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A auaber of slopo t‘ilnxos occurt:§5along a’ %00 @wmetre . '

s tion ot a treov;y ‘cut in southvcstetn Bdnontdh after the

lplotio. ot.coast:nctlon in 1T69. The cut ia this section,.

vhich is apptoxi‘ktoly 7.3 aetres deep on a slopo sliqhtly

/, greater than tvo to one, vas excavated entirel¥y in the

) '1ightlyiF‘vf;onsolidatedL fiésured and_jéinted Lake Bdlgnton'

se&inantszjihe pfe;consttuétioq topography was ﬁsqutially <o
tlai ahd evidencé of in-situ pre-shearing has not been

t .
found; thus, the failltes are consxde ed to be tlna-delayea. !

,__;\EltSt*tlle slides, N

- ,‘ ~ - o ° ¢ )
) ‘ A co:;};hensive.laboratOty,testing program, iavolving

index testsy consolidation tests and triaxial and direct

L4

shear tests allowed. an assessaent of the influence exerted

) . by such)l factors as 'structural discontinuities and
* - o ’
compositional heterogeneity on the strength and stress-
I's ) . ' o ’ . '
] strain/voluqe "change .chardﬁteristics of . the ge

conplex .Lake Edlontoa Sedannts. One- ‘'clas of ‘
tested, terled the 'weathered ‘Material" (fr3i~the uppéﬂ few
metres), displayed bi-modal failure character' tic which .
vas intriﬂsically lated to a‘ nugget or blocky structurg. . Q?
Above the ‘in-§itu overbutdgp pressure, failure occurred
tgrough the - intact 1unps resulting in peaked sress-strain

cutves and supdued dilation after the point of peak deviator

i stresse Bglgz) tha ovérpnrden'.stress, however, failure ‘

. ' .o W ” .
) . . ’
. N . -
. . . \ & « . .
s .

- . . . i v ' e
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4!; ’*\ occnrtcd aloag the nugget di-conttnnttics resulting in a
. mttor sdb..o-ittain curvo and ptOnonucod 6‘1&tion lft.t ::
'i;-' S . the 'vpony Yeviator  stress. !‘:- saterial bohnqu as a

‘éohciiqnlc ;t!nnllt agqthato hildb tpo overburdena

: \ stress. uatorill

holov tbo : est of he slopd :as‘co-posnd thQOiinantly of a

'..diui\gi;:tic silt anq a high pllq‘ic. tissnrod clqy in
- varying p pottions. The strength of tlis material vas .found
to\ depend ’on . the 1ocation and orientation of the veaker

co.ponent in the 'systes, that is, the fissured clay.

a . N .

_ The ptoééﬁSes of physical veather%ﬁg, chch.as cycles of
vet-dry and freeze-thav, can destroy an intact soél\
structure in a fey seasons in a severe climite such as that

v’ e . M

" . af ves%eru * canada. The ,Weathering processes appsar to

s N A . . s N
increase the—scaanﬁ/gf the intact luaps or nuggets between

\\
the fractures/:Ltough a net consolidation ‘or densification
. » X
effec£é¢;tgt to decrease the mass strength of the material
under low norpal stresses, reducing it essentially" to\q?—«

cohesionless, @ranular aggregate.

The results of a stability analysis conducted on one of’

\\\\ylz:fi;he landslides,g:;ioh occurred in August, 1973, shoved -that
a

the stability wa ependent on the strength associated with

the fissured, high plastic clay as well as partial softening
in the centgpl portion of the slope, on the destruction of

o the effective éohesion gué to weathering in the surficial

zones and on a buij%ef of hydrostatic pressure in the




',

structural, discontinuities due to intiltration' df raiif&ll

T e - [ ‘e
and  surfa unoff’. MNoreover, other slope failures on the.

. - ; Py :
L . site have been related to intense 'periods  of rainfall. ‘It

. 'Y
_ importance to 4\\

. syouldg also '‘be noted that

g; conduct laboratory streéngth tes i A ess .ranges ‘
; ) . . e, '
“encountered in the field. . NG ~
- \ N ‘ . .
Research 0 the “origin and zhctors controlling the ’

distribution of fissures- and joipts'in.soil masses should be
undertaken. In addition, creep or relaxation tests should be
conducted to evaluate the time-dependent deformation

properties of the Lake Edmonton Sedflents and to check if :
. -

the short-tera laboratory peak strength na? actually’be by-

passed in the long-tera condigs?n.

&
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CHAPTER I

\~//// INTRODUCT ION

-

1.1 The Bhitemyd Ereevay Cut Pailytes
2 x \

Durlng the late 1950's and early 1960°'s, extensive
urb;n development neéesaitated the construction ofla major
freevay systei in the southern and south-vestern sections of
Edmonton (Pigure 1.1). To reduce the approach fill on ?the
South bank of the North saskatchevan River and to avoid a
largeggut in the nort&//gsek, thg route centerline vas
located in the Quesnell Ravine. A suitable gggde vas
established Jp gzz'ravine with a minimum of cut and fill;
however, west of 149th Street, wvhere the right-of-way left

the ravine, a cut was necessary to maintain the grade.

S

Due to the proximity of residential developaent, the
width of the right-of-way was 1ilited£‘therefore, the side
slopes were excavated Slightly steeper than two horizontal
to one vertical ]Soderberg, 1978) . A hunber of slope
failures occurred along a 400 metre section of the cut
between 156th and ‘159th Streets after the conplétion of
construction in 1969 (Figure 2.3). The cut in this section,
vhich is approximately 7.3 m. deep, was excavated entirely

in the overconsolidated Lake Edmonton Sediments (geology

discussed in the following chapter).

The folloving methods have been utilized to stabilize

[



v

the slopes: | [ ] .o
‘ .
1. Slope flattening. (sfide #1, Pigure 2.3).

2.  Complete [excavatign of tho fq}led mass ' and

r

\ . Tebuilding . the slope w{th a coarse,.ﬁitérnn granular

aterial (slide ¢6).

1
t

3. Benching, with the installation of gravel drainage

mats—-on the beaches (slides #8, 0?, and #7).

4. The installation of a ¢;ncrete, crib-type
'relaining vall (slides #2 and 03). .

S. The installation of counterfort drains with cast-

in-place stitch piles (slide #8).

The Whitemud Preeway cut failures thus offered an

interesting and complex slope stability problena. Thé pre-

~

construction topography was essentially flat (Chapter II),

thus the failures vwere first-time slides in an
overconsolidated latérial (evidence of ppe-sheaping has not
been found). The slides have failed alqng non-circular slip
surfaces, wvhich may indicate bedding plane or some other
type of contr&l, such - as the presence of the underlying

,

till.

E ]

This thesis concentrates on the slide which occurred in
August of 1973 (the 1973 slide ; Plate 1), because wmuch
survey and sub-surface data wvas available from an extensive
site investigation under taken in the fall of that year.
Undisturbed soil samples vere collected from the vicinity of

the 1976 slide (Plate 2) in the spring of 1977.

\



- & The ters: "tilo-dopendont, first-tise slide" - is uood

here‘ to indicate failure in a proviously unsheared lotoriel,

which occurs sose time after a slopo has Dbeen }cut or wvas
‘ eroded; i.e, :he slip does not involve rqactivation of .an
olﬁ7hlgde' mass oOr lovooont olo.g & ptb-oxxsting shoor
surface. Discontinuous, overconsolxdatodr clays have been
troublesome, as pa®@¥ral’ :lopes and excavations often fail
years later at strengths auch belov the laboratoff)peak
strengths (James, 1970). There are, therefore, time-
dependent processes at vork vhich are causing a, significant

reduction in the operative strength of these laterials and

vhich subsequently lead to long-tern slope instability.

[ 4

Horgenstern (1977) has dxstlnguisyed two such processes
vhich may lead to strength deterxoration of stiff fissured,
dicontinuous clays vith~tile; viz, delayed and ptogressive
 failure. Horgenstern stated: |
n,..Delayed failure is taken here to include

all processes that contribute to the reduction
of shear strenqths with time".

one such process is pore pressure equaiization, which
ggéentially involves the dissipatioo‘of negative excess pore
pressures (generated by the stress relief of exca;ation) to
-EXe long-teras O steady-state condition. Another common

process is softening, which effectively reduces the shear

strength from the peak to the fully softened strength (i.e.



4

»

g C \ | “ A

c'-o, n'-ﬂponk). :
v \
The other ''process, referred to a

btoqtossivo failure

[}

inv;&vos:  ' o

"w,..The non-uniform mobilization' of ‘-sI‘

strength,. along a poteatial slip surface

the soil has wvork-softening stress-strain

characteristics and it is being deformed to

\ failure, some eleflents wjill reach peak .

’ strenqth .before others apd . therefore vwhen
failare fin;lly ensve’s, sose elements vill Dbe
beyond peak strength hile others have just

. reached is. " . : .-

.

Analyses vould indicate the mobilization of an average shear

strength less than ‘the peak. i.e. c'=0 with g' less :mﬁ%\she

peak value; the limiting @' being the residual value. _& o
. ° : \ . . tg;
" A number of theories and sathematical models have been

postflated to account for the wmechanism of progressive
failhre. Skéhpton (1964), when formally introducing the

concépt of residual strength, proposed a theory of
‘ \
progressive failure in which structural discontinuities act

as sttess concent:ators'

"...Not only will the fissures and joints
reduce the aterag trength of the clay mass,
but th an cause the peak to be crossed, as
a resul of 1local overstressing and a
progressive deczs,se in strength will follow."

His theory, hovewer, is based on the preamise that the
strength would inevitably reach the residual condition
evepyvhere along the incipient slip surface. BishoﬁJ(l967)
suggested a mechanism based on local overstressing in terss

of_the shear stréss (in the short-term, undrained condition)
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or the .ratio of the shoaf stressg tqQ the etkectivo normal
) " stress (in the‘long—te:l, dtainoa condition) in the slope;
vhen the 1lisiting yalne defined by an elastic solution is
reached, local ffiiﬁre vill occur. Bishop went on to explain
that only 'chan%es ‘in  the loading conditions or  pore
presfres wvill 1e$d to a progressive extensidn of the zone
of failure along the potential slip surface, vhile within

this zone the shearing resistance wvwill begin to drop from

the peak to the residual value.

F;); Th;ories based on the release of high h?rizoﬁtal
stresses upoh excavation in overconsolidated materials h;ve

been proposed. Duncan and Dunlop (1969) with the use of a

finite element stress analysis, have predicted the
occufrence of < localized failure in zones of overstress
bf&hght about by the release of high horizontal stresses.

They have shown fhe effect increased markedly with higher

;alues of Ko e wvhile the variation in the modulus of
glasticity bad little effect. Yudhbir (1969) has also
A;égtﬁlated a progressive failure mechanisa based on the
effects of the release of high horiz&ntal stresses. On the
basis of Ko -unloading oedometer tests, which resulted in
shear failure of the Speciiens,-'be concluded that Ko -
unloading in the field would cause fgilure dovwn to a depth
of forty feet. Additiogil shearing deformations associated

with further unloading were believed to result in the

propagation of the failure surface.
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Bjerrua (1967) explained in great detgil‘a ﬁtSQtEsgivr{x\;N
failure wmechanism based on the release of the recoverable §f§
\ Strain energy due to the effects of ve;thering on diaqenetic"}
bonds. He postulated that three§onditions must be satisfied
before the mechanisa is possible: ‘

Y. Shear stress concéntrations at the toe of the
slope must be larger than the peak strength of the
material.

é. The clay must contain a sufficient amount of
recoverable strain energy.

3. The 'material nmust show parked work-softening

characteristics.

Analy{ical studies have been undertaken to nmodel the
;echanis- of progressive failuré. For example, Christian and
Whitman (1969) have theoretically illustrated the effects of
horizontal stress release and non-uniform swelling in teras
of elastic, plastic and strain-softening behavior. Their

model wvas in teras of the bonding betwveen a single layer of

the material and a rigid base.

Lo and Lee (1973) have established a finite . element
solution of the stress distribution in a slope of strain-
softening material and have shown that if the rate of
decrease of the drainéd strength is known, the time of
failure of excavations may be predicted. These analyses,

hovever, are based on simplified stress-strain curves and
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very limited zones of failure. Moréowver, they assume ‘ghat'
all the elements. in the slope followv a unique strain-
softening characteristic, which in reality is mot the case

(Simmons, personal comaunication).

The preceding proposed mechanisms and analytical models
of progressive’ failure have Dbeen well established on a

hypothetical basis, but as Morgenstern (1977) pointed out:

~
L -

v, ..There aﬁpear to be no well-documented case
histories of first-time slides in heavily
overconsolidated soils to indicate that
progressive failure plays a dominant role in
governing stability."
For example, the Seattle Freeway slides in 1962 and
1963 which Bjerrum cited as evidence of his mechanisa, have
since been proven by ’Palladino and Peck (1972) to have
vfailed along zones pre-sheared by periglacial -processeg'f-“"
Purthermore, steep, high slopes which would certainly have
non-unifors stress conditions, have remained stable for
exténded periéds of time (e.g. Esu (19§7) discussed such
slopes in 1Italian clays). Several failuges 1in intact
overconsolidated clays, @mobilizing both peak values of ¢!
and @' have also negated a progressive failure mechanism .
For example, the Selset case (Skempton and Brown, 1961)
involved the failure of a slope in an intact, heavily
overconsolidated boulder clay which demonstrated perceptible -

strain-softening behavior; analyses conducted using a c' or

@' lover than the peak values resulted in unacceptably low

£ _ cdhhat m £ ma kAo



A cage history, hovever, has recently been published by
Berland et al (1977) which is in "broad agreement” vith the
lecha&isl proposed by Bgerrul (1967). Slip aoveaents
occurred in a 29 m. deep brickpit which was being excavated:
in the overconsolidated Oxford clay. The authors concluded:

'Ovorthinstinq relative to lower beds occurred
by sliding on a shear band which developed by
progressive failure as the wmaximum shear
stress exceeded the peak shear strength along
bedding planes near pit base level.®

James (1970) analyzed more than fifty first-time slides
in various overconsolidated clays of the United Kingdom in
an gffort to  establish the validity of the progressive
failure hypotheses. It was found ;hat'the majority of slides
had failed with a value of effecti?a\gohesionvapproaching
zero while klaintaining an effective angle of ghearing
resistance at or greate than the laboratory peak value;
hence, progressive failurgiyas an unéonlon occurrence. As a
rational explanation as to why progressive failure is rare,
James (;970) pointed out that large displacelents,_often in
the order of }eet, are qecessary to develog residual
conditions on a contjinuyous slip surface. He quantified this
in teras of the field strain, defined as the ratio of the
amount oé slip movement occurring to‘the length of the slip
plane (approximately the ratio qf the scarp height to the
height of the slip). The results }&f the reduction in @'

calculated froa slidgs in the London, Oxford and Lias clays

plotted against field strain are showvn in Pigure 1.2.
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Cou hese results vwith the vork of Bishop and Loveabury
(1969), which essentially proved that there is no bath'to

the residual vhich by-passes the peak, Janmes (1970) came to

' 4

the conclusion that :

"...The need for relatively great deformations
to produce - residual conditions may aov be
considered again ia relatioa to the hypothesis
of Bjerrus (1967), or the hypothesis of
lateral earth pressures, Yudbhir (1969). It is
suggested that unless deforsation is very such
localized, along one thin layer or at the
interface betveen twvo: somevhat different
‘layers the strains would be too small to give
anything approaching the residual."

’

He vent on to state that an-unifotl svelling could

also produce localization of st{gins, . ¥ith residual
condigions being attained at auch lover deformations
(ana@pgous to those produced at the boundary of coampetent
and_inéonpetent beds during folding); thus the progressire

failure mechanism vould be made time-dependent.
h .

In the light of the preceding work by James (1970) ahd
the iorg Of?Skg!ptOI (l§66) and Morgenstern and Tchalenko
(1967), which described the formation of a continuous sh¢ar
zone from the progressive coalescence of ainor (Riedel)
Shears;' Sk;;pton (1970) discussed twvo successive post-peak
stages of development of first-time slides: *

"...a) dilatancy and the opening of fissures
leading to increases in wvater content and
culminating in a drop in strength to the fully

* softened value, at which stage there is a
softened shear Zond with numerous

Bicggztinuous'shears;
b): velopment of principal shears of

appreciable length some of wvhich eventually
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liak togetler amd fors a continuows lhﬁct.

vhes the <residual -croaqth is reached along

the eaticre slip surface.®

-

. rroq the precediag dlscllctabq. it therefore appears
that tise~-depeadent, first-tise -illo- ia discoatinmvous,
overconsol idated clays say best be oxplnt.od in tecrms of
Qelayed failure, invglvth SUCh processes as pore presssre
equalization and softening. As MNorgeastern (1977) has
1u§1catod, great care should be tqkon in th evaluation of
post-construction pore pressures ip‘ ordgt to distinguish
betveen the a}totnativo oxplanntions of delayed failure. Por
example, Vangﬁn and Halbancke‘( 197%) observed substantial
negative pore pressures in dqut slope in London clay nine
years after excavation. In r.;é,-analysing many slope failures
in the London clay that had been ’::igg;,/atttibuted to
softening processes (e.g. Jaqes, WW70) 4y they cane to the
conclusion that the slips vere nelayed primarily by pore
pressute equalization. The process ot pore pges:ure
equalization ' is discussed‘furthér in Chapter I;: Various
sechanisas oﬁ softenin;. vhich have been proposed through

the years, are -outlined in _the followving paragraphs.

A softening mechawism vas first postulated by Terzaghi

and failure o i sured,

overconsalidated

ures in the London clay by Skelgggn/11§ﬁb),

involved the opening of fissures and Joints due to the



"

lateral stress . relief wpon excavation. 0Oviag to the hlgﬁ\
streagth of the clay, the discpetinuities woeld l.llll. open
to great depth, heace, alloviag ingress of water. The Qlay
ezposed oa the fissure surfaces voeld begin softeaing, the ‘
saterisl vould defors asd a. stress redistridutios vould
occer. The esd prodect is a cléy euseatially redeced to i,
mormally consolidated er "fully softened” state (Skeampton,

19..’ . * *

Pigenbrod (1972) has pointed out that this type of
softening does not depend on large deforsations before
failure, but is d;pondent oa the presence of
discontinuities. Furthersore:

»,..It is likely to be rather slov in general

asad noticeable strength decrease can be
realized oanly after decades.”

Skespton (1970) proposed a softening sechanisa which
vas largeby dependent on localized Riedel 2zhrust shearing
vith subsequent softening in the post-peak stages, as has
already been described. The.displacénont nocess;ry to reduce
an overconsolidated clay to the fully softened condition is
several times greater than the displacelent to the peak, bat
it is considerably léss than tlaf corresponding to the
residual; i.e. displacesents measured in inches rather than
feet. Therefore, the displacements which result froa
unloading (overstressing) or the Ko -effect may be great

enough to initiate the mechanism proposed by Skeapton.
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Morgenstern (1977) upon reviewing the studies of Patton

. L]
(1966) and ua’sland (1972) vbich suggest different modes of
failure of discontinuous materials above and below a certain -
threshold normal stress, has postulated;

.

n_..The result of softening may simply be to

reduce the dilatant characteristics of the
fissured system at lov effective stresses."

In other words, the geometric coaponent shear resistance

(commonly referred to as the "i" angle) will be lést'due to

softening of the intact material betveen the fissures.

Another process of delayed failure, physical

veathering, is disoussed im greater detail in subsequent

chapters. .

1.3 Pugrpose of the Investigation

In the light of the preceding discussions on the nature
of the Whitemud Freeway slides and progressive versus

delayed failure mechanisas, the purpose of this thesis

investigation is therefore :

1. To study and assess the factors, such aé,
structural discéntinuities and compositional
heterogeneity which control the strength and stress-
strain characteristics of the Lake Ednonton deposit.

2. To evaluate the effects of physical weathering

processes such as cycles of wet-dry and freeze-thavw
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on the strength of the soil, and to consider the time
scale‘in wvhich their effects become important.

3. To investigate thesxtime-dependent aspect of the
landslides and to propose a wmechanism of failure,
employing a stability analysis conducted on the 1973
"slide with the strength parameters determined in the
laboratory testing program. -

4. To assess the effects of prolonged, heavy periods

of rainfall on the stability of the slopes.
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la Generai view looking southerly.

1b View of scarp area showing the graben.

Plate 1 The 1973 Slide on the Whitemud Freeway,

16



20 General view looking southerly;note stabilization
operations at the west flank,

LJ

plate 2 The 1976 slide on the Whitemud Freeway.
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\

GEOLOGIC HISTORY, ‘SITE DESCRIPTION AND SITE INVESTIGATIONS

2.1 Geologic History

.

The major sttatigtaphic units of” the Edmonton area
coaprised the Uppér Cretaceous bedrock, consisting of the
Belly River, Bearpaw and Horseshoe Canyon Porlations.
overiain by @he Tertiary Saskatchevan Sands and Gravels. The
Horseshoe cCanyon Formation, which is the Youngest of the
three bedrock uni;s,'}s composed iprilatfly of jinterbedded
and intertpnguinq sandstones, 'siitstones, shale and coal.
Bentogite is present both as a constituent mineral in the
clastic rocks and as individual beds (Irish, 1970). The
sands and gravels which unconfor;ably ovérlie the bedrock,

are found within pPreglacial valieys as terrace deposits and

valley-fill deposits (Westgate, 1969) .

The preglacial topography was generally similar to that
of today, with the exception of the glacial and post-glacial
modifications to the preglacial drainage Systea, viz.,
infilling of Preglacial channels with glacial materials and
the subsequent incision of new channels (Kathol and

McPherson, 1975) .

The advance of the continental ice sheets resulted in
deposition of a clay till, which is referred to locally as

the "Lower Till® (Figure 2;1). Overlying this are

-

’. AN
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discontinuous béds .of stratified sands and gravels, in
places up to forty feet (12.1 metres) thick, termed the‘
Tofigld~5ands (iestgate, 1969). rhes; are overlain by a sand
till referred to informally as the "Upper Till®", Both till
units have extensive joint' systems; the upper displaying
vertically oriénted, columnar Jjoints as opposed to the

]

rectangular joint system of the lover till unit (nay and

N
-¢ .

Thoason, 1977).

The stagnation of ﬁhe last 1ice sheet imn the -area
resulted in the formation of proglacial Lake Edmonton.
Sediments _deposited during the existence of this  lake
include  a sequence of ihtetbedded and intertonguing silts,
sands and clays overlain by varved clay and silt ’(Hughes
1958, May 1977). Development of the lake is believed to be
due to the ice blockage of drainage on . the eastern, and
probably the northern and:sduther sho;elines. Hughes (1958)
has divided the history of glacial Lake Edmonton into tvwo

stages.

Stage I involved the steady expansion of the lake as
ice oh the shores and ice-islands in the lake nelted.)Hughes
(1958) has postulated the lake to be of superglacial origin,
vhich after continued melting of the ice came to lie
directly on the wunderlying till. The sediments were

transported into the lake from a number of sources, viz.:

1. Meltwater streams carried debris fronm the
; -,
N B
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{
dovnvasging ice nmasses into the lake. The CJ%tse

fractions wvere deposited on the margins while the
fines were carried to the center of the basin.

2. Icebergs and ' shore-ice }afted material intc”the
lake.

3. A reworked pittgd, deltaic deposit which wvas built
into the lake froam the west provided silts and sands
to the basin (Figure 2.2; unit 35 represents the
remnants of this delta). This |is believed to have

been the main inlet into Lake Edmonton during Stage

I.

The lowermost units of the "Lake Edmonton Sediments"
are predominantly wvell-bedded, poorly sorted sands (Figure
2.1) which have been penecontemporaneously deformed into
folds (Heétgate, 1969). The predominantly sandy composition
reflects the relatively high energy of the meltwater in the
initial stages of the formation of the lake. As the lake
filled to its maximum depth, which is believed to be about
365 feet (Hughes, 1958), a sequence of interlaminated buff
silts and dark silty clays were deposited. The
interlaminated sediments have been h;ghly disturbed and
contorted in some 1localities. The disturbance may be
attributed to a number of phenoamena, including:

1. Large, floating icebergs, which when blown across

the lake scoured and churned up the sediments.

e,
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2. The deposition of jce-rafted pebbles, sggnes. or
chunks of frozem till, sands or bedrock disturbed the
bedding when settling into the soft, ungonsolidated
sediments.

3. Submarine or subaerial slumps Bmay have .occurred
upon'seasonQ% dravdown of the lake level.

4. The slulping of superglacial material from glacial
ice into ;he lake would have disturbed the lake

floor. These deposits are similar to turbidites.

|

The daaned-up leltwatérs continued to fill the ‘Laké
Edmonton basin until an outlet was uncovered. Such am outlet
was found in the southeastern section of the lake (Figure
2.2) and has been termed the Gwynne outlet. The subseguent
partial drainage of the lake through thié spillway marked
the end of Stage I. The maximum aerial extent of the lake
roughly correspondéd to the unit parked vlake Edmonton
Plain" on Figure 2.2. The basin of the lake was trough
shaped, with the long axis approximately parallel to the

North saskatchewan River systenm (Bayrock and Hughes, 1962).

The drainage of the lake through the Gwynne outlet was
at first s%ov, as lacustrine silts and clays continued to be
deposited in the region near the spillvay. With time, t he
spillwvay incised -into the underlying glacial sediments and
pedrock and flow greatly increased (Bayrock ;nd Hughes,

1962) . This drainage stage vas probably of relatively short

duratioff, as the lack of beaches in the shoreliné‘reqression

+
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areas seeas to" indicate. The presence of ice-rafted
materials in the youngest lacustrine deposits indicates the
existence of shore-ice and icebergs until the conélete
drainage of the lake. The drainage_thtough4thé 6vynne outlet
was‘thought to have lowered the lake level about 100 to. 150
feet, thus _g&fgctiVely draining most of the Edmonton area
(Bayrock and Hughes, 1962). With further degradation otv\the
ice in the northeast, the present North Saskatchewan River

system developed and in time completed the /drainage' of

glacial Lake Edmonton.

During the Altithermal period, 7,000 to 4,000 years
ago, the climate of Alberta was mach drier and warmer than
at present; sand dunes formed to the'soﬁthwest of Edmonton
(Pigure 2.2) and desiccation is thought to have occurred at
least into the upper Till Zone (Hay and Thoason, 1977). In
post-Altithermal times little modification of the general
topographic features ha; occurred, with the exceptions of
slope instability along the drainage courses and the
physical and chenical veathering of the surficial soil
zones.

2.2 Field Description of Soils

The site location and study area, which are depicted in
Figures 1.1 and 2.3 respectively, are located in the central
portion = of the Lake Edmonton plain (Figure 2.2). An

examination of the 1950 air photos (RCAF A12865, #53 and
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#54) reveals the site to be situated on a topographically
ﬁiqi,rrlevol area between two ttibntary drainag; notu&tks of
the North Sapkatcheven River. norpholbgical features of the
underlying till are fajntly discerhible through the

lacustrine mantle deposits.

+

A field investigation of the study area (in particular,
/’ L]

the backscarp of the 1976 slille as notéd on Platiﬂﬂzﬁf ----

_____
_____
v

»»»»»»» TS Siad
--- ——————T

The compositional heterogeneity and structural complexity of
the'deposit obviated the bqgsibility of defining. a "type-
section™ for the site, so conpositionil' and structural
peculiarities of the section are highlighted in the
discussioni that follovszDétailed stratigraphic sapping to

the nearest centimetre would be needed to coapletely d&efine

the section.

~

The sgftion generally displayed a mottled texture of "
buff silt and dark gray clay, with sporadic root -channels
and small, 1localized zones of selenite. Lenses of the dark
gray clay up to about five centimetres thick wvere noted near
the base of the section, at depths from about five~toi seveg
m. below the top of the scarp. A-zone of discontinuous,
irreqularly shaped blocks and 'lé;ses of Qashed, medium-
grained sand, each approximately 15 to 20 cam. thick was

afetected at a depth of 2.5 to 3.0 m. They persist for ;bout
three to four m. in lateral extent. The boundaries with the

mottled silts and clays are sharp. This would indicate that

-
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the sands vere tio:on blocks vhen deposited.
1‘;

Ice-rafted pebbles, cobbles, chunks of till, coal and
sand (plate 3A) vere foumd through\ the section at all
elevations. This finding, agrees with Hughes' (1958)
_obsérvations.

The backscarp section could have been divided into tvo
‘ ]

major zones on the basis of Qhe macro-structure of the soil.
\ .

The top section, which extended to a depth of approxilatelﬁ

tvo to three metres below the top of the scarp is highly
fractured and fissured, displaying what l" be termed a
blocky or nugget structure (Plate 3B). The size of the
nuggets, vhiéh gener#lly increases with depth, ranges froa a
few wmillimetres .to about two to three centimetres. The
boundary with the lower zone is transitional, extending over

about one metre.

The lowver zone does not possess the blocky or nugget

structure of the upper zone. It§is not, however, totally

inact. A syste!_gf_gga&—vqfffzgl, orthogonal joints basjg;en

mapped. The joints are usuallj‘no greater than about 1.5 to
tvo metres high and codld/Eggfgggedffor’ﬁgsﬁz/éne to tvo
metres in lateral exten}:,léﬁe set (consisting of seven
néasufélents) has‘an ;veragéaétr e.of 260° , Qith variation
from 2379 - to 3039 ./399 intersectingwgéi‘fienGs at about
1539 . The Soint;’ were typically moist and gleyed with

undulatory and hummocky surface expression. The surfaces,
®



hovever, were not "softened” to any great degree.

The origin of the joint sets say be attributed to teo
possible mechanisas:

1. Isostatic rebousd of the bedrock in the post-

" glacial period may have i*partod tha colusaar and
orthogonal joint sets tokfﬁo upper and lower tills.
It is not unroaoon;blo to propose further ptopiqctiol
of these structural elements into the lake sediments
as vell. The structural trends ‘ﬁclutod in this
investigation roughl& correspond to structural
eleaents of this region as measured by Ozoray (1972).
2. The intense desiccation during the Altithersal
period could have resulted in the forsation of the
joint sets. Quigley (1975) and Mitchell (1976) have
discussed this process of _joint formation in some
detail. '

~
A fissure netwvwork in the bands and lemses of the dark

gray clay wvas observed both in the field and particularly in

the laboratory specimens (sectiom 3.4.1, Chapter I1I). The
. . .

» '
fissures vere random in orieantation, dip (range froa
- 14

Lorizonfhl to about 65° ), "and spaedng (spaced as close as
R

tvo . to four millimetres in some zaées). The surfaces were

usually curvilinear convex or concave and undulatory with a

hummocky texture; the lack of wvell-defined striations

suggests that little or no relative movement has occurred.

Fadh )
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\\\The fissures were rarely greater than about 1) ca. in
. extent. Examination of the laboratory specimens (section
3.4.1, Chapter 1III) demonstrated fhat:these fissures are
confined to the dark gray,clay lenses and are not found in
.the buff silt; in fact, fissures in the dark gray clay ended
abruptly at the cléy/silt boundaries. This finding is in
agreéeasehnt with Méc lagg énd Butler (1967), who §1ated:
| "...Clay wh chﬁ;ontained more than 60% of fine
particles wvas wusually found to be highly
fissured thile} that containing a lower
percentage #as psually unfissured."
The dark gray clay was found to contain about 77% 6f fine
particles, while the buff silt contained only about 25%

(Fable III.1).

As Morgenstern (1967)has indicated, the mode of origin
of fissures remains obscure. Two possible causes of the
fissures found in the dark gray clay lenses and bands are

postulated below:

1. Desiccation, such as that associated with the
Altitheghal period, may have resulted in t he
generation of the fissures. Differential desiccation,
vhich is here defined as the simultaneous desiccation
of sub-layered wmaterials with markedly differing
shrinkage characteristics could account for the
randon orientatijon versus the moOrLe vertical
inclination of typical shrinkage cracks.

2. The Lake Edmonton stratigraphic coluamn could have
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,deen completely frozen in periglacial times, when the
1
*- retreating ice was still in <close proximity. The

»l
fissures, therefore, may be <Temnants of selective
periglacial ice lensing in the dark gray clay-rich®

material.

Fookes (1965), Esu (1966) and Skempton et al (1969)
have indicated that fis#hres or joints of tectonic origin or
associated with shearing processes generally show a
preferred orientation, while those due to physical and
chemcial weathering or desiccation processes are usually
randomly oriented. These observations tend to support the

theories postuléted above, rather than a tectonic or induced

shear origin.

In " summary, the wmain points ‘which the preceding
discussions have emphasized are the conpositié%al
hetefogeneity and structural complexity of the Lake Fimonton
Sediments in which the slope failures have taken place. The
heterogeneity has been attributed primarily to processes
associated with the deposition of the materials, such as
disturbances due to icebergs, ice-rafted materials or slumps
and mudflows. The structures, on the.other hand, can be more
readily related to diagenetic processes such as physical

weathering and desiccation or isostatic rebound.
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2.3 gite Ipvestigations

2.3.1 General

The site investigations on the Whitemud Preeway cut
pertinent to this thesis research were undertaken on two

separate occasions:

1. During the fall of 1973, a detailed survey and
subsurface exploration program was conducted on the
1973 slide by graduate students of the Department of
Civil Engineering.

2. buring the spring and,summer of 1977, an extensive
soil sampling program wvas undertaken by the author®in

the vicinity of the 1976 slide.

The results of both investigations, including landslide
plans and 'profiles, borehole information and sample

locations are presented in the following subsections.

2.3.2 Investigqation of the 1973 Sljde b

The location and nature of the 1973 slide are depicted
on Pigure 2.3 and Plate 1 respect%,;ly. As mentioned in
Chapter I, tge slope failures in the Whitemud Freeway cut
have been along non-circular slip surfaces. One of the main

objectives of the 1investigation conducted in 1973 was to
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define the location of the slip surface precisely; this was
accomplished by a series of six boreholes and five toe

trenches, subsequently tied together with stadia surveying.

A detailed plan of the 1973’§lide with the location of
the profiles, boreholes and toe trenches is presented in
Figure 2.4. The profiles and the location of thé the slip
surface, as interpreted f.ron visual offsets and cavities in-

the boreholes and direct observations in the toe trenches

are depicted on Figures 2.5, 2.6 ahd 2.7.

2.3.3 Investigation of the 1

——

916 slide
©

The 1976 slide (Figure 2.3), which is in part a

(

reactivation of the 1974 failure, was repaired in the spring

‘ primary
alMtion of

counter fort drains. The soil samplif® at the site- vas

and summer of 1977 by the City of Edmonton.

method of stabilization 1involved . the inst

undertaken in conjunction with this stabilization prograam,

It was at first thought that block sampling would
provide the best quality, undisturbed specimens for the
laboratory testing program, but this was not the case. The
samples. in the upper zone vwere carved with little
difficulty, but upon transportation from the site they
literally "fell apart" along the structural discontindities.

A  tube saempling procedure utilizing 10.2 cm. diameter
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pitcher sampler tubes wvas considered the best alternative.

.

The method of sample acgquisition vas as follows:

1. The first step was to excavate a level portion or
a bemch into the literiai‘to be salpled;. Qhether it
be in the base‘ of one of the trenches or the
~ #kscax:p. ‘ b
2; After the bench was suitably prepared and'leveled,
wstarter or guide holes" wvere drillea for the tubes.
A portable, gasoline powvered auger was used for this
\, operation (Plate UA). The holes were usually drilled
about 10 cm. deep on agproxinately 20 cm. centers.
3. The tubes, being properly positiossd in the
starter holes, were thrust vertically into the bench
vith the shovel of the backhoe as shovn in Plate AB. >
4. Recovery pf the tubes was accomplished by either
wrapping a chain around the end and extracting ther
vith the backhoe or by simply excavating the bench.
Upon recovery, the tubes vere immediately traASported
to the Soils Preparation Room at the University. The
samples were at that time extruded, vaxed and placed

in a moisture controlled room until testing.

‘The locations of the samples used for the testing

program are depicted on Figure 2.3 and Figure 2.8.
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4b Pushing a tube with the backhoe shovel .

'

Plate 4 Sampling Operations- The 1976 Slide .



CHAPTER III

LABOBRNTORY TESTING PROGRAAN

3.1 Iatreduction

The results ' and ' intepbretations of the various
laboratory tests conducted for this research project are
presented in this chapter. The nmaterials tested vwvere
obtained from three specific saaple fbcations; as vas

outiincd in Chapter II (Pigure 2.8). Por the purpose of

discussion, tube sagq} 5 T-33 to 0 will be dogignated as

t* and T-27 to'T-32 as

*

"Weathered®, T-u1 t T-44 as
”Toe"‘salples. The shear strengt results are grouped

according to this classification. ‘

3
3-2 Index Tests and X-Bay Diffraction Anmalyses

Due to the extremely complex nature of the soil, two
distinct components, namely the dark gray silty clay ;nd the -
buff clayey silt were separated and tested individually. Por
ease of discussion, the dark gray silty clay will ‘be
referred to as “clayg", "dark gray clay" or "clay-ticg
material” and the buff clayey silt as "silt", "buff silt® or
"silt-rich material"”. These connotations are basé& solely on
the grain size analysis (Table III.1), as résults of the

Atterberg liamits identify the dark gray material as é nCH®

and the buff material as a-"CI".

39
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The majority of the dark gray clay sample was bbtainéd
from the failed sample of Triaxial Test #2 (sample T-Uu43b);
additional material vas collectéd from Tube Sample T-44 in
the wicinity of the sélplgs of Direct Shear Tests #3 and #4
(Samples T-u4l4a and T—uubf. The clay was highly fissured,

vith fissures spaced as close as two aillimetres in some

'instances, and displayed a laminated or leafy structu&e.

The buff silt sample vas taken from Tube Sample T-43,
directlyv belov the lateriai from which ghe sanple of Direct
Shear Test #2 (Sample T-43b) was carved. This silt-rich
material .displayed such structures as contorted vérves atd

conchoidal fracture patterns.

As was expected, the clay-rich and silt-rich saaples
yielééd markedly different index properties. The results of
the Atterberg limit, hydrometer and séecific graviéy tests
are sumparized in Table ITI.M (moisture content
determinations for all the shear strength samples are
presented in Tables I11.6 to III.B). Due to the variable
amounts of dark gray élay and buff silt in wmost of the
samples, an accurate determination of the Liquidity Index 1is
impossible. However, a range from about 0.1 to 3.5 using

clay-rich and silt-rich samples respectively canibe assumed.

‘Also included in Table III.1 are the results of X-Ray
Diffractio% tests performed on the clay-size fractioans (1. €.

finer than about two microns) of the two samples.

grl
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Mineralogical composition determinations, uéing this X-Ray
Diffraction tschnique, are to be considered accurate to t 10

percent.

3.3 Consoljdation Test Results

A series of three consolidation tests vere conducted on
material from a nearby )locatign at the site of the 1976
slide. The tube sample was from a depth of about three
ietfés (the sample location, at the eas; flank of the slide,
is depicted on Plate U4b). The oedometer samples wvere carved
by carefully pushing a sharpened ®mold into the rZQil and
trimming the excess as the mold advanced. The samples tested
were 6.335 centimetres in diameter by 1.58 centimetres high.

Typical results of one of these tests are presented in Table

I111.2.

The average coefficient of consolidation for the
primary loading cycle to 96.6 kPa is 5.0 x 10-* cm2/sec. The
average swelling coefficient determined from the unloading
stages 1g 1.11 x 10-* cm?/sec. Using Casagrande's technique
for determining the liaxinum preconsolidation pressure, a
vafhe of 72 kPa v%s obtained, which compares with an
or¥y@nal overburden ypressure of approximately 53 kPa.

Therefore, an overconsolidation ratio of about 1.4 is

indicated.
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3.4 shear Strength Study

An extensive shear strength testi;g proyram vas
undertakkn to define the effects of physical wveathering. on
the deposit, to try to put a tilé'Fcale on this weathering
and to check , througw }stability analyses, how these
processes may affect the stability of the cut since its
inéeption. For theée4.reasons, the materials designated as
"Weathered", "Intactﬁ ana "Toe" vere ¢hosen for testing. The
following subsections vill present brief sample jescriptions
and te€¥tural and structural differentes betwveen the three
groups of samples, wmethods of sample preparation and
procedures for performing the triaxial and direct shear
tests, wmethods of interpretation of the raw test data and
finally the test results. Interpretation of the results will

be presented in a subsequent subsection.

3.4.1 gample Descriptions

‘4

Although the deposit is verf complex, with both ¥ facies
and stratigraphic correlations being very difficult (as was
outlined in Chapter II), thef: are certain distinctions both
compositionally and strhctura;ly ;hicﬂ may be made among the

three groups of samples tested) ‘ .

b

~ N &

' ’
The materiayl qﬁ§;6nate3 as "Intact" is, for the @most
. .
9 . I
part, c@aposed of“the dark .,gray clay and the buff silt

described in t%e Index Tests subsection, with, in addition,

&
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localized sand pockets . and isolated pebﬁles. The
intetreiationship of these conponents‘is so coaplex that no
tvo saaples would be alike, no matter hovw small the
reference scale. Therefore, péqgliarities of these samples
vill be discussed in a gross sense rather ¢han trying to

present a meticulous description of each sanmple. S

-

" ,
plates 5a and Sb depict two Intagt 10.2 centipetre

diameter  triagial samples. j first inspection, the

heteiogeneity of the mate ,6 Teadily apparent. The
overall texture ®may be descfibed‘as mottled or marbaloid,
vith lighfer silt lenses or pockets surrounded in a darker

clay matrix, or vice-versa. Upon closer inspection, features

vhich reflect the highly disturbed and coamplex history

‘ﬂ~9 apparent. Contorted laminations with complex kink
can be noted near the base of sample T-u2a. The

ndaries between the two soil types are erratic but very

PO sharp. FPlame and load cast type structures of the dark gray

clay in the lighter buff silt may also be note®@ in the
piddle to top poftion of sample T-U42a. In saaple T-UUa, a
gen&ral horizontal to sub-horizontal banding of'.silt and
clay may be detected, but this too has obviously been highly
disturbed. Erratic pebbles and sagd pockets up to one
centimetre in size have been detected in samples as well.
Apart from textural and conpositional irregularities,
important structural features 1in the Intact samples wmay be

noted.
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_locations as low as a few nmillimetres. The fissures are

The clay is highly fissured, uigﬁQ}spaqing in some

random .in orientation, with dips ranging from horizontal to
about 65°. MNost of the fissures are less than five
kCehtiletres in extent, and very few are continuous across
the entire 1oa3 centimetres of sample. Micro-fissures have
also been noted in the dark gray clay portions of clay/silt
laminations only a fevw millimetres thick.. The fissures
alvay§ terminate at the dark gray, clay/ buff silt‘interface.
The fissure surfaces themselves are vitreous and undulatory,
vith hummocky aicro-asperities. Conve; fissure surfaces are
also~fiot uncommon. The fissure surfaces are generaliy not
striated, but have a psicro-hummocky 'type textdre, vhich
indicates that little or no novenentthas taken place along

them. i“,

A leaf-like or laminated }ype structure has also been
noted in the dark gray clay, as }iscussed under;@&he lIndex
Tests. This imparts a structural anisotropy to the clay.,
which could result in a weaker shearing streangth parallel as

opposed to across the laminae.

The silt-rich paterial, except f?t a few randon
fr*actures and localized laminations, 1is passive and
structureless. Fissure sqgfaces in the <clay-rich material

always end at the clay/silt interfaces. The fractures in the

silt are rough and nconchoidal™, characteristic of a brittle
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material. The laminations noted are gquite contorted,
displaying "sS" folds and kink banding. The silty material,

hovever, is the dominant component of the laminations.

Minor joint surfaces dipping at high angles (80°-9009)
vere detected‘in'Tria;ial Sample T-43C. The surfaces were
gleyed and'slightly hummocky, similar to those described in
the Field Description of Soils section in Chaéter”il. These
Joint sutfaces vere noé continuous across the the sample and

were no greater than five to six centimetres in vertical

extent.

‘It is apparent that the strength of the Intact samples

|
i

will depend on the relasive proportions bf the silt-rich to

the clay-rich material and especially on the location and
L}

orientation of the lenses and pockets of the fissured dark

gray clay.

The Weathered samples, as the Intact, are all
heterogeneous and display mottled or marbaloid textures (see
Plates 5c and 55). The silty dark clay occurs predominantly
as seams and possibly remnant fissure infillings rather than
in thick lenses and laninétions, The gray «clay/buff silt
boundaries also are not quite as sharp, with diffusion of
one material ?nto the other. Very disturbed laminations also
has been detected, and may be noted in the sample of

Triaxial Test #9 as the sub~horizontal lighter and darker

streaks. There were also numerous occurrences of isolated
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sand pockets and suifl pebbles in the samples. Orange
oxidation zones were found to correspond vith these coarser

grained pockqts.’

W)

The wmajor difference between thé‘Intact and Weathered
samples, however, is in thé structure. The Ueaéhered
material displafs what nai be termed a "nudget" structure;
that is, the soil readily breaks down into little blocks or
nuggets along randomly oriented discontinuities. The nuggets
generaliy range in size from about five millimetres to two
to three centimetres. The smaller n&ggets occur in clay-fich
areas of the specimens. The nugget surfaces ‘are generally
undulatory, convex or concave, very qlossy and ridged. Each
nugget may contain both the dark clay and the buff silt, so
it appéars that composition alone has not controlled the .
orientation and location of the nugget fractures. Plates 7c

and 74 illustrate the nugget structure in the failed

specimen of Triaxial Test #9.

The gleyed joint surfaces as noted for the Intact
specimens also appear in the Weathered samples. The nugget
structure though, is by far the dominant discontinuity in

. . ¥
this material. ®

The Toe samples are characterized by sub-horizontal
gray clay)buff silt banding, with bands gapging fron about
tyo millimetres to one centimetre in lkness. The bands

are distontinuous in lateral extent, with the effect of
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s

f

havinqﬂ i§éld¥ed lenses of buff silt in the dark gray clay
and v;ee versa. fhe contacts betwveen the two materials are
irregular, as ;ith the Intact material, but are sharp in the
sen#e that there is little difquion of one material into
the other. Thick lenses of the dark gray clay may also be
found in this material, as was the case vith the Intact, but
Mt the Weathered. The clay bands:-and lenses for the Toe
samples afe claracterized by a fine, blocky type struéture

|

on a scale of.

" ‘

Test #3c specimen, depicted on Plate 6a, shows this

a few lilfiletres or less. The failed Triaxial

structure in the vicinity of the failure plane.

\

The Toe ' samples, as the other materials, contain

spofadic pockets of fjne to medium grained sand and isolated

-
¢

1

pebbles. Pieces of «coal up to one centimetre in size have

also been detected, but these probably have little effect’SEJ”
. . &

PN
.

the strength.

In conclusion, therefore, the Toe and Intaét samples
are somevhat similar in their composition and texture, with
both showing marbaloid or mottled textures and banding and
laminations to some extent, but are quite different in the
structure of the dark gray silty clay bands and lenses. The
Toe material shdws a much more pronounced blocky,aggregated
structure thaw does the Intact material, which contains a
series of random fissures. The Weathered materjgl also
displays the.narbaloid or mottled texture which apﬁ!gls to

be characteristic of <the deposit as a whole, but does not
~N—
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have the‘banding or laminations to as great an extent as the
other two materials. The Heathered material, similar to the
clay-rich zones of the Toe material, has a very pronounced

blocky or nugget structure.

3.4.2 sample Preparation amd Testipg Procedures

i

Three types of shear strength tests were carried out on-

undisturbed samples in this investigation, viz.;

1. consolidated-drained triaxial tests

2. consolidated-undrained triaxial tests ¢

3. consolidated-drained direct shear tests
The major advantages of the triaxial test are the possiblity
of .controlling drainage conditions and monitoring pore
pressures 1in all phases of the test. There are, hovever,
important limitations to this test, such ‘as the influence of
the intermediate principal stress being wunaccounted far,
being unable ts model the effects on the pore pressures of
rotation of the principal stress directions ~ and the
development of nod-uniform stresses and strains acrdss the
sample. These and other factors are discussed in Bishop and

Henkel (1962).

The reversing direct shear apparatus also has its
advantages and limitations, which have been discussed Dby

Chattopadhyay (1972). The major advantages are its ease of
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\set;up and operation and the ab}lity to subject samples to
large displacenments necessary for residual strength
deterlinatiqns. Notable limitations to the test are that the
stress conditions in ihe sanplg.afe not precisely known and
stress concentrations occur which result in progressive
fajlure. The sasmple pr?patation and testing procedures for

thb_ three pes of tests are described briefly in the

»

following ragraphs.

The 10.2 veptiletgﬁ diameter drained test‘salples were
prepared by selectin(\ ;n appropriate section of core and
trimming it to the réﬁuired dimensions. Due to slight
lateral expansion in the 10.2 centinetre’dianeter saepling
tubes, a few nilliletrés of material often had to be trimmed
from the sides of thefsalples. This ensured, 'hovevet, free
radial drainage and”helped to eliminate the disturbed radial
areas. According to Bishop and Henkel (1962), the effects of
f#iction betveen the ends of the specimen and the end caps,
termed end restraint, may be partially ovércome by testing
samples with a ratio éf height to diameter in the range of
1.5 to 2.5 diameters. For these tests, a ratio of two was
chosen and deviation from this did not-exceed about five

percent in any test,

To reduce the time for consolidation from about 10 days

to a more reasonable value of about one day, radial filter
-

paper ‘€;ains (Bishop and Henkel, 1962) were employed in all

tests. Also, to eliminate leakage from the sample to the

a N
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cell, two nmembranes wvere utilized in all 10.2 centimetre
diameter tests. The use of these radial drains and meabranes
has an effect on the measured deviator load, and this effect
vill be discussed in the next subsection. The ~saaples vere
set up in the triaxial cell using the standard p:ocedﬁre

(Bishop and Henkel, 1962).

All samples were consolidated under a back pressure of
206.8 kPa to ensure complete saturation and to e€xclude the
possibility of air locks forming in the draimage channels.
An air lock would prevent the sample from taking on water
during dilation and thus negating reliable volume <change

measurements.

]

After consolidation, appropriate strain rates were
calculated (Bishop and Henkel, 1962). The rates used for
the;e tests varied from 8.5 X 10-6 cm/sec to 1.3 x 10~
cm/sec and are considered to be on the conservative side, so
there would be no gquestion és to the' completeness of

drainage and pore pressure dissipation during shear.

Following calculation of the strain rate, the triaxial
cell was set up in the Farnell two ton capacity compression
Qst machine and the sample wvas shéared at this rate wvell
past the peak strength. Axial 1load cell and displacement
transducer readinés were recorded by a Hewlett-Packard data
acquisition system, but volume change measurements had to be

read manually from the burette. Since the tests usually ran
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for four to five days, the volume chinqe readings could aot
alvays be taken at regular intervals. The missing readin‘h
vere subsequently determined aﬁter completion of the test by
interpolation froa 4 curve of the recorded data points
versus axial éisplacelent. The yoluse change readings
determined in this manner are considered to be within 0.5%

of the "actual values".

g

The Consolidated-undralned triaxial tests and three of
the drained triarxial tests viffjperforled on 3.8 centinetre
diameter samples. The/'spec1leee for these tests vere
prepéred by silultaneously Pushing three 3.8 ca. 1rameter
thin walled _shelby tubes into a section of core and
subsequently trimming thel to the appropriate ratio of
length to diameter of tvo diameters. These tests were set up
in the same manner as the 10.2 centimetre diameter drained
tests, but only one membrane was used, as the risk of

leakage is proportionally lesg\for the smaller samples.

é« The strain rates were again calculated using the method
of Bishop and Henkel (1962) angd the’ rates wused for- aost
tests were conparable to those for the larger samples. A
backptessure of 200 kPa was used in all undrained tests,

whlle a4 value of 206.8 kPa was used in the drained tests,

-
The axial 1loads ° and displacements were recorded hy a

Hewlett Packard data acquisition system as previously. The

drained test volume change nmeasurements vere again read
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sanually fros the burette. The pore ptossutos generated in

the undrained tests vere @aeasured by leans of a trinsducor
and the readings vere recorded vith the axial lo;!; and

displaceaments on fhe data acquisition systea.

The ‘consolidntod-dtainod di»octm shear ypecinens vere
carefully carved from the core .samples by using a gix
centimetre square by 2.5 centimetre thick cutting mold.
After the specimen was extruded from the aolad *into the
Wykeham Fﬁrrance reversing shear box apparatus and
consolidated under the applied normal loaqd, tkg strain rate
to peaRl was determined by substituting the coefficient of
consolidatation calculated fronm the prisary stage of the
test into the foramula developed by Gibson and Henkel (1954).
The strain rates used in the tests varied according to the
composition of the sample (e.gq. the.lore silt-ricp salplesg;.
vould have * higher coefficients of consolidation: ahd"ﬁh
ihetefore, greater rates). Most samples, hoveverf( wefe ;
sheared to peak stress at load rates between 2.0 10“ and é
‘8'9 X 10-e ca/sec. These rates, similar to thosefised‘ln tbe' p
triaxial tests, are conservative and vwell Vlthl} th;

recommendations of Cullen and Donald (1971} who suyg

rate of 4.2 X 10-5 centimetres per second for
overconsolidated clays.
After the peak strength was passed the

/
increased by about four times to obtain the
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the deformatioan rate 'formula is inversgly ptopo:tionni to

the square of the drainage path, and after a shear plane has

been formed (i.e. post-peak) the path is éffectively cut ia '

. . .
half. Kenney (1967) has shown that the residual strength is’
prisarily dependent on sineral conppsiti&n and mot {ffected

to any degree by strain rate.

3.4.3 Methods of Ipterpretation. -and Reduction of the

Triaxial apd Dicect shear Iest DRats

A
The triaxial tests have been interpreted and reduced

folloving Bishop and Henkel (1962). A brief>»discussion of
the impomtant aspects of these procedures, for both the

drained and undrained tests, vill be presented in this ,

" subsection. o o °
qi , . 2l
v «
.‘5 . q,Ig-the standard consolidated-drained triaxial test, the

© .
%@3& i e£féé€i§h stresses are equal to the applied_‘st;esses. To
\gé;% .'ciiéhlate the deviator stress, the measured load must be
| :‘d{'£déd sy the effective or corrected cross-sectiomal area
of the specimen at that stage. The expression usel wvas as

follows (Bishop and Henkel, 1962):

Ac=MAo (1+AV/V0) / (1-5a) Iz

vhere: ,

Ac = gorrectod»cross-sectional area

Ao = initial average cross-sectional area after
consolidation

AV = volume change at axial strailn Sa
Vo = initial sample volume after consolidation

;-
¢

. e s
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The consolidated-undrained test specimen’ uask'

cpnsolidated isotropically under a uniform cell pressure and
then sheared unler conditioms of no drainage. Since excess
pore pressures are measured in all stages of the test, the
effective stresses can bé calculated. The deviator stress

vas .computed usiag the earlier expression for the corrected

area, but with AV set set equal to zero.

In determining the peak strength arameters from

undrained tests on dilatant nateriéls, an am uity arises

‘as to what is the failure condition. Bishop Henkel,
'(1962) have found that the stress ratio or obliquity aks
at a.SIall fraction of the strain required to bring about
the maximum deviator stress. The drop in pore pressure which
coses illediatgly after the maximum obliquity results in the
continued incggase in the deviator stress. The strength
parameters derived from the maximsum obliguity ﬂave usually
been foumd to Dbe slightiy greater than those froma the
\
maximum deviator étress, but the difference is usually of
little pfactical significance. The maximum deviator stress
criterion, therefére, is recdamended ‘because it gives a
slightly more conservative estimate of c' and #' and usually

results in better separation of the Mohr circles and a more

clearly definéd failure envelope.

One aspect of the triaxial tests which has to be

considered 1- the effect of the membranes and radial drains

e

e

/
\ . ' ' \
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fa

on the measured load at failure. Bishop and Henkel (1?%2)
have’ quantif%fd these effects and their findings are of

interest.

In all tests on 3.8 cm. diameter specilens‘one,lelbrane

approximately 0.01 inches (0.025 ca.) thick ¢ tilized.

Extensive experiments have been ca:pied out e staﬁdard'
rubber membranes, including estimates of the compression
aodulus of the material, but all test results are with
respect to plastic failure at 15 to 20% axial strain. For
this failure lode; the correctioh vas determined to be about
u.1 kPa at 15% axial strain. For a more brittle type failure
on a single shear plane at auch lower axial strains, (vhich
vas the mode of faiiure of the Lake Edsonton material), no
satisfactory analysis 1is available. Through experience
hovever, it 1is pelieved that the corrgction increases
slightly with the cell pressure and at the lower failure
strains the same correction of 4.1 kPpa may be applied.
(Symons (1967) .has undertaken tests utilizing a perspeXx
sample with a single shear piane to show that the ¢orrection
does in fact decrease with the cell pressure. At a cell
pressure of 105 KkPa, the 1lovest tested, the combined
sembrane and drain correction was slightly less than 14 kPa

at five percent axial strain).

A calculated relationship for 10.2 centimetre diameter
samples which illustrates the variation in rubber sembrane

correction with axial sprain is presented Dby Bishop and



e v e e s — P O, A T L T T
e 8

56
; | | i
Henkel (1962). Por thg four to six percent . failure strain

usually leasuted_ in tests on the Lake Edloqﬁpn sanplés, a

g [

correction of 0.1 psi (0.7 kPa) is obtained, which may be
: ' ¥’
doubled for two !elbraﬂes, giving a total correc€jon of 1.4

kPa. '

The filter.ﬂrain correctioﬁ is much sore difficult to
derive than that for the membrane alone, and the"ptobleq is
compounded vhen brittle rupture;on a single {?ilure plane is:
conside}ed. Availabie expetilehtal data on 3.8 cegtinetre"
diameter specimens suggests that a combined menbrane and
drain correction of 13.8 kPa may be applicable to samples
failing in the brittle mode. Bishop and Henkeiv(1962)
believe that at cell pressures belov about 35 or 40 kPa slip
betveen the drain and sample occurs, thus reducing the
correction. No experimental data on 10.2 centimetre 4ianmeter
specimens has as yet been‘cqllected but the drain correction
can be calculated baSed on the assumption that it is
proportional to the 3.8 centiletreidialetér salplé
correction. Therefore, taking the ratio of the sample
diameters and lultiplying.,by.“ t':he 3.8 centileﬁe diameter.

correction yields a value of 3,4 kPa.

-
Therefore, fros the preceding discussion using the

limited amount of data available, a combined correction of
4.8 kPa and 13.8 kPa will be applied to the peak deviator
stresses of the 10.2 centimetre and 3.8 centimetre diameter

samples respectively. The validity of these corrections will
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s
be explored in a later seétion.. e

Morgenstern and ‘Tchalenko (19¢€7) reyieved current
interpretations of the direct shear test. The so-called
wcosmon approach® is one which assumes that the shear.

"strength is mobilized omn the horizontal plane in the
direction of the apparemt shear stress, vhich ‘is defiaed as
the measured shear load divided by the sasple area. If the
matérial is cohesionless, the ratio of apparent'shear stress
to ‘the appal:éut‘3 normal stress (the apparent normal stress
being the normal load appl{ed divided by the sample area)

“&ields tang@* directly. In the second apbroach,'the conjugate
slip lines are assumed to act at #r/2 and 99° - g*/2 to the
horizontal. These slip surfaces indicate a condition similar
to gimple shear in thé‘central portion of the specimen. If
it 1is Assunéd that the principai\stress axes coicide with
those of pricipal strain rate, then the ~direction of the
apparent shear stress 1s the darectlgn of the maximum shear
strain rate, and thus is the maximus shear stress. The ratio
of apparent shear stress to normal stress nov yields sing*
directly. These interpretations, howeyer, neglect end
effects and assume constant voluse deformation., Morgenstern
and Tchalenka (1967) have di scovered Riedel shear structures
inciined at approximately #'/2 in specimens sheared td about
the peak strength. These findings tend toﬂiupport the second
theory of simple shear condltlona’belng set up in the

¢
central portion of the sample. Both interpretations wvill Dbe

v



.8, g - j

. ) . . ! .
considered in the tabulation of the refults;

Aside from the interpretation of the stress state, one
other factor must be considered. No area correction has been

Applied to either the apparent shear or norsal stress

‘éalculatibns because according to Kenney (1967) both valués

are equally affected bj the correction and thus the ratio of

apparent shear stress to normal stress is unaffected.

-

3.4.4 shear Strength Results
' .;—‘q& . ’

The consolidated+§rhined and undrained triaxial and
direct shear test®tesults are presented in tabular fora in
Tables IIXI.3, III.4 and III.S repectively. The effective
stress path points at failure, failure strains and volume

change and pore pressure conditions at failure bave been

included in 'the triaxial results while the horizontal

- displacements and vertical percent strain to peak have been

incorporated vith the direct shear strength results.

Deviator stress ~versus axial straim and percent voluame
éhange versus ;xial strain cur;es for all the 10.2 cn.
diameter drained triaxial tests may be found in Appendix A.
(The plét titles are set up so that the nusber of the test
comes first followed by the sample number, vhich actually
indicates the 'tube sample from which the specimen was
prepared. 'The values in paretheses are the cell and

backpressure respectively). Typical undrained triaxial test
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curves of deviator étféas, pore pressure and the\l parq-eé;r
versus axial strain gnd ;hé total and effective sttessvﬁaths
have - also been preséiged to demonstrate the undrajined
response of the laterial. These} plots are i;c}dded in
Appendix A as well. Por completeness, shear gtr;ss gnd
vertical deformation versus horizontal displacement plots

for key direct shear tests 4dre also in Appendix A.

Tables III.6 to III.S8 presenf\‘pértinent "before and -
after test"™ properties of ail the specimens tested. Inciuded
are the densities, moisture contents, void rat{os and
degrees of saturation, all of which assist in lqking valid
ingerpretations and correlations of the strength

characteristics of the material.

-. Mohr circle plots for all the triaxial tests are
presented on Figures 3.1 to 3.4. They are grouped according
to the type of sample (i.e. Intact, Weathered or’ Toe) and
the type of test performed. Pailure envelopes have been
dravp giving certain tests more emphasis than others because
of sample heterogeneity and’ correlations with direct shear

data. This will be discussed in more detail in the

"Interpretation of Test Results" section which follows.

1
The direct rshear data has been plotted in Figure 3.5.
The peak strength valuesyat appropriate normal loads have
, been included. All the tests, however, did 1not reach vwhat

may be termed a reliable residual strength. Some tests were

¥ . -l .
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discontinued before similar results could be: obtained on
both the tension and compression cycles, as suggested by

Cullen.pnd Donald (1971). Other tests involve the post-pepk

\ 7 ) . "
‘extrusion of the ‘g;’k material® and shearing subseguently
4

begins ‘in a nev and ferent layer. An example of this is

y - 'EA’nring !ﬁroﬁgh the gray clay and into the buff silt
) - v, R ' ' ’

hﬁprtion'of a varved specimen. AsS soon as the clay is

extruded and shearing in the silt commences, the shear
stress will increase noticeably (Direct Shear Test .#2b,

Appendix A ).

Composite Hohr-Céulonb plots of the peak strength test
results have been prepared’ (Pigure 3.6, PFPigure 3.7). A
discussion of the assumptions made and the reasons for
defining the various envelopes for the Intact, Weathered 2pd
Toe materials may be found in. the next, subsection.
supporting evidence for this iﬁté{p:et&tiod froa the

litenature_uill also be included.

* -]

3.5 Ipterpretation of Test Results
. RPN . [o] X

3.5.1 Index Tests and X-Ray Diffraction Analyses

LY

The results Jf the 1limited index tests and x-ray
C e

*

_diffraction analyses undet?‘éen for this research .

investigation are comparable ta.the data given by Thoason
(1969) . The grain.size distriputions presented by Thoason,

‘.“':

e
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vith an average rﬁ about 351\ si and 60% clay sizes

‘#ndicate a soil which is a ?xture of the two components

~ studied here. An average plastic ty index of 41% for the

aixture falls between the 61%\ and 21% for the dark gray

silty clay and the buff clayéy-sil‘, respectively.

The darkﬁgg'y silty clay (Tabl III.1)/has a clay size

fraction of about 77%, of vh;ch appro ilétely 60% is
sontmorillonite. This high propottlo of mgntagerillonite is
reflected in the 1liquid 1limit of|98%. /As Thoason (1969)

pointed out the wmontmorillonite is #Qieved to have
originated from the glacial scouring af #he montmorillonite
(or bentonite) rich Upper Cretaceous 5kdrock during the
advance of the continental ice sheets. Je buff clayey silt,
on the other hqnd, contains approximately 75% silt sizes,
much of which 1s ptobably composed of th prllaty minerals
such as quartz and feldspar (Dudas, persj&al communication).
The surprisingly high plasticity of this material is due to
the high proportion of montmorillonite in the clay fraction.
The trace of wnterstratified mica-montmorillonite found in
both samples demonstrates that .the deposit has undergone

significant weathering.

The main point which the index tests performed on the
twvo completely different components has strengthened is the
probles of sample heterogeneity and variability. A sample
vhich fails predominantly through the buff silt-rich

material wowld be expected to mobilize a much higher shear
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strength than one which fails through a clay-rich‘zone. In
many cases failure has occurred through both constituents,
and the relative proportions of silae-rich and clay-rich
materials along the failure surface would be expected to

stroﬂgly affect the stténgth of the speciamen.

\
N

-
b3

3.5.2 copsolidation Tests

The consolidation test sample was described by
' Hawhiﬂﬁey'(1978) as a mottled, dark gray/buff silt-rich
material displaying a slickensided or blocky structur?. The
specimen gould + therefore, be considered to be "weathered".
Irregular settlement was noted under the first load
iucreientx of 10.7 kPaﬂ and could be partially attributed to
readju§tleﬂt;along the slickensides. The coefficient of
consolidation (Cv) for the first loading #&s much higher than
the values under subsequent 1load increments; this may be
partially due to the effects of fracture (mass or secondary)
permeability. The overconsolidation ratio of 1.4 indicates
slight gverconsolidation , and this is in agreement with the
theories of freezing and desiccation effects on soil; which

are discussed in the following subsection.

.

The results presented in Table III.2 are slight;y
higher than thase of Thomson (1969), but the latter sanpg%q
vere remoulded and contained a higher proportion of cgéf:

- b
Coefficients of consolidation for the 10.2 Centwimetre

diameter triaxial specimens ranged from 0.82 to 3.9 X 10—+
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cn‘/sec' vith an average value of 2.4 X 10-* ca?/sec, which
agrees very vell with the results shown in Table 1III.2.
There i‘h_not a noticeable difference betveen the Intact and

Weathered specimens.

Theredcwvas a larféd difference, howvever, in the swelling
coefficients of the two wmaterials. The 10.2 centimetre
diameter Intact sample consolidated under 20.7 kPa effective
consolidation pressute Yielded a swelling coefficient Cs, of
0.85 X 10—+ énz/sec, vhereas the weathered sample under the
same pressure svelled at 1.6 X 10-* cm?/sec., nearly a

factor of twvo higher.

It is bélieved, however, that the average swelling
coefficient of 1.19 X 10-4 ca2/sec derived from the
laboratory tests 1is nbt representative of the field

conditions for the following reasons:

1. The 1large scale structural discontinuities which
vere noted as being open and thus having a high
permeability in the field inveétigations (Chapter II)
have not been adequately accounted for. Cedergren
(1977) has pointed out that permeabilities may be
increased by as much as one thousand times by
structural dicontinuities.

2. Sand seams with a much higher permeability than
the s;lts and clays have also not been accounted for.

3. The laboratory specimens undergo a much different
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stress history than the material in the field.
Unloadinx, then teconsolidatién in the laboratory
v;uld tend to "close ué" some of the disconfinuities,
vhilg in the field the only mechanisa is unloading, -
vhich tends to allow the discontinuitijes fo open.
Also, the action of sampling has created a smeared or
disturbed zone around the periphery of the sample,
vhich effectively closes or seals most of the

fissures.

3.5.3 Shear Strepgth Tests

Upon initial investigation of the Composite Mohr Plot
(Figure 3.6), the reader will hife noticed that there is
much scatter in the data. In order to define the various
strength envelopes depicted on this plot, each test had to
be considered individually and a de;ision made as to the
mode of failure; i.e. whether faildfé occurred predominantly
thgough the buff silty naterial\or through the gray fissured
clay, or through or aroeund the nuggets. This Subsection
reviews the methods used and the assumptions made 1in
constructing the Composite Mohr plot and then discusses
stress-strain and volume chepge relations for the soils.
Examples of similar behavior are cited from the literature

as supporting evidence of the phenomena proposed.

As noted in the "Methods of Interpretation" subsection,

both methods of interpretation of the direct shear test were
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considered. A much better correlation bgtveen the triaxial
«and direct ‘shear data using the "common® rather than the
"simple shear™ approach vas noted. Therefore, all direct
shear data were plotted assuming the ratio of apprent shear

to normal stress yielded tan @' directly (Pigure 3.5).

Seven direct shear tests vere_undertaken on the Intact
material. Of these, four define a linear envelope with a g

of 20.5° and an apparent c' of 15 kPa.: Two are found to lie

bove this eavelope, with approxiamtely “"the same #' but
having an apparent c' of about 25 kPa and one is found vwell

below the envelope.

The four specimens on the féilure envelope displayed a
mottled or marbaloid texture of the buff silt-rich and gray
clay-rich materials. The hummocky failure planes contained
both the silt and clay in varied proportions. The silt-ricp
material had a 4orn or ragged, dultl te;qure wvhile the dark

gray clay as smeared out and highly polished and

slickensifed.

A

-

Diiect Shear Tests #1 and #2, which plot above the
envelope contained more of the buff clayey silt and were
denser than the other samples (Table III.8) These .specimens
vere taken from tube sample T-43, directly above the
material wused for the index tests on the buff silt. The
sample of Direct Shear Test #3 which plots s,below the

envelope was composed predominantly of the fissured, dark
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gray clay. When carving the sample, a large, shallow Gg?p¥&9~—~
fissure was noted which would have _been situated in

approximately the aiddle of the spee&ien1w>?hIE—Eg;;;::.'—

therefore, reflects the lower strength of the dark gray,

fissured clay-rich sasples opposed to speciamens containing

more of the buff silt.

Using the "average* strengfh parameters of C'z215 kPa
and @'=20.5° from the direct shear tests ., the 10.2
centimetre diameter Intact\trfaxial test Mohr circle plot
vas analyzed (Pigure 3.1). fTriaxial Tests Oi, #4 and #s
yield circles which plot very close to the envelope, All
three. of these samples had‘the characteristic mottled or
marbaloid texture of the buff silt and dark gray clay
(Plates Sa and Sb). The fajilure plaﬁes vere bi-angulafjﬁdu;l )
or uniform with dips Ususally ranging from about 50° to 60°
(Table III.6). Dual or parallel faillure planes separated by-

about two centimetres occurred in Test #1. The failure

surfaces, however, all passed through cl?y-rich and silt-

T R W

rich zoneé, and as in the direct shear tests, thé silt
[]

displayed a ragged, torn Structure while the the clay was

polishal, slickensided and often smeared out over silt-rich

zZoneg. » .

Trfaxial Test #2 falls well below the envelope, and the
Feason for this is that the failure was confined to a dark
gray,fissured <clay~rich lense near the top of the sanmple.

Many, randoaly oriented fissure surfaces were noted just



o | ® 67
\
\

. :
bove 4ad below the toilnro.dl’n.. and it P htqhi;.polliblo

that fissures vere 4involved in the failure. Triazial Test

#3, which plots above _the Qyo;opo. failed predoainantly

&
through silt-riak material (Plate sb). 'rho top of the
failure plane, vhere it passed through silt and clay.§mpch
polished and slickeasided, vith a ssearing of the clay. The

bottom pertion of the failure surface, vhere it passed

pted&ninantly through silt, vas rough and displayed a to:n'

texture. The “tangent® points frosm these triaxial test NOAr

circles were therefore ttansterred to the Composite Mohr

i»

Plot assuling a l'loi 20.5° in all cases. K '

_' ., . 4e .

]
r The tangént.points‘ for -the 3.8 centimetre diameter

Iatact ttiaxial tests vere deteramined in the same manner,
assulikg aqt' of 15 kPa and a g* of 20.5° (Piqnte 3.2).. All
tests -are Lg4;o§sonable agreenentzv1th'the envelope, except
for Tests. #ic and 01&; ?est $1c vas observed to have two
}i;Lnrq;.g4a§§s ?:t éO° aed 4509, ‘?nd, therefore, it is

believed 7t§§t strycturall digcontinuities may bhave been
invokvéd %; _the failure. Test #1d could be soiewha; lov
because of a substantlal decreaSe 1n the meambrane and drain
cortectiou belov normal stresses of about 35 to uo kPa, as
discussed 1n,Sect10n 3J.4.3. It can also be noted on the Mohr
diagranms bthagf the ‘undrained tests have slightly lover
strengths than the drained tésts. This effect has been
attributed to the different energy relationships betweenm the

tests (Bishop and Henkel, 1962).

v

8

2
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The Weathered direct shear test results are interpreted
as giving a bi-linéar envelope, with a f§' of U439 apnd an
apparent c' of zero in the\ibv norsal stress range and a g§°'
of about 219 to 229 in the higher stress range (Figure 3.5).

The break poinf in the envelope is at about 40 kPa, which

closely carresponds to the overburden pressuré ‘of the

s&lples (Pigure 2.8, Chapter 1I1I).

Direct Shear Tests #5 and #6  were sheared under- a

normal -stress above the break point, and gave typical
N .

failure surfaces as shovwn in Plate 6c. The surface was qui te

buasocky, vwith the ridées about four millimetres high. Such

surfaées have been noted by cullen and Donalad (1971) *ana

Tveedie (1976) and were attributed to hard inclusions or

zones of higher strength in the sample, Direct Shear Tests

47 and #8 vere performed with normal stress slightly above

and below the break point respectively. Both tests, and
partiqularly 8 (see Platé 6d) had féilure surfaces with
irregularly shaped cavities, aF if nuggets had been plucked

out and ground up under the shearing action. The typical

‘nugget structure wvas seen in all samples, with nuggets

rarely ranging down to about two to five aillimetres in

-

~ -
si ze. The nuggets vere gemerally stiff, but soften klightly

vith decreasing size.
> o

4

Direct Shear Test #10 (Pigure 3.5, Table III.5), which
~_‘ , ‘

a -

appoat: anomalously bhigh for the applied normal stress of

? 4

'a,

L
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vas prepared from a sore intact section near the

4

he Weathered tube sample ?-39. This sample did not
possess the nugget strﬁcture of sample T-38a of Test #8, but
had, inseead, a Series of near iertical, gleyed fracture”
surfaces. It may be assumed that these dicontinuities were
not active in the failure, and this specimen actually
represents the strength of the imtact material betveen the

fissures.

Applying the bi-linear interpretation of the diregt

]

shear tests. to the 10.2 centimetre diameter veather bi”

triaxial test results and wsing a break point slightly above

A

40 kPa yields the §trenqth envelopes as defimed in Figure

®3.3. The Eangeut points, using the §° angles.indicated on

Figure 3.3 have been plotted on the Composite Mohr diagras.

Combining the direct shear and triaxial results yields the

Weathered soil parameters of @' equal to 40° with a

»

negligible c' below aBdut'#2 kPa effective normal stress and v
> AN L . ¥ ; i
' equal to 24.5° and c' equff QP 17 kPa above tK; 42 kPa

effective normal stress.
P

The modes of failure above and below the *break point’
(Figure 3.6) are .different as jis clegrly shown by éhe
photographs of the specimens of Triaxial Tests #6 and #9
{(Plate 7). These samples were consolidated uader cell
pressures of 80.7 and 20.7 kPa, respective}g. The failure i
surface of the épecilen of Triaxial Test #6 was highly

polished and slickensided except vwhere. the failure plane v L |

o !w -m.‘
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passed thtougb'silt-rich zones, vhere tearing and fracturing

occurred (Plate 7a). The failure plane + vhich is "steppedn
down in the direction of lovelent, appears to have followed

the thin clay-rich seans in the sample. Smearing of the

clay, as with the Intact specimens, also occurred. The other
?hotogrhphs of Plate 7 illustrate the saaple of Trigxial
Test #9. The fa’&nro surfaces .vere very irregular and
neityer polished nét slickensided to any great degree. It
appears that failure occurred along the hugget

_aiscontinuities and not through the yntact> material. The

sample literally "broke up" along the dlSCOhtthltleS.

[ ]

The Toe laterial direct shear tests show much scatter

(Figure 3.5). Tests "Za} #2b, and #2c closelyy

Weathered direct shear test results, and this correlation

parallel the

seeas to suggest ‘a similar .mechanism of fallure. Tests #3b
and #3c plot wvéll belov the other tests (figure 3.5), but
ar;-vety close to the envelope defined by Triaxial Test &2
and ”Df'.ct shear Test #3 (Figure 3.6). .These latter tests
failed predominantly through the dark §ray siplty ‘clay,

possibly imvolving fissures.

Upon re-inspection of the sample used fog Test #3b, it
vas noted that the top half (above the failurov planeP was
almost all Sark gray clay while the bottom half wvas composed
almostt entirely of buff clayey silt. It may bo\assuned,

therefore, thqt fa;lure occutrod along the buff silt/gray

£
clay bonndary, ‘which effectively .'acted as both a
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compositional and structural discontinuity. The horizontal
dlaplaceneut to peak -is a factor of five times Ibver than
any other test (Table 111.5), indicating that "sepai;t!on"

along the discon}xnuity occurred before a peak‘resistance

could bé~lobilized in either material. The Sllple.fIOI Test‘

\

Oéc vas coaposed ptedonxnantly of the dark gray clay-ricﬁ

saterial, and therefore has a strength s1lilat to Triaxial
Test #2 and pirect Shear Test #3. It is not knowh vhether
large fissure surfaces, such as those found in the Intact
tests above or a iuggety structure too fine‘to give the bi-

linear characteristic wvas operationdl in this specimen. The

v

"other specimens contained varying proﬁqrtions of the nuggety

saterial.

dark gray clay and buff silt

ore, from the limited direct

32 bi-linear failure envelope best

It can be assumed , the
: [
shear data availabhe_gpg&v

represents the failtGire modes of the Toe material.
\

The 3.8 centimetre diameter triaxial tests on the Toe
samples are plotted on FPigure 3.u.-A11 six specimens tested
ﬁad the characteristic banding or discontinuous lensing of
the nuggety dark gray clay and buff silty materials as
described in section 3.4.1, but the vidth and extent of the
bands and lenses.varied from sample to sample. Pailure took
place through both the silt and clay, but the clay vas
usually predominant. Tests }3a and $3b, sheared under
effective ®hsolidation pressures oé 70 and 50 kPa

tespéctively, vese observed to have smearing of clay and

-

1'

’.o.';.
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tearing through the silt on the failwre planes, as with many
of the I:tact specineh failure planes. fest $2a, hOUQVer,
sheared under an effective consolidation pressure of 60 kPa,
did not develop a vell-deflned'shear-plane through the Clay-
rich zone but rather Seemed to fail in a conpressional ROre

ductile lode. All tests shoarod at less than 40 to 50 kPa

effective consolidation pressures developed nuggety, rough

failure surfaces and Plate 2, which depicts the Triaxial

Test #3c specimen is a good example. . .

The use of . a ﬁ' - equal to 40° in the low normal

effecti’

in the higher norQaI ﬂ‘iess range, as developed for the

resé rqage, below about 42 kPa, and a g+ of 230

direct shear test data, giv,li': very good fit to the
triaxial data except for Test #2b, vhich is ‘gticeably above
the envelope (Pigure 3.4). This specx-d‘ vas dlscove*!g to
have a leak in the top \dralnage connectlon, vhich wbduld
remder it a partially drained test. As vith the undrainkd

‘

Intact tests, the meabrane and drain correction is: believed

to be much too high for the lovw normal stress Tests #2c and

#3c. A lower correction would eft.‘I§Vely Shlft the enVelope
up, maintaining the same g' but giving a cohe51on intercept
closer to Zero. The tangent points for these tests wvere

determined using the friction angles as depicted ¥p Figure

3.4, and plotted cn the Composite Mohr Diagram' (Figure 3.6).

Using all the Toe tez}s in the lov normal stress range

NS
and reducing the cprrectxon on Triaxial Tests §2c and #3c, a
N

B s T DI

-
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' of 40° with a zero cohesion inietcept could be defined,
but thé higher sttes§ range is not as clear. It appearé,'at
least, that Fh.' strenqth‘ is' disfinctly louer\‘than the
Weathered and sliq%fly less than the Intact strength for -
this stress range. A discussion of the stress-straip and
volume change relations and f&f& and after test" sojil
properties vill follow to clarxfy solé of the concepts set

forth on the Composite Mohr plot.(rigu:e '3.6). -Subse

. 4

theories will be postulated go.explain ‘the beh
Weathered and Toe nmagerials as -opposed to

a

samples. S “

/’

In his O0slo Conference General Report Morgenstern
(1967) revieved in detail the peculia‘ti&and probleas
associated with stiff clays. He has'brouqhé :2 our attemntion
the Iacgf that stiff clays usually h"e liqqidify indice§
less than 00.5. have .all been loderately to heavily
ovetconsolfggtéEQDgni have a pfqpensity for *brittle or
strai;-isfkening; hehavior.iUsing these characteristics as a
guide, the Lake Edmonton nagerial could, thetefore,. be
claséified as a gtiff clay. rh1s 5011 has liquidity indices
in the rlnge 0.1 to 0.1' is nodetately overconsolidated as
iudlcatgf\‘by the conﬁolldation tests and displays larked

e F_-V g

-

' m.A_.____-----Qh--—IIllll-i—llIlf-i-i-i-li--n-‘i-ff-
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sfrain-sotteniné behavior (gppendix A).

~ -

The most notable exccption to the strain-softening

”, aY

behavior ;d the stress-strain curve of Triaxjal TeSt 02;

which tlatt;is ogg rather abruptly after the peak stress is
reached. Skeampton and Petley (1967) and &arsland (1972) have
found similar stress~strain cntvoa~to be assoéiated vith the
strength mobilized along structural %}continuities such as
‘fissures. This supports the view taken by the author earller

.

in this subsectioh. . '

Ibe consolidated-uhdrained triaxial testsq\qn the other

hand, all d;play non—peaked strass-strain cutks wvith, in '

**

some cases, very high stralns to failure (Test‘rgzg’ $2c and

¢3b, Table I1r.s). This fact, which has been alluded to

previously, has been explained by Lambe and ihitlan (1969) ¢

"...the tendencfl tovard volume . expansion Q

" exists gqout’ to large strains and consequently:
the excess pore pressure induced by undrained
shear continues to increase to largé¢ strains.
These decreasing pore pressures imply-
increasing effective. stress, and the stress-
strain curve continures to rise out .to very
large strains."

The  results presented by Chandler (1967) on a stiff silty
clay also shov this effect. In addition,ﬂit should be noted

at this point, that all the undrained tests have stress

paths consistent vith overconsolidated behavior (Appendix
a).

E ]

The volume chahge-strain characteristics exhibited by

M

both the Intact and Weathered spéc}nens are of Juch

o

e

&
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interest. In all cases the samples showved contraction :1lﬁst

to the peak deviator stress, whereupon dilation commenced

and continued at various rates which depended oq the nature

of the failure surface devologod Tests conduct*l\g} ykshopi

gmet al (1965), Chandlex (1967)\ and Marsland (ﬂ912) have
. |

P demonstrated the sanme b;hcviét to some degree. The tests

-u

undertaken for this investigatio& hdve shown “thdt the

Pl*"‘mougher andgp‘Oto 1rregular'the failure surface, the higher

tbe rate dﬂ:‘ ‘11}&*6@ aftgt peak deviator ' stress. - A

"’ccocpauson of . the volume change-strain curves of Triaxijial

»

Test #2, vhich developed a very snooth bi-linear ;axlure

plame and Triaxial Test #3 (Plate 6b) attests to this

behaviot. ¢ "

The Intact specimens show a decreasing contraction to

the peak deviator stress when sheared under lowver cell
pressures (Table III.3), but no genera1< correlations with
the mass structure of the material or strain to failure

‘\.-,'nld be ia,de.. The Triaxial Test #4 specimen developed "a

«

¥ vwvhich the silt appeared to be gquite close to its 1liquid

A lisit. It is apparent, therefore, that under lower confining
-‘ . stresses lori dilation occurs, but the increased dilation is
not related to a change \in the mode of failure. The
Weathered latetiil, on the other hand, does display bi-modal

falure characteristics as discussed previously, vhich can be

-
related to the stress-strain and volume change

,‘ - TS SO e - o ey

very smookh failure plane having a film of soil on it in
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characteristics of the soil.

The Weathered material yielded results which correspond

»
closely to the work of Marsland (1972) (Pigures 3.8 agd 3.9)
who prrsented a failure theory for stiff, highly-fissured

clays in which the waterial acts as a granular -masg with

shear. between thg‘ lusps belov the existing overburdem

) ]
S

pressure. The rc!ﬂLt;ng uohr envelope for the 1lowv "stress
\"

range thus has " zero cohe51on intercept with a higher ¢

(Plgure 3.9 ; thé"fh'cts of ovarconsolidatxon are retained

onjf‘inside the hatdllu:gx. He stated:

1 r .
.

", ..At medf@W)stress levels the lumps remained
tightly i ocked and a large proportion of
the shear , e, passed through the intact

overconsolidq;ed clay...In the tests at low
effective sttesses the lumps of clay remained
almost intact, having well-defined surfaces ’
cbvered with thim filas of wvater. When the
sheaths vere removed from the specimens tle
siightest touch caused them to fall apart.*®

This is a particularly appropriate description of the
behavlar of the Weathered material, as Plate 7 illustrates.
The Weathered material shows consistently lower failure
strains, a decrease in contraction to the peak deviator
stress and higher dilation rates aftér the peak deviator
stress vwith decreasing cell pressure. These effects are amost
pronounced when the transition from above to below the
overburden stress is made (i.e. Triaxial Test ¢8 to #9).
Triaxial Test #9, which is below the overburden pressure,

also has a much less peaked stress-strain curve (Appendix

A) . The excellent cogtelation with the work of Marsland,

) .
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therefore, supports the bi-linear envelépe theory for the

Weathered soil postulated heréin.

As opposed to  th'e drained tests in wvhich the volume
change is measured qirectly, the tendency for volume change
in undtiil‘p tests can only Ve sensed through pore pressure

response and is discuhse&‘in terms of the "A parameter",

vhich relates the pore pressure response to the mobilized

shear stress. The A parameter is a highly sensitive

s

indicator of the stress history of the sample, as Lambe and

Whitman (1969) point out. It is found to decrease narkedlyv

ﬁgﬁith increasing overconsolidation ratio (Figure 82, p.118,

Bishop and Henkel, 1962). 7

The Af values calculated-fot both the 1Intact and Toe
samples decréase with decreasging effective cell pressure
(Table III.4), but the effect is much more pronounced in e
case of the Toe samples. It is believed that for the Toe
specimens, the low Af values under modest confining stresses
are an effect of the high dilatant tendency associated with
shear around the nugget structure, while the slight decrease
of Af noted for the Intact specimens 1is due simply to
shearing under reduced effective conéolidation stresses;

. .
\
i.e. the restraint imposed upon the soil graianas along the

failure plame is not as great and therefore, more dilation
may occur. Marsland and Butler (1967) have reported
variations in the Af from zero to about 0.65 for effective

consolidation pressures of 17 and 210 kPa respectively. This
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trend for the stiff fissured Barton clay agtéqx vell with
o]

the results ‘iiesented for the Toe éanplcs“ !kc main pointd
vhich the Af )lues and the corresponding\ stress paths
(Appendix A) emphasize. is that the latorialﬁ under the

pormal stress ranges considered are behaving in  a dilatant

manner slightly before and\attet the peak deviator stress.

>e

VOIuie change in the digect shear tests, measured as
vertical versus horizontal deformation (plots in Appendix
A), d4iad nq;.,appeir to correlate with the structute of the
material teggzd but rather ;Ezh the normal stress’ applied.

Most of the tests above approximately 40 kPa contracted to

the peak 3trength while nearly all those below this value

dilated. Thg{ dilation apgles, calculated as the ent
of the ratio of the vertical.to Horizog‘al defor;ation to
the peak she?r stress, varied from about 1.59 to 30, An
anbnaloﬁs’behavior, hovevér, occurred in Direct Shear Test
#10, vhich wvas sheared §t the lowest ﬁorlal stress.of 14.5

kPa. The dilation in this test was recorded as about 129,

The dilation for all tests continued past the point of
the peak stress to the end of travel of the shear box. It is
obvious, therefore, that a simple relation betveen peak
strength ahd the dilation angle "i" as presented by Patton
(1966) does notj'bold for the complex soils tested here.

Pactors believed respomsible for the behavior observed, for

the tests herein are: .



1. The blucking or tota\ion of nuggets ih the
Weathered material, as has been Postulated
previously, would result in auch io.s dilation than
if the asperities were fixed, as is the case for
rock. |
2. In direct shear tests on undisturbed soil samples,
a failure plane is imposed. A non-uniffora stress
state, plus the effect of restraint as discussed by
Morgenstern amd Tchalenko (1967) may lead to the
formation of Riedel Shears, vhich are themselves
‘governed by sample composition, texture and
Structure. In the higher str§gs ranges, the "ri‘lnq
up® effect along the Ri§3q1 Shears tends to be
\ suppressed, vhicﬁ results in contraction, while in
the lover stress range the restraiant is less,

alloving for dilation.

®

Pollowing the Preceding detailed discussion of the

strength behavior of the materials tested in this
investigation, it is now necessary to postulate theories fo
account for the strength and structural differences between
the three soil types. Physical weathering and stress relief
are: believed to be the two dblinant agents responsible for

e

these differences in behavior; discussion, therefore will

center on these phenomena.
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" 3.7 physical Heathering Rrocesses and Their Rffects oa Suils
Physical uiatho;ing. involving such processes as éycl\s
of votting and gtyiiq-and tfoozinq and thawing, is highly
dopeﬁdent on the severity of the climate. Twvo regions with
different climatic condi tions, namely the United Kingdoa and
Nestern Canada (in particular the Edmonton, Alberta,
' region), will be discussed in order to demonstrate this

. , ‘A‘1?/h

point.

The United Kifhgdonm ﬁas. a West Maritime 7lilnte

chaicterised by c6ol vinters, vara sSumaers and rain

‘. throughout gho-’y'o;?‘i':(aattho_lonov, 1977) . The Rast uidland‘s.
Yhere many of tie $tiff clays crop out, receives about - 600

to 700 millimetres.of taiafall,per year. The aunnual range in
tenperath_;g:ls not qrq.a_\, and there is very little, if any,

ftosﬁ penretration in the °7inter. Weathering, thereford,

\
vould generally proceed under moist conditionms.

A limitet aiount of research has been carried out on
the effects of weathering in the OUnited Kingdom, and the

general consensus is that it results in an increase in water
< N

content vith a decrease in strength, approaching the fully

softened State. In particular, Chamdler (1972) with tespeét‘
. . . ‘. . . N )
i .ékgq"thg_Llassclax, has found: L. e
LR HORR SR l{ . e v
et . "WA\‘the effect of veatheﬁ}ng being to increase
.- - ¢ the vater content at ' &% dJiven overburden
3. pressure..."

A



LAY
, " The IOil&nt. content-depth profiles vhich he _has ‘preseatsd
B all shov a marked increase in lOiltIthbgPt towerds tb:
;!tglC’.‘ Y ;5‘ |
o Do -
_ sSkeapton (1970) hn. Gtavn an analogy betveea. the "fully
-ottontd' state and !ho |o!.a111 consolldatc& strength of
iﬁtho soil through colsidcration of the p£Xticu1 state of
sheat dogor‘;tion as has bcoh discussed in Chapter I: fle has
\‘detined cho effects of veathee}ng‘ on a | stitf,
overconsolidated clay as a dovnv‘fd shift of the peak
eﬂvilope. maintaining the same P§' DUt with zero cohoii
(i.e. the normally consolidated strength). The Neathered
saterial tested for this research project Adbs not shov this
behavilr, but rather shovs a slight dincrease in strength

vith respect to the 1Imtact material in the higher stress

\

\
» ; -

ranges (Figure 3.6) ’ ! ! 1

The clibate of Western Camada, and the Edmonton #;gion i
in particular, contrasts with that of the United Ktﬁqdol.
Kathol and ucPhotson (1975) stated: \¢

"...Edmonton has a climate described Aag
continental; varying betwveen dry and moist
subhusid; varm sumsers and cold vinters are

typical vith moderate precipitation during all
seasons.”

In - patticulgx, ‘t‘F<”EdlbhtOn region has an average total '
annual ptocipitation of about nSO sill¥aetr®s (Appendix B),
of vhiqk the vinter sno-faal conptiseq slightly qt--tor than

P

. 100 nillilettgs. Large vatiction‘ fron the I.&Q' vhich laj'
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exjist kor months or even yeatﬁ. atb.:not. uncomson and laj
' .. - L J .
———-\.// resolf in protracted dgought ‘or . semi-humid conditions
. ' ' V. ® .
(Hamilton, 1968). Below freezing conditions- result in
, « - - Y ‘ .

i

4 .
y substantial frost penetration, ranging froms about 1.5 to~as

1

teaperature and'soil~loistute'condiggons.

One of the wmost important climdtic aspects of the

Ed’nton region is that the total precipitation,'except in

rare extremely wet periods, is auch belowv the potential

y

eiiﬁa\ianspi:ation, tesulting in a net desiccatton or

moistuke deficiency im " the soil(cjﬁés (Ha 196 3;
Hamilton and Tao, 1977)./The desiccation, whiéh rasdilits in

overconsolidation of the 50il with the subsequent ‘formation
of cracks and fissures (Quigley, 1975; Mitchell, 1976) is
usually concentrated in the upper layers of the dePosit,

resulting *in a *drying crust™. Moisture contents in these

types of deposits decrease towvard the surface, with
, ’

"corresponding increases in strength of the material between

® the cracks and fissures (Lambe and Whitman, 1969, present a
D)

‘number of soil profiles'vith these characteristics). -

.

The effecié‘of desiccation are believed to have caused

such of the overconsolidation apparent in both the Intact

and Weathered samples tested in research of this thesis. The
Weathered 10.2 centimetre diameter triaxial samples were
- found to have a slightly lower average moisture content than

the Intact specimens (35.6% compared to 37.3%; Table 1III.S6)

’

high, as 2.5 metres, depending on suéh-faétors as snov ebver.



and the , borehole lo§ for piezonetet in‘t;liation A kf140¢3
2.3) reveale? soisture content 1ncreasinq froas 21'. 4% at '-gv /
_depth'.of 0.8 nmetres to (g;T;$ at a depth.of 3.3 metres
‘(Theleop; -1978) « Futhg;.ore, pre#coqstrnction arilling’
rebetts: for the site xndzcate loxsture eontents increasing
with depth, from approximately 29 to 30% at a depth of two
metres to about 38 to 40% at-a depth of eight metres (City‘

of E%,ohton Report, 1967).. The Heathered speci-ens, beinq ia
a‘zone\of psore intense desiccation, are therefore more
overconsolidated and fractured than the Iantact samples.
Subseihent wetting, due to\ the downward percolatlon of
rainwater oOr spting runoff, vould'result in some §vélling,
but the seil wvould not swell back to the original void tatiwo
present before desiccation. Sigh@ficant.softening around the

fissures 8r joints was not apparent in either the Heatherig

lab samples or in the fiedd.

¢ .
Prost action can also cause overconsolidation. Mackay
' ~
(1974), 1in suggesting a theory\ for the formation . of
reticulate ice vein networks, has found that the clay blocks
or nuggets betwveen the ice veins are often ovetconsolidated
vhen thawved. He attributes this phenonenon to’ the» forlat1bn
of the ice veins ﬁehind the aggrading zero degzee 1sOtherl
in an essentially closed system. He stated:’
w_..If ice veins grev ‘ vell above the '~ lower
permafrost sur face  , some water would be
withdrawn from the ad]aCent clay, bath above
and below the enlarging ice veins...Shrinkage '

,of the clay vonldlaCCOIpany the loss of water;
ijce veins would tend to grow in the shrinkage y



i

cracks . so produced, and the clay wvoula
- gradually become consolidated..." .

> ‘v

-an?betts and.lixon&(1975)..;nia discussion df the uackég‘

(1974) paéet, - have ¥postulated a'theory in vhich crgckiqg

)

occurs_in the unfrozen s0il ,in advance of the freezihg

.

front.’ kpe ctnélind is believed to be: a résult of't\e

suction . forces which create non-unifora volume changes

- *fconsolidation) in’fthe il wmass. WHater is subsequently
- . . .. ,
R driavn from the ismediately\ adjacent soil into the cracks and

. - \
\ frozen’ as the zero degree isdtherm passes.

With each subsequent cicle of* freezing and thqiing, it

is believed that the advance . of the freezing fromt will ¢

5 ‘ cause ice lensing to occur in the- pté-existing crac*s,
draving wvater from the adjacént blocks or nuggets and,
therefore, increasing t$e overconsoiidation. Upon each ‘thau
cycle, some swelling vill/,tcur + but there is a noticgable
hysteresis (i.e. the original void ratio before the freezing

cycle will never be attained). The effects of Cycles of

freeze-tha vould, therefore, be:

N

A
N 1. An increase in the density of the intact nuggets,

2. A decrease in wvoid ratio.

v

3. Dedree of saturation close to 100%.

P

The Weathered soil tested herein has a slightiy higher

13
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density thaa.the Intact. saterial 8.2 kl/i ’ co-parod vitk

EJNi kn/i.'), sliqhtly loner void ratio (1.00 conpntcd u{th

R , .' . T . . X . oL

‘7. 05) ana a satutation close to 100% . (91 . 4%) ,. baced on'

'nlues uettqed fros the 10.2 centiaetre diautu: tthxial

ispecilens (rhble I111.6). 'r T ‘\ ‘
1 o NS e : R

The Toe sanmples, op‘ ghe othct hand,' display 'th

éttqcturai effects of freexzing (i. e.nnggety strncture) bnt

not the othet ptnperties such as densifi ation ~and  lower

void ratios. The ptobable reason for this is that the

immediate she111ng due to the excavation of 'abot}\ five

letres of overlying soil has had a: greater effect than

~—

subsequelt consolxdgtlon effects of freezing. The sdil has
only bgen exposed to freezing since coastruction pf_4he cut,
and therefore, has not experienced the namber of beles that

the Weathered material has undergone.

L

‘An example of * the desttuctlve ‘effects of frost

penettatxon on a .soil structure is the case of a starter

-

dyke at the 0il Sands Site at Port MacMurray, Alberta

(Watts, personall conlunication).’ A reticulate ice vein
netvofk, with the veins as- thlck as five lllllletres vas
noted to have formed to a depth of‘about 2. 5.|etrea in the
unprotected, llpeIVIOUS core after Jjust one winter. The
netvork® was found to- be wmuch more infense in the

. \_ .,
glaciolacustrine _ clay sections (containing about 54% clay

-

‘

/
\ (contalnlng about 20% clay sfzes). The glacxolacustrxqf clay

=~

~

"sizes) of the core than in, the sandy til] sectlons_
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vas placed “at a nputu:o conth; -uquu ugh: thaa tho
till. It céuid P’ eoucludod. tm:on. that the tuguucy
of - 1cc- ense toruttou and the ulociuoi -tncutu s
btoakdonl is directly’ tclltod to tho loistlt. coltont ‘and
' .cuvny of the ‘soil, whiCh is pattially unod;.a by tho

’\l

.pol:cut clay -uo‘. T S

l“‘l : \l
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3.8 conclusiond of the Tebt Resuits . B

Y

In summary, the effects of . sdaple vafiabilfty,

heterogeneity and coaplexity, Soth in onposxtion agd

sttuctnre should bd’sttessed. There is- luch scijtter in the

gest results, . as other vorkers *who ' have dealt - vith’.
. . ¢

' overconsolidated,’ stiff i‘ggured clays have féund '(e.g. de

%eeg,,~1967). Anosalies in the results, houever. have been
fdtionally_e;plained and the pataleters detlned on‘ the,
Composite Mohr Plot (Pigute 3.6) are belfqibd to best
» describe the sgiength 'characterisfics of the various

na@érials tested.
. ' B )
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Triaxial Tests on 98 mm Diameter
Specimens of London Clay from

Wraysbury (After Marsland,1972)
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N 58 samp}e T-42(A);

5a Sample T-04(A);
Test #5.

Test #4.

5¢ Sample T-39(A);

5¢ Sample T-38(B);
Test #9,

Test #8.

plate 5 10.2 cm, Diameter Triaxial Test Samples.



6b Failure plane of
triaxial sample T-43(C);
Test #3.

’ i

6a Section of trikxial
sample .T-29(B);
Test #3C.

L d
6d failure plane of

direct shear sample
T-39(A) ;Test #8.

6c Failure plane of
direct shear saxple
T-34(A) ;Test #5,

plate 6 Triaxial And Direct Shear Samples After Testing,



7a

7¢ Bottom section of
sample T-39(A) .,

A ral

1

N

Failure plane of 7b Sample T-39(A); -
sample T-38(A);Test #6. Test #9.

7d Top section of
sample T-39(A),

L

Plate 7 10.2 cm. Diameter Weathered Triaxial Samples
After Testing .

106
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4  Chapter 1IV.

Stability Analysis asd Discussion

s.1 Btability Asalvsis N

. 1.1 Gapezal

A sorids of landslides have occurred along the Whitenud
Preevay botvccn. 1Sj:h and 159th Streets tollontlgl the
completion of construction of ;ho cut 1n'1969 (Chapter 1I).
The gslidu.~ charactqrizod by‘ non-circuldr slip surfaces,
vere first-time, delayed (or progressive) failures as
discuss?d in Chuptef I. The 1973 slide had.boon investigated
in the fall of 1973 and the results of that inves;iqation
are present:d in chaptfr II.’tPis slide vill be re-analyzed
in detail in this section.” The purpose of the stability

analysis undertaken for this thesis is twofold:

1. An analysis' of the landslide using strength .
parameters c* and ‘ﬁ, 'deterlined by 1laboratory
testing and reasonable field conditionms yielded
acceptable factors of safety.. Thus, - plausible
mechamisas of failure may be proposed.

2. The del?yed aspect of the failures may be explored
by varying the strength parameters and groundwater
conditions in the sliding mass vwhich would be

.

consistent vith the effects of weathering, and noting

107
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the sebsequent changes i3 the factes of safety vith
tise. '

¢

!

A discussion oOf the not;dibdl.!gnbtllty asalysis and
the choice of pore presssres and 6§ti pitaneters esed in the
stedy \lﬁlloco. The results eof the stabllitey coollani
perforsed and a discession of th; proposed q,cbnltlll of

failure are preseated ia the followiny subsectjioas.

v.1.2 gethod of Amsliais and Sslecticn of Roxe REeassss and
strendth Bataneters

The q:fqonstotn-Price (1965) stability analysis of
gonota{ slip serfaces has been utilized for the study of the
197; slide. A complete description of the d.'.lopl.l; and
applications of the sethod may be found ia Morgenstern and.
Price (1965) and "The Analysis and Design of BRock Slopes®

(1971). ¢

The profile used for the analysis is depicted in riqufo
8.1. The comfiguration of the ground surface aad failure
plane was determined using thé survey, borehole and toe
trench data presented in Chaptcf I1 (Pigures 2.4 to 2.7).
Two soil types have been specified on the diagras, with the
division approximately 2.3 metres belov the preslide ground

surface. The upper layer represents the zone of intense

3 physical weathering after the cut had been excavated. The

o)
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Lake gdnonfon Clay/Till boundary is at a depth of about 7.9
metres below the crest of the slope. Since this layer doés
‘//j>t enter into the a lysis,'it was arbitrarily gssigned {he
Soil 02-paraleters. A discussion §f the factors involved and
assunptions made in determining suitable piezometric levels
for the analysis will be "discussed in the followving

. paragraphs.
™
*
'Bishop and Bjerrum (1960) illustrated the theoretipal

pore pressure responses and changes in the factor of safety
during and after the excagvation of a slope in clay. They
point out th;t upon rapid ekcavation, the pore pressures
'could be expected to decreasge in- an undrained mode (i.e.
without volume change) due to tpe untoading. With time, the
initial negative excess pore~pressuré§ will dissip;te and
eventually reach a steady st;te or equilibrius condition,

therefore causing a time-dependent decrease in stability.

S

Eigenbrod (1972, 197%5) has anakxzed the process of pore
pressure equaliztion nuserically using finite element and
finite difference techﬁiques. The slope vas assumed to be a
homogeneous, isotropic, elastic material undér plane strain
conditions. The effects of the rotat;;n of pricipal stresses
were neglected. Utilizing the total stress changes computed
from a finite element program and an assumed in-situ pore
pressire pafaleter A, the pore presigfes impediately after

excavation were calculated. The initial negative excess pore

pressures were computed as the difference betuween the
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initial values derived from the finite element analysis and

final pore pressures assumed from a long-term, stabilized

groundvater condition.
A ]

The time for equalization of the exces pore pressures
may susequently be calculated using the two-dimensional
finite differehce consolidation progranm developed by Koppufa
(1970), assuming that swelling and copsolidation‘fqllov
similar theories. Eigenbrod (1972) performed the analyses
for the general case of a 30 netre high slope with ‘an
inclination of two horizontal to one vertical,, Full
equalization wvas attained for a time factér T=0.33. The
analysis was found to be relatively in'sensitive to the'
assumed values of K aﬁd A, but was highly depeﬂéent on the
co&cient of swelling, Cs . With the time factor for full
pore pressure egqualization T set equal to 0.33, Eigenbrod
(1972) investigated the inflﬂence of slope height H and the
coefficient of swelling Cs on_the time for dissipation t of
the excess pore pressure. The results were plotted and one

of his graphs is presented in Figure 4.2.

For the case of the slope failures in the Lake Edmonton
sediments, a time for pore pressure equalization may be
estimated directly ffon Figure 4.2, as the original slopes
vere cut very close to two horizontal to one vertical
(Figure 4.1) and the values assumed for Ko and A are
reasonqble. Therefore, using the average coefficient of

sWwelling of 1.2 X 10-¢ cmZ/sec. (4.1 ft2/yr,) as determined
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in the laboratory tests (Chapter III) for a slope 7.3 metres
(22 feet) high Yields an equalization time of about 40
. Years. This value, hovever, corresponds to a honoqeneous
Soil with a unifora coefficient of swelllng of 4,1 ftz/yr.,
and as discussed in capter III, the in-sity coefficient of
svelllng for the heterogeneous, discontinuous Lake Edmonton
deposit is believed to be much greater than the laboratory
value. Furthérlore, Rove (1972 ) angd ﬁcGovan and Radwan
(1975) have shown that this secondary or amass permeability
is stress-dependent, with permeabilities at least a factor
of ten higher below the overburden Pressure than above jt,
This @may bpe explained by the fissures ang diecontinuities'
opening up at pPressures less than: the overburden whi le
remaining closeq at’ hiéher .Stress levels (McGowan and

Radwan, 1975) .

Therefore, it is postulated that'equalization has taken
plaee in the Whitemud Freeway cut well within the times to
failure of the slopes for the Eollowing reasons:

c
1. The stress relief due to the excavation has
resulted in the pPartial opening of the pre-existent
fissures and jbints, thuS'ilparting to the soil mass
a4 much  higher secondari permeability than that
measured in the laboratory.
2. The Intact 'soil along the exposed face of the

slope has been significantly broken down by physical
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veathéging processes vithin a few Years. This

v breakdown of the soil allows ingress of rainfall and
runoff, tbus hastening the equalization process. Even

if the so0il wmass has not conbletely egquali zed,

substantial wvater pPressures may be built up ip the
N

discontinuities due to the infiltration.

Due to the lack of complete Piezometric data, the pore
pPressures at failure Sor thé 1973 slide are not precisely
known. The data that is available for. the area (Thonson(
1978) , indicates that the vater level is variable, both
within short distances along the slope and~with tile; Fdr
exaigle, piezometers approximately 10 metres apart on the
north side of the FPreeway near the 156th Street bridge
(Piezometers.B and C, Pigure 2.3) registered vatér levels of
2.7 metres and 4 metres below the ground surface on Noveaber
18, 1974 and then dropped to 4.3 metres and 5.7 ametres
respectively, by March 18 of 1975, These large and
relatively rapid variations are due to the "perched" nature
of the piezometric surface, the highly permeable surface
zone which allows easy'ingress and evaporation of rainfall
and runoff and to the effects of urban land use in the
immediate vicinity; i.e.’the cultivation of ‘gardens, which
allows increased infiltration and evaporation from the soil
and the irrigation of the gardens and lawns may result in

dramatic changes in the groundwater state (Hamilton ang Tao,
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1977) . Therefore, ;o assess fluctuations in the wvater table -
in the stabiiity analysis of the 1973 slide, a serjes of
piezometric levelg vere investigated, tanging frox a depth-
of about 2.1 metres belov the surface at the crest of .the
slope to the ground surface (Pigurg 4.1). Correlations of
slope instibility vith the\ EdRonton precipitation - records

(Appendix B) have also been drawn, and are presenfed}in a

following subsection.

The strength paraletéts from the laboratory testing
program and those used in the stability analysis are
summarized in Table 1IV. 1. BotL sets of 1Intact strength
parameters vere used in' the analysis, namely those
representing the main bulk of the material, c¢'=15 kPa and
#'=20.5° and those involving failure through the dark gray
fissured clay, in vhich c'=7.3 kPa and @'=18°, The latter
parameters were ob;;ined from a linear regression analysis
performed on Triaxial Tests #2 and #1c and Direct Shear
Tests #3, #3b and #3c. .The "fully sqftehed" strength
paraletefs, c'=0 and @'=20.5 and the residual parameters bf
c'=2 kPa and #'=15° were also considered. An effective angle
of shearing resistance of 40° with zero cohesion was used
for both the Weathered and Toe zones (i.e. zones I and IIT,
Figdre 4.1), as the effective overburden pressure in these
regions is less than 42 kpa (Pigure 3.6). Thé effeéts of q

/

weathering in the Toe area (i.e. a change fros the Intact to

the Toe parameters with time) and the variation of #*' in the
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Weathered and Toe sections were also investigated.
\ .

4.2 Results of the Stability Apalysis \

. |

A suamary of the uotqentstgrn-Price slope‘stability.
analysis undertaken on the 1973 slide (Figure 4.1) is listed
in Table IV.2. As stated previously, four piezometric levels
(A;I*C and D, Pigure 4.1) with fhe strength paraseters

outlined in Table IV.1 vere analyzed. The following points

are notevorthy:

1. The peak Intact strength parameters of c' =15 kPa and
#'=20.5 coupled with the Weathered and Toe peak parameters
of zero cohesion and g'=40° yields factors of safety amuch
greater -than 1.0 even wvwith the piezometric level at the
surface. | .

2. The peak Intact strength parameters teéfesenting failure
through the dark gfay fissured clay lenses, c'=7.3 kPa and
#'=189, with the @' of 40° in the Heafhered and Toe regions
yiplds factors of safety ranging from 1.350 to 0.921 for
piezometric surface levels A and D, respectively. | A
piezometric sQrface betveedwc and D would result.in a factor
of safety of dnitf vith these parameters.

3. Assuming peak parameters in the‘Backscarp and Toe zones

with the residual c' of 2 kPa and @' of 159 in the Intact

zone results in factors of safety less than unity for all
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piezometric 1levels considered. The application of the
reaidnclﬁ strength paramseters to the"total failure surface
ﬁbnld result in lover factors of saf.iy. Therefore, if ihe
residual ba:aleters. vere being mobilized along the failure
surface, a vater level significantly lower tham ‘A' would
trigger instaiility.\ . | .
4. As with the residual paraseters, the fully softened

sttongth paraseters of c'=0 and ﬂ'-20.5°,appliod "along the

total slip surface - give factors of Safety less than unity

for allrpiezoietric"sutfaces considered. With a combination

of the fully softened strength parameters in the Intact zone

and the peak strength parameters of zero cohesion and @'=40°
in the \?eathered and Toe zones, factors of Eafety of 1.097
an@ 0.939 are ohtained for piezometric surfaces A and B,

respectively.

5. The effect of ‘varying the @' from 40° to 35% in the

Weathered and Toe areas, using the Intact pafalgte:s of
c'=7.3 kPa and @*'=18° and wvater level 'C' has been
dnvestigated in run #5. The factor of safety drops froms
1.091 to 1.051, which is not a significant change

|
considering the large change of @',

6. As illustrated by run #6, the application. of the "Low
Strength" Int§ct and Toe parameters c'=7.3 and F*'=18° to
both the Intact and Toe sections of the failure plane gives
a factor of safety of 1.335 for water level 'A'. It is not

known, hovever, whether the lov parameters wvere operative in

the Toe material before the cut was construcied or whether
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they are a result of the stres§ relief and phys¥Pcal
veathering brought on by the excavatﬁpn.
7. Run #7 was undertaken to demonstrate the relative effects

’

on the factor of safety of small variations in c' and #' in
the Intact zone. I; may be noted that the stability is far
more sensitive to changﬁs in‘cPhesion than to changes in t?e
effective ‘angle of shearing resistance. Por example,
lovering the c' from 9.6 kPa to 5.7 kPa thdc raising the
@*from 16° to 19.5° causes a drop in the factor of safety of
about 0.1. The high sensitivify 40 cohesion is due to the
shallov nature ;f the slide and the high peizometric

surfaces considered, both resulting in lov effective normal

stresses on the slip suarface.

It wmay be concluded from this analysis that the peak
Intact strength parameters (c'=15 kPa and 9'=20.5°) wvere not
mobilized in the Intact Zone (i.e. Zone II) at the time of
failure of the slope. Lower strength parameters, such as
those associatéd with the dark gray, fissured clay (c*=7.3,
gr=189), the softened values (c'=0, @'=20.5°) or the
residual parameters (c'=2.0, f£'=159) have controlled the
stability. The bossibility of each of these strength
parameters being mobilized at the time of failure is

assessed in the following discussion.
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4.3 Discuyssion f .
. \

\
\

The 1973 slide vas a first-time slide that failed four
years after construction, hence, \l¢bilization° of the
residual strength parametetrs at failure could only be.
brought about by either or both of the following processes:

1. Pailure occurred along pre-existing planes of
weakness v&ich; had alreag; been sheared to the
residual Strength. Morgenstern (1975) discussed
processes such as ancient landslide activity,
tectonic folding, valley rebound and glacial shove
which rgsult in the :in-situ prefSheating of clays.
ﬁany cases of this K kind may be found in  the
literature; e.g. Eigenbrod ~aad qOrgenstern, 1972,
palladino and Peck, 1972; Tweedie, 1976.

2. The excavation of the cut génerateé non-unifora
svelling ‘vhich resulted in in-situ shearing of the
clay. This shearing 1led to a progressive failure

mechanism, as was discussed in Chapter I.

Extensive investigations of the Whitemud Freeway site
in the fall of 1973 and 1974 and subsequently, in 1977 by
the author have not uncovered any evidehce to support the
theory of pre-existing shear zones at the residual strength.
Moreover, the topography of the area before construction vas
essentially level (Chapter II), eliminating the poégibility
of ancient slope instability. Although the process of

L4

N
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progressive failure is . analytically conceivable, there
appears to be only one verl-goculented.case history in the
literature (i.e. Burland et al, 1977) to support it\ as a
dominant mechanism ot slope failure, as has alreiafsheen
discussed in Chapter I. Skempton (1970), James (1970, 1971)

and Morgenstern (1977) point\out that ﬁrgg deforations are

'often necessary to reduce the stren along the entits s
. ' ’ [;
plane to the residual value. Jamés (1970) has quant

this concept in terms of the field strain (Pigure 1.2). To

reduce 9' from the peak i§ close to the F'sid;a}. valwe (a
dimunition of at least 5°) vould require a field:sérain»of
approxxlately 0.2; hence, residual conditions vould noi be
-approached wuntil the scarp reached a helght of a fsur

feet. - The lateral strains due to excavationh wvould ®e

-

high enough to bring about these gross deformations.-

In order for “the "non-uniform swelling" mechanism of
progressive failure to be viable, a highly swvelling, thin

seam Of wmaterial would have to be sandwiched betwveen two

competent strata of non-swvelling material; the non-
homogeneous swelling vould result in differential
deformation between the strata, thus causibg in-place

shearing of  the materials. The stratigrhphic configuration

of the Lake Edmonton deposits, as discussed 'in previous
chapters, .is not suitable for this type of process to occur.
In summary, there is-'a lack of evidence which would support

the 1973 slide failing at the residual strength.
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Although sigas of softening in the fissures and joints
vere not detected in either the laboratory samples or in the
field, a failure n@amechanisas btoposed by Skempton (1970)
vinvolving the localized softening of material in the failure
zone may still bé.teasonale! Skeapton (6?. cit.) postulates
the reduétion of the peak stremgth to the fully softened
value in teras o? the pre- and post- peak formation of
Riedel thrust and displaceient‘ shears with  subsdquent
infiltration of wvater along the opened discontinuities. He
has related small pre-slide creep movements to the
relatively %lall ‘di§p1aceleng§"jreQuired to reduce the
strength from the peak to the fully softened state, as
opposed to the larger lovenebts Recessary for the reduction
to the residual. The paper conéluded<\3§th/’§he following

remarks:

i

progressive failure and/or ftening whioh
takes them past the peak, and~ just before a
first-time slide occurs there is a softened
shear zone' with many minor shears.” "

"e.eIn such clays there must i;pa mechanism of

The stability of many slidés in the London Clay,1Jales,
1970) and also some ih'Canada (e;g. Rivard and Lu,1977) chave
been eiplained in terms of. the mobilization of the fully
softened strength, but the actual leqhanisns and the time
scale involved in this failure process are still unclear.
James (1970) and Chandler (195&) investigated cutting slopeé
vhich ‘failed from about 10 to 100'years after excavation;

although pore pressure equalization is also intrinsically
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involved, very fev failures occurred at less than about 40
years after excavation. Complete softening, involving the
total loss of effective cohelion, therefore, appears to be

\

operative on\a time scale over decades. \
. . A

~ Partial softening, hovever, . fesulting in . the
destruction of some of the peak effective cohesion Bay have
occurred (i.e. the effect may be visualized as a downward
shift of the peak strength envelope, bué,not coapletely to
the origin). A slope stability analysis was subsequently
undertaken to assess tﬂis\ partial softening effect. The
effective angle of shearing tesistagce vas held constant at
20.5° while the effective cohesion was varied frél 10 to 2
kPa. All four piezometric levelgr vere considered. The
results of this anadysis are as follows:
4 .

1. Theb'drop in c¢' from 10 to 2 kPa with g*=20.59

yielded factors of safety varying from 1.595 to 1.192

for piezometric surface A and 1.428 to 1.032 for

piezometric subface B.

2, A factor of safety of unlty vas obtalned “for c'=4

kPa and ﬂ"20 50 with the piezometric level Cx

3. With the piezometric ievel at the surface (i.e.

level D) }he facfg}'of safety varied from 1.078 with

“‘. =10 kan fo 0. 745 vi.th c'=2 kPa. . ]

Therefore, from the preceding analyﬁis, factors of safety

close to unity are obtained using the partially softened

) - \ .
@ - . :
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pat*uototl of ¢* ranging frog 2 to 6 kpg and lf-)O.S' vith
the Piezometric 10101 betveen and »p, Bence, wit) due
regard to the Precediag dilCﬂlliOl,.‘gld failure of the 1973
Slide amay ragiégnlly be explatned by the 8obilization of the
sttongtl Parasmeters o¢ the dark gray, fissured clay aad/or
the partiallyv‘sdttonod -tf@-gth pa;:lototc in the Intact
Eone. Por the 1lov hormal stress range in this ptoblqg: it is

ilpossible'to Sensibly dis‘tininato betveen the tvo sets of

. .
/)rhe Rechanism of failure is Postulated as follows. Upon

rapi_.g excavatjiopn 6f the cut jp 1969, the ,ore Pressures

area of soi]l op the Slope face vas left exposed to physical
veathering Processes. 1p the short tera, hsvbaa:, the

reduced pore Pressures and the as Yet “"Iptactn slope face

soil through freeze-thavw and vet-dry Processes wyoulg have
occurred to dralatically increase the pPermeabilijty

characteristics of the slope. The greater availability of

noistufe would ,in turn, greatly affect the svelling of the
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"result in a high groundwater leve
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slope, redecing the. time of. egqualisation. Coupled with
iacreasing the permeability, the veatheriag vill slsq cause
structural breakdowm of the clay is the Toe regios vith a

supsyqeent reduction ia cohesion.
‘ -

As say be noted in the Bdsonton rainfall recocds
(Appendiz B), 1972 vas an extresely wet year vith asbew
norsal precipitation in alaost every soath. This vosld

he lpfilq of 1973.

The slope, at this time, would thus be a critical state
with a relatively high gtounhvator level and a reduced

\
strength (in terms of cohesion) in the Toe area. e

The final mechanisa which triggered the slide in August

~

vas the periods of heavy rainfall throughout June and in
early August (Appendix B). The rainfall vas usually
concentrated in periods of tvo to four days, so that aaxisum

'\
infiltration, with little runoff and evaporation would take
\
place. It s, therefore, conceivable that wydrostatic

pressures built up in the fissures and discontinuities,
represented by a piezome®ic level betwveen "“C® and “D"

(Pigure 4.1) apd triggered the instabglity, Esu (1966) has

undertaken a similar approach !}th resfect to the stability

-

of slopes in Italian jointed clays and hag concluded:

", ..Water can seep (or accnlufate) through the
discontinuities and, at least near the ground
surface, the fissured clay can Be considered
as a permeable wmedium, even though it has a
lov coefficient of permeability. In the

U stability analysis of the slopes in these

clays, the hydrostatic pressure of the vater
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contained in the discontinuities must be taken
\\\ into account..."’ 7

o T ‘ /
-Morgenstern’' (1977) has also drawn attention to “this
"increased permeabiljty" effect, both in the light of the

vork by Esu (1966) and in the case of the brecciation of the

" surface layers of the Upper Lias clay (Chandler, 1974).

.

Morgenstern stated: , -

"...It influences . the permeability profile -
vhich im turn affects the rate of convergance
of the pore pressures to seepage conditions
after initial cutting as vell as the
responsiveness of the pore pressures in the
upper few metres to rainfall."®

In summary, the slope f&ilure of August, 1973 along the

Whitemud reevway may be best accounted for by a slip plane

mobilizi virtually zero cohesion with @'=40° in the
Weathered and Toe zones and the dark, fissured clay strength
parameters {c*'=7.3 kPa, @'=18°) and/or the partially
softened parameters }c'= 2 to 6 kPa, #'=20.5°) in the Intact
zone. The rapid incfease in hydrostatic pressure brought
about by concentrated, ﬁeavy périods of rainfall just prior
to the failure appears to be the final triggering mechanisa.

The 1973 slide can therefore be considered as a "delayed

failure", involving:

1. The equalization of negative excess pore pressures

folloving excavation, causing a reduction in the

PRUSHESSN S+ * S U
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stabilffy vith J!le.

2. f&ysxcal veathetxng processes 1ncreas1ng the amass

perleﬁbllity along the slope face, tifhs allowing

.1ncreased infiltration of ra1nfa11 and surface water

and leading to BOore critical p1ezonetr1c cond1tions.

3. Physjcal veatherlng processes_ resulting 1n the

destruct;on of cohes%pn in the Toe material under low

norlel stresses. ‘

Other slope failures on the Whitemud Freeway (Figure

2. 3) Ray also be ‘cotrelated vith intense periods of
reiufall. For example, in 1969, Slide #3 occurred
ismediately after 41 .millimetres of rain fell in the period
from the 3rd to the 8th of July. This movement caused a
slight bulge of the retaining wall vhich had been erected
folleving Slide #2. 1In August, 1969, between the 2nd ang the
6th, 83.¢ millimetres of rainfall was recorded; this brought
about the formation of tension cracks at the top of the
slope' behind sSlide #3. Finally, between t he ﬂth and Sth of
Sébtenber, 1969, 68 millimetres of rain fell; this resulted
in the formation of a scarp about 1 petre high at the tép of
the sloée and failure of the retaining wall (Soderberg,
1978) . During July, 1972, two slides occurred (Slldes #4 angd
#5) following heavy rainfall in June of that year. Finally,
in May of 1977, as a result of record precipitation for that
period, gross movements on the order of feet took place in

Slide #8.
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Chapter V

Conclusions and chonlendations

5.1 conglusions

The onect of this reserach wvas to investigate .the
strength and stress-strain/volume change cha;aéteriéticg of
‘the Laid Andlonton. deposit, to evaluate th; effects of
physibdl veathering and to propose a plausible mechanism of
til;-dependent failure of the slope. In the 1light of the
results and discussiqfs presented in the previous chapters,

the followving conclusions may be dravn.

1.‘ The importance of coapositidnal heterogeneity and
struq}gral complexity with teSpect the strength
chatacteristicgwof a material cannot be ovetstressed. The
strength of the Intact material was found to depend on the
location and orientation of the wveaker conp;nent in the
system, viz., the dark gray fissured clay. The lowvest
stci?qths were obtained when faifﬁre was confined to these

zones.

In a structurally complex deposit, such as the Lake
Edmonton sediments, great care must be taken in defining the
attitude and occurrence of the various structural elements
and assessing their effects on the sttength. For example,
the chat&cteristic "nuggety or blocky structure of the

Weathered upper zone had 1little, if any, effect on the

e
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sttenqth'above the effective overburden pressure, but below
th}s‘bpressute it controlled tﬂe strength; the material
behaved as a cohesionless, granular aggregate with shear
betveen the nuggéts (Figure 3.6). This is very ilpﬂttant in
the design of cuts and excavations, as this type of material
vill have very little strengh vhen unconfined. 1In fact,
caving and sloughing of the unsupported trenches'for the
counterfort drains vas a major problem in the stabilization
of the 1976 Slide. The trench vallé had to be cut at shallow
angles to avoid the short-term failures.

2. The Lake Edmonton laterial generally displayed marked
vork-softening behavior upon shear, except when failure was
related to structural discontinuities (e.é. Triaxial Test #2
and #9, Appendix A)._Such behavior reduces the possibility
of progressive failure as . discussed 1in Chapter 1I. The
drained .Triaxial Tests undertaken demonstrated that
excellent correlations of s#olume change characteristics with
the modes of failure exist; for example, Triaxial Test #9
(Agpendix A), vhich involved shear around the nuggets,
dilated much more than Triaxial Test #8, which involved
shear through the nuggets. A direct correlation of volume
change and mode of failure could not be postulated for the
direct shear tests. The coptractionydilation characteristics
vere found to be more endent on the normal stress .
applied.

3. The processes of physical weathering such as repeated

cycles of wet/dry and freeze/thav appear to increase the

5
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strength of the ‘intact. lumps ot\ nugéets through a net
consolidation or densification effeét, but to decrease the
mass strength of the material, reducing it essentially to a
cohesionless,' granular aggregate. Before further research
'has been undertaken, however, it would nof be prudent to
apply this effect in a genéral manner to other
overconsolidated Pleistocene deposits.
4., Bffects of the softening process as described by Terzaghi
(1936) have not been apparent in this wmaterial. Detailed
observations of the fissures and joints in the laboratory
and the field have re;ealed surfaces wvhich were moist, but
essent}ally stiff and intact. It appears that the complete
softening of the material is dperat?ve on a such longer time
scale. Partial softening, possibly due to a displacement
induced mechanism (e.g. Skempton, 1970), is likely, however,
to have occurred. |
S. The nature and severity ?f the climate have a great
influence on the effects of veatﬁering. For example, in the
United Kingdom the depth of frost penetration is limited ahd
moisture 1is available all year round; therefore, physical
veathering précesses would proceed im a generally damp
enviroment and 'at a relatively slow rate. James (1970) in
fact states:

n_..It is believed that over the length of |

time involved in this present study of cutting

failures, say 120 years, geological weathering

on soils vould be of relatively ainor
importance."
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In Western Canada, hofever, patticulgrly in the PEdmonton
region, the <c¢limate is ‘much more severe, with long cold
vinters and varm summers. Frost penetration.to depths of 2
to 2.5 metres can result in severe damage to a soil fabric
in a matter of acfev seasons. The desiccation of"the soil
also ' results in structural breakdown and the forl:tion of a
ndesiccation crust" at fhe surface. Therefore, it is
proposed that in a harsh climate, such as in Western Canada,
the effects of physical weathering on a freshly exposed cut
or excavation cannot be iénored on an ehgineering time
scale.
6. The results of the stability analysis undertaken on the

1973 slide have strengthened/a nuamber of the conclusions

postulated previously, vi
a) The stability'ef the cut appears to be dependent
on the strength associated with the lenses of dark
gray fissured clay' as well as partial softening in
the Intact zone. Unacceptably high faétors of* safety
result for all possible groundvatér conditions if the
higher peak strength parameters (c'=15 kPa, g+'=20.59)
for the Intact material are used.

b) The inportaneg of physical weathering on av
engineering time scale has been proven. Physical
"breakdown on the 510pe\£3de has greatly.increased t he
mass permeabili ty allowing easy‘ infiltration of

surface runoff and precipitation. The results of this

have been a reduced pore pressure equalization time
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.and  the real{:ation of more critical groundwater
levels. The veathering has alsolreducga the effective
cohesion of the Toe material in the,ldv normal sttessv
range; in a shallowv slide vith a high piezometric
surface, Atpe’ stability is very .dependent on this
effective cohesion.
7. The stabil;xi-analysis has emphasized that laboratory
tesﬁing progfiis should be conducted in the stres; ranges
encountered in-tgé field problems. For example, ‘it vould be
grossly incorrect to apply the parameters of c'=17 kPa and
g'=24.59 (Table Iv:1) to the Weathered zone in - the slip
analysis, as failure is actually occurring below the stress
range for which these rarameters are applicable.
8. The correlations of landslide activity with peak periods
of rainfall have shown that rapid fluctuation$ in the
groundvater\level can have a profound influence on stability
and act as a final triggering mechanism. The need. for an
accurate assessneqt of possible groundwater lewel
fluctuations is thu$ clearly evident.
9. Pinally, it should be elphasized.that vhen dealing with a
heierogeneous, complex deposit suck as the Lake Edmonton
sediments, one shouyld concentrate the investigations on
ﬁeaknesses, such as incompetent components or beds and

structural discontinuities rather than on the more competent

materials.,
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5.2 Regoamendations .

1. ° This thesis demonstrates the fwportance of \havinq
accurate, conplefe, piezometric data for a slope ° or
excavatibn. Piezometers ,should be monitored regnlakly froa
the time of construction to see if the pot; pressures are
responding in accordggce vith.the design'calculations. "
2. The .nature, occurrence and orientation of fs’sntos are
very important in many geotechﬁical probleas, but very
little is actually knovn about their origin gnd the factors
that cohtrol their distributiom in. soil 'ia;seﬁ. Research

into this aspect would prove to be extremely valuable..

3. It is recosmernded that a detailed investigation be

¥

conducted on the ilﬁﬁﬁﬁing slope fa}lure on the north side

of the Whitemud Fréeway near the 156th street Bridge (Figure

2.3), possibly in conjunction with a stabilization scheme.

The investhation wvould involve:
1. In-situ direct shear tests conducted on various
lgvel§ in the slope would supplement the shear
strength data alreaé; collected and -A4nalyzed.
Mmarsland and Butler (1967) obtained valuable results
fros 5uch tests conducted on the stiff fissured
Barton Clay.

2. A detailed eanination of the incipient failure

zone Bnay conclusively indicate vhich processes oOr

mechanisas are operative in a slide Dbefore
f
catastrophic failure; i.e. is the failure zone
~

composed of a softened zone of Riedel thrust shears
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not as yet having Coalesced (Skolpton, 1970) or is

the fnilurﬂ confined to ope thin, contiagoys shear?

in the laboratéty Yould substaatjate the fiela

obset!atioh:.

Such an investigation, therefore, vould bDe ap

invaluabile contributjon jp dealing with fhe Rechanisas

4. In-sity Permeability tests conducted on the #hiteaud
A )
.\ e
Freeway cuts yoyig quantify ¢tphe incregds— i mass
permeability Jbrought about py veathering Processes

: \
Chandler (1974) has~undertaken Such tests jp the Liqs "Clay

5. Creep or'relaxation tests should b; conducted to evaluage
the tile-dependednt defot-ation Properties of the Lake:
Edmonton sediments,and to Check if the short-tera laboratory
peak Strength may acfually be by-passed A recent
Publication by Nelson ang Thompson (1977) hgs indicated that

this ig POossible ip overconsolidated clay, and tests by

that the by-pass effect, in fact, occurs in rock. :
6. Finally, testq\}o quantitatively assess the effects of
physical’/veatheting on  a soil mass jp a cold, Continental
Climate should be undertaken. Cook (1963) inigstigated the

effects of closeqd Systeam freeze-thay Cycles on a compacted,

highly plastik clay. He found that the majority of the
3
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strength loss vas due to a .reduction in cohesion, with the

angle of imtermal friction ®ot being greatly attoct:d; a
strength reduction of almost SOI/vas noted after just thr‘o
cycles of freesze-thaw. 'Earotully controlled ttoo:é-thal
tests oa the heterogeseoss Lako/ B3aoaton deposits would
supplement the work of Cook; teaperature gradients comaonly
occurring in the field could bo‘appliod ose dimensiomally to
the sample, thus simulating actual field coaditioas. The

structures so-formed could be observed Pertinent soil

prOpérties such as densitieg 3nd moistu ntents could be

computed after cémpletion of the tests

LY »
'
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