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ABSTRACT

The purpose of the research was to re-evaluate five land-
slides which occurred in Alberta and British Columbia. The soil
types studies included bedrock Cretaceous clay shales and Pleistocene
deposited preconsolidated clays.

A laboratory teéting program ‘involved the determination
of tﬁe residual strength parameters by reversing direct shear for
undisturbed, remolded and pre-cut samples. The results indicated that
the residual cohesion and the residual angle of iﬁterna] friction were
higher for the undisturbed samples than for the remolded or pre-cut
samples. The higher undisturbed parameters were primarily attributed
to the failure plane irregularities which developed in the undisturbed
case. " |

The irregularities which developed during the shearing of
an undisturbed sample were postulated to change the mode of failure
from s1iding across irregularities to shearing off irregularities.
This phenomenon resulted in a decrease in the angle of internal fric-
tion at high normal stresses.

It was found that the residual angle of internal friction
for natural stiff clays may be related with equal reliability to
clay fraction, percent montmorillonite of total sample, activity or
Tiquid limit. In.addition, an increased density resulted in an incr-
eased residual angle of friction.

The stability aﬁa]yses of this study were performed by
the mgthod of Morgenstern and Price (1965) employing a computer.
The analyses of the slides indicated that residual strength parameters
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iv
must be utilized in order to obtain a factor of safety of one_for
limiting equilibrium. Peak strength parameters gave factors of
safety much above one. )

"Wedge-shaped slides in bentonitic soils occurred with the
peak strength developed along the scarp and the residual strength along
the horizbnta] failure plane. The ultimate slope angle approached
the residual angle of internal friction but was dependent upon the
piezometric level and overburden above the slide material.

Slope reduction after failure may not be entirely related
to a strength decrease. Caution must be exercised when analyzing post-

slide slopes in which re-adjustments of the slope have occurred because

of a change in the mode of failure.
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CHAPTER I
INTRODUCTION

1.1 PURPOSE OF THE RESEARCH

The research which comprises this thesis is based on land-
slides which have occurred in the Edmonton area, in other areas of
Northern Alberta and in North-eastern British Columbia. The trouble-
some slide materials include highly consolidated clays and clay shales.
Previous analyses by Hardy (1957), Brooker (1958), Hardy et al. (1962)
and Hardy (1963) using peak effective stresses and field pore pressure§
yielded factors of safety much in excess of unity. Analyses based on
the conventional peak effective strengths were related to piezometric
heads and indicated that heads much above ground surface were required
to initiate failure. Various other mechanisms or phenomena which
have been used to explain the above anomaly inq]ude the swelling pressure
hypothesis by Hardy et al. (1962) and the "zero-cohesion" analysis by
Henkel and Skempton (1955). The swelling pressure concept has under-
gone considerable criticism and in many slide materials would be found
inapplicable as high swelling pressures are not indicated. The “zefo-
cohesion" analysis has generally been found to indicate factors of
safety greater than 1.0 because the peak angle of friction is still
retained.
| This re-evaluation of the numerous documented landslides in
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. the Alberta area was initiated by the most promising contributions
by Skempton (1964) and Bjerrum (1966) on residual strength and pro-
gressive failure. Skempton introduced the residual factor, in order
to quantitatively express the shear strength developed in a slide.
Haefeli (1950) also postulated the application of residual strength
to landslides and intreoduced an éxpression called the residual ratio,
similar to Skempton's residual factor.: Hvorslev (1960) advocated
the applicability of residual strength to soils subjected to large
strains. These concepts will be related to the soils and lands1ides
investigated.

Sinclair et al. (1966) have considered some of the slides

with regard to residual strength.

1.2 SCOPE OF THE STUDY

The scope of this thesis involved collecting and re-evaluat-
ing all the data which was available on the landslides. The geology
of each afea was examined and related to the slide dévelopment. The
previous data was augmented by additional field piezometer installations
and undisturbed samples were obtained for purposes of obtaining the
peak and residual strengths. 'Aﬁ extensive laboratory testing program
was undertaken with emphasis on obtaining the residual strength from
undisturbed, remolded and pre-cut specimens.

In order to perform numerous rapid stability calculations,
the method of Morgenstern'and Pricé (1965) was used, which treats
surfaces of any shape and satisfies the statically indeterminate

condition which exists in most 1imit analysis. A computer program written




by Morgenstern and Price was converted to the Fortran IV programming
language of the University of Alberta IBM 360 computer.

A1l soils were classified by standard geotechnical tests
including 1liquid limit, plastic Timit, grain size ana]ysic and specific
gravity. Consolidation tests were also performed to determine
swelling characteristics, permeability and preconsolidation pressures.
Physico-chemical properties were jndicated by cation exchange capacity
and salt content. Thin sections were prepared for geological studies
to disclose microstructure and macrostructure features of the materials
before and after shear. |

A summary of the specific objects of this thesis includes:
(a) Evaluation of the residual factor and app1icabilfty of residual
strength to several landslides. '

(b) Comparison of the residual strength parameters obtained from
undisturbed, remolded and pre-cut specimens. -
(c) Generally, re-evaluation of slope stability of stiff clays in the

study area.

1.3 ORGANIZATION OF THE THESIS

Chapter 1I of th1s thesis is a general summary of the Tatest
concepts in the shear strength and analysis of stiff clays.

- Chapter IIT includes a summary of the laboratory data
obtained in this study along with other documentated studies in the
area. ' -

Chapter IV is a discussion of the laboratory results. A

complete chapter is devoted to the discussion because a combined



rather than separate treatment of the results is indicated for the
soils.

Chapter V and VI include the detailed description of the
slide areas. Chapter V comprises the slides which exist along the
Peace River and Chapter VI is a description of those along the North
Saskatchewan River in the Edmonton Formation bedrock. These two
chapters include a detailed review of all the laboratory tests, field
investigations and stability analyses performed previous to the
present study. A description of the applicable geology for each
slide is giVen. Two chapters are employed because the two areas
require separate general geology descriptions. Five slide areas
are inveStigated in ‘detail with regard to applying reéidua1 strength
concepts. Chapter V includes slides at Taylor, Brftish Columbia,
Dunvegan, Alberta and Peace River, Alberta. Slides of Chapter VI
occurred along the North Saskatchewan River and are referrad to as
the Grierson Hi1l slide in the City of Edmonton'and the Lesueur slide,
3 miles east'of Edmonton. Two other slide areas referred to in this
thesis are the slopes adjacent to the University of A]bgrta campus
and the Little Smoky slide, located on the Little Smoky River, 80
miles south of the Town of Peace River. The location of the slides
is shown in Figure I-1. Both Chapters V and VI ihcorporate the field
investigation carried out in this study to supplement previous work
and the computer stability analyses.

Chapter VII is a combined discussion of slope stability

of the study area.



Chapter VIII outlines the conclusions of the study and

recommendations are suggested for future research.
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CHAPTER 1II

LATEST DEVELOPMENTS IN SHEAR STRENGTH AND
ANALYSIS OF STIFF CLAYS

2.1 NATURE AND FORMATION OF SEDIMENTARY DEPOSITS |

(a) Introduction

The soils which were studied most extensively in this thesis
were formed by sedimentary processes. Consequently, a resumé of the
fundamental processes which produce a stiff clay is considered to be
required. Generally, the shear strength of natural stiff clays
reflects in many aspects the geologic history of the particular deposit.
Soi1 mechanics literature contains few examples re]éting the geotech-
nical properties of a stiff clay to its geological history. Only a
general approach to this very important phase of stiff clays will be
attempted. It is felt that a closer association between geotechnical
and geo]ogica1 phenomena is required in order to evolve a clearer
comprehension of the shear strength of stiff.clays.
(b) Classification of Argillaceous Sediments

The main interest in this study are the afgiT1aceous sediments
produced by settling in water. Geological classifications of sediments
are based on environment of deposition or mineralogical content
(Pettijohn, 1957). Neither of these classification systems have been
suitable because the engineering properties of the soils have not been
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included.

In soil mechanics, argillaceous soils are commonly sub-
divided into broad groups including soft clays and stiff clays. Stiff
clays occur in both the fissured and intact sta{e, although the
fissured is most common. The boundary of each group is not definite,
but each group exhibits fundamentally different engineering properties.
The groups generally indicate the degree of consolidation the clay
has undergone.

Terzaghi (1936) arbitarily selected a liquidity index of
0.5 as the division.between stiff and soft clays. Normally loaded
clays may possess a liquidity index as Tow as 0.5 but most clays of
liquidity indices of 0.5 or less are highly overconsolidated.

The differentiation between a stiff clay and a shale in
the engineering usage is nebulous. A shale is normally considered
to possess fissility. The term "clay shale" is often used to
describe shales which possess fissf]ity but behave similarly to
stiff clays when subjected to weathering and when water is made
available. Geological classifications of shales are based on cement-
ation and consolidation, grain size, chemical and mineralogical
composition and fissility. .A classification by Mead (1936) divides
shales into two broad groups including:

(a) Compaction or "soil-like" shales, which have been consolidated

by the‘weight of the ovér]ying sediments and lack intergranular cement.
(b) Cemented or "rock-like" shales, in which the cementing is due to
the physical bonding agents or the recrystallization of its clay

minerals.



The compaction shales disintegrate rapidly under cyclic
wetting and drying and behave 1ike overconsolidated stiff clays.
The compactioe shales would commonly be referred to as clay shales.
~ Sometimes, geologists differentiate between shales which possess
fissility and high induration and c1aystones~which do not exhibit
fissility. Terms such as "claystone" and "siltstone" are used to
indicate high*percentages of clay and silt, respectively.

(c) Depositiona]iand Diageﬁetic Processes

Chemical and physical changes begin to take p]ece in many
sediments immediately after deposition; These changes will ultimately
be refiected in the geotechnical properties of'the material. In the
majority of cases, these early changes start to operate at the temper-
ature of deposition and without any significant rise of pressure as
a result of loading. Early cﬁange occurs ae water is expelled without
any s1gn1f1cant rise of pressure. As the weight of the overlying
sediment increases, the particles of the buried deposits are brought
into closer contact and the unstable constltuents are broken down
and the pore water is expelled as the void rat1o decreases These
processes lead to the primary lithification (Pettijohn, 1957) of the
deposits.

Changes that occur within sedimentary.accumdlations are
known collectively as diagenesis and ultimately result in rock
lithification. The term diagenesié usually refers to all the physical
and chemica] modifications that take place either after deposition or
wh11e depos1t1on is still in progress. The various diagenetie changes

include the following main processes as 1nd1cated by Pettijohn (1957):



(i) Mechanical compaction - geologically, infers a consolidation
process in which‘increased density results as mechanically trapped
pore water is expelled.

(i1) Cementation - cementing of a particle to another by such a
compound as calcite.

(iii) Recrysta11izationj recombination to form new compounds or
changes in the texture.

(iv) Chemical changes - in;]uding such processes as dehydration
and oxidation and reduction.

The processes of diagenesis tend toward the lithification
of the rocks involved. In the elucidation of the engineering
properties of a clay the past diagenetic processes which acted on
the clay will be of paramount importance. The effects of weathering
will be dependent on whether the clay is of a compacted or cemented
nature. _

.A rock of particular interest and unique character is
bentonite. Bentonite is a product of the devitrification of pyro-
clastic rocks such as pumice. Unweathered material is Tight green
or pale greenish-yellow in colour. It swells to many times its
original volume before breaking down to a soapy pasfé. Bentonite
consists essentially of montmorillonite or closely allied clay
minerals giving a very large total surface area. Many s1idés in
Western Canada have been attributed to materials with high bentonite

contents.
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2.2 SHEAR STRENGTH OF STIFF CLAYS

(a) Effect of Structure on Strength

The shear strength of a laboratory sample is only
indicative of the field strength if the material and structure are
simi1af for both cases. A description of a clays' structure, includes
both its macrostructure and microstructure. Macrostructure features
are those which may be observed by the naked eye as suggested by
Morgenstern and Tchalenko (1967), and commonly are fissures and
slickensides. Most stiff clays possess a macrostructure and conseq-
uently, an investigation of a stiff clay usually infers a stiff
fissured clay. Often high laboratory strength results may be
attributed to a sampje size smaller than the macrostructure field
fissure spacing, that is, the sample may consist of intact soil
which does not exist on a large scale in the field. Various causes
of fissuring in clays are postulated to include desiccation, tectonic
movements, overstressing and synaebesis.

Some microstructure features of a clay can be investigated

with a petrographic microscope. Tha components of microstructure have been
g
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termed by Morgenstern and Tchalenko (1967) as original fabric and
shear-induced fabric. Original fabric is related to depositional
history and may be random or preferred.‘ If the soil has been sub-
jected to post-depositional shear strains a shear-induced fabric is
often present.

The importance of macrostructure or microstructure fissures
as weakening agents is well recognized. Although methods for de-
scribipg fissure intensity are not well defined, the scatter of
laboratory test results should perhaps be related to the variations
in the structure of the individual test samples. Normal]y,'the
scatter of laboratory results is only related to changes in the
composition.

(b) Peak and Residual Strength

The peak strength of a clay is the most commonly obtained
| strength from laboratory direct shear or triaxial tests. The his-
torical success of applying peak strength parameters to slides in
stiff clays has been unsatisfactory. Genera]ly, the peak strength
has been shown to be much greater than the strength obtained from
analysis of landslides.

The peak strength obtained in the laboratory may be under
either drained or undrained conditions. Under undrained conditions
the strength of a preloaded clay may be either smaller or larger
than the drained strength, depending upon the value of the over-
consolidation ratio. If the overconsolidation ratio lies in the

range between 1.0 and about 4.0 to 8.0 (Terzaghi and Peck, 1967) the
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volume of the clay tends to decrease during shear and the undrained
strength is less than the drained strength. For values of over-
consolidation ratios gfeater than about 4.0 to 8.0 the volume tends
- to increase, the pore pressure decreases, and the undrained strength
exceeds the drained value. For high overconsolidation ratios,
negative pore pressures develop which tend to draw the water into
the soil and reduce the strength. Consequently, the application of
the undrained strength td overconsolidated clays leads to results
on the unsafe side. The discrepancy between undrained laboratory
results and field results increases as the liquidity index of the
s0il decreases (Peck and Lowe, 1960). |

The peak effective strength represents the shear strength
of a stiff clay better than the undrained strength based upon the
total stresses. The determination of the peak strength of a fissured
undisturbed clay may be misleading because it is well known that
fissured clays loge strength with time. The peak strength normally
is most meaningful when obtained from an intact sample.

Even though the peak effective strength parameters are con-
sidered to represent the shear strength of a stiff clay, it has been
found that the average shear strength developed in a slide is much
below the peak. .

The recent concept of residual strength by Skempton (1964)
appears to be the basis for the field behaviouf of stiff fissured
clays. The residual strength or ultimate strength is that strength

which a soil possesses at large strains. Skempton (1964) found that
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the average shear strength developed along a failure surface may vary
from. the peak to the residual strength. He introduced the residual
factor to be a convenient quantitative expression which indicates

the amount the strength has fallen from the peak to the residual.

The residual factor is defined by the expression:

-5

(7]
n

5 peak strength

(7]
1]

residual strength

vl
1

average shear strength acting on the failure plane

A residual factor of 1.0 indicates that the average shear strength
acting on the failure surface is the residual strength.

The magnitude of the residual strength of a clay is
necessary. for rational design when.dea11ng with material subject to
previous shear movements.

The residual strength is a parameter of fundamental signi-
ficance, being independent of stress history and factors which
dominate the path dependent properties of soil. It is believed
that a unique structure probably occurs.at the residual state
{Kenngy,1967) . Kenney'has shown that the residual strength of some
clay shales is dependent on mineral composition and system chemistry.
(c) Effect of Time on Strength

It has been shown by Skempfon (1964) that the decrease in

shear strength of London clay and some other preconsolidated soils is
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dependent upon time. Fissuring, weathering, creep and progressive
failure all become important factors in the discussiop of time
effects.

Terzaghi (1936) observed that the presence of a fissured
structure provides a mechanism for progressive failure by softening
and swelling. A fissured structure is believed to develop in soiTs
undergoing unloading in which there is a variation of vertical and
horizontal pressures. Progressive failure appears to be a feature
of slopes in stiff clays and is probably restricted to Unloading
conditions. Both Cassel (1948) and Skempton (1948) also postulated
that strength decrease is due to softeniné in fissures.

Skempton (1964) has analyzed é]ides in which various
residual factors have been indicated for London clay. He suggests
a rate of increase of the residual factor with time (Morgenstern,
1967) based on slides over a 50 year period. The increase of the
residual factor with time will depend, of course, on the material
and its environment. The rate at which the residual factor increases
is of great importance when cuts are made in stiff clays. Designing
a slope on the basis of the residual strength may prove prohibitive
and therefore, time-related strength data would be very important.

If hundreds of years are required for the attainment of the residual
strength, the design for long term conditions based on residual .
strength would not be warranted. Consequently, the designer of slopes
is interested in a time versus residual factor for the soil involved.

This relationship can only be obtained from well documented landslides
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of both natural and artifical slopes.

Bjerrum (1966) has postulated a mechanism of progressive
failure in stiff clays which does not depend upon fiséuring. His
hypothesis relates the various factors of unloading, stored strain
energy, weathering, residual strength and progressive failure. He
substantiates qualitatively his concepts by citing numerous land-
slides. Bjerrum explains the initiation of a progressive failure by
relief of high lateral stresses which produce stress concentrations
at the toe of the slope causing the migration of a failure surface
adjacent to the base of the slope. The following conditions in a
preconsolidated clay or shale slope must be present in order to
facilitate a progressive failure as postulated by Bjerrum:

(i) A discontinuity must occur such as a highway cut or a stream-
formed valley.

(ii) The shear stresses which develop in the slope must be greater
than the peak strength so that the residual condition can be achieved.
(iii) The soil must possess sufficient stored strain energy so that
upon release the strain will be large enough to stress the clay past
failure towards the residual strength. The available strain energy
depends upon both diagenetic and weathering processes.

(iv) The soil must exhibit a Targe drop in strength from the4peak
to the residual strength.

Bjerrum considers weathering as an agent which liberates
stored strain energy and destroys diagenetic bonds, thus ailowing

large strains to occur. He assumes that the progressive failure
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advances in a direction parallel to the slope near the bottom of the
weathered zone. This assumption is based upon observations of
several slides, although many siides have been found to occur on
horizontal failure planes controlled by geological bedding.

The relationship of creep and progressive failure is of
significance in a clay shale slope. Bjerrum (1966) suggests that
"creep is a phenomenon related to the slow volume expansion accompa-
nying disintegration of heavily overconsolidation clays and shales
containing large amountg‘of stored strain energy". The most important
contributing factor to creep is the continuous increase of lateral
expansion and reduction in shear strength. During the process of toe
unloading, a failure plane is developed along which occur creep move-
ments. As deterioration of the clay shale occurs, a decrease in
' strength continues until creep movements expand into a catastropic
slide. Consequently, creep movements can normally be found to pre-
cede a slide.

In summary, the working hypothesis of progressive failure
in stiff clays by Bjerrum has set the stage for research in such
problems as effects of diagenesis on shear strength and the rate
of destruction of diagenetic bonds. |
(d) Summary of Section 2.2

The treatment of shear strength of stiff overconsolidated
soils is presently focused upon residual strength and progressive
failure. The ultimate solution of slope stability in overconsolidated

clays will be partially solved when laboratory test results may be
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used to forecast slope safety. OF course, the preéent dilemma of
forecasting rates of progressive failure, weathering, stress re-

- Jease and strength reduction will require solution before a complete
rational approach is achieved. The solution of the problem will
preséntly depend upon our opportunities to observe and analyze

field case histories of both natural and artifical slopes.

2.3 METHODS OF STABILITY ANALYSIS

The approaches to slope stabi]%ty include the total stress
or ¢ = 0 analysis and the effective stress analysis. The total
stress analysis for stiff clays has been shown to give erroneous
results when considering 1ohg-term cases. Therefore, the shear re-
sistance developed on a potential failure surface is a function of
the normal effective compressive stress acting on the surface. The
determination of the actual normal stresses which may exist is an
indeterminate problem. A number of methods of .calculation are in
common usé, each based on somewhat different simplifying assumptions.

Because the failure surfaces for the slides investigated
in this study were of non-circular shape, the circular-arc methods
of analysis including the standard method of slices, the "modified"
Swedish method (U.S.C.E., 1960) and Bishop's (1955) method were not
applicable. Consequently, a method of analysis was selected which
treated non-circular slip surfaces. |

The wedge method of analysis (u.S.C.E., 1960) has been
shown by Sinclair gg_gl;(1966) to represent the shape of some failure

surfaces in the study area. This method requires that the direction
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of the active and passive forces be assumed. Assumptions are based

on the shape of the surface and the location of the active and passive
blocks. The method becomes laborious when numerous trial surfaces

are investigated and when several soil types must be considered

- gross approximatibns must be made..

Other methods of analysis have been deve]opgd by Janbu (1954)
and Kenngy (1956). These procedures are all based on method of slices,
1imiting equilibrium and general s1ip surfaces. None of these methods
satisfy all equations of equilibrium and are therefore in error by an
unknown amount (Morgenstern and Price, 1965).

Because the stresses in a slope are not known, it is neces-
sary to utilize limit analyses and also to invoke an assumption in
order to render the problem statically determinate. Morgenstern and
Price.(1965) developed a general slip surface analysis which satisfies
all the conditions of equilibrium and is statically determinate. In
order to éatisfy the statically indeterminate condition, an assumption
may be made relative to the distribution of the normal pressure, the
position of the line of thrust or a third assumption which is used by
Morgenstern and Price. They assume a relation between the thrust

force E' and the vertical‘shear force X. It is assumed that
X = Af(x) E'.

If f(x) is specified, the problem becomes determinate and A, an
overall force ratio scaling constant, and the factor of safety may

be found from a solution of two governing differential equations
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which satisfy the appropriate boundary conditions. The function f(x)
can take any prescribed form; however, soil limitations usually
dictate a prescribed range for f(x). In most cases the factor of
safety will be found to be relatively insensitive to f(x). Complete
details of the analysis is given by Morgenstern and Price (1965) and
the numerical techniques for solving the governing differential
equations with the use of a computer are given by Morgenstern and
Price (1967).

' It was decided to utilize the method of Morgenstern and
Price in this thesis because of the availability of a computer program,
rapid analysis of many trials, and accuracy of the method. Some of
the stability analyses performed by computer have been compared to

the wedge method in Chapters V and VI.



CHAPTER III

PRESENTATION OF LABORATORY RESULTS

3.1 ggﬂgggg
Standard geotechnical tests as well as miscellaneous tests

have been performed on all slide materials. Although an insufficient
number of soils were studied in order to derive conclusions for all
parameters and phenomena, it is hoped that future slides and slide
materials can be compared to those of this thesis. Consequently,
all test results are included for the purpose of completeness and
future reference.

| Included in the summary tables are results for soils of
the University of Alberta riverbank studied by the Department of
Civil Engineering (1968) and for tﬁe Little Smoky landslide reported
by Hayley (1968). These results are included because they relate
to the general discussion of landslides in the study area.

The soils investigated are those which have been shown

to be the primary slide materials. The four major soils tested include
the Taylor clay shale, Dunvegan pre-till clay, Peace River pre-till
clay, and Lesueur bentonitic clay shale. Two other soils, Peace
River post-till clay and Lesueur brown clay shale have been included
with the purpose of comparing the soil profile materials. Strength
tests were performed on the Lesueur brown shale to disclose variations

21
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in the strength of the Edmonton Formation. Post-til1l Peace River clay
was included to indicate variations between pre-till and post-till clays.
"post-til1" is used to describe the soil existing above g]ac{al till
deposits and which has not been subjected to glacier weights.

A weathered sample of Shaftesbury é1ay shale from the Heart
River valley at Peace River was obtained to compare its composition

to the Shaftesbury at Taylor, B.C.

3.2 CLASSIFICATION OF SOILS

Classification tests were performed in accordance with
the procedures detailed by A.S.T.M. (1964). A1l soils were air-
dried previous to being crushed by a mechanical grinder; Results
of all the classification tests were summarized in Tab]e,III-].
Included in Table III-]lare the results of liquid limit, plastic limit,
grain size analysis, specific gravity, natural moisture content and
bulk density tests. The natural moisture contents were obtained
from the shear strength sample trimmings. The bulk density was
calculated by using the sample shear box dimensions and initial wet
weight. Other parameters summarized ih Table III-1 include the
plasticity index, activity, liquidity index and natural void ratio.
The mineralogical composition of the clay fraction of the
cohesive soils was determined using X-ray diffraction methods. The
results given in Table III-2 were obtained by the Geology Division of

the Research Council of Alberta.
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Analyses were performed to determine the cation exchange
capacity and exchangeable cations. These results are summarized
in Table III-3. The cation exchange capacity was determined by the
author in the laBoratory of the Soil Science Department of the
University of Alberta. The percentage of exchangeable cations was

determined by the Soil Science Department.

3.3 LABORATORY SHEAR STRENGTH RESULTS AND TEST PROCEDURE

(a) Direct Shear Test Procedure

The direct shear apparatus was employed to obtain peak
and residual effective strength envelopes. In order to achieve’
the large displacements required to reduce the peak strength to the
residual value, a reversing technique was employed. .

A rectangular (3.25" by 2.00") direct double shear box
described by Rennie (1966) was utilized in obtaining results for
the Peace River soils. All remaining materials were tested in a
standard aﬁtomatic reversing (2" diameter) single direct shear box
supplied by the Wykeham Farrance Co. of England.

The shear box was allowed to displace .12 inches in both
the forward and the reverse directioné, thus, providing a total
displacement of .24 inches per cycle.

The shear load was measured by a calibrated load cell
and both the vertical and the horizontal displacements by linear
variable differential tranéducers (LVDT). Readings were recorded

automatically on paper tape by an electronic recorder. The complete
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operation of this recording system is given in detail by Rennie (1966).

Generally, the residual condition was assumed to have been
reached when the shear load dropped to a minimum and remained constant.

The displacement rate used in obtaining the peak effective
stresses was .110 inches per day. Using this rate, it required approx-
imately 24 hours to attain the maximum displacement of.12 inches.

In most cases, the displacement rate of 2.76 inches per day
(2 hours per cycle) was employed after the peak stress had been attain-
ed.
(b) Direct Shear Strength Results

The laboratory strength program involved testing 45 indi-
vidual samples at a total of 70 accumulated normal loads.

The direct shear results are summarized in Table I11-4
for all peak and residual parameters. The aétua] test results on
Mohr envelopes are illustrated in Figures ‘I1I-1 and 111-2.

For some soils the three fesidual envelopes are shown
including the undisturbed, remolded and pre-cut conditions.

Where linear Mohr envelopes were indicated, the method
of least squares was used to fit the data. A1l peak and undisturbed
residual test samples were consolidated to 100 per cent theoretical
consolidation based on logarithm of time.

The remolded samples were prepared by crushing air dried
soil and then sieving them through a No. 40 mesh sieve. A slurry sample

was consolidated to a pressure of 4 tons per sq. ft. before being
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subjected to the various normal loads of the direct sHear test.
Pre-cut specimens were prepared from undisturbed samples.

They were consolidated to the desired normal load before and after

cutting in order to reduce settlement of the pre-cut surface below

the shear box edges.

3.4 THIN SECTION STUDY

Thirteen samples were impregnated with Carbowax 6000
before preparation of geological thin sections. Carbowax is used
to reduce shrinkage of the sample as it replaces the water.

The thin sections were prepared by the Geology Division
of the Research Cqunci] of Alberta. A summary of the microscopic
and macroscopic features found in these thin sections is given in
Table I1I-5.

The macrostructure features viewed by eye included primari]y
the bedding and structural features from previous stressing.

In the microstructure study, structure, texture, composition
and orientation were investigated. Structure included the extent of
laminations, homogeneity and the degree of particle "break-down" in
the remolded specimens. Texture involved the shape and alignment of
coarsé silt and sand particles, as well as a microscopic description
of the particles. Composition included a microscopic jdentification
of coarse silt and sand particles as well as zones of montmorillonite.
An estimate was made of the percentage of coarse silt and sand particles
of the total section by a "point count". The major minerals were

jdentified and noted. The orientation of the minerals within the
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sample was determined by crossed nicols. A qualitative percentage is
given which indicates the percentage of the sample which possessed
significant orientation. The .orientation is described as patchy when
areas of the sample exhibit orientation and others do not.

The microscopic examination of the failure plane was focused

upon its irregularity or straightness and smooth or fragmented walls.

3.5 CONSOLIDATION RESULTS

Consolidation tests were performed on Dunvegan pre-till
clay, Peace River pre-till and post-till clay and Lesueur bentonitic
shale. The principal purpose of the tests was to establish the approx-
imate permeability of the soils. The results are listed in Table III-6
and include preconsolidation load, coefficient of permeability, comp-
ressive index, constant volume swelling pressure and theoretical

100% consolidation.
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% Kaolinite
and/or Chlorite

25

33

20

17

TABLE I1I-2
MINERALOGICAL COMPOSITION OF CLAY FRACTION***
% %
Soil Type Montmorillonite Ilite

Taylor Clay Shale 2 73
Dunvegan Prertill
Clay 2 66
Peace River Pre- .
ti11 Clay 17 58
Peace River Post-
tiln’" . Clay 22 58
Shaftesbury Shale
Peace River 6 77
Lesueur Bentonitic
Clay Shale 80 20
Lesueur Brown Clay
Shale 94 4
Riverbank Clay
Shale* 90 5
Riverbank Bentonitic
Clay Shale* 90 5
Riverbank Bentonite* 100 . --
Little Smoky Clay
Shale** 20 60

*After Department of Civil Engineering (1968)
**After Hayley (1968)

**% Smaller than 2 microns

28
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Soil Type

TABLE I1I-4

SUMMARY OF SHEAR STRENGTH RESULTS

%

Bentonitic Clay 22.5

Shale Lesueur

Brown Shale
Lesueur

Taylor Clay
Shale

Dunvegan . Pre-

till Clay

Peace River
Pre~till ~
Clay

Peace River
Post-£i17
Clay
Riverbank*

Bentonitic
Shale

Riverbank*
Clay Shale

Riverbank*
Bentonite

Little Smoky*

Clay Shale

19°%
29.0

25.0

28.0

14.0

32.0

*From previous work

¢§ - effective peak angle of friction

% R
1.0 10°
1.5%
1.0 7.5
21.0
0% 16.1
0.4*
7.0 13.4
3.0
10.4 9.6
- 120
0 8.5
7.0 12.0
6.0 8.0
0 14.0

Cé - effective peak cohesion

OUR
Cur
R
Crr
pR
Cpr -

Note:

- effective
- effective
- effective
- effective

effective

_effective

Cohesion

Cir
5.2
7.1

1.6

4.5
2.6
4.5

4.0

%R Cmr

7.5 0
15.2 0
1.0 2.4
1.0 0
19.5 3.0

undisturbed residual angle of friction
undisturbed cohesion

remolded angle of friction

remolded cohesion -

pre-cut angle of friction

pre-cut cohesion

in psi

9.0

8.0

30
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Sotl Type

Lesueur Bent.
Clay Shale
Undisturbed

Lesueur Bent,
Clay Shale
Remolded

Lesueur Brown
Shale
Undisturbed

Taylor Shale
Undistrubed

Taylor Shale
Remolded

Peace River
Preglacial

Clay

Undisturbed
Peace River
Postglacial

Clay
tndisturbed

Dunvegan Pre-
glacial Clay
Undisturbed

Dunvegan Pre-
glacial Clay
Remolded

Dunvegan Pre-
glacial Clay
Pre-cut

Macrostructure

Bedding present

N1

Bedding present
Coal growth

Bedding present
Stained

Nl

Bedding present
Contorted

Bedding present
Contorted -

Bedding present

Kl

Bedding present

*Material of highest percentage

TABLE I1I-5

SUMMARY OF THIN SECTION STUDY

Structure
N1

Pushed structure
Homogeneous

20}

Laminations due
to high and low
organic content
fine grained
material associ-
ated with organic

Pellets of ori-
ginal materfal

Failure along
s1ip planes
Contorted

Fatlure along
slip planes

Nl

NN

Laminations due
to varfations
4n s11t content

Microstructure

Texture

Coarse silt in clay
matrix. Clay lenses
with very Tow silit
content

Coarse silt in clay
matrix. Alignment of
coarse silt particles

Scattered silt al-
tered volcanic ma-
terial (Shards)

in clay matrix. large
amount of organic
parallel to bedding

Fine to coarse grafned
material in clay
matrix

Fine to coarse grained
material in clay
matrix

Fine grained clay
Light gritty patches,
coarse silt fn clay
matrix

Homogeneous fine
grained

Irregular sub-

parallel lenses of fine
silt in clay matrix,
high organic content.
Also with low organic
content

Homogeneous, fine

.grained silt in clay

matrix

Fine to very fine silt
in clay matrix

Composition

30% coarse silt
and sand. Quartz*,
volcanic debri*,
mica, organic,
pyrite

15% coarse silt and
sand, Quartz* Chert
montmoriilonite
feldspar, mica

<5% s11t organic
and montmorillo-
nite

<10% coarse silt.
Quartz, organic*,
stained micaceous

<10% coarse silt
Quartz*, organic,
chert .

Fine grained clay.
Light gritty

patches 30% coarse
si1t, Quartz, mica

Very fine grained
mica* organic,
pyrite

Organic* finely
shredded mica, few
quartz grains.
Carbonate fragments

Orientation
<10%

60% to 70%

10 to 20%

33

Fallure Plane

Fragmented, full of
shear lenses, Excellent
remoided materfal. 80%
of F.P. through clay

Poorly defined. Ho addi-
tional orientational
in F.P.

Fragmented. Sample is
highly fractured. F.P.

difficult to find

10 to 20% patchyCompletely fractured

Higher 1n
stained area

Original ma-
terfal 90%
remolded

20 to 30%

90% fn clay
None in gritty
patches

Patchy 70%

40 to 50%

Finely shredded micd' 50 to 60%

quartz, organic*

Little coarse silt,
miceceous shreads,
quartz

Patchy, 10 to
50%

Smooth, slightly ir-
regular

Smooth, frregular

Two distinct F.P. but
movement along many
planes of weakness

Smooth, slightly ir-
regular
Smooth, straight

Smooth, partially
destroyed by thin
sectioning
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CHAPTER TV

DISCUSSION OF LABORATORY RESULTS

4.1 DESCRIPTION OF MATERIALS

The materials investigated most thoroughly in this study
were subjected to s]akiné and wet-dry cycles. A1l of the soils
except the Shaftesbury clay shale from Taylor and Peace River re-
verted to a disintegrated clay mass after one day of immersion.

The Shaftesbury clay shale samples were subsequently destroyéd by
two wet-dry cycles. '

The Dunvegan and Peace Rivér clays do not'ﬁossess fissility,
consequently, they are referred to as preconsolidated clays of pre-
ti1l origin. The Taylor clay shale and Lesueur bentonitic sha]e‘
in their intact state are highly indurated and possess some fissility.
The term "clay shale" is placed on such materials which revert
quickly to clay when subjected to wet-dry cycles. Philbrick
(1950) uses the term clay shale for any shale which reverts to a
clay in less than five wet-dry cycles. '

The rapid deterioration of an intact soil subjected to
slaking conditions is a good indication that the soil possesses
weak diagenetic bonds. According to Bjerrum's classification (1966)
of weak, strong, and permanent bonds, the weak bonded soils will

release their strain energy quickly upon weathering. Consequently,
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the rate of destruction of the bonds jndicates the rate of release
of available strain energy. Brooker (1967) has suggested that the
more strain energy a soil stores, the greater will be its degree of
disintegration. At the present time a satisfactory quantitative
measure of strain energy is not available. The stress history of
the soils in this study are unknown with regard to stress release,
consequently, the amount of strain energy availabie upon weathering
is indefinite.

The soils of this study are classified as weak bonded
s0ils and according to Bjerrum's hypothesis are susceptible to pro-
gressive failure.

Generally, the soils possess such plasticity charact-
eristics as to fall slightly above and parallel tolthe "A" 1ine on
Casagrande's plasticity chart (Figure 1V-1)." The only two soils |
to fall below the "A" line were the Lesdeur brown clay shale and
the Shaftesbury clay shale from Peace River. The Lesueur brown
shale contained a high content of coal and organic fibres which is
reflected in its low specific gravity of 2.58. Kenney's (1967) re-
sults on clay shales are plotted along with those of this study and
all fall parallel to the "A" line. Normally, this is interpreted
as soils with common geological origins but this, of course, is not
true because the soils are from numerous localities.

The liquidity indices for the clay shales are less than
zero but for the pre-till . clays they are between .1 and .3.

Theseé 1iquidity indices are all below .5 and therefore, satisfy
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Terzaghi's (1936) broad classification for stiff clays.

The samples of this study were obtained from slides
which are geographically widespread. The materials from the north
sites including Shaftesbury clay shale (Taylor and Peace River),
pre-ti1l clay (Dunvegan and Peace River) and Puskwaskau clay
shale (Little Smoky) contain a maximum of 20 per cent montmorillonite
based on the total clay content but are high in i1lite content.

The Shaftesbury shale which makes up the bedrock in the Peace

River area was obtained in a weathered state from ah outcrop for
comparison with the Taylor Shaftesbury. The soils found in the
Edmonton Formation contain over 80 per cent montmorillonite based
on the total clay fraction. The difference in clay minerals may be
indicative of different sources. The montmorilionite is an altered
product of volcanic debris whereas the i11ite is primarily a
product of the weathering of micaceous rocks. It is also possible
that the variation in clay minerals is the result of a difference
in volcanic activity in the study area.

The high montmorillonite content of the Edmonton Formation
is reflected in the high cation exchange capacity as compared to the
low exchange capacity of the i11ite materials. A1l soils contain a
hiéh content of calcium cations except for the Lesueur bentonitic
clay shale and brown shale which contain 50% sodium. At the present
time it is not possible to relate physico-chemical characteristics
of the clay shales to large scale slides.

1t is of interest to note that the bentonitic materials
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obtained from the University of Alberta riverbank are high in calcium
content whereas those of the Lesueur bentonitic materials are high
in sodium.

The thin sections of the intact soils indicated that the
clay particles are only slightly opriented and would generally not
be considered to be a significant factor in the stability of the
slide areas. Although little orientation is.present, the soils
do exhibit bedding. Horizontally bedded materials which are sub-
ject to progressive failure tend to develop the wedge type of
failure common to the slides of Western Canada (Scott and Brooker,

1968) .

4.2 SHEAR STRENGTH RESULTS

(a) Comparison of Resﬁ]ts with Previous Strength Parameters

The Lesueur bentonitic clay shale was found by the direct
shear test to have a peak angle of friction of 22.5 degrees and a
cohesion of 1 psi. The samp1és were obtained from the same depth
as those by Painter (1965) but he refers to the material as bentonite
which contains 92 per cent clay sizes. The bentonitic clay shale
of this investigation with 68 per cent clay sizes was only obtained
30 feet from the test hole drilled by Painfer. Assuming that both
results are correct, this is an indication of the significant vari-
ations which exist in the Edmonton Formation.

Results from tests on a bentonitic clay shale sample from

the University of Alberta riverbank (Sinclair and Brooker, 1967)
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indicate a peak angle of 25 degrees and zero cohesion by both
triaxial and direct shear methods.

Tests by Painter (1965) on Lesueur bentonitic clay shale
resulted in a peak angle of shearing resistance of 17 degrees and
cohesion of 4 psi.

Consequently, the peak angle of shearing resistance for
the Edmonton Formation bentonitic shale appears to average 22 degrees.

The peak parameters obtained for Dunvegan clay were
¢ = 21.5° and C = 3 psi. These results are very similar to those
obtained from triaxial results reported by Hardy et a1 .(1962) in
which ¢ = 21.5° and C =7 psi .

Previous results were not available for the Peace River
clay and the peak parameters for Taylor clay shale were not deter-
mjned in this investigation.

From the results of this study, it appears that the direct
shear test parameters are consistent with those obtained from
triaxial results. Therefore, the use of the direct shear apparatus
for peak strengths is justified.

(b) Comparison of the Methods of Determining Residual Strength

The principal object of the laboratory investigation was
to determine the residual strength parameters applicable for stability
analysis. .

A definite trend was indicated from the undisturbed, re-

molded and pre-cut procedures. Generally, the undisturbed residual
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parameters were s1ightly higher than the remolded parameters but
significantly higher than the pre-cut results as summarized in
Table III-4.

The residual angles of shearing resistance from undisturbed
and pre-cut samples for Lesueur bentonitic clay sha]e were 109 and
8.50, respectively, for Dunvegan pre-till clay 13.4° and 9.0°,
respectively and for Peace River pre-till clay 9.6° and 8°, respect-
ively.

Frbm Table III-4 it is also noted that all undisturbed
residual results except for Dunvegan clay exhibited cohesion inter-
cepts. The undisturbed cohesion parameters were generally larger
“than those for the remolded and pre-cut specimens. The average
cohesion exhibited by all the soils in Table II1I-4 for the undis-
turbed, remo]ded and pre-cut results were 3.5, 1.1 and 0.9 psi,
respectively. The best interpretation of the Mohr envelopes indicates
the presence of residual cohesion although the magnitude of the
cohesion may be slightly in error because the envelopes were not
defined in the low normal stress range. It is postulated that
residual cohesion is a form of frictional resistance developed when
jrregularities are present and it is the shearing résistance at
zero normal load.

It has definitely been shown that the residual strength
parameters obtaingd from undisturbed samples are higher than those
obtained from the remolded or pre-cut specimens.

The higher results from undisturbed specimens are the

result of macroscopic and microscopic irregularities along the
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failure plane. Irregularity is used as a measure of the departure
from a straight line.

Plate IV-1 (a) and (b) show two views of the failure
surfaces of undisturbed and pre-cut éamp1es of Dunvegan clay. The
irregularities of the undisturbed sample are approximately one-
quarter inch in height which corresponds to hollows of one-quarter
jnch. Plate IV-2 shows the relative rdughness of the failure planes
for Dunvegan clay thin sections for the undisturbed pre-cut and re-
molded cases, respectively. The undisturbed sample contains a great
number of irregularities, whereas,.the pre-cut samples are smooth.

Plate IV-3 which is an enlarged photograph of a thin
section of Peace River pre-till clay shows the irregular shape
of the two failure planes produced during direct double shear.

This photograph also shows on a macrostructure scale, the shear induced
structure which was produced by previous'§1ide activity. Numerous
slickensides are visible in the block sample from which test specimens
were carved. The shear structure exhibited by the photograph should
not be confused with those shear induced structures described by
Morgenstern and Tchalenko (1967) and which are produced in the

direct shear apparatus. The Peace River clay contains significant
variations in composition. The phofomicrographs of Plate IV-4

show two typical areas of different composition. Plate Iv-4 (a)

shows a coarse gritty silt area in which individual silt particles

can be seen and Plate IV-4 (b) indicates the predominantly fine
grained nature of the clay areas. The microscopic variation in com-

position may have significant effect upon the actual residual
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UNDISTURBED

[A] ANGLE VIEW

DUNVEGAN

UNDISTURBED

[6] PLan view

PLATE IV-l IRREGULARITI'ES OF DUNVEGAN PRE-GLACIAL CLAY



[

] UNDISTURBED FAILURE PLANE

[B] REMOLDED . FAILURE PLANE

PLATE

I_C] PRE—~CUT FAILURE PLANE [PARTIALLY DESTROYED]

[ENLARGED 2 TIMF..S]

IV—2 THIN SECTION PHOTOGRAPHS OF DUNVEGAN
CLAY FAILURE PLANES

44



—_— AL 198 P AT L AT TN
l' b At 0 305 e

PLATE IV 3 PEACE RIVER PRE GLACIAL CLAY



46

[A] PEACE RIVER PRE=GLACIAL CLAY PHOTOMICROGRAPH OF
SILTY AREAS [PLAIN LIGHT]

[B] PEACE RIVER PRE=GLACIAL CLAY PHOTOMICROGRAPH OF
CLAY AREAS [CROSSED NICOLS]

PLATE IV-4 PHOTOMICROGRAPHS OF PEACE RIVER PRE-
GLACIAL CLAY SHOWING COMPOSITION VARIATION



PLATE IV-5 HIGHLY ORIENTATED CLAY ZONES OF PEACE
RIVER PRE-GLACIAL CLAY [crossep wicoLs]
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[B] SHARDS [CROSSED NlCOLS]

PLATE IV-6 SHARDS IN LESUEUR BROWN SHALE
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strength developed. Caution is necessary when suggesfing a labor-
atory residual strength from small samples for field failure p1ane§
as long as 2000 feet. The Peace River pre4t111 clay was the only
soil of this study which exhibited high orientation. Plate IV-5 (a)
and (b) show the orientation by crossed nicols. The areas of
greatest orientation exist along the field induced fai1ure.surfa¢es.
These photomicrographs also show the smooth walls of the failure
surface but because only a small portion of the sample was viewed,
the irregular nature of the failure surface is not demonstrated.
Generally, the undisturbed samples possess greater irregul-
arity than the remolded and the remo1ded slightly more irregular
_than the pre-cut sample. An anomaly to the above is the 7.5 obtained
for the remolded Lesueur bentonitic clay shale as compared to 10.0°
and 8.5° for the undisturbed and pre-cut samples, respectively. The
lower remolded angle of friction is a result of the breakdown of
the soil aggregates of the undisturbed soil. In the undisturbed
state, soil aggregates of volcanic debris.(shards) increase the
resistance along the failure plane. Shards were found in the Leéueur
bentonitic clay shale but were not well defined. An excellent
example of volcanic debris was found in the Lesueur broWn shale and-
" is demonstrated by the photomicrographs in Plate IV-6. The large
flakes are examples of shards which convert to montmorillonite part- -
icles when remo1ded. Fundamentally, the remolded soil does not
represent the in situ condition in this case. It is therefore just-
ified to use the undisturbed parameters in stabfTity analyses.

The Mohr envelopes obtained for the Lesueur brown clay
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shale are indefinite because of the extreme scatter which was ex-
perienced. This scatter is attributed to the high organic content
and shard structure.

The results of the tests performed fn this-study indicated
that the residual strength parameters depend upon whether the samplies
are undisturbed, remolded or pre-cut. A general statement of the
relative strength magnitude of the undisturbed, remolded and pre-
cut specimens cannot be made for all soils but rather each soil
must be evaluated individually. The Peace River pre-till clay had
a residual remolded angle of friction s1ightly above the undisturbed.
This phenomenon may be explained by the variation in composition of
 the material but definite evidence was not found. A1l other soils
exhibited remolded strengths less than the undisturbed strength.

Skempton (1964) stated that "test results at present show
almost invariably that residual cbhesion is very éma]], and probany‘
not significantly different from zero". Consequently, it has been
standard procedure by most investigators to assume zero cohesion in
the residual case. It will be shown later in Chapter VI that a
numerically small cohesion (1 to 2 psi) is significant in a stability
analysis and produces significant changes_in the factoerf safety.

Kenney (1967) in his study of the influence of mineralogy
on residual étrength initially tested uﬁdisturbed samples and found
the slip surfacé to be irregular and striated. He stated that the
frregu]arities increased the apparent strengthsf In order to e1imina§e
this influence he used a pre-cut sample so that results were re-

producible. He aiso found that samples prepared from a slurry gave'
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exactly the same results as the pre-cut samples. It is believed that
Kenney would not be justified in disregarding the higher strengths
of the undisturbed samples when relating to field conditions.

It appears that the action of failure surface irregularities
in clay shales and preconsolidated clays is either disregarded or not
completely understood.

Most clay shales and preconsolidated clays are aniso-
tropic and heterogeneous in their internal strength characteristics
because of bedding and the presence of soil aggregates. Even if
a soil macroscopically has isotropic strength characteristics, it
will probably be composed of different minerals. These minerals will
“vary in their hardness, internal strength, cleavage, and coefficients
of friction. A1l of these inequalities within a soil tend to produce
an irregular shearing surface. In a multi-mineral composed soil,
the failure surface is likely to follow the path qf 1gast~resistance.
For example, it will pass around quartz grains and follow cleavage
directions of mica and feldspar. On a macroscopié scale irregularities
may develop as a result of structural inconsistencies such as soil
aggregates which are harder than the ambient material. These soil
aggregates have been found to be present in the bentonitic soils of
this study (Plate IV-6).

Many investigators in the field of rock mechanics have
reported the presence of failure surface irregularities. Their general
conclusion was that irregularities contribute to strength. Goldstein

et al. (1966) report that the angle of inclination of the irregularities
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are related to the shear strength of_the material. They postulated

that the shear strength along a developed irregular failure plane

was-given by:

= octan (at ¢)

o = normal stress
@ = angle of irregularity to horizontal
¢ = residual angle of shearing resistance of a horizontal

surface

Goldstein performed tests on fissured rock surfaces and concluded
that the residual angle of shearing resistance of undisturbed ‘
rock samples was similar to that along fissures.

DeBeer (1967) found that for Boom clay, the undisturbed
residua1 angle of internal friction, at a strain rate of .4 mm. per'
hour, was 249 20' and the pre-cut angle was 19° 20'; this is a decrease
of 5°. The peak angle of internal friction was also 249 20' as determ-
ined in the torsion ring apparatus. He did not suggest reasons for
the drop but testing technique may be inherent in the results. It is’
also of interest that the undisturbed residual is similar to the peak
angle of internal friction.

It is concluded that the undisturbed residual strength is
higher than the pre-cut residual strength because of the presence of
irregularities. It iS the author's opinion that the undisturbed
laboratory strength is the most representative of the field conditions.

This is substantiated by the visual inspection of the natural slicken-
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sides which existed in the Peace River pre-till clay. The irregular-
ities along the direct shear undisturbéd failure surface were similar
in magnitude to those of the slickensides, approximately one-quarter
inch in height. Although sample size effects are normally significant
when comparing laboratory and field strength results, this may not Be
true when the strength variation is only dependent upon the irregular-
ities of a developed shear surface. Therefore, if the irregularities
in the laboratory undisturbed test are similar to those in the field
the résistance to shear should be similar in both cases. The

maximum size of laboratory irregularities is no doubt restricted but
jarger field irregularities may form.

The 1imited thin section study indicated that remolded
material was present in the fai]ure-surface of undisturbed specimens
which had been sheared to the residual strength. The orientation
of the remolded soil was similar to that of the ambient material.
Therefore, it has been shown that remolded soil occurs along the
failure plane but the shear strength properties are not the same
as for samples prepared from completely remolded soil. This means
that remolding along the failure plane does not justify the use of
the remolded strength.

(c) Factors Affecting Residual Strength

A correlation presentéd by Skempton (1964) showed that
residual strength decreased with clay fraction and it has been
generally held that the amount of clay in a natural sample was the

major factor governing the magnitude of the residual strength.
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Kenney (1967) explored the influence of mineralogy on re-
sidﬁa] strength and concluded that it was the controlling factor.

The results of Skempton and Kenney are plotted along with
those of this study in Figure IV-2. The plot is that of per cent
clay fraction versus undisturbed residual angle of friction. Con- |
sidering all materfa1s, a poor fe1ationship exists, but Skempton's
~ points along with those of this study appear to establish a trend
such that clay fraction could be used to estimate the residual
angle. The Lesueur brown shale probably deviates from the trend
as a result of its high organic content.

Figures IV-3, IV-4, IV-5, and IV-6 include residual
strength results of Kenney and those summarized in Table I11-4
plotted against per cent montmoriTionite of the clay fraction,
per cent.montmori11onite of the total sample, activity, and liquid
Timit, respectively. A Qenera1 decrease in residual strength was
noted for a decrease in the variables except for the activity which
increases. The plot of liquid limit versus resfdua1 angle indicates
that soils with 1iquid limits greater than 75 Wil]_possess residual
angles of shearing resistance less than 10 degrees. The plot of
per cent montmorillonite of the total sample versus residual angle
indicates that materials containing more than 20 per cent mont-
morillonite will exhibit residual angles of 10 degrees or less.
The activity plot indicates that stiff clays and shales will possess
residual angles of 10 degrees or tess if the activity is greater

than .7. The plot of per cent montmorillonite based on clay fraction
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represents the least reliable indicator for the residual strength
angle. | -

Although Kenney (1967) has shown in his study of natural
soils and minerals that mineralogica] composition is the primary
controlling factor the pred1ct1on of'residhaI strength angles can
_be made. w1th as great a re11ab111ty us1ng the 1iquid limit or the
| activity of the material. The natura] mater1a1s contain an assort-
ment of minera]s-wﬁose’cbmb1ned,propert1e$ are reflected in the
1iquid limit, whereas the per cent montmbri11onite_doe$'ﬁot consider
the effects of other minerals. o |

0f interest is Figure IV-7 in which both or191na1 dry
density and total density are plotted versus the und1sturbed re-
sidual angle of friction. In both cases a well established ré-_‘
lationship of increasing residual strength with increasing denéfty
is 1nd1cated Figure IV-8 which 1s a plot of density versus per
cent montmorillonite indicates that as density increases the mont-
morillonite content decreases. Therefore, the effect of density
on residual strength caﬁ perhaps be related to mineralogical content.
(d) Effect of Normal Stress on Internal Friction

The curvature of the Mohr envelope or decrease in internal
friction angle with increasing normal stress is commonly encountered
in porous materials %nc]uding concrete, rock and soil. The Dunvegan
pre-till clay exhibited this phenomenon. The peak angle of internal
friction was found to be 21.5° for normal stresses beTow 100 psi.

At 237 psi the friction angle decreased to 13 degrees, which is
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comparable to the residual angle of friction. Because this study
has indicated that the residual strength is influenced by the'magnf
jtude of irregularities along the failure plane, and that normal
stress affects shear strength, a review of available literature was
maﬂe to ascertain the possible re]ationshfp between irregularities,
normal stress and shear strength.

Terzagh1 (1962) reviewed tests performed on marble by
Ros and E1ch1nger in wh1ch a drop from 40° at a normal stress of
100 kg. per sq. cm. to 25° at 1000 kg. per_sq§ cm. was obtained.
He postulated that the decrease resulted becadse an increase of
the normal stress was associated with an increase in the number of
failures across grains. This reduced the resistance againét =
sliding because of the interlock reduction between'grains. |

Ripley and Lee (1961) found from sliding tests on rock
surfaces that higher angles of internal friction were obtained due
to the sliding block having to slide up rough projections. The
increase in angle of internal friction due to “r1d1ng up" on the
~ rough projections amounted to from 10° to 18°. w1th regard to curved
envelopes the "riding up" is probably reduced_at high stresses and
shearing through particles or groups of particles occurs with
subsequent reductiOn»in the angle of interné1 friction.

Henkel g;!gl, (1964) in testing granulite for Monar Dam
“also found that it was necessary to shear through small projections.
In all cases the onset of relative displacement across the joint was
associated with an upward movement of the shear box indicating a

"riding up" on discontinuities.
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Deklotz et al. (1966) investigated the shear strength of
an anisotropic schistose gnetss. Ot sionificance was'the vartation |
in the angle of internal friction from 17° to 23° at a normal- stress
of 24,000 psi for various orientations. Curved envelopes were noted
to be affected by the anistropic nature of the material. This again
perhaps indicated the effect of structure on the Mohr envelope.

Terzagh1 (1945) out]ined fa11ure components of quasi-
1sotrop1c mater1a1s 1nc1ud1ng concrete, porce]a1n and rock He
.‘_conc1uded thatﬂfil1ure can be resolved into one or more components
including:

(1) Failure by tension in the bond between grains.

‘(2)'Fai1ure by tension across grains.

’-(3) Failure by shear in the bond between grains.

(4) Fai1ure by shear across grains.

: At high pressures the shear occurs almost exc1us1ve1y nithin the
gralns. Consequent]y, there is definite ev1dence that as the normal
stress 1ncreases a change occurs 1n the mode of failure. Terzaghi
also comments on uneven failure surfaces. The humps with the steepest
slopes nil] fail by shear across the hump, and the resistance against
such affai]ure is independent of the normal stress. But the majority
of the humps will be overriden. Because displacement is along slopes
of gent1e.humps the direction of movement deviates from the horizontal
direction of the direct shear test. With increasing pressure an
increasing percentage of the total area of shear cuts across grains.

Therefore, the rate of increase of the shearing resistance decreases
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with increasing normal p}essure and a curved enve16pe results.

Richart et al. (1928) found for concrete and from tests
on marble by Karman' that sliding failure at the lower loads was
dependent upon the normal stress and was largely between crystals
while at very high pressures it depended upon shearing stress only
and was largely failure within the crystals.

Lane and Heck (1964) suggest that the angle of internal friction
may be a maximum at low pressures and reduces as the points of rock |
crystals are sheared off. This is again interpreted to produce a
broken line type of Mohr's envelope. _

Most of the above feferences which postulate change in
mode of failure or structural considerations were based on natural
materials in which individual variables could not be isolated.

Recent work by Patton (1966) included the detailed investigation of
the effect of geometry of jrregularities on the shear strength of
rocks. Patton investigated-severai natural slopes and concluded that
there are two poss1b1e modes of failure.including sliding over or
shearing off of jrregularities. In order to investigate the various
parameters of importance he precast plaster of paris samples and
subjected them to direct shear. The main cbnc]usioﬁs of Patton's
investigations which are pertinent to this d1scuss1on include:

(1) The inclination of the primary port1on of the failure enve]opes
for specimens with inclined teeth was similar to (¢r + i).

Where,'¢r = residual angle along a horizontal surface and i = angle

of inclination of inclined teeth with the horizontal.
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Failure of the steeper teeth-occurred at lower normal
stresses because the cross sectional area of the intact material
is Jess than for flatter teeth. The secondary portion corresponded
to ¢, being independent of the peak envelope.

(2) Doubling the number of teeth doubled the vertical distance
between the secondary portionmof the maximum strength envelope

and the residual envelope.

(3) Increasing the strength increased the secondary portion of

the failure envelope relative to the residual. On high strength
specimens it was found that specimens with four teeth often gave
failure envelopes that were only slightly greater than the envelopes
for the specimens with two teeth. This was 1nterpreted‘as evidence
of progressive failure.

(4) Specimens with an jrregular surface wdu]d be expected to have
different failure envelopes in each direction.

" 1t appears that the phenomenon which is reported frequently
in rock meéhanics and concrete literature is the change in mode of
failure criteria such that failure changes fmom between particTes‘to
intraparticle faflure at‘high stresses. | |

Most of the literature pertains to materiéls_other than
clays or even shales with regard to curvilinear envelopes. It is of
interest that Skempton (196i) refers to curved envelopes for rock,
concrete and sand but it appears that examples of curved envelopes
for clay were absent.

Curved envelopes on London Clay are presented by Bishop
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et al. (1965) on undisturbed and remolded specimens. The change in
angle of internal friction for undisturbed samples was from 30° to 10°
| and for the remolded from 16° to 10°. The envelopes are curved up to
sfresses of 350 psi and the_esiimated preconsolidation load is 600 psi. .
The final internal friction angle was near that of the residual angle
of friction determined by Skemptbn (1964). Bishop states that in the
higher pressure range: the peak of the stress;strain curve is not |
associated with marked dilatancy as in cohesionless soils; though
at 1owér stresses dilatancy occurs. This probably indicates a
greater tendency ét high stresses for particle aggregates to break
down during shear.i '
 Tests on Cretaceous clay shale by Sinclair and Brooker
(1967) indicate a curved envelope with a peak shear angle at high
stresses equal to the residual shear angle. The stress-strain
curves do not appear to indicate a specific change from a brittle
to more ducti]e failure. Positive pore pressures were measured
in all cases with increasing confining pressure. Dilatancy effects
were not indicated at low stresses but, of course, thé actual condi-
tions existing along the failure surface were unknown. The envel-
opes are curved up to approximately 150 psi and at higher stresses
the residual angle is duplicated. ‘The:preconSOTidation Toad of
these materials has been estimated to be in excess of 800 psi.
Patton (1966) in his app]fcation of change in mode of

failure to rocks noted that the curvi1ine$r envelope was typical for
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such brittle materials as rock and concrete. He concluded that
because examples were not found for curvéd envelopes on soft shales
and clay that his concept did not apply. His conclusion of appli-
cability of the change in mode of failure would Tikely be changed

if the above two references by Bishop et al. (1965) and Sinclair and
Brooker (1967) had been available to him.

There is definite evidence that a change in mode of
failure is at least partially responsible for the decrease in angle
of internal friction as the normal stress increaséé. ‘Many dense
materials such as preconsolidated clays and ciay shales undergq
initial expansion upon application of shear stress. This dilatant
effect has been postulated by Bishop (]966) as an explanation for the
curvilinear envelopes. It is 1ikely that more than one phenomenon 1s
involved.

In order to determine the irregu]érities which are developed,
two thin sections were made of Dunvegan clay sheared to the peak
stress at normal stresses of 37 psi and 237 psi. Because the failure
surfaces were difficult to define sketches were obtained from a
microscopic stﬁdy of the thin sections. These sketches are sHown in
Figure IV-9. Genera]]y; the failure plane at 237 p§i was better
defined and was less irregular than the one at 37 psi. The failure
plane at 37 psi was only defined near the edges of the sample and
appeared to be widespread along paths of least resistance.

This investigation and the literature review indicate that
irregularities result in a possible change in mode of failure depend-

ent upon the normal stress level. This subject will prove worthy
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TOP

[A] FAILURE PLANE FOR NORMAL STRESS OF 237 PSI

[ENLARGED 2.6 'nmes]

TOP

—

[B] FAILURE PLANE FOR NORMAL STRESS AT 37 PSI

[ENLARGED 2,6 TIMES]

FIGURE 1V-9 FAILURE PLANES FOR DUNVEGAN CLAY AT
TWO NORMAL STRESSES
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of future research.

Because the higher residual strength of undisturbed ‘
samples as compared to pre-cut samples is attributed to the presence
of irregularities, a decrease in residual angle of friction would
be expected. That is, as the normal stress increases . the magnitude
of the irregularities decreases and the residual envelope should
become curvilinear. This phenomenon was not observed in this study,
but Kenney(1967) reports that for layer lattice soils a definite
decrease in the residual angle of shearing résistance was noted.

He did not provide an explanation but it may have far reaching impli-
cations. Shouldice (1963) reports evidence of s]iding along a bento-
nitic seam inclined at 2° to the horizontal and beneath 1100 feet of
overburden. A decrease in angle of internal frictibn with increasing

normal stress would account for this action.

4.3 DIRECT SHEAR TESTING TECHNIQUE

The direct shear reversing technique (Skempton, 1964)
was uti]izéd for determination of the residual and peak strength
parameters. The reversing technique does not simulate the conditions
in an actual slide where disb]acement js in one direction. Never-
theless, the test allows the peak shear strength to drop Fo a residual .
value. Worthy of research would be a comparison between the reversing
direct shear test and a ring shear test where displacement is in one
direction and area does nét change;

In this study a displacement of .12 inches was allowed

in the forward and reverse direction. This relatively small displace-
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menf of the 2 inch diameter shear box produced only a small change
in area. If large displacements are allowed to occur, the area cor-
vection becomes large and the magnitude of the stresses is question-
able. The average area of 4.66 sq. in. was arbitarily employed in
calculating both the normal and shear stresses. This area is the
average of the initial area and that when the shear box has under-
gone .12 inches displacement.

One disadvantage of using a small displacement arises
when determining the peak parameters. The soils investigatéd in this
study do not exhibit a brittle failure and consequently the peak
stress becomes difficu]t.to define as the shear stresé increases
slightly up to maximum displacement.

A phenomenon which occurred for several residual tests

was a different shear stress-displacement curve for the forward and
| reverse directions. Although the reason for this is unknown, various
explanations may be postulated. Different failure plane irregularities
may develop in the two directions. According fo Patton (1966) be-
cause irregularities have different inclinations in two directions
the strength will depend upon the shear direction. Bending in the
yoke, which transmits the load to the load cell may result in different
shear stress readings in the two directions. Also, the zero readings
of the load cell changes durinb the test period. In some cases a
compressive or tensile reading remains when the load is.removed.
This may be due to static e]ectricity}or calibration changes in the

load cell. It should be noted that the calibration of the load cell
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was checked several times during the 9 month testing program and no
changes were disclosed. Therefore, because the exact reason for

the two displacement curves is unknown the average was utilized.
Perhaps the average is justified on'the basis that the two directions
gave the greatest differénce when high normal loads vere applied.

If this difference is a result of greater bending siresses in the
loading yoke a machine error is apparent.

The direction of shear which gave the highest residual
strength was variable and did not depend upon the initial direction
of shear.disp1acement. '

Tests performed on Ottawa sand at vakious normal loads
resulted in higher readings in the tension direction. At normal
loads of 104 psi and 237 psi the tension dfrection was higher than
the compression by 5 per cent and 8 per cent, respectively. Apparent
cohesion was not found with the Ottawa sand. Therefore, machine error
is disregérded as a cause of the residual cohesion found for the
jntact clay shale samples. .

During the entire testing program vertical LVDT readings
were obtained which indicated without exception, that.downward'
~ vertical movement wa§ présent. Thjs movement was gréater than that
during primary consolidation and is attributed to soil Toss during
shear. The vertical LVDT placed at the centre‘of'the 1oadin§ yoke
generally disclosed a slight upward movement as the sheaf box appr;
oached its maximum movement in each direction. This is a result
of soil accumulation near the edges of the box. Although relative

vertical movements occurred along each cycle, the Toading head was
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lower after each cycle. The vertical displacements were merely
caused by the test procedure and were not indicative of the prop-

erties of the soil.

4.4 EFFECT OF STRAIN RATE ON STRENGTH

Both Skempton (1964) and Kenney (1967) have stated that
strain rate has little effect upon the residual strength of both
natural soils and minerals using the reverse shear box procedure.
DeBeer (1967), contrary to Skempton and Kenney, observed a tendency
for tests at higher rates of deformation to give lower residual
strengths and attributed this to the reforming of bonds at lower
rates of deformation. DeBeer used a torsion ring apparatus and
found for Boom clay, a stiff fissured clay, fhat the residual angle
of friction was 24° 20' at a strain rate of .4 mm. per hour (2.4 in.
per day) and 19° 20' at a strain rate of 2.1 mm. per hour (12 in. per
day). These discrepancies may be é question of.testing technique.
Research comparing alternative methods is of immediate interest.

Horn and Deere (1962) report that increases in strain
rate for mica from .7 to 6.0 in. per min. resulted in a 12 per cent
increase in the frictional resistance under oven-dried/ air-equilibr-
ated conditioné and 28 per cent under saturated conditions. For
massive minerals no effect of strain rate on strength was noted.
Their study indicated that the mineralogical content is significant
when considering strain rate effects.

Most of the residual Strengfh tests in this study were

performed at a strain rate of 2.76 in. per day (2 hours per cycle).
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_Figure_IV-]O shows that for Dunvegan clay at a normal stress of 104
psi an increase in strength of 8 per cent was obtained when the strain
rate was increased from 1.38 in. per day (4 hbufs per cycle) to 34.56
in. per day (10 minutes per cycle). The higher strain rate and shear
strength is consistent with the normal phenomenon for porous'materia1s
but is inconsistent with the results found by DeBeer. Consequently,
an increase in strain rate of 25 times resuited in a 8 per cent higher
residual strength. Another test performed at a strain rate of .11 in.
per day did not indicate a significant decreaée in shear strength

from the 1.38 in. per day rate. in order to reach the residual
strength some 40 cycles were often required. Commonly an approach
was used in which several cycles were obtained at rapid rates as high
as 69.1 in per day (5 minutes per cycle) and then tﬁe slower rate of
2.76 in. per day (2 hours per cycle) was used to measure the lower

residual strength.

4.5 CONSOLIDATION TEST RESULTS

Consolidation tests were principally performed on the slide
materials to determine the range of coefficients of permeability in
order t§ estimate peak strain rates. The tfme for 100 per cent consoli-
. dation varied from 8 minutes for the Dunvegan clay to 1000 minutes for
the bentonitic clay shale at pressure ranges of 2 to 4 tons per sq. ft.
The coefficients of permeab111ty for the Dunvegan clay, Peace River
pre-till.  clay and Lesueur bentonitic clay shale were 1.67 X 10

1.66 x 10'8, and 1.58 x 10° 9 cm/sec., respectively.
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A practical rate of strain consistent with the time re-
quired for 100 per cent consolidation was selected. A rate of .111
inches per day was used to shear all soils to the peak strength.
This rate is also similar to thé range .039 to .195 inches per day
reported by Sinclair and Brooker (1967) on similar soi]s.'

The bentonitic soils with low permeability necessitate the
use of a piezometer possessing a rapid response time in order to
obtain ﬁeaningful readings.

The preconsolidation pressures indicated by the consolidation
tests are questionable. Pressures from 2 to 12 tons per sq.'ft.

. were indicated but the curvature of the e log p curves was

difficult to interpret.



CHAPTER V
DESCRIPTION AND ANALYSIS OF SLIDES IN THE PEACE RIVER AREA

5.1 BEDROCK GEOLOGY OF PEACE RIVER AREA

The Peace River district is underlain by a series of
marine and non-marine sandstones and shales of Cretaceous age.

surficial deposits consisting of'ti11, sands, gravels
and lacustrine silts and clays cover most of the bedrock with
thicknesses ranging from a few to several hundred feet. Generally,
the surficial deposits thin towards upland areas and are thickest
in the valleys (Jones, 1966).

Most of the Cretaceous strata are quite soft and tend
to slump quite readily, the disturbed and slumped material commonly
obscuring.true bedrock crop outs; however, many exposures of
bedrock are present along the river valleys of the area and along
the upland margins. | ‘ |

The Cretaceous strata of most interest in the area are
those cropping out near‘river levels including: the DunVegan Form-
ation, Shaftesbury Formation and Peace River Formation. The Shaftes-
bury and Peace'Rivef Formations belong to the much larger Forf St.
John Group. The Fort St. John shale was deposited as clay and silty
clay during Lower Cretaceous times in an alluvial plain built out
into a shallow northern sea which spread southward from the Arctic

77
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Ocean to Southern Alberta. At a later date, during Upper Cretaceous
times this northern sea spread and joined with a northward extension
of the Gulf of Mexico to form a great interior sea, dividing the
continent.  Sediments continued to be dehosited unt%] Upper Cret-
aceous times when the marginal alluvial plains rose-above sea level.
Several thousand feet of sediments accumulated above the clay and
silty clay of the Fort St. John Group compacting them into an
extremely dense materia] of low water content. Cementation did not:
occur so that the effects of compaction resulting from the intense
overburden loading are not permanent. The shale disintegrates
rapidly into a clay when the overburden loading is reduced and the
shale has access to water. .

The Tlowermost Cretaceous strata exposed along the Peace
River are the sandstones and shales of the Peace River Formation
which crop out along thé Peace River near the water level from just
South of Peace River town northward. This unit is recognizable in
the subsurface from electric logs and extends eastward from the

vAlberta-British'601umbia boundary to Lesser Slave Lake. The upper
member of the Peace River Formation is composed mainly of sandstone.
(Alberta Society of Petroleum Geologists, 1964)

The Shaftésbury Formation is composed of a series of
marine shale and silty shale beds that overlie the Peace River Form-
ation and underlie the Duﬁvegan Fofmation. Rocks of the Shaftesbury
Formation crop out mainly along the Smoky and Peace Rivers. The

Shaftesbury Formation is divided into two members, the lower member
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‘comprised mainly of thihly bedded fissile shales with at least three
fish-scale zones in the upper part and the upper membef conSisting
of silty and sandy shales relatively free of fish scales. The
boundary between the Upper and Léwer Cretaceous bedrock is commonly
taken as the base of the fish-scale sand bed. Many geologists re-
gard the top of the Shaftesbury Formation as the division between
Upper and Lower Cretaceous. The uppermost part of the formation
becomes silty to sandy with minute carbonaceous fraéments; and
js transitional into the overlying non-marine Dunvegan sandstone.

The Dunvegan Formation consists mainly of fresh-water
sandstones and shales cropping out prominently on the north side of
the Peace River at Dunvegan Crossing. The sandstoqes and shales

of the Dunvegan Formation crop out along both sides of the Peace
River from the Alberta-British Columbia border downstream to beyond
Dunvegan Crossing and also on the Smoky River as far upstream as
Watino. The strata consist of an alternating series of sandstones
and shales with all gradations between these two types of strata.

- Some of the beds are over fifty feet thick. Sandstones are more
prevalent in the middle bart of the fﬁrmation while sﬁa1es pre-
dominate in the upper and lower parts. The_sandstoﬁes‘are usually
fine-grained, crossbedded and massive, light grey to buff in color,
and varied hardness. The harder phases ére usually confined to the
thicker massive sandstones and are dark green on fresh surfaces.

During the erosion of these sandstones along the valley crop outs;

the harder phases often weather out as large spherical masses up
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to ten feet in diameter, a feature common to Upper Cretaceous sandstones
in-many parts of the footrj1ls of Alberta. The large blocks are not
concretions but appear to be centres which have undergone greater
cementation. The shale phases vary from siltstones to thin bedded
dark grey shales. |

The Dunvegan sandstones in Alberta represent the outer margins
of a Cretaceous delta built out as a broad apron sk1rt1ng an upland
centering on the southern Mackenzie mountains and the Cassiar moun-

tains of Northern British Co1embia.

5.2 RECENT ADVANCES IN FIELD INVESTIGATION OF SLIDES

The case histories cited in this thesis demonstrate pre-
vious unsuccessful elucidation of slide failures in clay shales. |
The unrelenting utilization of peak strengths has been justified by
erroneously high piezometer levels. The inability to recognize
perched water tables has been a major.contributor to the acceptance
of high piezometric levels. The use of piezometers with long
response times has proven unsatisfactory in hany highly impermeable
soils, particularly in the YWestern Canadian landslides (Brooker and
Lindberg, 1965). The use of the pressure transducer as the major
component of a piezometer has provided a short response time for use
in clay shales. The transducer piezometer as developed jointly by the

University of Alberta and the Geological Survey of Canada (Scott and
Breoker, 1968) has proven to provide reliable data on piezometric

levels. The obtainability of reliable field piezometric data now
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allows the employment of effective stress concepts with greater ‘
accuracy.

Another major adversity has been the inability to obtain
and retain undisturbed samples of clay shales and preconsolidated
clays. The use of conventional drive and push sampling procedures
in clay shales had been unsatisfactory due to the hardness of the
soils. The standard rock coring methods have also been more or
less unsuccessful because of extensive disturbance or loss of
samples. The emp]oymenf,of a Pitcher sampler developed by the
Geological Survey of Canada has provided excellent samples for
laboratory study. Fundamentally, the sampler comprises a cutting
bit attached to an outer rotating barrel which follows a variable
distance behind a sample tube. The sampTe tube is advanced by
application of hydraulic pressure up to 600 psi. Construction and
operation of the Pitcher sampler is given by the Department of
Civil Engineering, University of Alberta (1968).

The above two innovations have increased the accuracy
of collecting field data. In this study both the transducer piezo-

meter and the Pitcher sampler were utilized.

5.3 TAYLOR B.C. SLIDE

(a) Detailed Geology of Taylor Flat B.C.
Taylor Flat is a semi-circular high level gravel terrace
about 200 feet above the Peace River (Figure v-1). It was formed

by erosion by the Peace River subsequent to the last ice age. .The
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uplands about 2 miles from the north anchoragé of the Algska Highway
Bridge extend several hundfed feet above Taylor Flat. At the time thé
bridge was bui}t in 1942 the main stream of the Peace River was
flowing along the south shore but by 1949 it had shifted so it was
attacking the north bank. The slope from fhe south bank of the river
to the uplands is extremely flat and irregular. The north bank of
the river at the location of the bridge site is generally steep with
slopes of about 1 verti;a1 to 1.5 horizontal with the high level
terrace at about elevation 1510 and the river at about elevation 1320.
However, a small low level terrace about 30 feet above the river
interrupts this slope at Taylor Flat (Mathews, 1963).

The cropping out of the shale exposed along the north
bank of the river be]ongé to the Shaftesbury Formation of Lower
Cretaceous age (McLearn and Kindle, 1950). This shale extends
from several thousand feet below the river to about 100 feet above
it and is. overlain by up to 100 feet of sand and gravel deposited by
the river. In the upland areas the shale is overlain by the Dunvegan
Formation of Upper Cretaceous age, which is in turn capped by glacial
materials. '

Prior to Pleistocene time a Eiver occﬁpied the approximate
channel of the present Peace River and the old river valley was wide
with fairly gentle slopes to the upland surface. During Pleistocene
time this old valley was filléd with glacial drift and glacial lake
deposits. Following the disappearance of the jce, the present river
began to excavate the glacial materials and today has succeeded over
parts of .its course in establishing itself more or less in its old

channel.
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(b) Soil and Br1dge Movements Prior to Landslide October, 1957

The data prev1ous to the present study was obta1ned from
reports by Hardy (1963) and (1966), Moran et gl_(]958) and the
Master of Science thesis by Brooker (1958). :

The bridge at Taylor Flat was completed in 1943 as part of
the Alaska Highway System.

In 1949 the north pier was underpinned, having suffered
severe scour by river erosion. In 1952 it was suspected that the
bridge had lost some of its camber and there Qas evidence that the
north anchor had moved horizontally by about 3 inchee; In September,
1957 there was visual evideece of further movement of the anchor
block and a check survey was run in eerly OctoBer. This indicated .
a shift southward of 1.08 feet and a definite shift westward of
0.25 feet of the top of the north cable bent from 1952 to 1957.
During the same period the north anchor block showed a tilting
with a poss1b1e horizontal movement southward of 1.6 feet. From
September, 1957 to October 8, 1957, a total settlement of 18 inches
occurred in the approach fill to the north anchorage. The north
span of the bridge collapsed at 12:40 P‘M. 0ctober 16, 1957.

Surface run-off from about two square miles north of the
bridge collected in the road ditches and discharged over the bank
on either side of the anchor block and ran freely into holes at the
corners, this indicated the possibie existence of a void. The tote1
precipitation during 1957 was about 80% above the average for the 35
years.for which records were available and about 70% of this occurred

during the summer months. in 1957. This would have the effect of
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further aggravating the stability conditions.

The landslide extended approximately 450 feet east of
the centerline of the bridge and 630 feet west. The maximum distance
from the landward edge of the slide to the waters edge of the slide
was approximately 450 feet.
(c) Previous Field Invest1gat1ons and Subsoil Stratigraphy

A zone of pulverized or fractured clayey shale was found at
about elevation 1290. The water contents in this zone were
genera11y about 25 per cent and were substantially higher than the '
water contents of the immediately overlying and underlying shale.
It was assumed that this zone represeﬁted the base of sliding
of the landslide which occurred in October, 1957, although only a
few reliable observations were méde (Hardy, 1966).

0f particular significance is the fact that previous to
the erection of the bridge in 1943 a spring existed just east of
the location of the anchor block. Zones of seepage had been mapped
200 feet east of the north anchorage at elevation 1440 and 500 feet
west at elevation 1400. Consequently, strong evidence appeared to
exist that a ground water table was near the surface at the north
anchor block. This water was probably seepage from the perched water
tabie in the gravel on the high terrace. |

The soils from the top of the bank on the high terrace,
elevation 1510 to about elevation 1420, consist of grave] and sand
with traces of clay. Beneath approx1mate1y elevation 1420 to

~ depths far beyond river bottom, the bedrock consists of shales and
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and soils derived from weathered shale. In some instances the upper
part of the shale was weathered into a soft c1ayQ The Tow terrace
about 30 feet above the river, af about e1evatioﬁ 1350, generally
consists of a variable thickness of surface gravel gnd'sand over-
1ying shale and soil derived from fhe weathering shale. The shale
below approximately elevation 1270 to 1280, about 50 to 80 feet below
the low terrace, is relatively unweathered. It is dark grey to
black, horizontally bedded, hard and has natural water contents of

3 to 9 per cent. Certain weathered zones.have reverted to a soft

clay and natural water contents are as high as 20 to 30 percent.

(d) Previous Laboratory Tests

The results of Atterberg Tiquid and plastic Timit tests
indicated.that the sha1e and clay derived from weathéring of the
shale were inorganic, silty and Tow plastic. The liquid Timits
varied from 26 to 48 per cent and §1asticity indices from 8 to 24.
The results of mechanical analysis indicated that the percentage of
clay sizes was low and that the shale consisted of 40 to 70 per
cent silt sizes with some sand.

Slaking tests performed on the shale produced extremely
rapid decomposition which indicated that the shale was formed by
compaction without cementation_under-the weight;of overlying sediments.-

Some shale samples exhibited more weathering than others.
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Consolidation tests indicated that continued weathering
affected the structure of the shale and the indicated preconsdlidation
load was progressively reduced. Cdmpressive indices of .20 were
’found, implying that the shale was only slfghtly.compressible.

The shear strength of the clayey shale was determined
by hnconfined compression and triaxial compression shear tests.

The triaxial compression tests included consp]idated~quick tests,
quick tests, and sTow te;ts. Pore pressures were measured in two

of the consolidated quick tests to give effective stress results along
with the slow tests. It was found that the shear strength of samples
having natural water contents less than 10 per cent waS so high that
such materials were unlikely to have participated in the landslide
of 1957 (¥oran et al. 1958). The pompressiVe strength of samples
having water contenfs greater than 10 per cént was variable, ranging
from values as low as .5 tons per sq. foot to a maximum of 5.6 tons
per sq. foot. The degree of.weathéring and fissuring‘of individual
samples may have produced the strength data scatter.

The péék angle of intérnal friction was conc]uded.to be
37 degrees with zero cohesion (Moran gg.gl. f958)} The degree of
saturation for the many samples varied from 74 to 95 per cent and
moisture content varied from 9.8 to 33 per cent.

Three triaxial tests performed by Brooker (1958) indi-
cated an effective peak angle of internal friction of 30.6 degrees

and cohesion of 0.75 tons per square foot.
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(e) Previous Stab111ty Analyses

A Phi-circle analysis on the section a1ong the bridge-
center line was performed by Brooker (1958) and the water level was’
assumed to fill a nearly vertical crack behind the anchor block.
The analysis indicated that an internal angle of friction of 15.6
degrees was required for a factor of safety of 1.0. A sliding wedge
analysis was concluded to best fit the actual physical cond1t1ons
in the field. From a wedge ana1ysis and from the assumption that the
ground water level was at the level of the base of the anchor block
and as indicated by test holes in the Tower s11de area, a friction
angle of 11.1 degrees was found to be necessary for a factor of -
safety of 1.0. If the ground water Tevel was assumed at the top of
the anchor block a friction angle of 18.2° was required for a factqr
~of safety of 1.0. If it was assumed that the ang]e of internal
friction was 30.6 degrees and water table at the base of the anchor,
an excess hydrostatic head of 76.4 feet above static ground water |
Jevel was required for a factor of ‘safety of 1.0. If the ground water
level was assumed at the top of the anchor, an excess head of 41.5
feet was required for instabi]ity

Because the geometry of: the sl1de would not allow the
high excess hydrostat1c pressures to ex1st, it must be concluded
that the actual angle of internal friction which was mobilized was
much less than 30.6 degrees. .

Two Timiting types of stability analyses were performed
by Moran et al. (1958). They included the ¢ = 0 analysis where the

shear strength was assumed independent of the stress on the failure
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plane and the C = 0 analysis in which the soils were assumed to be
frictional materials and any cohesion had been destroyed during
straining. The ¢ = 0 analysis indicated that the average shear
strength, or cohesion of the shale at the time of failure probably
was about 1.7 kips per équare feet for the most 1ike1y ground water
conditions existing at the time of failure; example, elevation 1338
at the anchorage and e]evation 1320 at the rivers edge. This corres-
ponds to a compressive strength of 3.4 kips per square foot. The

¢ = 0 analysis was performed assuming a slow or effective angle of
jnternal friction of 37 degrees. The results indicated that the
water pressure on a failure plane at elevation 1290 at the time

of the landslide corresponded to an average head at elevation 1362
and 1381, for assumed ground water levels at the anchorage of 1423
and 1338, respectively. Of courée, both average water table aséump-
tions were above the ground surface.

" The results of the ¢'= 0 and C = 0 analyses indicated
that the laboratory strength data available was incompatible with
field behavior and gave a factor of safety greater than one for the
slide. |

A wedge.ana1y3is performed by Sinciair g;lgl.(1966),
similar to that reported by Brooker (1958), produced a factor of
safety of 1.0 using an assumed residual angle of friction of 22
degrees and placing the piezometric water level at the bottom of

the north edge of the anchor block.
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(f) Study Field Investigation of Taylor Slide

Water levels measured during the summer of 1967 indicated
levels generally: consistent with the bottom of fhe gravel layer.
These levels were similar to those reported at the time of the slide
in 1957.

In order to recover undisturbed samples of the clay shale,
it was necessary.to penetrate 30 feet of gravel and sand. It was
found impossible to p]ace casing by conventional means using a
Failing 1500 rotary drill. Consequently, the cost of obtaining
samples proved to be prohibitive. It was fortunate that a fresh
cut had been made in the clay shalé slope. Although the drilling rig
could not be advanced to the area, it was possible to obtain a
partially weathered sample of clay shale. This block sample was
utilized to obtain residual strength envelopes for the "undisturbed”
and remo]ded cases.

(g) Computer Analysis of Taylor S11de

The pertinent data essential for analysis of the slide
is summarized in the following paragraphs:

(i) The failure plane was located horizontal at elevation 1290
in the Shaftesbuny clay shale. Evidence for the failure plane was
based on a zone of pulverized shale.

(i1) The piezometric head was based on water levels in test holes
drilled following the movement in 1957 and was found to be located
at fhe bottdm of the lower terrace gravel layer. The river Tevel .
existed at 1320 and placing the water table at the base of the graveT

at the north edge of the anchor resulted in a biezometfic level near



- 90

elevation 1340. It is probably justified to embloy‘a piezometric
head slightly above that indicated by post-slide water levels
because of the volume of runoff which entered the slide area prior
. to the slide. | v | |
(ii1) The undsiturbed residual angle of shearing resistance was
found to be 16.1 degrees with residual cohesion;of 1.6 psi and the
remolded residual angle was 15.2 degrees with zero cohesion.

The péak angle of shearing resistance was previously
found to vary between 30 and 37 degrees. It will be shown that
peak parameters were not app11cab1e |
(iv) The selection of a scarp angle was found to be arb1tary
because of the limited information relative to its Tocation. Evidence
was given that a vertical crack appeared behind the anchor block
immediately prior.to the landslide. |

Various scarp surfaces were analyzed to disclose the
sensjtivity of tﬁe ana1ysis to the scarp ahg1e.

Tab]é V-1 summarizes the factors of safety obtained from
the computer analyses for the most significant surfaces.

The results of the computer analysis indicated that a
residual angle of friction of 16° on the scarp and horizontal
p1ane resulted 1n a factor of safety of 1.012 when a scarp angle of
65 degrees chang1ng to 45 degrees was assumed as well as a water
table 20 feet above the 1957 level at’the anchor block (Table V-1).
If the failure plane possessed a slope from elevation 1300 at the

anchor block to 1280 at the toe a factor of safety of .988 was
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obtained. Consequently, only slight changes in the factor of safety’
resulted when a sloping failure plane was utilized.

~ When the residual cohesion of 200 pounds per square foot
for th; undisturbed specimens was applied, a factor of safety of
1.158 resulted. With a drop in the failure surface of 20 feet, a
void for 80 feet of the scarp Tength gnd developed cohesion, a
factor of safety of 1.033 was found. Therefore, it has been shown
that slight variations in field interpretﬂtion can justify the use
of the residua1 cohesion. It is 1ike1y that some cohesion was
developed but perhaps less than 200 pounds per square foot.

A residual factor of 1.0 i§ concluded to be applicable
for this slide at the time of’ failure. '

If the peak angle of 1nterna1 fr1ction was employed, a
factor of safety of 3.265 was indicated for the limiting equilibrium
state. | |

The analysis shows that tﬁe factor of safety is insensitiye
.to a- change in f(x), the factor relating the X and E forces.

Recorded movements of the bridge over a 20 year period
indicated that créep was occurring in the slope before the 1957
failure. This creep was taking place under the residual stress.
The change in ground profile subsequent to the slide was oﬁly
slight. The relatively small slope change from pre-slide to post-
slide conditions is indicative of a s11de exhibiting a residual
 factor of 1.0. . In other words, a strength decrease does not occur
as the large movements of the slide take place and only @ slight '

change in slope is necessary to maintain equilibrium.
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‘ The fundamental internal cause of the slide was the decrease
in strength of the clay shale from the peak to the residual. Two
externa] causes for the slide were the river toe erosion and the
above average precipitation. It is postu1ated by the- author that the
immediate cause of the slide was an increase in pore pressure which

transformed a creep movement into a disastrous slide failure.
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5.4 DUNVEGAN SLIDE

(a) Geology of Dunvegan Slide Area

Thé Dunvegan slide occurred along tﬁe S1opes of a pre-
glacial valley in which numerous old landslides are in evidence.
The slide material was composed of a dark grey silty pre-till lake
clay with sand and silt seams. This deposft was "plastered" on the
bedrock walls of the pre-glacial valley. The term l"p\r'e-tiﬂ“ in this |
thesis is used when referring to soils deposited below-glacial till
and which have been subjected to glacial compaction. In geological
terms, the material is classed as "fill1" over the under]yiﬁg Cret-
aceous bedrock. At this site the bedrock is made up of the Dunvegan
Formation. Numerous crop outs of the Dunvegan formation are present
at the mouth of the Dﬁnvegan creék a]oﬁg the Peace River.
(b) History and Mpvemeht of the Dunvegan Slide

Most of the data'obtained on the Dunvegan slide was from
the Alberta Research Council fi]es.and a publication by Hardy et al.
(1962).

The Province of Alberta main Highway Mo. 2 connecting the
City of Grande Pr;irie and the Town of Peace River in Northwestern
Alberta crosses the Peace River at Dunvegan. Between 1958 and 1960,
a new suspension bridge was built at the crossing where the valley of
the Peace River is about 700 feet deep. In order to improve the
grades on the highway out of the valley on the south side a new
locétion was selected along the Dunvegan valley. This is a steep

"coulee" type of valley extending back about seven miles from the
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Peace River and in the bottom of which flows Dunvegan Creek. It was
not possible to locate a satisfactory alignment for a road out of
this valley from the new bridge without crossing old slide areas.

At the site of the slide, the road embankment required
a fi1l with a maximum depth of approximately 100 feet. The con-
struction of this embankment was commenced in the fall of 1958 and - :
a maximum depth of fill of 70 feet was placed before freeze-up.
Construction was continued about May 1, 1959.

On May 19; 1959, cracks were noticed on the ground sur-
face below the new embankment. These became more extensive during
the following four days and on May 23, a rapid movement developed.
The top of _the slide cut through the top of the new roadvembankment
against the napural ground. and initially extended to a toe in a
drainage trench about 12 feet deep being constructed some 900 feet
to the west (Figure V-2). Within a few hours the instability had
extended down the full slope of the-valley to the creek bed, a dis-
tance of about 1600 feet west of the road embankment.

At the crown of the slide, the road grade dropped vertically
about 70 feet. At the north flank of the slide area there was a
vertical displacement of some 30 feet and the toe of the slide filled
the creek to a depth>of about 30 feet. The surface within the slide
area was brbken by a network of cracks as much as 3 feet wide and
extending 20 feet deep. The slide covered an area of about 50 acres
and involved a movement of some four to six million cubic yards of

soil.




97

(c) Previous Field Investigation

Previous to cohstruction of the new highway, some 60 test
holes were drilled extending to depths of from 50 to 150 feet. These
borings showed the 56i1 to be medium to highly plastic dark brown
and dark grey inorganic clays interbedded with silt and silty sand
seams. Of 30 test holes drilled in the immediate slide area, free
N grqund water was observed in 15. These ground water levels ranged
between 12 to 70 feet below the ground surface. There was no con-
sistency found between water levels in adjacent test holes. During
observations preceding the slide, no significant artesian pressures
were recorded.

Standard -penetration !:ests indicated blow counts per foot
: between 30 and.150. Generally, the moisture contents were very near
the plastic Iimit‘(Table v-2).

Following the slide, 60 additional test holes were drilled.
These holes were located adjacent to the slide area and on a pro-
posed realignment. Thesé post-slide test holes indicated similar
soil types to those of tﬁe holes drilled before the slide.

xFo]]owing the slide, a total of 12 Casagrande type‘piezo-
meters was installed in and adjacent to the slide area. These were
placed at depths varying from 20 to 80 feet below the surface. The
majority were-installed at a depth where the moisture content and
'limif profiles showed an increase in liquidity index. Six were placed
at 5ha11ow depths in silty sand in the Tower portion of the slide

area. None of those placed in the pre?ti11 clay showed measurable
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pore pressure. In fact, sehéitivity tests on the piezomefers in the
preg-till clay indicated a permeability 6f,the soil greatly in ex-
cess of that for the intact soil; Hardy gg_gl¥(1962). The loss of
water was assumed to be through fissures in the é]ay. The six piezo-
meters in the silty sand in the lower portion of the slide area showed
some artesian pressure but the magnitudes were not sufficient to .
affect the stability of the slide area.

A number of tpe pre-slide test ho]e§ were cased with gal-
vanized pipe or plastic tubing. Observations were made for movements
in these by probing, commencing on May 1, 1959, and continuing until
the day before the final rapid movement on May 19. Several of these
gave positive indications of the depth of the shear surface developed
in the slide area.

(d) Previous Laboratory Results and Stability Analyses
| TABLE V-2
SUMMARY OF DUNVEGAN SOIL TESTS (102 samples)

Min. Max. Average
Liquid Limit 45 80 50
Plastic Limit 20 30 - 24
Moisture Content 18 30 - 22
g:confined Comp. .87 1.8 4.5
rength T/ft.
Standard Pen. Test 30 150 60

(blows per foot)



Both an infinite slope analysis and a standard slices
method were performed on the slide. The best fit'arc through the
shear surface to the location of the toe in the initial movement
had a radius of about 3,000 feet. Using this arc and the method
of slices gave an aVerage shearing stress of 1,750 psf on the shear
surface. The infinite slope analysis using the average depth to
the shear surface over the entire 1ength of the slide, down to the
toe at the creek gave an average shearing stress of 1,290 psf.

The value of 1,750 psf was considered the more accurate by Hardy

et a1.(1962), since observations at the time .of the failure indicated
a certain amount of progressive failure to the extent that fhe Tower

portion of the slide developed after the formation of the upper toe.

If the computed average shearing stress fs compared with
the average shearing strength (Table V-2) from the unconfined com-
pressive strength tests, a factor of safety of 2.6 is indicated.
Therefore, it was concluded that the method of analysis using un-
drained unconfined compression strength data gave unrealistic re-
sults.

A set of consolidated undrained triaxial compression tests
with pore pressure measurements were performed on sémp]es from a
depth of 75 feet. The natural moisture content of the samples was
30%, liquid limit 80% and the plastic limit was 29%. The effective
stress parameters were ¢-= 21.5 degrees and C = .2 kg./cm2 as re-
ported by Hardy et al.(1962). A1l the pore pressures which were

recorded dUring the triaxial tests were positive.
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Using an infinite slope ana]ysié and considering fully
mobilized effective stress parameters with zero pore pressure, the
factor of safety was found to be 2.81. If the effective stress
parameters were conﬁidered fully mobilized, then the pore pressure
required for a factor of safety of unity was féund to be equal to a
piezometric level 96 feet above the slide surface br 29 feet above
the ground surface. IfAthe cohesion parameter is taken as zero and
zero pore pressure is assumed, the factor of §afety was found to
be 2.50. With the assumption that the cohesion is zero. the required
pore pressure to give a factor of'safety of unity is equal to a
piezometric level 78 feet above the slide surface or 11 feet above
the ground.

The average swelling pressure obtained from the laboratory
"free swell" test was 1.8 tons/sq. ft.. It was postulated that the
swelling pressure reduces the effective-norma1 stress acting on
the failure plane (Hardy gg_glg 1962). Thefefore, if the swelling
pressure of 1.8 tons/sq. ft. is subtracted from the effective normal
stress the factor of safety was found to be 0.97. It is noted however,
that constant volume swelling tests gave swelling pressures in the
order of 0.6 tons/sq.ft. '

Stabilization of the Dunvegan slide was accomplished by
.extendiné a toe across the creek at the lower end of the slide with
a culvert to carry the fldw. The highway grade was also changed so

that only a cut section was present above the slide area.
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(e) Study Field Investigation of Dunvegan Slide.

| During the current investigation one test hole, DU1, was
drilled to a depth of 160 feet from which undisturbed samples we}e
obtained using the Pitcher sampler. The depth of the hole allowed
the samples to be obtained from an elevation coincident with the
failure plane near the scarp. The test hole was drilled above the
scarp (Figure V-2) because extensive road access work would have
been necessary to allow drilling equipment to advance on to the
lower slope. The soil profile was basically similar to that re-
ported by Hardy et al.(1962), composed principally of overconsoli-
dated silty clay with varying thicknesseg of silt and sand.

After dri11ing and sampling of the test hole had been com-
| pleted the 1 1/2 inch casing and well point were grouted into place
at the bottom of the drill hole for later instai]ation of a trans-
ducer piezometer. Because wet drilling must be utilized with the
Pitcher sampler the water level was at the surface upon completion
of drilling. The day after drilling the water level had dropped
40 feet below the surface. Two weeks later when the piezometer was
installed, the test hole was completely dry. This drop in water
level was significant, indicating that the soil is not highly imper-
meable and that the water table must éxist below the bottom of the
test hole and consequently, below the failure plane. Piezometer
. readings taken over the winter of 1967-68 and summer of 1968 did
not indicate a piezometric level above the bottom of the hole.

Test holes drilled in 1958 which remained intact in the upper portion
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of the slide indicated water levels 65 feet below the surface.

The results of the piezometer above the scarp and the
water levels in the test holes are consistent, the pertinent
conclusion being that the water table in the upper portion of the
slide is not near the surface but only slightly above the failure
] surface. None of the 1958-59 test holes in the lower slide area
was operative although it would appear that the water table exists
nearer the surface in the lower area.

(f) Computer Analysis of Dunveéan ‘Slide

The data utilized in the analysis of this slide are sum-
marized in the following paragraphs:

(i) The slide surface was located by probewells placed prior to -
the slide. These observations indicated a sliding surface approx-
imately parallel to the surface at a depth of 75‘feet in the upper
_900 feet of the slide. The upper portion of the slide developed a
toe in a drainage ditch which had been excavated to a depth of 12
feet. The remaining lower portion of the 1600 foot slide developed
_the following day. Probewells gave scanty positive evidence thaf
the s1ip surface was located at approximately 70 feet below the
surfacé in the lower zone of the slide. '

(ii) Casagrande piezometers did not indicate any significant pore
pressures except-in the 1owér portion of the slide. Test hole
water levels appear to give a good estimate of the water table.
Test holes in the upper slide area indicated water levels approximately

60 feet below the surface. In the Tower slide near Dunvegan -
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Creek water 1eye1s were recorded very near the surface although in-
consistencies existed. The transducer piezometer installed in
September 1967 did not indicate a piezometric head fér the period
readings were taken. Basically, the piezometric line shown in
Figure V-2 is related to test hole ground water Tevels.

- (i1i) The undisturbed peak angle of shearing resistance was 21.5
degrees. The residual angles of friction for the undisturbed, re-
molded and pre-cut cases were 13.4, 11, and 9 degrees, respectively.
The decrease in angle is attributed to increasing smoothness of the
failure plane. This material did not exhibit residual cohesion for
the undisturbed situation. The Dunvegan clay is the only soil which
did not exhibit undisturbed residual cohesion. This may be explained
by sample variation and least squares fitting. Additional samples
would perhaps indicate some residual cohesion. The analysis of this
section is based on a angle of residual friction of 13.4 degrees
without cohesion.. '

Generally, the slope satisfies the requirements of an in-
finite slope. Consequently, an infinite slope analysis was compared
to the computer results (Table V-3).

The factor of safety was found to be 1.099 for the upper
slope using the known field data and the undisturbed residual angle
of internal friction of 13.4°. Because the upper slope "toed out”
in a 12 foot drainage ditch the factor of safety should be less than

surface 1 in which the full passive pressure was assumed and greater
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than surface 2 (Table V-3) in which passive resistance was neglected.
Therefore, the computer analysis indicates a factor of safety of
approximately 1.05.

The length to‘depth ratio of 20 for the slide justifies
an.infinite slope analysis. In order to perform an infinite slope
and]ysfé an average water table for the entire slide was assumed.

Assumed average water levels of 50 and 40 feet below the surface,
| resulted in factors of safety of 1.09 aﬁd 1.00 respectively. The
factor of safety for the complete slope using the computer gave
1.022. |

- The slide was initiated by the highway loading on an old
landslide area. The quasi-equilibrium slide condition has been

shown to exhibit residual strengtﬁ parameters.
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5.5 SLIDES AT PEACE RIVER TOWN

(a) Geology of the Heart River Are& .

The area is underlain by Upper and Lower Cretaceous bed-

- rock materials mantled by thin glacial deposits in the uplands and
very thick deposits along the valley walls. The Heart River valley
is a‘pre-g1écia1 valley and now exists as a deeply buried river
valley which trends north.

The Lower Cretaceous Peace River sandstone crop§ out along
the Heart River at elevation 1050. Along the proposed 3 mf]e access
of Highway #2 into the Town of Peace River a very thin seam of the
Shaftesbury shale crops out above fhe Peace River saqutone at elev-
ation 1140 adjacent to slide area #1 as shown in Figure V-3. The
shale is black and very fissile. .

The Heart Valley contains various depths of "buried
channel deposits". "Buried channel deposits" are deposits of gravel,
sand, silt, and clay that directly oVerlie Cretaceous bedrock and
underlie deposits of definite g]acia] origin. These deposits may
be alluvial or lacustrine. The gravels and sands above the Shaftes-
bury sha]g are favoured to be of ﬁre-g];cia] origin by Jones (1966).
He postulates that the buried sand and gravel deposits are probably
the northern equivalent of the Saskatchewan sands and gravels describ-
ed by Rutherford (1937) from central and southern Alberta and for
which a pre-glacial age has been suggested. Pre-g]acia] is defined
in the sehse by Rutherford that these gravels and sands were deposited

before or during glaciation from the northeast and that they lie on
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bedrock. Crop outs of the deeply buried deposits are scarce because
of the Iarge-scale slumping a16ng the river valley wa]]s. The slumping
along the Heart River is extensive because the valley walls are cut in
thick surficial sequences. The base of the gravels is ét approximately
elevation 1150. These grﬁve1s are composed predominantly of well-
rounded, mainly quartzite pebb]es of Rocky Mountain origin but contain
a few gneissic and granitic pebbles typical of the Canadian Shield.
The gravel is overlain by a resistant unit of'hard-packed silt ahd fine
sand in which 1ayers of gravé1 are found. (Tokarsky, 1967). This upper .
gravel consists of pebbles which are predominantly poorly sqrted»and
‘angular and consist of igneous and highgrade metamorphic rocks of
the Canadian Shield. Above the silt 24 feet of a sticky clay is
présent. The remaining portion of the section is masked by slump debris.
Highway excavations have provided eXposures which have assisted in
partia11y completing the section mapped by Tokarsky. In slide area
#3, a glacial ti11 layer of 45 feet depth was found with its base at
elevation 1490 and was found to be underlain by 25 feet of dark grey
soft slickensided clay. Below the dark grey clay test holes have
indicated the presence of sand and silt. Above the till varying
_ thicknesses:of varved clays and silts can be found.

In general, in the"buried valley deposits", sands and gravels
containing glacially derived pebbles directly overlie deposits
which do not contain glacially derived pebbles. The Tower deposifs

have been dated as 35,000 years old during mid-Wisconsin
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(Tokarsky, 1967).
(b) Prev1ous Investigation of Slide Area _

The relocation route of H1ghway 2 into the Town of Peace
River has been selected-along the preglacial valley of the Heart
River, adjacent to the Peace River. The valley is scarred by numer-
ous landslides which probably occurred during the cutting of the
Heart River into the glacial fi11 materials. The slides are in a
quasi-equilibrium>state and sliding is easily precipitated. Figure
V-4 is a contour plan of the slide area and shows the extreme slump
topography.

Numerous test holes were drilled from 1963 to 1966 by the
Alberta Department of Highways along the pfoposed alignment to
determine soil types and water conditioﬁs. Typical of all the slide
areas was a highly plastic silty clay layer varying in e]eVation
and commonly found below a layer of stiff glacial till. Generally, |
the profile consists of alternating clays, silts and sands and from
the outcrop profiles the depth of these materials is approximately.
400 feet. The maximum elevation drop from the uplands to the Heart
River is 700 feet. The clay found below the glacial till was subjected
to extensive laboratory tests and is referred to as pre.t111:

Water was present in various degrees in sand layers and
would be considered perched relative to the Heart River. Four gullies
were isolated as being unable to carry highway fills over 30 feet high.

Consequently, much of the surface material was removed and a gravel
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filter was placed below the compacted fi1l. Slide areas have been
referred to as 1, 2, 2A and 3. A failure of the fill occurred in
slide area 2A in October, 1967 before the design grade could be
reached. Other movements of backslopes and fills haQe occurred,
necessitating the realignment of portions of the highway.

Field standard penetration tests as high as 150 blows/ft.
are probab]y indicative of the sands, gravels and dense till.

The 1iquid 1imit was found to be as high as 70 for the
pre-till clay but most soiis exhibiting plasticity possessed
liquid limits of 35. |

Laboratory shear sfrength data of stability analyses have
not been reported. Existing data of the Peacé River slide area was
obtained from the files of the Alberta Research Council, Highways
Branch.
(c) Study Field Investigation of Peace River Slides

The field investigation of the area consisted primarily
of an examination of the nuherodscut and crop out sections. Descriptions
of materials are given in 5.4 (a) and (b). In one excavation
at slide area #3, a large b1o§k sample was recovered of the pre-till
clay exhibiting numerous slickensided surfaces. This sample appeared
to be part of an old failure zone, consequently it was subjected to
extensive residual strength tests.

Ground profiles were also obtained of the majér s]i&e areas

prior and subsequent to construction of the highway embankments.
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(d) Study Analysis of Peace River STides

The analysis of the Peace River slides was based pri-
marily on observations of the area and laboratory strength results.
Instrumentation for location of failure zones and piezometric levels
was . not installed.

The four isolated slide éreas which indicated extensive
previous sliding and referred to as 1, 2, 2A and 3, possess average
slope angles of 10.3, 11.4, 10.8, and 10.5 degrees, respectiveiy.

A11 areas were undercut to remove wet surface material before place-
ment of a gravel filter and highWay fil1l. Areas 1, 2, and 3 have
performed satisfactory with no visible movements. Slide area 2A
failed through the fi1l in October, 1967 after the grade had reached
the ground elevation which had been present before undercutting. Sub-
sequent to this failure the highway was re-located to a higher ele-
vation but another movement occurred immediately after equipment had
begun undercutting. These slides definitely indicate the quasi-
equilibrium state of the area. '

Two conditions were noted to exist at the 2A slide which
were not present at the other ldca1ities including:

‘(i) The amount of undercut at slide 2A was much 1ess_than any of
the other areas.

(ii) The most significant fécfor was the large amount of saturated
sand which was uncovered in the 2A area. It was observed that signi-
ficant flowage of the sand occurred when confining cover was removed.

It ié worthy to note that the second movement at slide area 2A also
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' occufred jmmediately after a sand layer was uncovered. This flow
"phenomenbn may be similar to that described by‘Terzaghi and Peck
(1967) in which lateral spreading of a clay occurs when the effective
stress on a layer decfeases to zero.

It is obvious that Tocalized water and soil conditions
have produced varied slide situations. The author maintains that
present sliding is occurring in the "buried valley deposits" of
the area. The Heart River has undercut below the Shaftesbury Shale
and sliding within the bedrock js not present.

" The condition common to all the slide areas was the .
average slope of approximately 10 degrees. It is interesting that
the residual angle of friction for the pre-till clay in slide
area 3 was 10 degrees. If an jnfinite slope analysis is assumed
to be applicable, then the water table must exist below the failure
plane if the residual strength is_acting.' Another argument which
js commonly postulated is that the water table is assumed to exist
at the surface and a peak angle of friction is mobilized which re-
sults in a slope angle of 10 degrees. This latter explanation is
not applicable because the "peak"-angTe of shearing resistance of
the slickensided clay was 12.4 degrees. The strenéth along failed
planes was, no doubt, that of the residual. |

The computer stability analyses performed on surfaces
near parallel to the surface of both slide 3 and 2A resulted in
factors of safety near one (Table V-4). Numerous lengths of slides

were investigated and generally the factors of safety were all near
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one. The water table was assﬁmed below the failure plane, which of
course, when analyzed as an infinite slope produces a factqr of
safety of 1.0 when using a slope angle of 10 degrees.and residual
angle of shearing resistance of 10 degrees.

Of particular interest is the failure of a 2:1 (26°) cut
approximately 100 feet high. which was made during the summer of
1967. This failure occurred two months after completion and sub-
sequently has been recut to 2.5:1 (22°). The soil types which
were uncovered were similar to those in the slide areaﬁ. Because
the water conditions and failure surface wefe not known for this
cut, a meaningfu] stability analysis could not be performed. It
is of significance that these cut slopes are much steeper.than the
failed slide areas which are in an equilibrium state. The shear
stress prior to the failure of the cut was likely consistent with
a residual factor less than 1. This example is cited, in order
to emphasize the need for monitoring slopes of various inclinations
and the length of time required for failure. 'The time versus
strength reduction relationship for various materials is of great

practical importance.
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CHAPTER VI
DESCRIPTION AND ANALYSIS OF SLIDES IN THE EDMONTON AREA

6.1 HISTORICAL GEQLOGY OF THE EDMONTON AREA

After deposition of the Paskapoo Formation at the beginning
of Tertiary time, the Plains were subjected to a series of erosion
cycles during later Tertiary and early Pleistocene times. The
last of these cyc]es led to establishment of a drainage system,
now largely buried by glacial deposits, similar to the existing one.
Portions of the present Morth Saskatchewan River Valley formed a’
part of the pre-glacial drainage'system. It has a valley up to
200 feet deep and a few miles wide, bounded by steep banks. Dur-
ing the development of the valley now occupied by.the North Sask-
atchewan River, the Saskatchewan Sands and Gravels were deposited as
valley fill during the Pleistocene Epoch. More than one cycle of
deposition and erosion took place as evidenced by the distribution
of the sands and érave1s at different ejevations in Edmonton and
surrounding areas. However, deposition of the sands and gravels
ceased as they were overriden by the ice sheet from the northwest.
The ice advance occurred during classical Wisconsin time, approxiﬁate]y
20,000 years ago, the ice reaching a thickness of over 5000 feet in
the Edmonton area (Bayrock and Hughes, 1962). Deglaciation occurred
about 10,000 years ago.

Following the retreat of the ice sheet, glacial Lake Edmonton

17



118

was formed through accumulation of meltwaters, covering the City of
Edmonton area. The lake initially drained southeast through the Gwynne
'Out1et and upon further wastfng of ice, lower outlets to the east
ultimately drained Lake Edmonton. ‘ |

After draining of Lake Edmontén, the postg]acial North Sask-
atchewan River began downcutting and draining the Edmonton area. deye]-
oping its present river valley.

6.2 GENERAL GEOLOGY OF THE EDMONTON AREA

The Edmonton area is underlain by a variety of sedimentary
deposits ranging from coal to glacial lake sediments. These deposits
can be divided into fqur distinct units which are, ih ascending order:
(1) bedrock consisting of sandstone, shale and coal of the Edmonton
Formafion (2) preg]acialeaskatchewan Sands and Gravels (3) glacial
tinn  (4) g]acﬁal Lake Edmonton sediments. Each of the units possess
characteristic geologic and engineering properties.l
(1) Edmontbn Formation |

The Edmonton Formation of Upper Cretaceous age consists of
interbedded bentonitic shales and sandstones with numerous coal seams.
The sediments are poorly consolidated and dip southwestward at 20 feet
per mile.

| The shales ahd sandstones areﬂoften bentonitic and contain high
proportions of the clay mineral montmorillonite. The coal seams are
geﬁera11y only a few inches in thickness but in some areas several feet
" of coal are encountered. These thicker coal seams were mined at the

turn of the century.
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(i1) Saskatchewan Sands and Grave1§

nSaskatchewan Sands and Gravels" refer to all sands and
gravels lying above the Edmonton Formation and beneath the till.

‘The Saskatchewan Sands and Gravels occur sporadically throughout the
area. According to Bayrock and Hughes (1962) the origin of the
Saskatchewan Sands and Gravels in the Edmonton district is complex
and more than one depositional cycle was involved. 'The sands and
gravels are separated into three units on the basis of elevations

of occurrence. The lowest unit is found as a pre-glacial valley fill
in valleys incised into the underlying bedrock. Fossils found in this
unit are of pre-gTécia1 origin. The highést unit of Saskatchewan
Sands and Grave]é occur as cappings on hills and are overlain by
glacial till. Fossils in this unit are of early Pleistocene age.
Saskatchewan Sands and Gravels at intermediate elevations form cores
of hills on the Lake Edmonton plain. ”

The 1ithology of the various units of the Saskatchewan Sands
and Gravels is very similar being composed of quartzites and cherts
with occasional arkose pebbles, all of which were derived from the
Rocky Mountains.

The Saskatchewan Sands and Gravels may be distinguished
from overlying glacial gravels and sands by the.absence of igneous -
and metamorphic rocks of the Canadian Shield. They tend to fill
irrgguIarities in the underlying bedrock surface and reach thick-
nesses of over 65 feet in pre-glacial valleys (Bayrock and Berg, 1966{.
These gravels are often absent or thin where the bedrock surfage is high.
(iii) Glacial Till

Ti1l is unsorted, unstratified sediment deposfted by a glacier.
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In the Edmonton area till is widely present in the form of grouﬁd
moraine and hummocky dead-ice moraine. The average mechanical
composition of ti1l in the Edmonton area is:.sahd 41%, silt 31% and
cfay'28% (Bayrqck and Hughes, 1962). Although surface tills of the
Edmonton area are more or less uniform in grain size and are similar
in composition, there are local deviatiéns., A1l gradations between
"average" till, sandy'ti11 and gravel have been found.

The clay-size fraction of the till contains a large percentage
of montmorillonite derived: from the local Cretaceous bedrock. ‘

The ti11 is brown where oxidized and grey where unoxidized;
the color change from brown to grey occurs about 20 feet below the
surface. Generally, the ti1l is extremely dense and provides high
bearing capacity. Lenses of strétified sand and gravel are commonly
present in the till, representing minor washing of_g1acia1 debris by
" running water.

In most cases the contact’between the ti1l and the Saskatchewan
Sands and Gravels is sharp and easily recognized in the field.

(iv) Glacial Lake Edmonton Deposits _

Glacial Léke Edmonton sediments range from sand to clay
laid down in a large proglacial lake at the close of the Wisconsin
glacial period.

Lake Edmonton deposits are classified under three main head-
ings (Bayrock and Hughes, 1962): |

| (1) Normal deposits, which are the most common type of
sediment of the lake, are not modified by later action. They consist

of bedded fine sands, silts and clays.
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(2) Modified deposits are deposits of "normal" type that
were subsequently partly or wholly eroded, or had additional mater-
ijals deposited over them; or both.

(3) Pitted deltas consist of fine to medium'grained sand
and silt.

The clays are brown near the surface but may be grey at depths
exceeding twenty feet. Lake Edmonton deposits range in thickness from
about 100 feet to less than one foot. The deepest deposits occur
alqng the course of the present North Saskatchéwan River in the
Edmonton district.

The Lake Edmonton deposit§ are normally consolidated with
~ some preconsolidation of the upper few feet due to desiccation.

6.3 LESUEUR SLIDE

(a) General Description of Lesueur Slide

The undisturbed stratigraphic sequence at this location is
typical of the Edmonton area. It is illustrated in Figure VI-1.

The description and analysis of the Lesueur slide was
previously made by Painter (1965) in his Master of Science thesis
from which much of the following account is taken. _

The Lesueur slide is typical of many slides along the
North Saskatchewah River Valley which normally are located on the
outside banks of meander bends. It was initiated in January, 1963
and major movements took place in August, 1963. The slide under-

mined the home of Mr. R. Lesueur and necessitated its removal.
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The scarp of thirty feet height can be séen to comprise Lake
Edmonton silts and ‘sands. Oh the east flank of the s1idé about ten
feet of vertical movement has occurred and visﬁaT inspection discloses
that some strata are not in their original stratigraphic sequence because
of extensive past sliding. For example, Saskatchewan Sands and Gravels
are overlain by the Edmonton Formation. A two feet seam of yellow
weathered bentonite is also present on the east flank.
(b) Previous Field Investigation

The slide was believed initiated by river toe erosion over the
last two centuries. Carbon dating of wood in old slump blocks indicated
an age of 170 years.

Eight test holes were drilled to establish the soil profile
and recover undisturbed samples. In addition, seven holes were drilled
and cased with three inch diameter aluminum pipe to be used as probe-
wells in locating the failure zone. The aluminum p%pes were also
perforated and used as groundwater level indicators. Probewell readings
taken in October, 1965 and April, 1965 gave a positive indication of at
least the upper surface of failure. The failure plane was found to exfst
at approximately e]évatibn 2002 in the highly bentonitic materials of
the Edmonton Formation bedrock.

Five Bishop hydraulic-type piezometers wereAinsta11ed in and
adjacent to the slide area. These piezometers were placed in the
lower portion of the slide and the maximum piezometric level was found
to exist at elevation 2022, The placement of piezometers in the stable

slope adjacent to the 1ands1ide was assumed to simulate conditions
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prior to the slide. This assumption may not have beeﬁ correct as a '
deep ravine exists to the east of the slide. It also seems questionable
‘whether the east stable slope would have had the same pore pressure
conditions as existed in the slide before faf]ure. The maximum pore
pressures'occurréd in February, 1965 and were attributed to freezing
at the tde of the slope. Pore pressures began to dissipate in April,
1965 but began to increasé with spring break-up as the river level
increased. During December and January, the piezometric levels
indicated were as much as fifteen feet below the tip elevation. This
low piezometric Tevel could have been measured because of incomplete
deairing of the piezometric lines. Difficulty was encountefed in
deairing the lines and readings taken after 1965 were considered to be
erroneous.
(¢) Previous Laboratory Investigation

Numerous unconfined compression tests were performed on the
typical profile soi]s. The Edmonton Formation mgteria]s exhibited
unconfined compressive strengths as large as 9 kilograms per square
centimeter.

qur series of consolidated undrained triaxial tests with
pore pressure measurements were performed to obtain peak effective
strength envelopes. These tests were performed by Painter and
included:
(i) undisturbed dark brown clay shale- e 9° and Cq = 1.5 kg/sz
(ii) undisturbed bentonite- ¢éu= 4? Cor™ .85 kg/cm2
(iii) undisturbed bentonitic clay shale- ¢éu=17° CCU= .29vkg/cm2 .
(iv) remolded bentonitic clay shale- ¢6U= 19° Céu= .10_kg/cm2
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The high cohesion of .85 kg/cm2 and low friction angle of 40
for the undisturbed bentonite appears incorrect. The Mohr envelope
obtained by Painter is shown in Figure VI-2. The circle obtained at a
confining pressure of 4.9 kg/cm2 is too low and an alternate interpret-
ation as shown in Figufe VI-2 results‘in cohesion of .4 kg/cm2 and
angle of internal friction of 120, .

(d) Previous Stability Analyses

Several stability analysis methods were used to determine the
shear stresses which actéd.in the river bank before failure and the
factor of safety of the adjacent stable bank.

For purposes of stability analyses, the peak values of cohesion
and angles of shearing resistance of the three'principa1 soil strata
were arithmetica]]y averaged, where the shear failure occurred through
"the entire depth of the Edmonton Formation. The principal soils were
assumed to be the dark brown shale, bentonitic shale and bentonite.

The phreatic Tine was principally based}on the maximum piez-
ometer readings at the bottom of the bank and upon groundwater levels
at the top of the bank. The phreatic line at the top of the bank,
based upon test hole water levels, was high and assumed that a perched
water table did not exist. The presence of a perched water table at
this site is possible due to water bearing sand and gravel above an
impermeable till layer.

The geometry of the landslide resembled that of a sliding
block which appeared to have its base within highly bentonitic soil.

The following stability results were obtained from the slide

slepe by Painter:



(i) Bishop's (1955) method using a circle tangent to the
bentonitic clay shale gave a factor of safety of 0.92 and tangent
to the bentonite at elevation 2002 gave factor of safety of 1.13.

(ii) Sliding block analysis, using an average slope of 2:1
and a bank height of 105 feet, gave a factor of safety of 0.97,
assuming the base of the sliding block in a layer of bentonite and
0.65 if based in bentonitic clay shale.

(iii) A "zero-cohesion" analysis according to Henkel and
Skempton (1955) gave a factor of safety of 0.45, using the bentonite
strength parameters. _

(iv) Using Bishop's method with the most critical circle
and average friction angle for the Edmonton Formation of 100, it was
found that the required cohesion was 0.61 kg/cm2 for a factor of
.safety of 1.0.

Painter also obtained the following stability results from

analysis of the stable siope adjacent to the slide:
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(i) A sliding block, tangent to a bentonite layer at elevation

2011 with an average slope of 2.5:1 and a bank height of 95 feet, gave

a factor of safety of 1.37.

(ii) Bishop's analysis with circles tangent to a layer at
elevation 2011 gave factors of safety of 1.97 and 1.73.

(iii) A sliding block, assuming a plane tangent to the
bentonitic soil at elevation 2002,'ihdicated a factor of safety of
1.00.

The analyses which resulted in several factors of safety

near 1.0 were based on a high piezometric level and peak strengths.
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1 Some of the peak strengths have been shown to be Tow by other
investigations (Sinclair and Brooker, 1967).
(e) Study Field Investigation of Lesueur Slide

In order to obtain undisturbed samples of the slide materials,
a test hole, LA.9 was drilled above the scarp adjacent to test hole 3
reported by Painter. The Pitcher sampler was successful in recovering
undisturbed samples of the Edmonton Formation. The soil profile is
shown in Figure VI-1. The test hole was drilled in July, 1967 and the
water level remained at 36 feet below the surface throughout the
summer. This water table was assumed by Painter to be active at the
failure plane, approximately 105 feet below the surface. In November,
1967 the 1% inch pipe and well point were grouted into place for future
installation of the transducer piezometer. Readings of the piezometer
throughout the winter and summer of 1968 indicated a maximum head of
32 feet (elevation 2038) above the horizontal failure plane (Figure VI-3).
Therefore, it has been conclusively shown that a perched water table
exists above the clay till strata.

Water levels which were measured in October, 1967 in the
slide area were similar to those recorded by Painter. In the central
portioh of the slide his results from water levels and piezometer data
indicated that the phreatic line was approximately at elevation 2022,
whereas water levels in October, 1967 indicated an elevation of 2025.
These results are consistent with the level indicated by the transducer
piezometer (Figure VI-3).

Ground profiles of the slide area taken in September, 1966

indicated that the slide material was moving, resulting in a flattening
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of the slope. The slope was reduced from an inclination of 16.7°

to 14.1°. Since September, 1966 the slope change has been approximately
0.4° as determined by ground surface profiles.

(f) Study Analysis of Lesueur Slide

The data used in this analysis is summarized in the following
paragraphs:

(i) Probewells installed subsequent to the slide gave evidence
that a horizontal failure plane existed in a bentonitic clay shale at
approximately elevation 2002. |

(ii) The University of Alberta piezbmeter installed above-the
“scarp confirmed that a perched water table existéd at the site. Readings
of this piezometer indicated a maximum piezometric head exists to
elevation 2038 at the scarp.

(ii1) Thelvisib1e scarp slope exists at 50° to the horizontal
and must be assumed to be the same angle below ground level. The
analysis is sensitive to changes fn the scarp angle. Results of sur-
faces 4 to 7 of Table VI-1 indicate that 50o gives the Towest factor
of éafety. |

(iv) The bentonitic clay shale, the suspected failure material,
exhibited an undisturbed angle of residual frictionvof 100 and a
residual cohesion of 700 psf. The peak parameters were 22.5o and 144
psf. The remolded residual angle of shearing resistance and pre-cut
angle of friction were 7.5? and 8.50, respectively. The remolded state
has been shown to be inapplicable because of the completely different .
structure produced by the remolding process.

In Table VI-1 the parameters used in the analysis for the soils

above the Edmonton Formation were:
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Lacustrine deposits ¢5 = 22° Cé =0
Glacial Till o = 26° ¢, = 500 psf.
Sand | 1230 ¢ =0

" *p p

The various parameters used for the Edmonton Formation are indicated
in columns of Table VI-1 for failure plane and scarp parameters.

Two 1nterpr¢tations are possible for the Lesueur slide as
shown by the results of the computer analysis.

(1) Consideration of the preslide surface and utilization of
average.peék strength paraméters for the Edmonton Formation on the
scarp (¢6 = 22°, Cﬁ = 700 psf) resulted in an angle of internal
friction of 14° required for 1imiting equilibrium along the horizontal
failure plane. Because the residual undisturbed angle is 10° the
residual factor of the slope becomes .69. A friction angle of 20°
must be developed if the same strength js to be assumed along the
entire length of the Edmonton Formatidn.

(2) The alternate approach is based on the existence of a
residual cohesion. It is common practice to disregard residual cohesion
when utilizing residual strength. The discussion in Chapter IV has
indicated that residual cohesion exists. If a residual cohesion of
288 psf and a residual. angle of internal friction of 10° is used along
the horizontal failure plane and peak parameters along the scarp, a
factor of safety of 1.043 is obtained.

| The above dilemma arises from our incomplete understanding of
the shear strength of stiff clays. Specifically, the rate of decrease .

of the cohesion in the field is unknown.
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The preslide slope angle was 23 degrees (2.4:1) and the
postslide slope was 16.7 degrees (3.3:1). This slope change is of
particular significance because it demonstrates the decrease in
developed shear strength during the slide. The analysis of the post-
slide profile along the established slide failure plane resulted in
a factor of safety of .885 assuming a residual angle of 100 and zero
cohesion ori both- thie scarp and the horizontal failure plane. A
residual cohesion of 144 psf would raise the factor of safety to 1.083.
The analysis of the slide subsequent to.failure indicates that the
slope may be considered a single moving block, although there is
visual evidence that differential movement is occurring within the
s1ide mass. Hayley (1968) found that a postslide profile of a
2200 feet slide indicated a factor of safety much above 1.0 when
utilizing res1dua1 strength along a horizontal failure plane. His
procedure was to analyze the slide as seven individual blocks in wh1ch
the downhill blocks moved faster than the uphill blocks, consequently,
reducing the passive pressure.

The Lesueur postslide profile measured two years after the
major movement in August, 1963 was 16.7 degrees but since then has
flattened to 14.1 degrees. It can be presupposed that the ultimate
slope angle will approach 8° to 100, as this is the long-term slope for
many failed éIopes in fhe Edmonton Formation. An analysis of the
long-term slope employing the conditions used in the 16.7 degree slope
will result in a factor of safety greater than one. Either a strength
decrease must be associated with the siope flattening or soil creep

must be active on the slope.
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It isuéonc1uded that caution must be employed when analyzing
postslide conditions in which movements are still prevalent. If a
slide exhibits residua] strength subsequent to a failure, then any.
later analysis on flatter slopes will be ambiguous when previous

pore pressures and failure surfaces are utilized.

6.4 GRIERSON HILL SLIDE

(a) History of Movements and Stabilization of Slide

- Recorded movements on Grierson Hill date back to 1887. In
that year the average slope of the bank was about 2.5:1.(220) (Figure
VI-4). A major movement in 1905 caused the'top of the bank to move
back 75 feet after a six year period of high precipitation. Between
1905 and 1915, the top of the bank moved back 50 feet,.but from 1915
to 1957, only small movements occurred in the top of the bank in the
east afeaﬂof the slide (Hardy, 1957). | |

The river erosion has been very extreme in the aréa, and
between 1887 and 1893 the river encroached into the bank about 50
feet. Since 1833 the river has been pushéd out by the dumping of £
and is now 400 fest from its 1893 position at the section of maximum
movement. From 1911 to 1915, a period of above average precipitation,
the toe encroached on the river by about 100 feet. In 1911 the lower
portion of the slope was used as a dump to help stabilize the area;
this activity has résu1ted in an accumulation of up to 50 feet of
garbage, straw, bricks, fill and clay, etc. The hillside is now on
an average slope of 5:1 (11.50), as coﬁpared to the much steeper slope
of 2.5:1 of 1887.

Since 1952, considerable effort has been expended in stabilizing
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the slope so that a paved roadway could be sustained on the hillside.
Drainage of the slope was undertaken in 1952 in order to reduce soil -
movements. Major sources of water appeared fo be concentrated in coal
seams of the Edmonton Formation. Several test holes were drilled so
that 1owerihg of the ground water table could be accomplished by pump-
ing. A drainage gallery of five foot diameter was dug to facilitate
gravity drainage of fhe area. The gallery intersected the workings
of a mine which was one of the many mines actively worked at the
turn of the century. Only a portion of the old mine was found'to be
intact and was submerged. The sound condition of timber bracing
probably indicated that the mine had been submerged since the slide
of 1905 which put the mine out of operation. |

In September, 1958 aftef three inches of rain, soil cracks
developed which indicated movement of the whole s1jde area. Move-
_ments and cracking during 1958 indicated thét a deep-seated slide
existed as well as movements in thé surface fill.

In the fall of 1959, during the drilling of the drainage
gallery, a definite shear zone was encountered. This shear zone was
believed to be thé surface along which the original deep-seated slide

‘occurréd in 1905 and which cut off the mine entry shaft. Markers on
the shear zone indicated a total movement of sixteen inches during
1959 and 1960.

In September, 1960 three ti]tmetef' installations were placed
to lbcate the failure plane. One tiltmeter hole which penetrated a
drainage gallery gave evidence of the Tlocation of the failure surface

by direct observation from the top of the hole or from the mine adit.
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One set of test holes drilled in the east zone of the slide
indicated a ground water level at elevation 2170 to é180. At the tiﬁe |
these holes were observed they were blocked 6ff'from a coal seam at
elevation 2130. Another set of test holes in the same zone, but
drilled below elevation 2120, showed free water at elevation 2120 to
2130. Pumping of either set of test holes produced no measurable
change in the water level in the other set. It appeared that the
upper water level was perched and was not directly connected to the
old mine workings. .

Settlement gages and hori;onta1 movement hubs indicated
movements in the slope were approximately equal from the bottom of
the slope to near the top. .HorizontaI movements were found to be
approximately fifteeh feet over é period of three years. These
movements were attributed to the stage highway fill which was being
placed. The large movéments indicated at the surface wefe shown to
be unrelated to the smaller movemeﬁts of the slope indicators placed
in the Edmonton Formation shales and coal.

The stabilization oflthe area by remové] of water by the
drainage gallery énd a storm sewer installed during 1960 in a water-
bearing zone above the main scarp reduced the relatively 1arge.move-
ments. At the present time only minor movements occuf in the paveﬁent.
(b) Soil Profile

The upper portion of the slide consists of glacial till under-
lain'by the Edmonton Formation consisting of clay shale, coal and bent-

onitic clay shale. Approximately 300'feet of the lower portion of the
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slide is covered by varied fi1l. Due to the extensive‘slide activity
in the past, the soil is disturbed in the area pf the landslide
(Figure VI-4).

(c) Previous Stébi]ity Analyses

The failure surface; located by the old shear surface in the
mine entrance and tiltmeter movements, was the basis for the stabiliy
analyses which were performed. Several circular failure arcs were
assumed and average developed shear strengths for various profiles
were determined and results indicated stresses from 120 to 930 'lbs/ft2
(Hardy, 1957).

Along the line of tiltmeter installations T3, T2 and T1 there
was some evidence of two distinct failure zones. The first was an
upper oné of the circular arc type which was épproximated by T3 and
T2. The lower surface indicated by T1 was analyzed as a sliding block.

It was reported by Hardy that several sections along the
shoreline had developed shear stresses from 740 to 810 1bs/ft.2. On
the upper slopes the computed shearing stresses ranged from 420 to
900 1bs/ft.2 It was considered significant that on the slopes whére
the shearing stresses were in the low range, the tést holes in the
area showed comparatively high water levels. In the above analyses,
the pore water pressure was assumed zero. The cohesion was assumed
to be zero and the strength was therefore represented by the well-
known equation: S = (p-u) tan¢. Two areas in the slide where pore
. preésures were known had a computed shear resistance equal to the

actual shearing stress in the soil when angle ¢ of 20° was used.
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The value of 20° for the angle of internal friction Qas considered '
reasonable for the types of soil and agreed with published values

- for the peak angle of internal friction for the highly preconsolidated
soi1§.

Laboraﬁory strength data was not reported for the siide when
analyzed by Hardy (1957).

(d) Study Analysis of Grierson Hill Slide

Additional field work was not undertaken at this slide. The
shear zone had been indicated to be in a bentonitic clay shale. Conseq-
uently, soil data from similar sites in the Edmonton Formation was
utilized for the Grierson Hill analysis. |

The data used for the analysis of this'slide is summarized in
the following paragraphs: h

(i) Three slope indicators placed the failure zone in a bent-
onitic shale layer of the Edmonton Formation. Another movement was
located in the mine adit and gave a positive location of the scarp.

The slope indicatorg showed that the upper 500 feet of the slide possessed
a failure plane which had a three degree inclination.

(i1) The piezometric head was found to exist at elevation 2130
at the scarp. This was based upon water levels from numerous fest holes.
Pumping of various test holes gave evidence that a perched water table
existed at the site above elevation 2130.

Stability analyses were performed using the various known pro-
files from 1900 to the present. Analysis of the 1900 profile (22°) prior
to a major 75 feet regression of'the scarp resulted in a factor of safety

of .982 (Table VI-2). The peak shear parameters of C6 = 700 psf and
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-¢$ = 22° were used on the scarp and the residual undisturbed éng1e of
internal friction for Edmonton Formation bentonitic clay shale of
100 with zero cohesion was.applied along the failure plane sloping at
°. |

By 1915 the bank had regressed approximately 125 feet from
its 1900 position. An analysis of the slope subsequent to thgse
major movements resulted in a factor of safety of .972 usiné the
| 1915 profile (14.50) and strength parameters of C; = 144 psf and

f¢; = 'IO0 for the Edmonton Fofmation on the scarp and failure surface.

Up until 1915 the river had been in the process of encroaching
on the bank. After the major movements, a program was begun in which
fi11 was placed at the toe of the s1ope4near the river and at the
toes of steeper portions of the slide towards the escarpment. This
placement of-fi11 resulted in an "artifical" flattening of the slope
to 11.30 as it now exists. Major movements at the 1915 scarp did not
occur after fill was placed at the toe but two definite scarps have
developed on the flat area of the slope.

Analysis of the 1958 profile produces a factor of safety of
1.060 using a residual ang]é of shearing resistance of 9% on both
the scarp and failure plane. Consequently, the fi1l material placed
on the slope plus flattening as a result of roadway construction has
produced conditions so that equilibrium is maintained by an angle 6f
shearing resistance equal to 9°. 1In this case the slope hés been
nover-flattened" as compared to the slope which would have resulted
from natural degradation. |

Results of other analyses applying varying strength parameters

are included in Table VI-2.
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CHAPTER VII
DISCUSSION OF STABILITY ANALYSES

7.1 SHEAR STRENGTH PARAMETERS

The undisturbed residual strength parameters have been utilized
for all stability analyses. The justification for this was given in
Chapter IV and was based primarily on the effect of failure plane irreg-
ularities. Although remoided soil was present along the failure plane
of the undisturbed specimens the strength was higher than for the
samples prepared from completely remolded material. Results of ail
ctability analyses indicate that all developed shear strengths were
- greater than the strengths obtained by utilizing the pre-cut parameters.

This study had generaliy indicated the presence of residual
cohesion in the bentonitic soils for the preslide and immediate post-
slide slopes and tﬁe individual analysis show the Sensitivity of the
factor of safety to residual cohesion.

Retaining of residual cohesion is contradictory to most
jnvestigators including Skempton (1964) and Henkel and Yudhbir (1966).
Cenerally, cohesion is disregarded because of its low value with the
anticipation that it will ultimately decrease to zero and in some cases
the misconception thét the small cohesion has negligible effect on
stability. The results of fai]ure'surfaces 4 and 5 for Grierson Hill
(Table VI-2) show that when the cohesion equals 144 psf (1 psi) and the
angle of internal friction equals 109, the factor of safety is similar

142



to that obtained using an angle of internal friction of 120 and zero
cohesion. In this case one psi cohesion produces the.same shear
strength as an internal angle of friction equal to two degrees.

Research should be undertaken to ascertain.the factors
which produce the relative decreases in the cohesion and angle of
jnternal friction as a specimen is sheared to the residual strength.
Skempton (1964) reports that an orientation of particles and an
increase in water content occur as the strength decreases. The
‘effect of the above two factors and failure plane irregularities on
both cohesion and angle of internal friction would be of interest.

The author appreciates- the érgument that the cohesion may
decrease from values obtained in the short-tefm laboratory test to
negligible magnitudes over long geological time but for slides of
less than 60‘yéars such as Lesueur and Grierson Hill, the presence
of residual cohesion is realistic.

7.2 STABILITY ANALYSES QE_SLIDES

Dunvegan and Peace River slides occurred when highway fills
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disturbed the quasi-equilibrium state of the old landslide areas. The

developed shear strength was consistent with the undisturbed residual

angle of shearing resistance in both cases. The residua] factor

becomes 1.0 and confirms reports by Bjerrum (1966), Skempton (1964) and

Morgenstern (1967) that quasi-equilibrium slides which have. undergone

large strains exhibit residual stresses.

The Taylor sTide occurred in a clay shale which appears to be

relatively homogeneous as compafed to the Edmonton Formation Cretaceous |

strata consisting of sandstone, shale and bentonitic seams. Progressive
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failure as outlined by Bjerrum (1966) resulted in a decrease to the -

residual strength along the horizontal failure plane as well as
along the inclined scarp. The development of the residual strength
along the scarp for the Taylor Shaftesbury clay sha1e is opposite to
that of the Edmonton Formation where the peak was found to be present
along the scarp. This difference is believed the result of progressive
failure along tﬁe highly bentonitic soils which results in instability
conditions before progressive failure begins a1ong-the scarp. The
slight change in the inclination from preslide to postslide conditions
is indicative of the small change in shear strength and a residual
factor of 1.0. |

Both the Grierson Hill and Lesueur slides are classed as slides

in which progressive failure has occurred along a bentonitic soil.
Failure océurred along the near horizontal surfaces and analyses
indicate that the peak strength of the material acted along the scarp.
Subsequent to the primary movements, the 1nc11nat1ons decreased and
analyses indicate that the residual parameters are applicable. In
both cases residual cohesion of 144 p§f was applied to obtain a factor
of safety equal to one. Additional slope degradation of these two
slide areas has resulted since the slides occurred. This flattening
may be related to further strength decrease. 1f strength decrease is
not the reason for the continual decrease in slope then such phenomena
as creep and secondary movements within the original wedge are present.
If a strength decrease is not occurring then a rational analysis using
the immediate postslide conditions is not possible. Hayley (1968) from

field slope indicators at Little Smoky slide has shown that several
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shear zones are present within a-slide which has undergone progressive
failure. His analysis of separate blocks moving along a horizontal

" failure plane is inconsistent with an 09era11 slope inclination of 8
degrees and a residual angle of shearing resistance of 14 degrees.

An a1ternate interpretation of the slope jndicator data would disclose
that as a result of the amount of the re-adjustment which has occurred
in the slide area plus relative movement between blocks . a modifie&
infinite slope situation has resulted. One slope indicator exhibited
creep phenomenon with greatest movement at the surface.

An extensive study by Gould (1960) of slides and creep in
California Tertiary deposits has disclosed a wide spfead existence
‘of "mass creep" occurring at depth under the influence of gravity
forces.

The Lesueur and Grierson Hill slopes may.be undergoing creep
which will not allow a ratfona] design unless the residual cohesion is
assumed to disappear as the slobe inclination decreases.

The University of Alberta riverbank sTope section 6-6 which
was reported by the Department of Civil Engineering (1968) has attained
an average slope of 8.5°. The reported residual angle of friction for
the bentonitic clay shale was 8.5%. This is a quasi-equilibrium slope
in the Edmonton Formation and is an example of thenlong-term slope.

An infinite slope was utilized in the analysis of the slide, although
it is quite apparent that numerous slump blopks exist and that the
failure of the area occurred in a progressive manner.

The University of Alberta rive}bank slope section 2-2 which

was also reported by the Department of Civil Engineering (1968) exists



146

at an average inclinatibn'of 28 degrees and is presently stable. Al-
though the slope is underlain by bentonitic soils its stability can be
attributed to the 130 feet of Saskatchewan Sands and Gravels which
provide drainage as well as increased strength.

7.3 RESIDUAL FACTOR

The residual factor as defined by Skempton (1964) requires
clarification when applied to the soils and landslides of this
study. Skempton in his analyses assumed the residual strength to
consist of zero cohesion and the minimum angle of internal friction.
The minumum strength would be that obtained from pre-cut samples.
If the actual residual strength is greater than this, residual
factors less than one will be incorrectly indicated. Therefore, a
decision must be made as to which test represents the residual
parameters in the field. It appears that a general conclusion for all
soils is not possible. For example, the lowest residual angle of
7.5° for the Lesueur bentonitic soil was obtained from a remolded
sample whereas, the pre-cut condition appears to be thé lowest for
most others. |

Many of the slides investigated by Skempton were shallow
infinite slopes in which the strength along the inclined scarp
surface was negligible. The depth to length ratio of the Lesueur
siide is approximately 1:2.5 which places considerable importanée on
the strength developed along the scarp and the ihterpretation of the
residual factor. The residual factor is related to the pres]ide cond-
jtion and refers to the decrease in shear strength of the soil under-
going progressive failure. The Lesueur analysis which indicated peak

parameters along the scarp with ¢} = 149 and C, = 0 or bp = 10° and
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C; = 288 psf along the horizontal bentonitic soil for equilibrium
should have a residual factor based only upon the strength of the
"horizontal layer. The problem again arises as to the correct residual
strength. By using C.=10 and ¢ = 10°, a residual factor of .69 was
obtained when considering only the horizontal failure plane. If the
strength along the scarp is included then a residual factor much less
would be apparent. If C. = 144 psf and ¢' = 109 the residual factor
is .87. | '

An excellent example of the importance of the strength
developed along the scarp was given by the Department of Civil Engineer-
ing (1968) in analysis of the stable section 2-2 of the UniQersity
of Alberta fiverbank.. This 180 feet section consisted of lacustrine
sands and clays, till and Saskatchewan Sands and Gravels to a depth
of 130 feet. The strengths which are assumed for'these materials
influence the conclusions derived for the strength of failure surfaces
in the bentonitic clay shales. The critical failure surfaces using
the wedge method of analysis and an average angle of internal friction
of 33° for the overburden disclosed that stability could not be con-
firmed using only the residual angle of 8.20. It was necessary to
employ 4 psi cohesion. The computer results for this slope compare
favourably to previods analyses as indicated in Table VI1I-1. In order
to apply the computer analysis to a circular surface the failure surfaee
was approximated by four straight lines. The factor of safety was

found to be very similar to Bishop's method as summarized in Table VII-1.
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TABLE VII-1

COMPARISON OF ANALYSES FOR SLOPE 2;2 UNIVERSITY OF ALBERTA

Failure Surface Factor of Safety Factor of Safety Strength
by Computer by other Methods Parameters

Wedge-Scarp at 1.372 1.27 (Wedge) Scarp $= 33°
400 : Horz. Failure P.
¢ = 27°
Wedge-Scarp at 1.109 1.08 (Wedge) Scarp ¢= 33°
40° Horz. Failure P.

¢=8.20 C = 576 psf

Wedge-Scarp at
600 1.179 1.10 (Wedge) .

Circle-260 feet 1.092 1.08 (Bishop) Peak Parameters
Radius . :

An approach by Conlon which was cited by Peck (1967) indicates

.that because the normal stresses in a slope are variable, the peak

strength for various portions occurs at different strains. Skempton
used the average normal stress when evaluating the residual factor.
This simplified app}oach is no doubt justified in shallow slopes but
in deeper slides will produce incorrect residual factors. Of course,
to utilize Conlon's approach the diép]acement along the failure surface
must be known and the assumption must be made that the slide consists
of one block. It is obvious that the peak strength cannot be mobilized

simultaneouly along the entire surface of sliding and therefore, the

residual factor will always necessarily be greater than zero.

7.4 GEOMORPHIC ASPECTS OF LANDSLIDES

The landslides which occur along the river valleys constitute

an important degradation process. The modes of failure and causes of
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1ands11dés are of interest to the ehgineer in order to perform real-
~istic stability analyses. |

The modes of failure for the s1ides‘in.this study are of two
.types including the single block or wedge slide including the Lesﬁeur,
Grierson Hill and Taylor slides and the infinite slope type at Peace
River and Dunvegan. .

Naismith (1964) described a "pature" and "youthful" landslide
profile and recognized it as representing different stages'in the
development of the Meikle River valley in Northern Alberta. - The
"youthful" slides consisted of glacial till slump blocks which occurred
dufing initial rfver erosion at the toe of 350 slopes. At the present
' time " mature" slides occur when the lower slope is at a slope of 129
to 17°. After movement of the 16wer slope continues for a time,.the
main scarp in the "mature" slide is oversteepened ﬁo 350, However,
failure of the main scarp does not occur by rotational slumps; rather,
weathering and frost action producé shallow five foot earthflows. '

Naismith's deséription of the landslides in the Meikle valley
indicates the necessity for elucidating the geomorphic history of the
area. The ana]ys{s in this study, particularly Lesueur and Grierson
Hi11l, demonstrate that if a continual decrease in the inclination of
the slope occurs after failure a decrease in strength must be assumed
to obtain a factor of safety of 1.0.

The causes of landslides are normally classified as fundamental
or ihmediate (Terzaghi, 1950). The fundamental causes of the Taylor,
Lesueur and Grierson Hi1l slides were the decrease in strength and the .

continual river downcutting which promoted progressive failure as well

o
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aS some steepening of the slope. The immediate cause of the Taylor
slide was the high precipitation which increased the biezometric head.
The re-activitation of thé s1ides at DunQegan and Peace River resulted
from the placement of roadway fills and the cause would be classified as
immediate.

7.5 SLOPE STABILITY CHARTS

It is common practice (Lane, 1961) to utilize slope stability
charts to ascertain design slopes for large projects. A slope chart
consists of a plot of slope heights versus slope inclinations. A slope
chart is illustrated by Figure VII-1 in which are included ai] available
documentated slides in the study area. It should be emphasized that a
slope chart should include slopes of similar materials and geological
origin in order to resolve the safe's]ope angles. The slope chart in
Figure VII-1, which is composed of slopes in soils of varying character-
jstics, cannot be used in the conventional sense but it pfovides an
over-all view of the slopes iﬁ the area.

Two groups of slides appear to exist. One group includes
those which have heights from 180 to 320 feet gnd Tengths from 1200
to 2200 feet. These slopes are inclined at an angle near the residual
angle of shearing resistance. Included in this group are Dunvegan,
Peace River and the Universit} of Alberta section 6-6. When analyzed
as infinite slopes, these slopes produce a factor of séfety of 1.0 if
residual strength is employed. Thé Little Smoky slide is in this group
and has previously been interpreted | by the aithor as behaving similar
to an infinite slope. This‘group éppears to have degraded to an infin-

ite slope consistent with the residual angle of internal friction.
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These slide areas would be considered "mature" relative to the second
group. |

The second group of slides included the typical one biock
tyﬁe slide of Lesueur, Grierson Hill and Taylor. These are recent
slides and for Lesueur and Grierson Hill, the postslide inclination
is greater than the residual angle of shearing resistance. Eventually,
additional slides may occur by progreésive failure until a long flat
slope develops similar to group one.

Figure VII-2 indicates the relationship between average siope
and slide length. The length is probably related to the age of the
slope or to the rate of river downcutting.

A summary of slope inclinations, heights, lengths and

residual angles of shearing resistance are given in Table Vii-2.
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TABLE VII-2
SUMMARY OF SLOPE INCLINATIONS

Average Maximum-

Slide ‘ Slope Slope HT.
Lesueur (presiide) 23° 35° 105+

(poststide) 16.7° 35° 75'
Grierson Hill
(1958) 11.3° 20° 180"
(1915) 14.5° 23° 170"
U. of A. 2-2 28° 36° 180"
U. of A. 6-6 8.5° 20° 180"
Little Smoky 8.5° 20°  325'
Dunvegan 10.3° 160 290
Taylor 17° 28° 128"
P.R. 1 10.3° 20° 255"
P.R. 2 N 16° 350"
P.R. 2A 10.8° 16° 275"
P.R. 3 10.5° 15° 275"

Length
250
250
900"
660"
360"

1200

2200

1600
420"

1400

1730

1450

1480 '

154

10°

10°

8.5°
8.5°
14°
13.4°
16°
9.6°
9.6°
9.6°
9.6°
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

8.1 CONCLUSIONS FROM THE LABORATORY INVESTIGATION

(a) S]aking and wet-dry cycles may be used to determine qualitatively
the relative strength of diagenetic bonds and thereby, indicate
whether the soil is susceptible to progressive failure. The test
does not indicate the amount of stored energy that will be 1iberated
unless the stress history is known and controlled. |

(b) Particle orientation along the failure planes of the undisturbed
samples was slight and was not a'contributing factor in the shear
'strength>of the materials in the study area. The Qecrease in strength
from the peak to residual strength may be a resu1t-of the destruction
of the original structure. Other %nvestigators have attributed the
decrease in strength from the peak to residual to orientation of
clay particles a10ng the failure plane. _ _

(c) The drained peak strength parameters of this study were s1m11ar
to those obtained in other investigations in which the triaxial test
was utilized. Practically, the direct shear tesf may be used to
advantage because of its simplicity.

(d) The residual strength parameters utilized for design purposes
shouid be obtained from undisturbed samples. The results obtained
from pre-cut samples are lower than the undisturbed becaﬁse the
jrregularities are destroyed. Remolded specimens produce parameters
which may be equal to or less than the undisturbed parameters. The

deviation of the remolded and undisturbed residual strengths depends
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upon the remo1d1ng effects.

The increase in residual angle of friction for undisturbed
specimens is directly related to the 1nc11nat1on of the irregularities.
These irregularities were observed to be very flat.

(e) Residual cohesion has been shown to be presént for most of the
soils examined. Thé residual cohesion is related to the irregularities
along the failure plane. Evidence indicating that cohesion is
produced by jrregularities is given by the remolded and pre-cut
samples which possessed negligible cohesion and irregularity along
the failure plane.

(f) The residual angle of shearing resistance for natural soils can be
related to per cent clay fraction, Tiquid 1imit, montmorillonite
content based on per cent total sample, montmorillonite based on per
cent of clay fraction and activity. The reSIdual angle decreases
curvi]inear1y with the above factors except for the activity for
which it decreases as éctivity increases.

(g) The residual angle of friction increases with density. This
phenomenon is partially explained by the increase in dens1ty with
decreasing montmorillonite content. _
(h) Decrease in peak angle of friction with increasing normal stress
for soils is related to a change in mode of failure. The change in
mode of failure results when irregularities are sheared across rather
than around.

(1) An increase in strain rate of 25 times from 1.38 inches per day
to 34.56 inches per day resulted in an eight per cent_increase in.

the residual shear stress for Dunvegan clay.
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8.2 CONCLUSIONS FROM THE STABILITY ANALYSES

(a) Residual strength parameters must be empToyed in the analysis of
~ the clay sha]és and preconsolidated clays in order to obtain a factor
of safety of one for limiting equilibrium. Peak parameters produced
factors of safety much greater than one. ‘ |
(b) Numerically small residual cohesion must not be neg]ectéd in
stability analyses. Analysis of Grierson Hill indicated that one psi
cohesion contributed the same strength as an increase in the internal
angle of friction of two degrees.
(¢) Dunvegan and Peace River slides are re-initiated quasi-equilibrium
movements in pre-till materials. The residual factor for these cases
is one.
(d) Taylor slide is a wedge type slide in which the residual factor
is one. The slide occurred when the shear strength had been reduced
to the residual along the scarp and horizontal failure plane.
(e) The Lesueur and Grierson Hill slides took place in bentonitic
s0ils of the Edmonton Formation. Major movements took place on
surfaces in which the peak strength was developed along the scarp and
the stréngth developed along the main failure plane was near the residual.
Immediately after the slide, the strength deve10ped'a10ng thé entire
failure plane was found to be composed of one psi cohesion and the
residual angle of shearing resistance.

It is postulated that slides which develop in bentonitic
soils decrease to the residual strength rapidly and failure occurs
when the peak strength is still present along thé scarp.

(f) Slides which exhibit a residual factor of 1.0 after failure cannot .




be ana]yzed rationally if the inclination of the slope decreases
without further strength decrease. The degradation of the slope
may be produced by soil creep or by secondary slumping within the
slope. In mature slides which occurred shortly after deglaciation
solifluction may have been active in the pgrig]acia1 environment.
(g) The long-term slope inclinations for the slopes in the study
area are near the residual angle of shearing resistance. Of course
the ultimate siope is debendent upon the ground'water table and
soil .types overlying the slide material.

(h) The piezometric level which exists along the North Saskatchewan
River Valley is low relative to the bank height and is related to
the river water levels. Caution must be exercised in detecting

the presence of perched water tables.

(i) Thé residual factor requires clarification with regard to the
various methods of determining the residual strength parameters

and the treatment of the strength developed along the scarp.

(j) The slides in the study area appear to fall into two groups.
One group consists of long flat slopes and is indicative of "mature”
slides in which many numerous progressive b]ock'failures have
occurred. The second group cons1sts of "youthful" slides in which
river erosion is active and the typ1ca1 wedge fa11ure is prevalent
(k) The slides in the study area generally all exhibited a residual
factor near one. A11 occurred in preglacial river valleys. It is
postulated that water has been available to the slide materials in
these valleys for a long time and a strength decrease has occurred
from the peak to the residual stremgth. Highway fills, pore pressure

increases and toe erosion cause the residual strength to be exceeded.

158
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8.3 RECOMMENDATIONSHFQR FUTURE RESEARCH
(@) A study should be initiated to compare various laboratory techniques
for evaluating the residual strength parameters. Of greatest signific-
ance would be a comparison between the reversal direct shear test and

a ring shear appératus. ‘The ring shear would allow large displacements
in one direction and area corrections could be eliminated. No doubt,
sample preparation for a ring shear test from the c1ay_sha1es will
prove difficult.

The limited reported information with regard to residual

strength evaluation discloses variations which appear to be related

to test technique. ' |

(b) The effect of irregularities and structure should be studied in
detai]. initig]]y, jrregularities may be precast by laboratory
remolding of natural soils.and then the study could be extended to
undisturbed soils. Shear structures deve1op¢d at various normal
stresses may add to our understanding of curvilinear Mohr envelopes.
This study on]d necessitate the microscopic study of thin sections.

(c) A detailed investigation of residual cohesion would be of

interest. The study should comprise the separation of internal

friction angle and cohesion at various strains and the dissipation

of cohesion with time. -

(d) Future investigations of slide areas should take account of the
profile change and.slope movements which occur subsequent to landslides.
(e) A study of existing failed and stable slopes is considered to be

of immense practical importance. This study would involve determination
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of slope inc]inations, slope heights, slope 1engths and the exteﬁt

of river erosion. For a meaningful study the depth and character of
soils above the potential slide material must be ascertained. This
information is often derived from crop outs but where slumping is
prevalent a rapid drilling procedure would provide stratigraphic data.
Adjacent stable and failed s]opes.shou1d be investigated in the

study area to asceftain the reasons for stability of some slopes and

failure of others.
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