Xl

Contents
1 LY 10T [T o 1) o T 1
1.1 Avalanche hazards ...........cocceeriiiiiiniieieeeee e 1
1.1.1 Overview and terminOlOZY .......cccueeiuieriierieiiieiterite ettt 1
1.1.2 Avalanche hazards: historical and geographical relevance ................. 2
1.2 Technical avalanche defense: classification ..........cccccevceeeveeniieencennnen. 3
1.2.1 Classification scheme of defense measures and their effects............... 3
1.2.2 Permanent technical avalanche protection (defense structures) .......... 6
1.2.3 Technical avalanche defense with temporary effects .............ccccce..e. 7
1.3 Avalanche disasters, development of avalanche defense:

hiStOriCal OVEIVIEW ...c.eeiiiiiiiiiiiiiieieet ettt 10
1.3.1 Chronicle of avalanche catastrophes..........cc.cceceveerereeneneeseneenienne 10
1.3.1.1  Avalanche disasters in the AIPS .....c..ccoceeveriininiiniineniieeeeeee, 10
1.3.1.2  Avalanche disasters in Other reZions ...........cceceereeeriierieecieerie e 12
1.4 History of avalanche defense .........c..ccoeveeniiiiiiniiieniiiicceceeee 13
1.4.1 Historical development in Europe...........ccocevvevinienineesenieceenee 13
2 Avalanches: evolution and impact ... 17
2.1 Characteristics of avalanches ............ccoccveeieriiierieniierceese e 17
2.1.1 Definitions and classifiCations............cceceerveerieniieenieeie e 17
2.1.2 Spatial and temporal occurrence of avalanches............ccoceeveeniieencens 17
2.2 Meteorological principles of avalanche evolution............cceceeeecuennenn. 19
2.2.1 Weather conditions forming avalanches in the European Alps........... 19
2.2. 1.1 General TEMATKS ........ceeeeuierireriieeiienieeieeereesieeteeeseesseeeseesnneenseesnneas 19
2.2.1.2  Northwestern (precipitation build up) area...........ccccceeveeeevirreeneeneen. 20
2.2.1.3  Western weather CONitioNS ...........ceeuieerieenieeniienienieenie et 21
2.2.1.4  South foehn STUALION ..c..eevveeiirierieeierieieetenereete ettt 22
2.2.1.5 Occlusion from the North East — north-east location .............c...cc...... 23
2.2.2 Weather conditions forming avalanches in North America

(WESLETTI TANZES) «.nvveenveeeureeeieeteesueeeteesateenstesaseeaseesseeebeesnseeseesnseanseeans 23
223 Weather conditions forming avalanches in other mountain regions.... 24
2.3 Nivological principles of avalanche evolution..........c.cccccceerieenennen. 24
2.3.1 Properties of material SHOW ........cccceviirriiniiiniinieeieeiceee e 24
232 GENESIS OF SIMOW ..ttt et 25
233 Snow metamorphisSm ..........coceeivieiriniiiiiee e 27
2.3.3.1  General TeMATKS .......cc.eeeiuieiireiieeieeiieeiee et ettt e ettt e et e saaeesaeeeaneas 27
2.3.3.2  Principles of SnOw metamorphosis.........cceeeeerieeniieniensieniieenie e 27
2.3.3.3  Initial metamorphiSm ........cccueeviiriiiiniiiniiniieeeeeeeeee e 28
2.3.3.4  Equilibrium growth metamorphiSm ............cccceeveerienenienieneenienieneens 28
2335 FaCEUNZ..c.ioiiiiiciieictceeeeee et 29
2.3.3.6  Melt-freeze metamoOrphiSIm ..........c.eevuieeriieniieniieieeeeee et 30
234 SNOWPACK . ...ttt 31
2.3.4.1 Formation of snowpack and layering..........cccccceeeerveenieenieriiensieennen. 31

2.3.4.2 Movements and tenSioNS iN SNOW COVET........uvvveereeeeeeeeeeeeeeeeeessnnneenenes 31



XV Contents
2.3.4.3  Avalanche classification according to evolution ............eceeeerverueennen. 33
24 Frequency and magnitude of avalanche events.............ccceceeevenennee. 34
24.1 Criteria for frequency, magnitude and risk assessment....................... 34
242 Frequency (recurrence) of avalanche events ............cccccccevceenieninnen. 37
243 Magnitude of avalanche events..........c.c.coocerieinieniiiniinnienicneeeee 37
24.4 Intensity of avalanche iImpact...........ccccoveevereeninieneeneneeeseeeene 38
25 Morphological principles of avalanche evolution..............cccccceceeuenen. 39
2.5.1 Avalanche catChment area.............cueevueeeieerieeieeiie e 39
2.5.2 Avalanche Starting ZONE ...........ccecueerieeieenieeiie ettt 41
253 Avalanche path ... 45
254 Avalanche runout zone (depoSition ZONe) ...........cceveereeeneeneensieeneenns 47
2.6 Avalanche protection fOrest .........evvevuerierierierinieseeie e 48
2.6.1 Effects of vegetation and forest on avalanche formation .................... 48
2.6.2 Effects of avalanches on trees and forests...........ccocceevieeneeniiniceneenns 52
3 Avalanche dynamics: models and impact.........ccccccvvreerrecencen. 55
3.1 Principles of avalanche dynamics ...........cocceeveerervieneeneneeseneeeeenn 55
3.1.1 Physical principles .........cccceoveievieienieniiiiineeieeeeeeeeee e 55
3111 General T@MATKS .....cccvieiiiieiieiie ettt ettt e 55
3.1.1.2  Characteristic criteria of avalanche movement..............ccccceceenieenee. 55
3.1.1.3  Avalanche VEIOCILY......cccueiiiiriiiiienie ettt 55
3.1.1.4 Model laws of avalanche movement...........c..cccceeceeneeniervenneenrcenenenn. 57
3.1.1.5 Mathematical models for avalanche dynamics.............ccecevercuereenncne 58
3.1.1.6  CONSHIULVE LAW ..eouiiiiiiiiiiiieieeiesieeesteeetee et 59
3.1.2 Dynamics of flow and powder snow avalanches...........cc.ccceceenienens 60
3.1.2.1  Avalanche 1elease .......c..cocereenieriienirriinieieneeeseee e 60
3.1.2.2 Movement of flow avalanches .........c.cccocceeereenincinieenineneneeeeenn 60
3.1.2.3 Movement of powder snow avalanches ............ccoceveeveneenencienennenne. 60
3.1.24 Movement of mixed-motion avalanches............ccccoceevirviinenienennenne 62
3.1.2.5 Movement of wet snow avalanches and slush flows...............c..c......... 63
32 Numerical avalanche models and simulation.............ccccceeveenieeneennee. 64
321 Application of avalanche models ...........ccocceeriiiniiiiiniinniiiceieeeee 64
322 Principles and data for avalanche modelling............ccccoeeeverienennnne. 65
323 Avalanche model overview: classification............ccecveveeecieervereennnen. 66
324 Statistical-topographical avalanche models ............cccceevierirriieeinnnne. 67
3.2.4.1 Alpha-beta model.........cccooeiiiiiiiiiiiiiiiee e 67
3.2.4.2  Other statistical MOEIS.........ccccerveerirviriiniriinirceececeeeeseeee 68
325 Physical-dynamic avalanche models...........cccccooverniiniieinenniinnceneen. 69
3.2.5.1  Voellmy-Salm model.........ccceveriiriieiiinieniieiiieeieseee et 69
3252 AVAL-ID et 71
3253  RAMMS Lttt 74
3254 SAMOSAT ..o e 74
3.2.5.5 Application of avalanche models in engineering practice................... 77
33 Avalanche action on objects (0bStacles) ........cccceeveeveeverienercieneenienne 78
3.3.1 Dynamic avalanche action ............c..ccccevevenienieinieiienieeeieeerenenens 78
33101 PrINCIPIES .ottt 78



Contents XV

3.3.1.2  Action by flow avalanche on obstacles obstructing the flow............... 79
3.3.1.3  Action by flow avalanches on narrow obstacles............cccccecuerervuenncne 81
3.3.1.4  Action by powder snow avalanches.........c..ccoceeeeereenenieneneenenieenens 83
3.3.1.5 Impact of massive components (rocks, trunks) .........c.ccceeveerueencennnen. 85
3.3.1.6  Action by vertical avalanche deflection ...........cccccceveenieiveiniinninnnen. 85
3.3.1.7  Action by wet SNOW avalanches ...........ccccoeeeverrienienenieneneerieeeeneens 87
332 Damage effects of avalanches.............cocooveviiinininincnincncnes 87
3.3.2.1  General T8MATKS ......cooveeieriierierienieeieneeeetesiee ettt 87
3.3.2.2 Damage effects by flow avalanches .........c..ccocceeerienenicninecncnicnen. 89
3.3.2.3 Damage effects by powder snow avalanches............ccoccoeveeniiininnnnen. 90
4 Avalanche hazard assessment and planning of protection

== LT 91
4.1 Avalanche hazard (risk) assessment and mapping .........ccceeeeveeveerneene 91
4.1.1 Model of hazard assessment and risk concept........cccccoceevereeereencnnnene 91
4.1.2 Avalanche hazards and risks: definitions and quantification............... 91
4.1.2.1 Avalanche hazards and hazard scenarios .........c..c.ccecevverererencncnncnne. 91
4.1.2.2  Avalanche damage and risSK ........c..cccoocevirinininicneninineeneceen 95
4.1.3 Methods of hazard assesSMENt ..........coeeveereerierriereenenieieneereeeeniens 97
4.14 Avalanche 1isk asseSSMENL.........coeevuerierierrienieienienienieenteneeneeeesieens 99
4.2 Mapping of avalanche hazards and risKs..........cccceeeveiniiiniiniinninnnen. 100
4.2.1 OVETVIBW ....eveieiieiteieeiinienie sttt sttt ettt sae bt st 100
42.2 Hazard (indication) MapS .......ceceevveerierieneniierieniesie e sreeste et sie e saens 102
4.2.3 Hazard zone plans ..........ccoeeveriinieiiniiieneeeeeee e 105
424 RISK MAPS ..ttt 109
4.3 Planning of avalanche defense structures.........cc.ccceceevieeneenicencennnen. 109
4.3.1 Principles of planning ...........cocceeieniiiniiniiineceeeeeeeee e 109
4.3.2 Objectives of avalanche defense ..........cccoeeeveeceeniiienienceieneecee 113
4.3.2.1 Principles of protection ObJECtIVES .......ccceerueruerirenrerinieieneresienenen 113
4.3.2.2  Quantitative and risk-based protection Objectives...........ccceevuereeruennen. 115
433 Sectorial protection CONCEPLS .......eerrveerueeriierieeriienieeneeste e e seeeieeas 117
4.3.3.1  PrINCIPIES ..ottt 117
4.3.3.2  Protection concept for settlement areas............ceceveevereerieesieneennennen. 118
4.3.3.3  Protection concepts for traffic routes and supply lines............cc.c....... 119
4.3.3.4  Protection concepts fOr SKi areas..........cecereererrueneenenieneenieneneenneen 121
434 Planning process for technical avalanche defense measures............... 121
4.3.4.1 General planning procedures in avalanche defense.........cc..cccceeeueenee. 121
4.3.4.2 Design of avalanche defense Structures.........c...cceceeveerneenienneeneennne. 124
5 Structural avalanche protection: defense systems

and construction tyPes.......cccccviiicemirnssmsnnssms s 127
5.1 Principles of structural avalanche defense............cccceveeiiiinnirencnnnnen. 127
5.2 Structural avalanche defense in the starting zone.........c.ccceceeveeeneens 127
5.2.1 Overview and clasSifiCaAtioN .........cocceveeruirveeneenienenieeneeeneee e 127
522 Snow supporting structures: COnStruCtion types.......ceeeevveeeervereeruenne 130
5.2.2.1 Protection effect of snow supporting Structures ..............cecceeeuveereeennen. 130

5.2.2.2  ClaSSIICAtION . ....ccceeeeeiiieiiiiieieeeeeee ettt e e e e e e e e e e e e e s s s ennaaaaeeees 130



XVI Contents
5.2.2.3  Construction types: snow bridge of steel ..........ccceceeverceervrreneennene. 133
5.2.24  Construction type: SNOW NEL........cceeueererrerueruerrerueeerereesenensensensennens 136
5.2.2.5 Construction type: combined snow bridge..........cccceevvereererrienenneenn 140
5.2.2.6  Construction type: snow bridge and snow rakes of wood................. 142
5.2.2.7 Historical construction types of snow supporting structures............. 144
5.2.2.8  TYype apProval LeST....ceueruieriirieriieiieiienieeitenit ettt eee e ee s 146
523 Foundation and anchoring of snow supporting structures................. 149
5.2.3.1  General reMArKS ...........cecoueerieriiieniieesieeeieerieeete et eete et eseeesaee e 149
5.2.3.2 Methods of foundation (anchorage) ..........ccceeveereerieenienieeeenieene 149
5.2.3.3 Historical foundation methods ..........ccccceeevenieninieniinnencneneeeee 151
524 Snowdrift cONtrol StIUCIUIES ......cc.evveruieierieeiiererereeeeereseee e 155
5.2.4.1 Effects and classification of snowdrift control structures.................. 155
5.2.4.2  Construction type: Snowdrift fence ............cccoevvierieriienieenieeieeeeene 157
5.2.4.3  Construction type: wind baffle...........ccoocoiiiniiiiiii e 157
5.2.4.4  Construction type: wind roof (jet roof) ........ccccoeveeniiiiiiniiininnnennn 159
5.2.5 Snow glide protection StrUCLUIES ...........cevveerveeriiersieenieeieenie e 159
5.2.5.1  Protection effects.......c.ooeverineneieieieiceieeeeeeeeeerene 159
5.2.5.2 Snow glide protection methods: OVEIVIEW .......c..ccceevevverienenenienenens 159
5.2.5.3 Construction type: array Of POSLS ...c..cevvervuereenierierrienienennieneenieeeennes 162
5.2.5.4  Construction type: snow glide tripod ..........ccoceevieriiinieeieenienieeee. 163
5.2.5.5 Construction type: Derms .........cccoceerieriieeieeniienieneenieeeeseeeee e 163
53 Structural avalanche defense in the avalanche path and deposition

/01 1 SRR PRRUPSPRNY 165
5.3.1 ClasSIfICAION......eeiuiieiieeii ettt ettt et et eeaeeeaaeas 165
532 Longitudinal defense structures (construction types to guide and

deflect avalanches) ........ccvveeeeieiiiiieiiecee e 165
5.3.2.1 Protection effects of avalanche deflecting structures..........c..ccec.ee..... 165
5.3.2.2  Construction type: guiding Wall..........ccooceevirrienieninienieieereeee, 165
5.3.2.3  Construction type: deflecting dam (wall) ..........ccccoevirriiinninniinnennne. 166
533 Transverse defense structures (construction types to catch or retard

AVALANCRES ). eiiei it 167
5.3.3.1 Protections effects of avalanche catching or retarding structures....... 167
5.3.3.2  Construction type: catching dam (wWall) ..........ccccevvverienirneneenienenne. 169
5.3.3.3  Construction type: avalanche-retarding cone.............ccccceevvevuenrennennene. 169
5.3.3.4  Construction type: avalanche breaker ..........cocccoceeverienernieneenenennne. 171
534 Avalanche galleries and tunnels...........ccoeveeviienieniiienieeie e, 172
5.3.4.1 Construction type: avalanche gallery (tunnel)...........cccccceveeriennnennne. 172
5.3.4.2  Construction type: avalanche-secure pipe bridge...........ccccevveerueeneenne. 173
6 Structural avalanche defense: design and construction........ 177
6.1 Normative bases Of deSi N ........coeuieriieiiiiniieeete et 177
6.1.1 EUROCODE and national standards in Austria, Germany and

SWIZETIANA ..o e 177
6.1.2 American national standard (ANSI) and Canadian standard (CSA) ... 177
6.2 Design of avalanche defense structures in the starting zone .............. 179
6.2.1 General rules for designing avalanche defense structures.................. 179



Contents XVII
6.2.2 Design snow height.........coccooieiiiiiiiiiiiieee e 180
6.2.2.1  MethodOlOZY ......ccceeviviiriiiiiiiiiieieeeeee e 180
6.2.2.2  Extreme snow height in Switzerland and Austria ......c..ccccceeeereevennenne 180
6.2.2.3  Extreme snow height in USA and Canada...........ccccccevuieninnieeneennnen. 182
6.2.3 Position of protected ObJECtS ......cccueeruierriieniirniienieeeeeceee e 182
6.2.4 Static systems for avalanche defense Structures ...........c.ccceceeveereennenne 183
6.2.5 Actions on SNOW SUPPOITING SLIUCLULES ........ccverververrerrirenrenririesrenennens 184
6.2.5.1  Overview and clasSification ............ccceeeveeriierienieeieeee et 184
0.2.5.2  SNOW PIESSUIE ....eeutieiieeiiieriieeiteeteesiteeteebeesteesbeeeteesaeeenbeesaneenseesaeens 185
6.2.5.3  End-effect 10ads .......c.ccoccerieniinieniniiiicieececeeeeee e 189
6.2.5.4 Resulting snow pressure and load arrangement ............ccccceeveeeneennnen. 190
6.2.5.5  SNOW PIESSUIE ON GIALE ...cveeuverreierieiieienitenteeeeteseesteesesieesseseesaeens 192
6.2.5.6  Snow load on slim components (StrUCLUTES)..........cerveerveereeeriueereennnenn 194
6.2.5.7  Lateral 10ads.......ccooueeiiiiiieiiee et 195
6.2.5.8  Dead Weight .......ccoouiiiiiiiiiiiiiiee e 195
6.2.5.9  WINA 10Ad.....cccioiririririiirieinncres e 195
6.2.5.10 Other QCtONS ...c.eeveruiruiriiriiriieieeeeiteteenese et nens 195
6.2.6 Layout and configuration of snow supporting structures

1N the StATtING ATCA ....cververrieiiriiirieeterie ettt ettt et et eseeneeeas 196
6.2.6.1  General rules for [ayOuL........cccoceeviriiniiiiniineeccececeee e 196
6.2.6.2  Slope inclination suitable for snow supporting structures................... 196
6.2.6.3  Vertical extension of defense area..........c..cecceceveeererrnenenenenenennens 196
6.2.6.4  Horizontal extension of defense area ...........cccceceveevervienennenienieenenne 197
6.2.6.5 Concepts for arrangement of snow supporting Structures ................... 197
6.2.6.6  Height of SnOW SUppOIting StrUCLUIES.......c..eevvereereeniereenierieneneenieens 199
6.2.6.7 Distance between (rows of) structures in the line of slope................... 200
6.2.6.8  Lateral distance between SIrUCIUIES..........cocverreerrereenuereeeereereneenneens 201
6.2.6.9 Combination of snow supporting structures with snow glide defense

SETUCEUTES ....eeetteeiteetteeie et et e et e sttt ebe e st e e beeeateesbeeenseenseesnteeseesnseenses 203
6.2.7 Building materials for avalanche defense structures ...............ccccc...... 204
6.2.7.1  General fundamentals of building materials.............cccoceeerirriiininnnen. 204
6.2.7.2  Construction StEEl.........cccervveririiiriininiiiriciereeee e 204
6.2.7.3  ConStruction WOOd..........cccevererirereerereninenenenesesresresre s sresrennens 204
6.2.7.4  Fasteners and CONNECHING MEANS ......cevververreerierienieenienienieeiesreneenieens 205
6.2.7.5 Ropes and reinforcing Steel..........coveriireriiinernineniieneereneeseeeenene 205
6.2.7.6  ANCROT GIOUL ......eiiiiiiiiieiieeie ettt ettt et st e 206
6.2.8 Structure assessment and deSIZN .......covueerveerieriienieeneenieenee e 208
6.2.8.1  General fundamentals of structure assessment and design.................. 208
6.2.8.2  ACtiOn COMDINALIONS ...cvvevieiereienieeieniienieete st stteste et st et st b eeesieens 208
6.2.8.3  Support reactions and internal forces .........ccocervereeveriienennenienienenn. 209
6.2.8.4 Dimensioning of supporting constructions of snow supporting

SLIUCTUTES 11 STEEL....evveniieniiriieiieieet et 212
6.2.8.5 Dimensioning of grates of snow supporting structures in steel ........... 213
6.2.8.6  Dimensioning of snow supporting structures in Wood.............cccueneev. 213
6.2.8.7 Dimensioning Of SNOW NELS........ccceeruireriierieeriieniieeieeneeeieesieeeseeesaeeas 215
6.2.8.8 Dimensioning of SNOW rakes..........cccceeerieeriieiieniienienee e 217



XV Contents

6.2.8.9  Corrosion protection for steel structures above ground....................... 218
6.2.9 Geotechnical design of the foundations of snow supporting

SEIUCEUTES ...ttt ettt ettt ettt e bt et eaae e reesbee et e e saneeabeesae 219
6.2.9.1  Principles of geotechnical design..........cocceeevuerinienieniinicnieeicneeen. 219
6.2.9.2  Design of foundations of snow supporting structures..............c.......... 219
6.2.9.3  DeSign SIUALIONS ...c.vevuieriieieriienientieie ettt ettt sttt saeens 220
6.2.9.4  Partial factors of safety for pile foundations............ccccceecerievnnnnnnne 221
6.2.9.5 Design of foundations fOr SUPPOILS .......c.cevvereeriersiereenenenieneenieneens 221
6.2.9.6  Design of girder foundations..........c..cecceveevierieneenenensieneeneneeneeeens 224
6.2.9.7  Corrosion protection for foundations ...........cccceeveenieereeniieineeniennen. 228
6.2.9.8  Testing of MICTOPIIES ...cccuveriuiiriiiniiieiieriiete ettt 228
6.2.10  Design of snow supporting structures on permafrost sites.................. 230
6.3 Design of snowdrift protection StruCtures ............cecceeeceeereereesseeeneenns 233
6.3.1 Design of snowdrift fences and wind baffles ...........ccocceviiinniinnen. 233
6.3.1.1  Principles of deSiZn......cccceiriiiiiiiniiiiienie ettt 233
6.3.1.2  Structural systems of snowdrift fences and wind baffles..................... 234
6.3.1.3  Action and action COMbINAtIONS........c.cecereeerreereeeeereeereneneneneenens 235
6.3.1.4  Construction prinCiples .........ccceceevueiereeieiiecieiieinineeeeeeeeeeeeeeeeaeen 235
6.3.2 Design of wind roofs (Jet T00f)......cccovverirriineiniiiieneeeeeeeeeeenne 235
6.3.2.1  Principles of deSiZN......ccccieruiiiiiiniieie ettt 235
6.3.2.2  Structural SYSIEIMS ....coueeruiiriiiiiieeniieeitetceete ettt sttt 235
6.3.2.3  Action and action COMbINAIONS........c.ceceeeeeerirveeeeereeereneneneneenens 236
6.4 Design of avalanche catching, deflection and retarding structures...... 237
6.4.1 Determining of the required height of catching and deflection

dams (classical approach) ...........ccceeceeriiiiieniienieeeeeeee e 237
6.4.2 Determining the required height of catching and deflection dams

by a more physically based approach...........ccocccoveeniiiiiiniiinincnnen. 237
6.4.2.1  General principles of deSign.........ccceeeruirieriirrieniriereeieeeseeeeseeen 237
6.4.2.2  Catching and deflection dams ...........cccccoeeveriininniniinenencneceeene 239
6.4.2.3  Avalanche guiding dams...........cceceeriiiiniiiiienie et 242
6.4.2.4  SOrage CAPACILY ..eeuvierurieiieiiieeieenite ettt ettt et ettt ettt e e 242
6.4.2.5 Actions on avalanche deflection and retarding dams ..........cc..cc..c...... 243
6.4.3 Geotechnical design of avalanche deflection and retarding dams........ 244
6.4.3.1 Fundamentals of geotechnical dam design..........ccccevceeverienernenennnen. 244
6.4.3.2  Rules of dam cOnStruCtioN..........cocuereeriirieniieiienieieneeieeeesieee e 245
6.5 Design of avalanche breakers...........ccoeoieviiiiiinieiniiiceeeeeeee 247
6.5.1 General remarks ........cooeecveiieniinene e 247
6.5.2 Actions on avalanche breaker and structural SyStems ..........c..cceceeuene 247
6.5.3 ConStructive deSIZN......c.veveureriieieieieieieeeee e 248
6.6 Design of avalanche galleries (tunnels).........ccoceeeeeverveneenenccenenene 248
7 Construction work and maintenance of structural avalanche

Lo 311 o 255
7.1 Construction work (avalanche defense structures)............cccveeeevveenns 255
7.1.1 Fundamentals of construction work in Alpine environments.............. 255

7.1.1.1 Conditions on avalanche control construction Sit€s .............cceeeeeunnnn. 255



Contents XIX
7.1.1.2  Demands for building methods and construction machines in

avalanche CONLIOL ........ocoviiiiiiiiiiie e 255
7.1.2 Construction site facilities and infrastructure...........cceceeveeveenerneennenne 255
7.1.2.1  Construction site facilities: overview and requirements...................... 255
7.1.2.2  Social and office rooms, housing for workers........c...ccocceevvieinieniennnn 257
7.1.2.3  Storage and handling of construction material and equipment ........... 258
7.1.2.4  Supply and disposal at construction ZONES.............ccceeverueererereruennenen 260
7.1.3 Transportation systems on avalanche defense construction sites......... 261
7.1.3.1  Principles of tranSportation .............ccecueereeeiieeriierieeniee et 261
7.1.3.2  Transportation 10ad ...........ceerueerieenieiiieeieente ettt 261
7.1.3.3  Material ropeway and cable Cranes ..........cc.ccceeeeeeveenierneeneennieeneeene 265
7.1.3.4  Heavy transport heliCOPLErs. ........evueeriirieriirieniieienieeieseeieeeeseee e 265
7.1.4 Special construction methods in avalanche defense in the

SEATTING ZOMC . ..eeneieentieeiieetie et eette et et e st e et e s ate e bt e sateesbeeeabeesabesbeeenes 267
7.1.4.1  Principles of construction work in avalanche control...............cc......... 267
7.1.4.2  Construction of micropile foundations and drill technology............... 268
7.1.4.3  Construction of Wire rope anchors ............ceceeeeriereerereenenieneeseennee 270
7.1.4.4  Construction of ground plate foundation ............cccceceveverenencncncnne. 272
7.1.4.5  Construction of concrete foundation............cccceevveriererienenienenniennee. 273
7.1.4.6  Construction of micropile foundation in solid rock (rock anchor) ...... 274
7.1.4.77  Mounting methods for snow supporting Structures.........c..cceeveeeueeenee 274
7.1.5 Safety engineering in avalanche control ...........ccccoecevieniniienennenenne 275
7.1.5.1  General principles of employee protection at construction zones in

AlPINE ENVIFONIMENL. ... .eetieiiieetieeeieertieete et eeiteeteesteesbeesneeesbeesneeenseenns 275
7.1.5.2  Preventive employee protection (prior start of construction) .............. 276
7.1.5.3 Requirements for employees on avalanche control construction zones 276
7.1.5.4 Personal protective equipment (PPE)............cccccoiiiiniinniiniiiniee. 276
7.1.5.5  Fall protection equipment and scaffolding...........cccceecercvervevierccnnennen. 279
7.1.5.6  Safety regulation for helicopter transportation............c.ccceeeveereeereenne. 281
7.2 Maintenance of avalanche defense Structures ............c.cceeeeeeereenenneen. 281
7.2.1 Principles of maintenance ............ccceeveenierieineenieeeeceee e 281
7.2.2 Maintenance management and condition assessment .............c...c....... 281
7.2.2.1 Lifecycle of avalanche defense structures............coceeeevereerveneneennen. 281
7.2.2.2  Functions and strategies of maintenance..........c..coceeererererenerennenne. 282
7.2.2.3  Inspection and condition MONItOTING ........cecverververieruereenieerienenrennee 284
7.2.3 Damage and functional defects of avalanche defense structures......... 284
7.2.3.1  Overview and classifiCation ........c...cccoecvevuievueneenenienieneeeereneeneeen 284
7.2.3.2  Causes for damages and functional defiCits..........ccceeververeriienienennen. 285
7.2.3.3  Damage analysis and condition asseSSMeNt ...........ccccevevvevrerererennennes 286
7.2.3.4 Damages at SNOW SUPPOTHING SITUCLUTES ....c..eeverurerreerrerirenieeienieeneennees 289
7.2.3.5 Damages at avalanche dams...........cccccoceeveriiiniinininninicninicneeeees 289
7.2.3.6 Damage at avalanche galleries and tunnels............ccccceeveeniieinienienee. 290
7.2.3.77 Damage to snowdrift StrUCtUIES. ......ccouerrieeriienieiieeieeeeeeeeeeeeee 290
7.24 Maintenance measures for avalanche defense structures .................... 292
7.2.4.1 Methods of MAINENANCE .......eevveerveriiriieiirieieeieteeee e 292
7.2.42  Methods of TENOVALION .....c.eevuiruieriieiirieiieieiecieeeeeee e 302



XX Contents
7.2.4.3  Urgency of maintenance MEaSUIES.........ecuerueeruerverreerrererneeneensesseennes 302
7.2.4.4 Renovation methods for avalanche walls.........c..coccevvieniinenicnennnnne. 305
7.2.4.5 Renovation methods for snow supporting Structures ............c..ceee.... 306
7.2.4.6  Renovation methods for SNOW NEtS .........ccceereeriieeniinienieerie e, 308
7.2.4.77  Costs of maintenance and reNOVAtION. .......c..cocverueerrireenreeseeneerneneeennes 308
8 Building protection (direct protection) measures............c.ceeu.... 311
8.1 Structural building protection MeasUIes............cccecveveveeevevereenenenn 311
8.1.1 Principles of building protection against avalanches ......................... 311
8.1.2 Avalanche action on buildings .........cccoeeueeveeriiiniieniieenieneeeeeeee, 311
8.1.3 Structural measures at the building ............cceceeveenieinicniinienniceneen. 314
8.1.3.1  Shape and orientation of the building .........c..cccceeveereerinieninneninnene 314
8.1.3.2  Constructive building protection measures ...........ccecveeveveveruerurennens 314
8.1.3.3  Building protection measures with temporary effect.........c..cccccoeeneen. 317
8.1.3.4  Design and commercial products for building protection against

AVALANCHES . ..ot 318
8.1.4 Structural measures in front of the building ..........c.ccccceeeervrvenenncnne. 319
8.1.4.1  General r€MArKS ..........ecevieriierieeiierieereeseeetteteesreeaeesreeaeesereeene s 319
8.1.4.2  Avalanche Splitting WedZes ......cecereevuirienieriinieieneerieetesieeie e 319
8.1.4.3  ROOF LEITACE. ...cueietiieiieeiie ettt ettt sttt 321
8.1.4.4  ITMPAaCt WallS ..coouviiiiiiiiiiiieiie et 321
8.1.5 Building defense measures for other structures.........c...cceceeveeenueenee. 321
8.2 Safety concepts for buildings endangered by avalanches .................. 323
9 Artificial release and monitoring technology for avalanches... 325
9.1 Methods of temporary avalanche defense............ccoceeviiniiiicencnnnen. 325
9.2 Artificial release of avalanches..........cccocvevvevinieninienncneeeneeee 325
9.2.1 General TeMATKS .......ocveveieiiiiieiecccecceeee e 325
9.2.2 Fundamentals of artificial release of avalanches .........c..ccccceceenueennenne. 326
9.2.3 Effects of artificial 1elease..........ccceevvueerirriiienieenieeieeeee et 327
9.2.4 Methods of artificial avalanche release: overview..........cceceeeveeenennee. 328
9.2.5 Comparison of methods: effects and efficiency ............ccoceeverienne. 328
9.2.6 Safety requirements and risks of artificial avalanche release ............. 330
9.2.7 Construction and operation of selected artificial release systems....... 336
0.2.7.1  GAZEX® oo 336
9.2.7.2  Wyssen Avalanche Tower LS12-5% ........ccccocovoiviiiriieieieeceeeee 339
9.2.7.3  Avalanche protection system Innauen-Schiitti in the Scuol-Ftan-Sent

Ski area, SWILZEIIANA ......cooovvviviiiiiiiieeeee e e eeeeeeaees 342
9.3 Avalanche monitoring technology ..........cccceevereereriieneniereeieneeen. 345
9.3.1 Principles of avalanche mOnitoring..........cccceeveveeveereeneneeneneenennens 345
9.3.2 Meteorological MONILOTING ....cc.eecverueervirieriieriinieieneee et 347
9.3.2.1  Fundamentals ........c..cccceoeeriirieniieniinieneneeieeeereete et 347
9.3.2.2  Automatic weather Stations ............coceeveeviereeninreeneneeneereeeereeeenes 348
9.3.2.3  Weather radar........c..cocevieeiiiieniieiincceceeeee e 348
9.33 MORNItOTING SNOW COVET ..c.euviiiiiriiireniinresresteeteerenesenenenesnesnesennes 350
9.34 Monitoring SNOW MEChANICS ......cocveruieriiriinierieeiereeeieee e 354



Contents XXI

9.3.5 Monitoring with remote sensing technology..........cccceeeeevervieneenenenne 354
9.3.6 Monitoring snow forces on avalanche defense measures.................... 354
9.3.7 Monitoring avalanche dynamics ..........cecceeeerervieneeneneenenneeneneenens 355
9.3.7.1  Systems for monitoring avalanche motion...........c..ccecevveererserieneeenncnne 355
9.3.7.2  Measuring avalanche impact forces with load cells ...........cc.ccecueeneee. 356
9.3.7.3 Measuring avalanche flow depth..........ccccoociiiiniiniininiiniiceee 358
9.3.7.4  Measuring velocity with optical SENSOIS .........ccceeevveriverininincnenne 359
9.3.7.5 Measuring velocity with pulsed dual doppler radar ..........c.cccoceeuennee. 359
10 Technical avalanche protection international:

facts and figUIeS......cccuvcceinrcmr s s 363

Literature.........ocrisssnnn s . 373






