




















































































Snow-Avalanche Hazard Analysis for Land-Use Planning and Engineering 

Contour Interval = 40 ft 

Figure 25. This alluvial fan tends to di­
vert the flow of wet-snow avalanches 
toward the steepest gradients. Due to 
their large velocities, dry-snow/powder 
avalanches advance down the center of 
the fan in the direction attained in the 
track. 

in excess of normal building loading ca­
pacities, this will indicate the necessity 
for incorporating special design in 
structures or may indicate that construc­
tion of certain structures is not practical 
at a given location. 

Avalanche Width 
Estimates of avalanche width cannot be 
obtained through use of statistical or dy­
namics models discussed above and 
usually must be estimated by other 
methods listed below. 
a. Unconfined paths tend to be approxi­

mately as wide in the runout zone as 
in the starting zone and track. 

b. Confined paths, especially those dis­
charging onto alluvial fans, may 
affect an area much wider than the 
channel. Slow-moving wet-snow 
avalanches usually turn toward the 

!il 
[[ill]] 

Powder avalanche steepest gradients on alluvial fans, 
whereas, dry-snow /powder 
avalanches, because of large veloci-Wet-snow avalanche 

This method will provide only rough estimates of 
avalanche impact force. To increase the reliability of 
the estimates, many tree failures should be sampled 
and P calculated many times in a given part of the 
avalanche path. In practice, estimates of P obtained in 
this way will vary by a factor of at least two in the 
best-documented cases and may vary by a factor of 5 
to 10. The variability may result from tree-strength 
differences, changes in avalanche impact energy with 
location, or combinations of these and other factors. 
However, if the range in calculated Pis substantially 

ties, often advance in a direction 
determined by a projection of the 
avalanche track. In some cases, the 

entire alluvial fan may be reached by the design­
avalanche runout. Figure 25 illustrates the direc­
tional differences resulting from wet and dry-snow 
avalanches on an alluvial fan. 

c. Topographic barriers such as ridges, small hills, 
gullies, etc. in the runout zone may provide distinct 
barriers to flow, particularly near the end of the run­
out zone where velocities are reduced. Small-scale 
terrain barriers, however, will be overrun by deep, 
high-velocity powder avalanches because flow 
depth will exceed the height of terrain barriers. 
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Avalanche Zoning 

Definitions and General 
Information 

Avalanche zoning has traditionally been defined in 
two different ways: (1) delineation and mapping of 
areas subject to avalanches and (2) application of zon­
ing and land-use policies within mapped avalanche 
areas. Avalanche mapping (also sometimes referred to 
as "zoning"), may also be necessary within mining 
areas and other industrial facilities located in remote 
mountain areas, well beyond the jurisdiction of com­
munities. 

Procedures that can be used to map design ava­
lanches have been discussed in Chapter 3 of this pub­
lication. Land-use planning and engineering applica­
tions usually require consideration of a long 
(approximately 100-year) avalanche return period 
(Table 5). Delineation of avalanche boundaries, quan­
tification of avalanche design criteria and mapping of 
hazard zones requires application of quantitative and 
objective procedures so the results can be reliably ap­
plied to land-use and engineering needs. Subjective 
estimates of avalanche extents, velocities, and destruc­
tive effects are not appropriate and should not be used 
in design and planning applications. 

Strictly speaking, avalanche zoning utilizes the 
mapped avalanche boundaries and designates, by mu­
nicipal or county ordinance or state law, land uses and 
restrictions which are appropriate within the defined 
avalanche areas. For example, zoning may restrict res­
idential structures from areas subject to either frequent 
or potentially powerful avalanches and may require 
special protection for buildings or other valuable ob­
jects located in less frequent avalanche areas. Certain 
land uses may not be permitted in known or potential 
avalanche areas. 

Because avalanche zoning reduces hazard by re­
ducing exposure, it is a form of avalanche mitigation. 
Because zoning attempts to limit or avoid exposure to 
avalanches, it is the safest form of avalanche mitiga­
tion. Various other forms of avalanche mitigation 

which are used in place of or in conjunction with zon­
ing are discussed in Chapter 5. 

General Definition of Avalanche­
Hazard Zones 

Following definitions introduced and commonly 
applied in the Swiss Alps (Frutiger, 1970), avalanche­
hazard zones have traditionally been defined in terms 
of return period and potential impact pressure. Two 
zones of potential avalanche hazard are usually de­
fined in Switzerland and have been used at many 
locations in North America: 

Red Zone (High potential hazard). The Red zone 
is an area reached by either frequent or powerful ava­
lanches. In Switzerland "frequent" is defined as a 30-
year or less avalanche return period. An avalanche is 
"powerful," for Swiss zoning definitions, if it pro­
duces an impact pressure on a large, flat, rigid surface 
normal to the flow direction of 30 kPa (630 lbs/ff) or 
more. The Swiss are often able to specify avalanche re­
turn periods of 30 years fairly accurately because of a 
long history in mountain areas. Either the impact or 
return-period condition will suffice to define the Red 
zone, therefore large areas within the design avalanche 
path may be defined as Red because of large potential 
avalanche pressure, even if the return period within 
these areas is long. 

Blue Zone (Moderate potential hazard). The Blue 
zone is an area reached avalanches with 30-300 year 
return periods and in which the design avalanche pro­
duces impact pressures of less than 30 kPa (630 lbs/ft 2

). 

Both the return period and the impact conditions must 
be satisfied in order to qualify as a Blue zone. 

The Red and Blue zone definitions used in 
Switzerland must be modified in North American 
applications because of the much shorter period of de­
tailed historical record in these areas. As a general 
rule, avalanche return periods can be defined only to 
the nearest order of magnitude, or factor of 10. A typical 
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order-of-magnitude definition for the return period, T, 
which can be applied to areas lacking a long historical 
record is as follows: 

10-year return period-10°5 < T < 10 x 10°5
; 

1 00-year return period-1 0 x 10 °5 < T < 100 x 10°5 

The above definitions indicate that the actual re­
turn period for a "10-year" avalanche may lie between 
approximately 3 and 30 years and the "100-year" re­
turn period may lie between 30 and 300 years. More 
precise definitions may exist for short return periods 
at certain locations, but the historical record of 
avalanches is usually too short to allow a more precise 
definition for the long return-period events. 

Examples of Municipal 
Avalanche-Zoning Plans 

With the accuracy limitations used to define the re­
turn-period understood, the Town of Vail, Colorado 
and the City of Ketchum, Idaho both passed avalanche­
zoning ordinances in the late 1970s. Ordinance details 
are summarized below because they provide useful 
models for other areas. 

Avalanche zoning can have its greatest effect on 
land-use control and potential hazard reduction at the 
municipal-government level because within the 
boundaries of communities human activity is most 
concentrated. Vail and Ketchum use somewhat differ­
ent approaches to accomplish what is felt in each com­
munity to be the governmental duty of protecting the 
public safety. 

Vail, Colorado 
The essential points of the Vail avalanche-zoning plan, 
which, in some cases severely limits the property 
owner's use of the land and alters land-use regulations 
which were in effect prior to avalanche awareness are 
summarized below. The Town of Vail avalanche-zon­
ing plan has been in effect since 1976. 
Ill The Town of Vail mapped and defined "avalanche 

influence zones" (AIZ), which are areas in which 
avalanches may, but do not necessarily constitute a 
potential hazard. The AIZ are only estimates about 
avalanche runout distances during extreme condi­
tions; they are not defined by any analytical tech­
niques such as those discussed in Chapter 3, but are 
simply based on the subjective opinion of special­
ists trusted by Vail. Nevertheless, building permits 
are not issued within an AIZ unless more detailed 
studies are completed. 

Ill If property lies within an AIZ and a building per­
mit is desired, the property owner must determine, 
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at his expense, the details of the design-magnitude 
avalanche. According to Vail ordinance, this site­
specific study must delineate Red and Blue zones 
and must compute avalanche dynamic and static 
loads on exposed habitable structures. Further­
more, the Red and Blue zones must be defined, as 
in Switzerland, in terms of expected return periods 
and impact pressure. Red zones have a return pe­
riod of 25 years or less or impact pressures of 600 
lbs/ff (29 kPa); Blue zones have return periods of 
more than 25 years and impact pressures of less 
than 600 lbsl ft2 (29 kPa). 

Ill Land use restrictions are also based on the Red and 
Blue zone definitions. Residential construction is 
not permitted in the Red zone, however, building is 
permitted in the Blue zone if design for avalanche 
forces is provided by an engineer registered in 
Colorado. 

Two important points are implicit in the Vail 
avalanche-zoning plan. First, in order for an engi­
neered structure to be built, avalanche-design criteria 
must be provided to the structural engineer and archi­
tect. Therefore, it is important that the property owner 
and builder can show that he used the most reliable 
methods presently available to derive the design crite­
ria. Secondly, because responsibility for providing safe 
design lies with the owner, builder, or consultant, the 
Town of Vail may be relieved of such responsibility. 

The avalanche-zoning restrictions have resulted in 
avoidance of the most seriously-affected avalanche 
areas within the Town boundaries despite very high 
property prices. Figure 26 is an aerial photograph of 
an area within the Town of Vail in which the geome­
try of residential development is partly controlled by 
the potential snow-avalanche hazard. Figures 17 and 
18 are pre-development photographs of this same 
area. 

Ketchum, Idaho 
Portions of the City of Ketchum, Idaho are located 
below small-to-moderate sized avalanche paths with 
long return periods. A portion of the exposed residen­
tial area is shown in Figure 19. The City of Ketchum 
was divided over the question of whether building 
should be restricted in defined hazard zones at the 
time the ordinance was being considered. Those op­
posing restrictions claimed that they represent an un­
fair and possibly illegal "taking" of private property 
and that they violate the individual's right to do as he 
wishes with his property. Those in favor of building 
restrictions similar to those in Vail felt that construc­
tion in hazard zones was a matter of "public" rather 
than "private" interest. They felt a moral responsibil­
ity to protect the public, particularly future owners, 
tenants, and others who may be unaware of the poten­
tial hazard. 
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Ill Any building, except a single-family 
residence will be designed for ex­
pected avalanche forces. Design will 
be certified by an engineer registered 
in the State of Idaho who will base his 
design on avalanche studies done by 
the City of Ketchum or by an inde­
pendent consultant recognized by the 
city as an "expert in the field of ava­
lanche occurrence, force, and behav­
ior." 

Ill Any new single-family structure that 
has not been engineered for 
avalanche forces will not be leased, 
rented, or sub-let from November 15 
through April 15. 

Ill No further subdivision will take place 
within the red (high hazard) 
avalanche zone. 

NOTICE REQUIREMENTS 
Ill Subdivision plans will identify lots as 

lying within red or blue avalanche 
zones. 

Ill Building plans will identify the pro­
posed building as lying within the 
red or blue zone. 

Ill Building permit applicants will ap­
pear before the city council to receive 
personal notice of the fact that the 
proposed building is in an avalanche 
zone. 

Ill The City of Ketchum will issue any 
tenant, lessee, or sub-tenant with 
written notice that the rented prop­
erty is in the avalanche zone. 

Figure 26. Development along the perimeter of this alluvial fan in 
Vail, Colorado avoids the area of high avalanche pressure potential 
and frequency. Some of the homes are located within the Blue 
(moderate hazard) avalanche zone, and have been reinforced for 
design-avalanche loads. Compare this with pre-development photo­
graphs (Figures 17 and 18). 

Ill The City of Ketchum will post ava­
lanche-warning signs along public 
rights of way. 

Ill Real-estate agents, salespersons, or 
brokers, and each private seller will 
inform prospective purchasers with 
notice that the property is in an 
avalanche zone. 

As a compromise, the following avalanche-zone 
district was added to the city ordinance with the fol­
lowing provisions. 

USE RESTRICTIONS 
Ill All new utilities in avalanche areas will be installed 

underground. 
Ill Avalanche-defense structures (including buildings 

reinforced for avalanche loads) will not deflect 
avalanches toward adjacent property. 

SUSPENSION OF SERVICES 
Ill All city services rri.ay be suspended during periods 

of avalanche danger. 

The various provisions in the Vail and Ketchum 
avalanche zoning ordinances have required a set of 
avalanche maps which have been defined objectively. 
Objective procedures in the development of these maps 
were necessary to ensure a uniform and unbiased 
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treatment of all affected property and to provide a 
base for hazard designation and mitigation design. 

Additional County I Municipal 
Avalanche Land-Use Controls 

As discussed in Niemczyk (1984), municipal and 
county governments may address several factors that 
comprise land-use controls in avalanche areas. The 
factors comprising land-use regulations are listed below. 
1. Purpose-states the reason for the law, recognizes 

the potential hazard, and declares the intent to 
protect people and property. 

2. Definitions-defines terms which will be used in 
the proposed ordinance. 

3. Map(s)-show the known and/ or potential ava­
lanche areas and sometimes subdivides the hazard 
levels into red and blue zones, as discussed on 
page 37. 

4. Avalanche studies-requires that all studies that 
address the avalanche hazard be kept in files. 

5. Applicability-states the conditions that apply 
when the law is applicable, usually when a prop­
erty owner submits a development application in 
mapped or recognized avalanche areas. 

6. Prohibition-prohibits the development of land 
with known or potential avalanche activity. 

7. Districts-Zoning districts may be established ac­
cording to the degree of potential hazard if shown 
on the avalanche map. The most severe zone may 
prohibit development; less severe zones may re­
quire special review. 

8. Restricted uses-allows some development in 
hazard zones but normally limits the full potential 
for development. 

9. Permitted uses-lists those land-uses allowed in 
avalanche zones. 

10. Non-conforming uses-allows continued land use 
which may be in conflict with the provisions of the 
ordinance. It may prohibit rebuilding if 50 percent 
or more of a structure is destroyed by whatever 
means. 

11. Permit procedure--requires a permit for develop­
ment in an avalanche zone and specifies the proce­
dure for acquiring the permit. 

12. Submittal requirement-lists the information that 
must be submitted with a permit application. Typ­
ically required information includes 

a. Map or maps quantifying hazard; 
b. Report describing the maps and project; 
c. Site plan showing building location, shape; 
d. Calculated avalanche forces on structures; 
e. Mitigation recommendations and specifica­

tions; 
f. Discussion of the change in avalanche hazard. 
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13. Review criteria-lists information that will be ad­
dressed when reviewing an application. 

14. Criteria for approval-specifies the findings that 
government must make to approve the project. 
Usually the hazard must be eliminated or reduced 
and must not increase hazard in adjacent areas. 

15. Mitigation-allows structural mitigation proce­
dures that will eliminate or reduce the hazard. 

16. Design standards-addresses the design and 
placement of structures intended to mitigate 
avalanche hazards. 

17. Map amendment-allows for the change of ava­
lanche boundaries with submittal of proper evi­
dence such as use of more detailed maps or up­
dated procedures. 

18. Amendment-allows for changes in the 
avalanche-zoning regulations. 

19. Variance-establishes a procedure for granting 
relief for part of the avalanche-zoning regulations. 

20. Additional studies-directs the local government 
to continue studying the avalanche hazard and ac­
cumulating data of avalanche effects. 

21. Consultant's qualifications-sets standards for 
avalanche consultants. 

22. Referral procedure--requires review and approval 
of projects within avalanche zones from appropri­
ate public agencies. 

23. Disclaimer-states that there exists no guarantee 
about the accuracy or completeness of the 
avalanche maps or consultant's recommendations. 

24. Public notice-requires labeling of all maps, build­
ing plans, and other drawings with a notice about 
potential avalanche hazard. All buyers, renters, 
tenants, and lessees also require notification. 

25. Suspension of services-permits the suspension 
of public services and utilities during times of 
avalanche danger. 
Table 12 lists counties and municipal areas with 

avalanche-hazard regulations and determines which 
of the above factors are used at each location. Table 12 
illustrates that avalanche-zoning regulations range 
from being very restrictive (e.g., Vail, Ketchum) to 
simply providing general information about local 
avalanche-hazard potential (e.g., Mono County). Pass­
ing an avalanche-zoning ordinance has always been 
difficult. Traditionally, government feels mandated to 
inform and protect the public, whereas property own­
ers, who may never have seen an avalanche on their 
property and may have little knowledge about local 
conditions, are often opposed to any ordinance that 
may restrict land use and possibly reduce property 
prices. The more restrictive ordinances are usually 
found in municipal areas and in particular in those 
areas in which land prices are high and avalanche miti­
gation represents a small portion of the cost of devel­
opment. 
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Table 12. Land-use factors used in various county and municipal regulations, modified from Niemczyk, 1984. 

COUNTY MUNICIPALITY 

A B c D E F G H I J K L M N AA BB cc DD EE 

1 X X X X X X X X X X X X 

2 X X X X X X 

3 X X X X X X X X X X X 

4 X X X X X 

5 X X X X X 

6 X X X X X X X X X 

7 X X X 

8 X X X 

9 X X X X X 
rJl 
~ 10 
0 

X X 

!-< 11 X u 
< 12 ... X X X X X X 

loLl 13 X X 
rJl 
;:J 14 X X 
I 

Cl 15 X X X X X X X X X z 
< 16 X ..... X X X 

17 X 

18 X 

19 X 

20 X X X X 

21 X X X 

22 X 

23 X X X 

24 X 

25 X 

x -factors used in regulations of each government agency 

GOVERNMENT ENTITY 
County K Summit County, Colorado 

A Beaverhead County, Montana L Teton County, Wyoming 
B Blaine County, Idaho N Placer County, California 
c Gunnison County, Colorado M Mono County, California 
D Larimer County, Colorado 
E Moffat County, Colorado Municipality 
F Park County, Montana AA Breckenridge, Colorado 
G Pitkin County, Colorado BB Ketchum, Idaho 
H Saguache County, Colorado cc Ophir, Colorado 
I Salt Lake County, Utah DD Sun Valley, Idaho 

J San Juan County, Colorado EE Vail, Colorado 

LAND-USE FACTORS 
(See previous page.) 
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Use of Analytical Procedures in 
Preparing Zoning Maps 

Because avalanche-zoning maps must objectively sub­
divide areas of potential avalanche hazard, will affect 
the safety of residents, and may be used as input for 
structural mitigation design, the maps should be de­
veloped systematically through application of the best 
techniques presently available. Avalanche-zoning 
maps are usually based on avalanche return period 
and impact-pressure potential (see page 37). 

Avalanche return period should be determined 
by a careful study of the avalanche history, vegetation 
and geomorphic damage, and study of photographs, 
including old aerial photos, (Chapter 3). Return peri­
ods can usually be placed in three categories: 
a. Frequent avalanches (more often than once every 

10 years); 
b. Ten-year return periods (return periods of 3-30 years); 
c. One hundred-year return periods (return periods of 

30-300 years). 
The longer return-period categories band c proba­

bly cannot be established with greater than order-of­
magnitude (nearest factor of 10) accuracy, even with 
good historic, vegetative, or geomorphic records of 
avalanches. Avalanches of a given return period are 
randomly distributed through time, therefore even if a 
known length of time has elapsed between avalanches 
at a given location, the true return period will be un­
certain. This uncertainty can be expressed by the en­
counter probability relationship [Chapter 3, equation 
(3.1), Table 7]. 

Avalanche impact-pressure potential must be 
computed by analytical techniques, (Chapters 3 and 5). 
The impact pressure and total pressure on an exposed 
object will always be highly dependent on structure 
location, shape, and orientation, therefore final design 
forces can never be provided in an avalanche-zoning 
or mapping study. Reference pressures (for example, 
on flat surfaces normal to the flow), can be computed. 
The following steps should be taken to specify the pres­
sure potential for avalanche mapping and zoning studies. 
a. The design-avalanche runout distance should be 

determined by history, study of photographs, geo­
morphic and vegetative damage, and statistical 
techniques, (Chapter 3). 

b. The design-avalanche width should be determined 
by techniques similar to those discussed in a, and 
by detailed study of the terrain barriers and shape 
in the runout zone. The behavior of previous major 
avalanches in areas of similar terrain should also be 
used to estimate avalanche width. 

c. The design-avalanche velocity must be computed 
along the path centerline by application of an 
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avalanche-dynamics model (such as the PCM 
model, the Swiss procedure or more advanced 
models). This model should be run between the 
known top of the starting zone (where velocity is 
zero) and the tip of the runout zone (where velocity 
is also zero). If the PCM model is used, the lengths 
of profile segments in the runout zone chosen 
should be sufficiently short to define velocity care­
fully within the decelerating phase of avalanche 
motion. The Swiss procedure assumes avalanche 
kinetic energy decreases linearly with distance in 
the runout zone, therefore 

V/ = V/ (1- x/s), (4.1) 

where the beginning of the runout zone is located 
at the point P (see page 30), xis the distance from P 
to the design point, s is the runout distance, and V 
are velocities at the P-point and the design point. 

d. Design-avalanche reference impact pressure, P,, 
should be computed by applying the relationship 

(4.2) 

where Vis the velocity computed along the path 
profile and pis the average flow density. The as­
sumed flow density in most large, dry-snow 
avalanches will probably range from 50-150 kg/m3

, 

although densities may be more than 400 kg/m3 

when wet-snow avalanches constitute the design 
case. Although the densities of wet-snow avalanches 
will always be large, velocities are small. Dry-flow­
ing avalanche combine velocity and density in such 
a way as to produce the largest pressure potentials 
in most cases. 

Because avalanche frequency is also used to define 
the avalanche-hazard zones, the evidence for or 
against previous avalanches must be carefully consid­
ered. However, evidence that avalanches have not oc­
curred for a long time period (a 200-year old forest, for 
example), does not prove that the "100-year" avalanche 
cannot reach the site. Application of equation (3.1) il­
lustrates that there exists a 13 percent chance the "100-
year" avalanche will not occur in a randomly-selected 
200 year period. 

Avalanche-zoning plans are obviously designed 
to protect both valuable structures and the people 
who will use them. However, any development 
within or adjacent to avalanche areas will increase the 
hazard potential because of the resulting land use. The 
persons one wishes to protect may not be inside when 
the avalanche occurs. This increase in hazard must be 
accepted by the governmental body, developer, or res­
ident permitting land use in the avalanche areas. 
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Avalanche 
Structural Protection 

Overview of Avalanche 
Mitigation Methods 

Avalanche mitigation or control methods are used to 
eliminate hazard or to reduce it to an acceptable level. 
Several general categories of avalanche mitigation are 
discussed briefly below; structural mitigation is dis­
cussed in pages 44-51. 

Avalanche zoning, (Chapter 4), is the most desir­
able type of mitigation from the standpoint of safety. 
When the area affected by the design-magnitude 
avalanche is mapped, and development avoids the 
mapped area, mitigation is achieved through avoid­
ance of the potential hazard. However, zoning and 
avoidance are not always acceptable alternatives for 
all types of land uses. Transportation, communication, 
and utility routes often pass through avalanche ter­
rain. In many cases residential structures and other 
buildings are located in avalanche paths because the 
building sites are desirable for economic or social rea­
sons and because the avalanche risk can be reduced to 
an acceptable level by some type of protection. 

Evacuation of avalanche paths during periods of 
potential activity also achieves avoidance with respect 
to human exposure, but does nothing to protect prop­
erty or fixed facilities. Furthermore, evacuation de­
pends on a reliable forecast of snowpack stability for 
the rare, design event. However, little experience has 
been gained in forecasting for the extreme events, 
therefore forecasting sometimes is inaccurate. Those 
responsible for forecasts may not be available when 
the unusual weather or snow conditions occur, or the 
avalanche warnings may not reach all people who 
would be affected by large avalanches. Given all the 
uncertainties, evacuation is not recommended as an 
avalanche-protection method to be used at residential 
areas. At times, however, warning and evacuation 
must be used when areas are already exposed and 
may be acceptable for temporary industrial operations 
such as construction or mining camps if damage to 
fixed facilities is acceptable. 

Artificial release is the most common avalanche­
control method used in the United States. This method 
is fairly economical, and is often accomplished by 
skilled personnel who are familiar with local condi­
tions. However, in some cases, artificially-released 
avalanches have been larger than expected and dam­
aged structures or killed people. 

The reliability of artificial release is questionable. 
When large volumes of unstable snow are released by 
explosive control, and the released avalanches are of 
manageable proportions, the method is considered to 
have been reliable. However, at times no avalanche, or 
only small slides occur after blasting, or the effect of 
explosive control cannot be observed because of in­
clement weather or time of day. When these situations 
result, important questions must be asked with regard 
to the effect explosives have had on the avalanche 
hazard: 
a. Because no large avalanches have occurred, does 

this indicate the snowpack is stable?; 
b. Have the explosive-control attempts weakened the 

snowpack, making future avalanches more likely? 
Unfortunately, the answers to these questions are 

not known; the only definite answer with regard to 
the effect of explosives on the hazard occurs when an 
avalanche is observed and unstable snow has been re­
leased from the starting zones. Even then, avalanches 
may be much smaller or larger than anticipated. In 
some cases, artificially-released avalanches have dam­
aged structures and killed people. Due to all the un­
certainties about the reliability of artificial release, 
these methods are not a recommended avalanche-mit­
igation method above developed areas. 

Avalanche-control structures should be used 
where avalanches cannot be avoided and other control 
methods such as evacuation, explosive control, and 
timed avoidance are not applicable because of the rea­
sons discussed above. Structures have various forms 
and purposes. 
a. Supporting structures-These structures prevent 

avalanche release and/ or reduce avalanche size. 
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b. Snow-drift fences-Fences reduce the amount of 
snow blown into starting zones, thereby reducing 
avalanche frequency and size. 

c. Deflecting berms-Berms change the direction of 
avalanche runout in the lower track and runout 
zone and eliminate or reduce hazard in certain areas. 

d . Catching structures-Avalanche dams or mound 
fields reduce avalanche runout distance. 

e. Direct-protection structures-Structures reinforced 
for avalanche impact and deposition loads protect 
isolated buildings and other objects. 

Each type of structural avalanche-defense option 
has advantages and disadvantages, some of which are 
discussed in subsequent sections of this chapter. 

Supporting Structures 
Purpose 
Supporting structures are intended to anchor the snow 
slab to the ground in the starting zone, thereby pre-

venting avalanche release. In some 
cases only the upper portion of starting 
zones can be anchored by structures be-
cause of economic or topographic con­
straints, thus avalanches are not pre­
vented but are reduced in size. 
Supporting structures are appropriate 
when valuable objects or high-risk facili­
ties are exposed to avalanches, when 
starting zones are small and accessible, 
and when design snowpack depths are 
less than approximately 4.5 m. Because 
supporting structures are expensive, 
may scar the terrain, and are not 100 
percent effective, development in 
avalanche areas should not proceed 
with the intention of building support­
ing structures to protect proposed de­
velopment unless high construction and 
maintenance costs are acceptable and 
residents accept the residual risk. 

Structure forms 
Modern supporting structures consist 
of continuous or closely-spaced fences, 
vertical rakes, or wire-rope nets built in 
rows across the slope. Typical support­
ing structures which have been built to 
protect Swiss villages are shown in Fig­
ures 27 and 28. 

Figure 27. Supporting structures are built across the avalanche 
starting zone above this Swiss village. The structures are nearly 
continuous across the slope to prevent small avalanches from 
flow ing between structures. 

Construction materials used in­
clude wood, aluminum, steel, and rein­
forced concrete. Modern structures are 
built primarily from steel. Structures 
must resist very large forces that result 
from downslope creep (internal defor­
mation) and glide (slip at the ground 
surface) of the snowpack and the im­
pact of small avalanches. The creep and 
glide forces increase quickly with snow 
depth, snow density, reduced ground 
roughness, and slope angle, all factors 
that must be carefully considered in en­
gineered design. The snow depth is an 
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Figure 28. These snow-net supporting structures are 
designed to resist large creep (internal deformation) 
and glide (slip at ground interface) forces from the de­
sign avalanche. 

especially critical design parameter because the sup­
porting structures will not prevent avalanche release 
when the snowpack depth exceeds the structure 
height. Furthermore, snow depth often varies consid­
erably across an avalanche starting zone in response 
to wind scour and deposition, exposure to the sun, 
and topographic irregularities. Therefore, tall struc­
tures may be required in certain areas while only short 
structures may be needed in adjacent areas. 

Guidelines for the design of supporting structures 
can be found in the translation of the Swiss design 
guidelines (Frutiger and Martinelli, 1964). More recent 
research on measurements and calculations of design 
forces are given in McClung, et. al. (1984) . Design 
forces, in general, have been shown to increase in pro­
portion to the square of the snowpack depth, which, 
as discussed above, must be determined accurately 
and objectively in design. 

Advantages 

A properly designed and maintained array of sup­
porting structures will eliminate large avalanches and 
will reduce the avalanche hazard in the lower track 
and especially in the runout zone. 

Disadvantages 
Supporting structures are expensive. In areas of deep 
snow cover and steep starting zones with difficult ac­
cess they may cost $1,000,000 for every 10,000 m2 

($400,000 per acre). Even with ideal conditions, (shal­
low snowpack, easy access), costs will approach 
$500,000 per 10,000 m2 ($200,000 per acre). These high 
costs probably eliminate supporting structures except 
in small, accessible starting zones. Private develop­
ment interests rarely will be able to afford these high 
costs. Extensive arrays of supporting structures (Fig­
ure 27) may be visually unappealing, will scar the ter­
rain, and may create erosion or other undesirable en­
vironmental effects. 

Finally, supporting structures are not 100 percent 
effective. Studies in Switzerland (Frutiger, 1988) have 
shown that small avalanches sometimes run through 
supporting structures. As a result, the Swiss assume 
that avalanches of reduced proportions will occur 
even after expensive structures have been erected in 
starting zones. The assumed hazard in some highly­
exposed runout zones, therefore, is assumed to be re­
duced, but not eliminated. 

Snow Drift Fences 
Purpose 
Wind fences and baffles in and adjacent to avalanche 
starting zones alter the wind flow over ridges and re­
duce the amount of snow blowing into starting zones. 
In addition, fences distribute the snow lower on the 
slope. Because many avalanches result from snow ac­
cumulating in starting zones as a result of wind trans­
port, snow fences can reduce avalanche frequency and 
size. 

Structure form 
Snow fences can be located as shown in Figure 29. The 
fence produces a snow deposit on the windward side 
of the ridge instead of in the starting zone. This re­
duces avalanche frequency and size. 

Advantages 
Snow drift fences are inexpensive (<10 percent of sup­
porting structure cost), and can be erected quickly 
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with a minimum of excavation for foundations . They 
may be very effective in reducing avalanche frequency 
in starting zones which are usually subject to strong 
wind redistribution of snow. 

Disadvantages 
The fences will not prevent avalanches during storms 
with unusual wind directions or during storms with 
light winds. In some cases, these unusual conditions 
may produce maximum avalanches in some paths. If 
such unusual wind-loading or storm conditions are 
considered to be possible during the design period, 
fences should not be depended upon to provide ade­
quate protection from avalanches. The fences may also 
have an undesirable appearance in some mountain 
areas and also will not prevent avalanches resulting 
from high temperatures or rain. 

Deflecting Berms 
Purpose 
Deflecting berms in the lower track and runout zone 
intercept and deflect avalanches at a small angle to 
their natural flow direction and divert snow away 
from the objects to be protected. They do not necessar­
ily shorten avalanche runout distance. 

Structure form and design 
Deflectors are usually earthen berms 5 to 12m high 
but may also be structural or rock-filled cribbing. 

46 Colorado Geological Survey 

Experience has shown that deflecting angles of less 
than 25° are generally required to deflect avalanches 
and also keep the avalanches moving, reduce deposi­
tion at the base of the berm, and prevent overtopping. 
Because runout distances are not shortened by deflec­
tors, design must ensure adequate space for the de­
flected snow. The minimum height, H, of the berm can 
be estimated by the equation 

(5.1) 

where H5 = depth of previous snow and avalanche 
deposits, 

Ha = design-avalanche flow depth, 
Hu = (V sin 0)2/2g, 
V =design-avalanche velocity at the berm, 
0 = deflection angle, and 
g =gravitational acceleration. 

Design-avalanche criteria such as velocity, V, at 
the design point and flow depth must be known in 
order to apply equation (5.1) and objectively deter­
mine the required height of structures. The recom­
mended method for determining the design velocity is 
through application of statistical and physical model­
ing procedures, (see page 23). Because the velocity is 
an important design parameter, it must be determined 
in some systematic manner (Chapter 3) . The design 
height can be computed, as is usually done in Switzer­
land, or estimated by local evidence of damage on 
trees or structures. Powder-blast flow height may ex­
ceed flowing debris height by 10m or more, (Chapter 
2 and 3), therefore, large, dry-snow avalanches cannot 
be completely diverted by berms. 

Figure 29. These snow 
(wind) fences reduce the 
amount of snow blown 
into the starting zone and 
decrease avalanche fre­
quency and size on an 
avalanche path in western 
Norway (photo by J. 0. 
Larsen). 
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Forces on deflecting berms result from the mo­
mentum change of the design avalanche. Massive 
earthen structures are usually stable with respect to 
large avalanche forces. Structural walls, however, re­
quire a careful analysis to determine if they are stable 
against overturning, sliding, and crushing. Pressures 
normal to a deflecting wall, Pn, can be estimated by 
the equation 

(5.2) 

where V and o are defined above and p is the ava­
lanche flow density. Unit uplift, Pv and shear P, forces 
also result from avalanche momentum change at the 
wall and can be estimated by the relationship 

Pv=P5 =0.5Pn• (5.3) 

The height H, over which the forces on the berm 
act, is determined by equation (5.1). These forces can 
be assumed to be uniformly distributed with height, 
however this is probably a conservative overestimate. 
An alternative assumption is that forces are reduced 
linearly with height, similar to a hydrostatic load. 
Berm design height and strength must be rationally 
based on calculated design criteria. 

Figure 30 illustrates the various design criteria re­
quired for berm design. 

Advantages 
Deflecting berms, especially the earthen variety, are 
relatively inexpensive. Costs will depend on the size 
of the defense work which, in turn, depends on the 
size of the design avalanche and area requiring pro­
tection, the availability of material, and heavy-equip­
ment charges. All of these factors will vary consider­
ably from one area to another. When terrain and 
other factors are suitable, large areas can be made 
hazard free. 

Disadvantages 
Berms may not be effective on gentle slopes (<15°), 
when more than two avalanches per season are ex­
pected. In such cases, avalanche deposits will tend to 
backfill berms, thereby reducing the effective height 
and enabling subsequent avalanches to overrun them 
easily. Earthen structures may also require a large vol­
ume of material because they will generally be ap­
proximately three times as wide as they are high (as­
suming 1.5:1 side slopes). This means they sometimes 
can scar the terrain over wide areas and may occupy 
land that could be used for other purposes. As noted 
above, deflecting berms probably will not be effective 
in changing the direction of fast moving dry-snow or 

PLAN VIEW 
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H = Design height 
P v = Vertical shear 
Pn = Normal pressure 

k-- Pn (max.) ~1 

Figure 30. Forces acting on an avalanche deflecting 
wall. 

powder avalanches. Berms may also increase avalanche 
runout distance in the direction of deflection. 

Retarding Mounds 

Purpose 
Mounds shorten runout distances by creating addi­
tional friction between the avalanche and the ground, 
spreading avalanches laterally, and reducing the effec­
tive flow height. They can be used to reduce the runout 
distance and volume of flowing avalanches but do lit­
tle to shorten the runout of fast-moving powder 
avalanches. 

Structure form 
Individual mounds are usually conical-shaped earthen 
structures 4 to 8 m high arranged in a checker-board 
pattern with the rows placed at right angles to the 
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avalanche flow direction. Construction of the upper­
most rows should begin on slopes of less than 20° (less 
than 15° in large avalanche paths), and should con­
tinue downslope as far as is practical or at least as far 
as the usual runout distances of moderate-sized ava­
lanches. The design height of the mounds should be at 
least equal to the expected maximum snow depth plus 
the expected flow height of avalanches during design 
conditions. An example of an earthen mound system 
is shown in Figure 31. 

Advantages 
Mounds can be built easily and quickly, using local 
material and earth-moving equipment. An array of 20 
mounds 5 m high, for example, might require three to 
five days for one heavy-equipment operator to build, 
assuming material did not have to be hauled to the 
site. Construction costs will depend on the size of the 
area requiring protection and unit costs for labor and 
heavy equipment. Unlike the berms discussed on page 
46, mounds will not change avalanche direction and 
will not increase the runout distance in any direction. 

Disadvantages 
Construction of a large mound array may cause con­
siderable damage to the local environment through 
disruption of the ground surface and changes in and 
creation of erosion patterns. They will not be effective 
when large avalanches flow into the mound array 
more than two times per season. Multiple avalanche 
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events tend to deposit snow between the mounds and 
reduce the effective height and energy-dissipating 
capacity of the mound field. As noted above, mounds 
will do little to stop, slow, or shorten the runout dis­
tance of powder avalanches. Therefore, buildings or 
other facilities located where powder avalanches are 
thought to comprise the design case should not be 
located directly below mounds unless additional 
avalanche protection is incorporated into design. 

Catching Dams 
Purpose 
Catching dams reduce the avalanche runout distances 
and can sometimes be used in place of or in conjunc­
tion with mounds (see page 47). 

Structure form and design 
Catching dams are similar in form to deflecting berms 
but are built perpendicular to avalanche flow direc­
tion because they are intended to stop, rather than 
deflect the snow. Most commonly dams are earthen 
structures, but they can be structural barriers with ver­
tical slopes on the uphill sides and fill on the downs­
lope sides. The design height, H , of catching dams can 
be estimated by equation (5.1) when it is assumed that 
the deflection angle,"'= 90°. Hungr and McClung (1986) 
suggest that equation (5.1), which is derived from sim­
ple conservation of energy considerations (Voellmy 

Figure 31. The upper­
most row of mounds are 
located on a slope of 
15°, where avalanche 
begin to decelerate natu­
rally. Four rows of 
mounds have been used 
in this case to provide 
protection from the 
"10-year" avalanche. 
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1955, Mears 1981) tends to underestimate the design 
height because it does not consider the effect of thrust 
and momentum which is transferred from the back to 
the front of the avalanche. They calculate runup 
heights which are approximately 50 percent larger 
than those calculated by (5.1). In modern Swiss prac­
tice the third term of equation (5.1), H,, is adjusted by 
an internal friction factor, k, which reduces the calcu­
lated design height, H, which, therefore is written 

(5.4) 

The internal friction factor, k, ranges from 1.5 for low­
density flowing avalanches to 3.0 for avalanches of 
dense snow. 

Application of equation (5.1) or (5.4) indicates 
how quickly design height increases with velocity for 
a barrier normal to the flow direction. In general, it 
will not be possible to stop avalanches behind berms 
when the design velocity is greater than 20 m/ s. Even 
this moderate velocity would require a structure 
approximately 20 rn high. In addition to the design­
height requirement, sufficient storage volume for ava­
lanche debris must be provided behind the dam, par­
ticularly if more than one event per season is expected. 

Advantages 
Because dams are usually earthen structures, like 
berms and mounds they are relatively inexpensive to 
build. When the design conditions are appropriate, 
darns can reduce avalanche exposure over relatively 
large areas. Although they do not provide complete 
protection in all cases, dams can be used to reduce 
avalanche frequency, exposure to motorists, and clean­
up costs at some highway locations. 

Disadvantages 
Similar to the other earthen structures discussed, dams 
may require large amounts of earthwork and more 
space than is available. Furthermore, they may alter 
the appearance of the terrain considerably. When dams 
are not built sufficiently high, the design avalanche 
can be launched over the top and may descend on ad­
jacent unprotected objects. In such cases, dams do not 
reduce the hazard and are an inappropriate form of 
structural defense. 

Direct-Protection Structures 

Purpose 
Direct-protection structures are used to provide com­
plete protection for individual objects or areas (e.g., 
buildings, portions of highways, transmission towers, 

etc.), that are exposed to avalanches. These are the 
probably the most important form of structural 
avalanche mitigation used in the United States be­
cause they can be designed on an individual basis and 
often do not require large amounts of material or 
space. 

Structure form and design 
Several forms of direct protection are commonly used, 
including 
a. detached or internal splitting wedges and walls 

used for protection of buildings, electrical-transmis­
sion towers, lift towers, etc.; 

b. direct reinforcement of buildings and other objects 
for avalanche impact and deposition loads; and 

c. avalanche sheds over railroads and highways. 
One important special case of direct protection 

which has been used at many sites in western North 
America is reinforced building design to resist the 
loads produced by the design avalanche. Much of the 
avalanche protection in Ketchum, Idaho and Vail, Col­
orado, and Alta, Utah has been in response to 
avalanche-zoning ordinances (Chapter 4). Building 
shapes, sizes and orientations as well as design­
avalanche characteristics determine direct-protection 
design for buildings. 

The general procedure for determining the design 
criteria to be used in direct protection is as follows. 
1. The return period, of avalanches at the design loca­

tion must be estimated. This includes avalanches 
reaching the site which are smaller than design 
magnitude. As a general rule, return periods of less 
than 25 to 50 years are too short to allow residential 
or public buildings, because short return periods 
increase the probability that persons may be out­
side when the avalanche occurs. Some mountain 
communities (e.g., Alta, Utah; Juneau, Alaska) do 
allow construction where avalanches are known to 
have return periods of less than 25 years. 

2. The design period of the avalanche to be consid­
ered in direct-protection design must be estab­
lished. As discussed in Chapter 3, the design period 
may be 100 years for residential buildings or valu­
able structures, but may be longer for certain public 
facilities such as restaurants and hotels where large 
numbers of people may be concentrated. A decision 
about what the design period should be is an 
important part of the avalanche mitigation process; 
avalanches with longer design periods will have 
more energy and are more difficult to design for 
than avalanches with shorter design periods. 

3. The design avalanche characteristics must be de­
termined at the design point. This requires that an­
alytical procedures be applied (Chapter 3), to deter­
mine avalanche velocity, and energy density 
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(impact-pressure potential) at the site. Specifically, de­
sign requires information about 

a. Type of avalanche during design conditions 
(dry, wet, powder, or combinations), 

b. Velocity, 
c. Flow density, 
d. Flow height and width, and 
e. Other factors (solid debris in flow, debris de-

position, etc.). 
Not all of the required design information can be 
calculated, and calculated results do not always 
have a high confidence (Chapters 2 and 3). Obser­
vations of local field evidence of previous ava­
lanches must be carefully used with the analytical 
procedures to determine if the results are realistic. 

4. Structural design must be based on the characteris­
tics determined in step 3. To complete the design, 
information will be needed by the structural engi­
neer and/ or architect about the magnitude, direc­
tion, duration, dimensions, and other characteris­
tics of the loads. In general, the forces on exposed 
structures will differ from the impact-pressure po­
tential at an area because object shape will influ­
ence the magnitudes of the loads. 

The heights of and forces on direct-protection 
walls can be estimated by relationships presented in 
this chapter with appropriate assumptions made 
about design snowpack depth, avalanche flow depth, 
and avalanche flow density, and with the Swiss ap­
proach, internal friction. Static depositional forces will 
also occur when avalanche debris is compressed and 
deposited on top of and against objects. The vertical 
overburden loads depend on the debris density, 
which will be 400 to 600 kg/m3

, and the anticipated 
debris depth. Depth is highly dependent on the shape 
of the object. Horizontal loads from debris deposition 
will be triangular, distributed similar to hydrostatic 
loads, but will be smaller because the shear strength 
within the snow tends to reduce lateral pressures. 

If a large surface changes direction of all the 
avalanche flow, the normal pressure, P", on the sur­
face is 

(5.5) 

where Vis velocity at the design location, p is flow 
density, and 0 is the deflection angle. If the object is 
small compared to the avalanche cross section only a 
portion of the avalanche energy is absorbed and the 
pressure is calculated 

(5.6) 

where Cis a shape factor (1 for a circular cross section, 
2 for a rectangular cross section), and A is surface area 
exposed to the avalanche. 
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In addition to the impact and deposition loads dis­
cussed above, objects exposed to powder avalanches 
also receive fluid-dynamic stagnation pressures (drag 
and uplift) and resulting forces. The stagnation pres­
sure, P, that results when high-velocity powder 
avalanches engulf an object is computed 

P, = 0.5 p V 2
, (5.7) 

where pis the powder-avalanche density generally as­
sumed to be in the range of 5 to 15 kg/m3

. 

The stagnation pressure must be converted to 
fluid-dynamic forces consisting of drag, Fd, and lift, F1 
components which are computed 

(5.8) 

and 

(5.9) 

where Psis calculated by equation (5.7). The factors Cd 
and C 1 are drag and lift coefficients which must be de­
termined from an aerodynamic analysis of structure 
shape, given the fact that powder-avalanche interac­
tion with the structure will be fully turbulent and 
Reynold's numbers will usually be more than 107

. For 
a first approximation, values for cd and cl may be 
taken from those tabulated in building codes. The fac­
tor, A, is the cross-sectional area exposed to avalanche 
drag or lift forces. 

Buildings and other large objects will experience 
the fluid-dynamic forces expressed in equations (5.7), 
(5.8), and (5.9) well above the height, H, [equation (5.1)] 
which will be exposed to flowing-avalanche forces. 
Drag and lift forces from powder avalanches may be 
larger than those resulting from flowing avalanches 
because powder avalanches may subject a large sur­
face area to avalanche loads whereas the flowing com­
ponent may affect a smaller area. 

Advantages 
Direct-protection structures can often be designed and 
built on an individual basis and may not require large 
amounts of space. In the special case of reinforced 
building design, reinforcement may require no more 
room than the original structure. Design can be archi­
tecturally acceptable and can provide complete pro­
tection from all types of avalanches, including powder 
avalanches. Avalanche sheds provide complete pro­
tection for highways and railroads, and are justified 
when avalanche hazard is high, the length of road 
covered is short, and other types of avalanche defense 
are of limited effuctiveness. 
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Disadvantages 
Direct protection may not be possible when closely­
spaced buildings are exposed to avalanches because 
one reinforced building may deflect the snow laterally 
or vertically onto adjacent buildings. Direct protection 
can be very expensive for property owners. Experi­
ence in several North American resort communities 
indicate the additional expense of direct protection 
may be 10-20 percent of the total building cost. Finally, 
direct protection may increase the overall avalanche 
hazard by increasing human activity within avalanche 
areas, a fact considered and accepted in many 
avalanche-zoning ordinances. Avalanche sheds are 
also expensive. Recent costs of sheds over modern 
highways range from $3,000 to $9,000 per foot of high­
way covered. 

Some Examples of Direct Protection 
Some examples of methods that have been used tore­
duce avalanche forces and protect buildings are shown 
in Figures 32, 33, and 34. The 300-year old Swiss 
church (Figure 32) uses a splitting wedge that deflects 
avalanches through a small angle and reduces the 
magnitude of avalanche forces . This church has sur­
vived avalanche impact, although it suffered minor 
damage when reached by a large avalanche in 1968. 

The duplex structure (Figure 33) in Ketchum, 
Idaho was designed with a reinforced ramp roof fac­
ing toward the avalanche flow direction. Avalanche 

.., . ' 

Figure 32. The splitting wedge on this Swiss church 
deflects avalanches laterally, reducing nonnal forces . 

Figure 33. This ramp 
roof in Ketchum, Idaho 
faces toward the 
avalanche direction. 
The small deflection 
angle reduces avalanche 
dynamic loads. 
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forces on the roof consist of avalanche deflection, nor­
mal and shear forces and avalanche depositional 
loads. Calculations have shown that a small portion of 
the design avalanche will climb over the peak of the 
ramp and produce small avalanche loads on sections 
on the downhill side of the building, therefore these 
sections were also reinforced. 
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Figure 34. The rein­
forced uphill corner 
of this house near 
Aspen, Colorado is 
oriented toward the 
avalanche direction 
and acts as a split­
ting wedge. 

Figure 34 shows a single-family house near 
Aspen, Colorado built just beyond the limit of known 
avalanches but within the potential avalanche area. 
The building was oriented with the uphill corner fac­
ing into the avalanche and the uphill building walls 
were designed for flowing and powder avalanches. 
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