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. ; ABSTRACT

This thesis is concerned with two major geoteiﬁn1ca1
aspects of landslldes in perlglaclal regions: the classification
of mass movement 8 i'n soil; and a quantitative understanding of the

)

mechanics of failure, v

A study of landslides in the Mackenzie River Valley, .
NWI, based on 2 detailedqinspection of aerial photographs and field
exploration undertaken5by boat, ff&ed-wing and helicopter traverses

coupled with a dr1111ng programme has giVen conSLderable insight

.into the possible range of landslide types. Wxth thxs foundation,

and complemented by a geotechnical appreciation of the pertinent °
literature, landslides have been subdivided, in a descriptive
classification, into the categories of fall, flow and slide-

dominated movements.

<

Periglacial landslides can be considered mechanistically
in three groups; that is, in thaw1ng, freezing hnd frozen soils.
The most impressive and best-documented landslxdes are associated
with the onset of thaw and are described ~as solifluction, skin
flows and bi;modal-flows; Factors affecting the thaw of frozen
s8oils have been studled and a mechanistlc interpretation of low ~»
angleSIOpe movements has been galned by <oupling thaw-consolidation
theory with an inflnite s%ppe limit equxllbrlum analysis. The
study of the behaviour of sq;ls at high voxd ratios has been
extbnded by consider1dg a theory of sedimentation which’ hAS been

modifled to account for sedimentatlon-consolldatxon and thaw-

: sedlmentatxon. Parametr1c~§tud1es using experlmentally-observed

flow laws in ice and frozen goils- emphAste the possibility of

creep ‘in frozen soils. Other ptudles on 1arge 1andslides such as

block and MR slides confirmihat shear failure can occur through
[ IRt
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. -/*"Ei/kenzie River Valley have been presented by synthesizing the
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frozen soil and conventional stability analyses witﬁ%suitable \, N
shear strengths can account for limiting equilibrium tonditions.
Certain aspects of the load-deformation response of frozen soil -
have been reviewed in detail and yield valuable insight into mass
moqgment’mech?nisms. In freezing soils it is possible to create. ": g ok
instability in saturated coarse-grained soils when pore water i8 ﬂ
expelled froﬁ an advancing ice-water interface. Instabillty resuleg
from excess pore pressures set up due to the 1mpeded dralnage of
expelled water. -
soils which expel rather than attract water at higheQYSCress . ‘-§

Igvels. - : )

”,,S ngineering considerations of landslides in the o

observations of landslide types and occurrence with the proposed

mass-movement mechanisms. Special attention has béén given to the

&

1n1tiating and sustaining mechanisms.
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This phenomenon is also possible in fine-grained e e
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CHAPTER I

.
b . .« 4
~

THE §INGULAR NATURE
OF PERIGIACIAL MASS MOVEMENTS

Ny

1.1 Intro%uction

9 With the burgeonlng pressure of economlc need the cold

regions of the wor 1d are now begrnngng to be exp101ted in earnest

¢

This acceleratlng rate of development coupled with an 1ncreased o RS
awareness of environmental effects is making new demands on the geo-
technical profession. In particular, the requirement for a basic -
understanding of the Processes and mechanisms of mass movement is now

of vital importance in order that design and development can contlnue. /
apace, This thesis is, therefore, concerned with both an investi- . Lo
gation of the mechanics of mass movement in the so-called periglacial

environment and the CIaSSLfLQ_LJ.Qn —of. ohseruediand&lide—Eypea— C—

‘mechanlsms effectlng the processes obﬁerved

A geotechnlcal appra1531 of the range of periglacial
mass movements encountered in the cold regions of the world qu1ck1y

concludes that most of the landslide forms encountered are unique

. to that area. The landsllqps are singular when compared with the

types of mass movement forms encountered in other regions in that

they cannot be ‘completely described using conventional geotechnical
practice. The pecuiiar features of these mass movements, ‘found in

Alpine, Sub-arctic and Arctic Regions, have attracted the attention”

of 1nvest1gators for many years ‘and an extensive literature .has

been bULIt up. descrlbingxthe greater part of these unlque phenomena s
The main part of thlgﬁllvErature describes in qual;tative terms

the processes encounﬁered’uhile on the other hand‘,less information

of a quantitatxve naturencan be found In turn, much of it has been

gathered without due- regard to the nature of the mass movement

w"f.
P

e ) B o 1 v



oAt

This thesis seeks to answer the demand fdr a detailed
and quantitative understanding by ldentifying a range of poésibla
mass movement mechanisms and by comparing them with reported
phenomenon and with 1 délide types observed during the course of
field exploration. We'shall see that there are many aspects of
slobe stability in freezing, thawing or frozen soils tha;'establ-
ished geotechnical practice in unfrozen or long-thawed soils cannot
predict. Further, it will become evident that while possible
mechanisms have been identified there are significant gaps in our

knowledge that must be studied before complete and confident

recomnendations can be made for quantitative design procedures.

1.2 The Study Area in Relation to the Periglacial Region.

Given the vast extent of those areas that, today, can be

‘called periglacial it was necessary to focus attention on a study

area that was both represéntatiye yet readily accessible so that
a realistic range 6f actual slope processes could be stﬁdied»in the
field,

It is first useful, however, to briefly consider what

is meant by the term periglacial, It has been poiﬁted out by Bird

(1961\ rhatﬁahe~de£*n¥&*ea—e%—ehis~£efﬂrhes~nof—been—ton313ttnt—* [ —

The term was originally used to refer to areas lying near the
margins of Pleistocene ice and was extended by Embleton and King
(1968, p. 448) to describe a zone peripheral to glacial ice, past,
cu‘&resent Both Bird and Carson and Kirkby (1972) find merit
in descrlblng the periglacial zone as being coincident with perma-
frost regiond, Bird suggests that a better practical boundary is
obtained from vegetation and’ that the periglacial zone includes the
arctic tundra zone of the boreal forest. Therefore the periglacial
region can be seen to be a useful term for the cold regions of the
world and ;s used Ln this sense in this thesis, -

Theﬁstudy area that was chosen for consideration is
gitudted in Qhe'viéinity of the Mackenzie River between Fort Simpson,
Mile 205, and north to above the Ramparts at Mile 660. This area



is within the discontinuous permafrost zone-as defined by Brown
(1970) and is eompletely within the Boreal Forest zone, As such it
is not entirely representative of the complete periglacial environ-
ment but, pevertheless, has proved to be an adequately representative
area for fneld study. The study area is shown on Fig 1.1.

Thenstudy area was first examined in detail on aerial
photographs;duﬂing the fall of 1?71 and flown over briefly during
September 1971, A detailed field reconnaissance was undertaken by
a river—based operation, supplemented by helicopter surveys, during
the summer of 1972 and a detailed field drilling programme was

-conduc¢ted during March, 1973, The observations made during the
course of the field exploration are essentially confined to non-
bedrock slopes and.in particular to the glaciolacustrine or glacial
‘lake basin (GLB)* soils found in-all parts of the study area.

v

1.3 Scope>of the Thesis

The primary aim of this thesis is to investigate possible

mass movement failure mechanisms for landslides in periglac1a1

regions. However, in order to acquire detailed first -hand knowledge

of actual slope processes it was necessary toﬁggriyg_g_ggr_ing_glgss:

ification of landslides within the study area. Therefore, the
- proposed classification as well as the attendant observations on
landslide morphology, permafrost conditions and allied geotechnical .
considerations form a significant part of thgg thesis.

The periglacial mass movement literature is reviewed in

‘the remainder of Chapter I and an engineering classification of the

landslides of the study area prqfented in Chapter II, Both the ,/'

,/,’

. review of the periglacial literature and the engineering classdfication

derived have been developed using a purely descriptive tlassification.

The mostVtrying aspect of a review of the periglacial landslide ,
literature is the almost endless proliferation and mixing of descrip-
. tive and mechanistic terms.' Considerable debate centres around the

use of genetic or. mechanistic terms used to catalogue the various

* This abbreviation will be us&d throughout the thesis.

v

r
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processes and for this reason the review of Chapter I and the clasgsi-
fication presented in Chapter II ‘are based on a descriptive framework.,
Furthefmore, the review in Chapter I is deve}oped'under the headings

- of soiifluction, flow, ¥slide and falls; a digtinction which anticipates

the classification presented in Chapter II, .

The remainder of Chapter II concérns itself with aspects

of the engxneering geology of the study areas, -

The next three chapters, III,- IV and V, describe mass
movement mechanisms for thawxng, free21ng and frozen soils and
compare the models derived w1th’the landslide phenomena observed 1n

Chapters I and II,

-
v

.Chapter VI dlscusses the initiation and occurrence of

landslides in per1g1ac1a1 regions and Chapter VII presents - some

conc1u310ns. ; , , vi‘

1.4 A Review of Perigladial Mags Movements ’ 4;\>\ : '

, ' ' N
f 1.4.1 Solifluction - : 31{;01“

(i) Introduction

: This section seeks~to?pfesent a review of the salient .
geotechnical features of’ solifluction mass movement 8 and is restri-
cted to- chose case historles in which either quantitative information

. is reported or where detailed qualitative dbsarvatlons are given, |

Y% Many difficulties and contradxctions*arise in the description and

classification of active layer mass movement processes and they have /ﬁ

been reviewed by Washburn (1967) who differentiates between soliflu-/;,’

/
4

‘ction and frost creep. . He considers frost creep as - /
, /
LA -/
"the ratchet - like dodﬁslope movemenc of particles
as the result of frpst heaving of. the ground and
- subsequent settllng upon thawing, the “heaving being
predominantly normal to the'slope and the settling

more nearly vertical."

o

°
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However, there is noj;quinct definition of solifluction given by
Washburn who, in fact,’finds merit in the use of the term
gelifluction ofgcongelifluction to disginéuiah from solifluction‘
which, in his view, should not be limited to cold‘climate phenomena,
It ie.apparent from 8 review of the literature thatqthese difficulties
in terminology arise from an unfortunate mixing of descriptive
classification and of proposed mass movement mechanisms. For ée%-

technical purposes it is argued that solifluction is an established

term for a type of mass Amovement éommon to qold regions that can be

'gictorially described without recourse to mechanisticuarguments¢'

, , b
'éreep is also congidered by many to be an important

: aspect of shallow péeriglacial mass movement._ Catson and Kirkby

}&l972) distinquish between continuous creep operating under the direct

action of shear stress and seasonal creep daused by various pnocessesf

in a zone of .seasonal fluctuations. ,(In cold regions cpntinuoua creep
stems from the inherent rheologic properties of frozen or thawing

soil while seasonal creep is equivalent to frost creep. 5
' . y

. e
5 m—

A1thnugh,there_is“general_agreement_aa,tn_nhaé;periglacia1r. -

features constitute solifluction there is a wide range of termin-
ology used in describing these features, Table 1.1 presents a summary
of some of the terms used in the various classifications for arctic,
sub-arctic and alpine regions. Capps (1919 and 1940) describing slow
soil flows in the Kantishna Region of Alaska nqtes that these mass
movements are large and numerous only in permafrost regions, that
movement is restricted to the thawing active layer, and that slow
flows are restricted to soils having large water contents. Although
Clppa points out that there are,gradatioual phasea,betueenkany form

- of movement he ieollteo certain forms of solifluction movements, '

'Table 1.1, "Striped siopeo are found on high nlopel with little or
‘scanty vegetation and results in a smooth rounded slope profile -

<

"vith a striped arrangenent of rock particles ‘and vegetation along

lines of downslope movement. A second type reaults when soil

o
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.movements are constrained'by vegetation and is described as follows:

" After the superficial layer of muck and soil

has thawed the semi-fluid mass tends ‘to sag down
the hillside stretching the turf into a flat,
bulbous form. As the turf is tenacious and
feltlike, however, it stretches but does not

break ...... Ih this way a hillside may be
entirely covered by mammillary‘lobes, closely e
_grouped and constantly creeping downhill." ’

Capps reports’thét»the lobes vary in size’ from small
flows with lobes a few feet inﬁheight and width at-the front edge
to large movements with 8 to 10 ft high scarps and with frontal widths

_up to severa§ hundred feet. At some locations a hillside may be

. covered'by niny small separate lobes. Another variety appears as

NG
>

‘long wavelike terraces with successive waves appearing one above the

oTee

other and these movements are common on slopés as low as. 10°.-

c

Sigafoos and Hapkins (1952) describe solifluction forms
\.
in Northern Alaska and identify features described as solifluction
terraces (soil or altxplanation terraces), solifluction lobes and

stripes. )

o

In a review~of mass wasting processes on V1ctoria
Island in the Canadian Arctic, Washburn (1947) ;solates features

described as soleluction sheets, lobes, streams and stripes, co~ = v

existing on a solifluct1on slope. Some solifluction sheets lack
~distinct upper and lower mafgins whereas in others well-defxned lower
margins occur where encroaching sheets move out over stationary -

T ———

soils.p In Sone cases these frontal segments are neerly straight

while others are lobate, - Washburn finds that solifluction streams

occur when - soil movements become laterally q&hflned and that many

streams can grade into a sheet. In turn, many sheets are charact -

erized by stripes ‘trending in the direction of the steepest available o

810pe. Active sttipes have been noted on slopes,as fow as 5° to
Hashburn cqncludes that ' =

S



''Characteristically, solifluction slopes present an
assemblage of forms, and frequently the assemblage

' is 80 complicated that it becomes practically
impossible to single out the component parts. Thus,
solifluction sheets or streams are found singly or
together and with or without solifluction fronts,
lobes, and stripes, but either singly or together
they enter into6 the make-up of a solifluction slope."

Subsequent to his field work in the Canadian Arctic,
Washburn (1956) presented a classification of solifluction movements
by delineating featureg on a descriptive basls, Table 1.1. Steps
are patterned ground where a series of terraces car be found one
on top of the other., Non-sorted steps have a vegetation covered
,Jembankment while sorted steps have a boFder of stones. - Sorted stripes

are formed by lines of stomes and fine;\soils while non-aorted stripes

i deScribe alternating lines of vegetated and relativeﬂy bare ground.

Adopting a descripttve terminology based on the parameters
~used by Washburn (1956), Benedict (1970) describes solifluction
features found in the high alpine environment of the Colorado Front
Range, Table 1.1. o "

e - JE— ——— - e
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(ii) Quantitative Aspects of Solifluction Movements

A peouliar feature bfﬁsolifluction movements 1is inetability
on low angle slopes. Evidence oﬁ«these low angle movements’exists in
the fossil features of the Pleistocene periglacial zone and some typ~
'ical case histories are noted in Table 1.2.. Many active features
- have been ‘observed in contemporary pﬁfxglacial areas and move‘ents

have been observed on low slopes, Table 1.3,
: . K

Knowledge of the rate of aolifluction movements can be

of intereat and ‘have been the subject of much active field measure- :;ﬁ-

| menq, Hovement retes on both low &nd -high angle slopes frgm arctic,
sub-atctic and alpine environments in a vatiety of soil ‘types are
_presented in Table 1 3 Large downslope movements have also been ;
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inferred. for certain fossil solifluction slopes, Table 1.2. Many
authors attribute the movements to a combination of frost creeg,

creep and solifluction. Velocity profiles have been measured’ at &
variety of sites and, characteristically, they have a concave down-

slope profile (see Carson and Kirkby, 1972).

’/'

There is a tendency among gomé authors to seek a relation-

ship between rates of movement and some.function of the slope angle.

Wasthrn (1967) reports a lxnear relation between annual movement
and the size of the slope angle. Although the relationship is
presented as being a good fit among average measurements the apparent
standard deviation is high, Higashi and Corte (1971) conducted model
experiments on solifluction and report a linear telation betweer 7
movement and the tangent squared of the slope angle. There is no

apparent justification.for these relationships.

Ay

The process of frost creep has been the subJect of
considerable investigation as it is amenable to direct field measure-

ment. The theoretical, or potential, frost creep downslope movement ,

D, results when a soil surface freezes and heggee**pe;pgnninulgf to

the slope, a distance H, and can be related by: .

D=Htan® . » | ALy

where 6 is the slope angle
. . & -

The actual frost creep equals the potential if on thaw,

- the soils gsettle vertically. However, as pointed out by Carson

and Kirkby (1972) the heaved soil seldom settles vertically but nas
an apparent upslope component of movement and both Washburn (1967)
and Benedf@t (1970) note retrograde movements that conslderably
lessen the total movement that can be attrlbuted to frost creep.

- B < .
b e

erld measurements of frost creep also suggest that its

v:importance may be overstated. Williams (1966) infers the amount of
_ heave,,ﬂ, required to account for recorded downslope movements using

—



Eq 1.1. >He finds that the frost heave required, H, to account for

- the ‘mets-v.x/r’e‘crd/ims‘place‘ment, D, unrealist_icaliy high when compared to
the observed ice stratigraphy and rej!"‘ects the likelihood of frost
creep in acco_untirxg' fiorbbserved winter movements. Washburn (1967)
rcports‘ an average winter movement of 1.2 cm occurring on a slope of
‘2';.‘5°. Eq 1,1 predicts a required heave of 28 cm but vertical
deformatjions of this order of magnitude are not r‘eported' Jaho (1961)
considering frost heave on a 4° slope in Spitsbergen finds t?& the

meagsured heave of 15 cm predicts a movement of 1 cm which is consider- :

ably. less that the total downslope movement of 3 cm glsured during
spring thaw, A comparison of frost heave, potential frost creep

. calculated by Eq 1.1 and recorded movements fot solifluction.slopes”/
" in Northern Norway is given in Table 1.4, and it can be seen that |

" total measured downslope movements are greater than movemetita Lthat - ;

can be attributed to frost creep —Benedict (1970) measures both
frost heave and dovnclope winter movements on a solifluction ,
lobe of known: angle and finds that actual movegenta are attleaat
double winter movements. . o

.,

P

—
% !

w&nter excavations in a solifluction lobe‘vx Garry
Island show tyn: numer ous horizontal tf vertlwal icﬁyeins anging .
from a fractioa to .several mm in thickness cut acrov the‘*f
j{ive ‘layer (Kerfoot and Mackay, 1972). It is also :;ocedﬁ :’ “the
i curvature of tubes {nstalled to’ monitor s,lope movementq‘ ha,ve a marked
tendency to kink or bend at the base’ of the- active layer an&*it 18
_ ‘auggcated that downslope movement is aided considerahl}‘byathe freeze-

thaw'of these ice veins. SR R e

‘ ,(iii) Soil Characteristics

_ : Hovnents due to solifluction or frost créep are ‘
: favouréd in fine-grained soils. thn ( 1960), comenting on the
rehtive lcck of movenent on rock slopea ou Spitsbergen, notes that

= .‘the aloPes lack fine mterial which 1s indispensible far lolifldction |

novnents. Bcuedict (1970) Wuhburn (1967) and Chmdler (1.972)t all
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\ N _
present detailed documentation on the large percentage of fine- ~
grained soils,involved in slow downslope movements.
e - - .
_ Washburn (1947) comments on well-developed’aﬁf?fluction y

sheets moving downslope and engulfing old strand lines and notes
the significant difference in soil composition between the till-
like solifluction sheet with abundant clay and #11t ‘and the well-
‘sorted beach debris. As the climatic conditions will be
essentially identical for both segments of the slope, the effect
9f soil composition is ev1dent. A comparison of slope angle and
index properties for slopes in the Hesters Vig, Greenland; is RS
presented in Table 1. S drawn fromvdata in Washburn (1967). It‘baof‘
be seen that a tendency towards lower slope angle exists in those

. | vg)r

by

slopes with increased fxnes. !
\

glacial environments also aida slope movement , Separation of coarse

The lntense sorting action'characteristic of peri-

and fine-grained soils conditions the slope by concentrating the

'finer-grained more frost or thaw susceptible, soil at depth, As

pointed out by Corte (1963) both vertical. and horizontal sortlng-can
~oceur, Corte (1963, p\132) presents an excellent photograph of the
 intense vertical sortlng that has occurred in the acfive laye: in ‘
. Thule, Gteenland Haspburn (1967) notes that at sites ES7 and ESB
_ that the top several céntimeters are coarse,ana have boulder ' s
:concentracions and that\the fines 1ncrease with depch |

.

‘The consequences of horizontal sorting app;;e;;ly-causes

. the sorted stripes common, to some solifluction slopes and the :

'@.”concentration of finea favouring slope movement processes result ln

the- re}atively greater movemenc of the finer soil as noted by ' B
Benedict (1970) Lo ‘- . 'I . » s e LI B
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(Lv)ﬂ[rhe Importance of Freeze and Thaw '

duféz

movements.
e;gﬁlcitly, that this water comes from the thawing of frozen ground.

Bt is also agreed, albeit for a wide variety of reasons, that the .

It is generally agreed that solifluction movements oceur

g the spring thaw and that water is "involved" in these

It is generally agreed, usually implicivly but alao

1

ﬁreeze-thaw cycllng of a periglacial zone is vital to solifluction.‘

/, ;
Fa

o

Paterson (1940), discussing the importance of freeze and

thaw on solifluction, concludes

i
a
A
Y,

;A freeze back and the resulting instability on thaw. A desctiption
xc

"it appears, therefore, that the decisive factor
is the amount of soaking of the ground, and that
the extensive occurrence of solifluction in cold

- regions is due to the greater tendency to earth-

soaking during a thaw succeeding a period of

intensive frost when water. {s held up as ice."

Taber (1943), as a resylt of his earlier work in frost

aauéceptibility, comment$ on the consequences of ice segregation on

of the LnStability of solifluction slopes during thaw given by

thhburn (1947) can hardly be 1mproved on:

'\J'

V"L:; \lv‘,“\

"The completely saturated condition of a sollfluctionL

slope during the spring thaw is the most fmportant

- factor in movements, In the spring, when -excava- o
<~ tions were made.in solifluction. fronts, water .
. invariably trickled down .over the exposure, Trenches

cut. into the surface of .a lobe’ collapsed at the .

- sides and formed a runway ‘for miniature mudflows. L
" A cumpletely ‘saturated condition also charactetizes

the upper portions of a: solifluction sheet,” On
June 17, solifluction slopes on the southwest cide
of Mount: elly sparkled with water, especially
where the vegetation was thick, and apparently -

. firm ground on the summit plateau was .86 soft and -

capable of flowage that the writer sank to his

";ankles in the atoney, clayey =TT RO
"By July 9, this area was quite firm undErfoot-"

9 -

o



Befnett'(1966), in a study of ceftsin slope forms in

the Canadian Arctic, feels that downslope movements are confined to

the spring thaw season. Similar studies by Smith (1960) in

v South Georgia,‘RApp (1960 and 1962) in the Karkevsgge area of
— Sweden, Harris (1972) in Northern Norway, and Jahn (1961) {n

Spitsbergen, also emphasize the importance of the thaw season in

- controlling solifluction movements. - : .

The . importsnce and association of freeLe a?d thsw in
solifluction movement s stems from characteristic’ 0perties of 'the
fine-grained soils-common to«solifluetion slopes.r During the
freezing cycle the fine-grained soils bulk and develop ice lenses

. as water is attracted to the’ fteeéing front. ' On the completion of

12

freeze back the active layer of ‘the zpne of seasonsl frost penetration

has then undergone a net increase in volume, as witnessed by the
N : . =

amount of'heave that can be measured. Then, during the following

Athaw cycle, instability results because of the' charscteristic X

mechanical properties ‘of low permeability snd high compressibility

of the fine ined.spil. - The detailed mechanisms of instability
_ will be considered llter anﬂ we gshill, for noq,follow Jahn (1970)

and Benedict (1970) in noting thst this process of volume increase

is vital in conditioning a slope for solifluction movements during
.spring thsw., Benedict (1970) states thst . T ‘

e )

Ry ‘the spring thaw significant solifluction/ occurs only -

/ in areas where the water ‘table remains- High enough

' during the fall‘freeze to permit thick 1ice- lense )
o devePnpment." L ce

~ L

"Although much‘of the aipine region is s;?ursted during
1

-,v : L - . r'

o 1’8 the tesult of many years of observations in Greenlsnd.vﬁlﬁ”
"Wsshburn (1967) nbtes that solifluct oh movements during the spring
' thaw were greater in those sitas that uere wet and ssturste&;during
‘the precediug sutumn freeze-bsck As these sites/wete in frost
>,susceptibae sofls with 30 to 451 fines it is felt ‘that buikiug ot
7ice lensing contributed to the solifluetion movements, 'quﬁ,miif

*1_i1wportance of moisture migtltion to the fteezing frégt isjsvlsofvw

/\/

iwf :;'.»~
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reviewed by Jahn (1470).;‘u5tr1§ (1972) notes that movement rates

are higher in sites where soils are saturated during thaw.

Although many workers dwell on the importance of snow
“melt"and atmospheric water’sourcea=in influencing solifiuction, it
'pﬂis felt‘that.the main influence is indigect. While summer rainfall
or snow melt may in;;;aae the rate of thaw or increaee thp stress
imbalance in a thawing slope the’ dominant influence of wet -summer
conditiions is to contribute to saturated eonditiond at the onset of -
freeze back. These saturated conditions, therefore; ensure an
adequate water supply for frost heaving. The presence of an imperme-
able frozen layer in permafrost terrain contributes to thie
conditioning. Washburn (1947) is partly aware of this distinction
4 and comments that although melt water from snow may aid solifluction
there is no reason to believe that it ié a requiaite condition for -
solifluction. However, Washburn also applies the same argument to
the water derived from ice lenses, and we shall see in a- later ;;_

chapter that ice lenses exert an important control on stability .

AN

1
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’;tty) VMechanica of Solifiuction ‘ ) p R o

, We have seen that solifluction occurs predominantly
-in fineagrained soils. on low angle alopes and that movementa are

o "primarily restricted to'the spring tha§ period. Representanijl,
i»meehanisma must then accoqgg,fnr theagdfactora in a. quantitative

8

' -manner. PR ',f< SRR RS - ;,- SR N
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o A wealth of geotechnical experience in temperate T'r
‘regions suggesta that it is entirely apprOptiate to conaider the PK
| ;,atability of long’ehallow solifluction alopes using the infinite -
":;fslope analysie.i It is well-known that, iqgthiﬂ caae, by applying
a suatical halance of forees the faetor of safety of a slope,

vF.,jbecomea.iﬁ‘
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) - 1
F, = 0 taig’ (1.2)
: 4 tan © ]

where 4/5 is the ratio of effective to total unit
weight and is generally about 1/2

dﬂis the angle of shearing resistance in . L
.,;"'/ e terms of effective stress (c' = 0)
)‘( 8 is the slope angle

- As solifluction slopes can undergo’ large displacements,

‘it is approptiate to-introduce a residual value for the strength

-parameter in Eq 1.2, Eq l 2 then predicts that slopes should be

o

stable at angles lesn than giVen by the following expre351on

-

. tan 6—' 5 tan Bk _}" o . : (1.3)
———5;7——? R , “
. However it is found that when conventional 11mi£

equilxbrium analysxs is applied to actual solifluction slopes, move-
ment or unstable slopes are found on slope angles much less than
predicted by Eq 1.3. Field investigation on fossfl solifluction

s lopes and on #ctive sloPes’in contemporary peri@lacial areas
indicate that movements can occ?r on slopes at angies considerably
less than pred1cted A summary of available quant1tat1ve tase
histories<is given in Table 1.6 and it oan‘be seen ‘that the failed
angle is considerably 1¢s§ than the p .}¥ ed angle using Eq-L,3.

Ao
Y

.
: 1

A Eq 1.2 has been developed using the maximum hydrostatic
pore. pressure cbndition obeqgallel‘to thé.stope'séepage in conjynction

with the lowest poss1b1e tesxdunl angle. Assuming that it is

' apptoprxate to usé a residudl angle derived from convent10nal test-

‘Lng practice, ‘then excegh. pore pngsshres are requxred to account

fqr low angle movements. Expressrﬁg bhe pore pressure Pw, in terms -

of the ratio: -~ .

Lty = Pw (1.4)

- + sz

1
"
En
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it is possi%le to express the amount of excess pore pressur;
required to predict failure by Eq-1.2, see Tablé“;,6; Noti&g that
for most conditions r, = 0.5 is a measure of the max imum hydrostatic
pore pressure, Lhe relative amount of excess pore pressure req%Lred

to induce failure is apparent in Table 1.6, ,

Lt SO

_ Weeks (1969) and Chandler (1970) invoke a mechanism
of diffegential freezing and ice-blécked drainage to account for .
excess pore pressure -and which is identical to a mechanism of ice
black drainage already suggested by Siple (1952). Although this
mechanism is possible it will not explain movements during spring
thaw, which; as has been shown?ﬁgre the most significant iﬁ contemp -
ory periglacial areas. Furtherﬁbre, during fréeze back of typical
fine-grained,goliﬁluction soils, pore water tensiens, or at least
pressures less.than hydrostatic, can be expected due to ice lense
formatio& processes and it has been noted that bulking and ice
lensing is vital to solifluction movements. Therefore, although
excess pore pressure resolves the problem, it is unllkely that .the

ice-blocked dra1nage process is a dominant mechanlsm.

Excess pore pressures have been measured in thé field,
in an active soliftugtién slope in Spitsbergén by Cﬁandler (1972).
Using open standpipe piezométers'ru values of from 0.60 to 0.84
were measured at depths of from 0.2 tg 0.58 m. These values
compare favougrably with the requi}ed values given in Tablel.6for .
;his’sife.v_ln addition to'thg ice-blocked drainage mechanism aisf
-cussed above, Chandler (1972) also suggests that permeability
tcontrasts thhln the slope profﬂIeE?hqjéﬁntribute to artesian condit-
ions. T . ‘ N@rtx('\“

e

e E N’process that is unique to thawxng ground phenomena

and which resolves this paradox of movement on low angle, sIbpes

[y A
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~slope and Eq 1.3 would requite a res1dual angle of some 45% to

g L

with;ﬁﬁﬁf chwégaf tﬁmit equlllﬁnum is what has come to be
termed thﬁﬁ”g. )bl dation. The concept of consolldatlon in thawing

soils WS qukulated in a correct manner by Morgenstern and Nixon
(1971), and applied to the prediction of thaw slope stability by
McRoberts (1972). ~The theory, which will be developed in a later

chapter, predicts that excess pore pressures can be generated durlng

" the thaw of fine-grained soils., When frozen ground thaws water is

released; settlements develop as the water is squeezed from the
ground and, if water issgenerated at a rate exceeding the’aischarge
capacity of the soil, excess pore pressures may be set-up. The
prediction of insﬁability on low angle slopes résults from the input

of excess pore pressures due to thaw consolidation which, in turn,

" reduces, effective stress and thus the available shear strength

along a EIip plane.

Many aspects of thaw 'consolidation theory have been
confirmed by laboratory testing and positive excess pore water pressures
ﬁave been“measured in the laboratory on naturel soil sampIes (Nixon, o
1973). Excess pore pressures have been recorded in the field under
an instrumented oil pipe thaw test and thaw consolidation theory
accirately predicts the measured pore pressures (N;xon, 1973).

‘ £

Taber (1943) has discussed in qualitative terms the

Sﬁsic ideas involved in thaw consolidation (see also Sec 1.4,2) and

. Williams - (1959) is aware- of the implications and coumeetsﬁthat:

"it is often tacitly assumed that, in thawing of
soil where considerable water accumulation has
occu:red at £ree21ng, conditions of hydrostatic
excess pressure will arise generally and contribute
in cons 1d”e"r"31aIe-wnﬁfé'"fa"rﬁstabttrcy. "

. . However, ejects the importance of this phenomena
based on the results jof pore pressure measurements that record tensions

in the recently’thawéd soil of active soliflucb&oq’slopes (Williams, '
1959 and 1966)r For one site movement is documented on a 22-1/2°

DO



account for instability with full hydrostatic note pre;éure
conditions. As a lower residual angle might be §Onsidered appro-
priate pore water sub-pressures are consistent with movements on
this high-angle slope. Tensiometers have also been used by Harris
(1972) to study pore pressure conditions in a non-permafrost site in
Northern Norway, For all the sitesostudied, positive pressures
éndicating saturated conditions are noted until thaw, which is
obéirved with thermistor strings, is complétely over. Immediatelyn
after thaw, tensions build up rapidly, either due to desaturation or
downwards flow, and it might be expected that‘similar conditions

apply to the sites studied by Williams

A mechanism of true lubricatéd flow of soil layers is
proposed by. Carson and Kirkby (1972) which is slmilar to thaw
consolidation. The authors comment on the meortance of slow
freezing in which large amounts of water are drawn up into the soil
and the subsequent effect of rapid thaw in some way producing

instability,

"Low angle solifluction movements, on the other hand
present no conceptual problems to those 1nvestigators who emphasize
the so-called flow aspect of solifluction. Masgs movements are based
on a concept qf viscous flowage and 4s the solifypction slope is,
in seme manner, changed into a wiscous liquid, it then follows that

movement may occur on lon anéle élopes.‘

Bird (1967L in rev1ewing the mechanics of sollfluction,

favours a viscous flouage process and - suggegts that
7

U

"in spring,meltuwatér from show and ice melts
the soil until the cohesive strength fails
and viscous flow occurs.”

N

Embelton and Kinﬁ“(1?68) qualitatively describe a move-

ment ;rocess due to the flow of water-satutateh debris and Washburn
bl

ks

g

17
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(1967) comments that:

"The Atterberg limit is an important parameter

in the solifluction and signiflcant solifluction
probably occurs only at moxsture values exceed-
ing the liquid limit. :

These comments on the role of the liquid limit in
defining the onset of solifluction are reasonable but not because -
soil water contents near the lqu%d limit define the loss of cohesive
strength. Rather, the observed loss of shear strength near the
liquid limit is due to the low effective stresses that must co-exist

with the high void ratio in situ in a solifluction slope.

) Apart from these statements describing qualitaiively
a flow process,no mention is made of the specific type of constitutive
relation governing flow. The reader is left‘to imagine the form of
the rheologic model and the ‘author is not aware of any attempts to

quantify observed viscous flow in thawing soils.

The actualqprocesses by which a viscous liquid ofTSQil
'slurry can be created and sustained are considered in a later
chapter. Briefly, it can be noted that if thaw proceeds at a suff-
icient rate tHe effective stresses in a thawing s¢il can be maintained

by thaw-sedimentation procesbes which result if the velocity of the

.advancigé thaw-front exceeds the velocity of fall of soil pacticles,
As effective stresses are then always zero, the only shear strength
" that can be mobilized is due to the inherent rheologic. propettdes of
the soil-waEEFRmixture.

The process of frost creep . described earlier is often
invoked to account for solifluction movements. It has .been ‘shown
‘that magnitude of movements ascribed to frost creep demand frost heave
movement 8 that are far greater than thoae measured and that movements
that might be- n:tributed to frost creep are much less uignifican& chan :

;'thew-dominated spring movements. Carson anﬂ‘Kirkby (1972), after .

‘”sév

noo.
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reviewing the importance of frost creep suggest that frost creep
appears to be a simplification of the mechanisms involved and that

it is inadequate in accounting for observed movements.
» . 6 »

The possibility that some winter movements are influenced
by the deformation of frozen ground is suggested by Washburn (1967).
He  applies the constitutive relationship between shear stress and |
shear strain rate given b§’Wahrhaftig and Cox (1959) to a 14° slope
in the Mesters Vig but, as the predicted rate dfklZ cm/yr.exceeds
observed winter movements, discounts the importance of frost creep.
However, as the Mesters Vig slopes may not have high overall ice
contents the rates predicted are an upper boundary. As there is some
euidence in both the Mesters Vig and other sites that observed winter
movements cannot be completely accounted for by frost creep, creep

movements in ice-rich frozen soils may be a reasonable mechanism.

1.4.2 Flow Landslides
(i) Description : _ B

Certain forms of periglacial mass movements can be }
considered under the category of flow landslides. While flows and
solifluction mass movements are felt to have many common failure
mechanisms the diffqunce in appearance is narked making the
distinction between the two forms mandatory. Mass movements, consid-
ered herein as flows, are var sly described in the literature as
mudflows, earthflows, rapid viscous flows, mudslumps, tundra mudflows

and so forth, Considering these forms of periglacial landslides it

' is possible, on- a purely descriptive basis, to identify two broad

categories of flow landslides. Anticipating the terminology derived
for use in the study ‘area and keeping in mind thgt the distinction may
not be made in all cases due to incomplete doc&%@ntation, flow land-

‘ slides are subdivided into skin and bi-modal flows. Skin'flows develop'
with a-marked planar shape. while bi-modal flows is a\ﬁerm used to
‘describe flows developing with a definite bi-angular profile. A

tee
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summary of representative periglacia1~flow landslides is given in Table
1.7 and where possible a discrimination is made as to sub-type, The
reader is referred to the detailed description of skin and bi-modal

'~ flows given in Chapter 2. 4

Skin flows begin as a thin detachment of vegetatioﬁ)and
mineral soil mo%ing out in a planar fashion over the permafrost table
(for exomple: Capps, 1919; Eakip, 1919; Sigafoos and Hopkins, 1952;
.Wahrghftig and Birman, }2§4; Mackay‘and Mathews, 1973). Skin flows.
hape been reported alodg the Mackenzie River by‘Hérdy and Morrison
(1972) ;ho note a form of surface scouring initiated by brush fires
and th comment that forest fireS‘can[uecipitate';urface movements on .
quite flat slopes. Hughes (1970) comments on the frequency of
detachﬁent failures caused py the povemEnt of the aeciye layer over
underlying permafrost.':Long_ribbon-like,akin flows are reported by
Isaacs and Code (1972) as are similar landslides celled active layer

giides reported by Mackay and Mathews (1973). - : -

-

« . . Bi-modal flows, unlike skin flows, develqp with a marked
bi-angular profile which, as will be discussed in later sectidﬁs, is
caused by different processes at work in the same landslide. Bi-modal

flows have a steep headscarp portion and a much 1ower angle tongue area,

Bi -modal flows are, for the most part, reported in' the

higher arctic tundra regions. Headscarps are reported containing

' significant percentages of either or both massive ground ice abd ice
wedges and the headscarps in active flows are bare of vegetation

- except for small overhangs of moss cover (eee Lamothe and St. Onge, 1961).
Headscarpa can be observed back -sapping at considerable rates,«aee
Sec 3. 4 Kerfoot (1969) has . given a detailed description of the
characteristic development of the headscarp profide during the thaw

season. ‘ : IR

The tongqe portion of some Bi-modal flows is more a srreaﬁ’

-

- of liquid-like mud (Waahhurn,.19&7;/Lapoche-end St. Onge, 1961; = .
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Mackay, 1966) while in other flows the colluvial debris can retain
soil-like characteristics (Bird, 1967; Wahrahftig and Birman, 1954).

Hughesq(i972) describes a retrogressive flow seatod in
the ice-rich glaciolacustrine sedimonts found along the Mackenzie
River Valley. The flow landsiide is apparently a bi-modal type as
are flow landslides reported by Heginbottom (1971) in the Inuvik,
N.W.T. area. ' |

The distinction betwoen bi-angular or planar profile is
somet imes difficult. For example, when a skin flow moves out suddenly
a steep but reiatively shallow headscarp may be abandoned by the
downslope movement and a weak bi-angular profile created. This bi-
angular profile can, however, be further developed by additional ’

s

movements in the recently bared headscarp area.

~

9Cuts made hrfiftoially in ice-rich soils can also result
in the formation of what are essentially bi-podal flowa Document ed
. ewidence of melting highway cuts “in’ Northern Alaska has been reported
by Smith and Berg (1972), who notqhthat rapid headscarp recession
due to thaw results when‘tuts are made in ice-rich soiis. |

-

(11) The Impottonce,of Véﬁétation Covers .

The role of vegetation in controlling the development

of flow landslides and, further, of modifying conditions such that

solifluotion~or flow movements might occu: was first stated by .

Capps (1919):o‘Aslsoon by Capps,fthe vegetation cover is capable of +

B fdevéloping~c0n31derab1e'strength'due to tts tenaoious,uféltliké"“N"A
'propetties. All other conditions being equal the vegetatlon cover
either contains ‘the thawed soil and sags with it developing soli-

- fluction lobes ‘or the cover ruptutes ‘and’ a flow of thawed ‘soil
spewa out dmslm c&rrying the overlying vegetation along. - Similar '
argunenta and obaervati.ons of flui.d flows of thawed soil: spewing out -
~ftou ruptu:ed‘ vegetation cotvers are made by 'i.‘aber ( 1943) -and Sisnfoos :

- ‘and !lopkins (1952) Bird (1967) reports on a ama.ll flow sqme 20 m

. / B

‘o

-
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long that developed beneath thick tundra and flowed downslope leaving

the overlying tundra intact, see Table 1.7. ??

Tundra vegetation covers are considered ro be good
\insulators and Capps (1919) comments on the importance of moss covers
in maintaining oermafrost conditions in the underlying mineral soil.
The importance of these¢ insulative properties are grappically‘
ilidétrated,hthakin (1919) who notes a frequent association of
burned vegethtion cover and initiated flow landslides, see Table 1.7.
"Heginbottom (1972) reports an increased frequency dffiléﬁ”TEHdslides
in conjunction with forest fire activity along south facing slopes
of Boot Creek Valley, near Inuvik, N.W.T. The importaoce of forest
fires in determining the distribution of flow landslides has also
been discussed by Mackay and Mathews (1973). ‘

Vegetation is also important in the stabilization: bf ©
the artificial bi-modal flows that can result due to highway cuts
and so forth in ice-rich 80118. Lotspeich‘(l971) and Smith and
Berg (1972) comment on the importance of draped over insulative B
covers of moss in stabillzing the rapid melting headscarps of cuts.
‘ . : .

(11i) Mechaﬁisms Operative in Flow Landslides

,, In discussing the mechan1sms operative in flow. landslides
it is- first useful to focus attention on. bi-modal flows and to consider
the likelihood that different processes w111 be found seated in the

steep headscarps compared with' the process 11ke1y in the low angle
tongues., " Furthermore, it is evident that there may be a marked .

n‘ similarity between the processes at work,in skin flows and in the

. tong»es of bi modal Tlows.‘
L - Meny of the mechanisms of mass movement descrxbed in
- Sec 1+4.1 are felt to be as applicq}le to processes in these planar

flow landslideS\as they are to solifluetion.\ The similarity of many

L en

aepects oﬁ flows and solifluction was first suggested by Capps (1919)5

|
-l
h’ s

.’v
.
b



" 1943; Sigafoos and Hopkins, 1952).

-,

who considered that:

E

"The origin and action of the slow soil flows are
much the same as those of the sudden and violent

“a flows."

{ In fact, the distinction in this th{!is, between solifl-
uction and flow landslides is, in part, a discrYmination between slow

and rapid flowage of thawed soil (for example: Capps, 1919; Taber,

[4

~ Although any of the mechanisms discussed in Sec 1.4,1°
may be operative in flow landslides the importance of thaw-

dominated mechanisms is evident. Eakin (1919), reporting on the ,} .
effect of burned moss covers, described one skin flow that developed

in the autumn as the result of spring burning and comments that thesge

‘features are numerous wherever burning has occutred Flow landslides

23
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are noted during periods of unseasonally high temperatures by Holmes y
" and Lewis (1965) and Washburn (L947) comments that flow landslides‘

ére'charaeterized by streamlets of mud derived:from thawfng till-

like debris. Skin flows are broedly descriﬁed as beingilimit%g\tg;\\
. the zone of shallow annual thaw by Sigafoos and Hopkins (1952) who .

note that they begin as thin detechmentsfef soil moving;out over

- the pérmafrost table. From theif descriptibns it is evident’ that

bi-modal flows may develop apparently because of increased thaw in \

the unprotected.headscarp area, Similar forms of flow landslides
are described by Capps (1919 and 1940) who comments on the 1mportance

‘of unseasonally high temperatures or the bu;ning of vegetat1on covers. T

- Bird (1967) documents a skin flow that*moved out from beneath a thick

/ L ¢

hvegetation cover that remained intact = o §-; TR ‘;.yi't

o _‘( g )
i

Along the Mackenzie &iver Valley, Hughes (19%)) and

’;Hackay and Mathews (1973) note that skin flows are seated in the

 active layer and that thaw promotes the detachment of; 8. Veneer of L
) ﬁvegetation and ‘soil. The role “of thaw in.promocing movement is alsof'f':”“z'
. evident in the suxface seours reporred by Hardy and Moétisoﬁ (1972)




R

24

and is noted in a general manner by Isaacs and Code (1972).

The dominant role of thaw in governing the development
of ‘planar flows and, in particular, of the ilmportance of thaw-
consolidation can bé summarized no more succinctly that it was by
Taber (1943): '

“

"Rapi : slow drainage are conducive to
mudflows. Any shearing or settling of silts

expanded by freezing results in compaction, and,

if the silts are saturated, the water must .
escapé immediately or carry part of the load.

Whefi water carries part of the load the mass
_.<behaves like a liquid, and this is important in

most sudden soil flows."
L ]

. . ",\ \ ,,;,,‘
The application ogtthaw co alt45n10n4theory is also

generally supported,by commento Jmade’ by msny authors on the importance
of thawsliberated water influenclng the develoPment of flow landslides
(for example: Embleton and King, 1968; Capps 1919 and 1940),

The effect of heavy precipitation hae been considered

“.by Tabet (1943), Sigafoos and Hopkins (1952) and Mackay and Hathewskd

(1973), who suggest that heavy rainfall aids skin flow development,

" The effect appears to be one of 1ncreased total stress increasing

" shear stress imbalance,- increased * pore pressures, as well as one of :

increasea thaw rdte due to the heat capacity effect of large amounts
of reletively warm uatet.

»
—~

- Detailed descriptions of the nature of mass movements
involved in the taongues of bj.-modal Elows are particularly scanty,
Lamothe and St, Onge (1961) comment that the development of. a low

*angle, 1° to Q°, tongue in a bi-modal flow is caused first by u,\udt'lows
- which carry the liqnid like mud and, secondly, by solifluctfbn which
_.removes the more viscous material They note that a- mud-stream that
‘,drains the headscarp hollow flows at rates of from 5 to 10 m/sec while/
‘the remsinder of the tongue is estimate to move between 0.5 to 1 ‘
m/seasm. Mackay (1966) reports that the: tongue of a large bi-modal (o

"r' v

¢



. ranging from 8.8 x lofécmlﬁ to 5.6 x 10'2cm/s or higher.

massive gpound-ice or ice-rich soil by lacustrine stream or

.25
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xflow, similar to the mudslumps repotted by Kerfoot (1969) moved some

2 -5 ft in 2 weeks in July 1963, but that it was otherwisv quiescent.
Mackay concludes that as the headscarp face retreated the broad
tongue of the flow maintained an equilibrium gradient of about -3° but
—that'the;e'was no downslopé removal of thawed soil and only an export
of water out of the flow. On the other hand, a longbnarrow bi-modal
flow (mudflow) reported by Kerfoot (1969) was observed to undergo a

complex series of‘dispiacement with velocities over a 24 hour period

Bi:modal“flows reported by Lamothe and St, 6nge (1961),
Kerfoot (1969), Mackay (1966), Capps (1919), Eakin (1919), Holmes
~and Lewis (1965) and Hughes (1972) are caused by the exposurik;f .

ine

se flows have a bi-angular profile-that is sustained
‘carp:retreats backwards as it is :ha&éa Lamothe and
Qgest that the flow is initiated as stream\action exposes
A{terial at a meander’bend.' Similar action is inferted in
ribed by Holnes and Lewis at 2 bend in the. Kekiktuk River
~follow similar pqtterns in the- flows whikhnare being eroded.
;action in lacustrine or marine environments. Lamothe and St.,\
;61) go on to suggest that a flow will then develop if a
lent exposure of ‘ice~-rich’ soil can be maintained They note
L‘e steep backscarp can@back-sap at rates of from 7 to 10 m/year
_;ing on, the aspect of the headscarp to incoming solar radiationm,.

jﬁ,The steep Uack scarp is also sustained by ‘the parall 1 development of
-5[a low-angle tongue which permits a continuous exposure of ice-rich
' soil ~ Lamothe and ‘St. ‘Onge . also suggest that when the ground ice

hollow. This vievw is disputed by Kerfoot (1969) who finds that the.

. only functional role of all the tongues studied was the trsnsportltion o
- Of debtis. N '-“: S } - "

o

.. P . - ’ ! *

‘ qnelts it produces mudflows that, in turn, further ex vate the headscarvfn |
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Hackay (1966) summarizes the main processes involved in
the scarp retreat of bi-modal flows which are:- free fall or sliding
of the active layer, erosion, both thermal and mechanical of the

frozen scarp face; and slumping, partly rotational, of thawed debris ]

blanketing the frozen scarp face.

]

It would; however,'not be'entirely correct to consider
the mechanics of mass movement of bi-modal flows in an uncoupled -
fashion. For example, the absolute mngnitude Af ehe amount and 7'

of the tongue and the rate at ‘which colluvial debris cap be removed .

from\the base of the scarp and deposited elsewhere..};f

In turn, mass wasting of the head scarp can cause an
undrained loading of the soil in the upper portions of‘thq tongue = g:
area, a resultant increase in the exceés pore pressuree, which, in .
turn, will induce low angle instabilityz This process;’ whereby
low angle movements can be induced i flow landslides by the 1obd1ng
of debris discharged from steeper slopes to the rear of: the flow |
is not peculiar to. periglacial arees and has been discussed by ’J

Hutchinson and Bhanderi (1971) “ . T

' . N : 2

g Neverthelese, it can be shdn that a consider&tion of
the mechanisms operative in flow: landslidea st deal with two broadi'
areas. The first is the”deecription of mass movement on the low |
. angle slopes, chlracteristica of skin flows and the tongues of bL— o
5 modai flows.m The discussions of an eerlier section ‘on the‘import-
g ance: of thaw-doninated nechanisns in: relation to so%ifluetidn }
apply*equally well to theae planar floas.. The aecond eren*ébncerns
the neehaniens of movenent in. the ‘Feep;headsc&rp areas,pf bi model A
flows.: A review of the litetature cuggests thab here the. dominnnt L
procese is—thaving with a constaut removel of tﬁ{&&elt, proparly -

» B -2
EEN . . . R ) : . - U
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called anbablation process.

Some discussion on the mechanisms 6£%headscarp processes
in the artificially induced bi-modal flows created in highway cuts
is offered by Lotspeich (1971). He notes that if cuts are made
w1th vertical faces rather than with the usual inclined face common
in hﬂghway practice then stabilized slopes are more readily achieved
“as much less back -sapping occurs. This is due to the rapid initial
sloughing of colluvial debris which falls on/a relatively steep. slope
and is, in some cases, covered by the blanket of living moss derived

from the original horizontal 8urface atop the cut. However, whether

27
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or not the ‘colluvial debris now stable on angles from 309 to 45° will

remazn fn this condition over the life of the highway remains. to be

seen.' -

i)

!

~1.4]3 Slides and Falls o L Lo

v hThe remainder of the mass moyement.prgpesses discussed
“in the Iiteratare can be considered under: the heding of slides .
‘and fslls. Bird (1967) discusses the occurrence of slides in

- northern regions but finds that there is nothing to suggest that
- any type of slide is peculiar to’periglacial areas. 1f all slides

oceur through unfrozen ot long-thswed soil or rock then it is ,reason--

able to consider these movements within the framework of conventional

practice.' But, if. mass movements occur through frozen sobl Bird s

.- comments are incorrecc and this form of mass movement is of great.

interest.. SO o SR A & .
‘e : RS v ST ) e s

B t o Washburn (19#7) report‘s on & slide at De Salis Bay that
hss’bccurred through frozen ground adjacent to s lake in the Canadisd

L Arctic.~ This landslide has left a visible headscarp of frozen ice- _’
'L rich soil some 100 feet long and 30 feet high.- Washburn also '

sttributes features in the»vicinity of Hount Pelly to slides in
frozen soil and.slthoush he nptes that msss movements muy hsve
'. occurred in thwcd soil which‘*.lua»thcn frozen ‘he: discounts the

possibility,for thc auaef_,repon;ed I R A R




. and suggest that these may be seated in unfrozen. clays beneath

( Hughes™ (1970) describes deep-seated rotational ,
failures in river banks in the Mackenzie River Valley where sands
and gravels overlay glaciolacustrine 8ilt and clay. Slides
exhibiting translational and rotational movement accompanied by
large scale gullying are also reported by Isaacs and Code (1972)

who note that the mass movements must pass through frozen layers

by o
o,

overlying frozen zones,

Mass movements in gla ial lake clays hgve been studied
by Wehrhaftig and Black (1958) along the Alaska Rallroad ¢ Large ‘
deep-seated slides with some rotational movement are‘reported and
permafrost- has been documented in areas adjacent to recent activity,
Movements are seated.in extensive deposits of lake clays and well-
deveIOped vertical and horizontal ice veinlets are reported The
authors feel that movements o cur only in thawed soil and comment

that failure planes and con rted bedding found in certaip

»ﬂexcavations are the result” of anciewt stabilized landslides that

have been frozen, Theéy attribute the actlvity in their study area
to the thermal disturbance resulting from the presence of the rail-"
road. This is certainly true for some flow landslides noted.
However, evidence in the form of old bent ‘tree trupks and railroad

°

construction records suggests that movement océ%rredfpefore the

. railroad was built, Furthermore they quote a unique case record
" in which a railroad roadmnster was lowered down the headscarp

_ctack of a large slide. .This individual reported that the crack

extended through permnfrost and that running water could be heard

- at the bottom. As no dr;lling has been undertaken in any of the

ma jor llndslides in order to confirm ground temperature conditions
the question of whether or not movements aﬂp occurring through

frozen soil is not completely resolved ‘

\
A specific type of landslide called a'f 11" ig caused

by bank erosion and is- identified as a "thermal erosional niche" .
by H‘lker and Arnborg (1963) or as "caving blocks" by Frost (1960)

]
1
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This form of mass movement found along the banks of rivers or large
bodies of water is caused by the undermining action of warm water
atded by the physical erosion and removal of thawed soil by river or

wave action. This waterline erosion results in the formation of

~ a large niche or undercut and the subsequentfbfeaking off of large

blocks of frozen material. The features reported by Frost (1960)

_are of considerable size and it is possible that the landslide

reported by Washburn (1947) at De Salis Bay may be due to thermal

erosion

This process of bank recession caused by thermal and
fluvial erosion of permafrost at the water line is reviewed by
Gill (1972) who notes the importance of wave action in increasing
efosion rates in the Mackenzie River delta. Gill notes that the

greatest period of undercﬁtting occurs in mid-July when water

ftemﬁeraturesmiﬂanh_gg_h;gh §srl9°C. At this time of year high

.wiqu in conjunction with high water temperatures, may cause niche

,penetration‘of up to 3to5 min less than 48 hours. Movements of

approx1mately 180 m in 19 years are also noted along one shifting
channel and are attributed to thermal-erosional processes. Similar
rates of 10 m/year a;i also reported in the Colville River area

by Walker and Arnborg (1963). -

i

A particular form of periglacial mass movement is assoc-
jated with features described as cambering and valley bulging,
Higginbottom and Fookes (1970). Cambering involves the downward
displacement of strata outétopping on sloping'ground and is typically

shown by the fracturing and tilting of relatively strong rock over

: rélatively weak strata which can, in turn, be found to be strongly

~ deformed and ceontorted. Ttue cambering is chnracterxzed by dips

of blocks or horizontal strata towaids thq valle} bottom. Valley
bulging can be defined as the upwara dispiacement by anticlinal
folding, faulting, or both in comblnation, of deformable strata in a
valley floor, Higginbottom and Fookeé (1970), and these .authors f
cbmment that valley bulging isltypically associated with camberingf
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Obgervations of cambering_and*;he~associated.valley bulging is
summarized for sites in Britain by Higginbottom and Fookes (1970),
for sites in Eastern Europe by Zaruba and Mencl (1969) and a

case history ig reported in Canada by Straw (1966).° It is thought
that cambering is associated either with the creep of frozen soils

or alternatively with displacements in thawing soils aided by thaw-

consolidation.

!
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" TABLE 1.2 PLEISTOCENE SOLIFLUCTION SLOPES
A 3
L 2
Residual i
Angle Strength K
Author Azes Soil Type Degrass ° c'r ' Comments
’ (ps1) (degrees)
Villtame ‘South Devon Unsorted "hesd” of l1to6
, - (1963) send, silt and »
b angular blocks
Block streoms 6 to 12172, Average moviment
overlying sandy avz. % - 1500 fe
sility head for 10 sites
South Central Sarsens overlying 1-1/2 to Sarsens are 2 o
Eagland; : chalky solifluction 2-3/4 tertiary silcrete.
Vilcehire, debris, claysy Depth of novemsat
Dorset in parte 6to9 fe. Avg
) . sovement 6,000 to
- 13,000 ft.
Vest Kant Weald clay with P3 Up to 21,000 £t
séud and chert from + movement .
the Eythe Beds )
Weeks Vest Ksat Solifluctiod lobes 7 Lobes 10 to 13
(1969) Sevenoaks rubble in sandy ft thick. About
By-pass silty clayey matrix 1200 ft movement.
Trislpit Soliflucted Weald 4 o¢ 18 to
Ch N7H Clay 6.2 15.6 R
Lower Street Soliflucted Weald 4 0.3 16
Clay ’
Querry H{11 Vadburst clay 7 ] 12.4
i Vauzhall Lans  Wadburst: clay s ) 2.4 \
B Ditton By-pass  Gault Clay 3 ) 12.7
Boughton Weathered London 5 0 14
By-pass Clay
Tetsvorth Soliflucted Gault 3-1/2 o 14
‘ . Clay
Chandler velfiag- Sl1p surface 1o 6-3/4 0 23
; (1970) borough between sandy
L clay and 1light
blue clay,
Tshan Sandy clayey silt 4 0 16
’ overlylng clay .
Yot
N A~_—‘_’__’////r

4
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CHAPTER II

THE LANDSLIDES AND THE ENGINEERING
GEOLOGY OF THE STUDY AREA

2.1 Landslide Classification

2.1.1 Introduction

Thevclassification of mass movement forms derived for use
in the Mackenzie River Valley is presented in Fig 2.1. This
classification concerns itself with landslides in soil and is not
generally applicable to instability in,bedrock. The observations
made during the course of the field surveys end pho;ographic inter-
pretation.qf landslides is presented in Appendix A. It is intended
that the description of thé:blasaificetion in the following section
be read before a detailed consideration of Appendix A.

As the classification seeks to describe in a pictorial
manner the types of mass movement encountered it is based primarily

upon morphological evidence. The primary level of classification

of flow, slxde and fall is uded in a. descriptive sense with none
of the mechanistic meanings 3ften attributed to these implied.
This descriptive approach is used in favour of a mechanistic or
genetic classification as many of the landslides encountered have
complex origins. And, as it is possible that some mass movement

mechanisms have not yet been identified, it is deslrable to avoid
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stressing one process at the expense of another.

The use of the terms flow, slide and fall as three \
distinét types of movement which have & characteristic morphologicl
appearance is the bﬁsis for classification systems established in |
geotechnical practice by Vdrnes (1957) and followed by Skempton and
Hutchinson (1969).°

The term flow has been chosen for a broad type of move-
ment that exhibits the characteristics of a viscous fluid in its
downslope motion. In many instances these movements resemble pure
flow as there is no evidence that shear displacements have occurred
along localized failure planes. In other landslides movemeéents can
be seen to have occurred partly along pronounced slip surfaces with
the possibility of the remainder of the displacement distributed
throughout the moving mass. Mobillity is substéntial and as it is
largely distributed throughout the flow,pre-failure relief is rapidly
destroyed. Flow movements generally continue until reduced gradients
or obstacles are reached and many flows terminate in swiftly moving .
rivers, This definition parallels the description of flow landslide |
given by Varnes (1957) which is gs follows:

." "In flows, the movement within the diéplaced wass ;
-~ is such that the form taken by the moving material
ot the apparent distribution of velocities and
displacements resembles those of viscous fluids.
Slip surfaces within the moving mass are usually
not visible or are short-lived,:and the boundary

between moving and stationary material may be
sharp or it may be a zone of plastic flow."

V 4
, -landslides exhibiting more coherent displace-

"ments having a greater appear@mee of rigid body motion are called

slides. Pre-failure relief remains substanti intact and

although the total'magnitaﬁe of movements may be great they appear .

to have accrued over a period of f?ﬁéa'#~f
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Falls simply involve the direct and downward movement
of detached blocks falling under the immediate influence of gravity
and under conditions of no resistance to movement once movement is

initiated,

It might also be pointed out that in the description

and discussion that follow the terms landslide, mass-movement,
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slump and slip are used only as general terms and haye no role withi@

the proposed clagsification.

2.1.2 Flows‘

i\
\
\

Those landslides consiQered under the general heading
of flows can be sub-divided into tﬁ& categories of skin, b1-moda1
and multjiple retrogre831ve flows TNIS section consists of a
general description of the three type& of flow landslides identified

in the study area and descrlbed in Appévdlx A. The term flow is

‘also used for landslides outside the peﬂiglacial zone. In this

thesis the term is used for those forms encountered within the

permafrogt zones and while a direct association with frozen

~conditions is not always stated it is implicit in the following

discussion and in the description of Appeadix A,

-

)

Skin flows 1nv01ve the detachment of a thin veneer of

-vegetatlon and mineral soil and subsequent movement over a planar

inclxned surface. They are commonly actlve‘in long rlbﬁgn like
forms and mny co‘lesce into broad sheets of 1nstab111ty. This

category of flow is very shallow in comparlson to its length, Wh1ie‘

(i) Skin Flows , N

skin flows can develop pn steep slopes they are common on low angle,

6° to 9°, slopes. Skin flows are found throughout the study area and

-are particul&rly well-developed in burned-over areas. ' A summary of

those flows that ‘have been considered in any detail is presented .
‘in Table 2.1. | ‘ "
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Shallow movements seated in GLB soils are common along
the Hume and Hanna Rivers and slope angles from 7° to 11.5° have

been measured at accessible sites. In this region skin flows

:occur Tféquenelykin‘hnxgmﬁlgyer areas. As the greater part of the

field and aerial photographic obsetvations in this apd other areas
were made along the river banks, skin flows have been observed
pregomiéantly in association with river and forest firé action
Howéver, skin flows can be found in burned-over scarps abutting
long-abaﬁdoned ox-bow lakes and along'the banks of small gullies
and tributaries. Skin flows are then not necessarily or directly

associated with river erosion. However, forest fires certainly

encourage their development. )

Skin flows along the Hanna and Hume Rivers appear
partly to involve the re-initiation of movements or scarps that

have, in the past, gone through;similar cycles of instability and

stabilization, Frequent note was made, during a brief reconnaigsance’

of the Hume River, of broad sheets of instability on burned-over .
scarps at meander bends. Inspection of pre-burn aerial photography
suggests that past instébility was common and that the recent .
failures triggered by forest fires are seated in colluvial debris

rather than undisturbed and intact GLB soils.
<

The exposure of burned scarps to ipcomiﬁg solar radiation

-also affects the occurrence of skin flows. Flows &long the banks

of a tributary ofithe Wrigley River were found on Burned-dver,

south-facing slopes while north-facing slopes which had also been"

‘burned over remained stable, see Plate 2. Howéver, tﬁe relative

1nc11nation of these slopes is also important as instability was
noted on 14° to 18° slopes while the shallower, 9° to 10° » north-

facing slopes remained. stable. Many skin flows were noted in a
recently burned-over area on-the south bank of the Great Beaf
‘River during the 197H|aeria1 reconnaissance.

3
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Large ribbon-like skin flows were observed on the steep
23° to 33° north- facing slopes of the Gamsell Range near the Root
River. At one location some 10 flow& have occurred and they appear
to be seated in colluvium derived from in situ weathering of
shales. A cross-section through a.typxcal.flow has a steep section
along which movement was initiated and avmore shellow an off |
section ending at a pile of debris. Common with skin flows 1n
other areas, ma marked stripes in the form of changes in vegetation

cover the slopes in this area and are w1tness to past ‘movements of

the same type. o o o
(ii) Bi-Modal Flows S A

)
AN

‘., The term bi-modal flow fs'used to describe a form of

mass movement that has a bi-angular profile and is also fntended to .

signify that two distinctly different modes of mass movement can be

seen within the confines of the flow. Well-developed bi-modal flowsi

have a low angle tongue and a steep headscarp. A single £10w

Ca? be divided into three main parts. The flow begins at a roughly

semi-circulsr headscarp which serves as the source area for'the -
colluvial material in the lobe or tongoe, which leads out‘froﬁ the
source area. This shallow, elongated, lobate tongue in turn’ ends
at the‘third portion of the bi-modal flow, the terminal area,

’

The headscarp region can b2 described as an expanded
spatulate-like bowl (Capps, 1940), as a semi-circular hollow (Bird,’
1967), as an amphitheatre (Kerfoot, 1969) or as having a’ character-.
istic horseshoe shape.(Washburn, 1947). These headsearps often
" have a smooth but steeply dioping fAce with inclinations of ﬁsﬁtojs
40°. The planar scsrpa'Are bare of rooted vegetsoion-although ‘
moss overhangs are commoni. Ground ice can usually be found =
. beneath the moss curteins and in very sctive ‘flows frozen soil is
dtrectly exposed to the atmosphere.’ Thin veneers of soils. in

thege rapidly melting headscirps flow in- pulaea down to-the break

- ‘ N
_ N
- _ _ AN
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: ih_slbpe where the lobe begiﬁ%. On the headscarp, soils undercut’

:by-@elting'CEh collect in pools,and when a certain critical height

is- reached,this aggradation of colluvium then flows downscarp
carryihg clods of intact soil and other debris. -Wiih;i the same
scarp, less wet soils can.be subJect to desiccation %gd large
blocks of dried soil may move by gravity fall. ’ In somé instances,

headscarps appear to have falled by the detachment  and subsequent

flow of a signlflcant depth of soil that has thawed in-situ before

‘moving downscarp. ‘The form of movement at the headscarp is, there-

. fore, both flow and fall and 'in only one case has a slide movement

‘been noted in -an othefwise bi-modal flow.

~ 'The lobes of bi-modal flows can develop on gpgles as
low as 30. and have been found up to 14°, In small b:-modal flows

the surface of the lobe is often grooved by irregularities in the

‘overhanging moss ‘cCOvVers. as the lobe moves out from beneath the

headscarp. Actxve flows h&ve tongues devoid of living vegetation

and colluvial debris_covers a chaotic mass of partly buried:

‘vegetation derived from the top of the headscarp. Smaller

| lobate features may be formed superimposed on the main lobe and

g ' '
o~ : . .

small melt-water streems with branching tributaries can also be.

r_ontained wythih the ‘flow. ' Although the ‘tongues usually lead

out at. f{ght angles from the source area in the headscarp, curved

.lobes have been noted Th¢ soil contained in the active lobes
"has little or no bearing capaclty and large clods of drier soil

bdrely float in the moving flow. In some flows the surfaces can

be’ found covered with clods of soil intermixed w1th vegetation

) which although appearing flrm, only cover a very liquid-like

soil slurry. Often, the lobes can be constrained to flow between
drier areas or over. steepet gradients and in doing so develop
crevassefeatures and tension gashes rem1niscent of ice glaciers.

'Other lobe areas are ferer ana while movements appear to be slower,

* evidence of movement can st111 be~£ound Thelobe areas may bg

either long and narrow or more short and vide in relation to the

Vol : . ) . A

)
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size of the headscarp hollow?

Bi-modal flows often terminate in a pile of colluvial
material and transported debris which is thrust out into a stream
or river causing it to detour sharply around the toe. In other
cases,‘bl-moga} flows can be found perched on top of more resistant.
till or bedro¢k ‘and here the toe of the flow spills out and over
the steep frontal scarp. In less active bl-modal flows the frontal

’

terminus is eroded away. #

Bi-modal flows usually occur as single features but

they can be found along & broad front.
“ Small bi-modal flown of approximate average dimension,
of 50 ft long by 20 ft wide, and with lobe angles of from 4° to 10°
and headscarps of from 5 to 20 ft high are ubiquitous features
‘within the study area. They can be found in 1;olated locations, or
with increased fréquency they have been noted along the bank of
the Mackenzie River and many fributaries and they can be found
'superimposed with larger, &iféerent types of landslides. Vegetation

overhangs, which will be discussed later, are common in these

smaller flows. In headscarps less than about 10 ft ‘high they usually

drape over the,entire scarp. When cut away, the moss overhangs
reveal high ice content soils and thick (up to 6 inch) ice leases
can be found in almost any headscarp. Movements withinAthe lobes
are noticeable nitn evidence in the way of grooved soil moving out
from benenth vegetation overhangs aﬁﬁ sbeaned-off branches caught
in-the lobe but attached to‘firm'ground. Access to the hea&scarp
is difficult as lobe conditions ére véry wet and soft. Probing in
smaller lobes suggests ‘that flow occurs in a thickenéd active layer
overlying frozen soil, No samplgs were taken of frozen soil beneath
the lobes but a metal rod driven into hard, resistant soil developed
'y resistance to torque confirming the presegce of frozen soil.

" Depths to permafrost of from 3 to 4 feet are common.

-
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‘\\\\s‘_ff——~“The larger bi:modal flows studied during the course of

the survey are summarized in Table 2,2 and are discussed in Appendix
A, Typ1ca1 bi-modal flows are shown in Plates 6, 8 and’ Figs A.15,
A.16, A.18 and A’ 21 +Larger bi-modal flows are also shown in //
Plates 3, 4 and 5 and Figs A.11 and A.12, '
. <

(iii) Multiple Retrogressive (MR) Flows.

This sub-classification is required to desgribe a
certain form of mass movement which adapts an overall flow form of
movement but, unlike skin or bi-~modal flqws these MR flows retain
some portion of their pre-failﬁre relief. Contained within the
landslide bowl are a series of ércuate, conéave downslope, ridges
derlved from the headscarp as it receded backwards by a series of
failures Although the overall\ggofile of these landslides is
bl-angular their form suggests that a series of retrogressive <
fallures have occurred at the headscarp, These headscarps exhibit,
in some locationms, flow-dominated processes but in others rotational
slides cam be found. It might be argued that this form of landsl;de
for example, the Fort Simpson MR flow, Mile 226, should be classified
as compleﬂ" Some gsalient features of MR flows are shown on Plate o
1 and on Figs A.2 and A.3 and MR flows classified in- th;\Ebudy area/' '
are summarized in Table 2.3

. 2.1.3 Slides

Those landsl1des considered under .the general heading of
slides can be sub-divided into thec ategories of block multiple
retrogre381ve, and rotational slides The following part of this
section consists of a genéral descrxption of the three types of : ,
_landslxdes ident1fied in. che.study area and described 1n|Append1x A, b

)
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,%K 2 (i) -Block Slides v \ ) , r'{

: S e
_ Block slides involve the movement of a large single
!-¥ - block. that has moved out and down wieh varying degrees of back-

I} o tilting. The moving mass remains intact and the surface of the
P - block supponts upright, living vegetation which ls simllar to that
5j found upslope beyond the slide grea,. '

: Wellédeveloped gullying is associated with block slides.
Steep-sided, V-notched gullies first develop at right engles to the
river but do not extend much behind the sllde area., Frequent
" : extensionsvtoffhe gullires occur at right angles to the perpendicular

gullies and run parallel with the river behind the slide block."

L o A summary of the block slides studied. is presented in

AR Table 2.4,and Plate 7 presents a typical example,

N . i
v

R (i1) Multiple Retrogressive ¢MR) Slides

PR .

f??! [4 Ly MR stideew;;e_characeerized by a series of arcuate,
;f"J ( ;uncavé towards the toe, blocks that sten backwards higher and

?}’j{ /) higher towards the headscarp. There can be a degFee of backtilting -
l@ & ' or rotational failure of the’componEnté-but this is usudlly observed

‘-only on blocks that have fallen too near the toe.A Intense gullying

can be . found in assocla:ion with MR slides in soume areas.’

A summary of the M& slides studied is given in Table

P

i;;} | 2 5 and a typlcal MR slide is shown on Plate 9. £ .
R .(£i1) Rotational Slidee © ;,.hiﬁ

i{ LT - ’ Smnll rotational slumps are frequently iound 1n the

55 S thawed or unfrozen fluvial: depoaits of small rivers .and they can s
f bl 8T8 be asted in the hesdscarps of MR. flows in the southern tegion

of the study atea._ These rotationll failurea are entlrely similar

L X ~‘\\ <
£ . . Lo ! . s [
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to- the classxcal cxrcular type of failure common in soft clays in
more~temperate regiona This aub-category is useful to both ',>
. describing landslides that exist by themselves as well as describing

certain components of mass movement within larger landslides

)

2.1.4 Falls . R

Fall landslides occur ‘in areas where river erosion

54

undercuta frozen banks resulting in a frozen block of soil - £

cantilevered ' out over a thermal erosibn niche, see Sec 1. 4 The'

, undermined blocks fail in tension and often with an’ outward or. backa c

ward movement. before falling into the riVer.

Falls have been observed along the Hume,iﬂsmmaiandl
Mountain Rivera. They have been noted primarily in tece&t fluvial
: deposits but. indicatorp of fall movement such as ‘forwarg -fbppled
trees have been seen in GLB soils. Falls have’ alsa been néted - in .

iaolated inetances along the: Mackenzie River where fluvial islands B

- are being actively eroded A typical example is shbwn on Plate 10

B : - <G
. . - N . . 5,
a3

2.1.5 Conclusions

(1) JCommenta:on the Claaetficetion"

The claaaification presented ,eeka to deecribe any

given landalide type at the moment of obae vation, However, as the ;

descriptive claaaification‘ia based only ', ‘wo mein categoriea,
alide and flow, diatinctiona as to- cySEE:ny be difficult and it is

J‘“useful to amplify the propoaed classifi tion by‘considering areas ‘

: of poasible overlap. P '1”} BYEEN A .

'\ -

if;. Some difficulties ariae An. discximinating between skin

' and bi-modal f1ous.’ For example, the Hanna River Flow, Fig A, 21

‘u
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is classified as being a bi-modal flqy but/;a the difference between
the headscarp angle and the lobe i8 minor this landslide might well
‘be called a skin flow. ,Fug;he;uore, it has been observed that
movements’ can be re-initiated in the torigues of stabilized bi-modal

flows. At the moment, of initiation these movements »would properLy

| be called skin flows, However movements may, in\time sap backwarda

.to the headscarp of the old bi-modal flow and at that instant a bi-
‘fodal flow may be re-initiated

»

It is also possible that bi-modal flows may recede head -
/:ggds until by a process of- continuous baek -sapping, the tongue of
the flow’ reachea the . upland behind the landslide. When this occurs
a given bl-modal flow would not hlve a bi-angular profile. But, as
the sequence of events leading to its mature fofm can be re-created

from the’ geomefry of the- flow in relation to its surroundings, it

‘<l 1sﬂposaib1e to clnssify the landslide a8 havfng been a bi-modal flow.

—»Furthermore the flow dhpctibed above would not fit well into the -
skin flow classification as-mowements would not appear to have devel-

oped'aa the detachment of & veneer of mntetial over a planar - =

¢
B
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sunface._ A example of this type of flow can-be found at Hume River,kj

‘Site°HUI, 'Fig A:22. The miture flow resembles’s skin flow, Plate 11, ..

but, when viewed in its active stage'oh older aerial photographs a,
distinct, steep, headacnrp is Vlsible. o ;' . .

»

Pnoblems have also arisen in assigning ce#tain land-

© slides into etther’ the MR flow or MR slide category. Although
E the retrogressive aspect of theee landslides is evident it is often

-difficult to’ decide on. the ovegall primnry cnbegory. For example,
" the ZOtt Simpson Lnndslide, Mile 226 is classified as being‘nn MR
flow( The multiple tehrogtessive aspect Qf this landslide can be ;
seen, ‘in the. series of arcuate ridges cont.ined wi;hin the 1and311de

? and which on close inepection, can be seen to be due, in plrt at

lenat to a aeries of rotatlonll slides in chawed soil at the
held&c{rp,‘ However, the overall appearance of this landsbide is

P RS ’_
. -t Tre ¥
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one of flow-dominated m;vements and there is evidence to suggest that
the "arcuate ridges are. also partly derived from flow processes.
" Simi lar difficulties also arise in classifylng the Mile 265, MR flow,
Table 2.3 and the MR slldes at Miles 293, 300 and 621, Table 22,5,
These landslides have been classified based upon which form of

.movement, slide or flow, appears to dominate,

A While it mi ght appear'khat duplication exists within the
slide category of ;ovements by the use of block and MR slides in
addition to rotational slides, this distinction is useful. In some
block and MR slides rotational components of movement of slumped
material may sometimes, but not always, be observed while in others
the slump block may move‘down ds much as 150 to 200 feet with no |
apparent rotational movements. In contrast, those landslides
c18351£1ed as rotational slides always exhibit a considerable rota-
tional component of movement. Anticipating later conclusions, it
can also be pointed out thac while block or MR slldes are assocxatéd
with large movements occurring in part through frozen soil,
rotational slides are used to describe smaller scale mass movements :

apparently seated in unfrozen or thawed ground. The rotational
slide sub-category is'also useful in helping to déécribe mags move-
Tment tyﬁes contained within other landslides as at the Fort Simpson

Landslide, Mile 226.

Such landslides as the ones at Bxg.Smxth Oreék Mile
' 471 and 0ld Fort Poxnt Mile a80, require close inspection before
they are classified. These landslides have a marked bi-angular
profile, Figs A.11 and 4,12, Platés 3 and 4, and while they resemble
.a bloek slide they lack all the typical features. These landslides
are classified as bi-modal flows for reasgns described in detail
in Appendix A, It is possible that the initial failure of such
landglides invglved slide movements. However, the ongoing
°degtad§tion of thése\landslides resembles a bi-modal flow and the

more‘mpture;bank profiles in the vicinity have a marked low angle |

. e
/
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, ‘«
tongue and a steep headscarp area. J |

(ii) Comparisons with Reported Phenomenon

Solifluction as dxscussed in Sec 1.4 has not been
studied at all in the study area and the landslfdes considered under
the headings of skin &and bi-modal flows are not sdlifluction move-
ments, Howeyer, within the proposed classification of Fig 2.1
solifluction,couid enter the classification as the fourth type under
the flow category. As solifluction is, perhaps, the most commonly
discussed periglacial mass movemeng’form it is useful at this time¢

to make certain distinctions between the flows studied and solifluction.

e as .

A fundamental diﬁfgrence between solifluction and the
other forms of flow landslides is the marked difference in the rate
at which movements develop. Solifluctlon 1nvolves the slow down- N
slope movement of. mineral soxl and the overlylng vegetatlon mat
which is stretched, contorted and then re-grows in hanmony_w1th down -
slope motion.. On the other hand, 'skin and bi-modal flows are
characterized b& a violent tearing of the vegetation mat and
catastrophic movements which result in an entirely d}fferent

~—

appearance. ‘ \

“ﬁ ‘ Another, more subtle difference is that sollfluctlon
" can be considered to be the pharacterlstlc deformation mode ofmany
naturally occurring active Ha ers. By specifying naturally occurring
active layers one seeks to éx:}\ge the effects of catastrophic
events such as forest fires or‘heavy rains and high temperatures
which increasé the rate "and depth of thaw. That is,a natural depth
of aétisé layer is conceived as- being the mean depih‘under
gasonally average conditions. If this averagé slope regime is
VLolentlydisturbed , solifluction either becomes mor e intense or skin
and bi-modal flows can be generated. Considered in this fashion,
solifiucgzbn can be suggestéd to be’the equilibrium condition of

many slopes and other forms. of flow léndslides evolve from this base

conditien. | ‘// ‘ o ,
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‘\\-\\\_,kandslides identical to.sk}n flows oﬁserved in the

study area have been reported by others both in periglacial areas

and in the Mackenzie Valley. These landslides have been summarized
in Table 1.7 and discussed in Sec 1.4, It can be noted that the
classification of this form of landsiid® as a flow-dominated movement
is, however, opposed to the classification presented by Mackay and
Mathews (1973) who, following Varnes (1958), classify them as acti&e

layer glides or slide movements. Th{s difference is one of opinion,

Bi-modal flows appear to ‘be 4s common outside the study.
area as. they are within it, ‘They have been observed (on aerial .
phofograbhy) by%ghg author in the upper reaches of the Hume, Arctic
Red, Peel and Bonnett Plume Rivers and along the Rat River in the \
Richardson Mountains. They have been noted along Stony Creek, near
Fort Macpherson, and in gravel pits and highway cuts on the Dempst er
Highway (Strang, 1972). Bi-modal flows have been observed in the
Canadian Arctic, in the Beaufort Sea and the Mackenzie Delta area .

as well as in ceptain areas of Alaska, 'Table 1,7

Kerfoot (1969) distinguishes between two types of bi-
modal flows, that is, muds lumps and mudflows, and in doing so focuses
attention on a difference also noted in some bi-modal flows'in
the study area. The processes at work in the headscarp of both
mudslumps and mudflows are essentially 51m11ar and create the
characggristlc bi-angular profile. However, in mudslumps there is
little export of soil particles away, from the ablatlng Scarp and
the hollow excavated by the landsllhe might be called a thermokarst
or subsidence feature. It might also be argued that, if there is a
net export of sgoil oqt of the system this movement is as much mass
transport by runnxng/water as it Ls_mass movement due to landslide
processes, MudflowsL however, partake of consiéerable mASS movement
in the tongue portxdnS.. While it has been recognized that both
varients of bi-moda' flow mlght occur within the study area, the

author has not been jable to make, the detailed observntions required

"//jo ,



to discriminate as to sub-type. In fact, most bi-modal flows
- observed have well-developed toes thrust out .into fast-moviag

rivers indicating that considerable mass movements are involved.

Bi-modal flows are also called retrogressive-thaw flow

[ 4
slides by Hughes et al (1972).

Tﬁe fall landslides observed in the study area appear to
be similar to the forms noted by others ang considered in Sec 1.4.
On the other hand, shear movements in frozen soil have not been
generally noted inypériglacial regions and, in fact, Bird (1967)

-

appears to suggest that such movements would not be found.

2.2 Quaternary Geology’

(?) Glacia} History a ;
The landslides described in the preceeding chapter are

- almost wholly seated in the glacial lake basin, GLB, sediments

found along the Mackenzie Valley. As the distribution of landslides
is, therefore, partly, controlled by the distribution of these

quaternary sediments it is of interest to consider their history.

buring the latter stages of the Pléistocene era, it
appears that Laurentide glacial ice advanced from the northeseast
against the east flanks of the Mackenzie Mountains in the area north
of Fort Good Hope (Hughes, 1970; and Hughés et al, 1972). When the
ice lay against the mountain front, large glacial lakes were
impounded and extensive quantities of coarse and fine-gréinéd soils

were laid down in these glacial lake basins.

The Mackenzie River~qﬁd many, if not all, of its
tributdries probably occupy the same relative positions today as
they did ddring-the ongset of the Pleistocene»era. Today, many of
these tributaries and ﬁ;edominantly the west bank rivers draining.

Iy
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the Mackenzie Mounhtains are importantvsuppliers of coarse and fine
sediments into the Mackenzie River. It is reasonable to. argue,
therefore, that during the period beginning with the retreat of the
ice éheets large quantities of material were available for
deposition. Continental ice has advancedacross the Mackenzie River
Valley and against the mountalns more than once durlng the last

glacxatlon. \

\ P
\ L N
“
)

North of the study area, Hughes (1970) finds ice-;gréinal
features such as moraines, ice-marginal channels, and kame terraces.
along‘the east flank of the Mackenzie Mountains to elevations as
high as 4,000 ft. Glacial erratics are also found at elevations up
to 5,000 ft and indicate an older and more ext enstye Laurentlde
advance. Moraines marking significant late Wisconsin re-advances of
the Laurentide ice sheet are also found in the area to the north-west

of Fort. Good Hope (Hughes et al, 1972).

Within the northern part of the sthdy area ice moved
northwesterly from the Great Bear Lake region. One stream of ice
moved northward down the Macken;ie River from the Fort Norﬁan region,
through Norman Wells, stopping near the Hanna River, while another
advanced northward along the east flank of the Franklin Mountains,
swinging westward at Fort Good Hope (Mackay and Mathews, 1973).
Within the southern portion :of the'stﬁdy area around Fort Simpson,
Rutter and Minning (1972) find evidence for two advances of
continental ice with flow towards the west and north-west . Erratics
are found up to at least 5,100 ft in the Mackenzie Mountains and 1t
is suggested that Laurentide ice advanced over and’ across these

mountains.

At some time contemporary with, or after glaciation of
the Mackenzie valley, the ice dams north of the study area caused
the impoundlng of ' the river system and the creation of large
proglacial Iakes. Large lakes may also have been formed in

crustally-depressed bagins peripheral to the retreatipng ice sheet

%
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GLB sedibents occur in two t0pographic settings (Hughes,

1970). The fir'st area is along the large plains bordering the'
Mackenzie River and the lower regions of anor tributaries ‘as noted
above. In these depoaits sxlt and clay is typically mantled by -
sand. This sequence has been the subject of field study and is
considered in detail in a later section? The second topographlc

setting has not been considered in any detail within the study
area and consists of GLB dep081ts found on the sloping shoulders
and locally along valley floors of valleys within or near the
Mackenzie Mountains

. The typical sedimentary sequence of the GLB 30118

encountered in the study area consists of coarser - grained soils
‘grading into clay at depth The relative proportlons of coarse—'
gralned sands. and gravels over silts and clays change from erea to
area and in some cases rapid changes are apparent The type
sequence of sands and gravels over clayey eilts ‘oyer silty clays
and variations in the relative proportions: has many implications
with regard to the type and distribution of landslides.u There are
no detailed explanations for the exact sequence of events leading
to the observed present-day ‘canditiong.

(ii) Ldndslide Occurrence o S o s

The forms of mass movement noted in the Mackenzie River
Valley are almost entirely seated in GLB sediments or.in colluvial
slopes derived from GLB sediments Areas of Active £low or slide R
movements in the study area usually coincide thh tetrsin tnits thet
have been mapped as glacial lake basin, GLB, soils by the Geologic
Survey of Canada. However, this coincidence is, in patt negnted~by
the fact that landslide activity is one’ of the indicators used in :

' mapping GLB soils. As the properties of these GLB soils w111 be

'considered in later sections, this Bection will’ dwe]l on the ,Jff ;1

occurrence of landslides in other materials wﬁich wilh not . be c-“
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 seated in unfrozen silts and clayey silts and have been described

b3

Continental till is the dominant sun;icial till in

the southern portion of the study area (Rutter and Minning, 1972).

. Landslides have been noted in till on the north bank of the

Mackenzie near Fort Simpson and two large failures can be found at
Miles 340 and 345, Fig A.5. These failures can be classified as
MR slides Furthen north, till isg common along both banks of the

Mackenzle from Wrigley and to the confluence of the Redstone and

. the Mackenzie Rivers at Mile 440. 1In this reach the Mackenzie River

flows in a single channel®of fairly regular width with little sign
of bank rnstability. Till and rock outcrops are common and the

only instability noted was a series of inactive MR slides seated in

c_till immediately opposite'theYJohnston River, Mile 394. Below

Mile 440 instability increases along the banks and by Mile 455 and
to Mile 470 massive instability is associated with GLB sediments
underha;n by till, T111 complichtes any understanding of the
morphology of landslides in this reachs "Till has also been noted

in the area around Mile 500 and in isolated outcrops near Mile 625.

o ',These areas have not been considered in. any detail and no landslides

Appear’ to be associated with them. Skin flows have been found in

- what appesrs to be till or till-denived colluv1um in a recently

..

burned ,area near the Wrigley River, Table 2.1.

Falls and rotational ’ slides cen be found in recent

fluvial deposits and they have been studied primnrily along the
*Mountazn, Hume ‘and Hanna Riveré. Falls are found where frozen fluvial

'_sediments are. being thermslly and physically eroded -They are

particularly active in the lower reachea of the Mountain River. It
is reasonable to auggesc that similar - processes might be encountered
in the banks Qf other highly-braided gréve1~bed rivers such as the’

: Keele, Redstone, Dahadindi Root and North Nahenni Rivers . Falls

~,jhave also been noted in the frozen sands found in some'sections of

the recent fluvial deposits of the Hanna and Hume Rivers, But,in other

:‘reaches-amnll rotational slides are common._ Theae slides are

- A
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elsewhere They have only been observed in passing but they are

often to be associated with finer-grained flood plfin soils laid

down in old ox-bow lakes. "’ , ‘\i
- - /m

-

-

e

Instability forms in Cretaceous and Devonian sediments

o

have been observed in some parts of the study area /P/rtlcularly
_lnterestrng landslides are seated in Cretaceous. Sediments adJacent
to e Mountain River between Virgin and Cgmp31te Cteeks, Fig A 17.
Non;ﬁéf the bedrock landslides have been studied or commented on in

thi hesxs

‘Well-developed skin flows can be found in weathered
Devonlan Shales along the steep mountain slopes borderlng the Root

River Fig A.S,
v . - i (&) »

2.3 Permafrost Conditions P C

2.3.1 General Observations , /// : »
/ °

The definitions and usage of permafrost//erminology S
followed in this thesis follow that established by Brown (1967) and

will not be considered in any detail.
b
~

(:J The study area is loceted entirely within the widespread .,

'permafrost region of the discontinuous zone as mapped by Brown

(1970) . Permafrost conditions inferred from the presence of ground
1ce have been noted 1n all sectlons of the study area, Apart from
the Hume and Mountain River sites, discussed in detail elsewhere

and in which permafrost is approx1mntely 160 and 155 ft thick,
Yinformation on the depth of permafrost is scanty Near Fort Simpson,
permnfrost can be at least 70 ft thick as an almost vertical exposure
of frozen ground was found in the Fort Simpaon Landslide, Mile 226.
" Permafrost thicknesses of 150 - 200 ft are measured in the Norman
Wells area’ (Brown, ‘1970) and data provided by Seott-(1972) suggests
‘gome . 150 ft in the GLB sediments of the Sans Sault Rapids area, North



- which pit the surface of ice-rich soil. These lakes arg;§::mon'
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of the study area Brown (1970) notes permafrost thicknesses to

greater than 300 ft in the Inuvik area,

Many distinctive features occur on the ground surface
in the permafrost reéioﬁ which<§;e characteristic of underlying
conditions. The best developed features noted within the study
area which attest to both frozen ground conditions and high ice
content soils are associated with the thawing of pérmafrost. Such

indicators of frozen ground conditions as pingos, polygonal ground,

- circles, mounds and steps (see Brown, 1970), caused by freezing

or freeze-thaw processes have not been observed within the study

drea.

The most-prominent feature associated with the thawing
of permafrost soils within the study area are the thaw lakes or
thermokarst topography found on top of the glacial lake basin

plains. Thermokarst is a term used for uneven land subsidence

" caused by the melting of ground ice (Brown, 1970) and resulting

in the formation of 1rreéﬁiar1y-sh&p?d and variably—;ized thaw lakes

with{p the study area and where they have been drained b e . '
gncroaching bank erosion of streams incised into the GLB plains,'the
lakes appear as hollow depressions of relatively uniform width but
shallow depth: It is generally éccepted that permafrost is absent

uﬁder the 1arger'thefmokarsc lakes.

, Flow.landslides ate also1indicators of f:béen ground
conditions and a definite assdcigtion has been noted, during the:
survey, of ice-rich soils in conjuéction with bi-modal and MR flows,
Comment 8 by Hughes et ail Q72) on mass movemgnts "ir} the same .
general fegidn’hISO‘suggést thggnggg_developmenf of detachment slides
followed by rétrdg;eésive-thnw flow siidésbareapssociated with c

. frozen ground conditions and bigh ice content soils. -

L | .

| . .
| . . %
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Permafrost conditions are also indicated i some areas

by the surficial drainage pétterns that can develop. All surface
water derived from rain or melt must Elow overland in a thin.surface
zone, On the gentle slopes, above the tree line or in areas of

scrub brush and stunted spruce, one can frequently observe the
development of a striped tertain unit. These stripes are alternating
units of different types of vegetation with the thicker and more
prominent growth apparently established where run-off flow is
con¢entrated and where the active layer is consequently greater;

In areas around Norman Wells one can find single lines of spruce °
established in small drainage-ways with the slightly raised%highland

1

either side devoid of larger vegetation,

2.3.2 Ground Ice Conditions

Ground ice has been found in association with active
lgndslides in all parts of the study area. Its presence has been
confirmed by visual sightings and, in some instances, by/reasonable
inference. T

Before proceeding to a description of the ground ice
forms encountered and which are detailed in Appendix A, it is
useful to consider some aspects of the problems involved in classi-
fying ground ice. There is no standard, international terminology -
for the varieties of subsurface ice and no descriptive or geometric
clagsifications have been accepted universally. A nUmber‘of
'-gehesic ciassifichti&?q have been'proposed but, as the“génesis of

cert;in\fprms of ground iée are 'still open to question, these
classifications. are, in part, premature. ’ . .

Thé ¢lassification used in describing the ground ice.
forms encountered follows from one given by Mackay (1972). Ground
ice tn'the Eﬁérﬁil contraction, tension rupture and segregated ice
categorieﬁ_the-been noted, The use of the term seg;egated ice
reﬁuires some clarification with rengétvio the 'sense in which it is

used'infdésctibiqg the ground ice enceuntered. Mackay (1972) uses

66



the terms seégregated ice and injection ice in a genetic classification
. 1 B

to discriminate between two different origins for ground ice.

Segregation ice results from in-situ freezing of water attracted to.

a freezing front while injection ice is caused by the intrusion of

‘water under pressure and results in the formation of sill ice and

pingo 1ce (Mackay, 1972). Sill ice grows when water is intruded

and freezes into a tabular mass while pingo ice 18 water intruded

and which, on freezing, forms & dome or hydrolaccol1Ch., On the

other hand, segregational ice can also cause the formation of thin,

-tabular, lenses of ice of var§ing thiqkhess The well known’

2

»MackenziV

¢ of the study area, Thick ice lenaes are usually associated with

10 inches in thickness havevbe!h fpund, The silty-clay or clay

.':ii; )

closely-spaced rhymthmlcally-banded 1ce often referred to as ice

' gneiss or sirloin ice, the ma851ve ice lenses noted in the Mackenzie =z

Delta, and the latticed, renticular ice structures observed in this
study, all may be attributed to segregational proce8ses There- caﬂf
be, however, gradual transitxons from inJectlon ice to segregatlonal
ice. Shumskii (1964, pP. 228) and Mackay . (1971 and 1972) observe

that it is often difficult or lmpossible to determine whether a
particular body of ice grew in response to ice injection or segrega-

$£ion procgsseé.

In order to descrlbe certaln gl:ound iﬂeﬂres

- encountered in the field a segregation ice category will be used

but in a ‘descriptive sense only. Ice wedges have been found in

chance exposures from Mile 473 north, seated in both recent fluvial

sediments in the flood plains of!tribuﬁary rivers and along the
iner. . Ice wédge's have a‘l‘so‘ beenb found in the‘sandy top

member of the GLB sequenccc. They have not been studied in any

detail and were noted primarily as indicators of permafrost conditions.

A summary of their observed occurrence is given in Table 2:6.

Segregated ice has beén found in GLB soils in all pdrts
&

the more silty facies of the GLB sequence and ice lenses of at- leasg

v e
N .
ot
1,
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soils usually contain thinner lenses and are, characteristically, -
laced with a three-dimensional lattice of §redominant1y gub-
horizontal and sub-vertical ice veinlets which will be called lattice

ice.

The detailed description of the types of ground ice
encountered is given' in Appendix A for the general observations made '

during the 1972 survey and during the 1973 w1ntér drilling ppogrammeL

~

“2.3.3 Permafrost Conditions at Block and MR Slédes

Both block and MR .elides are found in GLB soils and,
while isolated MR slides have been noted in till, they have not been
investigated. Block slides are common where glacial-lake deltaic
fine sands, 311ts and gravels are found overlying GLB silty clays in
areas such as near Camsell Bend ‘around Fort Norman and below Sans
Sauit Rapids. The dominant stratigraphy is ‘sand and interbedded
clayey silts and sands. overlying a siity clay. The stratigraphy in
MR slides is similar although the interbedded silts are less ‘ T
noticeable A highly plastic silty clay has always been found at or s B

° e T

<. near river level in ‘the vicinity of all block and MR slides, All

' members of this sequence have been found in a,frozen\condition and .ﬁv
the various observations made on ground ice cond1t10ns in conjunctlon

are detailedlln Appendix A. _ o L 5\

Within the study area, permafrost depths are variable
but a figure of up to 160 ft is characteristic of the terrain type
found in association with slide movements. Now, as slide movements ;
are found in banks ranging in height from 120 to 240 ft - and as
permlfroet uifi/;;:;;z\well towards the river bank (see Mackay and
Mathews, 1973) permnfrosc will be found in a slgniflcant portion of
@ bank cross-section. Theretore, the possibility exists that £'f a
\deep-gseated failure extending well back into the GLB upland 1s found
that this failyre has oceurred th:ough frgzen soil. If the ‘bank: '

v : o Y
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. heights are low, say at the minimum of around 100 ft and permafrost

is thick to around 160 ft, chen relatively more failure. is assoc-..
iated with frozen ground than for high 240 ft, banks WLth only 120
ft of permafrost. For higher banks and thinner permafrost faxlure
will then be seated’ 1n frozen sands and silts bottoming out in
unfrozen clay or sxlts depending on the relative proportions of the

soil stratigraphy. However, for lower banks with clay at river -

8,

level, the assumption of failure through frozen sands over unfrozen :

cldy is also reasonable due to a combination&f c1rcumstances.

'Near river level permafrost temperatures w111 be Approaching 0°

- stratigraphy was different As the. bank*heignts at Milei655 are

i'gpre-fnilure benk crosa-section was’ frozen. At the Mountai“’
' slide, drilling about 400 ft behind the headscarp found
of permnfrost in a bank 220 ft high Visual sightin "o maesivg

and the clay will contain large\quantit

these conditions it might bé speculated tha che pore ‘water phage

is continuous and that modified ef{ect1ve sttess parameters might
govern shear. strength so that fréﬁna strength\point of view. the clay
will react a8 if it is unfrozen. Thus, for mokt comb1nat10ns of
bank heights » soil stratigraphy and permafrost conditions, block
and MR slides can be characteriZed as involvidg failure through ,

frozen sands and silts underlainé;y unfrozen clays.

Ae there is no evidence in the way oﬁainstrumented‘
borings that confirms that the slide ases found in block and MR
slides are frozen it is useful- to aummnrize the circumstantial
evidencpéggThe remnants of a large block slide néar Mile 655 which
hed moved to near river level revealed large ice wedges and frozen
sand in recently exposed river cuts and indicates that at least the
top portion of the block.was frozen. Permafrost depths in. Fhis
reach are not. known but some 15 miles inland,. drilling at the Hume

River revealed at least 160 ft of petmafroht plthough*the soill

ntound 200 ft it is expected that a sign1ficant pr0portion of th

8 of unfrozen water For




in recently cut sections of a slide mass which had come down from
an indeterminate height confirm that some portions of the blocks are

- frozen. N

Ot her corroberatxve ‘evidence is summarlzed in Appendlx A
and it can be noted that the bi-modal flows that develop along the
- toes of some MR slides and the rapid changes of dip of generally
flat-lying varves along the faces. of some block slides suggest
the presence of melting ground ice and thus to permafrost conditions.

o - 7 A strong argument for frozin conditions in the slide mass

" can also be wade by censidering the vegetation patterns in and

A}adjacent to slide areas. As pointed out by Mackey and Mathews (1973),
permafrost can be considered to begin beneath the upland vegetation#$
of dpruce found borderlng the top of most high and unst4ble river
hanks in the study area, The permafrost table may be bent slightly

(inwards\underneath the bank in response to thermal disturbance along
the.pre-failure bank face. Now, it can be observed.that the failu;e
of block and MR 81§Qes e;tend backwards up to 500 - 700 ft behind the
tree line as tnépection of\slide masses indicates that they are

, covered over with spruce covers in all respeets identical to the
stands in undisturbed terraln - Whilejit is necessary to infer the
presence of permafrost beneath. thlS undlsturbed terraln,ln some
regions the results af the winter drlllmng programme supplemented

* by observation by Scott (1972) conflrms that permafrosf appears to
be generally present. ~ For example, at the Mountaxn’le\hyslte 155 -

ft of petm!frost was found behind the* slide area. At this/site.

Ehe slide masses are covered over w1th Spruce either similar to or

f.denser ‘than the up}and cover and the inference that the slide - , A
masses are. partly iro;en‘has'been confirmed by visual sightings of
ground ice~elong.the toe.porfion éfvthe slidesl
v L The thermll Lnfluence of ‘thé river. .and the degree’ of . .

‘3thermn1 dxsturbance along. tlje bank will determine the amount .0of
1nward bendlng of the 0°C isotherm from a pivot point at the tree

.
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' the clay fractxon is noteworthy

line, Fig:é.3. This problem can be considered by waf of a simple
steady state model. The mean annual temperature of the Mackenzie
River calculation from data in Gill (1971) is +4°C in the delta
region and Mackay and Mathews (1973) also suggest a value of +4°C.
Along the upland beneath the spruce cover the mean ennual soil

surface temperature (MASST) can be deduced from the extrapolation

of the in-situ ground temperatures below the level of zero annual

change until they reach ground surface. Using data obtained by
Bcott (1972f§in the Sens Sault Rapids area MASST®values of from
-2.3 to -2.5°C are obtained and these compare favourable with MASST
values of -3.0°C assumed by Mackay and Mathews (1973) . Thus, for
steady state conditions the 0°C isotherm will be found more or lesc
equidistant from these two surfaces untll it bottoms out at what- K
ever the permafrost depth is commensurate with the MASST and geo—
thermal gradient away from the thermally disturbed area (see also
Mackay and Mathews, 1973, Fig 8). It might also be pointed out that
a more detailed analysis of this problem is not warraﬁted because of
theruncertaintiec involved in knowing MASST values for the sloping

bank which might be expected to }ange from at least -2 to +2°C.

] . ‘ @ . ’ o -

2.4 Geotechnicdl Considerations-

~

(i) Index Properties

As the exploratlon of the study agea progressed- 1!

became ev1dent that ' the majorlty of the, landslide forms encountered
.were seated in a sllty c}ay spfl either in nacural or colluvial

deposlts. Samples of sxlty clay collectéed, from all areas during the

summer survey',are presented in Table B, 14 Appendix B, and are coded
-—

according to- the place names as shown. The relatxvely hxgh

1

percentage of illite and the low percentage of montmorlllonite in
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» Samples were also obtained during the winter drilling
programme and borehole logs are given in Figs B.1 to B.L. Samples
taken during the drilling programme are coded according to hole
nuiber and depth, such as HU1-2-55.0, where the 55.0 refers to the

depth below ground surface.

- Field water contents and ice contents expressed as a water
content are given in Table B.2 in borehole logs, Flgs B.1 to B.4,
and plotted against depth and coﬁbared to the plastic and. liquid

limits for the Mountain and Hume River sites in Figs B.5 to B.8,

' The relative pogition of the vari;€1 samples are showq
.on a plasticity chart, Fig B.9 and the figure showing the relatioﬁship
between plasticity index and % clay is given invFig B.10. Information
&4 on grain sise distribution is given in Figs B.11 to B.13, end in

Table B.3.

(ii) Geotechnical Testing

Y,

iAs the predominant clay mineral of the Mackenzie Valley
clays encountered is illite, it can be expected that the effective
stress residual strengtﬁ parameters (c'yp, ') will be high. A
series of diresct’ shear tests on Tormally consolidated remoulded
Mountain River Blue Clay-indicated the peak parameters to be c' =1 psi,
g' = 26.5° , and the reeru&l parameters tq be ¢'y = 0, @', = 23° for
samples tested at normal effectlve stresses from 8.0 to 40.0 psi
(nggensack,,1972)*. The residuAl value of ¢' = 23~ 1slln good

agreement with published values for illite.

b
4

7

Void ratio versus effedtive stress and void ratio versus
permeabllrty relationship were obtained for a sample pf clayey, silty

A
sand taken from beneath the permafrost at, the Mountaxﬂ“ﬁxver site and

_-are presented in Fig B.14, ' } A e

.v . ‘. ‘ _ﬁ".

* *Persdnal communication . ' e o {

. - .. T
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Strength tests were also conducted on frozen samples
but the resylts of this testing are presented elgewhere.

2

(iii) Piezometric Observations

During the survey a series of field tests were made at
selected sites using 2 types of portable piezometers. The first
was designed for use in the survey and consisted of a pressure
transducer mounted in a tapered, selfssealing housing. The second

used an open standpipe attached to a porous tip.

'The{biezometers were designed Lo be gently pushed into
position and to be withdrawn on the completion of the test. As the
abso%ute magnitudes of thé pore pressures measured were small and
as the sites were easily disturbed special care was required to
ensure that: little dlsturbance was caused before and‘durlng the
tests. Since the pur;%se of the tests was t046:best1gate the total
pore water pressure above a thaw interface and to investigate the
relative proportion of hydrostatic to excess pore préséure it was
necessary to know the position'of the water table, Although surface

ditions were very wet in the two sites where measurements were

_mafle, tests were conducted in those areas where small surface pools

copfitions. The results-of all field tests are presénteé~in Fig 2.2,

The. first série; of‘tests were cohducfed*in‘a silt rdﬁf
at the Fort Norman Landslide, Fxg A.15. Tests P1 and P3 were made
using the transducer piezometer ‘beneath free-standing water coblected
in two small ponds in the middle of the’ 311t run’while test P2 was made

klgt the edge of the silt run. Tests Pl, P2 and P3 were made on June |
17, 1972, and further testg, P4 and Gl, were conducted on June 23,
1972. The results of the p1ezometer meCSQrements are prgsented in

Fig 2.2, It can be seen’that excess pore pressures were measured
in tests P1, P3, P4 and G4. /ﬂydrostatxc cunditions for the wpter

- £
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1

contents measured, Table B.2, should resuliiin r, values of about

0.51 where

r = _Pw

.xz' *"‘

where Pw is the total pore pressure and

&z is the total stresi;p

v

The r, values measured, or inferred, for the geonoy open tip test

where a minimum value was measured, are considerably in excess of

the hydrostatic condition of r, = 0.51. .-

Placement of the piezometer was exceptigpally easy in
tests P1, P3, P4 and Gl and‘a slight upwards force wes‘;equired to
ensure slow placement as the assembled piezometer and atéﬁehed rods
bank easily under their own weight, On the other hand, con51derab1e
thrust was required to place test P2 and the relatlvely firmer soil i
conditions are indicated by the lower ry measurement , The higher
“pore pressures measured in the inltlal stages os test P2 are likely
caused by disturbance due to the placement operatlon. .Tests Pl and’
'P3 were extended to one and two hours duration .in order to. conflrm

3

that equilibrium conditions had been established; ,

Aftef‘eachrtest perhaftoét conditions were checked by
probing in the hole vacated by the piezometer. In all lnstances,
frozen soil was encountered ‘and the depth of the active layer in
the silt run varied from 1.65 to 3.1 fr., In-holes Pl and P4, the:
soil stratigraphy was inspected by the 91mp}y expedient of hand B ,~

“'problng On probing, the low effective stress dinditions"were o
napparent and little reSLStance to peneLraﬂlon was met over the
entire depth although large chunks of hard 3011ﬁcould be felt ’g/
oonta1ned within a matrix of, softer soil. At the end of the probe a

remarkably flat, smooth surface, the thaw 1nterche was redched.  This

- surface was hard and cold and although no samp s were Obtalned it ™

P . . . -

~ .
- .
. - " . i > . . .
: [ N
4 i
N
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was quite definitely the base of the active layer within the silt run.

\ 4
. One test, |Hl, was made in @ bi-modal flow along the

s// Hanna River, Fig A.21, and the significant details of the test are
given in Fig 2.2. #his test was also made beneath free water in a
_small surface depre$sion. After the test, hand probing confirmed

|
;hat the piezometer tip had been pliaced abeve the thaw interface.

i

Pore presjures were also measured in the lobe of a bi-
modal flow at Mile 462. Pore pressure conditions in this lobe were
‘near'hydrostetic aslan r value of 0.61 measured is not greatly

.

different from a hydrostatlc value of 0.54 based on measured water

contents, Table B.2; A
. ' A
: . v “d;.
2.5 Observations on Terrain Disturbance . .
i +
.. .'
2.5.1 River Action A

As‘'the landsllde survey concerned itself, with mass move-
ments associated w1ﬁh the Mackenzxe River and 1ts trlbutary waters
and as the greater #ortlon of field work was conducted by a rlver‘
based operation it |s only natural that conSderable note should be

- made of the importa ce of ‘river artlon in promoting landslide -

activity, However,lunllke lands1’ de act1v1ty associated w1th river-

action in more temp rate climates the importance of river action .

may be as much onerﬁ;thermal influence as physical erosion. f
H;l' e , L. ' . \:::
- . A primary cause of instability in some reaches of,

Mackenzie stems, lq part, from the preseqce of highly- bralﬂif ~%;i'

_bed tributaries thdc erLn the east flanks of the Mackenz'
\\;;;\Nand flow into the _ckenzle River. —‘yers such as the Llard Nort
' sN*haﬂéi, Root, Réd'tone Dahadinni Keele and Mountaln appear to

..................

determining the 1okatlon of GLB basins has bebn dlscussed in the

lpreced1ng sectlon

“

i
|
!
r * [
|
V
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reach with little landslide tivity along river banks although . s

" Wrigley to the Dahadlnnl where Bhnks appear. "to'be either‘tllL or ; , Cw

‘the east ban

76

* Today, these rivers, flowing on generally steep,
longrtudlnal slopes dump large amounts of sediment into the
Mackenzle which is unable to transport the imposed bedload. The
Mackenzie River, in turn, deposits- these imposed bedloads in the \
form of - 1slahds around which it must pass. This form of river

[

morphology 1s particularly ev1dent downstream from the North

‘Nahanni and the Root; the Dahadinni, Redstone and the Keele; and

the. Mountaln Rlvers where the Mackenzie is characterized by sinuqus .
channels and many ‘islands formed from recent fluvial deposits." o,

There is channel spllttrng around sand bars and wooded’ islangs agd

.. where the river is actlvely eroding GLB deposrs landslides occur.

It also appears however, that the formatlon of islands

and their lnfluence on lateral channel shifting while belng a

g

necessary is not sufficient condition for lnstablllty. For exampleL
from Wrigley at Mile 355 to the Dahadinni River-at Mile 417, the
Mackenzie River flows in a single channel of fairly regular, oidth
with little 51gn of lateral shlftlng or bank instabiligy. There are
few islands and a well—deflned trim lrne appears to demarcate the
average annual flood level. Below the Dahad1nn1 and to the: Redstone

River at Mile 433, the Mackengie algo flows in a relatlvely straight

there are frequent sand bars and small islands. It can be seen' . Ca
that conditions downstream from the Dahadinni River.should favour
landglide activity ag it ik a bralded grdpel bed stream and many

rslands are contalned in the Mackenzle RiVer downstream from th1s

. confluence, The banks, howeverL are seated in tills and bedrock

with the result that 1nst8b111ty 1s generally absent as it is from-

bedrock. Downstream ftom the Redstone and partrcular.y below the

- N ~

Keele River. *Fere is a marked increase in landsl1de act1v1ty along

k*where the Mackenzie is actlvely eroding GLB deposits.’

Therefote, the widentng of the rrver channel below the Keele Rlve;
is as muth a conseq ence of bank stratigraphy.as. it 1s'of rrver 8Ct10ﬁ; '
- Lo . 0y
. B
) —
. Ce 5 1,5‘
, 3 . . 3
»w v " “
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and the deposition of fluvial islands.

However,'lt is: generally true that there is a marked o .
'a350c1at1on w1th landsllde activity and channel splitting down-

stream from braided.gravel-bed tributaries oﬁ the Mackenzle River.

An interesting'phenomenonfis aieo observed aiong the o ‘
- Mackenzie River beiow the confluence.with the Keele River. Ae can

.be seen 1n Fig A.8, the Mackenzie Rlver increases its Yldth from

one miie to about' 5 to 6 miles in thls reach and m888152 1nstab111ty

is found along the eest bank, Figs -A.9 and A.10. Howewver ,

;instability is completely absent along the low-lxtng-yest‘benks ;
seated ‘in apparently’easily erodible; recent;‘fluv'elasediments.} K '
It mlght be" suggested that the Mackenzle River is. seing‘caueed to . t
erode agaxnst the east bank by actlve orogeny in the‘Mackenz1ev ! .

’ Mouqtams tiltlng * river towards the east.

4

The consequences of actlve river erosion ‘on the )
dlstrlbutloh of flow landslldes,xs partlcularlffevident aLong the
Hanna, and ‘Hume -Rivers.  Both the Hanna and the Hume flow ina

. U- shaped channel meandérlng in a flood-plain entrenched some 50 to.
75 ft lnto a glacial lake b331n As the rqurs ‘meander {n theit '_ . .
entrenched channels the bends of" the river come in- contact with,

“and erode, GLB scarps. The greater percentage of ‘active bends - -
-abut this upland while the straighter ;eaches are cut through
recent flhvial depodxts. ' Skin and’ bx-modal fldws can be f0und - . ;7

. Aseated in the GLB gglls at active bends and rq;ent flows cause’
. the rlvers to détour around ﬁhe toem or termitial rtions of the
flows. This rapld change médlrectlon resulté in@~

¥

ctive eroston
of ‘the fluvrab de9081ts always fdund opposite flows in the GLB '

. upland | and tth erosion results_rn the development of falls and*

rotat1ena1 slides in the - fluvial 30113. CIt can alsa be noted that oo
I rotational’slides can also Bf found in the straighter reaehes ‘ e
g ween bends and these likely occnr in response to rapid drawdown - ;
ﬁiitions cauped by changmg levels in the Maekenzie River. . ¢he1r ‘ _\QL'
}‘Lg o . _< \ PR R . .
, | ;' ' , - . )
e oy ®

.
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proximity to the river and evident rotational aspect suggests that

these slides are not associated with frozen ground. .

2.5.2 Knobby Terrain

O0ld GLB scarps, long-abandoned by shifting river channels

or by further entrenchment of the river system, can in some .areas .....,

?develop a characteristic knobby appearance. This feature has been

noted in banks opposite the Ochre River, along the Gredt Bear River
and the Mountain River and near Mile 653. It ie not clear if the
knobby terrain along these banks results from erosional features,
§€eilow mass movements or if it is the modified remnants of, pld

MR slides. " ‘,/

2.5.3 'Boulder Pavements

Along many réacﬁesAof‘theiMackenzie River weil~developed
-,
boulder‘concentrations,@ave the banks up to the nrlm line. These -
boulder pavements appaé‘Ltly result from some form of ice sﬁove~

mechanism and it is considered unllkely that they could have, been

., formed by water action alone. Aithough the boulder pavements are

fcommonly found along till banks whlch appear to be 1nherent1y’more

e »*

paved reaches, . It is posslble, therefore, that. they may have a

"rip-rap" or stabxllzlng effect on rivér banks.

[
]
?

) . . KA " . .
2.5.4 The Influence ®f Végetdtion and Forest Fireg
‘The - freguency and e;ten? of flow landslides in areas _
recehnly burned over by forest fires ls'strlkll.k The role of /
the forest fire in promoting landslide actlvxty has been notegn
along\the Hume and Hanna Rivers, along the south bank of the

Great Bear‘River, on- an unldentlfied trlbutary to the: Wrigley River -"'




- the Hanna River. When the'surfaee covers_lose their patural

79

and in frequent locations along the Mackenzie River. ‘Evidently an
important aspect of forest fires is their influence on the energy
budget and it is generally known that one effect of forest f1res or
artificial removil of surface cover is a thlckenlng of, this actlve
layer. As no dlrect observations have been made of this! effect
further dlscu981on will be left until a later chapter. Another role

of forest fires is to drastically alter certain critical mechanical

' properties of the organic surface covers found throughout the study

areda. : @

-
Vegetation cover plays an important role in the develop-

ment of bi-modal flows. In biﬁmodalfflows that .have developed in
unburnt areas an orgeﬁic vegetation cover is frequently.fouqd ‘
draped over the head and side scarps. Thege curtains have never,
been noted ever aboutllolft in depth of hang and unQer these covers
of moss, li‘chen and roots one usually can find a void filied with
dank, musty air, Upon cuttlng into these overhanglng covexs frozen.
lce-ghch soils. ate always found. Under these 1nsulat1ve conflgur-
ations the vegetation covers may signlfxcantly g&tard the ,melting

and, theréfore, the headward movement of an actq%e bl-modal fdow.

'However, as natural covers apparently cannot exceed about’ a 10 ft LT

depth, this process is.only effectlve in slowing or stoppgng .

shallower bi-modal flows.’ Or, it will stop a bigger flow only a_
when che ‘headscarp fpproas&es @Qheight of 10 ft all else being
,‘F'v
_equal, . g P ﬁs i
BRI A 5! . I"* . ;v [ L .
o PO v '

One inﬁluence ogrforestaflres Is the poss1b1e effect
L)
on this natural. stablllzlng process. "It has been obsetved that

forest fires cause & de31ccaf10n of the’ surface mat which becomes
€

_brlttle upon partial burnxng For example, frequent cracks were

seen.in the burned moss. /covers above the “headscarp of. bhe Hanna

Island Landslide, Fig A.118, and in the burneq-over terrain along

tesilignce on being burnt and desiécated, moss curtains' canmat

' .- N
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develop In fact, no vegetation curtains have been observed in
any flows with extens1vely burned up-scarp conditions. It is

- suggested therefore, that smill bi-modal flows may more easily
progress into larger flows if fire has destroyed the efficiency of

a natural stabilizing mechanism.

4

2.5.5 Gully Formation

Frequent note has been made of the strong associationm
betweefizgully formation and landslides seated in'GLB sediments.
Although it is far from cleatr if gullying has any influence on

«

landslide occurrence certain features may be noted. - .
. Py ’ »

, Gullying is marked in association with the block slides
at Fort Norman, Miles 513 to 515 and below Sans Sault Rapids, at
Mlles 648 to%654 It appears that post-slide conditions enhadce
gully action as easily erodible thawed sands and 31lts ‘are exposed
1n the slide mass and adjacent to it. It is possible that gully
action picks out the initial geometry of failure. A detailed
description of the gullying near Fort Norman is glven in Append1x
A, In these block slides, 311ty clay was found close to river
level and other exposures along this reach-syggest that the sand-
~silt varve sequence extends close to river level, The gullying in
this reach is incised almost to r1ver level and they are likely
seated in the silty clay found at river level. Therefore,. . deep-

seated gullylng is a possible 1nd1cator of thick sand and 311ty

sand sequences within a GLB sequence. ' .

P . B Support for this conclusion e;lsts in the bl-modal flows

‘ found downstresh from the Ke le River. " For example, at the Old Fort
Point Landslide, the clayey-::XQ dember/ofkthe GLB sequence extends
to thhin 40 ft of the top of a 250 ft. hxgh bank agd this strati-
graphy is common in: this, reach." . Although gullies are common in

@ ~ ‘" thig area none are deep-seated and the more recent ones’ genetally

A

80
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appear to perch on.top of the finer-grained goils. A small gully

can be seen on the downstream side of the 0ld Fort Point Landslide,

. Plate 4, and it extends behind this landslide at a level approx-

imately; equivalent with the base of the sand.

A’ different Iorm 6f'gu11ying of the type outlined above

lS common in the Keele River area and has also been noted between

Fort Simpson and Camsell Bend. As already observed, ythese gullies

are ngver deep -seated but are actually perched in relatlon to the

“landslide’ movement 8 adJacent to them. Consxder the gully visible !

on the downstream 31de of the 01d Fort Point Landsllde ‘Plate 4,

and considered schematically in Fig 2.4. The bottom of this

gully is higher than the top of the bowl of the 01d Fort Point
Landslide and'is separated from ie by a thin ridge of apparently
stable seii. Similer gullies can also be seen in the aerial
pho;dgrephs of this reach. A somewhat Similar gully can be found
adjacenE to the Qest scarp of‘the Fort Simpson Landslide, Fig A.3,

'AIChough the gully is seated at a slightly lower elevation than
the bowl of the - landalide it is separated from the bowl by a hlgh

rldge of stable 80il. Identical gullies to that found at the'
Fort Simpson Site also are found either side of the Cameron Point
Landslide Mile 265. A cdmpar1son of the 1961 aer1al photography
which shows this MR flow with the 1944 coverage with no 1erdslides
xndicates that failure occurred, between ‘but not 1nc1uding the“ﬂho
gu111es. ) _ é:/52~» '

A
This fpﬁﬁ Of‘gullying, as outllned in Fig 2 4, is £OUnd

in conjunction with either b1-moda1 or MR flows. We have
-”establ1shed ‘that these . landslides are associated with the rapmd
i-melting of ice-rich spil,. " _However, |it 4ppears that the formatiqp

of a gully results in the slow thaw gnd stabilization of the
permafrost beneath and adJacen; to thg gully. The gully:" forms

before the landslide develops and forms a plug of thawed, stabillzed

81

"loil which is not affected by the latter, adJacent flpw 1ands11de. 4
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It does.not appear.that the gullies activeiy encourage flow land-
slides but their presence points out the stabilizing effect of the

slow thaw of permafrost in coptrast to the catastrophic effects

of adjacent rapid melting.

’

2.5.6 Climatic Change : .,

The possil;le importance of climatic chat{ge and its
influence on ground thermal regim_e should be,considered briefly
as long term changes in grourid temperarures‘and-penmafrostﬁp_;bs/
could influence landslide occurrence. Judge (1973) has reviewed
the evidence of climatic change in both Canada an'd Alaska and
notes that an average warming ‘of 2 to-4°C has occ;rred in some °
parts of Alaska over the last 100 ):eers. y He also notes that some
. 2.29% warming' of the ground may have cS.cc:'urred at Fort Providence,
N.W.T., over the last 75 years although this may be dee to
artlflclal causes. Judge also notes that a general cﬁqarmlng trend
has occurred over the past few hundred year#® since the Little ‘
Ice Age of the seventeenth century. " These changes in t:emperature
could prove .to have sﬁgnlflcant effects as it igs evident thax: -a
long-term change of 1 C in the meqn annual surface temperature CoL

would result in a change Qf “the depth of permafrost of at least: )

50 - 75 ft. ' . - R

—_—
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TABLE 2.2 BI-MODAL FLOW PROMILES -
. ) - .
. ;
B ' T
Name, Lobe Angle Headscarp length Area Comments &
Location (degreea) Angles (feet)  (Square Feet) Aerial Photographs »3 LY
~— -
Mile 207 to 219 71tol0 ateep Frequent flows along the
M R south benk in stlty clay.
Mile 218 . 7 Rotational failure of hewud-
* scarp in sandy loanm over
silty clay
) ) X
°, Weigley Flow, - _ ) steep 3500 10 Lobe angles measured at
¢ Mile 350 4, 4-1/2 degrees.
" AL2496-64, °
1] 4 - ; L4 3 : -
! L » 2 ¢
Big Smith Creek, ° : .
Mile 471 9 N 600 Baak 190 ft. 50 ft sand
' . . ) over clayey silt to silcy~
. - ¢ clay st river level.
. A17496-189., &
. (3 e o, '
Xpe Buttgess, . 9¢ steep o Massive cantilevered block
¢ Rfle 473 , . . of frozen sand, 25 ft deep
. . * with a 20 ft extension
. A (‘\ exposed at the top of the
e i , Deadscarp,
! 9 . .
014 Fore Polut, 14 . LT 600 '.' Bahk 230 fr. 40 ft sand
Mile 480 - over clayey-silt‘to silty-
L ae . ’ % . . i clay at river level,
C ’ T\ Ah7ase-18s.
. .
“.: N R .~ v g ..
Rort Norman, ' 3 ~ % . 800 <% x 10°  Bank 130 ft. 20 fr sand
». Mile 31} & a » - over silty-clay.
“ A17496-174,
B - ’ .
‘. » - « . 4
LicPre Norwan, 6 , 40 300 9 x 10 Bagk 80 fr. 70 {§ sand
" .Milg 518 ) ’ oved sflty-clay at river "
" { 4 w7 N, level,
5 ‘ ' - A17496-173. &'
A . e
Mile 550 : 7to 8 steep Lobes begin at trim line.
R . , Auuo-lk.
. \ e
Heons leland, 6to?7 40 400 4% 10°  Bank 60 ft. Veneer of sard
Mile 635 y - over silty-clay. -
Baona River 6 12 200 4 x 10* e
5.5 steep . .
[ 17 I3
. i P
Mile 642 13 ;28 = _Small flows at 6.5 co 7.3
. degreed. within tongue of
) flow, - "
e k : .
Mountafin River S steep 3300 108 Dimension estimated off
: ; serial photography., Flow
perched on bedrock.
\ \ A12607-133 ’
o .
=3/ - N
\ _ ..
T .
“ * e C
AY
2 '3 \ ;
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\ CHAPTER IIL ‘ oo

Y . L

THAW - DOMINATED MASS MOVEMENTS

. P an ‘, . » . : ‘;v“‘," -
3.1 Introduction ‘. : . N

\ ’ - o : ! i
‘ ' “This chApter iu;estigates mass movement mechanisms in ﬁfvygs '1‘
t hawiifg soils’;ad where possible, introduces these models int imple '
one-dimensional stability analyses and compares them with actual slope
failures. The results of a field study in the Mackenzie Velley ——ff/f
coupled with a review of the periglacial mass ‘movement literature R
‘ emphasises the role of thaw in's wide range of landslide types.
N There is overwhelming evidence to suggest thst the slope stability of
N 'such forms as solifluction lobes, skin flows and the tongues of
Tf\k,bi-modal flowe is pertly rolled by the rate of advance of a thaw *
“interface as it penettates into the &nderlying permsfrost. The : ‘h\\\\
, geotechniCAI implications of thaw under these cons tions can be ' '
“quantified and the characteristic shape of_t_

;gw is also of fundsmental

e slopes mskes them

amenable to anelysis ‘in one dimension.v

’importancelin the headscarps oﬁ bi-modal flows but, in many cases,» v}.'{ -
v melting occurs in s\d\tfetent manner than for solifluction, etc. v

‘Often’ ice or ice-tich sbil ia exposed directly to the ‘atmosphere, and

the melt is constently remdveg a thsw proce%s celled sblation. S

i
,I

Therefore, in order to undertske eu orderly consideration Let.
of thlw domineted failure mechenisms it 18 evident that an 5

- . -




appreciation of the factors influencing thaw must fxrst be galned
The problem will be considered briefly with the greater part. of this

chapter .devoted to geotechnlcal consideration

b ; . ) L I ‘,.

A

3.2 Some Aspects‘of the Thaw of‘Soils _ N

© . 3.201 The Energy 3eidnée'

The micro-/climite of a particular site is gbverned by a
) host of complex and 1nterre1ated factors. ‘These_ factors have been
'summarized by Geiger (1965) and to whom the reader is referred for -
& deta11ed expl;natioﬁ Qf any of the terms or. concepts ‘used in the |
' fol],owing sect/ion. ﬁrhe climate near the ground in turn determines
the net flux that is’ transmitted into the ground and in a coupled-

‘ mnnner the. temperature and temperpture gradients in the ground.

'-’ . . ! - 3
~

( it

/ ﬁhe energy balance at the interface between the atmosphere e

'5)_

i Y

CR

v,

& c .
] sl ;K‘ . ‘ “..\
g > . £

L P

; :vﬁﬂtion,,LE is the h‘ient heat; ) evapo--' '

-

ﬁ
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“albedo and I is the net lon aVe radiation (Stefan Boltzsmann.. o

radiation). Thus we can sdlve for G the ground heat flux as

L}

G=Q(l -a)+I+LE+H - v 3.4

‘and kﬁowidé the ‘absolute magnitUdes and daily veriatien of Q, a

I, LE, and H it would be theoretically poegible to predict the(; A

depth and rate of advance of a thaw interface. ] "
/ "
A}

‘ However, the prediction of the above variables for a

' given ‘gite and aurface covet under varying cloud covers, wind

velocities, relative humidity, surface temperature, air temperature,
and so forth is ‘andther matter indeed While the'solution may be ;
indicated in a oymbolically etraightforward manqer -all, variables o
are inter-related to different degreee and a detaiﬂbd consideretipn
of their interaction is beyond the scOpe of this the&is. Welahall

‘;consider eome typical values of’the major components of Eq 3, 1
3_ and 3 3 as 1t 1s found 1vllatet sections that an understanding of

‘:'ﬂincreesea as the aurfacexb:'omes durker., Albedo is also. affected ;{~

‘ d7by wnter contegt as wet surieces eppear darkerftha&ﬁdry surfacee."

o ’f?eTyptcel vlluee of the ratil An Eq 3 2 are preeented in Table ﬁ 2 G
. ti?;fend where poastble all: ih‘éd natlos are deduced using Eq 3.2, i .
. @'{7A11 caeanceeord: presente':ete for eithef hlgh slpine otcaub-arctic??"
Etifﬁeitee aﬁd.it 19 noteWprthy t 2 |

‘c_ for a unge of sites, with the .1/

he Q end I

’rSome vnluea fot

[
Ve .,
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component s of Eq 3.2 are given in'Table 3.3 for some of the sites

. already 'noted in Table 3.2. ' ‘

© 0
-

-

Let ‘s now briefly conSLder some .of the. impllcations of ’\-
Eq 3 1 and 3.3 in; terms of the relative magnitudes of the components
- ag shown in Tables 31 to 3.3 Firstly, the amount of thaw over
a season will be’ governed by the amount of. soil heat flux, G, that ° o
can penetrate mto the soil' The importance of the 'LE ‘and H P E
canponents 1n redueing the available flux is evident. The .ratio ; oo
-G/R{is, in part, governed by the wetness of the Surface as can be |
s&n for the Barrowasite, Table 3. 2, ‘where the utio grad'usl'ly

V ,iﬂ&reased during the thaw season as the tumira surfade became drier.

As the albedo appears to. be constant for a t.undxa sutface over. the

A
. ’ 4 seas?n (Haag, 1972) it appears thit, the ground heat flux, increased
' o in relation t:o .net radiation once the surface became drier and the

evaporation barrier lessened.’:%-f" e o
e I ' ’ghe amount of thav ‘wil ’ 8o be affected by cloudy days " &%
. s ; . g _ L
L duxrfng whic!:r the rati% G/R .will i‘ncsease as relative humidities R
g : _are high and'\little poration will occur.. Howe\zer, the alSsolute

mngnitude G m.ght gbe significant ly lowér* because cloud cover -
R wou}d degrease incoming ibilr padiationx, and thus R by Eq 3 3
‘ e _-;u;:ﬁ B R : :?.,wlpvvﬁ.: ot

v \ N o Coes

s . . N DR

et Changing the suﬁtce cbver wil], also affect the thaw depth
B for a vatiety of reasons Changes iu. vegetation cover ftom living

t ' | to burned ot cleared will deerea-e the slbedo and increase the _

R v apount af B, end, thus of G/ Aa oanpautive study reported byll,inell
(1973) !us sh . im' ‘one site in vhich the 9pruce and brush éb%r wao

‘_.,..,s-.‘ Do

ite stripped
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time, Tho control site covered with spruce,_brhoh, moss and grass
tdtained an active layer depth of @bout 1 m and)it is ouggested
. ‘that the primary.control in the disturbed sitedywas exerted by
. albedo. A1ternattve1y, covering a dark wet soil with a 1ligHt sand
will increase albedo and have the opposite effect on R, and G.
‘A thick coverlng\of sand would, however, tend at the same time to
increase the ratio G/R, as there might now be less water available
to reduce G by evaporation. On the other hand, the effect of

T

‘forest fires is, in part, the reduction of evapotranspiration as both
1Lving~canopies are destroyed and surface runoff is rapid Thus,

in.burned areas thaw is accelerated because leaaened LE results in \

1ncreased G.
‘ . ,’A .

In conclusioh, we can follow Gold and Lachenbruch (1973} in
noting that

. . 2
. . . s

“ & _!

, . "Although attempts are being made” to determine the
. ' time dependence€ of the surfaca’temperaturt by ,
B 5 C medsuring the’ components of the suitface head -
' exchange, the greatest benefit of these measure-
v " - .ments has been to Jprovide a“deneral qualitative
to semi-qunntitqtiVe appreciation of the i{nfluence
of relief and surface factoérs ........: on the
+ relationships bt-.t;ween ground temperatute ‘and B¢
R we&ther " . ’
L - Te A

» Thus, in«order to gain quantitative information on the thawing of sobla
S £ 3 is necessary to Proceed to a- conaidetation of problems that-can.
- be described’ using & temperature, rather than a flux boundary cond&tionf

]

o
n ’ el .

13.2.2 Mathematical _u'od_e-ls in mvmg Soils -

R P . . . . i @
AAT.” . Mnny cdpectn of the thawing of frozen soils can be considergd
- ,;f‘o wtth efse using teuperature boundary conditiouo although specific
o ° d‘ o N -
N e
; R o : ‘
g Wy - - . ’
A " T "



\broblems such a§ abletion melting require the specification of
a flux boundary condition. A wide range of available solutions
have been discussed by Nixon and McRobe?ts (1973) who tpcus

attention on both solutions for and factors 1nf1uenc1ng the rate

of thaw. This parameter is of considerable interest in geotechnical
problems and we will concentrate on its role in defining the mech- 7
anical response of a thawing soil in a later section. We shall
now consider certayn analytic solutions for thaw in frozen soxls ngfﬁ
factors influencing the prediction of t haw rates typical rates
of thaw féﬁ likely boundary conditiond and finally compare e
mathematxcal models with field studies.
2 N ~ '

If & uniform homogeneous frozen soil is subgected to a

atep increase in temperature from Tg in the ground to T at the

surface a thAwl!nterface is caused to move through the frozen soil

. as given by

X= /T . | 3.5

X \
where X is the depth of thaw, t: 13 the elapsed time since T ‘was ‘ L
applied and o 1is the rate of thaw, a constant which must be determ1ned
This problem was first solved by Néﬁmann (see Nixon and McRoberts) .
Written functionplly ‘

» : . .
R . a -

X = f\c Tgs Tyo Ly kyy key cuy cf) 3.6 4

.-

g

2

where L is the voluﬂettic latent heat of the soil, ¢, and cg are the o
volumetric heat cApecities of unfrozen and frozen soil and k, and ke ‘
are the thermnl condnctivitiet of unfrozen and frozen soil A

graphicll solution to Eq 3.6 13 given by Nixon and HeRoberts. o . -
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T
8
then the so- called Stefan problem . is formulated as

X =/ kg , /£ - 3.7 .

L

!

Nixon and McRoberts consider the importance of the variables

of Eq 3.6 on the magnitude of ® and find that in problems involving

thaw the dominant variables are ground surface temperature, the
thermal properties of the thawed soil and the total quantity of
water that changes state. Tﬁey consider the importance of unfrozen
water content and suggest thnt L be defined as

A ; .

L=8, (1 -W)wl 3.8

a

where L1 is Eneplatent heat of ioe, Xd is dry density; w is the

. . water content, and Wu~is the unfrozen water content expressed as

(g water/g(ice +7water)) at the '1‘8 of interest. If L is then
1uﬁpéd at 0°C the path- dependent nature of W can be accounted for
‘with ease for all practical purposes.

As the variables (Tg, f) can be shown to be of lesset

s C
import.ance in thaw problems, & dtfetermined from Eq 3.6 can be
estimated to a reaaonable degree of accuracy by Eq 3. 7. A detailed
consideration of theerror involved has been presented by Nixon °
and McRoberts (1973) where other variations of the solution to thd
thaé’p:oblem yith a step increase in surface temperature are‘also Tyl
considered. : L e
. . . «w,‘

I
;‘x

Step temperatdre increaseGKare considered to be a

- reaaonable Uemperlture boundlry condition for a wide range of thawiﬁg

'«m /

AN /

- B
: ‘w;‘r_‘,

i T Y

i I
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slopes. For naturql environments where snow covers are nqt arti-
frciilly cleared winter snows can remain for some time and it is
argued that by the time that snow covers melt air temperatureg have
reached summer highs.. As spring is & somewhat transient event in
northerp regions,the eir temperature available for the thawing of
the active layer rentonably approximates a step temperature. ' 'ff'
Surface temperatures deduced from measured gradients in the Mesters
VLg are ahown in Fig 3.1 and it can be seen that a step temperature
is a reasonably approxtmntlon for the variation in surface
temperature. It might be argued, however, that for certain sites
that step temperatures are not reasonable and that a time-dependent
surface temperature must ‘be used, A useful and!ytical model for
‘this case is to make the sutface temperature follow a sinusoidal
variation. “If we define an equivalent step temperature, Te, as the
thaw index in degree days (the area under the sine curve) divided
by the length of the thaw season, as is usual practice, in thaw
calculations, it can be shown that

-

L e, T - JALEL e s . '“ . | » - i3¢9
oy RSO € o i

L

where T max ia the peak temperature of the sine varietion. A
typical example is ehowu on Fig 3.2 and we observe&aome justification

for the use of an equivalent atep tempereture'?h calculating the
depth of thaw penetration. Furthermore, NfXOu (1973) hag shown that
iﬁ.r = the maximum excess pore presiurea set\pp in a- homogeneous medium y >;_
by a sinusoidll surflce temperature actually clightly exceeds. the %

pore presaurea generated using a step tempereture defined by Eq 3, 9.,
 Before proceedtng to a conaideration,of case records it is -
‘useful to first investigdte the possible range of the rate of thaw CK

Solving Eq 3.6. for a renge of T, from 2.0 to 20, 0°C and for vater (1ce)



t, .the presence of e uurficial layer of organic soil or. peat having

-

contents ranging from 5.0 to 70.0% the maximum range of O( that
can be expected for this wide variety of conditions is from 0.01
to 0.10 cm/s]‘/2 , Fig 3.3. Fot more reasonable ranges of T i
for field problems from 5.0 to 15. 0°C and water contents between
30.0 and 60.0% the range can be shown taq be about from 0.025 to
0.05 cm/sllz | o |

LY : .

Let us now 1nvestigate the applicabihty of the analytic
solutions considered ahd in particular if thaw can proceed under
natural gonditions in accordance with Eq 3.5. A summary of .15 case
histories available in the liter'ature are presented in Table 3 4

and the progression of thaw with the square roo!: bf time for these

101

studieb s plotted in Fig 3.4, For most sites ‘there is a noticeable

linear relationship between X and %/2 in accordance with Eq 3 5.
Measured o values are comparegd "viith predicted on Fig 3.5. Step
temperatures are either averaged from measured surfece temperatures
or deduced from air temperaturei‘ recorﬁs as noted on Tabie 3.4.
Keepi.ng in mind that no correcti.ons have been made to allow\fo\
unfrozen weter content thlt ice cbntenta are in some cases crud\)k
avereged thet variety of methods have been used to deduce T,

«and that in eane sites an organic layer covered mineral soil,
the agreement between measured and predicted X values 1s quite good
. It cau also be observed thet the range of 0(va1ues observed for

a rarge of sitea is well withtn the predicted range of Fig 3.3.

% - . Ao o
In mny field sitétions the eseumption of umform .

cond:.tione with depth in the Neumann problem is unrealistic due to-

differeht therull propertiea. “Por such profiles the depth of thaw
will no longer be gaverned by Eq 35 for the entire thaw aeaaon.
In order to aolve thi.a,problem a simple exteluion to the Stefan

\problen to ‘allow for: & two-hyer problem haa been given by Nixon
,lnd HcRoberte (I973)~.es follows Consid_er' a e'drf,ici_aml layer ofv

,L...-_—__, o

<

)
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as
height H with therq;l properties k ~¥1' overlying an inftnite
depth of 3011 with prOperties k2 L with an epplied T .~ From
Eq 3.7 the time required to thaw H' ie C Co z_l' )
e = B I . e . 3.10°
o . : B - _
2k1T L
' "“‘e"f? "" o ,
: y d . ‘ ]
wherejthe depth of thaw in the surficial layer is govérned by Eq
3.5. .For the under ~lying soil the’ depth of thaw, X measured fro&
the surface of the’ top layer is B
« | v
* ./, k2 2 2kTg kp o
. X /(=) == (c-t) =(— -DK 311
k Ly ky :

'VTTwo case histories have been considered uaing Eq 3 11 and are -

' ptesented 'id Fig 3.6. As the case hiatories are not completely
documented it was necelllry to first obtain a ratio k /L from

Eq 3. 10 knowing (t o’ "H,'T ) ftom meaeured field data. Then obtainin;
L for a high water content peat it was possible to obtain k1 for

use in Eq 3.11 and to then solve for the depth of thaw’ in ‘the under-
jlying 8oil knowing (kz, L, and T ) The comparisonb between predicted
and mcasured are quite reasonnble and ugeih point out ‘that . step .

.I

~temperatures are a useful approxination to the teuperature boundery '

- < condition for thaw problema.' ';‘ v

PR In the above comphrisons of predicted and meaeured depths
oof tklw Keraten s (1949) data for a silt-clay goil wag used for
' cdnductivity, ky. Hhile there ia lfttle experimentnl confirultion of

hKeraten s work (see Nixon and HcRdbertn) recent laborntory meaaurements d
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of the °<va1ue agree well with predicted values using Kersten 8

‘data (Smith 1972; Nixen, 1973). s B - ;,ﬁff::fﬂ

T

. Further work on“the‘thawiﬂéwa'aoilseby,Niﬁoni(1973)
also concludes that the effects of thaw stfaiﬁ-and wateé:migretion ,
or convection in one-dimensional probleme ate negligible and ,
substihtiates the assumption, implicit in our treatment of the
thawing of soils, that conduction is the princ1pa1 mode of heat

transfer.-

Many of the headscarps of bi-mbdal'flows feported in the
literature and observed in the study area expose: rce or highly
ice-rich soils ditectly to the atmosphere.' As such thefv surfece ‘
temperature is' necesaarily 0°C and it is 1mposaib1e to qﬁantify the, . s
thermal solution to this class of problem by uaing a: tempe(_gurei} ' ’
boundary condition. This is an ablation problem and requirea the !
specification of a8 flux boqhdary condition such’ as that presented by
Carslaw and Jaeger (1947) which results 1n the following solution

B R e
V= e o sar ‘:71

L+ 91"1'3 '. _ .

b ’ - N fheats
w

where V 8 the steady state velocity (cm/day) of the’ ablation surface,:
P is the steady state flux (cll/cmzday) impidging oo’ the abij;fng

" surface, L is the latent heat per unit volume of frogen soi

(callcm3), cy is the Q}u\meﬁlc heat clpqeity (cal/cm3°C) and '.l‘
isvthe‘sround tesperature (°C). As the heat involyéd in warming w
ftozen ground at the in-aitu temperatutea of 1ntereat ia very amall S
compared torthe~va1uaa of L in soil expolurea susceptible to this §ﬁ7=f4§ff;
form of masa wasting we may w:ite ' T '
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2

We sh!l‘lfonsider*fhe application f this modelﬂ in a later section.

t

This section has summarized the analytic&i solutions-to
thawing problems that are required in che .following discussion of
mass movement mcbani-sng, as well as havying introduced, in a ‘
quantitative sense, cert;ein factors’ cencerning the /energy balance

at &he earth's surface. For additional information on thils

104

subject the reader is referred to a recent review by Gold and Lachen~-

bruch- (1973) We have seen that the use of step temperature
boundary conditions serves in many respects as a réasonable approx-
imation to ectual field behaviour and we have reviewed the dominant

~variables 1nf1uencing the rate of thlw, 0& . 1t should be noted that

we have never explicitly Refined where, or indeed what, 'the
boundary is between the atmosphere and the underlying soil, Under
condi;ions in which a flag mineral eoil surface is directly
exposed to the atmoephere the boundary 13 more readily visualized

- ‘than it is for a site with & hummocky peit covered inter¥ace and

’ where the 1nrerf¢ce uy well be a zone of finit\é dept:b Furr.hermore,

while we heve reviewed some case studies where the depth of thew mly
be predicted by assuming thet air t:emperatures are uniquelywequiv- o

=e1ent to loi urface temperetures this is not necesearily true
’»for 111 c"e;,; Honver, ve e‘re not: concerned here with accurate
predictiona but ret:her that ‘the models used are applicable to field ‘
{

’,situetiona end 1t hu been shown that t:hi.a 1; indeed the cese.

e

-



esimilarities ;het can be considered»under the headtng of'thaw
~ consolidation, As noted in Sec 174 there is a dilemma that exists

: .- . 105

"y

3.3 Instability Mechanisms in Thawing Soils

3.3.1 Thaw Consolidation Model
(1) Derivations'

Sh;llow’landslides such as solifluction, skin flows
and the tongues:of bi-modal flows have certain mechanistic

in the slope stability analysis of these low angle thaw slopes
that. w111 now be detailed ‘
» ’ e
. Lad . .
The dilemma involves the inability of conventional
limit equilibrium‘tnalyaie'to predict mass movements on low angle

slopes. A wealth of geotechnical exﬁerienee in temperate regions

suggeacs-thit,it~is entirely appropriate to consider the stability
of léné“ahallow slopes usirg an 1hf1niCe slope analysis. It {is

' well«known in this case that by applying a sinple statical bnlance
of forces.: that the factor of safety F becomea (fot example Weeks,

 'f196§)
£
Fy= 8 R e o 3
R ) . - "S.‘.;m

“,fwhere 5 /X is the tctio of effective to tocal unit weight and‘is 3

bi}iiually 1/2, d iu the angle of shearing reaistance in terms of,

’effective stress (c - 0) and 6 1- the slope(angle; Fig 3. 7. ,f

: Eq 3, 14 has bepn derived fot ‘the pore unter condition of steady,

tate nesptge putallel to :he slope, Fig 3.7, ‘with the ground



 also camnot be ptmcced by Eq 3.15 (see Table 1.6). BT

o of solifluction movementn. ;'

.

water level at the sf;be,surface.
Assuming that it is appropriate. to introduce a residual

value for the strength parameter D then slopes should be stableﬁﬂ

at an angle given by R

. %§§ v
Illitic cfays with ﬂ‘ = 23° are common iﬁ’the study
area. As these cleye are found either by themselves or as part

106

-

tan 6 = tanéblr' ; ; : T “égﬁi\';

of a colluvi.al deposit an angle of g r. = 23° in Eq 3. 15 represents L

a lower bound for pqesible slope behaviour. Thus from Eq 3. 15
all slopes should’ be stable below 12. .5°. But many alopes in the
st:udy area (see Tablee 2.1, 2.2) are actively slipping on englee ‘
from 3° ‘to 9° ehd these movaneMnnot be explaified in’ terms

of the model described nbwe. Furthermore, we have seen. tlm: many
of the aolifluct;ig slopes delcribed in the literature (S%_l lo)

43

N | AR : v, 3 \3
‘?T;hese low angle movement s cen be explained wit'hi.n th&
work - of a8 lfmit equilibrium model if the prelence of exceu C

pore water prenuree are invoked. This point of view ‘has: nlrel&y

’ *been auggested by Weeks (1969) end Chandler (1970) althougﬁ"a;.
"’éwe ahall see. latet their ptoposed mechnniene for the genera m;m
"fof t:hese preuutee are not eonsiltent wit.h t:he eelient feetures

. . . . i
o, . - } . Joe

Ie is contended r.hat exeeu pore Hﬂté/t pressures cen be

net up in thlwing eoile end thnt they ere coneequent upoq what hn L

< come to be c.llle.d chnw coneolidation.~ Horgemtem and Nixon

(1971) hlve aolved a oue-dimenaioml t:haw coneoli.datioa problen RV

| by eoupling the traditional Terughi coueolidation t:heory uith n
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moving thaw boundary’defined by the Neumann solution, Eq 3.5.
The solution is formylated in terms of a ratio, R, the thaw ’

consolldation ratio' where

wherefx is defined by Eq 3.5 and c, is the coeffici'ent of

consql;dation. This-ratio expresses the relatlve lnfluence of

" the rate at which water is produced by thaw and the rate at which

it may be squeezed out of the thawed.soil overlying the moving thaw

/interface.” For an’infinite soil mass thaw-consolidafing under

self'weight conditions'the excess pore pressure has been found to
be ‘ ‘ '

we= 1+ yar 37

' where 5 d is the effective stress after complete dLSsipatlon of
“excess pore pressures. : B S P

‘ : Considerlng a slope, Fig 3.7, where a thaw ftont has
: penetrated toa depth d the effective‘stress on a plane.sa s after .

the dissipation of excess pore: pressures would’ be XL d cos 6._; oo
It is, therefore, assumed AnaIOgous to Eq 3 17, thst a measure\of o
: > e S
the excess pore pressure,_u* on ‘aa' Ls AR i K
. . ‘ Vo . : ol
5 d cos 6 ( 1 ‘il)' s f'”‘ g . ,_.-"u-.3218:
: R B R S o
; 2R2 g

8 A

e

o gnd applying a staticsl bslance of forces the factor of safety

» ._becms R N T R r By 0
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: It: cln be, eeen thnt. if no t:hnw occurs or if no excess ‘pore pressurea P

- are Lset: )ip Eq. 3.19 reduces r.o E@ 3. 14 Eq‘t—ﬂ—m t:hen be solved

N in. texq fof R and water content Fig 3.8. :
R ‘.,, 6 The aolution to Eq 3 19 can be extended if o ig defined |
.as 1n Bq 3. 7 and by asauming that all the water in & unit volume .

- of soi;l is frozen.'_ Using conductivity ky - defined as a function | -
TS wﬁer conteat and L'by.Eq 3.8 (.with W, = 0. 0) both k. snd L e
' . 'are thén'uniquoly deﬂ:ned by 8 given water cont:ent. _' aolution . ’ "

v . t:o the in?inite thnw slope ean then be preoent:ed (Fig 3 9) by .
f ;"plottiﬁg the slope angle required" for 1imitvequilibrim (F . 1 0)

’,'f 3 againic vatet (ice)’ content. An the eolution foro( ia more or R,
o ‘f . leu inpendent of ftozen ground tewereture it is pouible, ST S
N ‘v v{f’ ____A\,,'e ,: - ___‘

A s‘nerated ,while if R is hiah effective atteu levels' 3 ’

i ST 7;‘ X ‘2.9’0‘ h“ﬁo Conuidering the parnmeets concained 1o R i¢. 1- v S
'v% ;‘"i:euﬁ le t}a concluﬁe chlt the ‘degree of uncextainty in obtaining e
Sl ‘QA value for ‘the. therml parmeter o< i' uuch less t:han the o LR A

_g.:“n“@ . ring
' "‘LO(‘_'WIW ot txpcetcd fhﬁ conditions




LW

a

i‘,)u ,;j‘ .
factors lffecting 1t make the degree of uncertainity associated

109

with obtaining the correct <, value much higher. Therefore, we |‘?“

can couclude that the analysis of thaw slope stabilityfresolves
itself into a ‘requirement for a detailed knowledge 'oF g -
geotechnical properties of thawing soils such as cv and the

effective stress parameters (c "G ). It is less daperdent on

N -

a detailed. knowledge of the thermal solution. i _ \ , 2

o™ . ~

8\ & : “
Vo . v - -
~ . : L

TN

. B
(ii) Extensions to the Linear TheoryK/i%. . . .

‘ It is useful to‘%irat consider certain extensions to
the theory of donsoltdation for chawing soils ‘before proceeding

. to & discussion of the thaw slope model. These extensions

e ; thé aoflrakelet

- *

"l.; When a froz n B

(No./l to 4 below) have been preaehted by Nixon (1973) -#n_ order
llto ampllfy the Basic thah-consolidaréon model incérporatlng linear
‘Terzaghi consolidatlon theorz;withelfNeumann thaw pnoblem.

o

thaws Under undrained conditions it is

entirely poastbl ‘that there is an initial effective. ecreas in
before any drainlge or volume change occurs.

o .

This 1n1t1a1 effec 1ve streea 13 called the reaidual str 88 aud

; may reasone//y»be put equll fo zero for 1ce-r1ch or hig VOld ratio
i soils in the thawed, undrained state. For aolls with loyer void

ratioa, high dry deﬁaltiea or no. visible ice the relidunl scress ;'”

' mly be high._ Thus, t&e reaidual atreas in a thawed soil is of }
sianificant nngnltude the excesu pore pressure ﬁredictions of 7ifdf;f"v
Eq 3. 17 aré too high and substantlal strength cin bé oobilized A

A

befoue drtinngc occurs. y_’jnjiﬁlj.» R vf§f~'.v / o

K '.'

The ltnecr Tet:aghi conaolidation modol ansuhes a linear
relationnhlp hetvoen vold rctio and effeoc1V¢wa;ress. yixon (!!533
hlt choun thltvwhile_thio eaouupcton hns been ahown eiperimentatly

9.¢

Y




- to be justified at low void ratios or at high effictive.stresses‘
it is unrealistic for some soils at high void ratios or low stress < .

g levels.' High void ratio soils are, in fact, markedly non-linear '
andgthe aoil skeleton of "an ice-rich soil must expel considerable
quantities of water to gsin only small corresponding increases in
effective stress. . For these soils,ethe ;eeidual stresses are also.
low and the net effeét is that the simple linear thaw-con%olidation

model underestimates the mngnitude of the excess pore pressures set

up at the thaw interface. 8 r T 5]
o . ; N . Y
G -3, The pore pressures generated by a sinusoidal variation in, T
surface. temperature hmMEalso been compared to the pore pressures L .*é%ff
,,sssociated with an equivalent increase in step ‘temperature. It ~= 3/;f“
- has been demonstrated that the excéss pore pressures under the. .
sine variation elightly exceed the pressures obtained under the - i BN

dfequivslent step temperature over a eertain range in depth..u L
) . . : - ‘ ‘. " - .‘ R a
o E A.i If an ectively penetrsting thaw interfece in a thsw-consolidating .
b 7 - sotl suddenly encounters a, bhick ipe lense the. pore watex’ pressure o v
fvregimé ip the eoii noW~eha ges depending upon. certain varisbles.'ai _ o
s Nixon {1913) has presented an analytic solution for this problem ZA
| ‘and shows tlist for shsl.low thi;k 1enses ﬁ\e excess pore pressuregk L PR
L increese with.tine depending upon the diechnrge caplcity of the
'“~,aoil and: the rste of melting of the ice. Under certain conditions,
zero effective stress levels mny be reached and maintaiﬁed. ‘p' L

@

' ».::‘ " RN




for a variety of laboratory experxments and for:a field study.
Laboratory experlments by Smith (1972) have confirmed the

applicability of the linear theory for low v01d ratio remoulded

k$°115 and tests by Nixon (1973) on 1ce poor natural soils show

sxmlllar achement Further ‘tests on ice-rich natural soils

by Nixon have shown‘that departures from linear theory are requxred
to Lnterpret these solls and that their behaviour upon thaw

can be succe53fu11y prédlcted Laboratory-experlments by Nixon

+ have also proved: the exlstenee of resrdual stresses in both

remoulded and natural s01ls., Furthermore, thaw consormdatlon

a ’

theory has also been shown to be capaPle of accurately predlctlng
the thaw respohse’ of silty- clay‘soxl beneach a hot oil plpellne

(see Nixon, 1973) e 7~ , &

. . e R - »

- . 3

)

(ii) The Fort Norman Landslide
Excess pore water‘pressures were measured'in‘the field
during the 1972 summer programme and the results of the Lestlng
have already been presented 1n Fig 2.3 and dlscussed in Sec 2.4,
Most of these tests were made in the clayey, sandy 51lt of a

‘

The thawed Fort Norman sxlt has an in-situ wat ponteht of 31%

(Table B. 2) Frozen void ratios are not known, Relationships

/colluvial deposit at the Fort Norman Landshdeﬂﬂndix A,
¢

for e versus log V', k and c, are given in Fig 3.10.

.
o
The measured excess pore pressu;es expressed in terms

. S
H

»

"rof {he ratio r,, Eq. 1.4, ranged ftom 0 88 to 1.09 where r, = 0.52

for hydrostatic conditions. It is af‘xntérest to see 1f these

I ) o

values can be predicted, : -

P oy

\ W ,""( T

o “Let us first. conaider the simple ll.ma thaw-consolidation
mod?. . As field temperacure recorda.-ﬁ: 4

, app mrmted : If ‘we assumé the follm#g ea _nable parameters

e
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= 10°c, k, = 0.0032 cal/em®Cs, L = 36 cal/cm3 based on W = 31%,
u = 0.0 then from Eq 3.7, &= 0.042 cm/sl/z. At a void ratio
of é'-“0.85, c, = L.5x 10_'3 cmz/s from Fig 3.10 and by Egq 3.16,

= 0.54., For R = 0.54 and under self weight loading conditions

x
[}

the excess pore pressure, calculated from Morgenstern and Nixon
(1971) and expressed as r; = 0.70, is somewhat less than measured.
A non-linear model may exulain”the measured pore pressures but

as the frozem void ratio is .not known such a model cannot be

exp lored in detail.

However, it is felt that the gpostatlc pore pressure
condltlons measured ma’kbe due to thawing over an ige lense,
Assuming the same thermal paramcters as used above and a - ;
k = 1.05 x 107° cm/s from Fig 3. 10, Nixon's method can be used
to show that ful}] geostatic conditions can be reached if’an ice
lense is encountered at a depth Qf 2 ft Furthermore, it can be
shown that, assuming ¢y = 1.5 x.10" -3 cm‘/s, Fig 3.10, that the
ice lense need be .only 0. 3§~cm .in thickness in order to achieve
an r = 1.0. This ‘hethod is sensitive to both the vilues of k
and <, selected for the thawed soil overlying the ice lense. In

particular, the field value mey be influenced by macro-structure

and, whereas, there is good agreement'between different laboratory

tests, a representative\fleld k-may be slgnlflcantly less than

1x-10°6 cm/s. 9l , .

e

i

i

(iii)-vSlepe;‘in the Vestspitsbergen
4 {y ﬂ, : - .
,f% Excess porg pressures have also been measured in the
field by Chandler (1972) during a study. of thawxng slopes in

Vesf%pitsbéfgen. A probe piezomgter simt11ar to thé one used in

'the Mackenzie Valley was used. . According to Chandler some teets KJ

were conducted with the tip pushedfto refusal at the base of the

Sy

< —~

\\
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ny g, i tta y‘re made at’intermediate depths.
'Excess pore press'&eﬁ d&b\&ed ranged from r, values of 0.65
to 0.84 and for whicbh ): = 0.50 corresponds to hydrostatic

active layer' ‘

.. conditions. The soil in’ which tests were conducted was a clayey,
sandy silt similiar to the Fort Norman Silt, As clay contents
are as high as 207% it is expected that the slope deposits will
have a substantial c, value. ‘Gg}i}i‘é’ler presents data that shows -

"~ that the thaw interface has moved some, 12 cm in 10 days although
the O value cannotebe estimated. Thus For this site it is
suggested that the excess pres‘sure's meas‘aured are due to thaw;

consolidation procesées. It is to be noted that this mééhanism

- 18 not considered by ‘Chandler who suggests that the pore pressures .

\ are due to a blaocked drainage mechanism. He suggests ‘that internal

erosion has formed subsurface channels of higher permeability
ich,when filled with water and covered by finer-grained soils,

’céuwxcess"_pore pressures. However, it is felt that this pfoéess
would more likely contribute to reduced pressures due to the
improved dra:[nage~ conditions. He also suggests that possible
.ove_ﬂrnight freezing may cause a similiar situation; we shall
consider this point in Chapter V. |

3.3.3 The Sedimentation of Thawing Soils

’ , , s
.

(t) Theory. ‘ RN

4.
at

4 While we have assumed in the prLc'eﬂiqg ‘section thnt a
frozen soil will coneolidate upon thaw it hag by no means been
proven that soil-like conditions Are always immédiately realjized
once th_e ce phase of a frozen soll is melted. Although thaw-
conqolidaé on theory is capable.of predicéing conditions under
which the effective stresses in'a soil can approach the quick
condition, t

. ,-tfgeqry do#s 8o from'the“point. of view that s soil,

-
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_ Conversely, it can be speculated that if the void ratio
= of a thawed soil is high enough the ;Lleased mineral grains

: “find themselves entirely separated from on another with no -
patticle to particle contact and, therefore, under conditions

of zero effective stress. In this environment a: soil does not .
exist and a finite passage of t1me\is required in order to achieve
a soil-like state as the dispersed rticles settle into a state

of grain to grain contact and begin t transmit effective stresses,
" .
[ ]

Although we are primarily interested in formulating
mechanisms for mass: ;o;%ments in thawing 'slopes we must first consider
' the basic aspects of sedimentation theory This 1is. made necessary
because it appears that the processes and\implications of
. sedimentation have been, hitherto, completely overlooked in
| geotechnical practice. It can be noted here that in addition to
its’ importsnce in periglacial enyironments the ‘theory is also
oi fundamental importance in many othet fields of engineering.

v The development of a theory of sedimentstion for a
dispetsion, or ‘suspension, of solids in a fluid is presented 1n :
detail in Appendix C. Appendix C also considers experimentsl veri-

-"ficltion of the theory and- extends the basic theory into sedimentation-“
consolidstion theory as well as presenting some - sspects of thaw-
, sedimentsti e ’ s '
/“' 1f we prepare snd lece ' dispersion of uniform and
v suﬁficiently’lov concentration {n a container it is possible to
9Ksetve the following beth1out Fig 3. 11.  After some small

_ ’nnun time a .hnrp mnrface will ‘orm and the top of the
dispersion will settle with h ‘constant velocity "2 Concomitsnt

L 2N

;0
+

(SRS




s,

with the fall of the top interface a less distinct interface
may, under some conditions, be observed to rise from the base
of the cylinder with velocity m,. At some time tg the two
interfaces will intersect and the dispersion will have vanished.
This behaviour of the dispersion during the time up to tf is
governed by the theory of htndered gettling. This theory was
first presented by Kynch (1952) and is based on the single main
assumption that the velocity of fall of pérticles at any given
point in a dispersion depends only on the lotal concentration
‘of particles. This concept in turn leads to the idea’ of
particle flux which is defined as the product of velocity of .-
. fall times particle concentration. Kynch's work.is considered,
and éxtended, in Appendix C. and to which the reader is Teferred
for both the theoretical proof and experimental verification of
the linear settling modes diacussed above.

: If the dispersion had been made up of‘figid:particles
such as sand it would be noted that after tflno furtﬁer sett lement

"5

of the tnterface would occur. However, if a finer-grained dispersion

is sgdimented further displacement will occur and the con;inuing

' gett lement will be governed by conventional consoli

7

Furthermore, if we monitor the pore water
base of the cylinder we will also note the followin _behaviour.
;fIrtespective of ‘the. type ‘of digpexgion, an initia
equal to the total strese of the coltmn of t spersion will be‘
" measured. If the disperaion is wade” Sof Exce dipgly clayey
'-patticles ‘a zero effec:ive strens condition will bevmaiﬁtained at

'the ‘base of the column up to time tf, Fig 3.11, after which pore
,ipreosureo will. dtsuipace nccording to- cOnsolidation £Fkory. :Fot
the ujotity of ﬁne:-grained diapeuiona in ‘which lineat settlit:g
nodcs are oble:ved lone dionipation of pore preasures will occur

‘}Sbefate ttne tf ch coaroe-gnained particles it is

-

ressure at the

pore water pressure -
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the pore preseures at the base of the cylinder will rapidly
dissipate as‘shown on Fig 3.11. .

L¢]

Up to t_ the sediment formed w111 be governed by

conventxonal consilidacion theory although the process is

_ omphcated by the moving boundary formed by continuing sedimentation. -
This problem is referred to as oedimentat1on-consolidation and is
considered- in Appendixqc After te the top surface does not

aggrade and the subsequent consolidation and digsipation of

pore pressure is governed by conventional theory.

We are now in a position to consider certain aspects
of thaw sed{.mentation by making various simplifying assunptionsﬁ
Firstly, it is assumed that thaw is governed by the Neumann solution.
Secondly, it is asaumed that the flux plot relating particle flux
and concentration is linear (see Fig C. 23). If we now thaw a ,
s less than Con? it
is possible to derive an expression predic;ing the depth, XF
at which soil-like conditi_.ons are first reached as (Eq C.47) -

homogenous soil of initial concentration,

hxf—'.o: _ s ;C)’ I 3,20
a1 1]

where §_ is the.,partiele flux at; c :
“ ' The. reaults of aedimentation tents ‘on & series of soils
18 sumarized in Table 3.5. The flux plots ‘for these soils are.
given in Fig c.12 t:o C. 14 and it can be seen that the assmption
of a linear relat:l.on between S and c ‘is reasomble ac,,the higher
range of- concentntions. It is apparent “that-. if th&n-situ frozen
 water contents of the Fort, Normln or Devon Silts are less than pbout\

90% then the soil will :lready have eat:ablished gtaip to grain !
ontact and ui.ll not undergo a aedimenution mode.

¢
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, ~ The golution to Eq 3.6 for Fort Norman Silt and for
Devon Silt and Devon Sand is given in Table 3.6. Here Eq 3. 6 .
has been-sotved—for a T, = 10°C. The results indicate that for -
¢

initial uniform concentrations corresponding to water contents
of from 100 to 150% thawed Fort Norman Silt will. remain in ' >~?
a diépef§ion'ftom depths of 0.4 to 1.3 cm and Devon Silt from
9.9 to 32.1 cm. It is interesting to note that while S for
Devon Sand is much lower than for Fort Norman Silt the Xf values
are almost ‘equivalent due to the increaséd rate of thaw for the
sandy soil. - ) _

 The estimation cf the depth Xk is inversely related'
to the flux, S n? which must be measured experimentally for a
given soil. The determination of S is quite’ sensitive to the
precision of the technique used to observe sedimentation modes
and it is felt that if experiments of a highet order of accuracy‘ .
were conducted thé measured S, would be even lower. Therefote, A
the prediction of Table 3. 6 may underestimate the depth to mhieh a

/.

dispersion may ‘be sustained during thaw-sedimentation.
(ii) Implications

It haa been shown theoretically that when an ice-rich
soil begins to. thaw-sediment that it is entirely poasible to mnintain
.a disperaion to some critita&adepth. Thus criticnl debth is dependent
upon certain mechanical parameters which ean‘be determined from a’
simple telt and 18 also [y function of the rate of thaw. During

-

r the time interval in which the diaperaion exiats a soil does not _
';5even exiat. ‘Under these conditions the only shiear strength thnt ean
.ggbe mohilized is due to the vileous teaistnnce of the dispersion.;--

e

If conditions fevoured the exintence of a thew- o ‘

.v'ttledineqtption envitonhent on & slope the following cenditiens would

. " | . A . . .
N . ) o s . ; . . -



,_,Pat:erson (1940) and Washburn (1947). We have 8een that the thaw

be expected. As the soil thawed ,thin sheets of dispersion would
be cr_:eated.“‘ These layers of disper,sﬁ.ion would then flow dowmslope
governed by the slope inclinatiom a'njcl"the inherent rheologic

" properties ‘of the thaw-induced dispersion. The displacements

caysed by this process would be gross and cannot be readily estimated.
3.3.4 ‘Conel'usions
There. is, therefore, evidenee-to suggest that thaw-
congolidation theory is cApsble of predicting the behaviour of
thawing slopes. The importance of thaw Ln controlling solifluction
and flow movements has been reviewedb.t}/ Chspter 1 and the theory

presented in this section quantitatively describes the qualitative
theories of certain early 1nvestigators such as Taber (1943),

consBlidation model is. capsble of predicting low angle slope
failures in terms of certain: therml and geotechnical parameters.
While the simple linear model may not be entirely adequate for

the high void ratio soils chstacteristic of shallow thswing slopes
~ we have briefly reviewed extensions to the‘t’ﬁ\o:;p In particular,

we- hlve noted the importance of thaw over an, ice- lense for shallow

deptbs 'l‘his extension 1s of major iwottsnce in a consideration

.' '.‘of t:hlw slope stability as Mackay (1972) bas observed the frequencyz
- of hi.gh ice content soil.s 1mediate1y @nesth the active layer in

: msny parts of the hckenzie Valley. It is ”p?ssible that ‘the depth
- and’ thicknees of 1ce lenses is as much a conl:folling fact:ot in

the stebility of skln flows as is chnw-consolidstion itself .

: \v .
, It is slso suggeﬂ:ed t:hst; thsw consoudation theory
cﬁn, An part, prodict the low angle movement:s found 1n the tongues N

| of (some bi-nods]. ﬂows

.;\"l_ E

7

o~
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‘ strength cannot be mobilized an‘

Mass movements in the tongues of some bi-modalvflows
also partake of what can be called viscous flowage and the theories

of sedimentation arid thaw-sedimentation discussed in this section

give insight into this process. It has been shown that under

suitable circumstances of soil composition, void ratioc and rate of
thaw that zero effective stress ‘conditions can be maintained for
significant times or depths in a thaw-sedimenting soil. During
this interval the thawed deposits can only mobilize shear strengths-
due to. their inherent rheologic properties and thus would exhibit

~viscous flowage.

The theory of.sedimentetion«might also be applied to the

tnawed_deposita that can be found collecting in poolsd beneath

the headstarps of actively ablating bi-modnl flows. It cgn be
speculated? that under optimum circumStances it is possible to
collect and maintain a reservoir of thawed dispersion, which never
quite‘completely:sedinents. ‘Once a?eriticil'depth‘or height is '

reached this dispersion then breachas the reservoir area spewing

' ogt a viscous slurry which flows downglope, along the tongue.

Both thaw-sedinentetion and thaw-consolidation theories
predict,eonditionevnnder which zero effective stress conditions

are ﬁnintntned or ennfbe‘approached during the thaw of ice-rich p
fdaoila.. Under - these conditions a. frictlonally dependent shear

any strength is to be realized

it must stem fram the rheologic pro erties of the soil-water system,
Once the void ratio of a thawed depoeit is reduced to such an extent

thnt grain to grain contact is achieved, effective streasea are f,

o fndeveloped and a-frictional strength can be mobilized. However, '
pbthere is no reaaontto suppose that {mmediately upon achieving
?grain to grain contact that a soil suddenly cnn develop frietional
. ghear atrengthu alone., For exlmple, drained tests on remoulded
;normally ean:olidatad stnplel of English elays reported by BiahOP

.'r’
°
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and Henkel (1957) indicate an increase in shear strength for more
rapid times to failure. This increase.amounted to a 7% increase
in deviatoxr, stress at failure for a 10-fold decrease in times
‘to failure and suggests'that even at low void ratios soils can
exhibit a strain rate dependent, or viscous, shear strengt
component. Therefore, if a deposit at a zero effective stress
condition can mobilize only a viscous resistance and if low void
ratio soils exhibit a degree of viscoue resistance 1t can be
concluded that the relative components ofﬁﬁﬂridn and yiscous
resistance will vary, in some as yet to be ietermined manner,
between these two limits. . This point of view was heken,by
Morgenstern (1967) who added a viscous‘registance component to
the shear strength of a high void ratio marine sediment in order
to obtain a more/realistic shear strength model. However, the
pOSsibility of a 8ubstantial viscous component of shear strength,
especially in high voxd ratio soils, is generally overlooked in
geotechnical practice and a detailed'consideration of the problem

is beyond the scope of this thesis.

‘For this reason, therefore, ‘the mass-movement model -
considered in this section has been formulated with the implicit
assumption that the shear atrength of a thawed sorl-can\te‘adequately
predicted using effective atress strength parameters in conJunction
with known or predicted effective stresses., Thug’ while it is a ' :
'relatively straightforward matter to discuss qualitatively, - t
.conditions under which. flow landslides continue to déform and to
- even formulate realistic mnss movement models (see Morgenstern,‘
1967 Johnson, 1970) .any further consideration of the problem is
hnndiccpped by a 1qck of appropriate conatitutive relationshipsb

=

'7for a "trictional-viscons" soil,
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However, the frictional strength model derived in this

section is considered to be an enti:ely reasonable means of

forecasting thé onset of limit equilibrium and, therefore, of

predicting conditions under which thawing slopeg‘will be stable:,
| a
'Mass movements may be initiated by thdw-consolidation.
or thaw-sedimentation processes. Once initiated, these movement 8
generally partake of some form of flow and further increases in .~
thaw rate or thaw depth only aggravates the rate or amount of

movement by either process. From a geotechnical point of view

.ithe models presentﬁd are adequate and we are generally more

/ interested in av01d1ng unstaﬁie conditions tﬁan in predicting the

gross movements involved in slope failure deformation.

It -can also be pointed out that while the'control exerted
by vegetation may play a signigicant role in the overall stability
of thawing slopes, we shall not consider it in detail. It can be

observed that the effect of forest fires alters the thermal

“jiegiﬁe at a site and increases the depth and rate of thaw. (see

Heginbottom, 1973). Increasing the rate of thaw will decrease the
stable'slope angle due to thaw consolidation response and inéreased'

depth of thaw can result in instabxlity due to thawing of ice

' lenses otherwise protected from seasonal thaw. _The strength of

the vegetalhmat will also affect slope stabil;ty ss'the mat can

‘sustain considetaple deformations and'mobilize finite atrengths;
~_»The observation m&de by Bf%d (1967) of a skin flow that spewed soil

out from beneath a ‘moss cover, Table 1. 7, provides evidence of
the strengths that can be mobilized ’ ’ '

RS
B
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. 3.4 The Ablation Problem

3.4.1 The Solution of the Ablation Problem

The headscarps of many bi-modal flows undergo 8
melting process properly called ablation. ‘In many flows ice-
rich soil is directly exposed to the atmosphere and the| 'thawed
soil and water continuously sloughs off and dowm the steep slope
The surface of'the‘frozen soil is, therefore, always a# the
melging temperature, 0 C as the melt t8 removed this thawing

'procesa is - called ablation. The simple mathematical treatment

e 1rcady been presented in Sec 3.3.2, - , (f'\~e\‘§;

ice-rich soils are directly epreed to ,

for this

their spf; -are not protected by a coveting of thawed )
soll or ve ﬂpid‘melting rates are possible. ‘Table 3‘7ﬁ
sunmarizes‘A  of back sapping .for headscarps obaerved in N
the study ar  for others uoted in detail in Table 1,7.° & NN
some cases ré : movement have been averaged over 28 yeara‘ | o
e%bile;in‘othf vement 8 have been meaaured over portions of the

‘thaw aeaaon;= we now. eetimate the 1ce contents of the frozen
héads¢ar§a[é‘ ing equtvalent toa latent heat L of between 40 to
/ _ﬂ—p possible to present a graphical solution to
'_-.r.q 3 13 a8 n Fig 312, | |

o Por example, the ?ort Simpson Lendslide, Table :;7, baek;p ,;ﬂ@:
ﬁoapped with an obaerved velocity<of 7.2 en/day into aoil ith a

"'filatent heat of about 55 cal/cm From Pig 3, 12 it i8 evident that £

the average flux required to cauee this ‘ayerage velocity wua 400
'_callcm gday._ Forythe remainder of tha velocitiea obuerved ranging‘i '
'_‘fron 3 5 to 12, daya the 1n£erred flux ie. therefore, from lbOUtfi s
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200 to 650 al/ai? day. S \
, . o u( : , \

These flux values are'much higher than the mngpitudes
of ground heat flux G usually encountered in thawing active
layers beneath typical surface covers. For inatance, in
Barrow, Alagka, Table 3.3, the net radiation, Rn, at a tundra
.- site ranged from 340 to 155 cal/cm? day over the thaw season
) and the maximum ;eeeured ratio of G/R was about 0.23, Thus G
~varied from between 36 to 78 cal/cm day Fg;ghermore, it is’

evident for the possible range of R and G/R gﬁ%en in Tables
3.2, 3.3, that ground heat flux aeldom exceeds a velu& of about
100 cal/cmz dly for natural vegetation covered eites.~ Cetcainly,
if the ground heet fluxes inferred above for bi- modal flows were‘ ¢
generelly availeble for melting in active leyer problems then
) typical active layer depths would be subetentially increased.

*;Inspectingﬂthe energy balance, Eq 3 1, and‘re-writing as

. "-

o L DR
% . .

>

S
'

it is argued thlt some combination of the*components odburs in -
"euch & manner a8 to eignificently 1ncreaee G for.nblaq1on ptoblems

It is inscruetive to briefly consider some edpiets ofgthe enetgy e
'/helence end its role 1n d&teaning G -The con ve, perebolic : ‘e.f“ 

'o:*?EV ehepe of nnny a;uive bi-modqi flows mly tend to eoncen:rete or

o focul rediation lnd'thue 1nereale R .. The R 1mp1ng£ng on. the e ‘:;"*'A_b
B .j[itypicel'eclrp fece mly elso be'higher compared to che vnluee An *-EF\\\*;,je
Wi;}ﬂ”TebmevS 3 beceule the xc}tp ﬁece is: 1nc11ned to a horiﬁontei surEAce \\: '
'7f;}q,'v:?e the Ry valuea quoted vere. nee-ured on hottzontel surfgce-. N

A M the noon’ euzl‘e of the ‘sun at" 6s° nort.h thi.tude 1; e i
. ‘_ﬁﬁfebout ES ﬁdurtng bhe eu-net teeaon, £he neen deil?f le be
”“'j; ¥ eonlidctnb




.' usually .
~ see Ioble 3.2, and substantially reduces the R, evaileble for

o < Co “

3

expected for a steep surfece‘inclined-moge nearly-perpendicular

to the sun's rays. ‘Furthermore as the ’alb'edo of the dark wet

surface typical of ablating Headséitps will’be lower than the

‘albedo of a natural vegetated site (see Teb;e 3 1) R will also '

Il

be increasedwea predicted by Eq 3 3.
E

2 S . it

-~

'The LE, evepotranspiration, component of Eq 3. 2 S e

thew.v ‘However, along —the headscarpsymelt water 18 tepidly removed v

| away from Ehe eystem. ‘Thus, (while there 'is high pocential for
nevaporation it may be argued‘that the ratio LE/R is smnll along

the headacarps. If this is the case then G will be increaaed

' compei'ed with che usual eituation and as evaporation can typically ‘

5 ",

significant.w G Y

LA - N . . “ L

account for 150 to 200 cal/om day the effect day be highly

Circumunces under which t,he third conponent H mﬂy v
also change 80 that G is incteued ‘can. also be envi.sioned " The

| "megnitude of H- ia dependent upon the wind velocity which :lnfluences
 the tate of heat: ettroction out of the system, As bi-modal ' f»_,_/
'flowe are: almya found set into .ot depreued into t;he aurrounding

" tertein :he abls;:ing so‘rpl will be ohelt.ered from t:lfﬁ wind and

"'."the flux nvail.able for eblating may be gz:eater. : It can llso be

e noted that while H. ueually entets Bq 3.1 umler@the negotive aign

che sign my be :eve.:sed for the headacarp regim. Aa the soj,l

' t.hln g:he lut‘toutuf ' g oi.r, sone oir wi.l‘l eihk eruting s demity

unts for & considerable proportion of the energy budget:, E

- eurface hear the hudoearg 1s. m,i.nuimd at 0 e-*the air 1medute1y,, e
‘adjtcent v?fl ol.sd tend ta ~o°c. llowever. t:h:lo air being more dezue

s
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3.4.2 Implications

° ’

I

Field exploration at site Hllifl (see ‘Appendix A) on
the Hume River has confirmed certain ;spects of the conditiqns felt

' » to be applicable in the headscarps of bi-modql flows. Drillin’g“
in the GLB soils adjacent to an inactive fiw has rewealed a
clay with water (ice)’ contents in. the upper 20 to 30 ft of the
deposit of from 1- 1/2 to 3 times the | liquid limit which is about
48%, in a soil wi.t,h average clay content of 45%. The high
ground-ice contexﬁ:a in conjunction vith a thawed soil at average
vater connéﬁzi well above the liquid limit could permit an
ablation mechanihm to sustain itself once the ptocess is

initinted

®

s - )

-
’

Whilt it might be expected that, bi.-modal £flow actfvity
would be favoured on sIOpes with a southerly view\this is not
‘always the case. For example, Kerfoot d969) desc;ib\ing bi-modal e
- flows on Glrry Island found that’ more than 80% of the qﬁe%
recessionl occurred during July and August and active flows were.
reported with uspects on all points of the compass. Kerfoot also

observes thnt while: Co
. ~ "it may seem easy to conclude th} slope aspect .
A T I Y dominant factor ihfluencing scarp retreat S
- " 8@ sieesss (however)es..,.. comparisons made , M
B betweesi stakes located around the same mudslumps
B revealed that the 'maximm -retreat did ng#f always

R ~ occur on ‘the slopes with the most aoutherly aspect."
Q"&(& - ) v [ . i o . .

"This effect my be partly cauoed by the facl: tzh‘t the aun
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Both Kerfoot (1969) and Hackly (1966) also note that a
cértain portion of thd measgured recession rates of the headscarps
results frdm erosion by runninggﬁeter .which caduges the formation of
so-called bedland toﬁogrsphy. This feature has not been obsegrved
in the study area. However, if it causes a significant amount of
erosion the magnitude of the flux predicted by Eq 3.13 would
have to be reduced accordingly. y o

o : Ve

The magnitude of the novements'prbduced by active bi-modal
flows are catastrophic. For example,'a flow initiated in a 3b-ft
high, bank sbﬁating at a rate of 25 ft/yr would, if it produces a
3° angle tongue, back-sap some 550 ft over a 22 yr period., The
geotechnical implications_of these movements Are self-evident and
pointxout the possible hazards involved in artificial cuts fn ice-
- rich soil, |

s o

3.5 Other Processes in T;)w§!3¥810pes v
. A '

‘Rotational slides, Fig 2, 1, cln'Be found in associstion
with thawing permsfrost soils under certsin specialized conditions.
Rotational failures can be found in the headscarp areas of MR flows

if the headscarps are made up of frozen s&nds or silty sands. For
example, at the Fort Simpson Landslide, Appeudix A, a section of

the hesdscsrp ‘has failed in a rotationsl manner and two auger holes
both advanced ‘to a depth of 12 ft confirm that a thawed silty sand

~ was involved in the movement . It appesars at this :site that a thaw
interface has sdvsnced well into the sand before failure has occurred.
nAs the sand will likely be ice-poor it will be thnw-szsble and further-
.more it will not: ablate. As a typical exposure will be covered over
by the intact upslope vegetation mst thaw cam only proceed in from
the face of the’ exposure which, in turn, will be stable at sngles-i

Ve
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) , .
approximately equal to the‘drained condition. As the thdw

proceeds further into the bank the seepage paths become~1cdger

and pore pressures start to back up in the slope and failure
finally occurs. It is interesting to note that this process

is one bf the few circumstances in which fotational failures

can be caused in sand. ,

Rotational failures can also be found in the fluvial
deposits foupd adjacent to rivers in the study area. These failures
appear to be associated with already thawed soil and will be
discussed in Chapter VI.

. Miss movements in the tongues of bi-modal flows may also
be aided by undrained loading, afﬁrocess which has been discussed
in detail By Hutchinsgn and Bhandari (1971) for flow landslides in
temperate regions. When masses of colluvial debris are detached
from the headscarps of bi-modal flows they come to rest at the base

}pf the‘Scarp. The weight' of this falling debris acts as a total

streas increment and aets up an, increment of excess pore pteasure
equal to the increaae in'total stress, If the underlying soil
is relatively'impermelble'this excess pore pressure is not

immediately ‘dissipated and thus aids in sustaining low angle movemenfe.

It cam be noted that while it might be argued'thnt undrained

loading is responsible for the excess pore pressures measuted at the

Fort Norman landslide (see Sec 3. 3) it is not considered likely. When

visited, the headscntp of this landslide was not actively ablating ‘
and a skin of desiccated soil covered th% und\rlying frozen clay ’ ™,
which was found at a depth of 18 inches horizontally into the

headscarp. As the site was visited early on in?rhé;chnw season, _
in the latter part of June, it ia unlikely that lny failure could |

have occurred which would acconnt fo: the measured pore pressures.

«



Furthermore, the surface of the silt-ryn in which measurements
, were made was very smooth and there was no evidence of recent

colluvial debris which could .have caused undrained loading.
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TABLE 3,1 ALBEDO OF VARIOUS SURFACES
-

“ Sv‘face Albedo (%) Source
Light sand 30 - 60 ‘ Geiger (1965)
Sandy soil 15 - 40 1 "
Fields 12 - 30 | "

Woods - 5-20 " ‘
Dark soil 7-10 "
Water Surfaces 3-10 "
Tundra surfa 8: .
1." Shrub 16 - 17 ‘Haag (1972)
2, Wet sedge 18 - 25 ‘ ",
3. Winter road -7 -11 "
4, Burn 10 "
!
Borel Forest:
1. Forest 14 "
2, Seismic line 13 } o
Seeding Experiment on 1 o
Winter Road: : ] '
Control _ 15 -7 "
Spring after use 8 "
lst growing seasen 11.5 "N
- 20d growing season 13.2 e
14.0 "

. 3rd growing season
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+

T

. 2 .
" TABLE 3.2 RATIOS OF COMPONENTS OF THE ENERGY ‘BALANCE
Peripd’ of G LE B ",
Coves Oblct%:uon Ro'w R R Conments Source .,
- [
‘ . ' b
Alpine Tundra Mid-July noon  0.15 0.62 0,22 California Mtns. " Tetjung et al
' - (1969)
Lichen Daily avg 0.10 0.56 -0.34 Sub-arctic site . BRouse and
-5 days {n July . : nesr James Bay, Kershaw (1971)
. - : : : N Ont.
0ld Burned Daily avg 0.15 0.50 0.36
Lichen ‘ 4 days in July . _ e -
Tundra 1 June_. 0.20 0.50 0.3 Tuktoyaktuk, 2-week Haag (1972)
‘ 15 June 0.20 0.43 0.37 averages. Albedo:
1 July 0.15 0.50 0.45 constant at 0.15
15 July -0.20 0.50 0.3 )
o 1 Aug .. 0.23 0.78 0.0
\ ) 7 15 Aug 0.20 0.65 0.15
\ mﬁh Road . - 1 June- 0.09 0.77 0.14°, Norman Wells, 2-veek
' 15 Juns - 0.26 0.42 0.32 averages. Albedo at
13uly’ ,0.18 0.30 0.52  0.10.
‘ 15 July . 0.20 V.46 0.34 ~
. XRog ~ 0.26 0.60 -0.14
T A5 Aug .- 7 0.26 0.5 6.18 | .
Tundra L. 20-22 July 0.04 0,29 0.66 Chitistone Pass, . Brazel (1970)
e 9ell Aug - .0.5 0.96 0.02 Alasks . iy
Spruce .- - July to Aug. - O. Mackenzie Delta. G111 (1971)
' P Heasurement at base e
e RTINS PR of spruce canopy. .
: e EEY-N
Tundra - 0 31 June 0.17 Barrow, Alasks, °  'Mather and
> e Sdely 0.13 Tundra sucface became Thornthwaite
A T 18 July 0.14 drier in August. ' - (1958)
. © . 25 July 0.1% T
CT N : 5 Aug 0.17
< L 15 Aug 0.23
S~ o 25 Aug 0.23 D
.\ ‘_‘ ]
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\ N '
TABLE 3.4 C?SE HISTORIES FOR RATE OF THAW
~llumrgtl ’ Step ’ ‘ Predicted R
Code o . "Code ; . ol
ST m/.b Tumpersture Soil Profile = hb Comment s
! . 0.024 T 8.3 avg' Avg wic 3% 0.03%  Salix Alnus
. . Gill (19/1)
2 0.027 P
-3 0.030 P 8.6 avg! Avg w/c 231 0.042 . Selix Equisetum
. Gill (1971
. 4 04 S 4 9.3 nv;l : Avg w/c 20% 0.044  Equisctum
. ) G111 '(197))
5 0,025 - T 7.8 avg! Organics and 0.035  Picea, Gill
. silty clay (1971)
Avg w/e 35% '
6. 0.030 4
7 . 0.030 T At 3 in depth Tundra soil 0.021  Drew (1958)
' . mean 4°C Avg w/c 60% :
estimated ’ ‘
surface 5.0 C .. .
K 8 0.061 P .Mean, measured Estimsted 0.030 - Kelley and .
.‘\ surface temp w/e 35% ) . Wetver (1969)
N 6%, : . S
AP 0.033 T " Thav index- Avg w/c 35% /.18 cm organic
(N ’ thay season = . in silt and ™~ soil at surface.
: $.8°C from air clayey sand Aitken (1965
tq. * ’ o " .
S 0.059 T Thav index - 6 cm peat w/c 0.043  Aitken (1964).
- v : thav sesson = 562 over silty .
» 10.5°C from clay, avg w/e
‘ air temp. overall 30% o L
11 0.053 T Avg soil Diamicton: sand, 0.052 Site BS6, TCS 6!
i lﬁtflc! temp silt, clay. Avg Ho organic cover
7.5%.4  w/e20% _ o Washburn (1967)
1 0.058 T - Avg soil Diamiction. Avg. 0.053  TCS 7B No organ-
. » ‘ — ’ ‘lufaftn‘-p w/e 17% © fe cover.’
‘ R U . 14RC, ‘ . . Washburn (1967)
/13 L7 r0.063 T . Avg seil . Diamicton: Avg. 0.060° TCS 7A. Mo
TR : . “'mftc- temp  {ce tentents organic cover
- » . ] 15°c2 22% . : Hashburn (19%7)
16 0.025  T,r. Monthly mean  Silty clay. Avg 0.041  Sparse .
: . surface: 10°C v/c 01 vegetition :
L S s Powell (1961)
15 0.044 20" Monthly mesn - Sand with clay - .  0.054  Sparse vage- &
; S surface: 119C  lenses avg v/c * . tion, Data is an -
E b : S 0% . average for 2
‘ 7 . stetions
. . Powsll (1961)
 "' l. "l'. Mucod trg lvetl;c ot tluv tndu, -un of saximom awd winimm
. : ' uuuud surface tempirature and surface tapcncure extrapolated
from. tqcurnte gudlenta.‘ ‘ ,
0 2. Ann.o soil surface tesp. Erom utrnpouttoa ol moasured gudients

P -"*h .

e

R
*

N

- Cod- T= dcpch of thaw ftu-uta., profuu Code P: dcpch of thaw Ero- ptobl,ng. ‘
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Fig 3.7 Infinite_slopeaanalysis forﬁulation-
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o CHAPTER., IV

' ! -

INSTABILITY IN FREEZING SOILS

4.1 The Phencmenocn of Pore Water Expulsion ianreeziqghSoilg

When an“ice-water interface advances through a freezing
turated 8oil-1t can be observed ‘that under certain’ conditions of

,,aoil type enﬁ/atredﬁ level that water ‘is expelled away“tfam the ice

interface.c/ ' e it is widely known that water is attracted or v
migrates towards a freezius front, it has not hitherto generallybeen
recognized that an opposite or expulsion procese can also exist in
fteeziﬁg soils. Furthérmore, it can be shown experimentally that

- _those soilc whitch usuclly ate considered to be froct susceptible,

that is, they’ ettract water, can beLrendered non-frcat susceptible
and be nnde to expel water under certain conditiona of atrese level
and freezing rate,

s

'c

.y
The geotechnical inplicm:ione of this expulsion phenomen.a

fcan be severe., When water is expelled by an edvancing freezing ftont
"‘positive, exceaa, poré pressures can be set up in both oopen and .

, ””fi]ucloced syetens Tﬁﬂﬁﬁ high pore ptesqureﬂ may contribute to a wide ,

o range. of mcamuty P""bl‘"’

\T
oo

Thc phcnoncnon of pore wete: expuleion ie widely discussed

:lein tbe litgt.tut..'/fhbﬁr (19!®h-. lppatently the first to note that

v we

s
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. Mg ome’ soils, when kept saturated with water, freeze
’ with no uplift of the surface ..... some of the

: water must be pushed downwards - ‘by the growing : -
R ) ice crystals snd expe{l/kd from .the soil," :

o - '\, e

Beskow (1935) reports oﬁ a series of - freezing tesEs on a till j \

broken up into a range /of samples of different grain sizes. .He :

|. finds .that cosrser-grained saturated samples underwent a loss in . |

weight during. open /system Ereezing tests while finer-grained samples ,

gained weight. Although Beskow attributes this loss in weight to T

sublimation .of ice during the progress of the test his data is not *

inconsistent with the concept of pore water expulsion. In a.trans-

lation of his ‘&t lier. work it is evident that Shumskit: T1964) 1is . -

clearly awsre of the existence of pore water expulsion in coarse-

grained soil.. Shums ki comment s tbst large pore water pressures can

» resulb from blocked grsinage of expélled pore water and that the
pbenomenon also accounts for certainm na;,u/ 1 ground ice types. -

: Khakimov (1957) . citing the results of esrlier laboratory testing

by Sumgin, states that ' , ‘. :

& ‘ - "part of the wster is sqneezedb out during the

e freezing of saturated sand, i.e. the moisture

7. of the sand decreases as.g result of the N
~ expansion of the ws\er during its. trsnsformstion : K '

1ﬂt0 icen"\ V_ oo B ;, i‘

| Khakimov also report:s on certsin field obeervstions made dur{ng t:he
freuing of an snﬂuisr shaft in ssturatéd sand and coument s that the .
- rise of ml:er in an sdjscent borehole is d(te to the expulsion of

@

Lo Co . . “tu. . : . ) vc' L r‘,

g Balduzzi (1959), freeziug uturated ailts in an open
S D -sysuu, also ob,ssrvsd the expulsion of pore wnter., Hiss vand Havtin




.

'exceas positive pressures can be set op in sand samples being
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/ | : . ;
open system water was expelled from the sand during the freezing
process. Expulsion of water during the freezing of sand is also
reported by Castro (1969) and Chamberlin et al (1972) note that

frozen for testing purposes if drainage i{s not allowed during

freezing.

.

;.\It is generally accepted that the cause of water expulsion
on freezing stems from the fact that when water freezes into ice
its volume expands by some 9%, Hhen the pore water in soil freezes
it also undergoes this chad&e of stgte volume change. This process
is best seen by considering two models in a freezing soil, Fig 4 1,
The firat, a closed system, is ctebted when a sample in a container
freezes from the top and no drainagg¢ of pore water is allowed at
the base of the container. Converszxy, an open system results when
a free flow of water ismol;owed either into or out of the container.
Now, if a saturated incompressible soil is placed in a rigid
containar with smooth gsides and frozen from the top in a closed
system a ‘vélume expansion AV of ‘ 5
( ¢ ; . - ,' .
AV = 0,09nV . 4.1
where! n = porosity )
. V-=_total soils volume

_U.09 = percentage increase in change of state volume

fﬂill résult; see Fig 4.1. However, if the same soil is frozen under

an open system a- volune of water predicted by Eq 4.1 will be expelled
from the soil with the result- that no heave or volume expansion of

© the soil will be observed.

Wissa and Martin (1968) present.results of freezing tests :
on saturated Ottawa sand for both open and closed systems, " Their
datai\Table 4.1, indicates an excelleat agreemcnt between predicted

" heave or volime expulsion- and meagured values. Castro (1969) applies"

Eq 4.1 to saturated sand sa-ples in otder to calcukate the initial
pototity of samples before freezing. ///

3 . . 4

t
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It has not, however, been widely recognizq‘ that finer-
grained soils.may also expel water under certain conditione.. It
is known that fine-grained silts and clays attract water towards .
a freezing front and that the applicafion of a suitable surcharge
can inhibit this migration, Howevet..once the tendencxj;o heave
has been depressed, pore water can be expelled away from"n ice-

water interface,

It is generally aecep;ed that“frose susceptibil#ty is
characterized by an attraction of water, manifested by leave or
heave pressures, and the growth of ice leﬂees. The traditi¢nal
method of discrimination between frost and non-frost susceptible
soil has been made solely on the basis of grain size characteristics,
and Townsend and Csathy (1963) donclude that .the pofe size
distribution is the soil property which has the fundamental and
primary influence on frost ection,  That is, fine-grained soils
heave and develop ice lenses while coarse-grained soils do not,
However, as it can be shown that frost susceptible soils can be
rendered now-frost susceptible‘iﬂ that water is expelled away
from an ice-water interface, it 18 evident that a distinctton .

baeed solely on grain size is uqsatisfactory. . N
/

This conclusion that/érain size 1s of fundamental and
primnry 1nf&nce was reached 1n spite of consi.derable evidence to
the contrary that suggests thaF stress level is important. Beskow
(1935) was apparently the firJt to objerve that increased pressure
causea a decrease in heaving fate in :\nilty soil. Beskow manipulated
the stréss levels by changing either the surface load, the pore
water presahrewo:«pombinations of both and found that the heaving
rate was 1dehtical for identical conbiimti.ons. The larger the
ptessure-differential acrosa the sample the slower the heaving rate.-

As pointed out by Wissa and Martin (1968) this is nothing more than

8 ltraiqbtforward applic&tion of TQrzaghi's effective stress principle.

5
v i . . >
M -

.
N

of
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Sikilar observations were made by Vialov (1965) who
changed both g¢ffective stress levels and drainage conditions in
freezing {innl }of silty loam and clay in order to prepare
artificially a range of samples for creep testing. As summarized
in Table 4.2, Vialov found that at higher effective stress levgls
both the silt and the clay soils lost their tendency to attract ‘
water and underwgnt Yo volume increase for free swell and open '
system boundary conditions.” )

A\
A
L.

4

It is well known in highway practice that ice lensing may

,be stopped by applylng a large enough overburden pressure, It is

o

"'also appreciated that if a suction is applled to the pore water in
the still unfrozen: soil below a freezing front that ice lensiﬁyeand
heave may be stopped. This stress-dependent nature of frost k
susceptibility has, therefore, been understood for many years and
stress levels have been manipulated in practice to control frost

3

susceptibility. . ’

The contention that fine-grained soils could be made to
expel water has been‘investigated experimentaliy;"Satureted Devon
silt was frozen uni xially under an applied total stress and-under
conditions of no a -51 restraint. Tests* were conducted by freezing
from the top in a closed system and measuring pore water pressures
at the base of the sample or by freezing in an open system and
observing flow dlrectlon in a burette, At low total stress negative
-pore pressures were noted while at high tgtallstresses positive
pore pressures were measured. When the freezing system was expe111ng
water no heave of the soil’ surface wag” monitered. For Devon silt .

‘ﬁ\fverconsol1dated to 7/kg/cmz the stress level K at which zero pore

pressures or no flow occurred was 0.3 kg/cm , Table 4, 3.\ That is,
at a total applied stress of 0 3 kg/cm no flow occurred’in either
direction and as the;pore pressures were zero the value K expresse%g

the effective stress level at which a freezing Devon silt changes .

(*Unpubllshed tests donducted by E.C. McRoberts & J.F. leon, 1971)

P ' ' . : 1
P / : .
\ “ - - (

va
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behaviour from attraction to expulsion of water.

Once a freezing test is underway, it is important to
confirm that a condftion of no axial restraint is deve¥0p6d between
the side of the sample container. and the frozen soil overlying the
yet unfrozen soil because if substantial friction was developed the
total stress applied to the sample would be unknown. In order to .
inspect this condition the following test was made during the freez-
ing procés%. Under a closed system, an 1ncrcmenb of total stress
was applied and the resultant change in pore pressure measured.
That little friction was developed was demoustrated by the observation
that the immediate change in pore pressure equaled the total stress

increment.

Similar tests were performed by Arvidson (1973) and are
summarized in Table 4.3. It is noteworthy that the pressure at
which expulsion began is slightly different depending on the i\
technique used to measure it. Furthermore, the Best results suggest
that the critical stress level at w@ich migration of water changes

sign is also dependent upon the rate of heat extraction.

' The test data presented suggests that the following
equation may be written to describe the experimental results;
that is,

T -u =K S : 4.2
~where U = total stress |
u = pore water pressure
K = a constant to be derived experimentally

Eq 4.2 is simply the statement that .when the effective
'stress immediately beneath a freezing front in a 5011 reaches a
certain critical level K that attraction of water towards the

freezing front is no longer possible.
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N

Considerable insight into the prediction of the expulsion
phenomenon may be gained by a consideration of the capillary effects
model as summarized by Williams (1967). The capillary model suggests
that the ice-water interfaces seated in the pores of a soil are
curved. A pressure difference exists across this interface due to
the interfacial energy of the interface and this pressure difference

established on freezing is given by

Yri -u=2¢C ‘ ) 4.3
where Vi

and u

stress in the ice

pore water pressure

and where C is a codstant for a given soil

C =2;'.._i.‘i ‘ " C.l+
r
where Viw = surface tension ice-water
. gﬁﬁéﬁeﬂhivalent pore radius of the soil
D c L4 '

| Two conditions are predicted by Eq 4.3. If the stress
level established on freezing .: less than C, water migration occurs
towar&§ the interface and an ice lense grows. ILf the stress level

Cis qxceéded,ice propagates through the pores of the soil.

[

Eg;ept for the case in waich a thick ice lense has
'estabiished itself there is no reason to suppose that the stress in
‘the ice Vi is exactly equivalen: to the total stress V at that
level. For exaﬂblé, if wve imagiﬁe a soil under a'hydrostatic"State
of dtress about half of the total stress is carried id the soil
skeletoq. When ice forms in the pbres éf the soil it can be érgued
that "some pogfion of the total stress may still be carried by ¢he
soil skeleton and, therefore, V-{ s not equal toV. However,
assuming, as does Williams (1967), t‘i\f‘at (Vi =7) thea the |

capillary.effgcts model predicts that {

T-u=C¢C ‘ o 435

R
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which is analgous to Eq 4.2 if (C = K). Thus, the capillary model

.can be interpreted to suggest that in a given soil, water migration

due to the freezing process can be caused to change direction.
Furthermore, the critical stress level predicted by Eq 4.4 by
Williams (1967) and which is from 0.15 to 0.5 kg/cm® is of the same

order of magnitude for the silty soils reported in Table 4.3,
.

The test data presented in Table 4.3 confirms experimentally
that pore water can be expelled from a fine- -grained soil, While
there is some theoretical justification for Eq 4.2 in the predictiogs
of Eq 4.5, it must be emphasized that there may be bther variables

influencing the phenomenon of water- expulsion which are not embraced

in either equation. Firstly, the rate of heat extraction‘could
easily affect the efficiency of the process and the idfluence of
step temperature, Table 4.3, suggests that such an effect cannot be
ignored. The tests performed by Arvidson (1973) also suggest that
stress history affects the response of the soil on freeZLng. It was

observed Table 4.3, that for tests conducted under the same step

 temperature,that overconsolidating the soil reduced the critical

- 4.2 Mathematical Models

stress level. Furthermore, this observation is contrary to what
would be predicted by the capillary effects model. Eq 4.4 suggests
that as thg soil becomes progrﬂss1vely more overconsolidated the
critical stress level should increase rather than decrease because
one would expect a decrease in the radi\s r with decreasing void

ratio, Ly

(i)rrdne;Dimensionad Models

o .

- In formulating the following models it fs assumed that

when a freezing front advdnces through a saturated 8011,water is

[



“Lsand samples in closed systems, By’ quickly immersing saturated sand
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expelled in accordance with Eq 4.1 at all effective stiess levels;

that is, K= 0. In order to keep the development as general as

possible,a relationship of the form

Av = EV X ’ \ 4.6
where E < 0.09n i ‘ 4.7

is assumed to.allow for those cases in.which less than the complete
change of state volume is expelled. Thus, Eq 4.6 allows for fipe-,
grained soils wigh high unftrozen water contents or for freezing -
rates at which Eq 4,1 is not applicable. It is further assumed
that the still unfrozen soil beneath the freezing frent reacts

is an incompressible medium,

When freezing in a closed system, large positive pore
pressures will result due to the increase in change of state *
volume, If a soil is frozen uniaxially, undetr conditions of
nominally free axial restraint, and is expelling water, a positive
pressure equal to the overbufﬁZZS;:;ssure plus any mobilized
frictional restraint will be developed. If a saturated 8 11 is
frozen in a closed system and is expelling water under conditons of
no volume change then veryglarge positive pressures will, theoreti-
cally develop. Within the'essumptions méde; the: solution for the
pore water pressure in the free heave closed system is trivial. As
the soil beneath the freezing front is saturated the expelled water
cannot be forced into the soil and the pore water pressure is o
1nstantaneously made equal to the overburden pressure., The water

expelled will either freeze in tle pores, forn ice lenses, or cause

+hydraulic ctacking and be extruded to the surface. Cracking, surface

icings, as well as ice lenses were observed by Castro (1969) who froze

4

sampleé in a glycol and dry ice bath at -50°C a closed system- test

~configuration was effectively reached after a few seconds. Due to

the destructive nature of this freezing on hlS samples, Castro changed
to open 8ystem freezing.
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As these closed system forms of freezing are not felt to
be as important in geotechnical application as open systems they

will not be considered further.

. Let us consider an ice-water interface advancing at 4
rate dy/dt through a saturated soil expelling water according to
Eq 4.6, 1In a time dt a volume of soil dy will be frozen expelling

a volume of water.dv where ' of
5 V | - |
! dv = E dy T ‘ : 4.8

and the flow F expelled in a time dt is

F==—=EFE gl‘ 4.9

When the flow F is expelled on freezi.ng1 and if, as commonly
observed, there is no heave of the frozen soit surface in an open '
system then the expelled water must’bg made to'flow through the still

thawed soil. This flow is assumed sg béngVerned by Darcy's law
F=ki . A ) . 4,10

where k = soil permeabiliry’
i= hydradlic7gradien; ;, +
A.gr'dieht i must, therefore, be-sstéblished at any time t such that
the imposed flow F can be diséhsrged thrOugh‘tﬁe still unfrozen soil .
he haximum é#cess pore water pressure that_ ‘must be set up to cause
low will océur at the lce-water 1nterface. Thus p081tive excess
| pore pressures are generated iﬁ response to the flow boundary

condition and they result. from the impeded déﬁxnage in the st111

PR

unfrozen soil. , . 3_‘, g R e kN N

v

Consider a sample of a saturated soil of length L freezlng

and expelling water one dlmensionally through an open system agaiast

-
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‘ an external head L maintained in the pore water at the base of the
sample. If at a depth (y = Y) measured from the top of the sample
the advance of the.-ice interface (dy/dt = 0) or if (E = 0) then
the flow F will be identically equal to zero., On the other hand,
if (dy/dt, E > 0) then "

o ‘ -
F Té%} = ki 411

Expressing the head H as the excess head cequired to caugse a flow F

to be discharged then

4.12

and ‘it follows that

ne Eew) dy | 4.13

+

The. pore presegre at the ice water lnterface at (y = Y).is then
«( K (Y + H) where. 6 is the unit weight of water. Clearly the pore
pressure cannot exceed the total Stress at depth Y. It follows,
therefore, that the effective stress level ‘in the st111 unfrozen
soll below the ice-water interface can rapidly approach zero depending
upon the relative magnitude of E, dy/dt, and k. s

4 N This model is based on the assumption, stated earlier, that
the critical stress level K is equal to zero. This zs a reasonable
assumption for coarse-grained sandy soils. For finer-grained soils,

the effective stress level would tend to approach a magnitude K as

K predicted by Eq 4.2, instead of becoming zero. It is argued that as

the effective stress level is reduced by impeded drainage, to the
critical stress level the pore pressures cannot exceed a value
(u < o- C) as attraction rather than expu131on would now occur,

L]

. “
. ) fou N
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/

But with the onset of attraction of pore water the pore preésure

will be reduced as there is now no expulsion flow to bui.ld up
pressure. However, as there will be a concomitant 1ncrease in
effective stress Eq 4.2 now governs the’ freezing process and expulsion
re-occurs. Thus, it is suggested that for a soil with a non-zero K
value the effective stresges tend to the crxt:.cal,stress level rather

than zero. . ©

. ) ~

(ii) Two-Dimensional Model

Fig 4.2 outlines a more general model in which a flow F
is applied to a region bounded by'rtwo impervious boundaries. At
any time t it is assumed that the region of still unfrozen soil is
contained in the region (0<x<L, O<y< B) and that an open system
i1s created by allowing free drainage along (x=L, O<y<B). It is
required to find tﬁe head H that will causé -all the water created
by the applied flow F to discharge through the region ‘of permea-
bility k. o

/
'

Assuming that the soil is a rigid incompressible medium,

/

the Laplace equation '\ » / ;

/

2 . : ; s ] t’(,- . )
k (V ﬂ) =0 - ; , 4.14
| | / ' )\ -

"governs flow where & is the veloﬁ/ity potential ‘and H is the excess

head or excess pore pressure cadsing flow and which are related by *

‘\’b= kH . / Q TS

A golution can then be obt: ined usi,ng é ?eparation ofkari&les
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~

-

The solution derived in 4ppendix D can be expressed in

terms of three -dimensionless variab\es as

4.16

ry
*1r~:f\\\)
o
[}
L2y}
o~
g
=
p g

and is presented graphically in Fig 4.3.

A solution for the excess pore pressure consequent Sp on
expulsion in a two dimen51onal open system can now be obtained by
solving Eq 4.9 for the flow F and by then introducing the value
obtained in Eq D.25 or in Fig 4,3,

Both the open system models studied have assumed that
the still unfrozen soil reacts as a rigid incompressible medium or
that there are no transient or time effects to be considered in the
solution. The solutions predict that if a flow F is applied at the
interface,a ‘head H is instantaneously required to satitsfy the
condition of no heave. As the rate of advance of the freezing front
changes, so the flow F and .thus the head H changes. For soils with
4 non-zero critical stress level it has also been argued that the
effective stress level approaches the K value rather than zero if
the drainage 1s severely Ympeded. This conclusion is hased on
quantitative arguments alone,sand it is t) be noted that as the
freezing process in soils has not yet been completely underst ood
this conclusion is still someghat tentative.

.The analytical solutions presented pertain to rather
simple geometric,boundaries. Given the power of the. various »
numerical techniques available today it i{s evident that complex -
geomet:ic regions, with varying flow boundary conditions resulting

?
e -»3‘.', N
PN

L3

" Aad
(-4
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from varying wagnitudes of E and of freezing rate, can be easily
modeled, For eiample, a finite element technique was used to solve
the problem shown on Fig 4.4 and the close agreement with the

analytical solution.is evident>,,/

The prediction of the rate of movement of an ice-water
interface, dy/dt, involves the solution of the thermal boundary
condition of the freezing problem. A review of some useful ./

analytic solutions are presented by Nixon and McRoberts(1973).

o

4.3 Some Consequences of Pore Water Expulsion f

(if\ Mass Movements , | O
When the expulsion of water away from an advancing freezing

front results 18 excess pore pressures due to impeded drainage the )

effective stresses in the underlying soil are also reduﬁ e

<

~reduced effective stresses result in decreased soil shear strengths

it is possible that unsafe conditions may . be created beneath a

wide range 8f engineering structures and one might cite problems ‘
involved with chilled pipelines and artificial offshore islands. 'It
can be noted t! " this mechanism may aléb\paay a role in the movement

“of glaciers which advance over sediments, freezing them, and causing

a,

expulsion conditions.

Let us now inspect an example problem, Fig 4. S,and conside£-
the conditgons that will result at Point A £ water is expelled on o
freezing. Under a constant step temperaturezthe thermal solution .
follows from thd‘Neumann problem (see Chspter 3) and the rate of

: advance dy/dt of the ice interface ill
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. dy 4.17
de
and from Eo 4.9 '
-r‘(y}; g 4,18

Atdthe surfece Eq 4.18 predicts that F is infinite. This is an
" * inherent characteristic of the Neumann problem and although a time-
| dependent temperature condition could be considered the example
would be needlessly complicated. Let us consider the problem after
the freezing front has advanced into the soil

. The solution for X for reasdnable thermal properties is
X = 0 07 cm/eI/Z and assuming E = 0.09n (and" with n=0, 40) then'
8.83 x 10'5 cm3 S |
R A cm?s

F(y) =

o

"4,19‘ .

A solution to the flow-apecified p;oblem for point A(y) can then be

obtained from Fig 4.3 using (x/L = 0). As it. is assumed that the
-eﬁmter table in the _gravel remains at the insulated surface, the

‘maximum exoesa pore pressure that can be set up at A(y) equals the

e?fective.stresa «at that depth ‘That is, we are assuming that the
;aafﬂ cal stré%s K 18 zero. The solution on Fig 4.5 is presented in

f‘*

Yof minimum permeabj lity required to cause zero effective stress ;o

condttions at A(y) It should be noted that in this problem that a

: finice rate of‘ﬂﬁv;;;;\bf the freering front 1s predicted at a’

e depth of 100 cm 80 that the effective stresses will Blways approach

'f zero along the impervious boundary regardreas of %gﬁl permeabilfty.

I R . . ‘_ . N ¢
Voo ‘ e : R ‘

€



~The range of’ permeabihty ptedicted for zero effective
stress is in the range of K values for sand and silty -sand which
~ should expel water under the stress levels implicit in the problem.
Thus the ‘possibility of low effective Stress on pore water
"expule,io'n' is entirely,»likely for field conditions with similar
boundary conditions. ‘ -

There are no case histories of slope failures or
f‘oundation problems available to the author to suggeg‘:hat the
mechanism conaidered above may be applicable to any observed

1nstabi;lity phenomenon. Furthermore, any posaible failure surface,

in. a s&ttfation in which pore pressure expulsion vas causing reduced -

. -effective stress, would pass partly thrpug%frozen ground., For this

overall configuration, and considering thé”rate and temperature :

dependence of frozen strength, signifigant shear ‘strengths would be

set up in the frozen soil thus contnbuting to stability. ; .

(1i1) Ground )Ice Forms S &

Py

. Varions forms of -ground ice have been attributed to
‘expulsion phepomena Shumskii (1964) clearl tates that

- o,

"“the quu,on of injecti.on ice is asaociated with
the expulsion of water from coarse-graiuved soils '
and often with the expulsion of supersaturated .
fluid (quicksand like) masses in soils which freeze -

. a8’ closed systems., ‘Ice .is intruded under the. .
pressure of. water expelled along the planes of weakqess

o 1n f;eezing s'oil " .

t ..,; -

-and comments furt:het on the role ‘of expulslon 1n the formation of

pingos and- in other ice lense forms.
A '

5

Iii a tecent paper (Maalcay (1973) has presentedxa defiui:me

atudy of the role of expulaion phenomena in nourishing the gro"wt;h AP

- of pingos. ankay argues that’ while injected ice mny form ;{n the
» o y ‘.",‘«,-f,”fj-‘ y o ‘.‘J ‘ o

N . . ) . o -
va o L
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early growth 'stage, the main role of expulsion is to first provide

4 source of water for pingo éﬁowth and, secondly, to lowgr effective
stressg conditions beneath the juvenile pingo. This'CGmbinétion

of available water and low effective stress then favougs the growth
of segregatlon ice, Mackay also cites evidence confirming that
expu181on in a closed system freecxng environment can,create

artesian conditions beneath an advanclng freezihg front.

. -
]

(1ii) Frost Susceptibility

. The consequences of pcre water expulsion anN the influence
of stress level ‘in determining the direction of water dovement have
a direct beating on the frost susceptible nature® of free21ng soils.
A discu381on of this problem is beyond the scope of this theSLS and °
some aspects of the problem are considered by Afvidson (1973).
L %
[ Y

4.4 The Importance of Freezing in Solifluction

L

. - -~y
N . 13
4%

A mechanism, called iceyblocked.dra1nage has been‘
proposed by various authors (Siple, 11952; Chandler, 1970 and 1972)

_to_account for instability in sollfluctxoﬁ slopes., It ia reasoged

.tRat when a freegln front advances'into a slope it forms a

!

planket of impermeable- frozen soil overlying the talik in the

5till unfrozen active layer. ‘This blanket can then bIock or back .

up. the water flow and thus.set up excess pore pressures., While

this mechanxsm is possible it is not\consxdered likely.

R

: , In Sec 1. 4 we have seen that sollfluctlon slopes consist

of fing-grained silty or clayey soils. For the usual depths of

“active layerap say up-to 6. ft, the stress levels 1n ‘the 810pe are

—

l
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such that water will always be attracted to an advancing freezing
front. Then, when a freezing front advances into a 50il, pore water
sub-pressure would be more reasonably’ expected. That this is the
case is witnessed by the frequent observations made of ice lenses

in solifluction slope? (see‘Sec 1.4). The ice lenses formed appear
to be of the segregational ice variety and it is suggested that

their common occurrence in solifluction slopes. supports the view that

during freezing €xcegs pore pressures are unlikely, -

A
The condition of ice- blocked drainage may tend to nourish

the growth of ice lenses and in this manner contribute to sollfluctlon.
The formation of ice lenses and the bulking of solifluction slopes
during the freezing cycle is a vital element in the cycle of events
that leads to instability due to thay consolidation processes, It /
has been shown that the freezing of saturated clayey soils in a
closed system leads to the generation of excess pore pressures on
t haw (Smith, 1972; Nixon, 1973) -and it is argued that the freeze-
thaw cycling in an open system characterlstlc of solifluction slopes
is of fundamental importance in the mechanics of ‘solifluction move-
ments, ' v ' A ;
The process of bulklng during freezing is also a vital part
of the frost creep mechanism ip solifluction scils (see Sec 1.4) and
/while it is delt that the importance of frost creep is over-

xremphasized by many authors it cannot be discounted. . s

T

Yet another role Qf the f{;eZLng(brocess in sol1fluct10n ’
slopes is the creation of condltioms which favour the downs lope
creep of ice and ice-rlch sofl, It will be ghown, in the following
éhapter, that significant deformations can accumulate due to the
rheologlc creep of frozen sdlls. The bulktng of solifluction soils
during freeze back and the creatlon of ice lenses will aid this
,,movement meghanism. ' ’ RS

1l
B
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While it is relatively straight -forward to suggest weys
in which freezing contributes to solifluction movements it is - .
another matter entirely to resolve the different degrees of ’
importance of the various mechanisms. However, it is felt that
the dominant mechanism in solifluction movements is the freeze-
bulking, thaw-consolidation cycle. ‘Tﬁis argument is.supported not
+only by the quantitative dbservatione of many investigators (see
Sec 1.4) but also by the thaw consolidation model presented in \
Sec 3.3. &
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TABLE 4.1 FREEZING DATA ON OTTAWA SAND
L
3
[ L. Test Data Open System Test Closed System Test*
Porosity =~ . 0.359 _ 0.354
, _— .3 g 3
Volume Soil 2190 ¢m ’ 2190 em -
.- ‘A Water Expélled 73 cm3 -
R Heave - R ¥ o 73 ém3
. . S 3 | 3
) Predicted - : 70.7 cm 69.7 cm
. Ratiqg,‘ :
i N - :,' . - ‘
Predicted to 0.97 - | 0.95
'5' ~ Measured « _ ﬂ\
. N - . * «
‘Data from Wissa and Martin (1968)
. B *  The average of twb tests -
DI -, -+ The test was ¢ nducted under constant.
‘ - . volume’ conditions but a small negative C
. . -or upwards 1load ‘was required ‘to - o
‘ o i maintain this condition. Thus a s]_,ight D
. o *~ " - . contraction would ‘have been measured Y
| ’ _under freerax;al restraint ' v .
» . '~ L8 ' * * < . ,'-'»
- L ‘ 1. .
o - R o - . - '
© o Py - -
N . ‘:\//‘ "‘ . < - \r . “ hd
C e . o e
- ' -t ¢ ‘ ) N — - " = 4 ¢ .
\; ! , ~ "
’ ; *
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CLOSED

' « » OPEN
SYSTEM -

SYSTEM

L o | s " NO HEAVE -
o — 1 - AFTER - '
NSRRI _ —\ | 4
'_..‘_' 2., 0.:,--'0\,_\‘ . v s
..,"..-_\. wallong BEFORE R
FREEZ ING .
SATURATED SATURATED
SAND - Trvm . SAND
_
AR b :
(WATER)
. - . “
e - r.
e —~_ . ,
N
. TOTAL SOIL VOLUME = V - :
POROSITY =din . . . .-
.CHANGE IN VOLUME £ AV T
ON FREEZING ‘
. . f: ,
“ AV = 0.09nV e
Fig 4.1 Closed-and open system freezing tests
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. . MASS - MOVEMENTS IN FROZEN SO¥L|S
A ~ . -
‘i

ﬁﬁé’S.l ~Inf:roduction-

~Lcertain spec1a1 features .of the geotechﬁ1ca1 propcrnles of

CHAPTER V

R

EY

=

Inspect;ng the range of landslide forms possible in

perlglacxal regions it is evident that a variety of failures are

- agsociated, w1th the deformatlon of frozen soils Or ice. Mass -

movements such as the falls initiated by thermal erosion and the
large block and MR slides found along parbs«of‘the Mackenzie River .
Valley are, in part ‘the result of shear failure through permafrost
soils. On the other hand; we ‘have seen in Sec 1.4 that -it is

possible that some of the downslope movement attributed to soli- - i
fluction may be due to the creep of frozen soil. '’ -

Pl « . v - -
o

In order to apprec1aCe the range of mass-movements~ e

. possible in frozen 3011.1c is necessary to ‘give attentlon-to“

frozen soils. It is known, 1n ‘a gener 1 way that the foad- . B
deformation characterxstics of frozen soxiq arewdependent on the

magnitude of the appl1ed stresp, ‘the rate of deformatlon and the

v‘ D’- \-1\‘ ) . .
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As aoted by Anderson and Morgenstern (1973) it is
convenient to sub;divide this load-deformation response intg three
.areas: elastic behaviour, creep behavioutr and strength. When a \
'gslope is formed by either natural or drtificial means it will
undergo an immediate, initial deformation; but, as these
deformations will likely be small compared with subsequent movements
they will not be considered here. Slope movements can then be

associated either with creep deformations or ‘gross dLSplacements

_due to shear failure. o . e /,,—~/4////

- It is well-known that frozen soils exhibit tine-dEpendent
K deformations under the action of a constant Ioad and that, -in -
general creep curves for frozen soils correspond t%)the classical
creep curves which may be divided into several sections. The ‘
generalized creep behaviour model of permafrost soils underv
constant Jeviatoric stress (see Vialov, 1965 Sayles, 193§4
Ladanyl, 1972) suggests’ that the deformations .of a loaded mass of
frozen soil accumulate in the following manner.-, Immediately after

the application of the deJEatoric stress there is an instantaneous

deformation. ' At low stress levels thqse defor tlons enter a o
primary stage characterized by decreasing st';in rates which, ’
finally, reach some steady state value Which, if maintained, describé
a secondary creep mode. WLth time, thisg’ constant daeformation rate.
S T stage passes into a final or tertiary stage of creep’ Whlch termtnate
in creep rupture. It is further suggested“that this behavxbur 1"‘
Adependent on stress, level ‘For hfﬁh stresses the transztion is
'directly from primary to tertiary Creep while for low stresses the

e

primnry mode “ends with ever decreaSLng or . zero strain rates. At -,

o -
e e e—

“intermediate stress levels the secondary creep stage exists for
" - N Kenger periods of time and it is often ingerred that tor certain :
L st\:eas intensities creep deformations can continue,at a constant
L tlt\ more or: hl* ipdetinitely (see Saylea and Thompson, 1972)

v - \
o
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He ‘also points out that

y The s;rength of frozen so’l is a response’ of the-
P

¥
technique used to measure® it It is skeown that the strength

of frozen soLl is time dependent s(Vialov, 1965; Sayles, 1968) L A

with the mob\;Lzed strength decreasing with 1ncreasing time to-

fallure. It Ys also suggested that for a range of frozen soils

that an ultimate or long term sfkength exists and Whlch is defined
by Sayles (1968) as being . : L R

B

"The maximum stress that the frozen 3011 .
can withstand indefinitely ‘and exhibit
either a zero or continuously d:zreaSLng
»  strain rdte with time." . .. S " } _ ;.

E t 'a-' e

The division of load‘deformatlon behav1our\1nto creep
and strength is, however arbxtrary as the two concepts are closely

interrelated. Vl&lOV (1965) relates creep and strength via his "d?

deflnltlon Qf damped an&kuhdamped creep. He c0451der thaghlf
' A' . — - - v i A
”\L/' - ""the stress does not exceed a.certaln limit'

: referred to as the llm;tlng long-term strehgth

‘then the defdrmatlon is. damped'(damped creep);

. .if the stress does .exceed the abeve-mentioned ’ N

llmit, then,undamped creep develops. Limiting o
‘long-terth strength is also refer:ed toras . . '/
u1t1mnte strength, threshold &f creep, etc.'™ :

. S .- e ,'x;’,'q(hl'.:,_, / )

'/' . . : . . e !

Vo
s\
’\

‘o ’ . . : : ; ;'Q

"it .should be no;ed that such a dlvmsion ;b,,wl ‘.éiiA\fu

*of the deformﬁ;ion processes into damped P
and undamped éreep, the separation of the
various stageg (?rlqnxy‘hsecondary, tertiary) .
and the concept of a: llmitlng long<term ,

... strength are atbitrary since such a divisjon - / |

<will depend to a sxgnxflcant degree upon - the _
duration of the exper erTWents ....... Those = & ' -

deformntionsz con31dered in this book .as o

S . . gtabilized, could continue‘td grow xﬁ» LT e L |
¢ . ' observed for louger periodds. ’Tﬁesé * P —

v de'format.togs, considered-as £low witﬂ a .
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' \ © constaat rate _(secondaey creep),(could .

"~ become slowly damﬂed if observed Xor 3£%
longer periods of time, or on the tontrary,
they could develop at 1ncre381ng rates."

2

r .
Furthermore, the dlScrianatlon between creep and .

strength is very much a function of the Jice content of; the soil.
The concept of lgug-term strength is generally scgeptgq_a§ béing
,kinappropriate for ice as it’creepé unoer-extremely émsil stresses .
and Vralov (1965) has ppinted out that the concept of long-term )
: stréngth does not apply for what he calls "ice-saturated frozen
'sorls He does suggest that the concept can be app11ed to | S
"structured soils" For. structured soils it wouLd appear that .
Vlalov Buggests that creep deformations elther termlnate in a o
wertiary stage at 'stress levels above‘the~long -term strength ,
the«undamped mode) or deccelerate with time at stress 1evels
below the threshold stress level (i.e. thefdamped mode) For
structured soils the lohg~term scrength and thg threshold stress
'u.ievel are Ldentical “More recent work by Sayﬁgs (1973) on frozen
‘ AOttawp Sand suggests that the longAterm ultimate creep strength
"of str8ctured soils is\b881cally atfunction of the strength of
Lﬂtergranula& contacts govenned by the angle of rntevnal friction,
. ‘, . N h
-~ On the other hand it appears that ice will not. exhibit a

*' .

damped creep mode and load-deformation response either terminates’

in creep rupture or continues in a secondary stage more or less

indefinitely. That is, the long-term strength or threshold creep

level is approximetely zero. By inference, it is then likely that.,‘
- ice-rich soils will exhibit a wlde range of behav1our‘between the T

above extremes, Furthermore, we ghall, see that under certain

cfrcumstances, admixtures ‘of  soi] grs1ns in ice serve to srgnlficantly

reduce the strengt?\ of ice itself,

A

S

32 .
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In order to model slope deformation behaviour for P
permafrdst soils it is thenlnecessary to first formulate a geries
oE‘models of load deformation response. For practiéallpu;boses,
two simple models that seem to be justified are a secondafy creep
model and a long-term strength model. These models*are justified “
in that they have been observed to some &egreé in 8ctu81‘axpefiments.
The intent bf this ;hépter is, therefore, to investigatena range
of natural slope processes‘in frozen soils within the framework

of certain models. ' It is far from clear if these/models are in

all regards adequate but they are valuable in that they help

bound possible slope deformation behaviour. ~
, . .
5.2 Secondary Creep Model -
. . e
\

5.2.1 The Model - }‘

. v It is ent%ylly poSsthgﬂtkig some downslope movements
of permafrost slopes mdyhbe causés by the creep deformation of
frozen soils. Although the subjecé is cbmplex, experiﬁents on
the c#éep of ice and ice-rich soils suggests that significant
deformations may accumulate in pérmafrost soils urdder sustained
. 'stresses. While it is possible to formulate simple models to-

simu}ate s lope deformation précesses there is a lack of both
experimental data from which relevant .constftutive relationships
may be derived and of field observations towconfirﬁ-or modify the
‘bmasa movement models usgg. Whife there have been various field
stud;éq conducted c:hcerning the defdrm;fidﬁtprofiles of

permafrost slbpgs,(see Carson and Kirkby; 1972) these studies
hgve»beeﬂ confined‘tb the active layer where mass-movement -
‘processes other than creeﬁ'likely dominaté. -Hoyevef, other studies

-considered in detaiiain Chapter 1‘8u§geét that the magnitude of ’
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defo;t7£ions that can accrue in.th¢ active layer during the , !
‘ S
wintér season may be most reasonably explained by gryep deformations.

[

'
P Laboratory creep studies are difficult to undertake and

testg of long duration‘are requiﬁ%d in order to isolate whether
~one is in primary or seeondary creep»or if a test will terminate in

// ' the tertiary mode. The mode of creep deformation obeerved depends
a3 upon stress level, time and temperature and most creep tests

reported on frozen soils have been done at high stress levels, low

< temperatures, and over relatively short time intervals. Inves&igation
of‘creep deformation in natural slopes reouires,test data from ’
leng duration teptsﬂat low Streszlevels and at temperatures near

the melting point. Furthermore, ‘a s1gnif1cant percentage of the
available creep data ha® been conducted on e1tber frozen remoulded
soils or soils withlow ice contents and little information is
available for ice-rich soils. ¢ \\*

h T , As we are concerned\here witn the creep deformations
v . of natural permnfrost slopes of a geologic age we can likely exclude
the possibility of creep rupture since these slopes would have
long since failed, Theoretically, therefore, it would be ‘
vneceesary to attempt to discriminate between slopes on which
1‘\; " secondary cregp still continues unabated thp the passing of time
. and‘slopes on which deformations have stopped or are decreasing.
| ‘ngever, we shall limit our attention to a simple. secondary creep
model which will serve as an upper bound on ;;:;Lble 310pe/defornnt10n

o L behav!our. - ' . ' s . o -
. . .\ . car

4.

‘ | In order to predict creep deformations using the results -
of various. laboratorx and field experiments it is necessary to .
| relage shear atresses and shear strain rates. As t@e experimentally
f*’“\ - -derived ponatitutive relationships governing the creep, or flow, of

ice or ice-rich soils can, generally, depart from the linear, or

I
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Newtonian, viscous flow law,it is necessary to seek a m‘ genera 1
relationship. Follqwihg Meier (1960) it can be assumed that the

strain rate is a functidn of the deviator stress or generally

- - “ )

/ .
ig=£(Yiy ‘ 5.1
. , - | &

and the magnitude of the deviator stress is, in turn, measured by. -

the octahedral shéa.r stress

[l

o

o

where (Vl,vz,v3) are the principal stresses.

Similarly, an octahedral shear strain rate £ ; is defined as -

» Y

3

where (& 1’ éZ and € 3) are-the principal strain rates,.

N
5 5

The creep constitutive relationship can the‘n"be expressed

as ' \

5

and it will be shown that ] general expression for both ice and
~ ftdzen soila of “this functional relatx.oashlp takes the form

o

o T . ’ . : N " . ‘ ’
s ! . '1 N} . . »
’ ' ‘ £l £

B . . - . /):,‘
C,-+ /( PR AR AU AL

€ =at] +3T X 5.5

184
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&, 3/( €-€) _+(52-V€3‘> *(E3- €T 5.3
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where A, B, mand n parameters that must be derived experlmentally.

It can be noted that by SPEClallZln& with (m = 1, B = 0) the

v

v

linear, Newtonlan, flow law is recovered and that for (A= O) the form

of’ the flow law for ice given by Glen (1955) is obta1ned

3

~~In order to predict creep displacements on an inclined

surfacé"one must then measure the parameters of Lq 5.5 and insert the’

constitutive relationship into suitable slope deformation model.
A simple assumption that can be made about the staté of
~creep deformation of an infinite slope of frQzen ice or so&lxgg“
that d@formattﬁn*occurs as simple shear in a direction parallel
to the slope surface. It is assumed:that the slope is made up of
a dense fluid and that the only shear stress components are those
whlch produce the simple shear flow. For an 1nf1n1te slope of

.1ncompresslb1e fluid of unit welght ¥ inclined at an angle 8 to

the horizontal the shear stress at any depth is
. 4

;

r ="' Bz sin 6 : _ . . 5.6
and the normal or hydrostatic struss is 7
g U = fz cos® . o : 5.7

where z is measured ndkrmal to the surface.
. , .

N °

"As the princ1pal stresses ‘are (V+-T vov. t )
the octahedral shear stress bedomes .

. ‘o
'
~ . < -

o ) S )
‘.:{ / Kz sin® - - o 5.8

>

1

~~a

=
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As ghve V610c1ty“at any depth V. has been assumed to be, parallel .

to the slope gnd is lndependent of the downslope co- ordlnate X,
. .
the engineering shear strain rate, 5 can be written as - p

‘
-

. SV e - 1

& . . 4 : N
L]
.

-where x is ‘taken parallel to 'the‘.s"lopc." As the principal strain,

rates are ( g', 0, - .21 ) the equivalént octahedral shearing strain e
rate becomes ) ' A o ' "
C e T oV Lo , )
v E = ——
o J 6 dz . -5.10
B » \ ’

‘ The abO\;e de_veloém'enﬁ for Eo apd I;‘O‘ can be found in
. Meir (1960). . R S "
"It is now assumed that the viscous fluid governed by*
Eq 5, 5 overhes a parallel, rigid surface at depth H, along, whxcﬁ
no shp occurs, Substltut:mg Eq 5.8 and 5 10 into Eq 5.5 and .
. ir}tegrating results in ) , . :

. v' . . . .
- N -’ .

ﬁA(/ 5sm 6) (H 1)"’%’_'3(/‘:23‘ ¥sin 'Gk)n(H 1. ',1)‘ .
+ -
: : . n+l :

o " (z)s

- for the VMB (0 &z €H) and “;:he'Vélol‘é}'ty"at the surface can then -
be determined for z=0 w1th all other parameta:s specified.

v . : :‘-"_

v B 2
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5.5.2. _Constitutive Reldtionships

-

o

In"order to estimate the creep deformation rates expected

in permafrost slopes using Eq 5.1i it is necessary to determined

experimentally the parameters in Eq 5.5 for the stress range)

temperature and soil types of interest. For natural slopes one,

therefore, requires information at stress levels from as low as N

0.03 kg/cm to as high as at least 6.0 kg/cm and at temperatures
from the melting point to say -5.0 C. It is evident that one is

more interested in soils with high ice conteats than in those

soils with water contents below or near the plastic limit. There

are few studies that satisfy these requircments.

e

Since ice forms a significant part of many permafrost
soils a study of the creep behaviour of ice serves as a reasonable
guide to the creep behaviour of frozen soils. Recent studies by

Mellor and Testa (1969) are noteworthy because the stress levels

and temperaturq‘ranges used are of engingeriug interest and because.

the study is, in part, a crlthuP of éhe test ptocedures used in

the past to deflne secondary creep vates in ice. - As 4 result of

_creep tests conducted at stress levels from 0.1 to 0.44 kg/cm2

the authors poxnt out that stress laboratary Studles in which

\secondary creep was assumed to have developed in a few days are

-&qubtful On the other hand, shorter duraticn tests at higher

stress levels yield creep rates generally coincident with'longer
duration tests at the sa*g at:ess level For example, the flow
law deduced by’ Glenn (1935) for tests of 2 to 6 dhys durat1on #Fha

~.embodied in.the data presented by Meier (1960) agree well with

"longer duration tests, see I'ig 5.1. e ‘ .

-

Meier (1960) has summarlzed the ear’ly testing of Glenn

S (1955) and the results .of borehole and tunnel deformatlon analysis
Lin temperate glaéairs tn Europe and North America. . He finds that
"'the best fit- relationship between 1: and Eo takes the form

.JvA A b . : : L.
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 where So.is in %/year and C; ie/in bars. This plot has been

extended to include more rece?@ studies as shown in Fig 5.1

and for which a reasonable rflationship is
. /
/ :

£ =0.04C1'140.08C1"5 : s,
0*_ o] / ) [o] ) .

\\\

The role of {ie temperature in 1nf1uenc1ng the flow law
for ice appears to b neg11g1b1e for test temperatures between,

-1 to -4°C and for/ he borehole and”ice tunnel deformatldn data

for temperate gt;yﬁers at their pressure melting Eolnts. Testing

by Steinmann (1988) at -1.9°C and -4.8°C suggests some dependence

on test temper ture, However, this variation is generally masked

188

.12

13

in Fig 5.1 by/other variables such as ice type and'nest configuration.

Stress level appears to be the dominant factor in deRerminlng strain

" rate. o ' ) -

e

,Reeent work by Colbeck and Evans (1973)’reports that the

flow law for temperate glacier ice takes the form
N . ‘ i
/
! €,=0.14T +0.02T  +0.0018T . 5

.14

7

(Eq 5 12) is partly from borehole and tunnel deformation in 5

tempetete glaciers and is slower than Eq 5. 14 which,Aln turn,,xs
»,based on creep tests of less than 200 hours duration then thé

~ which yields“strain rates approxiﬁgtely an order of maghitude’faster-
~ than ei er'Eq 5,12 or 5. 13 at the same stress level. Colbeck and—-
Evans suggest-that: these. faster rates result ftom testxng at the

- pressure melting poxnt. However as the data summarized by Meier



T et
i s)‘?;»“
~'v.")," -~

- are salted with a dispersion of fine sahd the‘:reep rate wag = -
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results may be questioned, However, it should be noted that if the

flow law derived by Colbeck and Evans were uged it would give-

faster deformation when substituted in Eq 5.11 than would the other
flow, laws noted above. If the flow law of Eq 5. 15 ig substituted in
Eq 5 11 and solved for a series of 1nf1n1te slopes then the solution
is as given in Fig 5.2. The apparent linearity of the solution is due
to the fact that the second term of Eq 5,5 does not begin to
influence the velocity unless slopes are steep Fmpthicker than
100 ft This dependence on the lower stress range part of the
equatzon points out the need for creep testlng in soils at low.. '
stress leyels. It should be noted also that the flow law for ice
derived in Fig 5.1 has been determin d" using test data from
unconfirmed compression tests only and has not been generalized for
more complex loading states except for the borehole and tunnel
deformation data from Mejer (1960). Triaxial tests on ice ‘reported
by Chamber1ain(1969) and Sayles (1973) indicate that the shear

strength of ice is dependent upon confinlng presaure. These tests !

suggest- that the - implicit assumption of the coheslve nature of the
load-deformation response of 1ce ‘made by many is, perhaps, an
unwarranted simplification. However as the possible effect of
confininé pressures would be Lo depress the strain rate at a given
stress level the flow law of F1g J.1 serves as an upper bound on

load~deformation behaviour,

~

: tt
While.it might be assumed that a. study of creep rates in
ice would provide an upptx Hound to the creep rate p0881ble in-

frozen soils there is some xndication th&: the presence of\some

T

soil in an ice matrix can. increase the creep rate of ice alone.

~.Swinzow (1962) observed closure ratesvin an ice. tunnel and noted 4
_bthat;ige'aith a low concentration of soil crept inster than 1ce‘
A'elone, while very dirty ice crept faster than adjatent clear ice. B
. Recent studies by Hooke et al (1972) ‘have found thst when ice samples ;

“ "1'1ncreased to about 1501 that.of ice. The nuthors fgpnd.thnt_sis61ii
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volume fraction greater than about 0.1 always depressed the creep
rate and that by the time a volume 'fraction of around 0.35 was
reached, the creep rate was reduced)ty an order of magnitude.

k\x . There is, however, a lack of ‘useful creep-rate testing’ _ |
in frozen soils. Much of the available work which has been o o
summarized by Anderson and Morgenstern (1973) can be criticizéd ‘ ////\
in terms of the requirements suggested by Mellor and Testa (1969) :///
asebexng of too short a test duration although at higher stress

levels this requirement might be relaxed The' results of some
work reported by“Sanger and Kaplar (1963), Vialov (1965), Sayles g

‘(1968) and Thompson and Sayles (1972) is shown in Fig S. 3/;;d ," 12 .

compared to the best fit line for the creep of pore ice in Eq 5.13.
Perhaps the best study of creep-rate in frozen 80118
and one that also prov1dea additional evidence that 1ce-r1ch soil
can creep faater than 1ce 1s the recent descrtstion of the behaviour
“and analysis of the in-situ creep ‘of a tunnel. reported by Thompson ,
and Sayles (1972), This tunnel excavated beneath some 20 m of <
ice-rich Fairbanks siltﬁﬁdps fou&d to creep over a one-year period. :
It ‘'was found that the beat model that could predict observed in-situ
o deformations Uls a shcondary creep model of the ‘form 8F Eq 5.5 R
4 with' one term only. Uniaxial creep tests ware also made on the ‘ | :
| -naturll silt soil’at the sﬁreao range and tedpcratures relevant A
and a secondary creep mode of deformation resulted : It was found :
v,fthdt the ice-rich stlt deformed some 3,3 timcs faster in the field
'bdithan in the 1eboratory and, furthermore, this rate appears to be
”'faater then Ls chnrecteriotic of pure 1ce alone, see Fig s5. 3. It
“fr—can be noted thlt tf\the flow law derived ‘from this data uas put
| 1ntn the one-dtneniionll oregi model discussed earlier significantly
fanter crecp velocity wout?ﬂresnlt thnn chose shown in’ Fig 5 2.‘

) .' € . .
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4'3 3 tines flster ahan the laﬂoratory teats suggests thnt the in*sxtu%K

,”movenents mly hnve been pertly due to creep rupture deformations.-\»‘{;' .
Fimlly, 1t eln Be noted that Vialov (1965) fi,nds that for frozen » \0, |
| silts only a. pg}pﬂ:y uode exists at lower atress levels and '7Q,¢n»}35

s ) v . . \
\ ' ) i . _ Y
_ . _ O
Before proceeding to a discusséon of the rnplications
of the mass movement model being studied in this section it must "
be noted that the‘form of the constttutive relationship or the flow
law derived above is in 1tse1f a model. As already noted the so-
called secondary creep mode of creep defdrmation is a generallzatlon
of the creep behaviour’ of frozen soil. In Sact there are few ]
studies that conflrm that true steady-state creep does, in fact,
exist for an; signifxcant time period..

For exampLe, Sayles (1968) presents a ?erles of deformation-

. time.curves for'Ottawa sand at varlous temperatures. At stress.

‘level which did not result 1in creep rupture after periods up to

"100 days it,is possible to fit an approximate straight line to a

'secondery creep region resulting in the points ngen in Fig 5. 3. ' ~T3

4

However,/a detatled inspection of the”data suggests that the

deformation rate is. slowly decreasing with’ t1me More recent

_ testgng, Sayles (1973), at varipus confxning pressures confirms thisi

conclusion. ‘ ' ~ e

o

/ ~ On the other ‘hand, zclose inspectlon of a typlcal creep

v/curve for undisturbed Fairban&s silt (Thompson and Sayles 1972 FCL Ta? ,

.v\

Fig 7) suggests that the sample has undergone primary, it

e

" secondary and has entered the tertiary creep phase. Wh11e"it may L

be a reasbnable approximation to say that the / dary creep
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5.2.3 Application-of Creep Model

v

v

 The solution of thé infinite slope model coupled with

the best fit consritutive.relationship for ice, Fig 5.2, suggests
Ethat creep velocities of from 0.2 to 2.0 cm/yr are possible in
slopes from 2 to 10 ft thick on inclinations of from 5% to 30°,
When compared with the winter deformations obtained in some soli- *
fluction slopes (see Chapter 1) and which mlght be explaxnedvby’
‘creep deformat fons the above range of velocities appears to be-
reasonable. ‘
Any natural slope can be expected to have a complex
‘structure of ice lenses and frozen soil the solution ebodied oo
in Fig 5.2 (can, of course, be objected to as it agsumes thar ahy

given slope'consiats of uniform ice overlying a_rigld ‘base.

naturdl or o B

’

\fo%‘
. artificidl slopes with which to dompare the prediccions of S o
Fig 5.2, However, it is possible to apply the flow law of Eq 5 13 L x

There are no case records avallable

 tathe measured deformations of two rock ‘glaciers repor‘ted by e

Wahrhaftig and Cox (1959) In order to bound the 1 ely cross-

o both an infini.tely wide slope and §low in a aemi-ci' r -
:w Foll Heier (1960) it 13 poasible to extend the infinite slope fﬁ‘.’,‘v,
- jmodel alrdr%y considered by modifying the aolution in term% of & ~ fp" -

‘;T"lshlpe ﬁﬂCtor R/d 80 that - B N R - u;~ra;-ov,

e
-

‘fvdwhere R ie the hydraulic radius and d is the depth of flow._' ofo;sy
f}l leﬂi-c;rcultr chnnnél R/d reduces to 1/2 The firat rock ’

e Gl e T .,)__..; e
P2
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:v
glacier repnrted by Wahrhafﬁig and Cox is approximately 35m high

[ <

and flows, on a slope of lbo, w1th an average ‘measured velocity of
0.7 m/year. Asslming a unit weight of 1, 8 gm/cm Eq 5.11 predicts
a velocity of 5 m/year and when modified by Eq 5.15, about 1.0
m/year. The second glacier is some 25 m high, standing on a 202
sloﬁ% and flows with a measured veloc1ty of 1.6 ni/year. The
calculated velocitiee‘are 0.8 m/year for the semi- circular channel
and 3,7 m/year for an infinite . ‘slope. Considering the many '

. : assumptions embodied in the model this agreement is encouragingr‘
3 : . o : ] o i'. Co

P - .
’ e

In this study we have assumed that the generalized creep .
e behaviour diseussed earlier serves as a useﬂhl engineering
\\~/> ‘approximation for the de8cr1ption of creep 8nd that,fin particular, ‘
\ | the secondary creep mode is a good model for creep 1n permafrost o
A slopes significantly below creep rupture etress levels Although
‘ there is certain evxdence that ﬂmy contradict this view 1t is _ .
evident that approximations ané“gequired in order to gain any ‘:1 .

'insight whatsoever into the process of creep deformntion on natural,

’ slopes.‘ In conclugion, it appeats r.hat: wkile the model is not , m——
w,justified for stvuctured 80118 it may be reasonable for ice-
&ich soils. ' BTV _ ’
. <& FS. P & 5
RIS . ‘
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'“:ffégff"';i‘; Lnndllida movenentn thnt display shear displacements
1f:fl1008 uell-defined llip gurfaces hgye been found in permnfrost :

_,la‘pfsoila 1’ certain btrts 6f the atud? ‘fe‘- These ln“d31i¢as’ i:.'%

S _:i'.:,vf,',.clluifie' a8 block -and m dfndea, luive been discuased in |
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Chapter II and described ih detail in.Appendlx A. A common feature
of this type of mass movement is that shear failure has occurred
»through frozen ground. This form of ‘mass movement is rather
.novel and it is of COn81derab1e geotechnlcal.meerest to -
analyge these land§11des quantitatively with a view towards
predicting their occurrence. The following features are

characteristic of block and MR- slides observed in the study area. ,‘f‘

. .
J ' .

(1) Slide movements are associated wifh banks significantly higher
than about 150 ft and in whiéh'thc'éanq Bad silt ‘member of the
GLB gequence make up Ehe'greater portion of the bank profile. The
relatlvely greater percentage of sands and silts can be observed iA
most reaches and is also witnessed by the deep-seated gullying that
is fourd cohabiting wigh these slides. All block and MR slides have
‘been found in conjunction with a blue-grey silty-clay at river level.
(2) Varioug observatlons made, suggest thdt failure occurs through
frozen sands and sllts bottomxng out in either unfrozen or
rébsrtly frozen ciay. Since this clay may have a simxdiar _strength  _

v

response whgther it is thawed, or partly frozen neéar 0°C, a useful

", mass movement model for® frozen soil over lying unfrozen s11ty clay.

.«

' R This sectlon wcll.then censider sllde movements in conﬁunctlon
vith the concept of long-term strength of frozeu ground. e

Hqe

.

. ' " o .. ) ) M - &

° v ) o .
" ‘ ' . . : 5

. . E
5.3.2 Shear Strength of hhe Unfrozen Component
. . . ‘) o . !

a

_ The shear atrength of the unfrozen soil beneath the
cnpping of permafrost in block and MR slides can -be predicted
uaing ¢onventiontl geotechnical practice - For clayey, fine-
grained soilt alightly below 0°C a considerable proportion of the
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water phase of the soil remains unfrozen. As the temperature
gradients near the bottom of the permafrost are in the order of

1°C/80 ft a considerable portion of the soil nominally below

k‘0°C may be considered unfrozen, 'I( is speculated therefore, that

“'the Boundary between what is a frozen*soxl with regard to shear

strength considerations, and what can be considered an unfrozen

soil ig not necessarlly the 0°C Lsotherm and while the effective
stress parameters for the frozeit and unfrozen soils might not: be

1deg;1cal it.‘s expected that thé pore-water phase is: continuous. Ea

[2
i .

Q
»

The-shear strength of the. unftozen component may be
formulated in terms of effective streases and the strength
parameters (c' ¢'). Departures from conventional practice .for
the analysis of these landslides involve the role of permafrost

and its effect on pore water pressures,
N 3

The first departure from the conventional conditions
expected in more temperate areas can be seen ftom a consideratlon
of steady state seepage COndlthns The ‘terrain behind all block

and MR glide areas is pitted with thermokarst lakes. These

lakefs repregs nt\hqi:: in the permafrost and the pore water pressure

segime in the soil deneath these lakes will be transmitted ”%}p;;‘

benedth tHe permafrost and ouq‘to ‘the valley walls. If a lakel

is close to_the valley wall.it ig expected that the pore water”. j
pressures will be higherobeneath the permafrost than they would be
in the same soil for the same conditions if pér st &ere ahsent.

o o ) : v ) 7 ' e

L]

Pore water pressures may also be influenced jby thaw- ;/*’
consoliditxon effects as the permafrost thaws from b ow if

k‘response to the thetmal disturbance associated with fprevious instability -

or in response to climitic changes. Although the rfate of thaw will

be low, dtainage paths are long and permeab liti are low

1_'-. .

Lo MY
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be generated. The situation is, however, far from‘éimple and

while no detailed s te ve been made it is useful to review,
qualitatively, the factors %nfluencingAthis type of thaw.

The temperature gradients near the base of the permafrost
are low with the result that, say, the first 40 ft of soil
above the base of the permafrost defined bX the 0°C isotherm
changes in temperaturé from 0°C to -0.5°C. This soil may have:
a high percentage of unfrozen water and when thawedrthe
decrease in vblume due to ice-water transformation, of what ice
does exist may cause a pore water deficiency. Put another way,
the resxdual stress, leon (1973) ,may be high and-the soil may
swell upon thaw. But GLB silty clays whilé having high uLfrozen
. water contents in the soil contained between ice lenses &Q have
substantial ice lenses even at depths up to 150 ft. (sge Figs
B.2 to B.,4) ‘Thus, if a large enough volume of soil is
considered the total water content may well pe close to the
original water content in equilibrium with the effective stresses:
at a give; depth before freezing. The result of a cycle of freeze
and tﬁaw may then be, overall, to cause a net volume decrease
with excess water produced upon thaw. Although the rates of thaw
may be low %nd the residual stresses high; drginagefbaths will be
long and the possibility exists that the shear strengths may be

reduced upon thaw due to increased or excess pore water pressures.

N . * ‘ e \d
. X

High/pore pressures may also be’set up beneath the capping
of permaftost during the winter months ‘when a skin of seasonally-
frozen goil is fQFmeﬂ along the slope profile. As the ground Vater
seepage‘hlll be cut off it 'is possible that pore wqter pressures

may increase. . . - .
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5.3.3. Sttehgth“of the Frozen Component

- Andersan and Morgenstern (1973) have noted that the
nature of the’ snrength of frozen soil can be attributed to the
presence of unfnozen water and the various responses of ice to
loading which'een rdnge from pressure melting to brittle fracture,
A detailed dtSCUSSLOH of the nature of the interaction of the soil, .gi
water and ice' phASes of g frozen 5011 and their influence on shear
strength is beyond the sccpe of this thesis ~Rather, this sectlon
will review certain aspects of experimental testing which yield
quantitative information useful in slope stability calculations

, X . v

The classic method_By which the time dependence of
shear gtrength may be empirically correlated was presented
by Vialov (1965) and 1nvolves plotting the reclprocal of the
-creep streas measured in an unconfxned test versus the log of
‘time to failure. This relationship has been shown to be linear
for test durations in the order of from 0.1 to 100 hours and if
extrapolated gives a measure of the long-term strefigth taken at,

say, 50 or 100 years. N

There is, however, a lack of uaeful experimental data, - \\;\\\\;
Vialov' 8 original work was conducted. on heav%}y overconsolidated
Jutalaic soils the water contents of which and ‘the test temperayhres
are too low to be of use in the study aree._ However, one test/serles
is noted on Table 5.1, - | e

, | AR - , | s ; |

The results of tests on frozen sand by Sayles (1968) are
suunarizad in Table 5.1 and ‘are interpreted using Vialov's U
construction based-on tests of up to 200 hours duratxon. Vialov 8
.. method -may tlso be epplied to 'strength date presented for frozen -
'cllyey soils by Akili (1971) and Neubet ‘and’ Wolters (1970) , -

| Figs 5.4 and 5 5. It is of - 1ntetest to note that there/is a

!

\ o | ¢A ; . 5 . ’ i ) . i . »;" .‘ .
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linear relationship between long-term strength and test teﬁﬁereture.
\ .

The results of these tests are alschsummarized in Table 5.1.

Unconfined, consten? rate of strain, tests were conducted
on undisturbed semples.obtained from 3-inch diameter Shelby tubes
taken at sthe Mountain River Site, M1, Fig A.19. These tests, Fig
5.6, ‘were corducted at different times to. failure and an estimate
of the long-term, 100-year, strength was gade graphically, see
Fig 5.7. Tests were made using a conventional load press in a

_ cold room and jacketed samples were_failed in a parafin bath
maintained at -1.0°C. Some difficulties wbre experienced in keeping
the samples at -1. 0°C for the longer duration tests and the’
resultant uncertainty in predicted stress at failure is indicated
on Fig 5.7. A summary of the propert?ee'forzeAch test is given . -
Ln,Table 5. 2 The grain size curves, Fig B.13, were caldulated ‘
based on a sample taken from the whole sample after it had been
thawed .and mixed. \

=

There is evidenee to suggest that Vialov's concept’efx
long-term stffength 1is not entirely adequate and that the long-term S
etrength of frozen soil is frictional. The frictional nature of
unfrozen soils is well-known and recent work, reported by Chamberlain
(1969) and Sayles (1973) finds that polycrystelline ice exhibits
frictionel response in thet mobilizedxehear strengths are increased
] by confining ‘pressures, Recent work by Seylea (1973) suggests
\:h&s the long-term strength of satureted Q‘ozgn sand is frictional
with\eng}ea of 31° and 29° feing deduced from constant load and
: conetent etrein rate tests reapectively. Sayles concludes that -

»

_* "the ldng-term ultimat\\creep strength of
:  saturated frozen’ (Ottawa) sand with porosity
\\ of 37% or less is a function of the angle of
" internal friction which could be determined
" through triaxial teets on unfrozen sand,
"freely dreined.” ' NPT

i~
¥
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The extensive series of Qeste undertaken by Neuber

and Wolters (1970F miy also be recas§» Fig 5.8, to 1ndlcate that

for a sandy and for a 311ty soil there is a marked frictional
responsé for short-term tests of from 0.5 to. 5.0 hours duration.
The sxmllarlty between the drained angle of unfrozen 80il and theg
apparent angle is striking. If the long- -term strength is frictiopal

‘then there should be little change in the deviator stress at failure

for longer duration tests..  This waeA£6Und to be the case for the
silty soil for tests atvthe same confining preééure. A plot of
thézrec1procal of the deviator streﬁ; at faylure against log tlmF
showed only the. sllghtest decreasd )n strength from tests of about

2 to 5 hours duratlon to tests of.#bout 20 to 30 hours duratlon.;

AVWhen extrapolated to 100 years those tests predlcted an angle

E£ = 25°, Fig 5.9. An estlmagp'ﬁf the lower Yange of the frlctlonal
angle can also be made by extrapolatlng the shorter term.tests and
an angle “f = 16.5° is predicted, Fig 5.9. Thus, Neuber and

Wolters data can be interpreted to show that the long-term streugth
of a silt is frictional and that a reasonable estimate of this + -
frictional response can be deduced from a drained test on unfrozen

soil, /

But, if the long-term strength of frozen 5011 is
frlctional then the strength predictions, of Table 5.1, should
tend to zero becuase these tests vere all conducted at zero _
confining pressure. It would appear that the predictlon of a f1n1te
unconfined shear strength results because tests of sufficient

duration have not been considered There is, however, some

experimental data that supports the view that the long- term uncopfined

strength is indeed zero, Tests by Vialov (1955) apparently conduct ed

uszng a.spherical indenter, show a marked drop ‘of £ in strength for

~,longer duratlon tests, Fig 5. 10' If we recon31der the test data
fpresented by Sayles (1968) for Ottawa sand at 31%, Fig 5.10,
eit can be seen that the best fit of the data suggests greater

[

n . . 199
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lowevlng of the long-term strength than reported ip Table 5.1,
Furchermore this interpretation agrees with the latter conclusions

of Sayles (1973).

. ‘{]‘;-;. .
13

.

One is lead to conclude, therefore, that Vialov's
’
concept of long-term strength for structured soils is inadequate.

Vlalov s approach will overestimate the long-term available strength

of frozen soils at low confining pressunes and, conversely,

PR

underestlmate the strength at higher pressures

-

=
|

1
B

5.3.4 Slope Stab111ty of the Mountain R1ver MR Slides

The slape stabilizy of the MR slides at the Mountain River
site can now be‘coésidered in relation to tﬁe shear~strength models
discussed in”the‘precebding\section.--As no block or-MR slides
have beenfbbservea in pre-failure attitudes it is necessary tg
approximate the pre-failure geometry. Furthermore, as no detajled "
survey has been made of post*failure;geometry, air photpgraphsland ,

maps must be used to assemble a reasonable crogs-section for

- analysis. Fig 5.11 outlines the croee-section considered.at’the'

Mountain River site and whlch is typical of MR slides in general
The bank height, measured using a helicopter altimeter was 220 ft,
and this value agrees with topographic maps. The overall length of -
the landslide blocks can be measured on aerial. photogrAphs to be
from 200 to 500 ft with an average ext nt of 300 ‘ft. The falled

blocks have overqll angles .of from 1

to 20% from the toe to
the headscarp. Based on these meagurements a_reasonegie pre-farlure

profile can be assembled as sh on Fig 5,11. It is then assumed v
that any potential failure surfdce begins at a pOLnt 300 ft back #
the toe of the slope. The stability

'anllyses conducted ass t at permafrost 155 ft in depth forms -a

from the headscarp and ends at,

eaplever.unfrozen sbii.; It is also assumed that the bulk density of

@



e

g,
e

’

. soil a F_ = 0.98 vas calculated.

l'_ uua 1ndiclting negative presaurea 1mmediate1y upon 1nstallation .

(/ ‘N . - 201

i
all soils is 2. 00 gm/cm . A detailed description of the Mountain
River site is given in Appendlx A, a representative cross-section in.
Fig A.20 and the borehole log in Fig B.1,

Slope sfabiliﬁy calculations were nade on a no&-circular<
slip surface using the method established by Morgenstern and Price
(1965). The slip surface was varied about a pivot point at the top -
of the landslide byla series of snrfacesvat angles of from 25° to\
70o as shown on Figqg 11. This p;vot point was’established from
nﬁasurements made on aerial photographs. The shear strength parameters
of the unfrozen soil were fixed at (c¢' = 140 psf, g' = 26° based on
temOulded‘samples,»see Sec 2.4, and«ru values (see Eq 1.4) of 0.25,

0.5, and 0.75 used in the thawed soil. Computer runs to calculate

“the factor of safety'Fs were then made at each L value by varying

both the undrained strength that could'be_mobiiized in the frozen
soil and the failure surface as'given byrthe’angle 8. At each fﬁ
value the marimum Undrained strength c required in.order to achieve
F8 = 1.0 was noted,* Thxs ‘c, was then plotted against R F1g 5. 12
and the slope angle 0 on which the highest ‘¢, was mobilized is also

given., Thus Fig 5. 12 gives a predictlon of the long-term shear

‘strength that was mobilized in the frozen part of the slide ‘at

‘failure. .
. @ s 4.

An additional'stebtiityacalcpletien was made using a

civcular arc (see Biehon,'1955)‘ Using the-same parameters for

the thawed soil Andj(e = 3,200 psf R Eﬂ»— 0.50) for the frozen !:? :
. ) ‘:“‘_ L

\ In order to proceed with the analysis it is necessary to
gpve some 1ndicttion of the r value for the: underlying unfrozen soil.

” Unfortunately the piezometer 1nstalled in boringl!l F1g ‘A, 19

-
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. ’ ,
and it has not been possible to return to the field. However,

the pore pressure regime may be inferred from the following. As the
unfrozen zone beneath the permafrost was penetrated the drill stem
fell some 7 ft under its own weight and with the drill stem brake
. partislly eﬁs¢ged . large quantities of wet sandy silt were pumped
- up frdﬁ below 155 ft and the hole cohlq not be kept open below
the permafrost table as it immediaﬁely‘filled in with flowing soil.
‘The water content of the thawed soil brought to the surface by the
air-return was found to be 31% (void ratio 0.85),although this water
content may have been artificlally increased by the pumping operationms.
However; tt Cén be seen in Fig B.14 that even if the void ratio wab .
~ significantly decreased to allow for alpossible’incfense due to .
pumping t ‘low effective stress conditions would be predicted_baaed
on the e :2' '
frozen samples with similiar grain size curves (i.e.: compare
ng B.13 with M1-170.0, Fig B.12) have water (ice) contents in the
range 20% to 25%, or void ratios of 0.54 to.0.68. As the effective B
stress for hydrostatic conditions at 155 ft is about 5 0 tons/ft
‘the void ratio corresponding to an.xry = 0.5 is about 0 48, Fig B, 14,

sus log V' eurvé_for the remoulded silf. Furthermore,

Therefore, it can be argued that if a layer of soll is caused to _
. thaw at the base of the permafrost some conmsolidation would have to
occur in order £9t.the thawed soil to reach a void ratio in
equilibriuy witha hydrostatic condition. However, as seepage
paths are long this condition wouid not be reached instantaneously
and excesa pore preasuren would be eet up. Thus, for the above °
teasons, it ie felt that low effective Btress conditiona exist
,-benelth the permafrost and thﬂt the r, value for the unfrozen soil’e
f_u high. - T

- & The predicted long-term ihear strength based on ul-ples o
tlken frum the lower portion of the permafrost is givea ‘in Fig. 5 7. ..

-

’pTheae tenta uure conﬂucted at . an average temperature of -1. o°c which -

B AN
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\
o ” )
. compares favourably with the expected average temeereture of the ) v
: permlfrost at the slide. A direct comparison of the test data ‘with
Fig.5.12 would suggest that rather low r, values existed e(failure. .

Referring to Fig 5. 9 it can be seen that the unconfined tests of
Fig 5.9 would underest;mate the average <y vhich should be incr

to allw for the effect of conﬂning preesure. If the pre

c frop test data is- arbitrerily increued to adlow for a onfining

o
* pressure’ equivalent to, on everage, 75 ft ‘of permnfroet then th&
- ¢y value required in Fig 5.12 is «conaistent with the high pore

Y

' pressures inferred in the unfrozen soil, o . S -
It m;y be aruged ;or the reason noted in the preceeding

sectioh that any agreement whatsoever between the predf‘ted )
ghear etrengthe of Fig 5.12 and 5.7 is fortuitque. It is of interest, ,
then, to inspec]‘.‘ tahe stability of the crose-e&ction of Fig 5. 11
aeeuming that a frictional strengtlr is developed in the frozen soil.
Th:ls can be done with ease using the circular arc aehown ‘on. ‘Fig 5. 11‘
_which repreaente a rea'otwbly Aaverage failure surface.__flgit is"

\ fnsumed that the thawed soiL is, governed by (c' = 140 psf,w" ~26 ‘
- ': a0 ’50) the Vv.)zli.»zed £r1ct£on mgle in the frozen lﬁc(h ?e o <
' yaried in order to. 'chi.eve f' =-1.0 overall. In ordet’to ea*eulue B
_ -llged fri.ction engle ‘ in the ftozen und the et'feou;*j” |
| u level 1n the sand munt be auumed °If the gtein &£ ‘f’lin'

SR 'contacte in the send tce _system carry a11 the load' that 13 tie potal
S .-equnle the effective stren, then ru .= 0,0, For this cdnﬂ&tgog, ‘ s
el the required frictioml responne t'or li.mit equi‘brium 13 nlcuht,ed ‘3
. -"to be (c . 0, 'f = 29 )a If it: is aesumed that not ell t;he total e
L k,streu £s cerried ‘in the " frozen eoi). ekeleton, say r,= 0 25 then
~ the req%te&srespome s, (c R 0 0£ = 369) .. These friction angies
. are quite ressonable end if ar, value hi.gher than 0.50- ie usumed B
o in, the underlytng thlwed :oi.l the value jf for mni.t equili.brinm will

a

be corrupondingly higher. o - e e L N R DR




o

&;

' dnd ‘the &»‘1‘:{‘ y

It istnoteworthy that a reasonable agreemént between
observed cnd predicted behaviour for failure in an"'MR slide has
.usiﬁg both the uncénfined long-tetm strength uodellh

1 model for shear strength.in frozen soil.
Noting the wany gsumptions required in order to arrive
at a bank profile and the uncertainty as to the actual failure

- surface 4s well as to the 1nwlitu sCtength patameters and the

L

pore prelsureu benelth the permafrost, the agreement 1s encouraging.
Qlt suggests that_the atabilicy of the latge block and HR slides
encountered in the study lrel may be considered using conventional
geotechnical practicé but pointa out the need for considerable L:

s renenrch*on the fundamcntal Aapects of strengthoin frozen aotl

14
<
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TABYE 5.1  SUMMARY OF LONG TERM SHEAR STRENGTHS (100°YRS)

3
A

§6§1’ - ,tTEmpgtacure Sti;2§§h . Source

. Bat Baioss Clay - -1°c  79.0+  ‘Vialov (1965)
[ Octawa Sand . 3% 73 Sayles (198) .

4

'Q} Hancheater Fine Sand B )t RN ?W_ss,';;u‘ Séylesv(1968)

| 1 x Sault Ste Matie clay . -1% 14 C ALl (1971)
x . X B ,h. / o , : ) L o T ! . (
o - ?at Clay ' o -rC . 35 to 41* Neuber and o
‘ L .,gﬁ ST 5 IR LT : Walters (1970)
oy S -
Hbuutainjliver clayey~"’, oelg .
BB oqndy lilt . S

This study

B ,'\"_x\.'-_ } . L - b
Y e i

. .”? — wr,

4:75*‘} ‘_ ‘§ * Strength qxtrapnlated to -1 0 C.H SR
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RECIPROCAL OF THE AXIAL
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Fig 5.4 Unconfined long-term strength data for
. Sault Sce Marie Clay
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Fig 5.6 Stress-strain relacionships for
frozen Mountain River Sllts ‘
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"aa.perig”'

'"ovetsteepening, erosive, action of rivers. It hasgbeen observed

CHAPTER VI
o LT

SOME ENGINEERING CONSIDERATIONS' OF LANDSLIDES IN THE
o  MACKENZIE RIVER VALLEY

:on of lLandslides

6.1
-
i . o
lance o,

~

Q , onSet of shear fallure in soils is due to, g net -
- imba lan ween the forces tending to cause downslope movement
- strength that can be mobilized along a potential
face. The initigtion of some of the landslides observed
‘ area can be eimply explained by the consequghces ‘'of this

- and the’
fadlure;
in the P

=actesd:: flnnce and without recourse to any mechanism peculiar to

0 - |

ialienvironment.

; One fundamcntal cause. of this sttess im lance is the
throughout the\study areg that, landslide activity is, generally,»

' teatrictad to areas of active bank erosion.' In some teachea of
the Mackenzie terrnin units. auch as GLB soils which are prolific

ptﬂducerl of

when Ehe~ ¢qcarps a;e abandaqu by the river, Scarpgﬁmny-bg

'.wide range of instability, immediately become atable;"a

o

-

R - L
.
>
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abandoned by down thting of the river bed into more stable soils
or by the deposition of fluvial sqils along the toe of the bank _
and although exceptions can be noted these banks are ususlly stable :.lJo

and will remain 8o unless re-eroded or artlficially disturbed.
In most instances, fall landslides are the direct consequence of , .
river action. Fyo sediments, when unaermined by intense river ‘ '
action at meander bends become undercut and fail in tension. Somex .
rotationdl slides appear to’ be the result of raptd ‘drawdown conditions
caused by flooding and the subaequent rapid drop in tiver levele. . _
This- process may occur’either gue to flooding caused by ice jams or -
by heavy ra1na 1n the upper réaches of the Mackenzie drainage system. {>
4. Ice jams are common along the ‘Mackenzie and affect both the: magn
" rivers and the smaller tributaries. The rapid rise and fall of
riVer elevation of up. to'QG fe 1n a few days in response to ‘kce jams
»;-appears to be of fairly frequent occurrence with ‘ledser flood crests
. , ‘ being cauged by heavy rainfalls espec;ally in the upper reaches ‘of
) the Liard - ‘River., _ ) J] LT S

s ., . o R

e Hegvy rainfall may alsc initiete'lklﬁ'flowe”bp'increasing e
the COtal ehear stresa due to saturction of the soil and organic |‘ o
‘ cover. Accompanyfhg this 1ncreasing 1n shear stress is a perallel -
9'2 ' S decreaee in shear - strength due to reduced e%fective stteases._»
The presence of an active layer at shaliow dbpth contributes to the
‘maintenance of aaturatLF conditions and whi lé as. we have seen the "'”ﬁ:
preaence of ftozen soil may ald other inetab[lity mechanisms Ar ﬁlh_f K
‘18 suggeeted thlt skln flows can be. 1hitiated under’ conditiona in .; ;*r5ﬁ‘
Ll molt reapects similar o shallow landslidee 1n temperate reg}one ' ~
k - !hckt\y and Hathewe (1973) have emphasized the 1mpartance of heavy . LR
R ui.nfell 1n initietsing, ;ld.n flm\ in the chkenzipo Ri\(er Vllley T
qnd Slvel yev (1972) notes thet thb sta‘};ity of the qctive layer .
on elopel formed of eilty eauds end Bandy 10lme 13 uaually disrupted

| during prolonged retne.‘} ”iuf ;i‘;pzl_: : ‘»Q%g fiff-, _\#”

Toy o : - B i P
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6.1,2 Initlation of.Skin and Bi-Modal Flows .

v It was noted in the preceding section, that skin flows
.could be started by heavy rainfall creating a streéﬁ 1mba1ance.
' Rainfall might also encourage Fhe occurrence of skin flows by
increasing the rate of thaw, qhus contributing to iustability by
\thaw-consolidation effects. it can be seen that the rate of thaw
would be increased not only by the effect of the presence of‘wapm
.water but also by the increaae in thawed conductivity of the

organic and mineral soil co#er upon saturation. = =

. » , , , -
Vegetatioq also e;erts considerable conttol on the 4

stability of thawing active layers. One of the characteristic - .

P

'indicators of aolifluction activityris the bulboua, golifluction »{
lobes formed when thawed aoil is restrained by the ovetlying organic
cover. Uhen ‘the: organic cover is disturbed or deatrOyed thia

reatraining fnfluence is lost and skin- flowa "can develop. Firstly, ’

it can be noted that fire action destroys the natural resilient o

nature ‘of the organic cover making it more brittle.\ Another

effact is. thlt the rate and depth of thaw beneath the vegetation i

cover oAy be increaaed ‘not only becauae the ‘mat is now less
thick, but the. albedo ofuthe aurface will have increased theréby
,incraaaingpthe heat flux into the ground It can~alao be hoted
that any artificial diaturbance such as line-cutting and overland
‘-vehicular traffic will have a‘aimilar e?éect.

A Skin flowa may also bes initiated by the cumulative action
H:of mani cyclea of freeze an thaw which tend ‘to’ concentrate ﬁiner- a
. g;ained aoila at deptﬁ T ege finet soila bﬂlk\and form ice lenaes
[,,dUting thé freezing qxcle aﬁa become thaw unatable._ Thus, while
: vthe rate of thlﬁ Uly“be more or leaa constant vith depth the R '.f
‘yalue, Eq 3. 16, incraaaec with depth aa c decreaaea with increasing
lfinea. The effective atreaa atrength panamatera will alao decreaae
. ;Lvith depth aa tha more ailty-clayey aoila become cooceutrated Ihe»v

e
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freeze\cycle.ﬁili tend to reduce the strength even more on thaw by
leaving the soil grains in an exceedingly loose state thus decreasing
the effective angle§'. On the other hand, freeze-thaw cycles may
tend to stabilize a slope as a macrostructure is imparted to the’

soil significantly increasing the permeability and, therefore, the

rate at which excess_pore pressures may be dissipated. . ’

Q

o

4
The first stage in the development*of a bi-modal flow is

some process or combination of processes that removes LnSulating
covers of vegetation and thawed soil expos%ng thdw-susceptible of

ice-rich soil in such a manner than an aﬁlatlon mechanism can be

" started and sustalned.. Any of the mechanisms discussed above which

cause the initiation of skin flows can lead, ultimately to, the

development of a bi-modal flow. In fact, bi-modal flows are

initiated by some other form o6f mass movement.

Small .rotational slides, in turn initiated by rapid draw-

down conditions, may start a bi-modal flow, Fig 6.1, When a floed
A" .

: crest rises, possibly increasing the rate of melting, and then

., rapidly feceﬂes causing a slump in ﬁhawed soil, ice-rich 5011,

‘
T v

rgh o,
PP

‘1f éxposed, may now ablate. This process would be favoured at

locations where the erosive action of the river was high so that
the initial and subsequent colluvial debris could beéqugfkly'removeg.

;o

Skin “flows that occur near the bends of swiftly flowing

.frivers also encourage the development of bx-modal flows because the

'colluv1a1 debris usually found at the base of a skin flow may be

8asily remo&ed. Furt hetmore, it may be suggested that river action
at the toe may first initiate the skin flow, Fig 6.1. ! :

Fall\ landslides may also be initiated: ky intense erosive

‘attack at the: bend Fig 6.1. The subsequent failure in tenélon of _
~_‘e block of froze}\ soil and its -rapid removal by, the riger action

Tesponsible for its formation would then form a potent mechanism
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)

" for the initiation of -a bi-modal flow.

Factors influencing a bi-modal flow were investigated
in detail at Site HU-1 on the Hume River. A series of bi-mq?al
. . S
flows, found at a bend in the Hume River, have been described in

detail in Appendix A. The drilling programme established that

conditions in an undisturbed bank immediately downstream from the

most tecently active flow.would sustain an ablation mechanism

as it was found that in-situ iée contents were up to 1.5 to 3.0
times the liquid limit of a-silty clay soil, see Figs B.2 to B.4.
Permafrost was found in all borings and as ghown on Fig A.23 it is
likely that frozen soil extends up to the trim line. Evidence of
fall landslldes or skin flow activity is suggested by the
Lnstability of a row of large spruce borderlng the trim line, Plates
11 and 12 These spruce are rooted in soil some 27 ft above low. .

water level, taken as the top of the ice cover. This abrupt cha+ge

in vegetation from spruce\io sparse willow suggests that flooding

to this elevat:ion ig possi 17‘ Along the 27 ft elevation -line
frequent note was made of emakl thermal erosion niches and the
forward~topp1ed trees are common in this.reach of the.river,

-

It is thought that the most likely mechanism of initiation

. of the flow landsljides at tﬁis'bend'is as follows. In the past,

when the ‘present . flow landslxde at Site HU-1 (which is now almost
stabilized) was initiated a large tongue extended .out -into the river.
This tongue caused the Hume to‘actively erode the opposite flyvial
bank and to be deflected avay from the spruce covered GLB bank
ddwﬁ;;:i\;ér from the active flow, This situation was . then maintained
as the flow ablated ‘bagkwards into the GLB upland. But as the bi-
modal flow is now becoming inactive the tongue nn the’;iver is be1ng

" eroded away, and the river will _soon regain jts £ormer regime in a

' straight channel. Once thls occurs the now~unp:otec§ed GLB bank /will

+

o
e
\‘»
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J

be actively eroded and a bi-modal flow will be initiated once a
suitable set 6f circumstances combine to expose the ice-rich soil
. .

found beneath the spruce cbver.

During the course of the field exploration, frequent note
was made of the importance of forest fire action in increasing the
frequency of flow landslides. It has‘beén'observed, in small
bi -modal flo;s, that a vegetation curtain drapes the entire head-
scarp reducing the melting rate of the headscarp. Furthermdre,
in its undisturbed state, this curtain can be found up to maximum
heights of about 10 ft. However, when burned the vegetétion mat
becomes brittle and cannot bend over and mould itself against the
headséarp. Therefore, while a natural stabilizing process would
tend to Offéet the initiation mechanisms of Fig 6.1 this process
is not effective in burned-over regions. Thus, a small mass-
m ovement, which would normally be healed in undisturbed terrain,

el R

would quickly grow in a burned-over or otherwise disturbed river bank.

The preceding mechanisms, outlined in Fig 6.1, all are
associated w1th4toe erosion. 'fhis follows from the frequent occurrence
of instablhﬁtﬁ W1th\tivers and with bends in particular.' On the
other hand, many bi-modal flows can be observed perched well above
the trim line or in areas with no toe erosion. These flows are
likely caused by the directién action of forest fire activity or
other unseésonal processes such as heavy rains or high temperatures

which initiate skin flows.

6.1.3 Other Initiation Mechanisms

f—

- -

Hnny of the larger forms of mnpgzgovement such as block
slides and MR slides and flows are seated in banks undergoing a

continuous state of degradation. No block or MR slides have been

[



found in the study area for which before and after aerial photo-
graphs are available. However, two MR flows, the Fort Simpson
Landslide and the Cameron Point Landslide, Table 2.3, have

occurred recently and comparative aeWial photography is available.

These landslides, described in detail in Appendix A, appear to have

been initiated Qy the failure, in shear, of the frontal portion
of the present colluvial mass. The toe area of both of these

MR flows consists of a slightly.more iotact and mas;ive segment
which is felt to be the relic of the initiating movement. Once
this movement occurred ice-rich silty clay was exposed beneath a
capping of silty sand and a series of bi-modal flows in the clay
and rotational slides in the sand were initiated and resulted in

the rapid growth of the landslide mass.

There is no direct proof to support the view that the

225

initial movements at these two MR flows were seated partly in frozen

soil, However, frozen ice-rich 'soil is found all along f£he east

flank of the Fort SiSZson Landslide right down to the (river's edge

and.it is supposed that the same conditions would have“een found

along the pre-failure bank, Inspection of pre-failure photography

indicates that the apruce cover is identical in both areas.

Furthermore, as the pre- failure spruce cover is at 1east
'120 years old some permafrost could be expected undegwsuch a mature

cover. It is suggested that the initial movement occurred through

frozen soil and likely bottomed-out in unfrozen soil beneath the

permafrost.

"This comb;nétlon of shear movements through frozen and

then unfrozen soil ﬁ&so appears to be the most reagonable failure

mode for the block and MR slides encountered in the study area and

&j'y"

has been dxscussed in earlier chapters.

A
e
[} - A)
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found in the study area for which befefe and after aerial photo-

graphs are available. However, two MR flows, the Fort Simpson

Landslide and the Cameron Point Landslide, Table 2.3, have

occurdded recently and comparative aerial photography is available.

These‘landslides, described in detail in Appendix A, appear to have
« been initiated by the failure, in shear, of the frontal portion

of the present colluvial mass. The toe area of both of these

MR flows consists of a sligﬁtly more intact and massive segment

which is felt to be the relic of the initiating movement Once

this movem‘ht-bccurred ice-rich silty clay was exposed K/neath ;
capp1ng of silty sand and a series of bi-modal flows in the clay
and rotat1onal slides in the sand were initiated and resulted in

the rapid growth of the landslide mass.

There is no direct proof tokSUpport the view that the ‘
initial movements at these two MR flows were seated partly in frozen
soil, However, frozen ice-rich soil is found all along the east
flank of the Fort Simpson Landslide right eown to the river's edge
and it is supposed that the same conditions would have been found
along Fhe $re-fai1ure bank. Inspection of pre-failure photography

indicates that the spruce cover is identical imboth areas.

o - Furthermore, as the pre-failure spruce cover is at least
120 years old some permafrost could be expected under such a mature
cover. It is suggested that the initial movement occurred through
frozen soil and likely bottomed-out in unfrozen soil beneath the
permafrost. ~ J
4 . .

IR . This combination of sheas movements through frozen and
‘then unfrozen soll also appears to be the most’reasonable fallure
‘mode for the block and MR slides encountered in the study area and -

has been discussed in earlier chapters. B
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The combination of ci;cumsﬁénces‘by which these shear
movements are initiated is open to Speculatiﬁn. Certainly, the
existence of erosive attack by river action is of considerable
importance. This can be no more clearly seen that at Sans Sault
Rapids area where the Mountain and the Carcajou Rivers flow
into the Mackenzie, Fig A.17.- At the Mountain River site, Ml,
large MR slides are §eated in GLB soils and clay odﬁcrops at river
level., However, at i}te Cl on the Carcajou only 3-1/2 miles away
the same GLB soils are found perched on bedrock above river level
and the only landslide form obsérved was bi-modal flows. Thus,
it is argued that as the Carcajou site is protected from direct

attack slides cannot develop. : 4

7 Block and MR slides have not been found in banks less

e th;h about 100 ft high in the study area. As riyer banks in the

‘; sfudy area less than 100 ft high will, characteristically, be

fr?j%n to below river level this observation suggests that block

or' MR slides cannot: be initiated in banks that consist primarily

"~ of frozen soils. On the other hand, the presence of permafrost

ngms to be a requisite condition for shear failure in the higher
banks. For example, at Mile 556 near Norman Wells, a section of

river bank made up of sands and silts overlying blue-silty clay

. is found in a headland beigg acfively eroded by the river. The

river channel must be deepgin front of the bank as the navigation
channel is routed to within 100 ft of the bank. However, no N 4
landslides occur in this reach, whereas banks 150 ft high in other
sections of the Mackenzie, with similar composition, are active,
The only aéparent difference between this and other banks is

that an old terrace is perched above'thié section of the bank.
Thereforé, it would appear that either there is no permafrost at
this siée?-or_shat the ground ice coﬁditions have been modified

in such‘a way as to lessen the susceptibility towards slide movements,

L
!
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It is also thought. that the recent warming of the climate
in northern regions as a result df climatic chaﬁge since the Little
Ice Age (see Chapter II) mafuhave, in the past 100 years or so,
resulted in an increased frequency of slide movements. For .example,
an increase of mean soil surface temperature by 2°C would result
in the degradation of about 100 ~ 150 ft ofshh(mafrdst. This
Qould~h§ve the effect of rendering banks from\ibOito 250 ft high,
with say 300 ft of permafrost, unstable, as they are today, Qith only

150 ft of permafrost,

_ Long-term, warming due to cltmatic change, forest fire
activity, ot artificial disturbance would also reduce the strength
of the frozen component., We have seen that the long-term strength
of frozen soil is senfitive to increased temperatureg and mass-
movements may be initiated by any warming cycle that reduces

long-term strength or increases creep rates,

6.2 The Continuing‘Degradation of Frozen Slopes

e initiated, bi-modal flo;; can be observig to ablate
backwards at calastrophic rates. A necessary condition for the
sustained growth of these flows is“that the-headscarp must consist
of ice or ice-rich soils. However, in order to start the flow ﬁﬁen
its exists as a small notéh a second condition requiiea that moss .
_overharnigs or curtains cannot develop and that ablated debris is
temoved.. Once the ablating scarp grbws to a vertical height of
about 10 ft the flow will proceed at a fast rate irrespective of
‘the, condition of the vegegative cover. All‘biher conditions being‘k
equal, a bi-modal flow wiil not dé&elIﬁ);n a'sandy soil. Firstly,
a frozen sandy soil will not ablate ard when thawed will remain =
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stable on quite steep slopeS. Furthermore, as the albedo of a
1ight, sandy scarp is relatively high compared to the wet dark
surface of a ice-rich soil the heat flux available for melting will
be less.  Secondly, a sandy soil will not flow downslope in-a
low-angle tongue and so that there will be little backward
retrogression of an exposed sand scarp. For example, Kerfoot (1969)
has reported high, steep bluffs of frozen sands and gravels being |
actively eroded by the sea. His ohservations point out that the -
bluffs fail by steep, skin flows which occur towards the end of

the thaw season and involve a detachment of some 2 to 3 ft of soil
equal to the active layer depth. Similar processes have:'also:

been observed in.cut banks in frozen fluvial sands ?;oﬁg the Hanna
River.

Within the study area, typical banks consist of a
variable thickness of sand overlying an’ ice-rich silty clay. If
- a given bank is\héde up primarily of finer- -grained soil, a hi-modal
~ flow will ablate backwards until the low anglehxbngue penebhates
the highland behind the slope. This process is particuldrly active
if the flow is seated in the fxrst 20 to 30 ft of the GLB clays
which are ice-rich. A good example of this form of bi-modal- flow
is found at site HU1l, Fig A.22. The retrogressive po#ement“of
.these.flows can only be arrested if the abiaéing scarp is
reffectively inéulated. BOhce'a flow survives its juvénile stage it
can be naturally stopped by a combination of insulétive'processes.
If the bank is made up of iceor ice-rich soils alone ,the flow
will proceed. backwards until the headscarp becomes less than 10 ft
in height and vegetative covers form. Another insulative
' mechanism way occur if a fakl landslide is initiated in the headscarp.
It is possible, on higher scarps to find a top curtain of moss’
that causes . a diffetential melting and an undermining of the head-

scarp. When thaw proceeds far enough a,block may fail in tension
. & k4
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and rotat; down che;ing the scarp. As this block is covered by
intact vegetation it may tend to heal the headscarp. A third
process 'is effective 1if the bank has a sand capping. When the flow’
is initiated it may be seated entirely in ‘clayey soils.  But as
backsapping proceeds, the headscarp begins to gain a capping of -
sand. This sand can slough down over the clay changing the albedo ,.
and reducing the ablation rate. Furthermore, the sand will mix
with the clay and the colluvial deﬁosits in the tongue will gradually
become more stable»as a continuing admixture of sand reduces the
effectiveness of thaw-consolid8t%bn processes in the tongue and
increases the shear streéngth of the colluvium,

- The fundamental importance of soll stratigraphy can be
seen by comparing the Fort Norman Landslide, Fig A.15 which has a
thin cap of sand with the Little Norman landslide, Fig A.16, with only
a thin deposit, of clay at the base. - It can be seen that the Little
Norpan Landslide has not developed as extensively as the adjacent
bi-modal flow apparently as a direct consequence of the soil

s

stratigraphy. ' \i_
. ‘Soil stratigraphy also exertS\a fundamental control 1n
. influencing the types of larger landslides that can develop on

the higher banks in the study area, We have seen that block and MR
slides which are associated with deep-seated gullying are usually
restricted to banks 1n which the sand-silt member of the'GLB
sequence is thick. On the dqher hand, active lapdslides such as
the 01d Fort Point, Fig A.12 and the Big Smith Creek, Fig A.11,

landalides, which can be considered to be bi-modal flows, are found
in banks with only a thin veneer of sand and silt overlying silty-
"clay. While it can be argued that these landslides are associated
“with slide movements during tEE{;;:;;tiacion, evidence has been

fﬁreaented Appendix A, to suggest that the continuing degradation

L ‘ L . .
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of the.headscarps at these landslides proceeds by a process of mass
wasting on the exposed scarp and transport down the lower angle
tongue. Unlike ice-rich headscarps which ablate, these scarps

fail by the development of/skin flows in an active layer formed
along and down the headscarp. Thus, in banks where more thaw1¢f
susceptible soil is exposed bi-modal flow development can be v
sustained while more sandy banks are restrlcted to instability

mechanisms involving shear displacements.

The development of the tongue of the bi-modal flow also
aids in this natural evolution of }andslide forms. It might
be expected that the finer-grained frozen soils would be more
susceptible to shear failure than more sandy soils by virtue of
their lower strength at the same temperature and rate of loading.
However, the formation of an extensive tongue protects the
headscarp from active toe erosion and, in fact, acting as a
stabilizing element tends to suppress high shear stress and the
possibility of shear displacements. \\

- The raﬂe of loading also plays a role in the continuing
degradation of higher banks, In bi-modal flows which continually®
retreat, the shear strengths mobilized ere higher*than in block or
MR slides which are loaded at a much slower rate, - The imnortance;
of rate of Jloading may also be a factor in the landslides that
deve10p along the Mackenzie from Mile 470 to, 488 Fig A.10

ere MR slides are found at the only two sections .of the reach where
erosive attack of the Mackenzie is somewhat abated. For
example, at Mile 475 an active MR slide is found just around a
bend /from a reach where flow landslides have been mapped. There
was
thaf
a long petiod of time. Converaely, where there is substancial

visible e¥idence of changes in stratigraphy and it is felt

230
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slide has- developed as a result of mild erosive attack over Q
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erosive attach bi-modal flows have been initiated and shear movements
have not occurred because the higher rates of loading make this

form of mass movement impossible.

6.3 Stabiiization of landslides %

\

As toe erosion is a slgnificant factor in the initiation
of a wide range of landslide types in the study area the‘prevention
of toe erosion will tend to stabilize. potential landslide areas.

For example, fall landslides can be easily prevented by the provision
of adequateAar along suscepcible reaches. Many block and MR
slides appear Egg:e in a state of quasi-equilibrium with a factor
of safety near unity and the cessation of active toe erosion will
likely stabilize fuxthér gross displacements in these slides. This
“.can be seen in certain reaches of the r;ver where GLB banks,

abandoned from direct erosive attack, appear to pe stable,

Once initiated, bi-modal flows can only be stabilized ‘
by the ptovialon of adequate insulation along the thawing headscarp.
For large scarps, a suitable design will also have to allow for
significant creep displacements in the froien'soil, as well as for the
-‘poesiﬁility of an ultimate long-term ehear failure. The amount
of {ns 1lation requkféh order to prevent thaw can be designed
using Eq 3.13 and the vé!zcity rates of Table 3.7 to give an upper =
bound on the heat flux available. for thaw. Toe armour will not
.stabilize bi-modal flows, and it is thought that the judicibus use
of eros on protection will be of considerable importance in preventing

the initiation of bi-modal flows adjacent to engineering works.
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_ chnique used in landslide stabilization in-
temperat} ‘the reduction of shear stress in the landslide:
mass by ;This technique would be completely unsuitable

s id the study area as many surficial failures

for most
,would be En the exposed permafrost soils. On the other

hand, largd tharges along the toes of slides would;lin conjunction
with toe-ar provide a suitable method of stabilizetion in |

certain cas:

r common technidue in landslide stabilization is
the reduction offpore water pressures. This technique may be

ger slides and we have seen in Chapter V that
xmight be expected beneath the permafrost capping

possible in the

hiéh pore pressy
~in block and } "~ Although the high pore pressures are
consequent'up »’-consolidation are of vital importance in the
initiation of.ﬁiin flows and solifluction it may not be possible
to provide suitable drainage in order to stabilize such slopes.
Whereas .counterfort drains are a useful technique in the
stabilization of shallow slopes in temperate regions,they would
not be suitable for a tgawing active 1ayer and, furthermore, the
surficial disturbance associated with their installation would
likely aggravate the situation. o ;o

Some landslides may be stabilized by variouzﬁzrfificiallyv

lnduced freezing,processes which Jﬁhld attempt to increase the )
.mobilized shear strength by reducing the average soll temperature.‘
Thls technique would only be useful in slide or creep movements as
tne rate and amount of thnw, which controls flow landslldes ' -
 otocesses, is not significantly dependent upon frozen ground : o AR
temperature. Furthermore, freezing soils at depth. may tause pore 7 //“
o ‘water expulsion and: thus contribute to instabillty processes rather

than serving as a stabilizlng force.

0
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CHAPTER VII

CONCLUDING REMARKS

The landslide classification presented in Fig 2.1 has
been derived for use Kn the Mackenzie Valley and is restricted to
mass-movements in soil.- The classification was conceivedbUsing
a morphological or descriptive framework and any mechanistic or
~ genetic overtones were nvoided. As most of the landsride . A
forms studied in the field and reporCed in the liéerarure have
multiple mechanistic origins it can be cqﬁ%ihded that a clasai-
fication based on’ a‘mechnnistic framework would be- unworkable.
The clessification presented is somevhat dominated by field
exPerience in th; Hhckenzie Valley. 1In ordet to extend the ,zﬂy#“

- claslification for gpnerll use in periglacial areas field study

: the classification 1nt9 soil and fock aubasectionsAa&“%he hi

.

= a parallel elaséific&tion for movements 6 rock. The camponen;é héiﬁ;_a
. of ?he rock’ clnslificcbion would be a function of the rock struetufe

}:"j?%i_ Thio-study ﬁna concentreted upon 1dentifyingjposstble

' naasqnovenenc*mechnnism- fbr land-

should be undertaken of massqmovenenb forms in soil above the' e

tree lfneﬂ in the high arctic and in regions with a dxfferent . ‘i" _
Plaistocene history. ,If aolif}uction is placed in the classifi- o T
cation quer flow movemenCB, it is fdle that cthe clg!gificatidn o c

of Pig 2. 1 will be compiete for al Qﬁioe-movements ﬁl‘go 1 in. 51, " pr

periglacial ereaa. o
most readi.ly Mchxded 1n a general classification by spl tti_:&t -

féﬁel leaving the soil cla.sification as above and By developi

N q~’_
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soilg,have been considered. I: wag anticipated, at the outset,
that fhere would be a lack of factyal ,case records which could be
used ta test proposed mechanisms. Although this shortage has, in
some respects, been met as a result of the field programmes
undertaken, it is evident that there is scope for a wide range of
future field investigations. ) .

. .

Many aspects of mass-movement in thayiog soils can be
predicted using thaw-consolidation theot;. The tha;-consolidation
ratio R controls the maintenance of excess pore pressures in the
soil and we have seen that the thermal solutioé.required for the
theory can be readily estimated using simple én&lytical met hods .

It has been shown that a step témpgrature boundiry condition often
represents a useful approximaéion for naturally induced thaw and
that the actual magnitude of the range of‘the rate of thaw is

.small; On the other hand, the ratio R is also controlled by the

permeability and compressibility of soil and little is known .
concerning the in-situ magnitude of these parameters and the role
of cycles of freeze and th;; in effe;tingJ;hesé parameters by
changing the macrostructure of the soil. Instability on natural
slopes may also be.encouragetby thaw over an ice lense and the
eXcess pore pressures set up on thaw are very sensitive to the

:,‘magditude of the permeability of t:hé\ overlying thawed soil. The

shortage of well-documentgd field caseﬂrecords of thaw-induced
instabilxty is gbvious and research into the ih=situ proélrties
of a thawing slope coupled with measured excess pore pressures w111
certainly be of great value, This is eapecially true of field
information on the role of cryogenic structure in Lnfluenclng the
mechan1cal response of Boll on Lhaw. During the field and dr1lling
programmes frequent observatxonsqwere made of a lattice type of
ground ice which 18 found in a three-d1mensiona1 structure around \

.;,silty clay‘soils. While considerable insight into the rol? of

this and other £;eeze-th§w induced macrostructures méy be gained

o . S
r”. — A . -

- R
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\ .
‘from lgboratory tests it is thought that field tests will be
-required in order to adequately inspect the behaviour of a

representatively large volume of soil. 1

It is possible that other aspects of mass-movement in

thaw1ng soils may be predicted by thaw-sed1mentat1on theory.

~However, as sedimentation theory has not, hitherto, been recognized ;

in geotechnical practice its applieation*to periglacial processes
is still speculative. A more siémificant contribution of sedi-
mentatidn theory‘in its present development is that it confirms
that a .so0il at vefy high void ratios is governed by consolidation .
theory. Sedimentation theory also provides the means by which

to assess the void ratio at which consolidntion processes begin

’

to govern a soil mass.

The term bi-modal flow has been suggested for use in
describiné a form of mass-movement found within and without'the
study area. A simple solution for the rate of ablation of the
headscarps of 1ce-r1ch bi-modal flows has been presented and this
solution can be used to estimate the heat flux available for
melting., In turn, this calculated flux can be used in designing
'areificial cuts in frogen soils. While.there are a few case
records available which yield.the rate of melting of ‘the headscarp
there have been no measurements reported of the magnitude of the
net radlatlon impinging on the ablatlng surface. Field measurements
of. the actual flux "available would yield valuable insight into an

important masé-movement form.,

The only mechanism considered " itn freezing soils is the
*expulsion of pore water.' It has been shown that it is possible
to generate low effective stress conditxons when expelled water
is backed Jup due to impeded dralnage. Wh&}e this mechanism may
not be a sxgn1ficent factor in the stability of shallow slopes
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it may influence deeper slopes.

Mass -movement mechanisms in frozen soils have been considered
using creep and long-term strength models for the load-deformation
response of'permafrostisoils. As there is a dearth of any useful
creep data for frozen soils a representative flow law for ice was
agssembled. This flow law interprets the load-deformation response
of ice using a secoﬁdéry creep model. While it might be surmised
that a study of ice deformation wpuld serve as an upper bound -
on the behaviour of soll it has been shown that this need not be so.
The flow law for ice was then use& to predict the rate of deformation
- of an infinite slope of ice flowing as a laminar fluid and the
velocities computed suggest that creep hay be a problem in ice-
rich permafrost., Whether or not permafrost soils will creep with

the velocities deduced can only be resolved by long-term creep

testing of ice-rich soils and by field observations.

Slide movements involving shear displacement through
frozen soils have been studied using a long-term strength model
for‘frozen soil for a slide at the Mountain River. Within this
class two possibilities have been considered. The first approach
was to use an empirical relationship suggested by Vialov (1965)
in order to predict the long-term uncoﬁfined strength of frosen
soil. An estimate of the long-term’ striength of the frozen component
of the Mountain River slide was made an compafed with the coheﬁ%ye
strength required for limit equilibrium) Although reasonable
agreement was found, the predicted strength using V{glov's met hod
was somewhat less than required in the slope stability analysis.

As Vialov's method was based on unconfindd samples this difference

suggests that the long-term frozen strength may be frictional. The
alternative-approach using a frictional midel was ;hen investigated
anq?it“wdsrfound that a reasonable frictidnal response of the frozen

soil was required for limit equilibrium,

e
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The mass-movement models studied in frozen soils point
out the acute lack of knowledge concerning the fundamental nature
of the load-deformation response of frozen soils. Nevertheless
the models considered are encouraging as they suggest that
landslides in frozen soils can be analysed in terms of conventional

t

practice,

\

"It must be re-stated that this thesis has concentrated on
mass-movement mechanisms peculiar to periglacial regions., For this
reason, no special note has been made of processes which can also

be” found in more temperate regions. .
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: APPENDTIX A

. FIELD OBSERVATIONS

Page

;;A.l Observations on Landslides in the Vicinity 249
of the Matkenzie River ‘Mile 205 to 660 .

- A.}\ ) Observations on Permafrost Conditions in 225

}' Relation to Landslides

. ’ v *‘
~A.d OBSERVATIONS ON LAﬁDSLIDES

¥

'MILE 205 TQ 285% .

A map of this section is given in Fig A.1 and specific
mlleageq of special interest are indicated. Detailed observations—
along this section follow below, '

Mile 207 to 219: , ‘ .
¢ 7 . T .
The south bank of the Mackenzie in this reach contaipns =

mapy active flows. They are generally bi-modal, with lobe angles

of from about 7° to 10°, and are seated in clayey silts. One

interesting flow at Mile 219, seated in clayey silt, is perched about

50 ft above river level over a dense till. ! :

Mile 218: T .
The Mile 216 flow is unique among the range of smaller ‘
scdle bi-modal flows observed. A typical overall bi-angular profile
with a steep head scarp and a 7%.lobe was noted; but, the flow is
singular in.that the head scarp has failed as a rotational slide with
backward tilting of the slump mags. The soil profile ‘at the head
scarp is 20 ft of sand over clayey silt. No frozen ground was found
in the 'slumped colluvium on a cursory inspection. - A small rivulet
“flowing with no obvious source from between the slump blocks may
‘indicate the presence of melting permafrost?’ ; :

A

—r— — - . +
* Mileages are approxlmate dxsta?S;s/f;om/the head of the
Mackenzie River. S e

o o /
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Mile 221: l

The landslide at Mile 221, classified as an MR flow, is at
least 25 years old as it appears on 1947 aerial coverage., This flow,
seated in a bank some 180 ¥t high, is 2300 ft long with an overall
angle of 4.5° and has a steep head scarp. Adjacent bank angles are ,
in the vicinity of 10°. A series of ridges are contained within the
bowl of the flow and were inspected during a foot trayerse. These
ridges consist of a silty clay of considerable dry s rength. They
have a symmetrical appearance as both the up and down 'lope’scarps
of an individual ridge stand at approximately the same angle.. The
ridges appear to have been derived from the head sgarp. Qﬁ_;he
traverse up the centre of the landslidée small tension cracks and
steps indicate that some movement is still occurring.

E

"y -~
Mile 225:r P
Aﬁvéxceedingly lérge MR flow is seated in a bank some 180
ft high., This landslide, some 10,000 ft long by 2,000 ft in depth,
lies at an overall 4,70 slope, Adjacent banks stand at angles of up
to 30° as measured on 1:50,000 maps.

Mile 226 (Fort Simpson Landslide); Fig A.2, A.3, Plate 1:

A large MR flow is located at Mile 226 on the sputh bank of
the Mackenzie. This landslide is less than 12 years old as no evid-
ence of ft exists on the 1960 photo coverage. Mackay J.R. (1972)%*

suggests that the flow bean shortly before 1970 and dendrochrono-

logical investigation on white.spruce at this site (Mackay D.M., 1973)%*
indicates that large movements first began in 1965 and have continued
until the present. This flow is still active and is currentiy
degrading under the action of several processes,

I
. {

he flow area is bounded on the west by a prominent gully
that parallels the.west side of the head scarp and exposes some 150 °
feet of silty clays and 8ilts. Thig gully predates the -flow and is °
visible on the 1960 coverage. Theisizt scarp of the flow is steep,
bare of vegetation, and apparently stgble. Probing located frozen
ground under the spruce on the top of the ridge between the west
scarp and the-gully and which may be seasonal frost.

When visited, the head scarp west of centre was failing by
surface flow of thawing soil. out from undermeath the organic cover.
Slope angles of the scarp in this section average about’20°. Frozen
ground was encountered in test pit, TPl, dug some 100 ft back from
the head scarp and a frozen loam encountered about 6 inches below a
- 9 inch organic mat. East of cemtre a rotational slide rings the head

/

* Personal communication i

v .
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‘scarp. Tést pit, TP2, dug at the base of the intact head scarp bared
by the rotiational failure revealed frozen -ground some 2 feet below
thawef/ioi . +Two auger holes were advanced to 11 feet in the slumped
block) The first was driven in the centre of the back tilted block
and the second hole was located in the centre of the forward slope of
the slumped mass. Both holes encountered a tggwed clayey silty sand.

. Unlike the west side of the flow which extends backpetp-
endicular from the river the east side runs at an angle from the
head scarp down to the river. The east side of the flow consists of
a series of steep Melting scarps. There is no evidenct of rotational
failure and the slopes are failing by the continuous melting and
subsequent rapid downslope movement of soil. 1In one location ice
lenses, 5 to 7 inches in thickness, were noted on an almost vertical
scarp at least 70 feet high. Well developed melt streams indicate a
relatively greit percentdge of water and a blue-grey clayey silt is
‘ found in conjunction with the ice lenses. The lower part of the east
ﬁ'ﬁ’scarp was visited twice over a 6 week period (12 June to 26 July 1972)
"and at least 10 feet of back sapping was apparent in a melting scarp
about 5.to 8 feet high, '

P

A series of tension cracks were observed along the upland
behind the east scarp during May 1973 (Roggensack, 1973)*. These
cracks rim the ablating scarp and in one instance a tree trunk Spllt
between both sides of a crack witnesses the movements that have
occurred. These feattres have not been observed by the author and
Mackay J.R. (1972)* guggests that they may be melt features.

Photographs (transmitted to the author by Mackay D.M., 1972)*
taken in June 1970 reveal that fall landslides are alsc possible along
the east scarp. I‘he photographs show that differential melting occurs
on scarps some 20\feet high because moss overhangs, drape down over
the top few feet and depress the ablation rate. Thus a thermal notch
is created and a cantilevered block can be broken off. o

‘ Contained within the central part of the Fort Simpson
Landslide and bounded by the west scarp and a line extending at right
ingles from the eastern edge of the head scarp are a series of
arcuate ridges. The ridges are concave downslope, are some 10 to
15 feet high, and have a frequency of about 75 feet. Along any
transect down the slope one encounteps forward, backward, then for-
ward thrown treq§ in conjunction with the ridges. As the ridges
are derived from mass wasting processes along the head scarp and as
different failure mechanisms are apparent along the head scarp this
cyclic repetition of the direction of tree falls may admit to a

\\ézclic repetitibn of distinctly different failure modes in the head

sgarp. Y ¢

* Personal communication
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In the lower third portion of the flow mass the arcuate
ridges give way to a denser cover of spruce. The cover is partly
undisturbed and there is a tendéncy towards growing upright trees.
This portion of more intact cover may be the relict of the initial
failure of the landslide. The toe of this landslide is thrust well
out into the river. Although there was no direct evidence apparent
in the field the impression was gained that the toe had undergqpe
some degree of uplifting as the soil along the toe appeared to have
been thrust upwards, :

The pre-failure geometry can be approximately reassembled
from maps and aerial photographs. The bank along which failure
occurred stands at -angles ranging from 17° to 26° with an angle of
19° being a reasonable average. The pre-failure slope is quite
smooth and appears to rise as a tilted plane from the trim line to
the top of the bank. The bank is covered with white spruce of
which the earliest pith date reported is 1841 (Mackay D.M., 1972)*,
The length of the bank along the slope is about 550 ft and the
approximate length of the more undisturbed toe area which may be
the remains of the initial failure is about 520 ft.

Mile 241:

-Downstteam from Trail River on the nor bank of the
Mackenzie several MR slides are visible from theX3ir. These slides
have no surface expression along the river, the head scarps are
grown over, and the slides are stabilized.

Mile 258 to 260:

]

The morphology of landslides in the reach on the south
bank change abruptly. At Mile 258 banks are low along the river
and frequent small flows occur. Several of these flows were
inspected and all revealed ice rich frozen silty clay at the head
scarps. Generally, one could find ice and frozen ground immediately
beneath the organic covers that overhang the melting head scarp. '
It became standard practice, on looking for ground ice exposures, to
locate a well developed organic mat overhang at the head of a flow.
This organic mat was then cut away, by axe, to reveal ground ice.

In one of the small flows in this section an overhanging
mat covered the entire head scarp and evidence of movement could
be seen by the grooves in the surface soil moving out from beneath
the overhangs. The soil flow was, grooved by irregularities in
the moss cover. When the moss cover was cut into)a large air void
was encountered between the base of the organic cover and the frozen,
covered over, head scarp. The air smelt dank and obviously was "dead

L3

* Personal communication
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air" apd as such formed an effective insulative barrier. This flow
was flown over about 10 days later and c¢onsiderable back sapping

had resulted in the section where the moss overhang had been removed.
In the lobes of these small flows frozen ground was encountered by
probing at depths of about 3 feet. ‘ '

\ Downstream from this section the banks become steeper and
higher. Viewed from the air traces:of old MR slides could be seen
® as fine scarps running parallel with the river. It is not clear if
’ some of the mass movements in this reach should be classified as
- MR flows or slides. Opposite the west end of Burnt Island a large
MR flow is still active as indicated by the bare, sandy head scarp.
Active sand dunes are being formed from the colluvium in the landslide
area. Silty clay was noted in the toe of this flow during the river
based survey. Immediately downstream from this flow and on to Mile
260 the sand member of the sequence becomes considerably thicker.
The banks are now much steeper and failure leaves a scalloped
appearance. The landslides are classified as bi-modal flows; how-
ever, they-have not been studied in any detail. . »

Mile 262 to 270:

The traces of many landslides are visible from the air in
this xeach., Outcrops of silty clay are common at river level. These
lﬁdbﬁlides appear as a series of arcuate ridges in the head scarp
regions but as there is little evidence of movement along the toes
they appear to be presently inacfive.

Mile 265 (Cameron Point Landslide):

A large MR flow at Mile 265 is marked on the navigation
maps as having occurred in 1960. The head scarp has recently failed
as a rotational slide, with substantial back-tilting, and with
movement apparently seated in a sandy soil. Backward thrown trees
associated with older scarp failures further down the flow indicate -
‘that rotational failure at the head scarp is common. The flow is
located in a bank 125 ft high, is 1100 ft long, and has an-overall
angle of 6.5°, Pre-failure photography indicates that the landslide
developed between two large gullies that can be seen either side of
the.active flow but which were not involved in movement .

.
»
. —~
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Mile 275:
A series of block slides seated in bapgks about 120 ft
high have failed with 1little backtilting of the slump block. Some
blocks which have moved down at least 100 ft show no evidence of
rotational ground movements. Immediately downstream from the
slides the banks are steep and intact. These banks appear to
represent tae bank profile before initiation of slide activity and
they appear to represent the terminal stage in a cycle of degre-
dation.

MILE 285 TO 313 | )

A map of this section is given in Fig A.4 and specific-
mileages of special interest are indicated” Detailed observations
along this section follow below.

Mile 293:

A recent MR slide with a degree of backtilting of some
of the slump masses is located on the 120 ft high west bank at Mile
293. The slide is seated in silty clay and sand is visible at the
recently exposed head scarp. Small muddy creeks flow out at each
side of the main slide area.

Mile 300:

At Mile 300 an MR slide seated in silty clay demonstrates
a definite backwards rotation of the slump blocks immediately adjacent
to the river. .

A small cirque-shaped failure is contained within the first
s lump block. The bowl or §lat portion of the circular cavity which
extends back .some 30 feet from the river is filled with sand sloughed
down from above 'that quicks when a small excavation is made into the
underlying silty clay. Water is observed seeping out at the head of
the flat portion. A small 1/2'" diameter probe reached refusal at
about 3 1/2 feet in the lobe. No definite indications of frozen
ground were noted by hand but the personnel engaged in these activities °
noted the extreme cold of the water in the lobe and the underlying
silty clay. The small springs issuing from the head scarp are e§y6;;—7>
ground water discharges or are due to melting ice.
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Mile 298 to 302 (Mackenzie River West Bank) :
306 to 310 (East Bank, MacGern Island):

In both these sections -frequent changes in the altitude
of the silt and sand interbedding was noted. Generally, the silt-
sand sequences are flat lying. However, frequent observations were
made of interrupted attitudes by apparent dips of up to 15° as
exposed parallel to the river. Small anticlinal features were also,
occasionally, observed, 1In all cases the overall soil profile is
interbedded sands and silts overlyigg grey-blue silty clay.

J - o

‘MILE 313 TO 355

‘A map of this section is given in Fig A.5 and specifics
mileages of special interest are indicated. Detajled observations
along this section follow below.

Mile 332:

At the River‘gggwéiﬁ’Two Mountains a till section some
200 feet thick is exposed in a north facing cut bank about ] mile
up river, This till is compact with bouldersto 1} foot7?iameteru

Mile 340 to 345:

Remnants of old MR slides-:in till are present. Till
outcrops are common in this vyicinity, At Mile 340 a bare-head
scarp is visible from the river. 4 e

Mile 350:

. . . @ P
A large MR slide near Mile 350 has several small bi-modal
flows contained within the main slide mass. One flow, similiar to
those within the MR slide, was inspected juq;,downstream of the slide.
This flow had exposed ice rich clayey silts in its head "scarp and ice
lenses to 1.inch in thickness were noted in an exposure of.some 15
ft of ice rich soil based 30 ft above river level,

Mile 351: S . A
ile 35 S . .

A vast bi-modal] flow can be found ddjacent to Smith Creek,
Mile 351, near Wrigley. The overall -profile of- 3° can be estimated

-]
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. MILE 355 TO 394 AND 394 TO 426
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L

off topographic maps and lobe angles oY 4, 4 1/2° were measured in
one portion of thé flow. The flow is quite old as both the head
scarp and lobe areas are well vegetdted with spruce.

. ° . e,

)

Root River Flows: S

» -

. Large ribbon-like skin £lows were observed on, the steep
north facing slopes of the foothills of the Camsell Range near

the Root River. At one location some 10 flows have occurred on a
relatively steep hill-side, estimated at between 23° to 33°. The
flows appear to be seated in colluvium derived from insitu weathering
of shales. These flows have occurred frequently in the past as
marked strips in the form of changes in vegetation cover the north
facing slopes +«in this‘area are witness to past movements of the same
type. These flows are in the order of 1000 ft long, 50 to 75 ft
.wide, ‘and from 1*:@ 3 ft deep. In all cases a large mound of coll-
uvium and vegetation is piled up at the toe of the flow. A cross-
section along a typical skin flow has a steep head scarp section

aad a more shallow run-off section. '

L]

* Wrigley River Flows; Plate 2:

] .Well developed skin flows were noted on some small trib-
utaries of the Wrigley River. These flows may be seated in till.
The flows occur on the south facing slopes which have recently

‘been burnt over. Long finger-like flows co-exist with sections that
have coalesced into broader sheets. Slope“angles can be estimated
to be from 14° to 16° for north banks and from 9° to 10° for south
banks which, although burnt, have not failed.

s

: Maps of these sections are given in_éig.A,G and A.7,
From Wrigley at Mile 355 to the Dahadinni River at 417 the Mackenzie
River. flows in a single ,bhannel of fairly regular width with little
sign of lateral shifting or bank instability. There are very few
islands and a well defined trim line appears to demarcate the

- averdge annual flood level. . Beaches are well cobbled.

. T -;;‘ ’ - . E : . e
.. Opposite the Johnson River at Mile 394 a series of small
inactive landslides are apparently seated in till., In the reagEJﬁrom

o f
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355 to 417 Sutcrops, where visiblé, are of till or bedrock. At Mile
426 outcrops of shale and interbedded sandstone dip 1 1/2 ft to 2
ft in 100 ft downstream.

MILE 440 TO 491

p of fhis,section*is‘given in Fig A.8 and specific
mileages of special interest are indicated. Detailed observations
along this tion follow below.

Bélow the Dahadinni and to the. Redstone the Mackenzie
flows in ‘a straight reach with little bank instability but frequent
sand bars and small islands. The character of the river then changes
at about a point marked by its confluence with the Redstone at
Mile 443.° From here, and until Police Island, Mile 500, where the
river changes course to thé west the river is characterized by
sinupus channels and many -islands formed from recert fluvial deposits.
There is frequent channel splitting around sand bars and wooded
islands. The nature of the banks also change and frequent 'landslides
occur. Although the left or west bank is seated in low lying and
apparently easily erodible recent fluvial deposits instability is
wholly restricted to the east bank. . < o .

: - A primary cause of Instability in this area seems likely
to be .the inflow of coarse bed load from the Keele and the Redstone
Rivers. These braided gravel tributaries dump, during flood stages,
large amounts of bed load into the Mackenzie. The Mackenzie, in
turn, cannot carry these imposed loads and deposits theln in the form

of islands around which'it must pass.

K

* R
. It is clear, however, that the formation of islands and ~
tﬁeir';ngluence on lateral channelxshifting while being a necessary
is not a sufficient condition for instability. It can be seen that
the conditidns downstream from the Dahadinni would also favour .
landslides as it is also a braided gravel river and many islands and
sand bars are contained in the Mackenzie downstream from this -con-
fluence. The banks however are seated in tills and bedrock with

the result that instability is generally absent. 1 . .

. The widening of the river.channel below the Keele is a
direct consequence of the bank stratigraphy in this reach. Massive
deposits of GEB silty clays'overlaiq by sands outcrop along the
east bank., These glaciolacustripe deposits are very erodible and
on the basis of experience in other regions of the study area likely
contain massive ice lenses. D o o

%
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As will be pointed out in the detailed observations that
follow the situation is, however, not entirely clear even in the
reach from Mile 457 to 480. Frequent'till exposures daylight at
river level from Mile 457 to about 469. These till deposits
influence the landslide morphology in thls ‘reach. Below Mile 469
no till was noted at river level and the slides are seated in _
silty clay. This observation may in part explain the comparatively:
great width of the river between Mile 469 to 480 in relation to the
reach meediately upstream. v

. To facilitate an appreciation of the many features along
this reach, more detailed plans for Miles 455 to 470 and Miles 470
to 488 aﬁe given in Figs A.9 and A.10 respectively.. -

" Mile 440 to 470: : L

Till exposures are common.along the east  bank from
Mile 440 to 470, Above Mile 457 the banks are almost entirely
till while below Little Smith Creek the till is lower although it
may reach as high as-80 ft above river level, locally., The till
has .an effect,eﬂ'the geomorphology of the landslides and although
there appears to be some slides the overall impression is one of
dominated movement. Within any landslide upright vegetation
is absent and there is a high degree of mobility. In active land-
slides the overlying silty clay can be seén to have sloughed out
and over the undérlying till. In other locations the Mackenzie
has eroded away colluvial debris truncating the toe portion of
landslides and clearly revealing the soil stratigraphy. Inspection
of these areas is difficult as banks are almost vertical, the
current swift and seething, and there are few locations where boats
may be moored. However, a typical site was observed in a cut bank
. some 1500 ft up Little Smith Creek. Here, clayey silt had flowed
out and over the underlying till and it could be seen where the
colluvial material remained dried ontq the till banks. These
perched landslides are clagsified as bi-modal flows although they
may, in places, partake.of more of an MR flow appearance. .There
is no evidence to suggest whether or not the underlying tills under-
goslide or flow movements or if they are eroded and rémoved by direct
river action and by fall landslides . ‘ J
At Mile 46 fluvial dé‘sits ‘choked up between islands have -
diverted the river ffom beneath the ‘steep east bank. Where there
is no active toe erosion banks. are stable. :
T p r o

® ) v i 4 / ‘.
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At Mile 469 a large mass of frozen silty clay was observed
at river level. This soil had apparently slumped down from higher
up and on June 16, 1972, ground ice could be seen where the block

had been undercut by the river. By July 16 no trace of this block
could be ?dﬁﬁgt

Mile 470 to 480:

. Below Mile 47Q the till, which has been dipping down river,
is now absent. Soil stratigraphy from Big-Smith Creek, Mile-471,

Fig A.11, Plate 3, and Old Fort Point, Mile 480, Figs A 12 and A.13,
Plate 4, have been classified as bi-modal flows. While the lobe.
angles are steep compared with other bi-modal flows there {s a strong
bi-angular profile. At first sight, these landslides and others in
this reach seem to be some form of block slide as they would aéBear
to have undergone rotational displacements. There are, however]
certain distinctions that séparate these landslides and the block
slides classified elsewhere. At both sites" the top of the landslide
mass that resembles a block is utterly devoid of upland vegetationm..
An inspection of both landslides revealed many spruce trunks buried._.
or partly buried in colluvial debris. At the Big Smith Creek site,
Plate 3, a single line of upright spruce can be seen bordering the
base of the head scarp. -

While there may be slide movements occurring within the
tongue portion-of the two landslides the overhll‘impression is one-
of flow dominated movements. Bi-modatily is also introduced into
the classification of these landslides by the different failure
modes apparent. Close inspection of the smooth, steep head scarps
at the O0ld Fort Point site has revealed that ongoing processes

-involvé the-detachment of a slab of insitu thawed soil that flows

down-scarp ending at a bump at the break in slppe and adding® mass
to the block-like central portion of the fl Plate 4. The
single row of trees at the Big Smith Creek site indlcates a similar

'failure mode,

A

. It 18 ‘likely that the 0ld Fort Point and Big Smith Creek
Landslides tepresent an earlier stage in the development ,of more
mature bi-modal flows that are found close-by. None of these )

profiles have been survgyed but bi-angular profiles of 5° lobeé up

to 1000 feet long with 35° head séarps are reasonable estimated
based on' aerial observation and photographs. These flows are

mature and partly stabilized with second growth vegetation and are )
common in the rivet bends at Hi,le 472 and Mile 480, .

———
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, "
Mile 472 (Ice Buttress' Landslide); Plate 5:

-

A bi-modal flow, at Mile 472, has a distinctiy bi-angular

-profile with g ‘steéep scarp and low angle frontal area and when

first encountered exhibited one feature of great interest. On June
16, 1972, a massive buttress of frozen sand at the top of a bare
fiead scarp was observed cantilevered out .over thawing clayey silt.
By July 15 the huttress had diminished considerably and by July /

30 it had‘almost vanished. When first observed its estimated

dimensions were 25 feet deep with a 20 foot extension. Ice was
clearly visible in ice wedges within the frozen 'sand. Thé sand
continually thaws and spills off the buttress in small pieces.
Depending on the initial position spalled sand either fell to the
bottom or was collected on the scarp. This collected material then
reached a critical height and flowed in a surge down to the main

~lbbe of what is classified as a bi-modal flow.

Immediately downstream of this .flow the banks have a
distinctly bi-angular profile and are similar to bi-modal
flows elsewhere, (for examplé; the Fort Norman Landslide, Mile 517),
except that they have.coalesced into a broad front. '

Ty

~N . )

Miles 475 and, 484:

—_— ~ Large MR slides at these locations, Fig A,10, are found

as_1iso features in this section of the Mackenzie. The MR
slide at Mife 475‘I§‘Vtsfblexoghthe 1947 aerial coverage but is
still active as a prominent toe has been recent ly thw u into
the river. . ) C W ,

Immediately downstream of Mile 475 the river is not v
actively erodipng the GLB scarp and sand bars are d along the
toe of the scé:p. There is an absence of any instability.

N 1
Mile 440 t:l‘(%‘SO (Summery of Observatﬁﬁ;):

6

The morphology of the laﬁdslides in this 'reach cha@ge as
the stratigraphical sequence changes. The interpretation of the.
ne}a;iyg inf}luence of till level is complicated by the apparent

. conclusion that some of the Iandslides noted are at different stages

in a cycle of degradation.

. Above Big Smith Creek instability'appears to be restricted
to the silty clays overlying till. In some séctions this clay has °
slumped out<over the till sequence masking it and movement has
occurred at a faster rate than-tQe rate at which the Mackenzie can
remove the colluvial debris. Given the velocity of ‘the Mackenzie
River and its apparent erosive power in this reach it appears that
mass movements are large and catastrophic in nature. When viewed

1 ; ¢

+ -
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on aerial photographs the landslides-have a much more t:unéated
appearance than do those downstream of Mile 470. This is because
for the same overall bank height the flows perched ,on the till

-cannot extend as far back as the flows seated at river level.

4 Below Big Smith Creek, Mile 470, no .till outcrops were
seen. Stabilized landslides with vegetated head scarps have a
distinctly bi-angular cross-section with low angle bowls and steep
head scarps. More recent landslides such as the 0ld Fort Point
Landslide and the Big Smith Creek Landslide have a steeper overall
cross-section. Although these two landslides have a blocky
appearance the apparent top of the block is denuded of any upland
vegetation. True block slides noted elsewhere have identical
vegetation covers to that which is established on the terrain above
the head scarp.

At'Mile 475 and near Mile 484 certain multiple retro-
gressive features are noted. These slides are relatively old as

they appear on the 1QA7 photo coverage. They are, however, different

in morphology from thé more cirque- -like landslides common below
Mile 470,

ATy

- . LY

MILE 497 TO 565 L

A map of this section is given in Fig A.14 and specific:
mi leages of special interest are quicated Detailed oQSeerQiOns
along this section follow below.

Mile'SOO:

- There are many scars of old landslldes along the‘gight
bank of the Mackenzie River on the. great bend at Police Island,

. H Above Mile 500 there are occasional active flows. Although no bed-

s4rock was observed at river level above Mile 500 the morphology of the-

..%£1lows indicate that the glacial lake sediments form only a veneer over
- till and bedrock. The flows dppear to be failing along steep slo es
" in the tongue portionﬂ It is likely that the flows have slumped out

over more resistant sedlments. Below Mile 500 bedrock was visible

) :; and the flows in this reach are perched about 40 feet above river

level RS ) . , ' &
. . * . \(

\‘b
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Mile 507:

A large rock landslide in Tertlary sediments is seated
on the north bank. Below Mile.507 and to Fort Norman there are
many exposures, of’Tert1ary sediments. Burning coal seams and
consequent red staining is common in this reach. Near Fcrt Norman
ice wedges were observed in drift overlying Tertlary deposits. Cw

vMile 513 to 5?6: P '

A sequeﬁce of large slides seated in glaciolacustrine
.silts and silty clays are:found along the south bank of the

) ~Mackenzie just downstream from Fort Norman. Slope instability

processes have been active in the past as the river is very wide
in this reach, In this reach the stratigraphy consists of sand
overlying silt-sand rhythmites in turn pverlying silty clay.
On the helicopter survey it was noted t most slides 1nvolve
moveient of a single“block although occasional multiple retro-
gressive features are present. Inspection of aerial photographs
confirmg that most failures have a blocky form. ,
Slump blocks are commonly flat -lying although some back -
tltled s lumps have been noted, particglarly in those blocks that
_have moved down almost to river level 4} Just downstream from Mile
/513 a large gully lying perpendicular to the river exposes a cross-.
section where both forward and backward tilting of the silt-sand
.rhythmites waéfobserved Along or paralle with the rlver exposed
~ silt-sand lzzgrs are gene:akiy hg;izontal "However in‘some places
abrupt chang¥s may occur.ﬁdbips qeré never greater than about 15°

. ‘$§-developed gullyidg is assocxa:ed with-these slides.
Gullies first develop at right\angles to the river. They are V- ‘
ﬁ_notched with steep sides and do not extend much backward of the slide
areas’ Frequent extensions to the gullieés occyr at right angles to
the perpeadicular. gu111es ‘and " run parallel with the river. Sand has
fallen down and covered over the sedimentary sequence in many of. the

- gullies. However the depth of the gullies suggests that the sandy-

silt facies of tlle GLB sequence extends almost to river level. Blue
Dsilty»clay‘wasrqbted at river level in this reach. . P
e Mile 517 (Fort Norman Larrdslide) Fig A.15, Plate 6:

: A large ‘bi-modal. flow called the Fort Norman Land311de,'
. Mile 517 was the subject of relatively extensive 1nvestigation.

' The headscarp, standing at a steep 36°.angle, has a relatively smooth

Tl
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face and a classic semi-circular shape. A test pit was dug at the
base of the head scarp just east of centre. At a depth of some 18
inches horizontally into the bank a frozen silty clay with vertical
and horizontal ice lenses was encountered. This silty clayextends
to within 20 ft of a 110 ft scarp and is overlain by Silty sand.

A series of V-shaped gullies ring the top of the head scarp and gre
covered over with draped vegetation. These gullies.may res t Erom
melting of ice Wedges. Frozen ground was encountered by probing

on the upland Behind the head scarp, and thawed soil was found
flowing out from beneath vegetation covers in a small ravine half—
way down the east scarp.

-

] The lobe area lies on a low 3° ngle overall and smaller
lobate feature§ can be found superimposed 02 the lobe near the toe.
Towards the head scarp on the east side larger lobes some 5 to 10

ft high appear to be the remnants of material derived from the head
scarp. Two small Streams are also contained withid the flow. ¢

«
<

- A large silt run extends over an area of some 5,000 sq ft

at the base of ‘the head scarp just east of centre.’ e run gconsists
of 'a caolluvial silt and clay mixtur g2 -at agfangle of 3.59.
Small mud boils up to 3 inches id diameter, p e surface of this

siltirun and water can be seen slowly weeping out from their craters.
On June 17, the transducer piezometer was pushed to the thdw inter-
face at locations P1l, P2 and P3, Fig 2.3 and excess pore pressures
measured, A further test, P&, was made on June 23, 1972, and a
Geonor open standpipe test was made at location Gl. About 1/2 hour
after the piezometer was withdrawn from test Pl a mud boil began to
form in the hole vacated by the ptobe A plopping noise could be
heard and once the S11t settled ih the small puddle a mud boil was
fobnd. : . ‘ T
. The Fort Norman landslide.appears on both the 1950 and
1961 aerial photography of this area. .Comparative measureménts of
the location of the head scarp with upland features sugges that
some 120 feet of ‘movement has occurred in 11 years.. t\\;\

{

Mile 518 (Litt1l)p Norman Landslide); Fig A.16: A

¢ -
P ~

] A smaller bi-modal flow called*the Little Norman Land-
slide, Mile 518, is found one\mile downstream. This flow is now
well stab1lized and the bow!l treed, although the 1950 coverage
indicates activity. Inspection of the. banks immediately upstream -
.,indicates. that the silty clay occurs much -lower down at this site.
than at Mlle 517 Sand and silty sand interbeds' were noted almost

*\'\ I w o . ) Tt . ‘ v T
) . - Pl
: .
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to river level where a blue-fissured silty clay had been exposed in
4 recent wave cut platform. Probing at various locations down the

. thickly vegetated head scarp encountered frozen soil and a test

pit advanced at the base of the scarp encountered ifrozen so0il beneath
a thawed sandy silt.

~
Mile 551:

- For about one mile above and below'Mile 551 frequent-bi-
modal flows are encountered, some with a changing morphology that

,reflects differentﬁétages in development. More mature flows are

only marginally active, partly overgrown with small birch and poplar,
and have a truncated appearance. These bi-modal flows are older
flows that have reached some sort o6f equilibrium at the headscarp and
are now having 'the greater portion of their tongues eroded away. .
Towards Mile 550 more recent flows are noted with low angle lobes off
7° to 8° starting at the'trim line.

Mile 530 to 535 (Halfway Island Landslides):

Bi-modal flows partly controlled by bedrock elevation
are found opposite Halfway Island, Mile 530 to 535. From Mile 530
and to about halfway around the bend, bi-modal flows are seated at
river level. Below this point bedrock starts to rise and flows
seated in clayey silt spill out and over almost vertical rock
exposures, ' :

» o
Mile 556:

A gteep‘exposure of GLB sands and silt‘wi;h blue silty
clay at river level is found in a headland being actively eroded by
the river. No landslides otcur in this reach although abrupt
changes in the dips gf originally horizontal sand-silt layers were )
noted. - Inspection of aerfal photographs indicates that an old flood
plain terrace is seatedupn‘topi“ the bank in this section ’

. y 3 »"4
i . M

MILE 621 TO 660 . - *

. ';\A'map of this section is given in Fig A.17 and specific
mileages of special interest are indicated. Detailed observations
along this section follow below. R L
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"Mile 621 (Axel Island Landslide):

A large MR slide is seated in the north bank.of the
Mackenzie opposite Axel Island. Bank heights range from 185 to
235 ft and the overall angle of active areas of instabilitg range
from 9.5° to 14°, Adjacent banks stand at angles up to 23

Many arcuate ridges stepped back en-echelon from the
river were noted. The slide was flown over and a rotational aspect
of failure of the head scarp was apparent. Extensive exposures of
silty clay along the toe were noted and small bi-modal flows
contained within the toe attest to frozen ground This landslide
might be conSLdered to be an MR flow. -

Upstream of this landslide frequent bfgmodal flo%s have
ocourred in a recently burned-over area.

Mile 635 (Hanna Island Landslide); Fig A.18, Plate 8: .

The Hanna Island Landslide, Mile 635, presents mdny of
the features typical of the bi-modal flows of the Sans Saults Rapid .
‘area. The head, left and right scarps are all steep and have,
here and there, organic mats draped down over the scarps. The lobe
is devoid of living vegetation and several smaller lbbqs are contained
within the main area. This flow was v131ted twice jn a 2-week period
and evidence of movement could be seen in }he change in altitude of
a series of arcuate thrust ridges at the toe of the lobe. Upslope,
and at either side,of the flow burned-over spruce indicates that
a fire has recently gone through the area. Upslope from the flow,
tension cracks parallel the headscarp and many are likely due to
the severe desiccation of the organic mat after the f1re. However,
one. crack has split a 16 inch diameter stump, b

AAtest'pit was cut into the right or north scarp beneath
an overhanging moss cover: - A plastic blue fissured clay was
encountered and at about 18 inches into the scarp frozen soil with
‘both vertical and horizontal ice lenses up to.1/8 inch was reyealed.

'

Mile 642: o L S .
) ‘This landslide has a steep head scarp of 28°, a relatively
‘steep lobe of 139, and a steep toe falling over the trim line and
_on down to: the river. As such 1t is a bi-modal flow.
. - ' :",.
' The head scarp is melting and ground ice with lenses up
;o 6 anhes thick is exposed. A silty colluvxum flows in pulsgs

A
'
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down to the break in slope at the lobe. On the head scarp soil
undercut by melting ice or thawed soil falls down and collects in
small pockets or 'pools". At a certain critical point this
" aggradation of colluvium then flows down-slope carrying contained
clods of intact soil and any other debris that it has collected.
Movement also occurs by gravity fall of large blocks of dried silty
clay which were observed rolling down the 28° head scarp and coming
to comparative rest in the bowl. Upon reaching the lobe the pulse
breaks up and moves out on a slope of about 6 1/2° to 7 1/2°. Angles
were taken with a Brunton compass by floating a plywood board on
the lobe. The flows are quite liquid with hard crumbs of soil and
small pebbles and sand (from the overiying sand strata) contained
in them. '
-

The transducer piezometer was placed in the lobe below
the break in slope andat 2.05 ft a pore pressure reading of 2.3
feet ‘was obtained. . '

This site was visited twice in 2 weeks and on the second
visit it was apparent that lobes of soil some 1 foot thick had moved
down the bowl of the flow. ‘ L - LN

. | ‘ . \ A\
" Mile 642 to 653: _

Frequent landslides occur along the west bank of the
Mackenzie seated in GLB soils. . In this reach the sand and sandy
silt member of the sequence is relatively thick although it appears
to thin to the north. Frequent sightings of the blue silty clay
were found at river. level along the banks,

k] R

. Immediately downstream from Mile 642 and to Mile 646,

the landslides have a tendency towards a bi-modal flow type with
steep head scarps and lower angle bowls., 'The angles in the bowls,
however, gre typically greater than about 15°, It is not clear if
these landslides represent a later stagé in the development of the
block slidgsffound downstream or if they mdnifest changés in -
stratigraphy. No discernible changes in soil composition were
noted but as the landslides are either partly stabilized .and vege-
tated or well covered over with sandy colluvium from above, the
stratigraphy is not clear. - )

Below Mile 646 and t Mile 655, block slides are
common along the west bank of tlje Mackenzie. At one site, Mile 658, ‘
a large intact block of frozen gand and silty clay.some 40 ft high R
and 500 ft long by 200 ft deeppis beiﬁg'qndercut by the river, Plate
7. ‘ AL

) . . -
Q " -
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The block has apparently slumped down about 170 ft to

its present location and is covered with vegetatiq@ identical to

stands on the head scarp. Although there is ‘some Yocalized back-
tilting of sand-silt layers near the toe»the\plock itself has moved
with little apparent rotational movement. The block itself is
frozen and well developed ice wedges could be seen along the front
of the block.

The landslides in the reach from about Mile 642 and
on are associated with severe gullying. This g&llying comp licates
the interpretation of the bank morphology as in some places it
appears that the profiles attributed to block slides may have been
caused by erosion. When inspected on aerial photographs there
appears to be clear evidence of slide activity. Te

Below Mile 642, bi-modal flow ohabit with block
slides and may represent a later stage in cycle of degradation.
/

Mile 653: .

At Mile 653 the high bank that has been following the
shore of the Mackenzie from Mile 642 turns inland along an old
abapdonea‘river\channgl. The old scarpsmlong the west side of the
channel have a low angle slope and knobby appearance apparently
characteristic of old GLB scarps. The same feature can also be
found on the east bank of the Mackenzie opposite the confluence:
with the Hume.River. b )

: ' K o #

- 3

Carcajou River (Site Cl):

A series of perched bi-modal flows at this bite have

been inspected from a helicopter and on aerial photographs. The

lows. occur along the 200 ft high west bank of the Carcajou over a
2 mile reach, and are seated in GLB soils over cretaceous bedrock.
As one prpceeds up-river the elevation of the bedrock rises and
instabilfty is, therefore, seated higher. and hi'gher up the bank.
Bi-modal flows appear to be active and in one instance-a tongue has
spilled out and over the bedrock. One-large landslide at the
beginning of the sequence has elements of slide govements and on

aerial photographs the suggestion of a slab-like fadilure exists, p

‘ - \ - ) . | i . \ “
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Mountain River Landslides: ’ ) v
J(i) Mountain River (Site M1); Fig A.19, A.20, Plate 9:

A series of MR slides occur on the south bank of the
Mountalin River at the first bend that is seated in GLB soils.
These landslides are deep-seated, exhibiting some degree of back-
tilting and have progressed backwards into the GLB upland by a series
of retrogressive failures. * .
A borehole advanced some 400 ft behind the headscarp .
revealed a soil profile made up of glacial-lake deltaic fine sands *
and gravels ‘overlying interbedded sands, silts and silty clay. An

" ynfrozen loose sandy silt was encountered at 156 ft below the

permafrost table. The detailed borehole log is given in Appendix

B. Observations made during the sufller 1972 noted gravel up to 3"
in diameter in thin ~seams, and crass bedded and deticakely laminated
structures in the sands and silts. This soil sequence of“gands;and
_interbedded silts-and minor clay is, in turn, underlain by a more
extensive deposit of blue silty clay. ’

A tour of the toes of the slides was made by foot,

during July 1972, and frequent exposures of Mountain River Blue Clay
. were noted. In_one outcrop it appeared that a once horizontal seam

of clay had been squeezed up and out=as a syeepingucurVe of clay

protruded above river level. The clay projected out almost at

right angles to the bank and then curved upstream. In the adea

where the blue clay‘was sampled, a wgll-deﬁEIOped macrostrucfure

of both vertical and horizontal fissures was obsetved. Although

no ground ice was observed in the blue clay along the landslide

toes the well-developed fissuring suggests a former frozen state.

The results of the drilling programme show that the undisturbed clay

at river level should be found in an unfrozen state.

' Recent river action, (July 1972), at the downstream part’
of the bend has sliced away an excellent “exposure of a slump block.
Exposed along this cut is a seam of blue f#ssured clay. In fresh
exposures ice lenses could be seen contained along both horizontal

‘and vertical fissures. Tigese lenses appeared to be very thin surface
P

\

v

g

coatings in some instances. No samples could be taken. The clay seam

was some 2 ft thick and the fissure system split the clay into
blocks some 4 Eo 8 inches square although much finer features, we
" also evident. It.is noteworthy that many vergical veinlets of. i oK
disec# the clay. This citting ‘had also bared a good pgofiy% of 2N
massive ground ice. On the second visit to this site some N2 W
later much of the original exposure had been melted away gndvs
LI : i . , ¢ , "\_",;4
W
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[ 4

large block of frozen ground had failed in tension due to the
severe undercuttfng during the preceding fortnight. Behind this
block the glimmer of massive ground ice could be made out when view
-ed (in the helicopter) from above. This feature had disappeared
completely when the site was visited during March, 1973. The
frozen clay found ip this section has apparently moved down from
higher up in the bank due to laddslide movements. The same type
of frozen, fissured clay was not encounteréd in the borehole, MI.

The landslides at this site are characterized by both
blocky failures and mere multiple forms. Slide blocks exhibit
varying degrees of backtilting which becomes more markéd as the slide
masses fall to near river level. The surface:of the slide blocks;
that is, the old glacial lake plain surface, are ‘covered with -
stands of spruce identical to the upland spruce tn undisturbed areas.
When viewed from the air some of these stands are vertically upright
while others are inclined perpendicular to the non-horizontal surface
of the slide blocks. -

N

. Well-developed gullying is found in conjunction with
these slides and commonly extends further back into the upland than
do the mass movement features. Thesde gullies are V-shaped, deep
seated, and suggest that easily erodible soils make up the bulk
of the cross section. These gullies are rimmed along their tops by
heavy spruge covers which are commonly forward tilted with vegetation
overhangs draped down and over the steep sand slopesg of the gu111es.
These features, in conjunction with-recently deposited trees found
along ‘the gully floors, suggesg ‘that the sand banks are actively !
melting and that, seasonally, an active layer skxn of sand thaws
and detaches itself -,

Samples were obtained at various depths in boring Ml
using a 1-1/2 inch, diameter spoon and a 3 inch diameter thick-
walled Shelby tube. Full recovery was genérally obtained, however,
the ends of the Shelby tubes were always buckled. The resdlts of
"vthe drllling operations and al] pertinent 1nformat1on is presented
in Appendix B, . , - e, o

* ) } ‘ e

-An unnamed MR slide was observed some 2 m11es~upstream
from site M1, Fig A, 17 during the aerial reconnaissance- of )
September, 1971. In this slide recent’ failures near .the head. N
scarp have resulted in large Ceng}on cracks and tears developxhg
_in the slump block near the head sdarp o »

-

I
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(1i) Mountain River (Site M2); Fig A.19, Plate 10:

At at least 4 syeeping bends near the mouth of the
Mountain River the river 4s actively eroding fluvial deposits.
These deposits are recent in that they are not GLB silts or clays
but rather sediments laid down in the flood plain” of the Mountain
River. When inspected during June, 1972, the bank appeared to be
in the order of 15 ft high but at low winter water level they are
some 30 )ft high. Banks are made up of dark brown silts and sands
overlyifig gravel at river level. .y
"The silts and sands, and likely the gravels, are
frozen. 1Ice lenses were noted at some locations. The action of
the river is to erode away and melt out the gravels and some of the
silts leaving a-slab wof frozen gilt and sand cantilevered out over
the river. As the top of the slab is still covered by the usual
organic-.cover the mass of frozen ground ablates from only the front
and the bottom. In some instances the rate of "lateral erosion at
(/ the bend in the river is such that the tensile strength of the
frozen ground is exceeded and a large bloek falls into the river.
The rates qof lateral eros have been estimated by comparing the
relative position of the rlver bank, for the three sites noted on
Fig A.19, on aerial photographs taken in 1950, 1967, and 1971,
For site M2-1 erosion totalled 210 ft from 1950 to 196%: and-150 ft
from 1967 to 1971. For site M2-2, erosion of 160 ft and 300 ft occ-
urred, and for site M2-3, a total of 780 ft was measured between
1950 ‘and 1971. T ~ ‘
L |

‘(i11) Mountain River {Site M3):

. . The remains of a large, ancient, bi-modal flow were-
noted perched some 50 to 75 féet above bedrock on the right or
south bank of the Mountain River, Site M3, Fig A.17. A volume of
material in the.order of 3 x_108 cu yd has been moved out of the
flow area and into the Mountain River. No t¥ace of recent activity,-

is evident. . ) e o e
o . : Lo %
’ . ' g . : * P Ve
) Hanna aﬁ& Hume Rivgr Landslides (General Observations): ‘_/f
* T T . ‘ N : ’ ) -
~ Both the Hanna and tlie Hume Rivers were inspected by ¢

héiicépteﬂ and water_based operations and.ome site described in the

‘e next section vgs: the subject of a wintet dril}iné‘progtamme. ‘These

*, two rivers are very similar and develop identical types of landslides.
’ hd i ) Al ,‘I 0 . : . .. . - . i
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The Hanna and the Hume meander in a wide channel
entrenched up to 100 ft into the surrounding GLB upland.. Well - .
dtveloped thermokarst features pit this upland and extensive frozen
ground conditions can be expected. As the rivers meander in their .
"entrenched channels the bends in the river come into contact with,
and erode, GLB scarps. The greater percentage of active bends abut
this upland and the straighter reaches are cut through recent

fluvial deposits.

i  The frequency and extent of flow landslides along the
Hume and the Hanna is striking. A forest fire has recently swept
through both areas and the effects of fire coupled with intense river
erosion has resulted in active instability. ’ ) .

.

' The landslides observed along the Hanna and the Hume
Bfall into the following types: '
= .
(i) Skin Flows ¢ \"
Skin or long ribbon-like flows occur. on slopes from
60 to 9°. Movements are*shallow and involve the downslope displace-
ment of mineral soil and vegetation covers. These flows occur
frequently in burmed over areas and they may coalesce to form a large
sheet of instability. :

(ii) Bi-Modal Flows
-y R N

Bi-modallfloqé&afe comion along the banks of both
the Hanna and Hume Rivers and -are found mainly at river bends. They.
appear with greater frequency in recently burned over areas. Chara-
cteristically, lobe angies of about 6° were measured and even lower
angles were noted on aerial surveys. Hedd scarps range from 12° to
steep, about’ 259 to 30°, inclinations. Although more than one bi-
modal flow may be found at any given location each flow has its own 4
‘circular head scarp. Rapid movements are evident and in many
-instanges terminal zones are thrusg out .into the river causing a
sharp detour of the channel and, in areag, damming the river and
hindering. Boat movement. . L : v

//// . (iii)‘RotatipnalVSIides3 ‘ : ,

y . ©  Small potathonal slides are found’in fluvial

. .~ deposits which are likely unfrozen as “they occur ‘immediately

- adjacent.to the river. They rarely extend much behind the trim

‘ linj. These rotational_slideé‘have only Seen observed along the

sty fphter reaches of the Hanna and ma aSSOCiatedAliih rapid .
Yawdown conditions due to fluctuating river levels i e Mackenzie

" or to river erpsion. Their»proximity to the river .and evident .
rotational aspect suggests that the slides are not associatéd with
frozen .ground. “ e P )

»
.

. P w
b . : ) . . ~
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s the toe of a typical bi-modal flow
juts out into the river, & river must rapidly change direction
around the toe and in doing so erodes the opposite bank. As bi-
modal flows are seated in the GLB upland the opposite bank is made
up of recent fluvial deposits: ‘

\

These rotatignal slides can also be found on the banks °
K

(iv) Falls

Fall landslides are, however, more common opposite
bi-modal flows. The fluvial deposits that are being actively eroded
are frozen and well developed ice wedges which have been noted in
one clear exposure attest to this condition. Depending on the
relatfve rates of rivar erosion and thermal degradation a rotational
‘slide may not develop. Instead, extensive thermal and physical
erosion reseflts inthe formation of a therma] erosion niche and the
failure in tension of a block of frozen ground. This failure mode .
is referred to as a fall, These falls are seated in fluvial ‘
deposits and the consequences of small fall landslides do not seem .
to be severe because although up to 25 feet of frozen ground may
be exposed flow landslides do not develop.

Evidence of _small falls ca&ﬁalsb be seen seated:
in GLB soils. These falls occur along ‘the top of the trim line ip
areas where.*_here is ligtle or no protection from erosion by a
protective buffer of willows and.low brush. Forward tilted treges
are considered to be an indicator .of these small falls.) - -

1
¢’

‘ﬂanna River (Site H1); Fig A.21: “ . e ,‘<’:

A piezometer test, Hl, was made at-the base of the head

fscarp,of a bi-modal flow, Fig A.21. An excess pore pressure

discussed elsewhere was measured.g It ¢ g}d'be noted that a series
of slope profiles taken of /Flows . #long tWg Hanna River are reported
3 . g- N 4.,_ . k
-in‘Tables 2.1 and 2.2, ’z; RS .
- L CE al_. A Nty
] N~ ﬁ‘ - :"

. . S NI vy ) .
Hume River (Site HU1)! Figs A.17;r4.22, A.23, Plites 11, 12: '
¢ A series of bi-mod#l flaws can be found at the bend of
thie ‘Hume River located on Fig A,17. Historically, landslide -«
activity apparently began at the bend in the meapder: but has. since
migrated someé 2,000 ft downstream along the nortti-facing bank which-
is seated in GLB soils. When viewed'on_1944 aerial“;everage-the bi-
modal aspett of these flows was evident as the most easterly flow

3 . e Ty

I 4 ]



.
~

‘.

. o 273

was still active and a steep headscarp region could be seen to be
melting. In 1944 an extensive tongue reached out into and crossed -
the 250 ft wide channel causing severe erosion of the opposite bank
and a sharp detour of the river. This most recent flow has now

' receeded back from the river as far as it can go and there is no
evidence of headscarp activity. The bowl of the flow is treed with "=
light brush and the prominent 1944 tongue has been almost eroded
away.. The large cut made in the opposite north bank is partly -
infilled.  This cycle of cutting and infilling has also occurred in
the past along the north bank as evidence of a slip-off slope and
a refilled channel section can be seen upstream of the present cut.

The bowl of the most recent flow now lies at an angle
of about 4° Dyerall ‘compared with the average 12.30 slope of the
south bank immediately downstream. Downstream from the flow and
along the toe of the relatively undisturbed bank some form of * .
ingtability process is indicated by ingtability in a row of large
spruce. bordering the bank. rd : .
oo . A'Eeries of borings were advanced in an undisturbed -
portiom of the glécial lake scarp downstregm from the most recent 1
. flow'in ‘order to ré-cregtp pre-flow condisgzns. Boring HU1-2
« was located within3100 ft' of the Hume River and 'was only advanced -
57 ft.  No boring was made in the centre of the river and,!therefore,
it is not known if permafrost will be found beneath the river,
However,.it is expected that the Hume River will not freeze up
completely during the winter months and by maintaining an average
temperature greater than Q°C will not bave permafrost beneath it.
Furthermore, as neither bgring HU1-1 or HU1-3 penetrated the
permafrost table the exact position of the 0°C isotherm is urknown.

.The nidgt likely position is shown in Fig A.23 \ .

. The borings advanced at the Humé River site were drilled
up to a depth®of 150 ft using air return. No difficulty was

experienced with‘clogging.and froieﬁ‘clay chips were brought to the ~.

surface. Sampling using thickswalled-3' Shelby,tubes was attempted

* but ‘the tubes buckled on insertion and sampling was limited to the

1-1/2 in and, 3 in split spoon.sémplersr
The borehole :logs are givey in Appendix B aé~af§“plcts
of water (ice) cantent with depth. It should be noted that the
water (ice) cqontents in hole HUI-2 are higher in the first 20 ft
than in the othér 2 bor'ings. These gher‘ water contents reflect
the difference in sampling technique ak large bagswof chip “samples
were taken in HU1-2 vhile water content samples were cakén.ftom
the split sppons for the othér 2 borings. M

e B

-

s

e
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Atterberg liquid.and plastic limits are also shown in
Appendix B fn relation to the water (ice) cqontents. It can be
seen that the limits are essentially constant over the entire .
depth. :
A

_ The soil encountered in all borings is a brown Bilty
clay, CL, with the exception of a lense of brown clayey silt, CL,
found at 6 - 8 ft in HUl-1. “This .conclusion is, however, not based
on continuous sampling.

. Ehe ground ice conditions at the Hume River site have
been logged according to the NRC classification. The dominant )
ice type is classified as Vr which occurs in sub-horizontal and
sub-vertical lenses of varying thickness up to about 1-1/2 inches,
The ground ice encountered appears to make up a lattice-like
strugture surrounding large masses of overconsolidated silty clay
with_watér contents as. low as from 19.1% to 21.0%. J '

o .
\\

<.
.

.

Hume. River (Site HU2); Fig A.24: -

S~ A series of bi-modal flows located at the northern-

méhtfbend in the Hume River are sketched on an overall plan, Fig
A.24, .Seen on low altitude 1944 aerial coverage steep head scarps
are evidéntly melting and large amounts of thawed soil are being

detour around the-toe and to activeiy erode the opposite banks.
Scars of many ‘ofder Flows liné steeper scarps abutting the GLB:
upland and the only sections in which evidence of movement is absent
is along low lying terrace scarps., ., . :

The rate of back-sapping 6f"thgkhead scarp of one of‘{he

bi-modal flows noted on Fig A.24 can be calculated by comparing 1944

1950 and 1971 aerial photggraphy. The scarp. has moved back 250 ft

from 1944 to 1950 at an averagerate of 40 ft/yr, ,From 1950 to 1971, ...,
the total movement was another 250 ft but by 1971 the ‘landslide-was ,3;"

stable and indctive and the prominent toe partly eroded away,

Hume River (Site HU3); Fig A.17:

\

s :

* 3

vpﬁe'ﬂume River as located'on}Fig,Ail . .Lhe bank heights in this .
reach are estimated to be at.’least 150 fe, Probably soil strati-

A series:offMR slides &re?seated along the east bank of

. $raphy is sand over clay at'tiyef level, Sand is expected in the

sequence as there are .several deeplseatéd gullies i@ agsociation

n '0 : - . L . ) K L.
O - S — T Sy

3

, N « -

. deposited in“the Hume River. Active flows have daused the river-to °
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e
A, 2 OBSERVATIONS ON PERMAFROST CONDITIONS : ’ ..
‘ ; v - . "‘
Ice-rich soil has been found in the headseérpsf6Y—5{f/(/
modal .flows in all parts of the study area. Althpugh many of the
smaller bi-modal flows found throughout the study aréa were not - v

was always found

studied in any detail, well-developed ground i ‘ )
gated. ‘The ice

in the headscarps of those flows that were.inve

.encountered appeared to be of the segregated variety and was -
seen as frequently spaced rhythmically banded ‘lensds OF approx-
imately 1/16 to 1/8 inch in thickness and with a fyequency of .1/4 }
togl/2 inch. In some instances these closely spacgd lenses graded ‘
into frozen soils with more or-less uniform conditfipns separated-
by thicker ice lenses of clear ice, sometimes wit §@}1 inclusio
of ‘from #72 to 2 inches in thickness. A similar disgpribution' of ice
forms was found along the east scarp of the Fort impson Landsl1de
where the gradation of fine rhythmically handed ice into more
massive ice lenses of_ up to, at least, 5 to 10 inches in th1ckness
was obsetved in a sca?ﬁ some 70 feet high It can also be- noted that
the matrix of frozen soil containpd within the thicker ice lenses |
is sometimes laced with a renticutar network of sub-vertical and , -
horizontal ice veinlets. The renticular, th¥ee-dimensional,

._ground ice form was found in test pits dug at the heed scarp of §
‘the Fort Norman Landslide, Fig A.15, and at the Hanna Island ’
Landslide, A, 18, although the chicker lenses ‘were not observed.

‘This lattice ice.is usually from 1/8 to 1/4 ineh in thickness and -

"splits the soil mass into a series of blocks or lumps., ' C ¢

- ' - Segregated ice was ajpo found (t the l‘ieadsca'rps of ‘ . -
‘-bl-modal flows seated in GLB soils near HIiE\Qﬁo -and in one flow
investigated at Mile 642 bpt was not logged inany detail. PFrozen

© ground was encountered in a test pit-'dug at the base of the head- .
scdarp at the Little Norman Landslide, Fig A. 16, but msy\have .
represented yet unthawed seasonal ice, ‘ :

4

*

o ‘\hFrozen ground cond1t10ns have also been found in the
~ lobes .of many bi-modal flows. Hand probes made ‘i the lobe of the
~Fort Norman Landslide, Fig A,15, encountered frozen soil and a .

A . [ "y
: B - . ¢
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smooth' thaw interface at depths vatlv 1.6 to 3.1 ft and at 1.5

ft in the Hanna River Landslide, Fig-&21. Probing with'a 1/4 in
metal rod has confirmed frozen conditions in thg,lpbes of many

of the smaller flows (see Sec 2.1.2). Frozen conditions were L4
'confirmed by driving the steel probe into the frozen layer with

a bammer and assessing the resistance to torque once it has

firmly seated. . . -

Ground ice has also been found in comjunction with -

the bi-modal flows found along the Mackeﬁzié,-from_Mile 440 'to

480. These ground ice conditions were not investigated in detail

at any particular site but, on-the basis of observations made at e,
' chance” kxposures, a composite picture emerges. At Mile 470 a large,
mass of frozen slumped silty clay was observed at river level. o
Ground ice could be seen on June 16, 1972, where the block had
been undercut by the river but by July 16, 1972, no trace of the
block remained. lattice ice in theé: form of vertical veinlets and
horizontal lenses coptained in a. matrix of fissured silty cly was
observed. Thermal erosion niches at river level are common and =
are associated with frozen ground conditions. At one location, . \ -
. Just upstream from Mile 480, a very recent exposure some 20 to ' ¥ 2

25 ft high of colluvial ®aerial revealed small ice lenses. In ° -
the reach from Mile 440 to 480 smallk bi-modal flows, elsewMere
asgociated with meltihg ground ice are ¢ommon .in pruce covered
banti;that are not otherwise failing and seeps noted in the Epnépe
-area~of the'Old Fott Point landslide may be derived from melting
ice. o T " 1 o '

: ! Tbefcleatesq évidqncefof permafkost conditions were .~ ‘. _
presented at the Ice Buttress ‘Landslide, Mile 473, Plate 5, where -
-a large-block of frozen gand was. found cantilevered ogt'dVer y
silty clay GLB soils. ‘Smallice wedges could be seen inthe

v“»frozed/sandruhichiwas,coﬁpigqbuslywmeltiagfandﬂspalling off. /.
. . o - o * . 5 - o E -

L

PR
C S Y .

b .
o

 with the block and MR slides classified- in the study: he '
- +best .evidence was found at ‘Mile 565 where a large bld '
.-moved down some 170 ft and has dbeen undercut about 10 €6

Erozeh,grouﬁd"bbndition8 h$ve been found JT" - _btioﬁ; o I P

. .

© _, in along.the toe, 4 .-

LT R

R

ffacg‘anq?thehmagnitude of fhe;undercutcing,attest”;oﬁt e presence., = | _*'’
of frozen .conditions. As the block sits out in the river it is = . N

. -exposed in all diﬁensioné}f,On the’upstreap;sidé;bf»€Heqblock-a-Lérge»‘f
"*  crack infilled with roots and ‘ground ice can be seen running into-
.. the block purailel with the river. This crack is not an ice wed%g

1 *
. V] . . . . . - .
g [ tot - L Y L] B TR | : : S oo °

SRS S . : ey
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and none of the ice wedges along the toe exhibited similar featwres.
This large crack appears to be atension crack feature associated
with }nstqbility in the block slide and the ground ice encountered’

can be classified as tension crack ice (Mackay, 1972),
: i . L gL e
River action-has sliced.away an excellent exposure of ,%
frozen soil in the toe of one of the MR slidas found on Mountain
i River. Exposed &Tong this cut is a seam of Mountain River Blue
,Clay and in fresh surfaces lattice ice could be seen which, in
some. instances, appeared as very thin surface coatings. These
- horizontal and vertical lenses impart-a fissure structure to thawed 1
‘clay and split the clay into blocks some .4 to 8 inches square, .
o ‘although much finer features were also evident. The river action .,
. had also bared an exposurecof massive ice. On the second visit to .
»this site some 12 days later much of the orlginak,exposure had been
melted away and a large fall had occurred as a result of the severe
-‘undercutting of the preceding fortnight This fall con81sted of a
“\arga block.of frozen ground that had“fatled in tension and behind
. block the glimmer of thick ice’ lenses could be seen when viewed
LU from abgve in a helibopter- . & .

- N L]
[ o
. ;

’ There were -2 range of features observed'duripg the
. ., . .-survey that suggest gghe presence of permafrosgicendjitions in areas -
3f actiye bank instability. Alth ugh no diredf evidence exists
’ in.suppert of some of these featujés there s 'such ‘a ‘paucity of
o 1nforhatlon in general about permafrost condltions in the study
-~ rarea.that it is useful to review them,

\Z} - In some reaches ‘of the Mackenzie River rapid changes
the attitudes of generally Elat lying, sand-silt varves suggest
g conditions in which grouad ice contained below the now tilted

. strata has melted out causing subsidence., Block and MR slides

can be found in conjuniction with a4 GLB sequence of sand over sand-

silt varves over blue silty clay in certain portions of the

) Mackenzie River. These sand-silt varves are usually horizontal

but frequent observation has been made of rapid changes in these
varves resulting in apparent dips .of up ‘to 15° upstream or down-
stream parallel with the bank and gentle anticlinal features have
also been noted. These abrupt changes in dip seldom are found
along sections of bank greater than 100 to 200 ft. As these features

found in banks where block or MR slides are either active or

in which older features can be seen on aerial photographs it is
possible that theyare caused by landslides. Areas with these
features have been\found at Miles 298 - 302, Miles 306 - 310 and
Miles 513 - 516 and in these reaches landslides are common.
However, thege tilted strata have also been found at Mile 556
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. where a steep, 150 ft high, exposure of GLB sands, sand-silts and

silty clay at river level is found in a headland being actively-
eroded by the river. No landslides occur in the area and a detailed
inspection of aerial photographs shows no'trace of any deep-seatéd.
landslides, However, a high flood plain tgiggge»is found along.the
top of the bank. As the navigation channel is routed beneath the
bank river erosion must be active and in any other reach of the
river, block or MR slides would be expected. It is possible that

. historically all permafrost melted beneath the river when it occupied

the terrace causing subsidence and tilting of the strata beneath.
Permafrost may not have been re-established in the bank or, if it has,
has not resulted in the formation of conditions that promote bank
instability,

Permafrost conditions and high ice content soils can

"« be reasonably inferted for a MR slide at Mile 350 and at Axel Island,

*

R

Mile 621. In these slides bi-modal flows are common along the toe.
At Mile 350 one flow was. inspected in detail and segregation ice -
found in ap exposure some 15 ft high in the ‘head scarp of the flow.
No detailed inspection was ‘made of the bi-modal flows superimposed.
on the Axel Island Landslide but they are in al? respects similar
to flows found throughout the study area and\ which only occur in
- ice rich soils. The prgsence of these flows which require ice rich
-soils for their continugd activity, therefore, strongly predict the
.existence of permafros¢ conditions within the overall slide -mass.
At Axel Island, permafrost conditions dre also suggested by the
thermokarst lakes in a GLB plain behind the head-scarp of the MR
slide. g . ' .

-

‘ A feature resembling a bi-modal flow in profile was
found in a MR slide at Mile 300, This cirque-shaped bowl is seated.
in silty clay and.is found in the toe of an active MR slide, It
may. have been caused. by subsidence due to melting ice in the silty
clay of in the silty portions at the base of the.sand-silt varves.
Probing encountered what is believed to be frozen soil at 3 ft in
the bowl of the depression but although the melt water found in the
bowl was exceedingly cold no visual confirmation of ground ice was’

Y

made. . . -

.
¢

g Frozen'céaiitions are also inferred along the banks.
of the Mountain and Hume Rivers where fall landslides and thermal
terosion~niches have been found. Although ice wedges, Table 2.6,
‘have been found here and thfre in chance exposures, no other visual
levidence of ground ice can be citéd, However, as the sediments con-
sist of coarse-grained sands and gravels with some silt it is quite
evident that they are frozen or they would be unable to maintain
their over-steepened position.

~
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A

Permafrost conditions arefalso inferred in the headscarp
of the bi-modal flow at Mile 218, Tablle 2.2, The headscarp of this
flow has failed in a rotational fashibn and a large rotational
slidé rings the headscarp A small riyulet with a significant flo
of water issues forth frdm a large !ully in the middle of the hea:>>
scarp slide. This gully was followed to its source inside the
rotational slide and a tour Of the headscarp behind the slide™ \_
revealed no extension to the rivulet, It is inferred, therefore,
that the stream has as a souTce, melting ground ice.

-
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TABLE B.2 FIELD WATER CON?ENTS: SUMMER‘SURVEY
Samp le W/c Sample Locati Sample Descripti
Number ample Location ample Description
o/ . DQ
MC1 31% Cut Line Slide Clayey Silt at river
MC2 31% Cut Line Slide level. Disturbed.
\\
MC4 30% Fort Norman Slide P1 Silt from piezometer
MCS5 31% Fort Norman Slide test P1." Sample
) . from interface.
MC6 42% Mile 642 “In £low below North
MC7 37% Mile 642 Rapids
" Mcs' 39% Hanna Island Flow Undisturbed sample of
MC9 30% Hanna Island Flow frozen silty clay.
M1 267% Mountain River From sample taken of
26% Mountain River thawed Mountain River
. clay.
. 25% Mountain River
25% ountain River
S1 2 60% Fort Simpson Samp le of frozen silt

-clay. No wet
weight in field.
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- M1

-170.0

TABLE B.3 " SUMMARY OF GRAIN SIZE DISTRIBUTION FOR 4LL
BOREHOLES
Hole/Depth % Gravel % Sand. % Silt % Clay
'HU1-2 - 25.0 v 55 45
HU1-3 - 19.0 52 48
HUL-3 - 65.0 57 43
HUL-3 - 150.0 48 52
Ml - 16.0 41 59
ML - 35.0 14 80 6
M1 - 51.0 ‘ 9 6
M1 - 57.0 98
M1 -119.7 35 65
. Ml -119.9 8 40 52
~ ML -120.4 36 64
Ml -125.0 : 27 .+ 50 23
M1 -125,5 ' C§§ 20 48 32
M1 -126.0 32 41 27
M1 -126.4 . 55 I3 10
ML -132.6 ' 54 3 10
M1 -133.4 23 52 25 -
48 14
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. BOREMOLE M), MOUNTAIN RIVER ‘ o

(3] )
DEPTY INTERVAL > SotL ICE My Y Up AS NOTED
i ; ' . { !
- ' ) ‘ s 7 1
' _0.35- 135 SILT, sandy Rardom fce to 1/47, V, ‘
JFY . 40 6.5 SILT, sandy Horizontal ice to 1/8" at 58 % KP
s . } ~ - 172" spacing, Vls 53 .
6.5 - 8.0 CLAY, silty brown CL Tce in 1/4" to 3/8" crystals, 27 43 23 g " 1.97 .
. no lenses, Vx o R
10.0- 11.8 Four samples, W Ice in /8" to 3/8" crystals, %, 8 26 :
no lenses, vx) 3
c v . 13
. ‘ . loo _
12.0- 12.6 CLAY, sflity with up to 4" Ice horizontal 1/8" to 1/3" DEPTH . b
. sandy silt lenses spaced 1/2" to 3", Ve 12 2o 26.1 1.9 °
. . C12.0-12.5 4.2 1.9 *
12.6-13.0 34.6 °1.75
13.0-13.4 53.8 1.52
: , A 13.4-13.8 - 28.1 1.85
16.0- 16.6 GRAVEL, well sorted 1/2" v, .o —20.0
: pebbles - a4a
16.6- 32.0 GRAVEL with plastic fines Chips melt '
35.0- 35.9 SAND, traces of silt )\ v, 23.8
50.0- 51.0 Clay chips )
$1.0- 51.4 SAND medium slnd wi th Vx
o si1t lenses ' . .
$5.0- 56.1 SAND, si1ty with coal chips - B - 0.1 Cy '
" 87.0- 59.0 SAND, medfum with silt Pt -
‘ : lenses, codl chips ' ¥
o 81.0-:01.9 SAND, silt lenses : 2 ‘ g " 1.92
: . ~ ‘ OEPTH W, " W, vp STRENGTH
. ‘ " L P B Trests
119.5-119.5 SAND, si1t lenses - fo visible Tce, ® 1197 2.6 &7 18
119.7-120.7 LAY, silty brown CL to CH DR T X B N 19° 1.99
125.0-127.0 © CLAY, 311ty brown with lenses  No visible ice, M 120.4 25.5 52 .
’ of SILT, clay with laminated . o 125.0 2.0 25 16 2.01 -M-4
bedding G . * : 126.5 19.2 29 . 17 .
o ' : 126.0 20.0 25 16 1.96 M-)
132.6-134.4 SILT, clayey, brown with 126.4  25.1 . NP 195 M1-2
- . * laminated bedding CL : . 132.6 25.3 NP 1,92 M-S
. — ' : ' L 173,48 2.0 25 16 1.99  M-3
135 -154 SAND, stlty with clgy Chips from alr return e
. < 174~ thick to 3/4° dia- .
‘mater contain sand and
s ‘ - melt when heated
185 -156 Three lnch sholby easy penetuuon. no swle. wet sbil s
B ' usc of. PLRMAI SIST AT 155 rm
~ 158.0-165.0 oeili slen fell 7.0 feet under 45 own nelqm with brakc parual!y engayed ‘
T 185.0-170.0 SAND, sty puuped from hole, Const dirabile quantity of water forced Lo surface by t.he air return. .
. l,‘ of sl'lt.y sand -ea,urtd afm- Ve nou' of pwplng was L. : . i ’ 1
° »
- 1.7 " PFig B.1 Mountain River Ml Borehole Log




AN

£ ) - /
/ a - 311
> /
Y . 7
. /
’ T s
5 BOREHOLE HU)-1, HUME RIVER
R \
OEMTH INTERVAL ¢ so1L . tce e M N ARMOTED
(e.) - ) | t
0.0- 1.0 Organics - Ice in 1/8" to 3/8", 76
] . many lenses-. vi" plus .
} ; nndonvv
. 20- 5.6 CLAY, silty brown CL . 7
6.0- 8.0 SILT, clayey, brown (L lce lenses to 174, 76
8.2- 10.2 a'av. silty, brown CL . lcc leﬂses horizonul t.n
%3 ) . /‘ *
10.8- 15.0 Chips lcg rich
15.0- 17.0 , 16.8-17.0 ICE i
* - * Lenses to l".vr
20.0- 21.6 “ Horfzontal v_ at 20.2, R
. ‘ 20.4, 21.4, 3.6 plus -
: _ V. to 1" : ‘ ’
25.0-.26.0 Refusal at 1.0' No visihle ice, B '
' -%.0- 6.3 | ' : Horfzontal ICE at 35.2,
R o : . 35.7, and 35.9. Thick -
) vertical lenses, ’,
40.0- 41.0 : . ) Horfzontal ICE at 40.7, 40.9,
: [ . : ' : vertical fce 3/8" 40.3 to
, 40.7 '
45.0- 46.3 ., Random fce to 34", ¥,
50.0- §1.6 . . : . R
60.0- 61.4 Random fce 3/4° to 1°
: Horfzontal fce at 60.5,
6.2 ‘ -
: MO 7.0 Mo recovery ' : R ' -
s - 1.0 J8.0 : 1 1/4* sb-vertiaal fee
v . ' . o Tense, ICE : o
- 85.0- 8.5 " SILT, clayey, brown CL : No visible fce, Nb ] 21.1
95.0- 97.0 CLAY, stlty brown CL ‘Lenge sub-vertical along. 21.8
T o l/zofmfm 95.7 to .
97.0- 99.0 SRR T ontpsice rich . _
08.0-19.0 . - o Large vertical lense . as
R . e ' 105.4-106.6 R : K
1 3 '
. /”ir .
oo 3 . [ Fig B.2  Hume HU1~-I  Borehole Log - ‘ o
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BOREHOLE HUY-2, HUME RIVER

1 .
DEPTH INTERVAL SCIL 1CE Wy Y Wp AS NOTED
C(ft.) * .
0 -0.5 Organic cover
{ Quy, silty, brown CL Chips contain considerable ice
5.0- 5.5 ' * 1.0" fce lense, ICE
$.5- 6.0 157 0 20 -
6.0- 7.0 128 o
7.0- 8.0 . 11 127
8.0- 9.0 3 B e 21
9.0-10.0 74
n.o1z.0 ' 4 6 = 2.73
13.0-14.0 ' 6} 4 23
i4.0-15.0 i - .3
15.0-17.0 Ice lenses to 1.0". Oominant. 37 N
L , fce attitude at 459, V. : .
20,0 : 2 45 21
20.5-21.5 ' . . Orilling easy, pure fce i
.0 Little recovery on 2 ft. Sample dominantly ice, ICE 2.8 4 21
. N rive. Wy on soil with' : }
, no visﬁblo-ice ‘
34.0-28.5 Wy adjacent to vertical 34.3-34.7 3/8" vertical fpe 29.9
N |- : L V.. 35.4-35.6 ICE with %i1
; ‘ . . {hclusions -
#4.0-46.0 W) ‘adfacent to fce 44.2-44.9 ICE . 21.5 © 43 24
$5.9-57.9 - Ice sub-vertical -and horizontal ~ 38 42 28
: o ' to 1/2" lenses, v,, o
AY
" Fig B.3 Hume HU1-2 Borehole Log
~ [ 4 v ‘ / . ] ¢ -

7



\ ¥
DEPTH INTERVAL v soI1y . ' ~ I1CE- ¢ L X ¥p AS NOTED
oo ) v 4 '
0y ! : 7\‘
2.0- 35§ No recovery A . ) ,
5.0- 6.0 " QAY, silty brown CL Lenses to 1" sub-vertical
: to sub-horizontal, v,
. 8.0-"9.0 Entire borehole ) Lenses 3/4" to 1", v_ 53
9.0~ N0 Three samples - W . 28
n : 1
2 39
15.0- 17.0 Two samples, H" " , A4S 51 25 Gs«' 2.7
. 17.0- 1.0 17.0-17.2 1cE 5 s
20.0- 20.5 Semple ICE with soil fnclusions
20.5- 35.0 . lce rich chips
%5.0- 35.2 Refusal at 0.3* - No visible tce, M 24 51 23
§0.0- 50.5 . - 50.4-50.5, ICE R * 22
65.0- 67.0 : , No visible ice, Nb @ 2
®.0- 8.2 Wy above ICE ICE at base of spoon 2.6 6 = 2.72
Wy including leng - . 24 » 22
. b
an.2-80 @ 4 Chips 1ce rich .
110.6°11.5 Marked nwle disturbance 110.3-110.3 1cE 23 ()] 2
with convoluted, distorted  Remainder Nb , . Degth
ppearance . . 4.0 .0
. . : . 43.5 110.1
: n.a 110.4
2.4 110.5
18.2 ma
140.0-141.5 : Ice 1n sub-vertical to 2 .8 23
: . . svh-harf zontal lengeg - )
) i ) /2%, v, ' < .
' 150.0-181.0 " No visible 1ce, Nb (33’.5 4 24
. » ) . ’\ r i
S T . . A' R o e
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- FHE SEDIMENTATION OF SOIL
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C.1- ;ptroduction~ o o o

) Y ) N B . ) . -
L Let us follaw Kaye and Broadman (1962) in observipng that
the pehaviour of a suspension or dispersion of settling particles can,
be’?ivided'into four regions. . '

S A The first 1s a region of free settling at yvery low
concentrations. The hydrodynamics of one particle settling through
&/ fluid has been solved in terms of Stokes' Law h S

N ~ te N ’ ‘

\ [ - | 323
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=’(Gsl-1)iwa2 b

U P C.1
18 n
' where u; is the Stokesﬂvelocity ,
, UW 1s the unit weight of'water;

Gs is the specific weight of soil solids
v D. is the particle diameter, '
q is ‘the Newtonian viscosity of the fluid

/ R
For a collection of different siZed particles up to some small total
concentration, each particle falls according to Eq C.1 and none
influences the action of its neighbours.‘

‘ With-increasing concentration a dispersioh enters a region
of viscous interaction in which particles fall faster than their =
Stokes velocity. Kaye anll Broadman review certain-derivations by
Smoluchowski who has shown that when' 2 equi-settling particles move
through a fluid and are separated by'on{y'a few diameters the
terminal velocity of the pair exceeds the Stokes velocity for either
partjcle. « They also extend this work by showing experimentally that
- &4 sphéres released close together fall in a cluster at greater than
the individual Stokes velocity. They also present experimental
data for medium.sand-sizeq_glass beads which increase velocity to
1507 of Stokes between particle volume concentrations of 0.2 to 2%.

¢ >
e

_ The third region at even higher concenttations is an .
unstable region characterized by irregular and localized return flow
(Kaye and Broadman, .1962). In this region eddy currents form,
disappear and reform and turbulent'condipipﬁs are set up at the top
of the dispersion such that a clear interface between dispersion.
and water cannot be maintained. A formplae; originally due to
Einstein, gives the speed of fall of'particles,v , as

Vo= oy (—Ac) R | o .2

. where A = a constant = 2.5 for hard spheres -
: . © = volume concentration J ’ -
v ‘ & o ’ ‘- .'.. . . .
and apparently has been obtained for dispersions in both regions 2
and 3 and possibly entering the last region, - - e
. . : ) ' . . '}/

© .
S |
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The fourth region, at even higher concentrations, is a_
zone of hindered settling. As stated by Kyoch (1952), it may be
assumed that at any point in a dispersion of specified particles,
in a fluid’whose properties -are known, that the velocity of fall
depends only on the local concentration of particles. The settling
process is then determined entirely from a- consideration of
. continuity and without knowledge of the interaction of particles.
That is, it is assumed that the general relationship

L

+

vs.f(D’c,Gs,rl’x.w) N -" C.3

reduces to

TS Y

T v =vic) / C.4

- This statement implies no ségregation of different sized particles
during sedimentation in the hindered settling zome.

_ Thus a distinction can be made between the pass movements |,
characteristic of the hindered settling region and the' particulate
movements of the other three regions. At lower congbntrations,
sediment velocities are dominated by particle size and segregation
results., Hindered settling, however, implies no segregation and a
continuum exists in which although its properties may change with \
time they do so governed by considerations of continuity. We shall
see that the process of hindered settling governs the characteristics
- of a dispersion before it becomes a soil. ’ : o :

\

It is useful to first consider a simple example of what is
meant by hindered settling. As shown on Fig C.l let us prepare
and place a dispersjon of initial uniform concentration cj in a ,
container such that the initial height of dispersion is H,. If cj
is.in a certain range of concentrations we will observe the following
behsvfbur which will be later proven to be true. After some small
initial time a sharp interface will form at the top of the dispersion
between clear water and soil graine, This interface will settle with
‘a constant velocity, my.. At the base of the cylinder it can be ‘
" obgerved that the dispersion settles abruptly into a soil of '
concentratiom, .c,, and that this interface propagates upwards with
a constant veloé?ty; ‘m). At some time, t., the two interfices
-~ will intersect and the dispersion, which s maintained itself at
- €4 will v;n(sgasnd a soil deposit ovetlain ‘by water will remain. -
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bl

. Initially, the<total stress at the base of the container i
cquals the pore pressure and the effective stress is -zero as there
is no spid. At any given time the total stress at the base of the

container . //////

V£.=m1Kt +m2§6t +(Ho-m1t -mzt)gf"_ CJ

where (5‘4’8 ,8) are the unit weights of water, dispersion and
soil respectiyely. The weight of particles plus water existing °
above the bas¢ of the container.never cha es, 1.e., dv/dt = 0, -
and from Eq Cl5S it can be shown that nﬁv/

TP | N
o, = m, £ v © C.6
(- 8 | '

The time t¢ that must elapse until all dispersion becomes a sediment

is : | :
p . Hy . ‘ ) ‘ : - c.7
t — St — B
L f ’ -
\'\\ m1+m2 * . .

\\ ‘ ;
_and the depth of sediment formed is ;
. \ | & ;

\ .!Xf‘; l‘lo, A ) ' k ‘ , . C.8

If the dispersion is made up of rigid particles the sediment formed
at_cp will remain at this concentration. Furthermore, by the end of
' " sedimentation the pore pressures at the base of the sediment will  ° ,
‘equal the hydrostatic pressure. at’ that depth. .
A : : : .

‘ On the other hand, if the sediment formed contains fine--

-\ grained clayey particles the zero effective stress conditions, set up,

at the base of the cylinder will not have been able to completely .-
‘dissipate. There will then be a further post-sedimentation settlement .
- o phase a8 cy is reduced and which is, of course, called consolidation. ;

v . *

/
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C.2 Development of the Thedryvof.Sedimeptation

\

i @
<

‘ Sedimentation theory as proposed by Kynch (1952) hﬂé
been developed by assuming that all particles are equi-sizedy,
‘However, it seems reasonable to suggest that as the theory is
valid only above some minimum concentration such that there is

- no segregation then the theoretical requirement for individual

' sized particles can Be.relaxed. Therefore, unlike Kynch who
defines the .concentration, ¢, as the number of particles per
unit volumé, c shall be used as the weight of particles per unit

SRR - volume (gm/cm3) or L S

¢‘:»‘=VG'S (1 - n) wa : -~ C.9
where n = porosity or volume voids per unit volume

and it should be noted that c is equivalent to Kd the
dry density. '

The concept of particle flux, S, where S is the weight of

= - particles crossing a horizontal section per unit of timeé is
introduced wherd, ) L
" &
S=ve | | ) R C.10
and from E¢ C.4 it follows that for hindered settling that
. 8 = v(c) ¢ . . C.1l1
or- . . , - .
: .8 =8 (c) S . C.12
. o N '—' B . : . : ’
- and the particle:f1 ,‘(gm/cmzs) at any level determines,or is
~determined by,the: papticle concentration. In. general it can also
‘be observed that the\concentration at a point in a dispersion is -
. related by-the relati ~ . C ‘ i »
c=c (x, t)

ci13
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i
4 b

— Let us first consider the most simple form of sedimentation
by postulating the existence of a discontinuity separating a dis-
persion ¢, falling at -a velocity v; over a dispersion c) falling
at v, and where (e < c2). In order for the discontinuity to
exist, it must have a velocity U such that .

\

c; (vy ‘*‘,U) =c, (v, + U% . C.l{;
or by Eq C. 10 we may‘write

I | a.._.l.........z_, : C.15°
- R SEENL S Tl : s

which is the assertxon that a discontinuity is never at rest but

- moves through a dispersion with.a velocity U. It should be noted

~ that Kynch has called the discontinuity wave a discontinuity of theé;
’ first kind,

The moet obvious discontinuity is the top interface in-

Fig C 1 whete _ : -
| (? ‘9, c, = 0;..S2 #;S»(cz),‘cz) . \\;\
and where' ' ' Ceo T .
oo cz = C. (x’ t) i . . \-—’

‘f. is. the concentration of the dispe;sion 1nmediate1y beneath the
' j:nterfaee. If we anticipate later conclusions by letting

v m c 7 . o
2 v

‘ then ﬁm Eq C.13 aﬁ Eq C. 15 the velocity of the discontinuity WV&

'between watar ‘and dispersion is .

v . - ) . . . .

L

R j -5(c (x,£). > s<c> -
N . : * <’,c(xQC) X N i -
\ ; | “a S )
S s ) g;fﬂg:
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4

 possible location of a discon.tinuity is at
the Bpersion where we follow Kynch in asserting

that:’

ically reasonable assumption about conditions
base of a dispersion is that there is a
fuous but extremely rapid increase of
entration from c, to -the maximum possible
entration c, and that subsequently the

P} tration‘remams at c,.'e

fore, at the base we héve a discontinuity defined
by : ‘ A

(sb ‘S (cb)" Cb; sm = 09 cm)

where ‘generall v ‘ T N
: e
Let us agai , / o
- i : ‘ . ) o :1
so._that the>velocity of the discontinuity wave between soil and" .
“dispersion 4is. ' ‘ ) ‘ ,
L A s "“’ """" TP , : ) Cem
S (¢ (x t) 5 (°b)A S (cii.) ' . o
v - 5 "o T ey L e
- € . ¢ x. | ‘cm % | € %4 S
“and it is evident i:hat velbcity,ml,Ei’g C.l, is givenaby'Eq C.17. .
x In orderl to prove tﬁewsaertions made that the relationship ‘
(c = c(x,t) i’ ¢fb = c(x, t) = ) o o .
_ ‘it is. necesaary to return to Kynch ] development and consider the e

‘exi?tence of continuity wavea. ; 1f we poétulate 2 layers at heights
iy and x + dx%m:e the base of a dispersion a gconsideration of the
‘net accumulation” of particles between these layers results in the

equati_on of continuity as derived by Kynch (1952) » 2
de as L CR S Ry
E‘ H .' 0 ' .o ,. . ."\ / . c>0180- )
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. 8olutions,

. Eq C.20, apd discontinuity vavé

form of the equation is that the°
" ‘to the ¢ axis as.

" A small change

- ,slopes of + \,

¢ 1,ge:clgg.diaqoncinaqugly into

Eq C.20 can also be derived from

or .

5

- However, as we have no*knoglédgé\ofjche'relégionship Eq c.12 1t
18 impossible to generate
‘Eq'C.}8 subject to the relevant boundary cohditions.

'a solution to th

30

C'lg )

C.20

Eq C.15 if we assume that there is -
4 very small change'in-conceqt;ation across a discontinuous layer.... .

X
by
|
|
a

continuity equation

hecessary to follow Kynch and“consg,er éertaiﬂ characteristic

. f N
'+ The physical meaning of.Eq C.)\and C
in concentration de if ma]
- through a dispersion of concentration. ¢
Bpace a line of cons
between dispersions of ‘c
slope of the line of constant c is given by
yields the velocity of what 18 called a continuity wavye of what
Kynch named a discontinuity of the second kind. =~ '

considered in time and
describes a boundary

In order toréonsider;
v

example problem by assumingigome

, in Fig C.2 and
aed;uentation*modq._’Conaideting
that continuity vaves ‘
Eq'ggzquinxthé'rpgion'of.ghg.dia
" At the base of

\\ ‘j o \ P

ained ig propagated
veloc{ty V., .
ant concentration

. N,
o N

‘*;folejqf_¢o§§inuityvﬁave§;.
we ‘need to consider an

X ‘!q C. 15, , .
One possible

Case 'L, Fig C.2, it-can

and ¢ # dc and the
Ey C.20. 'Thus Eq C.20

(

Tt

Thus, it is

.21 18 a5 follows,

e concave ’
acteristic

] 18 can be seen .
begin tb.d@velopfnt'velocities,gfven:by

ereiom and they have all equa1
he:conpainet the dispersion at

a~§gd1g¢nt_at,cm'and”chdsgs ’

i
I - R ‘ .

. Yy R
R :
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1
o

CLL Relil

. a discontinuity wave to be set up with velocity U,. This d
) continuity wave propagating up thropgh the d;spersizggae’ir?:;;er
- +rate than the velocity of the continuity wave )\ always overtakes
and destroys the continuity waves. At the samé time'continuity
waves are also travelling up to the top of the di sion zone,
These lines- of constant c arrive at the interface in doing so®
set up a discontinuity wave between water and dispersion that
travels down at a constant rate. This discontinuity wave travels
at a constant rate because the arriving continuity waves all have -
the same concentration, Thus both the top and bottom discontinuity
waves trace out constant velocity paths and cause linear sedi-)
.. " mentation modes, . ’

In Case 2, Fig C.2, continuity waves are propagated
‘downwards and the rising discontinuity between sediment and ,
dispersion collides with and moves through the cofitinuity waves. -
’ \\---mg.jriv '._._'Y . -
L The alternate form of Eq*C.12 is that the flux plot is
concave up ‘in thé region of iht”?gt",.l“i'g €.3. For this condition
‘ a discontinuity wave is not set fup it the pase of the dispersion

'as it is possible for comntinuity waves to hove up ' faster (as' U < Vg

- It can be seen that this behaviour then redults in departures from
linear sedimentation modes although it 1s tb be noted that for the

 time ( O<t<ty) the top interface does settle in a linear-manneér,

. ., Before proceeding to a consideratijon of more general flux .
“plots it is ,f\flt;at- necessary to investigate what Kynch has called
and effects. “Kynch wrongly assumes that as approaches cp -
--v(e): approaches zero. The fact that the settling fate 4is-not’ _
generally zero for.a dispersion wpproaching c_ cad seen from
'a consideration of, fluidization of.quicking, “In #6¥t1ing,a
-,/ Buspension moves through a more or less stationary £1uflk
S f,:gi_.ﬂi,;z'apﬁpp;_, the: fluid moves through a‘more or less stg#fionary.
bed. In ek

x

-In ed¢h case the immersed weight of the solids is suppiabted ' P
+. . by thé& fluid and the velpcity with which we are interested @@y the T~
g - relative velogity ‘between flujd and particle. At the moment .of ' i

quicking- there-is & certain relative velocity of water ,tprOugh‘ﬁné e
/., Boll mhgs. which'is the velocity.that will be approached im settYimg. -
.88 c'appromches cy: - - T o o o Lot

‘.\ .-“,I: ; _.)\..~‘(v‘,f s e _ ) Caag 5 J‘,ﬁ

paEAL S e Co eIt e e
coBRL v oA useful method of hoth predicting the velocity at. £, iwe
“and .of .presenting experimental data is shown ‘by Richardson -and. - »

- Zakt (1954) =9 a ‘result- of experiments on 'sedimentation and £luid-

- ization.: These authors found ‘that the velocity of a dispersion
could be writtepag - . it T T ot

-~

-
3
3
-
LY

1

X4

T aeroem
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[' r a *

v = u_ (n) | | c.22
. _

where r = a coefficient generally equal to 4.65

Eq C.22 has been found for & variety of more or less equi-sized

patticles from 1071 to 5 x 1072 cm in diameter. It can be noted
that for a given particle size in a given flujd, Eq C.22 agf%es
"with the basic assumption of Eq C.10. *

Experimental data can be presented by preparing a plot
of the log of'settling velocity against the 1log of dispersion
porosity. This plot should yield a linear relationship and it is
then possible to estimate the velocity of fall at ¢, by extrapolation
arnd to then compute S, by Eq C.10. s

It can be roted that the velocity of fall can also be
obtained from the analogy between sedimentation and fluidization.
If the permeability, k, is known at the concentration ¢, at which
quick conditions are just reached in f£luidization then:

v=Fki1i=k(

————n .2
l+e ) . €,23

where e = ;he~void ratie

»

»

. .- @nd should be idéntically equal to the velocity predicted by Eq.C.22
. “ : N ﬂ . -

-If we now normalize Eq C.22 in terms of the terminal point
) (Sm, cm) by combining Eqs C.9, C.d1 and C.22 we can show that
) . . "

i

e J
S, .

us a ————q r N A . ’ - C.ZA

e
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S c m m
s~7 ¢ G, C.25
m m = Z 1 ; ..\' z
¢ L .<4—-"'“"’:/ /
N m ) B G . ) -

We can now obtain the shape of the mobt general form of flux plot
by solving Eq C.25 with the constants as noted in Fig C.4

This flux plot has been redrawn on Fig C.5 to emphasise
the salient features which influence sedimentation modes, If a
tangent is drawn from ¢ tangent to the flux curve it defines two
regions, Case 1, in whiCh linear settling modes in all respects
similar to Fig C.2 result, A second region, Case 2, is defined
lying between the tangent point and the point of inflection of the
curve. The characteristic sedimentation mode for this region results
in a curved upper interface similar to Fig C.3. However, for Case 2
the bottom interface is a discontinuity wave defined by the depart-
ure from the flux curve at c¢ as the dispersion can now settle
dﬁscontinpously into" Cos - The last region is defined by Case 3.
While the upper surface is curvwed there is an abrupt change in
slope as the first discontinuity wave.U,, caused by G; settling
discontinuously into Ce's arrives at. the top surche

\\‘

The observ#tion that the flux or velocity of a dispersion
is not zero as c approaches c_ is important in predictxng the
duration of dispersion conditTons in a sedimentation problem.

While the velocity of the bottom interface in Fig C.5 could be
easily calculgted it can be seen quantitatively that the
calculations required (and not presented)- for Fig C.3 are more
complicated as continuity waves govern the growth of the sediment-
dispersion interface. However, by .introducing the concept of
non-zero flux conditions at the terminal concentration c, Ve -find,
as in Fig C.5, that the growth of the sediment is alwayg governed
by a discontinulty wave and therefore moves at a constant velocity.
Thus, once we know" (H » €, C;) it is an easy matter to enter the
flux plot for a given °so1? ané to calculate the time required for
écmplete sedimentation from Eq C.7, C.8. -

»

-
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We are now in a position to experimentally confirm the
theoretical consideration advanced above. While it is possible to-
re-create the entire flux plot from one sedimentation test the
procedures involved are not straightforward and require a high
degree of precision in monitoring the velocities of the relevant
discontinuity waves. On the other hand, it is an easy matter to
measure the velocity of fall of the top water-dispersion interface
at a given dispersion concentration. By duplicating such tests
at different concentrations and correlating results on a Richardson-
Zaki diagram, Eq C,22, the-normalized flux plot, Eq C.25, can
then be obtained. Once the flux plot .has been drawn it is then
possible to predict the sedimentation’behaviour for a given initial
uniform concentration,

o

C.3 Experimental Verification of Sedimentation

Sedimentation tests were conducted by placing a dispersion
of soil in a settlement tube and monitoring the ‘fall of the top
interface between water and dispersion, Samples were prepared by
blender and pouring into the tube. Settlement tubes were either
standard, 1 litre graduated cylinders,or a 4" diameter tube.
Concentrations could be varied by syphoning off or addinga known
amount of water and the tube shaken until a uniform concentration
was obtained. It was impossible to shake the Iarger 4" diameter
tube and re-mixing was attempted by stirring. However, it was
found that it was impossible to obtain a uniform mix by stirring.

A summary of the soils considered is'presented in Taple C.1

Fig C.6 presents the weight-time relationships for the
top interface of samples of Devon Sand and Fig C.7 for.Grit. 1In
Fig C.7 the slight initial departure from linear conditions is
interpreted as representing the time required to accelerate to the

" characteristic velocity. It was not possible to trace the passage

of the bottom discontinuity for Devon Sand and one attempt was made
for the Grit, It can be seen that the sedimentation .mode observed
agrees well with the prediction of Case 1, Fig:C.2. L

Settlement time plots for Fort Norman Silt and Devon Silt

) are given in Figs C.8, and C.9. It can be seen that there is a
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marked linear portion for all porosities and this linear stage
then grades into a curved region. This ¢urved region may be due .
to the onset of consolidation effects or it may be caused by 1
the effects noted in Cases 2 .and 3, Fig C.5. However, it is not
possible to discriminate between these alternatives given the
accuracy, the experimental techniques used. 1Ip any event, the
maximum porosity, n , is defined by the first departure from non-
linear settling usi 8 the extrapolation technique shown on Figs
C.8 and C.9.

o

. The velocity-porosity relationships for the dispersions’
noted on Table C.1 are then rectified according to the Richardson -
Zaki correPtion, Figs C.10 and C.1l. It can be seen'that there
is a good linear fit for all seven grain-size types studied which
can then be extrapolated to n to obtain Vm. Once vy is known
S 'can be calculated by Eq €.10 and normalized flux plots are
tﬂen obtained as shown in Figs C.12 to C.14. It can be noted that
the range of the éxponent r of Eq C.25 is from 4.5 to 29.2, -

A3 -

In order to obtain a value for n to be used in the
Richardson - Zaki extrapolation it was found necessary to take the
lowest n_ predicted by the sedimentation curves, It can be seen
that n, predicted becomes lower as n decreases, and this effect is
likely due to the marked curvature of the sedimentation modes at

the lower concentrations which is, in turn, obscured by consolidation,

This makes an estimate of n difficule.

The shape of the flu “plots for Soils 3 to 7, Fig C.14,
are consistent with the observza'sedimentation modes for these
dispersions as the linear settlement-time plots of Figs C.6 and
C.7 as well as thoge shown by Steinour (1944) and Shannon et al
(1962) are consistent with Cage 1, Fig C,5.

The shape of the normalized flux plots for Devon Silt and
Fort Norman Silt indicate that the sedimentation mode will vary
depending on the initial concentration as in Fig C.5, Referring
to Figs C.8 and C.9'it can be seen that there is g curved portion
of the sedimentation curve for lower concentrations that agree '
in a general manner with Cage 2, Fig C.5 '

vHowever,‘it isﬂdifficuit,to distinguish between the
possible role of initia] concentration in causing deviations from
non-linear gettling .or the effect of -.consolidation in the sediment ,

Both processes would cause -the same curved sett lement mode
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C.4 - Sedimentation Consblidation
i N

In'the preceding development of hindered settling theory
we assumed, following Kynch, that it was reasonable to assume
that at the base of the dispersifn that there was a continuous
but extremely rapid increase of concentration from cp to the
maximum concentration, c_. However, if the dispersion was made
up of finer-grained partTcles it is clear that further settlements,
or consolidation, will occur as concentrations are reduced below
Cp In response to dissipation of excess pore pressures,

!

It has been shown that a uniform velocity field is
maintained through the dispersion during the sedimentation process
until the consolidation of the sediment starts after particle to
particle contact begins at c;.. We can assume that the surface
of the sediment or soil at the base of the container to be at
x = X(t). Assuming small strains in the soil skeleton and the
maintenance of a constant flux of particles then the propagation
of the surface x = X(t) will be at a constant velocity, Fig C.15,

X(t) = mt - . . C.26.

4

©

and for the upper surface
" . .
-y .
h(t) = Ho"- (m1 + mz)t . , C.27

Thus Eq C.26 describes a region of sediment or soil which'up to the
termination of sedimentation at'timé,,tf, (Eq C.7) can be considered
to be undergoing a sedimentation-consolidation process and afte

¥

which enters into a ;egidn of conventional consolidation, y

| \

In writing an equation for the sofl which is consolidating,
the usual assumptions are made and noting that the total Ztress \
4t any point in the soil remains constant the Terzaghi equation is \
adopted as - " ‘ ' . \
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O

>0, U ¥ ; 0< x < X(t) c.28
t Y cV axz ’ .
where u "= the excess pore pressure

[}

The first boundagy condition for which Eq C.28 must then be solved
is at the base where no flow is permitted and so ‘

e
!

w = S h@) + (- ho) - xe) ) g, €.30

¥ ¢

where Pw = total (excess and hydrostatic)pore pressure

8, Jf = unit weight of water, fluid

-

‘and at

x = X(e), u=P 1 K - X(E)) ‘ .31

Thus from Eqs C.30 and C.31

u = ( 6f - '5‘) h(t) . c.32

./
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o
. aqﬁ from Eq C,27
0/
: u=(3..-%) - (m ‘+ m,) t); x = X(t) C.33
Sﬁmmarizing~the consolidation problem we have:
e>0 ; 28 _ ——52“ ; 0 sx‘(:) C.34
b at = cv 6x2 > ‘rx . .
u
£>0; —=0; x=0 .35
. = - _> + . - »
t>0 ,.u ( xf Xw) (Ho (ml mz)t), x .= X(t) C.36
€20 ; X(t) = mt C.37

1

‘and where'ml; ®,, Kf can be calculated from sedimentation
theory ° .

-When the term (H - (m, + mz)t) becomes zero the sedimenta-
tion process terminates and the éxcess pore pressures dissipate
according to the standard fixed boundary theory with.u = 0 at
x = Xg where Xf is given by Eq C.8. ' '

- The solution to the above equations for the excess pore
pressures in a sedimented soil at the completion of sedimentation at
time t_, has been obtained by Nixon (1972) using a finite difference
technique, and is presented in Fig C.16. This solution expresses
the excess pore pressure at ‘any depth-in terms of the time factor:

[
= ( ) — : ' 'c.38
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The theory of sedimentation-consolidation presented can
be considered experimentally by modifying a settlement tube so
that pore pressures can be measured at the base of the dispersionm.
A suitable device with a 4" diameter column was constructed and
provision was also made to allow for drainage through the base of
the cylinder. :

Samples were prepared by mixing the dispersion in a
commercial blender and storing the dispersion in a large flask.
Once suitable quantities wer@ prepared the flask was violently
shaken and the dispersion poured into the tube. The height of the
interface was monitored and pore pressures measured at the base
of the dispersion. ) .

The test data that can be presented in verification of
the theory is somewhat meagre and the results are not conclusive.
Other tests were conducted but they were-incorrectly prepared.
For instance, after tests-DK2 and KN1 (to be considered) other v
concentrations were made up by adding or removing water and stirring
the sediment in order to obtain a dispersion. However, this
technique was later realized to be inadequate as uniform conditions
could not be obtained and it is suspected that clusters of soil
may have formed and which were not broken up, -

Fig £.17 outlines the initial sedimentation process for

a sample of Fort Norman Silt from the Fort Norman Landslide (see
Appendix A), and the subsequent post -sedimentation consolidation.
In the log plot the time axis was re-zero at t_ = 3.9 hrs .
corresponding to the end of sedimentation. If it is assumed that
there is a triangular distribution of excess pore pressures at
‘ a value of ¢ can be deduced from the settlement - log t plot.

Tgis c, can then be introduced into Fig C.16 in order.to obtain
an estimate of the excess pore pressures at time, tee The {
estimated cy = 2.6 x 10°3 em2/s and as (X, = 18.4 cm, tfv=,3.9”hrs)
from Eq C.38, T¢ = 0.11, .From Fig C.16 tﬁe predicted ratio ¢gf
excess pore pressure at the end of sedimentation is 0,65 cqmpared
with a measured ratio at the base of 0. 39, Fig C. 17. -

- The ¢, measured during the post - sedimentation phase can.
also be compared with the ¢y deduced from subsequent consolidation
of the sample induced by a head imbalance. A total stress o
increment was applied by opening the drainage valve at the base L
of the container and a known head difference was, then maintained
‘across the.sample. Fig C,18 outlines the subsequene post- .
sedimentation - consolidation behaviour and the value of ¢y and k

v

NS
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calculated agrees well with the values obtained in Fig C.17.

A second test on Devon Silt, Fig C.19, can aygo be
considered although the post-sedimentation consolidation” of the
soil formed was not observed. A peasured exgess pore pressure /™
ratio of 0.35 was noted at (Xf = 13.3 cm; t_. = 0,76 hr)., The cy
during sedimentation can.be estimated from & subsequent
consolidation test on the same sample due to a head imbalance,

Fig C.20 and is 1.37 x 10-2 cmZ/s‘ This ¢y value results in a

Te =0.21 and a predicted excess pore pressure ratio from Fig C.16

" of 0.58. However, it should be noted t xhe c, operative during
the time up to t. will be likely substantially differént from the
value deduced due to subsequent consolidation. Furthermore, as the

average void ratio up to t¢ is higher than for the test in Fig -

C.20 the 'actual cy will be lower, the T. calculated smalldr and

the subsequent piedicted pore pressure ratio higher. :

o

Other sedimentation tests on both Fort Norman Silt and

Devon Silt were conducted but as they were the subject of certain
errors in sample preparation, as discuss?d above, they have not
been considered., One such test, KN5, Fig C.21, was made on a
dispersion prepared by stirring only. The top interface underwent'
4 more-or-less linear settling mode although the velocity increased
towards time tg. The bottom interface could be observed by noting
the top of a zone in which piping began. This interface was well
curved initially as ‘coarser sediment was first deposited and then
became linear as-an apparently uniform and finer-grained dispersion
'was laid down. This separation of sizes was also seen in a tonal
change in the colour of the sediment, beginning at ‘5 ecm. Further-
more, the excess pore pressure ratjos also reflect the bi-modal

stribution of-particlesﬁ However, even though it is encouraging
to see that. the experimental techniques used could pick up this .
process it ctannot, as yet, be predicted by ‘sedimentation theory, °

The greatest shortcoming of the theory formulated in this
section is that basic consolidation theory Is used and small
strains only are assumed in the soil skeleton. For-the high void -
ratios encountered a non-linear theory that can cope with the large
strains involved is required. This can be seen in Fig C.22 which
compares the post-sedimentation consolidation of Fig'C.17 with
theoretical predictions. While the actual progression of settle-
ment with time agrees well with predicted settlement® the pore
pressure dissipation does not. - '

»
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It can also be noted that the testing technique involved
here also has application in other aspects of high void ratio
soils. For example, in Sec 3.3 we were concerned with the
prediction of permeability of thawed Fort Norman Silt at high void
ratios. The settlement tube tests-of Fig C.17 and C.18 yield a ’
prediction for k at high void ratios from consolidation theory.
Furthermore, it is a simple matter to conduct a direct head
permeability test, Fig C.18, in the settlement tube and the value
obtained agrees well with the transient determination. It can be
seen in Sec 3.3 that the high void ratio k values agree well with
test data at lower void ratios.

C.5 Thaw-sedimén;ation

L]

If a thaw interface is caused to advance through a
frozen uniform soil it is apparent that at high enough void ratios
a dispersion will be formed. Furthermore, it is possible to
sustain this dispersidn until the thaw rate slows down to such a’
point that a sediment can be formed.

_ If we re-derive the Kynch continuity equation consistent
with having the flux%S positive in' the positive x direction the
governing equation for the dispersion, Fig C.23 becomes
. o -

g—: = t\ai' ; t;(t)<x<xl('t) . | - | C.39
where A = - %E' . A | : C.40
! . de . o

7z

e — : o . o C.41
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Y ,
It is now necessé\y to assume some - form for the relation-

ship S = S(c) and the simplest relation which is consistent with
.real flux plots is, see,Fig C.23 - . //

S=5 + N - c¢) ! 'vC.AQ
m m :

v

Let us now inspect conditions along the bottom boundary

x = X(t) which is a discént1nu1ty separating a dispersion of
concentratfon ¢ from a frozen soil that is stationary;, Sp =0,

at some concentration, cge Thus -

»
M U=g—x- = _J_)_SC’
dt c -c
i
or' ’ / .,
) = cw S(c -
c g + 5?%3% C.43
!
L ’
' Substituting C.43 into C.42 . /
Sp * Aley - o
c=c1+ , .
- dX/de E C .
or - \ IR

dx ‘ ‘ :

dt: ¢y + ’\c t Sy - , C.bb

c(X,t) = - :
.‘E.p,\ ’
dt ' : o
‘ : |

e}

which gives c directly at the boundary x = X(t) once dX/dt is

prescribed.

r
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v . . S
4 ; R
v If we now cause dX/dt to be governed by the Neumann |
S solution then
9
N N -
o XL j . C.45
[]
S and if we define the time tp as the first time at which a real
8oil is formed then in Eq C.44 c¢(X,t) = ¢ and it can be shown that
o St T () c.46
5\‘: m
o
oo
o and the corresponding depth
e .
7* ‘ ‘ 2 ¢ =-c .-
e d X m i
a0 ¢ = X{t = > C.47
il ’ , Xp f 2 S S ) :
o \ m .
i e . Eq C.47, therefore, P ts the depth to which thaw will
[ ‘\§ maintain a dispersion in a fluid-like 8 At depths greater than
B IR X effective stresses will begin to be mobilized_ Typical values
, J’ »ﬁ_" og Xf are presented in Chapter 3. . : = '
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- Fig C.4 Norm¢7jlized flux plot: Richardson-Zaki relationship
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APPENDTIX D

‘ THE SOLUTION FOR THE FLOW SPECIFIED
“ SEEPAGE PROBLEM

X ’ : \ - L ; -
' ) It is required to solve gﬁs Laplace equation -
K@##8) ="0 - . % D

for the: problem outlined in F1g 4.2 for the following boundary
conditions. Along the boundary 1l.which is centreline symmetrical, it
can be seen that

(x=0,y;.§—g->=0) - " D.2

and along boundary ‘2 which is an_equipotential
- s N ) ‘ ‘ ) o
(x=L, y; 8=0) ’ ~D.3

" and along boundary 3, an impervious layer.

- 29’ |
.. (y:o,g,by 0) | A ; D.4
A flow F is applied along boundary & so that
. ) \ . )
Vh(y_=B, X;F'.".Z%)._ D D.5
In the region where flow occurs’ ' ' . ’
vzﬂ = O ' , . ¢ " ‘ N . D.6 X
. A ‘ 4
A solution is then sought using,a separation of variables techm.que
and assuming a- solution of t:he form . * S
L By = A 'ﬂy“()’) . R I
‘and by applyirig Eq D.5 we obtain - . .
(‘~> v . v )
L 4 Y “
' : N - e
'r o : : R
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32 B - 6¢2y p

By + g — 0 D.7
d x2 * dy?

and we can assume »
2. 2

;@“x=_1 8 By - _ ¥ D.9
HNowt By g ‘

X y

so that the solution to the partial differential equation can now
be expressed in terms of two ordinary differential equations
o

dﬂx + }\Zﬂx = 0 ' : ' D.10
dx2 )

2 - o
d g 2

y /\Qr*’é 0 .D.11
d yz . . .

the solutions of which are

ﬁx - A l‘c;s' Ax + -B sin Ay ' 'A |  D.12
ﬁy_ = C. sinh Ay + D cosh j\,‘y S w » T D.1;3
aﬁd which satisfy Eq D.6:
. Applying bc;undary conditions 1 and 3 we find that _
c = 0 o , ‘ . ,,1)‘.14
at. boundary 2 we note that, applying Eq D.3 |
n(z, = ( Acos }\L) ( D cosh }\y>
and fhe only non-zero term is | PR "
) A 2—“2-5-11'1 = ky for all n i ‘ D;'15
" . : 4 R :
Thus we can write SO ‘ g ' . ' . .

-

n=1

"' 1 . N
) A . . \

+~ Apply qDStoEqD],é' W
Sy o0 s /
N o ‘;F 2 Z ky Ea sinh (kn B) cos (khx) T T Y
L ’ . "' B n = . . X s .- L. ‘

LN

ve

(U
.
-

- ‘.-; ﬁ (X, Y) = Z ‘E, cosh’ (‘kn y)- cos ‘(l% X) * D.16

g
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-t

oo * [Y

» or F = z cxn COS (kn X) . - .18

n=1 p

Mult1p1y1ng both sides by cos knp ¥ and integrating from ( x = 0,.

to x = L) E
/F cos (k ®) dx / Z X L cos (knx) cos (kjmx) dx
=1

.19

It can be shown that the LHS of Eq D.19 is equal to

, . LHS, Eq D.19 = Em sin (2n-1) g D.20

and it can be';bm for the RHS, Eq D.19 that only at n = g do/we
get non zero terms so that the RHS becomes equal to

O( T Ve
~ RHS, Eq D 19 - D,21 -
2
Or we can write as n = m
-,
5 Y T : '
v_ 2F . o, ,
X == sin_ (ZW 1) ; B D.22

~ E~ = Xn . D.23
ky, sinh (kL)
A : Q . )
and substltutlng Eq D. 15 D.22 1n Eq p.23 -\
I
. . : - 2 ) »
E, . = ~8FL . sin (2n - 1) .2_ — rr D.24 - -
M nyg 12 sioh a3t SR :

e

and it follows chac as (,6 éH Eq &4 14) that from Eq D 16

’ “’L o N L Z 8FL sin (2n - 1) 2 . ' r

H(x, .y) =
2, . 2
‘n =1 Tk Lo (20 - 1) )
- \ 3 R
- - ’ . ‘.T‘gi;’" J
| v .
i o
¢ ° % ' ’



- is easily shown that Eq P.25, g.,sf
and as all boundary cﬁtioﬁsg&e sa:

'problem has been obta’

.
- .’ - 3 3 ‘.
. - - . A . ) .k
. e ) [ . ‘. o .
o ) . . ! . ‘
: . ’ . . “ "
‘o . .. , o s\ S '
: ' - B ) :
Lo . ’ : . et 2
« B N
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x

[y
( h (2n - 1) 35) ( 2n - 1) D.25
eees . cos n 2L cos (2n IL
sinh (2n - 1) EZI—E

The solution is then given by Eq D.25 which expresses the excess head
required to cause flow at any point in the region of Fig 4.2. Along
the top, flow specified boundary

o0

hx 1;) i 8FL Z sin (2n- Dg’c\"jh (2n- l)rI cqs"(Zn-l)I-g-}I-i-
’ (20-1)2

k12
- * .

n=1
D.26

Eq D.25. -For the surface (x, B)

oo o

sin (2n-1)g-_ cos (2n--1)
(%) . n E q

n=1" (Zn-l)

°1a~

are 1dentically equal to ‘?'at: (x*O L) and, therefore,‘

identically satisfled at (x=0,L). A computer solution sumning"thé
first 100 terms of Eq D.27 for %/L ratios from 0.1 t¢ 0.9 showed
that Eq D.5 was satisfied for &1l pgigts (0< x<L, y = B). As it

. fhe Iaplace equation EqB,1
sfied the solution to fhe

\
\

/. A
-.“l’ LR

s

;,\ -

By expressuxg the héa,d as a {iagnlized ratlo, Eq D, 25 may \

- be written in terms~ of three dimensionle 8 variables Qr as

. Até- Y _ ST w | v

) . o oo . .

* H xB -; . X B _‘, . ‘ ““ -~ s
S mwen G 3y S0 T e

pregented graphicélly in terms of these
The Eq D.28 has been solved by sunning t

ace (0 <x<L, y = 3)can be
hree variables, Fig 4.3.
e first 100 terths of the

Pl

The solution for the head along t:he top s

-\\. senes expansion. G‘reater than 99 07. conve gence is obtained

N
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A linear relation was noted between the normalized head
and B/L for values of B/L greater than 10-! and to 10-6,
Therefore, if a solution is required for B/L ratios smaller than
those presented in Fig 4.3 the indicated relatlon may be extrapo-
lated as required.
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