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ABSTRACT
.. “
' o

. B . AY ,-.'"
_ ~ The role of catastrophic processes ip the evolution of the

talus derived form of rock glaciers is examined. Talus derived

LY

rock glaciers anSLSr of 1nterstitlal ice and talus-like late4 )
riai aqd are thought to move by a creep-nechas}sh'due to .plastic
deforuatron of’ice. The surfaces are a complex of flow ridges,
transverse and longitudinal. -'Debris avalanches and slips are
proposed to have slgnificance in the sﬁpply o% material and the
devnlopment of the flow ridges. The processes are drscussed and
a simple dry frictlon flov model, incorpqratinq several postu-
.'lated movement mechanisms, is ‘constructed. The feas;bility,ef
the catastrophlc process 1s considered by Hcomparisons berween
the model and the characteristics of talus derived rock-glaciers
in the Kluane Ranges of the, Yukon. A framework of relations be- .
tween ‘catastophic and creep processes is outlined, and a scale
of development is proposed in uhich créep is active at 1ouer an-
gles (rock glacier angles) and catastrophic failure is actlive at

higher anqles (talus angles).
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RESUNE . .

Nous qvbns étadié 1g rdle joué par les processus catastrophil-
ques dan% l'évéluatioﬁ dg glaéiers ,focheux de talus. Ces gla-
cieré rocheux sont coﬁstiﬁués de matériel s'apparentant 2 ée;'
éﬁlus'ei-contenant de la ql&ce interstitielle et &ont on'a;tri-
buve 1'&conlement _a 1§.déﬁqtnation plasifque della glace. Fn
s;rface on retrouvé des crdtes longitudinales et transversales,

< constitués de matériel provenant d!évalanches et . de petits~-
’qiissémenté. Un mod&le sinplé.d{écoulement avec ffiéi;on a ete

&laboré ét plusieurs m&canismes . s'y .rattachant onty &té

efpliqués; " Parmi cés m&canismes, celui base sur le rdle jou

)

- par les processus éatastrbphiques-a &té examiné de brés A ltaide

&'une'conparalson entre 1le moddle et les caractérist;gues mor-
'pholoqkdues des glaciers rocheux de la région de Kluan;. Yukon.
L'écoulement global des glﬁéiers rocheux seéble Btre 1ié 2 deux
prééessus.aqissant a deux €chelles dffferentes : d'une part, le
'éfeep' agissant sur les pentes falbles dulq}abler ,Tocheux et
dvautré part, 1les processus catastr&phique#_aéissant platot sur -

-

‘les:pentes fortes du talus. ™
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. . Chapter T - : -

I NTRODUCTION

- -
. B Y
——
>

Thé éerm rock glacier, has invoked a' misleading categoriza-
tion of a landform feature which occurs in 'varyihg gulses
throughout the alpine Fegions of the world. The varlety 5% maés
movemen% fedture$ vhich are labeled under the general heading of'
rock glacier, <can be of-glaclal or non-glacial oriqin; and‘may
h;ve only minor relatiom or similarity’ to é glaclier. .To éxpanq
the scope of study beyond this lingqfing .qlacier connection is

the main purpose of the present research.

£

The po§tuiate is that catastrophic processes of,non-glac1Q1
origin may have significance in the fornatibn of the talus de~
rived type of rock glacier. Previously, concentrafion has-cen-
tred upon processes related to ice deforpation. There is poor
understanding of-the postulated; as well as the accepted mecga-'
.nisns of‘uovemént. Fieldwofk has provided 1nf8}mation on the
ChQEacteriéiicg of roc; glaciers, houéver, a comprehensive the-
ory of the evolution of rock glacier features has notibeen for-
mulated. Because of the difficulties experienced in field And
laboratory work, a modeling approach vill be used to ald in de-
ferminihg the possible effects of a catastrophic mechanisa. ' The

use of modeling permits the examination of a range of potential

4
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modes through which a process can act, thereby contriputing to

the understanding of the process/landform relation..

A}
. 1

'"he thesis is organized to reflect the nmodeling approach as

fully ag possible.” The first chapter introduces rock glaclers’
and their characteristlcs. The drawbacks of_presentlx accepted
theories are squested and the difficulties of research hidh-

lighted. Pinally, the moﬂeling technique is discussed and pre-

vious assocciated ydrk deScribed.

* * '

‘n
~

The seéond chapter but%ines the'méthodology eaployed, includ-
ing the dévelbpﬁent and manipulation of the models. ' Chapter
Three covers pe results and analysis of the modelinq work, and
a discusqioé-oF the relation of catastrophic processes within a
tock glacier evolutlonaty frameuork To conclude, Chapter Four
summarizes the research and the feasiblility of the catgstrophic
process-as.applied to rock glaciers;  References are dispersed
throughout the chapters 5ecause of the .diversity of fields which

are involved. A general literature re%ieﬁ is also incorporated

near the end of Chapter One.

In the St. Elias region of Canada alone, the Canadiam Glacier

Ynventory has identified 700 rock glacier features (O=mman-

i

ney,1976) . That such a éonhon landform has reﬁained difficult .

to interpret is .a misfortune. the problems of connecting the
: . )

accepted hypothesis of roc@ glacier origin with the observed

te +

.o
K
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feature,'fnecesSitates'the‘consideratipn'df‘othet possibilities.

.Only bg'increi%inq the study base, can the active proéesses be

married to the features, and a catastrophic mechanisa is sug-
gestéd by field evidence.

1.1 THZ PROBLEN

i o el

i

A precise definition of a rock qlacier is elusive due to the
wide range of features vhich have been assoéi;ted vith the nanme,
The nomenclature has actuvally resulted in an unnecessarily bi-
ased approach, due fo the images and processes which are con-
nected with .the term glacler.* PRock glaciers cover two main
spectra of classifiéation. They can L; cateqorizgd by movenment,
and by composition. The m&vement spectrum is ‘bracketed by ces=-
sation Qf activity (fossil forms), and by catastrophic motion.
The composition 'spectrum has thg limits, pure ice, and rock
(Potte;, 1972, and others). .The majority of features termed
rock gqlacilers display properties in the yiddle of these two di-
visions. Thus an"average' roék glacier will contain a mixture
of icé (interstitial or massive) apd debris."fanging from fines .
to iargé boalders, and will indicate dn‘apparent,movenent of for
example, 50 centimetres per year. The evolution of the landform
cannot be averaged similarly.

- ‘ ’ (/Z, . .
Rock glaciers are labeled by a varlety\Q§ descriptive names,

depending upon. their apparent origin. HorLine rock glaciers

{terminoloqy - P,G. Johnson) are postulated,{o form in glacial
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moraine (;gem?&gl,or g:ounﬂ{ .and are genecaily accepted to‘have ‘
jce cores (Whalley, 197&4a, Ostres, 1971) . They are character-

jzed by thick deposlts of débris iwhich cover the ice and appear
as transverse ridges along the feature;' The surface is marked
by slumps and drainage pits and lakes (P G Johnson, 4974) . ?a—
lus dcrived rock glaciers (terminology - p.G.Johnson) fora at
the base of talus slcpes. The surfaces usually are a-series of
transverse ri&ges, altkough the sequences are sodetimes cut cy
longitudinal ridges. Although most‘talus derived rock-qldciers

v . .
have not been checked it is generally accepth that there are

not ice cores, but that the talus material is 'cenented' by in-
terstitial ice (Wahrhaftig and Cox, 1959). R search through the
literature can yield at least-a dozen other terms wvhich are or

have been used to describe variatioms of the land form (see Om-

ménney, 1976). To increase the complexity of nomenclature, rock

‘glaciers are also categor1zed by their shape. Type names are

self-descriptive and include spatulate, lobate and tongue-

shaped.

‘All_of the landforms which are 1den£ifieé as rock glaclers
display\severalisimilar features. The su;facejhppears as a se-
quence of’lobes, either transversely or longitudinally. These
ridges usvally assume an arcuate form and are often in a reqular
series down the landform. Active rock glaciers give evidence of
the presence of ice, elther interstitial or massive, Fossil

rock glaciers usvally indicate that a melting-out period has oc-
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. curred. Typical dinghgions of rock glaciers are listed in Pig-

ure % 1 and profilegadf Grizzly Creek rock glaclers are shovn in

L
Figures # 2 to 5. Ommammey (1976) also ircludes tables of the .

ot

lithology and movenent'characteristics of rock glaciers.
* The processes of formation and movement adopted by the major-
ity of researchers to explaln the chardcteristicé of rock gla-

ciers.are'related to.the presence of ice. Plastic deformation

—
-

of ice 1is proposef as thé significant process. In ice-cored
landforms, the stagnant terminus or moraines of a glacler have
lacti%ated, dﬁd the debris load affects the normal flow of ice,
Sp cause the ridge‘sequencés, as well as movement away from the
source. This explqnation is acceptable and cax usualiy be borne
out by field evidence. Tha case for interstitial jce features
ié harder to justify. %he'acéepted postuiate is that. an ice
éreep mechanisa is effective in spite of the lower ice content,
.and_therEby produces the distinguishiné characteriSt;cs. This
proce;s could be significant, bﬁt there is evidence ihat other
processes may be active. The study ot ice creep should not re-
sult in the exclusion of these other potential explanations.
There are talus slopes which exist in areas vhere talus derived
- rock glaciers are present, _which have not évolveﬂqinto Qiniiar
featdres (Smith, 1973, and observations by autﬁér in Xluane

Range, Yukon).
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LENGTH - WIDTH -FRONT FRONT ADIENT | THICKNESS ELEVATION
(metres) (metres) HEIGHT .SLOPE (degrees)| '(metres}. RANGE |
~——| (metres)| (degrees)| - ° . (metres}
1000 2000
- »2000 <300 .
3-5000
300-1600 150-3200 10-100
X 30 12-30
o9 3 ;
170 110 4 42
1600 . - .
180-365
50-350 100- 900
150-1300 75- 300
60-1000 90-3000
150-1500 | 60- 800 )
2=-5000 :
1200 . 650 5=10 1860-2260
1600 |200- 800 >30
300 150
1200 250 >10-20
30 45
372 421. 21 1750-2090
979 305 25 1617-2050"
667 1008 - 31 1488-1798
100- 850 | 150-1350 2181-2245
300-2100 | 100~ 850 2219-2304
500-1300 | 250- 750 2201-2329
100-2100 | 100~ 850 2235-2318
150-1150 | 150-1350 2173-2256
3-8000 400~ 800 10
300~ 600 150
6-152 22-40 1737-27u43
100-1000 15-45 ’
823 12 -1500
<430 <430 ‘ 2135-2440
540 5000 . o
450-1000 5-19
1065~
1615 550 61 40 1830-
15 1
800

Note : From Ommanney (1976)

Figure .1:

Rock Glacier Morphography
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Note : from Johnson ({1378)
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Pigure 2: Profile of Moraine Glacier - Grizzly Creek
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Figure 3: Profile of Talus’'
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Note : from Johnson (1978) -

FPigurs 4: Profile of Talus-Derived Rock Glacier - Grizzly Creek
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Pigure 5:
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As an alternative to the steady State creep _mechanissa, the

hypothesis of this study is that cetastrophic processes are sig-
nificant in the fornation aad noveuent of rock glaciers. The |

catastrophic processes involve a2 failure of, R talus slope (cata-_

strophic inplies a time scale wvhich is short\conpared to the age

of the landform). This movement of debris will be inportant in
the formatiom of the rack glacler.and directly, hindirectly, or™

~

not at all responsible for the ridge pattern on the surface. A

number of poténtial modes will be considered later. The drawv-
backs of the presently accepted theory will pe discussed first,

to justify the requirement for a new hypothesis.
) ¢ ) .
The thesis concentrates on the category of the talus derived
rock qlacier, vhich.contains interstitial ice, Ice-cored rock
! glaciers are satisfactorily explained by deformation of ice, al-
though the precise effect of large debris loads 1is still under
analysis, The talus derived rock glacier type requires further
interpretation. lt ¥as suggested earlier that field evidence
opposes the steady state explenation and that drawbacks erist inm
liniting study to alternatives based on ice creep, These as-
© pects andiothers related to limitations of past geoamorphological
studies will now be discussed.
As'stated initially, the name rock glapie;\is a mis-
homer, as the features can he of glacial or mon-glacial origin,

Limitations ir past studies have resulted from a biased ap-
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proach, The directlon ‘of research was destined to emphasize the
importance of ice, Since ‘the generhl tendency vas to explain
development by processes, sicilar to +those active on glaciers.
:other processes (such as avalanching which was suggested’ as
early as 1909 b}'ﬁove) vere quickly dismissed. Researchers also
attemﬁted to class%fy landforms by climatic categories sech as
periglacial, glacial and arid. By classifying rock glaciers as
periglacial (Fnbleton and King, 1975, Washburn, 1973, enphasis

vas placed on processes which were 1dentitied vith periglacial

climates, resulting in a form of tunnel vision. .

The requirement to maintain open-miﬁded ccncepts in geomor-
‘phologlcal studies has become significant in recent years due to
the increased interest in a process approach. A process ap-
proach considers the gechanisns which potentially occur or have
bccurred and what forms they 4311 produce, ' then compare the re-
sults to field evidence (as opposed to the study of a landforn
and its characteristics uith a subsequent postulation of its ev-
olution). By this technique, the signlficance of differemnt’
mechanisms in the evolution of a lancform can be determined.
Such a study includes a consideration of proceSSes which'are of
importance in all climatic areas as they may have appllcation.

This last-boint is clarified ir the concept of evolutiomary
phases is accepted. When a landfors was created, it did not

necessarily appear as it does today. Extending the argument
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r‘r'further, the environmental and other conditions'did not have to

be 51n11ar to those through the 1ntervening period, or at pres-

-,

ent. It is feasible that processes vhich have becone ‘more sig-

‘

nificant;siﬂce formation, . have caused an evolution of the land-
;orn, which nagis the original formative processes. It iSJ&ital
to studg' a ranqe_ of‘mechanisms- when 1nterpretinq a landforn.
Since past research has often not approached fron this open-'
minded'concept, it is necessary to question the basic,postulates
of potentially misinterpreted landforms (White, 1971, ¥halley,.

1974b) .

LN

Determining the relationship betwveen sigpificant processes is
also a source of difficulty in studying a‘landform. - More than
one proéess nay'be involved in the development of rock glaciers.
A talus derived rock glacier can be supplied debris by a process
vhich is 1nqependent of the movement oOf the rock glacier. . Theé
creep mechanisn_nay be responsible for the novenent of the

» vidges and lobes, but not for their formation (a nunber‘or for-
mative processes will be postulated which have little relation
to ice defornation). To separate the study of the processes ac-
tive on the talus slope from those on the rock glacier is of ‘ma-
1or concern. Talus slopes are studied, and rock glacxers are .

2}
'rggearghed but the interrelationships are often not comsidered.

4

L donnections betueen different prOcesses and features, uhich have
previously been treated lightly. camn result in a better under~
standing of the development of~landforl§n specifically rock gla=-

(‘ -
.ciers.
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An endurin& geonorphologicai belie% uhigh'has'bhindéred re-
‘'search, 1is the acceptance gf 1ong evoluiionar& periods in land-
form morphology. With rising interest:in. catastrophic proc-
asses, the “bellef +that landforms develoélslbvly ovef long
perioas of time is being questioned, - The hfpothesis of rapid
change with pegiodsr of relafively ;lower-;ctlng processes, 1is '
now considered a distinct possibility.  The geﬁer;I trend is
. akin to a'move fronm continuumqmechanics.to gquantum qeéhanics;
althouéh'inlgeonsrphological terms a coibinatidn‘bf the two me-

thods is more applicable.

The history of rock gdacier iésearch\;gflectsx the problems
which have:iust:been outlined., studies which involve the obser-
vation of characteristics pf the ihndform, and’ classification of
the observed-féaturqs,are necessary t6 acéunulaie cﬁardcté?ﬁétic
- data, bﬁt to further the undérStanding 6} rock glaciers, re-
search into the pfocegses related ,to the fbruatidn and subses
: éueng evolution ;s requifed.' bntil the studyrpf ithhaftig ana
Céj-(19§9), 'lsignificant processes were siupiy speculated with
little laboratory or theoretical Justification. Even’ into the
past two éecggg% the accepted creep nechaﬂism has not been well

theorized, Field 6bse;vations which do not alvays justify the

creep process will be examinedl,

'One of the problems of rock glacier studies has been the diffi-
culty in classifying the different categories, as exenplifjed
by the recent dispute between Ostrenm (1971) and Barsch (1971).

/- I
:.k—‘ -f{‘..
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1.1.1- Pield Evidence

u

The St. Blias Range in the Yukon -Territqry has a large popu-
1a;i9n of rock glaciers which display a ui:‘ fadéé characteris-~-
tics. Work on a number of talas derived rock _glacierg in the
Grizzly Creek area initiated doabts' about ﬁhe -accepted mecha-
nisms of the feature's'eveiutlon._ Rlthough some of the counter -
points are specific to eonditr?ns in the area, sinil;r cases ex-
1s§\iﬂﬁother reglons, as they have been observed in the Canadian

Rockies (author)y. Comparisons to other work are“difficult be-

o L4

,cause talus derijed“rock glaciers have not been extehsfweiy doc-
umeneed. L - ’ -

In the Yukon'caee the creep wmechanjsm is less than satisfac-
tory in explaininq the observationms. Figure $£ 6 shovs a ta)us
derivedqd rock glacier (referred to as the Duke Talus Glacier) .in
the Duke River Valley of the St. Elias Mountdins, -Yukon Terri-
tory. The ridges can bhe Ldentified clearly.and sﬁou euo dis-
tinct'mdvemeaté. The lower vegetated lobes appear to have been
overridaen by a later nevement shown by the uncoveted rfdges.
.The,feature displays the hourglass Shape, didentified with cata-
strophic failures such as audflows and rock avalanches. The
transpPrtatioa ef the debris has leff an upber basin which in-
terrupts the talus Slope along the river valley. Neat the right
uppef:;iope. a large deposit of talus-like naterial can be iden-
tified (4lso in background of Pigure # . \ talus derived
rock glacier has formed from one debris sLope but not from the

g,
adjacent one,.

o
o ’

Lo . Ay L a J .
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Figure 6: Duke Talus Glacier - Kluane Réhge, Yukon

.

Phote by P.G. Joﬁnson

/.
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Assuming that the Duke Talus Glacier has formed by a -creep
nechanisi, the question‘arises as to why the talus fo one side
has not been affected. If the ~deposit was laid down after the
flow of the rock glacier, ;heh there should be new -talus abgve .
the glacier. The upper part of thé‘ane\Talus Glacier is a ba-
sin which, contains only a swmall talus éccunulaﬁion not on the
scale of tﬁe deposit {n question. (The cliff is notlobviouslz 7
different above elther feature.) If conditions vere similar
-then the creep mechanism would be expected to act equally on the
" slopes. It is difficult to speculate on a difference in condi-
tioans (coiposition, structural or ground wvater) which is éignif-
jcant enough in the Duke case; to have restricted this eqﬁai ac-
tion. | Therefore, the ‘conclusion is that a more - selective

process must be of importance,

The stability of afslobe,is determined by micro-conditions of
the particular élope. These conditions|can vary greatly even
over short_diétances (netrés) on, and in a slope; Cdﬁéequently,
the effects of an insfability can range from small locai slip-
;page or shallow slides, to deep-seated failure, Catastrophic
failure is a selective process and could\&c@ount " for éhe.nove-
ment of one slope and not an adjacent one. Local conditions
could have caused the ai?lanche to form the Duke Talus Glacier,
vhile sliﬁht variations would have resulted in the'stability of
the adjaéent_slope. Tﬂe appearanc‘r of the -odefg Duke complex
can Support the gonclusion of the aétivity of a catastrophlic

process,
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ﬁeinforcénent for the guestioning of fhe creep mechanism ex-
'ists %n thé absence of sizable area# of solifluction in the
Grizzly.Creek area. golifluction and creep processes act in
similar climatic conditions. Slopes are present 1ﬁ the area

which should have been susceptible to solifluction during the

formation of the rock glaciers. There 1is no evidence of major

solifluction activity, which is a curiosity, if sreep mechanisas

had been active.

‘. Furthernofe, the creep mechanism is slope dependent in that
it catses movement of material down a slope. Talus \derived rock
glaciers vou%y therefore be expected to sho¥ deflections in a
dth:valley %irection for the vslou agtinq‘;steady-state macha-
nism, especially whére the gradient is steep. hi; photos of the
rock dlaciers‘of‘nearby.vnke and Bighorn valieys show no signif- .
icant down-valley deflectioﬁ As well the steeper Grizzly Creek
valley shows no sighifichnt defiectiop of ‘its rock glaciers.
3

The Qrizzly Creek area rbck'glaciers all appear as a dﬂal
movement, tﬁe iptefpretation of which is difficult ;ith the
stedﬁy state hypothesis, After the first flow the feature be-
came stable as the growth of vegetation indica'tes. The subse-
quent flow has encroached upon th; initial flow. If conditions
vere sultable for a later flow, -should the fir#t floﬁ not havg

been reactivated? The vegetation growth does not support that

conclusion nof do other characteristics of the features (Smith,
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1973, describes a similar audl..novemeht. dIthough he does not

reject the creep -échanisn).

The last and most éigniflcaut observation of the talus de;
rived rock glaciers 1s the presence of slip faces, most markedly
on the Duke Talus Glacier (Figures ¢ 7 aﬁd_S). The slip facé
. indicates that a section of slope has moved along the plane ‘that
is bared. This method of movement implies’'a faillure, ©or cati-{‘
strofhic process. Consequently, the consideration of Q_process
other than ice deformatiqﬁ is supported even if it contributes
solely to the formation of the gobes; and not the moieneqt. The
slip faces also prove that failure can occufvon'the talus slopes
in significanE scale.

A seeming}y nnlikely sourcé of information are mine taillings

dum These man-aade landformé are accumulated by the dumping’

of large _naqtities of processed ore into extensive  slopes of

debris. mhe material is similar to that composing talus. ~ The

confiauration of the slopes is also‘oﬁ the scale of mountain ta-
lus. .Frequently, years aftgr a tallings dump has #een aban-
doned, ;assive avalanching can occur involving the movement of
Heﬁris on the scale of a rock glacler (Eigure & 9. Stu&ies
carried out-on £he resﬂltant landform, héie shown the exlstence
of a ridge sequence along the slobe. These ridées can be iden-

tifled in photographs of a pit heap fallure in the mountains of

British Columbia (Fighr% £ 10) and in other unpublished
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examples?, A series of photos of one failure (not illustrated)

has.shown a retrogressive seguence occurring over a short period

(minutes) of ‘time. Unfortunately, the studies into duvop ava- -

lanches wvere concerned only with the reasons for fallure and
little concern was given to the resultant landform. It is pos-
silbhle however, to utilize the observations and extend them to

the field ‘examples in geomorphology?.

- !

The -previous discussions have outlined the mecessity for udre
‘axtensive  studies into processes, ané the relationsﬁips between
talus and rﬁck glacier, formation and evolution, and debris sup-
ply and movement. The scope of this study ages not allov full
attention to be groughtoto all of these considerations. The

role of the present research is to complement past work, by con-

sidering a previously dismissed mechanism in a nev light.

1.2" -CATASTROPHIC PROCESSES

+

Tt is evident that avalanching may cause the formation of

single or .nultlpie ridge patterns, ‘Therefore it 1s possible

27he discussioms on tailings dumps throughout the papef, are
based on rsonal communication with Dr. J. Harrison of the Ge-
.0logical/ Survey of Canada.

3Bvidence for ridge sequences also has appeared in some studles

on talus. \ Studies on small. scale debris slides (Jahn, 1967, p.
218) show that ipdividual slides moving downslope result in the
formation of ridge on the surface of the talus.” Gerber and
scheidegger (1974, pp. 33-34) also refer to the stepped appear-
ance of many talus slopes, in their study of s»all scale slips
active on modern talus. )

e
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that a catastrophic mechanisa can have a significant role in the
formation of a ., talus derived rock glaciér. Even 1if the ridge

v

sequence +is not a direct result of avalanching, the importance

L+

of debris supply by the mechanism cannot be overlopked.

'The influence of the catastrophic mechanism can be éopsid-
ered in a number of potential modes which can explain the no?-
phology of a rock glacier :

&)

1. The first mode involves the supply of debris to the
rock glacier. A large avalanche of the talus could
result in the basic form, §rocesses such as éx:eep,

may-then have caused the evoldtion of arcuate tidgés.‘ﬁ.

2. The second mode is the formation of a talus'giacier by
the avalanche of a talué slope. Theﬁ_lébes would be
"created from this avalanche by a failure-related mech-
anism, fhe only role creep would have ﬁould be a pos-
sible subsequent movement of the glacier;“or the en-
‘"phasis of the 1lobes, The time scale qf.hvalanching

wvould be neglible to the age of the landforn.

3. This mode would also involve_thé.supply: of debris to
the gl;cier. It is possible th;t ﬁvalanching éoﬁld.
provide material to the base or lower slopes of the
talus. This_ build-up of debris could result in'-q

.Creep process which would cause:uoéénent of - the lobe

doﬁn the* slope. Subsequent lobes would be _built in

. sequence,

-t
b
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. . ‘ . .

4. The final mode is also.a combination of the steady
state and catastophic prdcessés. " the slips which ex-~

ist-at present may represent the initial formation of

. a lobe. The creep ﬁechanisl acts to transport the‘
' )

lobe do?ﬁsthe slope. . .
- . ' ’ . oI

It is emphasized that the creep mechanism is not being ruled
' .

out. There is a framework within vhich different processes have

different proportions 6f action, The (purpose of this study is
to cpnt;ibu?e to determifing the iﬁter al parts of lthe frame-
‘work;h‘ Thekabove nddes d6 not TrTeject the creep mechanism, but o
emphasiée that catastrophic processes can ‘be of qfe;ter signifi-

cance than has heen‘accepted in the past,

— — —

1.3 FEASIBILITI;O CA?ASTROPHIC PROCESSES

.Slope stabiliéy is of major concern to ge morphologists and

researchers of various ‘engineering disciplines. Theoretical

“e

studies seeking quéntitative data are common to the engineering
-field,~ vhereas géonprphology provides information 6n'processes
and the_classificafidn of”nhtufal slopes. The engineering stud-
ieé provide an An depth thé&;etical basls and the reader is re-

ferred to thege treat ts (i.e. - Barr, 1966, Attewvell and

Parmer, 1976} . The follwying discussion will simply provide
highlights of the'general.theory, Y¥ich apply to this particular

study.: s



The stability of talusj'SIOPgé-is not .an . overvorked topic.

Work on modermn talus slopes-show ;1ppe movements dq-odéur-(Rapb,'

ucing small avalanche tongues on the ;talus slopeé ,or atu.fhg‘

19603, 196an’Jahn, 1967y, the uajority being hicroscale;' prod-’

base. The theoretical basis for—fﬁgse failures. can be devel-

oped, hovever the actual initiating force cannot alkays'be_iden-

tified. A *'typical' talus slope, consiéts of an, upper layer'of“

coarse material from which the filnes have.ogten'”filteted into

the lover levels. The talus material rests.ubon a base of be-

drock which is usually of relatively low perleability. Thus the

sitvation is a highly permeable layer on top of é 1e$§ pe;ieahle'

layer.

-

This situation is more complex when the influence of permaf-

-~

rost is present. In most alpine environments,, a talﬁs slope

must be described as tgieg_Layers. The .uppermost 1is the active

-~

layer which can vary between on

-
v

pénding updﬂ annual variatio

and several metres thick, ‘de-

: and other characteristics. The

and finally the base layeéer is

. . ] .
again the bedrock. 'Although each layer is not necessarily homo-

second layeryis the frozem talus,
LY

geneodus, they are usd%lly‘acbépted as approximating homogemeity.
. N T Y -
:There are two major interfaces 1n:this. configuration. The
§ﬁallover interface is the unfrozen material lying on the per~-
mafrost, "and'ghe déep interf;ce‘xs-that between bédrock and ta-

1lus. Samples of soil at depth are.not easily obtained, but the
T
-

4
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lower frqién layer likely consists of'fines and possibly larger

materials of a consistency similar to the upper active layer.
\\,

Narurally dccurring talus slopes of the above types can be

compared to slopes vhich have been researchéd by ‘engineers.
Tailings dumps and earth fill daas have characteristics sinilar
to talus slopes (Personal Conuunications,VShields (University ot
Ottaya:reivil Engineering). Harrison). Unfortunately, causes of"
failﬁré in rheSe eiampleé cannot alvays be identified or nx-
plained. sﬁhdlégxgh froz¢n slopes uith characteristics identi-
cal to talus are not comlon, It is possible though, to compare
frozen anq unfrozen talus to‘ materials which have siurlér engi-
neering‘characrerisrics. These comparisbns have alléued geomor -
phglogists and engineers to consider the mechahics of failures
in ¢ se‘materials.and to speculate upon the.rélatedrprocesses.

A summary of the baslic theory of slkope stability will facilitate

further discﬁgsion*. L )

Two categories of forces can be identified as active on any
slope. One type bpposes failure and the other coantribuates to

. . ¥
failure. . The type that opposes fallure can be summarized by a

term known as shear strength, S. Contributing to failure area

r .
the shear stress forces, Researchers have attempted to deter—

—— - ] - -

) <
sThe stability section is based on discussions by Carson and
Kirkby (1972), Attewell and Parmer (1976), Harr (1966) and

Skeapton and Delory (1957). —
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mine re%ationships which can accurately qudﬂlify the different
forces active on a slope. The accepted shear .strength expres-

sion is: . - s s

S=C+ (6~ u) tan ¢

shear strength , -

S =

C = coheéion

= tﬁtal normal stress
@ =

angle of internal friction

=}
i

= pore pressure

This expression is paéed on an effective normal stress analy-
sis and is a modification of ‘Coulomb's original work. The \la~

portance of water can be determined from the pore pressure tefm,

_’;// .as the hydrostatic pressure is usually the same as the pore

pressure {gases can also contribute ).

-

The @ term is determined by the internal fﬁgction of the ta-

-

' lus material amnd is dependent upon the ﬁlane friction'betveen

-

pa;tiqles; and the interlocking of par;}cles. Plane friction
can be elther static or ¢dymanric, the dynamic term being less.
Iﬁterlocking of particles is a function of size, density and an-

. ™ )
gularity of particles. Both factors, plane friction and inter-
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locking, are a positive functioh of the effective normal streSS.

Thus, an 1ncrease in the effective nornal stress (i.e. with

depth) will cause ap increase in the angle .of interna; friction.

-
4

‘F;on-standarq engi&eefiygutests different’angles are defined
which are used in different dn&lysgs. @y 1is ;séociated vith
the dynamic angle of sliding (dependent upon plane friction). @,
;hd. @, are detérpineﬁ froum shear tests and 'refer resgegtiy;ly.
¥o the maximum strength and the residual strength of a samplé._
Over time ghe strength'of Aa material tends to the resfﬁual
strength.  so the .‘qy is the nore coumohly used parameter for

slope studies.

A

Another test which is used is the measurement of the angle at

vhich a nater'al will rest when it has been poured from a low

height in the dgy state. This 'angle of repose’, approximates ¢,

although there is coqutroversy as to whether they should be egual

{to be discuséed)s.

c .
N 4

mhe cohesion of a yaterial is a force which acts to 'hold the

individual pgrticles
rials, otal forde can

*influences. For large-graihed materials the cohesidq is zero as

L]

gether. CFor fine~grained or solid mate-—

e the result of electrical and chesmical

- -

sAn important comvention in discussing angles is the term coef-
ficient of friction. This term refers to the tangent of an an-
gle; for example the coefficient of kimetic (or sliding) fric-
tion vhich is equal to tan @4.

]
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: fhese forces are not significant. It is possible to céngider an
apparent cohesion, when the effective normal stress is high, as
failure.vilL bccur across indiiiduql particles, bhut ‘a corr;=
sponding decrease in ¢ can‘countéract'ghis'effect. |

Pore pressure is the force which is éxerted by;t?glsubstance
in the inters?ices,.usually air or vater, ¥hen a soil-is tnder
load, the weilght i: opposed'by the pore pressure and the inter-
particle contact. In effective strgés analysis the pore pres-
sure, usually the re vater pressure, 1is used in pfédicting
failure. B . | |
To determine the‘shear stresswat :a particular pjzgt in  a

slope, there is a straight-forvard relationship using the velight

o{fﬁﬁz overburden.

Y=Y+ 7 % cos (TH) * sin (TH)
Vs . 75? shear stress
) * Y, = bulk unit veight -of soil
\;_ %2 = depth to faillure plane

TH= angle of slope

4

—

R



The simple ,conclusioh is that there is a potential stress
failure wherever stress exceeds stfength. unfortunately the
theory is far from perfect. Tt is a fact that slab failuro and
deep seated failures occur in qranular media (includes talus or
talus~-like natefial). but the phenonéna cannot be explained by
the above_theory. A prime example .offthis inadeguacdy is tail-
ings dump failures. The dumps 'aré'deSigﬁed to safe standards,
yet after a-. féw years, stress.cracks can apﬁahr .wﬁich lead to
failure. The occurrencé-is iqexplicablé even with hindsight

{Personal communication, Harrison).
Attempts have been made to apply the theory with modifica-
éiéns but the results are not universally aéplicablé. carson
-andixirkby (1972) utilize a threshold slope approach to predict
- a maximum height, H,, -at which talus of selected couposition,
will be stable. Their work is based onm skempton and DeLory
(1957)‘_vhlch vas a study of clays. The latter authérs noted
that deep-fissured clays displayed cohesion wvhich approached
-zero. Carson and Xirkby extenQed the work to cohesionless talus
‘material. they have compiled tables which susmarize laboratory
vork perforned on various natural materials. The difficﬁlty of
utilizing. their approach 1is that ' deep-seated failures ‘aée not
predictable, because cohesionless naterials are elther stable or

unstable by their analysis.
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Gerber and Schéidegger- {1974) attempted to adapt a similar-

approach to allow deep-seated failures, . They suggest replacing
the cohesion wigh a term which is tlie average shearing limit for
the depth of the failure 'sectioq. Unfortunately, they do‘not
fully justify their suggestiom excebt _to claim that it.uorks,
but there i; no subsequent gérlf?éation. In another atteipt

ﬁouse (1975) utilizes .an approach similar to Carson and Kirkby.

At
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- [N -
Re describes a limiting amgle of slope assuming two-dimensional -

3

.;lomogeneous matertal with cohesion approximately zero, and a

residual shear strength repgesented by® =

.

o, = arctan { (Y - m * Vw/‘y‘) tan q?,") ‘

L= limiginq angle

Vi = bulk density of water

)$=isaturated bulk density of soil
'

@ = residual angle of shearing

resistance:

m = position of phreatic surQ;:e

T

m = 1 for saturated slope
m = 0 for water table below
failure plane
A
/

6This equation 1s a resul4”of algebraic manipulation of previ-
ously listed equations.
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Rouse, hovever, - states that the model vorks only to -describe N
shallow plane slides (microslides).

Although only three examples have been outlimed, they repre-

sent the general aim of previocous studies, ¢to model slopes to
\

' predict form. The ideas are based ﬁpon present conditions of

slopes and are an attempt to explain preseﬁt slope angles and

swall scale failures in talus-like materials. ' . "

one of the assumptions of this study is that afcatastrophic
sliae,. of sufficient extent to move a mass of taius equivalent:
to that of a rock-glaciet, ~was possible under conditions %n the
past. As outlined, ‘presenf talus work cann;; explain this as-
sunption, in splte of evidence that large scale fallures can oc-
cor. Eurtherhore, studies on permafrést élopes dnd rock gla-.
ciers concentrate on creep processes and are not ;dequata to _
apply to catastroﬁhic failures (McRoberts and nérgenstern

{1974}, Wahrhaftig'and Cox (1959)). Therefore, conditions which

vould permit an avalanghe of suitable size, will be speculated.

A vital factor in rock. glatier movement is the presence of
ice, and specifically for talus derived rock glaciers, the in-

terstitial lice. The major question imn dealing wvith ice rich de-

Ibris is whether the ice acts to increase the strength or de-

crease the strength of the mixtgre. It has been proposed that

ice in small amounts will act as a cement, thereby increasing

- @
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stxenéth,' whereas in greater concentrations the ice will flow
plasticélly,'thereby decreasing stfength vhen under stress (Per-

.

sonal _Coamunication, wWilliass, Carleton Oniversity), The crit-

ical proportion is not known,

L
If the interstitial ice influences a talus slope to increase
the strength, thén it is possible tb ;onsider a standard slope
stability ana1y§i§ for deéb-seated failures, since the cohesion
‘would not .be zero. éhe§e 'analyses are discussed in Bishop
(1955),'Horgenstern'and Price (1§§5), and in general engineering
texthooks. The value of tha ice cohesion factor is unknown,
therefore within the scopé of the preseant work, the applicabil-
ity of such analysis is diminished. (Research is being dqne by
W.G. Nickling at the University of Guelph to determine the engi-
neering'characteristic of ice/rock samples from Grizzly Creek
talus derived fock glacieréi. It is possible that a deep-§eated
failureAcan occur 1h a permafrost talus slope due to the cohe-
sivelinfluence of small amounts of ice; although _little consiﬁ-

eration has been given to this proposal.

Concerﬁin§ the ‘presence of higher percentages of‘ice, there
is a possibility that initial vielding of the mixture due to the
plasticlity of ice, can.lead to a cdiastrophic failure (creep to
failure). Iith slow deformation stress can increase to a level
vhere it exceeds ihe peak strength of the slope, and thus causes

a sudden failure, This process can be observed on various

L
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spres: 1. . Rotatijonal clay slips- Isle oflﬂlght 1978 - Author
2. Mine tailings dumps =~ fofnation‘of sfreés cracks - Rarrison.
There is also possible evidence for this type of<process on the
Duke Talus Glacier,.Figurés #.7 and 8, The slip faces which are
present do not demoﬁstrate the aéceﬁted-creep mechanisna. The
lower debrls has obviously slipped along the plane of the bared
face. ' Later discussion of this - process will consider its sig-

nificance in ‘the environaent of formation.

Rock glaciers are described as a periglacial phenomena exist-
ing on the fringes of‘glaciated areas, -or forming during'the re-
treat of glaciers. The conditions of glacial ablation 1nvolve
relatively varmer tenperatures and the presence of large anounts_
of meltwater, It is also feasiple that one process of transfer-
ring heat emergy to the glacier icé is- through increased precip-
itatlon during the period of . ablation, These conditions which
exist during the propable.‘geriod of formation are of major

importance?, b

The possible causeé.uhich can lead to failure in slopes which
wvhen initially formed wers stablet' are of several categories.
The. first factor which can contribute to a failure is the pres-
ence of high pore water pfessuré. Although talus.is normally

highly permeable, tvo underlyimg impermeable layefs have been

" suggested =

7Jahn (1967) discusses these factors in dealing with nodern day
processes on Spitsbergen slopes. .
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. 1. the‘ffozen raterial ' ' )
' 2. *the bedrock L '

> -
£ .
Hhen:ﬁﬁecipitation is excessive and melting is also contributing
‘water, the ‘worst condition' (Rouse, 1975, Carson and_Kirkﬂy,
i972) of parallel sub-surface flow - and a perched wvater t;ble -
counld induce fallure.
. .

‘The second factor which can contribute'to avglanching;’ié or-
erste;pening. This state can occur if the slqpé/%s initially
" formed uléh the 1ncorpora£19n of cementing ice. Subsequent
uelting of the ice ;ay not induce faiiu:e until the activé 1ayef
' has reached a significant depth.- A more acceptable cause of
failure may be the process of slow deformation to fa;lufe.

A third factor can be the redection in strength of fhe mate-
rial due to removal of supéort. -As glacief ice ablates, large
deposits of. lateral-and grouhd moraine are exposed on the valley
wails. f%ese slopes may remain unchanged, although they'ane not
in a stable condition, until a triggering iechanisi causes a
large failure. The triggering process could be any of those
previously suggested (creep, excess pore water pressure, deep-
seated failure). In ?1gure5 £ 6 and 7, steep talas slopeé with
appareﬁtly unstable faces. (very fine material”exposed on lover

. )
sides), exist to the right of the Duke Talus Glacier. It is

possible that wvhile the talus above the rock glacier failed,

4
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this deposit: has remained in-a condition similar ‘to that in°

vhich it was exposed.

-
"t

The mechanism of movement after failure is of major impor-

tance in modeling the flov. " Inm conttast‘to-steédy-state flow,

tvo processes can be of significance in a catastrophic failure.
The first process is a liquid f;ow. If a sufficlent anoun£ of
vater 15 present, the debris will move downslope under viscous
conditions. The formatiom of ridges, transverse or longitudinal
are feasible in'a viscous flow, The application of this process
is unprecedented‘in predictiﬁg the fornm éf‘a urock glaciér fronm
talus failure, Thefefore to initiate the modeling vwork of rock
' qlaciefﬁ, the second process of SIiding is utilized in the con-

struction of the model.
The sliding ‘chanism involves the movement (.)f the faiied
section along the surfacé of the lower slope. Evidence for the
sliding mode can be seen in Figures & 7 and 8 (the éli£ faces on
Duke.Talus élacier). Gerber and Scheidegger (1974) also ac-
cepted the sliding mechanism in their analysis of mo@ern talus
processes (rolling is an extreie case of sliding).

» Altough conditions on natural slopes may not be conducive to
large~-scale failure today, the conditions ﬁﬁring the period of
formationlnay’ have been different. fossible éxplanations for

large scale failures in the past have been ontlinéd in this sec-
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tion._.vThq ndde:n_éxanple of iailings dn;p failurés may be evi-
dence of a siallar processgj'The characteristiés of - a slépe cre-
ated by man-nmade ﬁ;oceSses could more closely approximate slopes

prior te. glacier fonnat;on than comparatively recent naturally

created slopes. The difficulties of the application of failure

analysis to gramular media, especlally with incorporated ice,

vere ontlined. Previous studies applying the failure theory are

‘an attempt to determine maximum angles of modern slopes.. This -

research is an attempt to evaluate the significance of the proc-
ess of catastrophic failure and sliding, in forming talus de-
rived rock glaciers. The suggested process of sliding will be

utilized within a mathematical model to aid in the evaluation.
. . ™~
.

-.

1.4 THE PROPOSAL

-

The evaluatidn of‘catastrophit'processes as they apply to
talus derived rock glaciers 1sl a difficult task. ' A standard
geomorphological ap;;oach vould consist of fieldwork analysis,
and possiblgllaboratory stédies. A1l of these gsﬁgits havé in-
herent problems when they are employed in rock glacier studies.
Pieldwork is essential to the unaerétanding of any lﬁndforn.

The cataloguing of the .characteristics of +talus derived rock

glaciers has mainly involved description, material stzes, and

v

dimensions. Due to the remote location of most rock g;aéiefs,

major excavations are difficult, and coring is costly. FPurther-

more, the difficulty of obtaining undisturbed samples of the -

constituent material}at depth has made the study of the charac-

[ TR N
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teristics of flow a tenuous one, The limitations of fieldwork

o

_have resulted in a lack of quantitative data for use in theoret-
ical work.’ Characteristics of the surface layers ﬁo not neces-
sarily apply at depth. . Activity at depth is dependent upon the
amounts of ice and percentages of ‘fines and 'other material. The
samples from upper layers.will provide some indication " of the
engdneering properties of the‘gatefiai, but the'eéfect of derth

remains significant and difficult to evaluate.

!

/

The problems of leboratory st?di extend from the above
peints. In the cperation of shear tests, maxtnun Size limits of
material exist, but rock glaciers have a significant large rock
conmpoesition (especialif.‘in the upper layers vhere samples are
usually from), The- determination of the load 1limits at depth
has no previous predictive basis. As a result the application
of the quantifiable data which fesults from laboratory work must
be weighed carefully. ‘ N

The difficulties of these conventional approacheds to the
study of rock glacier-related catastrophic processes, , Suggest
the utilization of a modeling approach. Modeling perilts the
fusion of theory to- field data to deternlne their campatibility.

By a dynamic modeling approach, a variety of potential processes

can \be examined along vith a range of observed data to ident fy
significant processes. The limits of ‘modeling result from
feasibility of the hypcthesized mechanisas add the validity o
the sinplifications‘vhicﬁ permit model operation.

o

-
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Any proposal to utilize modeling is faced with the'inherent'
J ] . S,

problens'ofgsuch an approach. Sinceéthesé dravbacks are covered
ezfensively in the literature (Chorley and-Haqggtt, 1967, Cole
and King, 1968),_ just'a short discussioﬁ will be provided to
outlifie the particular points.
‘ /
The most frequent)argnnent against . nodeling is that it is too
simpllfied By describing a natural situation with a collection

qf statenents,.natheg;tical or Enqlish, the degree of complexity

i1s decreased. If the complexity is'ipcluded, then the model be-

comés unwieldy. The tvo points are gquite valid brt with a ‘me-

thoﬁlcal scientific appfoach, a compromise can be achieved be-

tveen these two extremes, The valué of a dymnamic approach is

the allowance for modification of prelininary models which have

not properly weighed the different aspects, to provide an im-
proved reproduaction, One goal of the modeling ‘is to consider
the correlation between the complexities of nature. 1In the case

of tallls derived rock glaclers, this correlation has not been

deternined by traditional studies,‘ therefore modeling may pro- -

vide an ansver., One of the adéantages of the tgghniques is that

different aspecfs can be isolated, and in that vgqfaau?ttenpt to

determine their roles can be nadé. If the isofition of a proc-

ess, for example avalanching, is qugstio;ed, theﬁ similarly so -

‘#ust our present scientific knowledge, Many of the theories 6f

sclence are based on practical and abstract isolations of dif-
ferent chservations. Modeling, -thus, is just anpother step in

the scientific method. : ‘ \ .
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Before the specific technique-of modeling talus derived rock

- -

.qlac;ers is developed, a review of prev;ons studies will be val-
uable.' - Simce the present study is an atteapt to relate talus
slopes to rock glaciers ,a variety of disciplineslcan_contribute
to the fund of knowledge, 1nc1ud;ng geomorpholoqgy, 'géologj and
engineering, Mmost of tpe studies do not direétly apply to a
modeling approach. A review however, can proyidé a iook at'the
theorétical basis of a model, as uell-as‘justifying the values
of inputlparameters. -

.With the number of aasdlplines that vere reviewved, _fhere vas
also a number of terniﬁologies. An enco;iassing ciassification
system for slope mévenents‘belongs fo Varnes (1975). Als clas-
sification systenm is duplicated im PFigure # 11. The differént
catastrophic processes are covered within this table. FPor exam-
ple, ‘the avalanche mechanism of Mode # 1 would be a complex
movenment, * combining flov and slide, whereas the debris élips

vhich vere discussed, vill be a subsection of debris slides.
hY

( -

" examined as most geomorphological studles are based on different

*/hor},on Eitural slopes in engineering will be the first area -

enrgineering papers. The classical engineering paper is Terzaghi
(1950), ‘'Mechanism of Ekandslides®. " This paper is an extemsive
treatise on the englneering basis for mass movements. Terzaghi

distiﬁguishgs the engineering difference betveen creep and land-
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TYPE OF MOVEMENT

TYPE OF MATERIAL

Bedrock Engineering Soils
" predominantly |[predominant]ly
v coarse ‘£ine

Falls rock fall debris fall earth fall
Topplzi rock topple | debris toppled earth topple
Rotaﬁional‘ rock slump | debris slump earth slump

E few | rock block | debris block earth block

Slides| Transla- |units| glide glide glide
tional many
units| rock slide debris slide earth slide

rock:. spread

debris spread

earth spread

Lateral sptgsd

Flows' rock flow debris flow earth flow
. (deep creep) (soil creep)
Complex

of movement

Combination of two or more principal types

Note : From Varnes (1975)

Fiqure 11:

B e e s ——— s oy e —— S b #L T 1

Slope Movement Classification System
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slide, and provides a terminology (fundamental strength - stress
Lﬂ,,,/’"it’?hiqb creep begins, coppréssive streﬁgth - stress at which

shear fai}ute otcu;s). As well, he separates the probes;es're-
sponsibie for landslides 1into ekiernal changes which élter the
stress, anﬂ internal changes vh}ch alter shear strehéth. ghe
other highlight of Terzaghi's pﬁper‘;s his discussion of the ef-

fect of water; the important points of which are :

1. @nly small amounts of water are required to lubricate

.a slide
.2. the welght of water is gemerally minor
3. wvater dissolves binders - o e

‘4. water increases .pore pressure which reduces shear

strength

Terzaghi uses the standard equatiom for stréngth 6f soiis :

S=C¢.(P-h *v) *tan @
| C=cohesion '’
p=pressure per unit area at a given point P
" of the potential slide surface, due to
weight of wvater and solids ‘
h=piezometric head at P
v=unit weijﬁi of water

@=angle of sliding frictiom for the surface
of sliding
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vhich is based on Mohr-Coulomb fajlure criteria. The Terzaghi
paper is important 1n that much,6 subsequent vork is based dn‘the

premises of the study.

* .

" T"he application of +the different equations of stress and
stréﬁgth to soils can he.understood. by looking at standard soil
mechanics texts, Such‘as those preyibusly 'referenceﬂ. These
books. discuss the théoretiFalrbasis of the accepted applications
of failuré criterid”(Zorcentrated chiefly on Mohr-Couloab crite-

»

ria whiéh accepts the relationship'between stress and strain‘
‘rate, that .their principal axes go not coincide), Difficulties
arise in the extgnsioh of theory to éone cases of failures inm
the field however,.-  as exemplifled by the:pit slope failures
which cgnnot be explained by present éngineering theory. A det-
erminant application ofk;he theory does not alway give alcorréct
situation. AConsequentlx a stochastic approach is often used.

A probabilisticiépproach is-the basis for a set of stability
., _analyses on slopes of-diffe;ent classifications, which have been
cbmpilgd by the Geological.survey of Canada. 'the aﬁalysis wﬁich '
is of interest Eo this\?tudy exists as 5 conputer pfogral, GEN-
SAN, vhich can determine the los£ prohable'failure surface for a
given slope,; -or will fipd the probability of failure for a given
slope (the slope characteristics for the“inpnt to fhis‘progral
-are similar to talus). Although initially this analysis ;p-

‘peared to be useful, the difficulties of field studies on rock
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gla;iers, uhich vere 41Scussed"ea:iier; -pfevented ‘the evalution f‘
of necessary slope characteristics for input. to .the program. A
further cqnéideration of eignificence is that the conditions of
the u;dern'slope ere not necessarily suitable ¢to the forletion‘
of rock glaciers by a_caﬁestrophic mechanisa. Because o% the

lack of valid input data, the GENSAR proTraﬁ was not utilized.

4
~

fbe pertinent.lengineerihg articles can be divided into the
Atheoretiéal and laboratory-studies of coﬁesionless soils, . and
the practical studies of acteal'naes moverents, The main prob-
lem is that very little work has centred upon natural failures
- .' :’in cohesionless soils; ‘On the theoretical iside, papers sach as
Bishop and Skinner (1977) ™ or Komamura and Huang (1974) , are of
value to' the improvement of'theory bot have nrot filtered into
field applicatiens. 'Laboratbpx vork such as Drescher (1976) ,
‘An experimental investigation of flow" rules -for gramular mate-.
rial usi optically sensitive glass particles' (and other eofk
by disciples of de Josselin de Jong) may prove usefﬁl if experi-
mentsycan be adapted to mass movements in-natural slopes, hoy~

ever that will be in the future talso.

N -

The practical stﬁ des are often too site-sﬁecific _to supply

i&§’ | _ inforlatiod, beyond basic theéry, to rock glacler or talus re-'
search, In the case of work sxtuated in permafrost areas, ‘ghe
emphasis has been on creep nechanisns. Field stugies such as

- . McRoberts and Morgenstern (197&); outline the creep of frozen
/ -
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fsoil‘on'pérﬁafrost.slopes;; The"pfesent tﬁeory of this pfocess

-

is summarized in books by'?ialov {196%5) and Tsytov1ch (1975).
The probleﬁs Aof the applidgtrqn of steady-state flov to Eock
glacier feattres in the‘fcrizzlijreek. area have already been
highlighted, ‘Thus thése enqinéerinq studies are of iq{gresé to

the overall brocess framework but not specifically to .the cata-

strophic models.

Geomorpholoqical_and geological field and theoretical studies

complement the enginéering vork with more practical considera-

“tions. = The studins .of rock glaciers have already been referred

LY

to in the deqcription of the feature's Characferistics. The
First comprphnn51ve study of rock -glaciers was that of Wahrhat-
tiqg and Cox (j959). mhey examined over 200 rock glacdiers in

Alaska, classifying a range of characteristics. They concluded

that rock glaciers are a matrix of debris and Ice moving by an

ice creep mechanism which.is responsible for the surface con-

tours., The introduction i5 a summary of previous related work

as are those oflthe more recent articles of Potter (1972) and

Whalley (1974a). Ommanney (1976) also has compiled an overview
1

based on Camadian studies (a§ part of the Canadian Glacier In-

ventory). All of +these papers are valuable in presenting the

range of hypotheses’of rock glacier formation.

/

I

_The first r'madjor article, to propose-exclusivéli- a landslide

mechanism was Howe {1909y ., Studies since then have considered

-
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catastrophic processcs bct have .faplied cheir 1nporfance only:
‘for debris supply. Barsch (1976) suggests that an avalanche or
series of avalanches- {snow or rock) pay provide debris. to the
head of a rock glacier;' Subsequently this deposit may uudergo~a
steady-stato flow - to form a new lobe (similar to Mode # 3).
Spith (1973) rejects the landslide process in discussing the ex-
tensive talus derived types of his study area,”pecause.he.feels
that they do not resemble landslide deposits. However Mathews
and HcTaggart (1969} discuss the resemblance of the Hope Slide
of British Columbia to cockrglacier fcatures.’ éhe form of the
mine tailings failures also shovw a set cf ridges.‘ ‘Pinally,
-ihalley {1974a) supports the rcle of cockfall in supplying de-'
bris and influencing flowv of the Arapaho Rock Glacier {an ice-

cored type). .-

Rock glacier studies -have concentrated on the lce-cored fea-
ture with occasional referénce to the talus derived tYpe (exem-
plified by Outcalt and Benedict, 1965, with one page out of
seven devoted.to tﬂc feature). The problem was the clacsifica-
tion of different types of rock qlaciers. ‘Hahrhaftig and Cox
{1959} reject the 1ce-coreq features and Hhalley as recently as.
his 1974a articl rqles out the ice/rock natrix flov of a rock
glacier. Corte (1976) griéd to solve some of the classification
problem by summarizing past terhlnologf, grouping the talus de~-
rived';ypes 1dentifled in other studies (Outcalt, - valley-wall

type; Potter -~ ice-cemented type; Barsch - taleus slope type).
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Tt still has .not been resolvéd vhether ice-cored roct‘glaciersl
~and talus derived rock glaciers are the result of similar proc-
esses.f This study proposes a mechanism vhich can be of applica-
tiom in both cases, although to different degrees.

The talus derived type requipes the relation of two landforams
with potentially tvo categoriesljof active processes. L Onfortu-
nately applicable studies are fev. Smith (1973) provides the
most extensive comparison between the contributing talus and the
fesultinq form. Fxtensions of the features rangé from 450 me-
tées to .1000 metres vith a pos;ible relationship’ to headwall
héight. He describes characteristics similar to Grizz}f Creek
landforms (i.e. up to 10 metre lobe heights, dual uovéments with
a lover inactive vegetated part, transverse arcuate ridges, and
atﬁ}oﬁe bréak from the talus to the rock glacier). Other arti-
cles vwith direct application are éarsch\(1971) and (1976) which
descéi e talus defived types and specilate on Fhé processes of
forlatSBn. Other studies of rogk glaciers are not of particular .
value to the present work énd are sﬁmnarized vell by Fableton

and King (1975), and Washburmn(1973).

Talus studies provide chaﬁacteristics _6f modern slopes and
jnclude stability amalyses with considéiation of the degree of
slgnificance of di}ferent processes. The classical study which
atteapts to relate desctiption'to processes is Rapp's 1960b pa-

per. Rapp discusses the talus slopes of Spitshergen under an



Py

"

50
extensive range of Weadings. Un:ortnnaiely no rock glacier fea-

*

tures are discussed.

The major qeonorphdlogical vork. on slopes in the past two
decades (théoreticﬁl and practical) is attributed to Carsog and
Kirkby (1972) in 'a variety of papeESa Their boqk provides a
sunnafy of field and theoretical s%udies into slope étability.
carson (1971) bases a study on the deternination of.thresﬁold
slopes. He believeé thatlabove a certain angle of slope (de-
pending uponr the characteristiﬁs), rapid mass movemenis will oc=

cur. The value of Carsom's work to this study is the calcula-~

"tion of the threshold values for slopes of various composition,

which aid in determining input values for the models. Rouse
(1975) and Rouse and Farhan (1976) gse an approach similar to
carson and find 1nstaﬁility at di fferent angles on dry and satu-

rated slopes in their study areas.

_ A number of names appear commonly in recent combined field

and theoretical studies. They are Gardner, Gray and Luckman and

less frequently Bones and Chindler. ~ The problem with all of

these studies is that they discuss modern processes of mass

povement which do not involve large scale failprés. Again the

input data.

‘, .
studies do discuss basic theory and pr;yiﬁsffgagffkication for

—
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On the theoretical éide, there are a number 5} studies which

deallvitﬁ slope angles and processes. ; Stakham does laboratory

vork to determine porosity and angle of repose and does include

" the distinction between that angle and the angle of internal
frictions,

”* 1

2 vell-noted author ;ho has made an attempt to theoretically
explain giope processes 1s Schéldegger. Talus prdcesses are ex-
-amined ;n a number of \?ublications (Gerber and Scheidegger
(1978), 'Scheidegger (1961)). He predicts that there is a
length.- of slope that can fall which is deteruined by the ;ngle
and a critical height (X=h_/sin/}, vhere /7 is the slope angle).
" To obtain a critical height a stabiliiy factor for a slope is
derived from the stability curve analysis of FPellenius (1948).
He then consiﬁers, the dynanics\of debris slides. The problen
with his analysis is that a s1idd, due to 1ts initiating mecha-
nism must have an initial kinetic \bnergy. The value is diffi-
cult, if not impossible to evaluate,{unless a slide is obsefved.
ohe value of the work is the use of coefficients of slf&ing.and
Eolling friction which are evaluated by predictiﬁg .that slides
do not reach the bottom of a' slope (which is not amecessarily
true}. The application of the appropriate values from the 1974

article will be considered in the evaluation of the vorking mod-

- v by i ol e =

_8Carson (1977) and Statham {1976) disagree on the measurement
and significance of these two angles. The articles . will be
discussed further in Chapter Three. The application of Stat-
ham's work is limited to providing characteristics of talus.

.
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The final studies to examine, are those covering the modeling

of slopes. The first category im  which an extensive amount of .
work has been done, is the evolutiom of slepes, Wwork by Kirkby

. {1971), Young (1972) and Ahnert (1970) utilize the computer to

produce profiles of slope form by assigning rates of erosion for
different denudation processes. This type of study does not ad-

equately consider the movement of the material however, only the -

G

overall slope profile. - Scheldegger (1961) outlines slope form

._._,.___\.-..ﬁ.._\ et

'modéling but again the major concern is the protile.

-

Some interesting research was ‘completed by Thognes (1971) .
He postulated that a scree slope éan be an example Yf a queve.
By abplying queuing theof;fﬁ\he exanmined the effec of ta;ious
input and output states on feﬁtures obserweﬁ in.different.areas.

1y

This vork also is malnly coancerned with the final profile of the

T e & o PRI et e bt K Tl e o
'

slope and the method does not appear ﬁo be ﬁdaptable-to explain
. the features of a rock;glacier.
- . J‘

The value of previons studies is basically restricted fo pro-
viding represeétytive talus slope characteristics, The uodelé
vhich are developed assume f&ilure based on the arquments dis- ' |
cngéed in this chapter. The mdvement of the failed section fol-
lous the laws of physical dynamics, Input is based on sample
valueéj derived fgon the literature ané'the rock glaciers of
Grizzly Creek. Chapter One has introduced the talus derived‘

rock glacier. The possible roles of cataét;ophic processes and

A |
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the problems of past studles and interpretation by accepted
mechanisms vere outlined, The wmodeling of the postulatéd proc-

esses is. the topic of Chapter Two.



Chapter IT

i

METHODOLOGY | s

-

The first chspter has'intrdduced the stucy of .rock glaciers,

.along;with tﬁe difficulties Fhat' have arisen 1n.;ﬁe 1§terpreta-

tion of talus derived rock glaciets. ~ The shoftcomings of pres-

ent knovledqe and past research were outlined and a new app;oach
/

suggested. By examining catastrophic nechan:sns wlthln models,

it i1s hoped that the relation betveen different processes,

uithiﬁ the - formation and evolution framevork of talus derived

i

rock glaciers, can be predicted.

o C I

This chapter vill describe the development of a

models in an attempt to syniﬁesize the creation of
cier.  The empha51s is on pteliminary model construction to con-
sider the significance of the catastrophic processes. The lod-
els will provide a bas1s for future work which vill incorporate

the range of processes, from steady-state to catastrophic,

whe first part of the chapter Aill discuss the focnu;ation of
the initial working nodel. ’Aft r a step procedure ﬁss hbeen out-
lined,- the_nodel w#ill be .constructed, then the input, output,
‘anpd necessary qssunptions will be examined. The initial model

is modified to inmcorporate a number of mechanisms of flov. The
: ’ '
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explanation of the nodels and the assnnptions made is covered 1n‘

the following chapter om results. ° The results of the novement '
. . _ . .

rodel are q?quired.vithin . the subseqoent models, consequently.

4

.

iy . . .
they are ‘discussed partialli within this chapter.

2,1 HMODEL DEVELOPMENT

The fornulation of a uork@ng iodal for ahg\fszszfgﬁ naturail
processes must be methodipal._ That is, }dealli it shoulo‘be re-
produoible, 'and to achleve this goal a stepped procédure from
theory to nodel is necessary. ' Yet, once the model haslheen de-
eigned ffexibllity lust allov modification +to, be uade,' espe-
cidlly wvhen using a computer, or there vill be g’

ality and the reproductlon. © Such a dynamic approach is covered

ggp hetveen re-

in Merriam (1976). R S
N . «
The first stef idé{h? developngﬁt of a concoptual model which
will initially ovtline the aspects to be exaoined. Iooorporated
within this first step, or'if'necessary as.arsnbé{;;;;y step, a
. word descriptioo-'of the model is helpful.‘ Tﬁese' first steps’
serve as a étateuent of tﬁe probleh, ‘but also provide the basis
for the nod@l, =1e] they must allow adequate continuity fronm real-

$

ity to model and back to reality.
v " - . - i - o

. SN

For a computer model especially, the next staps are critical,
the disoretization of the Emglish description. . D;screté word
statengnti nust be foruulapéd and placed in. the correct sequence

f A
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fgr nanipuiatiqy,:. Thesg !gpfd 'statenents ‘should concisely
outi;ne the étéps to\?e folloved. Secondly, these uord‘stafe-r
menp; should be altered ‘to a~ squence of lathelafica{ state-
ments. 'fhese discrete matheuaticél statements describe the

' processes vhich érq?beinq' modeled, and also provide pivotal
.steps which - determine the path through the rest of the model.

Thé formulation of the discrete model involves the initial ap-

. 7
- plication of engineering theory, so it is dependent upon the

v

-~ present state of the art.

‘k. | T

The next\$£e§ is to construct a working model from theldis-
}I‘crete mathéqatieal sfaéénénts. To link together the statements,
assuhptio?s uuét'be‘nade s0 that'the model provides a‘consistent
,pqﬁhenaflgal and physical seQuencé to describé the selected

process, This step is the most subjective part - of modeling,

”

moreso 1n utilizing.a tter for calcilat L {(The problems’

~ S -
of subjeptive ‘modeling are well-documented elsewhere (Chorley

hnd ﬂngett,‘1967; ‘Cole and King,'1968) and were referred to inm

A

the fifs hépter.{ ?ﬁe computer Step is a technical oqe, which
is ;iiif:gf\ﬁy the earlier model design, but which can be im-
| proved thrqugh a feedbafk nechanigq frog ther'sabséquenf'analy-
sis. -fhus, uhilg incorbératinq the siyéllficatiopé; 1;te§\:od1-
fications allo; the inif;al mdﬁei constgtz;ion ﬁo approach the

ideal of natural process action. This fackgr is the crux of ay-~

namic modeling and 1s.the subject of t;é\next step.
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The importance of a dynanmic approﬁqh nov becomes essential to
good mbdeliﬁg. The”anﬁlysis of the results of the cqnputek vork
is not the final stép.,>0nce'the dﬁtpﬁt has been examined, modi-
"fications which will permit improvements, nust‘be incorporated.
Upon alteration, fd;thér éamputer vork will provide . further
analysis and then—further modifications.  By this iterative pro-
cedure, 1t is possible to achieve a more realistic model. ~ The
complexities and interrelationshiés of the processes can be im-
proved‘from £he basic model to hetter Telate tolactqal observa-

tions.

The £inal Analysis and concluéions must include an objective
" evaluation. of tﬁe'appfésgh=i¢yy of the nodei.‘ This evaluation
‘ﬁill_aid in determining the sigmificance of .thé;resulis of a
model. fhe reéults must cofreépond'tolthe initial model goals,
If certaln aspects result which were not expected then their vé-
1idity must be confirmed. That 1s, a model caﬁ be expected to
produce results which are consistent uig& the theory but which
may not occur in reality. The_sifting of results and gﬁg&é—rel-
ation to realityfighéiucial to the effectiveness of modeling.
Through the isolating rature of models, results may not.coindlde
with actuwal observations. But, in this uay; models also provide
information which does not arise fﬁom étdndérd'.gﬁalysis. By
ca;efnl examinatioq of the results of'nodei ianipulafion, sig-
nfficant characterlistics can bhe dete;nined,, which contribute to

tﬁé interpretation of the selected landform, This unigue gual-

<5
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1ty of modeling 1S the purpose of utilgting this approach to aid
in understanding the evolution of talus derived rock glaclers.
The above prpcedﬁre ﬁas enpléyed to design 'the node}s‘uhich
-vere utilized in tﬁis'thééis. Initi&lly a.deterninistidlnodel
~was designed by the sequeﬁce of'steps. Thé de%ern;nistic'nodel
vas madified to producé_the movement characteristiés of differ-'
ent'postuiated catastrophiclprocesses,‘ The theory of each nodel
will be éutlinéd, . then the selection of 1nput paraneters dis-
cuésed The assumptions necessary to. simplify reality will be
inteqrated vith the model formulation, but the evaluation §f
each will be considered 'in the next chaptégz ‘TQ9f¢etailed math-
ematical, Isheoretical amnd conputer‘prochﬁrég_arg iucluded.in.

appendices, ‘The first model is the preliminary one.

2.2 PRELIMINARY MODEL

The initial ‘model is determinist;c aﬁd calculates the dynam-
;;s # a slope failure. The failure is modeled as a slab-type.
:n(;;§ of the hodelingrthe _failu;e.is assumed to occur. The

first simple mo&ei‘utilizes the basic laws of Newtonian Phyéics
to study the movement of a slope which has-gailed. The charac-
teristics of the slope will be described now, by following the ~

step by step model formulation. ' .

. PEEUEE % S U SIS FELI T S TOTE.L* P RS SRR PR SR
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Conceptual Model

A talus consisting of homogemeous material exists at an an-

gle, TH. 'The cgnii}ions on ;hé slope are such that failure can:

QCCUT.,.

A failure will cause a section to move downslope .accord-

S

ing to the laws of physics (dynamies) . The movément is a dry

> friction type.

2.2.2

2
Woxrd Descriptionr

The slope of amgle TH, can be described on ajtwo-dﬁpensional

~x-y axis. Tt will have a related heiéht'and slope length, one

of which must be defined, the other being subsequently calcula-

ble.

Since failure of a section can occur, the extent of a

failure must be defined. To pereit this, the slope will be sec-

tioned by defining a depth and length of failure« Bach section

can be failed and the movement can:}e determined from physical

lavs.

whan fallure occurs, there are tvo forces acting on .the

section, gravity and fnictidn.‘ The section will move along the

talus slope é#d possibly on to a horizontal base.’

2.2.3

I

2.

L .
[T

Discrete Sord Statements

The slope exists at ..an angle, TH, with a related

height and length, The .x-axis is the pase of the

. slope and the y-axis is equivalent to the headvall.

‘A failure occurs of an extent determined from -the

slope length and the nuaber of failure units. The
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deptﬁ is defingd. .mhe fallure units will be

rectangular in the simple model.

‘3. The section moves. down the slope under the influence

" of tvb forces, gravitational and friCtionél.

L]

5. The movemant includes that part which 1is along the
slopé— and a possible extension' onto the horizontal

o %
base. B -

2.2.4 Digcrete Mathematical Statements

-y

The mathematical basis of the foilqwinq equatidns-or defini-
tions is outlined in Appendix R and illustrated-in_?iqdre * 12,

- / .
Por details of the model, refer to the Appendix.

1. The equation of the slope line is:

'y=-H/HL*x¥B vhere A=height:of slope

AL=horizontal length of slope
. . \

_note: H/HL=tan (TH) ~

.

’ ' . . . .
To- define Jghe sections, the equations which locate

their boupdaries, and centres of nass_vill be iisged

« ' (refer-to Figure # 12).

a) Lowgr Boundary:.

g= -tan(TH) *#x¢ (A-D/cos (TH))  vhere p=depth of

faillure



FIGURE |2 — MODEL SLOPE

o

-Equations‘of Lines

Y=SL1%x+H-D/cos (TH)

| Y=SL2%x+H- D/cos(TH)-H/(Z*sin(TH))
Y=SL2#x+H-D/cos (TH} - (3%¥) / (2*sin (TH))

1
2 Y=SL1*x+H-D/ (2%cos (TH) )
3 "Y=SL1*x+H
© 4 - Y=SL1*x+H+D/ (2%cos (TH))
5 Y=SL1%*x+H+D/cos {TH) v
6
7

61
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b} Centre line (p;rallel to slope line)

_Y= -tan (TH) *x+ (H-D/ (2*Cos(TH))

-

c) Centre line of each failure unit I, perpendicular

to the slope.

y=x/tan(Tn)+(ﬂ-n/cos(TH)-a/(zgsin(TH)))_

d) Centre line of failuré units, after failure (pafal- :

lel to slope). . ' .- : -

.y= -tan (TH) *x+H+D/ (2%cos (TH})

To determine the movement &f a failed section, the °

force and'energy considerations are required,
- L

a) Porces on a seétion. .

‘ | X _ .

FO=FG-FF vhere FU=force on a nnii |
FG=force of gravity

FPr=force of friction

PG=N*G*sin (TH)} wﬁere M=mass of the unit
. -~
. G=gravitational constant

-

FPF=NU*F¥ vhere FN=normal force
N~ '

=M*Gxcos (TH)

' . .. MO=coefficient of friction
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b) Tnergy Comnslderations
‘Potential Energy of the Pallure Unit

‘PE=M*G#DRP - where DHP=change in height of the
centre of mass of the

. failure unit

As the unit moves, the potential enmergy will
become Kinetic Energy and Erictional Energy

losses.
Kinetlc Enerqy

KE=,5%M%V%%2 vhete ¥=velocity of upit -
. - N .
_or KE=PU*TD - vhere TD=travel distance of unit

~

Frictional Bnerqgy Loss
L}

FPE=FF*TD ’ * .
’ A

. u i
Gfﬁﬁ;b determine the movement of the falled unit along
-( o . .

v

i
slope and onto base.
a) Potemntial Energy=Kinet1c'En€Egy + Frictilonal Energy

Losses

M#GAPHF= (PU+FF) #TD= (FG-FF+PF) *TD

\ - \

e et e m ik + e v et b eeh b 1 R b R B e o i B e
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Therefote: . ’//

TD= (M*G*DHF) /¥G

=(H‘G*DHF)/(H*G*Sin(TH))

=DHF/sin (TH)

1

Thls'equdtion for travel distance is only suitable

while the umit is on the slope. When it travels on

tﬁe flat new energy relationships occur as ﬁﬁgdpéj\
Also the force of

L.l
i A e o S i iy b

T
jﬁtential Energy becomes zero.

)
1

.
o it amnde. b i e

. gravity in the direction ef travel is zero, and

PR=Y*G*NDU

The Kinetic TFnergy of the unit is now changed to

Prictional Energy Loss. Looking at the Kinetic Emn-

argy at trangition, KET,

|

KET=FP*TD
TD=KET/PF=KET/H*G*HU=(1[HU-1/tan(TH)TDHF

This equation gives the travel distance on the .

.flat. ' ' v

.
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242,59 ¥orking Model

The working moE;I\\{it an application of the mathematical
statements wvhich have jus been developed. It is necessary to

make assumptions, at this point, that will permii the manipula-

tion of the model, but Qllov the relation of reality with the .

numerical results., The working model utilizes the computer tq
allow fast considerationm of a range of assumed variables. The

engineering and mathematical assumptions and variables will be

covered. First the assumptions will be outlined and then the

selection of parameter values discussed.

1. The slope has a single angle aﬁd a discontinuify at
the slope/ba;e intersec£ion. The slope is divided
into units, each haying a constant and defined depth.
The length of a unif will be defined and usinq‘the-
slope length, N, the number of units, ca; be calcu- f
lated, The units are .numbered from the top and théi
section of slope wvhich may remain will appsear at the

bottom and 1s not significant to the - analysis. The

model is tvo-dinensionall

' %——\\\\\ 2. the failure is of the siab-fype,,/vi@h rectangular

units moving, although the shape of units can vary.
The model does not manipunlate the shape, but the cen- -
tre of mass, therefore the unit can be considered as a

(‘ rectangle or a ttﬁﬁgzoid(a trapezold can be utiliied'
o

[ RCINN (T VOO SISV PP NINPONE W

i
H




66

to closer approximate a real sectiom failure). It-is

necessary to calculate the coordinates of _the centre
of mass of each unit - fromw the intersection of the
equations discussed previously. Appendix A shovs sanm-

ple calculations.

3, The simple model is not dependent upon the ¢ondi£ions

necessary for failure since fallure is assumed to oc-

.
i s s 2 e

cHr. When a unit fails, the evaluation of the move-
“ment required that the unit move along the surface of

. the slope, thus:by some manner the unit must be trans- .

forred to the surface. The method used is to transfer

a fajled wunit to a position such that the height of

. .
the centre of gravity does not change 9.

4. When the uvnit begins to move down the slope, a fric-

tional force acts upon‘it. The value of this force

el s e e

depends uvpon the angle of the slope (as the normal
force is dependent upon this angle), and on the coef-
ficiengs vhich can range inmn value; static, sliding,-
and rol}ing, the last two together being called ki-

netic, The statlc coefficient  1s active vhile the

I

27 second technlque wvas also examined. The unit wvas moved to a
position directly above the adjacent lower unit. This method
results in positlive or negative changes in the potential en-

" erqgy., dependent upon slope dimensions. In future modeling en-
ergy increases and decreases can be identified vith either an
initiation energy or a loss of energy due to the failure proc-
ess, R '

IO VTP e SR IS SO
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unit is not moving. . Once‘the unit is+<in a state of
motion, one of the other coefflcients is significant

A”, The static coefflcient is the greatest, then slidinq
.and finally the rolling. . If neither the angle of the.

slope nor the coefficient of kinetic friction change,
, N

P ‘ then any failed unit will reach the base of the slope.

This inherent property of the one angle slope vill be

important in subsequent modeling.

s e .The frgnsition of a unit fronm slope to base maintain-
ing shape is permitted by a sinmple, although not real-
isflé, technique., On the basd, the height of the cen-
tre ofx;mass must not be lower thaw one half of its
deﬁth. Thus once the value of the height equals the

, sugqested.value during its movement along the slope,

the unit is assumed to undergo an 1nstantaneous trans~

fer to movement along the base level.

-

-

The computer program which vas designed from the above mathe-
matics and assumptions appears in Appendix B, as the first sec-
tion of the sample progranm. The methbds of prbqram&inq are DOtJ
outliued in this thesis ‘as there 1is a vealth of books which

cover the subjkct (the selection of vwhich is the individual pro-
:gralner's preference}). The computer prograa has conuent cards
liberally distributed throughout to explain the symbols, mathe-~

,

matics, and ‘sequence of steps,
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The next step 1is to select the input paraneterg of the pro- ’ :

gram. mo deteraine the valups or range of values of the 1nput,

68 -

the characteristics of talds slopes are required. partial r

viev of related articles wa jven ir the first chapter.

T

f.i!

.. EAPRPRE

a

following, section will discuss thé input parameters and the se-

lection 6f values for the Preliminary Nodel. Furtfer compari-

sons to field studies will be made in the next chapter.

s

2.2.6 Input

9.

primarily dependent upon +the material characteristics

VN
1. rAngle of Slope - Talus stands at an angle' which is

(i.e. lithology, particle 'size distribution, moisture

and ice content), although processes of Snppiy.

"ment and basal remgval have an inflnence;l modern ta-’

lus of the type in Grizzly Creek exists at angles be-

tveen 25-5egrées and 40 degrees, as is the case for

many alpine areas (§spthan (1976) , Rouse, 1975).

-relation of natural-slope cngles; to the angles of re-

pose and internal friction is a matter of controversy

. o>
at present,  The classical relation (Carsom, 1977} is

L

that the angle of repose and angle of ihternal fric-

tlon are approxinately equal and that they are sililar

to actual talus angles. mhis situation implies that

-

slopes exist flose to the naxinum angle of stability.

The newer theogy (Statham, 1976) is-tha£ the angle of

internal frictloﬁ\\ié_cppfoxilate;y 5 degrees greater

te



.thag nost talus anglés,"and that fhé an@%é of.repoge Lo
is not a significant measuresent.“ .Thg -argument of
- . ' . . . LR r

A < . ) )
thls +theory is that talus 1is formed under dyuanié -

4

. , I
rockfall conditions and not A stéiic state.“ Sifce

slips are obserg;ﬂ on nodern'slopes, the selection :0 o

,iézzificant input angle from these two .methods is
no;,pa icnlarly ditﬁiﬁglt. The pptenti&; anglés of

1

ailuﬁa,..past and present, -will b sililar to modern,
\\Q\lus angles. The purpose of this study is to exauine

a range of pdssibilitigs, thus the angles are assumed
. to permit failures and the sanp;é values are 25, 30,
.; 35,- and 40 degrees. _ " é‘kﬁ; -
The selection of.;lope aanes‘is significantﬁzo the
coefficient ‘of internal fgiciion value,’ sinpe 3this" S
parameter 1is dependent upon the ’éngle of 1nte:n§1’ |
friction. It is necessary to adopt one of the tyéé- -
ries above to se%gct_a value .fordtﬁe TH tern of‘the'
'coeffiéient. The ﬁimplest one to evaluate is the
sclassical theory that~the angle of a ‘talus approxi- o
- Mmates the angle .of intec;al friction. within the .
tudy, ;;é‘angle. of internal frictiom and, the talus

angle vere accegted as synonymdds.‘

"2, slépe Len‘g'th apd ne‘igﬁt-- When TH is specified thép

only one

: . B T -3
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qontrasted‘ ﬁith the - self—explanatory;- horizontal.

* length. ‘glqpe'lengths'var§ Igreatly in‘the diffe;ent

alpine areas. A general range of values is from fifty

metres to six hundred metres. In the Grizzly Creek

area, slbpes of 400 metres are standard. A range. of

T

100, 200 and -400 metres vas used - for the initial

!Odél- ‘\_
~n

Depth of Pailure - The.depth of‘nodern talus sl{Pe
failures is generally a function 'of -the active layer,
anyvhere.from' negligible depth to approximately five
neireé.' A basic prenise of this study, houever;. is
that deep-seated failures were siqnificant to the for-

matign of talus ‘derived rock qlaciers. Thus,. both the
- ,h . :

lov range and greater depths must be-considered. Con-

se ventl v valuES of.tue,‘ five, fifteen and‘tventy-

sre used as sample figures. A secqndary

-

reason- for using the twenty-five metre depth 15 that

five néir

the toes of rock qlaq%ers in the Grizzly Creek area

are approxinately this belght.  ’,) o

v | ' . L
Failure.Unit Length.r The value of the failure unit

length is tied to the Value of slope rength and the
% é .

number of’ units. : hny two will. deter-ine the‘;hird,‘

hqai? using the rock glaciers of the Grizzly' Creek

-

.area as ajzrsis, the unit Yength can be related to ihe'

width of the- lobes as one’ extrene; One mode aL&EIpts
. « .

70
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"to- explaip the lobes by‘ successive failures of units.

If ther

éompres jon of the lob?s occurs, then other values of
unit-lengt are significant, s0 a tangé of'values iill
be examined./  The value used uaé rEl&tgd to slope
length and ten, tventy, forty and o;e,hundred metres

vere the values tested. ' -

Coefficient of Prictlon - The value of this.parameter
is the most difficult to set, yet the nost impoftant
to the study. Gerber and SChezdegqer (19749 use a
factor of tan{TH) to determine the diffe;ené coeffi-
cients of friction. Since the coefficient of internal
ftictionnis the.tangent of the an§1e of lnfernal fric-

tioé? this technique is utilized also. If the failed

M

is a single failure of the whole slope, or if :

unit 1is sliding along the surface then a value of

tan (TH) will cavse an jmmediate stop upon failure, un-

. less iﬂitiai energy has beem provided to the unit

(vhich is the argument by Gerber and Scheidegger).

Patlures occur .in slopes such that normally no energy
. . Co i@

is transferred to the unit, therefore, for a unit to

-

continue movement the coefficiewmt of friction must be

lesg.thén tan (TH), n that casé the section will

reach, the basefon a one ang\e slope. For the purpose

' '-_I

of ° initlal  modeling, he values O.5%tam (TH),

-,

0.7Z£hn(TH) and 0.9%tan (TH) veré.nénd; The “value

-D,QLtanipﬂ) is suitable f;;ﬁ?he\sllding mechanism. A
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second possible type of movement is that'the lowver.
layers of the unit are -rolling,. thus fhe,cdefficient

‘of friction will be 16wer. One furthér ijpe of ﬁoye-
ment could be an air or 1liquid lubrication ”(due,tolx
melt of ice u%En failure)‘ vhich will also provide a
low value for the coefficient of friction. The values
0.5%tan (TH) and O.Bttan(Tﬁ) are an attempt to cdng;der
these latter postulated mechanisms of movement (the
pultipliers, 0.5,‘0.1,'etc. will be termed the factor

of the coefficient of friction, FNU). H

The output of the Preliminary Model provides the time of
uovément, TS, and the value: of the e%tension from the talus/base
intersection. The gesulté of the input variation ﬁreifableﬂ apd
discussed in the next chapter. The construction of ‘the Interac-
tion- Models is the next step in the modeling of rock glaciers.

4

.
[

2.3 INTERACTION NODEL t

-
[}
\

a
1

The simple . Jdeterministic model has- been constructed .as the
& . ‘ : - :

< e S * .
preliminary step in .a dynamic approach to the modeling of rock
glaciers, A, vide variety of feasible parametric ' values were

utilized in the initial model to xamine their _effecté in iso-

lated situati,on& ‘The movempnts of ‘the complete talus slqpé-or

-
-~

individual sections of the tilus were exan;né@ in a non-interac-

tive process. In the actual case of a talus\ﬁailure, particu-~-

~

k1]
.
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larly ;\?Eﬁjogresslve collapse, sectlons of the slope ulll

interact during a dounslope novenent. The next step will be to

construct an interaction odel, within which a nuaber of postu-

i

lated processes can be active 1n forming the featdfes of a rock’

. glacier.

~-

‘ \\kThe results of the  Preliminary Model are discussed imn the
n

ext chapter, however they will be incprporated withim the in-

teraction model. Within this Heihodolqu chapter, the more com-

plex model will be constructed, and the contributions of the in-

ifial model will be discussed .;In hypothesizing potentially

3

act'ive processes, a shozt dlscu551on vill outline their theoret-’

jcal possibilities. - A more conplete evaluation of the different
models and their:;esultsj wifi follow in the next chaﬁter.
Through'the .dy;amic feedbacl aspect each subsequent altefetion
gf the interaction model . will incorporate results of earlier

models, o

As for the in1t1a1 deteruinistic model,ﬂ the construction of

the basic interaction model uill fqﬂi?h' a step by step proce-
dure. The development will be outlined, with the basic nathe;

matical and physttal theory. For. a nore conplete "theoretical
~—

v

explanation; Appendix B illustrates the‘mathematical steps and

construction of the computer program.
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. 2.3.1 ~Concept tual Hodel

-

A talus slope as per- the Prelihinary ﬁodel exists. Pailure
will occur, with a 51gn1f1cant portion,of the” slope being in-
vplved.ln the avalanche, In the case where“a rafroqressive
failure'occurs,' the slope sections can “interact thrbugh colli-
siqns’during their movement down the slope. The types of inter-

actions will be postulated after the basic model has been devel-,)

oped. -Again the movement will be considered as a dry friction

2.3.2 Word Description ° . B

type. r -

*he slope of angle. TH. is described on a two-dimemsional X-Y.

axls. The various patameters will be defined or calculable qf

e %
per the Pre11m1nary Model (t.e. slope length, height, etc.).

The extent of fallure v111 be defined  amd the tz;gs of the ini-
0

tiation of unit movements will alsc be detined allov the de~-

.teryination of interactionms. Interactions uillrbg describ

*

ébllisions vhich can, vary from inelastic to elastic. - Th
ures will again follow‘the lavws ~of physical dyn;niés.
tive forces ‘are grafity and)?riction and the section vill move
along the slope and possip&f’on to the horizontal_base.
. —_' - ~\%

" 2.3.3 Disgrgtg.jggg‘gtatenentg
‘1. . The slofe'-exists_at an.angle, TH, wifh 'a related

height a%g' length, The x-axis is the base of the

A' . l
slope and the y-axis equivalent to the headvall.
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2. The extent f a failure uill be defined by the nimber
of fa}lung u nd their 1ocations. The units. are

_ . defined by their 'width and depth and wiil be consid-

| ered as reg%angular. The units uili‘ maintain thgir
shape, although supsequent iodeliﬁq may change this

\ assumption. ™
\-—f—\/\ N

3. 'The jpitiation of movement  of each unit will be de-

fined on a scale of time. ~
4., Fach section moves downslope under the influence of

gravitational and frictional forces. pre to colli-

sions, (inelastic an elastic}, there Rmay also be in-

teractive forces; .
s Y . .~

5., The movement includés the part along the slope, with a

possible extension onto the base.; '

.

e . . .
2.3,4 piscrete Mathematical Statements

ija,bésic equations defining position and outlining energy
cgnsiderations vepe discussed unlder this Qeadinq “in the develop-

ment of the initial model and vili not be repeated. The step bY

:step construction of the interaction mathematics will be out-

. /
liped. - Appendix B covers the detailed theory. ' '

v \ L] .
The characteristics of,the‘slope and failure sections. have

-

been descrtbeﬁ;"therefdre the discrete statements will be laid

out for the word statemeénts startidy £fom 3.) above.
. . Jth 2 3.) aboy

.
. ’ 4 ' o ¢ ' N * .

o . . " . . . 4 - ot

= - e . “ - L.

3 - . - - 4 . . . . - . : .
» : . .
- * )
.
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1. Tn an avalanche of NF units, the first_wiil start at
timé; t=0. Eacﬁ_suﬁsequent unit failure viil have an
initiation time defined bf a factor of a parameter
wvhich 1is the ¢time interval between successive unit
failu;:;, fI. As an exanple if the units are labeled
from I=1 to TI=NF and they fail sfarting with unit NP
then, the failure time of the Ith uni; is

S

FT (I)= (NP-TI) *TI

. i . !

T¥ ﬁqit #1 is the first to fail then

X

.
P

.

. T S OPT(I)=(I-1)*TT :

o ‘ "‘?m.

2, The active forces are friétion and qyavify. ‘however as
the mode;_is d2velop;d; forcés ofginteréction (whiéh
aré based on friction and gravity) may alter the usunal
- ' o influence of these tvéﬂfqrqgs. To determine thé ef; .
) fact of thege‘ainteractions, unigé that fail Eap un-'
&grgo a process which will be called a collisién.
‘Opon colliston, movement cﬁaractériétics can change
and bif& be deterained fFoﬁ: assumptions made for each
type of intefaction. 'Before examining " collisions,
their occurrence -us]{be ) caiculatgd. A collision' is .
assuned to occur vhen on unit'é front edge‘heets the

- ! -
- rear edge of another unit Since movement j5 refer-

“

-

enced to the centres of mass, the situat{oh occufsl o -




N

when .the centres are one width, W, apart. To simplify

_calculations a variable termed the position, POSN, is

used. POS®E is defined as the x compoment of the coor-

dinates of the centre of mass. Therefore collision on

.the slope will occur between unit I and I-1 vhen

+ t

-
3

POSY (T) -POSK (I-1) =W¥cos {TH)

and on the base when:

, "POSN (I) -POSW (I-1) =W

Prom the equations for POSN, the times of ‘interac-

tion ‘betveen the upits can be determined. As each .

s :
collision occurs the variable values chanqé‘ increas-

g

ing the complexit;yof calculations, Jhovever the sinple

defining relationship above still deterlines an- inter-

._action (Refet to Appendix B for the uathenatlcal ma-

nipulations) . -
- v
- .

After the occurrence of a collision has been deter-
nined, the effect of the interaction nﬁst be defined.
The next sect;pKoutlines the construction of models
which attempt " to prodace forns similar to' rock gla-

ci‘ers;' Each mod.ification of the Interaction Nodel
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will incorporate a hypothesié of flow nechanishs.l to

ethiné a possible role  in the formatlon of a zégk
glacier. The results are tabled and discuszed in the

next chapter. Eéqh subsequent model includes improve-

ments in input or natheiatipak~maﬁi?y&ations vhich de- L C:”
X

velop from earlier results,

. 4

3. Movement

When failure has occurred, the segment of talus
»
will move downslope under the influence ot_gravlty'and

friction. The postulate of this thesis is that a ta- -

i

i

j

i

|

5
i
. . X
"lus fallure will be retrogressive, , The ‘movemegt of . - '

this conplex'fiilurelmay produce features similar to a
. - x

§

rock glacier. To model thepmovem%nt of the slope, a ]
.number, of mechanisms are proposed to describe the’ im- j

f

teraction between the sequence of collapses. The re-.
sults of each hypothesis will be examined in the next
chapter to identify any characteristics of rock gla«

clers which may be produced.

; ~
¢ . L
2.4  ELASTIC MODEL e 5 ]
The first. proposal 1is an interactibn by elastic collisions ;
between each failed unit of slope. The units are defined as §

equal 1n size and they malntain theilr shape throughout the move- !
4 - and | ;

ﬁ%nt. ‘An elastic collision results in a conservation of momen-

.y .
. . .
. . ‘ - T :
- - i -
. L - . ~
f . - . .
. , . . ‘
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tum, such that the units”éxchanqe 'véioéities and thére is no
loss of energy through heat absorption (change in shépe). * By
this mechanisa the energy of upﬁér units is t;ansferreﬁ to the
lover units. The result is that the lower units extend the far-
thest -onto the horizontal ﬁase, the reverse oé the Preliminary
Model results. )

< . .
For the case of an elastic. collisionr between wunits f and
(f-1), the initial ;elocifies can be calculated from equations

developad in the appendices, The final‘velocifies will be:

J

¢

VAC (I) =VATC (I-1) . "yaC=velocity after .
' collision
oy VAC (I-1)=VATC (I) VATC=velocity at
- collision

With the change in vélocities the movement parameters of the
_compléx ela;tie flow change. A mev set of conditions are devel-
oped anad éhe next collision éalculated. ‘his proéeduge is iter-
. ated until a maxiaunm nulper éf units have moved on to the h;rif
zontal base. ) The number of iterations is dependent upon‘thé
defined input valwes, as is the é;éntity of uniﬁs which move off
of the talus siope.. The 1npﬁt to the Elgétic Nodel is now con-

. sidered. . _ -

-

- PR R ..

By [P .,—.u_}\-.—.._‘....‘ b ae o i i f PTOR ST S S /-:-n PN
. ¥ P f N -
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since the Elastic Model is the initial collision'hyéothesis,
the first series of manipulations exani:ggzéjfartatlon of param-
aters on the same scale as for the f liminary case. Elastic
collisions shoved little sensitivity to changes in wost varla-
bles, conéequently signif}cant variations of input parameters
were limited t§ a few variables, The results of the Preliminary
Model (diﬂpussed in Chapter Three! also aided in the selection

of input parameters,y by allowing -early elimination of some ex-

tremes. . ) . N

TH was ranged betweem 25 and 40 degrees, and the final forms

- . tw

of the movement were found to differ only Fliqhtly. . TH was sub-

sequently examined only periphgrally, as other parameters were

“

varied, to ensure that there was no'interdependency. The diuen-.

sion measurements, ;uch as depth, D, and slope length, L, fell
under a similar .claésification in that there was little effect
on the interaction mechanism, or the final form. o

The isportant input paraneter was Fuu, as it affected the en-

ergy of the moving units. FNU wvas exanined a® 0.5, 0.7, 0.8, and-

0.9. °NF and TI wére ranged from 5 to 15 units, and 0.5 to 2.0
secdnds_respectively, although the results vere not as siénifi-

cant as for those of FNMU varlatiom. -

RN

.
"
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' mhe Flastic Model produces a set of, coordinates of the cen-..

tres of mass of the failed units along .with their time of travel

and~extension, EXT, from the slope.

7 UL
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The results. of tﬁe variations are, discuésepﬁﬁnd tabled_;n
Chapkér Three undervthe E1asti€‘ﬁodé1. - Thgﬁhgrt step is the
modification of the collision process to consider a mechanisn

vhich is not perfectly élastié;

2.5 . OVERRIDE MODEL"

—— ———

-

The Override Model incorporates a nodification\which assumes
that upon cessation of movement, a unit will not be involved in
any subsequent interactions.® When a unit is ﬁoving; the occu -

rence of a collision whichfbernits an exchange of energy is\fea-

. sible, however whemn the section ‘has stopped, - -a trailing unit

vill probably override (considering - a dry friction. movenent).

¢ . "

Since an actual talus section will not maintain its éhap indet-

.initely, the‘nechanlsm'hcts such that when a anit has stopped,
. ts such on 5 unit b

trailing secidns will move as if the original surface condi-
tions have not been altered, .or as if the stopped unit has dis-

persed itself., The process will be discussed further after 'the’

results are listéd. f

v

-The input is similar to that utilized in the glastic Ho&el.
) . B - . : ) h
The major change is that the final forms are especially depend-.

‘ent on PMU. and: D. The values of PMU were varied.from 0.7 to 0.9

and D vas given the values 5, .15 and 25 metres. The other par-

-

dweters were examined within the framevork .of the FHU and D in-

> > .

fluences. =~ -

o ———— AAL.- o dr—— ——_._-_Il.‘-..u.n-l_._n_m_" j - 0 ’f_—\\ T T e . .
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mhe output gives values for the time of movement and the ex-

tension from the base. Diagrans and tables describe the results

in Chapter‘ Three. This modification requires omnly slight

changes in the Flastic Model, -so there;is .o new mathenatioal-

By .

assumptions. The next prodification moves completely avay from
elastic collisioms and wtilizes .overridind processes exclu-

sively.

. 2.6 HITCH MODEL .  ° T T

. The hitch mechanism assumes that a-unit which is overriding a

. 7 ) ST, . )
movinq unit will absorb some energy from the lower section. The

PR

result of the override is that the lover unit will slou down“'}

. faster due to the extra mass (thns increased norual force), and

-]

athe upper uait will move farther because it is moving on aafe-

rial vhich already has a velocity, thus ihe exchaaqe Of'enerby..
If 'a unlt has stopped, the novenent of-snhsequent sections will
occur by’ the mechanisl of the Override Hodel,. or.no iﬁteraction
uifh stopped unifs. The feasibility of the modification is dis-
cussed in ChapterbTaree.

¢ ) . ) .'

The Hitch Model results are influenced prinarflx by, FNU vﬁfi-

.Jation and to a iesser degree by' ¢hanges in TT. PO vas ranged

. v -, .
from 0. 9 to 0.7 and, TI was varied from 0. 5 to 1 second.' The

~other paraneters. vere eranined for sfhnificant effects vithln

v .

the FMU and TI variations.

T e L C

e . S 82(_-\}';
M '1" ‘o . . .
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) 9 . Lo A .
The output of the Hitch Model 1is siailar to the Override and.

Elostic Models. . The time ‘of movement aad extensiom from the

‘pase.pf“the talus are produced. - The results are tahled and ex=-

-

anined in the next chapter. The remaining topic to conslider in
_this 1nig}al modeling methodology 15 the technigue of analyzinq

the results of the model lanipulations.
L4

\

2,7 unmsgg TECHNIQUES
- ’\-_f\

The results of the moders provide the coordinates of the cen-

tres of mass of units“which have moved on to the horlzontal
base, One of the jinitial assunptions is that a unit maintains

its shape throughout a flow, The Aitch and Override nechanisns

- require a partial susPension of this assu:ptlon to make over-

*

. &
rides feasible, An actual talus flow of a non-cohesive section

I

u111 probably spread over the length of its movement. A cohe-

_—~ sive unit (or a unit which acts .cohesiJely) vill maintain a

éieatér bulk of its original npss. The methods of analyzing the
results of flovs consider ideal cases of both_oohesive and non-
cohesive units. Three techniqdes were ut%lized. Bach will bs
briefiy outlined, with their'feasihiltty within'the framevork of

rock glacier evolution digcussed later in Chapter Three.

~— -

» Tﬁe first method" assnses that a unit wmaintalns’ 'its complete
mass: during a-flov._ ﬂoere units overlap the height of the sur-
face will be the sum of the depths of the constltuent units.

.T™his technique results in abrupt chan@es in surface. height with

vertical slopes betveen each height. v

o e s ORI T AT TR A e Lt S TR L LK. PP SIT
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Thé second technique, termed the strip method, postulatés a
process which results in the disgersal'of'laterial during the

, flow ﬁf a section. As a unit moves down the slope and along the
”base,.the lover surface 1¥ acted upon by friction. The frictiom
can either be sliding or rolling of material along the inter-~
face. The strip tecﬁnigué ;ssunes . that material 1is stripped
from the lowver layer of the unit due to the frictioﬁal:force.
The rate of loss is set at either 0.5 or 1 metre for every width\
(W) of travel distance (the rate is determined ‘by the initial
depth; the technique is not uséd for D=Smetres). The resuYtant

forms are similar to those analyzed by the first method, al-

. though they‘do not exhibit the sane extreies.

The thirg nethod s actually.a modification- used within the
first two analyseé. sinck a failed wunit will probably‘form an
exiended shapé, the fringes of a unit will not be as high as the
peak location. By halving the uidth of a stopped unit the ex-
te;£ of a sectlon's €final mass is decreased and the extended
shape is Appgoxinated. This nethod is used to modify fimal

foras fesulting from the first two techniques. ‘

The analysis techniques result in features which have vert}--
cal changes in height. The results are illustrated in the fig-
ntes of the next chapter. Fo attelpt is made to approximate a
gentle contour of the forlA surface, as such an interpolation

would surpass the significance.of the flov and anglysis techni-

A i T A N o il T M.
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ques. The 1dentif1cation of rock Lacier chatacteristics frou

the figures is dlscussed in Chapter Three (The evaluation of the

A . .
analyses is also 1nc1uded).. : B ..‘” ,--*
. e,
HS . - -~ -.o
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' Chapter III g \_::5
RESULTS AND ANALYSIS | | '
- L '

The development of a mathematical flow aodel required the
silplification of the field sitnatLon to_study specific aspects,
Ir this research an attenpt to describe a process vhich may -not
be currently active further conpodnded the aetached nature of
‘the\study. To ‘return the research to a valid field application,
a range of paraletrie values vas enployed. in conjunction with a
number of hypotheses ef possibfe mechanisas, A sizable collec-

tion of data was created, vhich required sifting to identify

significant results.

These results are celpiled in tables and illustrated in dia-
grams throughout the chapter. Bach model is discussed as to the
signifiéance of the results, and jits feasibll{ty with considera-
tion of the assumptions. The overall discussio .of the cata-
strophic process as it applies to rock %}aclers. ollows in the

final chapter.

3.1 PRELININARY MODEL RESULTS

Variation of paraleters within the Preliminary Model allowed

the observation of the effects of different conditions upon the

- 86 -

!
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L =400 metres W = 20 metres D

A\/ |
¢ .

5 metrgs N 20 FMU = 0.8

EXTENSION (metres) / STOP TIME (seconds)

nit . oo
Angle 1 2" 3 4 -|---5 | € 7 - 8 9 10

25 / / /| 7 /s /

30 | s / / C” / /"

. l71s |73 €9 |¢€ 61
15 /| ./ / 4

73 69° |65 61 ¢ 53 |5 46 |62 |38
40 'é s / / / /5| 7/ /
i h . . 2 .

LY .
Figure 13: Preliminary Model TH Vaxia{bji



0.9

20 metres N = 20 FMU

L = 400 metres ]

ey

~ EXTENSION (metres)

\[ill‘ilt\

Depﬁm) 1 2 3 4 5
. 2 35 |33 | 31 | 30 | 28
- 5 | 3 |33 |31 | 29| 27
10 |33 |32 |30 | 28 | 26
25 .30 | 28 | 27 | 25 | 23

Pigure 14: Preliminary Model D Variation

* -

1
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movement of a talus failure. . The 1solation of trends aided in
asinplifying the nanipulation of subsequent, more. conplex nodels.: 

The results from the Preliminary Nodel . are listed in tables and

-

will be referred to frequently in the following analysis.

Y
3.1.1 agiatig__ of TH . o | o

3 ~
.

L}

“Within the netpodolbgy Chapfer. the 1nportance‘of Tﬁ vasldis-' :
cussed. B is not slmply a paraneféii indicailug slope dimen-
slons, but it also 1ﬁhereﬁtly, is-a peésure of fhe.characteris-
tics .of the constituent material. Thls second aspect is a
result of the assuuption that the model slopes .exist at poten-

tiallyrunstable angles. These adgleé are a result of two as-

pects

P

1. nicro and macro ¢ctors of slope coadition
2. the characteristics of the material

withig'this sinplelibdel, the slope dngle'ls directly related to
the angle of*in?ernal friction ?hich is dependent upon the pate-
rial cpafactérigtics, therefore a chaﬁgé in angle , TH, is asso-
ﬂciated uitﬁ‘ a chénge in coefficlent of‘frictlon (vhich is de-
fined as a functiom of TH). . .Bxanination of the effects ot
varying TH highlight this factor. C *
Ke'eping slopé length, L, c%nstaﬂt, ;Eqiﬁs varied from 25 to

40 degrees at 5 degree increments. In Pigure ¢ 13,'typ1cal re-
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sults are sﬁoiqkfor the defined -va;qes. " As TH increases, the
‘unLtS'take less tiné to séop after failnfe, however they do not

extend aé far érﬁl the base of the slope. since a hléher angle
implies a higher potential energy for a unit the results at
first appear to be reversed. From the diééussidn above, a.

change in TH can he 'seen to cause a change in the: coefficient.zk

friction, wh;ch has .a greater effect on the mnmovement of a

unit!°f ~
Example 1 - T= 35 degrees
Unit 6 ‘f!AF='162 metres EXT= 57 .metres
TH= 25 degtees | |
Unit 1 YAP= 162 metres EXT= 85 metres
Example 2‘.. TH= 135 dégrees '
. Unit 15 YAP= 59 letres' : EXT= 20-!etres
® TH= 25 degrees N~ '
unit 13 YAP= 60 metres EXT= 30 metres

", ) 3

Due to the effect of the lovwer MU, vhen two units start from the
sﬁne height, the urit on thé lover angle slope will aove farther
along the base. When slope léngth remains constant, the other
slope dinensiong of height, #, and horizomtal lenqgth, HL, vary
vith TH. JIncreasing a unit height, on a higher angle slope ;111
compensate for the effect of lower angles. Thus, Unit 9 at

TH=35 degrees, YAF=128 metres, moves about the same distance as

)}

P P S o ek L wlh S W R S W A W

10The time of novenent is not an inportant parameter to the Pre-
liminary Model, but the results of the interaction rodels are
affected by the time factor, so its changes are noted.
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Unit 10 at ’Tﬂ=2§ degrees, YAF=85 metres (45 and 44 metres re-
-spectively). When the. depth i increased to 25 uetres; - the
heidht differéﬁce for equidistant mnmovement decreases slightly
(for D=5 netfes. about 50% height difference required, fbr,D=2§
metres about 35% diffe:ence). Incredsing the,height 1§ equiva-

)
lent to increasing the horizontal length of the slope.

3.1.2 Variation of b :
| o

The deptgk-::fiation vas referred tb. above as it rélates.to.
TH. The depth values tested ranged between i.an&‘ 25 netres:
The iouer value is:an approximate depth of the active layer on
alpine talus slopes. The upperJvalue:relat@s to thewdepth of
f%ck glaciers presént in the Grizzly Creek area of lthe Yukon,
Changing the value of D does not significantly affect the output
of the Prelininarylnodel The depth which is used, is signifi-
cant to the postulated mode of fornation of the rock glacier,
which will be discussed in the lodified models., " A deeper fail-
ure plane results’ in a slight decrease. in potential emergy of a

unit, since the lowest the centre of gravity cam noveito is ome

" half of the depthit, )

*
- D G e v S A A A

11This result can be observed in Pigure-¢ 14, where the value of
EXT decreases slightly as the depth increases. The effect
also explains the change in percentage height differences bhe-
twveen D=5 and D=29 ametres required to compensate for TH varla-
tion {as discussed above).

A Y




3.1.3 Yarlatlon of HU

The coefficient of kimetit friction is dependen up%r the
' characteristics of the talus laterlal and the me anisn of move-

mept of a unit. y MU is defined as a factor, ‘PHU, . less than

unity, of the tangent of TH. _If WU is equal to tan(TH}, thenm

moveément cannot occur unless the failure -has an 1n1tia1 energy.

The. va#riation of FHU is an exanination of the :Tange between no

novement or naxinum friction, and ideal novement or no frictiou.

- -

¥

Studying the results in Pigure & 15 of varying FHNU, fro= 0.9

to 0.5, the éffect on PEXT is ‘- quite signifibant. : A flovw at

- - R .
FNU=0.8 results in a value of' EXT more than double . that of the

0.9 value, Further decreases to 0.7 and 0.5 cause increases of

more than three and nine times réspgctively. The selection of

an appropriate value for FNU depedds on ‘three aspects :

-

1. the mechanisam of movement - vhether the unit is slid- -

ing on the surface, or the lover layerg are rolling.

L

2. the interaction between sliding' talus debris and the

-

static talus surface. ' : .

3. the presence of a lubricant such as water or air..

»
*

None of these aspects have been accurately evaluated. Gerber
and 5che1degger‘jj97u) Lestimate FMU values from the first two
v ‘ L)

aspects for modern sna11 scale processes of catastrophic

.
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L= 400 metres @ = 20 metres N 20 D = 25 metres TH = 35

EXTENSION (metres)
Jnit . .
FN 1 2 3 4 5 11 |" 12 13 14 19

0.9 30 28 27 25 23 | 12 10 8 . 4

‘0.8 | 68 | eu-| 60 56 | 52 27 23’ 19 15 11

0.5 |273 | 256 | 200" | 224 1207 [109 | 92 | 76 | 0 [ 43

.

“\\\ ‘ Pigure 15:. Preliminary Model FMU variation



400 metres

Figure 16:

]

Preliminary Model W Variation

L = D = 25 metres ©PMU = 0.8. TH = 35
. EXTENSION (metres)
nit | . . - .
W 1 2 3 4 5 1 12 | 13 14 15
LD .
400 | 29
40 | €€ 58 50 42 33
20 | 68 64 60 56 52 27 23 19 15 11
10 | 69 €7 65 63 €1 49 47 4s 43 41
A\."V& i
Note : W changes with % vhen L remains constant.
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sovenment. Their pfoceéé-restricted values are not appropriate
to the avalanche process which has been suggested. The noﬁel
values are utilized to consider not jnst the variation hetween
static frictiou and kinetic friction but a further differentia-
tion to a sllding kinetic friction and a rollinq kinetic fric-
tion, and also the possibi}f_lJ of luhrication. - The lover the .

value of PNU, ‘the greater the - influence of one or a conbinatibﬂ

of the three aspects, : to decrease frictipngl-energy - losses. -
Purther sodeling will incorporate the full range of FHU ‘values 'Q
to develop rock glacler features. - . C f% ‘

3.7.4 variation of ¥ and N = (\

'vaniations of ¥ and N are closely linked in the Preli inary

uodeI( especially if the\i}ope length renaips constaqt. In FPig--
ure # 16, the effects of leaving L=u06 metres and chang;né
from a low of 10_-e2}es to a high of 400 metres can'be,observe'
The separatio; of-the units doubles vith a twofold increase in L
as expectead. Thij:oielent of the its till dependent ueon
the height and j}ope angle, In the Prelimina ﬁodel the iidth
variation with;ﬁ the lower range is insigniflcant;-
: . .

¥hen W=400 'jetree'and N and ¥F are ~1, the model caq§ee a
movement of the centre of mass of the unit to a position‘uhere\
EXT=29 netrest;i Thls/ value iaplies that the fromt' edge of the \\_;«
failure would bé located at a distance of 229 metres from the

base of the slope. changing of the vidth.valgk affects the va-
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1idity of the transition assumption, The tr&nsition assdnp£ion
requires the centre of nass to:acceleratefﬂdvn fhé §iope‘qnfii |
ITR is reached. When W is small the assﬁnption is suitéble, but
vhen the front edge of a unit has moved onto the base 200 letres
before. the centie of mass, ‘then Q;;;;r=the unit must slov down
or else it nill‘chgnbe,shgpp. In eachicase the'ptesent model
does not pernit.this consideration. Thus for a lﬁrge scale
fkilure vhich is ndt ret;ogressiig, a_different sodeling proce-
" dure ‘'vould- be reqnired." Loie: L !alues (i.e. below 40 metres)

[

are valid for the subsequent nqdelinglz.

~

The results of the Prelimlnary WModel permit 1n1t1a1 exalina- |
tion of the proposed avﬁlanche mechanisnm. The output allonsl
the streallining of input paraleters for subsequent work. Un-
derstanding of’ the basic characteristics of the model flow con—'
“tributed to- the formulation of %he interaction models, the re-

" sults of uhich follow.

? R
r .

3.2 ELASTIC MODEL RESULTS - . I

»

The Elastic Model assumes a retrogressive fallure of a:;;ope

wvith elastic collisions occurring between " units dqring the sub~- .

-

12An interesting result of setting ¥=1, L=400 metres and varying
.TH _from 35 to 25 degrees is that the movement of the centre of
gravity is almost equal, EXT=29 and 30 .metres respectively.
Thus this. model would imply that large ‘'scale avalanches on
similar dimensioned slopes with different constftuent materi-
als vill prodnce similar features. A ‘
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sequen; flo} * An elastic ‘interaction causes an’ ezchange of ve- -

locities and results in the units naintaining their o:ggr during

]
P

lovenent. 3 Thusgihe lovest"br earliest loving units will extend

'the farthesr'fron the end of tbe slope. This section tables ‘the

results of. the nddel lanipulations. The feasibility of  the
model and its relation to rock glaciers vill be discussed fol-
lowing the results of the other interaction assumptions. |

j e

The construction of the rnodel was outlined in Chapter 2 and

Appendix B. The elastic collision  process causes the lowest
’ /7
units to move the farthest. 'The values of,ExT do not increase

as YAF decfeases;-as expected, until after Unit 5. This coantra-

diction occurs because of the linitations:of‘ thesnathematical .

operation of the smodel. As more units move on to the base, the

separatlion between the slope units becomes, less and there is a

"crovdihg'. The time difference betveen collisiohs becomes

small (less than 0.5 seconds) so that the uovedeht of all units
on to the base.requifes a large number of iterations_(over.175).
In reality, this situatlon is not feasible, therefo;e the number
of iterations vas linited (maximun 75) so that "the units.that
moved on to the base did so without the occurremce of a‘dackdp

&

situation.

Pach data table indicates the units which nmoved on to the

—

" base and the total nuiber-of anits failed. The other units are

' presuped to have stopped on the slope, vith no assulption of

their final fora.

+
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.:Thé variations of'ggranetfic values have an interdependent
infiuénce‘én the outﬁut. The effect of changes in TH, PHU,_ér D
uust‘hg qgtautnéd_vith reference to changes in the o£her two. -
The outpuf is relativelj iﬁsensiéite to‘yariations in TI and NF.
The Blastic Model 1is deéendent.ﬁpon the Fotal energy activated

during failure and not

Yo

on the‘tihg factor.  Any alteration of

| the height of failure umits (such as changing D or L) will be.

reflecteé in the results. s _ -

vﬁriation. of TH affected thé values.of - EXT for "‘different
units, buﬁ'ne1£her the séparation of thé units nor the nunﬁer
which moved oﬁto thelbase changed slgnificantly,lévep vith vari-
ation of‘other parauéters.l The EXT of the units vas'greatér,
the lover the value of TH as shown in Pigure ¢ 17 (as for the
Preliminary Model also). Agaln this is due to the related low-
ering of MU.

Ky

As FPNMU varled so did EXT, ¢to a greater degree ihan.with TH
changes. The lower the_talue ot Fﬂﬁ, the higher the values of
EXT for units.  There also is a decrease in separation between
+he units, becéuse there are more moving onto the base. . Pigure
* 18 shovs a sanple.table for FND comparisoms.

-

4

Changing D, ¥®¥F, or L is an ipmdirect method of altering the
height of the fallure sections. A greater helght glveé greater

potential emergy.to the system, thus EXT values increase. Lover
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' b - :
FMU = 0.8 TI = 1 sécond W= 20 metres

D =.25 meFres
i
I

99

J'.

L = 400 metres

.
| ' EXTENSION. (metres) s
Unit ’
TH\ | 2. 3 4 5 6 7 8 9 10
() )
3s .o | 1 | 18 | u2 63 87 | 108 149
25 1 20 | w6 | 67 | 90 {112 | 155.
4

Pigure 17: 'Elastic Model Vari_ation
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= 25 mpetres TI = 1 second TH = 35 W = 20 metres L =400 metres

EXTENSION (nefres)
Unit ' 1.

FH 1. 2 | 3 4 5 6 7 8 9 | 10
0.9 1 12 | 35 57 79
0.8 1] 18 | w2 | 63| 87 |108 | 109
0.7 1 1€ 19 €0 82 | 103 | 19 {179 | 216

Pigure 18: Elastic Model EMU Variation
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FMU = 0.8 T = 1 second T™H = 25 "df 20 metres L =

. oy 101

P T

= 400 metres

EXTENSION (metres) R
MTnit
D 1 2 3 | g 5 6 7 8 9 10
(m.)
5 y 19 |- wo 61 83 | 119 | 146 | 167
. ,
25 . : 1 24 46 67 90 | 112 | 155

Figure 19: =®lastic Model D Variationm
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25 metres TI = 2 seconds. TH = 35 ‘W = 20 aetres L = 600 met -

-

Unit 1 2° | 3 4 51 ¢ 7 8
k] . *
Extension : € 7 12 35
(metros)
Unit 9 10 |11 12 13 1 14 15
-Extension €4 96 121 150 183 | 213 2044 ,
{metres)

Figure 20: Flastic Model L vVariation
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\
- 5%etres TI =1 second TH = 35 W = 20 metres L = 400 metres
EXTENSION (METRES)
Unit
PN ] 2 3 4 5 6 7 8 9 10
0.9 | 15 11 53 7 49 4 45 | 1 41 38
0.7 | 79 | 126 | 173 31 T8 | 125 | 172 30 77 | 124

Note : The increase in FMU causes luch greater extension, and
also affects the order.,

FPigure 21:

_Override'nodel FBU Variation
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"1 second TH = 25 H = 20 metres L = 400 metres

D = 25 metres TI

s !

o

EXTENSION (metras)

£

“A\Unit
PN 1 2 |13 4 5 6 7 | 8 9 | 1ea;

0.7 | 149 97 | 127 84 | 109 71 91 58 71 45

Note : At 0.8, a simple reverse order flov results, but for 0.7
the Hitch mechanism causes a variation in the final order.

Pigure 22: Hitch NModel PHU_Variation
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values of D increase YAF (since the centre of mass is only 9/2-‘
under the sloée surface) as does lomger L. Another effecﬁ of
lowering D'éap‘be. ob;erved in Pigure # 19. One ..more unit has

moved on to the base at a depth of 5 metres.

By increasing NP to 15 at the set value L=800 letres.. the |
lover umits N=11 to 15 are included in the flov. The results
afe similar to NP=10, éith no more units appearing on the slope.
Wwhen the 1 is increased, the,potential enerqgy of the systea in-
creases and can lead to more éonplete flows as shown in Pigure ¢
20. 'Changesbin W did not produce significantly différent're-

W’

sults.

-

r
P

-

Pinally, the effect of TI is negligible.; This state arlses
due to the dependehcy of the Elastic Model on the potential en-

ergy activated and not the time aspeci of flow,

Within this interaction model, the initial assumption is that
the sections caﬁ collide elastically and then continue movement.
mhe forms produced by the flovs are simpilar in that the ﬁniis.
maintain their failure order. The effects of analy;ing the re-
sults by different techniques will be compared to the othdr mod-

els after their results are considered.
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. 3.3 QUERRIDE HODEL RESULTS .,
The Overrilde uodellperlifs elastic collisions ﬁé}uqﬁp'noviné
“units, but results 1in an override by subsequent units upon the
stoppagg'of a unit. This process causes 'varying'sequences of
'pnit'positions ;fter a flow, dqpendent upon the enerqy transfer
from upper units ‘tq the lower units. Since this simple model
assumes that the override mechanism does not absorb emergy, the
tralling units move to their maximun potentia;_(if there‘are'no

-

more elastic collisions). - .« 7

- There are few signifiqai; trends vhich appear vith the varia-
tion of single paranetrléwvglues. Instead, a range of features
are produced from an interdependency between _ different varia-
bles. The most significant varlables are PHU an& D as they are
“the major dete:uinants of the separation bhetween units and the

size of the resultant features.

D and PHU provide the basic influences on the final positionms
of ihe failed  units, Within their variation, TH ' ard TI also
have significance. Unlike the Plastic Model, the Override Model
is dependént upon the time of flow as well as the energy of the
systen. Depth is utilized as the prime factor and FNU is tﬁen
eFailned‘at the different values of TH and TI, within the D

framevork.
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D is examined for the values 5, 10, ;ndnzs netre;.r:.ruu Qe;i
terained the separation §f the units ~and the exgénsibn. of the
feature, and in coﬁjﬁnctibn.wlth TH an&‘TI;. the ;fder of the
.stopped units. At all values of D, the lower the coefficient of
‘frigtion, ‘the gfeater.the movament of unifs; and consequently
their separation. Figuore ¢ 21 illu;traFes this effept. The
-ﬁasic.resnlt 13 the sape for“TH=25 degrees., Onits appear_in
groups (centres of mass clustering) of two or more when Tﬂ;is
degrees for' diff;;ent values of D aﬁd FNU, but the groupiﬁ;
. trend 1s nét as strong for TH=25 degrees. The variation of-TH
results'iﬁ greater extension'foF lover values of TH’ at ali val-
ues of D and Fnﬁ.. When TI varies from 0.5 to 1 second there is
no consistent difference 1n the final unit positioms, hovevér
,‘when TI=2 éeconds, the units are usuvally in reverse order (high-
i est moving farthest), because- fewer elastic collisiolnis occur.
The result is greater clumping or 1éss separation between units,
//

These results can be observed 1g the analyses vhich are dis-
cussed later, The comparisons tg/fock'qlacier forms and charac-
teristics and the feasibility of'the model vwill be considerad in

the general discussion -following the Hitch Model results.

-

3.4  HITCH RESULTS

The Ritch Model incorporates a second assumption for am over-
ride mechanisnm, When a upit is still moving, ratﬁer than col-

1iding elastically, a trailing unit will override.. The front
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unit will halt sooner apd.the encroaching unit will 1ncréqs§‘its
irajel distance. The override Eechinién will cOntinue:until‘aLl
of the unltslhévé ceased to- move. IUpoﬁ gnéouptefipg a stopped
unit, ,subsequént §;its-u111 continue moieqenijiith no. influence
from the stopped se?tion. | | .

The prine-variable controlling the output of tﬁe hith\proc--
ess is PMO, At thé:yalues. FM0=0.9 and 0.8, al;fvariations of
TH, TI, NP, and Qize dimension of units result in siiilar dd£—
pués, with only. slight difference in separation of tﬂé‘pnits and
the ‘usual changé in EXT. The gepara£1on is most consistent at
mr=1,0 with usuvally not greéfe; than 10 metres of distance beq-
tween the final pdsitions of the units (which generally are in é
reverse . order fram their preflov positions,' i.e,
EXT (10} <EXT (9)<etc. ) ' .

- At FHU=0.7, the additional emergy gained by an overriging
ﬁnit, - bacomes significantly 1nf1uent}ai to cause an unordered

. 4
arrangement of the_nnits after flov as displayed in Fiqure # 22,

‘Resultg of the Hitch runs at PHNO=0.7 with the form’ analyses are

discussed in the next section.

“a ‘ Z

Four models of the movement of a failure were developed to

+

jdentify any similarity to rock 'glacier features. The effects

: . _
of varying the }nput parameters of each, vere outlined inm the

[

s




- ) - 109

praﬁious section, The resdlts of these models defing the cea-

tres of mass of units which “have moved under the respective
e '

mechanisms. This section will evaluate each model by 2

1. analyzing 6utpnts using sevengi techniques

2. comparing these results to-actgf;lrock glaciers

et

3. and finmally by'considering the feasibility of each set

of assunption§ .

/

This objective analysis is the fimpal active step in the dynamic

process of modeling.

‘Before the models are efaluatéd,’ ihe characteristics of the
Grizzly Creek area‘talus derived-rock qléciers will be outlined,
for subsequent conparisoﬁs. The chosen féck glaclers hiva been
studied over a period of five years (P.G. Johuson, 19749, 1976,
1978) and it uaé henproblems of their interpretation whilch led
to_thé ipitiation ;f the pfesent study. Consequently their
charactqfiétics will bgd used for the evaLpatibn of the uoéels.

Figures # 3, 4, /and 5 show the profiles of two talus derived
roék glaclers and;ah‘avaianche rock glacier (terminology - P.G.°'
.Johnson) . -nssuhingra singie angle ;s per thé'lodel; by extend-

winq‘%he talus'slope to the base, the farfhest extension of mate-

+

!

- A D A A R A D S
.

“13The talus derlved rock glaciers have experienced some basal
removal, so maximum extension wmay be up to 50 metres greater.
%

r
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.:rial is between 100 and 26b ‘metres!3.  The depth of the rock

glaciers averages 20 netres at the toe. The number of ridges

differs on the ‘two talus derived types, the larger one (uorthern'

Rock Glacler) having a greater pumber (eoas'than 15) . The

Horthern Rock ‘Glacier 1obes are conpressed in some areas and

» dispersed in others. /IThey vary in uidth (longitudinal length)

from 5 netree'to 20 netres. and in height (amplitude) from 5 to

15 metres.  (The total'éepth to the valley floor is still over.

io netres; qeasured.by trecing vailey‘form.) The talus slopes

in tﬁe arga are between 30 a;E*’;é‘degrees, and the priginal

slope lengths are difE ult to determine, but are greater than

..290 metres. . The talusbgiopes in the DuteiTalus Glacler are over

~—— 400 metres. These charecte}istics uiil be used for comparisons
. "  ‘to the modeling results. - i <

The Preliminary Model was a non-interactive‘type." The move-

rent of each unit wvas calculated as if it had been an isolated

v

flov, The purpose wvas %o evaluate the influence of the varia-
tioe of a range of inéut paraméters {covered earlier). In a re-
'trogressiie failure of a talus,-a ndnrinteraCtive ﬁloe could re-
e sult id features similar to those iq‘Figures £ 23 and 24. In
such a flow the units vould override and by definition, an over-
ride vould not affect the movement qf/either unit. chsequently
the.centres ofljass would be separated by the distances which

the Preliminary Nodel produced (deterpined by the value of the -

input parameters). 'Figurel # 23 illustrates the results which

]
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occur for high values of the goe!;ictent of friction. - There 1is
) sgall separa;ion betwveen succes&ivq units, and the extension
froa the slope is also ssall. fhe feature is one large sass by
all of ihe analf%is techniqLes.*
S

At the lover vaiué for FPMO (0.S5) the units can move fariher,

thus the separation and extension increase, resulting in fea~-

tures wvhich display a rldge’'sequence. The model produces a

lobed €orm which is dependent upon several assumptions :

1. retrogressive failure
-
2. single angle slope , s
3. deéfinition of values for inmput parameters, such as

PRU=0.5

J

4., analysis methods (flow characteristics)
5. non-interactiom , ¢ .

The ﬁirst four assusptionms are common to all of the models and

vill be discussed later. The last assqlption is specific to the
Ryreaty,

-

Prelglinary Model.
As a model section of slope moves ol to thé horizontal base,
it will create a feature which should influence the subsequent

units. The slope may be lessenégv;eat the base, or an obstacle



FIGURE 23

PRELIMINARY MODEL [

TH=25° ANALYSIS 273
O=15m, ‘
FMU=0.7
. (metres)
DEPTH

16 1412 10 8 6 4 2
/7 15 3 9 7 5 3

40

0 €0 o0 120 160

EXTENSION (metres)

112
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FIGURE 24 . ~. | . . L
PRELIMINARY MODEL I/
TH=35° ANALYSIS | - oo ’
D=3m. (metres)
FMU=Q. 5 : DEPTH
‘ : ' 60

\ [P K IS M 13121 109 @ 7 6 5 4 3 2 |/
0 60 120 180 240 Joo J60
EXTENSION (metres) . -

-
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FIGURE 25 — ELASTIC MODEL

- [ J -
TH=25 O=5m ANALYS! (metres)
FMU=0.8 r/i=0.5 sec. DEPTH
’ 40
3 4 5 & 7 8 L - /0
. 0 40 80 120 /160 200 240 .
4 EXTENSION (metres)
b '
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 FIGURE 26— ELASTIC MODEL [I
TH=35"° p:=25m. ANALYSIS | (metres)
FMU=0.8 Ti=1lsec. L=600 m, DEPTH
7 &8 9 0 11 /2 13 14 40

o 40 80 120 160 200 240
EXTENSION  (metres) | |
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FIGURE 27 — ELASTIC MODEL 1774
TH=35° D=25m. ANALYSIS 2/3 (metres]
- DEPTH
FMU=0.7 Ti=1 sec. L=600m.
w=30m. ‘ - 60
3 4 5 6 /7 8 -9 /10
K - N
, + o] -1+ + + ¥ M EM| .
0 60 20 /80 240 300 360
EXTENSION (mcrro_s}
'D




17
may be created which will either slow down the trailing section
or causé an exch&nge of energy. The analyses illustrated (Fig-

ures # 23 and 24) assume thét no interactions take $1ace. Sub-

' sequent models are an attempt to incorporate interaction proc-

esses betwveen the failed_units. The first of these designs is

the Rlastic Model.

R range of features cam be created by the combination of the

;Ebtattﬁn of input values in the FEFElastic Model, and the method

. of analysis of the results. Typical forms are illustrated in

Filgures # 25 to 27. The units involved in an elastlic collision
i}pe of movement are separated from each other bj a distance
greater than their uidth‘(vlth océasional exceptionsi, at all
input values, Thus there is no significant amalgamation of
units vHich have mnoved on to the basel‘.‘ The extension on to
the base is dependent upon the 1nput‘paraietefs and can be var-
ied q:ér ; 1§rge range. At PMDU=0.7, the maximun va!ues‘of ex-
tension, 250 netres,. in the Grizzly Creek afea can be obtained.
The depth.of the features is determined by the input parﬁleter
P. With the assumption that a unit maintains its shape, the
depth is equal to D, but by the strip method, the feature's
dgpth decreases with extemsion. To maintain a depth of 20 me-
tres at the toe a large (above 20 metres) iﬁput value for D

wvould be required.

-—

140n the talus slope, those units which have not moved on to the
base are assumed to hawe stopped,°- but their foram is not con-
sldered in the amalysis,
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- +The number of units om the flat deteraines the number of
lobes created. This value was mainly dependent upon FRU and NF
(in conjunction with L) and it can be varied easily; The conse-
quence of higher NP is that there 1is a crovding of units on the
slope, which 1s not reédily identifiable in the fleld situation.
The slope length wvas varied from 200 to 600 metres, with better
results for longer slopes. The best results with respect to W,

occurred for W=20 metraesits,

Tn referring to the *best' results, these occur vhen the max-
imem number of units move on to the slope and the constru?tion
_of form produces a series of rildges out to a suitable maximum
extension. A series”of ridges are formed by all sets of the in-
ﬁut, but the number varles. At PHNU=0.9, only 5 or 6 lobes can
be formed and the oxtension is less than 100 metres ' (independent
of other paranéters). * The extension at PNU=0.8 reaches betwveen.
150 dnd 200 metres, and allows 8 or 9 lobes to form. Hheﬁ a0
is decreasea to 0.7, the feature moves oﬁt over 200 metrég and
11 to 13 ridges are created. The positions of the ridgeéiare
similar at different D valuaes (5, 15, and 25 metres). A dé?th
of 25 metres provides the most suitgble aqount of uaterialapy
the analysis methods. Incrgésing the slope length causes an 1;}
crease in the energy-of the systenm, as the units fail fron ;
greater height. Thus; the movenment 6f the units along the flat
1s greater.

Bt o S . v

130t 10 metres the separation between units is large and at 30
"metres there is little change from 20 metre results.

o .- earm e . P N
R v v e gt e e e e i e o L SR <. -
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The Elastic Model incorporates the "girst tour assumptiomns
listed in the Preliminary Model section and includes the lnter-
action assumption of elastic.collisions. Previously, it was
pointed out that the occurrence of perfectly elastic interac-
tionsk especlallf vhen the ‘front unit has stopped, i3 not am-ac-
curate modeliﬁﬁ of active processes (for a dry friction loaéll.
Tf a collislon occurs, tvo possible effects are an absorption of
energy during the interaction (vhich can be revealed in a change
of form of the units such as a compaction), or an override will
occur. If absorptlﬁn of energy results, the output would proba-
bly have a lo;er extension of the units, and a decreased separa-
tion from those illustrated, The numher of collisions would be
decreased as the units wvould likely close up and move togefher,
with the energy of the rear units being passed to the front
units. This effect is the basic action of a liquid flow. There
still can be overrlding wlth pﬁlse—like transmissions tfghsfer-

ring the energy of collisions from the rear to the front units.

Since the present study concentrates on dry friction flows,
the more likely effect is that of overridimng. The Hitch and Ov-
erride Models incorporate hypothesized processes of override.

The Override model will be evaluated first.

The Override Model permits elastlc collisions unless a unit
has stopped, in wvhich case subsequent sections will override.

This model creates the greatest varlety '‘of forms because of a

S Ve TS (s S Ty, . PR LV Sy e - e e AP B s
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dependeqqy‘on the two‘factors. time of movement and energy acti-
vated. Since elgstic collisions can occur the final order of
units 1s dependent upon TI and thus the number of elastic inter-
actions. Two categories of features can be identified from the
results of flows. The first category exhibits isolation of unit
groupsl These groups are clusters of two 6; more centres of

.mass, which are very distlnct from other .groups, vhen q'plyzed
by all ghree techniqugs. The nunber. of clusters varies from 1
to 3 at NP=16, to 1 to 5 for WP=15, %hen TH=35 degrees, the
clusters have a greater tendency to form possibly begause the
upits' extensions are controlled by the coefficient of ftictiﬁn

a;:ng the base (moreso than for TH=25-deqrees). ®¥xaaples ot
thege features are in Pigures # 28 and 29, 1llustrating differ-

ent inputs and ana%yses.

These features can be compared to Figdures ¢ 30 and 31, wvhich
" show the second category, where the unlys are dispersed. Ridge
forns are more readily identifiable n this second category, al-
though they do ‘'not appear in a regular series or at consistent
depths (helghts). The Grizzly Creek rock glaciers do not demon-
strate a consistent regularity of ridges either. The lobes vary
in height and sepération distances. The anaiysis which produces
the least extremes qf depth varlation vhile malntaining 1lobe
fé:us is the strip technigque. Features produced by this $na1y-

sis have a gentler tramsltlon from the talus, to the lobes, ¢to

the toe, than by the additive technique.

ek
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fhe'exéension from the slope of both tgrn types is depp@d t
tpon FMU. The most appropriate values can be seen to be_O;l and
0.8 as these give extensions similar to the field examples.-
FPigure ¢ 28 is a COﬁstrnctioh ‘of a first category alalgalaied
unit. »Thls feature is coaparable to an avalanche glacier. It
~ has an acceptably regqular surface and the wmaximum extension is

.

equivalent to the field example, even at FNU=0.9.

»

The depths of th@ Featurgs rel&con;;nu and the combination of
‘the‘pefined value off D, and the anélyéis methaod. PHU cbntribf
utes to the Adispersal of the units thus af;?céing‘the additive
factor of const:ﬁ ion. The examples used have total depth
characteristics and 1lobe heights which compare to actuwal rock
glaciers, since the‘ D varlable be altered to produce this
result. From the figures, the dtgip lgthod of analysis camn be
_ seen to provide the lgﬁt'cdnsistant teéults.

The Overrlde Model produces foras uhiéﬁvé;hibit characteris-
tics similar to the representative field rock glaciers, The
'best? lodéi results for the ridged talus derived type of rock
glacier, arise from FMU=0.7 and 0.8, varied p, NP, TI,- and TH
values, and analysis hy,;he strip'uethod. The nodei'was ex-
tremely sensitive to. chanées‘which affected the occurrence of
giastic collisions (i.e. change in TI). Thévgreatef the exten-
sion of thé first uhitg. fhe more séitahle the constructed form.

Consequently when TH=35 degrees, rock glacier type forms were
. . L4

.
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not easily produdihlo since the units stqp quicily. rllultidq in
overriding. 1In other cases, the main factor vas the coefficient
of friction. At lower values the dispersal and extension 6:

units resulted in suitable model landforas. ) .

" The eladtic collision process is important during the early

dev ment of thq feature, although the override process is the
crucial aspect since the order of units at the end is different ’
in most cases. fnlike the moré regular results of the Plastic (”\
Model, the Override Model produced a varigety of features, soae
applicable and others not. The model is pirticulnrly-sensitiven
to variatlon of input parameters. The operaiion of the amodel
felies upon the mechanisa of override. The assuaption is that
there 1s no'loss of enerqgy- by an engronching unit, an aspect

vhich requires further discussion.
¥ |

n

Hodern small-scale talus failures produce lobes where the up-
slopgpsidé has an angle less than the oriqinal slope; with the
downslope’end having a greater angle. If a trglling section
moved along the same route it would slov down on the lowered
slope (decrease in acceleration) and either stop before passiﬁq
the front section, or reach the dovnslope side and continue,

avith a subsequent reqain in energy, vhich at greatest would
equal the energy lost. If there is 1n$uffici?nt enefé;, then

the barrier <to subsequent movement 1s increased. The result

would- probpbly resemble an avalanche rock glaclier feature.

-

-,
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Since dach higher section in a retrogqressive failure has greater
energy for sovesent, the possibility exists that 4t vill move
past the stalled debris and continue ;atthor. The tailings duap
fallures which occur move large dla;ancou downslope (up to one
-quarter of a mile, Personal Communication, Harrtnbp) ‘ln¢ lobes
can be ohserved, therefore tﬁq Override Podel considers the pos-
~sibility that a tralling wunit can travel Bvor a .siopped-unlt
with né siqgnificant loss of energy (and vithout totaily obliter-

ating the stopped unit).

The process wvhich is postulated to occur between moving umits
is an elastic collision. it has been anqestod>1h the ilﬂsttc
Nodel dgscugsion tﬁat Bgzggétly elastic cobllisions are not fea-
sible in a dry friction model. Tf the unité moved under the in-
fluence of a process wvhere the 1nteractlon§ are inelastic, then

- one resolt would be the decr;ase of extension and separation
(tkus a change in shape) betveen units as hypothesizedrunder’the

. ®lastic Nodel. Another hypothesis of interactlonms, 15 the d;er-

ride mechaniss of t he Hitch(;odel which will now be discussed.

The Hitch model causes a trailing unit to absorb energy fros
the front unit vhen a collision takes place. This process oc-
curs only if both units are in motion. If the front unit has

stopped, then the simple override mechanism is active. The as-

suaption of this.- model) process 1is that™a@s a unit overrides an-

'
"~

other moving v its~velocity will be increased to an amount

oo i
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equal to the sum of‘indlridual velocities. Since the mass of

the lower section effectively doubles, it will stop sooner, due
] - .

to the energy transfer to the overriding unit,

At most ipput values, the results of model runs are simple
roverse'order fpntd}es as outlined e¢arlier. When PMU values are
0.7 and lover,\forls similar to the Cverride Model are_produced._
The first type of forms in which the units stop in reverse ogder
are shown in an example in Figure # 32 for the value PMU=0.7.

Analyzed by\ the strib method, * this form has irreqular &ohe-likem

WA

surface contours. The nuamber pgéahced depends upon the number
of /fatlure units, A larggr number of failure units also causes
the feature to have a lower separation distance . from the talus

ope, Thus it is possible to produce a well separated rock

glacier‘feature by decreasing the extent of the talus fallure,

The second category oé Ritch regults is illustrated 1ﬁ Pigure
* 33, These features resemble those produced by the Override
Nodel, The strip analysis constructs forss which can have ir-
regular surfaces. Ridges are not feadily identifiable at low
values of NP, When the number of failure units 1s increased on
a longer talus slope, the ridges are more easily recognizable.

The depth and extemsion of_the forms of both types ﬁre again
dependént €pon PHO and D and can be matched to actual rockrgia-

cier features. The 'best' features produced by the Hitch Model

)
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are at Fﬁn=0.7 with NF'greater than 10, and the units in a rev-

erse order,

Prelininﬁry Model runs result in a reverse order of -units if
gore than one are assumed to flow.t' Such a flov assumes no in;
teractions and causes separations of values approximately equal
to those of :the Hitch ﬂodel results, In reality the trailiﬁg
units would probably not override the front units because of the
low energy differences. The hitch interaction overcomes this
suspected effeét because of the loss ,of energy of-a front
(lower) unit to the overrlding unit. The overriding section
gains energy, qeneraily sufficient to move it more than 10 me-
tres past the lower unit. The next section‘interacté and usu-
ally stops the: unit at Qrshorter seﬁaration distancel®. EBach
encroaching unit does not immediately encounter a barrier to its
flow upon collision,' but a sink. The lower unit is sloved down
and the overriding section continuves to move with increased en-

ergy. This sitvatior describes the ideal model interactiom.

In reality, the problem is the same as for the override mech-
apisa. Tf the trailing units do not have emough energy to pass
the barrier presented to them, then a feature similar to an ava-

lanche rock glacier will probably result. The likellhood of

16Tn the model runs which disperse units in other thap reverse
order, this effect sometimes does not occur, resulting in the
more random pattern.
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FIGURE 33
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;this case héppéning'is increased because of the mathematical
sipplificat{ons utilized:in the hitch frocess. ‘ When two units
collide, the second unit 1s'assu;ed to be completely on top of
the first unit, although it is only 1in contact. The first umit
stops faster because of the agsuned double mass and the differ-
ence between the stop position and collision position of the
first unit ig added to the collision position of the second sec~-

. tion, This difference représenté the enerqgy exchange. The sec-
ond unit then continues its flov Hifh its original movement,

characteristics.

If the process occurs/in nature the probable action will
cause only a part of the overriding unit Ep gain energy,,6 thus
‘splitting it. 'The section would then stop with an uneven sur-
face contour. It is possible that this type of process could be
responsible for the irregular (ridged) surface of a rock gla-
cler. The Hitch Model is a 'simple attempt to comsider the ef-

fects of a hitchhike mechanisa.

3.6  DISCUSSION

Catastrophic processes active on a talus slope canr have two

inter-related roles in the eiolnt;on ;f a rock glacier. Supply
of debris to the landform comprises one, and the second is a
significant role in the development, of the characteristics of
rock glaclers (i.e. the surface comtour). Pach role caa be di-

vided into a number of potentiai machanisas important ¢to rock
~
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glacier formation. Four modes incorporating these postulates

. vwere lntroduced in the first chapter and are novw summarized :

. \
1. large-scale talus failure resulting in debris supply
. . ‘

2. Large-scale talus fallure supplying‘debris and produc-

’

ing ridges
3. Small-scale talus failure supplying debris

8. " small slips or talus failure to produce individuval

lobes

Pigure & 34 il;ustraées a progression of the roles of cata-
strdphic procésses from primary importance to no applicability.
The four modes are identified on the diagram. Pach mode will be
considered by a feasibility discussion with reference to the re-
sults of the modeling and field cases, ° '
‘Mode ¢ 1 provides a sapply of debris to the lower sibpe and
base of a talus, The avalanche of a large section of sloﬁe is
evidenced in preéent day by the alne tairings case. A failure
transports material similar to that of talus to a lover posi-
tion. Such a large-scale failure conld produce avalgnche rock
glacilers. It is feasible that the avalanche type is the fifst
state in & éequence of rock glacier evolution. Iniéially the
formation of .an avalanche type from a catastrophic flow occurs.
Subsequently, -the landform may 1qcorporate: ice to a sufficient

~ amount where the process of creep can cause movement. Through a
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creep-related sechanise, the ridges may be created. The ridges
could be elphasis of the sgr:ace form produced by failures of
the mlne tallings type. The hourglass shape of the Duke Talus
Glacier su{%orts the gatastropic form although the method of

ridge formation cannot be directly explained.

The modeling wvork prpduces features which are similar to ava-
lanche rock glaciers, Iainlf by the override ahd hitch assump-
tions. Even if the 6verr1de mechanisas do not occur, the resul-~
tant fori'vill still be comparable (the extgnsioh vould nof be
as great). If ovetrlde 1s conmplete ;nd the evidence of other
units is hidden, although iobés may not be formed, an ettendea
debris landform can be produced. A creep lechanisd\would then
beconme activerin producing the ridges. It is importaat to re-
lenbef that actual rock glaciers do not have ; slope equal to
zero, but range between 10 and 20 degrees. 1A scale of processes
can exist in ; talus complex in which catastrophlc processes are

aore significant at higher anéles (talus angles), and creep

processes are active,at lower angles (rock giacier angles).

A retrogressive fallure ls not necessary within Mode +# 1,
The Preliminary Nodel iith NFP=1, can produce t required fors,
although the extension in a real flow wvould bé reduced from that

caused by the model, as previously dis ussed.
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“The mechanism which creates surface 1obes is. not adeguatelj
'explained by any research at present. That 1t is: creep related
is the proposal of Hode $ 1 The postulate of Hode R 2:}8 that
the evolutlon of" tidges is caused %y a large-scale catastrophic
'flov. The field evidence'For thls proposal is ‘the retrogresive
~fdilures observed.infthe nine taiiings docps. 'fhe final sufface

4. . : .
form of these incidents is a series of ridges dgyn the slope.

L

There are two possioilities for the formation of ridges dur-
ipc an avalanche. The first 1s that a mechanism inherent to the
phenonenon causes the alternmating crests and troughs. This

mechanism may- be related to =

1. a/fgkfgcrecslve action

2. & wvave-like impulse from either the initiation of

movement or change of slope

3., or finally, a process vwhich is not understood at pres-

ent

] Sole of the nodeling uork ¥vas an attempt to consider the retro-

gtesslve factor, and postulated processes of the third category.

Thegaverr;de and ~Hitch Models assumed two different methods of
. creating a lobed feature. - The forms which resulted had lobe-
like surfaces on features resenbling rock glaciers. The drav-

backs of the specific models were considered, bot it vas possi-

ble to produce rock glaciec/fSE;h withln a dry friction flou..
. \.

. (N

<.
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- The occurrence offthese nechénisns 'iS'not easily justified.in

\ : J )
natural locations unfortunately. - ' o - L

The‘second possibilitj of lohe:forlation in a 'lorge-scale .
movement is a cohesive flow. The cohesion can be supplied ei-
ther by intersritial ice or by wat?r in a viscous flou. The ice
factor is of donbtful cousequence except that it can supBly
n01sture to the dehris;': The presence of high porewater pres-
sures is one initiator of fallures.. Upon failure of a talus any
intetstitial ice will be converted to water because of the fric-

//{tion. .The,presence of wa;ef durin@ the active period of rock
//olacier fornation is proboble. If the amounts vere sigmificant,

a mud-like flow could have occurred. Preseﬁr day field examples

-

- describe these wet movements 1in periglacial areas (Spitsbergen,

Canadian Rockies). If the flow was retrogressive or by sonme
' process an impulse wave is produced, the formation é% lobes is a
o_natural conclusion. The Duke Talus Glacler could ‘be the classi-
'cal'exanple-of such a flow. The honrglass-shape'and the ontward

spread of ridges onto the base ‘are characteristics of a viscous

o
]

process, The irregular surfaces of all of the rock glaciers
could be the result of surges (failures) of liqnidized debris.
The Elostic 'Hodei assumned anlffeal_ case of the 1liquid type
type of flow, rerfectly elastic collisions wvould nor-actuallg
. o
occur, thus the separation of the units,ilinstratedtin Elastic

flows would be reduced. In this case, the featurés produced
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- would regsemble talus derived rock glaciers (higher .units could
- ¥ - . :

~ also move onto the base of the talus). 3

»

Some of the lodels also examine the possibility of a failure

1)

of limjited depth (restricted to the active layer) vhich moves on
to a base of debrls. " The active layer material 1is wet during

varser periods, thus a liquid flow is'fgasible. 'ggth_an inher-

ent ridge-forming mechanism, rtock glaciers could result, espeg
o 7 '

clally if the flow overrides an avalanche fora. This mode 1s

suggested as one possibility Qiihough it cannot be tested accu-
rately. '

¢ creep does. occur in either of the +two possibilities sug-
gested above, then it will explain any motion observed on rock
qiaclers in present times. Within Mode # 2, steady-state flow

is of 1little significance durinag developnent of forn, but in

node § 3,| creep is of wmajor importance in contributing towvards

sovepant, | vith debris teing supplied by small-scale failures,
* Avalanches contribute material to the head of the rock glacier.
Creep nay be\initiated by a critical atount of material or it

copld be an ongoing process. This mode has been suggested to be
responsible for lobe formation (Barséh, 1977y, but to explain a

lobe -opatatinq from further debris slides is a problem.

The author considers that the most probap¥e creep explanation
for rock glacliers includes a cataétrophic mechanise, . fNode » 4

-
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sﬂgggfifa:iif’snalL slips at the base of a‘ talus slope produce -
individuat= fidges, :yhen aove by creep down the lower‘slope'of;

the rock glaéier bed. Evidence for this mechanise exists onm the
slopes of Grizzly Creek and the Duke River. - The slopéé at the
head of each rock glacler have a series bf'slips which aﬁbéar to
continue onto t;e rock glacief. Fighres s 7 andl 8 shov these
type of slips on the Duke Talus Glacier. .They are nét as wvell
~defimed in Grizzly Creek, but they are visible. As the rock

glacier créePS downﬁlopp, a siip follows and is incorporated as
&

a lobe. 1As the material creeps away at the junction between ta-

lus énd rock glacler, another slip occurs and so on.

hd !

Thfé last -ﬁOQe is’ an attractlive sequence tdcelploy to de-
scribe the evolution of a rock glacier% since some field evi-
dence can back it up, and the accepted importance of creep is
included. So&é problems of interpretation arise, unfortunately=
What caused the initial formation of a lobe an& its movenment
away from the slope? It is possible that.all of the taius is
slowly creeping dow§ the slope. Perhaps as the material moves
onto a lower'angle_slope, .there-is a le;hanisn which causes the
talus to separaté into ridges of material. The possibilities of

creep mechanisms are numerouns, howeger the field evidence dis-

.

_pnting:universal accgptance'of the steady-state flov was out- .

lined.
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The modeling work did mot directly conmsider the last two sug-
gested modes since the role of catastrophic procqsses is to sup-
ply material by small-scale failures. These minor movements can
be taken P& limited fallures withinm the preltiinary Model.
There is little vaIUe in considering such a silple model because
the interrelgiion vith creep processes 1s conplex and difficult
to deteralne. The +twvo gemeral types of processes, creep and
catastrophic, need to be examined tdgethep. and that is beyond
the scopé of this study. - |
. -

3.7 ASSUMPTIONS

The limitations of any modeling vork derive from the simpli-
fications of reality necessary to permit operation of the model.
Application of the results to _natural sitn;tions‘ is dependent
uﬁon the required assumptions providing am acceptable relation-
ship between model and reality. The action of each postulated
flov mechanisa has been Adiscussed within each model. The éen-

eral qssunptions-ahd_their effects will now be considered.

3.7.1 sSingle Angle Slope

nlpipe talus usuvally exists 1; one of two general profiles.
The first is at an inclination wﬁich can be averaged as a single
angle with a dis;ontinuity between slope angle and base. The
second profile has an upper singlé angle with a basal concavity

(Stathanm, '1976). The lbdel slopes are of the first type, al-

-

\
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Fhough-the sacond ‘type is more common, In modern slope proc-
esses one of the-influences on travel distance of failure sec-
tionsﬂis the change in slope. Pailed units in isolated movement
vill reach the base of the slope vhereas if the angle was low-
eted, they would not necessarily have sufficient energy. This
si:uation explains one anomaly betveen the model and reality,.
As an exalplé, units in loglon on a slope will csase to ac-
celerate posltively/:; critical angles, dependent upon the angle )

of internal friction and the value of FEO, (thus coefficient of

friction) as listed =

FMU=0.7 TH=2%5 degrees Critical angle=18 degrees
FHU=0.9 TH=25 degrees Critical angle=23 degrees -
PHNO=0.7 TH=35 degrees. Critical angle=26 degrees
PAU=0.9  TH=35 degrees Critical angle=32 degrees

At tfb appropriate critical amgle, the slowing effect of fric-

tion exceeds the acceleration due to gravity.

The models actually assume the extreme case where units will
slow dq:P at the critical amgle aﬁd.undergo the movement condi-
tions of an angle of 0 degrees, The critical angle occurs at
XTR in the model flows; Examining the Grizzly Creek glacier

profiles will aid in clarifying this point.

If the original Grizzly talus exhibited a basal concavity

then the higheét this concavity would have reached on the slope



is at the present junction of the taluéy?nd rock glacier. Above
this point, the slope exlsted at a single angle (éverage anglé).
In comparlng the model slopes to a concave 'iype of slope in
Grigzly. the'zalue of iTﬁ is set at the talus/rock glacier 4unc-
tion (which does not actually exist in the pre-flow situation),
and not at the talus/valley floor jqnction. Thus the values of
extension of the actual rock glaciers would incr%ase approxi-
mately 50 metres. over the values of a single- ;ngle type. fhe
valoe of siope length simply refers to, the length‘of taluas abovg

-

the basal concavity.
In measuring the flow the calculations of a single angle
(zero angle base) wvwill underestimate the exieng;on values of a
movement to a concave base, Furthermore, thegdeptﬁs of a fea-
re vhich has moved onto a base of talus will provide an over-
estilatg of the volume of material which has floﬁed- Conse-
quently a talus avalanche may be responsible for only the
surface contour with possibly an extension onto -the valléy
éloor. In the‘'described situation a shallov slab failure (five
metres and less)‘ could be respomsible for £he 1nit1ai‘forlation
of a rock glacier (subsequent flow, if there is any, would be by

creep).

" In justifying the override of stopped units, a difficulty wvas
encountered due to Jthe possibility of a reverse slope being

formed after a uni{-stops. . A trailing unit amight stop before

[}
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override was completed. On a concéve lower slppe.'the éffect of
reverse slopes is décreased becﬁuse f?uer will fora. Sincé the
slope has an inclination, stopping units will spiead farther and
the aﬂgle that they present to oncoming units will be less than
' that oh a‘flat (the actuval slope angle will subtraét froa the
 stopped unit's upslope, angle). N

The situations described above show that the.zero-angle basé
is the limiting example of a field slope, If the talus exists

at a single angle then model slopes are similar. In the case

-

vhere a concave base exists, the results of model flows are com-
parable to those that might occur. The concave base actually
provides: better justificatloﬁ for override mechanisms to be sig-

nificant. Py

3.7.2 - Retrogressive Pailure _ KZL\

- The assumption of a retrogressive failure vas made because of
the observations of the mechaniss 1; Bine tailings dumps. 51nst
the resultant features exhiQit ridges, the mechanism was assumed
to have significance in the formation of lohéé‘uuétalus derived
rock glaciefs. jﬁhg retrogressive failure is the basis of the

lodéling atteapt to develop lobes. TIn the modes wheré the cata~

strophic processes are significant only for the supply of mate-~
rial, the model ﬁnits proyide é s}nplificatlon to examine the
novement of a slope failure,

-

.
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To e;aline thé debris sdpply role, ¥F can be set at low vgl-
Iues gnd the movenment exaline&. Onfortunately, the model comnsid-
ers the motion of the centéé of mass so that the extension'of
~ the front of the upit on to the base is not influential until
the centre of mass reaches XTR. Co;seqnently, the model rumns
uith_HF¥1 and W of fhe order of L, result in values of extension

which are probably too high. : N

As suggested, the basis of the modeling work is that the re-
- . .

'trogregsive mechanise is significant in the evolution of the

sur face form of rock glaciers.* The comtribution of the models

to other suggested modes 1is discussed in the next section;
’

3.7.3 Analysis Methods H\\\-

The analysis nethoﬁs vere discussed vhen first introduced and
1&11 nov be considered im light of their .resuits vpon final
foras. mhe first technique of maintalning anit size and shape
provides‘rock glac*er type results for only the Elastic Model.
Por the other'lodéls the féatures have too great a‘depth or too
large or irregular a vqriation. ‘ in a real situationm, the Eain—
tenance of shape is dependent upon'cohesion of a unit. The pos-
sibiiify of cohesion Jf the:uﬁits in a flow will be discnsseﬂ.in
tﬁe next section. |

The strip method permits a loss of material by a lévinQ unit

and results in less extreme variations in the feature surfaces

AN
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for the Hitch &nﬁ ove;ride Nodels. In a real flow, this tyve of
movement .is probabfe. Hith motion along the slope, debris vill

‘be deposited, The .problem 'is to.estimate the amount of naterial
that will be stripped off. The technxque defines an amount of
aither 0.5 or 1 metre for every distance %, travelled. The ef-
fect 15 to produce landforns vhich have dimensions siiilar_to
rock glaciers. That - the uechapisn is possihle in nature is'a

proposal of this study,.

Utiiizlng the third method does not directly aécouﬁt for the
total volume of the nateﬂs{i wvhich failed, but it does allow for
an increased dispersal of the units. The lethod vas used as a
modification of the Ffirst tuo'teéhniques vhen neither resulted
in' suitable features, Generally the.effect ¥as to decrease the
depth and the variafion‘of the surface contour.. The unraccounted
material coﬁld noﬁerate the vertical changes in surface heights
wvhich are inhereat to the analyses. Im the natural cﬁntext, the
use of the last two techniques 1implies a greater dlspe;sal of
the mass of a ‘unit. Since talus failures- result in gently
sloped triangular sﬁaped lobes, this analysis. compares with ac-
tval observations (Jahn, 1967Y .

, . ]

The illustrations of model resulté and analysis shov_discon-
tinuous height variation. Tf the units are assumed to stop in a
triangular shape, the dimensions of the triangle_are not easy to

define. Another method .is to picture the falling unit as a tra-

A

s

-

.

Tt e S " . ‘ AR e ) el K AN B it i Y G TR e 5 :




ANG
. B ' :

pezoid. Opon cessation of movenent, the overhanging part of the
unlit (at the fromt) would collapse to leave a sloped fromt. In
,reality the back slope- vould be lore gently angled, but the re-
sultant fornm vould\ﬁe sililar to the half width analysis. since
the trapezoid( does not have a full depth for the value of i.‘
The trapeiolﬂal shape 1s more conducive to failure, since the
‘front of a unit can initiate motion by sliding along the inter-
face vith the next unit. This.nethod 'is one possibility to
smooth out the model landforns. In actual failures, the unif
_ would be :gre dispersed with 1ower' peaks around the centre of
mass.,

- . ]
e

3.7.4 Coefficlient of Friction

With the recent contoversy in geomorphology over the meaning,
neasurement and conparison of the angles of internal friction,
repose , and slope stability, the selection of a definition for
the coefficient of friction is difficult. Gerber and Scheideg-
ger (1974) use the. classical definltlon, pore recently favoured
by Carson (19?7) that a slope stands at the angle of re;ose,
'uhlch'is approximately equal to the angle of intef al friction.
Staffal (1976, 1977) argues that the angle of intzjkyl friction
of a material is genefnlly S degrees greater thaowéthe aogle at
whichia'talus forms. He arqgues that the classicel'studies, det-
initions, end laboratory ueasurelents of the angles of repose

and internal friction are limited in applicafion to actueal ta-

lus. The controversy will continue, but for the imitial simple
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mnodels of taius failure, the angle of a talus was'assuled to bé
equal to the angle_bf internal frictionm. '

The coefficient'qf an angle is nathelaticatly defined as the
tangent. Gerber and Scheldegger (1974) deécribe-different'val-'
ugg,fdr coefficients of friction, dependent upon the mechanisa
of lévenent of a section of talus (also single rockfall eveants).
They state that modern debris slides do not reach ;he bbtton of
a slope and thaé the'coefficienf of sliding friction is greater
than the tangent of the anqle of internal frictiont?. Por the
mechanism of rollinq; Gerber and Scheidegger appiy a valué ap-
proximating tan ﬂ;sincé‘ rocks can reach the bottom of a slope.
They do not consider that‘?'changing angle of movement on a com-
cave base wvill stop a section which has initial energy.

The modeling of a rock élacier wvhich extended out' froam the
base of a talug through'catastrophic processes, requires.that
the coefficient of fr;qsiOn is less thaﬁ the tangent of the amn-
gle of interna} friction. A falled section will then reach the
bottoa of the - Consequently the coefficienf of sliding
friction cq‘xggsizj;r than the tangent, or a different process

or lubricatiom is active. The value of the coaefficient of fric-'

L
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17As mentioned previously they also require am initial energy
fo ovement of a slope section. othervise at values greater
than n ¢, the section would not move, ‘Pallure does not:
produ energy, it simply changes potential emergy to kinetic
energy. As soon as shear stress exceeds shear strength there
is flov vith no energy input. :
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Eion which is'actlve v#a varied from 0.5 to 0.9 to consider the
. -~

stated role.

There is the possibility that large scale failures move under
a different lubrication or mechanisa tﬁan smaller modern fail-
ures. This factor can explain the different_values of coeffi-~

clent of friction for the present study.

3.7.5 Iwo-dimensiopal Model

in the lodellngn of the catastroﬁhic movement, a tvo-dimen-
sional slope was ﬁsed. The flow characteristics of the talus
are examined foE an ;naginary line assumed to be along the cen-
_tre line of the slope‘}nd subsequent rock glacier. No friction
is assumed along the side faces of a unit-iinﬁgining tﬁat the
unit is three dimensional with a =2 component of width dz); It
1s a standard technique to assume that in this case the z meas-
urement of a‘un;t 1s great enough that side effects can be ig-
nored, The rest of.tﬁe model slope HiIINIO'e similarly to the
defined section.

On natural talus the side effects cannot bé ignored since
they are the most likely cause of the transverse arcuate shape
of the rildges. The friction at the sides is significant enough
to slow the movement of the outer edge? of a unit flow, result-
ing in the arcuate fori. The two-dimensional aésulptton is not

.restrictive on model relation to natntai landforaste,

-
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3.7.6 Iraasition Asgsusption
The transition of a unit from movement on talus to moveament
6n the base occurs uhen the centre of mass intersects with the

line y=D/2. - The unit 1s assumed to maintain its shape therefore

. R
the centre of mass cannot go lowver. Because of the operation of

the models, the tramsition does not restrict the collision proc-“

ess, - although the tfanéit@on does cause the unit to move under
different forces. The testfiction on the ¢transition is the
vidth of a section. Tf the value of W ié large, then the front
portion of a sectiom will slﬁv down to prob;biy result in over-
riding by the rest of the unit. Since the values of W vere less

than 30 metres, the problem vas assumed to be insignificant.
¢

- -

stricted by valley form or deposits. This is one possible ex-

1e0ccasionally the lateral extension of the moving taldE\iQ re-
planation for the formation of longitudinal ridges’ ’

I
¥ .
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Chapter IV

CONCLUSIONS

Determining the iﬁterrelation between talus and talus derived
rockdglaciers is one of tge main goals of this study. ihg uorfﬂ
centred upon potehtial contributions _of,catastrophic ptocesées.

'_FrOI the basic_assunp{ion that a talus éould fail retrogres-
sively, modgls vere developed to'attelpt'to produce rock glacier
features, A number of mechanisas wvere péstulated'to be reéponiffgi/fj
'sible.for the ridge formations identified on field rock gla- '
ciers, and in the ndvegents 6f,n1ne tailings. To permit opera- ¢

' tion of the nodeié, silplificﬁtions'of complex factors were
~hecessary. These assuaptions were exaninedlthroughont the the-

-t

sis to evaluate the feasibility of the:nqdéls.

-

h i

The critical . factor of the work vas‘ the asggmption that a
significant portion of a talus could avalanche.lVCOnditions that
existed at the time of slope de;elophent vere speculated in thek
introductory chaptér. The climate combined with the effec;s of
glacial ablatiﬁn (probably due to a warmer, _wétger«'clilytei '_ o
coeld have resulted in slope . conditions thcﬁ caused oversgeep-
ening or instabili;y in talus. Increased quantities- of nois-'
ture, increased supply of débris, or removal of basalfsgpport
(either throﬁgh\;hlation of ice or basal removal due to'giaéial

- 150 - - C
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-]outvash), conl@nindnce failnre. Creep could be active but as a

'prelude to, and a cause of catastrophic flows.

-areas does not suﬁﬁort this occurrence.

.
L]

g =l
]
b

s

)1 variety of talus and talmns derived features, with an appar-~f

ent range of ages, exist in the Grizzly Creek area, This randon

development of rock glacier formas wvas suggested to be suppgntive

" of catastrophic_processes rether than steady state ones. ' The
‘dual movement 'natnre of the Yukom rock glaciers.~(5nith,‘ 1973
- also observes thls phenonenon) is‘felt to be indicative of cata-
sttophic novenents, since a lnter creep movement chould have'
been mirroréd by a teactivation in the otiéinal feature. The

' stability 1ndicated by the vegetation on the lower rock glacier

with the evidance that catastrophic flows can prodice ridges

(nine tailings failures and Mathev and McTaggart, 1969) ,~ the

‘process vas considered to have a significant role beyond ,simple

' debris snpply. The Preliminary Hodel examired the movement: of

5

isolated sections by a dry frictiom flow, to snpply uateriél,
. . S\ .

while the interaction models postulated mechanisas by. . vhich a
retrogressive failure cpnld' move to cause rock glacier charac-
teristics. The difficnlty of explaining -ridges by'h large~-scale

flow, exists in postulating_a' mechanisa of lobe formation.

- There is no basis to the work beyond the fleld evidence.  Three

categories of mechanisas vere suggested 3

T 1. 'ret:ogressive action involving flow mechanisas



L. - 152

- . ' . '
-2+ wave-like Aimpulse due- to initiation of movement or
change of slope |

. .

J. unkaovn infloences -
. ) , ‘
fach cateqory can be split 1into non-cohesive and cohesive (or -

appacteat cohesion) depandencies.
. R :

: ,

144 ; talus avalaaches as a single mass, a mechanisn vgich
vnuld resalt la lobe formatlon is difficult to justify. In ei;i
ther » éohonlvo or non~cohesive flov an impulse wave couid re-
ault ta alternating crests and troughs but an initiatini cause

(

L i :
in sakao A Prelimlnary §;Qp1 ren, with a full sSlope fallure

(SP+1) wvas a !ilpl; atteapt to\prodpce'an avalanche type of.rdék
1t.cloF. The drawvbacks of the model vere suggested viih rodifi-
ratlonn belaq left to future vork as the conplexfty;of the fléi :
/1in beyond the scépo of this study. . ' "4P | “
-

for a rotroqrcsiivo failure, two sitvations can occur:_eithe;
the later waits will override or their energy vill be transfer-
ted to the eariier-failing ;qctions. zialining the first case.,
the lowet dnits say be completely disgnised (cofe?ed) oklthe
swt face coatour l;f iadlocte thelr presence. The Hitch Model
(e98 *he cosplete tlovzo 4 Preliminary Model s}ope) assumes
that the loco(loﬁ of the centre of nass can.be 1dent1fiéd as a

copceattatios of debris or a lobe, whether it has been overrid-

| ot sot, The 20del predicts a sisilar effect independent of
P -
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- cohesion. and produces rock glacier features. 'The féasibility of
the.ueqhanism is based on the possibility of overriding uithont

‘obliteration.

The'second .Situation asspueé an enérqy‘trinsfer to a 1oyér
section. * The Override.uodel incorporated aspects of both situa-
tions. BEnerqgy transfeY lto a lower unit occurre& after a unit
héd‘stopp d. Thé results were a varlety of features, some show-
ing ridged snrfaces and others appeéring as avalanche types.
The model is .dependent upon both tmgrtransfer of energy and an
overrr&e-without obliteration. The ovéfrige is.possible, inde-
penEFnt of éohe;ion, but the energy transfer is more probable

L4

for sections which have cohesion or an apparent cohesion.:

hCIY
-

' The presence of significant amounts of water was guggeéted
due to rhé conditions duripg the period of; rock glacier forma'-

Vtion. ' gater could have suppliéd a cohes:;i propérty to_result
in the 'elasric type of .collision. _The Blastic Model assumed

- solely elastic 1nteractions. The pré&uctionrof talus derived

featurqs >‘s‘silp1e by the model. If there is no cohesive fac-

tbr\%hen.theilodel loses iﬁs basgis. One argument agaimst a co-

hesive f;oy'iS\the-lov percentage of fines in fresh talus. This

]
.

proportion can increase as a sgctior_ noves'downslbpe due to-the
- high ﬁressures. in addition, the water contemt will increase Af

jinterstitial ice is - present (friction causes the ice to melt).

A mud-like flow is a feasible explanation for rock glacier fea~-

tures.

+»
»
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The fa%éage of impulses in a cohesifé failure is also valid,
;s is the pp;sibility of 1npu15es due to fchanqipg'cénd;tions
* (l.e. slope.t:ansition) in non-cohesive flovs, TheSé mechanisas
" were not .modeled in fhe preéent vork due to the difficulty of ~
postulating their significance. The third category of unknovn
influences can include factors of the first two categories. As
this study suggests, ail gatastf&phic aspects of rock glaciers

#re aétually.unkﬂb'n. | |

_ P

The models were applied to a éeneral framework of rock gla-
cier evolution illustrated in Pigure % 34, Tvo roles of cata-
‘strophic procésse?luere jdentified, the supply of debris and the
) defelopmentwof”rbck.qlacier.characteristics. A1l of the models
are apprEablé to the supply role. Without comsidering the fea-
sibility of the node{f, the success in producing characteristics
of talus derived rock glaciers varied. The viscous form of the
/\\jklastic Model produces the most suitable rock glacier features
at values of PMU=0.8 and lower and D=25§retres (at mnost other
values of input parameters) . The extension and creation of the
llobes 15- comparable to Grizz;l Creek exaaples, The override
mechanisms (hitch and override[ resulted inm suitable fonng for
FHU=0.8 and lover é?est results at FNU=0.7), but aeteriihing
.their significance during movement is difficult, if not impossi-.
ble. Other mechanisas vhich have not been postulated could be
active in a catastrophic flow (especlally if the fetrogressive

failure assumption-is deleted).
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~The interaction models fit under Modes # 1 and 2 in the evo-

1u{ionary framework. A single large scale fallure can fit ei-
ther mode since debris supply is accounted for, aqd there is a
possibllity that one of the hypotﬁesized flovw mechanisas may be
active in causing.a'ridgéd surface centour. The péséibility vas
discussed although the justification is absfract.

\

Assuming single fallures of liniteé extent spits Mode & 3.
The'Prelipinary Model can be utiliiedAto fit tﬁis role of debris
supply, but nodification§ are ngcessary-to consider uoveueng on
different slope profiles. - The mechanism of flow nmust also be
exarined to determine suitable values %i input paranéters.

t

‘Small slips on the lower talus slopes are not abstract as

they exist in field situations.  Evaluating HNode # 4 should be

the aim of other studies onm rock glaciers, since it incorporates
the accepted creep mechanisa, Onfortunately suitdble process
approaches are not found, as outlined in the first chapter.

The major conclusion of this study is that talus derived rock
glacier dévg&ppuent is dependent upon the relation of processes

activeton :

1. the talus slope . : N

2. tﬁe rock glacier
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Modes # 1,2 and u are the most probable §equences of evolution'
for rock glaclers. They provide for a continuity betwveen cata-
strophlc processes_ on the talus (small-scale slips or “large-
scale ;ailure) aqp creep processes on tﬁ; rock'gyacier. A scale

of development of talus derived features is proposed which com-

bines catastrophic and steady-state movement :

1. large-scale failure om talus to produce avalanche

foras .

‘2. catastrophic processes acti#e at higher angles to

produce characteristics of talus derlved types

3., creep processes active on lover angles to modify # 1

or 2 features

-~

This'scale includes possible connections between talus and rock
glacier foras. The processes are, dependent upon slope angles,

L}

although other conditions can alter or prevent activity.

While considering the previously disnissed catastrophic fac~-
tow, the study raised a nunber of sidelines vhich rj?uire future .
éxénination. The use of a coefficient of friction based upon
. +he characteristic angles of a slope ig justified, but it wust
be applied correctly. ‘Gerher and Scheidegger (1974) state that
for sliding debris the frictlonal coafficlient 1is greater than_
the tangent of the angle of 1nterna1 friction. They assume that

the slidlng‘uass has 1q1t1a1 anerqy and that the debris does not




reacﬁfthe-botton-bf thé slope.. The stdpp#gg of theyslide could
'be due to fhé-degréasing slope.-aﬂd‘faiidré qénerdlly'b¢Curs un-
derleqnilibriun cqnditions'suéh that there is no initial energy.
| Statham (1976) 1utilizes the tangent 6f a.dyna11c ang1e of fric-
tion in his work on'rolléngkaiécréte particles. The use of this'.
tern does.not allow for the greatei dependency uéon inéact fric-
tional forces rather than frictional ‘force 1in the =movement of
rolling pirticles. It is proposed that the beét me£hdd of de-
£ining the coefficient of friction for moving debris, is to take
=

a factor of the tangent of internal friction (instead of defin-

ing other angles to fit sliding or rolling situations}.

This'definition causes model flows to move farther fqr;loweﬁ
ahgle slopes due to the increased'influence of the coefficient
of‘frlctioﬁ over the slope angie‘éffect. The effect would be
expgcted to result in field observations'of greater extension of
talus de¥1ved rock glaclers in materials vith lower angles of
inte;nﬁl fr{ption (vhich are defined io stand at lower angles).
The'resuit- could be masked by differemt processes of sliding
\§§

ension of

(i.e. the value of PMU may ‘be slope dependent) .~

Another comclusion of the modeling is that \t
rock glaciers is related to the slope length of talus (alsé sug;/
gested from fleld observations by Smith, 3913).' Creep studies
have not usually related thq supply of debris to the movement of

material, If there is a continﬁous creep process fitting under
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. Mode & 4, <then a éontinuoué- loielent of natérial froa talus fo
‘rocy glacief‘nay be possible;; Tﬁi§ proﬁosal ;equires’that creep
be of greater_signifiCance atllower angles, Future studies must

eiaiuate Ehls hypothesis,

SUNBARY ~ ‘

The emphasis of. the nodeling hés been on catastrophic proc-
esses, but the emphasis of the study has béen on the relation-
ships, betveen talus and rock glacier and catastrophic and stead-
y-state'processes. "The conclusion of the 'study is that talus
and talus ﬁerived rock glaqlers are not distinct features, but
are present as a %alus conplei. Similarly, catastrophic and
steady-state processes are fused within ‘a frasework of continu-
ity of action. The catastrophic factor must beA;;:bialuated in
field and theoretical studies. Until the conpiete franework-is
constructed, rock glaciers<5111 continue to be obscured by a fog

of nisinterpretationg.

.
/ T
L [



Appendix A

DEVELOPMENT OF PRELIMINARY MODEL

The mathematical development of the model is a progressive
application of basic algebra. Tﬁe'slope is ﬁgfined using egpa-
tions of lines. The sectioning of. the slope into units 1is leo_
matheuaticailj defined by equatioms, and. the centre of mass of

each.unit 1s described by the intersection of two lines. J

_Understanding of the folloving mathematical steps will be fa-

‘cilitated by referring to Figure + 12, (Computer symbols will

e

- be used for atithnetic signs, specifically for lultiplicatién,_*

, division, /. squaring, *%, and square root. SQRT)

The siope 3s defined by line I in Figure & 12 ; the equation :

being:"
g=-H/HL#x+H (T)
H/HL=tan (TH)

y=-tan (TH) *x+8

Line #II defines the depth of&khe units, thus the depth of
fajilure. Calculating the equafién: | ~ ;
Since y=-tan(TH)*x+(H-d) in Pigure # 12

D/d=cos (TH) \

- 159 -
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' '£he£efbre dén/cos(rn)

Therefore - .- | . '
y=-t;n(TH)*x+(ﬁ-D/cos(fH))‘7 '-(¥i)

N

Line ITT describes the parallel (to the slope) centre line of

the units.
| y=-tan(T§)tx+(ﬂ-D/2)’ from Pigure # 12
' d/co.s (TH)
d=cos (TH} *D _
Therefore | )

y=-=tan (TH) *_t* (ﬁ-D/ {(2*cos (TH) ) ) (I1I) - |
Line IV defines the parallel centre 1line éf.failed units that
ﬂave been transferred to the surface of tﬁe slope.
From Line TIT
y=-tan(TH)*xfﬂfn/iz*cos(TH)) : (IV)
To calculate the coordinates of ther centres of wmass of :;he
units, perpenQiculaf line equatisns are required.
¢
Line v defines the upper edge of the first unit. Since the
slope(;;theuaticalr .of tvo gerpendigg}ar lines have the follow-
ing re;qtiﬁﬁggiié ’ o Yot i
) o Slope of line 1=m1 ' a
' Slope of line 2=m2
( 1 * m2 =-1
Thus the slope of éetpendicqlar lires to the natural talus slope

vill Dbe: ,ﬂ

. < -.‘ ,
' m=1/tan {TH) : 1\

3 . Al
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' Therefore from y-intercept, b=H-D/cos (TH)
| N and m=1/tan (TH)
y=z/tan(mn)+(ﬂ-p/cos(fa)) ' (v)

Line #I is the pérpendicular'centre line of the first unit,
Same sldpé as for v S o
The value of the y-intercept is:
e b=H-a-d1 ﬂt?n : k o .
w/(2td1)=siﬁ(rﬂ)
) . d1=i/(2tsin(rn)) -
b=H-D/cos (TH)Ew/ (2¢sin (TH) ) ' |
y=x/tan.(TH) + (H=D/CoS (TH) -4/ (2%54n (TH) } ) - (V1)
A general centre line eguqiion for the Ith unit 1s§
y=x/tan{TH) + (HTD/cos (TH) - (i-O. 5) *I/sinu('l‘ﬂ) )
" . | )
To evaluate coordinates, thg intersections of'each pair of
centre lines are taken. | |
Let . SL1==tan (TH)
SL2=1/tan (TH)
 Therefore SL1=-1/SL2
The point,ﬁhefe IIY intersects with the gemeral form of equation
VI is the centre of mass of the Ith unit.
sxztx+(a-n/cos(ra)-(;;0.5)*w/siﬁ(Tn)f " (VI)

=SL1%x+ (H-D1(2%*cos (TH) }) _ (IIT)

.
*

Therefore ‘ . » .
=-(D/(2£cos(TB;::@¥-O.5f*u/s;§KFﬂ))/(SL1+1/SL1)
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To calculate the/y component, x can be substituted into either

of the equations.

When failuré is assumed to occur, a unit is transferred to
the surface. This transfer is done by keeping the y-component
thé,gaﬁe; thereby not‘affecting the potential energy of the sec-
Eion. To caléuLate the new coérdinate, substitution of ﬁhe Y
yalue into fv gives: o

xs(}-ﬂ—ng(2tcos(Ta))i/5L1 ' (V1Y)

- + 4

-

The failed unit will now msove dowvn the slop; and the mechan-
ics of the movement can be.déterlined by a straightforﬁard'ap-
plication of Wewtonian Hqchahics. There are several ways to
proceed. One method suggested in Chapter 2 was to c;iculate the
travel distances on the =slope and along the base.- These values
can be obtalned from the simple energy considerations which were
outli#ed.

A ;ore comprehensive approach will include 'the cal?dlations
of time and velocity, and provide a better basié to the model-
ing. Thus the initial model will use another approach to exa;-

Ine the_travel.of the units.

" Given initial conditions and the active forces, the dynamics
of a unit can be simply determined as follows: o
At time, t=0 ' | :

Initial velocity is zero o ::

@
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\,;;;2‘ In;tlai,posltlon is zero

.

Forces active
1.'GFav1ty PG=N*G#*slin (TH)
ii. Friction FP=NeGoCos (TH) *NU
FU=PG-PF
Porce=MasssAcceleration of Unlt in)' ‘
ntn=ntctsin(wa))-nteiéosgru)yuu o
A=G# (sin'(TH) -NU*Cos (TH))  ° 7 (VIII)

Let K1=sin(TH)-HU*cos(Tﬂ)

mherefore A=G*K1 (VIIIa)

70 calculate velocity at time T, integrate between 0 and T, vith

respect to t. ' | oo
A dt= G*K1 4t ’
y=G*K1*ch1 jIx[ vhere v=yelocity
‘ | ‘C1ﬁinitia1 velocity

Therefore Y=G*K1*7T vhen C1=0

To calculate distance traveled at time T, 1htegrate again be-

7 tween 0 apd 7, with respect to t.
v dt= (G*K1%T+C1) 4t
TD=0.5*G*K1*T‘*20C1*T+C2

vhere D=distance .

c2=initial position

Therefore PD=0. S*GER1¥TH*2 x

when C1, C2 = 0.

L " -
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The above analysis dascribes a loving unit on the’ slope. The
forces change Ihen the unit transfers' to the base at the trans-

1t10n point. This transitlon point is the x,y coordinate vhere

the line y=D/2 ana IV intergﬁgg,\\~ o .
. Equating D/2=SL1*x*H+D/(2tcos(TH)) .
_Therefore xz(b/2t(1-1/cosgmﬂ))-a;/5L1' (1)

=XTR

-

XTR will designate iuat transition
VTR will designate v at‘§nUngition

T7TR will designate t at tramsition .

When the centre of mass of a unit reaches this point,"the anit

N : %, '
ts instantaneously gtransferred to movement along .the base, with

the changed unit force:

FU==N*G*AD from FPP=HU*N

Therefore ' A=-GHU I
rIategrating

” ‘ ° ‘ ' i

=-GeNU® (t-TTR) +C3 ~ vhere C3=VTR  (KIII)

Integrating again
TD (along base) =-0. S*G*Hﬂttt-TTR)**cht*(t*TTR)GCQ (XIV)
vhere CH=XTR
Por the simple. initial computer model, the output only re-

gquires the calculatiom of the fimal stop positiom, ' STPOSH, of

each unit, the ‘extension from the base, -EXT, and the time of .

3

_trével. TS. Prom the above reiatiohships the necessary equa-~

tions to calculate the parameters for the Ith unit are :

'STPOSH(I) XTR%VTR(I)*(TS(I)-TTB(I))-HU*G/Z



L

“,along vith its time of itravel,

. L . !‘-1‘65'
| t(i\sm-'r'rnm-jluz T ()
| TS (1) =VTR m/(auts)vr-rnm ' T v
VTR (T) 2GEK1*TTR () . ' ) _ (XVIT)
TR (1) =SQRT( (YAF (I) -D/2) /sin (TH) ¥2/ (G*K1) (XVIII) .
EXT (T) =STPOSK (T) ~XTR - . (xIy

Theoow
*

The construction of. the conpnter model is straightforvard nov -
that the theory and equations are outlined. Referring to the
‘attached progranm, the first sectfbn defines the . paraletars and
calculates the other input values. ' The coordinates of the cen-
tres of mass are calculated before and upon failure. .Then the

final position, velocities and times of uovenent are deternined.

Siﬂce the vy values result fron substitution into one of tuo in-

-thrsecting equations, an accuracy check is lade by substltution

into the second eguation. That is thelrunctionsof ERR1(I). The.

output of the progiaa gives the basic parameters as lis}ed, _the

'error'fonction,A and the extension of the wupit from the base-

X
i

N "_@.



: v » .
v - .
v‘ ' - *
. ' ' ‘
. : [ .
. | : -&’S{u‘. " C o
* 4
- - . DEVELOAPREET NP TETERACTION RODEL .
. " - P 3 ! .
*Vs Preiiclonty Podel development 19 Appendix ) outlin the -

E teeic Falfisivinnn sed sovesent clquruﬁc: of a =lope tail-'. - d
"s, *"Ste tppoedls wiil 'ou.uo the theory of collisions be- f

.lﬁﬂ eoite, ?u" final coapeter sodels of the d‘tfforolt:‘colu,--

#$PYe Npp@Ticase ot  18rieded at the #ad tO  sumsarize the modal

\

L T LEAT AR W e onte ¢sseral “ams ip covered La the section

te mnﬁut-", t‘l._.rl.t b

+

.'\-.il.i’-o ea oo Cclhoi 4 the ﬁnno.v‘of the salts that

: ) L4
' fell +me i cqaleniotsl ptint ta oovepestl e fOr the prelisimary
- - o Co .
el ‘e Ane lotetariiem eniel, e tise aspect of fellsce 19
' . - ) - _
\ Sel 3elee logetioews, O - .
A S s - ' N .
. IR . . |
"W T100% WIS o Gess oi1]l 40 s ot Nlee, 120,  Pach AVdee-
Fusat s ol oeee o' o ‘ioe Siflbed BY o ecrac of e tiee .
> ’ - * o . .
(840990} Iptomme Moiletme, *f, "%o enwend volt vill onve ot
| PIe0, ta NI @l 93 TI0I, o0t epwe, 10 oo Sleepls, coen
Tether o FolieNe of 0P ol latwiod Ftee fot He 0P, oo the
] i \):-"'. , ' - L. . . -
Wi ML eeie THS. e Uige of fFellete of lke {1n 1. .
L] ‘o_ ‘.'a_ b . ' - * . " ’- '.'
g Yee .
. o :\ » . . . ) ‘\ _‘
oo T W ALY TXEY * : -
. v . - J.
‘4 * '..‘Y- * . - - b
- ' M , "
. ' q-- LY = L]

»
¥+



‘\.

2 . o L~
D (1-1) ésive. -t - ,U k

- - ’ - ‘ : .
. o ‘, | 167

v 'To calculate the non-interaction parameters af novgieut the

_foLlovlng equat¢ions are easily ge‘veldpéd,' - by substituting

.p’."'" (TTR (I) = (NP-T) TT) f.dr' the time in the appropriate equations

-

* from Appendix #1.

. E’ﬁ ) " from eﬁuaiion (!;;II), lpﬁe@di; A
. TTR(I)=SORT ( (TAF (I) ~D/2) /SIN (TH) %2/ (G*K1)) ¢ (¥F-T) #T1 "'(xn
' " from equitiom (XVII) e
. VIR (T) =G*K1# (TTR ¢I) - (NP -T) #7T) . o (XXI)
‘}..-; *rsm'sv'rnu)/(umc)i'nnm_ (XXII), (XVI)

STPOSN (TY=XTR+VTR (1) * (TS (I) -TTR (1I}) -H0U*G/2
’ ¢
* (TS(I)-TTR (1)) e*2 " (XXIII), (XV)

(XXIV), (XIX)

. <, 3
EXT (I)=STPOSK (L) -XTR ./

»
-

.. Since units isteract, .some of the variables in. the above
(%] . 4 .

ﬁq’nations‘uiu be aitored, hovever the fqorm- vill remain basi-
: . £ g .

’

cally thi;saie; The theory of collisiods wil} nmow be ﬁeveloﬁed.

Co, ioas betveean failed units can take place in a number of

»

Alffereat locatioas, which each require a set of aguations.g In .

& tvo-wsit collisiom (vhich is. the omly accepted occurrence),

doth u'l'*u » be os the slope, one say be ias & traasitios

stage, vl the .'otht: either o the lloio of oa th: horiroatal
Base, .- 0r .fisally Doth may be oa the base. The iasitial prodles
I R .- ' . » '

te 0 ‘Cc‘s:—'grol‘no 960. e colll-ioa will occit betveen the T and

r
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w

To determine the positioh‘of a unit I the value ofAthe»x.cqu'

ponent of the location of the ceiitfe of mass will be used. The'

Yy compohent can be éasily galcqlated through substituﬁion.«\,mhe
position at time,” t, of £he centre of gravity depends uponm the
fallure tinme of I and.th; 1nteract;ons vhich ﬁave occurred. An
added factor in'considerinq collisions between units is the im-

¥ . .
portance of the tranmsition assumption., As the center of gravity

of a unit approaches XTR, <the front half of the umnit must bhe

moved glogg the base to deferiine vhether 'a collision cam occur
wvith a unit in front. Similarly, after transition, the rear
half of the faillure section must still be dﬁ the slope to allow
for collision with the unit behind. Considering these factors
then, the positlion of the Tth unit must be calculated for four

gituvations: - N

. v T

1. While on the slope

2: While on the slopq as the ffont og the unit moves on
] : . . .

‘to the base

o

3. ¥%hile on the base with tedr,of the unit on the slope
%

L ¥hile on the horizontal base

. . | . | :
éirst the uait I, wvhich bas mot interacted, vill be examined..

1. POSE(I)ex cospomest - T
Oa the slope, before iateraction.

»

'93'!!!-!!'(!)3'(!)'k?-(l?-!!';I)CCOI(?H)OI(X)

2’

® (1= (¥7-1) oTT) 2020508 (TH) < (xm)
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where V(i)éinitial velocity which is zero for this case
K(I) =K1%G/2 o
POSN(T) =XAF (I)+K (I)  (T- (RF-I) #TI) ¢#2%cos (TH)  (XXVa) |
THis is developed éilply‘frOI Pquation X, vhere the x

component of the travel distance is—X#*cos(TH)

On tge‘slope after a critical position, CRP1; which is

:defiﬁed as the x component of théﬁéoogdinate of the

.center  of mass vhere }h; unit's front ngé” Just

toﬁches the point, X?R. ®

" CRP1=XTR-W/2%cos (TH) }
Again, before an interaction and with initial velocity zero.
POSN(I) XAF(I)*K(I)*(T-(NP I)*TI)**Z‘COS(TH) ' (XXV a)

Thé fromt edge must be considered, SO a pos{tion with

the unit on the x-axis is assumed, such that the dis-
¥ -

tance'thag the unit's front edge has extended paét <
. : . . ‘ *
XTR, =measured along the extended slopé, 1is the value
of the distance "between XTR and the front edge meas- 7
\

uted dlong the bnse (See Pigure ' ¢ 12) rrpixrigure 2

12. the assn-ed positlon of I, ASPOSN(I) can be calcu-
1lt6d’ ‘ i
ASPOSN (I)= XTB-(ITR-XAP(I’-K(!)‘(T-(!P-II'TI)“Z

‘ *cos(TH)}/cos(Tﬂ) .

On tho slope boforo a critical posttion. c392; which
‘1. dctinod as the x value of the i‘é&!i

_ ter of mass wherecthe rear odgo of the uait just cola-

A .

cides with ITR.
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CPR2=XTR+¥W/2 | |
Befote:interaction and vith.;n{&ial éelocity egual tq
VTR (I), initial positionm ﬁill rov be. XTR, Xince the unit
i1s moving on the base. Pron equation (XI:TL\\Q/
POSN(I)-ITR+VTR(I)*(T-TTR(I))&K(I)*(T-TTR(I)}*¢2 (XXVII)

where K(I)=-MU%G/2 '

~  FNow, the reaé‘edge which is still on the slope must

be consi&ered by'aSSuling a poéition for‘the unit on the

extended slope‘(before théfx-agis) in a sanner similar to

situation 2 above. See'éigure t 12, . |

R§POSN(Ij=ITR+(VTR(I)*(f-TTR(I))+K(I)t(T-SPT(I)*t2)l

*cos (TH) . WXViI)

where K(I)=-00%*G/2 * -. : o

' 5., On the horiéontal_ﬁase, no interactiong; Efon abpve ~
% POSR(I{QXTROVTR(I)t(T-TTR(I))+§(I}*(T-TTR(I})**2 ’(xxVII)
T

vhere K (I)=-nU*G/2
:.' \_/" ) ) ‘

-

Since thgséﬂequations fit the specific case "of nonr-interac-
tion, equatidtfijill.be developgﬁ to generalize the model appli-
}cationt In thé“Situation vhere an lnteraction has occurred, thegaa? :.’
movement characteristics of the unit will change,.so that a sub- |
sequent calculation of position vill depend on the nev parala-
ters. To perait the generalization, a nulber of‘variables v111
be ns;d vhich can be- redefined "after each collision. These
tegas ar¥: . . I ( -

SPY (I) =Specific velocity ' | Yo

SPT (I)=Specific time -



. . - : o
SPP (I).=Specific position - 7 S LT\. T

Q

The equations for position contain three basic terams: ‘the .
initigl position, the velocity‘tern, and the acce{ti?tion tere.

Genédralizing the equatlionmns:

1. from (XXVa), on slope
POSN (1) =SPP.(I) ¢SPV (I) * (T-SPT(I)) *cos (TH) +KGI) =
* (T-SPT (I) ) *#*2%cos (TH) ‘(XXI!f

vhere K(I)=K1#G12

«.2,, from (XXVIa), on slope, after CRP1
ASPOSN(I) =XTR- (XTR-SPP (T) ~SPV (I) * (T-SPT (I)) *COS (TH) -

K (I) * (T-SPT (I) ) #*2%COS (TH) /COS (TH)
. ) . ‘
K(I)=-NU*6/2 = ‘ : -

.

3. . from (XXVIII), on base, before CRP2
Lo « .
H*‘/}ﬁ ASPOSN (T) =XTR* (SPP (I) +SPA (I) * (T-SPT (I) ) +K (I)
# (T-SPT (I) **2-XTR) *COS (TH)

\

K(I)==-NU%G/2 ' . ; .

o 4. from (XXYII), on base '

A}

\?OSF(I)=SPP(IL+SPV(I)*(T-SPT]I))GK(I)‘(T-SPT(I))*'Z

s | - - | N S
The equations €or veloclty and acceleration and other paralei

ters can easily be develbéed from the sale'prinéiples' as the
. ' - +

above equations. ipe.néwt.érohlei is calculating when a colli-

. "~
. . » . . ’ ﬂk
. i W b ' . : ik -
. . -
M M . . - AN
” . . .
.~ .
-
.

sion vill occur. _Therg'ire seven situatioans vhich require con-



»

side tion, the original-fouf,' plﬁs three sifdations vwhere tﬁe

front unit nay have stopped before a collision occurs. - Examin-

"ing a collision  between unit T and the I-1 unit the situatioms

are as follows. . -~ - _ f V&
1. I, I-1 on the slopeu,—ﬁ\ﬁu/n\ o
2. I on base before CRP2 . - ~
| '1-1 on slope - - -

2.a. I stopped on base before CRP2

I-1 on slope
3. T on base after CRP2

I-1 on slope after CRP1

. [ ’ . 4

“3.a. I stopped on base after CRP2
I-1'on~slope after ‘CRP1
4, T on base

I-1 on bhase

5. I stopped on base

T-1 on base
<

-
-

Collision or interaction will occur vhen‘iio units! edges are

in the same position, that is when the centres of mass are a
' . ®

dlstanée, W, their width apart.- The posiflons.of the units, I
and I-1, can be continuously qalculdfed and there is a pdtentlal
time of collision, PTC. theré the unit I-1, catches up to unit
;; Thig tine of collision will be designated by a value,

" . .

PTQ?PTC(I CH*&))

. \
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ghere T designates a collision betwveen I-1 and I, and CN(I) is
the collision nunhefror_the frequency of collisioos betveen the

. . ' -
- .

units during movement..

Utlliiing the eguations for POSN(I) amd POSR(I-1), TC, the

//
t}ne of collision can be calculated for each situation. r”f
POSH (1) =SPP (I) +SPV (I)* (T-SPT (I) ) *COS ("‘ﬂ) !-K (88)
*(T-SPT(I})**Z*COS(TH) A (XxIxXa)

""Kk POSN(I 1) =SPP (I~ 1]+SPV(I-1)*(T SPT(I 1))*COS(TH)+K(I hh

P . *(T-SPT(I-1))**2*COS(TH) ’ f

for collision on the slope,

POSN(I)-POSH(I 1)—H*COS(TH) e ,
snbtractlng Posu(I)-PoSN(I-1) and equating to wiCOS(Tﬂ{ l}
glves-;
o ’ ‘H*COS(TH) spp(I)+SPV(I)t(T-SPf(Iy)tCOS(Ta)bx(f;t(T-Smex)) ,
 «#24C0S (TH) =SPP (I-1) =SPV (11 )*T-SPT(I 1)) |
. %COS (TH) -%(I- 1)*(T*SPT(I-1))**2*COS(TH)

W*COS (TH) = SPP(I)*SPV(IE*T*COS(TH)—SPV(I)*SPT(I)*COS(TH).
+K(I)*T**z*COS(TB)-K(iQ*T*SPT(I)#Z*COS(TE)#K(I)
*SPT(I)**2*C051TH}-SPP(I-1)-SPV(I_1)*T*COS(TH)
+59v(1-1)tspr(1-1)tc03(wu)-K(I-1itttf2*cos;TQ) -

e +K(I—1)*T*§P;(I-f)tthOS(TH)-K(I-1)*SPT(I-1).? -
| tfztc05(rﬂ)' o ' ' 7
" mherefore:

o—un(spptxy-spptx-1)1 COS(TH)+SPV(I)#SPT(I)-SPV(I 1

' 4

N -5pr(1-1)-x(1 *SPT (

“2+K(I-1)‘SPT(I-1)'*2




B , POSN (I) =STPOSN(T) " |
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© (K (I-1)-K(I)) *T*%2 - ‘
This equation 1s‘a qd&dratic;eqpatlon of form: '

A (1) #T**224 (2) $T+A (3) =0

o

If the é times fit within a fzhe range during which situation 1.
ccur, then an interaction will result. For Situ#tiOn 1;
time range 1s.bounded by zerq and TTR(I). Similar eguatioms
' be developed for each situation. in the follou?ng calcnla-

tions, the algebra vill not be in¢1udgd. Also, Situation 2-and

n

3 are combined, as are 2a. and 3a., since the results are the

d

sSaNe.

sftuation 1: Eguation simplifies to a limear equatiqn

since

K (I) =K (I-1) =K1%#G/2 o
P

Therefore,

PTC (1) =-A(3) /A(2) . 7

Fy

Situation 2 and 3: Solving the systea of equations (XXV a) ,

v

and (XXVIII) |
A (1)=K(I-1) =K (1) where K (1) =-NU*G/2
. - K(I-1)=6/2#K1 - -
| A(2)=-SEV(T) ¢SBY (1-1) =K (I=1) #SPT (I-1) #2¢K(T) $SPT (1) ¥2
A(3)=w-((;rn-sgp(1-1))/COS(TH)-irn*spp(13+SPV(ijspT(i)'
-svv(1-1)tSPT(I-i)-x(I)fspr(I)ttzox3;&1)#591(1-11ttif
PTC(I) will be equal to the roots of_t?q,eqnation. |

Situation 2a. amd 3a.: Since the unit I hds stopyed moving

e

" » - ) .
- - ’ - -
' » " * ° : -
’ + -
X, . - . . . .
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vhich is not dependent upon time. ‘
' Solving using (xXxxy), gives:. ‘
A (1) =K (I-1) | , , , .
A (2)=SPVY(I-1) =K (I-1) #SPT(I-1) %2 . I .
] A (j) =W-STPOSKYT) ;xrn-xrn/‘cgs (TH} ¢SPP (I-1) /COS (TH) T /
~SPV (I~1) #5PT (I-1) #X (I-1) #SPT (I-1) *%2 ] ' ‘
Again, PTC(I)}) will come from the roots of the equaﬁion.
. Sitgation #: Using (XXXIX) for POSN(I), POSN (I-1), gives:
& . am=0 | |
., . A(2)=~SPV(I) +5PV (I-1) K (I-1) 4SBT (I-1) #2
+K (I) #SPT(T) *2
- A (3) =W-SPP (T) #SPP (I-1) +SPV (I) #SPT (I)
~SPV(I~-1) #SPT (I~ 1)-K (L) *SPT (I) **2
¢K (I~1) #SPT (I-1) **2 |
P'rcm =-1(3)/¥(2) ¢
Situation 5’ The unit T has stopped .moving therefore its
) positioq is not time dependent.\ Using
equation' (XXXII) and STPOSN (I) gives:
A(1)=K(I-1) : . P
A (2) =SPV(I-1) =K (I-1) ®2¢SPT (I~ 1)
A (3) -u-srposn (I) #+SPP (I-1) =SPV (I-1) *SPT (1-1)
+K (I~ 1)*59'1-(1*‘)"2
PTC (I) will be equal to the ;oots of the

'eguation.
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The potential “time of collision of a11 units can be calcu-
1ated and the first one to occur will have the lowest value,

- within the time range of, the situation. When this collision has

occurred, a newv set of conditions ulll be generated. The condi-
g@?ks depend ‘on the interaction hypothesis of the particular ' |
nodeli Theroett‘step is to generate the ‘equations tordefine the ]
nev conditions end ‘then iterate the collision/generation proce- i

.*dure until the final conditioas: are produced.
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COMPUTER PROGRAM POR_EL!STIQ,HODEL

7,
/7
/7
.

//FORT.SYSIN DD *

C

), "HAX' ;MSGLEVEL=(1, 1),

Jos - (AD191190,

CLASS=K S L a

BYEC INSLS /~ S - | e

~
REAL CRP1,CRP2, CBP3 XITR, HU}TH1 w,D,L, TI HL,H, K1 SL1 s12,

ugnqx.o17u53925/,x(20),r(zo).12(20),3331(201,15(20 e2)

'nétzo 2}, xnrtzo).rnftzoy,

ne, TTR(10},VTB(10).TS(10) SPP (10), SPV (10), SPT(10),.

MK (10) ,PATC(10) , VATC (10}, ¥AC(10) CT, !(3),CPX(2),REX(2).LOC(10),
BPTC(10),TIC TC (10,60)',POSE (10}, cn(10),csr(10),cpr(1o)
"#,CPTSPP (10) [CRTSPY(10), cstpm(1o1,C9Tx(10) BXIT(10),CHK TS3

", CSTSPP(10),CSTSPV(10),CSTSPT(10) CSTK (10) ; ; STPOSN (10)

m, FAU, BXT (10) , T’

COHPLEX 2(2) o -- -
| INTEGER W, NDEG, IER,IP IL1,I,NAX, COLL |

counon SPP (101 5PV (10) ,SPT (10}, X (10) ,CSTSEP {10) ,CSTSPY(10)
Asrspw(10),csrx(101 CPTSPP(10),CPTSPV(10) CPTSET (10) ,

ﬁépmx(10) XTR,VTR(10),TTR(10),HU G,xnr(201'

n,NE,TI, K1 LOC(10) CPT(10) ,CST (10) T, IL1

DEFINE pnnnnnwzas . R .

T8=25 RN e : |

THI=TE : : . o ‘o e

LE500 B S L - R
D=25 i . | S



AL B e A mpe s ———— = =

LR N

}- {xj s TR U e
) =20 | .7 ' i ' ’ ' - > | o K
© _énnyez nncﬁnﬁs_rp nqnihns“ /’f‘ | |
5 TH1=T§1*R!Df . | |

''C. CALCULATE NECESSARY PARANETERS
'¢=9.9656 - | |
_Fnu;q;a o
‘ﬂU#tAN(Ta1)*fnu L .

AL=L*COS (TH1)

-t

H=L*SIN (TA1)- L o

N=L/W |

" NFP=10 _

TI=.5 c L

RA=STN (TH1) “HU*COS (T§1) o o

SL1=-TAN (TH1)

SL2=-1/5L1 | |
" iggé(n)é*(1-1/c05(mn1))-ﬂ)/sL1 ' o

CRb1=fo-c05(Tﬂm)§i/2 | - |
: cnpz—xmnrw/z | S 1 _ ..

c DEFINE A nﬁmnxx OF THE cznwnn OF" EASS COORDINATES

C.. ‘BY BQUATING .3. TO 6. FOR I=1 TO N

1
7 H . - ) 2

. DO 91 I=1,8 | | | e,
. x(1)=(D/(2tcos(Tu1))+(x-.Byhﬁ/SIﬁ}¢nj))/(5L2-SL1) o
Y)Y = SL1*I(I)+(H D/(Z*COS(TB1))), ) : ~ ;f
e _ CHECK TEE accunncr OF-INTBBSBCTIOE BY" SUBSTITUTIHG
.C t\:ﬂ mﬁz szcono EounTIon‘inn EVALUITIHG AN ERR VKLUE
| 12(1) = I(Ij*SLZf(B-D/COS(TH1) (I-.S)*ﬂ/SIN(TH1))

BRB‘I (I) ! (I)-!Z (K{/

- m.: -~
-



.;sﬁf'qg Taniﬁkmnxx-p§71"§ﬁ0~! vn@uns
*nn(x S)= I(I) L
ANA(T, 2)—!(I), |
91 conrruuz B _ . e
cf: ASSURE A rnILunz, THEN CALCULATE THE STATE APTER THE
c PAILURE,, Assuurns THAT THE UNTT HOVES TO THE SURPACE
‘ ¢£ IHHEDI!TEL! nBovz THE' (I+1) USIT
‘o 92 I=1,N 'j_ : B o
| !;F(I)—Y{;l | ) |
-;fiirfi)é(z¢r(iy+ﬁqn/(2tcos(TH1)})/5L1
B(I,1)=XAF(I) - : '
B (I, 2y=tnf(1). S |

92 CDNTINUE

c CONSIDER AN AVRLANCHE OP NF UNITS, STARTiNG WITH THE

.n

PIRST UNIT._NF IS TH FIRST UNIT TO FAIL IND THE REST

POLLow AT INTERVALS (nr -I) *TI,

0

c anCULATE THE INITIAL (NO COLLISION) vnRInBLE anuzs.
Do B0 I= W P L ) .
reR(D) = SQBT((!AF(I)-D/Z)/SIN(TH1)*2/(6*!1))1(H?~I)*TI

VTR(II=G*K1*(TTR(I)-(NF-I)*TIy‘ o
. -Té(i)'VTR(I)/(EU*G)&TTR(I) | N
: STPosu(x) xTnoVTB(I;t(TS(I)waR(I))-

0 HHU*G/Z*(TS(I)-TTR(I))‘*Z

40 CONTINUE o o
‘ DO 38 I=T,WE_ S e
, - CN (I., _'-=0. . . . N . ¢ ; . ‘ ’-- ‘ :. . . v

~ epT(@=0. S _ o
: ..' \, - . PR ’ - N T * b Y

Ly



-

299 COHTINUE

C

-

-

‘555 CONTINUE -

c€

S

ﬁ.
c
C

-\;J{/,ﬁqﬁt - o B .,.:A -. | N

~.CsT(I) =0, S ‘ . Sl
- PTC(I)=1000. .
. DO 299 a=1,10

-_

TC(J CN(I))—U.

38 coWTIROE - . . . | -
CT=0 - . [
' mAX=0 - | o - .
. _)'\J'\._ ’ } - .
PIND POSSIBLE COLLISION TINES .FOR ALL UNIT COLLISIONS,

AN

39 DO. 41 I=2,NP
© IL1=I-1 _
“po 555 1555=1,2 | '
Z (1555)=0. - _ R

IF (CT.GE.TTR(I-1))GO TO &

TP (CT.GE. TTR(I))GO TO 2 )

LB
’

IF (COLL.EQ.I)GO TO 2 ' —

SPECIFY VARIABLES IF REQUIRED

Loc(I)=1.

Loc(I-1=1.  ° | o :

CALL PARVAL S . o L

SETUATION 1, FIND ROOTS. 1P THEY ARE COMPLEX,

NO COLLISION OCCURS : L

,9 NDEG=1 |
A(1)=-SP¥]I)+SPV(I-Q)-K(I~‘)*SPT(I—1)*2+K(I)*SPT(&)*Z

- n(2)—:-(spp(r)-599(1~1))/COS(TH1)+SPV(1)*SPT(1)-' '

MSPY (-1) ¥SPT(I-1) <K4T) *SPT (D) $42¢K (1- 1) #SPT (I-1) #*2

Y

]

180



CALL ZPOLR (A, NDEG,Z,IER) : . :
. + .

CPY(1)=AIMAG(Z (1))

BREX(1)=REAL(Z (1)) - y

b ad

EXIT(I)=1 e

-

Ir(cpi(1).Eo.o;.nyn.ngx(1);cn.o..nnn.nnx(1).LE,TTR(:)
Ty . -

H.AND.REX(1§.GE.CT.AND.%BZ}1).GT.SPT(I-1).
MAND.REX (1) . GT.CT) GO TO 51

Z (1) =0.

‘C SITUOATION 2/3 IS TESTED IF SITUATION 1 DID KROT RESULT

- C IN COLLISION. F THE ROOTS ARE COMPLEX 2? GREATER THAN
L

™

TTR (I-1) THEN COLLISION WILL NOT OCCUR.

Loc (- =1.
CALL PARVAL
560 WDRG=2 .
A (1) =K (I=1) =K (I) e
A (2) =-SPV (I) +SPV (I-1) ~K (I+1) KSPT (I-1)*2¢K (T) *SPT (I) %2
A(3)=H-((ITRfSPP(I—1))/COS(TH1)-XTRrﬁPP(I))+SPV(I)*SPT(I)-‘ (“*
HSPV(Iei)*spT(141)-x(;\fspm(x)t*2+x(1-1)tspr(1~1)*t2
. e iponnfa,nnzs,;:rzn) R
DO 10 T10=1;2
CPX(T10)=AINAG (Z(I10)) \ L~
REX (I10) =REAL (Z (X10))
EXIT (1) =2 s
" IF (CPX (X10) .EQ. 0. .AND,REX (I10).GE.0..AND.REX(110) .LE.
nTTn(I-11.aun.nzx(11ur.sn.rwn(1).awn;nzk(11b).LE;T5(1);'

i

- MAND.REX (£10).GT.CT)GO TO 52

-

\



Z(ig=0. - - 3 ' o oo
10 CONTINUE - . | : |

CRP3=CRP2#W/2 = - s et
;F(STPOSN(I%-GT:CRPj)GOHTO s L N ‘ R

WpEG=2 - . S : S .
ARy R : "

n(2)=spvfi-11-§(I~1j$spwrx-1i*2 |
“i(B)iw-STPOSH(I{f!?B—fSB/CGS(Tny#ﬁPP(1-1)/COS(Th1{-

NSPY (I-1) #SBT (B-1) +K (I-1) #SPT (I-1) #42 MR

CALL ZPOLR(A,an&;g,IER)'ti- . C
TSI=TS(D)-.3 - e .
DO 210 T210=1,2 |

CPX {1210) =AINAG (Z (I210)) .
REX(I210) =REAL (Z(I210)) R s
EXIT (I}=3 ‘ |
I?(CPX(1210)aEQ.O..AND;RE!(i210).Gé.d..AN91831(1210).LE.

N HTTR(I:1).AHD;REX(I210).GE.ng:

MAND.REX (I210) .GT.CT)GO TO 811

Z (1210) =0.
210 CONTINUE |  a -
C  SITUATION & IS TESTED TP SITUNTION 23 DID NOT RESOL?
C 1IN COLLISTON. IF THE ROOTS ARE CONPLEX OR THE VALUES _
C ARE GREATER THAR THE TS QF-I OR I-1 THEN THERE IS
c  ¥o COLLISTION ' L

’
\

% IF(COLL.EQ.I)GO TO B8B4G
Loc(I)=8. 3 | ‘ -

LOC (I-1) =4, - . .



.
15

CALL PARVIL

56ﬂ NDEG=1

A(1)--SPV(I)+SPV(I-1)-K(I 1) #SPT (I~ 1) %24K (1) #SPT(T) *
A (2)=W-SPP(I) +SPP (I~ 1)+59v(1)tspwtx)- |
MSPV (I-1) #SPT (I- 1)-K(I)*SPT(I)**ZGK(I-1)*SPT(I Nz
CALL ZPOLR (A, NDEG,Z,YER)

cp£(1)éarnns(2(1))

331(1)=§3¢L(2(1))

TEXTT (1) =4

.

/ .
IF(CPK(1).EQ.0..END REX (1) . GE. Oo.lND REX(1) .LE. TS(I).-

MAND.REX (1) .LE.TS (I-1) . AND. nzx(1) GE. TTR (I~ ",
nmn.nnxm.sm.cm)so TO S4 ® o
z(1)=0. . . ‘ A
SITUATION 5 IS TESLED IF srrunrzon 4 DID NOT RESUL;
IN COLLISION. IF THE ROOTS ARE CONPLEX 'OR IF THE
VALUES ARE Gnnnwzn.manu THE TS OF I, THEN COLLISIOR
DOES NOT RESULT. h
5 unzc;i
A (=K (T-1)
h(2)=SPV(I—1)-K(i;l)‘2*5ﬁ1(1-1!
, n63)=wéspp(1)+spp(1-1rQspv(1)t(T5(1)-spr(x))-
MSPV (I-1) #SPT (I-1) =K (T) * (TS (T) ~SPT (1)) **2+

HK(I-1)*SPT(I-1)**2‘

CALL zponn(n,nnzs Z,IER) ' | ' .

po 11 T11= 1,2 S .
CPX (I11)=ATHAG (Z(I11))

REX(I11) =REAL (Z (I11))

183




E!I*(I)-S

IF(CPX(I11) EQ.O..RHD.REX(I11) Gﬁ.D..lRD.BE!(I11)._
\

MLE. TS (I-1) « AND. 331(111) sm.é;?beg\y 55 R
| ztx11)-o. | ‘ - S

11 CONTINUE ' . - - -
C TP NONE OF - THE STTUATIONS RESULT IN.COLLISION, THEN THERE
C IS ¥O COLLISION BETWEEN ONITS T AND I-1 UNDER THE GIVEN
C  CONDITIORS. | - '
_ Bag PTC(T) =1000.
60 TO 41 '
51 PTC(I) = agx(n
G0 To/ 41 ..
52 TP (COLL.KE. I) 6O o 833 o S )
CHK—((SPV(I) SPV(I-1))*2)/((K1+HU)*G)*.9
M+SPT (T)
IF (REX (I10) .GE.CHE) GO TO 833
- GO TO10 . ST
833 PTC(I)-REX(110) - : {:
Go T0 841 " | |
811 I:ésgxfins.i)so ™0 833 T ;;{'
c =((SPV(ILfS?V(I-1))*2)/((K1+h6)*6)-

. '_’

wesSPT(I) - e

IF (REX (I210).GE, CHK)GO TO 83u
GO TO 210
‘e
838 PTC(T)}=REX(I210)
GO TO 41

‘54 pTC(I)sagx(1j_ /



. ., » A ) .

‘G0 TO 41 | - - ' ‘ L Q
'55 pTC(T)=REX(I11)
81 courrnuz -
TIC—AHIH1(PTC(2),PTC(3) pTctu) PTC(S),PTC(G),
| HPTC(T) PTC(B) prC(sj PTC(10)) |
MAX=HAX#1 e - e e
. T¥ (MAX.EQ. 75)60 10 ass
IF (TIC.EQ.1000.)GO TO 80 ‘V'
.DO 61 I=2,NF ) ’
| TF (TIC.EQ.PTC (I)) 6O TO 62
61 CONTINDUE '
62 CN (I)=CK (D) +1..
COLL=T _
TC(I,CN(I))=PTC(I)-
CT=TC (I,CN(I)}) h
ILY=I- -1 ‘
' IF (TC(T, cw(I)) L1 TR (I)) GO TO 63 o
1P (TC (T, CR(D)): GT TS(I) .AND. TC(I cn(I)k\ ¢
IPETC(I,CN(I)) 1T. TTR(I 1))Go TO 64
l.GO T0. 65 S
63 LOC(T)=1.
LoC (T-9) =1,
CALL PARVAL
766 DO 69 169=IL1,1 | ’ o
PATC (169) =SPP (I69) +SPV (169) * (TC (I,CN (I)) ~SPT(I69))*
acoS(Tn1)@x(Isé)t(TC(I,cn(1){-5911165;)*t2tcos(Tn1y

VATC (169) =SBV (169) +K (I169) *2% (TC (I,CN (1)) -SPT(I63))

GB.TTR( -1))60 TO 82



‘186

\
[

Do {70 /170= I, T - | § ;
S0y = PBTC1I70) i o L '
spvx:vo) VAC(ITO) o
SPT(ITO)-TC(I,CH{I))‘

K (I70)=K1%G/2 -
CPTSPR (170) =S PP (170) .

CPTSPY (Y70)=5PV (170) | . | .

CPTSET (170)=SPT (I70) . ‘ -

CPTK (I70) =K (I70)

. NDEG=2

A (1) =K (rro) *COS (TH1)
A(2) = SPV(ITO)*COS(TH1)-2*K(ITO)*SPT}I?O)*COS(T&Z&
A(3) = =SPP (170) - SPV(I?O)*SPT(I?O)*COS(TH1)+
nx(170,*591(170)*aztcoscma1)-an e
CALL zponn:a NDEG , 2 IER)
po 71 I71=1,2
CPX (I71)=ATMAG (Z (I71))
-sztzv1y=n§iL(Z(I11j) )
1P (CPX (171) .EQ.0.) GO TO 72
71 c9ur1nut'
72 Trn(170)=nz§(111) )

. - e
an(140)=Gtx1t(Trn(119)-spr(xvo))+vnc1170)



. . Lo -
TS(Ivo)-vratrvoy/(HUtG)oTTR(I?O)

STPOSE(I?O)*!TR*VTR(170)*(TS(I?O)-TTR(I?O))-
MNU*G/2¢ (TS (I70) <TTR (170)) #+2
70 CONTINUE A -
o To 39
65 LOC(I)éu.
10C (T-1)=8. .
CALL PARVAL
868 DO 68 T68=TL1,I |
PATC(IGB)-SPP(IGB)*SPV(IGB)*(TC(I CK (I))-SPT(168))
MK (I68) * (TC (I ,CN (I)) ~SPT(168) ) *2 )
. vnTc11533=spv(:68)4&(1%3)*2$(TC(1;CN(I))-spm}xsa))
68 CONTINUE . [ .
csT(T =1, - ~
csT(T-1=1. B
vnc11)=vnrckxi1i Coa
FAC (TL1)=VATC(I) - i . . ' ‘
DO 66 I66=TL1,T .
SPP (I66) =PATC (166) | A”fﬁﬁ:;
'§PV(1662=vAC(166)
SPT(Ié6;=TC(;tCN(I)) \
K (I66) ==NU*G/2 ) »
. CSTSPP (I66)=SPP (I166)
| CSTSPV(IEE) =SPV(166) ‘(-
'CSTSPT(IGS)-SPT(IGG) - . o

CSTK(IGG)—K(ISG) i : ' -

~"

TS (T66) =SPV(I66) / (NU*G) +SPT (166) S .
. ' '

-

®
~d

P



/\.A R L e
srpoék(166)=sép(166}+59 \6)*(TS(166)-SPT(166)) .
| H+K(166)*(TS(IGG)-SPT 66))#*2 - S
66 CONTINUE
GO TO 39 |
64 LOC(I)=8. .'. . - S ‘ -
Loc(re1)=1. . ‘ ' |
CALL PARVAL '

967 IF (IC(I,CN(T)).6T.TS(I))GO TO 640

¢
4

PATC'(I) =SPP (I) +SPV (I) *{TC(I,CN(I) ) ~SPT(I) )+
MK (I) * {TC(I,CF (I)) ~SPT(I)) **2 n
VATC (T)= SPV(I)#K(I)*Z*(TC(I CN(T)) - SPT(T))
*. GO TO ‘641
640 PATC(I)= STPOSN(I}
VATC (I)=0. ' -
* 683 pnTC(IL1)=spp(1L13+spi(1L1)t(TC(I.cu};))4spT(££1))t
ﬁCOSlTH1)ii(IL1)‘(TC(I,CN(I))-SPT(IL1))**2*COS(TH1)
" VATC (TL1) =SBV (IL1) +K(IL1) $2% (TC (I, CH (I} ~SPT (IL1))
_esT(T) =1. H
CPT(I-1)=1.
VAC(I) =VATC (IL1) .
N VAC(ILT)=VATC (I) S ;
DO 67 I67=IL1,T |
SPP (I67) =PATC (I6T)
SPV(I§7)=VAC(IGT)
SRT[I&T)?TC(I;CN!I))

67 CONTINUE

K (1) =-NU*G/2




K (IL1) =K1#G/2

CPTSPP (IL1)=SPP (IL1) Do

. CPTSPYV (IL1)=SPV(ILY) - .
CPTSPT (IL1)=SPT(ILV) |
CPTK (TL1) =K (IL1)

CSTSPP(I)=SPP (T)

. . N -~
CSTSPV(I)=SPV (D) . .
CSTSBT (I) =SPT (1) 0 .
CSTK(I)=K(I) ~ ‘ '

ES(I)=spv(1)/(nuiey+gpm(1)

NDEG—Z :

3 (1) =K (TL1) *COS (TH1)

1(2)=SPV(IL1)tcos«rn1)-ztx(x11)ispT(IL1)tcp5(Tﬂ1y

5(3)2533(1L1)-SPV(1L1)*59;(IL1)tcos(Tn1)+ .
MK (IL1) #SPT (TL1) #+2#COS (TH1) -XTR
CALl zpoﬁa(n.pigs,z,tnny H

po 73 113;1,2; _

CPX (173)=ATNAG (Z(I73))
nzx(rvs)éknﬁn(z(xvagy-.

I¥ (CPX (I73) -EQ.0.)GO TO 78

73 CONTINUE

7% TTR (IL1)=REX(I73)

VTR (IL1)= G*K1*(TTB(IL1)-SPT(IL1)}+VRC(IL1)
TS(1L1)=VTR(1L1)/(nuts;+Trn(rL1) .
smposn(1)=sép(1)+SPV(1)t(TS(I)-spT(I))
HGK(I)*(TS(I)-SPT(I))**Z

STPOSN (IL1) =XTR+VTR (IL1) * (TS (IL1) -TTR (IL1) ) R

ye
o

189



. 190

~

. MMU*G/2% (TS (IL1) -TTR (_I'L-‘l)) **2 X -

",
‘l

GO T0 39 _ | I
82 1OC (T)=4. .
*LOC (T-1)=4.
' CALL PARVAL °
685 pnrc¢1)=§pp(1)+SPV(IL*(ES(1)—spT(Ijifx(I)t(TS(I)-spT(i))ttz
VATC (I)=0. n ' ‘ l o
pnTC(IL1)=spp(IL1)+SPV(IL1)¥1TC(I;CH(I))-spT(IL1y;o .
MK (IL1) * (TC(I,CN (I)) =SPT (IL1)) %2 . .
VATC(IL1)f§PV(IL1)+K(IL1)‘2*(TC(I,CH(I))-SPT(IL1))
esT(my=1. ' ot 3 |
.CST(I-1);1. . - -

VAC(T)=VATC(ILY

P

VAC(TL1)=VATC (I)
DO 83 183=IL1,T .

* SPP(I83)=PATC (183) " .
SPY(I83)=VAC(I83) |
SPT (183) =TC(T,CH{I)) ' C .
K (I83) =-NU*G/2
cs;spp}18§)=SpP(133)
ébmspv(133)=spvgrea)
CSTSPT (I83) =SPT (I83)
qswx(xéal?xtxaal

83 CONTINUE _‘ _
rst;)=spv(11/(uutsyfspT(I)
TS (IL1)=TC(I,CN(I))

STPOS¥ (IL1) =PATC (1L 1f



. 191 .

STPOSK (1) SPP(I)%SPV(I)*(TS(I)-SPT(I)) .

HeK (I) * (TS (I} = SPT(I))**Z o '7 " .

Go To 39 L 'i S

888 GO TO B0 o | ' .
80 DO 921 T921=1,FF =~ N

EXT (1921) =STPOSN (1921) ~XTR \

921 CONTINUE , ' | Y '
| wnxwets 100) TH, L, W,D, n‘ruu XTR,TI " 2

100 PORNAT (1X,F6.2,2X, r5.1 2X,P5.1,2X,F5.1,2X,13, 2x,ru.2.éx.r1b.u.
(uzx 3. 1) - - 3 .
wRITE(e 101)(51posu11),1 1,8F), (TS(I),I—1 10),(CN(I) 1=1, 10)

-

n, (EXT (T) ,1=1, 10) ‘ .
107 PORNAT (1X, ' PINAL POSITIONS'//, (10 (1X,F10.5,/1),/7 (10(1x 10.5/11 4
n//, (1X,10F8.0) , /7. (10 (1X,P10.5,/))) '

STOP '

END , B S : g
| SUBROUTINE PARVAL |

REAL K1,LOC,HO,K _ _

COMRON SPP(10) ,SPV(10) ,SBT (10), x(1oy.csrspp(10),CSTSPV(10)’
¥, CSTSPT (10) ,CSTK (10) ,CPTSPR(10) ,CETSPY(10) CPTSPT(10),
MCPTR(10) , XTR, VTR (10) , TTR(10) ,HU,G, XAF (20)
H,HF,TI,K;,LOC(10),CPT(10),CST(10),I,IL1“ . o

DO 800 I800=IL1,I '

IF (LOC (1800) . Q. 5) GO TO 801

IF (CPT (I800).EQ.1)GO TO:802 | .

spptxsooy—xnr(raooy

SPV (1800) =0, .



s ¢ - .
. b ‘fb _
SPT (I800) = (NP~ (1800) ) #TT
K (I800) =K 1%G/2

G0 TO. 800 - - ' .

802 SPP(I800) =CPTSPP(I800) . S
'épV(:8001=cst§?11500) , , .' - -
SPT(I800) =CPTSPT(IBO0) | o
K (I800)=K1#G/2 RN ' - ' S
G0 TO 800 . Lo

801 Irgcsm(I&OO).BQ.ﬂjso'To'sou
' SPP (T800) =XTR : ' ; . <
'SPV (1800) =VIR (1800) , o |

sér(1800)=rrn(1860) | N , L -'_- . ~.
K (1800) =-MU*G /2
GO TO 800

\ 808 spp(1600)zcsmsgptré00)
SPV(iBOO)=CSTSPYtIBOO) .
SPT(I800) =CSTSPT (1800) B .
K (I800) =CSTK (I800) R R |

800 CONTINUE L L

RETURN

]

~. END
| 3

”~

) ' " . -
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