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ABSTRACT 

The avalanche-hazard index is a numerical expression 
of damage and loss as the result of an interaction between 
snow avalanches and vehicles on a road. The index is 
determined by multiplying the frequencies of moving and 
waiting vehicles being hit by various types of avalanches by 
a weighting which indicates the severity of the conse
quences. The avalanche-hazard index has proved to be a 
useful decision-making tool for identification of those 
avalanche paths where control would be most beneficial, for 
evaluation of options for control measures, and for 
comparison of the risks for different roads. 

INTRODUCTION 

Planners, designers, and managers of public and 
industrial roads in avalanche areas often need to decide 
whether or not their safety procedure with respect to 
avalanches is adequate, and to choose an appropriate level 
of avalanche control. They make their decisions by 
balancing the risks and the duration of any necessary road 
closures against the costs of control measures, organizational 
considerations, production schedules, psychological impact, 
and environmental damage. Local politics has a significant 
additional influence where decisions relating to public roads 
are concerned. Making decisions is assisted when 
quantitative input information can be provided. The 
avalanche-hazard index, a numerical expression of the 
hazard to traffic, is a useful decision-making tool. It allows 
rational conclusions to be reached about risks to traffic and 
the potential effectiveness of control options. The index was 
developed in 1974 for use on highways in the Province of 
British Columbia, Canada (Avalanche Task Force, 1974), and 
since then it has been used for other road systems in 
western Canada, the U.S.A., and New Zealand. This paper 
presents the method of obtaining the index, some 
experiences with its application, and, in the Appendix, an 
example of its application. 

By definition, avalanche hazard is the expected 
frequency of damage and loss as the result of an interaction 
between an avalanche and objects and persons. The term 
contains two elements, (a) the frequency of an encounter, 
which may be defined as the probability of an encounter in 
a given period of time, and (b) the nature and magnitude 
of the resulting damage, which in turn is a function of the 
nature of the avalanche. 

NA TU RE OF THE A V ALANCHE 

The following idealized classes of avalanche were 
assessed for their effect on traffic. 

Powder snow 
Powder snow that crosses a road at a speed of up to 

20 m S-1 and deposits snow less than 0.1 m deep produces 
conditions on the road similar to those resulting from 
blowing snow. Vehicles may be pushed to the side of the 
road and, because of restricted visibility, drivers may lose 

control and collide with a snowbank or with other vehicles. 
In most cases, the resulting damage tends to be minor. 

Slough 
This term defines slow avalanches of flowing snow 

which stop on the road . Characteristically, they either 
deposit deep snow on one shoulder and cover part of the 
road or they cross the road and stop at the opposite edge, 
depositing less than a 0.3 m depth of snow. This type of 
avalanche often originates from a short steep slope and 
vehicles tend not to be damaged, because of the small size 
and low speed of the avalanche, and are normally able to 
drive either round or through the deposited snow. 

Light snow 
Flowing avalanches of light snow go beyond the road 

and deposit depth of snow between 0.3 and 1.0 m. Cars 
could be pushed off the road by the action of such snow 
but would not be buried. Avalanches must be classified as 
of the plunging-snow type if vehicles could be damaged by 
falling down a steep slope after being hit by the snow. 

Deep snow 
Flowing avalanches that deposit snow to a depth of 

more than I m on the road are classified as the deep-snow 
type. Vehicles affected could either be buried or be swept 
off the road and damaged when falling down a steep slope. 
The occupants would probably be injured or killed when 
their vehicle was crushed by, or moved with, the avalanche. 
Death from burial in the snow is also a possibility . 

Plunging snow 
Avalanches of dry, flowing snow and/ or powder snow 

which Cross roads at high speed after falling over long, 
steep slopes and cliffs come into this category. They are 
extremely destructive because of their high speeds . The 
classification "plunging snow" was introduced by Fitzharris 
and Owens (1980) for the Milford Road in New Zealand 
where this avalanche type is significant. 

WEIGHTING THE CONSEQUENCES 

The effects of avalanches on traffic were taken into 
account by attaching a weight, W j ' to each class, with j 
representin g the class. Arbitrary weightings were chosen 
when the haza rd index was first introduced (Avalanche Task 
Force , 19 74) and these were used in subsequent applications. 
Recentl y, the weightings have been changed to allow for 
impact forces and for the costs of losses. The avalanche
impact force, Q, on a vehicle is expressed as 

(I) 

where c is a shape factor, b is the length of the vehicle 
exposed to snow, a is the average height of the surface 
under avalanche impact, p is the snow density, and u is the 
avalanche speed. The product cb was assumed to be a 
constant for the purposes of comparison of classes of 
avalanc he. 

Values for a are taken as the lesser of (i) the 
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TABLE I. RANGES OF AVALANCHE PROPERTIES AND RELATIVE IMPACT FORCES 

Avalanche Density Frontal Flow depth Average relative 
class in motion speed impact force 

p u H Q 

(kg m-3 ) (m S-1) (m) [ relative to Q' I) for powder = 

Powder snow 3-15 5-20 >2.5 1.0 
Slough 100-400 l-{i 0.2-0.6 0.5 
Light snow 30-250 6-50 0.5-2.0 44 
Deep snow 90-300 6-50 2.0-:>2.5 102 
Plunging snow 10-100 20-{i0 >2.5 94 

TABLE H. RELATIVE CONSEQUENCES OF AVALANCHES 

Avalanche Relative 
class impact force 

(see Table J) 

j Q' 

Powder snow I 
Slough 0.5 
Light snow 44 
Deep snow 102 
Plunging snow 94 

avalanche-flow depth, H, and (ii) 2.5 m, which is the 
average vehicle height. Ranges of values for p, u, and H 
were estimated from data reported in the literature and 
from personal experience (Table J). The information takes 
into account measurements on avalanches in motion , 
conclusions from damage, observations of deposited 
avalanche snow, and other data has proved adequate for 
design purposes . Knowledge of limiting and average values 
allows average impact forces, Q', relative to those due to 
powder snow to be determined (Table I). 

The degree of loss resulting from an avalanche 
encounter was determined by estimating a probability factor 
and attaching a monetary value to loss of life, injury, and 
vehicle damage. To this cost an additional sum was added 
for adverse publicity, possible law suits, and a loss of 
attraction of traffic to the route. Loss of life was valued at 
$500000, an amount presently set by life-insurance 
companies and actuarial firms in Canada, and injuries and 
damage to vehicles were valued at between $2000 and 
$50000 depending on their nature and severity. The costs 
of losses relative to those due to powder avalanches, C', 
are contained in Table IT. Weightings, Wj , were determined 
by averaging the relative impact forces and cost, dividing 
by 10, and rounding off to the nearest integer (Table Il) . 

The consequence of powder snow and slough falls are 
low relative to the other classes; therefore, such avalanches 
may be neglected in calculations of the hazard index. The 
class powder snow refers to the rather slow, small powder 
avalanches which frequently run during snowstorms, and it 
should be noted that high-speed powder avalanches must be 
classified as plunging snow. Most powder avalanches go 
unnoticed and are not recorded because they run during 
snowfalls and deposit an insignificant amount of snow on 
the road. Despite the fact that they are probably 
numerically quite significant, experience shows that slow 
powder avalanches contribute less than 4% to the total of 
hazard indices, mainly because they do not block roads. 
Estimates of slough are unreliable because of inconsistent 
recording methods. Some observers note all slips of snow 
running into a road-side ditch, whereas others record only 
snow that has covered the full width of a pavement. 

FREQUENCY AND WIDTH OF A V ALANCHES 

A first step in calculating hazard indices is to make an 
inventory of the avalanche paths along a road . This includes 
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Relative Weighting 
cost 

C' W· } 

I 0 
0.6 0 
20 3 
92 10 

152 12 

estimating for each path and separately for light snow, deep 
snow, and plunging snow the return period of occurrence, 
T years, and the average length of road covered, L m. Past 
observations of avalanches are preferred for making 
estimates, but studies of tree growth, terrain, and climate 
must be added because to this data records are frequently 
incomplete and cover insufficient periods of time. 

The parameter Lmax is the maximum length of road 
that could be covered by avalanches for a specific avalanche 
path (Fig. I). Values for Lmu can be assigned from the 
boundaries of the terrain or from the trim line of the 
forest. Individual avalanches cover the full possible width of 
the path only in extreme cases. From my own studies, J 
have found the following estimates adequate when no 
observations of actual avalanches were available: 

L 0.3 Lmax for light snow; L = 0.7 Lmu for deep snow; 
L 0.5 Lmax for plunging snow. 

ENCOUNTER FREQUENCIES 

Moving traffic 
The encounter frequency, P m'i'j' is the average 

number of moving vehicles that could be hit per year by 
avalanches of class j in a specific avalanche path j. Pm i i 
is the combination of the frequency of occurrence' Ol 
avalanches, Pa,i, j and the probability of a vehicle being in 
the path of an avalanche, PI,i,j" 

P . . 
m,I,} Pa,i,j PI,i,j (2) 

Pa,i,j = T· . 
I,} 

(3) 

PI,i,j = 

Ti j is the return period 
class j at avalanche path 
length of road covered 
avalanche path i, in m; 
volume in the months 
(usually December-March); 

N(Li,j + D) 

V 
(4) 

of occurrence of avalanches of 
i, in years; Li j is the average 
by avalanches' of class j at 
N is the average daily traffic 
when avalanches could occur 
the average daily traffic volume 
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is the number of vehicles per 24 h counted in both 
directions (ve hicles per 24 h); V is the average speed of 
traffic on the snow-covered road , in km h-!; D is the 
stopping distance for a vehic le with speed V on a 
snow-covered road in m. 

The stopping distance D must be taken into account because 
a vehicle that is closer to the avalanche than the distance 
D, being unab le to stop in time, would drive into the 
moving ava lanche. Values for D, which depend on the 
speed and road grade, are tabulated in highway and traffi c 
engineering handboo ks. With a conversion of units in 
Equations (2), (3), and (4): 

P . . 
m ,I,} 

Waiting traffic 

N(L · . + D) 
I ,} 

T . V 24 000 
I ,} 

(5) 

Vehic les a re exposed to ava lanches fo r onl y between 5 
and 15 s when they mo ve across an avalanche path , but for 
a much longer time when they stop . Avalanche snow 
blocking the road is the mos t frequent reason for stopping , 
so that ca rs, trucks, and buses waiting in front of an 
eX istin g snow depos it a re then ex posed to subsequent 
avalanches in the sa me ava lanche path and to avalanches on 
adjacent paths . Because ava lanche formation is related to the 
weather, ava lanches often run a long several paths within a 
period of a few hours. For this reason, avalanche 
occ urrences at ne ighbouring sites must no t be treated as 
mutuall y exclusive events when probabilities are considered. 

When an avalanche has blocked the road in avalanche 
path i, the frequ ency P w i+! j of waiting vehicles being hit 
in the ad jacen t avalanche, 'HI, by avalanches of class j 
with re turn period Ti+! ,j is: 

P . . 
W,l+!,} 

N .. 
W,l +! ,} 

(6) Ps 

where Ps is the probab ility that an avalanche will run along 
path i + 1 while traffic is waiting , and Nw i+! j is the 
number of vehicles exposed. Values for Ps ranging between 
0.05 and 0.3 have been determined from observations in 
western Canada, mainly at Rogers Pass. They use for 
reference the probability that avalanches will run along an 
adjacent path within 2 h of an initial occurrence. High 
values of Ps are for avalanche paths having similar aspect 
and te rrain characteristics, low values for Ps apply to 
combinations of avalanche paths with different elevation , 
incline, and starting-zone aspect. Such paths often produce 
avalanches simultaneously during heavy snowfalls, even 
though their characteristics differ. Experience must guide 
the choice of values for Ps in applications; Ps = 0. 15 
represent average conditions for our studies, although 
Armstrong (1981) concluded that values in the range Ps = 
0.03-0.05 would be appropriate for Red Mountain Pass in 
Colorado. 

On public roads, one waiting vehicle occupies an 
average length, Lv' of 15 m of road . For roads with pre
dominant truck traffic, such as industrial roads, Lv would 
be 30 m. The length of a queue of waiting vehicles, Lw, 
is 

(7) 
48 

In Equation (7), I is the walling period in hours which is 
required for the maintenance crew or the police to respond 
to an alert, to direct the traffic to safe locations, or to 
remove the snow that blocks the road . A standard value of 
I = 2 h is recommended for calculations and in comparisons 
of avalanche-hazard indices. A shorter waiting time can be 
assumed on frequently patrolled highways, and where a 
maintenance base is close to potential avalanche sites. 

The number of vehicles , Nw,i+l,j' exposed to 
avalanches in path + I is: 

NI S 
(8) Nw,i+ !,j = 

48 

Schaer er : A valallche-ha:::ard illdex 
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I 
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I 
I 
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I 
I 
I 
I 
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I 

,/ 

where S is the safe distance between avalanches with paths 
i and i + j, and Smin is the distance be tween the boundary 
limits of the respecti ve avalanche paths (Fig. I ). Because 
avalanches usuall y do not cover the f ull width , L max ' of 
ava lanche paths, the average safe distance between paths is 
ass umed to be ex pressed by 

S = Smin + 0.2(L i , max + Li+! ,ma). (9) 

Assuming no pedestrians were prese nt , a second 
ava lanche along the same path would e ither run harmlessly 
over the previous depos it or cover the road in the region 
of wa itin g traffic . The frequ ency with which waiting traffic 
is li ke ly to be hit by another avalanche from path i is 
assumed to be rep rese nted by 

05 
,Nw,i,j 

P' . . = . Ps ' 
W,l,j Ti 

N . . 
W,l ,j 

L· . 
I ,} 

~ --
Lv 

( 10) 

In this Eq uation, Ps' is the probability of a second 
ava lanche running along path i once one avalanche has 
a lready occ urred. Values for Ps' range from 0 to 0.5 and 
must be chosen from a stud y of the terrain , history of 
ava lanche occurrence, and expe rience; for most avalanche 
paths with a single sta rting zone Ps' = o. 

Access roads to ski areas and roads with busi ness
related rush-hour traffic often bear heavy traffic volumes in 
one direc tion during abo ut 2 h in the morning and in the 
o ther direc tion in the afternoon . This non-uniform time 
distribution of traffic does not influence the encounter 
frequ ency for the individual moving vehicle, although, 
beca use of the concentra tion of traffic , several vehic les 
cou ld be caught in the same ava lanche, ma king the event 
more spectacular. Rush-hour traffic would influence the 
encou nter frequenc y for walttng traffic , because dense 
traffic would form a longer queue than average traffic and 
so could stre tch across a greater number of avalanche paths. 
For this reaso n, enco unter frequencies for waiting traffic 
must be calculated separa te ly fo r rush hours and for slack 
periods. 

Observed frequencies of encounter 
Th e frequencies, Pm i j and Pw iJ' were calculated on 

the assump tion that the' 'traffic wo'ula move freel y, that 
drivers would ignore avalanche hazards, and that the traffic 
flow wou ld resume as soo n as avalanche deposits were 
rem oved. In reality, traffic is restricted during periods of 
ava lanche occ urrences . An ava lanche on the road blocks off 
the traffic to all ot her ava lanche paths beyo nd and even 
after th e ava lanche snow has been removed , the road 
maintenance personnel and the police often keep the road 
closed until they consider conditions are safe. For these 
reasons, the observed number of encounters of moving and 
wai ting traffic are lowe r than the predicted frequencies by 
calcu la tion, and depend a great deal on the relative location 
of the ava lanche paths and the standard of traffic control. 

243 https://doi.org/10.3189/S0260305500007977 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500007977


S chaerer: A valallche-hazard illdex 

For example, at Rogers Pass, the theoretical frequency of 
hits by li ght -snow or deep-snow avalanches is 0.3 vehicles 
per year once avalanche control by structures and artillery 
has been taken into account. In 25 years of operation, 
several vehicles have been hit by powder but not by light 
or deep snow . At Kootenay Pass , the expected encounter 
frequenc y was six vehicles per year between 1965 and 1984, 
but on average only 1.9 vehicles per year were actually hit 
during this period . Similarly, for Red Mountain Pass in 
Colorado, A rmstrong (I 981) calculated 24 encounters, 
whereas the observed number averaged over 25 years was 
1.6 encounters per year. 

DEFINITION OF THE HAZARD INDEX 

The avalanche-haza rd index, AHI, is the weighted 
expected frequency of encounters of moving and waiting 
vehicles with avalanches, summed over a road with 11 

avalanche paths. 
i=1l )=5 

AHI = 2 2 (I I ) 

i= l )=3 

The avalanche-hazard index is a number that reflects the 
seriousness of the avalanche danger to traffic on individual 
avalanche paths and over a whole section of road. 

APPLICATIONS 

Avalanche-haza rd indices were calculated for roads in 
Canada, the U.S.A ., and New Zealand with the following 
applications: 

(a) The index identifies the avalanche paths that contribute 
most strongly to the hazard of a road , and consequently 
shows where avalanche control would be most beneficial. 
The hazard index defines priorities for building control 
works. 

(b) The index allows the evaluation of the effect of 
alternative control measures. It can be applied in a cost
effectiveness analysis by calculating the ratio of risk 
reduction to cost of control. The risk reduction is the 
difference betwee n the hazard index without control and 
the haza rd index with control. 
Estimates must be made of the reduction of the 
frequency and types of avalanches falling on the road as 
a result of control measures . For example, snow sheds 
(galleries) reduce the number of avalanches on the road 
by between 90 and 100%, earth structures such as 
mounds and dikes by between 20 and 80%, and 
explos ives by 90%. Often the control works employed not 
onl y reduce the frequency of avalanches but also change 
their type, from deep snow to light snow, or influence 
the length of road covered by them. 

(c) The hazard index allows comparisons of the avalanche
hazard between roads and of the level of hazard control 
that was acceptable at other roads; as such, it assists 
decision making at the political level. 

(d) Calculations of the hazard index for future heavier 
traffic volumes allow orderly planning of control measures. 

In making comparisons, it should be remembered that the 
weighting used in earlier applications (Avalanche Task 
Force, 1974; Fitzharris and Owens, 1980) were different 
from those of Table II. The weightings in Table II yield 
hazard indices 0.7-0 .9 times the indices calculated with the 
original weighting. 

ADJUSTMENT TO HAZARD 

Level of control 
An avalanche hazard may be mitigated either by 

restricting the movement of traffic, principally by closing 
the road during hazardous times, and by controlling the 
avalanches. The levels of avalanche control employed in 
Canada at the present time are listed below: 
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It is standard practice to control the traffic on all public 
and private roads exposed to avalanches by closing gates at 
each end of the road during hazardous times. The road
maintenance foreman usually evaluates the snow stability and 
orders the closures. A trained avalanche technician may be 
assigned the task when there is more than one road with 
avalanches in the area, when avalanches also threaten an 
adjacent ski area, or when avalanches are controlled by 
explosives. 
When the hazard index exceeds a value of 40, the 
avalanches are usually controlled by either artillery, bombs 
dropped from a helicopter, or pre-placed explosives. In 
addition, deflection dikes, mounds, catching dams, and snow 
sheds (galleries) are built where they can be introduced at 
low cost or where avalanche snow on the road would cause 
unacceptably long traffic delays . Avalanche paths requiring 
these structures have avalanche-hazard indices between 10 
and 80 . 
The frequency and the duration of road closures influence 
decisions about avalanche control as much as the hazard 
index . Often an avalanche control was introduced under 
pressure from business and politicians when the alternative 
duration of closures became intolerably long. It seems that 
road users have a stronger perception of the loss of travel 
time and business than they have of the probability of an 
avalanche encounter. 

Acceptable risk 
Elimination of all hazards can be expensive , and often 

a complete control of avalanches and of traffic movement is 
not feasible. A minimum avalanche hazard must therefore 
be tolerated. 

In developing the level of acceptance , it would be 
useful to compare the hazard index with statistics of other 
natural and Man-made hazards, for example, earthquakes, 
fires , boating and road accidents , and smoking . Such 
comparisons are difficult, however, because the avalanche
hazard index is based on theoretical encounter frequencies, 
and statisti cs on avalanche accidents on roads are 
incompl ete. Th ere follow a few considerations which assist 
in defining the level of acceptability of the avalanche
hazard index . 

The acceptable risk due to avalanches would be 
somewhere between the risk accepted from natural disasters 
and that for traffic accidents. People accept involuntary 
risks due to natural disasters if they result in one death per 
million per year (Kletz, 1977). Canadian experience with 
avalanches on roads suggests a probability of death of 0.25 
per encounter with a deep-snow avalanche. This means a 
frequen cy of encounters with deep-snow avalanches 
Pm + P w = 4 x 10-6 would be tolerable. Using Equation 
(11) with W = 10, the acceptable hazard index for one 
death per million is 40 x 10-6• For natural-hazard zoning in 
Norway, Hestnes and Lied () 980) proposed an acceptable 
level of 3 x 10-3 deaths per year as the highest acceptable 
ri sk level; this is equivalent to an avalanche-hazard index of 
0.12 . The tolerable level for traffic accidents has notoeen 
defined in the literature, though studies give observed 
accident risks per person and travel distance. In British 
Columbia, Canada, the risk on roads is one death per 
35 x 106 km of travel by car (Ministry of Transportation and 
Highways, British Columbia, 1984). Studies have shown 
that the acceptability of risks is a function of the derived 
benefits in terms of money and personal satisfaction. 
Voluntary risks have a higher level of acceptance than 
involuntary risks. This means that, in order to save travel 
time and inconvenience, road users are prepared to take 
greater risks that are accepted for natural disasters . 

Experience shows that people can accept an avalanche
hazard index of ) . Reducing the hazard below this value 
would usually require control measures that are economically 
not justified, or would demand unacceptably long traffic 
delays. According to Equations (5) and (I I), a hazard index 
of I would be present on a road with a traffic volume 
N = 750 vehicles per day, speed V = 80 km h- 1, stopping 
distance D = 130 m, one light-snow avalanche with 
L = 30 m and one deep-snow avalanche with L = 80 m per 
year. With a probability of death of 0.05 in a light-snow 
avalanche and 0.25 in a deep-snow avalanche, the frequency 
of fatalities would be 0.024 per year. 

Canadian avalanche events typically cover 20 km of 
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road. According to statistics, the accident rate from all 
causes on this road with traffic volume = 750 vehicles per 
day would be 0.15 deaths per year. Rates of fatal accidents 
on roads and in industry quoted by Kletz (1977) give 
si milar values. With the above assumptions of death rates in 
avalanche encounters on roads , it may be concluded that an 
avalanche-hazard index of I represents a risk that is 4-6 
times lower than other risks to traffic. 

Example 
Rogers Pass, the section of Trans-Canada Highway that 

crosses the Selkirk Mountains, has the highest avalanche 
hazard of all roads in Canada. The high hazard is the result 
of the presence of 65 avalanche paths over a distance of 
36 km, with numerous paths close together, frequent 
avalanche occurrences, and a winter traffic volume of 
1700 vehicles per day in 1987. Without control measures, 
the avalanche-hazard index would be 1004, but was 
mitigated because snow sheds (galleries), retaining barriers in 
starting zones, earth dikes, and earth mounds reduce the 
hazard index to 235, and because artillery fire , in addition , 
reduces the hazard index to 27, although not all avalanche 
paths can be treated by the artillery. The hazard is reduced 
to a value of 15 by frequent road patrols that keep the 
exposure time of waiting vehicles to less than I h, and by 
regulatory signs aimed at preventing vehicles stopping in 
avalanche paths. Road closures during the avalanche control 
by artillery and extension of these, when the hazard is 
high, cover most of the residual hazard. On average, two 
uncontrolled light-snow avalanches per year were observed 
to fall on to the road, producing a hazard index of 0.8. 

CONCLUSIONS 

The avalanche index is a number that expresses the 
hazard that avalanches present to traffic. Its calculation is 
based on estimates of the types of avalanches, their widths 
on the road, frequencies of occurrence and relation of 
timing with respect to avalanches in adjacent avalanche 
paths . The estimates of the input data of different 
investigators may vary, but experience has shown that the 
results obtained do not vary significantly. Even with 
different assumptions, the avalanche paths which pose the 
highest hazards can be identified and the total hazard on a 
road be compared with that for other roads. 

The hazard index allows a rational assessment of the 
avalanche danger and prevents the making of intuitive 
decisions about a control. Its most important applications are 
the identification of the avalanche paths with the greatest 
contribution to the hazard , and an assessment of the 
effectiveness of control measures. 

A hazard index of I appears to be acceptable . Traffic 
must be controlled during hazardous times when the hazard 
index exceeds I , and avalanches be controlled when the 
index is greater than 40. 

[n calculating the hazard , each avalanche path (together 
with its neighbouring paths) was asumed to be independent 
of other avalanche paths on the road. The same avalanche 
was assumed to hit moving traffic and waiting traffic each 
time it occurred after another avalanche had already covered 
the road. It could be argued that the hazard index could be 
made more realistic by taking into account that the traffic 
flow stops after one avalanche occurrence and that each 
avalanche can st rike vehicles only once. Since this would 
not a llow a comparison between individual avalanche paths, 
a si mpler approach was adopted. The methods described can 
be applied in mod ified form to hazard assessments on 
railways, ski, and hiking trails . 
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APPENDIX 

The following is an example of the application of the 
avalanche-haza rd index to a section of road with fi ve 
avalanche paths (Fig. 2). 

Inventory of avalanche paths 
The first step is to list the avalanche paths and the 

types, average sizes, and return periods of avalanches on the 
road (Tables III and IV ). 

Traffic characteristics 
Volume: N = 1100 vehicles/ d Speed: V = 80 km/ h 
Stopping distance: D = 130 m Waiting period: t = 2 h 
A verage space of ve hicles: Lv 15 m 
Length of wai ting-traffic queue after 2 h: 

1100 x 2 x 15 
L = w 48 

Ca lculated usi ng Equation (7). 

Hazard index 

688 m. 

Calculate the hazard index using Equations (I) to (9) . 
The following steps apply in calculating the index 
contribution from waiting traffic for each individual path , 
i : 

(a) Identify th e ava lanche paths, i + I , i + 2 ... , and i-I, 
i - 2, ... , that are wi thin a distance of 688 m of path i. 

(b) Dete rmine the haza rd contribution AHIi+l of path i + I 
with 

L3 Ps L~ps 
AHII= 3-- + 10--

15T3 15T. 

L3 and T3 refer to light snow in path i + I; L. and T4 
refer to deep snow in path i + I. Substitute I I T 3 • and 
I / T4 with ( I/ Ti 3 + I / T i ) if I / T3 or I / T. are greater 
than ' 

[;i,3 + ;i,J 
(c) Similarly, determine the hazard contribution from all 

other paths i + 2, i-I, etc. , as well as from path i, 
and add the resulting values (Table V) . 

Avalanche- control considerations 
The avalanche- hazard index of about 20 is in the 

range where the hazard is usually controlled by road 
closures during hazardous times. In this specific case, 
avalanche control is considered because the five avalanche 
paths do not represent the only avalanche-hazard area on 
the road . 

Avalanche path 4, with the highest hazard index, has a 
spec ial need of co ntrol measures. In addition, it contributes 
heavil y to the hazard of path 3, because traffic that stops 
on path 3 is exposed to avalanches from path 4. 
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AVALANCHE PATHS 

3 PROPOSED 4 PROPOSED 
, , SHED: SHED 
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Fig. 2. Map of avalanche paths. 

The results of a study of the feasibility of avalanche 
contro l options are that: 

Supporting structures in the starting zones are more 
expensive than snow sheds, and do not yield benefits 
other than those of protecting the traffic. (For this reason 
supporting st ructures should not be considered.) 

The slopes above the road in avalanche paths 1-4 are steep 
enough to prevent avalanches from running out above the 
road, and also to preclude the building of earth 
structures . 

The run-out zone of avalanche path S is on an alluvial 
fan, which would permit the construction of deflection 
dikes. 

TABLE Ill. INVENTORY OF AVALANCHE PATHS AND AVALANCHES 

246 

Width Distance 
between 

Symbol Lmax S 

(m) (m) 

Path 
number 

40 
60 

2 40 
180 

3 SO 
200 

4 120 
SOO 

5 200 

A verage avalanche occurrences 
Light snow Deep snow 

(years) (m) (years) (m) 

10 10 no avalanches 

10 10 no avalanches 

2 20 20 4S 

40 2 90 

3 50 3 150 

No plunging ava lanches are expected. 

TABLE IV. PROBABILITY OF A SECOND AVALANCHE ONCE 
ONE AVALANCHE HAS OCCURRED (Ps) 

Path 2 3 4 S 

0 .0 0.25 0.2 0. 15 0.05 

2 0.25 0.0 0.2 O.IS 0.05 

3 0 .2 0.2 0 .0 0.15 0 .05 

4 0.15 0. 15 0. 15 0.2 0.1 

5 0.05 0.05 0.05 0.1 0 .05 

TABLE V. HAZARD INDICES 

Path Hazard index Total 
number Moving traffic Waiting traffic 

0 .02 1.46 1.5 

2 0.02 1.46 1.5 

3 0.18 5.32 5.5 

4 0.92 5.5 6.4 

5 0.64 4 .1 4 .7 

Total index of ava lanche area 19.6 
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TABLE VI. AVALANCHE- CONTROL OPTIONS 

Co ntrol optio n Hazard Benefi t 
index 

No co ntrol 19.6 

Explosives at paths 
4 and 5, 90% 
efficient 3.5 

Snow shed at 
path 3 13.0 

Snow shed at 
path 4 1.9 

Deflection dam 
at path 5, 80% 
effect ive 13.5 

Snow shed at 
path 4 and dam 
at 5 1.4 

Explos ives ca nn ot be applied on avalanche paths I , 2, and 
3, because the terrain is rugged and partially covered 
with trees, but can be applied for avalanche control in 
paths 4 and 5. 

The feasible ava lanc he-control options and thei r cost are 
listed in Table VI. The expense of explosive control 
includes the cost of an artillery piece and the annual cost 
of ammunition and maintenance capitalized over 20 yea rs at 
10%. The significant benefit derived from an avalanche 
control is a red ucti on of the hazard to traffic . This benefit 
was quantified by subtracting the hazard-index va lue when 

0.0 

16.1 

6.6 

17.7 

6.1 

18.2 

Cost Bene fit / cos t 

Million $ 

0.0 0.0 

0.6 27.0 

1.4 4.7 

2 .8 6.3 

0.6 10 .0 

3.4 5.3 

a spec ific cont ro l was cons id ered from the hazard-index 
va lue of the opt ion "No Control" (Table VI) . 

The be nefit s and th e benefit: cost ratios in Table VI 
assis t in making decisions about the best option to choose. 
Other co nside ra tions would be road closures, operational 
com mitm ents, ava ilabi lit y of capital, hazard to maintenance 
personnel, and environmental damage. For example, the 
application of explosives on avalanche paths 4 and 5 
obviously best combines low cost and effectiveness, but 
requires personnel to predict the time for shooting, to 
operate the gun, and to control the traffic during shooting . 
Furthermore, the released avalanches would deposit snow on 
the road. 
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