslat some
of the higher levels.

Figures 11 and 12 show that, very generally, snow depth at all leﬁels
increased fairly steadily from November until the middle of January, and
fluctuated around these mid-January depths through most of February. Maximum
depths at 4000 feet and belowwerereached as a result of the storms of late
February and early March, after which rain was apparently responsible for a
steady decrease in snow depth at these levels.

The snow depth record showed a systematic increase with increase in eleva-
tion aslthe snowpack began to grow in November. This type of variation with
elevation continued to be displayed from the middle of December to the middle
of February below 4500 feet., But from 4500 feet to 5500 feet the values were

roughly comparablé during that period. (In fact, the 4500 foot snow depths
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were usually a little greater.) By the end of March, however, the systematic
increase with elevation had re-established itself at these levels.

Figure 13 shows the new {24 hour) snowfall record taken at Early Winters.
This may roughly indicate what was happening at higher levels, except in
February and March when rain predominated at this level.

Twenty four hour snowfalls greater than 12 inches occurred several times
throughout the winter even at this low elevation. It may be noticed in com-
paring this chart with Figures 14, 15, and 16 that those intensive 24 hour
snowfalls correspond in many cases to the major slide cycles.

rPigure 14 shows the winter's slide activity along four different sections
of the North Cascades Highway. It can be seen thaf along Delancy Ridge,
Cutthroat Ridge, and Liberty Bell Mountain slide cycles are often concurrent.
These cycles coincide generally with the major cycles throughout the Washington
Cascades this past winter, especially the January 11, Janugry 20, and March 5
cycles. The Diablo Gorge slides seemed generally unrelated in time to those
on the east side..

Figures 15 and 16 show the record of activity for fhe individual slide
paths along Delancy Ridge, Cutthroat Ridge, and Liberty Bell Mountain. The
record shows the slides which were observed to have taken place and alsc
indicates the slides which later investigation showed were probable but which
could not be recorded because of hazard at the time to further travel along
the road.

The slide gectivity along Delancy Ridge was considerable throughout the
winter, although on oﬁlﬁ three days did any of these slides deposit snow on
the road.

By comparison, the Cutthroat Ridge and Liberty Bell slides were more

active, and a greater percentage of them ran into the road. In fact, the
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FIGURE 15.

DR-13
DR-12
DR- 11
DR ~10
DR- 9
DR- 8
DR- 7
DR- 6
"DR-5
DR— 4
DR~ 3
DR- 2

DR~ 1

DELANCY RIDGE SLIDE RELEASE LOG

NORTH CASCADE HIGHWAY

1971-1972
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[ Observed slide, not reaching road
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D_ small s Slide not observed, but thought probable
0 medium
I large Slides released sometime between 8 December
and 19 December were possibly in two
[ maximum separate cycles.
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FIGURE 16.

NORTH CASCADE HIGHWAY
LIBERTY BELL & CUTTHROAT RIDGE SLIDE RELEASE LOG

1971 - 1972
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SIZE
N Observed slide, not reaching road

o sluff I Observed slide, in or across road

0 small * Slide not observed, but thought probable

I medium

1 large Slides released sometime between 8 December

and 19 December were possibly in two
[ maximum separate cycles.
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Liberty Bell slides came into the road each time they.weré observed to have
been released, usually all three in the same storm

Table II and Figure 17 summarize the activity of each active élide path
between Eariy Winters and Washington Pass for the winter 1971-72. Most of
the Cutthroat Ridge slides and the first three Liberty Bell slides were
quite active and often in the road. (Liberty Bell #3 was in the road at
least 12 times, with mére unrecorded slides likely to hafe occurred. Often
this slide continued down the slope to cross the lower portion of the
switchback of the highway as well.) |

The winter of 1971-72 was of exceptional severity throughout the
Cascades. The above illustrations thus serve as good examples of the kind

of activity to be dealt with along the North Cascades Highway.
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TABLE II.
NORTH CASCADES HIGHWAY - EARLY WINTERS TO WASHINGTON PASS SLIDE PATH ACTIVITY

Winter of 1971-72

Percent of
Slide Path Number NMumber recorded slides
recorded in road in road
Silver Star #1 0 ' 0 0
" "2 Y 0 0
1t 1 . 3 L'_ 0 0
" "oy 1 0 0
" " 5 1 0 0
Delancy Ridge #1 5 0 0
" " 2 6 0 0
H " 3 5 0 O
1 . " u ll 0 0 .
" " 5 g 1 11
1] " 6 ’ 2 0 0
" " 7 5 3 60
‘n 1 8 2 0 0
" 1 g 3 0 0
" " 10 0 0 0
" " 11 1 0 0
" " 12 3] 1 17
" " 13 1 0 0
Cutthroat Ridge

" n #1 B 7 a8
" " 2 g 6 67
1 1" 3 5 2 40
n n 4 10 7 70
11 " 5 l+ . l 25
" " 6 8 8 100
i " 7 6 6 100
" " 8 6 6 100
" n 9 5 5 100
n " 10 11 6 55
" " 11 7 5 71
View Point 4 L 100
Spire Gulch 6 1 17
Liberty Bell #1 11 11 100
. " 2 10 10 100
12 100

n n 3 ‘ 12
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A S HR A E Journal 3(1) 71-72 ('61)

625.768.5 (784 N)

"Winter Gritting
72-74 ('61)

© 625.768.5 (425.5)

"Winter Gritting.

in Northamptonshire." E8 Roads Road Construct., 39(459)

" CHADWICK C R: C309 J Inst. Munic Engrs 88 (2) 64-72 ('6l)

625.768.5/ .6 324"

"Heated Roads."
319-320 ('60)
£525.768.5-65

PRICE W I J: €307 Inst. Heating and Vent. Eng. 28 (12)
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56.

57.

58.

59.

60.

61.

62.

63.

64 .

65.

66.

67.

68.

69.

70.

"Residential Snow Melting Systems." HARRIS W S: A3u42 Air Condit. Heating

and Vent. 58(1) 51-54 ('sl)
625.768.5:728.37

"Winter Maintenance Requires Year-around Planning." BARTELSMEYER R R: D409

Public Works 91(10) 93-95 ('60)
624, 144,55 (773) 625.768.5

"Vermeidung von Unfallen durch Beheizte Fahrbahndecken System Bomak I."
B345 Brucke u Strasse 13(5) 198-200 ('61)

- 625.768.5

"Mild Winters Still Require Planning." CALKINS M D: D409 Public Works 82(8)

g4-95 ('61)
625.76 624.143/. 144 (77)

"Die Schneedruck-und Lawinenschatzbauten der 220-kV-Leit ung Kaprun-St.
Peter."SCHAUER H: D233 Osterr Z Electrizitaswirtsch 14(4) 123-130 ('61)
624.144 621.315.1. 051. 027. 82(u436) 624.97.014.4

"Technical Panel Discusses Winter Maintenance': D409 Public Works 92(8)

96-97 ('6l1)
625.76 624.143

"How Cincinnati Controls Snow and Ice." Gailey C V: Du09 Public

Works 92(8) 89-91 ('61)
624.144.5 B625.768.5 {(771C)

"Maryland's Snow Control Program.'" HALLSTEAD W F: D409 Public Works

92(9) 137-139 ('sl)
625.768.5 (752)

Vehinderng von Schneeverwehungen auf Alpenpasstrassen RECLI C: E139
Strass u Autobahn 12{(9) 312-314 ('61)

624,144 .4  625,711.8 (234.3)

"Elaborate Road Defenses Thwart Avalanches'"B482 Eng News-Record 167(23)

40-41 ('61)
625.711.8 624.144 (71)

"Snow Removal" C124 Com Car J 102 (6) 95-99 ('62)

Autobahnen und Winterdienst KNOBEL A: H222 Strasseu Verkehr 47(10)

509-513 ('61)
625.768.5 B625.711.3 (454)

Eisfreie Autobahn durch Kunststoffe. E171 Kunststoff-Berater 6(11) 710 ('61)
625.764:624.143.36 678.664.06-496

"Anything New in Snow Control."
101-103 ('el)
625.768.5

HALLSTED W F: D409 Public Works 92(11)

"Snow and Ice Control- a Full-time Engineering Job." D409 Public Works

92(12) 102-103 ('6l)
625.768.5 (744)
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71.

72,

73.

4.

75.

76.

77,

78,

79.

80.

81.

82.

83.

84.

"Can We Estimate Costs of Winter Maintenance?" HYLAND G G: D409 Public
Works 92(11) 106-108 {'61)
625,768.5.003 (7u44)

_ "Concrete Avalanche Sheds." B307 Concrete and Construct. Eng 56(9)

325-326 ('6l) :
625.711.3 624,144 (71)

Vermeidung von Unfallen durch Beheizte Fahrbahndecken (System Bomak).
LAMBERT H: E140 Strassen u Tiefbau 15(12) 1050-1051 ('6l)
625.768.5 624.143,34

Massnahmen gegen Schneeverwehungen SCHNEIDER T R: H222 Strasse u Verkehr
47 (11) 569-575 (61)
625.76 B24,1uk4 .4

"Der Rogers Pass in der Trans-Kanada-Strasse." SCHARER P: H222 Strasse
u Verkehr 48 (2) 79-85 ('62)
625.711.8 (71)

"Highway Construction and Maintenance Problems in Permafrost Regions."
NICHOLS D R, YEHLE L A: D493 Bull Eng Experiment Station Univ. Tennessee
1961 (24) 19-29,

625.73 625.76 624.139.6 (789)

"Road Surface Heating for Hammersmith Flyover.' €166 Heating 24 (194)
62 ('62)
625.768.5 (421 H) 624.21 625.712.36

"Snow and Ice Removal"” GF62-160 Frontier 1962 (Winter) 1u (62)
624.144 656.088

"Oilheating Sidewalks to Handle Snow.” ADAMS W B: C24 Fuel 0il and 0il
Heat 21 (3) 68-8%9 ('62)
625.768.5 697 .4

"Snow Melting System Keeps Bank's Sidewalks Clear." STEVENS L A,
WINANS G D: C110 Heating Piping and Air Condit. 3u(u4) 114-118 ('62)
625.768.5: 625.611.6 (774 D)

"Don't Let Snow Bury Your Production Line." MEYER E T E3 16 Mil and
Factory 71(3) 64-67 ('62)
624.144 658.58 629.114.791

"Electrical Heating for Hammersmith Flyover.' C109 Heating and Vent. Engr.
and Air Condit 35 (41u) 390 ('62)
697.353-65 625.768.5 (42 H)

"Resistance of Concrete Surfaces to Scaling by De-icing Agents."
Grieb W E, WERNER G, WOOLF D O: Du08 Public Roads 32(3) 64-73 ('62).
625.84,089.1 624,143.3

"Techniques for Automatic Heating of Road Surfaces.! B50 Australian Elec
World 27 (9) 53 ('62)

625.768.5 624.143.34% 621.365.4
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85.

86,

a7,

88.

89.

90.

9l1.

92.

93.

a4,

95.

96.

97,

98.

Winterliche Erinnerungen an den Strassenuntehalt SACCHETTI 0: H222
Strasse u Yerkehr 48(11) 567-568 ('62)
625,76 624,142/.148

Gutemasse fur Scheeraummaschinen. CROCD K: E139 Stréss u Autobahn 13(8)
291-294 ('62)
624,142/ 148 629.114.7 625.76

"Automatic Control in Road Warming."™ POWELL R: Bi4l Elec Rev 170 (26)
1113-1214 ('62)

"Electrical Heating of Roads to Prevent the Formation of Ice and Frost.”
MHTFFIN A C,WILLIAMSON P J: C166 Heating 25 (206) 41-47 ('62)
625.76 624.142/ .1u8

"Calcium Chloride- Salt and Ice Control Tests." Winter 1960-61.
MILLER L; H83 Proc Highway Research Board 41 321-332 ('62)
£25.76 624.139

"Rubber Snow Ploughs Prove Their Worth." H172 Rubber Develop 16(1)
13-15 ('63) :
6525.76 B78.06:624 629,114.7

Chlorcalcium, ein Schpellwirkendes Streusalz zum Tauen von Eis und Festen
Schneebelagan auf Strassen. BUGGISCH H: E139 Strasse u Autobahn 14(1)
14-18 ('63) ' .

625.75

"Data for Snow Melting Systems." A342 Air Condit Heating and Vent 60 (9)
81-84 ('63) '
625.76

"Piping for a Snow Melting System.' CULLEN W J: A342 Air Condit Heating
and Vent 60 (9) 69-76 ('63)
625.76

"Powered Equipment for Snow Clearance." D241 0il Engine and Gas Turbine
31 (359) us-ug ('63)
625.76 629.114.7

"Electric Road Heating in the United Kingdom." H4B81 Scot Elec Engr 34(11)
658, 660, 662 ('63)
625.76 621.365.3

"Can You Cut Costs with Snow Melters?" €125 Com Car J 106 (4) 92-93 ('63)
625.76 ©629.114.7

"Anti-Icing System Uses MI Cable in Conduit."” Bu428 Elec Construct and
Maintenance. 62(12) 60-63 ('63)
625.76 621.365.4

"Snow Clearing." KENNARD A H: €309 J Inst. Munic Engrs 91 (1) 14-16 ('64)
624.142/ .1u8
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of
99. "The Use/Stabilised Fly Ash in Road Construction.'" RAYMOND S SMITH P H:
B281 Civil Eng and Public Works Rev. 59(630) 70-72 ('64)
£25.8 624.138,23 666.95

100. "Electric Road Heating in the United Kingdom." SHARPLES J T: EB Roads and
Road Construct 41 (492) 381-385 ('63)
625.76

101. "Powering Vehicles for Snow Removal." D 241 0il Engine and Gas Turbine
31(364) 26-27 ('64)
625.76 629.114.7

102. "Experimental Ice Warning System.™ WILLIAMSON P J: C645 Traffic Eng and
Control 5(8) 477-479, 497 ('63)
625.76 656.13.08 656.13/.18: 625,711

103. "All-Weather Design for Lancashire-Yorkshire Motorwgy.' MAYNARD-LOVELL S:
C645 Traffic Eng and Control 5(8) u72-474 ('63)
625.72:624.05 656.13/ .18:625.711

104. MRoad Heating the Mound." STOREY I G: C6u45 Traffic Eng and Control 5(8)
475 ('863)
625.76 656.13/.18:625.711 656.13,08

105. "0il Engines for All-British Snow Blowers.™ D24l 0il Engine and Gas
Turbine 31 (365) 49 ('64)
625.76 621.436-182, 3/.4

106. 'Frost Action Considerations in Highway Pavement De51gn.“ O'FLAHERTY C A:
€309 J Inst Munic Engrs 91(2) 33-43 ('64)
625.8 625.76

107. T"Economics of Large Snow Melting Systems -- Design Criteria, Operationm,
and Equipment Employed." HODGES X R: H288 Proc Am Power Conf 25 552-559('63)
624,142/ .148 625.76 '

108. "Snow Melting System Keeps Skyway's Toll Plaza Clear." ROSS J: CL10
Heating Piping and Air Condit 36(3) 99-103 ('6i)
625.76

109. HWinterschaden an den Pflanzungen der Bundesautobahne SAUER G: E139
Strasse u Autobahn 15(2) 339-u45 ('64)
625.77/.78

110. Bemessungsgrundlagen fur Verkehrssicherheitspflanzungen an Strassen.
ORTNER W: E140 Strassen u Tiefbau 18(7) 783 790-791 ('64) 625.76

111. '"Hydraulic Side Gate on Snowplow Leaves Gaps in Snow Wall." STENGEL R F:
C257 Design News 19 (10) 38-39 ('64)
624.142/.148 629.114.7

112. 80 Jahre Staatliche Wildbach und Lawinenverbauung in Osterrelgh BOCK F:
E423 Intern Holzmarkt 55(11) 1-2, 4-6, 8 ('64)
624.18 624.142/ .1u8
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113.

114,

115.

116.

117.

118,

119.

120.

121.

122,

123.

124,

125.

126.

Anlage zue Untersuchung Dynamischer Wirkungen von Bewegtom Schnee.
SALM B: E427 2 Angew Math u Phys 15 (4) 357-375 ('64)
624.142/ .1u48

Neues Warnsystem bei Glatteiagafahr. BELLINGER H ‘B3u5 Brucke u Strasse
16(8) 387-388 ('64)
625.76

"Design Requirements for Infrared Snow Melting Systems."™ FRIER J P:

Cl47 Iilum Eng 59 (10) 686-692 ('64)
824 .142/148 621.365.46

"Problems of Snow and Ice Removal from Roads in the First Division of the
Tennessee State Highway Department." MANEY W: D493 Bull Eng. Expt.
Sta Univ Tenn 1964 (29) 57-59, '

Beheizung von Fahrbahnen Brucken und Flugpisten-Flachenb-Eheizung im

Hochbau. STAHLHUT F: E140 Strassen u Tiessen u Tiefbau 18 (10) 1095-
1102 ('s4)

Erlauten zum Vorlaufigen Merkblatt Uber auf Tausalzé Gegen Winterglatte

auf Strassen. SCHAIBLE L: E140 Serassen u Tiefbau 13 (10) 1106-1119 ('s4)
625.76

"Design Requirements for Snow Melting with Infrared.” GIALANELL J: Bu428
Elec Construc and Maintenance 63(12) 67-69 ('64)
B24,142/ ,148 £21.365.46

Rechauffage des Voies de Circulation Par Conducteurs Chauffants Pyrotenax.
B390 Construction 19 (12) LXXVII - LXXVIII ('s4)
625.76 624,142/ .148

"0il Fired Snow Melting." JOHNSON W J: Bu8l Eng J 47(12) 19-22 ('64)
624,142/ .148

"Pedestrian Controlled Snow Plough.'" BENNETT M D: E283 Trans Inst.
Engrs and Shipbuilders in Scot 108 (4) 138-153 ('64-'65)
625.76 629.114.7

Verwendung von Streusalzen im Winterdienst. BOHME D: K140 Strassen u
Tiefbau 19(2) 138.140- 141 ('865)
625.76

AEI and Road Safety. C378 Elec Distribution 5(24) 228-231 ('65)
625.76 621.312 Others

Maschinen und Gerate fur die Stadtreinigung und Strassenwartung. B518
Baumaschine u Bautech 12 (2) 75-79 ('65)
625.76

Zur Ffrage des Einflusses von Luftporengehalt und Zementart auf die
Bestandigkeit des Strassenbetons. SCHIMMELWITZ P, HENK B: E1u40
Strassen u Tiefbau 19 (5) 560, 562-569 ('65)

635.841/ .847 666.972.56
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127,

128.

129,

130.

131.

132,

133.

134,

135.

136.

137.

138,

139.

"Double-Blade Plow 'stores' Snow When Passing Driveway." MANN J E:
C257 Design News 20 (13) 24-27 ('65)
625.76 656,13/ .18:725.711

"Snow Free Surface: Welded Steel Pipe Systems.'" Cl07 Heating and Air
Conditioning 35(1) 26-28 ('65)
625.76

"Turn on the Heat Lamps - It's Snowing." LIEBMAN H: D409 Public Works
96 (8) 103-106 ('65)
625.76

"Road Heating." HUMPHRIES E F: C645 Traffic Eng and Control 6(11)
682-683, 687 ('65)
625.76 656.18/ .18:625.711

"Frost Protection of the Road Surface by Off-Peak Electric Heating."
GARDNER D H: D513 Repts Brit Elec and Allied Inds Research Assoc (5113)
1-19, 19 (1)- 19(7) ('e5)

625.76 621.365.4 624.142/ .148

"The Great Industrial Snow Job." E207 Material Handling Eng 20 (9)
61-63 ('85)
625.76

Was Kann zur Erleighterung des Strassenverkehrs im Winter Getan Werden?
AHLBRECHT H: E77 Schweiz Tech 62 (47) 953-958 ('65)
625.76

"Understanding the Action of Salt.™ COULTER R G: D409 Public Works 96(9)
78-80 ('65)
625.76

Electrische Beheizung von Fahrbahnen, Brucken und Pisten. WHIFFEN A C,
WILLIAMSON P C : B345 Bruckeu Strasse 17 (12) 599-600, 602, 604, 606, 608,
610 ('65)

625.76 624.21.095

"Design and Application of Electric Subsoil Heaters." JONES S 0: Au35
IEEE Papers (6u4-324) I, 1-6 ('64)
624,142/ .148 621.365.4

"Road-Heating Installations for a Variety of New Situations." LAWRENSONS
E: HUB1l Scot Elec Engr 36 (10)574-576 ('65)
£25.76 621.365.4

"Economy Safety Requires Continued Improvement of Spreader Controls."
MALOTT H R: D409 Public Works 96 (11) 97-98 ('65)
625,76

Die Winterdienstorganisstion in der Stadt st Gallen. SCHLATTER N: H222
Strasse Verkelr 52 (2) 49-52 ('66)
625,76
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140,

141.

142.

143,

4y,

145,

146,

147,

148,

149,

150.

151,

152,

153.

"Electricity Does It Best. Snow Melting with Electric Heating Cable."
B424 Elec Heat Air Condit 12(1) 22, 27, ('66) -625.76 621.365.4

Der Winterdienst auf dem Julierpass. HAUSERMANN E: H222 Strasse Verkehr 52
(2) 53-56 ('66)
625:76 '

Die Winterlichen Strassenverhaltnisse und die Streusalze. CARLIER A: H222
Strasse Verkehr 52(2) 57-62('66)
625.76 624,142/ ,1u3

Glatteisbekampfung auf Autobahnen -~ Glatteisbekampfung auf Strassen.
AHLBRECHT H:H222 Strasse Verkehr 52(2) 63-66 ('66)
525.76 624,142/.143

Warmwasser- in Kunstoff-Rohrensystem Zirkulierend- Ermoglicht Wirschaftliche
Beheizung von Verkehrsflachen. HONORE R: El140 Strassen-Tiefban 20(2)

93-100 ('66) : '

625.76

Anwendung und Vorteile der Methode der Praventivsalzung. ZULAUF R: H222

. Strasse Verkehr 52(2) &7-73 ('66)

625.76 624.142/.143

"Remarks on Snow Cornice Theory and Related Experiments with Sink Flows.'
HESKESTAD G: AL78 ASME Paper 65-WA/Fe-11 1-9
624.14 532.527 551,551 551.578.4

Gradientenberechnung. LACHMANN G: El40 Strassen-Tiefbau 20(6) 522,
524-528 ('66)
625.72: 624.05

"Electric Snow Melting Systems."™ LAWRIE R J: Bu428 Elec Construct Maint-
enance 65 (3) 110-114 ('66)
B24.142/.148 621.365.4

Pflanzenschden durch Streusalzverwendung im Winterdienst. ZULAUF R: H222
Strasse Verkehr 52(10) 519, 526 ('66)

Praktische Versuche zur Erforschung der Korrosions - Eigenschaften von zur
Enteisung von Strassen Verwende- Ten Streusalzen (Tausalzen) BUKOWIECKI A:
H222 Strasse Verkehr 52(8) u435-446 ('66)

625.76 629.113.004.5/.6 620.193

Der Winterdienst auf den Strassen im Kanton Aargau. HALLER H: H222 Strasse
Verkehr 52(12) 596~600 ('66)
625.76 :

Beseitigen von Schneewachten durch Sprengungen. HEINDENREICH K: B210
Bohren-Sprengen-Roumen 15(11)  283-284 ('66)
624.142/.148

Die Pflanzen und Ihre Salztoleranzstufen. ZULAUF R: H222 Strasse Verkehr
52(12) 601-605 ('66)
625.76 625,734
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154,

155.

156.

157.

158.

159,

160.

161

l62.

163.

1sy4.

165.

166.

167,

Strassenwinterdienst und Wirtschaftlichkeit. AHLBRECHT H: E140 Strassen-
Tiefbau 20 (12) 1042-104u4('66)
625.76

"Problems of Snow and Ice." MANEY W C: D493 Bull Eng Expt. Sta Univ Temn

(31) 56-58 ('66)
625.76 624,1u2/.148

"Protecting Concrete Against De-icing Chemicals." €621 Prog Architecture
47(11) 190 ('66)
625,76

"Prix de Revient Compares des Differents Traitements Hivernaux en France."
LACOQURBAS R: H1lu4B Rev Gen Routes et Airocdromes QZKHl?) 105-109 ('66)
625.76 .

"Winter Maintenance in the Laurentians - Expensive but Essential."
TRUDEAU R T: D409 Public Works 98(2) 103-105 ('67) -
625,76

"Chauffage Electrique des Ouvragers." B390 Construction 21(12) 409-410 ('66)
625.76

"Hot Slabs Melt Snow." MC GUINNESS W J: C621 Prog Architecture 48 (4)
203 ('67)
625.76

Die Entwicklung des Winterdienstes auf den Bundesfernstrassen von 1956 bis
1966. AHLBRECHT H: El40 Strassen Tiefbau 21 (2) 67-68, 70, 72, 74,
76-82, 84 ('67)

625.76

Proefneming met Elektrische Wegdekverwarming. PRINS C: D260 Electro-Tech
45-(8) 184-186 ('67)
625.76 621.365.4

"Snow Blower Attacheés to Tractor." MANN J E: €257 D931gn News 22(10)
80-81 ('67)
625.76 629.114.7

"Frost Protection of Roads." GRIFFITH M V, GARDNER D H: B443 Elec Times
151(22) 893-895 ('67)
625.76 621.3654

Chauffage des Chaussees. CEINTREY. Bertoye: H1u48 Rev Gen Routes et
Aerodromes 37(422) 81-85 ('66)
625.76

"Snowshed Location and Design." SCHAERER P A: D415 Proc Am Soc Civil
Engrs J. Highway Div 92 (2) 21-33 ('68)
625.,735/.738

"Blackfriars Bridgehead Scheme Lighting and General Electrical Services,"
deseribed HALL H W: Bu43 Elec Times 152(4) 128-130 ('67)
625.74 628.971.6 621.312 Others.
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168. Schnellere Fruhjahrsryumung Unserer Passtrassen dank nank Neuartiger
Hochleistungsschneuder. E77 Schweiz Tech Z 64 (24) 554-555 ('67)

169. Vornaingungen fiir einen Wirtschaftlichen und Wirkungsvollen Praventinsatz
- mit Streusalzen. ZULAUF R: H222 Strasse Verkehr 53(4) 160-170 ('67)
625,76

170. "Route de la Forclaz." CLEUSIX Ch: H222 Strasse Verkehr 53(6)
260-264 ('67) :
.625.735/.738

171. ‘"Blackfriars Road Warming" THOM R B: B443 Elec Times 152 (4) 125-127 ('67)
625.76 621.365.4

172. Aus der Forschungsarbeit Uber MgCl2-Losung im Strassen-Winterdienst.
LEISER K, DOMBROWSKI G: C871 Strasse 7(5) 220-226 ('67)
625.76 '

173. "Galeries de Protection Contr les Avalanches sur la Route du Simplon."
DELFGLISE B: H222 Strasse Verkehr 53(6) 268-271 ('67)
625.735/.758

174, "Automatic 'Icy Road' Sign Study." PB 174010 1-20 (n.d.)
625.761/.768 6£56.1.08

175. "Snow Removal Methods and Equipment by Country Roads Board of Victoria
Snowy Mountains Hydro-Electric Authority." GLAZEBRQOK T M, MC RAE G A:
C306 J Inst Engrs Australia 39 (9) 151-160 ('67)
625 761/, 768

176. '"This Winter -- Use the Right De-Icer on Concrete Pavements." WOOD F O:
C860 Mod Concrete 31(6) 55-56 ('67)
625.761/.768

177. "Electric Snow Melting Systems." POTTER W G: D509 ASHRAE J 9(10) 35-4i
- ('87)
625.761/.768

178. "Plowing and Loading Snow- One Machine Can Do Both." Du09 Public Works
98(11) 98-99 ('67)
625.76.08 625.76.08.002.5

179. "Snow Catch by Conifer Crowns." SATTERLUND D R, HAUPT H: B706 Water Resources
Res 3(4) 1035-1039 ('67)
624.142/.148 761/.768

180. "Infrared Heating Gives Utility Slip Free Sidewalks." B447 Elec World
169 (1) 33('e8)
625.761/.768 621.365.48

18l. "Snowdrift Control Through Highway Design" CRON F W: D408 Public Roads
34(11) 227-234 ('67)
625.738 624.142/.148
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182. Die Bekampfung der TFahrbghnglatteaut und Deutschen Bundesfernstrassen
AHLBRECHT H:B345 Brucke u Strasse 20 (2) 33-38 ('68)
825.761/.768

183. '"Highway Bridge and Airport Runway Detection System Predicts Frost and Ice
Conditions Before They Occur.'" CIEHCCHCTSKI M F: D244 SAE Paper
(680117) 1-8 ('68)
625.761/.768 620.1.05/.08:531.7.681

184. "L'employ des Fondants en Viabilite Hivernale." H148 Rev Gen Routes
Aerodromes 38(43) 39-44-51 ('68) 625.761/.768

185. Neue Erkenntnisse uber das Schneeglelten GAND H: E73 Schweiz Bauztig
86(31) 557-561 ('68) :

186. ."Custom Designed: Electric Snow Melting in Downtown Minneapolis,"
B428 Elec Construct Maintenance 67(7) 89-94 ('68)
625.761/.768 -621.365.3/4

187. Grenzen des Modernen Lawinerbaues im Anrlssgebelt " SCHWARZ W: E73
Schweiz Bauztg 86(31) 562-565 ('68)
624.142/,148

188. "Snow." PARKHILL § M: B30l Compr Air Mag 63(12) 24-25 ('68)
551.578.4

189. "Snow Accumulations in North Greenland." BULL C: €295 J Glaciol 3(24)
237-248 ('58) '
551.578.4 (988)

190. "Application of Snow Hydrology to the Columbia Basin." JOHNSON 0 A,
BOYER P B: D419 Proc Am Soc Civil Engrs., 85(HY-1) 61-81 ('59)
551.579  627.11 (282,271.2) (71)

191. "The Electrification of Antennae by Snow and Rain Falls." MAGONO C,
TAKAHASHI T: (€322 J Meteorol 16 (4) 388-392 ('59)
551.594,.25

192. "La Fusion de la Neige et les Crues de Juin 1957 dans les Alpes Francaises."
POGGI A: C122 Houille Blanche 14(B) 934-94]1 ('59)
551.579.2 627.511 (234.313)

183. MAutomatic Telemetry Equipment Aids Avalanche Prediction." NEAL G: C194
Can Electronics Eng 6 (4) 40-43 ('62)
551.506.824
551.578.48 6£21.396.1 621.317.083.7

194. La Neige et les Avalanches. Les Avalanches de Janvier-Fevrier 1961 dans
les Alpes du Nord."POGGI A: D69 Meteorologie 1961 (62) 155-170 ('61)
551.578.482

195. Ein Glatteiswarngerat fur Strassen und Autobahnen  KRAUS H, ROTH R: B70
Meteowl Rundschau 16(4) 102-105 ('63)
551.574 551.5.004.1%8 551.509.32 825.76
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196,

197.

1098.

199,

200.

201.

202.
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