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ABSTRACT

ft;%h-‘ Thedgynamlc behav1ot of a su1te of rock avalanches from

the Mack enzle Mounta1ns 1

.‘, o 7

The two object1Ves of thls the51s are- fxrstly, to document

the sub)ect of thls research

{\ i

“5f_ﬁ fzeld observatLons from the Nozzle and Rocksllde Pass rock

-

Ll aValanches,vand secondly*‘to evaluate, mod1fy and callbrate
~»5iﬁﬁ;ﬁ#t[ ‘ e ‘

; ,,la tfo parameter hydraul1cs model for the purpose of rock

. jfgva:‘nche runout and veloc1ty pred1ctron.:

Bl

Fleld ev;dence suggests that the 1n1t1al movement and

?;l\,‘f?‘ﬂﬂ" subsequent fallure mechanlsm for many of these rock »“ P

avalanches 1s a complex comb1¢at1on of slldlng, roll1ng and

toppllng,_w1th progre551ve d1i;ntegratlon en route. ST

e Tw1n g%alanches 1nd1cates local veloc1t1es ranged between 12
i]{ﬂd:ff,l::. and 50 m/s based on superelevatlon and run up calculatlons.
RS PtO]eCtlle veloc1t1es of between 95 and 118 m/s are also
suggested at the Nozzle rock avalanche.’ (
. _dh ,] ) d_ f- Koerner s model for snow and rock avalanches has been -
| i modlfzed to 1ncorporate upllft pressureg and 1n1t1al
veloc1ty assumptlons. The frlctlonal and dynam1c resistance
terms (u D) in the equatlon of motlon have been related in a:-
functlon termed the char'actemstic nes:stance nelatlonship
An 1n1t1al evaluatlon of thlS relatlonsh1p for the Macken21e :
Mounta1ns rock avalanches does not reveal a szgnlflcant o
common trend." Model predlctlons at the Twin avalanches
. v S

match the superelevation data over a wide range of (u,D)

.pairs,

An analys1s of the morph logy of the rock debrls at the o




?ffobserved runout dlstances (w1th1n a 4xia¢curacy

?¢parameters.‘ Refqnements to these pa“ametersggave a,

‘”1‘_reasonab1y good match of the model 51mu1atﬁons w1th the

;jthe major rock avalanches 1n the Mackenzie Mo ntalns,w

'ﬁiwould suggest that a jUdlClOUS cho1ce of'fe515tance

;{1_eparameters for mass movements of thls tYP ;Pr°”1des.a more

7'conszstent predlct1ve capab1l1ty than other more empzrlcal

”fvolume/runout type relatlonshlps. \? f;;"

L. Oy

%ﬁor flve ofa“”"

L A
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And deaths that Just hang;

.,__.ha'l:’ nobodjr'

;' There are hardsh1psf ons; N
S Thete/are valleys U“peopled and St111-:‘=‘71t" |

There s a land - oh 1t beckons and beckons,xf;f~ ”

And I want to go back and I W1ll \n

© The Spell of the Yukon ' i
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1 "_"INTRODttI_C'I:‘;'O}l -
o .
‘j.1 General , o l-d *y N l* B ,

Certa1n ‘types of rap1d slope movements such as rock
avalanches and debrls flows are some of the most destruct1ve
'natural_geomorph1c agents known; H15tor1ca1 accounts from -
Europe, South'America, and parts of A51a have recorded ‘great
loss- of l1fe and property due | to masszve rockslldes that
dls1ntegrated into flowlng avalanches bury1ng ent1re towns'
and valleys. ‘In the Canadlan Cordlllera, w1th more people
x11v1ng and worklng in the mountaln env1ronment the rlsk
_posed to the 1nhab1tants by rapid mass movements w1ll
.1nCrease. Consequently the plannlng process for land
'development in mounta1nous areas must take due cons1derat1on-
_ of the potent1al for such dlsasters.v More frequently the
questzon of mobillty rather than stabllfty is being "
addressed - how far and how fast would a certa1n rock mass,v'
known to be unstable, travel once fallure has occurred?

A recent study by Hungr(1981) has dealt with the
' dynam1c ‘aspects of all types of - slope movements,.and 1n:'?'
~part1cular, the rock avalanche phenomena. 'In a thorough
- review of the 11terature and exten51ve laboratory flume
- experiments with granular materlals Hungr could not accountlh
_for the apparent reduced frlctlonal behav1or exhlblted in ahr
r0ck avalanches. Whlle a determ1n1st1c solut1on for the

t runout pred1ct1on problem would not seem to be easily

formulated other Sem1 emplrzcal approaches do offer some



Qx
.‘al‘terhatives‘.j I't is thzs aspect of the rock avalanche
‘*.problem whlch will be. addressed 1n th1s research
' Elsbacher (1977 1978 1979) has descrlbed a unique

fcollect1on of rock avalanches (stunzstnoms) in the Mackenz1eh
Mountamns of the Yukon and Northwest Terr1tor1es., These
apparently dry, very - moblle landslzdes wh1ch travelled as
much as 7 km from thelr source, on average slopes of as lowh
- as 7 5° dlsplay no obv1ous featuves to explaln the1r
v{'apparent reduced 1nternal and/or basal resistances. To
blfurther 1nvestlgate these avalanches Kalser and Slmmons

"~ (1980). conducted a. short fleld 1nvestlgat1on at the Twin,

“.xAvalanche and Damocles avalanches. To carry. out more

detailed exam1nat10ns of the . local geology and to .
,1nvest1gate the mechan1cal aspects of the phenomena for the
purpose of callbrat1ng a proposed model a 51x week fleld
program was undertaken in 1981 by\the wr1ter and an - ..'
a551stant at the Nozzle, Rocksllde Pass and U Turn rock

avalanches.

1.2 Rims of this nesearc'ii?' ST
Hungr(1981) outllned a, method for analys1ng the 1ffﬂf>¥f

[3
dynam1cs of a glven type of slope movement. The three steps

he proposed were:

1. Define the phenomenon by collectlng 1nformat1on about
"31ts mode of movement, the type and condltlon of the'fp

.materlal, characterlst1c dlmen51ons and other spec1al

. ; . . T S
- S - . N ; ey M
. D VRIRIRER R . . S e S -
>. . L . . L el
PR . PRI L . Yoo . . ‘
A e PR . . e



-attrlbutes (a phenOmeanog1cal approach)
>2;a' Formulate a boundary and an 1n1t1a1 value problem based;"h“
on analyt1cal or phys:cal models to descrlbe the mot1on
(a. k1nemat1c approach) 1 | ”'f
3..a:Determ1ne the . constltutive relatxonsth for the
| :3mater1al to be used in the equat1ons of motion (a-
'“?5&_-rheologlcal approach). _
.Alf: ThlS 1nqu1ry has dealt thh the fxrst and second steps l.
(the phenomenologlcal and k1nemat1c approaches) to” a large'j.
extent wh11e no attempt has been made to deflne a un1que

yconstltutxve relatlonshlp for rock avalanche debr1s.

Spec1f1cally the two ma1n aims of this research aref
1/ o document £1eld evidence from the Nozzle and
E'Rocksl1de Pass rock avalanches descrlblng the 1n1t1al
boundary condltlons, the" d1mens1ons, type and structure.
of the pre-movement rock’ masses and rock debrls the
_mechan;cal ‘aspects of the avalanche motlon, and ‘the
suggested veloc1ty spectrum as deduced from J i
-morphologlcal ev1dence. In addltlon supplementary »
de\a1ls from other Macken21e Mounta1ns rock avalanches
f.]are complled and summar:zed o
2, To evaluate mod1fy and cal1brate Koerner s model
(1976 1980a) for the purpose~of rock avalanche” runout

and veloc1ty pred1ct1on, Wlth spec1a1 reference to a. -

:su1te of rock avalanches from the Macken21e Mountalns.
A '

« ST, L
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At thls po1nt it 1s worthwh1le stat1ng that thas study

fh was not 1ntended as a regxonal 1andsl1de syntheszs or a

"[r[ﬂﬁcomprehensxve evaluat1on of rock slope dynam1cs.‘ However,

?:forhthe purpose of thouroughness and to prov1de the proper
tfperspectve a descr1ptaon of the phy51cal envzronment-and the }d
Lmhost of factors whxch 1nfluence rock stabllxty 1n the | .
‘“Mackenzle Mounta1ns are outlzned The 1n1t1;l fallure »
‘fmechanlsms Whlch started the masses 1n motzon 51m11arly were
_not a major d1rect1onﬂof 1nqu1ry, but one chapter has been.-*
_devoted to prov1d1ng an overv1ew of poss1ble mechanlsms.
'Flnally, the evaluatroh'of the pred1ct1ve capab1111ty 1s

limited to Koerner s (1976) model and varlat1ons thereof .

‘although other sem1 emp1r1cal technlques are possiblec

1.3 5cope of this Thesis' SRE A S

| In Chapter 2 the phy51ca1 env1ronment 1n the Mackenz1e-2;i
;JMountalns and a summary of characterlstlcs of rock
J‘avalanéhes from thlS range are ‘outlined. RN .

Chapter 3 ,” an overvﬁew of the 1n1t1al fallure

.gﬁmechanlsms examlnes the ev1dence for low frlctlon surfaces,»;

?“dpore pressures, roller bear1ng frictaon, c11ff collapse and
"toppl1ng mechan:sms and fallure 1ndUCed by selsmzc o Vef‘V;“
acceleratzons. A pr1m1t1ve dynamxc analy51s 1s performed to

’estlmate the 1n1t1al veloc1t1es for six Mackenz;e Mountazns

avalanches._‘ SN - . . T

Specific meohahical éspects'OE'rock'éQaigﬁéh

'are addressed in Chapter 4uj
) ‘:\.\k_:f-" o . “‘“y"m A

.{Ahbrief-literaturefreView_of' OIS



4 I o

“',iphy51cal hypotmeses, sem1 emp;r1cal models and scale";.

'fﬂ;fmode111ng 1svfollowed by an evaluatxon of the veloczty
'1555pectrumlobserved or calchlated for ‘a group of documented
?:avalapches and rochslldes. Volume/runout dlstance

YL

“‘7;relat1onsh1ps for the Mackenzle Mouhta1ns fa1lures are

hjexamlned and f1na11y5

&

brnef OVervzew of morpholog1cal

o~

"“fev1dence testlfyzng to the complex rheology of the f1°W1“9

Ll

fjdebrls 1s presented .np§‘¥~ ) L .
- In Chapter 5 Koerner s. (1976) model for flowlng rock

fp'avalanehes is exam1ned and itk 11m1tatlons assessed 'A‘f"

- 4‘"

»fcomputer program, RADA - Rock Avalanche Dynamlc Analy51s,

H

”Jdescrlbed and a parametrlc study 1s conducted to evaluate

:’{the effects of geometrlc varlatlons pore pressures and

Lo N

hlnltxal veloc1ty assumptlons. .To assess travel path

ﬁvar1at10n the Frank Sllde~was analysed

[¥3

“ A su1te of rock avalanohps from the Mackenz1e Mounta1nsg

EY e 2

'bahd elséwhere is analysed 1n Chapter 6 Character1st1C'

fres1stance relat1onsh1ps and veloclty prof11es for these .

e k2
e vmovements assumzng 51ngle events are derlved and analysed

e

. N
':and an assessment of the model(for pred1ct1ve purposes is - iy

KR "3.:. N . . . W , X . T L _' ) i 1'

'conducted.-pﬂﬂf‘.ff_ o v‘ujvﬂalgg'v 5_1,,;;;¢. B

ll,ﬁtr”“;x L Slnce summarles and conclu51ons follow each chapter the
r'-‘FUKm%lastlsectlon Chapter 7 serves as a rev1ew of the hlghllghts
.i'fibf the precedlng frve chapters.__fé“ 4 A .1

o Appendlces A and ‘B descrlbe the physiograthr;f*g~;‘ P
"hstratlgraphy. structural geology,_detachment zone .and’ the Jhi_p;7h

rock debr1s for tﬂe Nozzle and Rocksl1de Pass rock

,,,,,
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.avalanches,,respectlvely.u Append:x C conta1ns the velocxty

‘.,

' iﬁijﬂjprof1les forﬂthe s1x Mackenzle Mountalns rock avalanches

'1 'y Nomenclature and De£1n1t1ons
' The names of . spec1f1c landsl1des and topographlc-a

Htfeatures descrzbed xn thls thes1s follow the nomenclature

_used by E1sbacher (1977 1978 1979) although many of these R

',features have not ‘been glven appronal by the Canadlan
‘Permanent‘Comm1ttee on Geographlc Names. Numerous r1vers~

' and mounta1n groups in some of the scarcely explored parts .
_of - the Mackenzre Mountalns have yet to be named |

« . A rock avalanche 1s deflned in the AGI Glossary of
'Geology (Bates and Jackson,'1980) as‘“a very rapld downslope
thlowage of rock fragments durlng whlch fragments may become
broken or. pulverlzed..lﬂ Character1st1c features 1nclude a

'chaot1c d1str1but1on of large blocks, flow morphology and

R

1nternal structure, relat1ve thlnness in: comparlson to large

aer1al extent, h1gh por051ty, angularlty of - fragments and
lobate form." Varnes (1978) used the term o
_r*ockfall-avalancre or r'ockfall-debr'is flow for the above
phenomena, ‘while Hsu (1975) proposes the German term ;
'sturzstnom.‘ Mudge (1965) suggested the terms ,
"r‘ockFaH-avalanche and- r‘ockslide—avalanche to. dellneate

'Torlgln-'however thlS dlst1nct10n is ndt always read1ly

apparent . For the purposes of this the51s thlS part1cular

=




-

hmay be referred to as a Sllde. a fall or a flow. Otherwise”*l'ﬁ

:the nomenclature for descr1b1ng the avalanche debrls and thep

':1n1t1a1 £a11ed slope w111 follow Varnes' (14

termlnology
where poss1ble. ‘Snow: avalanches w111 be spec1f1
Jreferred to as such ‘to avo1d confus1on.‘ ' l‘:'=?@f o

P It is. read11y apparent ‘that some-of the terms used in

'thls system are 1nadequate for descr1b1ng ‘'some of the ﬂ yi}g.5;

features and ‘the flow morphology of certaxn rock avalandhesi

_thus convenlent terms wlll be employed where necessary.~p

L

Some measures of rocE avalanche mob111ty and the1r

Engl1sh equ1v1lents may also be deflned The Fahﬁboeschung

will refer to the ‘tangent of the tPavel angle defined by the

line Wthh joins the- most dlstal t1p of the avalanche debrls-

"and the top of .the crown of the pre falled mass.u The

(2 anSChalgefalle refers to the tangent of the mean tPavel

angle defined by the 11ne wh1ch Jolns the centres of ,mass of
pthe pre- fa1led and the rock avalanche debrls dep051t
| - The aPea Fatio 1s ‘an emp1r1cal measure of . mob111ty
"potentlal deflned as the area beneath the line 301n1ng the
crown and the t1p of the debris. but above the rock avalanche
traVel path prof;le d1v1ded by the area beneath the l1ne

301n1ng the crown and the t1p of the debrls, but above a

horlzontal 11ne 1ntersect1ng ‘the lowest p01nt on the travel

,proflle. . v.'i;" et ~ 5" ;;h_’.:._.a',‘ : ',\,",,a.,- e Uieeo e _(f'__rf-
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2. 'ROCK AVALANCHES IN THE MACKENZIE MOUNTAINS

Tz.l'lntroduction.
. Mass movementsu1n the Mackenzle and’adjacent Selwyn'
Mountalns have not rece1ved a great deal of attentlon 1n the'
past. Douglas (1953) f1rst noted the exlstence of a number'

of. rockslldes in the Wernecke Mounta1ns, which lie east of

the northern edge of the Macken21es, while conduct1ng a

reg1ona1 mapp1ng program.‘ Hughes (1969) has located several
'rockslldes in the ‘same regloﬂ?on the northern frlnge of the
Mackenz1es near the Snake R1ver, however, they have not yet
‘nbeen described. The p:esence of two enormous rockfall— and
v~rocksllde-avalanche dep051ts in the central Mackenzles were
1n1t1a11y noted by Gabrlelse et al.(1973). These
‘landslldes, at ROCkSllde Pass and Avalanche Lake, are two of
the best examples of this type of phenOmenon 1n the Canadlan.
cord1llera. These events and . several others were examlned
'by E1sbacher (1977 1978) and later’ 1n h;s reg1onal
hsynthes1s of all rock avalanches throughout ‘the Macken21es .
w1th volumes greater than 2 x 10¢ m? (E1sbacher 1979)

All of Elsbacher s so- called "cl1ff collapses™. d»“7~

...‘*.

10,‘./‘

. -».. L

q

carbonate formatlons most commonly*ln rocks of lower*1

Paleozolc age., Most of these fallures have taken. place "

51nce the. last glac1al ep1sode on, 1nc11ned beddlng.plane

e surfaces rang1ng 1n d1p from 13° to 40° | Elsbacher (1979)

e e -

makes a conv1nc1ng case for the contrlbuting role of past

qesultbng roek-aValanches -8rF " Sturzst%oms are conf&ned to e
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,f’“~a,mounta1n slopes 1n the adjacent Wernecke Mountalns. A’

‘fa11ure.

earthquake activ1ty for ‘one subset of these avalanches.,

‘ However, thls postulate has not been much advanced beyond

the conceptual stage for ‘the other events. Some of the

'“prox1m1ty to each other, formlng dlstlnct clusters._ For -

example, the - Nozzle and U Turn - avalanches, stud1ed as part
of ‘this 1nvest1gatlon, are part of a group of some Seven

large and several small avalanches referred to as the Arctic

Red Cluster. The key avalanches studied by Elsbacher (1979)”

'«and in- th1s research -aré shown on Flgure 2.1. The 1nset map

shows the locat1on of earthquake eplcentres for the period
1962-1974 (from Basham et al. 1977, see section 2,2.4)

‘The frequency of this type of slope movement has not -

" been examined in detail, although Eisbacher (1979) does

samegtlme. A chronologlc datlng of rock avalanche dep051ts

. was not- attempted in this research However, such an
1nvestlgat10n could be of consxderable value in- establlshlng<

4Vsome of the condlt1ons whlch were cr1t1ca1 to: the 1n1t1a1

The onIy dlher 1nvestlgat1on to date of mass wastlng

'ipr0cesses 1n th1s reglon was.a’ study by Gray (1973) of the -

«geomorphxc effects of Snow avalanches and rockfalls on steep

“,varlety of other large mass movements 1nclud1ng rockslzdes,
'rock topples, slides in frozen 5011 rock glac1ers,

;sollfluctlon, debrxs'flows, soil creep,'gravitational ridge

v . L

‘ avalanches he stud1ed are curlously located in rather close~<

7suggest that some of the avalanches may have occurred at the

l
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spreadlng (sackung) and other h1therto undescr1bed movements'

.have been observed in the Macken21es by thlS wrlter and some
of the 1nvest1gators prev1ously ment1oned : Few of these

features have bﬁen documented to date. , B "ft

ThlS chapter serves ‘two' bas1c purposes- flrst to IR

br1efly descr1be the phy51cal env1ronment in the Mackenzles,: -

o

and. second to summarlze some of the pertlnent data from the;__“‘_;

six rock avalanches whlch w1ll be referred to in thls study.

W1th1n the overview. of the: physical env1ronment the factorS'

whlch are. relevant to slope movements are descrlbed under
the subtltles of phy51ography, reglonal geology, climate and
hydrology,-and selsm1c1ty Whlle this study is not intended
to be a reglonal evaluation of rock slope Stabillty,.this
1nformatlon 1s deemed necessary for a-proper_framevork to
introduce the two caSe examples and to-develop aISUitable
model for rock avalanche behav1our. Descr1pt1ons of two -
B rock avalanche dep051ts - Nozzle and Rocksl1de Pass - are

conta1ned in Appendlces ‘A and B, respectzvely.

Addltlonal fleld 1nvestlgatlons were conducted at

‘U-Turn and Concentr1c landsl1des by the wrlter and at Tw1n,

Damocles and Avalanche Lake landslldes by Ka1ser and Simmons
‘(1980) Because 1t is felt that the features relevant to a'
dynamlc analys1s are apparent at both the Nozzle and
Rockslide Pass avalanches, no attempt w1ll be made to
 identify and descrlbe 1n detail features from these otherl

landslldes. ‘Readers are referred to E1sbacher (1977 1978,

_1979) and McLellan and Kaiser (1983)
P



C2.2.1 Phys1ography

_Fhe Mackenz1e Mounta;ns 11e d1rect1y to the east of the CRE

'Yukon-Northwest Terrxtor1es border and are bounded by the

aLSelwyn Mounta1ns to the west the Mackenzle Plaln to the

-geast the Peel Plateau to the north and the L;ard Plateau to?ffxfi#

“the - south. Th1s large mountalnous atéa ;s subd1v1ded 1nto

L. two. - maln dlvrs;ons = the Backbone and the Canyon Ranges ~"'

fijg;-lifitlfﬁ;;f!u*aig‘3;,';;HT1A_ 12

.VWhICh are further subd1v1ded 1nto several subordlnate ranges'

: (Bostock 1970)

~.d

The terra;n Ln the'Macken21e Mountalns is tYpafxed by =

...........

’9juplands w1th steep, oflen‘cl'ff‘forming slopes 1n the

qvalleys, and Plateau areas W1th sllghtly subdued mountalns,Ae o

flat dra1nages and gentle r1dges.v The sharply sculptured

.mountalns in the hlghland areas reflect an, extens1ve per1od‘{_

of alp1ne glac1at1on.' A number of scattered small glaciers
and rock glaclers st1ll remaln in the more rugged . Backbone

Ranges which rlse to helghts of up to 2590 m. Local" relief

within the mountaln valleys dealt with in this study is

.typlcally between 800 and 1000 m.

. There are seven major rivers whlch draln th1s area to
bthe Macken21e River and eventually the Arctlc Ocean: the
‘Keele, Redstone, Nahann1, Mountaln, Gayna, Arctlc Red and

Athe Snake.

. - ~a<»~v—0—<4o_q “r «-. 44 ~arao > o>
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2.2.2'Regional’Geologyb | a

Lo The bedrock geology of the Macken21e Mountalns is only
known at a reconnalssance map scale of 1: 250 000 The areas
wh1ch have been covered by thzs study have been mapped by

Gabrlelse et al (1973 1980) A1tken and Cook (1974)

.nlusson-(1974) Norr1s (1975) and Alken et a7 (1982) Threeh"

, strat1graph1c sequences have been d15t1ngu1shed- quartz:tes '

and carbonates of Hel1k1an age, sandstones,'shale and
I

' conglomerate of. Hadryn1an age, "and the youngest sequence of -

platformal carbonates gradlng westward 1nto th1nly bedded
carbonates and ba51nal shales of Lower Pale0201c Age. The_;

platform facies 1s characteruzed by l1mestone and dolomlte;~

Most of the rock avalanches c1ted 1n prev1ous studles occur

&

1n Pale0201c age format1ons. the Cambro Ordov1c1an Broken
Skull Formatlon (or Franklln Mounta1n Format1on) and the

Ordov1c1an Sllurlan Whlttaker Format1on (or Mount Kindle

i Formatlon) (E1sbacher, 1979) _ Quartz1tes, thlnly bedded

“‘
carbonates, shales and sandstones tend to fa1l as_ slumps or

form talus- blankets (Gabr1else et al ,1973)

| Numerous thrust faults and assoc1ated 1mbr1cates of
Laramlde age characterlze ‘the overthrust Paleozo1c strata
which have ‘been broadly folded The reglonal trend of
‘thrust faults and folds is predomxnately northwest southeast
with fault and fold axlal planes d1pp1ng southwestis—fn the

southern Macken21es the strata are folded 1nto a number of

S narrow ‘sharp Crested double plunging, faulted‘anticlines;;‘r'

...;7"_..'--. Y
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and broad, flat bottomed syncllnes (A1tken, 1972) The

.development of thls reg1ona1 structure was fac111tated by a

~ kinematic detachment at three separate levels in. the |

'sedlmentary successxon (Axtken et al 1982) | |
The surf1c1al geology of the Mackenzie Mountalns has ;aﬁfteigi'

"not—;et been mapped at the reconna1ssance map scale. Air |

fphoto Interpretat1on and scattered observat1ons by Wheeler

,:(1954) and others ‘were the basis for Prest et al (1968) .

]ilabelllng almost the ent1rety of the Mackenz1es as a region;{

14'p?fffof "lkmlted glac1al act1v1ty Surf1c1al geology maps at :u;jigh

_}gtwo rock avalanche areas stud1ed 1n”this research However, e
‘m.aosomeﬂcdmments “on the recent glac1al hlstory in the Rockslide‘
aj‘*Pays area.are made by Gabrlelse et al. (1973) " Ford (1976)

..... : .put has shown ev1dence for multlple glac1at1on in South Nahann1

| "hNatlonal Park ‘in- the southern Mackenz1e Mountalns, as well ’:-L

as a central region between the maxlmum extent of

Cord1lleran and Laurentlde 1ce, wh1ch was apparently

unglac1ated _ Hughes (1969 1972) Hughes et al.(1969) and L
‘Monroe (1973) have made rmpdrtant contrlbutions to the;~;ﬂj;;?;°:f}f
"mapplng of complex glacial sediments”wh1ch 11e 1mmed1ately “fﬁ“iﬁ:“ﬁ

to. the north and west ‘of the northern extrem1ty of the ‘
vmackenz1es. "In a large mapp1ng progect assoc1ated w1th the'.
Mackenzle Valley p1pe11ne 1nvestlgatlon, several 1:250,000

| scale map sheets ly1ng north and east of the Macken21es were

.comp11ed by Hughes et-al. (1973) ‘and Rutter et al. (1973)
) . . - :

-



frlatest advance“1ce moved northward from,conf1ned valleys

¢

) However 1t 1s 11ke1y that s0me.areas vere only. slxghtly

In the northern part of the Mackenz1es there have been

‘at least three advanceS»oﬁ Cordllleran 1ce, the latest
T~

culmlnatlng 1n late Wiscon51n t1me (Hughes,_1972) In th1s ;7 o

“

n.,__* “-«
e

toﬂards the Peel Plateau. Strong and recurrent alplney'

glac1at10n is. suggested by the-extens1ve c1rque development
d’ . ..

at h1gher elevatlons in’- th1s area.' The exact margins of the

CordIlleran and Laurentlde ice masses durlng the. late
W1scon51n in this v1c1n1ty are in some dlspute ap present

o

affected by glac1aton,.1f at d11 (Rutter, 1982).. The

.

maxlmum extent of late WlSCOﬂSln valley glacaat1on 'in the,:j

PP ,..,, ﬂ‘ls"

lTT?Macken21e Mounta1ns probably occurred'ln the 1nteryal

between 10 000 and 12, 000 years ago. ',-

~

There are. several glac1a1 depos1ts of various ages ‘
thr0ughout the 1nterxor of the Mackenz1es. Subdued-terminal
and lateral moraines occupy many valleys, although thick

moralne depos;ts are not found at. hlgher elevatxons, at

least. 1n areas recoqn01tered 1n thlS study ' GlaC1ofluv1al

'u»“," = -

depos1ts, alluv1al fans and actlve floodplalns character1ze

-

S the ‘wide yalleys of the major rlversr: Mass wastlng,

mechan1cal weather1ng and cryoturbatlon have masked largei

upland areas w1th a mantle of colluv1um.” As the Mackenz1es

lie- 1n the zone of d1scont1nuous permafrost such features as

' sollfluctxon lobes,'stone circles and str1pes, mud boils and

peat palsas are also common. More details on these dep051ts

~and_ related features may be found 1n works by Hughes et



e

"' the channelu~ The po551b111ty of "Stch - 1ntense storms vf”

ffaff(1973)'and Rutter,et-aﬁ:(1973)..sjlejlv;ff.}¥ ;ffvgllf;“weffh

"2 2; 3 C11mate and Hydrology g ,i::.f‘,jf )

" Preanpztation in the—Mackenz1es averages around

»”

ﬁ300 mm/yr lElsbacher, 1979) “ although greater levels up to

e -
iy maas

{1750 mm/yr, 0ccur 1n central Backbone"Raﬁges closer to the

2 & - .

o Yukon Northwest Terr1tor1es border (Burns,.1913) v ThlS "9

probably does not have a severe effect on the stab111ty of

the well dralned Joxnted carbonate rock masses 1Q the: area,;#?”"“;

~ Ekl‘m-’-
. no ',,;-».c

'although pecullar dralnage c1rcumstances _are. poss1ble. ’Very

~-intense ra1n~storms of short duratlon (10 15 m1nutes)
: 1nfreguently occur in the h1ghland areas.
The author has had the opportunlty of 1nspect1ng the,
effects of such a very local cloudburst near the U- Turn rock

s'avalanche. Durlng a severe thunderstorm an 1ntense local

‘ra1nfall 1n a dra1nage ba51n of less than two square

-

kllometres 1n area, .gave rise. to a muddy debr1s torrent e "

_wthh moved - rapldly down a narrow stream bed, splashlng -

) muddy sedrments to several metres he1ght on,elther srde of

creatlng h1gh cleft water pressures,-1f but only

' momentarlly, nnot be ruled out. )

Most prec1ptatlon 1s conflned to elther 5ubsurface or

'::surface dralnage courses, although extens1ve bog and fenland

Q areas are developed 1n some localltles. COllUVlal and

moralnal deponts along the meuntaln s1des are ma1nly

5free dra1n1ng. l: C ',,”,?ujf}»4 e

— 8,
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‘The mean annual temperature in the northern part of the
Mackenzzes ranges from about -7° C to -9° C in the valleys

(Gswald and Senyk 1977) Permafrost is prevalant H;Z;hlf

k!

throughout Iatge parts ‘of th;s area.f "

,..r:'-»

2.2, 4 Se1sm1c1ty L L o >

Knowledge of the se1sm1c1ty of northern Canada, and the{ﬁ

w1th the 1nstallatlon of a number of new’ selsmograph
.... statlons 1n the late 1960 s and early 1970 s, Relevant
1:se15m1c data for the Yukon Terr1tory and the Mackenz1e
valley have been complled by Stevens and Milne (1973) and..
Leblanc and Hasegawa (1974) in- assoc1atlon w1th

1nvestlgatzons related to the proposed Macken21e valley

records. Most of the follow1ng comments have been drawn

S e e T
L3

from the latter publlcat1on.“.n*fff5*”i'i”ff fff";“

AN uy‘.f . ', F N T
PN S s e 13 V. S

jfzxfif' As shown ‘ot - Flgure 2 T (after Basham et al : 1977)

* there 1s a’ 51gn1f1cant cluster of earthguake eg1centres,_g;tg,=-‘

. prelxne." Basham‘et al ;t(L977) present a- conclsc reviewrof”

o .'.:’_ B

sezsm1c1ty in northern Canada- wrth several ‘more years of'

Mackenzae Valley in: part}cular has beenlgmeatly’advanced RS :

8

- e
LR

el

s located near the Yukon Northwest Terr1tor1es border, roughly*/pw7”'

i correspond1ng to the Rlchardson and Mackenzle MOuntalns.'
.The most 51gn1f1cant concentrat1ons are located north and-
j’south of the Peel R1ver w1th a moré; d1ffuse scatter of

polnts to the southeast along the length of - the Mackenz1es.

;h'Several of the earthquakes with1n the Mackenz1es reglstered

R
N Y P

| 'between~5’and 6 on the Rlchter magnltude scale."



. o~

. been present for some t1me, and. that earthquake events oﬁ

A

"";throughout the Mackenzle Mountalns. For the purposes of

Based on the consp1cuous matchlng of thbs epzcentre

'}'concentratlon and those areas w1th the heaV1est fault

lnc1dence, Basham et al (1977) have reasoned that these
/"‘

R events are assoc1ated w1th reactlvatlon of movements along

structures of Paleoz01c or later age._
Elsbacher (1979) presents a- remarkable report of a

" fault scarp within surf1c1al sedlments from the Spllt Valley

area in the central. Macken21es and the hlgh rock avalanche

1nc1dance in the 1mmedlate v1c1n1ty. It is probable that 3

similar features exist at scattered locations throughbut the

Backbone and’ Canyon Ranges.

It is d1ff1cult to speculate on the frequency of

AN

movements 51nce the last glac1al ep1sode, but it is- »v,_f¢5

-
e T a
it e . -

w0 W

3

R 3 Summary of Rock Avalanche Characterxstxcs

even greater magnltude (M>6) have octurred in. thzs area.-bfﬂ

E1sbacher (1977 1978 1979) has reported observat:ons

et

from 10 major and several smaller rock avalanches found
.y

th1s research three of these avalanches - Rocksl1de Pass,h

- U- Turn, and Nozzle - were exam1ned in ‘the fleld by the

writer. At -U-Turn there vere actually two separate events

o Caavkn

' reasonable,to suggest €hat thls hlgh level-of selsmlczty has_éhﬁy,s

in dlfferent rock types but only the uppet larger avalanche |

w1ll be examlned / North and South Tw1n, and Damocles

avalanches were v151ted by Ka1ser and S1mmons (1980) In

LT
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{? were obtalned by the wtlter 1n field 1nvest1gatlons and from

: e o
B

th;s sect1on pert1nent 1nformat1on from these s1x events,a

: wh;ch wail be later analysed are summar1zed in: table form.:s'

s

Table 2 1 l1sts the geographxc coord1nates, the volume,

the rock formatxon wh1ch hosts the fa1lure, 1ts 11thology, -

and sone spec1a1 features of the 51x rock avalanches., The ‘l

volume estlmates were calculated us1ng bhe best avaxlable
alrphotos, 1 50 000 5ca1e topcgraphlc maps and f1eld
measurements except at Damocles where f1eld survey. -
measurements alone were used Deta1ls of the stratlgraphy
prev1ous work ‘as descrlbed 1n sectlon 2, 2 27 on reg1onal

geology.- The brzef 11st of spec1al features was comp1led

from E1sbacher(1979) and fleld work by the wr1ter (see also

.'wf Appendlces A agp\B‘for more deta1ls on the Rocksl1de Pass

;r\and Nozzle'r,ck'avalanches)

In Table 2 2 pert1nent measurements of mob111ty and

-

other geomebrzc 1nd1cators are - summarlzed ‘ . The mean beddlng}_l7

plane rncllnatlons, asfflundﬁln fleld 1nvest1gat1ons by the

v*i:‘wrlter ‘Kalser and S1mmons (1980) and Elsbacher (1979)

not necessar11y represent the mean 1nc11nat1ons of the

"rupture surfaces.* Rather, these measurements have been

[ KE

- obta1ned only from those,parts of the fa1lure surfaceq%yhlchg'”

o were exposed and access1ble. Departures from ~these values-

-d are p0551ble depend;ng upon the degree of steppzng or

.....

cover. The fahnboeschung, the travel angle,.the total

.e

hor1zbntal traVel d1stance, the total elevatxon loss and,f'

\

-

A . . : . N - .. .
T et N T i o b s RN

PO




sfseys s|ys “ue| jeoK ANV

PUTR

R . 0861 ‘suows pue Lom_nz.ﬁ_, JLSeyoN @
: .mogaoo*.”. ' \ Tl )
.._o_tw__v Tuwid ped, _E.m_v.ﬂ >ogm :xo..z .mc_l_oz._.cox‘ :
.wowu_.. esisasuey ¢ jeuyp unouq . omch|o:o+w+__m . e
L_,r_m:o_ fudegyed - ommo>o...o Joujw fAged ..:,:m.
Y nE 00022 m..oo_zoa "Aeb -6ujieyeen .8bucio
< 5 §sebue) fsaeysna 48p |noq -ojjwojop .%:om >_o..o.- :
T fRede PIoA !seaem ‘dues | . ‘speq r.:w BWOS fouy| ; . Aummcw.v . Ni0Z.£9 ssed
. A_.5.“.9.":5 “Up 3o w oooA .b+m>._o .>o..m.o:o+ﬂ£3‘ . uay __axw :oxogm g0l x0LE Risva L2l wv:mxoom
[ . @ .
e |1 oc___u+m>go .>o._m P .
" ssjaqep’ .: mo..:b:k.m anB. .m:...!+oox ebusio-oyu | C R
" feuoz u4e440ds, pue- uey 104 no_ov ‘SnoJey |1 )5s04 L IR - ot
L - ~51p fewn'|oA g/ 4noqe yim - “Apuss’ o) A4||s ewos . . R B C
; - dwed Iseaen feuoz uojjory - ‘ogi4n||oea- 4R|.NPOU- | (24A)-*uy ..mZm»u..onuh_ o . Ni1Z0.69 -
M. . =ededwy | fAeads Iedole| .>o._m.o:o+moe._._. SN *uy 1mies | w&xﬂ. ‘Mi8G I CH elzzop
. . : ] ..000.5. ! . R . ‘
L 41ney .mogz__n* pojejd0osse s L@ .
Aqmeu fesinod snoniloy - wvon._o+c_ \.v:on owos " v
14021 Aq uojyoe.1p ‘sebueys- - *A3001q- *eu| | je4shus- e Ni004S9" _ - .
‘uoz . co_‘_.\oowcgn.. .n_._:t >ogm 598013_50_84 n (IH) *uy o_wwv_ " g01%59 : x.on.—n. T oudnen
P Voo . . . ) RER O ' S - ) : - )
v ol e o . co T merse |
I ,. T o>ono b (1) eAoqe se . eAoqe - se q0i X0l | Miblegel . | ulml yynog -
.m..sov *o e...._s.. L) Akeyd " . o )
" pue :o_+o>o_?.oa=m teovjans 1 .oc: 1e45h4>° *Aeib S 20@ . RS T 7Y TR RO R
o.:.._.a?h Jo oseq 4@ dn-ey|d ..ocB.wo&I .2.:5_8. ‘wy EctSoz :__v_cog.._ oo.._xw Mivlo€Cl ] UpMf yydoN
ot 4 .m:E.EP_. n...ocm. . : . ‘ L , .
..2+mno .Pejqunr, juscefpu. : :v uRjuque) Jemo s Nallo#9. .
.>o..aw _ouot: o._.____o_ov .o:oa.mos_._ 2 wo‘,xo_ . .2.8.:..._. mo_ooan
1 - wux::wu ._<_ommm - »8._01._._.. (SINO! LViRi0d A..xm..annv mu._.<z_amooo mzoz<._<><
) . MNT0A
RN m:_ct.:oz o.u:wxonz of wo.i4 . m@co:n_o>< R * -
xoom X|g jo wo.+m_go+uogoco _Rxm.:_m 30 >.!=5m 12 3avi \ .
L . . ) . \\\\,\. . . ..
X s . =




LT

, . Smm.C“m,coee_m Pue uestey (¢) . R ,
(6L61) 4oydegs|y - (z) ° L R i

amc:cumooa._cc& Ug4oR = o_m:< 1eARJ4) (1) tsejoy I

. o i = L . ,

nv : s M« . L | |
- mevl o igegg o9 st  a¥l .. ssed ep||SHooy +

) ___v ovmnmm LooRlL S gey g0 N 8 - o12z0N
b, L o oo e S ez Tuangen
_ 0162

Sy gl oozeg NI uIAL 44nog.

S p_ommnmm : N ©O®E0 @ uis] ygdoy

ST omwné‘w

ocvy s 9 . @ o s jooueq -

(w) — .A.mwmug m:.:_._u.moofsﬂ (Seaabep) . ‘o__uc.c,_cé

_,,¢ tuy
1 80URYSIQ ARy T jeAed) _ () ebuy _—To| 48u| |ou]
. eueig Buppeg

. ,me.wwuxu ‘2J40H |R4O) . IeARay - .
A mc&ot._:o: o_Ncoxooz of. Eo.z ssyour|eAy . = .. o / v
xoom x_m Ly +m_Lo+ouLoco _o>oLp 844 o Akuung zez Nevl - R . L




DN T SR o OO i o &

LI SN s e W ; -y

-

the'area rat1o for these events were determ1ned from f1e1d
-“and topograph1c map. measurements.» The estlmated vert1ca1

-and 150 m, respect1vely.. Thelr 51gn1f1cance 1s dlscussed 1n
‘sect1ons 4.2 and 4.4, As a point of note,\an opt1ca1
rangef1nder was used for survey measurements and was found
.to prov1de suff1c1ent accuracy for later analy51s. The
L dev1ce was. most useful in the rough undulating rock debris
. terraln where normal mea5urement§ wrth;a»tape;wprer

13

4'1mpract1cal

' No systematlc effort was made to date these avalanches,,

malnly due .to the d1ff1culty 1n procurlng samples for:

radlocarbon analysrs. At no locataon where the rock debris

was exposed in cross- sectlon was organlc material observed
afSome 1nd1cat10n of the age of the avalanche depos1ts can be.

obtalned from measurlng the max1mum dlameter of certa1n

vd avllchen spec1es. Only at the U- Turn avalanche, where a bed

of sandstone was part of the or1g1na1 fallure block could
this technlque be used - An extrapolat1on of a growth curve
- developed in Southern Alaska (Calkln .and ElllS, 1980) . would
suggest that the 11chens grow1ng on these strata were .
'between 2, 000 and 5, 000 years old ThlS must - be.treated as
largely uncertaln sincé ‘the growth curve may not be
approprlate for the" condltlons at U- Turn and. the exact ‘
11chen species could not be easily’ determlned * Purther work
‘to sdrt out the chronology of rock avalanche act1v1ty in the.

Mackenz1es would be most useful

and horlzontal error marg1ns for these measurements are 20 mo



3. INIPIAL MOVEMENT MECHANISMS

3.1 Introouction‘

ance the purpose of tﬁ1s research is to exam1nevsomeh
dynamlc aspects of a select group of rock avalanches from
the Mackenz1e Mountalns, thpre must be ‘some cons1deratlonA E
vg1ven to the mechan1cs of the 1n1t1a1 movements.n‘This is -

‘important . for two main reasons. flrst the 1ns1ghts into how'

.w»these ‘masses’ rn1t1ally began to move on'such,shallow bedd1ng"

»planes are cruc1al to understandlng the mechanlcs of the ;
subsequent flow; and second reasonable estlmates of the
‘1n1t1al veloc1t1es.of these rock masses are cr1t1ca1 for the
callbratlon of a model for pred1ct1ng the veloc1ty of an
.avalanche at pOIDtS along its travel path These aspects

will be explored in greater detall in the succeedlng

ohapters. The purpose of th1s sect1on, however is not to .

‘presenﬁ an 1n-depth examlnatlon,of the 1n1tlal-movement,
mechanlsm at each sllde, but rather, to review a range of

:posszble factors wh1ch 1nd1v1dua11y or collect1ve1y, may

‘have been respon51b1e for the onset of movements. 74

The essent1al questlon one must. ask for a number of the
'.rock slope fa11ures in the Macken21es iss How can a th1ck
presqmably dry,vjolnted, blocky,_rook'mass move down ‘a
bedding plane at:inclinations less than the'reporteo
“ultimate friotion_angle’for.these_materials?‘"Withont firm-
evidente‘forfthe'existence of{IOw,frietion-surfaeesﬁsuch'as

snaly'or pelitic_interbeds,,or_for'uplift pressures,lsome'

23 °

*
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‘,p.tqppllng and rotat1on, wath dzsﬁntegratlon enroute, would be

alternative mode of failupe might be dominant. Perhaps -a

more elaborate mechanlsm 1nc1ud1ng elements of sl1d1ng, \~

- more’ appropr1ate.. Analytlcal technaques for s1mulat1ng thlS

kind of behav1our are not part1cularly advanced although

Romero - and Mollna (1974) and Hammett(1974) ‘do. offer

______

51mpl1fred models for a contlnuously deformlng rock mass.

o b

: More compllcated geometraes may bermodelledgby fhE'Dlsfgnctow.-m .

Qo«)'!ow-:';'af @ e

Eléhent Method (Cundall 1976) wh1ch can 51mulate the -

' 1nteractlon of a large number of r1gzd blocks.

purposes.

_ Rather than develop such a. model for rn1t1a1 boundary eI

BN

condltlons wh1ch are largely uncertaln, ev1dence for the .

existence of low fr1ctlon surfaces and the presence of pore

pressures w1ll be examfned Alternatlve fallure modes such

as Elsbacher s (1979) roller bearlng frlctlon Cllff ;;j'" ?3}5

‘collapse, -or toppl1ng slldlng mechanlsms, and lastly, the

effects of - 1ntense se1sm1c shaklng are discussed. A
51mp11f1ed dynamic analy51s of the 1n1t1al failure for

several geometrles from the Macken21e Mountains, u51ng some .

of the aforementloned models, is presented for compar1son

3,2 Low Friction Surfaces ¥, R , ',ﬁ({f - o

Low frlctlon surfaces have not been observed 1n llmltEG
f1eld observat1ons by ‘the wr1ter, Kalser and Slmmons (1980)
or by Elsbacher (1977,.1978 19797 The absence of

1nterbeds of shale, gypsum or 51m11ar lower fr1ct1on
K , .
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'to'the carbonate rocks-of the area. BecauSe,of the very

_ surfaces in the v1c1n1ty of the back fallure scarp (e g.,

'materials.ishlargelv'coniectural sance the basal portxon Qf

the fa11ed mass cannot usually be observed and the flanks

' adjacent to the fa11ure surface are often well covered by'“*fﬁ“f?r

N

talus. For the most part in the l1m1ted exposure of the:de-f-

beddlng on- the rupture surface-there 1s a. lack of str1at1ons e

or gouge marks often assoc1ated w1th the movement of large

' rock sllde ma55es. Th1s may not be all that surprlsxng,”'

g1yeﬁ the appatént. :apld’rates of weathering oharacter1stgc

R :
- T e b -

restr1cted exposure. at Nozzle, U- Turn and Rocksl1de Pass 1t

was not posszble ‘to evaluate 'the locel roughness of the

.~

rupture surface, hence 1t 1s not p0551b1e to estlmate a

. -'4 RPN

relevant i angle. From geometr1c consaderat1ons,mhoweve;;“.’“

it . 1s most llkely thqt the fa1IUre surfaces at’Rocksllde

v,;'n,,g- N N

Pass, Damocles and probably Lowér U—Turn conta1n stepped

e

e

“see cross sectlon, F1gure B 3) . mn::nm_ L

i

‘The exlstence of cohes1on c along the beddlng planes

e
1".'.'

_w1th;n the fallure zone cannot be ruled out Terzaghi

) &;,,»' ) ‘ ' i
(1962) has suggested-

RN .
F] ) . -

L

c ='Cng/A:

" (Eqn, 3.1)

where ci'is the cohesion'of the rock~ébbstance, and Ag/A is

the proport1on of the potent1al rupture surface over wh1ch

the d1scont1nu1ty is not present and the‘rock substance_,f

rema1ns 1ntact. -Whlle;the,cohe51oniof the rock ¢ could be -

T e
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‘ there 1s conszderable

b551ﬁ§2§59?£5é*X§7A?%5tlo. Other proBlems

. . P
..»-.--.l..o'.,_ - v

exlst 1n evaluatxng a relevant cohes1on value for analys;s_ _;_,
(Krahn, 1974 Cruden, 1975) hence the usual procedure in
| -slope stab111ty 1s to assume 1t to be a negllg1ble re51st1ng
Vforce._ Par1seau and Vo:ght (1978) have also shown there is’
. a scale effect on cohe51on- - relatlvely th1n sllde maSS'?

_w1ll exh:blt a lower total cohesxve re51stance to sl1d1ng

¢« -=‘7;.; than a thlck rock mass., Progre551ve fallure - essentlally a

- -
€ e b-uo.-o -»u T e
55-7‘»‘

dlsplacement dependent cohes1on\j could also be 1ntroduced

(Parlseau and V01ght 1978)

‘"?j.~‘ o M; Slnce a rat1onal bas1s for evaluatlng the role of

K -\_ e e - - ®

. ﬁ cohe51on 1n slope failures in blocky carbonates has not been'
'n;t . demonstrated‘ and because of the 11m1ted fleld exposure of
-the. rupture surfaces the conservatlve procedure . used here
for a 51mple dynamic analy51s w1ll be to assume zero

a2

cohe51on. zp_"'f | “
At Nozzle sllde there is . some ev1dence for a thrust )
fault or p0551bly flexural sl1ppage along beddlng planes as
dlscussed in the previous’ chapterJ Wh1le th1s must be
construed as somewhat speculatlve, 1t has been. demonstrated
by Cruden and Krahn (1978) that th1s ‘Style of deformatlon
commonly assoczated with: the Rocky. Mountalns (Dahlstrom,j
'1970) is respon51ble for the reduct1on of the peak to the

ult1mate fr1ct1on angle and the loss of some cohes1on along

beddlng and fault surfaces. The presence of the redd1sh

It
.

brown mlnerallzed karst1c dolig:te brecc1a along the east

a5y



'J*Q{f th1s unit was contlnuous beneath the fa;léd slope, as

lgfazlure may have taken place along a structurally weakened §

~shear zone w1th or . w1thout “pore: pressures The presenée """ -

--'_-'J, R ARG TS N ,.",,-_,,-,-. YL Tl R,

AT

- /
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and subsequent effects on. stab111ty of water bearlng karstic

~strata 1n several large landslldes out51de .of this study

'7area may have been overlooked by prev1ous 1nvest1gators

O

- e v

(D. Cruden, personal commun1cat10n) l,*f'ia_ o ,”§a~-V°

e e

Mapp1ng near thg rupture surface of the\U Turn sllde

Y N - v o Loe DR

d1d not reveal a ub1qu1tous low fr:ctlon surface, although av"

similar, brecciated dolomite as found at the Nozzle sl1de )

" was noted on the west flank of the rupture surface."In

-, LR

11m1ted field observat1ons at the Lower U Turn, Rocksllde

Pass, and Damocles slldes no ev1dence was found for a porous

karstlfled unlt nor for reduced frlctlbn surfaces to

fac1l1tate slld1ng on shallow slope angles. BN

The reductlon of the peak friction angle to’ the'

ultlmate frlct1on angle in shearlng along d1scont1nu1t1es in

' rock occurs when the deformatlon can cont1nue essentlally

vwzth no change 1n shear1ng re51stance, at least on a scale
of dlsplacement larger than the - asper1t1es or the result1ng

d15cont1nu1ty (Krahn and Morgenstern, 1979). Values of the

ult1mate fr1ct10n angles for var1ous dlscont1nu1t1es in

carbonate rocks have - been complled by Krahn (1974) and

'Coulson (1970) Krahn presents shear test results from

.beddxng, JOlnt and flexural slxp surfaces from the Frank j

«*i-fffank of the dlp slope-at'szzle may be s1gn1f1cant»as well?ir.ﬁ*f'
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lnﬁéiiéé- The ultlmate £r1ct1on angle ¢e5t8d OR. b?dd1n9 ?la"es

f.was 32° ‘while’ much lower values of 1¢5"and 15 w1th cohe51on.w-;fﬂe

1ntercepts were_ repbrted for the Jo1nt and flexural sl1p

PP

'surfaces respect1vely.-*These lower vaers may reflect the

,._.,,_-‘&4-"»1»#- w--‘”vﬁ_i L -

"test procedure to some extent and are _not- l1kely to be .
"vrepreSentat1ve of an operat1ve fr1ct1ona1 re51stance for
bedd1ng plane movements ‘because of the exlstence .of cohes1on
B and surface roughness.b Theoret1cally,‘one would expect to
observe rock slldes on.rupture surfaces d1pp1ng at. angles
e sllghtly greater than peak angles of fr1ct10n - 30 to 45
i degrees - as has been noted by Cruden (1976) for*majdr rock """"
_slldes in “the. Canadlan Rockles. This is not the case for\

gv‘sevgral of the rock slides from the Macken21e Mountalns.‘

Pl ».
v . 2=
N - N

. The caSe for a change in “the nature of fr1ct1onal
shearlng at h1gh veloc1t1es or high normal loads has been
jadvanced by several wrlters (see L1terature Rev1ew,

,Sectlon 4. 2) - In the context of carbonate rocks, Er1smann s
(1979) lubrlcatlon by €O, gas 1s perhaps a more plau51hle tieh
mechanism than his frlctlonal heatlng postulate. Crawford |
and Curran (1981) have ver1f1ed the rate- dependent behavzour
of rock Jo1nts for certaln llthologles, although tests on
dolomlte from ‘the Lockport Format1on Ontario showedf
d1fferent behav1or.- Shear1ng was initially proportlonal to
the shear veloc1ty, which vas followed by shearlng w1th a

.constant veloc1ty 1ndependent re51stance. ~Additional .
experlmental evidence at hﬁgher shear rates (greater than 1

m/$ as used by Crawford and Curran, '1981) would be needed;to'

.



" aEEEss. the hypothes1s for frxctlon reductron on: rupture sl -
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svrfaces 1n the Mackenz1e.Mbunta1ns.
3.3 PoreLPressuresi'_ |
L1m1ted f;eld evzdence suggests that pore pressures

could have been present at . the Upper and Lower u- Turn slldes

- and p0551b1y at the Nozzle and Rocksllde Pass slldes (see.
Figure 3; 1) Slgnlflcant amounts of seepage were noted on

" their rupture surfaces. The observed seepage locat1ons and

'hthe exposure of the mountalns on several s1des 1mp11es that
the pore pressure d15tr1but1ons ma& have been qu1te varlable

»across the rupture surfaces at the onset of movements. In

fact, the rupture surfaces at U Turn, Nozzle,HDamocles and :

&

Tw1n slldes are’ Idcated on truncated beddlng plane
-controlled r1dges w1th at least two exposed flanks. Th1s
mlght suggest a reductlon 1n -:pore pressures 1n the v1c1n1ty
of the 1n1t1al fa11ure, alqhough the magn1tude of this
| effect is ‘highly uncertain. . R 4_ E B
It mlght also have been poss1b1e for pore pressures to .
build up at the toe of a potentlally unstable rock mass. 1n a o
perrglac1al envrronment This could be accomplzshed for
& '} . 1nstance, by the decay of hlgh level permafrost 1n the slope v
4 or by 1mpeded dra1nage due to permafrost in the lower, V
portlon of the slope (D, Cruden, personal communlcatlon) |
Even if Cllmatlc cond1t1ons at the time of these avalanches

were found to correspond to this’ type of env1ronment 1t

‘_would still be most d1ff1cu1t to conflrm such a_hypothes1s.v

¢
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Figure 3.1 Seéepage along the

rupture surface (dip = 28°)

at Lower U~Turn slide. Hote

the stepped failure surface ‘in
- the backscarp area,

Figure 3.2 Two different modes of failure above inclined
bedding planes. (a)sliding block model (4 = tan
30°) (b) seismically induced condition of basal

LY "roller bearings"(dynamic friction) (after
Eisbacher, 1979). '



A fluctuat;ng water pressure due to seasonal runoff
, var:atlons~could also have .the effect of 1nduc1ng
.progre551ve fallure in a~71mllar manner as would perlod1c

‘blastrng After a suff1cﬁent number of brxef displacements

. due to qu1ck pore pressuqe bu1ldup and release, the

f_cumulatlve effect makes the mass vulnerable to catastrophac

. ‘fallure (Parlseau and Voight 1978) Thls hypothesrs would

also be most d1ff1cult to con¥1rm or’ deny WIthOUt a record
of movements for a rock slope in 51m11ar surround1ngs.
Flnally, 1t should also .be" noted that pore, pressures

_need not be solely due tq water. _As w111 be d1scussed 1nfi

" the rev1ew of 90551b1e rock avalanche mob111ty mechan1sms””

(Sectlon 4 2) pore pressures due to steam or ‘other gases‘.'

are. theoretxcally feas1ble under certaln cond1t1ons.

3.4 Rolier Bearrng*Frictdon'. .
': Roller bearlng frlctlon has been advocated by E1sbacher

(1979) to explaln the anomalously -low fallure slope angles. ’

" He has clalmed that in the collapse of a mounta1ns1de on a

: gently 1ncl1ned beddlng plane, the dlslntegrated rock’ mass

is carr1ed forward by the . rotatlon of lg;nt bounded blocks..b

in the basal rupture zone (see Flgure 3.2). Furthermore,

the rotatlonal movements 1n the basal zone co1nc1de wlth |

/

‘ crushlng and comm1nut1on of the constltuent blocks. Hence
* l

the coeff1c1ent of 1nterna1 fr1ct1on is reduced from a

static value of about tan 32° to a roll1ng friction of

betueen-tan 13° and tan 20°, E1shacher (1979) further
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;;postulates that thzs basal zone of an1t1al breakage and

Cgrzndlng may be several tens of metres thlck

From the mechan1cs poxnt of view: the analyszs of this N

form of motion could be approx1mated by the rolling cy11nder

g
_model as described by Pariseau and V01ght (1978) In1t1al

shearlng 1s followed by rotation of small blocks in: the

basal zone wh;le the bulk of the mass remains 1ntact. The

" lead block must topple forward so that the nose is. eroded

(see Figure 3.3). The accelerat1on a of a block r1d1ng on. a<l”
rolllng cyllnders 1s s1mply. |
'(Eqn;ls.Z)d't.}/(

»

where f'= (1 + w/2W)(1 + 3w/8w), w'is the cy11nder we1ght

and Wis the we1ght of the block supported by the cyllnder.

’Thus the block s acceleratlon may exceed grav1tatxonal
.,acceleratlon since f ranges from 1.0 (small cyl1nder) to
1. 33 (large cyllnder) In fact prov1dhng the cyl:nders

'remaln 1ndependent the body accelerates regardless of the :

value of f or the slope angle B | _ ‘

” Clearly th1s 51mpl1st1c approach 1s 1nappropr1ate to -
analyse the onset -of, movement in some of the rock masses ;f
examlned in thls study While the high acceleratlon and 7;w‘
veloc1ty predzcted by the model may offer some 1ns1ght 1nto.:-'
the . apparently rapxd movement of the rock mass after
dlsplacements have occurred the central proble? of the

1n1t1al 11m1t1ng statlc equ111br1um of the mass on low slope L



Permlssion to" use this dxagram was not obtained fxom the R U S
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A angles rema;ns unresolved :ﬂ' ’;L i:”
»f There 1s fzeld ev1dence 1h a*few cases to substantlate“‘
‘>‘the apparent rotatlon and commlnutlon“of the blocks in the

»'v.-u T

- basal port1on of the falled rock mass. Elsbacher (1979)

B -reports the forward rotatxon of blocks above the beddlng T

planes at Tr1p1e slldes and the wr1ter has noted some 1oss

.

'.;of mater1al from the base of blocks left on the fallure

'o,cannot be conclu51ve1y ver1f1ed w1thout rec

:surface of the°small fallure adjacent to the Roéksllde Pass '
sl1de. S1m11arly, 1t would appear that a- large port1on of
the ramp area at Rockslade»Pass con51sts of the upper |
port1on of ‘the mounta1n51db Wblch collapsed consequently

“suggest1ng the removal of much of the stratlgraph1c l o i' v

v e LS

= -

'success1on from the 0r1g1na1 lower slope.‘ Shls hypothe51s
urse. to detalled

pd

?}stratlgraphic ev1dence from w1th1n the debrls.' Elsbacher's
.(1979) obServatlon of the "red r1m" at the d1sta1 port1on of
the debr1s does ngt necessar1l§'represent the basal port1on
of the 1n1t1al rock mass (see Appendlx B) and there 15 other
'ev1dence (see Chapter 4) of more complex motlon 1n the .
:~debr1s whlch 1s 1ncompat1b1e w1th a roller bear1ng or o
fcyllnder fr1ct1on model for a- large part of the entlre\.’k
avalanche.j - _ o .

L A further dlfflculty w1th the model 1s the actual

‘jphys1cs of how a th1ck d1s1ntegrat1ng, blocky,.shear zone e ”ﬁ.x

':may exh1b1t a. reduced coeff1c1ent of frlctlon for a short

Y t1me per1od 1f even that because of the sezz1ng of the

C e

7iﬁfblocks w1th1n the zone.; W1thout a means for removzng the



.

commlnuted materlal w1th1n the shear zone, rolllng motlon as
,} /dechted 1n F1gure 3 3 is not poss1ble because of the close
| contact ma1nta1ned between adjacent blocks. The mot1on
}"would become 51mp1y‘equ1valent to the sl1d1ng of a block
upon a fr1ct1onal granular mater1al w1th a normal fr1ct10n
fcoeff1c1ent of about tan 32°" A‘; _ | : .‘
The above problems w1th the roller bearlng frlctlon

. concept’ mlght be resolved by exper1mental modelllng and/or a
:theoret1cal study of the mechan1cs of shearlng in a blocky,A

: progre551ve1y commlnuted rock mass.,f~y5g.

3 5 Cl1f£ Collapse, Topp11ng Mechanxsms : _
E1sbacher (1979) used the term cl1ff collapse//to
"refer to a. slope movement where the mass above the. rupture
jsurface has undergone exten51ve 1nternal d151ntegrat1on.*
rprlor to fallure. He c1tes the Dammocles avalanche as an-
‘ example of such a. process.. However, an extens1on of this
hjmechanzsm ‘to the other avalanches detalled 1n thls study

‘would be presumptuous. The mechanlcs of the motlon of the‘v

rock mass has been prev1ously descrlbed under ‘the "roller, .h

;-bearlng fr1ct1on" concept but 1t m1ght be more appropr1ate
to llnk th1s style of movement w1th the toppl1ng mechanlsm

'f'as 1n1t1ally eluc1dated by De Freltas and Walters (1973)
Eand later by Goodman and Bray (1976). and Hoek and Bray

L. S

(1977)

Alternat1ve1y,-1t was 1n1t1a11y suggested by Mueller

(1968) and furthered by Hammett (1974) that a. favourable

35
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lgeometrlc.conf1gurat1on and block 51ze 1s conduclve to
produc1ng a progress1ve collapse type mechan1sm.1 For- the
rlght cond1t1ons 1t 15 posszble for a large blocky rock mass
to create the requlred stresses whzch can’ lead to
accelerated movemnts. Further pursuxt of thJs toprc and its
appllcablllty to the 1n1t1al movement stages for these
avalanches would seem to be a- prom1s1ng d1rectlon of
1nqu1ry.:,:t >,5 o ' ‘
The flrst'movements 1n these slopes probably began 1n
weakened rock created durlng oversteepenlng of the- slopes in
i the last glac1al epxsode. Mollard (1977) presents a _
conv1nc1ng case for the formatlon of rock avalanches due to
glaclal er051on whlch deepens/and oversteepens the mounta1n'
. ‘ valley, followed by retreat and stress rebound in the
| mounta1n s1des.- Gerber and Sche1degger (1969) predzcted
staf\s of ten51on or compress1on 1n the summlt areas of
: mountaln masses. The result of these endogenetlc stresses
'h;1n the v1c1n1ty of mounta1n scarps is to reduce strength
along d1scont1nu1t1es in’ the rock mass and consequently
dlsplacements may begln. Progre551ve deformat1on of the
' ~mass further reduces the shearlng re51stance along
| dlscontlnu1t1es and may change the geometrlc cOnflguratlon
“of the slope.. A catastrophlc fazlure may result when' |
re51st1ng forces become less than the dr1v1ng forces w1th1n_-p
‘one or . more parts of the mass. _';f = | 4.
Of course it is 1mposs1ble to exammnelthe conf1gurat1on

: of the pre falled slope at any of the examples descrgbed
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'here, but some valuable 1n51ghts may be galned from‘.
'observat1ons of the prox1mal parts of the avalanche dep051ts.J
and from adjacent slopes. of - part1cular\1nterest 1s the

' small sl1de on’ the flank of. the large fa11ure at Rocksl1de

. Pass.. This rather unlque feature occurred on a slope;

'f( d1pp1ng at 16°’to 17°, or at ‘an 1ncl1nat1on very 51m11ar to

- the k4 slope on which the major fallure took place (see

Figure 3.4): No- ev1dence exists for the presence of a low_},v
friction materlal in the basal portlon of the mass.
"Apparently the block 1n1t1ally moved down the slope dn a.

d1screte shear zone undergo1ng progre551ve dlslntegratlon .

ffﬁenroute.' Several large blocks were left on the upper part

of- the fhpture surface, some of wh1ch have lost a portlon off
vthelr base. Further downslope, where the bulk of the mass -
has come to- rest there is an. 1nterest1ng pattern of

Y.
.dls1ntegratlon. The upper end of the mass d1splays a

network of cracks wh1ch become progre551vely larger and more
frequent towards the end of the block untll the entlre mass
1becomes dlslntegrated Metre 51ze blocks seem. to-have
shaken“from the1r pos1txon and spread in an arcuate pattern
- about the end of the block (Flgure 3. 5). Some blocks have
,travelled up. to 400 metres at rlght angles to thls po1nt on;.
{surfaces sloplng at 1ncl1nat1ons less. than 10° | ‘?
It would therefore appear that this dls1ntegrated rock -
mass may represent a small scale vers:on of the dynamacs

1nvolved in the adjacent larger avalanche. It appears as 1f

the frozen in- motlon look could reflect the 1nab111ty of the
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Figure 3.4 View of the failed rock mass at the small slide
A . South of the main failure at Rockslide Pass,
‘Note the fragmented'natu:e of the failure '‘block .
- and the presence. of several smaller blocks on'
. "7+ the 17° rupture surface., - o -

AR

Figure 3.5 Progressively disintegrated failed mass on the L
7 rupture surface at‘Rockslide‘qus.ivNotg:;he _ A
_ degree of ‘dilation in the block increases . 4
. to the right where meter size blocks appear
" to have been 'shaken from their position.
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- block to attaxn a certa1n threshold energy whereby it would

: d1s1ntegrate completely. 0bv1ously a comb1nat1on of

~d1fferent modes of movement is relevant here-"shear1ng and

Ty

rotatlon w1th1n a dlscrete zone, proceeded by gradual

_dllatlon 1nvolvang rotatlon, toppl1ng and slldlng mot1ons,

"endlng Wlth a total d151ntegrat1on of the mass into a blocky

debrls stream.

D_

Very few cases of th1s type of slope mébement ‘can be"fz

found in the l1terature. De Freltas and Walters (1973)

'report an example of topp112§ frgm Nant Gareg Iw?d in. the

: .@

3
United Klngdom which . does bear some resemblance to the d1p

slope movemehts in the Mackenz1e Mbunta1ns 1n that 1t

-d1splays -dilation features and suggests a- rapfd downslope;

' lmOVement w1thout developlng 1nto a debrzs stream. Basal,,

shear1ng would not appear to be present, however.

.From an analys1s point of v1ew the 1n1t1al motlon of a:

3 rock mass undergozng 51multaneous fragmentat1on would be a

»dlfflcqlt problem to model. Cundall (1974 1976) has

developed an 1nteract1ve graph1cs package to 51mulate the

‘motionlof a fragmented rock slope where two assumptlons are

made. Flrstly, each fragment of the mass is a r1gzd body of ;,1

known geometry and, secondly, the nature of the forces

between blocks is known. Wh11e these two cr1ter1a would be a

hard to satxsfy for the g1ven geometr1es in the Mackenzle l.

-Mounta1ns avalanches, the technlque does offer an analytlcal

tool for pred1ct1ng veloc1t1es and accelerat1ons 1n the

1n1t1al phase ‘of a. rock avalanche.] Refinements could.also'

|

N
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allow for add1t10na1 effects such as’ pore pressures or

'_‘selsmlc accelerat1ons. “The appllcat1on of this. method to

the cases presented here 1s beyond the scope of th1s

.research

i3.6 Sejsnic_Accelerationsf |
. Seism'c'ty'has most certainly affected slope”stability

in thls part of the Yukon and Northwest Terrltorxes.' Basham/
et al (1977) have shown the Macken21e Mountains to lie ///'
within a zone of moderate earthquake act1v1ty 'Not |
surprisingly, the concentratlon 0£ northwest trendzng and
. southwest d1pp1ng thrust faults 1n'the‘area_south of, the
hPeel Rlver! as mapped by Norris (1972), roughly correspond
to that area - encompa551ng the Twin, Trzple and Arctic Red
cluster of rock avalanches. Leblanc and Haseqawa.(1974)

have superlmposed on: Norrzs S map the locat1on ‘of epzcentres
‘.from seismic events recorded in 1972 exper1ments assoc1ated
fiwlth the Mackenz1e Valley P1pe11ne 1nvest1gatlon.' The
'matchzng of - earthguake eplcentres and the known fault

network w1th1n the area 1s remarkable, although the exact

nature of th1s correlatlon has yet to be explored Even

K3

[y

‘more 1ntere$t1ng 15 the close proxlmlty of many of the rockf:”
avalanches, e.qg. Tw1n slides, to these eplcentres.~

Furthér south 1n the central portlon of the Mackenz1es

;E1sbacher (1979) reported the exzstence of a Holocene ‘age

,fault scarp in. the same proxlmlty as the Spllt Valley

cluster of rock avalanches. ‘If th1s observatlon is a
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. genu1ne earthquake 1nduced fault rather than a slump or

settlement feature, and the nearby fallures can be dated

'from -the same time. 1nterval then a good case can be made'

for lxnkxng the two events. Whlle similar offsets in

”surf1c1a1 mater1als were not observed by the wrlter in f1eld

P

'work of 1981 a unlque feature of p0551b1y analageus or1g1n

-was noted in a few local1t1es near the U- Turn rock

avalanche. . On two adjacent mountaln crests the structure of '
the bedrock ~would suggest an 1ntense shaklng has occurred-
wide gaping: cracks separate most of the blocky mass. This
feature was not noted everywhere in the area and seems to be

.,

l1m1ted to exposed p1nnac1e or horn- 11ke mountain crests

j:wh1ch would recelve 1ntense shak1ng in.a- selsm1c event.q

E1sbacher (1979) also reports 51m1lar precarlously perched

blocks above a dllated rOck mass at Damocles slxde.
The role of earthquakes as .a tr1gger mechanlsm for rock
slldes has not been glven a lot: of attent1on i%he

11terature. Obv1ous examples where se1sm1c shak:ng

prec1p1tated catastroph1c avalanches have been’ reported

(Hadley 1964 Grlggs, 1922; Plafker et ‘al. 1971, Cluff

,'1971) but the. large uncertalntles lie 1n the area -of

»’

pred1ct1ng the effects of se1sm1c acceleratlons on rock

'slopes.’ SOIonenko (1977) has rev:ewed the top1c of

-

se1smogen1c landslldes and conc‘udes there are three ma1n
%easons for the change in the stab111ty of rock masses
within earthguake zones. Flrstly, selsmlc acceleratlons and

- the resultant strength decrease due to 1ncremental
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" o o S o
;d1splacements in the mass create landslzdes. A 51mple
.;mechan1cal model for rock motlon is difficult to tormulate
s1nce movement is vert1cal horzzontal and rotatlonal .
Furthermore, other igctors, some of which are d1ff1cult to
) evalu%}e, pust eon51dered' the depth of the earthquake

eplcenter the welght of the active and pass1ve parts of, the

slide, the time- dependen@}ftrength “the angle and.dlrectlon

of approach1ng seISmgegggves,_

hock attenuatlen, stress ﬁ,'

i
w

-

relief, the ‘degree of d’gzlaeiment from prev1ous "L#f
;{?Y;'P ‘_\’ e 1 S

"'-“ s

,earthquakes, the eplcenter dlstaqce awdrthe dynam&c response¢
. of the rock and/or overly1ng so1l Secondly, he suggests
‘gthat latge scale fault adjustments result 1n changes 1n thel
“gradlent of unstable slopes cau51ng movementéhy Th1rdly, |
th1xotrop1c effects on. rock ~and on so11 in part1cular ‘
.create add1t10na1 hazards such as landslldes, sub51dence,
' ‘and liquefaction. s : . ,.,1
Solonenko (1977) also dlst1ngu1shes several surface
,features 1ndagenous to se1smogen1c landsllde zones-
'grav1tat10nal selsmotecton1c wedges, collapse along faults,
.ptoppllng of mountaln peaks, sl1ppage along d1scont1nu1t1es
'*f1n landslides, se1smov1bratlonal landslldes and collapse,"

selsmogra91tat10nar collapse on. ‘an air cushlon, .and - ‘ 0

#

selsmogenzc ground avalanches and flows.'“Many of these
phenomena, as descrlbed ‘in this the51s,‘are common in the Lo

-
»vMacken21e Mountalns as well

It is apparent that a h1nds1ght determlnatlon of the

prec1se effects of se1sm1c acceleratlons on the stab1l1ty of ~
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rock'slopes_in the Machenzies would be a difficult task.

Because of the’ unknown factors of- the frequency of

earthquake occurrence -and thexr magn1tude, the back

vcalculatzon of stab111ty in these masses must be construed

.driving and resisting forces is uncertaln, it is

'\nevertheless worthwhile to 51mp11fy t%g real1t1es of the

_ v
s1tuat1on with approx1matlons. The followlng procedure

.as largely §beculat1ve. Whlle a detalled exam1natlon of a

'selsmlﬁglly vibrated rock mass 1s beyond the scope ‘of this

research -a 51mp1e dynam1c ana1y51s is now presented as a

1n1t1al 1nqu1ry 1nto the problem.

3.7 A Simple-Dynamic Analysis

In order to ga1n some apprec1atxon of the veloc1t1es

~

atta1ned in the var:ous proposed models, a 51mple

calculation of the motion of the-: centres of mass of @ number'

\

of failures is presented.- Whlle the actual phy51cs of the

s A

’Should be v1ewed therefore as a prel1m1nary attempt to model

-

'the 1n1t1al slope movements, but the calculated veloc;ty

Pvalues are. only relevant in a comparat1ve*sense.

F1gure 3.6 shows the 51mp11f1ed reconstruct1on of the

“1n1t1al geometr1es for six rock avalanches from thé

Macken21e5° Damocles, North and South Twzn, Nozzle, U-Turn
and Rocksllde Pass. The paths over which the. centres of

mass of the 1n1t1a1 blocks moved before encounter1ng an

abrupt change in slope are 1nd1cated It W111 be

4

arb1trar11y assumed here that the rock mass beglns to
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'~d1s1ntegrate at th1s point, 'and untll there moved‘} L ﬁ?fkﬁ;ﬁ."

. S "‘-""VI
essent1ally as a slldlng block (Cases 1 4) or as a block
*&

w1th rolllng cyl1nder type frlctlon (Cases 5 and 6) , For
51mp11c1ty, the path ha;~been shown as two linear segments,‘
although in real1ty 1t 1s made up of many more segments.
As is ‘commonly the practlce in stablllty evaluat1on,
the effects of seismic loading are equated w1th an
equlvalent horzzontal force equal to a seismic’ factor,'k

'tlmes the weight of the mass, W{, Flgure 3. 7 is an

1llustratlon of the stat1cs of the 51tuatlon, more fam111ar

as the simple sl1d1ng block problem. Us1ng N%fton s Second |

Law,vthe acceleratlon a of the body can be found as"

a g[(1fku)7sinﬁ +_(kfu(1-q,ll cosBJ' - ’p . (Eqn},3.3)

;where g rs grav1tatlonal acceleratlon, p.is the. dynamlc

coeff1c1ent of frlctlon, B 1s the slope angle and ru is a'f
apore pressure factor equal to the ratlo of the upllft forceA
to the normal component of the welght : The veloc1ty of the

\sl1dlng block v is calculated from the equatlon of motion:

vi=ve? + 2a s . o ~ - (Egn. 3.4)

vhere v, is the 1n1t1a1 veloc1ty of the block and s is the

distance over wh1ch the acceleratlon acts. The veloc1ty can
o ‘

thus be solved at dlfferent 1ncrements of a slope for a body_'

mov1ng over a varlable geometry. No. account 1s taken of

T S AR

S
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”'eigfveloc1ty dependent reszstances.mgeﬁ‘ | VAA «ﬁdnv"<7 R «g*ff

;;centr1petal acceleratlon, fragmentation ‘or more comPllCated)."'”

’;arb1trar1ly dec1deé that the mlnzmum veloczty necessary for;? E?'R‘
f;}fragmentatlon was 15 m/s.‘ .
- jfln order fbr the mass centre of each block to be movlng at. fhy
f;¥15 m/s ‘or: greater at the end of the 1ndlcated slope certa1nv
*51f?re51stance reduct1ons were necessary.,

"fffof sl1d1ng res1stance were analyzed WIth Twzn slldes as theg.if

' would allow the cen re of mass of ‘a block to atta1n ;5 m/s

ff;ﬂjcoeffzczent of fr1ctxon'assumed here was 05A8'

‘“vfaddxtlonal energy losses such as 1mpact'at changes in slope,i;

N A A LI ’_ ot

pY
BN

y-”oIngorderttofhaQe SQme%basisdfoticonparison! :t was

o

In1t1al calculatxons showed thatfn.

Four d1fferent casesjv:

o e

C~

In Case 1 the lowest selsmzc coeff1C1ent k” whlch

VP " C

. -'.:402;“- SR

'he second segment The - iﬂ'le3__f]_ffff"{f
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'7_d1scussed for selsm1cally v1brated or self 1nduced

G-
. . e . i
A B

It is 1mportant to note\that the equivalent hor1zontal
'force kw wh:ch represents the dynamic load due to selsm1c

'acceleratzons 1s assumed to act over the ent1re travel path

o~

::Hlth the same magn1tude, Thls 1s a oversxmp11f1cat1on of

-

'the actual 51tuat10n, for not only would the mass experlence‘

4hor1zpntal motlon but’ more complacated vert1cal and

.system. Furthermore, extendlng the effects of th:s Q.ZE;ff"hd
':_pseudo-statlc loadlng over the entlrety of the travel path

~has no- theo:etlcal bas1s.- Rather the reason for applylng |
hth1s equ1valent load;ng 15, s1mp1y, that w1thout recourse tobj

gfaddztlonal pore pressures or low frzct1on res1stances, the.'

would be 1ncapable d? atta1n1ng the 11m1t1ng veloc1ty of

S

also appear to be substantlated ev1dence as prev1ously

' se1sm1c1ty at a number of these movements._ An analytlcal

~ .

: ;rotat1onal movements of varlable magn1tude would affect the :

' rock mass under cons:derat1on at wan sl1des and some others“ '

- 3,15 m/s by the nd of the ‘Second " travel segment.‘ There wouldhﬁ}ﬁfﬁ?

approach Wthh couples the chaﬂacterrstlc rock and debr:s v

., 'mot1on 1nvolved has yet to be formulated and 1s probably a

selsmlc coeff1c1en

long t1me from fru1tlon (Hungr,.1981)

Case ‘2 is an analagous sztuat1on w1th a dynam1c

= fr1ctlon coeff1c1ent (u tan 30 ) no pore pressure and 5
'zero cohes1on. However, the equ1valent horlzontal load kw

v‘only acts over the flrst travel segment. The requxred ~«;

'f* whxch woulfjallow the block to move

ji at 15 m/s at - the ‘end of the second segment for Tw1n sl1de

B
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"frolllng cylznder model (Eqn. 3. 2) The two

'w1th roll1ng fr1ct1on coeff1c1ent f eqpal{jo_1f0 for a small

4

,was found by solvxng the equat:on of motxon 1n a fash10n

7;51m11ar : the formulat1on in Eqn..3 5. Note the much

'h1gher veloc1t1es 1n1t1ally atta1ned as compared to Case

In Case 3 the solut1on was found for the requ1red

Adynam1c coefflc;ent of fr1ct1on u whlch would glve a. -

1.

veloc1ty of 15 m/s at the end of segment 2 for the North

Tw;n event wlthout recourse to pore pressures or selsmlc

¥y

' acceleratlons.. S1m11arly in case 4 veloc1t1es were

'.lalso gave a velocxty of 15 m/s at. the end of the. second

(

fare 1dent1ca1 The values at the end of segments 1 and 2.

are also very close.‘ R ~; ﬂ'g "- ”p':‘

"segment Because an 1ncrease 1n pore pressure is actually

‘,calculated for u ‘tan 30°, k = oyo and q, o 0 755 whlch ' i"

‘Tﬂequ1va1ent here to a reductlon in the frlctlon coeff1c1ent -

"*”hr#_u(l ru), the predlcted veloc1t1es for both cases 3 and 4

In Cases 5 and 6 the veioc1t1es are predicted by the ,]v_

' cyllnder, and equal to 15 33?for a la ge cyllnder were

tested As shown in Table }thls model predlcts

‘ veIOC1t1es consxderably greatervthan the sl1d1ng fr1ct1on

~"fthe second shallow slope for,each offthe examples..

It is dxff1cu1t to’ specﬂla,e-dn'the actual veloc1ty'”

7.

L There are very few veloc:ty 1nd1cators such as run-up or

‘?spectrum for the 1n1t1al movement s\age 1n theSe events.*-

-

; ;superelevatlon near the prox1ma1 end of ‘the avalanche to us)

L

1m1t1ng cases,

'case.v Note also the cont1nue_ acceleratlon of the mass on

A



. .e_eyeloc1t1es. N f, T

‘Slf-.
. in assess:ng ‘the above tested models.d These pre11m1nary
, veloc1ty est1mates can ‘be’ best V1ewed ‘in a comparat1ve Sénse :
i to 111ustrate éhe effects of the. 1n1t1al slope geometry on
_the var1ous models. For 1nstance the hlghest veloc1t1es
.(Cases 2 3, and 4) are predlcted for the initial movements
at Rocksl1de Pass., As seen: 1n F1gure 3.6 this is a d1reot
consequence of the long steep (23 ) 1n1t1al slope segment.~

The 1n1t1al veloc1t1es pred1cted at ‘U-Turn .are generally
only sl1ghtly greater than those at Nozzle w1th thetdf _
exceptlon of Case 2 at Nozzle where the lowest second - '”‘;
segment Veloc1ty (12 mAs) was calculated This agaln is a.

’ reflectlon of the geometrlc 1nfluence..’

' The rolllng cyllnder frlctlon model predicts the
greatest veloc1t1es at the end of the second segment for
ethese two and the rema1nder of the slldes. The predlcted
veloc1t1es for the 1n1t1a1 segment of the‘;y1n slides- are df:
pnly sllghtly greater than those of Damocles w1th the |

erxcept1on of Case 2. On the other hand geometrlc effects
(a steeper slope) allow a greater f1na1 veloc1ty at Damocles

-

than at. Twin sl1des, except1ng the rolllng cylznder model

- In terms of an 1n1t1al mob111ty potent1a1 1t can be
séen that for Cases 3 and 4 the order of potent1a1 would bf

’ Rocksl1de Pass, U~ Turn, Nozzle, Damocles and then Tw1n'

sl1des. For Case 2, .where a se1sm1c acceleratxon 1% only
) assumed over the f1rst segment Rocksllde Pass, U-Turn’. agd

Damocles, respectlvely, show the greatest 1n1tfal76oh;llty

[
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"’ mean1ngful back calculatxon of : staby

of. th1s hlthertq untouched toplc 1s recommended

"FfQSQ

potential ' S1m11arly in Case 1, where a sezsm1C'

accelerat1on 1s assumed over both segments, U-Turn, )

' Rocksl1de Pass, and Nozzle, respect1vely, show the highest

.mob111ty potentzal

3. 8 Conclus1ons

The initial movement mechan1sms for th‘fe rock masses

e are st1ll largely unknown apd warrants further research

F1eld ev1dence for low fr1ct1on ‘hrfaces has not been found

and thelr exlstence as well as the magnltude of unknown pore?
pressures must remazn in. the domaln of speculat1on. Wh11e”

there are’ f1eld observat1ons to substant1ate Elsbacher s o

(1979) suggeétlon of rofatlonal moVements w1th1n the rock

mass, the mechan1cal and theoretlcal feas1b1l1ty of a rolle""j

bearlng type of frlctlon 1s quest1onab1e. Undoubtedly a

‘more complex motion - 1nvolv1ng sl1d1ng, dllatlon and toppllngt:
1s closer to reallty Analytlcal approaches to the pra?lem o

are 11m1ted in scope, although experlmental work could prove

‘a

o useful in callbrathg a model. In the wrlter s v1ew

1nadequac1es 1n handl;ng the effects of earthquake and

self 1nduced se15m1c1ty are theﬂf

for*;mped1ments to

,ty'and 1n1t1a1

veloc1t1es. There 1s substant1allev1dence to suggest a l1nk'

between se1sm1c act1v1ty 1n the Mackenzles and th..;nc1dencejhﬂ_ N

of large rock sl1des and avalanches., Further 1nvestlgat1on

.. .
: .



| Flnally; a 51mp11f1ed dynamzc analysls was performed to'
.

pred1ct 1n1tial veloc1t1es for f1ve mod1f1ed slope'”",
':geometr1es from the Mackenz1e Mountdrns. Varlous
assumptlons were employed to test hypotheses for pore

’ifpressures, dynamxc frxctlon res;stances and se1sm1c 1oading.

- :Wh11e the veloc1ty values obtaxned are based on rather\"

farbltrary assumpt1ons, 1t 1s useful to compare the varlous;

:models in a relat1ve,sense..partlcularly w1th respect ‘to. -

.‘veloc1ty pred1ct10ns from Koerner s (197 ;avalanche‘mode¥g':d

'3j(see Chapter 6) p"fff ;ﬁﬁjf”iﬁ; fieiﬁf}fﬁﬁ
\ \
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- 4. SOME MECHANICAL ASPECTS OF ROCK AVALANCHE MOTION

n?_},l Introduction o s |

Th1s chapter has two ma1n purposes~'f1rst to preSent"
.han overv1ew of the. mechan1cal approaches to- the phenomena of
rock avalanches' and second to 1nvest1gate some o

”‘observat1ons from a select group of these events 1n the

‘ _Macken21e Mounta1ns w1th the 1ntent1on of characterlz1ng thel-

i

_mode of movement T

The varlous approaches to the rock avalanche problem

: can be broadly categorlzed 1nto three streams. o

N

lcharacterlze parameters (eg. air. gush1on, flu;drzat;on-:

"postulates) |
'2;;hlSem1~emp1r1cal approaches such as a fr1ct1onal energy

'-“balance or the appllcat1on of hydraullcs prlnc1ples,

c?’ L

.‘3, ‘Emp1r1cal approaches such as\volume runout.. ' _

. fcorrelat1ons, multlple regre551on, or scale mode11ng
‘3.The l1terature related to. the above toﬂ'bs 1s qu1te-h
;d1verse, hence the 1ntentxon of the 1n1t1al part of th1s fhg
h chapter w1ll be to present only a broad overv1ew of the

t['var1ous approaches. The 1nterested;reader is referred to

")

“ﬂ}QHungr (1981) for a more complete rev1ew of the subJeCt

‘gﬁthe1 em1 emp1r1cal treatment of the prohlem 1n the context

‘of r;ck avalanches from the Machenz1e Mounta1ns.{'y;

"1.= Phy51cal hypotﬁeses based on theorles w1th d1ff1cult to

R

' “f:Furthermore, Chapter 5 and 6. w1ll examlne 1n greater detalla

/RN
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In or%ﬁr to make the proper cho1ce -of parameters for a
i'numerzcal model, compat1b111ty between f1eld observat1ons
and the prbposed phys1cs of the avalanche mot1on must be
obta1ned Thls in itself, would appear. to be the prlnclple'
problem h1nder1ng the development of a determ1n15t1c '
solut1on to. the mob111ty questlon. A-number of‘quest;ons'
d rema1n to be’ answered° o B | o

_}J. What 1s the range of veloc1t1es and how are h1gh
~veloc1t1es ach:eved by the avalanche debrls early 1n‘;ﬁhv
_1ts mot1on7 | . ,
2. | What. ev1dence exlsts for the reductlon of a bas1c
. fr}ct1on angle for granular mater1als or are other
'.dgelements such as "lubr1catlon"'or pore pressures o
,ﬁ;respons1ble for the apparent excess1ve travel dlstance?‘
3. Why does the 1n1t1al d1splaced mass, although B o j~§f
:d1s1ntegrated 1nto small fragments, still: show a | |
surprlslng congruence of stratzgraph1c order?
-4, »What 1s the explanat1on of the v01d or>“rarefactlon"z'
: zones as noted at Nozzle, Rocksl1de Pass and U- Turn
'avalanches? '-fjijg.‘ ,"f'j,ﬁfffl'v tﬂt’

5.:' What 1s the actual rheology of the avaIanche debr1s in.

'uxts macroscoplc sense and uhat does thzs tell us about

P r!the exlstence of turbulence, thf strength of the debrls ”.
N Ahsheet and the 'slxdzng or flow1ng questlon? | L
. P 15,1Wh11e 1t 1s not the 1ntent10n of th1s the51s to exam1ne R
f ﬂhese aspects in deta1l some observatxons on these problem

areas w111 be’ made. . - hhiA ji~f f - .f"' L A,\‘



f4 2 theratute Rev1ew.l

Phys lcal Hypotheses | } | _

Phys1ca1 hypotheses for expla1n1ng the mot1on of rock
avalanches are qu1te numerous and. equally as varled 1n |
pr1nc1ple.. While no- s1ngle all encompassxng model has been
establlshed several attempts haVe been made for a numbér of'
events., A selection of the varlous hypotheses, as dlscussed
by Hungr (1981) in hls rev1ew are now outl1ned

"Lubr1cat1on" by mud as orlgznally noted by Buss -and

' Helm, 1881 for the Elm catastrophe is an attractlve

'_,hypothe51s for events vhere: a large port1on of the mass

traversed saturated sedlments or bod1es of water., Ev1denceff;.f'

for the 1mportant role that these saturated flnes play in
the mob111ty of rock avalanches may be found in several '.
L”examples from the llterature, e.g., the Frank Sl1de (Hungr,-
.1981) the Huascaran avalanches (Plafker and’ Er1ckson,' ,
_l19789 Hope rocksllde (Matthews and McTaggart, 1978) In a
'.few reported caes, such as the Stelnsholthlaup from Iceland
| (Kjartansson,.1967), or the Mt St. Helens rockslide o
‘avalanche (Vo1ght ‘et a] 1981) the dlslocated rock mass

“'had acqu1red large amounts of water e1ther by the meltlng of

vglac1al 1ce or the 1ncorporatlon of bodzes of water in 1ts;5,;j;'~

F'path The m1x1ng of th1s water thh alluvzum and other
f'detrltus enroute has glven r1se to the extreme mobllzty 1n
. these events.:s p _ ' )

| ‘ Air layer- 1ubr1cat10n,_or the a1r cushlon postulate,--7n’

'fproposed by Shteve (1966 .1968a, 1968b) and subsequently by '

)
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-some other - 1nvestlgators (Kelly, 1980) 1s\€ttract1ve 1n

_;cases where the avalanche travel surface has. a. suitable

;Tlaunchzng ramp. Presumably the debrxs“1s catapulted from _

"ﬁithe ramp at h1gh veloc1ty and there is l1tt1e time for the .

qV'nicompressed air. to escape through the debr1s sheet by upward

\seepage. The debr1s layer then spreads and thlns on this
cush1on of air unt11 the a1r pressure d1ss1pates and the
sl1de freezes" in pOSItlon. -Shreve . (1968b) has shown that ]
‘the upward seepage of a1r through the sheet would not be

-

51gn1f1cant for the duratlon of the event if the mean

'permeablllty was less than 1 Darcy (0. 001 cm/sec)..‘;f{ ’
For some . tlme Shreve s air cush1on theory recelved w1de

.acceptance.' However, many 1nvestxgators have s1nce j'h”“ |

51975) ralsed

‘ quest1oned the va11d1ty of the c0ncept.. HsuVH

_three objectlons- the lack of air escape features, e. g., at |

Elm, the flow llke rather than sl1de 11ke morphology of the' -

deposzts and the absence of sturzstnoms on the a1r less
surface of the hoon. Others, 1nclud1ng BlShOp (1973),.
Vo1ght (1978) and Errsmann (1979) have expressed doubt

concerning the cont1nu1ty of the a;r layer beneath the

'debrls sheet and .the mechan1sm of air entrapment.

4

A1r flu1d1zat1on ‘as descrlbed in. the powder mechan:cs _

'sense (Brown and R1chards,'1970) would 1mply f1u1d1zed beds

r i

character1zed by dllatlon, a. h1gh degree of turbulence,
‘channel1ng and upward flow structures, elutrlatlon of f1nes'
to the surface, and the fall of large partlcles to the baSe.'

‘ Kent (1966) used th:s analogy to. expla1n the extraord1nary

" .
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‘mob111ty of such eVents as the Frank sl1de and the _
‘Saldmarreh landslxde Whlle the concept may be appl1cable
to ‘powder snow avalanches ‘which d1splay great snow dust
clouds, :obscuring the main body of the aValanche ‘the
"extenslon to rock aValanches may be of dublous val1d1ty.
Such features as inverse gradlng in the dep051ts (Hungr
1981; Hadley, 1964), the apparent lack of extensive I ;
'turbulence exempl1f1ed by the malntenance of the or1g1nal ' |
strat1graphy 1n ‘the depos1t (E:sbacher 1979 Er;:smann(. ' : ‘/
,1979), and the absence of upward flow structures, suggest -
’that the phenomenon as described for 1ndustr1a1 | ‘
flu1d1zat10n processes,.1s not generally appllcable to rock
'avalanches. _ L . - "v
" The presence of gaseous pore pressures, often 1n the
form of steam, has been . adecated by several authors as a
- means for - reduc1ng the- effect1ve stress within a basal shear
zone.. ( Pautre et al., 1974; Hablb, 1975' Goguel _1978! 1",.,-
-Hardy et al ' 1978 Voight and Faust, 1982) Whlle it 1s L
' dlfflcult to env1sage the presence of pore ptessures such as
l-fwaterhgat least through the dxlatant 1n1t1e1 portlon of most,
rock avalanches, the concept of gaseous pOre pressures | »
develop1ng and being ma1ntalned 1n‘the basal zone 1s ‘quite
fea51ble as demonstrated by the above wrlters, prov1ded |
there is suff1c1ent Water aballable.. Hungr (1981) has shown‘
that to obta1n a gaseous pressure of‘400 kPa, capable of : ‘
"fully support1ng an'ﬁa’ﬁ‘EETuﬁn‘of broken rock the requ1red ‘_ff~%_—

'lnltlal saturated p0r051ty 0f the source rock need only be

4
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:;,Orosvpercent, certa1nly a feas1ble cond1txon forAeven a
"4tzght rock mass. Er1smann (1979) proposes another source of
‘l gasebus pore pressure in the form of carbon d1ox1de produced )
by the dxssoczat1on of carbonatelrock under the heat of
1fr1ct1on._ Thxs hypothe51s, whlle not ea511y ver1f1able, is -
‘attractlve for a iarge number of rock avalanched‘ wh1ch in
the: Canadlan Rockies and the Mackenz1e Mountaxps as well as.
‘in the Alps are 1ndzgenous to carbonate rocks. Erxsmann
'l(1979) also prOposes a. relatedcmechan1Sm for 1andsl1des 1n

gran1t1c terra1n ~<the rock mass has slid on a surface

' ”lubrlcated by fr1ct1onal meltlng. There 1s substant1al v

'ﬁ:Austrla (Er1smann, 1979) and more recently the presence of a
f,iicontlnuous sheet of rock glass ("hyalomylon1§p~) has been
}ﬂnoted on the exposed gl1dlng planes of the Langtang
:Alandsl1de in Nepal (Masch et al 1981)
Wh1le ‘the pore pressure and fr1ct10nal meltzng

L postulates are attractlve mechanlsms for avalanche or ..

1andsl1de mob111ty 1t 1s odd that certaxn character1st ifé.;

whlch one would expect to be uleu1tous to most of these %“?vf
'.events are found or suggested at only a few., No large steam

or gas clouds have been reported at any events 1n the
_ lsterature and rock heatlng has only been noted at a |
,iscattered fev (Romero and Mol1na, 1974 Cruden, 1982)
“Ne1ther 1s there eV1dence for large scale compressed gas -

'f"escape whxch would nge rxse to normalﬁgradxng and certa1n




"f‘~re51stance to flow for such gralns 1s less than that for

“.coherent 1nternal structure reflect1ng the orxg1nal

.
vy

- Tmorphologlcal £eatures such as - e@tapefstructures. '
- Hungr (1981) used the term rock dust l;quefactlon" to
;hlname the: process Hsu (1975) proposed for the floatatrﬁh of

| coarse debrxs part1cles 1n an’ interst1a1 f1u1d of f1ne
debr1s and pulver1zed rock dust, Th1s mechanism der1ves )
Hfrom Bagnold's (1954) early work on the flow of concentrated
'Jcohe51onless gra1ns in ‘a’ flu1d medlum.} The fr1ct1onal

: Y
‘slldlng between r1g1d bodles because of the presence of a

‘.'dlsper51ve pressure whzch serves to reduce the effectlve gﬁ#iﬁ
lnormal stress.- Thxs conceptmhas been dlscussed 1n1hiffﬁ.
“connectlon w1th rock avaianches 1n the Mackenzle Mountalns S
?by Vallejo (1980) He uses the mechanlsm to explaln why the :itf
mlargest boulders are often found at the front of the flow :

::and the presence of. such features as 1nVer§e gradlng and the
;'_ramp phenomenon._ Elsbacher (1980) counters th1s argument

by po1nt1ng out that the "ramp feaiure has a remarkably

stratlgraphy 1n the&falled mass, and hence could not result
from an 1nternal dlspers1ve pressure.' Nor does 1nverse ': ; ‘
gradzng have to be a result of Bagnoldxan flow as E1sbacherragr;t'i
(1%90) poxnts out Alternatlvhiy; he suggests that the g;;”’t"
A remarkably well preserved d11ataon features 1n the rock |

.'debrls (also noted by the: wr1ter, Append1x B ) lend credenc*’hﬂ

to Mlddleton s (1970) kznetzc sxev1ng of smaller paftlcles a?‘ SR
'hthr°“9h ‘an Open coarse framework to~produce 1nverse grad1n9f77w

1n an 1n1t1a11y unsorted granular mass.-< S e



o u“'"Mechanxcal £1u1d1zaﬁzon" 1s a term c01ned by McSaveney '?;d
'(j978) to denote the chapge from s1nple fr1ct1ona1 to ‘v; .
,;;complex veloc;ty dependent flow behav1our at hzgh shearlng g
‘uj;f;fﬁvdrates. The concept 1s not new to the rock avalanche problem ;ffﬁ

-"'hav1ng been suggested zn some form py Howard (1973) Hsu

e,

et A A A -
e . . RS . B

- .- . . B N . L’

7?7;¢(1915) MeSaveney (1975) and Koerner (1977 1980b) Bagnold

(1954) in’ hzs or1g 3a1 experzments en shearlng of

[

1

Jﬂ;“drspers1ons 1n1t1ally alluded to the notaon.‘ Howéver, s1nce

,‘fE;then (1968) he has concluded that even rapldly sheared itittrgft”
’ﬁghconcentrated dzspersaons remain rheologlcally equlvalent to _gﬁ;ff;v i
i fordanary fr1ct10nal materlals.- Goodman and Cowan , o3 B .
i”**f;ﬂfﬁ;j1971/1972) and Cowan (1978) have advanced the theoretical

7;£ormu1atzon of granular flow based on_thfdpr1nc1ples of

: dcontlnuum mechanxcs;”'Thelr use of the effect cf fﬁf?d” f'ne-“f‘
.0» D . ‘ _,,_q__w e

oy : SR
A it i

3”;“total volume) as an 1ndependent klnematlc' arzable has been

.i‘ .

’Eﬁifjsxmalarily extended 1n experlment'l and analytzcal work by "h;};;dl
?‘Savage (1979) and Mchghe (1979').-.}'-,'*-.\ S R

An extens1ve laboratory test:ng program was und’;taken




””v; materzals (dry and uet sand,spolystyrene heads, and mxxtures
.Tit of sand and rock flour) the mechanxcal £1uidiiatxon ” 'ﬁ-
tjgi pypothesxs was not»ual1dated Dav;es (1982) horever,[‘
S presents an argument to the contrary cla;ming mechan1ca1
flu;dxzat1on ls supported byolaboratOry tests,_the graan
flow theory of Bagnold and some characterxstxc features of

R
R

| stnunzstnom dep051ts .

..'..‘

Another worklng hypothes1s for exp1a1n1ng aValanche

"‘5 mohi%ity 1s the mechan1sm of 11quefact1on.” N R.

.

,Morgenstern (personal commun1cat1on) has suggested that the

f1n1t1al dilatant stage of the movement may become |

v ..

i‘contractant thus fac111tat1ng the generat1on of pore A@

lmﬁipressures wh1ch allow the avalanche to cont1nue to travel

“?;over shallow slopes unt;l these uplzft pressures 61551pate.
e A
";»uThe concept ofarﬁquefacipon 1s not new, although applylng

g{?the mechan1sm to a dlscrete shearzzone at the base of a

blocky flOW has not been "attempted pteV1ously. The ‘ AR

if“rat1onale for the exnstance of pore pressures at the base of
“.the flow der1ves from early work on the' cr1t1ca1 voxd
'_;ratlo" by Casagrande (1936) and subseguent contr1but10hs by
ofhzs students (Castro, 1969- Poulos,.1981) 5 Poulos (1981)
K dvanced the concept of ”steady-state' deformatxon 1n q;;gp

2 partaculate med1a whzch 1s the state uhen the mass is

fr;;lvveloclty.r By-de£1n1ng the steady state lzne“for a

"ffpartxcular sol

Cal
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' when vxbrated 1n some cases as"

. " L . N
A H . . .
. : ( - .

normallzed m1nor pr1nc1pa1 stress plot, one may evaluate thef/

potentzal for pore pressure generatlon by folloW1ng ‘a .

&

partzcular stress path Rather than elaborate on the l""

s

deta1ls of the mechan1$m the reFder 1s referred to the
precedlng publlcatlons.‘ It suffzces to say, however, that

whxle lzquefact1on may be an attract1ve postulat for the ‘

T— 4

flow of other part1cu1ate medla, there must be some [i‘u

reservatlons 1n advocat1ng 1ts exten51pn to rock avalanches,n'

at least 1n the Mackenzle Mounta1ns. flrstly, because oF‘

uncerta1nt1es 1n past'fallure geometry and the apparent lack

of bod1es of water ,or even saturated alluvlum 1n.many ,RQ

cases, 1t 1s hard to envxsage where a’ contractant phase and

the generatron of pore pressures would ;n1t1ate.. Secondly,lg-s\

because thefe 15 no. f1eld ev1dence for a part1cular dzscrete..‘ﬁfy

shear zone of a measurable th1ckn§ss 1t 1s 1mp0551b1e to ?°'g'H

N evaluate whxch steady state llne ma& be appl;cable.;f

Acoustlc flu1dlzatzon 1s a relat1vely new concept

proposed by Melosh (t979) He suggests that granular debr1s'fi

1nvolved 1n a rock avalanche may he fluld1zed by acoustlo P

\ I

(pressure) waves generated by the movement of the landslxde :

itself The fact that dry granular material loses‘strength i

has been k"v

be proport1ona1;=

and 1nversely proport1onal to tHe grarn 51ze., Melosh (1979) nﬁ,,“,ﬁ

ECh as 85% (Barker, 1962),-J'3' _
;wn for some t1me., The reductaonlwould appear to“"p”:“":

oh&he ampl1tude and frequency of v1brat1on if;#fiﬂf
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lydeterm1n1st1c approach however*'

™

':.may be permanently re11eved 1n the flow1ng mass each t1me .

h_the normal stress An- the debr:s temporar1ly drops to zero.' ‘
yfﬁlHungr (1981) concurs w1th thls mechanlsm as a more plaus1b1e ;t
w@rwalternat1ve to mechanzcal f1u1d1zat1on.: He further suggests
fithat the wave amplltude may be greater at the base hence
u‘creatlng the 1nverse grad1ng 1n the debrrs by a’ process

' 51m11ar to Bagnold s dzsper51ve pressure. Coarse upper ‘
r*layers could thus ride -on a fzne, fluldxzed basal mater1a1

'.w1thout much dlstort1on a notion compatlble w1th the

.4

observed strat;graphlc congruence 1n many events.‘“

In summary, there have been ten phys1ca1 hypotheses

D¢ descrlbed dn. the precedlng sect1on, each of whxch has been
b:reported to be a- key mechanlsm for rock avalanche mob1l1ty. p__-f
fthle 1t is llkely that one or more comb1natlons of these :

'u_;mechanlsms may be respons:ble for certaln cases 1t 1s

dlffxcult to suggest a partlcular_one wh1ch 1s compat1b1e

-with observat1ons for all Cases.r:The acoustrc fluxdlzatzon
.~ coricept, favoured by Hungr (1981) 1n h1s extens:ve reV1ew of _;;;~

'the 11terature, may offer new avenues for a more.f

-there are analyt1cal

Zobstacles to be overcome., Fxnally, 1t must be?poxnted out

that the naturenof rock;gvalapche depos:ts necess1tates an

-}1nd1v1dual approach w1th contlnous evaluatlon of the phy51cs

. “i.fof the motlon as deduted from f1e1dJobsérvat1ons.; To thzs

Mend a more appealmg approach for P _d'lctlve purposes are




',hi‘Enengy Balance Appnoach e

| Hexm (1932) f1rst attempted to model the motzon of a_;f
”irock avalanche by us1ng the analogy of the s:mple sl1d1ng

;block " He équated the potent1a1 energy 1oss over a curved "
'”ltravel path w1th the k1net1c energy gaJn and the losses to l'-..
'{fhexternal frzctxonal forces. The "effectlve coeff1c1ent of
Zfrxctzon"‘hu{ for the travel of the block 1s g1ven by:. o

“'h h.v R h - D | .:;iﬁa" SR
wetangema <Eq41> .

ANE
.

;whefe‘¢ is the apparent angle of frxctzon, and H and L are ’

L C“fjthe he1ght of . fall and the total horlzontal travel dlstance,t

V

hhzf-respectlvely.: Helm recogn:zed that the l1ne Jo1n1ng theff

- crown of the failure.s

| "centres ,of. mass of the 1n1tlal block and the falled debrxs'ﬁ'

:;fwas the Schwerpunktsgefable and was 1ncl1ned at the ¢ angle._’ |

B He preferred for s;mplucxty reasons to equateithls w1th the ,jwf e

ER

: hfahrboeschung, theuslppe»

the_llne Joxnlng the top of the

he Hlstal tlp of the debrls..fﬁt

"‘xﬂAs po1nted out by Cruden (1975 1980) the d1fference :;_lxoz_bff“gg,

.\\,_,

‘vm*betveen the 1nc11ﬁatxon of these two llnes may be

_s1gh1f1cant.‘g;ffffﬂf”ﬂ_u#(,51' A?ftﬁh;feig%?9 -

A rev1ew of ™ number of case hzstorxes and an“[}:afjf}”‘
~\c3exam1nation of a group of rock avalaoches from the Mackenzle“.”\

gﬂMounta;ns shows that the energy balance approach suggests S

;c’very much smaller fr1ctxon coefficxents than would be

Jhompetent rocks. Cons,quently, some .




'";}next part Gf thls rev1ew.:f

f_;phys1cal hypotheses dlrected to thls end have been exam1ned

:"“1:1n the prev:ous sect1on of th1s chapter and no szngle

fconcluslve mechan1sm has been agrd&d;uponQ; The presence of

“;'a pore pressure could be eas11y handled w1th1n the sl1d1ng

eh’block model by s1mply reduc1ng the normal component of the

fwelght by the up11ft force., Desp1te some obJect1ons as ;;

' :razsed prev1ously, th1s s1mp1e analyszs has been used 1n the

,’}gback analys1s of several debr1s and Fock’ avalanches (eg

';naray et a]., 1978) "_f;_sefx;Q;;;Qﬁfgf:%f‘”**”;

Other more elaborate approaches based on -an energy

"fm-balance wzth VelOCIty dependent VLSCOUS type re51stances '
"h,(Par1s3au, 1980) or: a more complex veloczty squared “k“ o
~Caependence (Scheller, 1970 Koerner, 1976 1977 1980a,_,, |

'r:f1980b) have been proposed for rock avalanches., These

'?ﬁapproaches w1ll be dlscussed 1n the cOntext of Ce
“:;semx empirlcal methods under Hydrau11c Approaches 1n the
”p F1nally, an 1mportant po1nt noted by Hungr (1981)

'l“aoffers an explanat1on for some ofdthe dlffdrences between

"°,_perm1tt1ng addztional energy loss 1s needed ) The range of‘uh':




R .f,.:l1near (vzsCOUS) term, and a squared (turbulent) term.__',mf/.t"

.;}femplrlqally.f.

v

':hymod1f1ed for the degree of lateral spreadxng antxczpated

':[;whlch could be based on the area 1ncrease ratxo”,'a concept;gfg*f“'

qfﬁgprOposed by Hungr (1981)

\

‘."to the use of the equatzons of flow 1n open channels to
'.fvaccount for re51stances other than frlctlon.f The

i Seml"emplrlcal approach employed here 1nvolves evaluatzng a :ﬂ]

e

'.'-'.".l_"f‘vpolynomxal ¢ons1st1ng of a constant (fr1ct1ona1) t?,rm, 'a"f.“_'

=

P

rrweiv/m

':';where T and a are the shear and normal stresses—at the base

"*;}°f the flOW, u 1s the effect1ve frzctxon coeffxcient T/\the' c

‘ n_uv1sc051ty, v the{veloc1ty, H the helght of the flow, anife f’l»ff

“the turbulent reszstance coe£f1c1ent 'g;f*ﬁjiyijA
{Q.f Voellmy (1955) flrst 1ntroduced the relat1onsh1p

"w1thout the v1scous term.» Salm (1966) confxrmed that the

-b*v1scous term 1s 1rrele‘w

: fffrzctional and turbulent terms could be evaluated

The calculataon‘of avalanche veloc1t1esanas

;zf3}ufurther advanced by‘He1mgartpert(]977) ' oerner (1975)malso;fﬁ

&

=f Invest1gators of snow avalanche dynamacs have resorted ﬁ“‘;

-a

_;nt 1n snOw avalanches and that the ﬁf




Exten51ons to the app11catxon of these two—parameter
‘57models were developed by Perla (1980) Perla et al (1980)

';and Bakkeho1 at al (1981) Numerzcal calculatzon

;.Afd1ff1cult1es ar1se because of mathematlcal 1nstab1l1t1es and

"'~Q:the non un1que nature of the solutlon.'.,

It 1s worthwh1le notlng that other approaches to show

ot

-avalanche dynamlcs envoke v1scous, rather than turbulent
. 5 L
“,ttype resxstances (Mellor, 1975 Lang et a] 1979'*

‘inﬂartlnelll etsal ' 1980) The actual mechanlcs"

:[1ssue 1n th1s area of dynam:cs.! Stxll others have usfd”l
_ﬂempirlcal correlatxons w1th certaln topographlc parameters'é"“
-ffto pred1ct runout d1stance (e g., Lzed and Bakkeh01, 1980)
s The applxcatlon of these sem1~emp1r1cal techn1ques to L

";fthe rock avalanche phenomena does present a few problems.xfggn
The acgual physxcs of the mot1on may not be adequately o
-t,accounted for by usxng ezther ‘& v1scous of'turbulent

‘,Gres1stance term 1n tho formulatxon (Er1smenn,.1979)

'4Q3Furthermore, the solut1on actually solves fbr the motxon of

".a ceﬁtre of mass bodg wh1ch 1s not appropriate vhere the

‘7hf~ avelanche debrzs has spread over a large aree.. A more

4ideta1led d1scuss1on of these and other;enlgmatlc aspeots of;"

cer T

'5ffthls approach 1s g1ven 1n the next chapter._;7f{§g;,,;.7**

Another method suggested by Hungr (1981) 1s to use




'-51mply subtractzng 1t from the geometr1cal slope.,.' |
' In summary, the hydraulics approach offers a more
determ1n15t1c solutxon for the runout questlon where

nvar1at1ons 1n slope geometry and flow path are encountered

v'.’,:

"?Emplnlcal Volume-Runout Relatlonships

' Sche1degger (1973) and subseguently Koerner (1980b)
‘have shown the rough 1nverse correlatlon between the volume |
. of. the sllde and the- effect1ve coeff1c1ent of fr1ct1on or ,
Afahrboeschung, on a- log-log plot. Although there 1s |
con51derable scatter in the data, a general trend of

"decrea51ng u w1th 1ncreased volume 1s apparent. Hungr

"5j_(1981) shows a repet1t1on of the plot 1n terms of the more

-7 ‘.
:#japproprxate “mean travel angle » the 1nc11natxon of the llne

‘.1\301n1ng the centres of mass of the 1n1t1a1 and f1nal masses.'

;There 1s‘helat1vely l1ttle change in. the trend of the lzne

"and the scatter rema1ns. A 51m11ar relationshxp between the

- potent1a1 energy of the 1n1t1a1 mass and the tangent of the

Tg‘fahrboeschung for. extra terrestr1al slides was - shown by _
.fHoward (1973) Hsu (1975) plots the logerxthm of the volume;;h
of the sl1de versns the 'exce551ve travel dxstance', or L

;wh1ch a mass mov;ng thh normal frxctzonf‘

wee A

d1stance beYO;

‘coeff1c1ent (',- tan - 32 ) would travel Only a sl1ght1y

* _ better correlatxon results for the landslzdes represented

h;HoweG%r,?

c ,the Mackenz1e Mounta;ns d:;

Exsbacher (1979) has produced a. s1m11ar plot forif“

\




(see fs'égt;i;q;;_, e,

:'-"'scaze Modell Ing - o
o - scale modelllng has- been used in & few cases to N i
N ‘Yreproduce the' runout characterxstxcs of some debr1s flows..

_o.and rock avalanches. Moore (1976) carr1ed out model stud1es’

-of the Rubble Creek landslldes usang bentonzte slufrles.

__lthough the model vas not properly scaled to mEet hll ’ , i -
'*s1m1lltude requ1rements of the real s1tuatzon, Moore d1d o
L manage to ga1n several 1n51ghts 1nto the movement and
ltdeformatzon of the prototype sl1des._ Hsu (1975) used a’
it51m11ar benton:te slurry k1nemat1cally scaled to represent
che Elm sturzstrom. Wh1le acknowledglng that dynam1c J:7
',fdlfferences between the model ang the prototype ex1st
“(grain- transmztfed stress is domznant in the latter whereas

fluid- transm1tted stress 1s domxnant in the former) he

concluded that ‘the mob111ty of such events can. be adequately
evaluated w1th the use of th1xotrop1c l1qu1ds. Certaxnly
-these techn1ques hoId promxse for mqﬂelling complex |

fgeometraes thh tortuous courses or abrupt chanbes 1n slope

" In'a more recent treatment Nasmxth ‘ahd . Mercer (1979) have

‘Q: ,",‘used model stud;es of the type performed by Moore (1976) to j'

[{ald 1n the de51gn of protectxve dykes for debrxs flows at

o 'Port Alrce, Brxtrsh Columb1a.

I )




A SR

‘ been recorde -

-hof the velo'“txes 1nwevyed are rare and—are often somewhat

- of a rock avalanche from start to f1nxsh does not ex1st It,?f"h
-“.1s 1mportant to real1ze as well that the few fzrst hand |
nveloc1ty estxmates pertaln to {ocal veloc1t1es and do not
.~fnecessar11y represent the average veloc1ty of the event__;‘

‘which 1s probably qu1te dlfferent because of the exxstence

the HuaScaran avalanches.. An average veloc1ty can therefore*f

'-iifbe calculated but 1t may dlffer cons1derably from local
'.ftopography and other effects.

' thelr own sezsmlc dlsturbance whlch has been recorded end ”l‘ o 'f
A_used to’ estlmate an average veloc1ty, e g.q the Mayummarca | "
:avalanche (Ko;an and Hutchanon, 1978) the Lyell Glacxer

";slxde (Gordon et al 1978) In the Iatter example the

'selsmlc trace could be used to d1scern the end of the major_

'-;,ﬁthe glaCIer'
'»ﬁf{debrls aroundw‘

4.3 Velocxty Estxmatxon

Very few eyew1tness accounts of a rock‘avalanche have

Consequently relxable f1rst hand estlmates

speculat1ve. Furthermore, a. complete record of the ueloc1ty*7': ' i

of - surges or waves of debrls.v In some cases the total t1me

for the eVe"t was. recorded. e. g., the’ Frank sllde and at thehi;;%

2

< a
veloc1t1es 1nduoed along the path because of var1ab1e

In a’ few documented cases, rock avalan;hes have created

- i,

-fa11ure and start of the subsequent stream;ng of debr1s down;{l?f-

?Luperelevatxon or the t1lting of the mob:lei“l"r

6gp§¢g?hasgbeep}used,byfsevefal.wfifg:sﬁfaf]!l'?*4”

K .

"ocal_veloc1t1es (Moore and Mathews, 1978 Hardy etﬁi




to calculate m1n1mum velocxt;es from debrzs run up.- These‘”-

f_two technlques have been appl1ed to some of the Mackenzxe AR
;Q*Mounta1ns events and w111 be developed 1n the proceedzng
-,v;sectzon. _i IR Lot : SN
| More elaborate methods have been used such as | c
iMcSaveney S- (1978) use of the curved flou_lrneseon.the

' debr1s to estlmate—V“IUC1t1es. Hungr (1981) caéts doubt on :mtifd”

-such techn1ques 51nce the curvature of 11neamentsrpn the
surface of the debr1s need not. represent the veloclty
d1rect10n in the basal shear’zone. The solut10n4pf a
';fsemz-emplrlcal polynom1a1 such as\ln Koerner 5. (1976) B »
.v_analy51s, does enable one tb pred1ct a veloczty t1me récord ?ff:
.5for an avalanche; but thxs 1s dependent on the proper cho1ce ‘}f
of fr1ct1onal and dynamlc resastance coeffxc:ents. Veloc1ty :
vpred1ctzons uszng th1s method are developed 1n Chapters 5

and 6. o “

b

A remarkable collectlon of photographs from the Mount
St. Helens event (Vo%ght, 1981) has been used to produce a’
’velocxty txme plot for the 1n1t1a1 stages of thxs well known/

§1.4

. trans1tory forces such as se1sm1c acceleratzons and stress

redent rocksl:de avalanche._ Desp1te the fact that

;Hére11ef assoc1ated w1th the ensu1ng eruption were obv1ously ERRN .:”‘Eﬁ
i ‘ " * . . ' e

present p quence 1s the best record to

date‘bf the actual dlstance t1me\relatxonsh1p for th1s type

S “of slope movement. ’!ﬁjff | n?ﬁ_;i', }'fz;,;“ :v;_y¢;y']jsqut

Table 4 1 is a collectxon of local and average velocaty
PRI S ¥~

est1mates for numerous rockslzde and rockﬁavalanche events.:,;ﬂﬁ

R £ U
A I
. AR T e \
: g




TABLE 4.1 Some Examp les®of ‘Rocks |1de. and. Rock Avalanche Velocities (m/s) _

: , T R
_Event "~ | —Jype . Average .tocai: . : S Sou‘r"ce‘ :

Elm o meta. . S0(H socn). . Holm (1932) Lo
e 2000 ee McSaveney . (1978) R
 Goldau . - T geql -40-70(1); Helm. (1932) . '
Frank.” " geqn 28 . aa -McConnell & Brock (1904) o
Blackhawk' = . . - sed.. . em © 33047 Shreve L1968) o T o LT,
. Hops o metas o anl U 25(4) . Herdy ot al (1978) | - \ S
.. Vatent. Tl sed.” ©  25-30¢ ) T Maller %ee). RN
- LIttle Tahoma ank wlc, ] 3604y _Fahnestock. (1978). o ‘
‘Devastation Glacfer - wolee.. = N 42(2) - - Hardy. ot al (1978) e
Lyel| Glactor RERA sed, . . 17(8) . -'-.°»' - Gordon et al . (1978) R
. Triolet.Glacler - lgne e 3444(4) . Porter &. Orombelti_ (1980). - o v
" Sherman Gladler meta, 26(3)° L 206y McSaveney (1978) :
ST w S EE AR TN “McSaveney. (1978) .,,"e,_:g S
T St I = (A - Shreve (1968) s
,_Mounf st. Holons © L vole e -38-80(9) " . ‘Voight. (1981) S
: _May'hwca v . seds '36(_5_)'-' == 9K . Kojan & Hufchlnson ('197"8).._ O T e R
_Huascaran. (1970) -~ Igne < T8 azaonmm! Platker & . Eri¢ksen (978, B
R ST L e LD L Blatker d Erleksen. o8y L
S S - . 33CA) o Plafker & Ericksen. (1978). .-
“Huascaran (1962) lgne. . 4‘1;!) IR ¢ R .Plafker & Ericksen (1978) S
Huascaran (pre=' . dgne " 93¢8); »":39(4) Plafkcr & l-:rlcks.n (1973) : L R |
Dusty Creek . yolg, -
‘ Rubble Creek L woled

H x

v 15-20(2) ' cngu. " Soufhtr {1om2y . BT
:._“'zz.gg(;) - Moor. &Mafhns (1978) D

bt

_ . Eyewlfmss esﬂla'to of sllde dur?ﬂon "'(,6)" Curva'ruro In flewllnls

— (2) Superelovaﬂon In bends - . SR " '_'(7) ProJecch esﬂmfo = :

(3 1F’rlc'rlonal enorgy balanco R ",3‘(8) ‘Exfrapola‘rlon from prevlous L
' LR PR ovon'rs R

(9) Phbfographlc record‘_ N

i}_(rIO) Cra'rorl ng fheory :

'(41 Frlcﬂonless run-up analyslsf .
»(5) Selsnlc roc.ord S L
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‘ These values have been obtalned by some of the preceed1ng

T methods thh tﬁe except1on of Koerner s (19767 ana1y51s. a0

br1ef exam1nat1on of these data reveals that there 1s a

v

,cons1dera§le var1ab111ty 1n both 1ocal and average

e
L

fveloc1t1es.. There would not appear to be -a consastent
relat;onsh:p between the estzmated Velocxty and other

‘factors such as, rock type ‘r wtether the debrxs travelled

across a- glacxer for some _ortlon of 1ts path AVerage

p*veloc1t1es range from about 90 m/s for the pre-Columh1an
*feVent at Huascaran (Plafker and Er1ckson, 1978) to about-?

17, m/s for the Lyell Glacxer slzde (Gordon.et al 1978)

;”‘éﬂlth a mean value ot about 43 m/s.k Local velocztxes

: '? rock avalanche (Moore and Matthews 1978',

-

f7q‘Furally show a greater range°.max;mum projectlle

‘frveloc1t1es of 28/\m/s were calculated at the Huascaran event,'

(Plafker and Er1cks£n, 1978),,wh11e m1n1mum values of 12 m/$<

vaen.the uncertazntles 1nvolved 1n some of these

i

estimates and the apparent d15cr§panc1es wh1ch arlse for theg;,ﬁi;”’

anﬁ/ event (e§§., Elm) any calc

lation of veloc1t1es, a51dea;>§7

£rom those made from a Photograph1c record must be treated o

as 1nd1cators and should not be confused thh true
ve c1t1es.eb¢17'

NEErzcksen, 1978 Clague and Souther,,ﬂsaz).;_hll that 1s

:Plafker Q(’td S
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Zfdneeded for\thzs calculat1on 15 the transverse slope 6. and -
'_.ithe cOnflgurat10n o£ the avalanche path for one locat1on.-

.bThe veloc;tz v of the avalanche 1s~calcu1ated as 1f the mass
"~;ﬂwere a flu:d mOV1ng in. a subcr1t1ca1 flow reglme (Morr1s, '

~

>“‘.1963) us1ﬁ§\th§ formula’ﬁ 1f]'il;f"iff?1f7¥! fﬂf}’

o ~ A S v - v
V’=J§9-t809A T R s (Eqn+v4~3?~
_-gwhere R 15 the mean radlus of curvature of the'bend 1n the

sl1de path and g 1s the acceleratlon due to grav1ty Some
R

questlon may arlse over the cbrrect«ch01ce of the angle 6

‘ and the dedUctlon of a mean radlus of curvature R is" often

o dlfflcul’c e ~‘. &

Thé*rheologlcal propertles of a rock avalanche have notA

| *f‘ been dealt w1th by many wrlters, but 1f McSaveneg\‘ (1978)

evaluatlons of the Reynold's number 1s correct, 1t is lakely

:‘that the Sherman and\most other rock ayalanches behave
‘Wlthln the lamlhar flow reg1me.» Furthe more, even a

;Lconservat1ve est1mate of the Froude number,'

¢

where v 1s the velocxty and h is the depth of flow reveals
that F is greater than 1 and consequently the flow is

supercr1t1cal | As‘poanted out by Morrls (1963)

supe;crztlcal flow ‘around a c1rcular curve in a channel w1lL:

L4

7‘produce a maX1mum superelevatlon on the outs1des of the bend



o

g

P

'_the tlrst place. ‘The 1nternal strain and velOeJty

a .

:ﬁ-

. fequal to ‘twice that p;;duced by subcr1t1ca1 flow.' In fact

L the channel)- ThlS wave then contznues to move down the

--flol (Eqn. 4. 3 now becomes v =¢Q1/2)Rgtan9 for,ﬂ

R

supetcr1t1cal flow._-*“f “"if | ,'3 s

\‘
#W<
Thls extens1on of the,prlnc1ples of water flow 1n .

_channels may be a rather poor ‘concept for rock avalanches in’
N e
’relatlonshlps w1th1n an. avalanche -are- st111 largely _

' “hspeculat;ve and hence the approprlateness of a Reynolds or
h;Froude umber for a/non Newton1an flu1d must be. questloned
h:‘Consxderat*\n of these matters 1s beyond the scope of thlsA?
.‘research An attempt will be made, however, to estxmate
,veloc1t1es at the Twin slldes w1th superelevatlon 1n bends,

‘assul1ng subcr1t1cal and supercrltlcal cond1t1ons as’ the

upper and lower 11m1ts on- the veloclty, respectlvely.

F1gure 4 1 is a plan mapdof the Tw1n slldes show1ng the

76

fa wave pattern osczllatlng above and beneath the subCr1t1cal

%flov he1ght by v’B/ZgB 1s produced (where B is the w1dth of. i

fchannel alternately r151ng on both s1des rather than only on

X, o
the outs1de -be d Consequently the equat1on for subcr1tncal :

\

1°°‘t1°n5 of Surveyed cross- sect1ons.. Profiles 1,.2, ' 3, '&J”"”

1kvand 5 are 51tes where the maxlmum tllt angle\of the
'supetelevated debris could be reconstructed (as 1llustratxd

- in. Figure 4 2) | Debr:s ‘run- up from prof1le 6 on the So:fh

byTw1n avalanche w1ll be used to calculate a m1n1mum velo it yv

°w1th a 51mple energy balance.- Cross proflle geometrzes and

\

locatxons are from fleld measurements (u51ng an opt1cal

TR
S
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rangefinder and a c11nometer) made by Kalser and %1mmons :gxﬁ
(1980) ;f; . ;'dif}ﬁ' L , |

Y

"

Fbr each superelevat:on locatlon an approxlmate arc of . :‘f

h;»cu vature through the bend\was needed Because of the

dlf‘lculty in- determ1n1ng an accurate radzus of curvature R

;g'? several of these s1tes due to talus cover and the vi.‘lﬁg

’/apparent lack of curvature in’ the flow path a reasonable
range of between 500 and 1000 m rad11 w1ll be analysed
Whlle th1s does allow for con51derable velo;?ty var1at10n,'
/the degree of uncertalnty in the geometry necess1tates th1s

i

/’approach o

v

The calculated‘veloc1tres for both subcr1t1cal and
.supercrltlcal flow are l1sted in Table 4. 2 _ Twofvalues of
the tilt angle 0 are g1ven for cross sectlon 6 51nce there'
jls some uncerta1nty ‘in deflnlng the 11m1t to wh1ch debrls |
had risen on the east side .of the valley.» For R=1000m
subcr1t1ca1 veloc1t1es {upper bound) range from 23 m/s to 50 )
- mfs wh1le supercrltlcal_yelOCLtees (lower bound%rrange*fr”f“”;**ffé
16 m/s to 35 m/s. For R ; 500 m subcr1t1cal veloc1t1es | )
(upper bound) range from l6t035 ‘m/s whlle supercr1t1cal .}
veloc1t1es range from 12 to 25 m/s. Curlously,‘there is a
.tendency for. veloc1t1es “to 1ncrease down valley l Thls may. .
reflect the channellng effecé‘and perhaps the . 1ncorporatxon
) of mobility enhancxng, water saturated slope collu$1um or
yistream alluvxum. These values would also seem-to be in theh RN
same range as veloc1t1es calculated by 51m11ar meané for

other conf1ned rock avalanches (e g., Rubble Creek Dusty
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.‘\

' Creek Devastatlon Glacxer ~'see Table 4, 1)

NN

,; Run-up Analys!s has been used by many 1nvest1gators to

‘U'_:‘,

‘ _approxlmate a lower bound est1mate of the local veloc1ty in

. a’'rock slxde or avalanche (see Table 4 1) By assumzng that

all of the k1net1c energy at the front of the flow 1s

'converted to potent1a1 energy the m1n1mum veloc1ty v at

whlch the - flow was mov1ng, neglectlng frlcthn, 15: )

¥ . v | ' ‘ ' 7\'\ SR o '3
where h 1s the helght tO\whlch the debr1s r1ses (measured

from the top of the flow up the flank of the obstacle.,

Pt

\/,;
No debrls run-up was observed at the North’Tﬁ1n

-favalanche where 1t entered the ‘main. valley (Ka1ser and

~S1mmons, 1980) As shown on Flgure 4 -2 (cross sectlon 6)

"near the end of the South Twln avalanche ‘a lower bound

rveloc1ty could be found u51ng a fr1ct1onless energy balance.

Tb25~prom1nent run up feature between 100, and 125 m measured

from the estlmated surface of the flow at the base of the
=5

hill to the top rim of the debris left on hxlls1de.‘ This

gives a m1n1mum velocity at thls locatlon of between 44 and

49.5 m/s, agaln, surprlszngly h1gh s1nce th1s area 1s near

the termlnus of th1s flow. Even w1th a: more conservat1ve
estlmate of an 80 m helght dlfference the m1n1mum veloc1ty
would‘stlll be 40 m/s.’ Thts\vgrg rap1d drop 1n veloc1ty

suggests, perhaps, that some res1stance reductlon agent 1s

respon51ble for the h1gh mob111ty to thlS p01nt and that




~

'"f. there 15 .a most rap1d d;ss:patxon of this upl1ft force at

. t
'whlch t1me the motzon ceases abruptly. Alternat1vely,\

th;xotroplo or rheolog;cal change in the debfls at somev
cr1t1cal pOIHt could exp1a1n such a rap1d 1oss 1n velocaty;
Also the poss1b111ty of there havrng been snow or 1ce
in the ma1n valley thereby reduc1ng the run up he1ght
rfp(xal'er and Slmmons,‘1980) would permit lower veloc1t1es at e

locat1on.f

For compar1son purposes a plot of the upper and lower

~ )

‘~;‘bound veloc1t1es versus horlzontal travel d1stange for the"'

,North wan rock avalanche is- shown in Flgure¢4 3.

'Veloc1t1es calculated by superelevat1on as well as the

' 'f1n1t1il veloq1t1es tabulated in Table 3 1 are shown on the

r“graph : Thls plot m1ght suggest tgat the veloC1t1es in the

‘,'_avalanche osc1llate considerably, 1n1t1ally the mass

'accelerates to high veloc1t1es (25-45 m/s) wh1ch is followed
by a decrease and then a gradual rise to hlghest values.
The d1p in the veloc1ty prof1le between 2,000 and 3, 000 m °
may "be attrlbutable to '‘a topographlc constrlctlon at thlS
location. ‘Even 1f the veloc1ty estimate at cross- sectlon 1_
was actually greater, because of debrls hlgher in the slope
.:belng covered or: later .removed, the general trend would
strll‘be'one of - increasing velocity with travel distance
before the'sudden,stop; This plot.ﬁill be‘most useful in
comparison w1th veloc1t1es predicted with the avalanche

model dlscussed in the succeed1ng chapters.
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. ?Pnojectlle Velocltles havé been determlned for the rim

of rocks wh1ch mantle the ma1n debris stream from the 1970

e

‘Huascaran avalanche (Plafker et al., 1971) Incredlbly h1ghq"

veloc1t1es, fh excess of those achleved from purelf
_grav:tational fall, 3ere calculated on the ba51s of

trajectory angles measured from 1mpact scars in. the f1eld

‘Wh1le these veloc1t1es do not repreSent ‘the veloc1ty of the

avalanche body as a whole, it is puzzl1ng how such extremely“

4h1gh energy trajectorles .are achleved lPlafker et al. (1978)
have suggested that the "jett1ng action of a topographlcf
"constrlct1on may have been respon51ble for d1sper51ng these
_ rocks w1th h1gh veloc1t1es.~ _ )

| Slmple momentum transfer from portlons of the rock mass

moving w1th a small velocity is pable of 1mpart1ng a

could be used to expla1n these‘jzzfures- a large bOulder
h1gher veloc1ty to a smaller: boulder. " Another explanation
of how such high veloc1t1es are achieved relates to the
ongoing d151ntegrat10n process- when a large block with a

- high angular velocity impacts and fragments, some of these
rocks may be catapulted at close to tw1ce the 1n1t1a1 block
speed (Hungr 1981). It is proposed that these spray
features are in fact rubble left from one or more large
boulders when they collided and dxsxntegrated on the slope
Just as 1n the Huascaran event these boulders could have
originated in the lower part of the "ramp- area. Apparently

the large rocks, left in thls v1c1n1ty and scattered along

the adjacent slc€§> must have been thrown 1nto the1r present

~
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Figure 4.4 "Spray" feature at'ﬁ522l
originating from the impact
-large boulders with high e

e avalanche‘brobably
and disintegration of
nergy trajectories.

. : N

Figure 4.5,Latge boulder in the "sbfay"‘area located wéll*
above the valley floor and the main debris
stream. . A



et

. prox1m1ty and most. of the area rlght down to the valley

ST e

:posxt:on s1nce prac&;cally no other debrls is found in the;r

floor (see Fzgure 4 5),, Several c1rcular plles of rubble,_; .

I

suggestxve of a large block whlch shattered on 1mpact are-,v

also found w:thzn thls area“ (see Flgure 4. 6)

A &ross- sectlon was surveyed in the f1e1d from the top

.of the ramp area to- the start of the zone of rarefactlon

(termlnology after Elsbacher, 1979) and over the r1dge which

'separates the spray area from the main body of debr1s'

(eross ~section . B-B' on the map of the Nozzle avalanche,
Flgure B. 2) . Thls proflle is shown 1n F1gure 4 6 w1th a

range of poss1ble trajectorles whlch would allow a boulder

‘to 1mpact at the top of the spray area. It is postulated
that the 1n1t1a1 boulders orlg1nated 1n the "ramp area,‘

tmost probably cloSer to the~base of th1s present slope

"(locatlons } and 2) where COlllSlonS would be more apt tO'd

occur, rather than near the crest of the slope (locatlon 3) \

U51ng ball1st1cs theory a lower bound estlmate on the
1n1t1al velocity requ1red to glve a boulder such avtravel :
range can be calculated. The X coordinate of the block S

position at any time 1s glven by X = Vot cosf, and the

y coordlnate.by Y = vat s1n8¢4- 1/2gt*, where v, is the

.]1n1t1al launch veloc1ty, t is time,. g is graV1tatlonal

accelerat1on and 6, is the initial angle of trajectory

'Comblnlng these equatlons and, e11m1nat1ng t, we can find the

.~1n1t1al veloc1ty Vo needed for various launch angles fos -

v

ad
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For cases 1 2 ahd 3 the launch veloc:ty vo has been

»eﬁﬂfdeterm1ned'knowing the hor1éontal»travel raﬁgewx, and the

\.rj}ff. vertzcal helght 1oss or gaxn y, needed for a boulder to -

-

’"hhjr:ach the top of the SpraY areasf\These values arevi;sted

lu

'r3ln Table 4 3 It }s apparent ;hat a m1n1mum veloc1ty Of

'd;.between 95" m/s and 118 m/s is requ1red for the optlmum ﬂ;_'

'"-:actual launch angleﬁa"q

e o T

: the 1n1t1a1 veloc1ty of the progect11e would have been

lftorder of 1 8 km, not

?'trajectory angle oi 45‘ A¢ launch angles greater or less

"fthan 45°_van even greater 1n1t1al velocxty 1s requ1red : The

T

Fnot be accurately pred1cted from v

,.

11;_1mpact mark1ngs, howeven~ 1t was probably between 10 and‘3b

-

'«,degrees 51n€e non-elast1c energy losses on 1mpact 1n the

;:mp area, would reduce the rebound anglel «If the source

‘ 6

.area was between locat1ons 1 and 2 as orlg1nally suggested

>

ﬂv_roughly between 100 and 200 m/s.v Accountlng :or air: drag

N o i
TR

‘effects ﬁpuld allow e *'fh1gher Veloc1t1es;aéNote that 1n

.Case 1 the m1n1mum launch angle p0551b1e due to'the impedlng

‘rldge WOuld be'4 5°, wh1ch gayes an unreasonable mznlmum

'1n1t1al veldc1ty of 547 m/s.»w‘”

b 3K

Even greater VeIOC1t1es than 10Q to 200 m/s are

nposslble 1f the¢shattered bouﬁgers whxch are spread even

‘further east along this sxde of the valley, orlgxnated from

rthe ramp“area. Thxs w'”"

;dlof the boulders launched from the mora:nal ramp zn#the

b - ! :..-' R
7 o : . o~ S v

an unreal1st1c £1gure cons:derzng some

o a9y
g

l‘.,' .
N

give maxxmum trajectorzes 1n the ix*"“




TABLE 4 3

as Shown

ProJecflle Veloclfles for Varlous uhunch
: Angles, ao, Whlch Would Glive the Requlred Truvel
-\ ’ In Flgure 4,5

i
~

Range

Case ‘1. .

T Cee
X = 850'mv_~' x * 1170 m -
Yy = 455 m y =

> «Case 3 '
x'=.1620 W~

43?;‘ 
198
: 127‘
'T31Q5 ”'
'-;Jss

inﬁfﬁ

* %

185

e /’TjOBg}j

“109

260

o128

ARR Y

116, .

Y = =250 m
. i . . : B .‘T
229

183

159

T -
* Sl

1;* Mlnlmum fraJec?ory anglo 4.5 -
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wHuascaran event apparently travelled 4 km before 1mpact

(Plafker et al 1971).

1

\

4.4 Volume and Runout sttance Relatxonshlps

As prevlously\ment1oned in the l1terature rev1ew ‘

"‘(Sectlon 4. 2) Sche1degger (1973) and Hsu (1975) have

.-#
ver1f1ed a proport1onal relatlonsth between the total

volume df the mass 1nvolved 1h a rock avalanche and the
propen51ty for the mass to move an exce551ve dlstance,
beyond wh1ch would be expected for normal frlctlonal |
sl1d1ng, E1sbacher (1979) has produeed a similar plot of
"the logarlthm of the slide volume versus the excessive
htravel distance for several of the rock avalanches from the
'ijackenzle Mounta1ns.' Hls plot, wh1ch adm1ttedly is based on’
rather dublous total volume estzmates, does not show a very
_well deflned correlatlon by any means.v In fact a negative .
correlation of volume w1th exce551ve travel dlstance could

" be suggested He has speculated that the reason for th1s

“Q,d1screpancy lies in the restf1ct1ve topograph1c control at a

’number of the Mackenz1e slldes. Wh1le on one hand a
-tortuous course and obstacles are respons1b1e for the
relat1vely short runout at U Turn avalanche, the channellng
effects at Twin and Nozzle avalanches could be respons1ble
'for the1r greater runout dxstance.' Dav:es (1982) has shown
,ishown ‘a good correlatlon between the dep051t length and

_VOlume, although he purposely neglects the Tw1n and Nozzle

R

'avalanches because of¢;he1r extreme runout
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'ther a more deta1led examlnatlon of the slide geometry
and avalanche debr1s 1n thls study, it ‘was apparent that
some dlscrepanc1es 1n volumes and runout dlstances mlght
':alter the character of the aboVe ment1oned plot. ‘For the
two main avalanches descrlbed 1n th1s study - Rocksllde Pass
" and Nozzle, and' for the North and South Twln, Damocles and
| U- Turn avalanches, new volumes were calculated from the‘

_ reconstructed or1g1na1 geometry produced w1th the aid of
!better survey control, 1: 50 000 topograph1c maps, and’
photographs. S1nce there are'no topographlc maps or
kphotographs of theSe sites prlor to the fa1lures,,these
volumes must sxmllar1ly be cons1dered as the best estlmatesdd
with the avallable data. Because of Uncerta1nt1es 1n the\
degree of bulk1ng and the entra1nment of alluvlum or moraine
1n the debrls, any estlmates of pre fallurﬁ volume based on
the surface exposure of debr1s would be h1ghly uncertain and
consequently were not attempted |
Flgure 4. 8 is a Hsu—type plot of the. re evaluated
'volume estlmates versus exce551ve travel dlstances for
several of the rock avalanches presented in thls study.n"»
,'Con51der1ng that the abscissa of the plot is" a logar1thm1c

scale, the correlatlon 1s ‘not part1cular1y pronounced

Nevertheless, 1f U Turn was excluded because of 1ts numerous

- direction changes, 1t yould be a fa1r generallzatlon to

r_,)

suggest that excessxve travel d1stance is vaguely
proportlonal to,the volume or mass of. the 1n1t1a1 fallure.

Both the Damocles and the Twzn avalanches appear to the left

P 4
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»3of Hsu s (1975) "mob1le sturzstnoms 11ne suggest1ng that
,smaller volume events are capable of excess1ve runout

vdlstanceSﬂas well ' There also does not appear to be a

t
i

R d1st1nctlon between the excess1ve runout dlstance for
conf1ned versus unconf1n:d geometr1e5° for 1nstance,
Rockslrde Pass and Damocles avalanches are not. separated
from the other more confined ‘evénts .on ‘this plot.

For compar1son, a plot of the logarithm of the

'eqplvalent coeff1c1ent of fr1ct10n -. the fahrboeschung
versus the logarlthm of the estlmated volume (after

45 pScheldegger, 1973) is shown in F1gure 4.9, The few select

observatlons from the Mackenz1es show a similar scatter on

o

on. th1s plot as on the Hsu type plot. It 1s 1nterest1ng to ,

fnote the d1fference between these p01nts and the
"relationsh1p proposed by . Scheldegger (1973) A more'
detalled exam1natlon of other events from the Mackenzies

would be necessary to more clearly evaluate this trend:

It should be noted that both the equlvalent coeff1c1ent

of fr1ct1on, and ‘the excessive travel d1stance are both
based on the travel of the ost extreme tip of the rock
avalanche. As pointed out/:yuCruden (1975), Hungr (1981)
and others, the more appro riate cho1ce of mob111ty

indicator would be the mea'

of the line jolnlng the c ntres of mass of the pre- fa11ed
rock mass and'the'avalan-_e debrls.' In many cases th1s
angle is only one or two degrees dlfferent from the
.fahrboeschung angle. ‘

H.wever, for a few of the Mackenzle L
; . .

travel angle, or the 1nc11nat1on
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_approprlateness of u51ng

_motlon of a rock mass wh1ch is

events from the Mackenz1es there would be a greater

d1screpancy. Because of 1nsuff1c1ent data on the thlckness

of debr1s at most of these avalanches, no attempt has been

v‘made to calculate the1r respect1ve mass centres. The

sagn1f1cant effects th1s d1fference would have on the above*’

‘descrlbed correlat1ons should be recogn1zed however.‘

Hungr (1981) makes .an 1nterest1ng point concern1ng the

equ1valent coeff1c1ent of fr1ct1on for a rock mass

undergO1ng 51mu1taneous long1tud1nal and lateral spreading.
S

Whlle 1nterna1 sheari losses do not mod1fy the

lymb's Law to calculatc‘sthe
equ1valent coeff1c1ent of fr1't1on (as in Heim, 1932) the
in an unproductlve expend1ture‘e _tgy. In other nords a
landslide, such as the Frank Slzde wh1ch has spread out
cons1derably from its or1g1nal w1dth would appear somewhat

less moblle than a’ narrow channeled one. - Thls:mod1f1es_

Egn. 4.1 as follows:

o= H/IL + 0.5(1 - b))  (Eqn. 4.6)

i

where H and L are the vert1ca1 and hor1zontal dlsplacements
of the centre of mass, and b and 1 are the orlglnal and

f1nal average width of the debr1s mass, respectlvely (Hungr,

198%) In such cases the fahr-boeschung would be a better.

west1mate of the effectlve frlctxon coeff1c1ent than the

tangent of the mean travel angle.v

5{..




For the six rock avalanches examined in this study,
only one - Damocles - shows an increase in width, The
remainder also show varylng degrees of widening and

narrowing but the average f1nal w1dth of the debris is less

‘than the or1g1nal w1dth Thls may offer an explanatlon for*

the pronounced channel1ng effects, for if Eqn. 4.6 was

appl1ed, these avalanches would. exh1b1t 1ncreased equ1valent ’

: fr1ct10n coeff1c1ents. Consequently these data p01nts would
fall marglnally closer - to Scheldegger s (1973) regress1on
line for most large landslldes (see Figure 4.8). Damocles
however would have .a” somewhat smaller fahrboeschung value,
Regardless of these variations on the. exact nature of -

“this type of volume runout correlatlon, it €3n be concluded

-

'that there is suff1c1ent ev1dence for the exlstence of a

relatlonshlp of thlS type, albe1t a poorly deflned one, for.

a select group of large, generally conflned rock avalanches‘

from the Mackenz1e Mountalns. More complicating factors
' such as abrupt topograph1c obstructlons or entralnment of
‘moblllty enhanc1ng mater1al (i.e., saturated alluv1um)

'undoubtedly produce some d15crepanc1es in th1s trend.

4.5 Flow Characterization

‘Within’ thls sect1on a br1ef examlnatlon is made of the
spec1f1c features at some of the Mackenzie Mountains rock
”avalanches which are relevant to a dynam1c model. Although
.the 1ntent10n of this research is not to conduct an 1nqu1ry

into the orlg1n or offer an explanat1on for these ﬁeatures,

V.96
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it is nonetheless imperative to be aware of these

J

complexities when applying a simple model.to predict

~ movement rates. To this end, only a qual1tat1ve assessment

e

of these- phenomena is offered; a more .rigorous mechanlcal
o

approach to the nature of these features is beyond the scope

\gf‘th1s thes1s.
' ®
MOPphological evidence from a number of the rock

avalanche deposits is suggest1ve of a degree of complexlty
not con51dered by a simple fr1ct1onal re51stance model The

exlstence of transverse rldges or ‘waves, longltudlnal

. r1dges, crevasse- 11ke depressxons, and surface folds in the

o

9

debris (see Appendxces A and B) is a fa1rly conv1nc1ng
'1nd1catlon of a more complex, poss1bly veloc1ty dependent

rheology. Only a few authors haVe considered these features

and their relat1on to the dynamlc behav1our of the avalanche'

in motion. McSaveney (1978) has evidence from calculated
vertical strain' rates in the Sherman Glacier avalanche to ¢
suggest that ‘the mass moved as flex1ble sheet with
propert1es of a d1latant B1ngham plastic. He offers
quant1tat1ve explanatlons for similar features as above by
analogy to compress1onal and tens1onal stresses w1th1n the
debris, More comp11cated mot1on is suggested by the
ex1stence of textural and llthologlcal concentratlons within

dhé debrls, espec1ally as observed at Rocksllde Pass.

L%

A rather common feature of many rock avalanche depos1ts"

is the presence of xenol1th1c cones w1th1n the runout
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. portion of’ fhe debrxs accumulat1on (Cruden, 1982 Hungr,
v1981' McSaveney, 1978) E1ther the processes Wthh create
such features are ‘absent or mechanical weatherlng has
obscured the1r form sznce only a few fa1ntly cone shaped
features have been noted at- the six avalanches examzned in
this study. S1m1lar1y, a dlstal or lateral r1dge feature
(e. g., the Blackhawk landsllde, Shreve, 1964) wasrnot found.
On the other hand a' spray" or "spatter" zone extendlng well
beyond the l1m1t of larger rock debris was noted at the.
Nozzle, Rockslide Pass, and Damocles avalanches.

As suggested by Elsbacher (1979) it is p0551ble that a
few of these avalanches may have actually been two or more,
Separate events. Such features as the spatter" zone, thel
boulder shadow effect (Nozzle avalanche, Appendlx A), and
the superlmposed rldges at the U- Turn avalanche are

™

suggestlve of more’ than one stage of movement; an’ 1n1t1al

s

fallure catapults debr1s far ahead of the main flow wh1ch
ffollows, over-riding and burylng some of the debrls left
prev1ously in the mld-sectlon 6f the avalanche path There -
does not appear to be firm strat1graph1c evidence w1th1n the.
ldebrls for thls’hypothe51s. The 1mp11cat1ons, however, of a
multi- ~stage or perhaps a layered flowvare 51gn1f1cant- '

velocity- pred1ct1on models based on a. ‘centre of mass

approximation are _pProbably znapproprlate,for handllng such

complex1t1es.



N
Ranefactloh zones, a term coined by Ezsbacher (1979)
refers to those areas at Nozzle and U- Turn avalanches where
there are sect1ons along the avalanche path with little or
‘no debrls accumulatlon.‘ These peculiar features are
evldence of perhaps a more 1nvolved momentum transfer
process whlch manages to catapult debrls far ahead of 1ts
source. Other . explanat1ons, such as the incorporation of
flne-gralned, saturated alluv1um, or melted SNow or 1ce, for
lnstance, ‘are not untenable h;potheses for the enhanced vl
mobility. A sat1sfactory resolut1on of this problem: has not
'been'found Addltxonal model or analyt1cal approaches to
'Athls end would be most useful
Boulden Textune and Sortlng have been exam1ned at the
Nozzle. and Rocksllde Pass avalanches and on a1rphotos at
U-Turn and Damocles avalanches. No systematzc spatial
dzstrlbutlon of size fractions was obv1ous from thlS study,v_
the largest boulders appear to be almost unlformly
dlstrlbuted on the surface of the debr1s, with the exceptlon
of the coherent portion ‘of the ramp feature. 1In a fashxon
not uncommon to rockfall dep051ts (Rapp, 1960) some of the"
largest 1f not ‘the largest boulders are found at the dlstal
t1p of the depos1t ~ In one case, at the Nozzle Tock - -
avalanche, the largest boulder 1n the debrls was located
almost 300 m beyond the rock debr1s proper 1n the d1stal
7 spray or "spatter" zone, Whether th1s pecullarlty is a

”result of the boulder acqu1r1ng a hlgh angular velocxty and
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hence a greater roll1ng\veloc1ty or a greater momentum
1because of its greater mass remazns unresolved |
Alternat1vely, 1f this portlon of the debris was. actually
"floatlng along on a shear1ng surface, why are not more
large clasts found in the same v1c1n1ty? Along the same .
‘ _llnes of approach, McSaveney (1978) has’ back-calculated the
Istrength o& the debr1s sheet based on the maximum boulder

_ ] o
51ze as 1n1t1ally done ‘by Johnson (1970). He :;i/éhen_used

thlS strength determlnatlon as a. conf1rmat1on he'sliding

1
veloc1ty of. the avalanche as détermlned from a %fmple
- frictional sliding model. These optxons wvere not explored
.since the debris thlckness and the depth the large boulders

were burled could not be determined,
/

-

Stnatignaphlc congruence, or the. preservat1on‘of the
original stratigraphic order, is occas1onally noted in the
debrls of rock avalanches, Th1s phenomenon is most readlly
apparent at Rocksllde Pass as shown by Elsbacher (1979) a
d1st1nct orange weathering rim of rock apparently from the»l
basal portlon of the failed cl1ff enc1rcles the perlphery of'
the~d1stal end of the . dep051t Furthermore the ex1stence of
d1latxon features w1th1n thlS depos1t lends credence to the
deformable sheet postulate. of McSaveney (1978) | .
' On the other hand the stratigraph1c congruence was not
hnoted at the more conflned or channeled avalanches, e.g.,
Nozzle and U- Turn. It 1s p0551ble that a more

[N

turbulent l1ke character is dom1nant over certaln portlons

\t;



of}the latter events. Sample Reynolds and Froude nuwber )
calculations despxte their. approx1mate nature ( e. g., |
.MCSaveney, 1978) suggest that the flow is supercr1t1cal but
w1th1n the laminar regime almost all the time., Whlle the
_rheologlcal treatment of ‘the top1c vas not pursued ih th1s
study it is. ‘worthwhile noting that velocxty dependent
're51stanoes (i. e., reszstance, R = f(v’,v)) used in some.
'models for determlng avalanche velocities may - not be.
vcompatlble with the phys1ca1 character of the debris
deposits where ev1dence for a lam1nar or turbulent flow

character is lacking.

POPe-PPeSSunes have often been suggested as 3‘means~for_

reduc1ng the fr1ctlonal re51stance of an avalanche. In the

few avalanches exam1ned here there 1s llttle-f1eld ev1dence

to substantlate their preSence throughout the entlrety of
::the avalanche. The poss1b111ty of there havxng been
saturated alluv1um, snow, ice or even small bod1es of water

| ly1ng along the avalanche path cannot be ruled out though

hIt is poss1ble that the bubbles noted in the dzstal exposureki\
of the debrls at. the Nozzle avalanche (see Append1x A) couldh,

. Jbe entrapped a1r.' However, more work would be needed “to

conflrm the extent of this phenomenon. -Unt1l ‘such time as
the separation of the debr1s and the underlyxng t111 or
'alluv1um can be observed 1n cross-section, a means for the
generation and ma1ntenance of pore pressures in ar flow1ng
Iand sl1d1ng rock. avalanches mass will lxkely rema;n 1n the.
. _

‘o L . R
i3 . :
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’fﬂ;ﬁalatanche mot1on7¢Itom & selectlon

2

fffsuch events from the

Maokeﬂz1e Mountazns)‘have been 1dentxf1ed and br1ef1y
e

;e amlned 1n thas sectzon. It 1s apparent that the 1nternal

rheology and energy 61551pat1ve mechanlsms wh1ch are present
W&thln a mov;ng avalanchefremaln latgely uncertaxn and
warrawt further 1nvestlgatlon.v From the br1ef 1nqu1ry made'

at each q; szx Mac”enz1e Mounta;ns ron avalanches some

43
S -
cK

The motlon of a rock aValanche is. more prOperly dealt

:ﬁwtw1th by us1ng three or more Separate stages of
. : S

movement.- Fxrstly, an 1n1t1a1'fa1IUre stage 1mparts a .

prellmlnary veloclty to-the. .herent rOck mass. QA»

CE

’ 'd151ntegratxon phase soon fo“lows where the mass

d1stort1on and d11at1on ThlS 1s followed by a th1td

more oomplex stage 1nmolv1ng both 511dlng and flow jlgﬂ““

o ’Vlthln the almost entztely d1S1ntegratqd mass of rockf

ffragments. Depend1ng on the rheflogy many varxat1onsa ”




E avalanches.z Such ﬁeatures as rarefact1on zones and
7:7hydrau11c ]ump effects are characterzstlc of the former
::‘and are lacking in the latter. Unconf1ned debr:s |
streams lncludlng the fan area of the Nozzle avalanche
;ttyplcally possess such surface morphologzcal features .,
i _as tran5verse rldges, longltud1nal grooves and r1dgesffh
A:folds, and d1stal and lateral r1ms.'kf -
3.‘.'The_fslld1ng or flowlng questlon 1s largely semant1C°:
ﬁas evldenced by the observed stratigraphlc congruence.
‘and the well preserved dllatlon features at Rocksllde
_Pass, and conversely the lack thereof over certaln
segments of‘some of the channeled rock avalanches,;
there is reason to belleve that both slldlng and
flowlhg are occurr1ng 51multaneously w1th1n the mass,

albe1t of varylng proport1ons.
T ”/ ;

f4 6 Summary and Conc1u51ons

By way of summary the hzghllghts of the preced1ng

t"

sectlons are brlefly outl1ned'*

e N

1.ﬁz A rev1ew of the 11terature of rock avalanche mechanlcs
o has revealed a wlde range of . hypotheses dlrected

| towards the mob111ty problem.f In a br1ef exam1natlon

of some ten postulates 1t 1s concluded that probably '«,”>‘
: more than one agent 1s llkely respon51ble for the |
ifapparent dynam1c behav1or of a given rock aval

. EERN :} \\ '.'ﬂ"

'Defﬁn1t1ve determ1n1stic solutlons to the travelm
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dlstance and veloczty spectrum questlons are’ probably a"

long t1me from fruxtzon.. Sem1 emp1r1cal or emplrlcal

"L

happroaches such as the appl1cat1on of equat1ons of
hydraulic flow or scale modell1ng offer more reliable

- pred:ctive capab11t1es at th1s t1me o . t

-« @

T2, ‘“A rev1ew of .the veloc1ty spectrum from 18 moblle'
rockslzdes and rock avalanches has not shown any degree'a'
of cons1stency, for a varlety of events, local and'f

aVerage veloc1t1es range over almost an order- of

% !

"magnltude. Furthermore, there is ev1dence for a large
B veloc1ty varxatlon over short d1stances at a single
event ' Appl1cat1on of superelevat1on and run-up
“analyszs ‘at. the’ North Tw1n avalanche shows an upper
bound velocity range of between 16 and 50 m/s and a .‘ N
lower bound veloc1ty range of between 12 and 35 m/s for - }-R\

various measured cross proflles. A s1mpl1f1ed 1nqu1ry

|

1nto the'.spray feature at the Nozzle rock avalanche
':has shown that the m1n1mum progectzle veloc1t1es
"necessary to produce .the observed feature would be
_between 95 and 118 m/s. o ’.-M:'ﬁﬁtuf,' o
> 3, The emplrlcal volume runout relat1onsh1ps proposed by -
‘Hsu (1975) and Sche1degger (1973) were tested w1th

re- evaluated volumes from Damocles, Tw;n, U-Turn,

Nozzle, and Rocksl1de Pass avalancheé A ﬁd@? f‘“”»#*.” IEREEE

e meey - - -
. . A B

’;.49“

correlatlon s1m1iar to: that shown by Elsbacher (19797

P I
, ey e e e . ; .
IR "......' - % o L O T sLen e ..1/: Lo L TR TP .

. Was: conf1rmed

- e e e e e e LT .

'trérl. Some qua11tat1ve aspects of the debrls texture and

Av‘. - . ....-‘..,L_.,,,.-.
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, sort1ng, surface morphology, 1nternal structure and

s s

'geometry were exam;ned 1n an effort to characterlze the

_mode of movement at some of the avalanches. Numerous
"rheologxcal cbmplex1t1es remaln as an 1mped1ment to‘l
',using a 51mp1e fr1ct1ona1 model to predlct avalanche

: veIOC1t1es. A separatlon of rock avalanche motxon 1nto
;three or more d1st1nct parts 1s seen as phy51cally more

”approprlate for ana1y51s, but dynam1cally 1ndeterm1nant

unless a spectrum of local. veloc1t1es 1s avallable for

comparlson.‘ Furtherm e, there 1s a morpholog1cal and
' most probably a rheologlcal ba51s for dr/flngulsh1ng

'conf1ned and unconfined rock avalanches.'

’./ : (l’



5. A MODEL FOR ROCK AVALANCHES

5.1 Introdnction

Various sem1—emp1r1cal models wh:ch 1nvoke concepts

"from open channel hydraul1cs have been proposed for'

'Aana1y51ng snow and rock avalanches (see L1terature Review,

Section 4. 2) It is the purpose of th1s chapter to develop
Koerner s (1976) two- parameter model and to exam1ne the
underlylng assumptlons and 11m1tatlons of the model The
sensitivities of various factors are assessed in a
parametric study on a'test slope geometry. The Frank slfde
_is then used as an example to evaluate various travel‘paths

appl1cable for analys1s., More details on the formhlatlon of

the eguatlons of motlon used here are contained in papers by

'!Koerner (1976 “1980a, 1980b), Perla et al. (1980) and the

Ao

-user s manual for a computer program entxtled RADA - Rock

-

Avalanche Dynamic" Analys1s - by McLellan (1982) Only the

'rud1ments of the theory w1ll be stated here and the reader‘ ’

)
w ep B

oy

is referred to the above papers for more background.

.- N
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5 2 Theory ,‘:._;_.j,. .

In Chapter 3 the dynamlcs of the 51mple sl1d1ng block

analogue ‘were- exam1ned w1th respect to the proposed 1n1t;al
‘}aal;re;me:haniSm The only re51stance act1ng to slow the
motxon of the mass was that of fr1ct1on, R,.z hs shown by
Helm (1932) the average coeff1c1ent of fr1ct1on on a—- .

sl1d1ng block is glven by the fahrboeschung or the

——



1ncl1natlon of the l1ne 301n1ng the top of the pre- falled
gblock and the E1stal t1p of the debr1s. Voellmy (1955)

proposed that g second resxst1ve force acts to slow the

mot1on of snow avalanche5° ev1dence ‘from powder avalancheS'
suggested that turbulence was a common feature of these
slope movements. Hence the analogy to a veloc1ty squared
’dependent turbulent res1stance, such as used 1nﬂwater flow.

This re51stance,4Rz is given by: ™

R: = pg'vi/t | - ; | ~ (Egn. 5.1)

where vvis velocity; £ the turbulence coefficient, p is the
density, and g is gravitational acceleration. Using a |
51mpl1f1ed b111near geometry and an assumpt1on regardlng
flow depth a pred1ct1on of - snow avalanche veloc1t1es and
pressures in the runout zone could be made.

Salm (1965) suggested that the sum of re51stances R
actlng to slow a snow avauanche, could be represented by av_J
polynom1al with three terms accountlng for. fr1ctlonal
(veloc1ty 1ndependent) v1scous (velocity dependent), and
' turbulent (veloc1ty squared dependent) res1stances (see
_equat1on 4.2). He found the veloc1ty dependent term to be
p1nconsequent1al in comparison with the veloc1ty squared K
A»term.‘ ‘Because of ev1dence suggest1ng that rock avalanches'

atta1ned high velocities over much .of ‘their path, it was

N s1m1larly felt that the v1scous res1stance term would be

1ns1gn1f1cant (Koerner, 1976) Bhis assumptlon-may-be
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,1ncorrect and a d15cuss1on of ev1dence to the contrary is

j.‘presented later in this chapter. The solut1on to the

d1fferent1al equation of mot1on is now presented in a

51m1lar fashi¥nh as done by Roerner (1976)

From Newton s Second Law-' o ‘(

<
A .

7108

-

where mis the mass of a body in mot1on and dv/dt is the
time rate of change of veloc1ty. As shown in F1gure 5.1,
the basal re51stance R,, act1ng against a 511d1ng

dls1ntegrat1ng element is given by:
R, ='u(D;pg_cosB'- L2 - (Egn. 5.3)
where u is the dynam%& coefficient offfriction D¢ is the

depth of flow measured)perpendlcular to the slope, B is the

slope angle and U is an uleft force (due to pore pressures)

~along the base of the element S1m11arly, the dr1V1ng force,,

F,, may be expressed as mg 51nB,.where m 1s the mass of - the
element \ Subst1tut1ng Fiy R,, and Rz 1nto Eqn. 5, 2 one

'obtains:'

m dv/dt'a mg~sinB - u(D;bé“coSB.— u) - pgvi/E | (E§n¥”554)

After szmp11f1cat10n and the subst1tutlon of q,, equal to

the rat1o of the upl1ft force to the normal component of‘rn;}r




- . _‘
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omvmc “FORCE - .r,;. ‘mg s;,.p D T
- FRICTAONAL : RESIS]’ANCE R,zp(bfngosﬂ—U)& I
- omAmc assusmncs n,- Ps. : :
: A cowMNAR ELEMEN‘I’ OF UNIT .
SURFACE AREA, MASS,m - _ Lt oy
: SIS AccusnAnou OF ELEMENT -
‘ | ‘'~ az (smp uCosﬂ('l—RU))'l- v
o
° RU=_UPLIFT FORCE . | k=D
- NORMAL COMPONENT g
OF WEIGHT, - 9
NOTE: LATERAL FORCES | ON ELEMENT NOT CONSIDERED
© (SEE TEXT FOR exnmmmon OF svmnon.s)
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weight, the acceleration a of the element can be given by:

- a :vg(sind - u(i—ru)'cosﬂ) + vi/k | - ,(th' 5,5)'

where k =.Dp£/g.
 When the. accelerat1on of the body 1s zero, Eﬁé mass is
in equ111br1um w1th the re51st1ng forces and the veloc1ty 1s'

g1ven by vc, the cr1t1cal veloc1ty"'

%; = [Dg¢ (Sinﬂ‘-:u(1:ru)cosﬂ)lA,u:.‘., . (Eqn. 5.6).

L _, Lo “ . " . i ) -
."*Z;;,gf The dlfferent1al equat1on of - mot1on of the form shown RN

1n Eqn. 5 6 was solved by Koerner (1976) for the movement
o of an: avalanche over a var1able slope.; The veLoc1ty of the 5
avalanche w ,at the end of segment i, for a small travel S

distance As., is g1ven by.

Bes

J(gg. (exp(28si /) = 1) + w2 ) = . . (Egn. 5.7)
T expl24s; /K) T . Ca

The sz term will henceforth be referred to as the "dYnamic"
resistance parameter and will be denoted by D. Note that
the dynamic re51stance is 1nversely proport1onal to the‘
dynam1c re51stance parameter (Eqn. 5.1). Furthermore the
lowest resistance and consequently the hlghest veloc1t1es
are produced for the hlghest D. values.d thle_Lt 1s

. recognlzed that the depth of flow and the "turbulence



. o o 111

coeff1c1ent undoubtedly vary over the length of the

avalanche path, it is. assumed here,'as was done in a samllar
manner by Koerner (1989a, 1980b), Perla et al (1980),_and

}Bakkeho1 et aI (1981) that the product of the two is a

LI
y1elds the veloc1ty of a sl1d1ng block The cr1t1cal

: constant Note that as D approaches 1nfin1ty, Eqn. 5 8 '

_veloc1ty vc'ls largely the determlnant of the real- ve10c1ty,

;:.1 e., when the cr1t1cal veloczty is greater than ‘the real

-__velodlty the mass is accelerat1ng and 1t 15 decelerat1ng

’whentthe the cr1t1ca1 veloczty is less than the real FITE

--~_-. .;~g—_:;-

idveloc1ty ' ." '; . 1 fd.ﬂaf.,“kﬁV

The. flnal reach or runout dlstance;fAsL'on the last

””segment of a proflLe for an’ avalanche 1s glven by.

.'<'.l : - e’ . N o ‘ ." : : “. tt

With equatlons 5.7 to 5 9 inclusive, the veIOC1ty and
reach of an avalanche can be predzcted know1ng only the

slope geometry and the proper~tho1ce of frict1ona1 and

o e el

dynamlc rgsastance parameters u and D., Sxmzlarly, the rangeq" NI

'of (¢, D) pairs which w:ll predlct a ngen runout d1stance o

may be back calculated in an 1terat1ve process from Just the
geometry It is also p0551ble to assess the effects: of an

- uplift force which reduces the normal component of we1ght
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5.3 L1m1tatzojs of the~Model

e Thls numer1cal solutlon of a two- parameter avalanche

. ol

,model must be construed as a. s1mple attempt -to. descr1be ap"A

da

-

complex physxcal processa; Theamethodm1s seml emp1ricall1n

'-.|~:

the sense that, although 1t 1s ba;?ﬁ on certaln phys1cal

prznc1ples, the exact nature of t

re51stances is probably grossly 51mp11f1ed ' Several

frlctlonal and dynam1c 1'

assump€1ons have been made in the model wlthout due-
con51deratlon of the1r effects.r Ba51cally, thefl1m1tat10ns
of the model fall 1nto<twoacatego :§f"f1rstly, analytlcal
-Tand computat1onal problems, and secondly, the phy51ca1
characterlzatxon of the avalanche process. SR 51

e

- A un1queness" problem arxses in the step—by*step

. Wt e .
R - < PR

, solutlon of Eqn.\5 8 to flnd the optlmal (u, D) pa1r. There
is an. 1nf1n1te number of (u D) palrs and correSpond1ng
veloc1t1es for each profxle segment for a glven set of
boundary conditions. These are the profile geometry and the

initial and final veloc1t1es equal to zero._ On a plot of

i;,hlthe fr1ct10na1 parameter versus .the. logarlthm of the dynam1c

L

parameter this funct1on is” bounded by the two 11m1t1ng slopefrﬁ
angles. The funct1on w11l henceforth be referred to as the
character1st1c re51stance relatlonshlp . Even 1f Ehe
velocities Were known at several po1nts along the avalanche
path the unlqueness problem would st1ll exist, albe1t
somewhat more westricted. - In ‘addition, the analysis shous

that for rather w1de var1atlons 1n N1l and D, veloc1t1es'

produced are qu1te reasonahle based On the 11m1ted field




evzdence avallable and suggested veloc1ty/ranges from (

51m11ar events (see Sect1on 4.3). Consequently an exact

PR

:solutlon to the problem is not - poss1ble w1th ar two or threewf?

woae -
9 [ . e by
- N 8T ; e >

parameter model e

LR

The ‘more ser1ous 11m1tatlons of the proposed model stemc .

- e e
- " . . 8 e

T -from 1ncons1stenc1es 1n matchlng the model to the actual,,

.physics" of rock avalanche motlon.‘ As polnted out in the ' -
prev1ous chapter the phys1cal characteplzat1on of the motion

5_1s an enlgmatlc area, Stlll largely unresolved Whllefthe'”'"'

4

two model parameters here ,do account for. many of the
' uncerta1nt1es, there is, nevertheless, some questlon about -

" their approprlateness.

Whether the movement of a rock avalanche is within the

turbulent or lamlnar flow reglme depends upon a number of’

factors; Slmple Reynolds‘numbericalculations ‘and ‘“

_v'observatlons by Eisbacher (1979) Erismann (1979) -McSaveney .

(1978) and Johnson (1978) as - well as the wrzter- -would -~

suggest that turbulent flow, taken 1n 1ts cla551ca1 sense, -
ﬁ- . )‘

,;15 seldom achleved The malntenance of. stratlgraphic order’ -

- and the: jIgSaw puzzle effect w1th1n rock avalanche depos1ts
vdlend credence to plug flow or deform1ng.flex1ble sheetl‘u'
analogles. The phy51cs of. these phenomena are largely
.speculatlve as well . There is, . however, just1f1catlon for
u51ng a veloc1ty squared dependent res1stance aside from
strictly emplrlcal reasons; Koerner (]977 ‘1980b) relateSj'
__hls S0- called scatterlng and roll1ng motlon w1th1n an

"avalanche to Bagnold s (1954) d1spers1ve pressure model .

- ]
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Con51deratlon of the boundary shear stress results in a

'dynam1c res1stance formulat1on analogous to the Chezy flow
5formula w1th a veloc1ty squared dependence$A Consequently 1t
,.15 deemed preferable to denote the veloclty dependent term

here as a’ dynam1c"'rather than a "turbulent" re51stance,

51nce the latter 1mp11es a random motion of particles in a

class1cal flu1ds sense. S

. The equat;ons developed im therprev10us sectlon arlse
from the appl1catlon of Newton's Second Law- consequently
777777 the motlon of the avalanche refers to the centre of mass of
a body, be that a group of particles or a cont1nuum |
D1ff1cult1es whlch arise in the choos1ng of an appropriate
travel angle have already been mentioned in ‘Section 4. 2, but
. the cho1ce of the best travel profile for this anapysis is “
1w-xet anothernd;filcultya ~Te-know. the approxamabe-travel path
-‘ of the body s centre of mass would be 1deal f However thls
is nearly 1mp0551ble to define prlor to a failure.
~ig“Furthermore the extent of the attenuat1on of the

> -

7y'd151ntegrat1ng debrls mass would be most d1ff1cult to
estlmate. ‘To thls end the entlre trayel path fnomrthe top- < -
“of the talled block to the dzstal end has been. used because
1t may be obtaxned most ea511y. Alternat1vely the
approximate motion of the centre of mass could be analysed
. or perhaps the motién of an element of mass near the front

iof the 1n1tial falled mass could be used The effects of

u51ng these dlfferent motlon paths are cons1dered 1n

»Sect:on 5.4, _: | _ | | — 5 o )
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The well documented avalanche\moblllty dependence on

volume or mass is not accounted for 1n thlS part1cu1ar

model Slm1larly, there is no capablllty for alterlng the
e

Eden51ty of the flow along its path. The entraxnment of
isurf1c1al material and subsequent enhanced mobility or

‘1nert1al effects are not considered. Losses of debris .along

the travel. path are, llkeWISe, neglected.. The slight loss

in downslope velocity from the centrlpetal acceleratlon

~effect on a curved slope is’ not considered in the analy51s'

as was done by Perla et al.(1980). However, because of the
similar derivation of the equat1on of motlon, the mass to. .
drag ratio (M/D) in Perla's model is“identical to the

dynamlc resistance parameter D of thls model d1v1ded4by_?'"

...... @ e

gnavltatronal dcceéleration (D/g)

Another element not cons1dered in this. formulat1on was.'
a means of accounting for 1mpact losses at abrupt changes 1nl
‘slope. Perla et al. (1980) have- proposed a correctlon for B

‘ momentum lost at -a slope tran51t1on but'the effect - 1s

relgtlvely mznor where a smooth concave proflle is
approx1mated by ‘a large number of stralght llne segments.
' The effects of poorly deflned processes such as
"lubr1catlon by mud or fr1ct1onal heatlng are not dealt
w1th explicitly; rather these mechanisms can be thought of
as.being concealed in the frictional resistance term u;
S1m11arly other proposed mechanisms such as flu1d1zat1on,
l1quefactlon or dispersive. pPressures are not handled

directly in the‘model,' They may;howeverg also be_thought of



“:;Jaccounted for by a

‘fh_‘palr.’ Whlle much of the uncertazn phy51cs can be

' hrw-S 4 Computer Program RADA

e

g
g . .
LA

as reducqng the dynam1c frxct1on e by the factor (1 ru)

‘hilffghe-fu ratlo,'asgprev1oUSly deflned accounts for upllft

;7?odpressures w1th1n the basal port1on of the mass. Other

”;energy dlssxpat1on schemes such as- a1r res1stance or sound

lgjwhrch have been suggested 1n\the snow avalanche realm are

*ﬂdeemed to be relatlvely m1nor con51derat1ons for rock

-;f_."iavalanches. B

F;nally, no account 1s taken of the confznement or

;tci1ateral spreadlng effects although these could also be.

the dynamlc fr1ct10nal coef£1c1ent

fhhahdled by alter1n"

In summary,:the proposed model presents an almost

dfq“"black box"‘approach to the determznat;on of relevant

~d'veloc1t1es and runout dzstances. A numberwof phy51cal

ffiifprocesses,ﬂ¥h1ch are hs yet only vaguely'understood are

J

“mple frlctronal and dynamlc resrstance

"dconvenlently concealed w1th1n these parameters, the f

”-Qﬁ?seﬂectlon of fhe approprlate travel path for analys1s is |

-‘;perhaps a more 11m1t1ng factor in- the extens@ve appllcatlon :

qffhf of the model

.

A computer program entltled RADA - Rock Avalanche )
hﬁnyham1c Analy1s ~'was developed to. solve the d1fferent1al
ﬁequat1on5 of motlon for a varlety of geometr1c

B fconflguratlons and program °pf.hﬁ

,'Ul

. Only the rudlments of

”f;ﬁiﬂthe program are descr1bed here and the reader is referred toy

" ,”.‘ R
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The sxmpl1f1ed flowchart shown-onvFrgure‘s 2

v

111ustrates the log1c route followed in. Opt1on 1 of program ;
k -

'RADA.. The sequence beg1ns by readzng the name of the
L b -

part1cular avalanche, the number of" profxle segments, the -

P program optlon number, the estlmated volume,'and a pore

pressure factor ’ Next the number of res1stanee pairs to be L

evaluated and the 1ncrement to be added to the dynam1c 5{'
re51stance parameter 1s read Thls is followed by the

prof1le data wh1ch cons1s of a slope angle and a dlstance

for each proflle segmentr =%n example of 1nput is shown in |

Table 5 1

. The program begzns by comput1ng the fahnboeschung or
slope of the 11ne Joinlng the crown and the t1p of the |
avalanche debrls. Next the area ratlo is calculated.ﬁ Thls

parameter was dev1sed 1n order to 1nvestlgate the hypothe51s/

a

: that prof11es with' a steepr1n1t1al drop,_hence a h1gher area
5 ,/

'ratlo, are more apt to dlsplay an’ exce551ve travel dxstance.
Ve S

‘{ .. "The 1n1t1al value of the dynamlc re51stance parameter D
| is: then set. “The procedure followed for finding a (u D)

pa1r is to search for the value of the fr1ct10na1 resxstance~'

parameter u wh1ch forces the avalanche to stop. at a g1ven
fend pos1t1on. Thls is accompl1shed by setting an 1n1t1a1
,guess for ‘ as: ' - : f.}) : o

. "\
C 5
(8 \l

w(1) = 1/2(FMAR + FMIN) . T (Eqn. 8i9)
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L Nozzle Silde, NWT, ° : : § S _ -
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R M MR "1 3 " Profiie-Data " ‘ '
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C 42 827 ). T . , i
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0.9 625 | e i
=3.3 175~ A
. Sanpleoufpu‘r fran program RADA; Optlon 1 for
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] -8.7 ‘263 a0 8 -Re, 0 .850.8
10 [ B 823 80.8 s$1.8 . 838
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~‘FMIN.. The procedure is repeated up to 25 times 1f

‘where FMAx and FMIN are the fahnboeschung and the tangent of
the shallowest segment slope,'respectxvely*-—?he veloc1t1es
" at the end of each segment are then computed and if the -
';:avalanche stops short origoes past the end p051t10n a new B
~estimate for u is used. 1If it stops short i. e., the flnal
'segment veloc1ty is less than 0.0 m/s, u(2) is found by
subst1tut1ng u(1) for FMAX in Egn. 5.10, If it goes past1

i,e., the flnal segment veloc1ty 1s greater than Q. 10. m/s,.

PR L IR LB

| the’next guess for u(2) is found by subst1tut1ng u(1) for

_ necessary, unt11 a b value is: found w1th at least a three
lcflgure accuracy and the final segment Veloc1ty drops ‘into _
:lthe range 0.0 to 0. 1 m/s. Usually this is accompllshed with
less than 5 1terat10ns.' A s1m1lar algquthm for flndlng a
resistance pair to satlsfy the start and end p051tlons but
us1ng a predeflned fr1ct1onal res1stance was’ fqund to be.
unsultable because of numer1cal 1nstab1l1t1es generated
while. trylng to 1solate an’ opt1ma1 D parameter. A serles of'
.tests is used in the program to’ c1rcumvent other numer1ca1
problems whlch arise when veloc:tles drop to zero before~€ie'
f1nal travel segment. . | '

‘ Wwhen an’ opt1mal re51stance pa1r is found that forces
vthe avalanche to stop at a gzven end position, the total
t1me and average veloc1ty over the travel path are computed
Unless ‘the complete dynamlc and fr1ctzonal res:stance'

'relatlonshlp has been determlned the program returns to

define a new D and the. above algorlthm is solved- for a new u
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- value,: Normally twenty res1stance ‘pairs are adequate to

deflne the. relatlonshlp wh1ch becomes asymptotlc to the

.0__‘_ e

oy A atma81mum # value {see Flgures 5 4 to 5 9 later 1n th1$

o

chapter).- The'program then pr1nts a table wh1ch glves the ;h

avalanche name and volume,.the fr1ctlonal and dyéamic

- re51stance coeff1c1ents varlous geometrlc 1nd1cato§§ and a

llstlng of the 1n1t1a1 cr1t1cal and real veloc1t1es for ;"

“".’ @ - s h s e e

. eaqh profile segment 4seewrgbie S ]):1:;«;§J'u1‘ﬁnw B

» es“‘ﬂpo':g.\«

GQ
There are 3 major optlons avallable with the program.

Optlon 1, as outllned prev1ously, is used .to define the

un1que fr1ct10nal ~and dynamlc re51stance relatiOnsh1p for a

glven avalanche proflle.. A pore pressure assumpt1on may be
used in thls, and the other optlons. Optlon 2 is used in a
pred1ct1ve fashion to determlne the runout dlstance and
veloc1ty spectrum for an avalanche g1ven only a slope
geometry and a predeterm1ned (u,D) palr. Option 3 is
s1m1lar to’ Optlon 1 for 1t calculates the fr;ctlonal and
dynamlc resistance relatlonsh1p for a glven slope proflle

where. the startlng and end p051t1ons are. known, Th1s option.

allows for. the 1nput of an 1n1t1a1 veloc1ty at some position

in the travel path Thls could be used for example, to

determlne avalanche moblllty after an initial port1on of the"

path where sl1d1ng mot1on predomlnated over a/flowxng;orx'
veloc1ty squared degendent motlon.‘“
Other program options are available wh1ch generate

plots of the avalanche path,’ the fr1ct1ona1 and. dynamlc

' re51stance relatlonshlp,.and the veloc1ty proflles for
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5 5 Parametrxc Study Ae{}i ],.;~’ff.fﬁp.j. R

To better evaluate the ef!!cts of vary1ng geometr1es

upl1ft pressures ‘or 1n1t1al veloc1t1es -on the' character1st1c

re51stance relataonshlp a 11m1ted parametr1c~study wasi»

.

conducted on a representatzve test profxle. The sen51t1v1ty

of the relattonshrp to - these 4nfluences is . of-consrderable-; T

.

'1mportance- for 1nstance, the funct1on is greatly 1nfluenced

by upllft pressures ,but only m1nutely affected by certaln

te

.

changes in- slope geometry Evaluatron of these effects for ¢ .

a glven proflle wlll -be - of value later when rock avalanches

™"

of vary1ng geometry and mater1a1 COnst1tuents are exam1ned BRI
Goeehaptersgh. DL
It is worthwh11e notlng that the characterzst1¢ Gi:kﬂr”.

(I3

4

resistance relatlonshlp, is not a’ unlque solut1on to the

XIS PRI

equatlons of mot1on.‘ There 15 actually only one (u;n) palr

iy

- wh1ch satlsf1es the boundary cond1tlons and consequently

prqﬂuces a veloc1ty_prof1le matchlng the real Veloc1ty. Butk

because thls partxcular pazr cagnot belun1que1yuhff1ned}and

iRy

veloc1t1es from a wide range of (p D) paxrs are reasonable,,

“otd 'J'

no attempt to isolate a’ part1cular re51stance pa1r has been

- made, The effects of these factors on the relat1onsh1p are‘_

usually apparent without the need to determlne an opt1mal
re51stance palr.'“ | - R o |
The test profile. geomeErles used in th1s parametrlc o

study are 111ustrated 1n Flgure 5 3 The bas1c prof1le

£
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i< 'consists of 3 llnear segments of‘yar1ab1e‘1nc1inatlon and T
s length~'5egment 1, 30?,»@00m' Segment 2 10°7 1000m-‘and
§egpent_3 5°f 3000m.: The fahrboeschung for thls profile;::j?;ju
fﬁis’d;129 Th;s partlcular geometry was chosen because it |
represents a typlcal rock avalanche proflle from the -
Macken21e Mountalns- a 200 m_shallow d1pp1ng 1n1t1al slope'
'”1s proceeded by a relat1vely flat runout 'slope of 4 km
length ' 8ix test analyses were performed on the proflles
shown 1n Flgure 5. 3 to assess the effects of geometry, S

- -

up11ft pressures and 1n1t1a1 veloc1ty. L V.a‘ . Coe e

- w- of

In the first two tests the effects of d1fferent

geometrles and a varylng travel angle are exam1ned In Test

S -

A th:'characterlstzc re51stance relat1onsh1ps for the bas1c..“’v
test proflle and several profllesﬂmodlfled by shortening the'
length of the flnal runout slope were evaluated. These are
shown on F1gure 5. 4 Note that u is plotted agalnst the
logar1thm of D in order to accentuate the changes in the
funct1on. A lower bound limit for D 1s arb1trar11y Set at
100 m /s’— Below this value numerical 1nstab111t1es arlse

' wh1ch render the u solv1ng algorithm 1ncapab1e of f1nd1ng an'
- optimal resxstance pa1r. In Test B the fahrboeschung 1s
slmllarly altered for a series of proflles w1th vary1ng
travel dlstance on the 1n1t1al slope: (F1gure 5.5).

Both these plots 1nd1cate the 51gn1f1cance of

geometr1cal factors on the character1st1c resxstance

relationship.. Changes in the f1nal runout segment dlstance

- Cor the- 1n1t1al slope length alter the fahﬁboeschung whlch
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. def1ne5 the maxlmum reSIStance attalned for ent1rer s

5 ®

ffrlctzonal energy losses. The_effect is more pronounced for
i:large changes in the f1nal runout segment length Also of
1mportance is the fact that these geometrlcal ‘changes d1d ;‘il
not affect the lover bound frict1onal re51stance attalnable
‘here - that value being equ1valant to the slope of the.
tshallowest~prof11e segment.. Note also that the change in
the f1na1 runout slope length also 1nduces a.translation of
the flrst 1nf1ectlon po1nt in the characterlstlc re51stance
-curve at-a polnt just greater. than the mlnlmum fr;ctlonal
A;parameter.A Frofi these - two te;ts, ve ‘may therefore conclude""ﬂw .
that the upper and lower bound limits to the frlctlonal
parameter u are the Fahrboeschung and: the slaope of the
;shallowest Segment reSpect1vely

Tests C and D (see’ Flgure 5.3) were conducted for a
series of prof1les each with an 1dent1cal fahnboeschung of
0. 129 In Test C the 1nfluence of the length and
inclination of the 1n1t1al slope segment vas . assessed As
prev1ously dlsCUSSGd ‘the area rat1o for a proﬁlle WIth a
steep 1n1t1al fall 1s h1gher than the area ratlo for a )
,prdflle with a shallow dipping 1n1t1a1 slope.; Consequently
h1gh veloc1t1es are possible ear11er in the. case of the S
steep slope, and it might be expected that a d1fferent (u,D)
palr would be needed to produce the same runout as the
example w1th a shallow 1n1t1al slope. As seen in
Figure 5.6, this is not the case. - The characterlstlc

o,

re51stance relatlonshlp 1s relatlvely insensitive to the

. .
Py el
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'initialislope,~at-least'for thegrange of . 1nc11natlons and f-
. lengths analysed with the test profile. The velocities ®
atta1ned at the end of the 1n1t1al slopes in these tests
(for D : | 10 000 m’/s ) are also gquite 51m11ar- 54 to 49 m/s
for Cases A to D Only in Case E is the 1n1t1al veloc1ty
(35 m/s) apprec1ably lower than these Values. |
The effects of ‘the length and 1nc11natlon of the final
runout. slope on the resistance. relat1onsh1p are quite
¢

prOnounced as demoﬁstrated in F1gure 5.7. In fact, the

fr1ctxonal parameter may'haveaquite/a—range, depending upon -

the, 1nc11nat10n of the last proflle segment No matter what

'the proflle 1sebefore the last segment,the lower bound

value of the frlctlonal parameter will be the - tangent of the

last segment S-slope angle.g Consequently for a sllght
run-up of the debris at Jthe termlnus of an avalanche,.the
»solution ylelds a negatxve fr1ct1on parameter as the dynamlc
re51stance 1ncreases (D ‘value decreases) ThlS anomalous
result would appear to be- Physically 1mp0551b1e, although 1t
' does satlsfy the boundary cond1t1ons of the problem,
dNevertheless, othe; applxcatlons of .the model to similar
geometrles (see Sectlon 6.2) suggest that the negatlve
fr1ct1onal parameter is usualiy 1nadm1ss1ble since the .
pred1cted average veloc1ty range is often below the normal
‘range of average veloc1t1es based on eyewltness accounts.

There are exceptlons to thls generallzatlon however (see

Section 5.5).
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Also shown on thls‘plot are 11nes connectxng the
average veloc1t1es of 20, .30, _and 40 m/s for each of the
test geqmetr;es: These lines span a wide range of -
,frictional and dynamic parameters. Consequently, evenglf
one could reasonably limit the range of the average
velocities p0551ble ,a judicious ch01ce of the most ‘
approprlate (4,D) pair remains as an 1mped1ment to uslng the
model for pred1ctlon purposes l

jIn Test E the influence of uplift pressure vas
assessed - Four .examples with rU factors of 0.2,.0. 4, 0.65
.an% 0.8 were analy5ed u51ng the test slope proflle. As seen
in Figure 5. 8, the assumption of an upllft pressure equal to
'lsome factor tlmes ‘the normal componpnt of the overlylng
weight results in a translatlen of the characterlst1c
resistance relatlonshlp to the r1ght The upper limit on
the frlctlonal parameter is glven by the Fahrboeschung
‘divided by (1—ru) Similarly the lower l1m1t on the
fr1ct1onal parameter is glven by the tangent of the m1n1mum .
slope angle divided ‘by (1—ru). It is 1nterest1ng to note
that an ry value of 0. 8 allows for a frlctlonal parameter u
.w1th1n the range of" values normally expected for peak N . _ AN
slldrng'fract1on coefficients for hard rocksv
(0.7 >“ﬁ'>,0.5){# Certainly it appears‘that uplift
pressures be they a1r,‘gases or water, have a slgn1f1cant
teffect on’ the characterlst1c re51stance relat10nsh1p, when

appl1ed in thlS form. Notw1thstand1ng the fact that the _—

generation and malntenance of this phenomenon is a. poorly,
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"'«are51stance relat1onsh1p for Test E
he effects of upllft pressures.;_'

22 aspgl -

k%,

DYNAMIC PARAMETER O 04/




at L " o [ '.?‘ “

"deflnable feature at most rock avalanches,_1t 1s~clear1y
. _. X .

'7demonstrated that the appl1cat10n of th1s 51mple theory, can

e

a_..._ 2

“mv'produce dramat1c changes 1n the‘res1stanceafunctlon. More

"elaborate schemes w1th the 1n1t1atlon of upl1ft pressures at
'the end of .a dlslntegratlon phaSe, followed by d1ssxpatlon

'analagous to a cohsolldatlon type process, are also p0551b1e

“ﬁ Ty .
n‘t ‘ N

Optlon 3 of Program‘RADA allows for the input: of a *

”j'but extend beyond the scope of thlS tpeatment

~pre determlned VelOCltY at some po1nt in the pro£1le. To_~
_assess the: affect that thlS may have on the characterlstlc

ire51stance relat1onsh1p axserles rof 1n1t1al veloc1t1es wasi -
‘used w1th the test. pf’Tule shown in F1gure 5 3 (Test F)

In1t1a1 ve&oc:tles of. 0; 10 20 30 and 50 m/s were used as

‘_v;the 1nput for segment 1 of the proflle and the (u D)

i fﬂdlncl1ned at. 30 (above the start Of Segment 1) Thls

res1stance relatlonshlps were subsequently determ;ned for -
eeach Case"jAs shown 1n Flguqk 5 9 the use of an 1n1t1a1
velocity has the geheral effect of alterlng the frlctlonal
re51stance parameter M, whzle st111 allow1ng the avalanche
to stop at a glven locatlon.p If thls 1n1t1al veloc1ty is 1n
excess of that veloc1ty wh1ch would be calculated\wlth the
maxlmum fr1ct10nal re51stance parameter~r the fahrboeschung
- then»the max1mum allowable M value ShlftS to the rlght of
"fthe fahnbOeschung For 1nstance, assume that the 1n1t1al
'veloc1t1es tested 1n F1gure 549 (except Case A) were

facqu1red after slldlng along 100 m of the 1n1t1al slope '

T i*modlfled proflle would correspond to a - new fahrboeschung

. e
o

- L
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:'of 0*138 Consequently all 1n1t1a1 Veloc1t1es in- excess of
_g /f27 m/st Whlch 1s the veloc1ty found thh u FMAX --0 138
w1ll Shlft the maxlmum fr1ct10nal parameter to the r1ght
vof 0 138.‘ S1m11arly for 1n1t1a1 veloc1t1es less than ‘.
'27 m/s, the maxlmum frict1onal parameter shifts to the left .
of 0.138. Ty |
o ol
Whlle thlS translataon of the upper bound frlctlonal
.:parameter for 1nput ve10c1t1es may produce a s1gn1f1cant
alternat1on of the characterlstlc re51stance relatlonshlp,-'
‘ht‘should be noted‘that the change produces only m1n1mal
d1fferences in the (u D) palrs from the range of the dynamlc
re51stance parameters deemed to be relevant for the " : \.
:Mackenz1e Mountalns rock avalanches. ‘ _'
The 51gn1f1cance of the results from thzs parametr1c

) study w1ll be apparent in the appllcat1on of the model . to

more. complex geometrles (see Chapter 6)

5.6 An Appropr1ate Travel Path - The Frank Slxde Example
) One of the assumptlons used in the der1vat1on of the '
eguation. of mot1on is that the dr1v1ng and res1st1ng forces o
"fact on/a body as though 1ts we1ght is concentrated at its
_centre of mass. Regardless of whether the body 1s r1g1d ‘or
.'dlslntegrated the motlon of 1ts centre of mass along a.
centre 11ne is descrlbed by Newton s Second Law., In thef‘:
“case of most snow avalanches and some rock avalanches the

Li'centre of mass of the 1n1t1a1 fallure block follows a path

s1m11ar to the proflle taken from the top of the hlghest
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hlock to. the most dxstant t1p of the debrls Neglzg1ble
d1fferences arlse in the solutlon when the more conc1se
» centre of mass approach 15 used. Furthermore, the ent1re
"prof11e 1s much s1mp1er to reconstruct for analys1s than a
._centre of mass travel path | , ’4
. Th1s approach is adequate for many rock avalanches
'ﬂwhere the attenuat1on of the debrls is 1nh1b1ted However,
hseveral exagples Jfrom the Mackenzxe Mountalns may not be
amenable to th1s 51mple treatment - part1cularly those
‘events where the. " ramp"’feature may contaln upwards of two
thirds of the dlsplaced mass. A sufficient number ‘of debr1s‘
th1ckness measurements was not avallable to construct an.
vlsopach map. of the debr1s at the .avalanches exam1ned 1n thls
- study, but pre11m1nary estlmates suggest that s1gn1f1cant
d1fferences between the crown to d1stal t1p measured travel
‘angle and the mean travel angle (301n1ng the centres of -
4masses) ex1st at the Nozzle and Rockslide Pass - events.
Further clarlflcatzon of the approprlate travel path to use’
at these and other events 1s requ1red 1f the phy51cs of . the
{motlon equat1on are to be rlgorously satlsfled An even .
imore d1ff1cult task would be to evaluate ‘the expected degree-"
dﬁ of - attenuatlon in the debrls prlor to. a fallure.gy
. Irrespect1ve of ‘the above reservatlons concernzng the .
appropt1ate travel path the prev1ously descr1bed model has
been used for such landsl1des ‘as Elm. Huascaran GoldaU- :
. u(Koerner, 1976) and Rubble Creek (Hardy et al. 1978) _FOru'

analy51s purposes dlrected towards the pred1ction biorunout
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| dlstance and not necessar1ly the approgglate veloc1t1es, the

'entlre proflle approach would appear . to be adequate 1n these

[

40

examples. ' ,'qf' : . -"\.‘7f"*

On the other hand, the Frank’ Slide in Alberta exhlblts :

a marked dlfference between the centre of mass travel path
and the entlre, top to end travel path A cross-sectlon
‘ShOWlng the two travel paths 1s shown in F1gure 5 10. A
th1rd p0551ble travel path wh1ch may be more approprlate
‘than the above two, is also shown (c- e) By analogy to a'

fluig,. the motlon of a partlcular element of mass at the

‘;;base of the 1n1t1al falled mass can be examlned. Assumlng a

‘plau51ble 1n1t1a1 velocaty at some dlstance beyond the base
of the fallure block the character1st1c resxstance : _

| relatlonship for 1ts travel path to the end of the debrls y
can be found ThlS approach is attractlve because 1t is
'compat1b1e w1th the observed strat1graph1c congruence noted
at many such events. In contrast the entire travel path

from a to e on Flgure 5.10 would suggest that mater1al at

- the top of the mass flnds 1ts way to the very end of the

avalanche - a: suppos;t1on contrary to fleld observat1ons.

It may also be that the "fluad element" travel path approach
requ1res an altered equatlon of motlon wh1ch Wlll sat1sfy

nethe lateral force 1mba1ance at the front of the flow.f Thls

def1c1ency was not examlned since the 1ntent10n “here is to-

assess, in a general fashlon,‘the consequences?of a'variable~

ey

. travel path.

e s

e TB&~

B ]
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‘ For the above descr1bed travel paths the characterrst1c
resistance relatlonsh1ps vere found (Fxgure 5. 11) As o '}.?dﬂ
-expected the upper and lower bound fr1ct1onal parameters
for the ent1re prof1le and the centre of mass. proflle are
glven by the fathoeschung and the m1n1mum slope angle, |
respect1vely.- Because the flu1d element prof1le has a path

1dent1cal to. the ent1re proflle below p01nt c, the two

s .
W

curves converge onvthe same m1n1mum fr1ct10nal parameter
of 0.080. Upon 1n1t1al 1nspect1on it appears that the range
of re51stance pa1rs whlch wkll satlsfy the varlozs travel
paths is rather 1arge - the fr1ctaonal parameter ranges from |
’ﬁﬁabout 0. 1 to 0 4 while the dynamxc parameter varles over 3
orders of magn1tude. Using the best eyewatness est1mate of
lthe total time for the event (Anderson, 1979) an averagei_
veloczty of 35 m/s is calculated for the total travel path
"This.is probably hlgh because all the debrls d1d not travel

. the entlre leng’ Tas shown on Figure: 5, 10 Us1ng a centre

“ -~,)—

- of. mass travel path an’ average veloc1ty of 18 m/s is

‘estlmated. As shown on Flgure 5.11, the: (u D). pa1rs

matchlng these best est1mates of the average veloc1ty, are
_located very close to m1n1mum fr1ct10na1 re51stance, wh1le
'the dynamzc parameter ranges between 1 000 and 10 000.'m? /s’” B
| From the above exerc1ses it ‘must be concluded that the
~use of a centre of mass analys1s can produce a rad1cally
Nd1fferent characterlstlc re51stance relatlonshxp from that
’obta1ned from u51ng the entlre prof1le or a "f1u1d element"

vproflle. ‘In the case of the Frank slide th1s varlab111ty 1s‘

"
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e
found to be largely 1n51gn1f1cant for veloc1ty determlnatlon
51nce only a Small range of (u, D) palrs w1ll reproduce the
raame average Veloc1ty as that calcuaated from e&ewltness
accounts of the total travel time. Runout predlctfon,;L ot
however is qu1te sen51t1ve tovsmali (ufD)lvarfanonﬁ,._Had_

the relevant dynamic parameter ranged"between 10”860~ana

100,000 m’/s"the:range of the fr1ct10nal parameter would. be ’

. much greater,fand CQnsequently the cholce of an approprlate
travel path would be most 1mportant

Resolv1ng the ‘travel path quest1on 1s further o

e

' ,compl1cated by lateral- spreadzng or conflnement wh1ch should

alter the fr1ctlonal res1stance termfzn the~equatlon of
dmotlon. Therefore, because of this problem and the"e
dlff1cult1es in ascerta1n1ng the degree of - longltudlnal
.spreadlng beyond the centre of mass of the avalanche debrls
the procedure followed for future analyses wlllmbe to use
'the entlre travel path where avallable. Althoﬁ:h this may
be 1ncon51stent 1n some’ cases, w1th ‘the actual phySlcs useqd
in” the veloc1ty derlvat1on, it does offer a’ somewhat more
.'rellable and proven method for a semi- emp1r1cal pred1ct1on
of runout Further exploratlon of the va11d1ty of thxs
assumpt1on can only be undertaken once ‘the locat1on of the
‘centres of mass from the- 1andsl1des C1ted in th;s study are
ﬁdeterm1ned ‘ o | 'yd." , .

?
/s
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5.7 Discussion and Conclusions S e
K model for rock avalanches, based on analogous

. theor1es of mot1on for snow avalanches has been examined,

modlfled and applrgd«1n th1s chapter. thle conszderable

dxf{;ren;es eﬁs?t{between the density and strength

/

bropertxes of snow’ and rock 1t is proposed that the same

physical laws ‘can bei”ieé'to model 'the motion of these

P

‘phenomena. Many uap“ Intlﬂﬁ arise in the-ch01ce of e

'appropr;ate parameters 1n tg s'model although sogggpgggﬁgﬁ L

F " - %
areas are c1rcumvented by comblnlngw&he effects“of a few ;%
_ y

poorly defxned lnfluences 1nto one 51ngle fr1ct1onal
resistance parameter The equatlons of mot1on as. or1g1na11y
'derlved by Koerner (1976)" have been sl1ghtl§dgod1f1ed to
become ‘more compatlble w1th the phy51cs of the 51tuatlon -
the veloc1t1es of the flow can be found after an 1n1t1al |
movement phase which is not conS1stent w1th the avalanche
‘model and uplift pressures be they due to water, air or
gas, may be applled to the travel path

| These adaptat1ons render the model sl1ghtly more
conformable with the real S1tuatlon but several significant -
&f'reservatlons stlll-remain. The\flrst problem area is the.

characterxzatzon of the mode, of m0vement"1ncon51stenc1es

w1th the observed rheolog1ca1 behav1ohr of thzs type of

ES

mater1al suggest that a v1scous resmtanp) term and some

- account of the plug llke flow motlon over portlons of the

avalanche may be more approprlate. This complex area hasl

not been addressed_and a genera; assumption of a uniform -



&

. applications it will be tac1tly assumgg that these factors

are concealed 1mp11c1tly in the ‘hodel parameters or they

. 140

*

motion with one frlctxonal parameter and one dynam1c

'resxstance parameter is used

A second major reservation concerns the choice of an
appropriate traveI path for analysis. The phys1cs of the

velocity formulatlon apply to a centre of mass path,

'althou%p such a travel profile is often d1ff1cu1t to obtaln.

Furthermore the ‘accurate pred1ctlon of an extreme runout is
not obtalnable with the evaluatlon of only the centre of
mass travel path To thls end, the ent1re travel path, a'
much more ea81ly measured proflle, w1ll be used for ana1y51s
purposes. v ‘ |

Th1rdly, there are many other aspects of the phys1cal
characterization, 5uch as lubrlcatlon dlspe551ve pressures,

volume dependence, and material entralnment whxch_remaln

unresolved. However for the purposes of the. succeeding

@
L3

have neglxglble 1nf1uences.

o F1na11y, the fourth d1ff1culty with ‘the model is the

,~numer1cally unstable nature of the soiutron algorithm. The

isolation of the opt1mal {u,D) pa1r that allows the
avalanche to stop at a predetermined p051tlon is quite

en51t1ve to small variations in the ve51stance parameters.

Consequently quite d1fferent runout predlctlons are often

possible with ‘only slight variances in the (u, D) pair, even
though veloc1t1es are reasonable over a. wide range of

resistance parameters. Similarly, the:"uniqueness“ roblem
) . P
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4

11m1ts the velocity predzctlon capabllzty of the model.

Even with better veloc1ty records at known events the

-1ndeterm1nate nature of the solut1on would remain.

‘The parametrzc study conducted in this chapter draws

attentlon ts a few of the more 51gn1f1cant factors Whlch

wgdetermlne the complete characterlstlc resxstance

relationship. The Fathoeschung and the slope of the
shallowest proflle segment are the maximum and minimum
fr1ct1ona1 res1stance parameters, respect1vely Only small
alteratlons in the m1n1mum slope angle produce large changes
in the relatzonshlp wh11e less pronounced effects .occur when
the fahﬁboeschung is altered. - The effect of assumlng Gn
uplift presgure along the travel path has been shown to

produce remarkable changes in the characteristic resistance

'7relat10nsh1p. This may offer an explanation for the quite

low frictional parameters (negative in some cases) which.

arise when an uplift pressure®is not used. Because of the

'alteady'indetetmhnant nature of the two- parameter model the
‘inclusion of this thirg variable would not make the ch01ce

- of apprOpriate re51stance parameters any 51mp1er. 'The toplc ;

of pore Pressure generatlon and d1551pat10n while obviously

‘meriting more 1nvest1gat1on “is deemed to be beyond the

scope of this 1nvestlgat10n because of the absence of
information to descrlbe the basal parts of these avalanches.
The effect of uslng an input veloc1ty, derived from an

alternatlve dynamlc model for the first port1on of a

ffallure, has also been assessed Only for input velocities

o>

«

‘7?.
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substantlally d1fferent from those predicted by the mo&%l

_A,[ > w"

over the same slope, vill. the characterlst1c re51stance

=

&

relat1onsh1p be s1gn1£1cantly altered. This also suggests_a}
that~for other model formulatzons u51ng a v1scous or a
plug llke flow - whlch -are. probably more appropr1ate over
portions of the avalanche - the relevant {u,D) relat10nsh1p
is not s1gn1f1cantly affected .as long as the veloc1t1es
pred1cted by the alternate models are similar to those
predlcted by th1s model . . '
Flnally 1t must be remembered that in theory, there is.
.only one point on ‘the characteristic re51stance relat1onsh1p
curve which will produce an exact match to the real
velocities of the avalanche under consxderatxon " The
extremes of the function wvould not appear too 1mportant in
this regard. As shown in the parametric study there is a
range of (u, D) pairs capable of glv1ng a. reasonable average
Veloc1ty for a g1ven aval anche. An attempt to bound ‘the
relevant (u D) pairs from an assorted group of avalanches is_

-

4conducted in the next chapter.

In summary,pKoerner's.model as,presented-here,.withva
’number of alterations, still remains a semi-empirical
approach to the rock avalanche dynamlcs problem.
Nevertheless the convenlent yet Slmpllstlc maskzng of
certain dffflcult to quant1fy physlcal attrzbutes, makes |
thls model attractive. for predlctave purposes.. Only A

11m1ted number of avalanches have been analysed by thls
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, method-(é.g., Roernef,‘iS?G 1977 1980a, Hardy et al
1978) hence the model must be cal1brated Wlth ‘more fzeld ﬂ

ev1dence before 1ts predictive re11ab111ty can be asseSSed

i . P . e 4
in a comprehen51ve manner. ‘ » : :

-



:“]ﬂg the North Tw1n rock avalanche was chosen

6, 'APPLICATION OFTHE MODEL

. t

118 chapter is to present the
Fxhgresults of the app11cat10n of the prOposed model to a

‘Jﬁselectmon of rock avalanche paths from the Mackenz1e
i ﬁMountalns.“

For each of the 51x travel paths

’

v

examined the SR
st1c re51stance relat1onsh1p and the veloczty
”*wjaproflles'were}determ1ned

In order to assess the 1nf1uence ,~*

‘»;hof a pre*determ1ned 1n1t1a1 veloc1ty and upl1ft pressures

*for}a deta:led ‘ "f'>‘§
“shistudy. SUhsequent*mpdel predxct1ons were compared w1th S

'frfi_other veloc1ty estamates‘from superelevat1on and run-up va‘f;{,(?’ﬂf

;ffrelevant (u D) palrs g
¥>Yapp11cable f0r analysxs for szm:larvterraln was found :

aJVarlable prefllé. BY[COmparzson S

Th’jconflnement}are evaluated,u51ng detaxls,from “ocunented




s

fjrhdff,UT;pT?vff“;T:¢~sfﬁlj[fJﬂ’¢7a1**7f“,
rfahJG 2 Rock Avalanches from the Mackenz;e Mountazns i .
i Topographzc prof;les for the rock avalanches dzscussed
dn. chapter 2 were obta1ned from T3 50 000 NTS maps mod1f1ed
'flvlﬂby more detéaled f;eld survey measurements.z The travel
ii;;paths for the avalanches assumed to run from the tops of
'lthe rupture surfaces and along approx1mate centre llnes, :
‘~were determ1ned £rom th1ckhess measurements and projected
.croﬁs sect1ons at each of the events.. These longltud1nal

»proflles are’ shown in. Appendlx o w1th thelr respect1ve

~ .
[

"pred1cted Veloc1ty prof1les...=‘: _@‘f”

3 North and 50uth Tw1n avalanches prof;les were sxm1larly
veobta1ned from topograph1c maps and mod1f1ed by debrls
*;thlckness measurements taken by kalser and Slmmons (1980).-¢:
“dﬂ{{The North Tw1n prof1le used Ln the amalys1s was shown in

uf‘chapter 4 (Fxgure 4 2) in- cqnjunctxon thh veloc1ty |

'est1mates made w1th run-xptand superelevat1on obsﬂ'vat1ons. 7

fQiTThe South Tw1n avalanche ;roflle,1s shown 1n Fzgure c. 3 w1th :
'27fj the pred1cted veloc1t1es. The Damocles avalanche proflle _
! (Flgure C 1) was constructed from f;eld measurements taken ;fﬁ;k”f{'

_by Ka1ser and 51mmons (1980) The U-Turn Nozzle,'and

.Rocksllde Pass.avalanche profiles (F1gures C 4 C 5 and C 6
respect1vely) were 51m11ar1y constructed w1th 1 50 000 NTS )
'-‘ntopographlc maps and field measurements made bV'the wr1ter.;fi'”"'

“jnFor rea%pns dlscussed prev1ously the ent1re trdvel paths




y

model L ‘_ L ;- IO .,cv;Afﬁ'};[w_gmjggﬁi"‘{“

-veloc1ty match As prev1ously noted 1n the parametr1c . _,lhﬁﬁPﬂév

end of the tr vel path becomes numer:eally unstable wheh

146 )

. . .

Morpholog1cally and‘mechanzcally 1t would -appear that
many~of‘the con£1ned rock avalanches from the Mackenz1es f
dlsplay str1k1ng s1m1lar1t1es ( see Append1ces A and B and
E1sbacher, 1979) | Consequently one mxght expect to see a
partlcular re51stance reduct1on phenomenon such as upl1ft
pressures or other agents (e g., snow, 1ce or saturated |

alluv1um) Th1s hypothes1s may be tested w1th the proposed

Loa L
LY .

'-n' Examlnat1on of the characterzstmc res1stance

’1fki relatlonshlps for these avalanches (Flgure 6. 1) does not

reveal such a. common entlty. The range of the frlctlonal
parameter B is between -0, 058 and 0 225 and the s1x ;‘“‘f~
characterlstac curves span a large range between the w1dest

'1.-“

l1m1ts o the dynamlc parameter relevant for an: average

study\ the max1mum fr1ct1ona1 parameter is deflned”by the -
fathOESchung whlch var1es from 0. 225 for North TW1n to hpf}*f
0 131 for Damocles.; Slm1larly the value of the mInlmum

fr1ct1on parameter 1s def1ned by the tangent of the m1n1mum

'slope angle on the prof11e.. Note that for all of the

profales analysed here, except for the North Tw1n avalanche,
the (u,D) relatlonshxp could not be deflned belou a certa:n
fr1ct1onal parameter.~ The xteratlve procedure to solve for

the fr1ct1onal parameter u, g1v1ng a veloc1ty of zero at the'x_

slope angle on the path Only for fr1ct1onal parameters
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't greater than the tangent of the £1nal slope angle w1ll the
'5;solutzon1converge.- In the case of the U- Turn avalanche th1s
"fwas part1cu1arly acute s1nce the f1na1 travel segment slopes
"at nearly 10°. ThlS 1s further sugggest1on that the model
Lis- 1nadequate for certa1n portlons of the avalanche.y' '
It is apparent that the fahrboeschung is a large |
determlnant of the reszstance functlon, although the ;f‘]~ay
.drelevant velocxty matchlng (u D) pa1rs are usually found
ycloser to the m1n1mum frxctlonal parameter 11m1t, i e., 1n,,‘
close proxlmlty to the f1rst 1nf1ect10n p01nt for each o
»3Jﬂ.il” curve. Thls was 1n1€hally apparent from the few analyses

'*V'whlch have been performed to- date for the Huascaran and

s

j ubble Creek events (Koerner, 1976 Hardy et al 1978) and

.£rom the best est1mates of the optxmal {u, D) pa1r fpr the:
North TW1n rock avalanche (to be developed 1n the next
jsectlon of thls chapter) }' { R o ',1’;“aff
,;;? o - One part1cu1ar oddrty whxch throws the - postulate of a
d":‘common res1stance pazr 1nto Jeopardy 'is the dlfference h
"?between the North and sQuth Tw1n character1st1c re51stance o

*curves. For the same rock type, travell1ng down parallel

.paths from ldent1ca1 startzng pos:t;ons, on€ would expect ff‘f |

almost 1dent1cal (u,D) pa1rs capable of accommodating thehf?

?slzght dszerences in runout - 'Such' 1s not the case. For;
.,-the same frlctlonal re31stance parameter, w;th1n a relevant
r_dynam1c parameter range (say 10, 000 m’/s <l)<100LD00’

m*/s? ) the d1fference between the dynam1c parameters for -

f&the Twan avalanches ranges between 3, 500 and,_"



. fh';appllcatlons to other events (see Sectlon 6 4)

'.channeled course is bound to produce greater 1nterna1 _g

Q“iTEdUCGd These presuppos1tlons w1ll be examxned later 1n

_shlft the re51stance curf

‘;:‘, 149 i~

An 1nterest1ng observat1on can be made regard1ng the

;separatxon of the more conf1ned avalanches whlch follow a

9 .

'_ more tortuous course - North and South Tw1n, and U-Turn - as

For the same

opposed to the less conf1ned sp eadlng avalanches -
Damocles,-Rocksl1de Pass and Nozz |

fr1ct1ona1 res1stance less dynam1c res1stan¢e 1s requ1red

for the less conf1ned avalanches, or alternatlvely,_for the

same dynamlc re51stance less fr1ct1onal reszstance 1s

-frequ1red by the 1ess conflned a$§lanches. Th1s would ‘seem..

to. be ver1f1cat1on of the not1on that the more conf1ned

< [

d1srupt1on in the flow and consequently‘mobxlaty would be

N
In the parametrlc study (Sectlon 5. 5) the

character1st1c res1stance relatlonshlp was seen to be

‘;rad1ca11y altered by the 1ncluszon of an average upl1f¢

3

pressure.\ The effect of assumlng a constant r 'value was toﬂv'"

to the r1ght (refer to %

'lIF1gure 5. 8) For the purposes'of evaluat1ng thls effect 1n

a general fashlon for the Mack' Mountalns rock

avalanches an 1p1t1a1 assumpti . ecessary, glven th; /, f

: prem1se that the maxlmum attalnable ¢ angle for the rock

?1nvolved 15 equal to 30°,‘what average Uplzft pglﬁsure, in ?i’

-

"the form of an. ru'value, w111 allow FMAX = tan 30° thus

t

unlquely def1n1ng the upper l1m1t of- the character1st1c 5;

re51stance relat1onsh1p? In other words, for normal

i



'fr1ctlona1 behav;our assumlng a granular materlal what

'11s easxly found for each case as"

150

Jvupllft pressures are needed to- reproduce the observed runout7f5'

f’jd1stances for each. of the eveﬂts?j Thxs 11m1t1ng value of. r

1

vrrudé : —.(l/ﬁ)tan v R "_’1“Cr .d | ‘(ﬁqn§‘6.1f

‘”where u as the maxamum allowable fr1ct1onal parameter (equal

‘to tan 30 ) and V'is the fahnbbeschung angle

A table of the ru'values ,ecessary to 1ncrease the

max1mum fr1ct1onal re51stance "rameter from the

'?.fahnboeschung to tan 30° ls shown on: F;gure 6. 2. Th1s plot

';vdlsplays the characterlst1c res1stance relat1onsh1ps for the'”iji:

,v‘s1x avalanches uhere an upllft pressure allows for normal N ;_'_'
‘fr1ctaonal behaviour wzth u = 0 577 (tan 30 ) as an upper //

11m1t The s1m1lar1ty 1n ru factors (\ 61 to 0. 77) 51mp1y

reflects the closehess of the fahrboeschung angles for, these'fﬂ"

4oava1anches. Below thls value the dynamxc and fr1ct1onal =

lre51stances compete w1th each other, thus def1n1ng the (u D)
'?fgrelat1onsh1p. ‘As in. F1gure 6 1, numer1ca1 1nstab111t1es

‘-preclude a solut1on to the vhs 0 algorlthm for certaxn

»proflle geometr1es.

The plot shows a slxghtly more defzned grouplng of the'

;fres1stance relat1onsh1ps for North and South Tw1n, U Turn
“”and the Damocles avalanches than was- noted on F1gure 6. 1
.Nevertheless the* range of the frzct1onal parameter for all

;_s:x events is much larger, from -0 16" to 0 57 The curves
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for- Nozzl@ﬁand Rocksl1de Pass are d1st1nctly separated from
" the others. This would “again suggest that less dynamlc
res1stance is requzred for these events w1th the same Lf'ff'
frictional res1stance as the other four. There is’ almost an
'order of magn1tude dlfference, on the dynamlc res1stancea»
wtdscale, between the ROCkSllde Pass and the North Tw1n curves
- a further suggest1on that the two avalanches may have had h
- d1st1nctly d1fferent behav1or. A ‘
'A6.3’Ve1ocity:Pro£iles S |

“ For each po1nt on a character1st1c res:stance curve, as
shown 1n Flgure 6 1, there is a un1que veloc1ty prof1le |
‘deflned for the glven travel path At one extreme,-w1th )
‘iu = FMAX and D -oo; the fahnboeschung defines the fr:ct1ona1:
parameter for the sl1d1ng block model., Thls analogue will 'éi"
' produce the h1ghest veloc1t1es, wh11e at the other extreme,
‘with u equal to the tangent of the last slope segment the
'lovest veloc1t1es are produced. . Between these tvo 11m1ts is
- an optlmal re51stance pa1r wh1ch w111 best S1mu1ate the
.actual veloc1ty proflle.pa : _jfflvid ‘° ‘

In thzs sect1on the veloc1ty prof11es from one of

: s1x avalanches under study ls examlned 1n deta1l Because
the. North Tw;n avalanche path offers the best avallable
-.veloc1ty 1nd1cators, as- determlned from superelevatlon and.
run-up analyses 1t w1ll be tested for a variety of -
assumpt1ons. Pred1cted model veloc;tles are ﬁhen compared

to the range of veloc1t1es obta1ned by other Mmeans.

B ‘ ' . ‘ ~
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Véloc1ty and travel path prof11es for the other five

"avalanches = South Tw1n, Nozzle, Damocles, U- Turn and

Rocksllde Pass - are contalned in Appendlx c. For
comparlson pufposes these analyses were performed on the

ent1re travel paths w1th no upl1ft pressure or 1n1t1al

‘veloc1ty assumptlons.

North Twin Rock Avalanéhe-- "

Flgure 6. 3 shows the predlcted real veloc1t1es at the
North Twin. avalanche for a group pf (u D) pairs from the.'
characterist1c res1stance relatlonsth curve. The cr1t1cal
veloc1ty (frém Eqn. 5; 7) for u =0, 143 and b = 50 000 m’/s’f

is shown on the same plot for 1llustrat1ve purposes. " Note

‘the match between the 1ncreas1ng and decreas1ng port1ons of

7 ‘the cr1t1cal and real veloc1t1es,.respectlvely. Where the'

cr1t1cal velocity 1s greater than the real veloc1ty the mass

“15 acceleratlng, and’ where the cr1t1ca1 veloc1ty 1s equal to

" the real Veloc1ty the mass is deceleratxng The general

,trend of the velocity 1s to increase 1n1t1ally on’ the short

.

steep slope. Thls is followed by a drop in veloc1ty as the
mass moves over a flatter slope.« The veloc1ty then r1ses

abruptly and remazns relatlvely hlgh (50 60 m/s for the

’ sl1d1ng block model) over most of the length of 1ts travel ;fd

- path The véloc1ty then drops qu1ckly to zero on the flnal«

runout slope.

For greater fr1ct10nal resistance. the predlcted model

“velocztles show less sen81t1V1ty to varlatlons 1n the

s
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topography. ‘As an example, at about a. horlzontal travel
dlstance of 2500 m a change in the slope 1nc11nat10n from

22° to 12.5° and back to 26° produces a well-defined

undulation in the velocity prof11e for Ho= 0:072 and
D ; 1000 m?/s?, However, for the hlgher frlctlonal

re51stance of u = 0,205 and for D = 100 000 m’/s’ this

effect 1s much less pronounced. S1m11arly a drop in . ‘f
veloc1ty after 1000 m for velbc1ty proflles w1th u less than
0.110° becomes an 1ncrease in veloc1ty for u grea¢er - Q '
than 0 110 Th1slchange reflects the compet1ng action of |
the two resistances and tendéncy of the fr1ct10na1 block
model to maintain hxgh veloc1t1es once 1n1t1a11y atta1ned

v Interest1ngly, as the'predlcted velocities 1ncrease for ’;

1ncrea51ng fr1ct1onal res1stances, the dynam1c parameter D
1ncreases in an exponentlal fashion from 10* tooo ; This’
reflects the marg1nal effects of the. veloc1ty squared
dependence at hlgher veloc1t1es

| = Another feature of the veloczty proflles for hxgh
‘frfctlonal resistance parameters is the tendency to attaln
‘.h1ghqveloc1t1es - 30 to 60 m/s - followed by. very abrupt
decelerat1on as the avalanche comes to a halt. Thls
characteristic is con51stent wlth\the few eyew1tness
_observatlons which claim that the rapldly mov1ng mass seemed
to almost "freeze in place. before stopplng Also of note
is the fact that the fngmn;l block model (u = 0. 225,

D : oo) attalns a sllghtly lower veloc1ty, unt1l about

1500 m, than the model predlctlons vith w2 0 186 and s

J
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w3
0y

D 2!5Q,000 m*/s?, Th1s is a consequence of the atta1nment

of very high 1n1t1a1 veloc1t1es and the nature of the

solut ion process,

_Effect of Inltlal Velocrty AssUmpt Ion

Lo
N

(]

]

. '; F1gure 6.4 is a’ s1m11ar Plot of the veloc1ty proflles |
for‘North Twin w1th the assumptlon of an 1n1m1al veloc1ty
U51ng the centre of mass proflle as shown in F1gure 3. 7 the,
;veloC1ty of the fallure block after 136 m of movement was
calculated. A value of 15 m/s was- found with the assumptlon
of g = 0 141 - a dynamlc frlctlonal coefffﬁgent deemed
_reasonable, yet by no means verafzable (see Section 3. 7)
From thls po1nt onwatds the veloclty prof1les were
determlned in a 51m11ar fashzon as done above. Note that
“the total horlzontal travel dlstance is about 350 m short of
the length shown .on F1gure 6.3. ThlS 15 due - to the
difference betweed the centre of mass of the pre- falled
block and the top of entire proflle used in the original
‘analy51s. S;mllarly the change in the proflle length , |
‘reduced the fahrboeschung from 0. 225 to 0 218 Strlctly
'speaklng, the end of the proflle should r1ghtly be the
centre of mass of the debrls( however, th1s could not be

easily determlned w1th the known 1nformatlon. Consequently

the t1p of. the debrls was used here. -h o
;_ The predlcted veloc1ty found w1th u = 0 141 after 435 m

"would have been calculated w;th the or191nal centre-lzne

-

Fa
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“;Tﬁfmodel veloc1t1es.; .jffﬁﬁ'ﬂw;*

'./.~,. .

SR RO 1ii;'§“?*ff{};'Ejsjffgilzi;},i?f,l:‘ )
fhffCOmparison with Superelevation and Run-up Ana7ysis _efiif%fﬁ“faf

A more reVealzng Eest of the predlcted veloc1t1es from

‘zfjiithe model would be to compare them w1th the 11m1ted veloc1ty

-tEranges suggested by superelevatxon and tunl/p»analyses.;¢'"fﬁf\ef5h

R *f;;fWh;le these 1nd1cators may not be all too prec1se for

'reasons c1ted prevzously, they do offer e reasonable 1;%ff[f:}

;”?fialternatzve model for comparlson.' uf‘”

Ideally one would llke to delaneate the approprlate

5 . \;:jg;v;;_‘“

Z* f(u,D) pa1r su1table for pred1ct10n purposes.: However, as R, 'ﬂif

thfiF1gure 6 s.shows, the varmous models do not exh1b1t a greetﬁ=-7<““”
fdeal of compat1b111ty > The 1n1t1al veloc1ty range for both SR

v"""t%xoerner 8- model ang the v"-';,pus.gmodels proposed ;m

Kej*Chapter 3 are 1n reaSonab e-agreement:to about 750 m.~ The K

“17;7roll1ng fr1ct1on models a e certa:nly 1es

;real1st1c s1nce

<

lﬁthey prov1de for COnt1nuous accelera_}on; In_a rather odd

‘“ffash1on the f1rst“superelevatlon velocxt' \.»*lﬁjﬂ'u“"huf'

'jLsubstantlally below the{dfnamlc model's predlcted veloc1t1es




gt T vzth ombBiaed asyey syskimue weramasperedns

rhw»w._.,m;;z_m_.wm”w ¢w;«mw__,:uuw,Aumn.HuumuuwWuauuommanxunmmgqmgn:mumwmm_w.wmu,;.

Sl odos igogy

. Yo S S SN

L)

-~ PUR AUIPITS TeIITUT WOI7 S9131d0TaA

T

- YPOX UTAL-YIION 103 9

1301d. £310079A PR33TPeig '§*9 sanbrag

o

N s -

.”__, amm»m:v wozmhmHDJ_EZONHmoI o

Sl woos e NS
[ MIDOUA oNieia . wiviow
(9 0L 1:335%2) LUIOUA- WiLINI -




SN

of the veloc1ty spectrum attalned by the North TWIn rock 4-;,.75

avalanches, that 1s, 1f the superelevat1on analys1s 1s

'-correct.” As seen in. F1gure 6 5 the range of su1table (u D)ilb

pa1rs whlch bound the veloc;ty proflle beyond 800 m, extendt'

over the entlre range from u =0, 143 D 50 000 m‘/s‘ to

B = 0 072 D = 1000 m’/s2 Even w1th the el1m1natlon of the

spurlous superelevat1on Veloc1ty at 1600 m and the f1nal
fﬁrun up veloc1ty predlctlon, the (u D) range 1s 0 080 to

0 143v and 3000\to 20 000 m’/s’ £or u and D respect1vely
Unquestlonably some of the var1ab111ty here is - attrlbutable
. to the cho1ce of the radlus R used 1n the calculat1on of‘Y.

veloc1ty. Uncerta1nt1es 1s thzs regard preciude a more

o A

_n def1n1t1ve bound to the relevant (u, D) palrs in. Koerner Sth”i*i

.[ model for th1s example.yf:j

3

e T%ere are several other possrble explanat1ons for thenﬁv,fi‘-

apparent 1ncons£stency 1n the models._ F1rst1y, the L

o-parameter model Predzcts veloc1t-es for a sxngle (ﬂ D)ﬁ'f.‘

pa1r thhout cons1deratlon of p0551b1e var1ances 1n elther@f“'”f"'

of these two parameters over the course of the avalanche.,'“

3 .

As prevzously dlscussed 1n Sect1on:¥‘

ethls 1nadequacy,'_;~ﬁﬁfi"




b”ﬁf;pressure assumptlon w1ll not change the veloc1ty proflles }Eh'

"t;of the debr1s.; To rlgor0usly satlsfy the physxcs of the

*f;:fVelocxty of{pbout 20 m/s would be suggested., In add1t1on to“*

’??hfh_ei:,r_fvfhf*‘?af’”frJﬁfka”“r]fit.V{‘;' ﬁ.h“iif ié?},7f?.o

ifSIinflcantly pr0v1ded the maxlmum fr1ctlonal parameter, B e;h;f,i*
m(1 ru)tan 30°, 15 equ1valent to the fahrboeschung Values {'47
'79reater than the Fathoeschung w111 not converge to a '-

‘solutlon and values less than fahnboeschung w;ll predict ';ffﬁ, R
vﬁf.lower veloc1txes/because of greater dynam1c resistance -
h.losses." . | - _f R

‘: Secondly,;the travel path used Ln the anal¥51s was the

ufentlre proflle from the crown of the sllde to tHe dlstal txpﬁ.?‘°

_,veloc1ty formulat1on,\the centre of mass travel path should
31have been used | Lower veloc1t1es would have been predlcted

m”ffalthough the anomalous 1ncrease along the travel path would -

'ﬁ;st1ll ndt be accounted for. N | X ‘; ’ ;
| Another major uncerta1nty 11es 1n the accuracy of the ‘ §

‘}ueloc1t1es derxved from superelevatlon.» Tt 1s most ,

,fjd1ff1cult to env1sage i sred.gradual 1ncrease rn’ tif:?ff'h*lil

,f*veloc1ty over_the m1dn :porf on'oggthe avalanche._ Even 1£ |

| the debr1s atnthe’f1rst superelevatlon cross-pro{1le were - i
treated as T .Aup rather than superelevat1on a mlnlmum i




””tlfsuperelevatlon along the valleY"alls °f b°th N°rth and

';‘valley walls ( alser and S1mmons,_1980) Perhaps more

o

‘,dlsconcertlng, however, 1s the presence of apparent

:”eTSouth Twln avalanches where thefg‘ls no ObVIOUS dzrectlonal

.ﬂ”wchange.; Th;s 1n 1tself 1s suggestzve of a mOre complex mode

'of movement perhaps w1th wave lxke osclllatlons capable of
splashlng debrls along valley sxdes 1n a more random
jufashlon. Ka15er and Slmmons (1980) have also speculated » ‘
v@cthat the traVel path may have been altered by the presence e
€ :

L;lof snow or 1ce‘. However thlS hypothe51s could not be

f1rmly proven Wlth fleld.ev;dence..-'

In conclus1on, thzs applxcat1on of Koerner s model to

"2the North Twln rock avalanche has provan to be somewhat less

{J'_vthan successful w;th the ava1lable data. In order to ’fd ?:',x‘_‘

f'accurately dellneate relevant model parameters there 1s a fh;ff3'
jfneed for a more comprehen51ve spectra'of veloc1ty b ’.‘ |
:;‘1nd1cators, a body of 1nformatxon "6tﬁ11kely\ava1lablﬂjgt b
s any of tge Mackenz1e Mountalns rock avalanches._:fﬁ~ag,,“

-‘6 4 Appl1catzons to Other Mass Movements(

o

In Flgures 6 H and 6 2 the character1st1c resxstance‘:;:y_bt*""

a?relat13!!51ps for a number of rock avalanches from‘tt'ftlﬂ.in,.» |
;'ngacken21e Mounta1nsnwere shown. It nght have beenwexpected /{.;}

L“'that s;m1lar fr1ctiona1 and dynam1c re51stances were

'V‘fftgoperatxng along the travel paths of these events.( However,h_@ﬂff?wi

"5f:fslgn1f1cant factorsﬂdeterm1n1ng th funct;on., It 15
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“gp0551b1e that a part1cu1ar un1fy1ng characterlstxc may be“
s,f'fcapable of expla1n1ng thls 1ncon51stency, perhaps 1t e
‘hmreflects varlances 1n mater1al constltuents,-water contents,t~
isl;dlng surface condxtxons or geometrlc constraznts. It 1s"
"fr;the purpqse of thlS sect1on to exam1ne a select1on of such
‘??hypotheses dzrected towards 1solat1ng a un1que, un1fy1ng
'f]i”{characterlstlc.- To thlS end a group of rock avalanches _;
‘fchosen from around the world and from a varlety of terrazn,

":wlll be analyzed by the model ef,g;}" e

It should be borne 1n m1nd that these varlanc!s are not

2. g

“*'ﬁ'mutualIY exclus’ve.i The observed (u,D) relatlonshlp 00U1d '/'

‘j;;reflect the cf Jined effects frOm one or more such “d-?yf/itdr‘ o

fﬂ1n£luences, 1n'wh1ch case the 1solat1on of ‘one would be ”T¥i‘ﬁ"i-;T
nearly 1m90551ble.‘ Furthermore,ixt must be remembered thaﬁ Huh;:j
'fthere is only a rEStr1°ted range of the fr1ct1on?1 an?/;”{ ,7::m:;

ib"dynamlc parameters relevant to dlscu531on, s1nce 1n theory,

‘only one (u D) p%1r 1s capable of modelllng the actual_;

'7mu.veloc1ty proflle.y_;{;hif“‘ f7 .u;-f' L e f:'al.wf ‘ .’,f »7‘5;-

In Hypothes1s 1 1t 1s postulated that the (u log*D) ‘g,.' lth

'lhflrelat1onsh1p, as shown on F1gure 6 6 for a selectzon*

"‘E;rapzd mass movements,

reflects the 1nfluence of material

? r walnment -tbe that alluv1um, tlllf:f"'““~
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”vliteraturei Nozzle and North Tw1n avalanches were exam1ned |
‘ prev1ously in th1s research and by E1sbacher (1979) “Two
other rapld mass movements, a: mudflow and a snow avalanche,
rwere also analyzed w1th the model for’ 111ustrat1ve purposes.v~
‘Wh1le the applxcab111ty of the same physzcs*yora'reportedly 4
- dlam1nar flow 1s quest1onable in. the former,'the model is
well sulted to the latter"1t was used as an example by
h Bakkeho1 et al. (1981) in.their app11cat1on of an analagous
' -:two parameter model Relevant detalls from these six . -
"i‘pexamples are now brlefly examlned "The reader 1s referred
—to the appropr1ate references for more deta1led 1nformat1on.
R The Huascaran avalanches in 1962 and 1970 or1glnated on
lNevados Huascaran, the hxghest peak in the PerUV1an Andes.
"“A comblned total of some 22 000 casualtles resulted from
’these hlghly mobile flows wh1ch 1n1tially started as large
clef fdllures 1nvolv1ng both 1ce and r?ck. The 1ong.w : r_
-hor1zontal runout and h1gh veloc1t1es reported at these

- vents are assoc1ated w1th t?e steep travel path and the . L

' ,extreme fluxd;ty acqu1red when !he mOV1ng mass extraxned
1'g1arge volumes of snow, water, saturated alluv1um, and ‘

moralne along 1ts route. Eventually the avalanches turned

¥

1nto debr1s ?lows whlch cont1nued ‘to. wreck havoc down the A ‘?fﬁ

.

"l‘Rxo Santa. Deta11ed descr1pt10n of the avalanches and the1r
;l‘:depOSItS may be found 1n papers by Plafker and Erlcksen . }
f (1978) Plafker et al. 11971), and. Cluff (1971) ". v“f'_fé,vd”
' - The Rubhle Creek avalanchb of southvestern Brltlsh L

' Columb1a 1nvolved an estlmated 25 x 10“m’ of dac1t1c lava

s



-

R enroute, on an average slope of 8° (Moore and Matthews,
‘1978) A state of the art treatment of this type of
! landsl1de was comp1led by Hardy et al (1978) s
- The Frank landslxde 1n southwestern Alberta has been :

'one of the most 1ntensely stud1ed rocksl1des in. the western

hem:sphere (McConnell and Brock 1904 Daly et al. 1912; |
'Krahn 1974 Cruden and Krahn, 1978 Hungr 1981)" The i
"movement of the large ‘wedge of Paleozo1c l1mestone 1n1t1ally
began as a rock. Sllde along beddxng planes and soon - "
leslntegrated 1nto a’ fragmented avalanche whxch spread

2‘debrls in a fan shaped lobe across the valley bottom

N‘llncorporatzng r1ver alIUV1um and possibly some glac1al t1ll

in the process. P

The Sherman Glac1er rock avalanche.jwh1ch took place

durlng the Alaskan eapthquake of 1964 has attracted the

o attentzon of many 1nvest1gators, notably Shreve (1966) s

Marangunlc (1972), and McSaveney (1978). A sllghtly
_metamorphosed, well fractured hlocklof sandstone and
's11tstone was shaken loose from Shattered Peak and v
subsequently travelled across the Andres Glacler, over a |
'1bedrock rldge and down the Sherman Glac1er to. cover a total

area of 8. 25 km’" The 1ncorporat1on and meltzng of large |

..amounts of soft snow was felt to be partlally fe59°n51ble,g7f“

"ff8¥ the. apparent hlgh,mob111ty. K |
The alp1ne mudflow from the‘Tenm11e«Range of central

- Colorado was documented by Curry (1966) 5 After a long

J .

'151_:i'

"Jh1ch travelled up to 4 6 km entra1n1ng valley alluv1um LA

/

AR




A )

:ifrom 3000 tOwGOkOOO m'/s’; for i and D reSpectxvely.'

revealed on th1s plot | The Hua,

Cy

per1od of 1ntense raxnfall, a ser1es of mudflows was

vobserved movxng over and through saturated talus on. slopesA

_as steep as,degrees. These flows were seen to move as
a

fﬁpulsesmat=p

k obserﬂgd/veloc1t1es of about 16 m/s..:

| The Ryggfonn snow avalanche from near Stryn, Western4',
Norway was mapped by L1ed a_d__akkeho; (1980) and was lised
by Bakkeh01 et al. (1981) in. the applicatlon of a sl1ghtly
mod1f1ed ver51on of Koerner 5\51976) model

For each of the above mass movements a longltud1nal

~f‘prc'-*flle of the -presumed travel Path was °bta1"ed or

constructed from 1nformat1on conta1ned in the pertlnent

f,references c1ted Where poSS1b1e, the best match of the

estlmated total travel t1me or average veloc1ty WLth the

'"ffValue predlcted by the model was found " The releVant (u,D)

upaxr or range of paxrs for these events and for the North

Tw1n r0ck avalanches are shown on Fxgure 6.6.
Examlnat1on of th1s fxgure reVeals a w1de/var1atlon in
characterxstlc re51stance curves. The max1mum fr1ctzona1

|
parameters range from 0. 121 for Rubble Creek to 0. 464 for

*the Ryggfonn snoﬂ_avalanche. The m1n1mum values range from h

14

‘0 167 to 0.151 for the Colorado mhdflow and the Ryggfonn

Snow avalanche,,respect1vely. Th“‘more relevant range of

5.(u,D) pa1rs as: deduced from matches -to the average veloc1tY

e

f.for selected e'ents 1s smaller - from -0 12 to 0 145 and

It'xs therefore apparent that a common trend 1s notv

aran event, whlch TR

g
! '.' . :
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?"frock avalanches from the Mackenzxe Mountaxns.

_ "__16,9 '

represents an extreme example of the 1nfluences of entralneddj
'materxal and‘the other known events wh;ch are ‘known to have.'
, had a 51gn1f1cant proport1on of entra;ned mora1ne and "”5+f f*'.f ‘%

-~

alluv1um - Rubble Creek and the Frank sl1de - do not show

: any part1cular resemblances. The two events which"” contalnedr

e —— e

some amount of snow and ice 1n thelr mass fof_EY—TEEEY‘a

,part of the1r travel'- the Sherman Glac1er and the Huascaranw_rdf
aValanche - do not show a marked sxmzlxtude, andecertaanly
do not bear any lxkeness to the Ryggfonn snow avalanche.-

‘Nor does the (n, log D) reiat1onsh1p for the Colorado

' mudflow show any agreement wlth\any of the other‘evegtsr .
’Nozzle and North Tw1n rock avalanches from the Mackenzxes,_f h
_are equally as varled and do not exhlbat a dlscernlble .

| parallellsm WIth each other, nor wlth any part1cular event.

'-Hypothe51s 1, as tested for ‘this selectzon of rapld mass

‘movements, is therefore reJected - -

.{

Hypothesls 2 ., S _
In Hypothesxs 2 it is postulated that(+/e (u log D) ' /_‘.

"r;lat1onsh1p reflects the sl1de or travel path‘surface §
fr1ctlonal characterlstlcs.; Spec1f1calli, it 15 proposed
a“that the rock avalanches, wh1ch have taken place onto snow o —

~f‘or glac1a1 1ce,.exh1bit a reduced frlctxonal resxstance and

LY

igare\apt to travel further.:’; \,f /x‘- »
Thxs work1ng hypothe51s may be relevant to the su;te ofﬁ

. ‘C1rcumstant1al evxdence from Damocles, Rockslxde Pass North - B £

Ve

Ve "”l‘:ﬁ:\v‘ A T R ’ : -



A'and 50uth Twin (Kaxser and Slmmons,,1980) and p0551b1y ;

: pNozzle 1s suggestxve of the p0551b111ty of there havzng been<--.

:ablat1ng glac1al 1ce. or perhaps 1solated seasonal ice ot
‘snow fTelds along thezr respective travel paths at the t1me
of the event, Addszonal £1eld eV1dence such as contact

.f_relat;onshlps between moralne or alluv1um and the avalanche
debrxs, surface morphology, glacxer trrm 11nes and a

arellable chronolog1cal dat:ng of the features would be
requ1red before such a- postulate could be adequately ‘

.evaluated N .‘ f.;h ';i:"ﬂ ) ' .5H'\. h"
| . For the purposes of testlng Hypotheszs 2 Ehe

hcharacter1st1c res1stanc relat1onsh1ps for a su1te of rock

avalanches wh;ch took place onto glacxers have been

'determtﬁed By comparlson of th1s group w1th relat1onsh1ps

'found.for the selectxon of rapxd mass movements (F1gute 6 6)

. ana‘the Mackenz1e Mounta1ns roc¥<avalanches (F1gure'6 1, a

?;easonable eyaluatxon ©of, the hypotheszs can be made. o
\ Flgure 6 7 1s a plot of. the (u log D) relatlonsths for
'sxx rock avalanches whxch moved onto’aﬁé/along glac1er ice

,for some portlon of thelr travel paths. Only two est1mates.—~ :

of the average velo ty were avallable for the events and

' ‘are shown. on the plot as the (u D)’ paats whxch best. match -

Al

'these values o | ]' . .
' The Sherman Glac1er sllde (Mcsaveney, 1978) pethaps

the best known of thlS type of phenomena, was brzefly

de5cr1bed for Hypothes1s 1.

i70

-
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The Lyell Glacxer sl1de on South Georgxa Island was

descrlbed by Gordon*et aJ (1978) The proflle used in the"-
analys:s is admxttedly rather approxxmate because of the

inl ~large contour 1nterval on hzs locatvon map. Nevertheless,

\

'_the general trend of the\relat1onsh1p 1s adequately\‘ B
tﬁfdeterm1ned The 1n1tial rockfall .irom a steep buttress of.h
' slates and greywacke, and fhe subsequent travel of the rock

flrn, and 1ce debrls down the glac1er were detected on a.

-

selsmlc record from whach an average veloc1ty could be \Q>

. *
v

":}TJ;, ’calculaEed o 4,’1‘ . LT ;‘ )
Ah\'-V : The fa1lure of an steep gnelss1cvc11ff onto and‘down.a
lfp;”ﬁ glac1er near Holsteinborg in Greenland was d63cr1bed by
T Kelly (1980)¢. An 1n1t1al mass of some 3 x 10‘ m’ was

{.~transported up to 7 km over glac1al 1ce and moralne.

The Q}ttle Tahoma Peak rockfalls and avalanches, on the
'-east szde of MountLRa1ner,vWash1ngton,itravelled some 7 km\

‘fdown the Emmons Glac1er and the Wh1te Rlver Valley. It is

belleved that up to seven separate rockfalls, totallng 11 x

10‘ m?* in" volume, wlth only short time separatlon, were ' IR

1n1t1ated by a small steam\explosxon on the mountaln
(Fahnestock 1978).3 |

’**u\; The Trlolet Glaoger avalanche of 191? was bel1eved to

‘{@,‘%,‘,have orlgznated as a rockfall from the Ital1an flank of the
. vgranitchMount Blanc ma531f Descend1ng onto tht»glac1er -
and fragment1ng, 1t moved rap1dly down valley for 7.2 km at

i Y sAkT

estimated speeds up to 35 m/s (Porter and Orombell;, 1980).
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. The Devastat1on Gléc1er avalanche from southern Brxtzsh
'Columbxa 1s descr1bed by Moklevsky Zubok (1977) Patton PR
_(1976) and Hardy et al (@978) A 13,7 x 10‘,m’ mass of
“tuff volcan1c breccla and’ ice broke avay from a fxssured
c: lff and travelled down the. glac1er 1nto a narrow creek bed
':and eventually emerged into the Meager Creek valley g1vfng
an average slope of g°" to 10° S D d‘é | A

. - 6.7 does not reveal a part1cular common entltypv‘
'aside -tum.parallellsm among the character1c res1stance
.relat1onsh1ps for the six avalanches. Nor is there any s%(;n
marked dlst1nctlon between thlS group and the prev1ous group
.of rap1d mass movements or. the: Mackenzle Mountalns |
. avalanches, of Flgures 6.6 and 6.1, respectlvely.’ Wh1le the
_envelopes of the character1st1c re51stance relatlonshlps for
lthese three plots overlap con51derably, there is some .

h suggestlon of a sllght translat1on of the curves on

Flgure 6 7 to & rlght The oppos1te of th1s m1ght be

.expected however for a surface with a reduced fr1ctgonal

'reslstance. Maxlmum and minimum fr1ct1onal parameters are

deflned by the Fahnboeschung and slope of the f1nal segment

| slope angle, respect1vely. f' ‘

| P0551bly one or several reasons could be‘respon51ble

ipfor the lack of a. well def1ned characterlst1c curve for th1s
,partlcular type of avalanche' the proportlon of the traVel
.path actually on the glac1er- the type of snow or 1ce, the

thickness of the snow cover; the rock type- the degree of

lateral spreadlng, or the magn1tude and d15tr1butlon of pore

it i Ao ket A a3
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surface cover. REgardIESs,'the hypothe51s must be reJected

as unsubstant1ated No slgn1f1cant trend in the

"nof, probably masked by one or several 1nfluences. g » s

'characterzstlc resistance relat1onsh1ps emerges from the'

reduct1on in frlctlonal reszstance, whether stgn1f1cant or

-.H_ypothesis 3.

app ication of the model hb th1s group of avalanches.‘ The

~

1In Hypothe51s 3 it is postulated that dlfferences 1n

the (u 10g D) relat1onsh1ps may reflect dxfferences in rock

4 11tholog1es. It mxght be reasonable to belleve that certain

. rocks, possess1ng unique elastxc} structural or fr1ct1ona1

propertzes, are capable of longer runout dlstances. As
mentloned prev1ously, the propens1ty for carbonate terra1ns
to host the majorlty of rock avalanches in the - northern

Canadian cord1llera could 90551bly reflect a partlcular

materzal property. Thls hypothe51s wlll be tested by

re- exam1nat1on of the resistance relatlonshxps shown 1n}fl_
Flgures 6.1, 6 6 and 6.7.

Con51deratlon of those avalanches which 1nvolved

~carbonate rocks - the s1x from the Mackenz1es and the Frank

sl1de - reveals that there is no apparent un1fy1ng
characterlst1c in their (u,log D) re51stanceerelatlonshlps.

Frlct1onal parameters from the relevant veloc1ty range span

fthe w1dth of the envVelope -~ from 0 97 for the Frank to

.o .
0.145 for.North Twin, Those avalanches 1nvolv1ng volcanlc

G e M i

g s o

v
- -a--._.=...:-.—',;u.,e—'a—.‘.---;mn-; sl
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’rocks --Rubble Creek Devastat1on Glac1er, L1ttle Tahoma

Peak - have a slrghtly more defzned envelope of. cuxves, but

""stlll do not dzsplay a un1que relatzonsh1p wh1ch

dlst1ngu1shes the three from the other events., The two'

’ avalanches 1nvolv1ng arglllaceous or clastlc rocks_- the

‘Sherman Glac1er and Lyell Glac1er events - are. dxst1nct

separated on F1gure 6. 7, and show 11ttle hint ‘of . 51m1l&

The Holste1nborg and Tr1olet Glac1er avalanches, both from

igranltlc terralns, are much closer together on this plot

valthough the trend would need to be assessed for more events

.of this type before the resemblance could be deemed

51gn1f1cant

~vIn‘conclusion, for the select group of avalanches.

. ;exam1ned here, Hypothe51s 3 must be rejected The 1nfluence'

of rock 11thoLogy may agaln be masked by one or more other
factors. It m1ght also be noted that the sample of

‘avalanches is obv;ously b1ased for there dre few suitable

events reported in the llterature 1nvolvinghshale, sandstone '

or metamorphlc rocks.

Hy_pothesis-4 .

In Hypothe51s 4 1t is postulated that cgnf1ned and
;unconflned debris runout geometr1es are dlstlnguzshable on
the bas1s of- thelr respectlve re51stance relatlonsth

curve5¢ Both the Frank and the Sherman Glaczer slldes are f

- o

y excellent examples of unconflned spread1ng aValanches whlle

\ most of the events from the Mackenz1es descrlbed in thls

\
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w1th the poss:ble exceptzon of Rockslzde Pass‘and‘

Damocle¥ are confzned to narrow valleys. ' e ‘ o

‘t".
O

vz

E;ém1nat1on of F1gures 6.1, 6, 6 and 6.7 reveals that

'_ wzthln the range of relevant veloc1t1es, the Frank Sherman o
Glac1er, and Rocksl1de Pass avalanches show some of the
1owest fr1ct1onal‘parameters,‘as oppqsed to the more ’
conflned avalanches. This observat1on would appear to: be : S
contrary to Hungr s (1981)" suggest1on that a less product1ve.
expend1ture of energy takes place 1n a spreadisg avalanche'
and that consequently one would expect -a’ greater equlvalent
qoeff1c1ent of fr1ct1on or fahﬁboeschung than for a more

/ _
conf1ned geometry. Competlng mechan1sms may be respon31ble

«

for this dlsrepancy. Furthermore, the Lyell Glac1er sllde‘
'was relat1ve1y unconflned but dlsplays a much greater

optlmal fr1ct10na1 parameter -0 120 than the other three
unconflned events. Nor- would there appear to be .any

resemblance of a common trend in the remalnlng group of

conf1ned or channeled avalanches in this respect ' o ‘

" in conclus1on, Hypothes;sﬁ4w-must be tentatlvely R

'rejected since there ° ;s not sufficient data to conflrm the'
ex1stence of a d15cern1ble dlfference in the character15t1c
re51stance relatlonshlp for confired ang unconflned rock

‘avalanches.

>

Within thls section four’ hypotheses have been tested on

a varied selection of rock- avalanches,»u51ng Koerner s . .
. :
W

two-Parameter model. It may now-generally be concluded that
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there rs no eesxly recognzzable character1st1c wh1ch may
exp1a1n the var1ances in the relevant (u D) palrs for th1s T
group of mass movements. -1t appeais that a number of o i

vcompetxng factors, and or.other 1nfluences mask the spec1£1o

elements whach def1ne the un1que characterlst1c retastance

':relat10nsh1ps for each of these mass movements.
Alternatlvely, there may be suff1c1ent grounds for
1\
- questlonlng the proposed model samply because of its

1nab111ty to. match the actual behav1our of a number of these

events.‘ ' o L : o
@ L e ey

R

6 5 Pred1ct1ve Capabxlxty o£ Model
To th1s po1nt in the chapter the model presented has
heen applied to a number of rock avalanche proflles from
‘both ‘the Mackenzxe Mounta1ns and other examples from around
. ?the world Only l1m1ted successjhas been attalned in an
. .attempt to 1solate an opt1mal (u D) re51stance pa1r capable
| | of character121ng a part1cular type of avalanche. “While it

[

‘appears that ‘the competlng efforts of several rnfluences may

. preclude a solutlon to thlS problem, there aré more
emplr1ca1 approaches whlch may be satlsfactory for
‘pred1ct1ve purposes.. | | _
Emp1r1ca1*models that are based on a relat1onsh1p
between the orlglnal volume and the exce551ve travel
v’d1stance of the rock mass (Sche1degger, 1973° Hsu,r1975) are
probably of marglnal value for runout pred1ct10n purposes

51mply because the volume of the 1n1t1a1 rock mass can not
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o eas11y be pred1cted before the event Wh1le it is p0551b1e
that several of the fallures 1n the Mackenzle Mounta1ns vere:
sufflcxently pre-defxned ‘by ‘an elaborate ten51on crack and
f1ssure netuork prxor to collapse,.1t 1s more l1hely that
1mmed1ate pre fa11ure volume controls are 1ess consplcuous.
Consequently, a Hsu~type relatlonsh1p, wh1ch adm1ttedly is’
rather . poorly def1ned for this area anyway, wouldwprobably

/. be rather unreixable for runout predzctlon.mf

gfgrél

Slmple app11cat1on of an averaged fahrboeschung or f‘/
equlvalent coeff1c1ent of fr1ctlon to predlct runout in"a. U
partlcular type of terra1n of a l1m1ted geograph1c extent 3
may prove successful in some cases In the Macken21e . " :
Mountalns, however, there are more compllcat1ng factors, . |
such as avalanche paths w1th abrupt dxrectlon changes, wh1ch
g1ve r1se to a range of equlvalent coeff1c1ents of fr1ct1on.
As/a result the use of an average value could prove rather

5. unrellable, at least for the group of rock avalanches‘

[

»,examlnéd here. . o TR

L)

As an alternat1ve appro"H“ 1t is proposed that
Koerner s (1976) two- paﬂameter model can be used with a
suite of emp1r1cally derlved fr1ct1°na1 and dynam1c

parameters. Several pred1ct10n capablllty tests using the

travel path proflles from six Macken21e Mbuntalns rock

avalanches will be conducted in thlS sectlon with thls

-

method. . o - B

\\

Examination of Figure 6.6 reveals a rather w1de

variation irf (u,D) re51stance pa1rs capable of predlctlng
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3the accurate runout dlstance at each of the f1ve avalanches“
”for wh1ch a raﬂée of likely veloc1t1es is known. Byx
“excludxng the upper and lower ranges of the dynamlc

'parameter ‘D for the Huascaran event (due to 1ts

L}

'1ncorporat1on of a large ammount of alluv1um, 1ce, snow and
water) the’ most reasonable range of veloc1t1es falls in a

band be ’een about 5 000 and. 30 000 m?/s2, The fr1ct1onal

h“paramet“w ranges from -0.70 to 0.145 on: ‘this plot. Th1s 15 N
?a revea ing feature whlch should fac111tate the cho1ce of ‘an
*uappreprlate u value, when the absc1ssazof the character1st1c
.re51stance relatzonship is plotted on a logarzthmlc scale
the most appropr1ate (u,D) pa1rs will have a tendency to be
llocated very close to the 1nflectlon point of the
characterf§t1c res1stance relat10nsh1p curve.‘ This suggests °
vathat on average the tangent of the last runout slope angle
‘15 only sllghtly less than the opt1mal fr1ct10nal res1stance
~‘parameter. Whlle this hypothes1s has yet to be proven valid
for the select1on of Mackenzle Mountains avalanches, it is

deemed to be‘agceptable enough-for this application on the

basis of the evidence presented in Figure 6.6.

Prediction Capability Tests\

In prediction capability Test.l the ability of the
model to match the observed runout distance for the six rock
avalanches is assessed - Option 2-of Program RADA is used to
determine the final stopping position of a hypothetlcal

avalanche with predefined re51stance parameters; u being

L.




.lgiven by the tdngent of the average slope angle in the

' distal portion of an 1n1t1ally assumed runout distance plus

one. degree, and D bedng given by values of 7 ,000, 14,000 and

420 000 m‘/s’ The ch01ce of a one degree'addition to the

FMIN value was not ‘an arbitrary value' the relevant veloc1ty '

‘ matches for most of the events on Figure 6 6 lie between the
equivalents of 0 5° and 1.5° from the FMIN value. [
For each of the six. avalanches the most likely travel

: path of runout beyond the observed stopping p051tion was
determined from topographic maps and field surveying. A

series of 51mulations was performed with the model using the

above described (u,D) pairs. Where the predicted runout was

beyond the Nth segment of the observed travel- path the
additional distance, AR, was’ noted Similarly if the
avalanche digd not reach the limit of the observed runout,
the difference, AR ‘was calculated. A prediction capability
index (in percenx) referred to as the P value, was found by
d1v1d1ng the difference, AR, by the total measured runout
.(actual distanCe on the .ground surface). Table 6.1 is a
compilation of the ‘Pertinent model parameters used in
Test 1. Note that the final runout segment slope angle for
the Nozzle avalanche was -3,3° but a value of 1.0° was used
in defining the frictional parameter u. :This alteration,is
justified considering-that the distal. portion of the
avalanche only climbed a short distance on the opp051te side
of the river and a much greater portion of debris had spread

}laterally upon entering the valley.

SRR 2T g a1 el
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Most of the pred1ct10ns of runout distance presented in
Table’ 6.1 for Damocles, -U-Turn, Nozzle and Rocksllde Pass
were . less than the observed d1stan;es. North and South Twin
showed rather conservatlve pred1ct10ns' P?values‘were ‘f\* 
greater than zero. The best choice of the dynamic
parameter D was 14,000 m‘/s’ for which the absolute mean
P value for the szx events was 14.7%:. The absolute mean_
P-value of 17. 1% was only slightly worse for D = 20,000
m‘/s’: while fcr D= 7, OOD-m’/s’ the mean P-value was 26.7%.
'Further ref1nement of the ch01ce of the D parameter produces
'only a marglnal 1mprovement in the predlctlve capab111ty of
this test. a - : o 0
In Test 2, the sliding block model was evaluated nsing
entirely frictional energy losses (u = FMAX, D =oo ). vIn
this case the average value of the equivalent coefficients
ofnfriction (0.173) from each of the six avalanches was used
as the test H parameter. The results of the test are listed
in Table 6.2. Very conservative estimates of runout are :
predicted for the U-Turn, andlthe North and the South Twin
avalanches - ‘P-values of 29.4%, 48. 7% and 25.8%, | ’
'respectlvely.l On the other hand runout estimations at the
Damocles and Nozzle avalanches are greatly underestlmated ]
calculated Pp- values were -45,9% and -27 2%, respectlvely.

Only at the Rockslide Pass avalanche does the mean

fahrboeschung yield a reasonable prediction - the simulation
gives a runout dlstance less than one percent in error. ,The

absolute mean P-valye for Test 2 is 29.6%, which is
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certa1nly less favourable than the pred1ct10n capab111ty of f~57»
the best (u D) pair. of Test 1. E 'fi'\, oo SRR
‘Since more reasonable predxctlons were ach1eved w1th o
use of a frictional parameter oply sllghtly greater than the
Atangent of the final slope angle and an almost arb1trar1ly
chosen D value, it was felt that perhaps an 1mproved less‘
_emp1t1cal method for ch0051ng u could g1ve a better"'E _
predxct1ve capaballty.‘ What character1st1c slope angle from
the initial sllde surface or potent1a1 avalanche proflle
mlght be a better ch01ce for the determlnatlon of a’
fr1ct10nal parameter’

A new slope measurement to be referred to as the &
-angle, was def1ned -for thlS purpose. .The a angle is the
inclination of the line Jo1n1ng the most d1sta1 t1p of the
avalanche and the p01nt on the travel path at\3h1ch total-r--"j

disintegration 1s deemed to have occurred In the case ofu

_Nozzle and Rocksl1de Rass this po1nt would be at the outer
‘boundary of the ramp feature, whlle at the Tw1n slldes for
1nstance, this point would be at the’ base of the bedrock
ridge wvhich split the original mass into separate

T

avalanches. Obv1ously some dzscretlon is required in the

choice of these two points, Howevér, for most examples, a
reasonable estimate of the most distant point from a -
primative pred1ct10n of runout u51ng a mean fahrboeschung
w1ll produce. adequate results. This is because the distal
port1ons of most of th; rock avalanches from the" Mackenz1es

often occupy glac1ated valleys sloplnd/at shallow angles»(1°
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' to 5 )’for relat1vely lqng dxstances‘t Consequently an error St

1n the 1n1t1al runout predlctlon is not of great concern,

"s1nce the model predlcted runout w;ll commonly g1ve the same‘

‘ﬂ'a angle as. used prevzbusly.; Alternatzvely an xteratlve

Ry

procedure could be usedﬁto converge;qp the opt1mal a angle,

although th1s was not fbund to be hecessary gor the six

examples ex;m1ned 1n thzs study.. Thé measured a angles tgr

these avalanches are found 1n Table 6 2

'all 51x events. However, because the UhTurn avalanche»was

In Test 3 the predrctlve éapablllty of the model for a ‘
fr1ct10nal parameter equal to uhe tangent of the a: angle and . "
a range of dynam1c parameters from 7, 000 to 60 000 m‘/s’ o .

was assessed The calculated P-qalues for these slmulatlons

A 4-.9»—" LI

' are contalned in Table 6 2' The tabulated absolute mean

£

values show tgg best ch01ce of a dyngmac parameter 1s‘ o
bétweew*40 ﬁbo and 50 , 000 m‘/s’ where the pred1cted runoutA

1s only 6 6% and 7. 2% 1n error, respect1ve1y , For

el R

1llustrat1ve purposes the P-values are plotted versus the

dynam1c parameter 1n Flgure 6. 8 "j'f‘ t: v..v: a;f-:‘_ " i

#.

In orderﬁto optuﬂ%%e theuCE01ce of the dyngmlcl_

parameter, the D axls 1ntercepts from thls plot wera"“3"“

averaged The mean value of 41m400 m’/s’ was obta1ned u51ng

Lo ‘

"k

felt to be a rather exCept1onal case w1th several abrupt R |
d1rectlonal changes, 1t m1ght be more reasonable not to" ;::h"
1nclude th1s event 1n the calculat?bn of the optlmal . )
D“value.' When thlS was done, a mean value of almost

R S e
-.,_{ . . f o R s . o

45 ooo m’/s;‘ vas obtamed PR ST
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When thlS re51stance palr (u ‘tan a, D = 45, 000 m*/s )g

Cowas e tested on the 51x avalanches, 1nclud1ng U- Turn, an

"absolute mean P-value of 6 4% was obtalned (Test 3f). Both

the Damocles and U Turn runouts were over est1mated at +9.86%

and +20. 4% respect1vely, wh1le the other predlctlons were
AN
all less than 3% 1n error. The absolute mean P- value, not

1nclud1ng the exceptzonal U- Turn avalanche,‘was 3.6%. Thls

’represents a substantlal 1mprovement over the prev1ous model °

o

pred1ct1ons of Tests 1 and 2. 2ﬁ?
\ By way of comparlson the pred1ct1ve capab111t1es of
several re51stance pa1rs from the three tests are shown in
bar graph form on Flgure 6 9. This d1agram distinguishes
the more random nature of the runout predlctlons based on
the assumpt1ons used in Tests 1 and 2. A plot of the
absolute mean P-values for the 51x avalanches clearly shows
- the best re51stance pa1rs su1table for pred1ctlon\purposes
in the Mackenz1e Mountalns.q ;°7 - f‘ .

The veloc1t1es predlcted with the opt1mal (u,D) pair
‘are usually closer to the upper 11m1t of velocities as
pred1cted with the fahrboeschung "While it may be doubtful
‘that the : slldlng ‘block’ model is the best cho1ce for veloc1ty
’ predlctlon it may nonetheless, offer the best runout

pred1ctlon tool For compar1son purposes the range of the

optlmal.(y,D)-palrS'is shown on FigureAG 1. .

It 15 worthwh1le p01nt1ng out at thlS p01nt that u51ng

the model in a pred1ct1ve fashlon with ‘a 51mple up11ft

pressure assumptlon, as done ‘in Flgure 6 2 for 1nstance,

.




188
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‘wouldkyield almost identical results. Alternatlvelyy the
modelfcouldibe used”withur values in excess or less than
the value needed to reduce a normal coeff1c1ent of friction .
(e. g., tan 32 ) to the observed max1mpm frictional .
coefficient (FMAX) The 1nput of a th1rd parameter w1thout
ahba51s for predicting its value, would unnecessar1ly
complicate an already 1ndeterm1nate system of equatlons.
‘ Consequently, development of the upllft or pore pressure
postulate vas‘not pursued. '

In conclusion the aforementloned procedure has been
used to satlsfactorlly reflne the choice of resistance
'parameters for predlctlon purposes 13 the Macken21e

«

Mounta1ns. While prev1ous efforts to match a 11m1ted number

of superelevat1on and run up derlved velocities to the model .

predictions have not proved very successful the

sem1 -empirical basis suggested here for choos1ng u'and D,
does offer the most reasonable method to date for predlctlng
rock avalanche runout dlstance. Nevertheless, the method

should not be construed as. the best manner for modelllng

actual more complex avalanche motion. Veloc1ty pred1ct1ons

with these parameters are probably in excess of the real
veloc1t1es over most of an avalanche travel path

Extension of this type of treatment to rock avalanches
and other mass movements from around world should be done. in
a cautlous manner. The opt1m1zat10n of the predict1on
capabllltles for this. suite of movements in the Mackenz1e

Mountains does not 1mply that the method 18 dlrectly

i
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applicable elsewhete, although thefhypcthesie does metit'
exanination. | ,_a . f‘
6.6 Summary and,Concluéions

| The hxghl1ghts from each section 1n this chapter are

»
summarlzed as follow5° )

1. 'The“characteristic resistance-relationships for six
‘Macken21e Mountalns rock avalanches (assumlng»Single *
3-€vents) were determzned with Program RADA. There was
not a.un1que relathnshlp,'even over. a limited range of
(u D) resistance pairs, which would adequately model
the avalanche runout for the ent{re group. Even the
" North and South Twin avalanches dlsplay dlfferent
hJcharacterlstlc re51stance relat10nsh1ps, despite having
a‘' common or1g1n and nearly 1dentical travel pathe..;The,v’
applicatiqn‘of a coﬁmon uplift:pressure assumption
'pfoduces a great change in the (u, D) relatlonshlps for
the six avalanches, although there is little or no .
difference in their respective predicted velocity
profiles. . There is some indicakion-that the less
_'confined rock avalanches may have a sepatatable tange

bf/televant (1, D) pairs capable of matching the

avalanche runout. ~Even if a common characteristic

resistance relatlonshlp was fvund the ch01ce of the
best velocity- matchlng (u, D) pair would be most

d1ff1cu1t~ an 1nf1n1te numbe"uof pairs w1llzreproduce




the-given‘runout'distaan5
B

P
Velocxty profiles for the Mackenzﬁe Mountains rock

avalanches vere predicted u51qaga range of (u, D) pairs

from the1r respectlve character1st1c resustance
relationships. The veloc1t1es preﬂ{cted by
Superelevation and run-up analyses at’ the 'North Tw1n
avalanche were compared with the predxctzons from
Koerner S two- parameter model. . Generally< the model
simulation was not in very ‘good agreement thh the
velocity range 1nd1cated by simple enerqum
con51derat10n5° a range of fr1ct10nal and dynamlc'

re51stance parameters is capable of matchlng these

fpath These 1ncon51stenc1es stem ma1n1y from thqg
1nab111ty of the model to prec1sely match ‘the actual

movement of the mobile rock mass. Invok1ng an 1n1t1al

velocity assumption, or the ‘use of a simple average
uplift pressure assumptlon do not produce any more
enllghten1ng results; a very s1m1lar range of
veloc1t1es b§ pred1cted by the model. uUntil ‘2 more
complete record of the veloc1ty spectrum in a rock
avalanche is obtalned the ch01ce of the appropriate

re515tance parameters to use in such a model will

rema1n d1ff1cult

In order to asseeS*whether the proposed model is

191

veloc1t1es over various parts of the avalanche travel
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;capable of separatxng rock avalanche behav1or on. the
‘basis of un1que materlal character or geometrlc’
conflgurat1on a ser1es of hypotheses was tested

‘ Entire travel path prof1les fqr a group of rock

vavalanches and other .mass movements largely from |

outside the Macken21es,\were analysed w1th the model,
It was postulated that the character1st1c

re51stance relatlonsh1ps for these rapid mass movements

might reflect one or more of the followlng effects: (1)

frictional‘resistance for~rock avalanches on to Snog or
ice; (3) d1fferences 1n .rock llthology and respective
mechanical propertles (4) geometr1c conégnement

For all cases, with the p0551ble exception of the_
1ast¢effect ‘the hypotheses were rejected Dellneatlon
. of the best: estlmate of the (u, D) pair capable of
matching the observegd average travel veloc1ty for these
‘évents, s1m11arly does not reveal a con51stent
relatlohshlp for the above hypotheses. It is not
1mp0551ble, however that further gxploratjon of this
»toplc with a larger sample of rock avalanches mlght

reveal less obvmous trends.

[
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variations on

bl N
3

resistance relationships for these events (section 6.2)

and comparison with other rock avalanches; has shown

/

that the most reasonable frictional and dynamic

parameters may range from -0.70 to 0.145 and .from.5,000

. to 30,000 m’/sz respectlvely. To more narrowly define

the optlmal re51st nce galrs relevant for a dynamlc

analysis a serie

of, tests was conducted u51ng three

e choice of the frictional re51stance
parameter, T e best veloc1ty matchlng u parameter
tyﬁioaily was( found ‘to be slightly greater than the.
tangent.ofuthe minimum and.very often‘the final runout
slope inclination (BH){ Consequently for Test 1 o
o= tankﬂn + 1,0°); In Test 2 the maximum allowahle
frictional-oarameter without upliftbpressurés;waetused,
u(max) = fahrboéséhung. For Test 3, an empirical angle
measurement equal to the inclination of the average

runout slope (or"- slope of streaming) was defined and

termed the a angle. The frictional parameter used was

4 = tan a.

A ‘parametric study of the runout prediction

¢

,capablity of the model using‘theSe resietanoe

parameters has shown that the best prediction for the

group of six avalanches is found uszng u = tan a, and D

= 400 m?/s?, On average there is a 6. 4% error 1n

the predlct1on of actual runout distance for this

choice ‘of parameters. El1m1nat1ng the extraordlnary

U- Turn avalanche because of its numerous changes in

\
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travel path and hlgh run- up energy losses, increases D

to 45,000 m‘/s’ and results in an average pred1ct10n '

error of 3.6%. Th1s compares most favourably with the

Test 1 hypothe51s prediction error of 14.7%, or Test 2
- using the Fahrboeschung - Wthh glves an averaﬁ%

;predlctlon error of 29.6x%. . While the method used in

\
Tesﬁb3 1s preferable for runout prediction it should be

noted that it normally overpredlcts velocities.
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. 7.. CONCLUSIONS AND RECOMMENDATIONS
' q
7.1 Introdnction

The topic of rock avalanche dynamics has been the
subject of numerous inquiries,'hoth observational-and
analytical, by geologists, geomorphologists phy51c1sts and
engineers. Recently, a number of papers (Dav1es, 1982;
Hungr, 1981; Koerner 1980b; Erlsmann 1979, Hardy et al
1978) have reviewed parts of the literature on the

_:mechan1cal treatment of the phenomena and have attempted to
resolve the most enigmatic aspect of the topic - the
explanat1on for the observed mobility enhancement which-
enables large, blocky rock to travel great dlstances beyond

’ - that expected for a normal fr1ct10nal material. The above

authors’do not appear to agree on any one partlcular agent

tq expla1n thlS phenomenon. Wh1le this study is not ~

1ntended as a crltlcal review of these hypotheses some .
rev1ew and evaluat1on is a prerequlslte for an 1nvestlgatlon

of this nature. Accordlngly therefore, a portion of this

the51s has attempted to assimilate previous f1e1d and . .

analyt1ca1 experlence into a ratlonal yet szmpllst1c model ' '_é

for rock avalanches. ' ‘ s |
. In summary this study has:

1. Examined'the Physical environment the geology, and ' l o .
- various morphological and mechanlcal aspects of a group

of rock avalanches from the. Macken21e Mounta1ns,

2, Assessed possible failure mechanisms for some of these

195
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L | . ..
events, - ‘ '
" 3. Briefly rTeviewed the 11terature of rock avalanche
'dynam1cs,
4. 'Evaluated veloc1ty 1nformatlon and -analysed the North
B Twm rocQ avalanche w1th superelevat1on, prOJectll'e,
and run- up data, ‘ '
5. Summarlzed the morpholog1cal character of the avalanche
debris from f1eld ev1dence,
6. Evaluated mod1f1ed and applzed Koerner s (1976) model
in a parametrlc study,,, g S
7. Analysed a su1te of Mackenzle Mountains rock avalanches
“and other mass movements with the model in an effort to
:explazn the apparent mob111ty enhancement and
8. ‘ Dev1sed an emp1r1cal ‘technique to predict runout
distance with the model. ' N :Y
ASummarles and spec1f1c conclu51ons may be found at the
end of each chapter angd only the major f1nd1ngs and or1g1nal

contrlﬁutlons that have resulted from this study are

recapltulated in thefollowlng section.,

5.2 Conclusions |
1. S8ix rock avalanches from the Macken21e Mountazns of the
Yukon and Northwest. Terrztor1es d1splay exce551ve

runout d1stances beyond which would be expected for
normal frictional materlals. These large massL
movements w1th volumes ranglng from 8 to 370 X IO‘Im"'F

: have travelled from*3.9 to 7.7 km‘on average slopes

e .
: . 4 NI
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conflned to any one particu

iiapproaches offer the best technlques for veloc1ty and
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ranglng from 7,.5° to 12.3° . The host rock type for

these major movements is typ1cally a very competent

~dolomite or 11mestone, although the movements are not

r formation. Unique
features such as lateral- spra areas, boulder sorting,
superelevat1on and run-up of de‘rzs, rarefaction zones,

proximal ramps, transverse, lon§1tud1nal and en-echelon

.rldges and stratlgraphlc congruence vere obserﬁgd/;;\\\——-

‘the rock avalanche debris. A sat1sfactory explanat1on

for the 1n1t1a1 fa1lure mechanlsm at a number of these
landslldes is deemed to- be an insoluable problem at
thlS t1me given that the 1n1t1al boundary conditions
and the geometry of the failure masses are unknown.

Field ev1dence suggests that the 1n1t1al motlon

~ probably con51sted of elements of slldlng, rolling and

toppling. The roller bearing’ frlctlon concept is '

deemed to be an 1nadequate model for pred1ct1ng 1n1t1a1

-veloc1t1es.,,

From a review of the llterature 1t is concluded that,,,

wh11e there 1s a plethora of proposed models for rock .

~avalanche motlon, the empirical of semi-empirical

or runout pPrediction at thlS time,

Superelevatlon data from the Tw1n rock avalanches were

analysed and suggest an ‘upper bound (subcrltlcal)

o RS el e T D
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veloczty range of between 16 and 50 m/s and. a lowerl

bound (supercr1t1cal) range of between 12 and 35 m/s -

‘ for var1ous measured cross- prof1les. Run-up data would
K suggest a minimum veloc1t1es between 44 and 50 m/s. for

the distal portlon of the.South Twih avalanche. A S

51mpl1fred inquiry into the spray feature at the Nozzle

rock avalanche has shown that the minimum prOJectlle

\

: veloc1t1es necessary to produce the observed feature

would be . between 95 and 118 m/s.

A re- evaluatlon of the volumes of the pre*movement
masses from the six rock avaianches has been shown not
to alter 51gn1f1cantly the volume runout type e

relationship as proposed by Eisbacher (1979).

On the" basqs of field. observatlons and air- photo

;s r
"

ﬂ1nterpretatlon there appears to be a morphologlcal and

a mechanlcal ba51s for separatlng conflned and
unconf1ned rock avalanches..
Koerner's (1976) model for rock avalanches has been

modified to handle upllft pressures and initial '_",

'Veloc1ty assumptlons. These two varlatlons have bheen

shown to produce significant changes in the relevant

re51stance parameters capable of matching a glven

runout distance. - oL T
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T The dynamzc (veloc1ty squared aependence) and
2 fr1°t1°"al (V91°C1tY lndependent) res1stance terms in.

Q.

the eqpatlon of motlon have been related 1n a functnon
termed the "character1st1c re51stance relat1onsh1p

C0551derat1on of the range of relevant average

N4

.veloc1ties for a.grven avalanche may reduce the ch01ce'”

g n

of re51stance palrs

N

;rgr analys1s.,
'-f ) . : .
,1_\_,: ‘.
Buf, An evaluatlon of the characterlst1c re51stance

relatlonshlps for 51x Mackenzze Mountalns rock

. N
.o e

aValanches, aSsumlng 51ngle events, does not reveal ‘a-
. f“'51gn1f1cantly 51m11ar ch01ce of re51stance parameters

- w1th or w1thout upllft pressure assumpt1ons. There

-
‘does appear to be some ba51s for the separatlon of

conf1ned and unconf1ned rock avalanches ~on - thls plot

. ) R S ;
O . s o

. ;5: R

‘519.‘ A model predlcted veloc1ty proflle fot var1ous

: ,,"
"b .

re51stance pa1rs for the North TVin rock avalanche does

not match the superelevatlon and run up predxcted

. wf veloc1t1es part1cular11y well Thls 1s thought to be .
pr1mar11y due to the changlng frlctlonal and dynam1c
relstances throughout the avalanche as a consequence of

varlat1ons of the mode of mot1on, i, e., sl1d1ngﬂ

roll1ng, lamlnar or turbulent flow reglmes are p0551ble

L over certa1n portlons of the travel path

L8
S

T :
® !
i

jpldgufknpapplication'of]the‘modeleto otherﬂﬁasspmovementelhas o
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‘for these ‘rock avalanches

1n travel path re5u1ts in ‘an average predlctlon errorv”

h\; f»3200=u~

-]

l»not revealed a ubxquztous 11nk to expla1n the observed

"”enhanced moblllty. Mater1a1 or fluid entralnment A

’

travel over snow or. 1ce, rock llthology and propert1es,f7'

f
LS
and geometr1c confzgurat1on were exam1ned‘w1th caseﬂﬁﬁ} .x:\“

vfrom the l1terature.‘ However, there does not appear to

be a systematlc order to the model parameters der1ved

ERIN

;'To assess the predictive’ capab1l1ty of the .proposed

model. a serles of tests was perfOrmed on’ the travel

[

. profiles from six Macken21e Mountalns rock avalanches.

Evaluation of the‘characterlst1c re51stance
relatmonsh1ps for these events has shown that the most
reasonable fr1ctlonal and dynamlc parameters (for

pred1ct1ng veloc1t1es) range from —0 70 to 0 145 and

'from 5 000 to 30,000 m’/s’. respectlvely A number of

emplrlcally derlved varlatlons on the frlctlonal

parameter were used to evaluate an optlmum re51stance
pa1r for these avalanches. Veloc1ty predactlon 15'best

done by u51ng D._= 14 000 m’/s’.and n = tan (FMIN . +

>1 0°). By assum1ng that the frictional parameter M is

equal to the tangent of "an ea51ly ‘derived angle, called

‘the a angle, it was found that the best runout ' - é

predlctlon for the six events (average error of 6.4%).
could be achelved with D = 41,400 m’/s2 Ellmlnat1on

of the U~Turn avalanche because of its frequent changes-(’v’ :
,me

. . N ' LT . .' - T, R TP . . . ) ’
.. e : . : : : 4




of,only 3d6% \ This compares most . favourably w1th other
methods such as using an- average fahnboeschung whlch
would gzve an pred1ct1on error of 24 6%,
7.3 Recommendations forffurther"ReSearch ;' .k, .
i:, el relat1vely unexplored facets of the rock
-ﬂ‘avalanche phenomenon have been br1efly addressed in thlS
Study.’ TheSe areas of possible future research merit may beu
broadly cla551f1ed into three groups. geological studies, (v L
W 1nqu1r1es 1nto the 1n1t1a1 movement mechanlsms :and the .

modelllng of rock avalanche dynamlcs. Recommendatlons for

future research from each of these groups are now dlscussed

Geologiéal Sfudiés ’ »: ' Detalled mapplng of ‘the
surf1c1al and beg%OCk geology and the rock avalanche debr1s
ﬁ;fat each of the landslldes descrlbed by Elsbacher (1979)

~ would greatly enhance our understand1ng of the avalanche
I‘process and perhaps shed- further light on the elus1ve ~answer
to the mob111ty problem. A systematic attempt to date these
landsl1des would be of con51derable value in asse551ng the
gpresent threat from rock avalanches 1n the Mackenzle
Mounta1ns.l This could be done by palynology, llchenometryfi'
or. radlocarbon datlng methods for 1nstance. A more thorough

mapplng of the fabrlc and boulder or1entat1ons,.

"'v-u.w.v"‘_c;.».\}t e A e @ ‘J"~’°.’“""

' partlcularlly in relatlon to the or1g1nal strat1graphy,v ffi.]“i":

-

_ could prove most useful Jih characteglgjng.tbe mode of o

o -
"v':_'i.’n._‘ '_n*--'-."“.""""

;.f movement in-a rock .-avalanche, Flnally,_a concerted effort’ -
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could be made to locate.and.analyse.the_basal portion -of one

~ of these rock avalariches.

( . -
K .
H

It ale\became apparent dur1ng the course of thxs 'study
' that an orderly class1fréat1on of rock slope movements,'w1th
rocksl1des and rock avalanches as end members of a contznuum
would be most useful as a basis for future studies. 1In
part1cular a standardlzed nomenclature for the
,morphologlcal features assoc1ated w1th these ‘movements would -

r

be of value.-4

Initfal Mbvement Mbchanisms - Clrcumstahtlal

.ev1dence from a number of movementsvdescrlbed here would

'-.suggest that seismic accelerations: could have played a
major role in 1n1t1at1ng the first movements of these

K slopes. Further work to 51mulate the mechanics of these
'movements,_such as’ phys1cal or analytlcal mZdelllng, would
go a long way towards quant1fy1ng the effects of earthquakes
“on rock slopes. Furthermore, better est1mates of the

- ’\ )
initial veloc1t1es of these dry, blocky.rock dehrjs masses .

could be attalned - . o . 3'5 .
Rock Avalanche Dynamics =~ - “-Hungr - (1981)" favourea the . ]
acoust1c flu1d1zatlon.process as:a- p0551b1e«explan?flon for“ noT ”;f’“ﬁ

mobility enhancement ' Analytlcal or ph351cal model-studles

to more fully explore thls concegt and thelr appllcataon to "v ~§’"~;

- -

1}seasm1cally v1brated rock: debrls masses ‘are recommended

L ii'Model- studdes of such pooriy deflned effects as lateral

'-,,-l-. ...
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<

spreadihg,schanneling'and momehtum transferswouldvaiso be of
‘value. Similarly further reearch on the potential for pore
_hpre55ure generatlon and maint:nance is suggested ‘

In terms of Koerner's (1976) model, some- 1n1t1a1 |
attempts to scale ‘the re51stance parameters {e.q. Bakkeh01, o
et al.,1981) by other var1ab1es such as volume have shown to
»be promlslng Further exploration of'thls approach to
refine the (u,D) parameter cho1ce is recommended The
determlhatlon of the proper travel path for ana1y51s and a
comparlson of dlfferent methods as done for the Frank Slide
in Chapter 5, would determ1ne whether the centre of _mass or
the entlre travel path is more approprJate for predlctlon
purposes. Finally, further work in defining the relevant
resistance parameters for rock avalanches. from dlfferent
surroundlngs might reveal common trends not 1dent1f1ed in @

' thlS research

-
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NOZZLE ROCK AVALANCHE

A1 GeneraI.
| The Nozzle rock avalanche 1s located at coordlnates.

13l°58 "W and 65°02'N within the Arctic Red Cluster of v

avalanches The fa1lure orlglnated on a .bedding plane slope

in a v- shaped valley whlch extends off an ‘unnamed trlbutary

of the Arctlc Red River. Most of the falled mass is found

lix_below tbe rupture-surface, although«rock debIIS‘IS spread

over a dlstance of 5 km down the narrow valley and 1nto the
major valley where it has fanned out in a dlstlnctlve jet or
1n0221e like fashlon (see Flgure A. 1), | o S

The - local elevatlon in the vicinity of thls avalanche'
ranges from about 800 m in the valley bottoms to 2100 m for
some nearby peaks.» Most of the terraln is gs§fly sloping on
the well vegetated valley 51des, but changes to moderately
:fisteep, exposed slopes as one moves out of the w1de valley
bottom. The regional structural style glves this area a
d1st1nct1ve topographlc pattern related to ) |
northwest ~southeast str1k1ng, moderately,dipping, carbonate
strata., |

Dralnage in the tr1butary valley is. accompllshqd by a
single stream with two main branches._ A deep channel up to
20 m in depth has been incised through the avalanche debrls
‘and the stream alluv1um. Water flow is- qu:te varlable

N A
subject tQ Seasonal varlatzons and the occa51onal 1ntense

216
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Surficial Deposits _ T o .
» I ‘Col.luvium undlfferentiated, over moraine or
. bedrock !
Ca ' Rock ovalanche debris deposits, (Cnr) rarefoction
—~  zone, (Cas) spray, spotter or thin debris
~Ct - Talus, (Ctr) protalus ramports -
F - Fluviol/Alluvial deposlt: - undlfferenuoted
Ff.. Fluvigl-fon deposits:* o S
Fp“’ " Floodploin’ deposits e
T Bedrock

: -'€sl< Sekvd. Fm -~ li.mestone, dolomite, marine .
€Dr  Rood River Fm - limestone, shale, dolomi te, (_GDrc)
- ' marine debris flow deposits

Symbols 4? , ‘ ' . ) i
_._Mzu\'\aeddmg e

> Foult (thrust fault direction urknom)

m ' Rockslide scar

[0  Boulder survey location

64°59'55" N S At -
131° 49'20" W o ‘ s Svtrot:lqrq:hic section location
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The region located south of the Grand Forks of the

Arctlc Red Rlver is underlaln by Hel1k1an to’ Devon1an age

' _‘-1 ' rocks thrust overgﬁounger Pale0201c rocks by the Neptunlst -

Fault (Altken et a : 1982) Wlthln the v1c1n1ty of the

. - -~ -
.oo_~v~4\d .- e e . w e

Nozzle avalanche fhere are tig formatlons whlch were U

orlglnally deposited in the Selwyn Ba51n to the west The

»

Sekw1 Formatlon 6€sk) whlch hosts most of the or1g1nal rock

- - [y -
€ e, - e v . e B 3

‘mass 1nvolved 1n the avalanche, is of Cambrlan age ,apd the

Road ‘River Formatlon 6€Dr) -w1th a sub unnt of mappable

debrls flows GGDch,vlsﬂof Camhrlan to Devonlan age. The

ra1n storms capable of generatlng mlnor floods and debrls SN

folonlng descrlptlon of these rock unlts End the Strbctunala

t_»s
P -

geology was obtained’ from the recent publlcatlon on the

e ~er T o

map areas by A1tken et al (1982) and“from f1eId

[y

4o J

observat1ons by the writer.

¢~'. .~ .THe* Sekwi Foxmat1on (€sk) isa mariné platform Un1t

A

comprlsed of llmestone, dolomlte, mlnor shale ‘and quart21te.

It overlles the Backbone Ranges Format1on and is . s
unconformably overlaln by the Road R1ver Format1on. No
.complete stratlgraphlc sectlon has been mi?sured although

estimates place the total thlckness near 1000 m. "~ In thlS.

Upper Ramparts R1ver (106G) and the San Sault Raplds (106H)

region’ 11mestone is more common’ than dolomzte which acqu1re5‘

‘a more distinctive orange and yellow Weather1ng colour - The
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'lameSbonenvanlas from tth to thickly”bedded"nodular ff*fi???'?7f‘.

.....
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ff_:d*jfcalclutltes, commonly argallaceous and s;lty .to skeletal

fand non-skeletal calcarenltes. Ool1te beds are common and 75'

o - . e - P ‘_'_»_h-.,n.,-rqs
1.
t

fmudcracks, rlpple marks and f0551ls were 1nfrequently noted
n,:The grey to orange “and- yellow weather1ng dolomlte 1s o
icommonly m1crocrystalllne ‘In. some areas near ‘the -~ rupture
-surface the dolomlte is black f1ne gra1ned often
,crystalllne w1th some oncolztes. Altken et al. (1982)

-report the presence of mudrocks; up to 30 m thlck 1n the

. . e
<>

i;w‘Ls;nyf:"seotlon although these were not revealed in the. short

. s v.o.@.u e o - - L3 o ® L * e . e -
= E PO . ! .

reconnalssance of—the fallure slope ‘area. 'THese grey to
brown, and occa510nally red to redd1sh brown weatherlng
e ,'3~;calcateous arglllltes contrlbute to the well bedded‘aspect

- - - . % L L

of the formatlon as observed on alr photos. Quart21te,

,w¢‘-- sandstone and chert beds are rare w1th1n thls sequehce but
. o ‘are not - unknown. .
The Road R1ver Formatlon GGDr) of m1d Cambrlan to ‘early .
Devonian age is a. th1ck dark un1t of rece551ve, shaly rocks
v+ overlain by DevonlawvcarbOnates. W1th1n thlS area a major
'port1on of the formatlon is grey, lamznated flss11e shale
The lowermost beds in the section’ ‘are llmestone,.very finely ‘ -
crystall1ne d010m1te, and conglomerate, with m1nor chert and'i
:oecasiOnal foSsils._ The conglomerate 1s a- consplcuous un1t
with coarSe rounded dolomite- tlasts set 1n a fine- gra1ned
doldmltlc matrlx. Altken et al. (1982) have 1nterpreted

AL these¢sediments, some of wh1ch are up to tens of metres

thick, as debris flows or slides. A stratigraphic section




- -z e -
2 W\”«‘}m s T s ‘.-r

: T LI
B N N

for the formatlon has not been measured 1n thzs v1c}ntty,

although hls est1mates place the total thzckness between TWT{I"”
1370 and 152a m,u.yn

oo
RN

'A;3~struétura1 Geology S
| The study area comprises a portion of a large thrust
block w1th several splays in the hanglng wall of the Plateau ;

/
Fault ThlS block becomes - increasingly broken hy splays

. ..parallel ;b the Plateau Fault, as one.moves towards the o

" .northwestern. boundary of the Mackenzie M0unta1ns '<.-
.Dlslocatlon along thrust faults has t;ten place typ1cally
through Hellklan gypsum or shale units. This structural

e e ;'Qattﬁrn is thought to be of Laramide age and is simjlar. to

h - subthrust 1mbr1cate zones 1n the southern Rocky Moufitains as-
\f o - described. by Dahlstrom (1970), Flexural slip surfaces }

| 3550c1ated with foldlng or thrustlng would also be expected

““within ‘this block of strata.‘ ' ]

No major - folds .occur- w1th1n the Plateau Sheet but some.
_flexures .and small drag folds associated W1th splays from
faults are Present. At least two folds, possibly associated ' | é
with thrust faults, were noted 1n the valley side oppos1te,rﬁ
‘the Nozzle rupture surface (see Figure A.l) They are of -
little consequence to the structure in the 1mmed1ate
vicinity of the fallure. A major fault,of unkndwn
displacement, striking in a’north—northeasterly direction
was shovn by.Aitken et al. - (1982) to 1ntersect the valley

and traverse the east side of the beddlng plane r1dge

i
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expoSed'to the west of the rupture surface.‘ Exam1nat1on of

- r - LA el

thls feature on~a1r photos and 1n-the f1e1d reveals a,

=N

..... LA
[

v

. ~~comp1ex set of small dlsplacements offsettlng the Road Rlver::

PR

~ . s
-

Fm. and Sewk1 Fm strata. I't-is. posslble that thrs fault -
could be one of the set of réauvenated older faults of
~pre-Rapitan age,mapped by_hitken'et al; (1982)
approximately 40 km to the rnortheast. Most of Qpese'older
.faults are oriented in annorthwesterly direction;

A prellmlnary survey of minor. structural features in

the map area reveals that most of the minér faults are

L3

'orlented in ‘a northWest to northeast dlrectlon and d1p

- e

steeply at 60° to 80° to the east. Mlnor fold axes trend
predomlnantly west- northwesterly to east- southeasterly and
plunge at less tHan 5°, .although a number of fold axial-
planes, p0551b1y assoc1ated with the above descrlbed
‘north-northeasterly trending fault, trend in a southerly

direction and have axes that plunge at 10° to 30°.

A.; Surficial Geoloéy

The surficial geology and glacial history of the.
northern Mackenz1e Mountalns have not been 1nvestlgated in
detail 'by the: Geologlcal Survey of Canada. Some comments on
‘the Pleistocene sediments have been made‘by’Aitken~et al.
(1982) ang Rutter et al. (1973) for map sheets to the
north, but the exact extent and date of the last glac1a1

episode in the Arctrc Red River area remain largely unknéwn.
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oodns Flgure AL the major surf1c1al depos1ts 1n the .

vrc1h1ty of the Nozzle rock avalanche are shown. The

3;follow1ng descr1pt1on of these materlals was derlved malnlyl‘
from air photo 1nterpretat10n and f1e1d obserVatlons by the
-wrlter. A descrlptlon of the rock avalanche debris is
contained in, Sectlon 2.3.5.
-Exposures of glacial tlll are relatlvely rare within
the study area Only at a few 1solated sect1ons where the
Stream has cut through the rock avalanche debris and at two
localities ip the main valley were morainal materials

observed. Most of the hlghland ‘aréas are suff1c1ently

T

covered’ by colluv1um or alluvium to mask the presence of

,tlll It is most probable, however, that only a thin cover

kel e

‘eyend

e o o Lt Bt e S Ry

of till is Present w1th1n ‘the trlbutary valley A1r photo

1Rterpretat10n would suggest that thlcker accumulations of
moralnal materials are present 1n the main valley north and
' south of the study area.

Alluv1al dep051ts (stream or fan sedlments) are most -
common in this mountalnous terraln Large alluvial fans
with 1nterm1ttent debris flow channels are present both

a

‘above and - below the rupture surface and in the "ramp" area.

'These sediments are usually coarse, moderately sorted
(cobbles and gravel wlth occas1onal sand or silt lenses.
‘\/ctlve fluvial and mass wasting processes have buried a
<§@ft10n of the rock avalanche debrls in. Elsbacher s "zone of
rarefactlon or that part of the valley below the ramp where

there appears to be very llttle avalanche debr1s.
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Similarly, there are alluv1al sedlments overlylng rock
‘;-debrls along the length of" the narrow tr1butary valley
before the main valley“1s reached | It 1s-h1ghly probable
) - that the occasional dammlng of thls stream by trees and ‘
other debris carrzed by high water dur1ng spring runoff . -
could have glven rise to the compllcated stratigraphy
_observed in the narrow confines of its channel,

The spreadlng of ‘the avalanche debris across ‘the river
valley has altered the drainage course -of the main stream
where it _enters the valley. Alluvial sedmments which
prev1ously were deposited in a w1de fan now accumulatesto

the south of the fan area. The unnamed river, in the main

valley, a-’ trlbutary of the Arctlc Red Rlver -is 'occupied by

a maze of branchlng channels bé{ween coarse gravel and

cobble bars and islands. Thls pattern is

uncharacterlstlcally broken only where the avalanche debris

i)

"has blocked the r1ver.- Finer gralned sediments, Possibly
1ncorporated into the debris, partlally cover the coarser
rock debris at the dlstal end of the fan Depre551ons in
this area have had sufficient peat accumulation to maintain

an elevated water level, giving the area a boggy aspect.

Most of the sloping terrain in the map area is covered

R Y T ST RN RSP %

by a thick accumulat1on of colluvium consisting of
cryoturbated 501l.and weathered rock. Such features as
patterned-ground sgone stripes, solifluction lobes, and
felsenmeere are characteristic of this high alp1ne

permafrost env1ronment Active talus cones are present
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\\4_,<alcng the north fac1ng slopes of the rldge opp051te the e
Ty rupture surface. Str:klng examples of protalus Jamparts

S \ .
ekist ati.the base of the talus slopes within the dlStlnCt

c1rque-feature shown in the lower part of the map
(Flgure A, 1),

v No attempt was made to unravel the glacias chronology
in this area, although it is reasonable to‘suggest, based on
prev1ous work (Hughes 1972), "that thlS area has probably

: experlenced several eplsodes of glac1al activity. Abundant;

ev1dence, such as the c1rques the nearby steep arete-like

ridges ‘and the presence of till confirm this but other more

support1ng strat1graph1c observatlons glac1er tr1m11nes or’
datable material were not observed nor obtainable during

- field investigations. W1thout more detailed mapping and
comparison w1th 51m1lar terralns the accurate determ1nat1on
of the condltlons prlor to the rock avalanche are not likely
to be conv1n01ng1y resolved It is deemed unl1kely,
however that the avalanche could have 1n1t1ally occurred
onto a glac1er simply because of the incompatability of.this

. postulate with the‘observed stratigraphic relationships and
the lack of certain features which would be expected for

such condltlons (e.g. keéttle-like depre551ons in the debrls

or the m1x1ng of avalanche debris and glac1al sediments).




‘ ’A;SADetaohmeht Zone.
| " The rock mass involved in the'tailure was a'wedge
shaped.block, somewhat th1cker 1n the west whlch moved down
a composite beddlng plane surface with an approx1mate
average dip of 27°. The inclination of this rupture surfaéz
appears to lessen by a féw degrees near the base of the
slope wh1ch lies in a dlStlnCt trough Separating it- from the
‘main accumulation of the debrls._ ThlS thick pile of debris
has a particularly- congruent. aspect espec1ally ‘the v1c1g1ty
1mmed1ately adjacent to the rupture. surface,‘large blocks of'
vstrata%w1th attztudes only sl1ghtly rotated from thelr
or1glnal p051tfon in the pre falled slope face the trough

¢
area. Most of the debrls has remained in this large plle up

feature, and the more mobile portion of ﬁhg/gyél;;;;;“
changed directions by 90° .and streamed some 5 kp down the
narrow valley (see long1tud1nal proflle, Flgure A, 2).
Beddlng in the rupture surface is only exposed in ‘a few
localities where streams have 1nc1sed gullies through -a
mantle of weathered rock and colluvium. To the west of this
dip surface is.a vertlcal cliff of close to 200 m he1ght
whlch forms the flank of ‘the original rock mass (see Fiqure
A.4a). A large accumulatlon of talus obscures the bottom |
portion of thls wall Carbonate rocks of ‘both the Sekwi ang
Road River Formatlons ate exposed 1n this afea (Alken et
al. 1982) but it was: \not p0551ble to 1ocate either the
surface of the unconformlty or the rupture surface in th1s

‘4
‘v1C1n1ty durlng f1eld investigations because of poor or

@ -

N
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MoStlof the'ruthre surface 1s reiat&véé?lfree of great}

:accumulations~of debrqs except for a small area ‘halfway down L
the surface below the crown oﬁ the sllde. Seepage was noted

.0.‘
v

on the surface in a number of loca11t1es.¢ However, it was

not’ p0551ble to ascertaln whether this was a temporary

. \

) phenomenon aSSOCIated w1th recent ra1nfall or if" 1t was -of a

- A

more.: permanent nature.

FE

To the east of the rupturg surface is a steep~r1dge

K

wh1ch drops steeply to the valley below. Orange »
.weatherlng rocks of: the Sekw1 bematlon w1th'an almost
cavernous appearance, p0551b1y pue to karst and or .. 1ntenSe

Vdeformatlon assoc1ated wlth a nearby fault, g1ve thls area a-

"-rather unstable looklng appearance.

Ezsbacher (1979) estlmated the volume of the rock massl
1nvolved as’ 50 x 10°¢ m"- but a reconstructlon of the.yb‘
_ or1g1nal geometry, based on. 1; 50 000 scale topograph1c maps,
places the volume at)approxlmateiykﬂs x 10¢ m?, ; A rough
estimate of the volume of debr1s, from a number of thxckness
~est1mates is 79 X 10¢ m’ (+15%) ‘ Both these est1mates must
| be viewed as speculatlve g1ven the number of uncertalntles \-
_1n the 1nit1al geometry and the degree of mater1a1

L 4
ent ra 1nment

~

Flgure A. 3 1s an equal area- pro;ectlon of the 301nt
‘7ffabr1c from the base of the steep cl1ff area adaacent to the

irupture surface. Since the fabrlc appeared unlform no

‘]attempt was made to def1ne separate structural domaans.
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Figure A.3 Equal afea"ptoje;fipn}of'jbiht‘fab:icnnear Nozzle
‘ - rupture surface. - Freguency’contqu;s in percent-
L R  per 1% area. o '
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_ ~Whi"-l’ef’the number of measurements shown on‘this contoured

plot is sllghtly less’ ‘than the number of alt1tudes deemed
necessary for . stat1st1cal purposes (Stauffer '1966) the plot

is useful for d1sp1ay1ng the general jo1nt pattern. A mean

“~bedd1ng or1ehtat1on as determlned for 1¢ measurements from

this area is also shown. Note that the mean dip of ‘the -

: bedding in this area is 22°, some 5° less than the att1tude

of the rupture surface to the east. This is probably‘a

-8

reflection of a hange in the beddlng attltudes at depth

within the 51de of the mountain,

P

There are two well defined joint sets shown on the

- diagram, A more domlnant set 'is very steeply dipping

(80°l90 °) and or1ented almost due north parallel to the

steep cliff, The second, less consplcuous set str1kes to
the west and dlps steeply to the north The two sets are-
approx1mately perpendlcular .to. each other and the beddlng.
A small cluster of poles to jo1nts lles very close to the

pole to the mean bedding . plane.t Th1s could represent a

"group of joints or1ented parallel o& subparallel to the
, beddlng wvhich were -opened with dlsplacements associated w1th
. the ma1n fallure. Other varlatlons from the ~mean trends

'mlght represent the influences of nearby folds and faulted

.4

The jOlnt spac1ng w1th1n the area surveyed for the

fabrlc study was found to vary over certaln sect1ons.'

) Wlthln the more competent dolomlte, the spac1ng var1ed from

0.2 m_to 0.5 m'on average, but there were 1ocal areas with'

- . L | \‘I
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,more]intense (0.05 m to O 3Mm)‘spaCing ; Somefof the more f
argzllaceous dolomlte -and limestone had a flaggy aspect w1th
bedd1ng plane part1ngs at 2 to 5 cm 1ntervals. _The
observatlons made 1n this area do not necessarlly represent
the true in- s1tu fracture densxty, h0wever A secondary set
of d15cont1nu1t1es assoc1ated w1th the large dlsplacements

-which occurred during the main failure have superposed a

" bias on fhe sample of measurements.
'A.6 Rock Debris Description

Ramp Ar'ea S | L |
B As shown -in F1gure A. 1 a large portion of the 1n1t1al

rock mass has come to rest in the area aboveAthe "ramp" v
feature descrlbed by Elsbacher (1979) This accumulation of
semi- congruent debrls,\wh1ch varies in estlmated th1ckness
from 75 m to 125 m, conta1ns close to two-thirds of the
total volume of rock 1nvolved 1n the avalanche.l The surface
of this feature 1s qulte undulatory w1th a shallow grass
" covered depress1on in - the centre surrounded by 1solated
hllls malnly composed of large boulders. The thlckest part
of the accumulat1on is in the northwest corner whene the
bedd1ng plane surface has deflected a greater portlon of thej
rock mass. A shallow lake and a thlck accumulatlon of

alluv1um has been trapped in front of .a steep 25° slope'on

the west side of the debrls p11e. On'the opposite:side of -

the debrls_p1le,-the surface slopes gradually to the east
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o v .
and then drops abruptly on a 30° slope before levelling out’
~in the valley on about a 15° slope The. total elevatlon
loss from the top of the debr1s pile to the flat alluv1um_“,"
below is sllghtly over 300 m, 4 |
’ A shallow gully, draining the trough area'north of'the
ﬁdebrls pile, cuts along the east edge of the. slope expos1ng
:bedrock Elsbacher (1979) has suggested that the arcuate -
‘shaped scarp at. the front of the ramp may have resulged from
a .slope faalure subsequent to the main fallure, wh1ch ‘
7catapulted dehrls in” a second phase down the length of the -
valley There was no fleld ev1dence to substantlate thls

style of movement.:

h Rarefaction Zone |

| ‘At the base of this slope the debris was'constricted‘by
the valley sides. Only-asfey large isolated, partially |
buried boulders are present in this v1c1n1ty, active mass
'wastlng from the steep north slope. has covered’ some portlon‘_
.of the. avalanche debrls w1th alluvium and rock fall (see
Flgure A. 4b) X For a distance of about 1 km from the base of
‘the "ramp" to the f1rst deep accumulatlon of debr1s there - 1s
-an area wh1ch appears almost devold of debr1s Elsbacher'.‘
(1979) termed thlS area a zone of rarefactlon ’ presumably
denotlng_an apparent change 1n travel character or velocity.
While 1t 1s 11kely that some portlon of the debrls has been
bur1ed 1n this area it is, nonetheless, a dlstlnct reglon

w:th cons1derab1y less, debrls than ' portlons of - the avalanche,
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Figure A.4 (a) Rupture surface at Nozzle
‘ 27° (b) Nozzle "ramp” and
I Nozzle fan area.

\'\\\ | - | (

» dipping at about
"rarefaction" zones (c)
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‘above or below this point.

, Spnay Area
birectly south ofvthis'"rarefaotion zone"'is another
feature with possibly an analogous origin. A w1de swath of
debris 1nc1ud1ng boulders with volumes up to 1500 m’ 1lie
perched at heights up to 100m above the Valley bottom along
,lthe flanks of the north facing slope for a dlstance of about
950 m. Thls "spray" feature has also been reported at the
Damocles slide (Eisbacher, 1979) and similar features,
referred to as."splash" or spatter"'areas, have been noted
-elsewhere, e.g., Frank slide (Hungr, 19811 Because of the
isolated position of many of these boulders and the scarc1ty
of f1ner debris below thelr locatzon it is more l1kely that
they have acqu1red thezr position as high veloc1ty
projectiles rather than as part of a wlder spray ~like
phenomenon~ Th1s d15t1nct1on is.rather arb1trary since such
a " spray would undoubtedly be comprlsed of a ‘group of

progectlles and a f1ner groundmass,

Th1s hypothesis ;s further explored in sect1on 4.3 (see

also Flgures 4.3 to 4 6)

-

-
1 . . .
[ .

Stream Val I'ey'j: : .
To the east of the zone of rarefactlon and just below

the p01nt where\an alluv;al fan*enters the valley from ‘the

north is a wave- llke accumulat1on of rubble. The thlcker

'portlon of the debrls has p1led up on the north side of the :

a
« "
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valley to a max1mum th1ckness estlmated from cross- sectxons

v

at" nearly 30 m, A m1n1mum height of debris measured in this

area where the creek cuts through the "wave" vas 16 m.

‘D1rectly southeast of this p051t10n the surface of the

debris tapers off rapadly.. Most of the debr1s accumulation

has taken place on the. north side of the stream. e

Numerous large boulders with volumes greater than
3,000 m® are found scattered throughout a scarcely vegetated
cover of rubble.. Some of these boulders are consplcuously

-

grouped in close prox1m1ty to each other suggesting they may

“have acqu1red this pos1t1on a5 part of a much larger block

which dls1ntegrated upon 1mpact “Another 1nterest1ng

feature noted at two locations below the “wave._is a

peculiar shadow effect on the lee side of some large

boulders; an arc of fragmented rubble of meter size rocks

' has accumulated 1mmed1ately down valley of these boulders.

Between the area below the "wave" and the sta f the

fan where the main valley is galned debris has been

'channeled through a relatlvely conf1ned valley.. In some o

places stream cut exposures of the avalanche debr1s are
covered Wlth alluv1al sedlments.' Th1ckness measurements ‘are -
further compllcated by uncerta1nt1es in 1dent1fy1ng the

contact between avalanche debrls and the underlylng sedlment

'and/or till. W1den1ng and narrowmg. of the debrls be‘low the

wave gﬁves the impression of a pulsatlng flow of materlals

' down the narrow channel



“have been a thick accumula}1gp‘a_
';”slopes. This area poss;bly reprﬁ%e@}s a zone of dusts

_accumulatlon as has been reported elsewhere for rock

‘or. the Elm rock avalanche (Heim, 1932). "

235
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Anotherurevealing observation, most notlceable on a}r
vphotographs, is the presence of a llghter toned marg1n some
100 to 250 m wide lylng ma1nly to the south of the stream
and extend1ng rlght from the "spray" area to the: apex of the
fan. On _the ground surﬁhce this region is conspicnously.

less proffflc in veéEtétion. While there are a few

scattered half- ~buried boulderscw1th mean dlmen51ons less

:L_,,, -

A

pbble coverlng these e
.“.- . 1@ et '.‘.

> e r

avalanches,.e.g.,'Lyell Glacier slide, (Gordon eq,al;, 1978)

%4

Fan Area K

Upon entering the main valley the debris stream has
spread out in a fan shaped form with distinct reglons
separatable on the ba51s of morphology (see F1gure A. 4c)
Close to the apex of the fan is an area w1th two circular
shaped accumulatlons of dgbris resembllng bevelled cones.
Most of the debris streamed towards the .centre of the fan
roughly produc1ng a succession of ane like rPdges of 8 to
15 m helght separated by shallow troughs or flat areas, now
occupied by sma11~ponds or bogs These transverse r1dges

become less promlnent to the south of the centre l1ne

e

'through the fan and are truncated by-a wide rldge or1ented

in an east-west d1rectlon that extends a fair distance

o
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- diameter, height 2- 4Hm)‘wh1ch are arranged ‘in an en echelon -
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towards the river. Vlewed from the air the transverse

rldges faintly def1ne an open fold on the surface of the

‘debrls with an ax1a1 plane oriented parallel to the

longltudlnal rldge.

“ﬁorth of{the folo is another more pronounced
1ongitudinal ridge but of shorter.length . From this
p051tion t*e debr1s surface tapers gradually at less than. 5°
to the lateral margin of the fan. This region is

occasionally punctuated by 1solated boulders and very

fa1nt1y def1ned wide conical mounds (less than 10 m

fashion. - A lightly vegetated margin similar to that
observed'south of the stream valley, extends for some 100 m
or more beyond the north edge of the bouldery rock debrls.
Towards” the centre of the fan, beyond the wave llke
ridges, the surface of the debrzs tapers towards the
w%%lands which 0ccupy a large reglon r1gﬂk up to‘the.river’

bank's edge. This area of stunted- spruce trees and shallow

wet depressions has the occasional partially buried boulder

.on its surface.‘ A very irregular contact of a dlgltate

outline separates this area from the rock debr1s proper to
the west. | ;‘

The southern part of the fah is in abrupt contact w1th
the alluvial sediments which have been dep051ted over and
adjacent to the debr1s. ThlS contact is marked by a

d1st1nct rim of nearly 5 m height that. tapers to become

indistinguishable towards the south-east. The better soil



east r:ght up to the rlver edge.
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and abundant water have given this area a more prolific tree

growth. Only ‘a couple of conlcal shaped mounds of less than

10 m diameter and 3 m helght vere noted along the border of

the rim. A great abundance of large boulders and smaller

rubble are found 1mmed1ate1y north of the rim and to the

Distal "Spatter" Zone .

The d1stal edge of the debris could not be accurately
outllned from air photos nor f1eld observatlons.v While it
appears that most of the debrls term1nates at the river

3

edge, there vere a number of 1solated boulders, some "

‘partially buried, which could be seen on the oppos1te 51de

of the river valley. 1It mlght be poss1ble that some of
these havevoriginated as rock falls from the adjacent -
mountain, but most probably they are part of the distal

portion of the avalanche which may have travelled beyond the

- rock debris proper on or within a layer of saturated

alluv1um. The degree to whlch the avalanche "spatter may
) .

have risen on the opp051te slope could not be determlned

but it is likely that a large volume of materlal was not

involved since a fall-back  ridge is not v1s1b1e at the base

2f the slope.

Stratigraphic Sect ion
Manygexcellent sections throughout the debris are

exposed where the river has downcut its channel. 1t was not
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_possible, 1n exam1nat1on of the r1Ver“banks on the west s1de

I

of the r1ver to detect a contact, b{er dlstlnct orw'“'

, . P

gradational, between the avalanche debrls and the presumed

PPN

underlylng river alluv1um. There was one exposure near the

extreme southern tip of the fan on the oppos1te side of the

river, which upon 1nspectaon by binoculars, appeared to show

" a caontact between different materlals, but this could not be

conflrmed

Flgure A.5a is a typical exposure of the debris along

the river edge The light coloured, near vertical face is

.covered w1th a fine coatlng of silty sand wbich washes down

from the top of the exposure. Figure A.6 is a degglled

stratlgraphlc section from a nearby locatlon (see map,

Figure A.1) showlng the var1at1ons in texture through this

8.5 m exposure., . :
The lower portion of the section is 1,5 m of coarse,
river alluvium which is overlain by 1.5 m of colluyium
composed of malnly silty slope wash."Tbe neit”3 m exposure
of the section is mainly'silty; sandy, grey and brown - ‘gravel
with the occasional rusty brown sand lense, Only a faint
stratffication, not traceable for more than a meter could
be discerned. _
At the top of this. part of the section a pattern of
1 to 2 mm diameter bubbles can be seen in a loose, .clayey,

silty, sandy gravel: (see ‘Figure A, 5b) Bubbles are

occasionally noted in alluv1a1 deposits and may have one of

" several origins: 1ntergranular open1ngs between gra1ns held

s



239

g

Figure A.5 (a) Exposed section throu

gh debris along ri er(b)
Bubbles within sandy deb

ris from above seckion.
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i 1n place by dry clay, bubble cav1t1es formed by a1r'1

o sectlon. L ?1' R ‘;},?, I R,

- grey brown, clayey to gravelly Sand w1th a more open

" 1nc11ned marker above the sand 3;7“\']

"q_ debrzs 1s often reported for rock avalanche depos1ts,_e g

gfﬁthe Frank sl1de (Hungr, 1981) | However, the feature 1s not

;'grad1ng 1s notxprevalent throughout the debr1s, and 15 only

¥

) entrapment at the tzme of depos1t10n' 1nterlam1nar open1ngs _:

!

* 1n th1n lamlnated sedzments, burled but unflﬁled mud cracks,"'
Fror v01ds left by the decay of entrapped vsgetat1on (Bull
11964) It is. poss;ble that these bubble r1ch sedlments

”represent the basal part of the debrls stream where a hlgh

proportlon of r1Ver alluv1um and or slope colluv1um had been

;entralned - Th1s a;r may have been.trapped‘ln bubbles durlng-
'hthe rap1d movement of the debr1s over the saturated r1ver
;;p *alluv1um. Clay balls, also characterlst1c to‘alluv1a1 fan

7sed1ments, were s1m1larly observed in thls part of the

~

-

A

. <r ‘ ‘ Y :
Overlylng th1s materlal is e 5 m of yellow brown to

'.;-

structure and the occass1ona1 511ty pod A dark black band |

of dense, shaly 511t forms a d15t1nct yet untraceable

-

.« The. next 4°m of the sectaon is’ compr1sed of sandy to
cobbly, subangular boulders Whlch become progress1vely
P

larger in. dlameter hlgher 1n the sectlon.y Slmllarly the

’ matrlx dom1nated structure becomes an open, loose framework

at the top of the sect1on.‘ Th1s 1nverse grad1ng of the

\

’f.neceSSar1ly ub1qu1toﬁs. An exam1nat1on of the exposed

“1;fportxons of the east raver bank revealed that 1nverse [:

©oen

- ,'\;“,5; F'jﬂ‘ Y 0

!'.)
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Soil Horizon - - A ] v
‘§ilty, sondy, cobbly BOULDERS loose franework spheroz.dol

" weathering-blocks, brown unsorted fines, ongullzr to subongulor
cobbles ’ boulders ‘

Fey . -
. e

.

Grovelly, . cobbly, silty BCl.ILDERS subrounded, brown to grey, unsorted
fines N : . S

T Cloyey, silty, SAM), cloy bolls, block silty bond ) subrounded clasts

S.i.lty, grovelly SAND, yellour to Emy brown, non-plastic fines, unsorted, N
open structures, silt lenses, ‘subangular closts ] . .

o

Cloyey, silty, sondy GRAVEL grey brown, loos"e,jbubbles, poor compaction
loose structure ‘ _ . ' . o
SR . S~ :

' S.llty, sondy GRAVEL brnwn to grey, oxidized, subongulor

Silty clayey. SAN) “some’ fines, rusty brown, ochre stoined L
Silty, sordy GZAVEL, 11#\1 grey, subongular v »"l"f

" Silty, scndy GRAVEL,, bro\m grey, cemented cloybolls, noﬁlplosfic ftoes
. subamgulur ‘ el :

+

N Colluviun - slope wosh silty, clayey smd ond grovel v -
. ~ unsorted, subongulo v :

Alluvium - bouldery, cobbly G'\‘AVEL,"'-"roonde_d fo sobrounded, _pnsoried

Flgure A 6. Strat graphlc sect:on exposed at, undencut bank ‘on
r1ver. '

. o L :
e . . . EE 4

'
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;restridted;to certainhareaSt - ‘;.. “h . _‘ ,;-
. Detalled textural and l1thologec analyses were not
1performed on samples from the debrls. Hand lens exam1nat1on
”would suggest that most of the clasts in the debrls are-
:Jfangular to- subangular 'and only rarely subrounded -
Str;ated)_rounded clasts were not observed Dolom1te,
1,llmestone, and rarely quart21te are. the dom1nant llthologles
: present A small sample of clast or1entat1ons d1d not show v
;a preferred fabric, - but a: larger sample mlght reveal a more'“
characterlstlc trend Add1tlona1 studles of the above

: nature are recommended

. Debris Texture, Sonting and Fabnlc )
b From the few cross- sectlons through the debr1s exposed
along the stream chhnnel 1nverse gradlng was only falntly |
developed 1f at all | Nevertheless a casual examlnatlon of
the surface of the debrls in thls area or across the fan
would -give. one the 1mpre551on of a much coarser boulderw
"dep081t with l1ttle or no f1nes._ Such is not the case,:as
was shown in the exposures through the stream channel

| To ascerta1n ,the range of boulder s1zes whlch are
present on the debr1s surface a sample area of 7678 m? near
‘ where the avalanche entered the ma1n valley vas examlned
v(see locatlon on Flgure A 1) Boulders w1th a mean . dlameter
.greater than 1 m were measured w1th1n th1s area, Flgure A.7
is a plot of percent are coverage agalnst the mean dlameter <
for the;3861measurements The pErcentage of area covered by g

/

fc
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A"Vfﬁf'_igulre A. 7. Plot of . percent by area versus mean boulder
‘ -diameter in a. sample area of 7678 mz -
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PERCENT BY VOLUME
3

o D 3 k- 5 ‘ Ty . O ——
: ' .ME_A_\N::V.-‘DI_AM‘E'*'E.R' ), o
- 'Flgure A. 8 Plot of percent by volume versus the mean boulder
, diameter 1n a sample area’ of 7678 m?,

-
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eéach clast 51ze was determlned by assumlng that the area for
each boulder was equal to the square of 1ts -mean dlameter.
D15crepanc1es between the plan. area and the area of boulders
actually measured due to the undulatory nature of the |
"surface and preferent1al boulder or1entat10ns were deemed to
, be 1n51gn1f1cant for the level of accuracy sought 1n this
eXerc1se. The percent surface area 1s ‘expressed as a
portion. of the: total area surveyed The two 51ze‘fractlons
less than 1.0 m were v1sually estlmated as - percentages of
‘the total area coverage. |
Flgure A.7 shows 1n-a general fash1on the relatlvely
.small area actually coveréﬁ by the large boulder sizes, The .
- pronounced negatlve skew is 1nd1cat1ve of the much greater
surface area coverage by the size fractlons w1th mean. ;
"dlameters less.than 1 m. The best v1sual estlmate of the
pencentage of v01d area on the surface was 29%,
To further 1nvestlgate the boulder size dlstrlbutlon
the "area- by number method descrlbed by Kellerhals and
. Bray (1971) and later used by Hungr (1981), was applied to
estlmate the percentage by volume of each size fractlon
This techn1que w1ll y1eld results con51stent w1th other
methods such as c@nventlonal 51eve analysls for percentage
by welght (Hungr 1981). The method is 51m11ar to the
procedure used for the. percentage -by- area approach de8cr1bed‘
. -~ above; size categories are deflned and a count of all
partlcles of each category on the surface of the sample,area

is made. - This percentage 1s_then converted 1nto |
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percentage by volume when multlplled by the geometrlc mean
- 51ze of the partlcular category | |
. AS. seen in Flgure A.6 the percent by volume hlstogram
shows a much d1fferent distribution than the percent by- area
approach There is not a. marked concentratlon of boulders
within any one partlcular 51ze fractlon and the dlstrlbutlonfq
is qU1te even over the range of mean boulder dia terst”
BecaUSe of the d1ameter cubed relatlonshlp the
percent by- volume method favours the larger size fractlons,
i. e., the h1ghest percentage by- voldﬂe size fractlon was the
10 m to 1 m size which was ‘for one bdulder.
- This initial 1nqu1ry 1nto the boulder size dlSttlbUtlon ;
.’has only dealt W1th the surface of the-aValanche deb in
one small study area. The actual S1ze d1str1butlon :5 depth
wlth1n the debris and its. spatlal varlatlon are undoubtedly N
quite d1fferent The‘technlque doesg merlt further |
application, partlcularly as applled to the Sspatial 81ze

dlstrlbutlon of the surface debrls-

Fleld and air photo studles have not reVealed a

o A
systematlc pattern of var1atxon 1n boulder size throughout

the length of the depos:t-‘some of the largest boulders “"'

greater than 3000 m?, “are’ scattered-" _ng‘the travel path in

the valley and r1ght to the end of the ﬁane‘ Curlously, one >
+of the large boulders Wlth a volume ;n excess of 5000 m? is |
located right at the dlstal end of the north edge of the
fan, well beyond the rock debris prOper.v Typlcally such

1arge boulders are cubic in shape dlsplay a well deveIOped
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fracture network, and in a few cases have broken 1nto two or-

more separate blocks. Grooves, scratches or, other 51gns of

-

‘abra51on are not present but may have been obscured by

) ‘n ' ’ .

McSaveney (1978) has documented .an 1nterest1ngrclast

rfabrlc in the: debr1s at the Sherman Glac1er rock avalanche?

long axes generally parallel flow d1rectlon and

occa51onally transvarse fabric modes are present An \

attempt to measure other *long axes of boulders on the Nozzle

debris surface proved less successful [ A- small sample of 28

‘boulder attltudes near the ramp area was measured and’

,plotted on ah equal area stereonet but no common

orlentatlon wds observed. Thls does not prec¢lude the

, p0551b111ty that a 51gn1f1cant orlentatlon of boulders could

‘:'be present w1th1n a d1fferent part of the debrls.

In summa:y, a.number of morpholog1ca1 aeatures have

been descrzbed for the Nozzle rock avalanche. Many facets

of the debris structure and the1r explanat1on remaln

-unmentloned however Further work is recommended 1n more

,accurately deflnlng the debrls fabr1c and size d1str1butlon

as they relate to the mode of movement.



' APPENDIX B. .

ROCKSLIDE pxsspnocx-AVALAncnz

B;1 Generall N

| The Rocksllde Pass rock avalanche is located on a
'trlbutary of the Natla River in the central Backbone Ranges
of the Mackenz1e Mounta1ns at’ geographlcal coordlnates
‘127 45 W and 63 20" N. ThlS area is part of the Redstone ;.
Plateau whlch is characterlzed by flat to sl1ghtly d1pp1ng

strata and wide, U shaped, glac1ated valleys Some
mountalns w1th1n this reglon rise to 2380 m. " The main
~valley in the study area 1s at an- elevat1on of nearly '
1300 m. The Rocksl1de Pass avalanche 1s very close to the
dralnage d1v1de separatlng the Natla and North Redstone
Rivers.

: Th1s 11tt1e known rock avalanche involved an estlmated
volume of 370 X 10‘ m’, maklng it probably the largest |
single event landsllde of‘ﬁ%g type within the Canadlan |
Cordlllera.. ‘As shown in Figure B. 1, an entire mounta1n51de
bounded by two well-defined, almost perpendf

' surfaces, has collapsed and d151ntegrated €

-the rock mass rests at the base of the rupture surface, but

a 51gn1f1cant portlon has travelled over 3 km beyond the B

A edge of the ramp feature towards the south
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"B.2 Stratigraphy ' _

The area under.Study'lies on the eastern side of the
:Redstone Plateau which is underlain by a relatively flat to
.gently dipping platform of Hel1k1an through Devonian age
strata. Within the immediate area near the Rocksllde Pass'
avalanche Gabrielese et al. (1973) have distinguished three
separate formations of Cambr1an through Silurian age: the
Rockslide ‘Pass Formation . €r), the ‘Broken Skull Formatlon
(€Ohs), whlch ‘has been subd1v1ded into several members ~and °
the Whittaker Format1on (0Sw). The entirety of the. orlg1nal
failure took place w1th1n the Cambrlan to Ordov1c1an age -

Broken Skull Formatlon. The follow:ng description of the‘ X

' stratigraphy has been obtained from f1eld work conduc¢ted by
the writer and a more detailed stratigraphic sectlon '
measured by Gabrielse ‘et al. (1973) on the same rldge some

v

2.5 km to the east.

Accord1ng to the measured sect1on by Gabrielse et
al.(1973) the entlrety of the greater than 600 m thickness )
&g strata exposed in the ma1n c11ff face at the back of the_
rupture surface belongs to. the upper ‘member of the Broken
 Skull Formatlon. In the adJacent measured section about
150 m of s11very grey weatherlng sandstongs and sandy
dolomites of the lower member ate’ dlstlnctiy separated from
the upper member . The basal part of this member 1si
comprised of a 100 to 150 m sequence of erange;buff
weathering dolomitesr‘ This distinctive strata is readiiy

'e;apparent”in the lower portion of the exposed cliff and .

]
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throughout the distal port1on of the avalanche debris.
Overlylng thlS unit is a seguence of carbonate strata, which
are considered to be correlative with the upper Broken Skull
Format1on in the region. This part of the formatlon is not
d15t1ngu1shed from the younger Ordov1c1an Sunblood Formatlon
because the basal beds of the latter, whrch are usually most
vdlst;nctlve<elsewhere -have not been seen within this area
(Gabrielse et al., 1973) ‘ ,
| More than 400 m of the upper member of the Broken Skpil
Formation, probably 1ncludlng some of " the Sunblood |
Formation, have been descrlbed 1n detall by Gabrlelse et al.
(1973, Part I1, p. 32). The base of this member con51sts of .
v ; medium to thinly bedded, dark‘grey to pale purple, orange
: weathering, fine grained dolomlte occasionally lamlnated
with 51lty, brown weatherlng dolomite. H1gher w1th1n the
section the strata are predominantly medlum to thickly
bedded, grey, crystalline llmestone 1nterbedded with silty
to sandy, orange weatherlng dolomite ~which thins upwards.
Sandy lenses Oolltlc 11mestone congIOmerate, mudcracks,
”51lty lamlnae and bioclastic llmestone are occasionally
found w1th1n this sequence. ‘The strata exposed on the upper
portion” of the cliff have not been. deesrlbed in any measured“

section, although visual inspection suggests that 1t 'is

comprlsed of similarly alternatlng llmestone and dolomite, -
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B.3 Stfuctural Geology
o The Rockslide Pass avalanche is located on the west
side of the Redstone Plateau, a gently d1pp1ng homocllne.
Fault1ng agpears to be of little 1mportance within th1s
.1mmed1ate area, although a number of m1nor faults,
apparently w1th vertlcal dlsplacement have beenzmaéped in
.the vicinity. 'a couple of north-northwesterly trendlng
faults are found some 24 km south of the avalanche on the
North Redstone Rlver The closest fault or;ented in an
east-vest direction, displaces .Broken Skull (€0Obs?) ang
Whittaker (OSw) Formation strata on the rldge located west

of the distal tip of the avalanché debr1s Folded strata

WEre not observed within the map area.

: 844‘Surficia1-Geology

The surficial geology in the v1c1n1ty of the’%ocksllde‘

Pass rock avalanche has not been mapped to date as part of a
reglonal scale 1nvestlgat1on Pert1nent comments on. the
glacial histdry of the reg1on east. and south of ROCkSllde
Pass may be found in Gabrielse et al. (1973) The major
surficial geology units observed within the area are shown

on the accompany1ng general- map (Fkgure B.1). A more

deta1led descrlptlon of the landslide debrls is containega 1n.

!

" Section 2.4, 5.

Till , presumably derived in more than one glacial -
eplsode can be seen w1th1n the area surroundlng the

-Rocksllde Pass avalanche.' Two or p0551bly three glac1a1

.
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tr1ml1nes were observed along the east 51de of the rldge
opposite the ma1n fallure.' Examlnatlon of the lowest of
these trlmllnes revealed a grey, 51lty, gravel till, qulte
distinct from the typical brown, . -grey d1am1cton of angular
to subangular clasts found within the gorge area where the
stream has cut through the debrls. Moraingd ridges were
’also observed at the front of the three c1rque basins .
opposite the rupture surface and along the flanks of - the'
valley north ~east of the avalanche.' These fea;bres have a
rather subdued morphology, and are occa51onally COVered by
;talus from adjacent steep slopes. At no locatlon was
moralne mater1al observed to. cverlle or become mixed with
the avalanche debr1s. Immedlately south of the rupture
surface 1s a wide valley lead1ng to Rockslide Pass where
"glacial till.has been dep051ted creatlng a relat1vely flat
topography with gently sloping h1lls, and w1de_alluvial
deposits. ' } yz | | |

These alluvial sediments are typically coars: gravel
"and cobbles, which were probably dep081ted as part of a w1de
outwash plain- 1mmed1ately follow1ng the last glac1al
act1v1ty 1n thzs area. W1th1n the avalanche debr1s_1s a

w1de "voig" area occup1ed by a succ sion of finer‘alluvial

sediments, Exposures along nks of the present stream

reveal a stratxgraphy of layeredrsand, silt and clay, .
occasionally burying angular boulders. Beneath the steep
gorge cut by the stream through the ‘debris is an area of

abandoned channels and narrow r1dges (less than 2 m helght)



;,wh1ch are suggest1ve of there once hav;ng been a very

rap1dly flow1ng rIVer below the gorge.,aThese features are f"fl

;'ﬂ:ﬁ}f cut through coarse alluvxal sed1ments, whlch overlle and arenf“

the present water course. tThe aboVe eV1dence suggests that'“”'

| a large la‘e was once partlally 1mpounded by the avalanche

ﬁebrls and only after a: perlod long enough to accumulate

suff1c1ent sed1ment d1d the water manage to down cut a

1 ?

' channel through the debrls and underlylng moralne.é;a

3 o

To the north above the ﬁaln debris’ accumulatlon, a
51m1lar 1mpoundment of dralnage has reSulted 1n the creatlon

voof ‘a’ small lake w1th a comparable th1ckness of f1ne alluv1a1

IR A -

<;$ed1ments. AN am321ng vortex llke funnel denotes thev\."'“'

o

obeping‘of the ma1n underground channel through Whlch a;»fv

’ ,portlonfof the lake water dra;ns to below the"ramp .f The ;
,'_ ‘ ‘ _"" .'. | )
frecently publ1shed 1 50 000 AT

'.(95M/5) labels the area 1n fro t of the rupture surface

map sheet for thls re§?°n“ffa

a

.'7h55ad3acent to th1s feature as & "51nkhole presumably u1:§ k3
“%:,Cxplanatlon of the d1sappeasahce of the dralnage course S
'T:f'w1th1n the debrls. el L ; | o B
o Colluvzum mostlyxtalus,vls found along most of the

. steep sloplng terraln on the 51des of the. valley. ,Act1ve _AJ
fttalus cones,‘occasaonally covered w1th debr1s flow .
/

'”nglsed1mEnts, mark the 11m1t of the de r1s along 1ts western ;f'

gi mixed w1th the avalanche debrxs, and are s1tuated well above?:V s



3w1th1n the map area.

W

Surf1c1al permafrost features such as mud b01ls,‘

’patterned ground and rarely sollfluct1on lobes -were . noted

3

Undoubtedly thls area has undergone more- than ope

_‘ﬂ5glac1at10n as ev1denced by the pos1t10n of varlous moralne
’ 'features and the sculptured nature of the c1rque bas1ns andv

4”7‘aretes above the valley. Permanent 1ce 1s st1ll present

& ’

- vw1th1n a number of 1solated c1rques south of the detachment"

'farea and tlll to the northeast 1s remarkably fresh looklng.‘”

e

"However, w1thout a more reglonal scale of 1nvestlgat10n and
'f‘a chronologlc 1nqu1ry 1nto the age of these features, the

7part1culars of the most recent glac1atlon and ‘the effects .

plargely speculat1ve. - ra'-. oL - lir’

! .:“a.‘ . g? '

- B.S Detachment Zone ,}-: ‘l“ o "}{i3vlvﬂ.w

g

'°The detachment of Hhe or191na1 rock mass from the front .

.of the mounta1n face has left a. remarkable scar def1ned by a.

BN

ﬂsharp, near vert1ca1 cltff face trendlng

ig marked by a’ 51m11ar 100 to 300 m Cllff face. A

hfconsaderable thlckness of talus blankets the lower parts of

kthese cllffs (see Frontlsp1ece and Flgure B 2)

The beddlng.surface whlch d1ps at 12° to 14° to the"‘

'Eg southwest 1s only exposed in a/gully along the north 51de of
.

the rupture surface area. Talus, rockfall sllde debrls,

an@ colluw1um c0ver almost the entlrety of the surface.;{A '

~ .
v . - o - Lo o B .
: . s . S . R . 3

AN . - K ) .

q .
'thls mlght have ‘hag- on 1nduc1ng the or1glnal fallure, remarng_

Qnorth northwesterly.' The south flank of the fallure surface.
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..-portlon of the ramp .« e .

w1de trough feature, s1m11ar to that observed at the Nozzle
avalanche detachment zone, separates the rupture surface and'
' the "ramp" ; A deep depre5510n is located in -the. extreme

/ asouthern corner of the trough adJacent to the th1ckest .

o’

The present exposure of the unfalled portlon of the‘
mounta1n and nearby rock slopes suggest that the

preﬁmovement topography vas. 11kely as steep as the north

'5‘s1de .of the mountaln and poss1bly was def1ned by two slopes

: zobscured by ‘

T?g1vxng an approx1mately concave prof11e. Probably most of
the mass moved as ‘a large coherent block in a westerly

~direction and only upon the change in slope d1d the mass‘,_

&
beg;n to d1s1ntegrate.’ No surface exposures of sllcken51des

‘or gouge marks were found on the rupture surface or on
fblocks w1th1n the debrls. However, the presence of shaly

,71nterbeds, p0531bly pre sheared, at the base of the block

would not be 1mp0551b1e.

Some seepage wasrnoted on- the northern edge of the

rupture surface where the bedd1ng surface is hldden by less ,"
than a metre of colluvzum._ It 1s hlghly probable that other’rg

_’sources of seepa e are present along the bedd1ng planes |

lus further to the south - f%j {j"

E1sbac er. (1979) clalmed that the basal port1qn of the

fallUre block was. comprlsed of dolomlte wzth numerou

-,_511tstone beds. Upon closer 1nspectzon,-1t was noted that

'orang weather1ng strata, largely dolom1te, are found both

'i;behea h and aboveffhe rupture surface.l A number of 511ty

I
{.

i

Ee




' and occa51onally sandy, purple dolom1te beds were noted in
the southerly exposure of the promlnent east—west r1dge to
the south of . the detachment area, but it could not be
determlned how close these beds are to the rupture surface.
The presence of orange to rusty weathermng beds 1s not |
hl11m1ted to the base of the block, numerous such beds were.
_observed 1n the sectlon exposed on the hlgh c11ff at the'
v*back of the rupture surface..g‘ ‘
: | Gabrlelse et al. (1973) 1n1t1ally estlmated the total

-volume of. rock 1nvolved 1n the avalanche as some 500 X 10"'

m?;’ Elsbacher (1979) reltesated a s1m1lar estxmate of 450 x

1

10 m?., 1t 1s hot known whether these estlmates ‘are- based
“on debrls th1ckness measurements or on a reconstructed

' 1n1t1a1 fa11ure geometry.v U51ng a serzes of Cross- sectlons
, constructed w1th the aid of survey measurements and a NTS
v1 50 000 scale topograph1c map (95M/5) a re evaluated

volume of 370 X 10 m’ was calculated

“ A secondary avalanche ;";tfoﬁ-therridge.south“Ofi

=ma21ng‘resemblance ‘to the

larger prlmary avalanche Csee F1gure B.1 ). A block of less :

than 1 x 10* m‘ moved down ‘a 16° to 17°dip slope and

'part1ally dlslntegrated sendlng a stream of rubble several |

hundred meters at r1ght angles to the: or1grnal d1rectlon of

movement on a slope of less than 10 f Photographs of th1s

feature and a dlscuss1on of 1ts 51gn1f1cance to the dynam1csff

of the larger fallure are found 1n Chapter 3

. !
b
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Almost the entxrety of the orlg1na1 rock mass moved

- rdown the . rupture surlfce and came to rest w1th1n the w1de

valley bottom.d The mass.closest to the breakaway surface
,vhas a seml-congruent or. J1gsaw puzzle aspect w1th many large,
dlsjo1nted blocks becom1ng progress1vdﬁy more d151ntegrated

further from the trough area. E1sbacher (1979) has

suggested that most of the‘ ramp or1g1nated from the top of-

- the: Cllff but the d15t1nct1ve orange weather1ng beds of thev-

'basal portlon of the upper member of the Broken Skull
Formatlon are found in’ scattered locat1ons throughout, and
w1th1n thls area, as well as up-valley and towards the
distal t1p of the avalanche. Further dzscu551on of th1s'v

ramp" feature follows 1n the next sect1on. | ‘

Deta11ed beddlng and Jo1nt fabrlc measurements were

made on the’ c11ff beneath the north exposure of the rupture ¥

surface and on ‘the south fac1ng r1dge above the small
fallure.' Flgure B 3 is. an equal area: pro;ectlon of the

jOlnt fabrrc from these two locat1ons.” A mean beddlng

orlentatlon of 351/13 1s also shown. No attempt was made to

separate the 301nt fabr1c 1nto structural domaxns nor to

' evaluate the statlstxcal s1gn1f1cance<of the concentrat1ons

shown. e 53-’
a " ’ ’ '-Jv

Inspect1on of the dzagram reveals the presence of two

301nt sets broadly perpend1cular to beddxng.“ The east west

trendlng, near-vertlcal set of Jo1nts appear to be better
developed However there also appears to be a sllght

separat1on of the concentratxon 1nto two subgroups. Thls

-
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crystalllne,'11mestone strata the general spac1ng of ]

'1 2 m, The average block exposed 1n these outcrops vas

‘1n‘a k1nemat1c analxs;s."
'B.6 Rock Debris Description
. , e - .

o
. Ramp Anea

- .260

~-separat1on vas not due to var1ances in the fabr1c at the two o
'locatzons where measurement were taken. The second less
b':well developed Jo1nt set roughly parallels the vert1ca1 _»'

tclef face, although a 51m11ar'but less sxgn1f1cant scatter
._1n the concentrat1on is ‘also present Add1tlonal .

measuremehts of d1scont1nu1ty fabrlc would be necessary to b

determ1ne the exact nature of these var1ances.

J01nt spag1ng was measured 1n two small lfmited

surveys w1th1n the above areas.' In the more dom1nan _greY}
was 0.8 to 1.0 m and beddzng thxcknesses ranged from 0 , 2

roughly rectangular w1th a max;mum d1mens1on aligned w1th

the down d1p dlrectlon. The spac1ng of the more promlnent,

a

vjo1nts with a- well developed gape was not evaluated

_However, th1s 1nformat1on would be of consxderable more use

Y

.

More thaﬁ two-thlrds of the fa1led rock mass has -

"vaccumulated 1n a large "ramp feature w1th a surface areaahf

‘ Eab0ut 1. 2 km’ (see also Flgure B. 4a) The max1mum thlckness

of\thzs seml-congruent p1ye of: debr1s 1s about 200 m near

h}the trough area.; Best est1mates of the pre fa1lure valley

'.'geometmy would place the avgrage th1ckness near 175 m.,}?her,

BN
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front edge of the debris ‘has risen some 250 m from the
‘valley bottom up the slope oppos1te the breakaway scar,
trapplng a small lake."'

A most striking feature observed fnlthedramp.is the
‘preservatlon of the strat1graph1c sequence. Large blocks,
w1th volumes in- excess .of 30, 000 m’, may be connected along
.str1ke in several loca11t1es. ThlS Jlgsaw puzzle effect is
even more . pronounced by the presence of orange weatherlng
dolomlte beds wh1ch are traceable for some d1stance in a few
-areas. The largest ' blocks, although malnly concealed by
talus and._ surface debr1s,‘are exposed on the steep slope
‘ fac1ng the trough, nEar_the'southern edge oflthe breakavay
‘surfacet : L " '

’ .The surface topography 1s marked by a few, small

diameter (<50 m) depress1ons between fa1ntly deflned rldges

_or1ented para!%el to the trough A grass covered depress1on'

-

in the south central part of the ramp conta1ns a number of
circular depres51ons of 10 m depth or less., The largest of
thesg/conta1ns an 1nterm1ttent pond whlch was seen to flll
' up to several meters: he1ght followlng a heavy raxnfall o
AW1th1n two days the vater . had almost completely dra1ned to

beneath the debrlsikurface.’ | L

In the up—valley port1on of ‘the ramp the topography
tapers gradually down to the level of the small lake trapped
1n front of thetgebr1s.' Some 11tholog1c and textural '

separatlon of the debr1s is vzs1ble w1th1n thxs area below
: ° \
the hlghest part of the ramp. However, the Jlgsaw puzzle

. . : "
2 . . E N e R :
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effect is'much.leSS'pronOUnced A distinct rim of orange to

orange brown weathering rocks mask the northern ‘most dlstal

edge of the

debris. & notlceable reduct1on in boulder size

is also apparent mOV1ng towards the northern extremzty of

the debrls.

The th

-
.

1ckest part of the ramp 1s a wide promontory

**\qhii:\exténds south of the. ma1n accumulatlon. Steep 35° |
talus.slopes mark the southern, arcuate shaped front of the /

,ramp* The central portlon of .this frontal part 1s comprlsed

of smaller s1zed debris and hence supports a more developed 4

L

‘'vegetative cover. R ' e

Tnansverée and Longitudi nal Ridges

s As shown on the map and the long1tud1nal prolee

(Flgures B.

1 and B 2, respect1vely) one of the most.

striking featﬁ%es of the - Rocksllde Pass avalanche is ‘the

presence of

a consplcuous wave-like pattern of transverse

rldges. Immed1ately below the ramp the f1rst w1de crested

"wave" span

S the east 51de of the debrls:,nd is truncated by

-a faint depre551on in the centre of the debris. The second

wave 1s é@aln predomfnantly -on the east slde but extends

about three

-quarters of the way across the debris stream.

' The ampl1tudes of these "waves range between 20 and 30 m.

Nelther "wa

ve is perfectly perpendlcular to the d1rect1on

of flow‘a A third "wave" w1th a shorter .span ex1sts

iA1mmed1ately in front of the gorge area and 1s separated from~

. the seconda

. 4

wave by an approx1mate1y 25 m deep trough.
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Whether these "waves reflect the or1g1nal surface
topography (e.qg., moraines) or are an expre551on of
‘compre551ve forces w1th1n the debr1s sheet cannot be ea51ly

determlned Jt ! h1ghly‘3nl1kely, though that all three

’waves' are actually a buried succession 'of term1na1
moraines.
Subtle lxtholog1c and textural d1fferences falntly

\
define a longztud1nal ridge and a wide groove to the west of

‘ the centre of the debrls stream. &he more coherent blocky*

nature of some of the 11mestone 1nvolved in bhe avalanche

" gives rise to a rather cOnsp1cuous boulder train appearance

L vw

along these rldges when v1ewed from the front of the ramp.

2 J

"S1m11ar textural and l1tholog1c varlatlons were noted by

McSaveney (1978) for longltudxnal and transverse r1dges on

the Sherman Glac1er rock avalanche. .
Mov1ng towards the West lateral. margin of the debris

the thlckness of the debrls th1ns and the average boulder B \*\4.

size decreases.} A pronounced rlpple 11ke effect is produced

by a series of east west a11gned 1- 2 m high elongate |

:dfhllls, before the vest lateral margln of the debr1s is

" Void Anéa - o SR

" stream is -an almo;

reached e, . lr..

’

\

Situated about half“&ayﬁdown the length of the debrls

square shaped depre551on whlch 1s nearly

~

enciﬂbled by arse, rock avalanche debrzs (see

Figure'B.4bX' A number of partxally burzed boulders are
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scattered around the per1phery of - th1s "v01d" area whlch has

.been infilled with f1ne alluvxum. Tﬁe present Stream, which -

flows across the debrls, cuts a wide arc through this

‘alluvzum. waever there is ev1dence of abandoned shallow

channels on the surface elsewhere on the flat pla1n. The

contact between the debris and the f1ner sed1ments is

usually qu1te sharp. A d1st1nct cluster of large boulders

is found just 1ns1de the debrls at the southern extremlty .of

the\area

It would appear that thlS vo1d area or1g1na11y was a

' w1de depress1on, p0551bly filled with alluv1a1

Lglac1ofluv1al or glac1olacust§Qne sedlments. The dlstal t1p
of ‘the rock avalanche, upon encounterlng such material,
perhaps acqugred an enhanced mobxlzty and hence the major1ty

of the rock debrzs was carried across the depress1on.a The

.'few boulders and the flner rubble leﬁt behlnd vere

subsequent}y bur1ed by alluv1aP or lacustrlne sedxments
produced when the natural stream draanage was. impeded.
Subseqnently the stream course has incised 1ts path across

the alluv1um and has downcut a channel through the gorge

area.
x

|

, / ‘
Where the stream has downcut 1ts channel beneath the .

flat,’ alluv1al sed1ment accumulatlon there are excellenf N

e

exposures: of the avalanche debrls w1th-an uncerta1ﬁ amount

of txll and/or alluv1um.‘ Thls deductzon was baSed on- the s
, LSy v .

,, ) : x

\]
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" presence of a number of rounded to subrounded gravel to

cobble sized clasts wh1ch were located in a few exposures in

L Y

theflower part of the gorge. Generally the gorge is between

35 and 40 m deep w1th steeply slop1ng s1des at about a 40°

1ncl1natzon.K\An obvious slump feature of surface dxmensions =

220 x 60 m? was noted along the lower port1on of the west

side of the gorge.

e

A thick armour of coarse tream alluv1um and a mantle

of washed colluvium fill the bottom of the gorge, obscur1ng

any exposures f the lower part of the debr1s. For the. most

.part there is a problem d1st1nguxsh1ng a d1st1nct contact

between the upper, extremely coarse, bouldery debris and the

, flower f1ner ‘sandy, gravelly mater1a13° the s1ze

‘ d1st:?butzon from the\top of the sectlon to’ the lowest

exposure,1s usually gradatlonal There is ev1dence of e

1nverse gradang throughout the gorge area although it vas .

-

ﬁ
not present in all exposures examlned In.one locality on

'the west s1de of the .gorge there was a\pecullar 1mbr1cate

argangement of’ large'clasts in the upper part of the_
sect1on, very much resemblzng ‘the. pattern of overlappxng
flat cobbles 1n a rap1d1y flow1ng}stream. The area was not
acce551ble for more: detalled fabr;c measurements.\ -
On the east s1de of the gorge a number of large (>1 m? )

boulders about 10 m below,the top of the bagk dlsglay an odd

connectlbzllty over a dlstance gf: about 3m. -This pattern_'l

was not observed elsewhere along the length of the bank
k\

L exposure whlch cons1sts malnly of unsorted, angular to

!
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subangular, Sa ,\gravel and cobbles-- S

\\\\ There were subtle colour~d1fferences noted w1th1n the

exposure. The upper port:on of the gorge was typlcally dark
grey and graﬁes 1nto a grey brbwn w1th depth There was -

—not however,_frgm textural evxdence for separat&ng a more,

mora1ne l1ke materlal from the overly;ng rock avalanche
\

debr&s. in one localltg on the west s:de near the top. of
the gorge a number ‘of largelangular boulders and cobbles .

were Set 1n a fane grained matr1x of 11ght brown silt,

,

closely resemblmng rock flour.e The abundance of fine

\\\

. matetlal throughout the sect1on 1s in- contrast to. the much
‘ coarser exposures of the debr1s in the ramp area. More
,~deta11ed textural litholog1c and fabrlc studles would be
needed to prec1sely dellneate the degree of mater;aI -
entralnment and dr rock debr1s cbmm1nutxon in th1s v1c1n1ty.
In the area east of the gorge the topography 1s |

1

generally flat w1th one large (300 X 125 m*); north- south

orlented depress1on A falnt serles of arcuate parallel L

-
r1dges def1ne the eastern edge of thls darker grey and

bnown sl1ghtly flner area of debr1s. A roughly

"'semi - c1rcu1ar r1m oﬁ large boulders oufl1nes the. outer, edde -

~

of debr1s proper. Immedxately south of - the void area is a
d15t1nct cluster of large partlally buried’ boulders ranging
in s1ze from approxlmately 2,500 to 22 000 m?, . Some of

these blocks have broken into. several smaller blocks that

POy

11e 1n cloie prox1m1ty to each other. In fact 1t 1s

4:

poss1b1e that most of these boulders may have had a common

e it e 57 e i A AR
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. origin. To prove such a hypothe51s a deta1led strat1graph1c

‘reconstructlon would beﬁnecessary. | ‘. T r o {
- floodplaln w1den/, The th1ckness of the debris rap1dly 1"{

fev metres. In ‘some” localltzes it appearsﬁto be' vzrtually -

\;mlxed w1th rounded coarse river alluv1um. Thls pattern of

;channels most probably or1glnated from a t1me when‘there was‘ N

v’conszderably greater - cond1tlons whlch m1ght have been

t__expected when the debr1s/yhfch blocked the stream draznage_ « ."‘l'
. | A

this v1c1n1ty below the gorge
.' Lateral Mar'g i ns
. Y
~ of parallel troughs ‘and elongate hlllS of 1 to 2. 5 mlhelght /

- with an average separation of 10 to 15 m (see Figure B, 1)

' These rldges are orlented at between 55° and 60°‘to'theﬂ

Below the gorge area the stream branches and 1ts-‘

thlns on the west szde of the stream to probably less than a

non- exlstent on the surface. For a dlstance of about 150 m
in from the stream on the west 51de is a. gattern of

subparallel r1dges ‘and troughs (1 -2 m in he1ght) coventd,or

a much h1gher water level and the streamload was

in the vo1d area was breached.s- . ;~;’ B
An odd pattern of knolls ‘and ridges mark the term1nus T g

of the grey to grey -brown coloured rock debrls on the east

side of the stream. Orange to red- weather1ng, silty

dolomlte and dolom1t1c 51ltstone become more’ prevalent 1n

\-
Along the west margln of the debr1s stream, from below o

the ramp and extendlng as far.as the gorge area are a series ;-




pr1nc1ple movement d1rectaon and bear a str1k1ng resemblance
to. the pattern of chevron crevasses seen on glac;ers.' Nye
.(1952) attrlbuted the presence of such a pattern in. 1ce to -
the ex1stence of tens1le stresses. S1m11ar features were
xobserved on.the surface of the Sherman Glaczer rock :

avalanche by McSaveney (1978) He has showh that the -

'”f. crevasse features do hot correspond w1th the orientation of

»-_crevasses known to be on the surface of the glac1er pr1or to -

the- avalanche.
» The "red rim" as deflned by the lateral margln of

orange weatherlng debrls (Exsbacher, 1979) is not a

'
[

contlnuous feature around the perlphery of the avalanche
depos1t. There appear to ‘be certain areas, e.q,, south and
»:east of the void area, where there 1s a greater |
'concentratlon of such orange-coloured debrls. Thlcknesses
are varled but appear to be between 1 and 3 m deep near the‘
flateral marglns. Block sxze is consp1cuously smaller 1n‘

!,

these areas as well ' In some cases the orange weatherxng

e

debrls would appear to be scattered thlnly at some dlstance;7°

away from the th1cker more dlst1nctvgrey-coloured debrls.’-

Dlstal “Red Rim" Ar'ea

.The area beneath the gorge, on both 51des of the stream

and extendlng as. far as the d1stal t1p of the debris is
thinly covered by dlstlnctlve orange weatherlng debris.
Elsbacher (1979) has referred to this: dlstal "red r1m" area

®
as a spray feature, analogous to the s1m11ar features

i
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observed at the Nozzle and Damocles avalanches

.
-~ 2

There would appear to be a marked thxnnlng of the

_debrls lobe as one moves up vallﬁy from the most extreme t1p '

"of debris. 1In some ‘places the . debr:s is qu1te th;n or,

L non-exzstent " On the: east s1de of the stream a Serlesbof

:lobate accumulat1ons along a wide rldge mark the ‘fu _
'_hextent of ‘the debr1s.‘ West of the stream the debr1s extends
' another . 300 mon a- relatzvely flat ground surface A la:ge
‘lobate accumulat1on marks the d1stal end of the deposzt
wh11e thlnner ‘yet dxstlnct patches of orange debr1s are

|

found up valley from here.

The surface of the. d:stal area is® covered by metre size

‘or less, orange to llght brown weather1ng dolom1te and Silty

. dolomlte. Sectlons through the debris exposed by the stream

reveal about a ém th1ckness of coarse, angularoto

subangular boulders wh1ch appear to grad; to finer gravel
and cobbles w1th depth 1t was not poss1ble here to -
visually d1st1ngu1sh the presence of mora1nal or alluv1al
materlals w1th1n ‘the debr1s, but their presence cannot bev

ruled out

One of the most remarkable features observed in the

.

avalanche was ‘the’ presence of a connectable str1ng of blocks~

at the very end of the depos1t. As 1n1t1a11y d1scovered by
E1sbacher»(1979) thzs less than 1 m. thick dllated slab of
lamlnated carbonate, or1g1nally of about 5 m length is e
stretched over a d1stance of 11.5 m with m1nor lateral |

offsets. As shown in F1gure B 4c the angular blocks are

N
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v

connectable on the basxs of a dark grey, crystallxne marker
bed located ‘at the base of the cream-coloured l1mest0ne: |
Beneath th1s exposure there is no. h1nt of a‘51m1lar
stratlgraphic congruence but ug—valley from thls locat1on -a
number of connectable boulders of smaller d1men51ons are

exposed 1n the stream cut Th1s un1que feature 1s str1k1ng

ev1den¢e to suggest, for at least thls part of the

3 avalanche,,that turbulence was not prevalent through the

' ent1re thlckness of the debrls and most prob\bly the dllatedq

«

slab of rock was essent1ally rafted along into its. p051t10n. o

_'. ‘,\, ’
‘o

Debr'ISSize-,‘ Sor-’tlng and Fabric * = . . e

e . o

The range and d1str1but10n of boulder 51zes w1th1n the

debris do not show a dzstlnct pattern' with the exceptlon of

the dlstal and 1ateral red rim” areas the largest boulders
appear to be scattered throughout the debris w1th only a

sllghtly greater concentrat1on in the ramp area. Detalled

1nvest1gat1on. However, some general observat1ons on the

topic as obtalned from=a1r _photos and fzeld observatzons may

be made$

Beneath ‘the ramp the d1str1but1on of large boulder

.51zesr1s concentrated on the east 51de of the debr1s stream.

_Some of the largest boulders w1th volumes in excess of

t.

20,000 m?® are found 1n that reglon between the ramp and the'
second "wave" (see F1gure B. 4d) The largest measured

boulder in the dep051t wh1ch 15 probably only about 60%

271
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-*exposed had dtmen51ons 413mfx}32 mx 33 m, wh1ch would give_} )

'?a total volume 1n excess of 70 000 m’ Large shattered

 this. boulder would suggest that an even larger b}ock of rock'_j” Jﬁ”.@

y
“had@ or1g1nally arnlved at th1s pos1t10n.
fopposate the vozd area closer to the dlstal “red r1m" part

- szze d1m1n1shes, although a faxnt arc of larger snze’

?debr1s the mean boulder s1ze 1s much reduced probabby as a

blocks and a well deveIOped talus bdanket on the flanks of 3' S Y

A cluster of some of the largest blocks 1s found ST

of- the depos1t. From thls area onwards the maxxmum boulder
o .

fractlons defxnes‘?he term1nus of “‘the. debr1s proper on the ‘ \

' B -

east 51de of : the gorge.. A s1m11ar r1m does not exlst on theo

west 51de. W1th1n the dlstal and lateral marg;ns of the ':f | h o ;

o

ffunct:on of the d1f{erent 11thology.

thorough examlnatlon of clast 51ze and fabrlc was not

vconducted in this study, althpugh a small sample of large |

boulders was. measured fOr an 1n1t1al evaluatlon of the

fabrlc 1n the_d_'

3
e

the larger boulders ‘it was found to-be nearly 1mpossrble to

determlne ‘an accurate major axls orxentatlon. In1t1a1

exam1nat1on of the surface debrzs suggests, at least in some

| areas, that the bedd1ng attltudes may be preferentlally

or1ented Thrs could be a dlrect result of’the

strat1graph1c congruence which. appears to be malntalned
-w1th1n parts of the debr1s. ,mo further 1nvest1gate this
lfpostulate the beddlng attxtudes in some. 41 1arge boulders

:were measured. The statlons where measurements were made

- . A



V3ﬂ},1n the faxlure hlock (so) 1s also shown fpr compﬂr15°"-ﬁ

'are shown'oh the map of the avalanche (Fxgure B f) .
;pfFlgure B 5 1s an equal area plot of the poles to bedd1ng for :
‘othls random select1on.‘ The mean bedd1ng plane or1entat1on-

Only those boulders located w1th1n statxon 1 oroon the
:ramp can be geen to have a bedd1ng fabr1c resemblfng the'l
1n1t1a1 bedd1ng plane att1tude. For the most part the B
fabr1c w1th1n these large boulders 1s QUlte random, f%%;i |
“Futhermore; there does not appear to be . a systemat1c change*dh”
in beddlng attitudes 1n boulde 5 as one moves towards the
distal end of the debr1s strea,, although the scatter 15
the cluster may 1ncrease sllght'y. The orlg1na1 postulate
is therefore rejected although thls does not preclude the ;
‘p0551b1l1ty of there be1ng a preferred bedd1ng att1tude 1n_‘

clasts 1n one~part1cular area. , R oo




R

Figure B.5 E

-~

qual érea‘plot_of poles to bgdding'for scattered
. large boulders within the debris with numbered -
_ - locations from Figure B.1.




A aPPENDIX € (e
e 'VELOCITY PROFILES .

s

ZThe follow1ng veloc1tiy prof11es were determlned usxng the
eent1re travel paths as found from 1:50, 000 scale topograph1c
,maps and survey méasurements and assum1ng these rock
avalahches were s1ngle events. Refen to Chapter 5 for a

,dzscu551on of the lim1tations of Koerner s (1976) analys1s.-
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