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STATE OF-THE-ART REPORT ETAT ACTUEL DES CONAISSANCES

STABILITY OF NATURAL SLOPES AND EMBANKMENT FOUNDATIONS
STABILITE DES TALUS NATURELS ET DES FONDATIONS DE REMBLAIS

by A. W. Skempton Prof. of Civil Engineering
Imperial College of Science and Technology
South Kensington, London, U.K.
England

and J. Hutchinson
John Neville
Wimbledon, London, U.K.

SYNOPSIS A system of classification of landslides in clay slopes is proposed involving
the recognition of five basic types and six complex forms of movement. Clays are d escribed
in terms of their geotechnical characteristics and their mode of origin. The shear stren-
gth properties of clays are reviewed with particular emphasis on possible discrepancies
between strengths in the field and as measured in conventional laboratory tests. Some
methods of stability analysis currently in use are summarised. FPFourteen analytical case
records are then considered in some detail and field data are presented relating to the
development of slapes in clay strata. It 1s concluded that great progress has been made
during the past two decades ir the scientific study of landslides and related processes in
clay slopes, but many uncertaintles still remain and some types of mass-movement have not
yet been analysed quantitatively.

1. INTRODUCTION

The scientific study of earth and rock (1i1) methods of calculating the stability

slopes has applications ranging from prob- of a slope in terms of the type of

lems in pure geomorphology to the predic- failure, real or anticipated, and

tion of slope stability for civil engineer- the material properties;

ing purposes and the design of r emedial

measures where a landslide has destroyed or (1iv) correlation between field observa-

is threatening property, communications or tions and the results of stability

the lives of people. calculations based on measured pro-
perties of the materials involved in

Prom whatever point of view the subject is a mass-movement.

approached a proper understanding ie re-
quired of four interrelated groups of topics: This fourth topic lies at the heart of the
subject. Unless and until a £2£¥5% of ana-

(1) recognition and classification of the lytical case records has been established,
various types of mass-movements that adequate scientific knowledge of any claes
can occur on slopes; théir characteri- of landslide or type of material cannot be
stic morphological features; their said to exist.
geological setting; their rates of dis-
placement, and the causes of failure; So far as is possible within the limits of

a single paper the authors have endeavoured

(i1) classification and precise description to review these aspects of the subjlect in
of the materials involved in mass=~ terms of clay slopes. Some restriction is
movements, and the quantitative meas- clearly necessary in a field which, in its
urement of their relevant propertiesj entirety, covers an exceptionally broad

rangee.
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2, TYPES OFP LANDSLIDES AND OTHER MASS-
MOVEMENTS

Mass-movements occur chiefly in response to
gravitational forces, sometimes supplemented
by seismic activity. The manner in which a
slope yields to these forces 1s controlled
by a multitude of factors, of which geol-
ogy, hydrology, topography, climate and
weathering are the more important. In view
of the wide range of variation possible in
each of these factors, it is hardly surpris-
ing that in combination they should give
rise to mass-movements of suoh variety as

to resist rigorous classifioation. Three
broad subdivisions, namely frozen ground
phenomena, creep and landslides, may be
recognized, however (Hutchinsom, in press).
Attention here will be concentrated on the
last of these, as developed on olay slopes.

The generic term, landslide, embraoes those
down-slope movements of soll or rock masses
which oocur primarily as a result of shear
failure at the boundaries of the moving
mass.

In the following an attempt is made to iso-
late and define those types of landslide
which occur sufficiently oftem to be regard-
ed as characteristic and to explore broadly
the reasons for their particular features.
The simplest movements, generally posesess-
ing a certain unity, are the most readily
distinguishable. These are regarded as the
baslic types of landslide on slopes: the

more lmportant of these are illustrated
diagrammatically in Fig.l. The remaining
characteristic landslide forms are 1n gener-
al multiple or complex assemblages of these
basic types. Some frequently ooccurring
types of multiple and complex landslides

are 1llustrated in Fig.2.

In categorising the various types of land-
elide, most weight is given to the shape of
the moving masses in down-slope section at
the time of failure. The ratio D/L (Fig.3)
relating the maximum depth of the slide to
its maximum initial down-slope extent, is a
useful measure of this property (Skempton
195%a & 1953b).

Landelides of similar D/L ratio can, how-
ever, behave very differently during and
after failure. Thus recognition is also
made of the lmportance of the form of the
maeses after fallure, both in down-slops
section and in plen. Rates of landslide
movement are, as will be shown subsequently,
extremely variable and do not appear to
form a useful basis for primary subdivision.

2.1 Some Basic Types of Landslide on Clay
Slopes

2.1l.1 Palls. Clay falls are typically
short-term failures in the steep slopes of,
for instance, artificial excavations or
eroding river banks. Such falls are usual-
ly rather insignificant and few are describ-
ed in the literature. Two phases of faill-

ure can generally be distinguished. As a
consequence of the removal of lateral supp-
ort, bulging occurs at the slope foot and
tenslon cracks open behind its crest. The
development of these cracks brings about a
progressive lncrease of stress in the root
of the separating mass. This eventually
fails, releasing the fall (Fig.l). The pres-
ence of water in such tension cracks natural-
ly produces a very marked reduction in stab-
ility.

SOME BASIC TYPES
OF MASS - MOVEMENT
ON CLAY SLOPES

FALLS

-

ROTATIONAL ~ SLIDES [[SLIP, SLuMP]

circular shallow non - circular

COMPOUND  SLIDES o

competent sub- stratum

TRANSLATIONAL SLIDES

=L

‘block slide

slab slide
FLOWS
lobate or
lobate e elongate —
earthflow mudflow

, lobe
sheet e
sol

ifluction sheet & lobe

Fig. 1

The majority of slopes steep enough to be
subject to falls are found in the stronger,
over-consolidated clays. As these are rare-
ly intact, the temsion cracks usually devel-
op along pre-existing joints or fissures.
The position of these in relation to the
slope crest may then considerably influence
the size and manner of the eventual fall,
The more deep-seated ones usually fall back-
wards 1n failing: a thinner clay mass, par-
ticularly on a near-vertical slope, may
topple forwards.

Examples of clay falls from the walls of
steep-sided excavations in over-consolidated
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fissured clays are given by Bazett, Adams &
Matyas (1961) for the crust of the Leda Clay
in the St. Lawrence valley and by Skempton
& LaRochelle (1965, Fig.3, 1lst failure and
Fig.6) for the brown London Clay at Bradwell
Essex., The Bradwell case well illustrates
the critical effect of water in the tension
cracks. A fall which occurred in a resid-
ual soil in Hong Kong, formed of decomposed
granite, is illustrated by Lumb (1962,
Fig.3). In this instance the fall was
defined by relict joint and fissure surfaces

MULTIPLE and COMPLEX LANDSLIDES

SUCCESSIVE  SLIPS

MULTIPLE RETROGRESSIVE SLIDES

S e e

—

translational

rotational

SLIDES IN COLLUVIUM

BOTTLE - NECK SLIDES

e e B

Fig. 2

2.1,2 Rotational slides (slips, slumps).
Rotational slides occur characteristically
in slopes of fairly uniform clay or shale,
The curved surface of failure, being con-
cave upwards, imparts a back-tilt to the
slipping mass which thus sinks at the rear
and heaves at the toe (Fig.l). Such slides
are, as a class, relatively deep-seated,
with D/L ratios lying between 0.15 and 0,33,
There is some tendency for slides with the
higher values of this ratio to be associat-
ed with the steeper slopes. The deeper,
better-developed rotational slips thus gen-
erally develop on the slopes of cuttings
and on actively eroding cliffs.

Circular rotational slips occur typically
in slopes of the more uniform clays. As in

PLAN

ta

SECTION A - A

L = maximum length of slide up slope
D = maximum thickness of slide
B = maximum breadth of slide

Landslide Fig. 3

proportions

slips of this form movement can take place
without distortion or shearing of the fail-
ing body, the slipped masses are character-
istically unbroken except at the toe, where
some tumbling and over-riding commonly occurs.
0f the numerous circular rotational slips
reported from cut slopes, that at Lodalen,
Oslo (Sevaldson 1956) is one of the most
completely documented (see Fig.22). This
failure occurred in a railway cutting throaugh
slightly over-consolidated intact clay: the
circular shape of the slip surface was con-
firmed by borings. Approximately circular
slips in cuttings through normally consolid-
ated clays are relatively common. They are
exemplified by the failures at Congress
Street, Chicago (Ireland 1954) (see Fig.l19),
and in the Eau Brink Cut, Norfolk (Skempton
1945). Terzaghi and Peck (1948) suggest
that slides in varved clay deposits may also
be approximately circular providing that

the porewater pressure in the silt layers
is inconsequential.

In natural slopes failures which appear to
have been of circular rotational type have
occurred in cliffs of over-consolidated,
fissured London Clay at Walton, Essex, (Anon.
1898) and at Warden Point, Kent (Hutchinson
1968). An approximately circular, though
shallower, slide in a natural slope of over-
consolidated, intact clay till at Selset,
Yorkshire, is described by Skempton & Brown
(1961) (see Fig.23).
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Non-circular rotational slips seem usually
to be associated with slopes of over-consoli~
dated clays in which a degree of non-homo-
geneity has been produced by weathering.
Anisotropy of the unweathered strata also
influences the form of these slips. As
movements on non-circular failure surfaces
are necessarily accompanied by distortions
of the slipping masses, these are always
broken to some extent and grabens may devel-
og (Ritchie 1958). Several of the slips
studied by Collin (1846), well exemplified
by that at Barrage de Grosbois, France,
(Fig.4) in Jurassic clay, were of non~circu-
lar type as was the slip in a railway cut-
ting through the Weald Clay at Sevenoaks,
Kent, investigated by Toms (1948). A strik-
ing photograph of the oross-section of a
non-circular rotational slip near Fort
Spokane, Washington, is given by Jones, et
al. (1961, Fig.3).

trench excavated 1831
slip occurred Sept 1933

Jurassic

clays
horizontally
> hedded

0 . . =

observed slip surface

Grosbois Dam
(1846 )

foundation

Slip in trench , France

after Collin

Fig. 4

Shallow rotational slips, of both circular
and non-circular form, are common on slopes
of moderate inclination in weathered or col-
luvial clays. Examples of both these cate~
gories of shallow rotational slip on London
Clay slopes are given by Hutchinson (1967a).

2.1.3 Compound slides and translational
slides. n many landslides the surface of
allure is pre~determined by the presence

of a heterogeneity within the slope. The
development of a simple rotational slide is
thereby prevented and a translational ele-
ment introduced into the slide movements.
In general the smaller the depth to the
heterogeneity the greater the translational
element will be. The heterogeneity usually
consists of a weak soil layer or structural
feature or a boundary between, for example,
¢clay and rock or between weathered and un-
weathered material.

(a) Compound slides. Compound
slides reflect the presence of a hetero-
geneity at moderate depth beneath a slope.
In such cases the failure surface is formed
of a combination of curved and planar ele-
ments and the slide movements have a part-
rotational, part-translational character

(Pig.1). Severe distortion and shearing
accompany the sliding movements and the slide
masses are correspondingly broken. Good ex-
amples of compound slides are provided by
failures at Gradot, Yugoslavia (Suklje &
Vidmar 1961), (see Pig.25), and the 'Miramar'
8lip on the coast of Kent (Hutchinson &
Hughes 1968). Both slides owe their form to
the presence of a firm rock stratum immediate-
ly beneath the layer of over-consolidated,
fissured clay in which the failure was seated.
A further example, though with a stronger
translational component, ie the slide at
Bekkelaget, Oslo (Eide & Bjerrum 1954).

There a rotational slip in higher ground at
the rear of the slide was accompanied by
translational movement of an adjoining slab
of flatter ground. Severe distortion of the
slide masses was limited to the zone between
these elements. In this case, the dominant
heterogeneity was a zone of normally consoli-
dated, soft, quick clay located beneath the
weathered surface crust of the clay deposit.

Comparison of these three compound slides
suggests that the degree of break-up of the
slide masses is controlled not only by the
degree of non-circularity of the failure
surface, but also to a considerable extent
by the nature of the strata involved in the
movement. Thus in the soft clay at Bekkela-
get disturbance of the slide masses was very
localised and buildings in the lower part of
the slide were little damaged. In the Mira-
mar slip in the London Clay, the slide mass-
es were severely broken in the vicinity of
the heel of the slide where a major graben
was formed. Seaward of this, the masses
were relatively little disturbed. In the
Gradot slide, however, which involved fairly
rigid tuffs and conglomerates, the slide
masses broke up to a high degree and filled
the valley with debris.*

(b) Translational slides. Transla-
tional slides generally result from the pre-
sence of a heterogeneity located at shallow
depth beneath the slope. In such situations,
the failure surface tends to be relatively
planar and to run roughly parallel to the
slope of the ground (Fig.l). Slide move-
ments are therefore predominantly transla-
tional and distortion of the sliding mass
is small.

Block slides occur typically in in situ
material which is fairly hard and jointed.
The block involved separates from its parent
mass on steeply inclined Joints or fissures
and slides as a unit on a well-defined plane
of weakness. A8 in a rock slide, this may
be formed by a bedding or Joint plane or by
a pre-existing fault, shear surface or shear
zone. Block slides in Triassic marls and

* 1The Vajont compound rock slide may be con-
sidered as occupying an extreme position in
this spectrum.
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sandstones, in which the planes of faillure
were determined by faults, occurred during
the opening out of the Cofton tunnel, near
Birmingham, England (McCallum 1930). Good
examples of block slides in unweathered
over-consolidated and jointed clays at Val-
dermo, Italy, are given by Esu (1966). It
is evident that the proportions of block
elides are controlled largely by the spac-
ing of the discontinuities which bound the
block and D/L ratios thus vary widely.

Slab slides are a characteristic type of
translational failure in more weathered,
clayey slopes. Such slides move with 1lit-
tle distortion, predominantly as a single
unit. They commonly occur in a mantle of
weathered or colluvial material, the depth
of which chiefly controls the form of the
failing mass, and rarely, if ever, have D/L
ratios greater than 0,1 (Skempton 1953).
Examples of slides in this category on low
angle slopes on London Clay are given by
Hutchinson (1967a)., The failure in a steep=-
ly inclined residual soil mantle after
heavy rain at Caneleira, near Santos, Brazil
(see Fig.24) (Vargas & Pilcher 1957), seems
to have begun as a slab slide but then to
have broken up and descended to the slope
foot as debris., This type of behaviour is
more typlcal of slab slides on the steeper
slopes., The Caneleira slide illustrates
the triggering of translational failures

by transient, perched water tables follow-
ing heavy rainfall.

In contrast to these examples of alab slides
in weathered or residual slope mantles may
be mentioned the lendslide at Furre, Norway
(Hutchinson 1961). This was broadly of
slab type, but involved chlefly in situ
materials and failed on a thin, gently
inclined layer of quick clay.

2.1.4 Flows. Flows form a rather neglec-
ted and le understood group of move-
ments, with a correspondingly confused
terminology. We shall here exclude from
consideration the extremely rapid flows
which result from the sudden access of
water to debris mantled slopes, as these
seem to partake more of mass-transport than
mass-movement. Examples of these are the
volcanic mudflows (Scrivenor 1929; Iida
1938) which can have average speeds of up
to 25 m/sec and the torrential mudflows or
mudspates, commonly having speeds of sever-
al m/sec, which the events described by
Sharp & Nobles (1953) and Curry (1966)
appear to exemplify.

Flows which undoubtedly comprise a form of
mass-movement are categorised either as
earthflows or mudflows (PFig.l). Also, al-
though properly considered as frozen ground
rather than landslide phenomena, periglacial
solifluction sheets and lobes are included
here as, apart from their mode of originm,
they have many characteristics in common
with mudflows. In no case where observa-
tions are available does the mechanism of

these flows correspond to that proposed by

Sharpe (1938).

(a) Earthflows. The term 'earthflow'
is used by Sharpe (1938, to describe two en-—
tirely different forms of mass-movement in
clays.* The term is here confined to the
slow movements of softened, weathered debris
which develop typically in material forming
the toe of a slide. Such an earthflow is
shown developing on the far side of a slump
at Adams Township, Ohio, in Plate IVB of
Sharpe (1938). An earthflow in a more ad-
vanced state of development at Blaina, South
Wales, 1s illustrated in Fig.5. Earthflows
are transitional between slides and mudflows.
They differ from the latter in their smaller
degree of structural breakdown. Thus earth-
flows commonly retain a considerable part
of their original vegetation cover and in-
clude much that is recognisable of the elide
from which they originate.

Fig.5 Landslide at Blaina, March 1954

(b) Mudflows. Mudflows are glacier-
like in form and have surface inclinatiogs
varying generally between about 5 and 15%.
Rates of mudflow movement vary widely (see
Table 3) and can be highly seasonal. Mud-
flows commonly develop when a mass of

# Here referred to as 'earthflows' and
tretrogressive quick clay (bottleneck)
slides’'.
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argillaceous debris becomes softened by
water and they consist typically of the ill-
sorted remnants of this debris in a soft,
clayey matrix (Fig.6).

Fig.6 Section of mudflow material
Beltinge, Kent

Such flows are often well-developed below
bare slopes of fissured clays. Major mud-
flows also occur in deposits of fissured or
intact clay interbedded with layers of fine,
water-bearing sand. In this case the clay-
ey debris is provided by undermining of the
clay beds by seepage erosion in the sand
layers (Hutchinson 1965a, and in press).
Varved or laminated deposits are naturally
particularly prone to develop mudflows in
this way (Legget & Bartley, 1953).

Recent measurements of the distribution of
movement in a mudflow at Beltinge on the
London Clay cliffs of north Kent, both on

a transverse surface profile and with depth,
have demonstrated that the flow moves pre-
dominantly by marginel shearing on slicken-
sided slip surfaces, that is, in a manner
approximating to plug flow.* In the softer
mudflows it seems likely that the movements
arising from boundary shear will be increas-
ingly supplemented by viscous movements
within the flow. Surface observations of
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other coastal mudflows in S. England,
originating from over-consolidated fissured
clays and glacial deposits, suggest that a
discrete sheared failure surface at their
boundaries is a general feature of these
flows. It was concluded from these find-
ings that the distinction between slides
and flows drawn by Sharpe (1938), which is
central to his classification of mass-move-
ments. 1s not generally true (Hutchinson
196%5a).

Prom a consideration of the plan proportimms
of mudflows 1t seems desirable to disting-
uish between an elongate variety and a lob-
ate one (Fig.l). The Slumgullion mudflow
(Crandell & Varnes 1961), with a length to
breadth ratio (Pig.3) of the order of 19,

is a good example of the elongate type.
Other elongate mudflows are those at Stoss,
St.Gall, Switzerland (von Moos 1953; IL/B=17)
and at Mt. Chausu, Japan (Pukuoka 1953
L/B=11). These naturally develop most
fully where, as in the cases mentioned,
there is little or no erosion at the toe of
the mudflow. In situations where the toe
of a mudflow suffers appreciable erosion,
such as on the coast, a more lobate type of
mudflow generally develops. An example of
this type is the coastal mudflow at Beltirge,
Kent, already mentioned, which has an L/B
ratio of about 5.

(c) Solifluction lobes and sheets.
Recent observatlons on fossil periglacial
s0lifluction features have extended consi-
derably the generality of the conclusions
reached earlier about the mechanism of mud-
flow measurements. Although little evidence
has been found for the occurrence of shear-
ing in connection with contemporary soli-
fluction, 1t 1s now evident that extensive
shear surfaces are associated with certain
fossil solifluction features in Southern
England and may indeed be widespread on
clay slopes. These shears were first dis-
covered during the investigation of soli-
fluction lobes below the scarp of the Hythe
Beds near Sevenoaks, Kent. The lobes,
which consist of angular rock fragments in
a matrix of sand, silt and clay, are typic-
ally 10 to 15 feet thick and have clear
topographical expression. They are descri-
bed by Skempton & Petley (1967), see Fig.3l,
and have been dated to Zone III of the Late-
glaclal. Subsequently the underlying and
much more extensive Welchselian solifluc-
tion sheet was also found to be underlain
by slickensided shear surfaces, even where
the ground slopes at only 3 or 4° (Weeks
1969; Skempton & Petley 1967). The engin-
eering lmportance of these observations,
particularly on such flat slopes and

* The published movements of the younger
Slumgullion mudflow, Colorado (Crandell &
Varnes 1961), although measured onmly at the
surface and not interpreted in this way,
may be inferred also to be of plug flow type.
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beneath a @olifluction sheet with no topo-
graphical expression, 18 clearly very great.
FPurther examples of similar "eolifluction
shears"”" beneath fossil solifluction sheets
on low-angle slopes in London Clay and Wad-
hurst Clay are given by Weeks (1969). De-
tails of a trial pit in a solifluction

sheet on an approximately 5° slope of London
Clay at Boughton Hill, Kent, are shown in
Fig.7.

2.2 Some Examples of Multiple and Complex
Landslides

Among the variety of more complex land-
slides on clay slopes, certain frequently
occurring types may be recognized. In gen-
eral, these exhibit a multiplication or
combination of the basic types of landslides
described previously.

2.2+1 Successive slips. Successive rota-
tional slips consist of an assembly of
individual shallow rotational slips (Fig.2).
They are characteristic of the later stages
of the free degradation process on slopes
of over-consolidated, fissured clay, which
for the London Clay occur on slopes of bet-

top soil

layer of flints

ween about 13° and 8° inclination. Both
regular and irregular varieties develop: the
former produces steps across the slope, the
latter a mosalc of shallow rotational slips
(Hutchineon 1967a). The rather sparse data
available suggests that successive slips
generally spread up a slope from its foot.

A cross-section of the abandoned Lomdon Clay
cliff below Hadleigh Castle, Essex, on which
successive rotational slips have developed
is reproduced in Pig.34 . A photograph of
similar slips on an 8%1° London Clay slope at
High Halstow, Kent, is given in Hutchinson
(1967b, Fig.3). The landslide at Sarukuyoji,
Japan, a cross-section of which is given in
Pig.8 (Pukuoka 1965), may represent an ad-
vanced stage of successive slipping in which
the individual movements begin to interact
and to evolve towards a multiple translation-
al type of movement.

2e2.2 Multiple retrogressive slides. Mult-
iple slides develop rtrom single fallures by
the occurrence of further, retrogressive
faillures which interact to form a common
basal slip surface. Predominantly rotation-
al and predominantly translational varieties
can be recognised (Fig.2).

solifluction sheet of
clayey sand with
angular flint fragments

principal slip surface

a weathered London Clay
West Trial East
Pit
400+ N ' 1
ft 53 -
0D e i
solifluction  sheet 3-5ft thick
merging into clay with flints’ up to 10ft thick on plateau |
300} London Clay j‘
1
— 1 ' S— ——— L 1 ,J
14200 14400 14600 ft
Section of the wupper part of Boughton Hill , Kent
after A. G Weeks 1969
Fig. 7
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An early stage in the development of a
multiple rotational slide is illustrated

by the coastal landslide 1in Oligocene clays
at Seagrove Bay in the Isle of Wight
(Skempton 1946), A more fully developed
example is provided by the coastal land-
slides involving the Chalk and the Gault clay
at Folkestone Warren, Kent (Fig. 28), the
multiple rotational character of which was
first recognised by Toms (1953). This type
of landslide clearly becomes more transation-
al in overall character as the number of com-
ponent rotational slips increases. Contemp-
orary activity at Folkestone Warren comprises
chiefly the renewal of movement in the old
slipped masses. In such a situation, with
the shear strength parameters on the slip

fissured clays. In the absence of a
competent cap-rock, the scarp formed

at the rear of the initial rotational
slip tends to be degraded so rapidly

by shallow slips, falls and mud-flows
that the retrogressive development of

a further deep-seated slip is usually
inhibited (Hutchinson 1965a, and in
press). The landslides on the Meikle
River, Alberta (Nasmith 1964), in which
the seat of failure lies in heavily over-
consolidated, stiff fissured lacustrine
8ilts and clays, appear to be of multiple
rotational type. A further example of
such a slip is provided by the failure

at Sandnes, Norway, seated in a layer

of over-consolidated, stiff fissured

500 1
m East West
® d
average velocity during 3-3m/yr 2:2m/yr
period Nov. 1964 - June 1965 | =0.9cmiday | =0.6 cm/day
maximum  daily velocity 6 cm/day 4 cm/day

400 e pond
|
average slope A-B g
depth to slip surface = 5-1m i3
300" -
Section through part of Sarukuyoji Landslide , Japan
from M. Fukuoka ( in litt. 1965)

surfaces remaining constant at their
residual values, the influence of varying
ground-water pressures on the incidence

of the slides can be more clearly discern-
ed. Thus, at the Warren, all the deep-
seated renewals of movement known during
the past 130 years have occurred within

the period of maximum seasonal ground-water
pressures from December to March (Hutchin-
son 1969),

Multiple rotational slides occur most
frequently on actively eroding slopes of
fairly high relief, in which a thick
stratum of over-consolidated, fissured clay
or clay-shale is overlain by a considerable
layer of more competent rock. Failures of
this type are rare and poorly developed in
cliffe formed predominantly of stiff,
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Fig. 8

interstadial or interglacial clay (Bjerrum
1967). In both the last two cases a till
forms the cap rock,

Predominantly translational forms of multi-
ple retrogressive slide generally develop
from slad slides, and are controlled by
similar factors. It is probable that the
lower the cohesion of the sliding mass,

the smaller and more numeroue the individ-
ual retrogressive failures will be. The more
cohesive type of multiple translational
failure, with a moderate degree of subdivie-
ion, is exemplified by the landslides at
Jackfield, Shropshire (Henkel & Skempton 1954)
and at Portugese Bend, California, see Fig.9
(Merriem 1960)., The predominantly silty
deposite involved in the retrogressive slide
at Vibetad, Norway (Hutchinson 1965b), how-
aver, had little cohesion and the slide was
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subdivided to a correspondingly high degree.

2.2.3 Slump-earthflows. Slump-earthflows
are a fairly common type of complex mass-
movenent which occupies a position transi-
tionual between rotational slides, or siumps,
4r.d lobate mudflows. They develop typically
in a rotational slide of considerable dis-
~»laceuert, where the toe of tne slipping
1185 1s auch broken by over-riding. In the
prco.ence of water, this debris then softens
ure develops into an earthflow and perhaps
eventually into a mudflow.

A landslide near Berkeley,

California, which
dexons

trates the initial stages of slump-

ft || North
600 average velocity 1
. average
I“ AP g P = inclination
L R S, g N h YRR
o
zool s
+of
Altamira Shale -
I Miocene
bentonitic tuffs
| 3000 ft 2000
Portugese Bend Lands
after  Merriam  (1960) and

earthflow development, is illustrated by
varnes (1958, fig.28). A later stage, in
which pronounced earth-flow is in progress,
is illustrated by the landslide at Blaina,
already mentioned.

2.2.4 €£lides in colluvium. Although every
slipped mass is,in a strict sense, colluvium,
tt 1s convenient in this context to use this
#ord in the .ore restricted sense of material
#a.cn is so suifted and weathered that indi-
vidual slipped masses are not longer distin-
guisnavle. Colluvium in this sernse is proba-
oly wost typically developed in the accumu-
lation zones pelow freely degrading cliffs
{(Autechinson 1467a). A pre-requisite of

s4ch features is a period of strong erosion,
t> troduce the cliff, followed by a long
v2riod or iittle or no erosion during which
coiiuvium can accumulate at the foot of the
cliff in step with its weathering and degra-
dation. CZuch conditions are widespread, for
exanple, in ereas where severe melt-water
2rosion during the retreat of tne Pleistocene
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ice sheets has been followed by some 10,000
years of virtually free degradation of over=-
steepened clayey or shaley slopes.

An example of such a colluvial deposit and
its inherent instability is provided by the
account of movements at Walton's Weood,Staff-
ordshire, given by Skempton & Petley (1967),
see Fig.30. Slow movements, approximately
of multiple translational type, on a complex
of o0ld slip surfaces in the colluvium were
accelerated by the construction of a motor-
way eubankment across it. Annther striking-
ly similar example of a colluvial slope, at
Veirton, W. Virginia, is furnished by D'App-
olonia et 81.(1967). In both tnese cases the

South
957 - 1959 = 20 ft/yr = 6 m/yr
ground slope B-B = 7.4
of slip surface = 65°
“\(W;r"\\
i [ B
7 - —— - 4
1000 0
lide California
Kerr & Drew (1967}
Fig. 9

colluvium has over-ridden granulaer alluviunm,
deposited during erosion of the slopes.
Ground water levels in this alluvium and the
ad jacent rock are low: the stability of the
colluvial slopes is controlled by high, per-
ched water tables witihin tnem.

Other types of slides in colluvium involve
the renewal of movements in debris which is
associated with individual old slides, usu-
ally of large size, rather than with a gen-
erally developed accumulation zone. Although
of common occurrence few examiles have been
described in the litersture. The landslides
near Portland, Oregon (Clarke 1904) and at
Yui, Japan (Taniguchi & Watari 1965) appear
to belong to this category.

2,2.5 Spreading failures. Failuresby sud-
den lateral spreading in clay slopes are a
particular type of retrogressive translatio-
nal slide. They are characterized by the
gentle slopes involved, the broad front and
rapidity of the movements, which are usually
completed within a few minutes, and the
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succeseion of graben and horst structures
which are produced in the slid masses (Fig.2).

Terzaghi & Peck (1948) ascribe such failures
to the presence at some depth beneath the
slope toe of a seam or stratum of sand or
8ilt in which seasonally high pore-water
pressures are acting. Slides of this type
appear to ve frequent in varved clay deposits,
as exemplified by the failures along the
Hudson River valley (Newland 1916), Quick
clay deposits can also fail in this way, as
for instance at Skottorp, Sweden, where high
~#ater pressures in an underlying sand layer
were consldered to be the likely cause of

the slide. The deeper parts of the clay in-
volved in the slide were also varved. Some
of the horsts in this slide took the form of
acute clay ridges and a retrogressive failure
mechanism explaining their formation wae
proposed (Odenstad 1951). The recent slide
at Turnagain Heights, Alaska, provides a fur-
ther example of a spreading failure in quick
clays. There too, high pore pressures in
intervedded lenses of loose sand, in this
cade generated in response to earthquake
shocks, are believed to have played an im-
portant part in the failure (Seed & Wilson
1967; Seed 1968).

2.2.6 Quick clay slides. While in some cir-
cumstances quick clay slopes may fail in cer-
tain of the ways already mentioned (e.g.
Bekkelaget, Furre), there is one type of land-
slide which 1s peculiar only to quick clays,
the 'bottle-neck' type of retrogressive,
multiple rotational fallure. Such slides
generally begin with an initial rotational

slip in the bank of a stream incised into quick
clay deposits. The slipping mase is in part
remoulded to the consistency of a liquid

which runs out of the cavity, carrying flakes
of the stiff, weathered crust. The steep

rear scarp 1s left unsupported and a further
rotational slip tekee place. This in turn
becomes sufficlently remoulded to flow out

into the stream bed, and retrogressive slips
continue until a stable scarp is attained
(Fig.2). The retrogression is extremely

rapid and usually has a greater lateral

extent in the deposits away from the stream
than in the weathered, rather stronger material
forming the bank, hence giving these slips
thelr characteristic bottle-necked shape in
plan. The remoulded clay flows down the siream
bed and 1s eventually redeposited. Such

slides are common in the lLate-and Post-

glacial marine clays of Norway and Eastern
Canada and are well exemplified by the failures
at Ullensaker (Bjerrum 1954) and Nicolet
(Crawford & Eden 1957).

Studies of a number of quick clay slides in
Norway have shown that an important factor
in the development of quick conditions and
the incidence of quick clay slides i1s the
leaching of the marine clay deposits by the
upward flow of ground-water under artesian
pressure from the underlying bedrock when
this lies at shallow depth.

300

2.3 Rates of Landslide Movement.

A qualitative description of the movements
typically assoclated with a landslide has
been given by Terzaghl (1950). He dist-
inguishes first a general condition of creep
which continues fairly steadily until the
slide-producing agent begins to reduce the
factor of safety of the slope. From then
until fallure constitutes the phase of pre-
failure movement, in which the rate of down-
slope movement increases at an accelerating
rate until the landslide takes place. The
oonsiderably more rapid movements during
failure are finally succeeded by a phase of
stability or of post-failure movements.

This framework is used in the discussion
which follows. Mudflow movements are
treated separately.

2.3.1 Creep. All slopes are subject to
creep a ough in many cases this is so
small as to be virtually unmeasurable.
Terzaghli(loc.cit.) distinguishes usefully
between seasonal, or mantle creep and
continuous, or mass creep. The former is
confined to the surface zone of fluctuating
ground temperature and moilsture content.
It includes soil creep and talue creep and
is highly seasonal. On clay slopes the
sparse available data suggest that mantle
creep may range from less than 0.1 cm. up
to a few cms. per year. In moderate
climates significant movements may extend
to a depth of as much as 1 m. (Terzaghl &
Peck 1967). Volume changes arising from
swelling and drying probably account for
the major part of the smaller creep move-
ments observed, which are thus likely to
increase with slope angle and soil colloid
content. The higher creep rates probably
occur as a8 result of freeze-thaw action and
would more properly be regarded as peri~-
glacial solifluction movements.

Mase creep results only from gravity forces
and 1s therefore of relatively constant

rate (Terzaghi, loc.cit.)., It 1s likely that
such creep will be of most significance at
depth, below the zone of mantle creep. From
drained laboratory tests on clays, continuing,
long-term creep is known to take place at
stresses that are only a fraction of their
peak strength (Bishop 1966). Clear field
evidence of mass creep has yet to be
obtained.

In the types of creep discussed so far there
is believed to be a continuous gradation
between the stationary and the moving mater-
ial and hence no development of a shear
surface. Whether mantle creep can eventually
change into some form of translational slide
we do not know, but this seems unlikely.

2.3.2 Pre-fallure movements. From an
engineering point of view great interest
attaches to those movements which precede
and lead up to the failure of a slope. These
warn of the danger of sliding :nd may event-
ually form a basis for the prediction of

failures.
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Some examples of the rather few useful pre-
failure measurements in the literature are
given in Table 1. The displacement-time
curve for a small retaining wall and slope
in brown London Clay at Kensal Green,
covering the 13 years before collapse, is
shown in Fig.10.

From the above examples it will be seen
that pre-failure movements are character-
ised by accelerating and finally relatively
high rates of movement. In the cases
exjlored these average several cm/day during
the week preceding failure and reach a few
decimetres/day on the last day. Four of
the cases involve stiff fissured clays and
in these materials at least it is probable
that the pre-failure movements are the out-
ward sign of the progressive development in
the slope of the eventual failure surface.
Vajont, though only in small part a clay
slope, 1is included because of the rather
good records of movement availasble for the

two years preceding the sligde.

The magnitude of the displacement occurring
before failure depends primarily on the
thickness of the zone in which the develop-
ing slip surface 1s seated (Terzaghi 1950§
and o the type of clay. This is generally
borne out by the cases in Table 1. Terzaghi
also draws attention to the converse situat-
ion in which the clay layer involved is thin

and the pre-failure movements are correspond-
ingly small and easily overlooked.

Little information is available about pre-
failure movements in elopes of intaot,
normally consolidated clays but it seems
likely that in these, such movements are
smaller. In the more highly stressed of the
soft clay slopes of the G8ta River Valley,
Sweden, the possibility 1s being explored

of installing downslope movement meters which
could be

30[ e
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arranged to give automatic warning of an im-
pending slide. Although some movements have
peen observed, the data is as yet insuffici-
ent to permit such an alarm system to be
tuilt (GWtaBlvskommittén 1962).

Come advance towards the prediction of
slope failures has been made by Saito (1965).
Lvtailed observations of pre-failure move-
nmernts of slopes and walls in Japan show that
t .ese exhibit phases of secondary and terti-
ary creep, much as found for metals (Sully
1949), from which an estimate of the time to
tailure is made by empirical means. Some
tecnniques of measuring pre-failure move-
mernts in slopes are discussed by Terzaghi &
Teck (1967).

¢.3.3 Movements during failure. The speed
of lardslides during failure is controlled
cniefly by the nature of the clay in which
enearing is taking place and by the shape

ped in the sensitive or quick clay slides in
which remoulding can produce an almost total
loss of strength on the slip surface after
failure.

0f slides in clay slopes, those involving
quick clays are probably the fastest. Their
rate of movement during failure appears to
be typically between 0.5 and 1.5 m/sec.
Spreading failures in materials other than
quick clay are probably the next most rapid,

with speeds of the order of several metres

per minute. By contrast, conventional
slides in relatively homogeneous masses of
clay or residual soil of low sensitivity
seldom attain a speed of more than 0.3 m/min.
and may move much more slowly (Terzaghi loc.

cit.)

Slides on failure surfaces of high overall
inclination will naturally tend to be rapid.

Rapid movements can also arise in non-

Table 1 Pre - Failure Movements
. T - T T T
Time before slip - 7yrs 2yrs 6mths 8 days 1day 1} Total l
— r —— —— — e moverment
Site Description average rate of mowvement over period of - before
Syrs | 1B8mths | c. 6rnthsJ 7 days | 1 day | slip
Kensal Green | small rt. wall 2 cmlyr | 9 emAr | 16 cmiyr - - 3B em
(1) | and slope =04 cm/day |
Ooigawa large rt. wall - Smr® >20cm
(2) =.01 ay | 1 em/day | 10 em/day |
Dosan medium  size - - 3 em/day | 30 em/day | >40 em
{2) | landslide
Gradot Ridge | very large - - - - >130cm
(3) | landslide
Vajont extremely large - T0cmAyr | 110 emlyr 250 cm
I. (4) | landslide |=0-3cmiday | 6 cmvday | 20 cm/day |
References (1) Cooling 1945 (® measured over 50 days only
Saito 1965
(3) Suklje & Vidmar 1961
(4) Muller 1964

and overall steepness of the failure surface.
{ the clay has a flat-topped or perfectly
plastic stress-strain curve after failure,
such as may be approximated to in a till,
the slide will experience no tendency to ac-
celerate with increasing shear displacement
and will move slowly down-slope until it
reaches a stable position with a factor of
safety close to 1.0. Conversely, if the
shear resistance reduces appreciably once
the peak strength is passed, the slide will
accelerate and be carried past the stable
position by its own momentum, coming to rest
with a factor of safety rather higher than
1.0 on the residual strength. Slides in
stiff fissured clays exhibit this behaviour
to some degree, but it is most fully develo-

circular or more particularly compound slides
when release of the mass takes place by a
delayed internal failure.*

2.3.4 Post-failure movements. After fail-
ure the slip surfaces in most clays will be
at, or very close to, their residual strength
and further possible changes in shear para-
meters are negligible. A common feature of

* A further development of this mechanism,
in which a void is produced at the heel of
the slide, is put forward by Mencl (1966)
to explain the catastrophic transformation
of the movements during the Vajont slide.
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movements on such slip surfaces is their
moderate or 1low speed. This applies
whether the zovements are brought about by
seasonal pore-pressure changes or by some
nlteration in the loading of the slipped
Lass. The post-failure movements of several
old slides are given in Table 2. Speeds of
movement range from zero to 6 m/yr. Move-
menr:ts of this type are particularly charac-
teristic of slides in heavily over-consoli-
dated clays, as the cases in Table 2 illus-
trate.

Table 2 Some Examples of Post- Fadure Moverments
te Slope | Per: o Average Max daily Ref
observation vetocity vel
ifornia oc B8 Y g° 55 yrs :L'“"o‘“nh 1)
[ p |
Herre  Bay , East Clft " 4 yrs 2.5 cmiyr 2
California  Loc 10 10° 20 yrs 45 emiyr ]
l Sarukuyaeji 13° 8 mths 300 cm/yr 6 cmi/day
u’nrluguz Bend 75 3 yrs 600 cm/yr | >3 y
@ re-activated by exceptional rainfal 1958 mo!

at rate of 8 em/yr  (observed for 8 months)

{1) Gould (1960) (2) Hutchinson
3) Fukuoka De &) Mer

Slides in normally consolidated or quick
clays generally exhibit no post-failure
movements. This is partly because their
momentum during sliding has caused the slip-
ped mass to over-ride strongly to a position
of fairly high factor of safety. Also in
such clays the remoulded material in the
slip surface has, once it has reconsoli-
dated, a strength greater than that of the
original undisturbed clay.

Measurements of the distribution of velocity
with depth 1n post-failure movements in
stiff, fissured clays indicate that genera-
lly the major part of the movement takes
place by sliding on a basal slip surface or
within a narrow shear zone (Gould 1960).

2.3.5 Mudfow movements. Mudflow movements
are in a broad sense the post-failure move-
ments of a very broken and softened type of
translational slide, and the comments made
in tne previous sub-section will apply.

Some examples of mudflow movements are given
in Table 3*. As would be expected from
their softened nature, these mudflows genera-
lly nave rates of movement higher than those
exhibited by landslides after failure. The
uverage mudflow rates quoted thus range from

* Although not described as such by their
investigators, the mass-movements at Stoss
and Mount Chausu are here categorised as
mudflows,

S to 25 m/yr, broadly according to the in-
tensity of erosion of the mudflow tongue.

The movements of some, and probably a majo-
rity of mudflows are highly seasonal. The
coastal mudflows in Table 3, for instance,
are almost stationary for the greater part
of the year, accomplishing most of their
annual movement within 2 or 3 months. The
Slumgullion mudflow on the other hand 1is
remarkable for the virtual constancy of its
speed of movement (Crandell & Varnes 1961).

As previously mentioned the movements of
certain mudflows have been shown to approxi-
mate to plug flow.

o Mudflow  Mov
Pe of Ave | Max dall
Site e t ¢
gul 3
yr ?
Beltinge . ay
0
onebarmow wE 23 y |» y %
Mount Ch a 5)
& Coast w
1) ndell & Var 36 Mo 95
futchin )
5) Fukuok )

3. CLAYS

Under this heading we comment on the types
cf clay commonly encountered in slope prob-
lems and add some notes on basic shear
strength properties together with remarks on
various factors leading to discrepancies
between the strength of clays in the field
and laboratory.

3.1 Types of Clay

3.1.1 Terzaghi's Grouping. In 1936b Ter-
zaghi put forward a three-fold grouping of
clays which is simple and practical from a
geotechnical point of view. His three
groups are:

soft intact clays
stiff intact clays
stiff fissured clays.

The majority of clays fall readily into one
or other of these groups, though there are
bound to be some transitional cases and
examples can be found in a fourth group:
soft fissured clays.
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Implicitly Terzaghi referred to saturated
clays. Ag the slip surface in most land-
plides 1s located beneath ground water
level, there is little lose of generality in
thie restriction, and where necessary it ie
easy to add the qualification that the clay
is partially saturated.

The distinction between 'soft' and 'stiff'
clay was based by Terzaghi primarily on
liquidity index; the soft clays having a
liquidity index equal to or greater than
about 0.5 whereas for stiff clays the index
is typically close to zero. For sedimen-
tary clays he further stated that soft
claye are normally- or lightly over-conso-
lidated, whereas the stiff clays are chara-
cteristically heavily over-consolidated.

We accept this distinction but edd that the
cohesion intercept, expressed in terms of
effective stress,is zero or very emal} in
soft clags (for example, ¢'< 50 1b/ft° or
0.25 t/m") whilst for stiff claye the
intercept,is apprecéable (typically c'>
200 1b/ft° or 1 t/m“). Similarly, pro-
vided the clay is saturated, the undrained
shear strength c¢ of soft clayg is usually2
not more than about 500 1b/ft° or 2.5 t/m“,
whereas foE stiff clgys ¢ commonly exceeds
1000 1b/ft° or 5 t/m".

The upper limit of stiff clays 1s not easily
gtated in quantitative terms. Tentatively
it may be said that 'hard clays' or 'clay
shales' have an Endrained sBear strength
above 4000 1b/ft° or 20 t/m“. They have
well-developed diagenetic bonds (Bjerrum
1967) but can still be worked up with water
to form a paste. Shales and mudstones, in
contrast, are so indurated ihat they resist
disintegration in water, i.e. they are weak
rocks.

Terzaghi's grouping recognised the equal
importance of strength and structure. In-
tact clays, in his own words, are "free
from joints and fissures". In contrast a
clay which is fissured (using this term in
a broad sense) contains a network of struc-
tural discontinuities comprising one or more
of the following types: small (typically
less than 6 ins. or 15 cm.), more or less
randomly orientated, matt-textured fissures
sensu strictu; larger and more systematic
joints, familiar in many rocks; slicken-
yides, similar in size to fissures and often
having a random orientation, but with poli-
shed, striated surfaces; laminations (such
¢s those in a clay shale) also relatively
small, but showing a preferred orientation
sub-parallel to bedding (Skempton, Schuster
& Petley 1969). The discontinuities in
clay top-soils are described by Brewer
(1964).

The foregoing groups of clays can each be
sub-divided on the basis of varying degrees
of ;lasticity. The liquid limit provides
trne best single index property in thie con-
text as it reflects both the amount and the
nuture of the clay minerals present. The
followirg divisions have been suggested by

Skempton (1969): L.L
sandy or silty clays £ 30
clays of low plasticity 30-50
clays of medium plasticity 50-90
clays of high plasticity > 90

Clayse can also be classified according to
their origin or mode of formation. For our
present purpose it is sufficient to recog-
nise five broad classes. These are listed
below with a brief description of each cate-

gory.
3.1.2

Cla*s Eroduced by rock-weathering in
8itu. trictly speaking any clay produce
5y weathering, and which remains in place,
should be classified as 'residual'; but in
practice this term may be restricted to
clays derived from deep and intense weath-
ering of rocks, especially of igneous rocks
in tropical climatic zones. These residual
clays can exhibit relict structures of the
parent rock, such as joints, where the
weathering has not been complete, and they
usually have drying cracks near the surface.
Between these zones residual clays may be
virtually free from structural discontinui-
ties. Typically they have sufficient streng-
th to be placed in the group of stiff clays.
Slope failures in residual clays often take
place after exceptionally heavy rainfall.
Consequently their relevant strength pro-
perties are those of the clay in a saturated
or near-saturated condition. Possibly in
gome residual clays the cohesion intercept
may then decrease substantially so that, at
the time of failure, they could become soft
intact clays. In the zone of seasonal vari-
ations slickensides, as well as drying cracks,
ggyigevelop in residual clays of high liquid
mit.

Another class of weathering, typical of
tgmperate climates,results in the forma-
tion of clays from argillaceous rocks. De-
pending on the degree and depth of weathering,
and on the nature of the parent rock, a wide
variety of meterials can be produced, but
the clays usually have a relict structure or
become fissured or slickensided (probably by
unequal volume changes during weathering¥,
whilst retaining sufficient strength to be
grouped with the stiff clays. In most cases

they are referred to by such terms as ‘weather-

ed shale' or, more specifically, as 'weathered
Keuper Marl' etc. The so-called
of soft clays, in which chemical as well as
physical changes have taken place, 1is

frequently grouped with the stiff fissured
clays.

Shallow weathering of more competent rocks

is a common condition on slopes in comparative-

ly young valleys. The mantle then consicts
essentially of a sandy or clayey top-soil
overlying a layer of rock fragments in a
matrix of finer material. Very little is
known of the geotechnical properties of these
clay soils, dbut the available data (Carson
1967) suggest that when approaching saturation,
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as in the winter after heavy rain,the cohe-
sion intercept is rather low. Ihey are
certainly not intact, and therefore it seems
best to place them tentatively in the group
of soft fissured clays.

3.1.3 Sedimentary clays. Clays deposited
under water 1n an alluviel plain, in a lake
or in the sea can be placed in the wide cate-
gory of sedimentary clays. Most, but not
all normally-consolidated sedimentary clays
contain few structural discontiruities;
their cohesion intercept is zero or very
small; and their sensitivity to remoulding
is moderate. They are typical examples of
coft intact clays. Some normally consolida-
ted or even some over-consolidated clays

are extremely sensitive to disturbance.
These are the 'quick clays', the properties
of wnich are so distinctive that they give
rise to a special category of landslides.

Over-ccnsolidated sedimentary clays, with
an agpreciable cohesion intercept, range
from those with no structural discontinui-
ties to those which are densely fissured.
Very broadly it seems true to say that the
higher the clay fraction or liquid limit,
and the more heavily the clay is over-
consolidated, the more likely is it that
the clay will be fissured (using this term
in the loose sense)., Conversely the stiff
intact sedimentary clays appear to be those
with a more silty composition.

3.1.4 Glacial clays. The characteristic
examples here are the boulder clays or

clay tills. They often have a rather sandy
or silty clay matrix, but even when the
matrix has a high clay content there may be
no structural discontinuities. Protably
the till was so completely remoulded during
its formation that any structures in the
parent clay have bcen obliterated. Most
tills are compact and belong to the group
of stiff intact clays.

Soft intact clay tills are also known, how-
ever, and they were presumably formed under
a relatively small thickness of ice or under
ice which was partially buoyant. Fissured
clay tills seem to be uncommon, except where
they have been disturbed by post-deposi-
tional movements such as landsliding or
later ice advances.

3.1.5 Periglacial clays. In regions which
had a perIgfaciaI climate during the Pleis-
tocene period, many hill sides and old
valley slopes are mantled with solifluction
deposits, typically up to 2 or 3 m. thick,
and on flatter ground evidence is seen of
cryoturbation. Clays affected by these
processes are usually remoulded to vary-
ing degrees, and although when in motion
down-slope, or when 'stirred! by cryoturb-
ation, they must have been soft, they now
aprear as moderately stiff. Some of these
soliflucted clays contain slickensides;

but others, perhaps the majority, present

a heterogeneous though almost structure-
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less fabric.

3.1.6 Clays transported by landsliding.

If clay, involved in a simple landslide,

has moved only a short distance it will be
fractured and distorted to a greater or
lesser degree, but its properties will not

be greatly changed except for some softening
and an increase in the secondary (or mass)
permeability. In such cases we would speak
of 'slipped masses' or 'slump blocks'; imply-
ing no radical overall change in the clay.

At the other extreme are the mudflows, in
which the clay has become so softened and
remoulded as to have lost all, oralmost all
traces of its original form and properties
(Fig.6). It can then be described as a soft
intact, heterogeneous clay; except for
surface drying cracks in the dry season.

Colluvial clays constitute a wide range of
materials derived by the combined actions

of weathering, earthflow and multiple slid-
ing. These clays are often very heterogene-
ous, containing small rock fragments and
numerous slip surfaces, and the matrix may
or may not be slickensided. They blanket
the slope down which they are or have been
moving; and may spread out for considerable
distances beyond the toe of the buried bed-
rock slope. In some cases the landform is
that of a landslide of the slump-earthflow
type; but in other cases, perhaps of greater
age, there is little topographical expresaam.
The colluvial clays seem generally to have

a moderate to stiff consistency.

Similar material may constitute the debris
from a landslide where, as a result of very
large movements, the mass has become totally
or largely disintegrated.

3.2 Basic Shear Strength Properties

In this section, after some introductory
notes on effective stress and pore pressures,
a brief survey is mede of such topics as
stress-strain curves, failure criteria, the
effects of anisotropy and undrained strength.

3.2,1 Effective Stress. In accordance
with the princi ormally stated by
Terzaghi (1936a the effective stress o'
in a given direction within an element of
saturated soil is

o' = o-y

where O is the total stress acting in that
direction and is the pore water pressure
in the element.” For all saturated soils
this statement is exact within the limits
of the most refined experimental methods of
investigation so far employed.

LN (l)

If, however, the soil is partially saturatel
there will be a pressure uy, in the air voids,
somewhat greater than the pressure u, in

the water phase. The effective stress is
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‘hen given by the expression (Bishop 1959)
o' =0 -[n+ -0, -] ... @

where X is a coefficient to be determined

experimentally. When the soil is fully
saturated X = 1 and
o' =0 -
When the voids contain only air, X = 0 and
o' =d -y,

For partially saturated soils, as the deg-
ree of saturation increases so the factor

(ug = uw) becomes smaller and the coeffic-
ient X tends to unity.

Thus for soils with a high degree of satu-
ration (e.g. more than 90 percent) the
error in neglecting the product (1 =%)
(u, - uw) is small.

3.2.2 Piezometric head. In a partially
saturated soll beneath the water table a

residual -~

T ? . beak
‘ { normally - consohdottdj

stress

T peak

shear

residual

e — T I =t |
Lovzr - consolidated J

displacement

plezometer of the hydraulic type will meas-
ure the pore water pressure u, but a
Piezometer of the diaphragm type will meas-
ure the pore air pressure Uge Most clays
involved in landslides, even if they do
contain eome air voids, probably have a
high or moderately high degree of saturation
at the time of failure. 1In these conditions
Uy and piezometers of elither type will
glve approximately the same readings. In
fully saturated soile there is no ambiguity;
the pore pressure can only be the pore water
pressure, and this will be read by any
properly functioning pilezometer.

For the great majority of slope problems,
then, it seems that the effective stress at
any point below the water table can be
taken as

o' =0 -u

This

where u 1e the piezometric pressure.
is often written in the form

u = xwh

where h is the piezometric head and xw is
the density of water.

Simplified shear strength properties of clay

{ after

Skempton

1964 )

Fig. 1
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3.2.3 Peak and residual strengths. Typical
stress-strain curves are sketched in PFig.ll
for normally - and over-consolidated clay
tested under drained conditions. Both show
a peak strength corresponding to the maximum
shear stress the material can resist, at a
given effective stress normal to the direct-
ion of shear. With increasing displacements
after the peak strength has been attained
the shear resistance decreases until at
large strains the strength falls to a con-
stant or nearly constant value. This lower
limit of resistance is known as the residual
strength,

Soft silty clays may show little difference
between peak and residual. With higher clay
contents the difference tends to increase,
even in the normally-consolidated condition,
and the decrease in strength is assoclated
with re-orientation of clay particles along
the s8lip surface. Most stiff (over-
consolidated) clays show a marked decrease
in strength from peak to residual, resulting
partly from the particle orientation effect
and also from an increase in water content
due to dilatancy within the zone of shearing.
These effects increase with clay content and
the degree of over-consolidation.

In simple shear, small en echelon slip sur-
faces develop just before the peak strength
is reached. With greater displacements
other sets of shears appear which gradually
extend in number and magnitude until a con-
tinuous, undulating principal slip surface
is formed (Skempton 1966). Continued dis-
placements produce some flattening of the
slip surface and cause a further small
reduction in strength. The residual strength
measured in reversal shear box tests
corresponds more or less closely to this
stage. Tests in the shear box or triaxial
apparatus on samples of clay with a pre-
cut plane give results which tend to be
slightly lower.

When the opportunity presents itself samples
can be taken across a natural slip surface,
e.g. from an o0ld landslide, and the shear
strength along the surface can then be
measured in the laboratory by carrying out
tests on specimens carefully set up in

the shear box or triaxial, just as with a
cut-plane sample. Tests of this kind have
been reported by Skempton & Petley (1967)
who show that in several clays there is
reasonably good agreement between the
results so obtained and the residual strength
measured by reversal tests on initially un-
sheared material.

Moreover it seems, from the limited amount

of experience so far available, that the
strength measured on laboratory samples
including a natural slip surface is
apgroximately equal to the strength calculat-
e%krom atability analyses in those cases
where post-failure movements are known to
have occurred, or are still taking place,

along the slip surface.

Much work nevertheless remains to be done

on the measurement of residual strength,
Recent tests using the torsion (ring)shear
apparatus, for example, indicate that before
a strictly constant strength 1s reached very
large displacements (of the order of one
metre) are necessary, on a perfectly plane
surface, and this 'ultimate! residual may be
appreciably lower than the strength in
reversal or cut-plane tests.

Ambiguities also exist in the determination
of peak strength; which 1s influenced by
rate of shearing, orientation with respect

to bedding and probably, in fissured clays,
by the size of the sample being tested. The
effects of these various factors are mention-
ed later,

displacement

Stress - strain curves showing different degrees of brittleness

Fig.12

3¢244 Brittleness. Regarding the stress-~
strain curves shown in Fig. 12, it is clear
that curve (a) represents a plastic or non-
brittle clay in contrast to the decidedly
brittle clay represented by curve (c). Part
of this difference is due to clay (c) having,
in relation to the peak, a much lower residual
strength than clay (a); a distinction which
can readily be expressed by a 'brittleness
index' (Bishop 1967).

R S ceea(8)
B L
where s, and s_ are respectively the peak

and resldual strengths. The shape of the
stress-strain curve is also significant;
see, for example, the difference between
curves (b) and (c) both with the same value
of I.. Bishop (loc.cit)has introduced an
energy parameter to quantify the ratio of
the work done in shearing from peak to
resldual and the work done if the clay con-
tinued shearing at peak strength.
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3.2.5 Failure criterion. The Coulomb-
Terzaghl criterlion of fallure states that
the shear strength on any plane in a soll is
related to the effective normal stress on
that plane by the expression

8 = ees(5)
where c¢' (the cohesion intercept) and @'
(the angle of shearing resistance) are
material parameters of the soil in its con-
dition at the time of failure, Unless
specifically defined the parameters c' and
@' refer to the peak strength. The para-
meters corresponding to residual strength
are denoted by c.' and g..

¢! +0';1 tan g

In general this failure criterion is in
better accordance with experimental results
than any of the more elaborate formulations
at present available (Bishop 1966). However,
two qualifications must be made.

Firstly, the parameters c¢' and @' are not
necessarily constants independent of ¢’!.

In other words the actual failure envelope
may be curved,rather than a straight line

as implied by eqn.(5). It is therefore
desirable to test the clay over a range of
effective normal stress embracing the values
of ¢} likely to act in the practical problem.
Unless the curvature of the failure envelope
is unusually pronounced c¢' and @' can then
be taken as the parameters corresponding to
the best linear fit over the relevant stress
range. Exactly the same remarks apply to
the residual strength envelope.

Secondly, the criterion is twoedimensional
and can take no account of boundary condit-
ions on what may be called the 'lateral
planes'., Thus in an element within a
continuum subjected to principal stresses
g,'>0,'>0% the criterion leads to a
ufiique“expréssion for failure in terms of
0! and ,' , and the parameters c¢' and @4,
independert of &.,'or of any restraints in
the direction of® o@' .

The 'plane strain' condition with no deform-
ation of the lateral planes (i.e. the planes
normal to ,') is important as this
corresponds ?ather closely to the kinematics
of many landslides, Laboratory studies on
9a nds show that the values of @' calculated
from the Coulomb-Terzaghi criterion are
usually higher in plene strain than in tri-
uxial compression (whenO,' = ,'); the
difference decreasing alfiost tdozero gor
loose sands, but amounting to 4~ or 5~ for
dense sands. It is also found that the
shear-box test, interpreted in the convent-
ional manner, gives values of @' a few
degrees lower than plane strain tests over
the full range of porosities, and therefore
lower than the triaxial test in the case of
loose sand (see, for example, Cornforth
1961). Such complete investigations for
clays have not becen made. We know of only
two results comparing the strengih in plane-
strain and triaxial compression. For re-
moulded Weald Clay Henkel & Wade (1966) find
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the plane-strain strength to be 5 per cent
higher, and Duncan and Seed (1966) demonstrate
an increase of about 12 per cent for un-
disturbed San Francisco Bay mud, a softo
s8ilty clay having a high value of @'(35 in
triaxial compression).

Few systematic comparisons have been made
between the peak strengths as measured in
shear box tests and triaxial compression
tests on clays. If, as is commonly the
case, the box samples are sheared horizontal-
ly (i.e. parallel to bedding in a deposit
not affected by folding) the compression
samples should be inclined at such an angle
that the failure plane is also approximately
horizontal, in order to make a wvalid com-
parison of results. Tests of this kind in
blue London Clay are summarised in Table 4.
They show that the shear box gives slightly
higher values of ¢' and @' than the inclined
triaxial tests but the differences are
8carcely significant.

Toble 4
Effect of Sample Orientation on Shear Strength Parameters
Blue London Clay from Wraysbury (Agarwal 1967)
= ) Peak strength
oornation ot | Tests | porameters |
faiture planes 1 | Size | Orientation < i
to horizontal D | o ¢
R shear box | 6cm | horizontal | 720 19.2°
t0
triaxial 1}in | inctined 690 19.0°
¢ §6° triaxial vertical 740 23
+35° triaxiat " horizontal 670 25

When .clay is shearing along a pre-existing
8lip surface, as in the residual condition,
the kinematics are almost precisely two-
dimensional. Many comparisons have been
made of the strength along cut planes in
samples tested in the shear box and in the
triaxial apparatus. The results are always
identical within the limits of experimental
error (unpublished tests by D.J. Petley at
Imperial College).

3.2.6. Anisotropy. Some anisotropy must be
expected in clays as a consequence of their
mode of formation (e.g. bedding and one-
dimensional consolidation in sedimentary
deposits) and the presence of discontinuities
which which may exhibit a more or less pro-
nounced degree of preferred orientation.
Extraordinarily little work has been carried
out, however, to investigate the magnitude
of the effect of anisotropy on the peak
strength parameters c' and @'. Tests on
blue London Clay (Table 4) indicate
appreciably lower values of both parameters
when the clay is sheared in a horizontal
direction as compared with results obtained
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from compression testa on samples with
their axes either vertical or horizontal and
therefore with failure planes cutting
across bedding and the predominantly sub-
horizontal fissures characteristic of this
clay. In larger specimens the effect of
fissures may be more pronounced,

When a pre-existing slip surface is present
the strength along this surface is at or
close to residual and is therefore, in
general, far lower than the strength in

any other direction.

342.7. Undrained strength. The undrained
strength of a clay 1s determined by tests
in which no overall water content change
is allowed to occur during application of
the shear stresses. Stress-strain curves
in undrained tests may exhibit all degrees
of variation from brittle to plastic
vehaviour, depending on the nature of the
clay, and most normally- or lightly over-
consolidated clays suffer a considerable
loss in strength when remoulded. The
sensitivity (St = ratio of undisturbed to
remoulded undrained strength) is commonly
in the range 2 to 8 for such clays; while
the 'quick' clays often have sensitivities
higher than 50 and are ligquified by re-
moulding at their natural water content.
Over-consolidated clays, and stiff clays
generally, show little sensitivity.

Indeed the elimination of small fissures
by remoulding may lead to a somewhat great-
er strength than the clay possesses in its
natural state.

When a saturated clay 1s subjected to a
change in magnitude of an equal all-round
total pressure, without any change in water
content, the undrained strength in a given
direction remains unaltered. Thus the

clay in these conditions behaves, in
respect to changes in totel stress, as a
material with zero angle of shearing
resistance, i.e. f,= O and C = #( &,- 0,).
This well known result is a consequénce’of
the fact that a change in all-round
pressure causes a preclisely equal change

in pore pressure, provided the clay is
fully saturated; and the effective stress-
es therefore remain unaltered.

In the more general case where changes in
the total stresses(, > (0 » are not
equal in magnitude tThe ufidralned strength
of a saturated clsy is not necessarily in-
dependent of these stress changes, even
though they have not been allowed to cause
any change in water content. However,
experiments on a non-brittle clay of low
sensitivity (Skempton & Sowa 1963) show
ditferences of undrained strength not
exceeding 3 per cent despite substantial
unequal changes in the principal total
stresses (at constant water content), and
similar experiments on sensitive clays
(Ladd & Lambe 1964 and Noorany & Seed
1965) reveal maximum differences of about
10 per cent.
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Thus for practical purposes we can assume
with little error that the undrained strength
of an element of saturated clay retains a
constant value, in a particular direction,
independent of any changes in total stress
provided no alteration in water content

takes place as a result of these stress
changes.

The effects of anisotropy on undrained
strengths may be appreciable. Not only are
the parameters c¢' and @' likely to be
dependent to some extent on orientation, as
we have seen, but in addition the pore
pressure response to a given stress change
will vary with direction as a result of
anisotropic consolidation pressures (Hansen
& Gibson 1949). Data for three normally-

or lightly over-consolidated clays (Ko <1)
are plotted in Fig.l3. The strength variat-
ions in the clay from Welland, Cntario

(Lo 1965) are similar to those predicted by
Hansen and Gibson, while the clay from Surte,
Sweden (Jakobson 1952) shows the influence of
bedding as well. The San Francisco clay
(Duncan & Seed 1966) is intermediate in
behaviour. On a broad view it could be said
that the strength along planes parallel to
bedding, in all three clays, is about 80 to
85 per cent of the strength cyas measured in
conventional tests with specimens having a
vertical axls, and as the axis of the
specimens approaches the horizontal the
strength remains more or less at this reduced
value.

For the heavily over-consolidated London
Clay the variations exhibit a different
pattern (Fig 13). The strength parallel to

bedding is about 80 per cent of cN , but
gth  of ens  w
T bedk
1 ~ H / ot C
| -~ e
0 30° 60 90
angle between ax f pecime: and bedding 6
+ don y, A N
x dc , Wr y | Agarws
fr.
San Fra 1 a & d
1y from  Welland 65 |
Effect of orientatton on wundrained strength
Fig. 13
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for emaller inclinations of the specimen
axis the strength rises quite rapidly;
reaching a value juet greater than c, in the
clay at a shallow depth at the WrayBbury
site (Agarwal 1967) and nearly 50 per cent
greater tharn ¢, in deep samples from Ash-
ford Common (wgrd, Marsland & Samuels 1965),
These relatively high undrained strengths

of the horizontal axis specimens very prc-
bably reflect the high lateral in situ con-
solidation pressures (Ko>1l) in the London
Clay (Skempton 1961). 1In teats of this

kind there is naturally a considerable
scatter among the results from a given site
and also between different sites in the same
clay. Data at present available for the un-
drained strength psrallel to bedding in
London Clay, expressed as a ratio of the
strength of vertical specimens, are set out
in Table 5.

Table §

Ratiwo of undrained strength of London Clay paralel to
bedding ¢, and n compression specwnens with their axis

normal  to badding ¢,
Size of ?‘.
Site Clay | specimens " Reference
| Maldon brown London Clay , shollow | 14 x 37 | 088 | Bishop & Uttle 1967
Sx 8 |08 . .
| Walten | biue London Clay , shatlow | 19'x 3° | 078 | Bishop 1948
Wraysbury |« . . . Wx 3 | 075 | Agarwal 1967
12°x 26 076 ] ]
AsMord . . s deep Wx 3 083 | Ward of or 1965

Clays having a moderate degree of over-
consolldation are more or less isotropically
consolidated (Ko 2¢ 1.0). They would be ex-
pected to show little effect of epecimen
orientation, unless the bedding had a strong
influence on c¢' and @'. Such isotropic clays
undoubtedly exist, as shown by Jakobson
(1965) and Aas (1967),

3.3 Discrepancies Between Field and Laboratory

Strengths

There are at least six ways in which the
sample strength as measured in the laboratory
can differ from the field or in situ strength.

3.3.1 Sampling. Bad or indifferent sampling
methods are tne most obvious source of error.
As a generalisation, sampling will tend to
reduce the strength of a clay; though it
should at once be pointed out that for other
reasons, such as size of specimen and rate
of testing, the laboratory strength may
nevertheless be greater than the relevant in
situ strength, .

In soft clays even the most perfect sampling
methods will lead to some reduction in un-
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drained strength, due to the changes in
total stresses inevitably assoclated with
removing the sample from the ground
(Skempton & Sowa 1963, Ladd & Lambe 1964,
Noorany & Seed 1965), Mechanical disturb-
ance, which can be minimised by cutting
blocks from a trial pit or by using thin-
wall piston samplers in boreholes, must be
a further source of strength reduction in
soft clays. The effective stress parameters
¢' and @' are probably influenced much less
by sampling than are undrained strengths.

Stiff intact clays are perhaps the easiest
materials to sample, unless they contain
large stones or boulders. The undrained
strength of stiff fissured clays measured
on borehole samples may be less than the
strength of specimens trimmed from hand-cut
blocks (Ward, Marsland & Samuels 1965) or,
when the clay is not so hard and brittle,
there may be no difference (Skempton & La-
Rochelle 1965). Here again the parameters
¢' and @ are probably not sensitive to minor
sampling disturbance,

Difficulties associated with sampling, and
the necessarily rather small size of sample
used in laboratory testing, can to some ex-
tent be overcome by measuring the shear
strength of clays in situ. Large shear bax
tests made in trial pits offer a promising
method (Hutchinson & Rolfsen 1962, Bishop &
Little 1967, Marsland & Butler 1967). Plate-
bearing testes in boreholes of at least 12
ine diameter (preferably 18 or 24 ins dia-
meter) have led to satisfactory determinat-
ions of the undrained shear strength of
London Clay en masse (Hooper & Butler 1966).
The use of the vane test for measuring the
in situ undrained strength of soft clays 1is
well known (see, for example, Cadling &
Odenstad 1950) and specially designed vanes
are now being employed for investigating
strength variations within anisotropic clays
(Aas 1967),

3.3.2 Sample Orientation. The vast major-
1ty of measuremente concerning the strength
of clays are made (1) on triaxial compress-
ion specimens with a vertical axis, (ii)

on shear box specimens with a horizontal
shear plane or (1ii) by means of in situ
vane tests measuring an undreined strength
controlled essentially by the strength on
vertical planes. From what has been said
already on the subject of anisotropy it is
clear that the strength along a slip surface
in the ground may vary coneiderably from the
laboratory strength measured by any of these
procedures, due solely to differences in
orientation.

3.3.3 Semple Size. Ideally, samples should
be suffIclently large to contain a represent-
ative selection of all the mrticles and all
the discontinuities in the clay. For intact
clays, except clay tills, the ordinary
laboratory specimens are probably adequate

for practical purposes, from this point of
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view, When testing tills, however, it is
often necessary to discard or ignore the
larger stones and boulders. This is regret-
able, but the errors involved are likely to
be rather emall as the properties of the

till will be controlled chiefly by its matrix
(typically grading from fine gravel to clay
size material) and, fortunately, the matrix
is usually insensitive to disturbance and
free from structural discontinuities.

For fissured clays the size of sample can
play an important role. Some information
relating to the undrained strength of Lon-
don Clay is given in Table 6 for triaxial
specimens of various sizes, all tested with
a vertical axis. The 134" x 3" triaxial
sample is taken as standard, this being the
slze and type of specimen mostly used in
routine testing. A wide scatter is usually
found among the results due principally to
fissures which may or may not be present in
the test specimen. The average strength of
a considerable number of tests must there-
fore be taken. Generally, specimens contain-
ing an obvious fissure are discarded and so,
to that extent, the 1#" x 3" tests may be
regarded as giving an average value for a
conventional intact strength. The true in-
tact strength is, in fact, much greater; as
shown by tests on small pieces of clay care-
fully selected as being entirely free from
any fissures.

Table 6

1ze  effect undraned  streng don ay

elative  strangth
ize and type
of  test Wroysbury | Kensal Green | Maidon | Yarious sites | Wembley
&) (S)
}“x 1" traxial specimens
Wx 3 0

VS x0 66

6 x 64
2x 2
2°x 277 plate test 82
8% 72" pile tests

act clay y

e slrength M utler
rwa 67 1t es 0 & Little 1967
Hooper & Bulle W oke 966

At the site of the wraysbury tests summarised
in Table 6 the average fissure size is about
l.4 ins. It is therefore to be expected that
large specimens such as those with a diameter
of 12 ins and a height of 24 ins would in-
clude a fairly representative fissure pattern,
and give a strength not very different from
that of the olay mass; in this case about

65 per cent of the conventional intact stren-
gth and 35 per cent of the true intact
strength.

Intermediate size specimens may approach the
in situ condition but with wide fissure
spacing even the 12" x 24" specimens could
be too small. Results from plate tests in
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boreholes and large diameter pile tests
have been added to the Table for interest.
The mode of failure is different and direct
comparison with triaxlal tests is not easy.
Also the plate and pile tests were carried
out at greater depths in the London Clay
where fissuring is not so intense. Never-
theless the data in Table 6 suggest that,
other things being equal (e.g. orientation
and rate of testing) the in situ undrained

strength of London Clay Is around 65 to 75
per cent of the conventional 1#" x 3" tri-

axial compression strength.

Less is known concerning the effect of sam-
ple size on the effective stress parameters
¢' and @' of stiff fissured clay. For
Barton Clay (Marsland & Butler 1967) the
parameters obtained in triaxial tests on
134" x 3" (vertical) specimens are

g = 24°

c' = 230 1b/sq.ft.

and on 3" x 6" or 5" x 10" specimens

150 1b/sq.ft. f£' = 23.5°

but in situ tests using a 2 ft square shear
box, with a horizontal plane, give

¢! =

¢' = 170 1b/sq.ft g = 27°
Over the range of effective normal pressures
typically encountered in landslide problems
(say 500 1b/sq.ft. to 2500 1b/sq.ft) there
ig 1little difference between the strengths
in the large shear box and those obtained
from 14" triaxial specimens. The latter are,
however, considerably less than the strength
of small intact pieces of the clay. Similar-
ly, the intact strength parameters of the
blue London Clay at Wraysbury (Bishop 1967)
are

¢' = 1500 1b/sq.ft. @' = 28°
in contrast to the following results from
14" specimens with the mame orientation

g = 22.5°

¢' = 670 1bv/sq.ft.
At the s ame site, tests to measure the
strength along fissure and joint surfaces
(Skempton, Schuster & Petley 1969) lead to
the parameters

¢' = 140 1b/sq.ft. @' = 18.5°

All these results refer to peak strengths.
The residual strength parameters for both
the Barton and the blue London Clay are
approximately

)

g = 15°

Clearly it is a matter of importance to
measure peak values of c¢' and g' in large
samples of stiff fissured clays, end until
more results are available considerable
uncertainty is bound to be attached to the
interpretation of slope stability studies in
this type of material.

c.'= 0
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3e3.4 Rate of Shearing. Very little
information 1s avallable on the effects of
rate of shearing, or time to failure, on the
peak strength of clays in terms of effective
stress., Bishop & Henkel (1957) report drain-
ed tests on remoulded Weald Clay in which the
time to failure (i.e. to peak strength) was
varied from 1 day to 2 weeks. The proport-
ional decrease in strength over this range
was practically the same for normally- and
over-consolidated clay, amounting to about
3.5 per cent per log cycle of time (Fig.l4).

Weald Clay
10 _— —
(a) Drained tests
08 t
16 i ;
A\ }
14—\ sl I
strength A clay from Fornebu , Oslo [
ratio : NZ brown London Clay , Bradwell
~e : - /8 \\‘\7\ |
10 ——1 o ‘;:>LB\‘_;_
[ c(dy from Cambridge , Mass ‘\\\‘ ————
08 } ! ’ | 5, MY | -
(b) Undrained tests
06 t :
il 2 BT ae LS e S AT U B
Bmins v 1cay Tweek  1month 1year
Time to {peak) failure
Fig. 14

Residual strengths, on cut planes, have

been measured in brown London Clay and
weathered Edale Shale (Petley, unpublished
tests at Imperial College) at rates of shear
ranging from 2 cms/year up to 20 cms/day,

see Fig. 15. The decrease in strength varies
from 0.5 to 2 per cent per log cycle of
shearing rate,

It 13 interesting to see what these results
imply in practical terms. The drained
strength of a clay is measured in laboratory
tests usually with a time to (peak) failure
of the order 1 day. If the strength falls
3.3 per cent per log cycle of time, _the
strength corresponding to a time toffailure
of 3 years will be 90 per cent of fhe lab-
oratory value, 87 per cent in 30 years and
80 on, Thus 1in long-term slope failures the
peak strengths may well be 10 or 15 per cent
lower than laboratory values due to this
rheological effect,

The variation in residual strength is much
less. HKesidual strengths are measured in
the laboratory at rates of shear typically
of the order 1 cm per day. An exceptionally
slow rate of movement in nature is 1 cm per
year, yet from the results in Fig.l5 the
corresponding strength would be only 2 per
cent less than the laboratory value; while

105} 4 !
> weathered Edale Shale

~

100 | f\‘\\\‘\~t\\\‘_;_k_
trength —t
. ﬁhg‘ brown London Clay
ratio
095}
residual strengths
090}
— -
| 1000 100 cm/yr 10 1
[ |
100 0 lmiday 01 oo
ate of shearing

Fig. 15

the strength at rates approaching 100 cm/
day might be not more than 5 per cent
above the laboratory value.

The effects of different times tofailure on
the peak undrained strengths of three clays
are shown in Fig.l4 b, For the Cambridge

clay (Casagrande & Wilson 1951) the strength
falls by about 6 per cent per log cycle of
time., Brown London Clay (Skempton & La-
Rochelle 1965) exhibit$a rather greater drop
in etrength, and this is due principally to
the migration of pore water into the shear
zone from less highly strained regions in the
clay. The soft normally-consolidated Fornebu
clay (Bjerrum, Simons & Torblaa 1958) shows

a very considerable drop in strength with
increasing time tofailure (at least 14 per
cent per log cycle of time) caused essentially
by increasing pore pressures.

Undrained tests, in routine work, are usually
carried out at a rate of strain leading to
failure in about 15 minutes., A failure in
the fleld taking place in the short time of
one day would develop an undrained strength

10 per cent less than the 15 minute laboratory
value 1in the Cambridge clay, about 12 per
cent less in brown London Clay and 30 per

cent less in the Fornebu clay. If the time

to failure in the field amounted to 1 month
the relevamt strength of the latter clay

would be over-estimated by about 80 per cent.
This particular clay may be exceptionally
sensitive to time effects, but clearly there
can be serious errors in stability calculatione
msed on conventional rates of laboratory
testing unless appropriate correction factors
are determined and applied.

3.3.5 Softening. The removal of load by
excavatIng a cutting will initiate a process
of softening. Owing to the low permeability
of clays, especially if intact, the final
state of equilibrium under the reduced effect-
ive stresses (the long-term condition) may

not be attained until many years after ex-
cavation., Rapid removal of material by a

landslide or erosion at the toe of a slope
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is equivalent to excavation.

With intact clays the consequent increase
in water content is presumably simulated
in slow drained tests on small samples
carried out over the range of effective
pressures which will obtain in the long-
term field condition.

In stiff fissured clays, however, lateral
expansion following. the load reduction may
cause some opening of fissures and an
increase in mass permeability. Terzaghi
(1936b) drew attention to the fact that

the intact pieces of clay are sufficiently
strong to allow a fissure to remain open,
even at considerable depths, and softening
can then proceed from the face of the open
fissures under zero effective stress.

This leads to a reduction in average
strength, which in turn allows more deforma-
tions to occur: other fissures then open up
and the process continues. Load must
sooner or later be transferred back on to
the previously softened clay and so,
eventually, unless overall failure inter-
venes, the strength of the clay mass could
in the limit fall to the normally-consolid-
ated value,

If the softened clay is not sheared @' will
remain essentially constant, in most clays,
but c¢' will tend to zero. Hence the effect
of internal softening of stiff fissured
clays may in the course of time result in
strengths far lower than those measured in
conventional drained tests. If, in
addition, the softened clay is sheared past
its peak, #' will also decrease and the
discrepancy will be still greater,

The water content of partially saturated
clays can be substantially increased by
heavy and prolonged rainfall. Thus it is
necessary to give ample opportunity for
the absorption of water when measuring the
gtrength of these clays.

In end-of-construction problems in
saturated clays there is, by definition,

a negligible overall water content change.
Nevertheless, as previously mentioned,
softening can occur locally in over-
consolidated clays as a result of internal
nigration of pore water (Skempton &
LaRochelle 1965). In principal, thise
effect should find expression in the results
of undrained tests carried out with a time
to failure appropriate to the practical
conditions: e.g. several days rather than
the very short period of, say, 15 minutes
usually allowed in routine testing.

Once a clay has been broken up by landslid-
ing and/or weathering its strength can be

greatly reduced by rainfall or ground water
seepage. Colluvial slopes and slide debris
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show the influence of this process, which ie
in some respects similar to the softening of
stiff fissured clays, and the results are

still more marked in earthflows and mudflows.

3.3.6 Progressive Fallure. In general the
ratio of strength to shear stress is far
from uniform along the length of a potential
slip surface. Therefore the peak strength,
in a first-time slide, must be reached at
gome points before others. Moreover, unless
the clay is an ideally plastic non-brittle
material, the strength at these points must
decrease as further movements take place,
and when overall failure finally occurs the
mobilised strength will be less than the
average peak strength along the slip surf-
ace. The more brittle the clay the greater
the difference is likely to be.

The problem of progressive failure has long
been recognised, and has been discussed in
several recent papers (Haefeli 1965, Peck
1967, Turnbull & Hvorslev 1967, Bjerrum
1967, Bishop 1967), but no quantitative
methods are yet available for predicting
its magnitude in practice.

Once a progressive failure is initiated it

may proceed quite rapidly. Indeed, if all

conditions remained strictly conetant, only
the rheological decrease in strength could

introduce a time effect.

There are, nevertheless, numerous records of
cuttings and natural slopes remaining stable
or undergoing only very slow creep movements
for many years before the final period of
accelerated movement leading to failure.
These may be referred to as 'delayed fail-
ures'. They can, and probably always do
contain a component of true progressive
failure but in addition other factors are
likely to be involved, such as pore pressure
changes, softening and opening of fissures,
and also the gradual liberation of re-
coverable strain energy (Bjerrum 1967).

4. STABILITY ANALYSIS

Although considerable advances in slope
stability studies have been made, particu-
larly during the past two decades, these
have been confined very largely to the
rotational, compound and translational
typee of landslide. Falle have seldom
been investigated quantitatively and no
stability analysis seems yet to have been
made of a flow. Still lese attention has
been paid to other forms of mass-movement
in clay slopes such as creep, cambering
and valley bulging.
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4.1 Limit Equilibrium Methods

In principle the question of slope behaviour
could be decided by making an analysis of
the distribution of displacements or
stresses throughout it. At present, however,
there is generally insufficient knowledge

of the in situ stresses and stress-deforma-
tion-time properties of soils to make this
approach practicable. As a result it ise
general practice to use limit equilibrium
methods to assess the security of soil
slopes.

In all methods of limit equilibrium analysis,
a condition of incipient failure is postu-
lated along a continuous slip surface of
known or assumed shape. A quantitative
estimate of the factor of safety of the
slope with respect to shear strength,
preferably defined as the ratio of the
available shear strength of the soil to
that required to maintain equilibrium
(Bishop 1954), is then obtained by examin-
ing the equilibrium of the soil mass above
this rupture surface. The problem is
usually assumed to be one of plane strain.
The error involved in applying a two-
dimensional stability analysis to a three-
dimensional landslide will be on the safe
side. Kenney (1956) has shown that the
magnitude of this error is unlikely to
exceed 10%.

In practice, the actual value of F for a
slope is known only at the moment of failure,
when it is equal to unity. Thoroughly
investigated case records of slope failures
thus assume great importance as they provide
the only opportunity of checking the
reliability of our methods of stability
analyseis.

4,2 Short-Term and Long-Term Conditions
When a cutting is made in saturated soil,
the change in pore pressure in an element

of t?e adjacent soil is given by (Skempton
1954):

Bu = 3] Ay A(AG;-A0y)]

Ae in this case B= 1, the expression can
be rearranged in the form:

(A0‘1+A0'3)
2

cee (6)

+ (a- #)(A0;-ACy)
see (7)

The reduction in average principal stress
resulting from the formation of the cutting
will thus lead to a decrease in pore
pressure. The associated shear stress will
aleo bring about a reduction of pore
pressure unless A is greater than %,
neglecting the effect of changes in direc-~
tion of the principal stresses (Bishop &
Bjerrum 1960). The stuge at which the

Au ~
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pore pressures resulting from the formation
of the cutting, as defined by equation (7),
are fully developed ie referred to as the
short-term or end-of-construction condition.
wWith the passage of time these out-of-
balance pore pressures continuously adjust
themselves until eventually they are every-
where in equilibrium with the steady seep-
age flow pattern appropriate to the new
slope profile. This final stage is referred
to as the long-term condition. It is
separated from the short-term condition by
a period of pore pressure redistribution.
These changes in pore pressure at a
representative point during and after the
excavation of a cut in clay are illustrated
for the values A= 1 and A= O, together with
the associated changes in factor of safety,
in Fig.16.

In the more permeable soils, such as sands
and gravels, the period of pore pressure
ad justment is very short and, except under
conditions of traneient loading, stability
problems will fall into the long-term
category. 1In clays however, particularly
if they are intact, the mass permeability
ie so low that the intermediate period of
pore pressure adjustment may last for
monthe or years after completion of the
cutting. It i1s necessary, therefore, in
such soile to decide whether a given
stability problem is to be categorised as
short-term, long-term or intermediate.

4.3 Effective and Total Stress Methods of
Analysis

Whatever method of limit equilibrium
analysis 1s used to arrive at the factor
of safety of a clay slope, it 18 evident
that this cannot be calculated without
knowledge of the appropriate values of the
shear strength of the clay. The determina-
tion of the appropriate strength parameters
consfitutes the chief problem of slope
stability analysie: 1t ie discusseed in
Section 3. Throughout the present Section
it is assumed that these are known.

4.3.1 Effective stress analysis. In terms
of effective stresses the shear strength
mobilised under conditions of limiting
equilibrium is:

%; + (Oh- u) EE%EL

where F is the factor of safety defined
earlier, It follows that in order to make
a stability analyeis in terms of effective
stresses it is necessary to know the
magnitude of both the total normal stress
0, and the pore pressure u at all points
o? the actual or potential fallure surface.
In all but speclal cases @, is statically
indeterminate: its magnitude can be
approximated to however, to a sufficient
degree of accuracy, by the available methods
of analysis. The values of u are usually

8 = e (8)
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measured by plezometers or estimated from
flow nets. An analysie in terms of effect-
ive stresees can, in principle, be made at
any time during the life of a slope (Fig.16)
In practice, however, such analyses are
usually made for slopes in the long-term
condition, when the pore pressures u are
most easily determined.

4.3.2 Total stress analysis. In terms of
total stresses the shear stirength mobilised
under conditione of limiting equilibrium 1is,
for ¢u= 0:

— ;! vos (9)
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A& Bjerrum (1960)

Fig. 16

The facte that in this case the mobilised
shear strength is independent of the total
normal stress on the slip surface and that
the pore pressure does not need to be
separately measured lead +to considerable
simplification in the corresponding methods
of stability analyeis. The condition that
#y= 0 obtains in the laboratory only for
undrained tests on saturated samples, inter-
preted in terms of total stresses, and is a
direct consequence of the principle of
effective stress. Application of the total
strese or @,= O method of stability
analysis in the field must therefore be
limited to those cases where similar
conditions apply. It is thus restricted
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to slope stability problems in saturated
clays in which insufficient time has
elapsed since formation of the slope for
any overall change of water content to
occur.,

4.4 Mechanics of Stability Analysis

A comprehensive and critical examination
of the many methods of stability analysis
now available, however desirable, is not
attempted here. We merely make some brief
comments on those methods which we have
tound most useful. The methods are sub-
divided according to the shape of the
failure surface. The effects of partial
submergence, other external loads and
tension cracks (Terzaghi 1943; Bishop 1954;
Terzaghi & Peck 1967) are not considered.

In effective stress analyses, where the
variation in O’,' around the slip surface

is of fundamental importance, and in general
when the slope profile is irregular or when
differing shear parameters obtain on

various parts of the failure surface, it is
convenient to proceed by the method of
slices. This may be dispensed with how-
ever, if preferred, in total stress analyses
involving regular slope profiles.

4.4,1 Circular slip surfaces.

(a) Effective stress (c'#') analysis

A method which 1s sufficlently accurate for
most purposes is that given by Bishop (1954)
and generally termed the Bishop Simplified
Method (Fig.l7). This is derived by
ejuating the moment about O of the weight

analysis

Forcaes in the circular arc

after  Bishap (1954)

Fig. 17

of s0il within ABCD with the moment of the
shear forces acting on the slip surface.
The normal effective force (P- ul) on the
base of the slice considered, denoted by
P', is found by resolving vertically.
Thence, assuming that(X,- X.+;)= 0, the
following expression for F ip obtained:

-

N 1 - ' L
F = m .z {c'b+ (W~ ub) tang } .ma‘
es. (10)

.oo (11)

= tand. tang'
where m“ = cosef (1+ " )

As the term F appears on both sides of
equation (10) the solution has to be obtained
by a process of successive approximation.
Convergence is very rapid and the method
can be carried out easily by hand or by
computer. (Little & Price 1958). Values
of m,, can be read off a chart for any
assumed value of F (Janbu et al. 1956;
Terzaghl & Peck 1967). A dimensionless
form of the Bishop Simplified Method,
permitting rapid evaluation of the factor
of safety for simple slopes, is presented
by Bishop & Morgenstern (1960). This
treatment has been extended to the rapid
drawdown case by Morgenstern (1963).

Equation (10) can be rearranged in the form:

1

F = ———0H., 2 (c'l+ P' tang') eee (12)
W sin &=
where P' is given by the expression:
c'l sin&d
Plgw s ¥ ees (13)

==
cosol+ tanp'asinot

(Whitman & Bailey 1967)

Both numerator and denominator of equation
(13) cen become zero or negative for low
values of F, the former when, in addition,
pore pressures are so high that:

u+ c' 25%9‘- ;} X} e

and the latter when of has high negative
values such as at the toe of a deep failure
surface. In either case unrealistic local
values of P' are obtained. The second case
is of the greater practical importance but
occurs so seldom as scarcely to affect the
utility of the method. In general the

error resulting from use of the Bishop
Simplified Method is 7% or less and is
usually under 2% (Whitman & Bailey loc.cit.).

(14)

A simpler but considerably less accurate
method of analysis for circular slips is
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provided by the Conventional Method* of
slices (Krey 1926). In this, after equat-
ing moments as before, the forces on a
slice (Fig.l17) are resolved in a direction
normal to the slip surface and the assump-
tion is made that:

Etanﬂ- . {(xn- xm_l)coso(- (En- En+1)aine(}0

eee (15)

The safety factor is then given by the
expression:

1

= ZW sin o

.ZI-c'h- (Wcos - ul)tanﬂ]
» sxe (16)

This is identical with equation (12) with
P' defined by the expression:

¥' = W coso(- ul eee (17)

In other words, the total normal force P
and the shear force S on the base of a
slice are simply taken as W cose and Wsinel
respectively., It is evident that P' in
equation (17) will become zero or negative
when:

u 2
-— D> cos' o
3z —

Thus, if this ratio = 0.5, P! will be s
negative for values of gof in excess of 45°.

«ee (18)

As a result of this tendency to under-
estimate the normal effective forces acting
on steeply inclined parts of the slip
surface, the values of F oebtained by the
Conventional Method are also, in general,
under-estimated.
that this error, increases with increasing
central angle ¥ subtended by the arc of
failure and with increasing pore pressure
u.* Some comparisons of analyses of
circular landslides in natural slopes,

made by both the Bishop Simplified and the
Conventional Methods (Table 7)**, show that

* This method is also referred to else-
where as the Fellenius Method, the U.S.B.R.
Method and the Ordinary Method.

I Kjaernsli & Simons (1962) point out that
the error of the Conventional Method also
tends to increase with the inclination of
the chord of the failure arc.

#+ The data for the slides at Lodalen and
Drammen are taken from Sevaldson (1956)

and Kjaernsli & Simons (1962), respectively.
The data for the other landslides are
calculated at Imperial College.

Bishop (1954) demonstrates

the latter may well under-estimate the
factor of safety by over 20%. In more
extreme cases the error can rise much above
this (Bishop loc.cit.).

Tabte 7
[ 1 o Factor of  safety
| . Shape of cross-section r £ £ F
Landslide - [Convuﬂionall Bishop
=) SEg 1P Woosa | simplified)
=64 1 |
Northolt . ¥ 094 10
|dA=016 !
gs’ l
’ Lodalen Y2 l ors | | o
=020
) p=tz’ 079 10
‘ rammen 7 aneon | |
| Conventional | Morgenstern
{b) Non-circular | (P= Weoset) Janbu | g “pree
l Walton's £ 098 [ 109 | 10
Wood T
| Guildtord ] : 0w | 100 10|
d/L=009 |
¢ L
Sudbury ST | o 0% o |
Hitl d =\
Folkestone d/L=017
Warren 0.92 087 10
? = central angle of arc shear parameters chosen to gwve F =10

(b) Total stress (@, = 0) analysis.
Under @,= 0 conditions the shear strength
s mobillsed is simply c,/F (equation (9)).
The fact that this is independent of the
normal stress on the slip surface results
in a great simplification. Merely equating
moments, ae before, yields the expression
for F. If the method of slices is used
this has the form:

e

ZWGind

P ess (19)

This is exact, and is easily adaptable to
irregular slope profiles and non-uniform
shear strength conditions. Dimensionless
forms of the §, = O analysis for simple
slopes have been developed by Taylor (1937)
for the case where c,, is constant with
depth and by Gibson & Morgenstern (1962)
and Hunter & Schuster (1968) for the case
of ¢, increasing linearly with depth.
Taylor's work is extended to some more
complex situations by Janbu (1954).
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4.4.2 Non-circular slip surfaces.

(a) Effective stress (c'@') analysis
Of the several methods of non-circular
analyeis now available, that developed by
Morgenstern & Price (1965; 1967) is one of
tne most satisfactory. It employs the
method of slices and satisfies all the
boundary and equilibrium conditions, includ-
ing moment equilibrium of the individual
slices. A8 a result the difficulties of
calculation are such as to require the use
of a computer. In order to make the problem
statically determinate the assumption is
made that the forces E (or E') and X on the
sides of the slices are related by the
expression:

% = )\.f(x) ces

where )\ is a scale factor determined in

the solution and f(x) is an arbitrary
function concerning the distribution of

the internal forces. For each solution it
is necessary to examine the implied etate

of stress in the soil mass above the failure
surface and to ensure, by esuitable choice

of the function f(x), that this is
physically admissible.

(20)

The accuracy of the Morgenstern-Price Method
has not yet been fully explored. The
linited available data suggest that the
value of F obtained is usually affected by
less than 6% by various reasonable assump-
tions concerning the function f(x).
Application of the Morgenstern-Price

Method to circular slip surfaces gives
approximately the same results as the

Bishop Simplified Method.

Other methods of analysie for non-circular
slip surfaces, of which we have no experi-
ence, have been developed by Kenney (1956)
and Nonveiller -(1965).

The Conventional Method of analysis has
already been described in connection with
circular slip surfaces, for which its use
was discouraged. Experience indicates
however that this simple and rapid method
can prove remarkably successful if applied
to non-circular surfaces, especially if a
substantial portion of the slip surface is
predominantly planar. The few examples of
such analyses collected in Table 7 suggest
that the accuracy of the method decreases
with increase of the ratio 4/L, defined in
Table 7 and by Janbu et al. (1956).

This method becomes exact for planar slip
surfaces in homogeneous soils, providing
that the horizontal component of any
external loads is zero, since the assump-
tion expressed by equation (15) is then
precisely realised; o being constant.

A rather more accurate method of analysing
non-circular slip surfaces fairly rapidly

by hand is given by Janbu, et al, (1956).

This employs the method of slices and by
resolving horizontally yields the exprese-
sion:

Fe=f.. .:ZLg_Ezézi__
° :5 ¥ tane

The symbols are as used previously (Fig.l7)
except for f, which is a correction factor
depending on the shear parameters and the
form of the slip, and takes account of the
influence on the factor of safety of the
vertical shear forces between the slices.
For a stability analyeis in terms of
effective stresses, introduction of the
appropriate expression for shear strength
leads to the following expression for F:

2 [c'b+ swgo‘ubZtagg' ]_

cee (21)

F = foo oee (22)
}i W tan o
_ 2 1+ tanol t ') _
where Be = cosef -(-——F—E—"'L)- = mq «c0B04
eee (23)
and m, 1s given by equation (11).

Equation (22) reduces to the expression for
the Bisghop Simplified Method (equation 10)
multiplied by the correction factor fo.

The few results of stabllity analyses of
non-circular slip surfates in Table 7=
suggest that the accuracy of the Janbu
Method is usually intermediate between that
of the Morgenstern-Price and the Conventional
Methods.

(b) Total stress (@, = 0) analysie.
Non-circular’ﬁu = 0 analyses appear rarely
to have been made. A semi-empirical method
of maeking such an analysis is provided by
substituting the average undrained shear
strength on the base of a slice for s in
equation (21) (Janbu, et al. 1956).

4.4.3 Planar slides in infinite slopes

(a) Effective stress (c'@#') analysis
The forces acting in the analysis of a slide
on a planar surface of failure in an infin-
ite slope are shown in Fig.l8. 1In this
case the internal forces on the sides of
any slice are equal and opposite and there-
fore cancel out. It is then easlly shown
that the factor of safety against sliding
is given by:

PF=C't (82 cosz/.’o - u)tang'

¥z sin/! cosﬂ

eeo (24)

This result is also given by the Conventional

Method which is exact in these conditions.

# In these, f is taken = 1 in the Morgenstern-
Price Method.
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position of water table P
cose of steady seepage

parallel to slope,
/

Forces 1n the infinite slope analysis

after Hoafeli (1948) and Skempton & Delary (1957)

Fig. 18

Two special cases of steady seepage may be
mentioned.

For horizontal flow out of the slope

u = xwz and:

[ 2 - !
L _ o'+ 2(feos®p - ¥, tang ver (25)

¥z sin/} cos/)

(Haefeli 1948)

For the more common case of flow parallel
to the slope and the ground-water table at
a vertical height mz above the slip surface
(Fig.18),

u mez cos%ﬁ and:

c'+ z cos%ﬂ( Y- Kw)tanﬂ'
P = : «eo (26)

¥z sinp cosp

{Skempton & Delory 1957)

(b) Total stress (@ .= 0) analysis.
The safety factor of an 1nfinite slope
against sliding under @, = O conditions is
given by the expression:

c

u
F:
gz ain{% cos/g

5. ANALYTICAL CASE RECORDS

ees (27)

From the scientific and practical points
of view the study of analytical case re-

5.1.1 Congress Street, Chicago.

cords is supremely important. Our know-
ledge of slope problems in clays can be
assessed only by measuring the properties
of clays under carefully controlled con-
ditions of test, using these properties in
a stability anaelysis, and seeing to what
extent the results agree with field obser-
vations.

Much progress along these lines has been
made, especially in the past fifteen years
since, for example, the firet specialist
conference on slope stability held at
Stockholm in 1954. Yet a general survey
of the literature leaves no doubt that
there is great scope for future work. Un-
certainties still remain even in the more
intensively studied categories of selides
and clay typee. Some forms of landslide
have scarcely been touched analytically.
Descriptions are frequently incomplete in
one or several aspects. Occasionally the
basic interpretation of the field evidence
or test data is in doubt.

In the following pages we summarise a num-
ber of selected case records to give an
appreciation of the present state of the
science. So far as possible attention is
drawn to difficulties and gaps in our know-
ledge. For reasons given above the re-
cords are considered under three main head-
ings:

l. first-time slides, short-term

2. first-time slides, long-term

3. s8lidee on pre-existing slip
surfaces,

No analytical case records can be quoted
for earthflows, mudflows or eolifluction
sheet movements.

A brief treatment of slope development in
clay strata is given in Section 6.

5.1 Pirst-time Slides; Short-term

In this category we describe two case records,

one in soft intact clay, the other in stiff
figsured clay. There appear to be no fully
documented records relating to stiff intact
clays.

Details
of this slide have been published by
Ireland (1954). PFailure occurred during
excavation of an open cut in Chicago for
the Congress Street superhighway in 1952.
The slide took the form of a simple rota-
tional movement on a more or less circular
slip surface, limited in depth by stiff
clay of a Wisconsin age moraine (Fig.19).
Apart from a cover of fill, placed in the
late 19th century, and a relatively thin
layer of sand and silt, the slide was loca-
ted principally in soft to firm intact clay
(typical index properties w = 25, LL = 32,
PL = 18), the upper portion of which had
been subjected to some desiccation before
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the sand was deposited. The clays above
the moraine are probably tills laid down by
ice sheets under water.
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Fig. 19

The undrained shear strengths of the clays
were measured by compression tests on
Shelby-tube samples and corrected for sample
disturbance by means of correlations estab-
lished between the strengths of tube samples
and of specimens from hand-cut blocks (Peck
1940). Reasonable assumptions were made
corncerning the shear strength in the sand
and fill layers, but these play a minor

role in the analysis.

On the most critical circle, according to
the @..= 0 analysis, the calculated factor
of safety was 1.11. As was to be expected,
the critical circle lay further back within
the slope than the actual slip surface
(Skempton 1945, 1948a).

The Chicago clays probably show little
variation in strength resulting from aniso-
tropy. The presence of some cracks and
Joints, due to desiccation, in the upper
layer of clay may mean that i1ts laboratory
strength exceeds the field strength. The
data already given in Section 3.3 suggest
that a 30 per cent reduction is probably
sufficient to allow for this effect even in
an intensely fissured clay. In the present
case a reduction of, say, 20 per cent would
seem to be ample; and from figures given by
Ireland (loc. cit.) this reduces the cal-
culated factor of safety to about 1.07.
Stress-strain curves of the softer clays
show little drop in strength after the un-
drained peak (Peck 1940) but there may be a
reduction in mobilised strength due to pro-
gressive failure along that part of the
slip surface lying within the stiff upper
clay. However, a 30 per cent reduction to
allow for this effect only brings the cal-
culated factor of safety down to 1.00.

The slide occurred while excavation was still
taking place. The failure was therefore not
delayed; and although the rate of shearing
may well have been considerably slower than
in the laboratory tests, we do not think
that the difference between field and labo-
ratory strengths, on this account, is likely
to exceed the order of 10 per cent. Finally,
the Chicago clays have a rather low sensiti-
vity (St 2~ 4) and the strengths as measured
on hand-cut blocks are probably very close
to the in situ values.

In conclusion, then, the calculated factors
of safety range from about 1.1 with no cor-
rections to about 0.9 with perhaps an over-
generous allowance for such effects as pro-
gressive failure, rate of testing and fissures
in the upper clay.

This result is very satisfactory, but atten-
tion must be drawn to the great need for
further case records within the category

of first-time short-term slides in soft
intact clays. As well as the effects of
rate of shear, the strength in some clays
can vary markedly with orientation and dir-
ection of shearing, and hence also with the
type of test. These factors are discussed
in Section 3 of the present paper, and have
been strongly emphasised by Kenney (1968).
They do not in themselves invalidate the
principle of the f,;= O analyeis, but they
point to the necessity for thorough field
and laboratory investigations of short-term
slides so that their effect can be gauged
in practical terms.

5.1.2 DBradwell. (Skempton & LaRochelle
1965). Two slides occurred in the deep ex-
cavation for a nuclear reactor at Bradwell,
Essex, in the London Clay. Slide I took
place on 24 March 1957 about 5 days after
completion of this part of the excavation
(Fig.20) and Slide II followed at an adjac-
ent pection 19 days after excavation. The
London Clay 1s overlain by 9 ft of soft
Postglacial marsh clay and 11.5 ft of fill,
placed as the excavation proceeded. At
Slide II the fill was 8 ft thick. The
weather during these operations was dry

and continued so throughout the period lead-
ing to Slide II. Ground water level was
located within the marsh clay from which
there were small seepage flows on to the
berm at the top of the London Clay.

In Essex the London Clay has been over-
consolidated during its geological history
by the removal by erosion of some 500 ft of
overlying sediments (Skempton 1961). It is
a stiff fissured marine clay of Eocene age
with horizontal bedding.

The first sign of instability at Slide I was

the outward bulging and cracking of clay

1ust above the toe of the slope. A few hours
ater a large wedge slipped out, to be
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