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Executive summary

This report provides a synthesis on the use and design of snow sheds to protect transportation
corridors against avalanches. This report summarizes the various snow shed designs and
standards, regulation environment, construction and operational costs, risk, benefits, loading
considerations, and alternate methods employed when snow sheds are no longer needed, or
alternative long-term mitigation measures are employed.

Our team combines the strengths from academia (Montana State University) and the consulting
world (Dynamic Avalanche Consulting) to present a holistic view and experience working with
snow sheds and alternative mitigation options in North America. We have leveraged our past
consulting experience in the USA, Canada and internationally, working with various Department
of Transportations and other transport agencies, and sought input from colleagues
internationally to provide a robust synthesis of snow sheds to protect transportation corridors
from avalanches.

This report documents designs that are currently in use on transportation corridors, have been
proposed, and/or are being designed in North America. We have documented differences in
construction approaches, additional mitigation considerations (e.g. deflection berms), and the
resulting residual risk to the transportation corridor. We also show examples from international
jurisdictions, including Switzerland and Norway, for consideration for potential future snow
shed designs in North America.

As demonstrated in this report, transportation corridors throughout the world employ a variety
of snow shed designs to protect against snow avalanches. The design, cost, and residual risk is a
function of a number of factors, including the character of the avalanches, the location of the
corridor relative to the avalanche path, the frequency of avalanche debris on the corridor, the
volume of traffic, and the engineering design and associated regulations determining the
construction and operations of these structures.

To help clearly illustrate these issues we have used three case studies:

e Proposed snow sheds on Little Cottonwood Canyon, Utah, USA;
e A current snow shed on Rogers Pass, British Columbia, Canada; and
e A historical snow shed removal and alternative on Snoqualmie Pass, Washington, USA.

We conclude with a summary table that presents the most critical aspects that require
consideration when snow sheds are being considered for long term avalanche mitigation.

Synthesis Report on the Use and Design of Snow Sheds to

M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



Table of Contents

EXECULIVE SUMMAIY ...ceeuiiiieireenerrienerenniereenereasessessessassssessessassersssesenssessnssssnssssenssssnsssssnssssnnsesanne 1
Ry o) A T ={ U TP RPPPPRN 6
LIST OF TABIES .ttt et e e st e s bt e e s sbb e e sbeeesbeeesabeeeas 9
L. INErOdUCHION....ceeieii e 10
2. BacCKBrOUNd.......ccceeuiiirennnieeitenneeteennneeseeenssesseennssessesnssessssnsssssssnsssssssnsssssssnsssssessnsssssesnne 11
2.1 Avalanche MitiatioN.....ccuiiii i s raee s 11
2.2 SNOW SNEAS et 12
2.3 MUlti-hazard ShedS......cc.eoiieeiieeeee e e e 14
P N CT=To =4 To] a1 [olYolo] o 1T SO PRSPPI 14
3. Overview of historical, current and proposed snow sheds in North America. ................. 15
70t A 6o o] - To [« TSP ORI PRPR 15
30 U | 1 o PO RPP PSR 18
TS T V1V 1 1o V=4 o o TP TP PP 20
I VLV AN o o 01 TR 22
3.5 AIGSKA ettt e re e 23
3.6 RaAIlroads iNthe USA ...t 24
3.7 €ANAdA — ROAAS ..ottt 26
3.8 Canada - RAIIr0@AS......cooueiiiieiieeieeiee e 33
3.9 Canada = INAUSEIIAl...ccoiiiiiieeee e 35
4. Summary and international examples from other jurisdictions......ccc.ccccevuiiiiiineiinnenannn. 37
4.1 Overview and technical backgroUnd.........cocouuvieiiiiiiiiiiiiiieieec e e e e 37
4.2 International examples of snow shed designs........cccvveeeeiiiiiiiciiiieeeee e, 39
4.3  Construction and MaintenanCe COSES: ......cuiiiiiiiiiiiiniieeee e 49
N b - | 0 1= =L SN 50
5. Overview of relevant US federal and Canadian regulations for consideration................ 52
5.1 UNITEA STateS ..t 52
3 A O 1 4 =T - PP P PP P PPP 55
6. Snow and avalanche load considerations and methods ..........cccccecvvuueeieiiiiiiiiiiinnnnnnen. 57
6.1 SWISS BUILEINES...ciiiiiiiie ittt e e s sber e e s s sbae e e s s abae e e e nanees 57

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
STATE UNIVERSITY DYNAMIC P g



M

0 0t R B 1= LY 1= I o= LT 57

6.1.2  Reference section and 2eomMetric data........ccccevvveeiieeiiiiiiiiieeeeee e 58

6.1.3  Evaluation of forces acting on StrUCtUIe........cccuvveeeeeiiieiccieeeee e, 60

6.1.4  Effect of Rock and /or Trees in Flowing Avalanche .........cccccoevieeiieeecieeccieccieees 62
6.2 EXQMIPIE I0@AS. ettt e e e e e e e e s e e snbbr b e e eeeeeenanes 62

Summary of design and operational issues associated with snow sheds.......ccccccccceeeennns 64
/2% R 2 (o T 1o I = - o [ PP PPTP 64
7.2 Road curvature (vertical and horizontal alignment) .........ccccooviiiiiciee i, 65
7.3  Road width and traffic separation with barriers.........ccccceeeeeeeiviiieeeee e, 65
7.4 SNOW Shed h@IGht ..c.eeiiiiiiiee e s re e e s 66
8 T W T o T - S SEPRR: 67
2 S T Ul [ o V=R 68
7.7  Snow shed 1ength/overspills ........cceoooueeiiiie i 69
A T = - T QY o 1|3 SEPRRS 70
7.9 Snow cornices and icefall.........cooiiiiiiiiiiiee e 71
7.10  SNOW FEMOVAL...ciiiiiiiiiiieeecte ettt e e e 72
7.11 Structural damage to SNOW SNEAS.........uiiiiiiiieiiiiiiee e 73

Case study One: Proposed snow shed, Little Cottonwood Canyon, Utah, USA. .............. 75
[ Yo7 1 1 o PP 75
TN TAMIE .ttt e s bt e et e e s bt e e s bt e e s bt e e sbee e enee e sreeea 75
VT oo N =IR  \Y, [ 1 1V L o] o o PPRPRRE 75
(WeYor-Nu oY T TaTo Io [Ty Feda ol gy =T o 1= SRRt 75
Risk @and reSidual FiSK .......oouiiiiiiieeee e s 78
L0101 £ PP PPPPTPPP 79
ALEINATIVES: ..ottt e e s et e nan e e ne e nn e e reenaneeas 80
YU a1 g1 USSP 80

Case study Two: Current snow shed, Single Bench, Glacier National Park, B.C., Canada. 81

[Io =1 o o ST P PR OPPPTPPPTN 81
LI =T [ 0 (= PP P PP PSPPSR 81
PUIPOSE / IMOTIVATION: ...ttt ettt ettt ettt st e s e e te e saaeebeessbeebeesaseebeeenseenseas 81
Location and deSigN Criteria: ... .uuuiiiiiie i e e e e e e e e s e e srrereeeeaeeeas 83

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
STATE UNIVERSITY DYNAMIC P g



Rehabilitation, Operations & Maintenance COStS:.... it 85
Risk @and reSidual FiSK: ......ooueeiiieieeee e e e 87
Operational issUes anNd CHAlIENEES ......uveeiieiieeiieeee et e e e e e e arre e e e e e e e seanes 88
SU I MY citiiiiee e ettt e e et ettt e s e e e e e eetataa s e eeeeeeeasesaaasseeeeeeeresasanssseeseeessssnssssseeessensssnnnnesseeeens 89
10. Case study Three: Removed snow shed, Snoqualmie Pass, Washington, USA. ............... 90
[ Yo7 1 1 o PP 90
TN TAMI .ttt e s bt e et e e bt e e s bt e e s bt e e sne e e enee e sbeeea 90
PUIMPOSE / MOTIVATION: c..eviiiiiicciec ettt et e e e et e e et e e ateeeetaeeeeaaeeesaeessaeesnneeenns 90
(oYt u o) oI TaTo o [I F={a Mol g1 (=T 4 - PR 91
L6101 £ PP UOPPPTPPPTT 93
ONgOoINE MaAINtENANCE COSES: ittt 94
RiSk @and reSidUual FiSK ...c...eeueeiiiiieeee e 94
YU a1 g1 YU SPN 95
T YW T 4 T 4 - T 96
R U= =T =T TN 99
Appendix A: Summary table of snow sheds in North America .....ccccccerveeeneerireeneereeennecreennnn. 105
Appendix B — Colorado DOT ......ccceeeueeiiiiiiniinmemnmsssiiiiniiimeessmsssssiiiimmessssssssmsmmmssssssssssssssnns 112
B1. East Riverside SNOW shed (AS-BUIlt) .......ueeiviiiiiiiiiiiiiiii e 112
B2. East Riverside SNOW shed (PropoSed) ........eecceieecciiiiieeiee ettt 116
Appendix C— Utah DOT ......ccciiiiiiiiimmnniiiiiiiiiineimmmeiiiiiiesmmssssiiesssssiiimmsssssssnn 120
C1. Proposed Dam Chute Snow Shed on US-189 in Provo Canyon .......ccccceeeeeeccvvieeeeeeeeeeennns 120
C2. Proposed Snow Sheds on SR-210 in Little Cottonwood Canyon ..........cccceveeurvveeeeeeeeenennnns 122
Appendix D — Washington DOT.........ccccceeiiieeencertennnceereenseeseensseesssenssessesnssssssssssessesnssessesnnnes 126
D1. Proposed Keechelus Dam Snow Shed (Proposed 2011, not built) ........ccccceeeveiiveeennnnen.n. 126
D2. Lake Keechelus Snow Shed (BUilt 1951) ......ccoiviiiiiiriiiieiiiiiiireeeeec e 130
D3. Airplane Curve Snow Shed (Designed 1950, not built).........cccvveeeieeiiiiciiiiieeeee e, 134
D3. Keechelus Lake Snowshed (1931, 1933)....uuiiiiieiiiie ettt e e e e 139
Appendix E—Wyoming DOT .....cccciiiiiiiiiiiiieniinieneiieiisnesiesienssiissssnsssesssnsssessssnsssesssnsssssssnnsns 142
E1l. Proposed Glory Bowl Snow Shed (Proposed 1992, not built).......c..cccoevecivrieeeeeeeiiccnnnneee, 142
Appendix F — Parks Canada, Glacier National Park.........ccccccuueniiiiiiiininnnnneniiiinninnneeennen, 144
F1. Pion@er (BUIIE 1961) ....ccoiiiiiiiiiiiiii ettt e e s e sabbba e e e s e e s seanrbeneees 144

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
STATE UNIVERSITY DYNAMIC P g



F2. Tupper #1 (built 1962) and later joined to 1962 re-build of Pioneer ...........cccvvveeeunnnennn. 148
F3. Single BENCh (DUIt 1O78) ....uuveeieiiiiieiiitieeeee ettt e e e e e e e e e e e s anbbeeeees 151
JaVoTo Yo Te [ @ Rl - Tol 1Y, o ) I I 157
G1. Great Bear (DUITT 1986) ...c.cciiiiiiiiieiiee ettt ee e e s e e e sesabbbae e e e e e e e s senanes 157
G2. LaNNArK (DUIE 1962) ..uueeeeiieeiiiiiiiieeeiee ettt eeeecebrree e e e e e e e sesabbaaeeeeeeesesessbsseneseeeessnnanes 162

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



List of figures

Figure 1:

Figure 2:

Figure 3:
Figure 4:

Figure 5:

Figure 6:

Figure 7:
Figure 8:
Figure 9:

Figure 10:

Figure 11:

Figure 12:

Figure 13:
Figure 14:

Figure 15:

Figure 16:

Figure 17:

Two-lane concrete Twin snow shed with seasonal snow and avalanche

debris. Rogers Pass, British ColumDBia .........cooevrivieiieiiiiiireeeee e, 11
312m long stone-arched snow shed built at Spliigenpass in 1843. The snow

shed was in operation UNtil 1950 .......cceveiiiiiiiiiiiieeeee e e e e 12
Oblique view of the East Riverside avalanche path and Riverside snow shed .......... 16
The Riverside snow shed covered in avalanche debris following mitigation

work by the Colorado Department of Transportation. March, 2019...........ccccecuueen... 17

White Pine Chutes 1-4 and White Pine, RAMMS 100-year velocity (m/s), and
proposed snow sheds (grey) and guiding berms (white). Light grey outlines

indicate the maximum path boundaries from updated avalanche path mapping .... 19
The concrete East Shed was built along Lake Keechelus on I-90 on Snoqualmie

Pass in 1950 and now since been removed. .........cccoecuvveeeeiiieee e 21
The Crater Lake Bridge over the Glory Bowl avalanche Path, Teton Pass.................. 23
Named Avalanche Paths and corresponding Railway snow sheds ...........cccocvveeennns 26
Pioneer snow shed built with multi-plate construction, 1961. This shed was joined
with the Tupper #1 shed in 1966............uiiiiiiiiiecceeee e 27
Lanark snow shed built using prefabricated concrete, prior to construction of

the wingwalls. Note the guiding berm on the left ........cccoovvviieeiiiiiiiiicie e, 29

The cantilevered wing walls on the Lanark snow shed were constructed after

the construction of the snow shed. The structures of the wing walls are independent
from the shed structure and the additional load from the walls does not affect the

] L0 3TV £ =T U URPR 30
Great Bear snow shed, Coquihalla Highway 5, British Columbia, Canada.

Photo is looking eastwards, with steep (8%) grade requiring eastbound trucks to
have chains, which increases wear on the roadway surface .......ccccvvveeeeeeeeerecnnnnnen. 31
Snow shed in concrete at the Canadian Pacific Railway, built in 1960...................... 33
Mt. Stephen snow shed in Yoho National Park, British Columbia, Canada.

The shed protects the railway from avalanches, debris flows, and icefall hazards.
Avalanches pass over the railway track and affect the highway. ........cccccoevnveennnnnen. 34
Two wood structure snow sheds that protect the Canadian Pacific Railway at

Three Valley Gap near Revelstoke, British Columbia, Canada. Avalanches flow across
the shed onto the lake, currently frozen in this photograph.........ccccoevvviverieiieinnnnns 35
Installation of the multi-plate structure at Galore Creek Mine access road North
Portal canopy after excavation and site preparation (left) and during completion

of the backfilling (FIZNt). cuvveeeeeieeeee e e e 36
The Gotthard Highway in February, 1999 ......cccccciiiiiiiiiiiiieeccrieee e 39

Synthesis Report on the Use and Design of Snow Sheds to

M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

Figure 24:

Figure 25:
Figure 26:

Figure 27:

Figure 28:

Figure 29:

Figure 30:

Figure 31:

Figure 32:

Figure 33:

Figure 34:

Figure 35:

Figure 36:

Snow arch snow shed on Spliigenpass (constructed 1843 — 1846, length 312 m)
as viewed from the outside (Photo: Google Earth, 2020), the inside and the cross

SECLION 1ot 40
Prefabricated snow shed in the Schéllenen Gorge, as viewed from the outside

=] Lo T 0 T o [P UPPR 41
Monolithic Snow shed in Val Raschitsch as viewed from the outside on the side

of the road, in profile showing the guiding berms, and the cross section................. 42
Snow shed Salez in Davos (constructed 1982, length 400 m) as viewed from the
outside, the inside and the cross section ........ccccccvvvveiiiiiii 42
Snow shed Cassanawald (constructed 1986, length 1235 m) as viewed from the
outside and inside, and the CroSS SECTION ....uuueeeeeiiiiiiiiiieeeeeeeeeeeere e e e e 43
A snow shed near Svensby, Lyngen, Norway using a pre-cast concrete arch and
backfill design. The guiding berm can be seen in the Google Earth Image ............... 44
A snow shed near Elvevoll, in Troms, Norway (left) and in Olden, Vestland as
examples of @ CMP snow shed desigN.........ccccuviiieeeei e 46
The snow sheds as part of the Solbjgrnneset-Hamnay project.......ccccevvvvvereeeeernnnnnns 47
The Great Bear snow shed on the Coquihalla Highway 5, British Columbia, showing
the addition of artwork in the concrete wing walls. Photo: R. Buhler....................... 48

Wildlife overpass on Highway 1 near Lake Louise, Alberta, showing the addition

of architectural design elements to the entry, including stacked boulders, trees and
vegetation. Similar design elements can be used for snow sheds to enhance the
visual appeal and blending in with the natural environment. ..........cccccoivireeernnnes 48
An avalanche on October 7, 1996 damaged the east portal of Homer tunnel.

Impact pressures of 650-700 kPa were estimated, and resulted in damage to the
reinforced-concrete portal StrTUCLUIE .......oooiiiiieiie e e 51
Geometric data and initial data for the interface position for flowing avalanches... 59
Deviation force zone and distribution of deviation forces. When planning snow

shed construction and design, construction in zone should be avoided if possible, as

this is the area of the greatest deviation force and overall loads.........cccccvveeeennnees 61
A 2018 accident involving three transport trucks occurred in one of narrow,
undivided MoTI snow sheds east of RevelsStoke .........cooveeviiiiriiiiniieeniieeeeiees 66

Overhead damage to the Tupper #1 snow shed has occurred where the original
metal arch-shaped Pioneer shed joins the flat-roofed concrete Tupper #1 shed..... 67
In March 2019, icing in the Great Bear snow shed lead to a five-vehicle collision

which sent two people to the hospital.......ccccoeoiiiiiiiiiiii e, 69
A 2007 overspill in the Tupper #1 snow shed completed blocked the shed portal and
caused a lengthy road closure while the deposit was removed.........cccccceeeeeeennnneen. 70
Two snow shed maintenance issues: (1) overhanging cornice snow and (2) snow
accumulation at the POMTal ... e 72
Single Bench snow shed in Rogers Pass, BC showing evidence of debris and rockfall
impacts on the concrete roof SIabs ........ooovecciiiiiie e, 73

Synthesis Report on the Use and Design of Snow Sheds to

M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



M

Figure 37:

Figure 38:

Figure 39:
Figure 40:

Figure 41:

Figure 42:
Figure 43:

Figure 44:

Debris and vegetation accumulation on top of the combined Tupper #1 (right) and
Pioneer (left) snow sheds observed in 2017. A major shed rehabilitation program by
Parks Canada has removed this debris and improved the management of surface

aANd SUDSUMTACE WATEI ...eviiiiiiiie e e aaeees 74
Little Pine RAMMS 100-year velocity (m/s), proposed snow shed with guiding berms
(dark grey) and length without guiding berms (light grey). .cc.cooeeeiiieeciieeeeeeees 77
Proposed 3-lane snow shed cross section for SR-210.......ccccoovciiiiiiieeeeeeceicciiieeeeeee, 78

Single Bench avalanche path above the Single Bench snow shed. Single Bench
avalanche path is the main path in the center of the photo, directed over the shed
and confined by lateral guiding berms. The Mounds avalanche path is immediately
west (photo left) of the shed. The Crossover avalanche path affects the shed from
the opposite (south) side of the valley, requiring protection of the downslope shed

17 U UPPPRNE 82
Single Bench overspill at the west portal due to a glide slab avalanche from the
adjacent Mounds avalanche path, April 10, 2012........ccccoviiiiieeeeeecreee e, 83
Single Bench snow shed typical cross SECtiON ..........cceivieciireeiiieeeeiceeeeee e, 84
Aerial view of the East Shed in summer prior to its removal, showing the exposed
east bound lanes, and covered west bound [anes. ........uueeeeeiiiiiiiiiiiiiieeeeeeeeeee 91

East Shed project area overview showing location of current highway, Keechelus
Lake, seven East Shed avalanche paths, and proposed locations of bridges (green
lines) and piers (PINK dOTS) ..uuiiieiiiiie e 93

Synthesis Report on the Use and Design of Snow Sheds to
Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



M

List of Tables
Table1: Recommended action combinations (AC) for avalanche protection galleries for

the limiting state of the payload (ULS) and usability (SLS).....cccccvvreeieiiciinieenieeeeeienns 38
Table 2: Load cases to determine the actions induced by snow and avalanches.. ................. 58
Table 3: Geometric data for calculating forces on the shed.......cccccoooevveciirieeeiiiiciceeeeee, 59
Table 4:  Specific weights and coefficients of friction for different types of snow and

SHAING SUMACES ...evviee it e e st e e s sabae e e s s nabaeeens 60
Table 5: Forces acting on the top of @ shed. .....cooviiiiiiniiiiiii e 61
Table 6: Typical loads on snow sheds (total load due to avalanches and snow deposit)

from SLF consulting reports in Switzerland.........cccvveveeiiiiiccce e 63
Table 7:  Estimated rehabilitation costs in CADS for five snow sheds in Glacier National

Park, 2015-2020 UPEIrades. .....ccuvveeeieeeeiiiiirieeeeeeeeeeiieiirreeeeeeesssesssreseeesesssesessrssesssesens 86
Table 8: Estimated annual operation and maintenance costs in CADS for five snow sheds

in Glacier National Park, plus a summary for the Single Bench snow shed............... 87
Table 9: Estimated I-90 6-lane snow shed operational and maintenance costs. .................... 95
Table 10: Important considerations for long-term avalanche mitigation using snow sheds..... 97

Synthesis Report on the Use and Design of Snow Sheds to
Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



10

1. Introduction

This report was prepared for the Transportation Avalanche Research Pooled fund (TARP)
members to provide a synthesis on the use and design of snow sheds to protect transportation
corridors against avalanches.

Transportation corridors throughout the world employ snow sheds to protect against snow
avalanches. Designs and specifications vary and result in different styles, costs, and residual
risk. The purpose of this report is to provide a synthesis that provides information on the

following:
1) Which designs are currently in use, being constructed, or in the design phase;
2) The design criteria, including grade and alignment concerns, residual risk, and estimated

cost of construction of these structures;

3) Ongoing maintenance costs;
4) The effectiveness of snow sheds;
5) Where and why snow sheds have been removed or otherwise put out of service either

seasonally or permanently;

In addition, this synthesis report provides examples of various designs including both reinforced
concrete and Multi-Plate construction, and provides examples from other international
jurisdictions.

This report is structured in several sections that address one or more of the items listed above.
We also use three case studies (Sections 8, 9 and 10) to illustrate and provide more detailed
information and discussion on these topics.

This report was prepared by Jordy Hendrikx, PhD., Director of the Snow and Avalanche Lab in
the Department of Earth Sciences at Montana State University (MSU), Andrew Schauer, MSc.,
Researcher in the Snow and Avalanche Lab in the Department of Earth Sciences at Montana
State University (MSU), Ryan Buhler, MSc., EIT, and Alan Jones, MSc., P.Eng., Senior Engineer
and Principal Consultant at Dynamic Avalanche Consulting (Dynamic). This report uses both
publicly available information and where permission was given, relevant client reports and
designs.
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2. Background

2.1 Avalanche mitigation

Avalanche hazard mitigation can be achieved using a variety of approaches and systems, each
with differing advantages and disadvantages. Two general approaches can be used to mitigate
avalanche hazards for road and rail corridors:

e Short-term measures

e long-term measures

Short-term measures are typically guided by an operational framework and avalanche
forecasting. Short-term measures typically include terrain restrictions and closures or active
control options using explosives, which include measures such as: Artillery, Hand charges,
Helicopter control using explosives and/or gas devices, Remote Avalanche Control Systems
(RACS) or Explosive trams.

Long term measures typically relate to passive control options, which include measures such as:
Snow retaining structures; Re-alignment or location planning, i.e. avoidance; Avalanche bridges;
Earth berms (stopping dams or diversion berms); Catching basin (or check dam system);
Stopping walls and Snow sheds or tunnels.

In general, long-term measure control systems are divided into systems that either hold the
snow in place in the starting zone (i.e. snow retaining structures such as nets) or protect the
corridor by diverting or stopping avalanche flow in the track or runout zone (e.g. snow sheds,
avalanche bridges, re-alignment, diversion berms, catching basins, stopping walls). This report
will focus specifically on snow sheds (Figure 1).

Figure 1 Two-lane concrete Twin snow shed with seasonal snow and avalanche debris.
Rogers Pass, British Columbia (Photo: A. Jones)
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2.2 Snow Sheds

Snow sheds, sometimes called avalanche galleries, are an example of long-term measures, or
passive protection structures, designed to protect transportation corridors such as roads and
railroads from avalanches. A snow shed is a structure that acts like a roof over a corridor, and is
designed to direct the avalanche over, rather than onto the road or railway (Rudolf-Miklau et
al., 2015). However, given that snow avalanche loads can be very high, snow sheds are more
similar to a bridge than a roof with respect to their design loads. The static and dynamic forces
exerted by snow and avalanches on a snow shed are a function of snow depth, snow density,
flow velocities, flow height and slope deviation angle (ASTRA/SBB, 2007).

Globally, snow sheds are among the most important permanent mitigation structures to
protect transportation corridors from avalanches (Margreth and Platzer, 2008). Snow sheds
have historically been constructed using a variety of materials, including: timber, stone,
reinforced concrete and corrugated metal pipe (CMP). In the European Alps, snow sheds are
among the oldest structural avalanche protection measures, with some of the earliest
structures built under the direction of Napoleon between 1801 and 1805 (e.g. Simplon Pass,
Switzerland). Some of these structures are still present today (e.g. snow shed on Spliigenpass,
Switzerland built in 1843) (Margreth and Platzer, 2008) (Figure 2).

Figure 2: 312m long stone-arched snow shed built at Spliigenpass in 1843. The snow
shed was in operation until 1950 (Photo: Margreth and Platzer, 2008).

Snow sheds on ancient narrow roads and single track railways were typically designed on a
trial-and-error basis. Estimates of loadings, if made at all, were likely only educated guesses.
The stone arch sheds were sufficiently strong to withstand unknown snow and avalanche
forces, and the timber sheds, if they failed, could be replaced using stronger beams. While the

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



M

13

narrow old sheds were relatively inexpensive structures, modern highways require large and
costly structures that meet stringent design standards, and their location and design should be
based on careful studies (Schaerer, 1967).

While snow sheds are an efficient and relatively safe avalanche defense, their high cost when
used for modern highways means that they can only be built at sites where other mitigation
methods are impracticable or do not offer sufficient protection.

Schaerer (1967) suggests that the decision as to whether a snow shed should be built at a given
site should be made only after the following factors are considered:

e Frequency of avalanche occurrence;

e Size of the avalanches, the volume & type of snow that could be deposited on the
corridor;

e Length of time required to remove the snow;

e Density of traffic;

e Length of time that can be allowed for interruption of traffic; and

e Degree of safety required.

To arrive at a conclusion based on these factors, several years of observations on the size and
frequency of occurrence of avalanches at the site are necessary. The time required to remove
snow deposits can be estimated from these observations. It must then be decided whether the
interruption of traffic caused by the occurrence of an avalanche is serious enough to warrant
the cost of a defense structure (Schaerer, 1967).

For a snow shed to be completely effective at mitigating the avalanche risk, it needs to cover
the full width of an avalanche path for the given design return period (e.g. 1 in 100 years).
Margreth and Platzer (2008) suggest that insufficient snow shed lengths are the most common
reason for failure in the performance of these mitigation structures. Depending on the
avalanche path, it is sometimes possible to reduce the required width of the snow shed by
constructing lateral deflection berms or walls to constrain the avalanche flow. The location of
the snow shed within an avalanche path also needs to be carefully considered, with optimal
placement reducing the deviation (change in angle) of the avalanche flow as it reaches the
shed. If this is not possible, the deviation point of the slope should be positioned at a distance
of more than six times the flow height of the design avalanche uphill of the shed. For example,
if the design avalanche event has an estimated flow height of 2 m, then the deviation point
should be at least 12 m upslope from the snow shed. Consideration also needs to be given to
the outside, or downslope wall, which should be closed or protected with slats or wire mesh if
the terrain below the snow shed is not steeply inclined; this prevents back-spill of avalanche
deposits into the snow shed. However, enclosing the snow shed on all sides typically changes
the classification of the snow shed into a tunnel in accordance with the US Federal Highway
Administration (FHWA) National Tunnel Inspection Standards (NTIS), and also affects the
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ventilation and lighting considerations. More details on these considerations are provided in
Sections 5 and 6.

2.3 Multi-hazard sheds

Rockfall sheds as well as snow sheds are used in mountainous regions to protect transportation
routes from gravitational mass movements. In some mountainous regions, a shed might be
exposed to several forms of gravitational mass movement, with snow avalanches during winter
and spring seasons, and rockfall or debris flow during alternating thawing-freezing periods or
warm seasons. Therefore, in some cases a snow shed may need to be designed for multiple
natural hazards.

For both snow avalanche and rockfall hazards, there are well documented guidelines on
determining both static and dynamic loads from each (e.g. ASTRA/SBB. 2007, Gerber, 2006),
with rockfall typically resulting in higher dynamic loads. However, there is limited guidance on
the potential interactions between these two hazards. While it is acknowledged that these
hazards seldom occur simultaneously, there are instances where this is possible. Platzer (2008)
notes that if snow sheds are loaded by both avalanches and rockfall, the two actions must not
be combined, but rather dealt with individually. Platzer (2008) also notes the influence of snow
cover and/or avalanche deposits on the damping of the dynamic avalanche loads and suggests
that similar affects (i.e. change of geometry or loads) is possible due to the presence of rock
deposits on the avalanche sheds. Likewise, snow deposits may have a damping effect on
rockfall sheds, especially in spring when rockfall hazards are more frequent.

This report focusses solely on snow and avalanche loads on snow sheds (Section 6), and we do
not attempt to account for multi-hazard loading. We note that this is an area of ongoing
research and we encourage a review of Gerber (2006) for rockfall shed loading.

2.4 Geographic Scope:

Snow sheds have been constructed in many alpine countries around the world. This report
focusses primarily on snow sheds on transportation corridors constructed in North America (i.e.
USA and Canada); however, we also draw on experience and knowledge from Norway and the
European Alps from which many of the design concepts originated.

It is outside the scope of this report to provide details on snow sheds constructed for all
industrial applications (e.g. mining sites) in North America, or all other regions around the
World where snow sheds are present. These other regions include, but are not limited to,
Eastern and Southern Europe (e.g. Turkey), South America (e.g. Chile), Central Asia (e.g. Salang
Pass, Afghanistan), or Japan. Accordingly, this synthesis report does not reflect the global range
of potential snow shed designs, but rather presents a synthesis of current use in North America
and best practice from international examples and guidelines. Our aim was to present a
summary of options, rather than an exhaustive documentation of every possible combination
and permutation of snow shed.
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3. Overview of historical, current and proposed snow sheds in North America

This section provides an overview of historical, current and proposed snow sheds in North
America. We have focused on snow sheds that protect public roads and railway corridors, and
have explicitly not excluded snow sheds at industrial sites (e.g. mines).

Data for these snow sheds were collated from TARP members, mainly from key contacts at
respective Department of Transportations (DOTSs), railroad operators, and consultants that have
worked on, or are actively working on snow shed related projects in North America. A summary
table (Appendix A) is presented at the end of this report that includes details on the following
parameters (where known):

e Organization / Jurisdiction & Contact(s): Name of organization and key contact(s)

e Status: Historical / Current / Proposed

e Name(s): Name of the snow shed(s)

e Details / Location: Approximate location

e Time period: Year constructed and / or removed

e Construction methods: Summary of construction method / materials

e Length (ft / m): Snow shed length (ft / m)

e Estimated design loads (psf / kPa): Estimated static and dynamic loads

e Estimated risk reduction: Estimated risk reduction as percentage, or qualitative.

e Cost (date) / Cost (now) ': Cost in USD or CAD at time of construction and adjusted for
2020.

e 2020 Est. Cost per ft and m: Current costs in USD or CAD per ft and m.

e Comments: Relevant additional comments

e References: References to report / articles

The following sections provide a brief narrative summary for all of the snow sheds presented in
the summary table and is organized by jurisdiction (Appendix A).

3.1 Colorado

Within the state of Colorado, the Colorado Department of Transportation (CDOT) manages two
snow sheds: the Riverside Snow Shed on Highway (Hwy) 550 and the Alberta Snow Shed near
Wolf Creek Pass on US160. Other than the proposed Phase 2 and 3 of the Riverside Snow Shed,
no other proposed or historical snow sheds have been documented in Colorado.

" Costs in 2020 are calculated using the Consumer Price Index (CPI) Inflation Calculator from Alioth Finance, 2020).
https://www.officialdata.org/
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The Riverside Snow shed is located on Hwy 550 approximately 5 miles (8 km) south of Ouray,
and is situated below the East Riverside path off of Mount Abrams (Figure 3). The original
design proposed a snow shed that was 1280 ft (390 m) long be built in three phases. Phase 1
would be 450 ft (137 m) long, and protect the highway from the East Riverside Path, eliminating
most of the risk associated with that path. Phase 2 would extend the shed 465 ft (141 m) to the
south, which would eliminate the risk posed by avalanches on the West Riverside Path of
Hayden Mountain. Phase 3 would extend the shed 365 ft (111 m) to the north, protecting the

highway from slides starting to the north of the East Riverside path (Mears, 1992a, Mears,
2012).

Figure 3: Oblique view of the East Riverside avalanche path and Riverside snow shed
(Photo: Mears, 1992).

Phase 1 Construction was completed in 1985, but the shed was only built to a length of 180 ft
(55 m) due to budget constraints (Figure 3). The shed was completed at cost of $2,550,000
(equal to $6.1 million in 20202, or approximately $111,000/meter or $34,000/ft unit cost) and

2 Costs in 2020 are calculated using the Consumer Price Index (CPI) Inflation Calculator from Alioth Finance, 2020).
https://www.officialdata.org/
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accounted for a 50% reduction in avalanche hazard in the Riverside avalanche area (Mears,
1995a). The original design for the Riverside Shed called for a concrete roof to be anchored on a
ledge cut into the bedrock on the uphill side of the road. During the early stages of
construction, engineers found the rock was not suitable for the proposed design, and the back
wall was instead built of reinforced concrete. The shed was designed for static loads of 1800 psf
(86.2 kPa) and avalanche impact loads of 1000 psf (47.9 kPa) (Mears, 2012; Mears, 1992a).

In March 1992, a small avalanche blocked the highway roughly 100 ft (30 m) to the north of the
snow shed, stranding two motorists and two CDOT employees in the snow shed. Two additional
CDOT employees were buried by a second avalanche in the same vicinity while clearing the
road, and one of them did not survive the avalanche (Mears, 1992b). The Riverside Shed is still
in use today. The stretch of Highway 550 between Ouray and Durango crosses 95 avalanche
paths, and is managed with forecasting, explosives mitigation, and road closures, in addition to
the Riverside Shed. The recent March 2019 avalanche cycle resulted in both portals being over
topped and the closure of Red Mountain pass for several months (Figure 4).

o k > 1 L - ¥ T

Figure 4: The Riverside snow shed covered in avalanche debris following mitigation work
by the Colorado Department of Transportation. March, 2019 (Photo: CDOT).

The Alberta snow shed is located on US 160 near Wolf Creek Pass and is situated below the
Alberta slide paths (Salek, 2013). The shed is 379 ft (115 m) long and protects the highway from
the Alberta slide paths. The snow shed is curved, and has been the site of numerous vehicle
accidents, which are likely due to icing and the nature of the relatively straight and fast road
before the snow shed. The shed was built in 1965 after several winters of heavy snowfall, and
two fatalities in the winter of 1950-51. It is now rarely impacted by avalanches due to an
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effective forecasting and control program, and due to its age and lack of utility, will most likely
not be replaced at the end of its service life (Mears, 2012; Wilbur, pers comm., 2020). There is
little other technical information available regarding its costs and design criteria.

Operational costs are relatively low for these two snow sheds, with a recent lighting upgrade
and utility costs for lighting representing the largest direct costs. The lighting upgrade in 2019
for the Riverside Snow Shed was approximately $20,000. The utility costs were documented at
approximately $15,000 for the Riverside Snow Shed for a 12 month period (November 2018 to
March 2020, excluding March-June 2019 when lights were damaged, or $1250/month) and
$42,000 for a 12 month period (April 2019 to March 2020, or $3500/month) for the Alberta
Snow Shed, which is more than the twice the length of the Riverside Snow Shed. In addition to
these utility costs, a biannual inspection of the structure is completed by CDOT staff. Further
details for these Colorado snow sheds are presented in Appendix A and Appendix B.

3.2 Utah

Within the state of Utah, the Utah Department of Transportation (UDOT) has requested
proposals for potential snow sheds along two road corridors: Highway 189 (Provo Canyon) and
State Route (SR) 210 (Little Cottonwood Canyon). No other historical or current snow sheds
were documented.

Along Highway 189 (Provo Canyon), there have been three studies proposing a 130-ft (40-m)
snow shed protecting the stretch of US-189 exposed to the Dam Chute in Provo Canyon
(McClung and Conger, 2001; Mears, 1995b; Parsons Brinkerhoff, 2003).

McClung and Conger (2001) also investigated the potential need for an additional structure
protecting the stretch of elevated highway below the Power Plant path. They estimated a
return interval of 100 years for an avalanche capable of impacting the section of raised highway
in the runout zone, which is sufficiently infrequent to be considered an acceptable level of risk
for a state highway. Both McClung and Conger (2001) and Parsons Brinckerhoff (2003)
recommended maintaining the forecasting, closure and control program in addition to the Dam
Chute snow shed in order to most efficiently reduce the avalanche hazard.

The Dam Chute snow shed was proposed to be 130 ft (40 m) long, and was designed for total
loads (impact and static loads combined) of 292 psf (14 kPa), if the area upslope of the snow
shed were filled with compacted earth to minimize impact forces perpendicular to the flow of
an avalanche. If the shed were to be constructed without the upslope fill, total design loads
were estimated to be 5117 psf (245 kPa), due to the sharp change in flow angle (deviation force
zone), resulting in more surface area oriented perpendicular to the avalanche. The proposed
shed would be constructed of reinforced concrete, and would cost an estimated $1.8 million in
2003, equal to roughly $2.5 million in 2020 ($62,500/meter or $19,200/ft). The most recent
designs by Parsons Brinckerhoff (2003), also recommended excavating the channel upslope of
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the shed and inclusion of guide walls 16 ft (5 m) tall on either end of the roof of the snow shed
to direct avalanche debris and prevent it from piling up on the ends of the snow shed.

In Little Cottonwood Canyon (SR-210), snow sheds options were evaluated by Schaerer (1999),
Fehr & Peers Associates (F&P), (2006) and Dynamic (2018a; 2018b; 2019). Alternatives to snow
sheds including a tunnel and gondola were also evaluated by F&P (2006) and Dynamic (20183a;

2018b).

F&P (2006) and Schaerer (1999) proposed a total of 2485 ft (757 m) for the three snow sheds in
the White Pine Chutes 1-3, White Pine and Little Pine avalanche paths. These proposed snow
sheds would not mitigate the hazard on White Pine Chute 4. All of these paths are located near
mile marker 9, just below the white pines trail head parking area, in the lower canyon. Dynamic
(2018b; 2019) used a combination of field-based investigations, historical observations, and
RAMMS avalanche modelling and proposed slightly shorter total snow shed length of 2465 ft
(751 m) and included mitigation of White Pine Chutes 4. They achieved this with the proposed
addition of guiding berms for White Pine and Little Pine paths, which shortens the overall
length of the required snow shed and reduces the likelihood of overspills at the portals

(Figure 5).
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Figure 5: White Pine Chutes 1-4 and White Pine, RAMMS 100-year velocity (m/s), and
proposed snow sheds (grey) and guiding berms (white). Light grey outlines
indicate the maximum path boundaries according to updated avalanche path
mapping (from Dynamic, 2018b)
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Without guiding berms in place, Dynamic (2019) proposed that the snow sheds would need to
be longer to reduce the likelihood of overtopping the snow shed entrances. They
recommended a total increase of 500 ft (152 m), with White Pine increasing from 640 ft (195 m)
to 835 ft (254 m) (195 ft / 60 m increase), and Little Pine increasing from 465 ft (141 m) to 770
ft (235 m) (305 ft / 93 m increase), and no change in length for the White Pine Chutes 1-4 snow
shed because guiding berms were not previously recommended, but did recommend a 10 ft

(3 m) parapet wall be included on the western end of this snow shed to prevent avalanche
snow entering the western portal (from overspills).

Dynamic (2018b) used the Swiss guidelines for snow sheds ASTRA/SBB (2007) to estimate the
100-year normal and parallel loads. The design case was determined to be Case 3, where a
large avalanche (10 ft / 3 m flow depth) flows over existing snow cover (15 ft / 4.5 m depth),
combined with previous avalanche deposits (13 ft / 4 m depth). In addition to the design case,
they also determined that if the snow shed were completely covered by seasonal snow and
avalanche debris without snow management, a passive snow load (Case 5) to the exterior
(downbhill) wall of the snow sheds should be expected for White Pine and Little Pine, and a
dynamic load (Case 6) from the adjacent side of the valley from the avalanche path Scotty’s
Bowl for Little Pine should be expected. The resultant normal loads were between 790 and 697
psf (37.7 - 33.4 kPa), and the resultant Parallel loads were between 116 to 105 psf (5.6 kPa—5.0
kPa). Passive loads were 118 psf (5.6 kPa), and the dynamic load on the outside wall on Little
Pine was 188 psf (9.0 kPa).

These snow sheds were estimated to cost between $72 and $86 million depending on the
length, alignment and use of guiding berms (Utah Department of Transportation, 2019). The
lower cost reflected construction costs, while the higher end cost included additional items like
permitting, professional services, design, environmental mitigation and insurance. This results
in a unit cost of approximately USD $74,000- $88,000/m or $23,000 - $27,000/ft.

These shed were estimated to provide a 24% reduction in the Avalanche Hazard Index (AHI)
(Schaerer, 1989), and 34% reduction in residual AHI for estimated 2050 traffic volume of 11,300
vehicles per day for a three-lane snow shed relative to the AHI and residual AHI without snow
sheds for the 2018 traffic level (Dynamic, 2018b). Further details for these snow sheds are
presented in Appendix A and Appendix C. Section 8 provides a more detailed case study
description of these proposed snow sheds in Little Cottonwood Canyon.

3.3 Washington

Within the state of Washington, the Washington Department of Transportation (WSDOT) has
removed the East and West snow sheds, and requested proposals for one potential new snow
shed at the site of the East Shed. No other historical or current snow sheds were documented.

A two-lane wooden snow shed, East Shed, was constructed on I-90 Snoqualmie Pass in the
1930’s adjacent to Lake Keechelus. The East Shed was replaced with a concrete shed in 1950, at
which time the highway was still two lanes wide. The shed was 500 ft (152 m) long and cost
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$1.2 million in 1950 (equal to $12.8 million in 2020, a unit cost of $84,200/meter or $25,600/ft)
(Figure 6). At the same time, the West Shed was built along an area known as Airplane Curve.
Both sheds were built to cover both lanes of the two-lane highway at the time. The West shed
remained in place until its removal in the early 1980’s. The highway was widened to four lanes
in the late 1950’s, but the sheds remained unchanged. If an avalanche blocked the unprotected
eastbound lanes, traffic was re-routed through the East Shed. However, before the
implementation of an avalanche forecasting and control program in 1971, it was not
uncommon for vehicles to be caught in avalanches prior to road closures. The West Shed was
removed as part of a highway improvement project in the 1980’s and was not replaced with a
modern structure. However, the back wall was left in place, and the fill behind it was removed,
resulting in a small but effective catchment dam, which is still currently in use. In 2014, the East
Shed was removed and replaced with two three-lane bridges designed to allow avalanche
debris to pass under the road (Jones et al., 2014; Wilbur and Stimberis, 2010).

Figure 6: The concrete East Shed was built along Lake Keechelus on 1-90 on Snoqualmie
Pass in 1950 and now since been removed. (Photo: Washington State
Archives3)

3 Washington State Archives. https://www.sos.wa.gov/archives/
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Design loads were unavailable for the historic snow sheds on Snoqualmie Pass. However, URS
and Mears (2007) proposed a new snow shed structure in the East Shed area, and estimated
static loads normal to the roof of the shed to be between 1000 and 1400 psf (48.9 - 69.4 kPa)
and avalanche impact loads between 300 and 1450 psf (14.36 - 60.4 kPa) for the slide paths
impacting the snow shed. Operational costs for the old snow shed were considered to be
minimal, with periodic inspections undertaken on an as-needed basis. However, estimated
operational and maintenance costs for the proposed snow shed were close to $800,000 per
year, and also required approximately $1 million in initial set up costs, including support
infrastructure (e.g. emergency response building and equipment). This proposed 6-lane snow
shed was never built; the avalanche bridges constructed in 2014-2018 were built in its place. In
addition to the avalanche bridges, and the forecasting and control program, there are multiple
snow nets installed in start zones above unprotected sections of the highway to anchor snow
and break up slabs in start zones. Further details for these snow sheds are presented in
Appendix A and Appendix D. Section 10 provides a more detailed case study description of
this proposed snow shed, the process and final outcome.

3.4 Wyoming

Within the state of Wyoming, the Wyoming Department of Transportation (WYDOT) has
requested proposals for a snow shed on State Highway 22, Teton Pass. No other historical or
current snow sheds were documented.

State Highway 22 climbs over Teton Pass west of Jackson. While the highway crosses multiple
slide paths, nearly half of the avalanche exposure may be attributed to the Glory Bowl and
Lower Twin slide paths (Mears and Newcomb, 1989). WYDOT attempted to build a suspension
bridge over the Glory Bowl path (Crater Lake Bridge) in 1968 in order to allow avalanche debris
to pass safely under the highway. However, the bridge was destroyed by a large avalanche
shortly before its completion in January 1970 (Yount and Gorsage, 2016) (Figure 7).

Mears and Newcomb (1989) proposed two avalanche sheds to protect the highway from the
Glory Bowl and Lower Twin Slide paths. These sheds were to be 280 ft (85 m) and 250 ft (76 m)
long, respectively, and were designed for impact loads of up to 1700 psf (81.4 kPa) and static
loads of 1100 psf (52.7 kPa). The two sheds would virtually eliminate the avalanche hazard for
the two paths, and would reduce the avalanche risk by 49% for all of Teton Pass. The proposal
also recommended an improved non-structural mitigation program which would include an
avalanche forecasting program, two 105-mm recoilless rifles, hand charges, and helicopter
control. They estimated the combined structural and active mitigation measures would
eliminate 61% of the avalanche hazard for Teton Pass.
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Figure 7: The Crater Lake Bridge over the Glory Bowl avalanche Path, Teton Pass (Photo:
Jackson Hole Historical Society and Museum)*

In 1992, WYDOT conducted a feasibility study and concluded that the avalanche hazard could
be adequately managed with short term active mitigation measures, including forecasting, a
Gazex RACS system, a 105-mm Howitzer, hand charges, and an Avalanche Guard RACS.
Ultimately, they decided that the additional $17 million dollar expense (unit cost of
approximately $106,000/meter or $32,000/ft) to install the two snow sheds could not be
justified given their estimated 25-year design life, and the relative effectiveness of active
mitigation (Wyoming Department of Transportation, 1992). It should be noted that the
estimated 25-year design life is shorter than the design life used for most other snow sheds
(e.g. Rogers Pass), which would typically have a design life of 50-75 years, or longer. Further
details for these snow sheds are presented in Appendix A and Appendix E.

35 Alaska

Within the state of Alaska, the Alaska Department of Transportation and Public Facilities
(AKDOT&PF) has requested proposals for a snow shed on the proposed Lynn Canal corridor. No
other road based historical or current snow sheds were documented.

The Juneau Access Improvement project aimed to improve access along the Lynn Canal
Corridor between the communities of Juneau, Haines, and Skagway. The project included
improved roadways along the Lynn Canal that would cross 78 avalanche paths. AES and Mears
(2004) investigated the avalanche hazard for the project, which was reviewed by Mears (2013).
The studies proposed two snow sheds to protect three paths in the East Lynn Canal area, which

4 Jackson Hole Historical Society and Museum. https://jacksonholehistory.org/wp-content/uploads/2012/03/Spring-2008-
Chronicle.pdf
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would run for a combined 1500 ft (457 m), and reduce AHI along the East Lynn Canal by 57%.
The sheds were proposed to be constructed of either reinforced concrete or by steel culverts,
and would cost an estimated $20 - $S30 million in 2013, equaling approximately $22 - $33
million in 2020 (unit cost of approximately $48,000-$72,000/meter or $15,000-$22,000/ft). The
project was never executed due to state budget issues, and was officially shut down in July
2018 (AKDOT&PF, 2018). Further details for these snow sheds are presented in Appendix A.

3.6 Railroads in the USA
Alaska Railroads

Several wooden sheds were built along the Alaska Railroad between 1917 and 1943. Snow
sheds were built at Kern path, Miles 43, 50, 76, as well as at least four additional sheds whose
locations are unclear. However, by 1965 all of these sheds had been removed and there are
currently no snow sheds protecting the railway. Hamre (2009) suggested constructing two new
sheds for the Kern and Centerline avalanche paths near Girdwood. The two sheds would
account for an additional 39% reduction in AHI, after implementing an active mitigation
program and a catchment ditch for another avalanche path. The sheds would cost an estimated
$895,000 annually for their lifespan including construction and maintenance, when amortized
(equal to $1 million in 2020). Their construction costs alone were not presented. These sheds
have not been built, and there are currently no snow sheds along the Alaskan Railroad. Further
details for these snow sheds are presented in Appendix A.

Central Pacific Railroad, California

In the early 1900’s, the Central Pacific Railroad (CPR) built 40 miles of wooden snow sheds
along the portion of track crossing the Sierra Nevada over Donner Summit, California. The sheds
made it possible to operate the trains year-round, and were put in place to deal with large
snowfall amounts as well as avalanches. The wooden sheds were prone to structure fires
started from the coal- and wood-fired locomotives, and were removed as snow removal
technology improved. Today, there are still some sections of track protected from avalanche
paths with concrete sheds (Donner Summit Historical Society, 2016). Due to a lack of data, a
summary of these snow sheds is not presented in Appendix A.

Union Pacific, California

Two snow sheds are currently operated by Union Pacific Railway: the Cisco Butte snow shed,
1000 ft long (304 m); and the 47 Shed, 860 ft (260 m) long. Limited additional information was
available for these snow sheds, but they are constructed with a concrete retaining wall, and
heavy timbers for the roof structure, and a metal roof. These are the only remaining snow
sheds along this line. Prior to the “The Big Hole” tunnel being constructed in 1993, which passes
beneath Mt. Judah about a mile south of Donner Pass, there were long sections of snow shed
on the eastern approach towards Donner Pass — which have now been abandoned. These were
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previously owned by CPR and are documented above. Due to a lack of data, a summary of these
snow sheds is not presented in Appendix A.

Great Northern Railroad, Washington

Beginning in 1910, the Great Northern Railroad began building snow sheds through the Cascade
Range of Washington. The first structures were built of reinforced concrete, and subsequent
construction between 1911 and 1914 used timber or a combination of timber and concrete.
The combination structures were built assuming a static load of 400 psf (19 kPa). The railroad
built a total of 17,588 ft (5360 m) of snow sheds between 1910 and 1914. Similar to the
structures built on the CPR in California, these were built not only to protect from avalanches
but also as a means of managing heavy snowfall amounts (“Tunnel and Snow sheds in the
Cascades: Great Northern Railway,” 1914). Due to a lack of data, a summary of these snow
sheds is not presented in Appendix A.

Burlington Northern Santa Fe Railway, Montana

Burlington Northern Santa Fe Railway (BNSF) have 10 current snow sheds, and 1 historical snow
shed along the section near Glacier National Park in Montana (Figure 8). These snow sheds
were originally built between 1912 and 1930, with additions in 1929, 1932, 1936 and 1957.
These sheds range in length from 400 to 1360 ft (120 to 415 m). All of the sheds were built
using concrete retaining walls on the uphill side of the rail grade. The remainder of the
structures are framed using large wooden timbers over the two sets of railroad tracks - a
double main line runs through all sheds. One snow shed, “Shed 4C”, also known as “Burn Qut”
was destroyed by fire in 1978, but the retaining wall is still present.

As part of an Environmental Impact Statement (EIS) one alternative option for avalanche
mitigation proposed five new snow sheds, totaling approximately 3,540 feet (1079 m), to be
constructed. Seven existing snow sheds would be extended approximately 1,500 feet (457 m),
for a total 5,040 feet (1536 m) of snow sheds to be constructed (National Parks Service, 2008).

Early in the EIS process, BNSF estimated approximately $7000 per linear foot ($23,000/meter)
to build a snow shed, and $40,000 per year to maintain all of the existing 10 sheds (National
Parks Service, 2008). This construction cost was adjusted upwards to approximately $20,000
per liner foot (566,000 per lineal meter) based on 5006 ft / 1527 lineal meters with an
estimated capital cost of $100,782,000) by Hamre and Steiner (2006).

The risk reduction provided by the existing snow sheds has been only partially assessed. A
mitigated AHI of 110 that takes into account the protection provided by 10 sheds for the John F
Stevens Canyon Railroad corridor was calculated by Hamre and Overcast in 2004 (in National
Parks Service, 2008). However a fully un-mitigated AHI for the railroad corridor has not been
calculated, so a direct comparison for mitigated versus un-mitigated AHI and risk reduction is
not possible. Further details for these snow sheds are presented in Appendix A.
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Figure 8: Named Avalanche Paths and corresponding Railway snow sheds (Hamre and
Steiner, 2006)

3.7 Canada — Roads

Canada has nine avalanche snow sheds on public highways, eight of which protect the Trans-
Canada Highway (Hwy 1) through the Columbia Mountains between Golden and Revelstoke,
BC. The ninth Canadian highway snow shed is located on the Coquihalla Highway (Hwy 5) in the
Cascade Mountains between Hope and Merritt, BC. Five of the Canadian highway snow sheds
are managed by Parks Canada through Glacier National Park (GNP) and the remaining four
sheds are managed by the British Columbia Ministry of Transportation and Infrastructure (BC
MoTl).

Parks Canada, British Columbia

Parks Canada currently owns and maintains five snow sheds in Rogers Pass (GNP): Tupper
Timber, Tupper #2, Tupper #1, Lens and Single Bench. These sheds have a combined length of
approximately 1519 m (4984 ft). The first four of these snow sheds were initially constructed
during the original highway construction between 1959 and 1962, but modifications were made
to the original Pioneer and Tupper #1 sheds as late as 1966. The Single Bench snow shed was
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constructed in 1978. Section 9 provides a more detailed case study description of the Single
Bench snow shed.

ARMCO construction company won the contract to build the first snow shed (Pioneer, which
was also called Sputnik 1), and chose to use metal culverts supplied in multiple steel plates
(Figure 9). Unfortunately, the backfilling required to provide an even pressure distribution
across the plates could not be completed by the first winter, and avalanches moved the
structure out of position. The federal Department of Public Works lost confidence in metal
designs and all subsequent snow sheds in Rogers Pass were made of concrete (Woods, 2014).

The original highway through Rogers Pass included six snow sheds because the Pioneer and
Tupper #1 sheds were originally constructed as separate sheds. The original layout had
approximately 30 m of uncovered highway between the two sheds which created problems for
snow removal. The two sheds were joined in 1966 and, while the two parts feature different
construction methods, they are now treated as a single snow shed with the common Tupper #1
name.

AN

Figure 9: Pioneer snow shed built with multi-plate construction, 1961. This shed was
joined with the Tupper #1 shed in 1966 (Photo: Peter Schaerer®).

5 Revelstoke Museum Photo Archive, 2020. http://www.revelstokemuseum.ca/peter-schaerer-
pictures/uub8fdplbhajy54tujz5rucp7t3zbz
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Other than the original Pioneer shed discussed above, the rest of the sheds in GNP utilized
similar concrete construction methods. While design drawings were not readily available for all
these snow sheds, the general construction methods are assumed to be same for all the sheds
built in the same era. The Tupper #1 shed design includes a monolithic, cast-in-place steel-
reinforced upslope gravity wall, cast-in-place concrete footings, pre-cast steel-reinforced
concrete roof beams and columns, steel reinforced concrete roof slab, and pre-cast steel
reinforced concrete parapet walls.

Four of the sheds have open downslope walls but use wood slats to reduce the potential for
back spills. Single Bench is the one exception which has solid concrete wall panels on the
downslope side due to the exposure to frequent avalanche impacts from the large Crossover
avalanche path that is located on the opposite side of the valley. This downslope wall consists
of pre-cast steel reinforced concrete panels installed between the structural columns.

The original shed contract values were provided by Parks Canada for the sheds, which ranged
between CAD $2875 per lineal meter (for the Lens extension and Tupper Timber) up to CAD
$4292 per lineal meter for Pioneer multi-plate structure. Adjusting these initial costs for
inflation (accounting for significant changes in materials and labor costs since the 1960’s),
adding in estimates for lighting, traffic control, engineering, inspection and overhead, the
equivalent costs in 2020 were estimated to be approximately CAD $144,500/m for Pioneer, and
$101,000 to $103,000/m for the remaining four concrete sheds. Although these contract values
from the 1960’s are mostly not relevant in current terms, the equivalent inflation adjusted
amounts on the order of CAD $100,000/m are in line with current unit (length) cost estimates
for modern sheds in North America.

The original design avalanche impact load values were available for the Tupper #1, Pioneer and
Single Bench snow sheds. Single Bench loads are discussed later in the case study (Section 9).
Tupper #1 loads were re-evaluated by Dynamic Avalanche Consulting Ltd. in 2018 (Dynamic,
2018c), which provided 100-year normal loads of 50.2 kPa and parallel loads of 7.1 kPa. A
horizontal static snow load against the downslope wall was estimated to be 8.1 kPa. For the
Pioneer shed, the vertical deposit snow was originally estimated in the range of 14-33.5 kPa.

The five highway snow sheds have remained mostly unchanged since the completion of the
Single Bench shed in 1978. However, as part of the Glacier National Park Avalanche Mitigation
Project which occurred between 2015 and 2020, major rehabilitation work was completed on
the Parks snow sheds which included drainage improvements on top and upslope of the sheds,
debris removal from the shed roofs, column repairs (chipping, forming and upgrading of the
concrete structures), and complete lighting upgrades to LED systems. This included
approximately CAD $9.2 million for column repairs and drainage upgrades, plus approximately
CAD $20 million for lighting upgrades, including construction of a power transmission line.

Further details for these snow sheds, including rehabilitation, operation and maintenance costs,
and designs are presented in Appendix A and Appendix F.
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BC MoTI

In addition to the five Parks Canada snow sheds on the Trans-Canada Highway through Rogers
Pass, three snow sheds are located immediately west of the GNP western park boundary. These
three sheds are owned and maintained by the BC MoTI: Lanark, Twin and Jack McDonald Snow
Sheds (Figure 10).

Figure 10: Lanark snow shed built using prefabricated concrete, prior to construction of
the wingwalls. Note the guiding berm on the left. (Photo: Peter Schaerer)®

The construction of the three sheds east of Revelstoke were completed by 1962 at the same
time as the GNP sheds were completed and the TCH was opened between Golden and
Revelstoke, BC. The three sheds are all steel reinforced concrete construction and generally all
have open downslope walls consisting of wire mesh except for the eastern side of the Lanark
shed which has solid concrete walls where the shed is exposed to impacts from the Laurie path
on the opposite side of the valley (Figure 10, right side). The Lanark shed is the only shed with

6 Revelstoke Museum Photo Archive, 2020. http://www.revelstokemuseum.ca/peter-schaerer-
pictures/mpianijig1chbl9b8Ixdgodinmbti9
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upslope guiding berms. The Twin sheds includes two downslope buttresses which are assumed
to be part of the drainage structure.

Design drawings were not readily available for all three of the BC MoTI sheds but the
construction generally appears to be the same for all three. The Lanark shed construction
consists of a cantilever upslope retaining wall and cast-in-place concrete tieback anchors,
concrete columns, and pre-stressed concrete beams, and steel reinforced concrete roof slabs.

While well-designed, and based on all of the information at the time, real-world experiences
resulted in some unexpected challenges — examples include the 1 Jan 1963 avalanche event on
Lanark snow shed that resulted in both portals / entrances being overtopped, trapping two cars
and several people inside. This resulted in revisions to the snow shed design and in 1964. Tall
concrete containment wing walls were added above both entrances of the Lanark shed (Woods,
2014). These wing walls were built using cantilevered methods so that the structure of the walls
are independent from the shed structure, and the additional load from the walls does not affect
the snow shed (Figure 11).

o
|
¥
.?
|
'

Figure 11: The cantilevered wing walls on the Lanark snow shed were constructed after
the construction of the snow shed. The structures of the wing walls are
independent from the shed structure and the additional load from the walls
does not affect the snow shed (Photo: Alan Jones).

In 2019, the snow shed lighting was upgraded to LED in all three of the BC MoTI sheds east of
Revelstoke. Light upgrading included installation of 576 LED lights and 18 new light poles at a
cost of CAD $7.15 million, which is approximately CAD $11,085 per lineal meter of shed. This
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system includes an intelligent system that automatically measures the ambient daytime lighting
outside the snow sheds and mimics it inside the shed (BC MoTI, 2019a).

Canada’s ninth and newest highway snow shed is the Great Bear shed located on the Coquihalla
Highway (Hwy 5) between Merritt and Hope, B.C (Figure 12). The Great Bear shed was
completed in 1986 for the opening of the new Coquihalla highway. This is the widest of the
Canadian snow sheds having three driving lanes in each direction (all others are two-lane
structures). The shed consists of all concrete construction and includes large wing walls over
both shed portals.

The Great Bear shed also has the steepest road grade of the Canadian snow sheds at 8% and at
285 m in length is the third longest highway shed (behind Tupper #2 and Lanark). The steep
grade and shed length coupled with the high traffic volume on the Coquihalla highway has
resulted in numerous traffic accidents in and adjacent to the snow shed.

The Great Bear snow shed is very effective in terms of avalanche protection, and is not subject
to overspills due to the high wing walls or backspills (BC MoTlI, pers. comm. 2020). The issues
with this shed relate primarily to the road geometry (i.e. steep grade and super elevation) and
drainage issues resulting in icing at the portals and in the shed, and the resulting hazards to
traffic.

Figure 12: Great Bear snow shed, Coquihalla Highway 5, British Columbia, Canada. Photo
is looking eastwards, with steep (8%) grade requiring eastbound trucks to have
chains, which increases wear on the roadway surface (and has exposed heat
coils). Note the significant horizontal curve which results in super elevation of
the highway grade (Photo: Ryan Buhler).
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The shed was originally constructed with an electric heating system (coils) under the concrete
road slab; however this system resulted in melting and freezing of water and icing problems,
and was thus turned off after several winters of operation. Additionally, there were noted
issues of truck chains and snow plow blades wearing down the concrete slab and exposing
heating coils.

Original construction costs were not available for the Great Bear snow shed, but BC MOTI
provided insight into rehabilitation costs that are anticipated to be needed in the next 10-20
years, which would be at approximately 45-55 years into its design life. These costs are
anticipated to include LED lighting upgrades estimated at CAD $2-3 million ($7000-510,500 per
lineal meter), upgrade of the waterproof membrane for subsurface drainage improvements (in
the next 10-15 years, cost estimate not provided), and road resurfacing in the next ~20 years
with a unit cost of $750 per m?, which is approximately CAD $6.6 million for the design snow
shed road surface area.

BC MoTI has recently considered removal of the Great Bear snow shed due to the associated
operations and maintenance costs, accidents resulting from the highway geometry, and major
rehabilitation costs that will be need in the next 10-20 years. BC MoTI has recorded 40
avalanche events as reaching the snow shed in the past 31 years, which is approximately 1
event annually. Removal of this shed would require consideration of the need for alternative
hazard mitigation options (e.g. large catchment on an elevated roadway, bridge, Remote
Avalanche Control System(s), helicopter control as is completed for the remainder of the
avalanche paths that affect the highway) versus the ongoing costs associated with retaining the
shed.

Four potential snow sheds were evaluated during 2005-2011 for construction for the Phase 4
Kicking Horse Canyon Project, located east of Golden, BC. All four sheds were to be constructed
over all four highway lanes, and had design lengths of 90 m, 120 m, 10 m (tunnel portal canopy)
and 350 m. All sheds were combined snow avalanche and rockfall protection structures
designed for 300-yr return period avalanche events. Estimated 300-year design loads for these
sheds were in the range of 17-64 kPa normal load and 10-25 kPa parallel load.

Three of the Kicking Horse Canyon shed designs included vertical stopping structures (catching
nets) on the downslope edge to stop and contain avalanches on top of the shed, which
provided protection for the CPR railroad located immediately downslope of the highway. Final
design or construction was not completed for these sheds. Rather, the current project
scheduled for construction starting in 2020 (currently in the tendering stage by BC MoTI) will
include large catchments and attenuating structures (nets) to reduce the hazard to the
highway. Further details for these snow sheds are presented in Appendix A and Appendix G.
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3.8 Canada - Railroads

The history of railway snow sheds in Canada dates back to the late-1800s with the construction
of the Canadian Pacific Railway (CPR) through Rogers Pass in the Columbia Mountains. There
were originally 31 railway snow sheds built through Rogers Pass which were used until 1916
when the 8 km long Connaught railway tunnel was completed and most of the original snow
sheds became obsolete.

The CPR line through Glacier National Park currently has three remaining operational snow
sheds on the western side of the park (Figure 13). Two of these structures have been
completely updated to concrete structures, while the third consists of steel posts with concrete
girders and roof.

Figure 13: Snow shed in concrete at the Canadian Pacific Railway, built in 1960 (Photo:
Schaerer, 1967)

Immediately west of GNP are two more CPR snow sheds through the Laurie path (Chris Stethem
& Associates, 1991). These concrete structures were designed in 1991 within the track, and
thus required steep roofs that would shed avalanche deposits. Design loads included 3.5 kPa for
the weight of the avalanche flow, 1.4 kPa parallel (friction), weight of snow deposit prior to
avalanche of 4 kPa, and dynamic (normal) load which was a function of the roof shed angle
(which was unspecified).

Yoho National Park (YNP) also has one CPR snow shed to protect the railway through the
runout zone of the Mt. Stephen avalanche path east of Field, BC. This snow shed is 140 m long,
and is a tied-back, pre-cast reinforced concrete box structure which was built in 1987 (Buck et
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al., 2006; Hungr, 1986). Concrete retaining walls were added at each portal to keep debris from
spilling onto the track. It was designed to protect the railway from debris flows and icefall
hazards as well as avalanches. Upslope guiding berms direct the avalanche flow over the snow
shed (Figure 14).

Figure 14: Mt. Stephen snow shed in Yoho National Park, British Columbia, Canada. The
shed protects the railway from avalanches, debris flows, and icefall hazards.
Avalanches pass over the railway track and affect the highway (Photo: Ryan
Buhler).

West of Revelstoke, BC, in the Three Valley Gap area are two CPR snow sheds which are
constructed with concrete upslope retaining walls, wood structures and metal roofing (Figure
15). These are likely the only remaining wood-structure avalanche snow sheds in Canada.
Further details for all of these snow sheds are presented in Appendix A.
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Figure 15: Two wood structure snow sheds that protect the Canadian Pacific Railway at
Three Valley Gap near Revelstoke, British Columbia, Canada. Avalanches flow
across the shed onto the lake, currently frozen in this photograph (Photo: Alan
Jones).

3.9 Canada — Industrial

While outside the scope of this report (and not included in Appendix A), in addition to these
snow sheds that protect public roadways and the railway lines, we are aware of two snow
sheds constructed for private companies on private roads. These two are described briefly here,
as one includes the use of a multi-plate design. The two snow sheds are the Line Creek snow
shed near Elk Valley, BC, for Teck Coal and the North Portal canopy for the Galore Creek Mine in
Northwestern BC.

The Line Creek snow shed is a traditional three-sided, concrete structure protecting a haul road
and conveyor system and is 72 m long. The design event for this snow shed was estimated to
produce a normal load of 33 kPa and a parallel load of 6 kPa.

The Galore Creek Mine access road North Portal canopy is a multi-plate structure made up of
bolted steel rings (89 rings in total) buried within an earth fill embankment (Figure 16) (Brox et
al., 2008). This structure was installed in September-October, 2007. The ring structure
comprises 6 individual arch segments. The thickness of the steel plates vary from 8 mm to 12
mm. A mechanically stabilized earth (MSE) head-wall is located at the canopy terminus. A steel
portal house structure that incorporates a tunnel door is located at the canopy terminus. A
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concrete box containing HDPE sleeve pipes was installed below the canopy subgrade. The total
length is 68 m, and the structure was designed for loads up to 85 kPa from static snow loads
and 55 kPa from dynamic avalanche loading. This portal was constructed to protect an access
and haul road at a tunnel transition and, although it was constructed, the tunnel was not
completed or used to date.

Figure 16: Installation of the multi-plate structure at Galore Creek Mine access road North
Portal canopy after excavation and site preparation (left) and during
completion of the backfilling (right). Photos: D. Brox.
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4. Summary and international examples from other jurisdictions.

4.1 Overview and technical background

Snow sheds have been constructed in numerous countries around the World. In Switzerland,
there are more than 350 protective galleries, including avalanche galleries and tunnel entrances
that could be endangered by rockfalls and/or avalanches (Schellenberg, 2009). Similarly, there
are around 106 avalanche protection galleries ‘Skredoverbygg’ in Norway constituting around
8.2 km in length (Statens vegvesen, 2015). In Europe, the technical assessment of defense
structures in permanent technical avalanche control systems are based on the EuroCode
construction engineering standards. The entire EuroCode (EC) standard system is made of ten
areas (standard series). In general, a Eurocode standard consists of a European standard
general document, which is designated with EN (e.g. EN 1992-1-1) and a national application
document (NAD), in which each country may enter national definitions under specific items
(Rudolf-Miklau et al., 2015).

Due to the fact that avalanches are not a national, but rather a regional to local issue, in the
United States or Canada, American National Standards (ANSI) do not exist in relation to
avalanche defense structures (Rudolf-Miklau et al., 2015). Construction must conform to
general structure standards, for which there are national standards (e.g. International Code
Council, 2018; National Building Code of Canada 2015). In the USA and Canada engineers rely
on the experience and standards developed in Europe for best practices guidance for snow
sheds, and in particular guidelines from Switzerland. The application of the Swiss guidelines is
presented in Section 6.

With respect to snow sheds (or avalanche galleries as often termed in Europe), there is a
differentiation between open and closed galleries (tunnels). Avalanches flow over the gallery
roof, and depending on the terrain on the downside slope, and possibility of avalanche back
spill, or avalanche deposit from the opposite side, the downhill side may need to be enclosed.
Besides the actions from avalanches, there is also earth fill load, rockfall, and stresses from the
road traffic (action) to be taken into account during the design. The minimum action
combinations to be examined are shown in Table 1.

Rudolf-Miklau et al. (2015) note that the load-bearing capacity (STR and GEO ultimate limit
states) must be proofed for the indicated action combinations. Indicative design situations must
also be taken into account (DS2). All actions from avalanche snow in movement (friction,
normal loads, and deviation loads), together constitute either leading or accompanying actions.
When setting up the action combinations, leading and accompanying actions must be defined,
and varied if required. Eurocode-compatible combination coefficients can be found in the Swiss
Guideline for avalanche galleries, and will be discussed further in Section 6.
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Table 1: Recommended action combinations (AC) for avalanche protection galleries for

the limiting state of the payload (ULS) and usability (SLS) (From Rudolf-Miklau
et al., 2015)

Design AC Actions combined with another

Situation - - - -

Permanent Variable action Extraordinary action
action
DS1 ACI | Deadweight —_

Earth pressure

AC2 | Deadweight Avalanche —
Earth pressure | Pressure

DS2" AC3 | Deadweight Avalanche —
Earth pressure | Pressure
DS3 AC4 | Deadweight — Extraordinary traffic loads”
Earth pressure
ACS5 | Deadweight — Extraordinary avalanche
Earth pressure pressure
AC6 | Deadweight Earthquake
Earth pressure
AC7 | Deadweight Rock fall, rock slide

Earth pressure

a) Action types and models acc. to EN 1991-2 and ONORM B 1991-27.
b) Construction conditions or repair work.

Actions from the ordinary avalanche result (design event) are to be classified as variable. The
increase of the earth pressure must only be taken into account for deposited snow (natural
snowpack or deposited avalanche snow). Horizontal pressure within the deposited snow need
not be taken into account, except when there is a static load exerted on the downslope wall by
a large deposit that covers the snow shed.

An extraordinary avalanche event is an extremely rare (return period > design event) and
statistically difficult to measure avalanche event with high intensity and great magnitude. For
such an event to occur requires different, independent factors to occur simultaneously, which
statistically is a low probability event. This event must be treated as an extraordinary action.

7 ®NORM EN 1991-2 (2004) Eurocode 1 — Einwirkungen auf Tragwerke — Teil 2: Verkehrslasten auf Briicken. Ausgabe: 2004-08-
01 (in German).
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Using this approach, even during the catastrophic avalanche winter of 1999 in Switzerland,
many avalanche prone roads and railways could be kept open due to the extensive network of
avalanche galleries (Figure 17) (SLF, 2000).

Figure 17: The Gotthard Highway in February, 1999 (Photo: SLF, 2000)

4.2 International examples of snow shed designs

A variety of designs using a range of materials have been used for snow shed designs
internationally. These include stone archways, pre-cast or cast-in-place reinforced concrete,
precast concrete arches, timber frame, and corrugated metal pipe (CMP) designs. The following
section will provide examples of some of these designs.

Stone Arch: A stone or rock arch is an older style of snow shed, which is generally no longer
used. The snow shed on Spliigenpass is an Alpine mountain pass of the Lepontine Alps is an
example of a stone arch snow shed. The snow shed is located on the pass road that connects
the Swiss, Grisonian Spliigen to the north with the Italian Chiavenna. Since the opening of the
San Bernardino road tunnel in 1967, the pass has lost its former importance, and is no longer
kept open in winter. In 1843, a 312 m (1,024 ft) long avalanche gallery was designed and built,
but today is out of use albeit largely preserved. This rock arch snow shed covered the lateral
extent of the avalanche path, and included windows on the downslope side for lighting and
ventilation. While no longer in use, this snow shed / gallery design is a good example of a stone
arch, and provides the basis of subsequent snow shed designs throughout the Alps (Figure 18).
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Figure 18: Snow arch snow shed on Spliigenpass (constructed 1843 — 1846, length 312 m)
as viewed from the outside (Photo: Google Earth, 20208), the inside and the
cross section (Photo and cross section: Denkmalpflege / Monument
Preservation des Kantons Graubiinden, Switzerland)

Pre-cast concrete: The pre-cast concrete snow shed in the Schéllenen Gorge is one of five
snow sheds on the road between Géschenen and Andermatt, and is a good example of this
style of snow shed design. The Schollenen gorge is in the Swiss canton of Uri and provides
access to the St. Gotthard Pass. This snow shed is approximately 700 m long and was
constructed using prefabricated concrete elements, with a gently sloping roof, a solid uphill
wall, and open downslope side with concrete support columns (Figure 19). The roof is also
designed for rockfall loads, and has been the focus of recent attempts to resolve pragmatic
rules for the estimation of both snow and rockfall loads (Platzer, 2008).

8 Google Maps, 2020. Strada Statale, Spligen, Grisons
https://www.google.com/maps/@46.5108202,9.3259682,3a,75y,162.21h,87.65t/data=!3m6!1e1!3m4!1sIP1y5I3buKcc8WOMxaY 90

Q!2e0!7i13312!8i6656
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Figure 19: Prefabricated snow shed in the Schéllenen Gorge, as viewed from the outside
(Photo: WF, 2020°) and inside (Photo: Google Maps, 20201°)

Monolithic concrete: The snow shed Val Raschitsch, Switzerland is a 130 m long, monolithic
joint less structure that was constructed in 2002 and poured in-situ. This snow shed was
constructed with a gently sloping roof into the slope, a solid uphill wall, and open downslope
side with concrete support columns. The snow shed was then back filled and a low-incline
sloping surface was created to reduce slope transition forces on the roof. In addition, this snow
shed provides an example of the use of two guiding berms to provide protection to the portals,
which reduces the risk of over spills at the portals (Figure 20).

A similar design (but without guiding berms) was used on the snow shed Salez in Davos,
Switzerland. This snow shed was constructed alongside the Davosersee (Davos Lake), and
protects the road from the well-studied Salezertobel avalanche path. According to Schweizer et
al. (2008), on average, this avalanche path produces events that reach the road (or the roof of
the snow shed) four times per winter. The snow shed was constructed in 1982 using cast-in-
place methods, and is approximately 400 m long, with a gently sloping roof, a solid uphill wall,
and open downslope side (Figure 21). This snow shed has no mechanical ventilation and only
natural lighting. Two additional lanes are also present on the outside of the snow shed, which
lead to a parking area approximately mid-way along the snow shed. This road and parking area
is closed at times of high hazard.

® WF, 2020. Switzerland roads. https://www.wallpaperflare.com/switzerland-gotthard-schollenen-gorge-national-road-3-north-south-
wallpaper-wmhvq

10 Google Maps, 2020. Street view, Gotthardstrasse.
https://www.google.com/maps/@46.6499925,8.586006,3a,75y,343.27h,87.06t/data=!3m6!1e1!3m4!1sKEAXGwnAH3gD5dcNIhSTT
w!2e0!7i13312!8i6656
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Figure 20: Monolithic Snow shed in Val Raschitsch as viewed from the outside on the side
of the road, in profile showing the guiding berms, and the cross section (Photo
from Tiefbauamt / Civil Engineering Office Graubiinden, Switzerland)
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Figure 21: Snow shed Salez in Davos (constructed 1982, length 400 m) as viewed from the
outside (Photo Google Earth, 2020), the inside and the cross section (from
Tiefbauamt / Civil Engineering Office Graubiinden, Switzerland)
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Open concrete arch: The use of concrete arch design is increasingly common in Europe, but
has yet to be used in North America. The Cassanawald snow shed is located on the A13/E43
highway between Nufenen to the east and Hinterrhein to the west, on the road to the San
Bernardino Pass in the Viamala Region of the Swiss canton of Graublinden. This presents a good
example of a partly open concrete arch snow shed. The snow shed was constructed in 1986 and
extends for 1235 m, before connecting to the Cassanawald tunnel at the western end (Figure
22). Note that this snow shed has both natural and artificial lighting, plus the addition of
mechanical ventilation, likely due to the western end being connected to a fully enclosed
tunnel.

&5 123 14 253 L 253 ol 63

,&,T LAWINENGALERIE CASSANAWALD

‘ NORMALQUERSCHNITT OFFEN

Figure 22: Snow shed Cassanawald (constructed 1986, length 1235 m) as viewed from the
outside and inside (Photo Google Earth, 2020""), and the cross section
(Tiefbauamt / Civil Engineering Office Graubiinden, Switzerland).

Pre-cast concrete arch: Arching, pre-cast concrete structures have been used for avalanche
protection since 1981 in Norway'?. When using these design methods, the soil backfill
represents the main supporting element for the distribution of static load. As general guidance,

" Google Maps, 2020. Street view, E43.
https://www.google.com/maps/@46.5387661,9.2310071,3a,75y,283.05h,82.64t/data=!3m6!1e1!3m4!1sroBOkeOMgE_JvgF_RPkQx
g'2e0!7i13312!8i6656

12 Statens vegvesen (Norwegian Public Roads Administration), 2014. Handbok V138 - Veger og sngskred. In Norwegian.
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it is recommended that these structures have at least 2.5 m depth of fill, and that the fill width
is equal to the height of the structure (i.e. a fill ratio of 1H:1W). It is also critical than the entire
structure is covered by fill, as a circular cross-section is weak in shear and should not be
subjected to horizontal loads beyond the static earth fill pressures. Statens vegvesen (2014)%3
suggests that it is therefore best to locate these structures in lower angled avalanche paths, or
towards the end of the runout zone. If located within a stream channel, then the fill also needs
to be resistant to erosion, and the structure should be sealed to prevent water entering the
shed.

The snow sheds along the Fv91 road near Svensby, Lyngen, Norway are good examples of pre-
cast concrete arch design, with similar 320 m and 160 m snow sheds located within 1 km of
each other. The longer snow shed also has guiding berms to protect both portals (Figure 23).
Neither of these two snow sheds have mechanical ventilation, but both have artificial lighting.

Primae Fylkesveg:01(e) (OlprimznFylkesveg 91
—_— >

Figure 23: A snow shed near Svensby, Lyngen, Norway using a pre-cast concrete arch and
backfill design. The guiding berm can be seen in the Google Earth Image Photo:
Jordy Hendrikx and Google Maps, 20204

13 Statens vegvesen (Norwegian Public Roads Administration), 2014. Handbok V138 - Veger og sngskred. In Norwegian

14 Google Maps, 2020. Street view, Fv91 Svensby. Lyngen, Norway.
https://www.google.com/maps/@69.5887411,20.1034967,3a,75y,86.92h,90.69t/data=!3m6!1e1!3m4!1spNXm73CxbstnZT6CySalLq
w!2e0!7i13312!8i6656
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Corrugated Metal Pipe (CMP) snow shed: While Corrugated Metal Pipe (CMP) is commonly
used for culverts, stock under passes, and short sections of highway underpass, similar to the
precast concrete arch snow sheds, Norway has been using CMP or ‘korrugerte stalrgr’ (in
Norwegian) for avalanche defense since the 1980’s. Like the concrete arch design, the backfill is
a critical component of the overall structure, and needs to provide the strength for the
distribution of the loads. These resulting structures are often termed soil-steel composite
bridges (SSCB). The Statens vegvesen (Norwegian Public Roads Administration), 2014 guidelines
for construction of SSCB support the use of CMP for avalanche protection, provided that the
maximum longitudinal ground surface slope of 10% is extended to at least three times the span
from the steel pipe/arch edge (i.e. require a low angled slopes above the structure, as a
function of the structure width). This may in some cases increase the construction costs to
undesirable limits, making the choice of SSCB in such cases less competitive to other
conventional alternatives.

The 130 m long snow shed near Elvevoll in Troms, Norway®® and the 300 m snow shed near
Olden, Vestland, Norway provide two examples of CMP snow sheds. The shorter snow shed
protects the roadway from a single avalanche path, protecting the road for the expected width
of this path (Figure 24). The longer snow shed covers the road for a number of unconfined
avalanche paths, and the snow shed only covers the lane closest to the avalanche paths. This
CMP snow shed replaced an older solid concrete snow shed, which also only covered one lane,
but was approximately 100 m shorter in length. In both cases these roads are considered low-
traffic roads by the Norwegian Public Roads Administration. Note that these two sheds use
different arch designs, with the Elvevoll shed showing a high profile arch geometry, and the
Olden shed showing a more circular geometry — Wadi et al. (2016) provide a good summary of
the strength characteristics of different SSCB design geometries and their responses to external
loads.

In another example, in Bjaerang, Norway on County Road 452 in Nordland!® a CMP snow shed is
used on a seasonal road, where non-winter traffic uses an higher risk road located above the
snow shed, and is diverted to the lower, snow shed covered road in winter.

15 Google Maps, 2020. Fv868, Troms in Finnmark, Norway.
https://www.google.com/maps/@69.3524115,19.9847327,3a,75y,251.79h,82.14t/data=!3m6!1e1!3m4!1s5QY63BCv3qjm3pCw159a
Lw!2e0!7i16384!8i8192

8 Google Maps, 2020. Fv452, Bjeerang in Nordland
https://www.google.com/maps/@66.7602639,13.736839,3a,75y,277.13h,90t/data=!3m6!1e1!3m4!1sG8VdiR5Asv1RgomtgDC1AA!2
e0!7i1638418i8192
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Figure 24: A snow shed near Elvevoll, in Troms, Norway (left) and in Olden, Vestland as
examples of a CMP snow shed design. Photo from Tore Humstad and Google
Maps, 202077,

Wadi et al. (2016) using 2D finite element models demonstrated that the proximity of
avalanche deviation point has a great influence on the structural performance of these SSCB
structures, and suggested that increasing the soil cover depth could help considerably in
reducing the bending moments resulting from avalanches. While the work by Wadi et al. (2016)
improves our understanding of SSCB structures and avalanche loads, they note that their
findings are based on numerical simulations and it would be highly desirable to verify the
results with full-scale experiments on real flexible avalanche protection structures with differing
amounts of backfill, slope angles, and distance from the deviation point.

Other design considerations: While snow sheds are constructed with the primary purpose to
protect the roadway from avalanches, and function rather than form dictates the design, there
are cases where the design of the snow shed has been planned to be visually appealing.
Examples of this are the snow and rock sheds near Hamngy on the E10 in the Lofoten Islands,
Norway®®. These sheds were constructed as part of the Solbjgrnneset-Hamngy project and
were nominated for the North Norwegian Architecture Award 2016, the National Association of
Norwegian Architects (NAL) Architecture Award 2015, and received the European Concrete
Award 2016 (Winther, I., 2017) (Figure 25).

7 Olden at county road 724 in Vestland.
https://www.google.com/maps/@61.7516827,6.7939863,3a,75y,197.34h,88.87t/data=!3m6!1e1!3m4!1sSd79k-
aitHV7BRT6YVZ0hQ!2e0!7i16384!8i8192

18https://www.goog|e.com/maps/@67.9646788,1 3.1658961,3a,75y,269.49h,91.41t/data=13m6!1e1!3m4!1sDk389KryYXMTklgkRovk
0g!2e0!7i16384!8i8192
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Figure 25: The snow sheds as part of the Solbjgrnneset-Hamngy project. Photo: Tommy
Johannesen (Winther, 1., 2017) left; and Photo: Jordy Hendrikx, right.

The following are translated quotes from Knut Hjeltnes, the architect for the project:

“Our goal has been to tone down the masses visually and emotionally, while at the same
time feeling safe. And we have tried to use the situation, to drive along the sea. We
wanted it to be open, giving people the feeling of being down in the shore and taking
away the view as much as possible. The guide wall that faces the terrain is formulated
with corrugated iron. It gives a light play and a kind of softness in the concrete. There
are pedestrians and cyclists here as well, so it is important that the concrete feels soft
when it is close to the body. We have tried to make it softer, softer and a little more
playful than what a superstructure is often.”

And with respect to special design considerations:

“To open it to the view, we have done two things. One is that we use steel columns
despite the fact that it is a concrete structure, which allows the columns to be made
thinner. The second is that we have used a glass railing out to the sea, to prevent snow
drift and the recurrence of rocks and snow in the roadway”

This project provides an example where the protection structure can both provide design level
protection, but also integrate into the environmental context of the specific location.

In addition to structural design elements that enhance the visual appeal of snow sheds, artistic
design elements can be used to enhance the aesthetics and blending in with the natural
environment. For example, the Great Bear snow shed on the Coquihalla Highway, British
Columbia, includes bear images in the textured concrete wingwalls which can be observed on
both shed approaches (Figure 26). Some jurisdictions also require specific concrete color(s) or
texturing that blends in with the natural environment and geology (e.g. Washington State DOT,
Architectural Design Guidelines 1-90 Snoqualmie Pass East, 2008). Landscaping can also be used
to enhance the design, including the use of locally sourced rock and vegetation (Figure 27).
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Figure 26: The Great Bear snow shed on the Coquihalla Highway 5, British Columbia,
showing the addition of artwork in the concrete wing walls. Photo: R. Buhler.

Figure 27: Wildlife overpass on Highway 1 near Lake Louise, Alberta, showing the addition
of architectural design elements to the entry, including stacked boulders, trees
and vegetation. Similar design elements can be used for snow sheds to
enhance the visual appeal and blending in with the natural environment.
Photo: Google Maps, 2020.
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4.3 Construction and Maintenance costs:

Construction costs for snow sheds vary by length, design, location, and jurisdiction. In general
longer snow sheds will have higher total costs, but lower unit costs per length relative to
shorter snow sheds. Likewise, solid concrete snow sheds are more expensive than timber or
CMP snow sheds which use less (or lower cost) materials.

Direct comparisons of costs between international examples and the USA and Canada are
problematic due to a wide variety of differences in final project costs, including material, labor
and compliance costs. Accordingly, the costs presented in Appendix A and the most recent
snow shed proposal as outlined in Section 8 will provide the most accurate assessments of
estimated construction costs.

However, from international examples we can infer some relative costs as a function of snow
shed design. According to Wadi et al. (2016), the average estimated construction cost of a
conventional concrete snow shed can range between 20,000 and 30,000 Euro per meter length
(F6hn and Ammann, 1999; Schellenberg, 2009), or approximately USS 37,000 to USS 54,000 per
meter, or approx. US$11,300 per ft to US$16,400 per ft (based on current exchange rates and
accounting for inflation from 1999 to 2020). This comparison yields a lower cost per length than
current and adjusted cost estimates from North American projects as shown in Appendix A.
Part of this lower cost may be the much larger number of snow sheds that are installed in
Europe compared to North America, which typically results in increased local expertise in
design and construction, and resulting lower costs in competitive tenders.

With respect to overall design, The Norwegian Public Roads Administration (Statens vegvesen),
(2014) note that, where conditions allow for the use of a culvert style snow shed (typically using
CMP), that the price per meter of length is significantly lower than for traditional concrete
structures. However, they also stress the requirement to ensure that the CMP is not subjected
to heavy loads at their ends, and suggest that any snow shed using CMP should be a minimum
of 5-10 m longer at each end than an equivalent concrete structure. As an example, for a 100 m
long shed, this would result in an increased length (and thus relative cost) of 10-20% compared
to the comparable concrete snow shed that has a greater tolerance for shed portal overspills.
Therefore, CMP snow sheds present the greatest cost efficiencies when considered over longer
lengths. Vaslestad (1990), who examined only shorter drainage culverts (5-30 m), rather than
longer avalanche protection structures found a 46% reduction in costs using CMP when
compared to concrete culverts. Similar reductions in construction costs have been reported by
Kjgniksen et al., 2018. Based on these assessments, and where the location is appropriate (i.e.
sufficiently long shed and located in the runout zone, not in the avalanche path track), CMP
snow sheds are likely to result in costs around 20-25% of comparable traditional concrete snow
sheds with respect to their construction costs.

While construction costs should be carefully considered, so too should the lifetime
maintenance, operational and compliance costs. The design of the snow shed can significantly
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impact these, especially the operation and compliance costs if lighting, ventilation and
emergency response (and egress) are required that are similar to tunnels.

Furthermore, after a snow shed is constructed they are exposed to rapid ageing and wear and
tear due to the extreme environmental conditions (effects) and function, which results in a
limited service life (Rudolf-Miklau et al., 2008). Mitigation structures can fulfil their protective
functions over the entire scheduled life cycle only if they are regularly monitored and
maintained during their use, or by the use of major rehabilitation measures in the latter stage
of the structure design life. This is especially important for concrete structures that can be
impacted from both environmental loads (e.g. snow and avalanches) as well as vehicle loads
(e.g. from impact with structure).

Consideration should also be given to the natural environmental conditions and the potential
interaction with the structure materials and reduction of design life. Construction of sheds near
sea level needs consideration of potential corrosion of steel elements (e.g. multi-plate steel
arch structures). Similarly, concrete sheds can deteriorate due to interaction with ground and
surface water, so appropriate consideration needs to be given to the geochemistry of the local
soil and water conditions. This is no different than bridge design, and building codes will
provide appropriate guidance regarding these design elements.

Further details on design and operational considerations are presented in Section 7.

4.4 Damage:

Damage to the load-bearing construction of avalanche galleries is relatively rare (Rudolf-Miklau
et al., 2008), but is to be expected over the lifetime of the structure. Damage can occur due to
unforeseen or under-estimated effects such as vertical avalanche impact, rockfall impact,
impact by vehicles, or as a result of suction forces. An example of this include an April 2009 wet
snow avalanche that damaged the roof of the avalanche gallery Val Pischét in Switzerland. This
snow shed was built in the 1920’s and the avalanche fell almost vertically onto the roof,
resulting in a partial collapse (Rudolf-Miklau et al., 2008). Similarly, Conway et al., (2000) report
an avalanche with an estimated impact pressure of 650 — 700 kPa (13,600 — 14,600 psf) that
resulted in the collapse of the Eastern portal structure on the Milford Road in New Zealand
(Figure 28).

Another documented example of damage from an avalanche is from the February 1999
avalanche cycle in Switzerland, where an avalanche generated suction forces that resulted in
the removal of two glass elements on the downhill (valley) side of the snow shed on the Salezer
Gallery in Davos, Switzerland (Figure 21). These glass elements were designed for a forces of 6
kPa (125 psf) (Rudolf-Miklau et al., 2008).
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Figure 28: An avalanche on October 7, 1996 damaged the east portal of Homer tunnel.
Impact pressures of 650-700 kPa were estimated, and resulted in damage to
the reinforced-concrete portal structure (Conway et al., 2000).

Vehicular damage has also been documented, and while this can yield fatal results (e.g. Harrap,
2020), the structural damage is more commonly only surficial to the superstructure or
supporting members, and does not result in the collapse of the snow shed. The most common
damage to avalanche galleries is concrete spalling, corrosion of the reinforcement (especially
when it’s exposed due to loss of concrete due to spalling), water penetration or defective
drainage systems. The waterproofing systems and the concrete cover for the reinforcement of
older galleries typically do not meet the current state of technology with respect to drainage
(Rudolf-Miklau et al., 2008).
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5. Overview of relevant US federal and Canadian regulations for
consideration

While the international examples presented in the previous section provide relevant and useful
information, these need to be considered through the perspective of local, regional and federal
regulations before they can be applied to a North American setting. The following section
presents an overview of the relevant US federal regulations as they apply to snow sheds.

5.1 United States
The US Federal Highway Administration (FHWA) in its National Tunnel Inspection Standards
(NTIS), defines a tunnel as:

“An enclosed roadway for motor vehicle traffic with vehicle access limited to portals,
regardless of type of structure or method of construction, that requires, based on the
owner’s determination, special design considerations to include lighting, ventilation, fire
protection systems, and emergency egress capacity.” *°.

Consistent with that view, the National Fire Protection Association (NFPA, 2017) defines a road
tunnel as:

“An enclosed roadway for motor vehicles with vehicle access that is limited to portals.”*°

This indicates that snow sheds should be considered as road tunnels with respect to their
special design considerations. NFPA 502 is therefore the main reference for special design
considerations for snow sheds. NFPA 502 requires a holistic, multidisciplinary engineering
analysis of the fire protection and life safety requirements for a road tunnel regardless of the
length of the tunnel.?

Therefore, if we consider snow sheds as road tunnels and that the requirements in NFPA 502
are applicable, we must consider at least the minimum requirements (provisions). These
minimum requirements are classified as:

(1) “mandatory requirements” which are prefaced with the word shall, meaning that
they are the standards, and;

(2) “conditionally mandatory requirements” which are requirements, but confirmation is
based on the results of an engineering analysis.??

"9 Title 23, Code of Federal Regulations (CFR) Part 650, Bridges, Structures, and Hydraulics, Subpart E, National Tunnel
Inspection Standard, Section 505, Definitions

20 NFPA 502, Standards for Road Tunnels and Other Limited Access Highways, 2017 Edition
21 NFPA 502, Section 4.3.1
22 NFPA 502, Section 3.3.39
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The minimum requirements based on tunnel length are as follows, where, underlining indicates
the minimum provision for each length category:

Category X (L < 300 feet) — Where the tunnel length (L) is less than 300 feet, an
engineering analysis shall be performed for fire protection and life safety requirements,
an evaluation of the protection of structural elements shall be conducted, and traffic
control systems shall be installed.

Category A (L 2 300 feet) — Where the tunnel length (L) is equal to or greater than 300
feet, an engineering analysis shall be performed for fire protection and life safety
requirements, an evaluation of the protection of structural elements shall be conducted,
and traffic control systems shall be installed. In addition, a water supply and standpipe
system shall be installed.

Category B (L 2 800 feet) — Where the tunnel length (L) is equal to or greater than 800
feet and the maximum distance from any point within the tunnel to a point of safety
exceeds 400 feet, all provisions of NFPA 502 shall apply unless noted otherwise.

Category C (L 2 1,000 feet) — Where the tunnel length (L) is equal to or greater than
1,000 feet, all provisions of NFPA 502 shall apply unless noted otherwise.

Category D (L 2 3,280 feet) — Where the tunnel length (L) is equal to or greater than
3,280 feet, all provisions of NFPA 502 shall apply.

A description of these minimum provisions of NFPA 502 is provided as follows:

Protective measures (in addition to life safety) needed to prevent progressive structural
collapse and mitigation of structural damage

Traffic-control devices at the approaches to the snow sheds and within the snow sheds
Fire-detection and alarm systems

Two-way communications

A water connection to local water infrastructure

Dry pipeline and dry standpipes in the snow sheds

Portable fire extinguishers

Fixed water-based fire-fighting systems

Tunnel drainage systems

Means of egress

Electrical systems and emergency power
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However, according to NFPA 502, where a roadway is not fully enclosed, as would be the case
for a three-sides open snow shed, the decision by the “authority having jurisdiction” to consider
the roadway as a road tunnel shall be made after an engineering analysis is performed.?3

According to the Utah Department of Transportation?*, the term “authority having jurisdiction”
is a broad term, since jurisdictions and approval agencies vary, as do their responsibilities.
Where public safety is a primary consideration, the authority having jurisdiction might be a
federal, state, local, or other regional department or individual; or others having statutory
authority.?

While in some cases snow sheds should be considered as road tunnels, FHWA provides owners
with flexibility regarding whether to consider rockfall sheds, snow sheds, and other three-sided
structures as highway tunnels as they relate to the inspection requirements in the National
Tunnel Inspection Standards?®. Specifically, they state:

“Some structures, such as rock sheds and snow sheds, are built to protect the highway
from falling debris. In addition, there are other three-sided structures that are similar to
rock or snow sheds. If these structures do not align with the description and function of
traditional highway tunnels ( as described in point #1 of their memorandum) or other
highway tunnels (as described in point #2 of their memorandum), they are not tunnels
and the NTIS is not applicable to them even if they have lighting, ventilation, fire
protection systems, or emergency egress capacity. However, the FHWA strongly
encourages these assets be inspected at some regular interval in the interest of public
safety. The inspections are eligible for Federal-aid funding under either the NHPP or the
sTp” 7

And they conclude in their guidance that:

“There are many unique structures and situations on our highways and all of them
cannot be represented in this guidance. If there is a question on the proper classification
of a structure as a tunnel, the Division office should work with its Bridge Safety Engineer
and the State transportation department, federal agency, or tribal government to make
a determination that is in accordance with the NTIS. However, when this guidance
indicates that a structure does not meet the definition of a highway tunnel, the State
transportation department, federal agency, or tribal government has the discretion to

23 NFPA 502, Section 7.2.1

24 Draft Snow Shed Concepts. Little Cottonwood Canyon Environmental Impact Statement S.R. 210 - Wasatch Boulevard to Alta.
Utah Department of Transportation. May 11, 2020. https://littlecottonwoodeis.udot.utah.gov/wp-content/uploads/2020/06/LCC-EIS-
Alternative-Screening-Report-2020-05-21 AppendixJ.pdf

25 NFPA 502, Annex A, Explanatory Material, Section A3.2.2

26 FHWA, Informational Memorandum, Guidance on Structures Subject to the National Tunnel Inspection Standards, October 2015.
https://www.fhwa.dot.gov/bridge/ntis/151027.pdf

2T FHWA, Informational Memorandum, Guidance on Structures Subject to the National Tunnel Inspection Standards, October 2015.
https://www.fhwa.dot.gov/bridge/ntis/151027.pdf
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classify the structures as a highway tunnel, inspect it according to the NTIS, and include
it in the NTI”

In summary, the regulations for snow sheds in the USA remain somewhat variable, and are in
part a function of the snow shed design, and the “authority having jurisdiction”. Therefore, it is
recommended that any agencies proposing a snow shed should consult with their Bridge Safety
Engineer and the State transportation department, federal agency, or tribal government to
make a determination that is in accordance with the NTIS.

5.2 Canada

The two primary standards in Canada that are used by structural engineers for the design of
snow sheds include the National Building Code of Canada (NBCC 2015) and the Canadian
Highway Bridge Design Code (CHBDC) (CSA, 2019). The Transportation Association of Canada
(TAC) publishes the Geometric Design Guide for Canadian Roads (TAC, 2017), which is the
primary source for basic design principles for Canadian highways, including highway geometry.

In some jurisdictions (e.g. British Columbia), the provincial government supplements the federal
government design documents with the preferred recommended practice for use on provincial
transportation projects. For example, the BC Supplement to TAC Geometric Design Guide for
Canadian Roads (BC MOTI, 2019) supplements the geometric design guidelines in TAC (2017),
the BC Building Code (BCBC, 2018) supplements NBCC (2015) with provincial regulations
specific to British Columbia, and The BC MOTI Bridge Standards and Procedures Manual (BC
MOQOTI, 2016) is an older document (with updates in 2019) that provides a supplement to the
CHBDC (CSA, 2019).

The National Building Code of Canada (NBCC 2015) is the basis for many local building codes in
Canada, including the British Columbia (BC) Building Code. This code is based on principles of
probability-based limit states design. Common values of the “reliability index” B as a measure of
probability are in the range of 3.0 to 3.5 and higher for a 50 to 100 year design life, where  can
be taken as the number of standard deviations that the safety margin exceeds zero, or that the
safety factor exceeds one. The NBCC (2015) also provides provisions for seismic events with a
return period of 2400 years, corresponding to a probability of exceedance of about 0.02 in 50
years.

The Canadian Highway Bridge Design Code (CHBDC) applies to the design, evaluation, and
structural rehabilitation design of fixed and movable highway bridges in Canada. Snow sheds,
being essentially bridge structures, are typically designed according to this design code. CHBDC
and has set a target of B of 3.75 for a 75-year structure life for traffic and other live loads. The
CHDBC provisions apply peak ground acceleration values that correspond to a 475-year return
period event for seismic design provisions. Structural design of snow sheds in Canada should be
performed using the Limit State Design approach of the CHBDC.
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In accordance with Section 1.1.1 of the CHBDC (CSA, 2019), any structures subject to
mountainous terrain effects (e.g. avalanches, rockfall) specifies that specialist(s) be retained to
review and advise on the design and to ensure that the applicable requirements of other codes
are met.
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6. Snow and avalanche load considerations and methods

There are no explicit guidelines or regulations that can be applied to determine avalanche
design loads on snow sheds in the USA or Canada.

In lieu of this, an avalanche expert is typically engaged, and an assessment of the snow and
avalanche loads is undertaken. The resulting avalanche loads are then conveyed to the
structural design engineer who determines how the loads will interact with the structure, and
the corresponding structural response. Load (safety) factors are typically specified by the design
structural engineers with consideration of the numerous other design loading considerations
(e.g. dead loads, seismic loading, rockfall). While the assessment of snow and avalanche loads
can be undertaken using a variety of approaches, the Swiss guidelines for snow sheds
ASTRA/SBB (2007) are widely considered to be one of the leading approaches, and have been
applied for the recent load consideration for the proposed snow sheds in Little Cottonwood
Canyon, Utah (Dynamic, 2018a; 2018b; 2019) and for re-assessment of loads on snow sheds in
Roger Pass, Canada (Dynamic 2018c).

We present a more detailed presentation of these methods below.

6.1 Swiss guidelines

The methods outlined in the Swiss guidelines for snow sheds ASTRA/SBB (2007) have been
widely applied in Switzerland, USA and Canada for determining potential snow and avalanche
loading on snow sheds. These guidelines are also well summarized in Margreth and Platzer
(2008).

6.1.1 Design case
The Swiss guidelines define the normal variable action (30-year) and design accidental action
(300-year) cases for determining loads acting on sheds. The equivalent of 300-year design
loadings are typically used for design purposes. However, in practical terms, the 300-year
avalanche is considered equivalent to the 100-year avalanche typically applied for design of
avalanche protection structures in Canada. Probabilistic methods would need to be applied to
provide a reasonable, scaled value for the 300-year event, but this is often beyond the scope of
work for snow shed loading analysis. In this case, 100-year event loading may be applied
combined with suitable safety or load factor(s) in the design.

The Swiss guidelines provide 8 load cases for typical actions on sheds resulting from snow and
avalanches (Table 2); Cases 1 through 4 are generally the determining cases for most snow
sheds. Case 8 is typically not considered due to site geometry, but would be evaluated for
especially steep terrain such as the Milford Road in New Zealand where plunging avalanches
can occur in some paths.

Typically, two types of avalanche events are considered for the design avalanche event for all
cases:
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¢ Dry, flowing avalanche. This event will have the highest speed and direct impact

pressure on the roof of the structure (e.g. Case 1), but has lower overall densities.

e Wet, flowing avalanche. Will have lower speeds and thus is not considered as significant

as a dry avalanche with respect to direct impacts. However, the mass of large, wet

avalanche deposits need to be considered for Cases 3 and 4 since a large wet avalanche

could stop on top of the shed, while a large, dry avalanche might continue flowing over

the shed.

Table 2:

Load cases to determine the actions induced by snow and avalanches.

(Modified from ASTRA/SBB, 2007).

Case 1: Avalanche slides on
structure without snow
deposit (bare ground)

Case 2: Avalanche slides on
structure covered with snow

Case 3: Avalanche slides on
structure covered with
avalanche deposits

Case 4: Large avalanche
deposit on structure

Case 5: Static snow pressure
on the outside wall of the
shed

Case 6: Dynamic avalanche
pressure on the outside wall
of snow shed

Case 7: Show pressure on roof

Case 8: Avalanche impact on
the roof of the snow shed

This situation could occur early in the winter when there is no
snow at the corridor level. This is a potential design case as it
results in highest shear forces on the roof of a structure.
Similar to Case 1, however the weight of the natural snow cover
has to be added. This is typically not a critical loading case since
Case 3 (both natural snow and deposits) generally produces
higher loads.

Involves an avalanche flowing over both snowfall (Case 2) and
previous avalanche deposits. This is often a design case for
many sites.

Includes the static mass of multiple avalanche deposits at rest,
plus the weight of the natural snow cover. This is a possible
design case at some sites.

Essentially the same as Case 4 with the added static load of
snow pressure on the outside wall of the snow shed.

Involves a dynamic avalanche pressure on the outside wall of
the shed, which only applies to paths that could be impacted
from the opposite side of the valley

Includes the weight multiple avalanche deposits, the in-situ
snowpack and snow creep pressure on the roof. This is typically
not a critical loading case at most sites.

Loading by a plunging avalanche, which is not relevant at most
sites, but can be given the local topography and location of the
highway (e.g. Milford Road, New Zealand).

6.1.2 Reference section and geometric data
The Reference Section is defined in ASTRA/SBB (2007) as the slope section located immediately
upslope of the shed where the depth and speed of the avalanche are defined (Figure 29). This
section should be representative of the whole section up to and including the roof of the shed.
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Ideally, snow sheds are located so that the deviation point is as far as possible upslope of the
shed, a distance greater than 6 times the flow depth of the avalanche. Flow depth can vary
significantly by path and avalanche characteristics, but typically has a range of 1 to 3 m for
unconfined flow in a large avalanche path — which results in significantly increased deviation
loads for 6 to 18 m downslope from the deviation point.

Interface position - Y
q\\ l/‘
Deviation Point y v
Avalanche "
Natural snow cover a )
e y
| r.
I
Figure 29: Geometric data and initial data for the interface position for flowing

avalanches (modified from ASTRA/SBB, 2007)

The deviation angle (a) is the angle difference between the top of the shed and/or fill above the
snow shed and the slope immediately above. This angle should be minimized to help reduced
the deviation forces. This is typically achieved by having a sloping roof or by backfilling on top of
the snow shed roof.

B is the slope of the shed roof (e.g. a level roof has B = 0°). A flat roof reduces the amount of
material required for the shed and shortens the width, but it also increases the normal
(perpendicular) deviation forces which are proportional to cos B. Other geometric data used for
calculating forces on the shed are listed in Table 3 (below) and shown in Figure 29 (above).

Table 3: Geometric data for calculating forces on the shed.

Symbol  Units Description

dc [m] Flow depth of avalanche (determined from dynamic avalanche models)

VL [ms] Velocity of the avalanche (determined from dynamic avalanche models)

b. [m] Flow width of avalanche (determined from the topography and field
observations)

da [m] Total thickness of snow deposits (assumed based on site characteristics)

ds [m] Depth of natural snow cover (determined from climate analysis)
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Additional geometric variables include inclination and width of the starting zone and track, and
the width of the shed, which are typically determined by analysis of topographic (e.g. LiDAR)
data, field observations, and construction plans.

6.1.3 Evaluation of forces acting on structure
ASTRA/SBB (2007) provides a method for calculating the forces acting on a shed. The typical
values for volumetric loads (density) and average friction coefficients depend on the terrain
characteristics and expected avalanche flow characteristics. Avalanche flow densities and
natural snow cover density used need to be adjusted for each specific location. For many
intermountain and continental regions in the USA, values comparable to the 300-400 kg m3
values as suggested in ASTRA/SBB (2007) are suitable for fully developed large avalanches in
thick snowpack areas. Higher values may need to be used in maritime regions, and should be
guided by observations of snowpack densities. Friction coefficients are typically assumed to be
as described in ATRA/SBB (2007) (0.20 < p < 0.55), but can vary depending on the site
characteristics (Table 4).

Table 4: Specific weights and coefficients of friction for different types of snow and
sliding surfaces (ASTRA/SBB, 2007)

Snow type Specific weight (kN/m”)
Sliding dry snow avalanche y.=3.0
Sliding wet snow avalanche =45
Natural snow cover vs=4.0
Avalanche deposit ya=5.0

Coefficient of friction p

Sliding surface

Dry snow avalanche Wet snow avalanche
Snow cover 0.20 0.35
Smooth surface (e.g. concrete, grass) 0.25 0.45
Rough surface (e.g. scree) 0.35 0.55

Table 5 lists the formulae used for calculating the forces on structures for Case 2, applied
perpendicular (normal) and parallel to the ground surface. Forces due to the snow cover (qns,
gps) and avalanche deposits (gna, qpa) are static loads, while those from the weight of the
flowing avalanche (gnt, gpL) and deviation forces (gnu, gpu) are considered dynamic loads. The
static and dynamic loads are presented separately.
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Table 5: Forces acting on the top of a shed (Excerpted from ASTRA/SBB, 2007).

Action Perpendicular to the Parallel to the ground

ground surface surface
Natural show cover gns =y ds cosfi gps = gns tanf [kN/m?]
Avalanche deposits Gna =y dacosf gea = gna tanf [kN/md
Flowing avalanche gn. = y dLcosf QoL = j gL [kN/m7]
Deviation forces (e.g. fig. 8.4) 2 . Qou = i gnu [kN/m?]

y-d,-v,” -sina
an - 6 d
dp- g
g=981ms’

If required by the site and structure geometry, an increased deviation force of 4 gnu may need
to be assumed to act over a slope distance of 1.5 d, from the deflection point. Deviation forces
(gnu and qgpu) will act over a slope distance 6d, from the deflection point. Beyond this length the
remaining forces include the natural snow cover (qgns, gps), weight of avalanche deposits where
applicable (gna, gpa), and weight of the flowing avalanche (gnt, qpL).

The resulting transverse force distribution across the top of the top of the shed structure may
include up to three transverse loading zones (Figure 30):

M

e Zone 1 (gnz1, qpz1) — Area with increased deviation force after the deflection point

e Zone 2 (gnz2, qpz2) — Deviation force zone
e Zone 3 (gnz3, gpz3) — Avalanche flow past deviation zone

Increased deviation force
after the deflection point 4 g,

Deviation force q,,

Figure 30:

Deviation force zone and distribution of deviation forces (modified from

ASTRA/SBB, 2007). When planning snow shed construction and design,
construction in zone should be avoided if possible, as this is the area of the
greatest deviation force and overall loads.

MONTANA

STATE UNIVERSITY

DYNAMIC

Synthesis Report on the Use and Design of Snow Sheds to
Protect Transportation Corridors Against Avalanches



M

62

For many snow sheds, only Zone 2 (6d.) and Zone 3 values need to be considered since many
snow sheds have substantial low-angle backfill and up-slope colluvial fans, such that they are
located well beyond the increased deviation force, Zone 1. However, sites with very steep
terrain, or with sheds located higher in the path, may need to consider forces in Zone 1.

6.1.4 Effect of Rock and /or Trees in Flowing Avalanche
As most locations, there is a low likelihood that design rockfall and avalanche events will occur
concurrently, partly because the most likely time for a design avalanche to occur is during the
winter months (e.g. December through April in the Northern Hemisphere), which is typically the
least likely time for a design rockfall event due to cold ground conditions. Thus, the combined
probability of these two events will be lower than the probability of a single design avalanche
or rockfall event. The Swiss guidelines simply state that for structures exposed to avalanches
and rockfall, one does not consider these actions as simultaneous. Rockfall loads should be
calculated separately, and this document does not provide guidance on these methods.

However, there is potential for rocks and trees to be entrained within a flowing avalanche,
potentially increasing the peak loading at the structures because the densities of rocks and
trees greatly exceed that of flowing snow. Estimating the potential effect of a rock and/or tree
within a flowing avalanche is very difficult and typically not considered explicitly in loading
estimates; this effect is normally accounted for in the structural design within a bulk load factor
or factor of safety (FOS), or by increasing the input flow density (i.e. specific weight) to account
for the uncertainty. Previous snow shed projects that the authors have been in involved in have
used a FOS in the range of 1.1 and 1.5.

6.2 Example loads

The resulting loads on the structure depend on the load cases as described above in Section
6.1, the design avalanche event, the snow climate, and the specific avalanche path and location
of the snow shed relative to the path.

Margreth and Platzer (2008) present typical loads on snow sheds (total load due to avalanches
and snow deposit) from SLF consulting reports in Switzerland (Table 6). These loads show a
range of values, comparable to the design loads as presented in Appendix A, for North
American snow sheds.

From Table 6 it can be observed that 300-year Normal (gn) loads can vary anywhere between
15 and 90 kN/m?, while the corresponding Parallel (gp, or shear) loads can vary between 3 and
20 kN/m2. The Parallel loads are typically in the range of 10-25% of the corresponding Normal
load, which is a function of the shed geometry and terrain located immediately upslope of the
shed. These significant parallel loads also illustrate why full earth fill cover is needed for
CMP/multi-plate structures, which are vulnerable to horizontal (shear) loading. Section 3.7
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highlighted this effect for the Parks Canada Pioneer snow shed which was shifted out of
position during the first winter of construction due to uneven backfill distribution across the

plates.
Table 6: Typical loads on snow sheds (total load due to avalanches and snow deposit)
from SLF consulting reports in Switzerland (Margreth and Platzer, 2008)
Location Site characteristics, | Load Variable action (30 y.) Accidental action (300 y.)
observations case Normal q, Parallel q, | Normal g, Parallel g,
Val Chasté, | Large avalanche, gully, return | 3 43 kN/m’ 7 kN/m’ 73 kN/m’ 12 kN/m?
Tschlin period 2 y., deposit height 7 2 3 2 )
m. 1o defieation. 4 | 50kN/m 7kN/m® | 74 kN/m 11 kN/m
Taverna, Multiple ~ avalanche events 3 38 kN/m’ 9 kN/m’ 60 kN/m’ 15 kN/m?
Davos from both valley sides, no 3 3 S =
deflection. 4 54 kN/m 12kN/m* | 88kN/m”> | 20 kN/m’
Camp, No  multiple  avalanche | 2 11kN/m* | 2kN/m* | 23 kN/m’ 6 kN/m’
Vals events, unconfined flow, 15° 2 > > 2
deflection. 4 10 kN/m 2 kKN/m 15 kN/m? 3 kN/m
Sechorn, No  multiple  avalanche | 2 11 kN/m’ 2kN/m* | 15kN/m’ 3 kN/m’
Davos events, unconfined flow, no 3 3 5 3
deflection. 4 20 kN/m 4kN/m’ | 27 kN/m’ 5 kN/m
Val  Ota, | Small avalanche, steep track, | 2 24 kN/m’ 5kN/m* | 36 kN/m’ 8 kN/m’
Susch deflection 20°, small 3 3 3 3
avalanche deposit. 4 15 kN/m 4kN/m* | 24 kN/m 7 kN/m
Cozz, Small avalanche, deflection | 2 25 kN/m’ 3kN/m* | 36 kN/m’ 5 kN/m’
20°, retu iod 10 y.
Mesocco retun peroc 1Y 4 | 30kN/m® | 3kN/m’ | 40kN/m’ | 4 KkN/m®
Lant, Large avalanche, multiple | 2 51 kN/m’ 7kN/m”> | 74 kN/m’ 9 kN/m’
lanch, ts, lized
Mesocco | Svaanehie events, eantzet | S0kN/m | 4kN/m® | 8OKN/m® | 7 kN/m
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7. Summary of design and operational issues associated with snow sheds

When applied effectively, snow sheds can offer some of the highest avalanche risk reduction of
all the long-term mitigation options. However, in some applications, snow sheds have
disadvantages and can increase the risk in other areas aspects of the highway design and
performance, especially related to traffic flow and traffic accidents. Some of the issues
presented below can be compounded, which can further increase the risk to the travelling
public and the frequency of traffic accidents.

The Great Bear snow shed in British Columbia, Canada, is an example of a snow shed that is
highly effective at reducing the avalanche risk to highway traffic essentially to zero, but which
also has a well-documented history of vehicle accidents related to the presence of the snow
shed and its associated design and operations issues. These issues include a steep grade,
horizontal road curvature (and super elevation), lighting and icing issues. These problems are
compounded with high vehicle speeds (75 mph / 120 km/h maximum), but also with slow
moving trucks due to the steep grade, and relatively high traffic volumes. These issues have
prompted BC MoTl to consider the removal of this snow shed, especially considering the
upcoming rehabilitation work that will need to be completed in the upcoming 10-20 years as
the shed approaches 45-50 years old.

The following section presents an overview of the key design and operational considerations.
The majority of these examples are from British Columbia in Canada due to their relevance for
North America, and long history of snow shed use.

7.1 Road grade

In applications where a snow shed is built on a steep road grade or adjacent to a steep road
grade, a snow shed can create serious problems for traffic flow which result in serious and
often fatal traffic accidents. The best example of this problem in North America is the Great
Bear snow shed on the Coquihalla (Highway 5) in British Columbia, which has an average road
grade of 8%. The posted speed limit on the Coquihalla is 120 km/hr (75 miles/hr) and the total
length of the steep road grade extends roughly 5 km (3 miles) with the snow shed near the
bottom of this hill. The snow shed results in some of traffic decelerating, especially large
transport trucks, creating congestion while traffic in the other two lanes continues at full speed
(commonly in excess of 120 km/h), resulting in multi-vehicle accidents at the portal and inside
the snow shed. This has also resulted in fires in the shed, which creates an additional
emergency response hazard with potential to damage the shed structure.

The steep road grade on the Great Bear snow shed has also resulted in additional wear on the
concrete slabs due to eastbound trucks requiring chains; this has resulted in the need for
resurfacing and issues with exposure of the heating coils beneath the grade slabs.
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7.2 Road curvature (vertical and horizontal alignment)

Road curvature may create driving hazards and can occur in both the horizontal and vertical
alignments. Curvature in both these directions cause a lack of direct sightline from the entrance
of the shed to the exit of the shed. When drivers are unable to see the exit of the shed, this
may affect their driving performance and cause issues related to rapid deceleration or drifting
out of the driving lane which can both lead to accidents. This is especially compounded when
lighting issues are present such as during a sunny day with a sharp transition from bright to
dark when entering a shed. Modern, adjustable LED lighting systems can mitigate this issue.

Curvature in the horizontal direction can result in a loss of traction, especially if there is super-
elevation on the outside of the curve, as is the case with the Great Bear shed and to a lesser
extent with the Alberta snow shed on US 160 near Wolf Creek Pass. This loss of traction related
to curvature and super-elevation is made substantially worse by the presence of icing. A
common source of accidents in snow sheds occurs when transport trucks use their brakes on
icy corners at or near the portal entry, and their trailers swing out across other driving lanes or
impact the snow shed walls or columns.

7.3 Road width and traffic separation with barriers

The three BC MoTI snow sheds east of Revelstoke are notable because they are the only
Canadian snow sheds without structural supports spanning the center of the sheds (Figure 31).
In the other Canadian highway snow sheds, the center columns act as a meridian separating the
opposing lanes of traffic. As a result, these narrow, 2-lane snow sheds have had a documented
history of head-on vehicle collisions. The most notable event occurred in the Jack MacDonald
snow shed in 2000 when a tour bus collided with a transport truck killing six and wounding at
least 2128,

Other highway snow sheds without a median barrier include the Wolf Creek Pass snow shed (3
lanes with no barriers) and Riverside snowshed in Colorado, and the (now removed)
Snoqualmie Pass, Washington snow shed which was originally a 2-lane, 2-way shed that
ultimately became two westbound lanes. Note that most of the European snow shed examples
discussed earlier in this report do not have median barriers, so may be subject to similar road
width and traffic accident issues.

The overall road width and inclusion of wide shoulders is an important consideration in modern
snow sheds, many of which now need to include consideration of bicycle and/or pedestrian
traffic. This is the case with proposed snow sheds in Little Cottonwood Canyon, Utah. The
proposed design included a 4 ft wide (1.2 m) laneway separated from traffic by a concrete
barrier which could provide pedestrian and/or bicycle access through the shed during the
winter. A similar 4 ft (1.2 m) wide bicycle path was also proposed outside of the shed for non-

28 CBC News, 2000. B.C. tour bus cleared just before accident. https://www.cbc.ca/news/canada/b-c-tour-bus-cleared-just-before-
accident-1.211417
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winter access. Many older sheds have no provision for bicycle or pedestrian access, which
increases the public risk.

Figure 31: A 2018 accident involving three transport trucks occurred in one of narrow,
undivided MoTI snow sheds east of Revelstoke (Photo: Global News, 2018)%°,

7.4 Snow shed height

Most of the Canadian highway snow sheds through GNP were built at a clearance height of

4.4 m (14’4”), except Single Bench which was built later at 4.9 m (16’1”). The three MoTI sheds
east of Revelstoke are also all 4.4 m in the eastbound direction. According to the DriveBC
Height Clearance Tool®°, these are the lowest unavoidable overhead hazards on the
TransCanada Highway between Vancouver and Calgary (exceptions include overhead signs and
overpass interchanges with on/off ramps that can be used for bypass). The standard height of a
Canadian transport truck is 4.15 m so the majority of commercial vehicles are unaffected by the
limited snow shed heights. While no recent examples of trucks or equipment making overhead
impact with the snow shed portals, there is a well-documented history of oversized vehicles

29 Global News, 2018. Trans-Canada reopened after crash east of Revelstoke; transports collide in
tunnelhttps://globalnews.ca/news/4757168/trans-canada-closed-east-of-revelstoke-transports-collide-in-tunnel/

30 DriveBC. 2020. Height Clearance Tool. https://www.drivebc.ca/cvrp/index.html
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making overhead impacts with the snow sheds and the damage can still be observed in the
Parks Canada Rogers Pass snow sheds (Figure 32). This height limitation should be carefully
considered, especially in cases such as the proposed snow sheds in Little Cottonwood Canyon,
Utah, where only one road provides access, and heavy equipment may be needed for future
infrastructure of ski are development.

Parks Canada also reports that occasionally over height trucks impact the lighting inside the
snow sheds, which requires replacement and increases maintenance costs. Given the cost of a
single replacement LED lumiere can be approximately CAD $2500 (in 2020), combined with
inspection, repair labor and materials, and traffic control, these costs are significant and need
to be considered in the annual operation and maintenance costs of the shed.

Figure 32: Overhead damage to the Tupper #1 snow shed has occurred where the original
metal arch-shaped Pioneer shed joins the flat-roofed concrete Tupper #1 shed
(Photo: Google Earth, 2020).

7.5 Lighting

Lighting, or a lack of lighting, can both create driving hazards depending on the time of day.
Originally, most of the US and Canadian highway snow sheds lacked artificial lighting systems
and relied on natural lighting through the downslope side of the sheds, which were either
completely open or partially open with wooden slats or wire mesh. During the daytime,
especially during sunny days, the transition from bright to dark when entering a shed causes a
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driving hazard. The orientation of the snow shed can also increase the hazards related to
daytime lighting when the snow shed portal is facing the south-to-west directions because
during the afternoon periods the sun may be shining directly into the drivers eyes. This is
notably a concern at the Great Bear shed where the portal is facing in the southwest direction
in the downslope (westbound) driving lanes. The result is that traffic is travelling at high speeds
down the 8% grade hill facing directly into the sun, which results in a period where drivers are
unable to see into the snow shed for the brief period until their vehicle is completely inside the
snow shed. This situation is credited for many multi-vehicle accidents.

Reportedly following the completion of lighting upgrades in Canada, the opposite situation
occurred at night where the bright lights caused a sharp transition from dark to bright. As a
result, dimmers were added to the lighting system to reduce the impact of the lights on drivers
at night. However, this dimming system apparently was not working as designed, so BC MoTI
removed approximately 50% of the lights to reduce the overall brightness in the shed. This
highlights the importance of upgraded, modern LED systems with adjustable lighting systems to
reduce the potential for vehicle accidents inside or at the shed portals. The Riverside snow shed
and Alberta snow shed both have upgraded LED lighting designed to match ambient daylight
conditions.

7.6 Icing

The temperature difference between the concrete in the shed and the asphalt outside the shed
can result in road icing, especially when drainage control around the shed is inadequate or
compromised due to lack of maintenance.

Icing can also occur when water enters the snow shed due to inadequate drainage control from
backfill at the retaining wall. This can result when the membrane barrier is compromised, or
due to build-up of sediment (clogging) of the drainage system over time.

Ice formation within or adjacent to the snow shed can result in a loss of vehicle traction and
which can lead to traffic accidents. In March 2019, icing in the Great Bear snow shed led to a
five-vehicle collision which sent two people to the hospital. The cause was reported as snow
melting from the northbound lane (uphill direction) which drained into the southbound lane
and refroze. The accident occurred when a passenger vehicle attempted to pass a slow-moving
transport truck and lost control on the ice.

To address these potential icing problems, the Great Bear shed originally included a heated coil
system underneath the concrete slab, but this system was only used for a couple years before it
was discontinued. There were several issues associated with this system, including the melt and
freeze cycles creating ponding of water and icy areas, as well as maintenance vehicles and
trucks with chains wearing out the concrete surface and exposing the metal heating coils.
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Figure 33: In March 2019, icing in the Great Bear snow shed lead to a five-vehicle collision
which sent two people to the hospital (Photo: Global News, 2019)3!.

7.7 Snow shed length/overspills

Inadequate snow shed length often results in avalanche overspills which can block the snow
shed portals. In the USA, this has been documented to occur on the US550 Riverside snow shed
in Colorado, which was only completed to the proposed Phase 1 length (out of three phases)
and has many documented overspill events (see Section 3.1 and Figure 4). In Canada, the
Tupper #1 snow shed often experiences overspills on the eastern portal and as a result (Figure
34). Parks Canada (in consultation with COWI, McElhanney and Dynamic Avalanche Consulting)
are currently (September, 2020) evaluating wing wall retrofit option that would prevent these
overspills for avalanches with a 30-year return period. However, any new wing wall would need
to be independently anchored separate from the snow shed, as it would be unable to withstand
the additional design load. A wing wall was added to the BC MOTI Lanark shed shortly after
construction following the 1963 avalanche event described below, but the wing walls had to be
constructed as cantilevered structures so that they did not increase the loads on the shed (see
Section 3.7 and Figure 11).

31 Global News, 2019. 5-vehicle crash on the Coquihalla sends 2 to hospital Sunday .
afternoonhttps://globalnews.ca/news/5043849/5-vehicle-crash-coquihalla-sunday/
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Avalanche overspills blocking a snow shed portal cause significant road closures for deposit
removal and create serious risk to the travelling public related to traffic accidents. If both
portals are blocked, such as the case with the Lanark snow shed in 1963 (Section 3.7, Figure
10), people can become trapped in the snow shed. This would also have the potential to cause
ventilation and emergency egress problems in the case of a snow shed with solid downslope
walls. In Figure 34, the large deposit was related to the overspill, while deposits observed on
the photo left are related to snow drifting and plowing (see Section 7.10) and require periodic
removal by loader, and temporary highway closures.

Figure 34: A 2007 overspill in the Tupper #1 snow shed completed blocked the shed portal
and caused a lengthy road closure while the deposit was removed.(Photo: Parks
Canada).

7.8 Back spills

Back spills are similar to overspills, but are where the avalanche debris enters the snow shed
through the downslope wall rather than from above the portal entrance. This can occur on
snow sheds with open downslope walls or with snow sheds that have wooden slats or wire
mesh. The volume of snow which ends up on the road surface is generally less substantial than
an overspill but can still create a hazard to the travelling public and cause road closures while
the debris is removed.
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Back spills are common in the GNP snow sheds which primarily have wooden slats on the
downslope walls (all except for the Single Bench snow shed). Because most of the back spills
are minor deposits, they are typically managed by passing snowplows without the need to close
the highway to remove. The primary reasons for using wooden slats or wire mesh rather than
completely closing the downslope walls is to prevent some of the back spill effects while still
allowing natural ventilation and lighting.

7.9 Snow cornices and icefall

Snow shed portals can develop overhanging cornices and ice formations which have the
potential to break off and fall onto the road surface and create traffic hazards. The preventative
removal of these cornices or ice requires road closures and can result in a recurring
maintenance cost for some snow sheds.

Cornices form when wind blows loose surface snow or snowfall over sharp transitions where it
attaches and builds horizontally causing a buildup of dense overhanging snow. This is most
common in wind-exposed mountain environments such as alpine ridgelines but can occur on
snow sheds which are exposed to winds parallel to the roadway. Snow sheds with wing walls or
parapet walls above the shed portals are generally less susceptible to cornice formation.

Margreth (2016) describes three scenarios where snow accumulation can fall off snow shed
portals. The first is as described above where an overhanging mass of cohesive cornice snow
fractures in a brittle or semi-brittle fashion. The second is where a narrow ledge or portal collar
accumulates enough snow that it releases in a toppling-manor. This is described as occurring
when the depth of the snow accumulation exceeds the width of the narrow ledge. The third
scenario is when the snow fails in a sliding mode.

The height of the snow shed portal will determine whether or not mechanical removal of
cornices or ice is feasible. Margreth (2016) describes some mitigation options, including
maintenance personnel climbing on the portals and removing the snow with shovels, which can
be dangerous and time consuming. They also propose installation of heating bands on the
portal collars at critical locations, which could have associated problems (i.e. see Section 7.6
above regarding heating resulting in icing problems), plus the ongoing operational cost of
heating. Parks Canada uses a manual method for removal of cornices from the Rogers Pass
snow sheds which involves using a crane truck with a Jersey Barrier (CRP), which is dragged
along the upper portal edge (or along the parapet where present) to remove the cornice. This
prevents having to expose workers on foot to avalanche hazards at the shed entry. This type of
operation would be conducted on average four times per winter, which has associated highway
closure times and costs.
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7.10 Snow removal

Examples of snow removal related to avalanche debris on the road are presented above
including overspills (Section 7.7) and back spills (Section 7.8) as well as cornice-fall removal
(Section 7.9). In addition to these events, snow drifting into the sheds and snow removal
around the portal entrances may be necessary (Figure 34). Similar to back spills, sheds with
open or partially open downslope walls can be exposed to snow drifting from winds blowing
loose snow into the shed, or wind may blow snow into the shed through the portal entrances
(Figure 35). Also, cross-valley powder avalanches may drift snow into the shed at some
locations (e.g. Single Bench shed in Rogers Pass, BC; proposed snow shed in Little Cottonwood
Canyon, Utah).

A routine maintenance requirement related to snow removal and sheds is removal of plowed
snow accumulation adjacent to the snow shed portals. This snow accumulation results from
snowplows as they transition from the open road surface into the sheds. This snow
accumulation has the potential to narrow the driving lane and to block signage, lighting or other
shed infrastructure.
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Figure 35: Two snow shed maintenance issues: (1) overhanging cornice snow and (2) snow
accumulation at the portal (Photo: Alan Jones)
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7.11  Structural damage to snow sheds

While damage to the loading-bearing structure of snow sheds due to impacts is rare, damage
can occur which is typically related to avalanche impacts, rockfall impacts (e.g. Figure 28,
Section 4.4) or vehicle impacts (Rudolf-Miklau, 2015).

The most common types of structural damage include concrete spalling, corrosion of the
reinforcement, water penetration and defective drainage systems. These are typically caused
by high chloride concentrations from the use of road salt, leaking dilation joints or defective
seals. The waterproofing systems and the concrete cover of the reinforcement of older snow
sheds may not be adequate and may require updating to current technologies (Figure 36).

Figure 36: Single Bench snow shed in Rogers Pass, BC showing evidence of debris and
rockfall impacts on the concrete roof slabs (Photo: Dynamic Avalanche
Consulting)

Over time, debris and vegetation can accumulate on top of snow sheds, which requires periodic
maintenance. If not completed, this can result in additional static loading (dead load) on the
shed that may not have been accounted for in the design, reduce the effectiveness of drainage
systems, and can result in deflection of avalanches (or additional debris or rockfall deposits)
towards the portal(s) (Figure 37).
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Figure 37: Debris and vegetation accumulation on top of the combined Tupper #1 (right)
and Pioneer (left) snow sheds observed in 2017. A major shed rehabilitation
program by Parks Canada has removed this debris and improved the
management of surface and subsurface water (Photo: Dynamic Avalanche
Consulting).
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8. Case study One: Proposed snow shed, Little Cottonwood Canyon, Utah, USA.

To better illustrate a number of the topics covered in Sections 2 through to Section 7, we have
prepared three case studies. The purpose of these case studies is to present examples and a
synthesis for a range of scenarios. This first case study provides an example of a proposed snow
shed in Little Cottonwood Canyon, Utah.

Location:
State Route 210 (SR-210) in Little Cottonwood Canyon (LCC), Utah, USA.

Timeframe:
Proposed. 2018 onwards.

Purpose & Motivation:

The Utah Department of Transportation (UDOT) began an Environmental Impact Statement
(EIS) in the spring of 2018 for Little Cottonwood Canyon (State Route 210 (SR-210)), and
Wasatch Boulevard in partnership with Utah Transit Authority and the USDA Forest Service to
provide an integrated transportation system that improves the reliability, mobility, and safety
for residents, visitors, and commuters who use SR-210. The EIS process aims to “...deliver
transportation options that meet the needs of the community while preserving the value of the
Wasatch Mountains”32.

UDOT were assisted in the development of the EIS by HDR Engineering (HDR) and Dynamic
Avalanche Consulting Ltd (Dynamic) was retained to provide snow avalanche services to HDR as
part of the EIS process. This EIS considers improvements to the SR-210 corridor from Milepost
(MP) 0.0 to MP 12.5, and the SR-210 Bypass Road from MP 12.5 to MP 13.6. This corridor is
affected by numerous high frequency avalanche paths that are monitored and controlled by
UDOT using a combination of temporary road closures and explosive avalanche control by
artillery, RACS and helicopter control methods.

Dynamic prepared a report for HDR that included an assessment of the Avalanche Hazard Index
(AHI) method, which was evaluated for a wider range of scenarios, both for current (2018) and
future 2050 traffic volumes (Dynamic, 2018a; 2018b). The AHI was used to evaluate the
effectiveness of the proposed improvement options in reducing avalanche risk. These options
included snow sheds as one of the potential options.

Location and design criteria:
The analysis by Dynamic built upon previous analyses along this corridor (e.g. F&P, 2006), which
indicated that the baseline avalanche hazard conditions for LCC were extremely high (as

32 Utah Department of Transportation (UDQT), 2019. Little Cottonwood Canyon, Environmental Impact Statement.
https://littlecottonwoodeis.udot.utah.gov/
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guantified with the AHI), and remain high under the current controlled conditions, i.e. the
residual avalanche risk. This high level of avalanche hazard reflects both the seriousness of the
avalanche setting, the number and size of the paths, the lack of safe waiting zones between
paths, as well as the high traffic volume.

Long-term measures are needed to further reduce the residual hazard unless a greater number
of closures can be tolerated for additional and expanded active mitigation efforts, or the
number of vehicles using the road can be substantially reduced. Using the AHI methodology,
Dynamic (2018a) identified the most critical avalanche paths with respect to the theoretical
uncontrolled, observed road events, and residual avalanche risk. They include: White Pine,
Little Pine, and White Pine Chutes 1-4, and recommended that these paths should be the
highest priority for passive long-term mitigation. This recommendation was consistent with
both Schaerer (1999) and F&P (2006) who recommended varying lengths of snow sheds at
these locations.

F&P (2006) and Schaerer (1999) proposed a total of 2485 ft (757 m) for the three snow sheds in
the White Pine Chutes 1-3, White Pine and Little Pine avalanche paths. These proposed snow
sheds would not mitigate the hazard on White Pine Chutes 4. All of these paths are located near
MP 9, just below the White Pines trail head parking area, in the lower canyon. Dynamic (2018b;
2019) used a combination of field-based investigations, historical observations, and RAMMS
avalanche modelling, and proposed slightly shorter total snow shed length of 2465 ft (751 m),
including mitigation of White Pine Chutes 4. They achieved this with the proposed addition of
guiding berms for White Pine and Little Pine paths, which shortens the overall length of the
required snow shed and reduces the likelihood of overspills at the portals.

Without guiding berms in place Dynamic (2019) proposed that the snow sheds would need to
be longer to reduce the likelihood of overtopping the snow shed entrances. They
recommended a total increase of 500 ft (152 m), with White Pine increasing from 640 ft to 835
ft (195 m to 255 m) (195 ft / 60 m increase), and Little Pine increasing from 465 ft to 770 ft (142
m to 235 m) (305 ft / 93 m increase) (Figure 38). No change was proposed in the length for the
White Pine Chutes 1-4 snow shed because guiding berms were not previously recommended,
but did recommend a 10 ft (3 m) parapet wall be included on the western end of this snow shed
to prevent avalanche snow entering the western portal.

UDOT and HDR further refined the potential location of the snow sheds by considering the
options presented by Dynamic (2019) including and excluding berms, and added a third
potential option which proposed minor roadway re-alignment and no deflection berms (Utah
Department of Transportation, 2019). They also proposed the elimination of the approximately
200 ft gap between the White Pine and White Pine Chutes snow sheds, to create one, longer
and continuous snow shed through these avalanche paths.

Given the traffic volume and projected increases, the snow sheds are proposed for a wider 3-
lane roadway (the current roadway is 2-lane), with the central lane providing the option for bi-
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directional traffic flow as a function of demand (Figure 39) (i.e. alternating traffic flow
directions during the morning and afternoon peak traffic flow periods).
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Figure 38: Little Pine RAMMS 100-year velocity (m/s), proposed snow shed with guiding
berms (dark grey) and length without guiding berms (light grey) (Dynamic, 2019).

Dynamic (2018b) used the Swiss guidelines for snow sheds ASTRA/SBB (2007) to estimate the
100-year normal and parallel loads, which are considered equivalent to the 300-year loads with
consideration of safety/load factor(s). The design case was determined to be Case 3, where a
large avalanche (10 ft / 3 m flow depth) flows over existing snow cover (15 ft / 4.5 m depth),
combined with previous avalanche deposits (13ft / 4 m depth). In addition to the design case,
they also determined that if the snow shed were completely covered by seasonal snow and
avalanche debris without snow management, a passive snow load (Case 5) to the exterior
(downhill) wall of the snow sheds should be expected for White Pine and Little Pine, and a
dynamic load (Case 6) from the adjacent side of the valley from the avalanche path Scotty’s
Bowl for Little Pine should be expected. The resultant normal loads were between 790 and 697
psf (37.7 - 33.4 kPa), and the resultant Parallel loads were between 116 to 105 psf (5.6 kPa—5.0
kPa). Passive loads were 118 psf (5.6 kPa), and the dynamic load on the outside wall on Little
Pine was 188 psf (9.0 kPa). These loads are similar to the typical range of design loads described
in Table 6 (in Section 6.2) for several Swiss snow sheds.
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Figure 39: Proposed 3-lane snow shed cross section for SR-210 (UDOT, 2019)33

Risk and residual risk

Dynamic (2018b) estimated the potential reduction in AHI and residual AHI if the snow sheds
were constructed along this corridor. They compared the 2018 AHI and residual AHI (i.e. the
current situation) to the project 2050’s AHI and residual AHI with both 2-lane and 3-lane snow
sheds. Winter time average traffic is projected to increase by 38% from 8,200 vehicle per day to
11,300 vehicle per day.

For a 2-lane snow shed, they estimated that it would provide a 41% reduction in AHl and 52%
reduction in residual AHI for estimated 2050 traffic volume of 11,300 vehicles per day relative
to the 2018 AHI and residual AHI without snow sheds (Dynamic, 2018b). For a 3-lane snow
shed, they estimated that it would provide a 24% reduction in AHI and 34% reduction in
residual AHI for estimated 2050 traffic volume of 11,300 vehicles per day relative to the 2018
AHI and residual AHI without snow sheds (Dynamic, 2018b). These estimates represent
reduction in avalanche hazard for the entire road corridor, and not just these specific paths.
The individual paths with snow sheds would be expected to have a reduction in avalanche
hazard of approximately 90-100%.

The impact of adding an extra lane (i.e. 2-lane vs 3-lane snow shed) is that the length of the
potential line of vehicles waiting due to an avalanche on the road is reduced, as it is spread

33 Utah Department of Transportation (UDOT), 2019. Little Cottonwood Canyon, Environmental Impact Statement. Avalanche
Mitigation Alternatives. https://littlecottonwoodeis.udot.utah.gov/https://littlecottonwoodeis.udot.utah.gov/wp-
content/uploads/2020/05/10265_3_LCC_Public_Factsheets_Avalanche_Mitigation_FIN_WEB.pdf
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across three lanes instead of two. However, the number of exposed vehicles that are waiting,
per length of road, has also increased. Despite this, it is clear that by increasing the capacity of
the road way, the waiting traffic component is changed, and that the residual AHI decrease for
3-lane snow sheds is less than with 2-lanes, even after the addition of the three snow sheds.

However, a wider 3-lane roadway would allow more room for turning around vehicles, which
may reduce the waiting time (the analysis used a baseline of 1 hour) for clearing of traffic from
hazard zones, but overall it was estimated that this effect should be less than the effect of
increased vehicles waiting in the 3-lane shed option.

In addition to a reduction in the avalanche hazard, it was also estimated that these three snow
sheds would result in greater than a 50% reduction in the average number of road closures and
more than a 75% reduction in average closure hours, from 56 hours in 2018 to between 2 and
11 by 2050 in an average year, with snow sheds in place. More closure time could still be
expected in extreme years.

Costs:

These proposed 3-lane snow sheds have been estimated to have costs between US $72 and $86
million depending on the exact length, alignment and whether guiding berms are used (Utah
Department of Transportation, 2019). This is based on a total length of snow shed ranging from
2465 feet (with berms) to 3194 feet (without berms and road re-alignment). This indicates an
approximate cost of US $27,000 to $29,000 per linear foot of structure (US $88,500 to $95,000
per linear meter). This is mostly comprised of the construction costs, with a planning-level
construction cost estimate for three-lane snow shed being around US $23,000 to $25,000 per
linear foot of structure3* (US $75,500 to $82,000 per linear meter), with professional services,
geotechnical explorations, an allowance for environmental mitigation, and contractor
insurance, at assumed percentages making up the difference. This demonstrates that, in
addition to the construction cost, additional services need to be considered that are on the
order of 15% of construction costs.

The unit cost for construction of the Little Cottonwood Canyon sheds is much higher (by about
double) than those described for European sheds in Section 4.3 which is approximately US
$37,000 to US $54,000 per meter, or approximately US $11,300 to $16,400 per ft. The reasons
for this large discrepancy between European and North American costs is likely due to a
number of reasons which the authors do not speculate on. However, one of the primary
reasons is likely the much larger number of sheds that have been constructed in Europe, which
is essentially a market-driven scale issue.

34 HDR, 2019. Preliminary Cost Estimate for Three-lane Snow Sheds. Memo from HDR to John Thomas, UDOT. November 20,
2019.
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Alternatives:

As part of the ongoing (August 2020) EIS process, alternatives to snow sheds are being
considered, and these include the construction of a mid-valley gondola system or increased
public transport (in combination with the construction of snow sheds) to reduce the traffic
volume .

Prior alternatives proposed by F&P (2006) and Dynamic (2018a) including a tunnel, re-routing
of the road to the other side of the valley / stream, cog rail transit, and bridges to cross the
avalanche paths, all of which are no longer being evaluated.

A more detailed description of these alternatives, and the EIS process can be accessed at:
https://littlecottonwoodeis.udot.utah.gov/draft-alternatives/

Summary:

The proposed snow sheds in Little Cottonwood Canyon, and consideration of alternative
options provides a robust example of a proposed snow shed development and the issues that
need to be considered. It also provides the most recent cost estimates for construction and
detailed analysis on risk reduction for North American snow sheds.
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9. Case study Two: Current snow shed, Single Bench snow shed, Glacier
National Park, B.C., Canada

To better illustrate a number of the topics covered in Sections 2 through to Section 7, we have
prepared three case studies. The purpose of these case studies is to present examples and a
synthesis for a range of scenarios. This second case study provides an example of an existing
snow shed approaching the end of its typical design life.

Location:
Trans-Canada Highway (Highway 1), Rogers Pass, BC, Canada

Timeframe:
1957 to the present.

Purpose / Motivation:

Initial investigations into avalanche hazards affecting the new Trans-Canada Highway 1 through
Rogers Pass began in 1956-1960, several years prior to construction in the early 1960’s
(Schaerer, 1966). The locations of the snow sheds were finalized in 1959 when the highway
grade was already under construction, so the sheds were “simply placed onto the fixed highway
alignment” — this resulted in some geometric issues (e.g. sub-optimal horizontal curves) that
contributed to traffic accidents at the sheds and still remain issues to current times. The length
of the snow sheds was determined to protect against a 10-year maximum avalanches
(Schaerer, 1966) which at that time was considered an acceptable standard — typically a
minimum 30-year return period is now considered acceptable for snow shed lengths in North
America.

Single Bench is one of five snow sheds that protect the highway against avalanches on the east
side of Rogers pass, with large avalanches that descend off either side of the valley from Mt.
Tupper (to the north) and Mt. MacDonald (to the south) (Figure 40). This area originally
included a single control bench (thus the shed name) and earthfill mounds, which were
subsequently removed. The Single Bench shed was constructed in 1978 (16 years after the
highway opened) and included a constructed channel with two earthfill avalanche guiding
berms. It was the last major avalanche defense structure constructed in GNP prior to the recent
projects during 2015-2020 (e.g. Cougar Corner snow retaining nets, Mounds stopping berm).

Parks Canada Avalanche Control Section (ACS) maintains a very active artillery control program
that controls some of the paths affecting the snow sheds, partly due to the potential for shed
overspills and back spills, and also because of powder avalanches which routinely overtop the
portals. This differs from many snow sheds that are designed so that an active control program
is no longer needed (e.g. the Great Bear snow shed on the Coquihalla Highway). All of these
sheds are aging and towards the end of their design life, with the oldest shed (Pioneer)
approaching 60 years, and the youngest (Single Bench) at 42 years. Due to their advanced age,
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all of these sheds have had significant rehabilitation work completed between 2015 and 2020,
including drainage improvements on top and upslope of the sheds, debris removal from the
shed roofs, column repairs and complete lighting upgrades to LED systems. Additionally, COWI
North America (COWI) has recently completed structural analyses of the existing snow sheds to
determine their current structural state and upcoming upgrades and maintenance needs as
they push further into their design life. Any major upgrades (e.g. replacement) would require an
expansion of the highway footprint from 2-lanes to 4-lanes, which presents challenges for
replacement, i.e. challenging design and construction in a narrow valley with multiple
overlapping avalanche paths, and thus high costs.

Figure 40: Single Bench avalanche path above the Single Bench snow shed. Single Bench
avalanche path is the main path in the center of the photo, directed over the
shed and confined by lateral guiding berms. The Mounds avalanche path is
immediately west (photo left) of the shed. The Crossover avalanche path
affects the shed from the opposite (south) side of the valley, requiring
protection of the downslope shed wall (Photo: Dynamic Avalanche Consulting)

In discussions with the structural review engineers at COWI (D. Gagnon, pers. comm.), the snow
sheds evaluated, including Single Bench, have sufficient remaining design life in their current
state (plus with recent upgrades), but modifications with additional loads (e.g. guiding berm
extensions, wing walls) are usually not possible due to increased surcharge on the shed roofs.
This limits any further modifications of the sheds, or increases the costs of such modifications.
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This section reviews design aspects of the Single Bench snow shed which is approaching the end
of its design life, but still fulfills a critical role in the avalanche safety program in Rogers Pass.

Location and design criteria:

The Single Bench snow shed is located below the south face of Mt. Tupper, immediately east of
the Rogers Pass summit in the Columbia Mountains of British Columbia. The Single Bench shed
is 215 m (705 ft) long, with 2 lanes and supporting median columns. It is affected by frequent
avalanches from the south face of Mt. Tupper (2805 m / 9200 ft elevation) which reach the
shed below 1370 m (4490 ft) elevation. The shed is also affected by large cross-valley
avalanches from the Crossover avalanche path on Mt. MacDonald. The western shed portal is
also affected by avalanches from the Mounds path, which produces annual glide avalanches in
the spring (March-May) that can deposit large (Size D3-D4) avalanche deposits onto the shed,
and block the west portal with snow. These avalanches are difficult to forecast and the debris
requires many hours to remove before the highway can be re-opened. The confluence of three
large avalanche paths from different directions makes for a complex terrain geometry and
challenging avalanche forecasting and control program at this location.

Single Bench has a high frequency of avalanches reaching the highway, with an average of 2.6
avalanches per year from the Single Bench path, one every 3-4 years from Crossover, as well as
less frequent (approximately 1 in 8 years) but large (Size 4 or larger) avalanches reaching the
west portal from Mounds path (Figure 41).

Figure 41: Single Bench overspill at the west portal due to a glide slab avalanche from the
adjacent Mounds avalanche path, April 10, 2012. (Photo: Parks Canada Agency)

The Single Bench snow shed is approximately 215 m (705 ft) long, with two 9.3 m (30 ft 6 in
wide lanes (including concrete curbs) and a 0.45 m (1 ft 6 in) wide median column separation
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The internal clearance height is 4.9 m (16 ft) (Figure 42). The structure was constructed using a
combination of cast-in-place concrete foundations and upslope wall, combined with pre-cast
concrete downslope wall panels and roof panels and pre-cast concrete support columns. This
shed differs significantly from the other sheds in Glacier National Park and the BC MoTI Sheds in
that it is completely enclosed with downslope concrete wall panels which provides protection
from dense flow and powder flow cross-valley avalanches from the Crossover path.
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Figure 42: Single Bench snow shed typical cross section (Source: Parks Canada Agency)

The shed includes two large earthfill guiding berms, one located at each end of the shed which
serve to confine avalanches from the Single Bench path directly on the shed and reduce the
likelihood of portal spillovers. The berms vary in height between 15 m (50 ft) and 23 m (75 ft).

The potential for mitigating the hazard from Mounds using a snow shed extension was
evaluated by Dynamic, during which it was determined that an 80 m (262 ft) snow shed
extension to the west would be needed for a 30-year avalanche design event.

The original design drawings from 1977 included design snow avalanche loads on the Single
Bench shed, as evaluated by Peter Schaerer and the structural engineers at that time. Load
scenarios included: moving avalanche on bare roof, moving avalanche on previous deposit,
maximum stationary snow deposit, and cross-valley load on the outside wall from Crossover.
Dynamic completed a re-evaluation of loads on Single Bench in 2018, which estimated the

Case 6 (downhill outside wall from Crossover) normal load in the range of 49-72 kPa, the upper
limit of which agreed with the 1976 design construction plan value of 72 kPa (1500 psf). Case 3
was determined to provide the greatest normal (vertical) load, and acts in an opposite direction
(i.e. from the Single Bench path) to the Case 6 results. Dynamic’s Case 3 loads varied from a

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY



85

maximum of 35 kPa (normal) and 3.5 (parallel) on the uphill side of the shed to 24 kPa (normal)
and 2.8 kPa (parallel) on the downhill side of the shed. These estimated normal loads for this
design scenario were lower than the 1976 loads on the construction plans, but higher than the
loads provided in preliminary work completed by Schaerer (1962). The parallel loads are also
lower than the 1976 loads on the construction plans. The difference in loads may have to do
with additional factors applied to the 1976 construction plans.

The differences noted above highlight the importance of re-visiting the original design loadings
for older sheds as they reach the latter stages of their design life, to ensure that the original
assumptions are still applicable and that those loads are compatible with the current
operational state of the shed. In some cases, the current shed may no longer provide the same
strength characteristics as when it was originally designed (or there may be better avalanche
occurrence and observational information available) that could be different than in the original
design. This is relevant should there be a need to upgrade aspects of the shed, notably with
extensions or additions of diversion berms or wing walls that could increase loading (total load
or lateral distribution of load) on the shed roof.

Rehabilitation, Operations & Maintenance costs:

Recent upgrades to Single Bench shed include the addition of LED lighting and surface water
drainage improvements on top of the shed. The lighting is a major improvement for this shed as
it did not have natural lighting available due to the pre-cast concrete panel walls on the
downslope side.

Table 7 presents several rehabilitation and annual operating costs associated with snow sheds
in GNP, which was based on discussions and high-level costs estimates provided by Parks
Canada. These costs are indicative of all five of the snow sheds in GNP, so the approximate
individual cost for the Single Bench snow shed can be estimated by assuming it represents a
fractional part of the total costs based on its 215 m (705 ft) length out of a total 1519 m (4984
ft) for the five snow sheds. Based on discussions with Parks Canada, recent lighting upgrades
cost approximately CAD $20 million, which included LED lighting for all five sheds, plus
installation of a power transmission line to the sheds. That represents a unit cost of
approximately CAD $13,167 per lineal meter of shed which, for the Single Bench shed (215 m) is
approximately CAD $2.8 million (Table 7).

Annual maintenance of the lighting system (inspections, replacements, traffic control) is
estimated to have an annual cost on the order of CAD $250,000, or $165 per lineal meter (a
potential range is provided as well), plus CAD $120,000 per year. These costs illustrate that,
despite being energy efficient, modern lighting systems still represent a major capital
investment and annual costs that should be considered for the life cycle of any snow shed.
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The other recent major upgrades to the GNP snow sheds were extensive column repairs and
improvement of the drainage system (vegetation and debris removal on the shed, drainage
channels, etc.). Column repairs included chipping, forming, and finishing concrete work. These
rehabilitation upgrades were estimated to cost CAD $9.2 million, or $6,100 per lineal meter of
shed. For the 215 m Single Bench shed, that works out to approximately CAD $1.3 million.
Combined with the lighting upgrades ($2.8 million) represents approximately CAD $4.1 million
in rehabilitation upgrades in the past five years (for a 42-year old snow shed) (Table 7).

Table 7: Estimated rehabilitation costs in CADS for five snow sheds in Glacier National
Park, 2015-2020 upgrades.

Shed Length (m) Length (ft) Columns & Drainage Lighting
Tupper Timber 258 846 $1,562,607 $3,396,972
Tupper #2 591 1939 $3,579,460 $7,781,435
Tupper #1 272 892 $1,647,400 $ 3,581,303
Lens 183 600 $1,108,361 $2,409,480
Single Bench 215 705 $1,302,172 $2,830,810
Total 1519 4984 $9,200,000 $20,000,000
Unit Cost ($/m) $6,057 $13,167

Table 8 highlights the approximate annual operations and maintenance costs that are
associated with the GNP snow sheds. This list is likely not exhaustive as there will be many
additional general maintenance costs associated with operation of the highway — these simply
represent costs that would not be incurred if the sheds were not present. Costs include: annual
shed washing (work crews, equipment and traffic control), lighting maintenance and
replacement; power (hydro) for the lighting (monthly costs); general clean-up of drainage
around the sheds (annual); cornice removal by crane truck (estimated 4 times per winter for all
sheds, plus traffic control); widening of shed entries and removal of drifting/plowed snow
(estimated 12 times per winter for all sheds, plus traffic control); in-shed icing removal
(scraping with grader, salting, etc.). Many of these operational issues have been discussed in
Section 7. From this table, very approximate (high-level) annual maintenance costs for the GNP
sheds are estimated to be in the range of CADS 400,000 to CADS 600,000, or an average of
CADS 500,000. If this is simply averaged over five sheds, this represents an average annual
maintenance cost of approximately $100,000 per shed, or (preferably) a unit cost of CADS 338
per lineal meter, per year (for 1519 m / 4984 ft length of snow sheds). For the 215 m (705 ft)
long Single Bench shed, that represents approximately CADS 72,500 per year in operation and
maintenance costs (Table 8).
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sheds in Glacier National Park, plus a summary for the Single Bench snow shed.

Operations and
Maintenance Cost

Shed washing:

Traffic control

Shed washing:

Crew and equipment
Lighting maintenance,
replacements

Power (hydro) for lighting

Drainage clean-
up/maintenance

Cornice removal by crane
truck

Shed entry widening/snow
removal

In-shed icing removal

Total Cost ()

Risk and residual risk:

Range
(min.)

$18,000
$20,000
$150,000

$120,000
$15,000

$ 20,000
$ 55,000
$10,000

$408,000

Range Range Unit Cost/m
(avg.) (max.) per year for
1519 m

$18,000 $18,000 $12
$25,000 $30,000 S16
$250,000 $330,000 S$165
$120,000 $120,000 S$79
$15,000 $15,000 S$10
$22,000 $24,000 S$14
$53,000 $51,000 S35
$10,000 $10,000 S7
$513,000 $598,000 S 338

Single Bench (min.)
Single Bench (avg.)
Single Bench (max.)

Single
Bench
(215 m)
$2,548
$3,539
$35,385

$16,985
$2,123

$3,114
$7,502
$1,415
$72,610
$57,749

$72,610
$ 84,641

The Single Bench snow shed is very effective in terms of reducing risk from the Single Bench
avalanche path (Argue et al., 2018). This path has not affected the highway since the snow shed

was constructed in 1978. However, there remains substantial hazard to the highway from the

Mounds avalanche path, which affects the highway annually and requires an average of 11
artillery rounds per year to control. The glide slab releases from the track of the avalanche path
each year and has a return period to the TCH of 8-years. The release is not predictable inside of

a period of several days and it is usually not possible to release artificially. The glide slab has a

typical release depth of 5-8 m (16 — 26 ft) and a size of D4 when it reaches the TCH, which is
historically open at the time of release. The deposit requires many hours to remove before the

highway can be reopened.

To address the glide slab avalanche hazard, an earthfill stopping berm is currently being
constructed in the Mounds path which is designed to contain and stop a 30-year glide slab
avalanche. This berm will vary in height up to 19.5 m (64 ft) and extend over a length of
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approximately 200 m (650 ft) and is scheduled for completion in the fall of 2020. The
approximate cost of this structure will be CADS 3.6 million (US$2.7 million), with an estimated
annual maintenance cost of CADS 60,000 (USS 45,000). The comparable snow shed extension
to provide similar level of protection was estimated to cost CADS 18 million (USS 13.5 million).

Dynamic completed an evaluation of AHI and Residual AHI reduction for this group of paths
(Single Bench, Mounds and Crossover) (McElhanney, 2020). This evaluation resulted in the
Mounds Stopping berm being the 5™ highest ranked measure of the proposed options, and thus
it was chosen for construction during 2019-2020. This structure will reduce AHI by -20 (with a
starting value of 265, or about 8%) and increases the RAHI by 0.7 (starting value of 19, or about
+3.7%). The increase in RAHI is solely due to the increasing traffic volumes projected during
implementation, but the effect is essentially negligible. From this, it is apparent that there is a
significant reduction in the AHI for this mitigation measure, but only limited change in the
residual hazard (RAHI) for avalanches that reach the open highway. This relates to the relatively
lower frequency of avalanches that reach the open highway (approximately one every 8 years
from Mounds); but these events have very serious potential consequences and are highly
disruptive (and costly) to the highway operations.

Operational issues and challenges
Section 7 has discussed a number of these issues, both design and operational, associated with
the Single Bench snow shed. These challenges can be summarized with the following points:

e Single Bench snow shed is sufficiently long to mitigate hazard from the Single Bench
path, but the adjacent Mounds path presents a hazard to the west shed portal — this
could be mitigated by an 80 m (262 ft) long extension, but at a high cost of CADS 18
million. The Mounds stopping berm provides a lower cost (CADS 3.6 million) method to
reduce the Mounds hazard for a 30-year design glide avalanche event — this mitigation
measure was ultimately chosen for construction with planned completion in fall of 2020.

e Any future improvements of this shed will need to consider expansion from 2 lanes to 4
lanes, which will have very high costs and challenges given the narrow valley and
adjacent Connaught creek. This challenge will apply to all of the snow sheds in the
Trans-Canada Highway corridor (5 in Glacier National Park and 3 owned by BC MoTl), all
of which have similarly challenging topographic, geometric and geotechnical constraints.

e The Single Bench snow shed is 42 years old as of 2020 and approaching the latter stages
of its design life. Recent structural evaluation shows that the snow shed is sufficiently
good shape to continue providing protection to the highway. Other snow sheds in this
corridor are approaching 60 years in age, which is certainly closer to the end of their
design life.
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e The shed has recently been improved to include LED lighting, which will provide
additional safety and potentially reduce accidents in the shed or at the portals.

e Rehabilitation upgrades to the snow sheds during 2015-2020 included removal of debris
and vegetation accumulations from the sheds, as well as extensive column repairs. The
Single Bench shed had limited vegetation and debris accumulations prior to this
rehabilitation project, so the upgrades were focused on column repairs and LED lighting
upgrades.

e Avalanches from the Crossover path on the other side of the valley were estimated by
Schaerer (1962) to produce high pressures on the downhill side of the snow shed. The
pressure was estimated between 500 lb/ft2 (23.9 kPa) and 750 Ib/ft2 (35.9 kPa), and a
sloping earth fill backfill on the downhill side was recommended. The constructed shed
included pre-cast concrete panels that present a wall to avalanche flow from Crossover,
and thus different loading patterns than in the original design. In re-evaluating snow
sheds with old designs, it is important to consider how the loads were intended to be
applied to the structure compared to the as-built structure. There may be differences
that are significant, especially for older structures at the latter stage of their design life.

Summary:

The Single Bench snow shed in Rogers pass provides a robust example of an older snow shed
which is approaching the end of its design life, but still fulfills a critical role in the avalanche
safety program in Rogers Pass. The length of the shed is inadequate relative to typical modern
acceptable standards in North America, and accordingly a high level of short-term control is
used to address this deficiency. Improvements since construction also present examples of
potential modifications.
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10. Case study Three: Removed snow shed, Snoqualmie Pass, Washington,
USA.

To better illustrate a number of the topics covered in Section 2 through to Section 7, we have
prepared three case studies. The purpose of these case studies is to present examples and a
synthesis for a range of scenarios. This third case study provides an example of a snow shed
that was removed, a new shed that was proposed to replace it, and an alternative bridge option
that was ultimately constructed.

Location:
1-90, Snoqualmie Pass, Washington, USA.

Timeframe:
1950 to the present.

Purpose / motivation:

A two-lane wooden snow shed, East Shed, was constructed on I-90 on Snoqualmie Pass in the
1930’s along Lake Keechelus. The East Shed was replaced with a concrete shed in 1950, at
which time the highway was still two lanes wide. The shed was 500 ft (152 m) long and cost
$1.2 million in 1950 (equal to $12.8 million in 2020 using a standard CPI inflation calculation). At
the same time, the West Shed was built along an area known as Airplane Curve. Both sheds
were built to cover both lanes of the two-lane highway at the time. The West shed remained in
place until its removal in the early 1980’s.

The highway was widened to four lanes in the late 1950’s, but the shed remained unchanged. If
an avalanche blocked the unprotected eastbound lanes, traffic was re-routed through the East
Shed. However, before the implementation of an avalanche forecasting and control program, it
was not uncommon for vehicles to be caught in avalanches prior to road closures. The West
Shed was removed as part of a highway improvement project in the 1980’s and was not
replaced. However, the back concrete wall was left in place, and the fill behind it was removed,
resulting in a small but effective catchment dam, which is still used today. In 1995, the
Keechelus snow shed was placed on the National Register of Historic Places list. It represented
the first time pre-cast construction was used for a highway structure in a mountainous area in
the US. At the time it was the only interstate snow shed remaining (Derry, 2014) (Figure 43).

In the early 2000s a proposal was developed for the construction of a 335 m long, 6-lane snow
shed to cover all three east bound and all three west bound lanes with a continuous roof span.
Art Mears and Chris Wilbur contracted by URS designed the snow shed, and the project was put
out for tender by Washington State DOT (URS, 2007; Wilbur and Stimberis, 2010). As part of
this process Jacobs (the eventual designer) and Atkinson (the eventual builder) submitted a cost
reduction incentive program (CRIP), in which a bidder to a tender can submit an alternate
design that meets the project goals but can be constructed and/or maintained at a lower cost
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to Washington State DOT. Cost savings are split 50/50 between the builder and the state if the
design is accepted. The alternate design called for two 3-lane bridges to span the avalanche
paths covered by the proposed snow shed, with avalanche debris going under the bridge,
rather than over the snow shed roof. A key component to the success of this alternate design
and the CRIP, was the reduced long-term maintenance and regulatory compliance costs
associated with a 6-lane snow shed, which includes ventilation, lighting, fire suppression, and
emergency response costs. This alternate bid was accepted, and following detailed analysis and
review, in 2014 the East Shed was removed and replaced with the bridges which were
completed in 2018 (Jones et al., 2014; Wilbur and Stimberis, 2010).

Figure 43: Aerial view of the East Shed in summer prior to its removal, showing the
exposed east bound lanes, and covered west bound lanes. (Derrey, 2014)

Location and design criteria:

The Keechelus Snow shed or widely know as “the shed” was built in the spring, summer, fall
and winter of 1950 to protect drivers from avalanches. The 500 ft (152 m) snow shed was 34
feet wide and had a concrete roof supported by a 30-foot-tall, 15-inch-thick retaining wall that
was anchored into the hillside. The roof span consisted of 200 pre-cast concrete T-beams and
the sides were detailed with false portal fronts bearing art deco detailing (Derry, 2014). This
snow shed was removed in 2014.
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Five avalanche paths (East Sheds 2, 3, 4, 5 West and 5 East), with frequent avalanche activity to
the road determined the location of the original snow shed, the proposed shed, and the
subsequent bridges. The proposed replacement snow shed originally suggested either two
shorter snow sheds, or one long snow shed. The final snow shed proposal suggested
construction of a large structure with a maximum inside height of 7 m (23 ft), a 36.7 m (120 ft)
width, and a length of 335 m (1100 ft) - designed to accommodate six traffic lanes without a
center support, and to cover the majority of the controlled avalanche terrain (Wilbur and
Stimberis, 2010). In addition, the design called for graduated lighting to transition from
daylight, a ventilation system, and traffic monitoring and communication systems. Snow nets in
the starting zones for adjacent avalanche paths (in the Slide Curve Avalanche Area to the east
and path East Shed 0 immediately west of the bridges) were also proposed, and these were
constructed.

Ultimately, two 3-lane bridges were designed and constructed instead of the 6-lane snow shed.
According to Jones et al., (2014), the bridges were designed to meet the following criteria:

100-year dense flow avalanches must pass underneath the bridges without impacting
the superstructure;

The bridges must provide sufficient clearance to accommodate the 100-year combined
heights of: snowfall accumulation, snow plowed from the bridge deck, prior avalanche
deposits, 100-year dense flow and 30-year powder avalanche flow;

The bridges must be sufficiently high so that vehicles are not impacted by powder
avalanches more frequently than once in 30 years;

The bridge piers must be designed to withstand 100-year dense flowing avalanche
impact loads. Structural designers factored these loads by 1.5 for the bridge piers. The
dense flow and powder flow impacts to bridge columns were combined with other
AASHTO Load and Resistance Factor Design (LRFD) load cases.

Bridge columns were also designed for static loads due to accumulations of snow from
snowfall, sluffing, plowed snow and avalanches. The Load Factor for static snow loads
was 1.5. This load was added to the dynamic snow forces on the bridge.

The bridge design was constrained by many other highway engineering factors, including soil
and rock stability, rockfall, foundation conditions, horizontal and vertical highway curves,
seismic loading, environmental and aesthetic considerations, as well as cost.

An earlier proposal for longer bridges (further out into the lake) as part of the initial EIS was
rejected>®, but the CRIP process proposed a design that avoided construction in the lake using

35 Washington State Department of Transportation, Final Environmental Impact Statement Documents: Chapter 2
https://www.wsdot.wa.gov/sites/default/files/2019/03/06/chapter-2-eis-i-90-project.pdf
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extensive rock cuts that allowed the bridges to be constructed closer to the slope. The bridge
piers were placed strategically between the lateral boundaries of the respective avalanche
paths and enhanced flow channels were constructed that would divert avalanche flow around
the bridge piers rather than into them (Figure 44).

Figure 44: East Shed project area overview showing location of current highway,
Keechelus Lake, seven East Shed avalanche paths, and proposed locations of
bridges (green lines) and piers (pink dots) (from Jones et al., 2014)

As per the design criteria, powder avalanches are still permissible to reach vehicles on the
bridge deck (less than once every 30 years), and while powder avalanches remain possible in
this snow climate, and would result in reduced visibility and have the potential to push vehicles,
they occur less frequently than in intermountain and continental snow climates and this
residual risk was considered to be an acceptable level of risk.

Costs:
Construction of the 6-lane snow shed and two 3-lane bridges were provided comparable
estimates of $71 million prior to construction, which formed part of a larger $177 million (in
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2018) project that included the widening of 1-90 from east of the Snoqualmie Pass summit
through to Cascade Mountain Range. Atkins Construction (2020) estimated that their
alternative solution (the bridges):

“...eliminated $37 million in long-term show shed operations and maintenance costs,
minimizes construction impacts to the public, and increases the likelihood of achieving
the project schedule. The twin 1,200-foot-long bridges rise over the avalanche chutes
and can accommodate 100-year avalanche events to virtually eliminate road closures
due to avalanche and snow removal.”

Ongoing maintenance costs:

Ongoing operational and maintenance costs for the old 500 ft snow shed were minimal
(Stimberis, pers comm., 2020), with no specific inspection schedule and only as-needed
maintenance required. This included when, for example, the shed was hit by a vehicle or
oversize load. In addition to these as-needed inspections, there was also occasional snow
removal required when debris stacked up in a way that might cause it to fall on the eastbound
traffic (a problem specific to a shed that only covered half the highway), and sometimes
cornices would form on the portal parapets. These cornices generally required about 1
employee day every 3-4 years (Stimberis, pers comm., 2020). Observations of the snow shed
roof by Dynamic Avalanche Consulting prior to shed demolition showed extensive vegetation
on and immediately above the shed roof, so it can be inferred that limited (if any) roof and
drainage maintenance were completed during the life of the East Shed.

In contrast, the estimated ongoing operational and maintenance costs for the new proposed
335 m (1100 ft) snow shed were significant, with estimated one-time set up costs exceeding $1
million (including the purchase of vehicles, traffic control truck, tools and equipment, office and
bunkhouse etc.), and estimated annual operating costs of almost US $800,000 (Table 9). During
a 75-year (for example) design life, these costs could be expected to exceed US $60 million, not
including any needed rehabilitation costs.

Risk and residual risk

The residual risk to the traffic with the newly constructed side-by-side bridges is clearly much
lower than the risk that was present with only the west bound lanes protected. Furthermore,
with the planned widening of the highway, retaining this two-lane structure was no longer a
viable solution. However, as per the design criteria, there does remain some residual risk to
vehicles on the bridge (estimated at less than 1 in 30 years) from powder avalanches. Jones et
al., (2014) estimated that due to the very low pressure powder avalanches (i.e. < 1.4 kPa) that
only reduced visibility and not destabilization of a vehicle were likely, and accordingly
vulnerability was reduced from 0.05 to 0.02 deaths per vehicle impacts, to account for visibility
effects only.
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The proposed 6-lane snow shed would have eliminated these avalanche risks completely
(excluding the potential for shed overspills and backspills), but at a greater construction and
ongoing operational cost. Furthermore, snow sheds also present the increased potential for
vehicular accidents, which may yield an overall lower net beneficial outcome than when just
the avalanche risk is considered solely.

Table 9: Estimated I-90 6-lane snow shed operational and maintenance costs.

One time / Set up Expenses = Purchases Cost
25,000
45,000

160,000
90,000

4x4 pickup S

Service truck S

Manlift S

Traffic Control Truck S

Truck with TMA S 90,000

Portable Communication equip S 6,000

Test equipment & tools S 50,000

Inventory & stock S 50,000

Computer equipment S 10,000

Maintenance management system S 50,000

Office & vehicle storage / bunkhouse S 500,000
$

Total one-time Setup / Expenses 1,076,000
Yearly Operating Expenses Cost
Labor = 4 person crew S 354,000
Materials = Lighting, ITS, fuel, etc S 100,000
Electricity = Power usage expenses S 250,000
Equipment Rental = TEF rental for purchased equipment S 70,000
Total Yearly Operating Expenses S 774,000

*From Jim Henderson Sept. 22nd, 2011 email to J. Stimberis.

Summary:

The removal, proposal and ultimately alternative to snow sheds on [-90 at Snoqualmie Pass
provides a robust example of changing needs, and the use of an alternative solution to achieve
a similar risk reduction. While raised bridges provided the best optimization between residual
risk and costs in this case, these structures may not always provide the best solution. Steep
grades would likely prevent raised bridges, as would settings with larger, more powerful
powder avalanches (e.g. Little Cottonwood Canyon, Utah). So while this case study is a great
example of a viable alternative, it is clearly not appropriate for all settings, and in all locations.
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11. Summary

This report has been prepared for the Transportation Avalanche Research Pooled fund (TARP)
members, to provide a synthesis on the use and design of snow sheds to protect transportation
corridors against avalanches.

As illustrated in this report, transportation corridors throughout the world employ a variety of
snow shed designs to protect against snow avalanche hazards. The design, cost, and residual
risk is a function of a number of factors, including the nature of the avalanches, the location of
the road relative to the avalanche path, the frequency of avalanche debris on the road, the
volume of traffic, and the engineering design and associated regulations determining the
construction and operations of these structures. Clearly, one type of snow shed does not meet
all use-cases and in some cases may not be the optimal solution.

This report has documented which designs are currently in use, have been proposed, and/or
are being designed in North America. We have documented differences in construction
approaches, additional mitigation considerations (e.g. guiding berms, wing walls), and the
resulting residual risk. We have also shown examples from international jurisdictions for
consideration for potential future snow shed designs in North America. We have also
documented historical and present day construction costs as a function of the design and actual
and estimated operational and maintenance costs.

In conclusion, as noted by Schaerer (1967), the importance of adequate preliminary
observation cannot be overemphasized at sites where avalanche defense works are required.
The information obtained from these avalanche observations are necessary for design purposes
and will provide savings that will more than compensate for the investment of money and time
required to conduct them. History has shown that inadequately sized structures will be over
topped (sometimes frequently), and will be unsuccessful at mitigating the intended hazard to
the intended design level. Those responsible for the design of avalanche defense works should
always bear in mind that avalanches are often erratic, surprising in their size, forms and
unexpected courses. The planning and design of avalanche defenses should, therefore make
allowances for the unknown Schaerer (1967).

To provide a digestible summary and synthesis of the information presented in this report, we
present a table (Table 10) that presents important considerations and factors that need to be
accounted for when considering a snow shed as an option for long-term avalanche mitigation.
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Table 10: Important considerations for long-term avalanche mitigation using snow sheds

Avalanche Path e Avalanche size (i.e. D1-D5)
e Avalanche character (e.g. dry, wet, powder, plunging)
e Avalanche path width and confinement
e Frequency of avalanche debris to corridor
e Nature of the avalanche debris (depth, length, potentially entrained
material such as rocks and trees)
e Path characteristics (e.g. confinement, cross and down slope shape, incline)
e Location of deviation point
Alternative Mitigation e Short-term (active) (e.g. RACS, hand charges, helicopter, preventative
Approaches closures)
e Long-term (passive) (e.g. realignment, bridges, berms, retaining structures)
e Combination of both short-term and long-term
Potential alternatives e Realignment

to snow sheds e Avoidance

(if using long-term) e Deflection / diversion structures
e Catchment / stopping structures
e Bridges
e Tunnels

e Supporting structures in start zone
e Re-vegetation in start zone
e Acceptance of risk
Design considerations e Corridor alighment relative to path (horizontal and vertical curves, super-
(if snow sheds are elevation, steep grades)
selected) e Distance to deviation point
e Consider terrain modifications / backfill
e Define loading cases
e Calculate loads for loading cases
e Length of snow shed relative to design return period (e.g. design for 30-
year versus 100-year event), risk tolerance for occasional overspills
e Estimate spread of avalanche and depth at edges for parapet walls and/or
guiding berms
e Consider back-spill issues, and install protection (e.g. slats, mesh) if debris
is unable to flow away (roof extension can prevent this)
e Consider passive snow load on side on downhill side of snow shed
e Consider potential for erratic avalanche flows in design (uncertainty)
e If sheds are separated by short distance consider joining them
e Design factor of safety or load factor (typically 1.1 to 1.5)

Cost considerations e Load and engineering considerations
(if snow sheds are e Overall design, e.g. Reinforced Concrete / CMP / Arch
selected) e Open sided or enclosed (influences operational costs)

e Overall length

e FHWA regulations and compliance costs (e.g. lighting, ventilation, egress,
emergency response)

e Ongoing operational and maintenance costs, rehabilitation costs
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Potential traditional
snow shed design

Higher in avalanche path (e.g. upper runout zone or track)
Closer to deviation point (ideally more than 6x flow depth away)
Case e Higher snow and avalanche loads
e Consider berms to reduce overall length (and thereby cost)
e If greater than 800 ft (244 m) in length, then three sided (open downslope
face) to reduce likelihood to need all NFPA provisions in USA

Potential CMP or e Low in avalanche path
concrete arch shed e Far away from deviation point (>> 6x flow depth)
design case e Appropriate back fill for structure, material source (borrow pit)

e Extend portals (> 5-10 m) further than for traditional snow sheds

e Consider berms to prevent portal overspill and CMP failure

e Less than 800 ft (244 m) in length (not all provisions from NFPA apply in
USA)

e If longer than 800 ft (244 m), factor in ongoing operational costs for NFPA
compliance in USA relative to reduced construction costs.

Thank you for the opportunity to complete this work on behalf of the TARP group. We hope
that this report will provide a robust synthesis and help inform future planning in regards to the
construction of snow sheds in North America.

Should you have any questions or require clarification on this report, please contact the
undersigned.

Report prepared by:

M

Jordy Hendrikx, Andrew Schauer, Alan Jones, Ryan Buhler,
PhD MSc. MSc., P.Eng MSc., EIT

Snow and Avalanche Lab

Department of Earth Sciences Dynamic Avalanche Consulting
Montana State University Revelstoke,
Bozeman, Montana, USA British Columbia, Canada
E: Jordy.hendrikx@montana.edu E: alan.jones@dynamicavalanche.com
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Organization | Status Name(s) / Details / Time Construction methods Length (ft / m) Estimated Estimated Cost (date) / | 2020 Comments References
& Contact Location Location period design loads (psf | risk Cost (now) Est.Cost
/ kPa) reduction per ft and m
© o
kS b
S S
K% o
T o
Colorado Riverside CO550 — East Built in Original design called for the | Phase 1: Static: 1800 psf/ | 50%. $2.5 million | $33,900 Riverside shed was Mears, 1990;
DOT shed Riverside Path 1985. shed roof to rest on a five- 450 ft (137 m) 95.8 kPa in 1984 per ft planned for longer length. | Mears, 1992a
Jamie Yount (CO 550), (Phase 1). foot wide bench carved into (Only 180 ft (55 The Built too short. Mears, 1992b
the bedrock. However, the m) was built). Dynamic: 1000 completed $6.1 million | $110,900
Proposed phase rock was found to be psf/ 47.9 kPa Phase 1 in 2020 per m In 1992, a CDOT employee
2 and 3 would substantially altered during Proposed Phase structure was killed in an avalanche
also cover the excavation and the back wall | 2: 465 ft (142 m) would while clearing debris from
West Riverside ended up being built with Proposed Phase reduce a previous smaller
path. reinforced concrete. 3:365 ft (111 m) hazard by avalanche that left four
80%. motorists stranded in the
snow shed.
Colorado Alberta shed | US 160- Alberta | Alberta Alberta: Reinforced concrete | 379 ft (115 m) No design load No risk No cost No cost Very little information Salek, 2013.
DOT (US 160) shed located on | completed information information | information | information | available for the Alberta Wilbur pers
Jamie Yount Wolf Creek Pass | in 1965. available available available available shed on Wolf Creek Pass comm., 2020
below the (US 160).
Alberta path.
Utah DOT Provo: Proposed in Designed Power Plant Chute protected | 130 ft (40 m) 292 psf (14 kPa) | Parsons and | $1.8 million | $19,230 In 1997 there were 10 Mears, 1995
Chris Power Plant | Provo in 1995, by building an elevated if an area Brinckerhof | in 2003 per ft avalanches, some McClung and
Covington Chute Proposed highway on top of a upslope of the f (2003) did artificially triggered and Conger, 2001
Dam Chute in 2001, deflection berm. Runout roof is filled to not $2.5 million | $62,500 per | some natural, that Parsons
Value height not high enough to reduce vertical quantify, in 2020 m reached the highway. In Brinckerhoff,
engineered | reach the road. loading. but found the last ten years there 2003
in 2003 Snow shed recommended for 5117 psf (245 the snow has not been much snow
Dam Chute. Concrete shed kPa) if the slope | shed to at this path's elevation.
with earthen fill upslope of is not filled have the
shed to reduce impact upslope of the greatest
pressures. Excavated channel shed. reduction in
immediately upslope of the risk when
shed, along with 5m high compared
walls on either end of the with a
shed to direct avalanche over forecasting/
the shed and minimize mitigation
likelihood of debris spilling plan and a
over onto the road. catchment/
buffer wall.
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Organization | Status Name(s) / Details / Time Construction methods Length (ft / m) Estimated Estimated Cost (date) / | 2020 Comments References
& Contact Location Location period design loads (psf | risk Cost (now) Est.Cost
/ kPa) reduction per ftand m
© ©
o | v | 3
s | g8
2 51 8
T O | a
Utah DOT Proposed in LCC | Proposed Reinforced concrete, Schaerer,1989 Dynamic, 2019 24% $72 to $86 $27,000 to Snow shed one of the Schaerer,1989
Damian LCC: in 1989, anchored to bedrock, and/or | F&P, 2006 normal loads reduction in | million $29,000 per | options being considered | F&P, 2006
Jackson White Pine 2006, backfill, and where needed 2485 ft /757 m | were between | AHl and (2020) ft. as part of a wider EIS Dynamic, 2018a;
Chutes 1-4 2018. backfilled to the roof on the 790 and 697 34% process. 2018b; 2019
White Pine uphill side with compacted psf (37.7 - 33.4 reduction in $88,500 to
fill to reduce impact forces. ' kPa), and the residual AHI $95,000 per
Dynamic, 2019 m
resultant
10ft parapet wall on western
portal of White Pine Chutes | 2465 — 3194 f¢ | Parallel loads
1-4 snow shed. were between
751 =974 m 116 to 105 psf
(5.6 kPa—-5.0
kPa). Passive
loads were 118
psf (5.6 kPa),
and the
dynamic load
on the outside
wall on Little
Pine was 188
psf (9.0 kPa)
Washington Airplane All removed — 1931-2014 | A concrete snow shed built in | Airplane Curve: | Unavailable for No risk East Shed: $25,600 per | Removed the West shed, Mears and
DOT Curve and west side shed 1950. 1300 ft (396 m) | the historic information | $1.2 million | ft. and then the concrete Wilbur and
John Keechelus and East Shed sheds. available (1950)/ East snow shed by the older plans etc.;
Stimberis Lake Snow by Keechelus Keechelus Lake: $84,000 per | lake. URS Corp. and
Shed Lake on I-90 500 ft (152 m) $12.8 m Mears, 2007;
million Wilbur and
(2020) Stimberis, 2010;
Washington Keechelus Proposed Proposed A 6-lane snow concrete snow | 1100 ft (335 m) URS Corp. and East Shed $70,900 per | Mears and Wilbur planned | Jones et al.,
DOT Lake Snow in early shed was proposed Mears (2007) = replacemen | ft. 6-lane replacement. 2014;
John Shed 2000s Static normal t (6 lanes): Ended up using a bridge URS Corp. and
Stimberis loads between $232,500 instead. Mears, 2007;
1000 and 1450 $71 million perm Wilbur and
psf (48.9 to 69.4 (2014) Stimberis, 2010;
kPa) & limpact
loads at 300- $78 million
1450 psf (14.36 - (2020)
69.4 kPa).
Synthesis Report on the Use and Design of Snow Sheds to
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Organization | Status Name(s) / Details / Time Construction methods Length (ft / m) Estimated Estimated Cost (date) / | 2020 Comments References
& Contact Location Location period design loads (psf | risk Cost (now) Est.Cost
/ kPa) reduction per ftand m
S | | O
5 |98|8
2 5| 8
T O | a
Wyoming Glory Bowl, Proposed Teton | Proposed Glory shed to be constructed | Glory Bowl Dynamic: 1700 Avalanche $17.4 $60,000 per | Construction plans were Mears and
DOT Lower Twin Pass in 1989 with reinforced concrete, 280 — 450 ft psf / 81.4 kPa sheds million ft drawn in 1992, but the Newcomb,
John anchored to bedrock at (85-137 m); would structures were never 1989.
Fitzgerald either end, and backfilled to Static: 1100 psf/ | virtually $31.8 $198,000 built. Cost-benefit analysis | Yount and
the roof on the uphill side Lower Twin 52.7 kPa eliminate million per m measuring expense and Gorsage, 2016.
with compacted fill to reduce | 250 ft (76 m) for hazard for risk reduction favored
impact forces. the two investment in non-
paths, structural mitigation.
which WYDOT had attempted to
would build a suspension bridge
account for spanning the Glory Bowl
a49% path in 1968, but the
reduction bridge was destroyed by a
for all of large avalanche just as it
Teton Pass. was about to be
completed in January
1970.
Alaska DOT Juneau Three snow Originally Reinforced concrete or steel 1500 ft (457 m) 1250 - 1750 psf | Three snow | $20- 530 $15,000- Short records resulted in Mears, 2013;
Access sheds and one proposed culverts. (60 — 84 kPa) sheds million in $22,000 per | large uncertainties in AES and Mears,
Improve. bridge proposed | in 2004, would 2013 ft return intervals and size of | 2004
for paths near updated in reduce AHI design avalanches.
the East Lynn 2006 and by 57% in $22-$33 $48,000-
Canal 2013. The the East million in $72,000 per
state Lynn Canal | 2020). m
canceled area.
the entire
projectin
2018 due
to budget
issues.
Alaska Multiple Sheds built at Historical All historical sheds were Historic sheds Not Specified. Two sheds S850k No Wooden snow sheds were | Hamre, 2009;
Railroad wooden Kern path, miles | sheds wooden. Materials were not | 120 ft (37 m) to would annually breakdown | used until their removal in
sheds 43, 50. 76, as removed specified for Kern and 1002 ft (304 m). account for | (2009) on 1965. 1981-1986:
Matt McKee designed well as at least by 1965. Centerline paths. an operational | Designated ‘slide zones’
/ Dave and built four additional additional S1.0m S 1986-2000: Explosives
Hamre between sheds whose 39% annually construction | mitigation introduced.
1917 &1943 | locations are reduction in | (2020) costs 2000-2009: Improvements
unclear. risk after in explosives delivery,
other avalanche detection,
measures forecasting, and weather
stations.
Synthesis Report on the Use and Design of Snow Sheds to
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Organization | Status Name(s) / Details / Time Construction methods Length (ft / m) Estimated Estimated Cost (date) / | 2020 Comments References
& Contact Location Location period design loads (psf | risk Cost (now) Est.Cost
/ kPa) reduction per ftand m
ks 2
5 g
2 o
I o
BNSF Shed 4D 1930 - Concrete retaining walls 1100 ft Not specified AHl is Estimates Estimates EIS process in 2006-2008 National Parks
Railway Shed 5 1912 - on the uphill side of the 380 ft estimated between between included a proposal for Service, 2008
Shed 6 1912 - rail grade, with the 820 ft at110as $7,000 and | $9000 and five new sheds (unnamed)
Adam Clark Shed 7 1913 - structures framed using 1000 ft mitigated, $20,000 per | $26,000 per | and extensions to seven
Shed 8 1912 - large wooden timbers over 650 ft but N ft (23,000 | ft($29,000 | others.
Shed 9 1912 - the two sets of railroad 400 ft unmitigated | to $67,000 | to $86,000
Shed 10 1913 - 500 ft AHl is per m)in per m)in
Shed 10.7 1923 - tracks 670 ft unknown | 2006 2020
Shed 11 1913 - 400 ft
Shed 12 1927 - 1360 ft
Shed 4C 1930-78 0 (burned down)
Glacier Tupper Rogers Pass 1962 - All concrete structure, with 258 m Unknown Unknown CAD $1.01 Estimate 4.4m vehicle clearance
National Timber East, Glacier Present wood slats on the downslope million CAD height, and approx. 6%
Park, Canada National Park wall. LED lighting installed in (1963, $101,250/m | grade
2019. combined (S30,860/ft)
Parks with Lens
Canada Extension
contract)
Glacier Tupper #2 Rogers Pass 1962 - All concrete structure, with 591 m Unknown Unknown CAD $1.33 Estimate 4.4m vehicle clearance
National East, Glacier Present wood slats on the downslope million CAD height, and approx. 6%
Park, Canada National Park wall. LED lighting installed in (1962, $102,600/m | grade
2019. combined (531,272/ft)
Parks with Tupper
Canada #1)
Glacier Tupper #1 Rogers Pass 1962 - Tupper #1: cast-in-place 272 m Schaerer 1962 Unknown CAD $1.33 Estimate 4.4m vehicle clearance Schaerer 1962
National East, Glacier Present steel-reinforced upslope Tupper #1: million CAD height, and approx. 3 to
Park, Canada National Park gravity wall, pre-cast beams Vertical moving (1962, $102,600/m | 6% grade Dynamic, 2018
and columns, cast-in-place load 23.9 kPa, combined (S31,272/ft)
Parks roof slab and pre-cast Vertical deposit with Tupper
Canada parapet walls load 19.2-47.9 #1)
Pioneer: Metal arch, concrete kPa. Pioneer:
columns and roof Vertical moving
Original two sheds had ~30 m load 19.2 kPa,
gap which was joined in Vertical deposit
1966. Wood slats on load 14.4-33.5
downslope wall. LED lighting kPa, Dynamic
installed in 2019. avalanche load
4.8-10.5 kPa
Synthesis Report on the Use and Design of Snow Sheds to
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Organization | Status Name(s) / Details / Time Construction methods Length (ft / m) Estimated Estimated Cost (date) / | 2020 Comments References
& Contact Location Location period design loads (psf | risk Cost (now) Est.Cost
/ kPa) reduction per ftand m
S | | O
5 |98|8
2 51 8
T O |
Glacier Lens Rogers Pass 1962 - All concrete structure, with 183 m Unknown Unknown CAD Estimate 4.Am vehicle clearance
National East, Glacier Present wood slats on the downslope $805,882 CAD height, and approx. 6%
Park, Canada National Park wall. LED lighting installed in (1962, $102,600/m | grade
20109. combined ($31,272/ft)
Parks with Tupper
Canada #3)
Lens
Extension
(combined
with Tupper
Timber) CAD
$1.01
million (in
1963)
Glacier Single Bench | Rogers Pass 1978 - Cast-in-place canopy, center | 215 m Schaerer 1962 Unknown Unknown Unknown 4.9m vehicle clearance Schaerer 1962
National East, Glacier Present columns and 2 walls between Single Bench: height, and approx. 2%
Park, Canada National Park the center columns at each Vertical moving grade
end. Wood slats on the load 14.4 kPa,
Parks downslope wall. LED lighting Vertical deposit
Canada installed in 2019. Solid load 14.4-21.6
downslope wall kPa
Schaerer 1962
Crossover:
Dynamic
avalanche load
23.9-35.9 kPa
DAC 2018:
Maximum 100-
year loads for
the Single Bench
snow shed are
estimated to be:
Case 6:49-72
kPa, Case 3: 34.6
kPa (gqn) and 3.5
kPa (gp)
Synthesis Report on the Use and Design of Snow Sheds to
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Organization | Status Name(s) / Details / Time Construction methods Length (ft / m) Estimated Estimated Cost (date) / | 2020 Comments References
& Contact Location Location period design loads (psf | risk Cost (now) Est.Cost
/ kPa) reduction per ftand m
© ©
kS 21 3
s | g] 8
7 = o
T |3 &
BCMOTI Lanark Revelstoke East, | 1962 - All concrete structure: 316 m Vert deposit Unknown Unknown Unknown Cantilevered wing wall
B.C., Canada present concrete columns, pre- load 800 psf (W) above west and eastern
stressed concrete beams, 400 psf (E) portal; wire mesh on
cantilever retaining wall, cast Vert avalanche downslope side; earthfill
in place concrete tie-back load 600 psf guiding berms
anchor. LED lighting added in (W)t 400 psf (E) 4.4m vehicle clearance
2019 Horizontal load height eastbound, 5.2 m
300 psf (W) 300 vehicle clearance height
psf (E). westbound.
Simultaneous
loading Vert
1100 psf (W)
800 psf (E)
Simultaneous
loading Vert 300
psf (W) 200 psf
BCMOTI Twin Revelstoke East, | 1962 — All concrete structure: 188 m Unknown Unknown Unknown Unknown Wire mesh on downslope
B.C., Canada Present concrete columns, pre- side, two downslope
stressed concrete beams, concrete buttresses
cantilever retaining wall, cast 4.Am vehicle clearance
in place concrete tie-back height eastbound, 5.2 m
anchor. LED lighting added in vehicle clearance height
2019 westbound.
BCMOTI Jack Revelstoke East, | 1962 - All concrete structure: 141 m Unknown Unknown Unknown Unknown Wire mesh on downslope
MacDonald B.C., Canada Present concrete columns, pre- side
stressed concrete beams, 4.Am vehicle clearance
cantilever retaining wall, cast height eastbound, 5.2 m
in place concrete tie-back vehicle clearance height
anchor. LED lighting in 2019 westbound.
BCMOTI Great Bear Coquihalla, B.C., | 1986 - Concrete columns, pre- 285 m 35 kPa normal Unknown Unknown Unknown Wing walls above both
Canada Present stressed concrete beams, load shed portals, wire mesh
waterproof roof membrane, on downslope side,
cantilever retaining wall, cast finished concrete surface
in place concrete tie-back treatment above portals
anchors and beams, 8 cast in (bears). 8% road grade,
place shear walls; center 4.88 m minimum vehicle
concrete columns between clearance height
EB/WSB lanes. eastbound, 4.98 m
minimum vehicle
clearance height
westbound.
Synthesis Report on the Use and Design of Snow Sheds to
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roofing

(normal) load
not specified.

Organization | Status Name(s) / Details / Time Construction methods Length (ft / m) Estimated Estimated Cost (date) / | 2020 Comments References
& Contact Location Location period design loads (psf | risk Cost (now) Est.Cost
/ kPa) reduction per ftand m
© ©
kS 21 3
s | g8
2 51 8
T O |
BCMOTI Shed #1: Kicking Horse 2011 Design concepts proposed 90 m Design loads Design No costing Unknown Snow sheds designed for
West Shed Canyon, B.C., design traditional three sided open ranged from criteria for information the twinning (i.e. 4-
Canada (never concrete structure. LED avalanches: | available lanning) of the Kicking
Shed #2: built) lighting on all structures. WB: 120 m Normal loads: 1in 300 Horse Canyon project.
Frenchman’s EB: 110m 34 - 64 kPa years for
West sheds; 1 in
Parallel loads: 100 years
Shed #3: 10m long snow 10— 25 kPa for
Dart Creek sheds to protect structures
tunnel portal that can be
overtopped
Shed #4: 350m 1in30
Blackwall years for
Bluffs >Size 2 and
1in10
years for
<Size 2 for
avalanches
affecting
traffic.
Canada CPR Summit | Rogers Pass 1880s — Wooden sheds over the 31 snow sheds Unknown Unknown Unknown Unknown | When railway went over
Pacific Sheds Summit, B.C., 1916 summit area with a total the pass, 31 snow sheds
Railroad Canada (when the length of 6.5 km with a total length of 6.5
tunnel was km were built to protect
completed) from the avalanches.
Canada Field, B.C., Field, BC, Concrete box with footings Unknown Field: 28.4 kPa Unknown Unknown Unknown Very little information Hungr, 0. 1986
Pacific (normal); 8.2 available for the CPR snow
Railroad kPa (parallel) sheds
CPR Shed Rogers Pass All concrete structures (1-3)
#1,2,3 West Steel posts with concrete CPR: Unknown
CPR Shed #4 girders and roof (#4)
Laurie E&W: 3.5
Laurie East Revelstoke, BC. All concrete structures, with kPa (weight of
and West cantilevered design avalanche); 1.4
kPa parallel;
weight of snow
3VG #1,2 Three Valley Concrete upslope retaining deposit 4 kPa;
Gap wall, wood structures, metal Dynamic Chris Stethem &

Associates, 1991

*Alaska DOT, Montana DOT, and California DOT had no records of snow sheds, historical, present or proposed, within their respective jurisdictions. Oregon and Nevada DOTs not contacted.
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Appendix B - Colorado DOT

This appendix contains the details on the East Riverside snow shed on CO 550.

B1. East Riverside Snow shed (As-Built)
3 pages with plan and cross sections diagrams for the Phase 1 structure.

Source: Stearns-Rogers/Colorado Division of Highways Plan and Profile of Proposed Federal Aid

Project No. FC550-2(10).
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B2. East Riverside Snow shed (Proposed)

3 pages with plan and cross sections diagrams for the proposed Phases 1-3 structures.
Source: Stearns-Rogers/Colorado Division of Highways Plan and Profile of Proposed Federal Aid

Project No. FC550-2(10).
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Appendix C - Utah DOT

This appendix contains the details on the proposed snow sheds on US-189 in Provo Canyon and

SR-210 in Little Cottonwood Canyon.

C1. Proposed Dam Chute Snow Shed on US-189 in Provo Canyon

1 page with proposed cross section diagram.

Source: Parsons Brinckerhoff (2003)

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
M STATE UNIVERSITY D YNAM IC P ?



)00' Span

¢’ %

Fvide Wall

//
- 4 5| LR //
Im/uc{ Bench 4

/7
_‘/ ’/

E‘E JBDI?" l/

! _Full Pefaining Aot

gaul'tr Pd‘
Wall

Faist Ground

Snow SHED




122
C2. Proposed Snow Sheds on SR-210 in Little Cottonwood Canyon

3 pages with plan and cross sections diagrams.
Source: Dynamic Avalanche Consulting Little Cottonwood Canyon (SR-210) Environmental
Impact Statement: Snow Avalanche Hazard Improvement Options Report; HDR memorandum

to Utah Department of Transportation

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY
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Figure 1a: White Pine Chutes 1-4 and White Pine, RAMMS 100-year maximum flow heights (m),
proposed snow sheds with guiding berms (dark grey) and lengths without guiding berms (light grey).
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Figure 1b: White Pine Chutes 1-4 and White Pine, RAMMS 100-year velocity (m/s), and
proposed sheds with guiding berms (dark grey) and lengths without guiding berms (light grey).



Figure 2a: Little Pine RAMMS 100-year maximum flow heights (m), proposed snow shed with
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guiding berms (dark grey) and length without guiding berms (light grey).

Figure 2b: Little Pine RAMMS 100-year velocity (m/s), proposed snow shed with guiding berms

(dark grey) and length without guiding berms (light grey).
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Appendix D - Washington DOT

This appendix contains the details on the proposed snowshed (2011) on Keechelus Lake, and

historical snow sheds (1951, 1931) on |-90 on Snoqualmie Pass

D1. Proposed Keechelus Dam Snow Shed (Proposed 2011, not built)

3 pages with plan, elevation, loading diagrams, and cross-section drawings. Source: WSDOT
engineering plans for 1-90 Snowshed to Keechelus Dam Phase 1C- Replace Snowshed and Add

Lanes (Volume 6 of 8).

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
M STATE UNIVERSITY D YNAM IC P I
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D2. Lake Keechelus Snow Shed (Built 1951)

4 pages with plan, elevation, cross-section, and framing detail drawings. Source: WSDOT
engineering plans for Primary State Highway No. 2: Airplane Curve & Lk. Keechelus Snowsheds.

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY
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D3. Airplane Curve Snow Shed (Designed 1950, not built)

4 pages with plan, elevation, and cross-section drawings. Source: WSDOT engineering plans for
Primary State Highway No. 2: Airplane Curve & Lk. Keechelus Snowsheds.

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY
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D3. Keechelus Lake Snowshed (1931, 1933)

2 pages with drawings for the original design and extensions on the wooden structures built
along Lake Keechelus in 1931 and 1933.

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY
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Appendix E - Wyoming DOT

This appendix contains the details on the proposed snowshed (1992) on State Highway 22 at

Teton Pass.

E1. Proposed Glory Bowl Snow Shed (Proposed 1992, not built)

1 page with plan, elevation, and cross-section drawings. Source: WYDOT Plan and Profile of
Proposed State Highway: Jackson-ldaho State Line.

o Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
M STATE UNIVERSITY D YNAM IC P ?
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Appendix F - Parks Canada, Glacier National Park

This appendix contains the details on three snow sheds in Glacier National Park

F1. Pioneer (built 1961)

3 pages with site plan (2 versions), elevation, and cross-section drawings. Source: COWI.

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
DYNAMIC

STATE UNIVERSITY
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F2. Tupper #1 (built 1962) and later joined to 1962 re-build of Pioneer

2 pages with site plan, elevation, and cross-section drawings. Source: COWI.

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY
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F3. Single Bench (built 1978)

5 pages with site plan, elevation, cross-section drawings, wing wall details and interior
elevations. Source: COWI.

Synthesis Report on the Use and Design of Snow Sheds to
M MONTANA DYNAMIC Protect Transportation Corridors Against Avalanches

STATE UNIVERSITY
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Appendix G - BC MoTI

This appendix contains the details on two BC MoTI snow sheds

G1. Great Bear (built 1986)

4 pages with site plan, elevation and cross-section drawings.

Synthesis Report on the Use and Design of Snow Sheds to
MONTANA Protect Transportation Corridors Against Avalanches
DYNAMIC

STATE UNIVERSITY
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