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ABSTRACT

h review of some field records showed that a Lwo-wedge mechanism
formed when failure occurred in a slope underlain by a thin weak layer.
A phyvsical model which promoted plane strain conditions was designed
for the study of the ssqguence of failure. The model consisted of a
simple granular slope resting at its angle of repose on a cohesive
layer. ALt low confining pressures, the failure of the sand in plane

strain was described by a deformational failure criterion.

The sequence of failure of the model slope was determined £rom
measurements of photographic records of experiments. The slope was
analysed using numerical medels and stability methods, with emphasis
on the discontinuous nature of the material. A method based on the
principle of virtual work and using an energy dissipation function for
the definiticn of the critical failure mechanism was proposed by the
author, who found its predictions concurred with the experimental
observations. The use of an energy bassd analysis led to the replace-
ment of the factor of safety by an_energy quotient, Q. The virtual
work analysis was applied to a protobtype example and was found to give

good agrecment with field measurements.
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CHAPTER 1

1.1 Research in Geomechanics

There i1s a long history of landslips and their effect on centres
of populatiocn, and much evidence of prehistoric slides exists. As
western technology developed, the activities of the engineers of the
day began to modify the surface of the earth at an exponentially increas-
ing rate. DBecause the appreciation of design in works involving soils
was virtually non-existent before 1750, it was not surprising that the
early approaches to stability and earth pressure analyses were based
on field observations of failures in engineering projects. Thus, until
the 1920's, the majority of design procedures for soils and foundations
followed this philosophy; however, one noteable exception was the

Ranxine active and passive earth pressure calculation.

The 1920's saw the advent of modern soil mechanics under the leader-
ship of Karl Terzaghi. It was the careful and deliberate study carried
out by Terzaghi, and many researchers who succeeded him, which gave the
scientific basis to soil mechanics, which for so long had relied on
experience and empiricisms alone. Although Australian engineers did
not play a prominent role in the initial (1200-1950) development of
soil mechanics, there was considerable interest expressed in the dis-
cipline, and some earnest research undertaken. Trollope (1973a) dis-—
cussed the work of Hawken, which concerned the active thrust on a
retaining wall. The debate and criticism of Hawken's work (cf. Trollope,
ibid.) illustrated another important facet of research into soil mechanics -
the existence of several ways for the investigation of a particular problem,

=

each with its advantages and disadvantages.

Thus, the pattern for research in soil mechanics was established;
as it had been for many other disciplines created by the technological
changes since the industrial reveolution. The extent of the discipline
of so0il mechanics is continually being redefined, and the last two
decades have seen an increasing exphasis on the use of the term "geo-

mechanics" to both soil and rock mechanics. Ag more under-

@l of the current problems in gecmechanics, investigators

P e Ry
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are able to isolate portions of those problems for more detailed study;
or are abhle to adjust their method of approach so that a more appropriate
avenue of thought may be pursued. Current research into problems which
have been created by the exploits of modern technology, is alsc being
assisted by the same technology in the solution of those problems;
therefore, many innovations may be used to solve problems which were

beyond the capacity of researchers in the first half of this century.

1.2 The Study of Slope Stability

The ideal solution to a slope stability investigation would be
possible 1f the stresses at failure were defined averywhere in the
soil, and the critical kinematically admissible slip mechanism had
been established. This form of solution is not feasible and one of
the main factors contributing to this situation is the nature of the
soil material, both its variability and its stress-deformation response.
Although there have been considerable advances with analytical and
numerical procedures in the fields of seil statics and kinematics,
many of the methods are under restrictions or assumpticns which pre-
clude them from practical application in design problems. Thus, the
study of slope stability cannot be described by a single procedure,
but each preblem must be evaluated so that use may be made of a rele-

vant procedure.

Unfortunately, very few analyses consider the kinematics of
failure explicitly, but the simple wedge and slip circle analyses do
vse slip surfaces which are kinematically admissible. However, when
the soil materials under investigation are stratified so that part of
the failure mechanism is pre-determined, the kinematics of the slip is
necessary information for the adequate assessment of slcpe stability.

It is not uncommon for a soil profile to contain a band of material

which is significantly weaker than the surrounding soil; or to have
a situation in which a band of weakness may develop due to some change
in ground water level or stress concdition within the seil, Therefore,
a method of stabilicy analysis should be available for consideration

of the situation where the kinematics of failure is dominated by the
presence of a weak stratum. This research is a detailed investigation

ef the influonece of 2 weak aktratun gn the failure of a granular slope.



1.3 &cope of the Research

Trollope (1975) proposed that the failure of a simple granular
slope underlain by a weak layer occurred in an identifiable sequence
of discrete events, rather than the semi-continuous form of progressive
failure. The principal aim of this study was to carry out a guanti-
tatively reliable series of physical model tests which would provide

the data for the interpretation of the sequence of failure.

The physical model was limited to a simple slope of dry, cohesion-
less silica sand which stood at its angle of repose on a weak layer of
purely cohesive material. The prime variable in the model was the
thickness of the base layer, with all cother variables maintained as
uniform as practicable. Records of slope failure and their measurement

were made photogrammetrically.

The second purpcse for which the physical model was used, was to
enable recognition of the kinematics cof failure; and subsequently, an
adequate stability analysis was sought with the incorporation of both
static and kinematic considerations. If an acceptable analysls was
found, it could be applied to a prﬁtotype example which would result
in an evaluation of the reliability of the modelling technigue and

chosen analysis.

Throughout the study, emphasis was placed on the discontinuous
nature of the granular material in the slope and the stress-deformation
response of the materials under conditions which prevailed in the model.
Part of this project was the design of the modelling apparatus so that
the response offl the model could be interpreted independently from the

effects of the apparatus on the materials.



CHAPTER 2

FIELD EXAMPLES

2.1 The Occurrence of Instability

It will be clear to most people who have seen an exposed soil
profile, that the nature of the soil is highly variable. One simple
example is the change in colour of the earth which may be found in a
road cutting. Although the variation of the geotechnical properties
of soil cannot be determined at a glance, it may be expected that these

properties should vary in any given soil profile.

Just as the periormance of a material is dependent on its inherent
properties, the effectiveness of these properties way be significantly
altered by the action of external agents. It has been found tkat geo-
technical parameters in a soil are affected in varying ways by pore
fluid pressure, cyclic loading, and relative displacement, to mention
but a few. If these changes strengthen the soil, loads to failure arxe
not reduced; however, there are many instances in which a loss of
stability has occurred in a formation which was stable in its previous
condition but weakensd when disturbed. Common sense dictaies that a
bodv is only as strong as its weakest member, so that if a soil profile
is adversely affected in one region some instability may develop, even

though most of the proifile has remained relatively unchanged.

One of the okjectives of the geotechnical design engineer should be
to idencify zones which have a potential to bzcome the critical member
in the s0il or rock system. The geological process of sedimentation
provides an excellent opportunity for weaker materials to be deposited
between wmore compebtent barnds. 'Thin layers of montmorillonitic clays
are known to ococur in many shale profiles, and when cxposed, or brougnt
into fhe range of influence of szome structure or excavation, often prove

to be trouvblesome. »05its commonly contain some sand, either

in lenses of limited extent and thickness or in aguifers {rom centimetres

to tens of the natural permeability of sand,

ground waler pressure is often associated with

these layerz. If ona of these smaller deposits which had limited drainage



was loaded vapidly by some construction, Lhe subsequent pore pressure
increase in the sand would tend to push the socil system closer to the
point of instability. Similarly, if for a given situation, pore pressures
were to increase due to a rxise in the level of ground water supply, then

a state of instability would also be brought closer.
The following secticn considers the modes of instability encountered
when a failure is influenced by the presence of a layer which is weaker

than the surrounding soil mass.

2.2 Failures Influenced by Subsurface Geology

The types of structure to which the following text refers are
limited to natural and man-made slopes and embankments. Texzaghi and
Peck (1948) have called these slips "spreading failures"”, after the
nature of the displacements observed. This category is divided further
into two forms, with the distinction being made according to the thick-
ness of the weaker layer, as may be seen in Figure 2.1. Unfortunately,
the writers did not define how the relevant mode of spreading failure

should be determined prior to the occurrence of slip.

In Figure 2.l(a), cthe thicker laver (e.g. a clay stratum) is shown
as allowing some overall volumetric distortion with the embankment
coming to rest in "a gentle S-shape”. The second part of the Figure
illustrates the case of a thin weak layer (e.g. sand or silt partings
carrving high pore water pressure) which assumes a characteristic two-
wedge mechanism in the embankmsnt with a compressed ridge of soil at
the toe. The writers refer to several examples of spreading faillure

at the end of their article; some of which are included in this chapter.

The references o failure thus far have been for embankments and
have bsen used as a matter of convenience for the introduction of this

topic, with the intention that slope failures are to be considered as

having the same forms as given in Figure 2.1, but with the obvious exten-
sion of thes crest areca so that only one toe xegion needs to be censidered.
The of spreading failure is not the only posszibilivy for slip when

a weaker layer is present. Tere are a great nurber of examples of
progressive failure and rekvogressive failure ko which referances are

made in following secctions.
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2.3 The Role of Progressive Failure

Wilson, in his 1970 Terzaghi lecture, stressed the importance of
thin zones of weaker material in the development of failure surfaces
and supports his argument by a large number of relevant field examples.
The majority of cases chosen by the writer were slopes which deformed
by progressive failure. The sense of the term "progressive failure"
in the text of the lecture and in this thesis means localised failure
in an area of stress concentration which in turn causes a stress
redistribution bringing a new area into failure, with this process

continuing until some force equilibrium is reached (cf. Bjerrum, 1967).

The aim with which Wilson approached his topic was to identify
slip patterns from the data which was collected by field observation,
and hence, has described the form of progressive failure by its field
characteristics. Most of the examples quoted failed as a series of
blocks and wedges which gave them an appearance similar to that of a
spreading failure, mentioned in the previous section. Therxe is, however,
another feature of the progressive failure which distinguishes it from
other blocky slips; namely, ground movements increase linearly from
the upper edge of the failure to the cut face, the area of initial
stress concentration. Thus, the mode of failura pursued in this thesis
is not of a progressive nature, but rather one for which the movement

of the blocks of material may be simply described as uniform.

2.4 JIdentification of Weak lLayers

In the context of the stability of slopes and embankments, the
presence of a weak layer may lead to four types of landslip: spreading,
progressive, and retrogressive failures; and flow slides. It is
important to be able to recognise weak lavers so that any potential
hazard may be reduced. The common features of wecak layers giving rise
to the above mantioned failurcs are briefly described below, with

further attention Leing paid to spreading fallures in the next section.

It is convenient to approach the descrintion of the weak lavers through
1. wimarilly concerned with the deformational nature
3 was aceerked the explanation of progressive
failure 3 (cp. cit.) as & matter of convenience rather
than conviction, an investigation of the topic was beyond

the scope of this



their association with earth embankments, mining waste dumps and natural

slopes.

2.4.1 Earth embankments

Becauvse of its generally economic construction, the earth erbank-

ment has been used widely for a considerable period of time.

Thus,

valuable experience has been gained from the performance and, in some

cases, fallure of these structures. Prior to the advent of modern

sarth-moving machinery, many embankments were constructed by hydraulic

filling between two outer shells. This method of placement left a

relatively loose core section which for the short term was in a saturated

condition, making the fill material a hazard in itself.

The lack of adequate site investigation for

many early dams led

to unexpected deformations both during and after construction. Seams

of highly plastic clay, saturated sand and silt lenses, and peat layers

have been labelled as the source of many failures.

The results cof some

post-failure analyses have shown that slip occurred zlong a thin layer

of weak material in the foundation. The

may be described as a mobile system of wedoes and blocks;

Sheffield Dam in Santa Barbara where the toe of

mevement of these structures

for example,

the dam was found to

have moved bodily over more than a hundred metres, leaving the vegetation

on the face undisturbed.

The foundations of the Fort Peck Dam had the unfortunate property

of a nigh brittleness index (cf. Bishop (1967)), and with the dam

being of hydraulic fill construction,
slide with considerable loss of life.

1s made in Section 2.4.3.
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the mineral has been recovered are back #illed with overburden material
from the advancing pit face. If the base of the pit is wet and the

waste material soft, failures will often result when a weak layer forms
due to the rapid break-down of the dumped material by crushing and
chemical weathexring. Subsurface geology still has an important influence
on dump instability, especially in the case of hillside dumps where the

natural watex table may be close to ground level.

Several authors have recognised the existence of spreading failures
in waste dumps and have been able to associate some with slip through
a thin zone of weak material. The coal mining industry appears to bhe
the sector most troubled by these failures and endeavours to bring the
situation under control are continuing, especially since the Aberfan
(South Wales) and Buifalo Creek (West Virginia) disasters. There seens
to be a general consensus ameng researchers in this area that three
distinct factors must be considered before a particular situation is
defined: the properties of the dumped material, the properties of the
foundation material beneath the dump, and the level of ground- or ponded-

water at the dump site.

2.4.3 Matural slopes

The materials found in earth embankments and mining waste dumps
are generally limited and in the former case well controlled, however,
natural slopes are normally a mixture of soils of varying properties,
with an inherent relationship to subsurface geology and the groundwater
table; consequently, failures in natural slopes are diverse. It is
not the purpose of this section to describe all failures, but to demon-
strace that a weak layer may induce a spreading failure in a natural
slope, as well as in the man-made structures previously considered.
£E

There exists a difference between spreading fallure and progressive

and retrogressive failuras which neads to be expandsd upon so that the
identity of the former will be clear. Spreading failure is assumsd to

have cocurred whan a deep seated landslip becomes evident over a short

period of time, implying that the major cause of weakness in the slip
layer was nobt dus to the pre-failure mov the soil material.
Progressive and retrogrossive failures are cowmonly found in areas where

a soil iz moderately sensitive or has a moderate brittlencss index. The



jatter failures are initiated in a relatively small region compared to
the full extent of the slide; with the progress of failure primarily
due to a stress redistributicn resulting from a decrease in load
capacity of the area which has just slipped. Both the former and
jatter mechanisms may be complicated by the presence of pore water

pressure induced by seepage or earthquake loading.

any of the above modes of failure may develop into a flow slide
if the toe region of the slip surface becomes lubricated, or if the
potential energy released by the subsiding mass cannot be spent in work
on the slip plane(s) and thus must be represented as kinetic erergy.
The Aberfan, Fort Peck, and Turnagain Heights slides are classic examples

of flow slide formation.

The simple form of spreading Ffailure has been actively linked with
the occurrence of plastic clay seams, sand or silt laminations, and
increase in pore pressure levels. A list of references to some further
examples, bevond those studied in detail in the following section, is

included at the end of this chapter.

2.5 Particular Examples of Spreading Failure

In recent times, the study of progressive and retrogressive failures
has taken precedence over the study of spreading failures. One area in
which considerable research towards spreading failure has been conducted
vas the response of sloping core earth dams to earthguake loading (Sulfan
and Seed (1967)), however, no specific field examples have shed any light
onto th2 cverall mechanism of spreading failure. The main benefit derived
from thie research was gainced in the field of physical model testing,
to which further attention has been given elsewhere. Significant fiald
cases have been docurented for failures in waste dumps and earth embank-
mants, however, only one case containing enough detail for review has

been found for a natural landslip. FEight failures have been considered

individually, with particular emphasis placed on the mechanism of
failurge. Very little commenkt may be made sbout the seguence of development
of those failuros because of a general lack of records of the time at

whiclh various evenlts took place.
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5.5.1 Rockfill slopes, South Africa (Blight, 1969)

Gold and uranium mining operations in the Witwatersrand region
resulted in large quantities of guartzite rock waste, which was dis-
posed of by dumping on flat marshy ground. The dumps were formed by
building a low grade haulage ramp to a height of about 50 m and then
tipping over the crest to advance the face of the dump. The foundation
material was mostly a stiff fissured sandy to silty clay to a depth
of about 5 m where it was underlain by shale at various states of
weathering. The water table was generally 2 m below the surface and

in some cases there was surface water.

Blignt has given details of four failures, which exhibit many
similarities. Only one of these slides, the first at Viakfontein,
was considered for review in this section. Figure 2.2 shows a ovrofile
of the Vlakfontein tip from which the key features to note are the
compressed ridge of foundation material in front of the toe, the for-
mation of a berm at approximately the mid-heicght of the dump, a relatively
uni form lateral moverent of the lower half of the dump, and the position
of the slip surface at the top of Fhe dump. The lateral extent of these
failures across the face of the dumps allowed the assumption of plane

strain conditions to be made with confidence.

Blight has used a back-analysis technigue to determine the angle
of the slip plane through the dump (GR in Figure 2.2). However, he has
been able to locate the position of the crest of the dump before failure
and presumably the diagram shows the actual position after failure, so
that by drawing a trace through these two points the line formed will
give another approximation of the angle of the slip plane. It was

unlikely that the dumped rock had a dilatant angle of more than a couple

i

of degrees becau its loose state, so that the new estimate of «

0]

e o
R

was lowered to between 53" and 55°, which may cast some suspicion on the
relavance of the methods of analysis used for the original calculations.

It was unforkunate that more attention had not been given to the mid-

height berm and the slip plane that gave this effect, as this data may
have helped in more accurate location of the slip surface and a better
description of the failure wechanism.
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Another commant made by Blight about the Vliakfontein slides was
that they were of a progressive nature. It would appear from the large
number of observed slip planes in the second slide, that a progressive
failure was a good interpretation; however, the first slide was very
different in this respect. The type of cdeformation associated with
progressive failure has been described in Section 2.3 as being linearly
increasing from the back slip plane to the tce. A comparison between
progressive and rigid block failures was made by the author by super-
imposing the three slip planes of the two wedge mechanism onto Figure 2.2,
using the revised estimate of 54° for the inclination of the back slip
plane. The distance travelled by the toe block was about 7.5 m for the
recorded slump of 6 m at the crest. This value closely corresponded
to the observed displacement shown in Figure 2.2; fthus confirming the
uni form nature of the movement and demonstrating that progressive

failure was not likely for that slide.

Hence, the existence of a sequential mode of failure is plausible,
with a characteristic two-wedge deformation pattern rasulting from the
formation of a base slip plane through a clay layer which prowved to be

incompetent for the loads applied.

2.5.2 Spoil pile failures, Coonvella (Bovd et al., 1878)

Open pit strip mining of coal has been carried out at CGoonyella
in Queensland’'s Bowen Basin for a number of yvears during which failures

in both the highwall {(wwnined side of the pit) and spoil piles have

[

occurred. The spoil failures were of interest to this study since
research into the instability problem has shown that failures were
associated with ingress of water into the piles, causing a loss of

o |

strength along the base.

Figure 2.2 shows some cbserved slip patterns which follow the two-
wedge mechanism, with a layer of saturated low shear strength clay
along tha base. This weak layer was generated from the spoil material

sh consolidation loads and

by crushing of the la wments under hi

of this material after an increase in moisture

oL LilLlo

in some piles have shown that i Dore Dressures

were not necessary for the formation of the weak layer; and in some

areas the plastic material had been intruded into 20 mm tubes to an
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elevation of 45 m above the pit floor. Othexr characteristic slip geometryy

was: a pit floor slope of JO, and a back slip angle of about 63° emexrging

pehind the most recently formed crest of the spoil pile.

2.5.3 7The RAberfan Disaster, 1966 (Bishop et al., 1969)

Because of the tragic loss of life suffered at Aberfan on 2lst
Octoher, 1966, an intensive geotechnical study into the causes of the
slide was undertaken. There seams little doubt that the slip was due
to bigh seepage pressures along the base of the tip from a spring

located behind the tce.

The stabilitv analvsis carried out was based on circular slip sur-
faces in the majority of cases. The scarp left at tﬁe tip site aftex
the slide stood at 40° to 50° for about one month; but, if the slip
surface had been circular, this angle would be expected to vary from
the top ¢o the base of the tip. If the upper part were to fail, it
vould be natural for the material to take up its angle of repose (about
35% so that neither this reason nor the circular slip failure explained
the final scarp ancgle. Model studies carried out at Imperial College,
London, showed a two-wedge failure mechanism had formed when a weakness
was induced along the base in the form of seepage flow: this information
seemed to be given little attention by the compilers of the geoteclhinical
report. It would seem possible that the slip mechanism began in a two-
sadge form rather than in the circular form favoured in the report, from
the consideration of both the post-failure scarp at the tip and the
model studies. Trollope (1975) had previocusly suggested that £failures
at Goonyella, Queensland, and the Aberfan disaster were the result of
the activation of a third-order (two-wedge) sequential failure mechanisn.
The writer described the kinematics of the two-wedge mechanism, and gave
a method of stability analysis which will be commented on in a later
chapter. The relationship between the two-wedge mechanism and the sub-

sequent development of a flow slide was also discussed.

2.5.4 Pailure at Lafavette Dam (Engineering dNews Record, January 31, 1929)
Lafayette Dam consisted of rolled earthfill, and was under con-
struction and within & m of final crest lavel when the failure occurred.

The slip was attributed to slip along a layer of plastic alluvium in



the site foundations. TFigure 2.4 shows a profile of the dam before

and after failure, exhibiting many characteristics in common with a
two-wedge failure mechanism. Some of the more important features noted
were the uniform lateral movement of the lower half of the face, the

mid-height berm, and the subsidence of the crest area.

2.5.5 Failure of Marshall Creek Dam, Kansas (Engineering News Record,

September 30, 1937)

A much lower foundation strength than originally anticipated was
identified as the cause of the failure of the dam. Figure 2.5 shows
a cross-section of the failed dam, which had many features of a spreading
failure; such as the uniform lateral movement of the lower half of the
embankment with a subseguent downward movement of the crest. The report
mentioned that an engineer at the site commented on the similarity between

the failures of the Lafayette and Marshall Creek dams.

Hammond (1956) included a more informative discussion on the

Marsnall Creek failure with the advantage ¢f a report of a committee

of engineers appointed to investigate the incident. The failure was
still attributed to the weakness of the foundation material; however,
the composition of the soils showed that high pore water pressures may
have develcped to significantly reduce the soils' =ffective strength.
Post-failure site investigation had shown that the foundation materials
wverea originally in a loose, saturated condition at depths only a little
below the surface. It was further noted that parts of the site con-
tained sand and silt laminztions which would probably have been subject
to high pore water pressures under thc conbined effects of increased

normal lcad and foundation settlement caused by embankment construction.

The investigating committee considered the stability of the dam by
applving the slip circle method to find a factor of safety of .84 at
the time of failure. This result implisd that the dam should have
failed at a time prior to the end of construction. However, there is
evidance to suggast that a wedge failure mechanisi was active: namely,
the raport stated that "a secondary fraciure area having a similar
crescent shape was present in the downstrezam slope in the general region
of the upper berm (EL.807)". Thus, it scemed unlikely that a circular

slip analysis wes relevant to this case.
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2.5.6¢ Failure of flood-control dike, lartford (Engineering News Record,

July 31, 1941y

A deep seated cilrcular slip through a foundation of soft varved
¢clay was assumed to have taken place while hydraulic sand fill was
being placed behind a recently completed flood-control dike on the
panks of the Connecticut River. Before the slip, placement of material
behind the dike continued even though a warning had been given after
preliminary calculations showed the possibility of instability unless
the foundations were allowed to consolidate for a few months. A profile
of the dike and the assumed slip circle are given in Figure 2.6. CObser-
vations after the slip showed that the crest had slumped about 7.5 m,
and the highway £ill and dike had moved laterally about 15 m. Measure-
ments of the diagram gave the radius of the slip circle as 41 m. If
the slump of 7.5 m was assumed to be at the middle of the crest, then
rotation of the failed mass would be about 16°. The lateral dicplace~
ment of the mass could be only 6 m at the most, and not the 15 m observed.
Again it was pertinent to realise that the foundation was a varved soft
clay which allowed the possible dewvelopment of high pore pressures from
extra vertical lecad, consolidation and seepage from the hydraulic £ill.
Thus, a wedge form of failure may have occurred along one of these low

strength zones and given rise to the deformations cbserved.

2.5.7 Trial bank on soft alluvium, River Thames (Marsland and Powall, 1977)

The failure of this bank was planned so that members of the Building
Research Station could establish design parameters for the constructicn
of storm levees in the Thames Estunary. The location of the levees placed
them over very poor foundations consisting of a mixture of very soft
organic clays, peat layers, silty clays, clayey silts and sands in
varicus orders of deposition. The estuary ensurcd that the soils were

mostly in a saturated condition.

The bank was constructed of sandy gravel fill with a range of
inclinomezters, piezometsrs, extensometers and zurface targets in both
the foundation material and the bank £ill. The pattern of displacements
in two of the inclinometers is given in Figure 2.7 and a simplified
reproseitation of the movements of tha bank during failure is shown in

Figure 2.8. With reference to the latter figure, the writers have
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defined the failure surface as "a vertical face ab, a circular portion
pe centre ¢ which changed to a near horizontal translation ed culmin-
ating in a smaller circular portion de". Recause of the reliability

of the displacement data, it was re-examined to test for alternative
interpretation. In the segment obc (Figure 2.8), the construction of
normals to the displacement vectors should have found their intersection
in the vicinity of o, hawever, this was not the case {c.f. Figure 2.93).
Also, the overall heave at the toc did not support a circular failure
mode as there was little rotation and no consistent rotational direction.
If the failure mechanism proposed by the writers took place, a fissure
would be expected to form along cc with a width of about 150 mm at the

surface of the bank, but no such feature was reported.

A wedge mechanism was constructed using the displacement data.
This mechanism appeared to be more consistent with the obsexrvations
than the proposed combination of slip circles and blocks; the dashed

line in Figure 2.8 shows one wedge machanism.

2.5.8 Failure of natural slopes at Herne Bay, Kent (Bromhead, 1978)

The surface geology of the Herne Bay region consists primarily
of a 30 m layer of Lcndon clay underlain by the slightly dipping Oldhaven
beds of silty fine sands, which vary in depth below sea level along the
coast. A long historv of deep-seated landslips is known, with records
dating back to the late nineteenth century. Of the three slides reported
by Bromhead, the Miramar landslide was most relewvant to this study
because it was locateé close to the place where the 0Oldhaven beds intsr-

sected the shore line.

The landslides of this region have gained the attention of Hutchinson:
however, the writer doss not refer to mere than descriptive material from
Hutchinson (c.f. Ssction 2.7). A reliable description of the slip of
4th February, 1953, in which about 25 m of the top of the cliff was lost,
was given as: "sharply dipping sliding surfaces to form a near-horizontal

-graban structure, while the original cliff face was pushed forward intact

to form a sharp crested ridge." FPigures 2.10 and 2.11 show a plan and
sactions of this slide, which may clearly be seen to have a two-wedge
fFailure mechanism. EBErombead reported that surface water seeped down

through the graben region inko the Oldhaven beds and produced asiverse
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pore vater pressures, vhich further weakened the strain softened material.
A nearby slide at Queen's Avenue was reported to have shown first move-
ment after a tidal surge in 1896. It was interesting to note that the
Miramar slide showed large movement between Ordinance Surveys of 1872

and 1898; this activity may have been initiated by a similar surge,

although the writer éid not comment on this matter.

2.6 Conclusions

The presence of a layer of soil which is weaker than its neighbours
has a particular influence on the position of the slip surface, the
mechanism of failure, and subsequently the relevance of any stability
calculations performed. The two-wedge failure mechanism has been
demonstrated as being particularly relevant to the interpretation of
slips in mining waste dumps, while other wedge mechanisms may form in
embankments, depending on the position of the weak layer. The evidence
presented suggests that another form of landslip, the wedge mechanism,
should be considered together with progressive and retrogressive failures
when studies are being undertaken. The aim of this study is to define
clearly the kinematics of the two-wedge mechanism so that it may be
readily recognised in the field, and an appropriate design method may

be established.
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CHAPTER 3

PHYSICAL MODELLIRG

3.1 Introduction

The role of physical modelling in soil mechanics has a2 long history.
Even before the subject of s0il mechanics was recognised, engineers
were working with soil in the construction of recads, bridges, and buil-
ding foundations. The prevailing attitude was to carry out the work
required on the assumption that the soil would not cause failure; the
essence of this approach was the use of the prototype as a full scale

model, although this point was not recognised at the time.

Early researchers in the field of soil mechanics used small scale
models to simulate what might occur in zhe field and many of the advan-
tages, as well as limitations, of physical modelling became apparent.
The development of large capacity, rapid computers in recent years has
led to an upsurxge in the numerical modelling of geotechnical problems,
with the resulc that the emphasis on physical modelling has apparently
waned. Howevey, in many ways, physical modelling has been aided by the
new technology assoclated with computers, especially in the area of

data acquisition and manipulation.

The following sections of this chapter will explain the current
approaches to physical modelling and then give details of the modelling

apparatus and materials used to obtain the results for this study.

3.2 Classification of Models

The results of research have provided a better understanding of
s0il mechanics which has enabled more meaningful model studies to be
devised and undertaken. Thus, as physical models became more special-

ised, it was necessary to describe their purpose more accurately. In

V=

[

the 1971 Roscoe Memorial Syvmposium on Stress and Strain in Soi
section was devoted to phyvsical modelling in which the discussion

leader defined three classes of model (James, 1971).

Class I models are those which are built to study the response of

a particular prototype. Therefore, fox any results to be meaningful,



the model must obey the principles of similarity. There are four main
technicues for constructing similar models: full scale construction,
centrifuge, hydraulic gradient, and equivalent material. The first
three are more common to soil mechanics preblems than is the fourth,
which is used for many rcck mechanics investigations. Examples of
ecach of these methods are given by Parry (1971), Coxon and Bassett
(1976), Zelikson (1969), and Fumagalli (1968) respectively. Although
the results from the Class I model are quite reliable, the major
limitation of this approach i1s the restriction of the resulits to the
model 's particular prototype, which makes this technique costly if

several alternatives are to be investigated.

The second class includes models which are a small-scale version
of a general field situation. The purpose ¢f the model study is to
consider the sample as a small prototype, and to compare its behaviour
with that predicted by some method of analysis, so that a relevant
design approach may be used. Thus, it is necessary to make some
simplifying assumptions for ease of model construction and then in
the analytical stage to use parameters relevant to the low stress
levels associated with the model. Because of the different behaviour
of soma medelling materials at various stress levels, the results
observed in the model may not be svident in the prototype. For a
Class II model, the relationship between model and prototype is made
through the analysis which most effectively describes the performance

of the model. Some presumptions about the qualitative performance of

[i1]

the prototyre may be made from the evidence provided by the model.

Class 171 models are similar to those of Class II, however, they
are more closely ariented to the study of fundamental soil mechanics
as an academic subject, because there never need exist a prototype.
The work carried out at Cambridce (e.g. Arthur and Roscoe, 1965) is
an excellent example of the applicaticon of a Class III medel. B2s
implied above, it is not one of the aims of a study using a Class IIX
model to establish a relaticnship with any prototyne; however, the
contribution of this type of model to thie understanding of soil behaviour
i likely to lead to improved design appreoaches for many types of

structure,

The model u=med for this study is best described as in Class IX,



pecause the simplified slope used for the medel resembled some field
conditions which have been described in an earlier part of this text.
However, the model was restricted by a number of idealistic assumptions,
with one of the objectives of the study being to gain further under-
standing in the theory of the kinematics of failure. Two points which

need to be realised when reviewing the model used for this study are:
(i) the model did not represent a prototype in reality, and
(11) the results described the performance of the model,
but not necessarily what might occur in a similar

situation in the field.

3.3 The Model Develored for the Study of Sequential Failure

3.3.1 The model in relation to field cases

Generally, a Class II model is a simplified, and thus idealised,
representation of a field example. From the earlier description of
some landslip records, the problem was generally defined as one where
a weak planar discontinuity formed the base of a slope which was
granular in naturs fcr many cases. Fach particular case had special
geotechnical features, however, the features which were common to all

cases were of primary importance for this study.

To make the study effective, the medel was chesen as a particular
circumstance within the generalised conditions. The granular material
was limited to a well-graded, cohesioniess, loose sand which formed
a simple slope at its angle of repose with its base boundad by a weak
sorizontal layver of purely cohesive material. Because of the lateral
extent of most of the field cases, the modelling technigue was required

to simdate plane strain conditions. Thus, the details of the model,

poth materials and apparatus, centred around the achievement of these

initial conditions.

o
m

=
7}
=
n

3.3.2 The modelling nakteri

In provious exanples of this tvpe of physical modelling, usce had

been mwade of a4 uniform cr a well—-graded cohesionless material. Because



the material commonly found in spoil piles was not uniform, the well-
graded material was selected as being a more suitable approximation
to the field material. Cornfoxth (1964) reported on experiments per-
foymaed with Brasted sand, and its grading curve was used as a gquide
to the choice of a sand for use in these experiments. To avoid detri-
mental effects resulting from particle breakdown, silica sand was
selected for its abundance in guartz mineral. The sand was quarried
at Herveys Range (west of Townsville) and after washing, drying, and
selection of the particles in the sand size range, preparation was
complete. The final grading curve is shown in Figure 3.1 and other
relevant descrintive properties are listed in Table 3.1. All values
were determined in accordance with AS 1289 (1977), "HMethods of

Testing Soils for EZngineering Purposes'.

TAELE 3.1

Descriptive Properties of Silica Sand

Specific Gravity 2.60
Minimum Density 1480 kg/m?
Maximum Density

(wet method) 1650 kg/m’
Air dry moisture content 1%
Placed density in tank 1500 = 20 kg/m®
dso .40 mm

The method of placement of the sand is described in the following

section.

The wealk laver was represented by a uniform  thickness of bhentonite,
at a preset moisture content. This layer rested directlv on the rubber
covered base of the tank. The low yield strangth regquired for the model
was achieved by mixing the bentonite to a melsture content of. 200% and
by keeping the time between placement of the layer and conducting the
test as short as practicable. The marked difference in moisture content
between the bentonite and the sand created a problem when capillary
tension was exhibited by water which had scepad up into the sand from
the bentonite. 7This effect was significantly reduced by the application

of a thin water-rosistant £ilm of wax~like material at the interface.

[Fe]
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The presence of the film did not perceptibly alter the yield strength
of the bentonite. Although the use of bentenite at high moisture con-
tent may at first seem unrealistic, it is worthy to recall that ben-
tonite is a member of the family of sodium-montmorillonites, which may
have field molsture contents in the range of 300 to 400%. The source
of bentonite was a commercial product marketed under the name of "Red
Devil Gel" by Petro-Chem Inc., Montana. The water resistant film was

Molycote "Metal Protector” manufactured by Dow Chemicals.

3.3.2 The modelling apparatus

The dimensions and mode of operation of the apparatus are given
in this section, with the background to their choice and associated
experimental technigques presented in the following section. There
are three major components of the apparatus: a strengthening mechanism
for the bentonite (explained subseguently), a sample enclosure, and an

overhead hopper from which the sand was placed.

Before design was attempted, a literature review revealed four
methods used by other researchers to induce failure in small slopes:
increasing the effective angle of the slope by tilting the base after
the model is constructed (e.g. Sultan and Seed, 1267); weakening a
layer of material along the base of the model when fully constructed
{e.g. Blight, 1969): inducing movement using a mechanical discontinuity
(e.g. Holland, 1977); and manipulating effective strength in the base
material by increasing pore fluid pressure (e.g. Bishop et. al., 1%&9).
The first method was discarded because the geometry of the wmodel would
not accomwmodate tilting, and the third method wés concsidered to be
unrealistic because the direction of shear forces induced through move-
ment of the discontinuity would be markedly different from those
existing in the field. Thus, time was devoted to the second and fourth
schemes, with the principle of the second leading to the design cof the

device used in this study.

)

From the previous section, it will be found that the bentonite was

mixed so that it offered little resistance to shear; therefore, if a
sand slopoe was constructed over the bentonite, some additional shear
gtrength would be requirad in the base layver (o maintain its stakility

until completion. This condition was met by introducing a 50 mm square



wire mesh at the interface of the sand and bentonite with the mesh

peing supported from beneath the sample base by a set of retractible
vanes. The bentonite was loaded with the full thrust of the sand when
+he mesh was lowered by its supports and effectively became the base

of the tank. The removal of the mesh was kept uniform by linking all
supports to a stiff cradle which was activated by two simple lever
mechanisms connected to a common handle for the operatcr. Illustrations
of the tank body and stiffening mechanism are given in Figures 3.2 and

3.3 respectively.

The sample enclosure was a rectangular prism of length 1500 mm,
width 745 mm, and depth 600 mm. The two side walls were each a single
sheet of 15 mm thick glass; the base was 18 mm reinforced ply covered
with 1.5 mm Linatex sheet rubber; one end was 12 mm reinforced ply,
and the other end and top were open. The reinforcing for the ply con-
sisted of 25 mm steel equal angle attached at 100 mm centres, with the

spacing of the angle dependent on the position in the tank.

The main frame of the apparatus was designed to carry a hoppex
which would traverse the lencth of the sample space and the storage
capacity of the reservoir was sufficient to enable a 20 mm layer to
be placed without any recharge. Figure 3.4 shows the hopmer gsometry.
The flow of sand was regulated by the distance of the hopper from the
previous layer and was stopped by rotating the delivery slots in a
cylindrical gate at the base of the reservolr. The hopper was elevated
by two screw threads and secured in a particular position for place-
ment by pin connectors fixing steel bars con either side of the hopper
to the hopper carriage. hese bars were drilled at 10 mm centres,
thus limiting the variation of placement interval to a multiple of
10 mm. The glass gide walls were protected against scratching by the
hopper by fixing a plastic (pvc) pad to each side of the discharge fan

of the hopper. The carriage was built of stesel section and the hopper

bin of galvanized shest. An overall view of the apparatus is shown in
Plate 1.
31.3.4 laterial - & interaction

Many of the desion details for the apparatus vere determined by

the feagibility of operating the apparatus and the physical constraints

oA
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necessary to retain the conditions for reliable results. The overall
capacity of the sample enclosure was chosen so that no more than one
tonne of sand could be used, since the effort required to handle a
greater mass would have been excessive, especially within the confines
of a laboratory. The time reguired for placement of sand needed to
pe in the order of one hour because of the adverse effects of moisture

incursion into the sand and the thixotropic nature of the bentonite.

Once the basic size of the sample enclosure had been estimated,
the support reguirements to premote plane strain conditions, and to
minimize other edge eifects, were considered. Arthur and Roscce (1965)
reported that the flexibility of the side walls in a model earth
pressure apparatus had a significant effect on the intermediate principal
stress, and conseguently on the behaviour of the soil. It was said
that the most reliable results would be given by an apparatus with
rigid side walls. This suggestion came in conflict with the need to
use a transparent material in the side walls for observation of the
rodel in the plane of movement. A satisfactory sclution was reached
in which the side walls consisted of 15 mm thick plate glass acting as
a slab, simply supported around its perimeter and stiffened at two
intermediate positions by members spanning its width. Thus, the area
for obiservation was preserved in thres units of approximately 600 mm
height and 500 mm width. The maximum deflections expected in the side
walls were less than the upper value used for the design of the frame
of the apparatus: .05 mm. The actual deflections experienced during
an experiment were significantly less than design maximum because of
the lower sample density and more restrictive connections than were
assumed in calculations. A test loading of the base of the sample
enclosure yielded results which were within design limits. A safety
check for stress ccncentrations in the glass was made with a polariscope

before any experiments were carried out.

In sone experimental methods, the size of the soil particle with

respect te the aprparatus affects the reliability of results. Kerisel
{1972) showed that in triaxial tests and wmodels of shallow footings,
results were erroneous when the ratio of working dimension (sample
diameter or footing width) to maximum particle diameter was less than
about 20. These complications did not affect the results from the

wodel slope or the load deformation tests because the relevant ratios



were 325 and 25 respectively.

There has been considerable attention given to the effect of
sidewall friction on the performance of models, although the conclusions
reached were contradictory. Arthur and Roscoe {op. cit.) stated that
"side plate friction is not a large factor in determining the strain,
and hence the stress field in this model™, when reporting experiments
with a wodel retaining wall which had a width and height of 150 mm

(6 inches).

Bransby and Smith (1975) presented a paper which had the effect
of side wall friction as its main theme. The writers revealed that
previous researchers had recommended minimum height to width ratios
for sample enclosures so that the effects of side wall friction would
become negligible; Terzaghi suggested that models should be twice as
wide as their height, and Rowe suggested a width to height ratio of
1.5 to 3, depending on the surcharge load. Furthermore, Rowe (1971)
has concluded that the uniform results recorded by Arthur and Roscoe
(op. cit.) indicated that the effects of side friction extended through-
out the sample, and not the opposite as suggested by the latter. Thus,
the inevitable existence of the effects of side wall friction was
recognised and the sample enclosure was designed to have a mininum
sample height to width ratio of 1.5. Bransby and Smith (op. cit.)
stated that photography through the side wall would record the zone
rost disturbed by the frictional effects; thus, measurements were
taken during experiments so that the movement at the side wall could
be related to that at the centre, which was practically Ffree from

frictional distortion.

The magnitude of the side friction depended on the coefficient
of friction between the wall and the modelling material. Hence, the
frictional effect would be minimised if materials were used wnhich gave
the lowest practical coefficient of friction. An article by RButterfield

-

and Andrawes (1972) gave important informatlon regarding the frictional
coefficients between sand and varicus vlane surfaces. The wmaterial
most likely to suit the objectiwves of this study was glass because of
its relatively low coecfificient of friction, small variation between

static and dynamic valucs of this coefficient, and its time independence.



several surface preparations were applied to a sample glass plate which
was then tested in shear over a bed of sand; the lowest ccefficient of
friction {.15) was achieved when the glass was cleaned with acetone and
allowed to dry without any further applications. The results of experi-
ments showed that the central 400 mm of the model was relatively undis-

turbed by side wall friction.

In an attempt to rationalise the study, it was decided to use an
horogeneous slope of well-graded sard. Because of the tendency of the
sand to segregate vwhen dropped or rolled, sand placement occurred in
horizontal layers rather than by using a wedge construction. AS 1289
(op. cit.) recommends a maximum dropping height of 20 mm when a loose
sample is desired; thus, layers were placed at this interval and, as
well as creating a loose structure, the amount of segregation was small.
Each layer was placed by positioning the hopper at the face of the
slope, then opening the recervoix gate. The hopper was moved at an
even pace toward the back of the tank, where the gare was closed.
Before the reservoir was refilled, the hopper was raised to the next
level and moved to the front of the tank. In all experiments, no data
were recorded less than 200 mm from the back wall of the tank so that
the non-uniform zone caused by the closure of the hopper gate would be
avoided., Plates 2(a) and (b) show the bentonite base before any sand

was placed and while the first layer was deposited.

The strengthening mechanism for the bentonite was one feature of
the model with a high potential to cause misleading results because of
the possible alteration of the failure characteristics of the model
slope. The retraction system was built so that the mesh would be
loweresd quickly and uniformly:; hence, the main scurce of distrubance
came from the presence of the mechanism rather than £rom the means by
which it was raetractad. 3 qguantitalive comparison between one experi-
ment, in which the slope was excavated without any artificial support,
and those experiments in which the strengthening mechanism was used,
revealed negligible difference petwsen the final sets of failure
characteristicz. Detailed results of these tosts are given in a later
chapter. Thus, it was coniidently concluded that the strengthening

mechanism did not adverscely affect the performance of the model.

In the design of the apparatus around the model slope there were

gome ideals to pursue and also physical limitalions, both material andg
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Plate 2a Bentonite Layer Ready for Sand Placement

Plate 2b Placement of First Layer of Sand



geometric, which would not allow the ideals to be fully realised.
However, the end result of design and construction was a suitable com-

promise from which reliable results could be expected.

3.4 Data Collection

The physical size of the medel slope produced relatively low
working stresses under natural gravitational conditions; therefore,
any device considered for force or displacement measurement would have
to be sensitive to the guantity to be measured, but not alter that
guantity in the process of obtaining a record. Because of phvsical
gifficulties of placing apparatus in the sample space, and other
problems associated with peripheral equipment, photogrammetry was
chosen as the method for recording displacement. No attempt was made
to measure forces or stresses because of the concentration of this

study on the kinematics of slope movement.

The apparatus was designed to promote 2 plane strain condition
in the sample; thus, the most effective area for photography was in
2 plane perpendicular to the plane strain axis. The major reguirement
for success was a transparent wall which would still meet the deflection
restrictions discussed previously. The problems of photographing a
zone affected by side wall friction and the methods used to correct

the differences has also been given earlier in this text.

Two methods exist for the measurement of data from a photogravhic
record of displacement: the first relies on measuring the coordinates
of a group of target points over a number of time steps, enabling dis-
placements to be calculated from comparison of the data; the second
requires a stereo-pailr of photographs so that displacements may be
measured by the method of false parallax (vide Harley, 19G67). The
efficient use of stereo-photogrammetry can onlv be achieved when large

format plate cameras are emploved and when it is practical for the

movement to be recorded zs a sexies of exposures of the same plate;
otherwise, the accuracy afforded by this technique is impaired by the
poor definition and low reliability of the photographs. 7Thus, the

first mothod was used for measurement in this study, allowing conventional
camera equiprient to be used. Examples of measurement by stereo-
photogrammetry are given by Butterfield, Harkness and Andrawes (1970) ,



and Andrawes (1976); an example of the Eirst method 1s given by Roscoe,
prthur and James (1963), alrhough the film was exposed to X-rays ratherx

than light.

The gualitative results of this study were gained by using a 16 mm
Boley. movie camera driven at constant speed by a motor and battery
pack. The films were projected onto sheets of cartridge paper where
the .novements of the targets in the slope were plotted. Individual
frames of the movies were examined with a control being provided by a
reference grid marked@ on the glass wall. More detailed measurements
were taken using an Olympus OM-~2 single lens reflex camera with a
motor drive attachment. A Nikon Data-back camera with motor drive
and a large magazine had been successfully used, but was not available
for the final test run; this camera was more suited to the task than
was the Olympus. Measurement of the 35 mm film was directly from the
negatives using monocular vision through a Zeiss Stecometer linked to
a Dell-Forster digitiser, with data being typed reccrd as well as paper
tape. The Stecometer was located in the Surveving Department, University
of Melbourne. The control and analysis of these results is presented

in a later chapter.

The form of the targets finally developed for the identification
of movement throughout the slope was a 50 mm length of aluminium rod
of 3 mm diameter. The end in contact with the glass wall was finely
polished and then half the area was blackened using a spirit marking
pen for better definition in the Stecometer. The rods were placed
in the slope through a templet, which resulted in the formation of a
trianqular pattern with all sides being approximately 45 mm. Plate 3
shows a row of targecs in the process of being covered by the next

sand layer.

3.5 Expectations and Coals

The principal aim of this study was to determine the kinematics
of Failure for the small-scale slope constructed in the modelling
apparatus, Thus, the apparatus had to aid in the control of the sample
so that the assumptions made in the definition of the study were upheld

record was obtained during each test

wide both gualitative and guantitative
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information for the results of the experiments to be meaningful.

Once the principal aim was fulfilled, the purpose of the study
was to formulate comments oOn current engineering approaches to this
particular problem by analysing, or numerically modelling, the laboratory
slope as a prototype. The most significant information required for
the majority of the work was the load-deformation function for each
material; hence, an effort was made to identify relevant parametgrs
with the expectation that these would lead to a satisfactory result.
The following chapter is devoted to the description and results of

the load-deformation tests conducted.



CHAPTER 4

STRESS-DEFORNMATION PARAMETERS

4.1 Introduction

The deformation of the model slope was the resulr of the inter-
action of two materials, sand and bentonite, under self-weight loading.
The model container restricted movements so that a plane strain state
existed for most of the sample. Therefore, to establish suitable stress-
deformation characteristics to aid in the interpretation of test data,
tests on the materials had to be carried out in plane strain conditions

and within the stress range imposed by self-weight loads in the model.

Another very important point to be considered in the interpretation
of model test results was the nature of the material itself. For
example, the high moisture content of the bentonite effectively trans-
formed it from a soil into a suspension of clay particles in water,
which reguired testing practices used for non-Newtonian fluids. Simi-
larly, it is the author's belief that sand should be considered as a
discontinuum when inter-particle frictionzl contacts are the major means
of force transmission through the soil structure. Considerable credi-
bility has been given to the clastic approach to granular materials
by Trollope (1968), Rowe (1963), and séveral other authors. The use
of clastic mechanics does not negate the concept of stress as a measure-
ment of the intensity of load, but reguires that its magnitude be found
as an average force intensity distributed over an area which is at least
an order of magnitude largsy than a representative particle cross
sectional area (i.e. there is no meaning for "stress at a pcint” in a
discontinuum) . Therefore, the emphasis in the interpretation of the
tests on sand was on the stress-deformation response of the sample,

rather than on the uvsuval stress-strain characteristics.

Because of the widely different nature of the sand and bentonite
materials, the descriptions of testing procedures and stress-deformation
responses will be considered in two parts: Section 4.2 for sand, and

Section 4.3 For bentonite.



4.2 Tests on Lecose Sand

4.2.1 Background to the choice of tests

The low levels of stress in the model slope proved very difficult
to achieve in conventional laboratory testing apparatus, and the very
loose state of the sand necessitated the development of a special
sample former and some skill so that the loose matrix was disturbed

as little as possible prior to testing.

Two types of stress-deformation test were used: the plane strain
and direct shear tests. OFf the two, the plane strain test was by far
the more important. Sultan and Seed (1967) emphasised the need to use
relevant strength parameters when computing slope stability, even
though the slope may only be of small scale. It is well known that
the difference between strength parameters derived from triaxial and
plane strain tests on lcose sand is quite small; however, it will be
shown that the variation in deformational response between the two

tests justifies the use of the plane strain apparatus.

The choice of the direct shear test stemmed from the test's sim-
plicity and convenience. The purpose of the tests was to provide a
rough check against the results gained from the plane strain tests by
using a primarily qualitative comparison. The results from the plane
strain tests are used for comparisons made with existing stress-strain
(stress-deformation} theories. The following sections provide a des-
cription of the plane strain apparatus, samole preparation, plane strain
results, direct shear results, comparisons with existing theories, some
further observations on the response of the sand, and a summary of

results for tests on loose sand.
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A plane strain device was developed at James Cook University by
Ford (1970). The sample tested was 101.6 x 101.6 x 50.8 mm (4" x 4" x 2")
and was contained in a thin rubber membrane moulded to suit rectangular
end plattens, rather than those of circuvlar origin which rely on a
transition section to

hape (e.g. Green, 1971). The

cupoidal call was assembled from three parts: the base plate, the
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side walls, and top plate; which were held together by ten tie rods

on the perimeter and tightensed to a torque of 27.1 Mm (20 ft 1lb). The
cell was fabricated from steel, and two small observation ports were
provided in the longer side walls, although these were ineffectual.
Axial load to the sample was carried by a standard plunger arrangement
through the top plate with the load being indicated by a 450 N (100 1lbf)
proving ring. Detailed design drawings of the device were glven by

ford (op. cit.).

During familiarisation trials of the device, the end clamp which
controlled the plane strain condition was found to be insufficiently
sensitive to measure the load in the intermediate direction. The
original design used a cylindrical ram rigidly attached to a platten
which was in contact with the sample membrane, however, the O-ring seals
in the ram offered toc much resistance to sliding for a reliable value
of the lateral load to be recorded. As there appeared to be no simple
solution to overcome the problem of poor response, a second end clamp
was designed and manufactured. The new device consisted of one rigid
platten and a reservoir covered by a flexible wembrane, which were
joined by four 12 mm diameter steel rods. The separation between the
ends was controlled by nuts on eacﬁ of the four bolts. This device is
1llustrated in Figure 4.1 and is similar to that used by Cornforth (1964).
The flexible menbrane was 1.5 mm Neoprene rubber which was fixed by a
polyester resin to the steel reserwvoir. The shape and position of the
reservoir was machined so that it corresponded to the sample area. The
contact surface of the rigid platten was covered with the same neoprene
to provide even contact conditions in the intermediate direction. The
reservoir was connected by a flexible tube into the cell base and then
to a null indicator; therefore, by ensuring zero volume change in the
reservoir, a plane strain condition was maintained and the lateral
pressure was also monitored. One problem which was often present in

devices which used flexible membranes was poor membrane restraint near

the edge of the reservoir, Sutherland and Mesdary (1969) gawe a solution
to the problem, however, no difficulties were experienced in these tests

becausa of the relatively low differential pressures between the cell

The use of low confining pressures in the plane strain tests

required the calibration of all parts of the apparatus for operaticnal
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reliability. The record of volure chanoe with pressure in the cell
included the component due to membrane impression around sand grains.
For this test, a durmy sample was made from a block of steel which

had sand grains adhered to its surface by a poly-urethane lacguer so
that the overall dimensions of the finished article closely resembled
those of the actual sample. Figures 4.2, 4.3, and 4.4 show the cali-
bration curves for the 450 N proving ring, the cell volume change, and

the end clamp response respectively.

4.2.3 Sample preparation

All samples were formed in a loose, dry state and were separated
from the cell water by a rubber wmembrane with a thickness of .254 to
.330 mm (.010" to .013"). Each membrane was of relatively uniform
thickness, but the thickness of individual envelopes varied. The
sample was sezled a2t both ends around the serimeter of the end caps
by clamping the membrane between an O-ring and a smooth metal surface.
The lack of a complete seal at the top cap or the puncturing of a mem-

brane wall led to the abandonment of severzl tests.

The sample former consisted of four interlocking steel plates
which were tied together with brass bolts to form a rectangular enclosure
around the membrane which was fixed in position on the cell base by the
lower sample platten. The former had to b2 machined to a very close
tolerance to ensure satisfactory sample dimensicns for the test. The
membrane was stretched over the top of the former where it was held
with the aid of rubber bands, after wnhich a vacuum was applied between
the membrane and the former. With the memdrane thus extended, che
sample was poured through a fumnnel into tha space, with care being
exercised so that the sand did not drop through more than 20 mm to

preserve similaritv bewween the sample and the sand in the model slope.

When the sample reacnad its full heicght, the top surface was gently
levelled out and the top capn placaed in position with the membrane being
released from the forwzr and clampad by thz top cap as quickly as
rossible. To maintain the samole's shape, a slight sub-atmospheric

zmple before the former was removed.

wen s that the effect of the loweyr pore
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pressure did not exceed that of the initial cell pressure proposed for
that particular test. Before further preparation was made, the dimen-
sions of the sample were determined using a set of verneer callipers
which were azble to be read to .02 mm. The slight curvature at the
corners of the sample was also measured and taken into account when

the sample volume was calculated.

When measurement of the sample was complete, the end clamp was
placed in position and adjusted so that the plattens were just touching
the ends of the sample. The null indicator was set and the remaincder
of the cell was assembled with all bolts being tightened to the required
torque. The cell space was filled with tap water at a rate wnich digd
not induce turbulence, which would tend to trap air pockets around the
sample and end clamp. The upper few millimetres were filled with cil
to reduce leakage of water through the plunger bearing. BAfter the cell
was sealed, the cell pressure was slowly increased as the pressure
inside the sample was brought back to atmospheric level. The sample
was kept in a drained condition under isotropic consclidation for several

hours before any load was applied.

Some attention was paid to the possibility of frictional effects
from the plattens which might influence failure characteristics. Thus,
the contact faces of the end clamp were coated with silicone grease
before the clamp was put in position. Simple block sliding tests showed
an extremely low drag at all normal lecads for the surface materials and
lubricant in use (.48 kPa, which renresents a total force of 2.4 N
against the deviatoric load). B2Bishop and Green (1565) showed for triaxial
tests that the effects of end restraint on both strength and deformation
were negligible for loose samples with a height to diameter ratio greater
than or equal to 2. Thus, it was considered unnecessary to provide
lubricated plattens at the top and base of the sample because the height

to depth ratio was 2. Cornforth (op. cit.) explained that if platten

friction was a problem, then the slip plane would be expected to pass
through an edge of the top platten because of the shear stress concen-
tration in that z=one; however, all slip planes in these tests were
cbserved to interseckt the sample cdge about 5 to 10 mm below the top
platten. This evidence was considered to support the assumption that
there was no significant effects from the unlubricatad end plattens.



4.2,4 Test results

The upper limit for stresses in the model slope was 10 kPa, there-
fore, plane strain tests were carried out with confining pressures of
4, 6, and & kPa. The testing technique took some time to develop and
only a limited number of tests were of sufficient reliability to warrant
inclusion in this section. The tests considered were: 4aA, 6B, and 8C
for which the nomenclature indicates the approximate cell pressure and
the particular test at that pressure; all tests were conducted at a
constant rate of axial deformation of .127 mm/min (.00S in/min). The
stress~deformation plots are civen in Figure 4.5, and relevant test

details are in Table 4.1.

Table 4.1

Test Details

Test Cell Pressure Density Relative
kPa xg/m? Density
43 4.02 1514 .200
6B 5.93 : 1518 .224
8c 7.99 1513 ' .194

The sample density was reasonably consistent, although it was at the

upper end of the range of the model slope density which was 1500 = 20 kg/m3.
Thus, the samples could be compared with each other, but there was no
attempt made to determine the efiect of the higher relative density of

the samples.

One of the more common methods for representing triaxial and plane
strain test results is using the Mchry diagram for stress coupled with a
Coulomb failure envelope. Figures 4.6 and 4.7 show these plots for peak
and residual stress conditions. The determination of the angle of maxi-
mum obliquity led to an estimate of the angle of the plane along which
slip might take placs; however, nore detailed discussion of the pre-
dicted and observed slip directions is given in Sections 4.2.6 and
4,2.7. The slip plane was obscrved to make an angle of 54° with the

direction of the minor principal stress (horizontal), and the Coulomb
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failure envelope relevant to the slip plane is also shown in Figures 4.6
and 4.7. Beth Xing and Dickin (1970) and Bransby (1971) noted that the
slip plane in a plane strain test formed soon aftexr the peak stress ratio
vas reached and did not vary significantly after that; therefore, the
slie angle of 54" was assumed to be applicable to both peak and residual
stress conditions for representation on the Mohr diagrams. One obser-
vation which was mads from both Mchr-Coulomk diagrams was the considerable
difference in stress levels at points of failure on the planes of maximum
obliguity and observad slip angle. All envelopes showed an intercept

on the ordinate, howsver, it is guite likely that the envelope was

curved toward the origin.

Several important observations about the stress-deformation behavioux
of this sand were made by further consideration of Figure 4.5. The
deformation to the peak values of major and intermediate principal
stresses was the same; this agreed in general with findings by other
researchers (e.g. Cornforth (op.cit.), and Green (op.cit.)). 9The plot
of intermsdiate principal stress for test 68 was inconsistent with the
other plots and it was concluded that there was an error in the adjust-
ment of the end clamp which led to the later development of the stress.
The loose clamp allowed less restricted movement of the sample in the
lateral direction which resulted in less sample volume change than
expected. Because of the low pressures used during testing, the cell
and lateral pressures were recorded with their datum at the mid-height

of the sample so that the values were close to the equivalent average

pressure acting over the relevant surfaces.

In sharp contrast to the deformational response of loose sand

undsr usual working pressures, both triaxial and plane strain samples
exhibic expansion when sheared (in compression) at low confining
pressures, in the order of 10 XPa. TLee (1270) illustrated an sxample

of this characteristic with Antioch sand tested in both triaxial and

n

of ©.8 and 49 kPa (1.0 and

strain tests on Antioch sand
agrezd well with the author's test results in many gualitative aspects,
which included an esarly realisation of the peak stresses compared with
the axial deformation reguired for a similar triaxial test.

ifie volume change for all tests (cf. Figure 4.5) showed an initial



decreacse, but reversed sign to assume a basically constant expansion

rate until the trace altered to a value slightly above the zerc volume
change rate. This volume change characteristic was very similar to

the characteristic for a medium-dense sand sample in a plane strain

test at a much higher cell pressure; e.g. Cornforth (op. cit.) con-
ducted a test at 275 kPa (40 psi) and Green and Reades (1975) .ran several

tests at 207 kPa (30 psi).

It is of considerable importance to determine vhen failure in the
sand occurred. Some writers claimed that failure cccurred just after
the peak stress was reached, when first evidence of a slip plane was
observed (e.g. King and Dickin (op. c¢it.), Bransby (op. cit.); how-
ever, this interpretation did not explain the relationship between
volure change characteristics and the failure mcchanism. Roscoe (1970)
presented a review of some of the significant work which was carried
out at the University of Cambridge using various versions of the simple
sheaxr apparatus. The writer commented on wcrk by Cole, who had shown
that the failure of Leighton-Buzzard sand started on as thin a band as
possible and grew to a zone of about 10 grain diameters (3 to & mm)
thick. Cole also found that the angle of dilatancy calculated frcm
boundary deformations grossly underestimated the local values measured

in the region of the shear zone by using X-radiography.

The role of the kirematics of failure in granular materials has
been demonstrated recently by Mandl, de Jong, and Maltha (1977). The
writers gave a very accurate account of the movement of particles and
the mechanics of formation and growth of a shear zone. Although the
majority c¢i their work was baszed on shearing at high confining pressures,
considerable insight was given into many fundamental characteristics of

shear in granular materials. Likewise, Cornforth (op. cit.) concluded

I*h
n

that many of the differences in stress-deformation characteristics

between plane strain and triaxial tests were attributable to the modi-

0

1

My

ation of the kinematics of slip due to the lateral restraintin the

lane strain test. Trollope (1971) has considered a more thecretical

'

approach to the kinematics of granular shearing by proposing the "strong

systone hypothesis"

The writer proposed that sand could be considered as random

sroups of grains (systones), and that the 1! carrying
5 ¥ Y s



capacity of individual systones was dependent on the packing within

the systone, the interparticle fricticn, and the orientation of the
systone with respect to the load. Therefore, before shearing occurred
throughout a sample, systones would have to be reoriented to a direc-
tion which favoured slip at the ambient load. Thus, the kinematics of
failure would be expected to exhibit a sequence of three stages: an
initial collapse to overcowe packing irreqularities; an expansion
during which grain movements occurred to realign systones to a suitable

. . . ; i 1
slip direction which subsequently allowed shear at constant volume.

The author supports this three~stage concept for shear in granular
materials, and found that thie volume change data recorded during the
author's plane strain tests were able to be classified into distinct
stages. 7The first stage was to the point of zero rate of volume change,
the second to the point of decrease in volume change rate, and tne
third continued for the remainder of the dcformation.

The initietion of failure was defined by the point ¢f zero rate of
volume change which occurred immediately after a slight compression of
the sample. The second stage of volume change represented the growth
of the shear zone from the initial clip line to the banrd, which has
also peen observed by other researéhers to vary between 5 and 10 mm.
Some theoretical aspects of, and further evidence for this opinion are

presented in Saction 4.2.7.

Thus, the failure condition was described by the amount of defor-
mation in the direction of the major principal stress as: initiation
after 1 mm, growth of the shear zone up to 5 mm, and rigid block motion
with slip inside the shear zone for deformations beyond 5 mm. An

alternative approach was to use the deformations along the slip diraction

as a gaugs, giving: initiation after 1.25 mm, growth of the shear zone
up to 6.2 mm, =t cetera. The author also considered that the level of
force at individual interrvarticle contacts determined the dilatant

characteristics of the granular samples during shearing. The support
for the previous statement came only from qualitative argument, because

required to produce a gquantitative argument would be a




large project in itzelf and was bayond the scope of this study (e.q.
work bv Mandl et al.,(1977). The magnitude of the force transmitted
through an interparticle contact is directly influenced by the number
of contact points and the ambient stress level (n.b. the definition
of "stress" is the same as was given in paragraph two of Section 4.1).
Thus, it was postulated that the dilatant behaviour of a medium-dense
sand sample at an ambient pressure of 250 kPa would be similar to the
behaviour of a loose sample (fewer interparticle contacts) at a pressure
of 10 kPa (lower force intensity). The author considered that this
proposal could lead to a significant advance in the interpretation of
the response of small scale physical models; however, much more
research is required to establish any working relationships between

model and prototype.

4.2.5 Direct shear tests and results

The apparatus used was a standard (Casagrande) 60 mm square shear
box. Normal lcad to the slip plane was applied by a weighted hanger
through a rigid top cap to the sample and the shearing force required
to drive the apparatus was measured by the same 450 N proving ring as
was used in the plane strain tests. The sample was poured in a loose
state with an average sample thickness of 20 mm. Veolume changes within
the sample were assumed to be uniform over its horizontal section and
calculations were made from a single measurement of the vertical def-
lection of the top cap and hanger over the centre of the sample. The
effects of container friction were reduced by application of a PFTE

film to the contact surfaces.

Four direct shear tests were conducted on loose samples, each at

normal stress of 40.28 kPa, which was roughly double the load inten-

ti

o

sity at failure in the plane strain tests carried out at a cell pressure
of 8 kPa. Table 4.2 shows the relevant test details and Figure 4.5

gives the stress-dsformation and wertical deformation responses for
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Table 4.3

Direct Shear Test Details

Test Density Relative
kg/m3 Density
1 . 1520 .235
2 1423% -
3 1417* -
4 1572 .541

* loose samples, but unreliable values.

The laboratory technigques used for the direct shear tests werxe
not as refined as those used for the plane strain tests, and this was
reflected in the variability of the sample and the subsequent variation
in results. 1In some samples the shear strength showed a slight peak;
however, the trend overall was found to be a rise to ultimate strength
(about 30 kPa) within 1.5 mm horizontal deformation (i.e. along the
slip path). The distance travelled to mobilise full strength compares
favourably with the proposed distance of 1.25 mm required to induce
failure in the plane strain tests. In terms of angle of internal
friction, the direct shear tests gave a value of about 37%, which was
marginally higher than the peak (36%%) and residual (34%%) values

obtained from the plane strain tests.

All the direct shear tests showed an increase in sample volume
after an initial decrease. Because the maximum horizontal displacement
was 4.5 mm, it was not possible to observe the third stage of volume
change in these tests, which was expected to become evident after about
6 m displacement. The amount of displacement required to reach the
point of zero rate of volume change varied between .5 and 1.7 mm. This
value was close to the displacement reduired for development of full
shear strength, and may reasonably be considered as the initiation of
failure to add support to the definition of failure proposed in the

previous section.



4,2.6 Discussion of test results with reference to contemporary

interpretations

During the past twenty years, substantial advances have been
made in the design and use of epparatus which gauge the stress-defor-
mation response of soils. As more information was gathered from studies,
researchers were able to propose more meaningful, and often more
sophisticated, functions to represent the strength and deformation
characteristics of the materials they were investigating. The plane
strain device used for this study did not represent any advance on
those used by previous researchers, and many of the recently developed
true triaxial devices have improvements in a number of aspects, including
load and deformation measurement, platten control, and localised measure-

ments within the sample.

The approaches to interpretation of data used in this section
are associated with - the prediction of the level of intermediate
principal stress Quring plane strain testing; the classification of
failure as a collection of discrete interparticle slips; the corre-
lation of the data with stréess-dilatancy theory and critical state
soil mechanics equations; and a comparison of the observed and vre-
dicted angles of slip planes. Section 4.2.7 contains the author's
interpretation of the test results. The purpose in making these com-
parisons was to try to find a suitable stress-deformation relationship
which could be used for the interpretation of the data from the physical

model tests of the slope.

(1) Estimation of the Intermediate Principal Stress, 0,

Bishop (1966) gave an equation for the estimation of g,
’ ]
GtV

P 2 4,
02 = ( 3 ) cos® ¢ (4.1)

(n.b. the value of &' is for peak stress ratio)

Because the tests used in this study were all with fully drzined samples,
the total stresses equalled the effective stresseg; thus, by dividing
equation 4.1l throughout by the minor principal stress, a modified

equation incorporating total stresses was produced:

(4.2)



6E

Grezn (1969) gave an alternative equation for 02, which was ceded
by Bishop (1971) to give a closer approximation of 02 for granular

materials:

o, =7/ ooy (4.3)

By performing the same modifications as were used for equation 4.1,

equation 4.3 yielded:

(4.4)

JQIBP
[]
-~
-2

Both relationships in equations 4.2 and 4.4 were graphed with
the observed values from tests 4A, 6B, and 8C in Figures 4.9(a), (b),
and {c) respectively. The difference between predicted values of o,
from equations 4.2 and 4.4 were smaller than their deviation from the
observed values. The trend of both observed and predicted values was
basically the sawe in the post-peak region, however, the shape of the
observed pre-peak curves was not reflected in the predictions. There-
fore, the author does not accept that either eguation adeguately pre-

dicted the level of interwediate principal stress for these conditions.

(ii) Prailure by Discrete Particle Slips

Parkin (1965) has used a close-packed system of uniform frictional
spheres to model a cohesionless, granular material. The analysis was
based on the minimisation of a function which related the number of
interparticle contacts involved, the external load, the orientation
of the packing to the load, and the coefficient of interparticle
friction. Because the theory was essentially a stress relationship
for failure, the deformational restriction of plane strain was not
able to be included without considerable difficulty. Trollope (1971)
has demonstrated that some plane strain data followed the general trend

predicted by Parkin's thsory, and highlighted the theoretical relation-

(L

ship for intermediate principal stress under plane strain conditions:

O, + Ua (
g = (—) 4.5)
2 ( 3
This equation was supported by data from tests in both lcoose and dense

to failure. By assuming a value

for interparticle friction, the author compared
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the plane strain data from this study with Parkin's theoretical pre-
diction of G, from eguation 4.5. The result is illustrated in Figure
4.10. It 4id not appear that the predicted stress relationship was
any better than those discussed previously. The general form of
Parkin's relationship was reflected in the test data, however, there
appeared to be considergble difficulty in defining an appropriate value
for the coefficient of interparticle friction, L. Even if the theory
had been able to accurately explain the fzilure characteristics of
sand; in its present form the only information predicted about defor-
mation was the angle between the principal axes of stress and strain.
Roscoe (1970) has shown that the direction of the slip plane in model
retaining wall tests was dependent on the direction éf the majox
principal stress and the material's dilatancy. Although Parkin's
theory agreed with the findings of the Cambridge research team, it

did not yield any inZformation on either the orientation cof the slip
plane or the expected dilatancv. If more understanding was gained
about interparticle relationships in real soils, then the application
of the approach used by Parkin would be likely to succeed because of

its consideration of the clastic nature of granular matsrials.
(1ii) Stress-Dilatancy Theories

King and Dickin (1270) reviswed two stress-dilatancy thecries,
the widely published theory of Rowe and a lesser known, but earlier,
work bv Newland and Allely. Although the two theories had the same
background, the equations used in the develorment of the work by
Newland and Allely involved an approximation which &id not appear in
Rowe's work. King and Dickin wrote that Rowe had pointed out this

error as “a small approximation”; however, a review of the relevant

equation revealedé that the error was dependent on sample geometry,

and could become considerable. Newland and Allely's equation was:
dv tan 0.—- tan (% - 0)
- — = = (4-6);
de tan (o - ©)

but an exact analysis gave:

o Yy e - : —— 4.7y,
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vhere h is the total height of a prismatic sample

and hl is the vertical component of length of the slip plane.

The small amount of extra calculation involved by using the exact
equation did not appear to justify the approximation made, which could
easily have resulted in a 10% error. Thus, the calculations presented
in this section were based on the stress-dilatancy equation of Rowe

(cf. King and Dickin (op. cit.)):

SR
o

¢
Yy tan? (45 + -0 (4.8)
3 1 2

de

Ficure 4.11 shows the plane strain data plotted with an estimate
of the stress-dilatancy line for the critical void ratio state (i.e.
shearing with zero rate of volume change), and lines from wvhich an
estimate of the value of ¢f was taken. The range of ¢E found was 39.6°
to 41.8%. The writers commented on the results of plane strain tests
in two types of medium-dense sand for which they found that ¢f values
approximately equalled ¢cv values. However, this was clearly not the
case for the tests undertaken for this studv. Further discussion of
the predictions of the stress-dilatancy theory are included in the

section dealing with predicted and observed slip angles.
{(iv) Critical Statz Soil HMechanics

Schofield and Viroth (1968) have published a substantial work
explainring the theory and applications of critical state soil machanics.
They have proposed the Granta Gravel model for granular materials, for

which the fundamental equations are:

q = Mo (4.9),
and v = ' -Xlnp (4.10);
Jhere p 1is spherical pressure
q 1is deviatoric stress
v is specific volume
X, are critical state constants.

Pigure 4.12 shows that equation 4.9 was readily satisfied by the author's
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plane strain results; however, the results in Figure 4.13 did not
satisfy the linearity of equation 4.10. Thus, the author drew the
same conclusion as Zienkiewicz and MNMaylor (1271), that the Granta
Gravel medel was inadequate to describe the failure characteristics
of granular materials. This was not weant to imply the basis of the
approach was invalid, but that a new granular material model needed

to be developed.
(v) Observed and Prédicted Slip Angles

Because of the emphasis in this study on the kinematics of failure,
the prediction of the orientation of slip planes was an inportant aspect
of any proposed failure criterion or material model. In the author's
plane strain tests, the angle of the slip plane to the horizontal was
measured to fall in the range of 53% to 57°. King and Dickin (op. cit.)
reported tests in which the observed slip angles were 529, 549, and 60.5°,
although some doubt was cast on the reliability of the first two values
due to frictional effects from the end plattens. Nevertheless, these
values were well below the preferred angle of slip predicted by the
stress-dilatancy theories of Rowe and Newland and Allely. The writers
offered no explanation or criticism for the lapse of the theories in

this respect.

Roscoe (1970) reported that the data from several model retaining
wall tests led to the conclusion that the axes of stress and strain-
rate were coincident, and that slip occuzred along lines of zero-exten-
sion; i.e. the slip lines made angles of (45° ¢ v/2) to the direction
of the major principal stress (V was the dilatant angle of the material).
X-radiograohic studies of sand in a simple shear apparatus show=d that
the value of dilatant angle estimated from boundary deformations sig-
nificantly underestimated actual values of the angle measured in the
slip zone. Values of the dilatant angle calculated from boundary defor-
mations in the author's tests were in the range of 3.9% to 5.7°.

Roscoe (op. cit.) raported that for a dilatant angle of 4% in a sand
cample, based on boundary deformations, the angle measured in the shear
zone was 8%; thus, in the author's plane strain tests, a slip angle
of about 50° might be expacred if slip occurred along a zero-sxtension
line, Bafore further conclusions may be drawn about the applicability

of zero-extension lines as slip lines in this study, more detailed
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plane strain testing of sand samples at low confining pressures would
be required. Some further comment concerning the slip plane orien-

tation is included in the following section.

4.2.7 Some further observations of the failure of sand in plane strain

Because the level of confining pressure used in this series of
plane strain testing was much lower than usual working pressures, there
was very little literature with which to compare the data. The pre~
vious section showed that none of the'theories or models investigated
adequately described the test data presented. Test details have been

given in Section 4.2.4.

Figure 4.12 is an octahedral stress plot from which it may be
seen that a possible yield surface for these tests was a cone in stress
space; corresponding to the Freudenthal (or extended von Mises)
criterion (cf. Trollope, 1978). Bishop (1971), using data from a true
triaxial apparatus, showed that the Mohr-Coulomb failure criterion was
the most suitable criterion over the full range of stress conditions
from axisymmetric compression (02 = 03) to axisymmetric extension
(0, = 02), having acknowledged th?t there exists a rise in strength
between the two extremities, but that this is small. Bishop said that
the range of stress values in which the Freudenthal (extended von Mises)
criterion approximated the response of a soil was very limited; how-
ever, the compination of a deformational restriction in plane strain
and the low confining pressures appeared to have broadened the area
of application of this failure criterion to include the results pre-

sented for this study.

Although the stresses in plane strain were three-dimensional, the
deformation was limited to twe dimensions. fThus, to relate the yield
function dimensiorally to the deformation reguired a transformation
from three dimensions to two, so that movement was restricted to the
G,-0, plane. Figure 4.14 shows a representation of a Freudenthal cone
in stress space, with the point P defining the state of stress at fail-
ure in a plene strain sample. Let the projection of the cone generator
OP onto the Ul—03 plane he OP', and define the angle between OP' and

the direction of the major princival stress as B (see inset on Figure 4.14).
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Thus, the value of P may be calculated by simple analytical geometry,

provided tne point P is completely defined:

B = arctan! {4.,11)

oct

(1 + 3 tanp cost) -1
3

%ce ~ °

where a = arcsin { 3
V2 o

o)

)
tanp

ct
and 0 1is the dihedral angle between the space diagonal and the
failure surface {i.e. the Freudenthal cone). Equation 4.1l is wvalid

only for those points which lie on the failure surface.

Figure 4.15 gives the values of B calculated for data from plane
strain tests 4i, 6B, and BC, together with the volumetric changes from
which the definition of failure was derived in Section 4.2.4. The
range of 3 at residual strength conditions was 169 to 21°. Hence, if
normality conditions and coincidence of stress and strain rate were
assured, the expected range of slip plane angle, (45 + 8/2), was 53°
to 55.5°, which corresponded closely to the observed range of 53% to
57°. The assumption of normality conditions iwplied that the sample
ghould also have a dilatant angle egqual to B. In the previous dis-
cussion of slip angles, the measurements of local dilatant angle
reported by Roscoe (op. cit.) gave values which were much higher than
those calculated from boundary deformations. Therefore, the verification
of predictions of the slip angle by both Roscoe's zero extension line
and the author's proposal were dependent on the results of more accurate
plane strain testing of samples at low pressuxes because of the sig-

nificance of the localised value of dilatant angle in the shear zone.

The behaviour of loose sand at low confining pressures in plane

strzin was similar to that of a medium-dense sand at usual confining
pressures, Thus, to adequately describe the stress-deformation
characteristics of a granular material used in a small scale laboratory
model, both similar stress levels and boundary restraints must be used
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The data from the plane strain tests conducted by the author were
interpreted as conforming to the Freudenthal (extended von Mises)
critericon, however, the deformational aspects of the failure were more
important to this study. The kinematics of failure were divided into

three sections:

(1) an initial compression accompanied by an axial

deformation of 1 mm;

(ii) the onset of failure when the raté of volume change
becomes zero, followed by grcwth of the shear zone
at constant dilatancy up to an axial deformation

of 5 mm;

{(iii) cessation of growth of the shear zone with further
slip taking place within the zone at practically

zero dilation.

Therefore, the observation of slip planes was expected in the laboratory
model after vertical deformations in the orxder of S mm had occurred.
The deformation characteristics of the locse model slope were likely
to predict those of a medium-dense slope of the same material at the

prototype scale (e.g. 2 slope 8 m high).

4.3 Teskts on Bentonite

4.3,1

raf

low properties of bentonite suspensions

Jones (l963) presented a concise description of many important
properties of bentonite, from its mineralogical composition through to
its flow properties when combined with chemical additives used in

grouting practice. The range for the liguid limit of bentonite was

quoted as 350 to 500%; therafore, the hentonite used for the ILoun-
dation of the model slope was well inte the licguid phase with its
moisture content at 200% (i.e. a clay concentration of 11%). Jones

(ow. cit.) illustrated that the flow properties of bentonite suspen-
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anomalous characteristics, which matched the flow proporties of a

Bipgham body. The deseription of bentonite suspensions as Bingham
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bodies was also given by Marsland and loudon (1963); however,
Robertson and Stiff (1976) preferred the Power Law model (or a similar
law proposed by the writers). ‘Skelland (1967) gave a review of many
analytical models, as well as laboratory procedures and equations for
the determination of flow properties. Another important property of
bentonite suspensions was their thixotropy: 1i.e. their increase of
yield strength with time. It was also noted that this process was

fully reversible.

Therefore, the basic flow properties of bentonite were considered
to be those illustrated in Figure 4.16. The Bingham body was defined
by two parameters: Ty, the yield stress, and n, the apparent viscosity;

and the shear strength, T, was calculated using:

T =T +nv 4.12) .
g £y ( )

. 1l
The Power Law model used the same two parameters, and a thirg, - {an

index) to give:

1
m

T =1 +n(y) (4.13),

Y

L]
where Y in the previous two equations is the rate of shear.

4.3.2 Tests on bentonite suspensions

The bentonite mixture used for the base laver differsed fundamentally
from a soil in that it consisted of a suspension of clay particles in
a water matrix, rather than being a soil particle matrix with water in
the veids. Thus, it was not surprising to find that standard soil
testing apparatus (e.g. direct shear box, laboratory vane) were inadequate
for the determination of the suspension's shear characteristics.
Skelland (op. cit.) recommended an extrusion rheometer for the task,

tic diagram of the apparatus w:zI. The

equations used for the determination of the flow properties and their

method of interpretation were taken from Skelland (op. cit. pp. 28 to

[

The bentonite used in the model was purxchased on two occasions,

and it was found that the properties of the product differed greatly
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between the two batchzs, even though the product name and supplier had
not changed. The first batch, consisting of twwo 25 kg bags, gave a
suspension which could be described as a Bingham body; however, the
seccnd batch, again of two 25 kg bags, gave a suspension wnich matched
the Power Law model, but had approximately the same yield stress as
exhibited by the first batch. TFigure 4.18 gives the results for tests
on the first batch of bentonite, where the yield stress was found to

be about .7 kPa and the apparent viscosity was .043 PL. Figure 4.19(a)
shows the results for the second batch when it was assumed to be a
Bingham body, and Figure 4.19 (b) shows the results when plotted for

the Power Law model. The yield stress for the second batch was approxi-~
mately .7 kPa, the apparent viscosity .42 24, and the index, %, equalled
.117. The determination of the thixotropy was not possible, but Jones
(op-. cit.) gave an example of the effect of thixotropy in an 8% clay
concentration of "Fulbent 570" bentonite, in which there was about a

10% increase in yield strength during the period from 1 to 2 hours

after mixing stopped, and a further 10% increase during the period from
2 to 4 hours. Therefore, assuming that the behaviour of bentonite pro-
ducts does not differ very radically, it would be expected that a 10

to 20% variation of yield strength in the base layer may have occurred

in the laboratory model tests.
2.3.3 Summary

The bentonite suspension was identified a2s a non-Newtonian fluid
which had a yield strength and a shear strength which increased with
the shear rate. It was also established that the bentonite was thixo-
tropic; =z condition which was fully reversible. An estimate of the
yield strength gave a value which was small compared with the shear

strength of the sand material (this was one of the modelling require-
)

ments); however, the reliability of this value could not be determined
because the laboratory tests were inadeguate.
4.4 Conclusions

Although the materials used for the modelling study were basic
minarals, their papaviour the stress and deformational conditions
imposad on them by the testing technigques showed that the characteristics

of ktheir rasrvonse should not be taken for granted.
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The plane strain and dirsct sheax testing of the silica sand pro-
vided a simple deformational criterion to describe the failure of the
sand; a summary of which is given in Section 4.2.8. The strength of
the sénd was best described by a Mohr-Coulomb diagram in which the
failure condition was governed by the angle of the slip plane rather
than by the angle of maximum obliguity. The assumption that failure
occurred at stresses defined by the latter angle led to greater material
shear strengths than could be mobilised, and hence would lead to an
overestimate in any subsequent stability calculations. The flow
characteristics of the bentonite showed that the material satisfied
the requirement of being significantly weaker than the slope materizl,
although an increase in shear strength would ke observed if the rate
of shear in the bentonite became high which would reguire a review of

the conditions.

Therefore, for sand and bentonite the strength properties were
dependent in some way on the deformation or rate of deformation of
the model. The response of the sand emphasised its discontinuous
nature, especially with the important role played by the dilatant
properties. Because the dilatancy is closelv linked to the granular
structures, or systones, within the sand mass, the deformation of a
larger sand mass may be the same as that of a smaller wmass provided
that the pattern of systones and the ambient stress levels are approxi-
mately the same. Thus, the author proposes that the deformational
failure criterion, defipned from the plane strain results, will also

apply tc the mcdel slope.

The author's application of the Freudenthal failure criterion and
subsequent prediction of the slip angle in plane strain is not suppor-
ted by sufficient evidence to be reliably used in any stability analysis.

Therefore, the mattexr is left as a topic for future detailed research.



RESULTS FROM PHYSICAL BODELLING

5.1 Introduction

The previcus two chapters described the modelling method and the
materials used, therefore, only the details for particular tests are
included in this chapter. All experiments, except one, had the same
sand sloc2 geometry: a crest height of 400 mm, the face of the slope
inclined at the angle of repcse (approximately 34%), and a total base
length oZ about 1100 mam. The bentonite layer was horizontal and four
differenc thicknesses were investigated: 5, 10, 20, and 30 mm. At
least two tests were conducted at each thickness to ensure repeatability
of the results. The test which differed significantly from the others
was one in which no stiffening mechanism was used in the base. A rec-
tangular prism of sand was built up in the sample enclosure, which had
been modified by the addition of a retaining wall at the open end, so
that a 20 mm layer of bentonite was uniformly coversd by 300 mm of sand.
The sand was excavated from one end by using an air-lift device so that
a sand slope resting close to its angle of repose was formed. Further

details of the results are given later in this chapter.

Teble 5.1 summarises the details of the testing programme carried
out. Sevaral preliminary experiments were run in late 1976 and 1977,
however, a reliable experimental technique and suitable targets to
indicate movement were not developed until early 1978. The results of
the early tests proved to be valuable indicators of the results obsexwved
in the ensuing festing programme. One of the most significant features

of the early tests was the development of flow slides which travelled
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f the slcpe). Inspection of individual
frames of the movie film records of the flow slides showed that the

ire mechanism was the two-wedgse type, with characteristics
reserbling those found in the slope failures from the testing programme.
cw slides was probably due to the very low yield

1
strength of the bentonite used in the preliminary tests. The bentonite

than that used in the testing programme,

and the author believes that its flow properties were significantly



TABLE 5.1

Testing Programme

Test Date Bentonite Bentonite Camera and Speed
Thickness Batch
(mm)

25~05~a 04aP78 5 1 16 mm Bolex (movie)

25 frames/sec.
25-05-B 11apP78 5 1 ditto
25-10-A 18AP78 10 X ditto
25-10-B 02My 78 10 1 ditto
25-20-A 16MY78 20 1 ditto
25-20-B 23MY78 20 1 ditto
25-30-A J0MY 78 30 1 ditto
25-30-8 06JIN78 30 2 ditto
05-20-3a 14FB79 20 1 Nikon Data-back

5 frames/sec.
05-20-B 21IMR7S 20 1 ditto
05-20-C 24MR79 20 2 Olympus OM2

Variable Speed
05-20-D 25MR79 20 2 ditto

EX20* 09MR79 20 2 Olumpus OM1

Variable Speed

* Test EX20 was the experiment where the slope was made by
excavating part of a rectangular prism of sand.




different from those of Batches 1 and 2 xeported in Chapter 4. Plate 4
shows an sxample of one of the flow slides in the apparatus: part (a)
is the initial development of the two-wedge mechanism, and part (b)

gives the final slope profile.

The central purvose of this study was to determine the sequence
of failure of a granular slope, and this is the content of the following
section. Other sections discuss observed slip planes, weak layer defor-

mation, and conclusions.

5.2 Observation of the Failure Seaquence

5.2.1 Preliminary tests

Test numbers 25-05-A through to 25-30-B (inclusive) were used to
study the gualitative aspects of the failure mechanism of the granular
slope, as well as to identify any variations in failure caused by the
change in the thickness of the bentonite layer. The camera and target
configuration used for those tests precluded any accurate measurement
of the disclacements and volume changes during falilure. Fowever, the
obsexvations made from these tests enabled the next four tests, 05-20~-A
to 05-20-D, to be planned so that the measurements could be macde to an

accuracy which would allow quantitatiwve description.

5.2.2 Description of a model slope failure

The most sulitabls photographic record of a slope failure was taken
in test G3-20-D. The record consisted of 30 single frames taken at
varying time intervals during a total run time of about 3% minutes.

The datz was collected by measuring the 35 mm negatives in a Zeiss
Stecometer (cf. Section 3.4). A subseguernt computer analysis gave

values of total and incremental displacemsnt, and total and increm=ntal

volume ciiange. The displacements were for each target and volumes per~
tained to =rxizngular prisms whos= sections were formed by adjacent tar-
gets. The valuss of volume change were expressed as a percéntage of

the original velume of the particular prism, with a positive result

indicatlng Conpt

calculated Erom



Plate 4a

Development of Two-wedge Mechanism

Plate 4b

Slope Profile after Flow Slide



was excited by & signal of 50 Hz (main's supply frequency). The initi-
ation of failure, by retraction of vanes and mesh, was indicated by the
opening of a circult which supplied current to a small torch bulb
visible in the photographs. The time of initiation was determined to
within .1 second, and time intervals between successive frames to
within *.01 second, with the error being the same for all frames, and

not cumulative.

A statistical analysis was carried out to determine the reliability
of the measurements made from this record, and the details of the analysis
are opresented 1in Section 5.2.3. It was found that the 95% confidence
interval for the magnitude of displacements was .4 mm with the corres-
ponding value for volure change being *2%. The variation in the quality
of the target image altered the values calculated for the 95% confidence
interval; however, the values quoted above represent the variation for

three-quarters of all targets.

It would be difficult to appreciate the data collected for this

test if all the information was presented in either tabulated or graphic
form, therefore, a selection of seven records from the total is presented
as an adecuate subsktitute for the whole. The author has closely examined
all the recoréds and has chosen the seven so that no significant events
were excluded from the description of the experiment. Figures 5.1 to

5.7 (inclusive) give the details of total displacement and total pex-
centage volume change, in parts (a) and (b) respectively; and remarks

about each of the figures are given below.

Figure 5.1: Elapsed time 1.5 seconds

{(a) Displzcaments of up to 10 mm were obsarved a very short time after

the initiztion of failure. The slope was divided intc three major
regions in accordance with the type of displacement exhibited: the
first was the toe vegion which had shown predominantly horizontal move-
ment; the second was the crest region where movement was greater than
S mm and =2t an inclination of abeout 45%; and the third region was the
body of the slope which showed some movemant, decreasing in magnitude
ry between the toe and crest

regions was not distinct, but was marked by
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The change in inclination of the displacement vectors from the toe to
the crest gave the impression that it might have been possible to
approximate the regional boundaries by a circular arc; however, the
construction of normals to the displacement directions did not show
any significant common point of intersection which would have defined
the centre of curvature. The magnitudes of the movements within the
toe and crest regions were réasonably uniform; thus, the first indi-
cations were that the kinematics were described by block movements,
if the toe-crest transition zone did not develop any further, and

preferably diminished.

(b) The volume changes showed some large magnitudes in the body of
the slope, however, the cause of these was unreliable readings of some
target positions, which affected all adjacent trianqular units in the
volume change calculations. The only significant trend found in the
figure was the grouping of the larger magnitudes of velume change
along the boundary between the crest region and the body of the slope.
The variation in the volume change for a 95% confidence interval re-
stricted the usefulness of part (b) of each of the figures until the
magnitud:s of these changés became large. The volume change indicated
was for the oprism bounded by the three targets, and not for the original
sand mass contained within that prism; thus, the percentage volume
change shown cannot be directly related to the dilatancy of the sand
material. The sensitivity of volume change as an indicator of move-
ment depended greatly on the orientation of the triangle with respect
to the direction of movement; hence, part (b) of Figures 5.1 to 5.7
should be considered in conjunction with part (a) of the relevant

figures so that the significance of results may be appreciated.
Figure 5.2: Elapsed time 37.4 seconds.

(a}) There was very little displacement change during the interval,

which indicated that the initial movements occurred as a result of

the retraction of the mesh and vanes. Further comment is made on this
matter later in the text. An indicator was drawn on each displacement
vector so that the change after the initial movement could be seen.

The little additional movement which had occurred te this time reinforced
the regional classifications in the slope, however, the changes were too

small to indicate if any alteration had occurred in the toe-crest
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transition zone.

{(b) The volume changes showed that the transition zone was approxi-
mately the same as it was in the previous figure. Some significant
changes were noticed in a couple of isolated sections, and reference
back to the displacement plot showed that the target reading had
deviated from the trend of the adjacent points, which suggested that
the larger values were unreliable. Therefore, the kinematics were

still favourably described by block movements.

Figure 5.3: Elapsed time 76.5 seconds.

(a) The magnitude of change in displacements compared with Figure 5.1(a)
was large enough to establish that a two-wedge mechanism would result
when further displacements occurred. The transition zone between toe
and crest regions appeared to have reduced in area to be close to the
boundary between the two »egions. The body oEf the slope appeared

staticnary.

(b} The main changes from the previcus figure occurred along the
regional boundaries. Along the interface between the crest region and
the body of the slope, a large amount of compression continued to occur
at the base layer and values towards the top of the slope became more
consistent. The magnitudes of these values were about 4%, which showed
that the slip was uniform along the interface. The toe-crest boundary
showed the first significant signs of formation of a slip line and the
transition zonée did not undergo any further significant change. Thus,
the suggestion that the kinematics of failure could be described as a

block movement gained quantitative support.

Figure 5.4: Elapsed time 116.8 seconds.

(a) The dominance of the two-wedge failure mechanism was shown by the
trends of movement in the toe and crest regions. There were some
isolated deviations in movement from the trend, however, they were
probably due to an error in target location or some irregularity which

caused the targei to diverge from the pattern of sand grain movement.

(b) The major changes in the volume plot were seen along the boundary
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between the crest region and the body of the slope, while smallex
differences were observed between the toe and crest regions. After
allowing foxr volume changes due to local target deviations from the
trend, the movement appeared as two intact blocks slipping relative to
one another and relative to the body of the slope, with shearing confined
to zones along the regional boundaries, although the existence of a slip

zone along the toe-crest boundary was still a matter of judgement.
Figure 5.5: Elapsed time 147.5 seconds.

(2) The pattern of displacement vectors had changed little, except at
the toe of a slope where an upward movement of the targets was observed.
A compressed ridge of bentonite at the toe had been formed by the move-
ment of the slope; thus, further movement of the slope required a change

in deformational pattern at the tce.

(b) The volume change figures showed the first consistent evidence that
a slip zone had formed along the toe-crest regional boundary; thus, the
failure mechanism had developed into a two-wedge form as was suggested

by the early stages of slope deformacion.
Figure 5.6: Elapsed time 177.8 seconds.

(a) and (b) There was practically no deviation from the trend of move-
ment or volume change during the interval. Although there were still
volume changes recorded, these referred to the volume of the triangular
prisms and not to the sand material contained in them. Therefore, no
conclusions were possible regarding the state of volume change in the

sand for further deformation in the two-wedge mechanismn.
Figure 5.7: Elapsed time 207.4 seconds.

(a} and (b) Again there was very little comment to be made as the two-

wedge wechanism continued to define the deformation pattern of the slope.

5.2.3 Results from other tests

Qualitative observations showed that the results for tests 05-20-a

to 05-20-D were the same as those for tests 25-10-A to 25-30-B. Three
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tests from the lattier group and test 25-05-A were measured from the
projection of the movie films onto sheets of cartridge paper whereltar—
get displacements were traced. »although the measurements were of low
reliability (%2.25 mm variation of displacements), they illustrated
the similarity among the tests with different bentonite layer thick-
nesses and among the tests using different batches of bentonite.
Pigures 5.8 to 5.11 are examples of the results measured from tests
which were traced out on cartridge paper. Further results are given

later in this chapter.

5.2.4 Definition of the sequence of failure

The detailed description of a modelling test showing tyoical
failure characteristics revealed that the failure was deep-seated from
its initiation, and that further development of the failure occurred
in a seguence which was clearly evident in both displacement and per-
centage volume change records. Figure 5.12 shows a simplified intex-

pretation of the sequence which is described as follows:

(1) the original slope before any movement had taken place;
(ii) the first phase where slip occurred along planes 1 and

2, with a zone of shear between the toe and crest regions;

{(iii) the second phase where the slip plane 2 became evident
in the displacement diagram and the shear zone showed
some angular distortion (tilting of the shear zone into

the back of the slope) ;

{iv) thirdly, the formation of a slip plane within the shear
zone which resulted in the distinct two-wedge failure
mechanism, confirming the third-order secuential failure

concept proposed by Trollope (1973);

(v) the Final phase was the continued deformation of the
slope, with slip occurring along the three bands defined
in part (iv) of Figuré 5.12, i.e. basically a rigid block

notion.
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This sequence of failure explained the important characteristics
of the model tests conducted, as well as many features of two-wedge
land slips in the field. Some points of particular interest were:
deformation of the slope which left the toe region undisturbed; the
gentle S-shape of the face of the slope; the graben formation with
one of the slip planes lying behind the crest; the berm near the mid-
height of the slope; and the formation of planar, rather than curved

surfaces.

It was evident from the displacements shown in Figure 5.1(a},
and the comparatively long time interval before further significant
movement was observed, that the retraction of the mesh had some effect
on the initial displacements in the model slope. Tnerefore, it was
important to determine to what extent the stiffening mechanism affected
the failure mechanism and position of the slip surfaces in the model
slope. Test EX20 was designed to study the behaviour oi a sand slope
on a bentonite layer without any interference from the stiffening
mechanism. The sequence of failure observed in test EX20 was the same
as that described above. Plate 5 shows the evolution of the two-wedge
mechanism for this test with frame (a) showing the slip zone on the
boundary between the crest region and the body of.the slope, frame (b)
showing the angular distortion in the lower part of the crest region
due to deformation with the broad shear zone, frame (c)} showing the
formation of the slip zone between the toe and crest regions and the
appearance of the mid-height berm on the face of the slope, and
frame {(d) showing the model slope after about 20 mm horizontal movement
of the toe region, clearly illustrating the two-wedge mechanism_and the
compressed ridge of bentonite at the toe of the slope. Thus, the con-
clusion was reached that the failure mechanism, its geometry and seguence
of development, was not adversely aifected by the use of the stiffening
mechanism. One feature induced by the stiffening mechanism was the
initial rapid displacements in the slope immecdiately after the mechanism

was activated.

5.2.5 Statistical analysis of reliapility

The svnithesis of the sequence of failure was highly dependent on
the evidence of Figures 5.1 to 5.7; therefore, it was necessary to

assess the varziation in target measurement so that the changes in values
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could be considered at a realistic level of significance. Because
thirty frames were measured from the record of test 05-20-D, a group
of control recorés large enough for a Poisson distribution analysis
was collected. Therefore, the correlation of datum grids between
frames and the scaling of the measuxements back to full size was
carried out with reliable relationships. The horizontal and vertical
scaling factors were 42.04 aﬁd 41.93 with standard deviations of .07
and .08 respectively. A linear regression analysis was carried out to
arrive at a sct of equations wnich would counteract the distortions
due to the curvature of the camera lens. The relationship for the

horizontal direction was:
x' = 2.83 + .98974 x (5.1)
with 95% confidence intervals of:

~-.01 < a <5.67, and
.98524 < B < .99424:

where x' corrected value, and

reading after magnification to full scale.

X
B

The relationship for the vertical direction was:

v' = .12 + .99747 y (5.2)

with 95% confidence intervals of:

-1.73 < a <1.97 ,
.96938 < f < 1.00556;

where vy corrected value, and

V4 reading after magnification to full scale.

Because the results shown in Figures 5.1 to 5.7 were based on a com-—
parativae analvsis, the translation of axes (i1.e. the ¢ parametey) did
not affect the displacements, which were able to be altered in absolute

magnitude, but not relative magnitude, by the scaling factors.



Variation in tarcet manufacture, light conditions during the experi-
ment, and local contrast against the sand grains caused the guality of
the image of the targetrs in the photographs to differ. A scale number
of 1 to 5 was given to each target according to its image, with a hicher
number for a better quaslity of image; a value cf zero was given to tar-
gets which were obscured from view by either of the support struts for
the glass. Table 5.2 gives a descriptive key for the image quality
assessment; Figure 5.13 gives the frequency distribution of the image
guality; and Figure 5.14 relates the image quality to target position

throughout the model slope for test 05-20-D.

TABLE 5.2

Image Quality Assessment

Scale Remarks
0 Obscured from view
1l Just visible, very blurred
image
2 Visible, blurred image
3 Fair image, abla to locate

target centre

4 Good image, easilv locate
target centre
S Excellent image

The errors associated with the manipulation of the data from reading
to a full scale value tended to counteract each other in the comparative
analysis; therefore, the major limitation to the accuracy of the measure-
ments was the reliability of the location of the target image. Ten sets
of readings were taken of a target in each of the image quality classi-
fications from the on2 photographic frame so that a statistical analysis
of the variation of recorded image position could be carried out. The
data available was most suited to a Student ¢-distribution. Table 5.3
gives the variation in displacement and pexcentage volume change for a
95% confidence interval. The nurbers for percentage volume change were

calculated assuming that all thre2 targets around the end of the prism
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TABLE 5.3

Reliability of Target Location

Scale Displacement Volure Change
{mm) (%)
1 .59 2,8
2 .51 2.4
3 .45 2.1
4 .39 1.8
5 .28 1.3

Thus, the overell variation in results was assumed to be +.4 mm

for displacements and 2% for volume change.

5.3 §8lip Plane Characteristics

5.3.1 Observed characteristies

The position and inclination of the two slip planes whici passed
through the sand were readily ascertained from photographs taken when
the two-wedge mechanism had just become distinct, and before further
displacemants occurred. Three parameters were used to define the slip
planes in the mechanism: the angle to the horizontal of the two planes
through the sand, and the distance in from the original tce position to
the point where the two inclined planes were coincident with the hori-
zontal slip plane through the base layer. The use of the term “slip
plane" with reference to the failure mechanism should be interpreted
to mean the plane which follows the centre line of the shear band, where
it has been demonstrated that most deformation occurred in the slope
when the two-wedge mechanism was dominant. Table 5.4 gives a summary
of the characteristics cbserved during the testing programme, and uses

the following symbols:

H - height of slope;
¢ ~ inclination of slip plane betvween toe and crest;
£ =~ inclination of slip plane between crest and body of

slope; and



Summary of Failure Characteristics

TABLE 5.4

North Elevation

South Elevation

Test P———— s
(v R % [(mm) o R x (mm)
25-10-A 70 56 475 70 57 425
25-10-B 75 52 350 72 51% 375
25-20-A 71%-74 57-58Y4 420 63-84% 60 450
25-20-B 72 574 440 75 57 410
25-30~A 764-78 54-57Y 350 75 534~57 380
25-30-8 74 53-56 450 71y 63 425
X20 - - 315 71 58 370
25=-20-A - - 410 - - 390
25-20-B - - 400 - - 400
Q5-20-C - - 400 - - 450
05-20-D - - 445 - - 455

~ATT



¥ - distance from original toe position to point of

intersection of slip planes.

Althougn there was variation in the results, the trend of results
was consistent enough to allow an average value of the characteristics
to be calculated. The resultant values and an estimate of the variations

expacted were:

- 73% + 10°
B - 56%:z 3¢
X =~ 415 mm * 40 mm (excluding test EX20)

g - 1.0t .1 {including test EX20)

Bransby and Smith (1975) ccrmwented that the deformation of a model
is xecorded in its most disturbed state next to the sidewall because
of the frictional effects of the boundary. The results reported above
vere measured at the sidewalls, and it was obviogus from the curvature
of the slip scarps across the tank that the failure characteristics
were different at the centre of the model. Thus, the following section
deals with the relationship bekween zhe characteristics at the side-

walls and those at the centre.

$.3.2 Relationship between sidewalls and centre

Plate & shows an example of the curvature of the slip scarps near
the sidewalls. The curvature was apparent for both slip planes through
the sand, but did not affect the face of the toe region which moved out
as an intact block on a practically straight frent. The post-failure
profiles of the sand surface and the surface of the bentonite (when it
was cleared of sand) for test 05-20-D are given in Figures 5.15 and 5.16,
respectively. Assuming that all slip surfaces remained straight in the

these surface profiles enebled the

Fn

direction of movemankt, the trac

[

S O

calculation of the difference in incli

(i1}

ation of the slip planes between

n
thne centre of the model and the sidewalls.

An estimate of the angle of the front slip plane from Figure 5.7(a)
was 70°, and other relevant details of the calculation of the central

angle are given in Figure 3.17. The centrzal angle was found to be 72°,
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and therefore the difference ketween the two was small when the variation
in the measurement of the angle wac considered. The influence which led
to tha change in the front angle was the sloping face of the toe region;
however, the back slip plane intersected an horizontal free surface which
did not induce any change in angle. A study of Figures 5.15 and 5.16
showed that the dominant offset distance due to the edge curvature was
about 50 mm, and this was observed to be a reasonably common distance
when other tests were considered. Therefore, the average characteristic
values observed at the sidewalls were transformed to values in the central
region (which was considered to represent the plane strain condition

more realistically than the region adjacent to the sidewalls), and

yielged:

a - 75%=+10°

g - 56°+ 59

x - 465 mm + 40 mm
o o- 1.5 % .1

Figure 5.16 shows that noticeable deformation of the bentonite
layer occurred, because the impression of the descending crest region
was clearly visible. The following section considers the base layer

deformation in more detail.

5.3.3 Deformation of the base layer

Plate 7(a) illustrates a typical example of the disruption which
occurred in the criginally smootiy bentonite layer. The same fsatures
were observed in test EX20, and hence, it was &ccepted that the patterns
vere not a side-effect of the stiffening mechanism. These patterns also
exnibited alterations due to the boundary friction; thus, the comments
in this section are confined to the features of the central region of
the base. Three main features of the post-failure base layer arxe dis-
cussed in this section: the toe ridge, tbe layer thickness (including

the indented region corresponding to the point of intersection of the

slip planes), and the horizontal displacenment.

i) The Toe Ridge:

A commen approach in soil mechanics analysis, when dealing with
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Plate 7b Compression Ridge of Bentonite at Toe

Plate 7a Disruption of Bentonite Layer by Sand



Lo

a blocky failure, is rto represent the end blocks as active and passive
wedges separated by a number of intermediate blocks, depending on the
geometry of the land mass. Thus, the toe region was expected to show
the features of a vassive thrust block. Plate 7(b) shows that the
nature of deformation of the bentonite layer at the toe was in the form
of an effective buckling of the clay. When large amounts of displace-
ment occurred (circa 40 mm) , the volume of bentonite pushed up into the
ridge began to cause thée adjacent part of the toe region to change its
deformation pattern so that it tended to override the ridge. The post-
failure profile exhibited som2 signs of the formation of a passive

wedge in the bentonite, however, the ridge formation was always dominant.
ii) Layer Thickness:

At the end of most tests the sand was removed with minimal dis-
turbance to the bentonite layer, whose post-failure characteristics
were then recorded. Figure 5.18 gives several records of base thick-
ness profile. The overall trend of these profiles is shown in Fiqure
5.18(e) and is described as: an increase in thickness within 100 mm
of the toe, corresponding to the formation of the compression ridee:
an even thickness slightly below the nominal thickness for 100 to 300 mm
from the toe; a uniform decrease to about half nominal thickness over
the next 100 mm; a steep trough which extended down to the floor of
the tank, followed by a ridge and another trough which was broader
than the first but not as deep; and a return to an even profile at

the nominal thickness at a distance of 450 to 500 mm in from the toe.

The formatiocn of this profile may be explained by referring to
the sequence of failure described earlier. The initiation of the
sequence, with the formation of the regions of deformation within the
slope also established the position of the trough closer to the toe.
Subsequent deformation of the crest region deepened the trough and the
angular deformation of the shear zone may have been accompanied by the
changing of slope in the bentonite laver in the region of 300 to 400 mm
from the toe. The second trough formed wnen the two-wedge mechanism
in the sand became dominant. The width of the second trough may have
resulted from the width of the shear bands within the sand. If these

shear bands were 20 mm wide (10 times maximum particle diameter), then
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their area of intersection was about 25 mm wide, which was similar to
the width of some of the troughs observed. Some decrease in the area
immediately behind the troughs occurred, however, this was correlated
to the formation of a second slip mechanism which happened after con-

siderable displacement had taken place via the first mechanism.
iii) Horizontal Displacement

Figure 5.19 shows the amount of horizontal displacement which
occurred in the bentonite layer during each test. The intact motion
of the toe region was confirmed by the uniformity of the displacements
between the toe and the point of intersection of che slip planes.
Several dye-~lines were placed vertically in the bentonite layer so
that the deformation within the layer could be observed. The changes
in the position of the dye-lines during test 25-30-A are shown in
Figure 5.20, together with the positions of dye-lines with reference
to the slope. After the initial movement due to the retraction of
the vanes and mesh, the slip in the pentonite appeared as a zone of
shear distortion in the lower 10 mm of the 30 mm base layer. Therxe
were two possible ways of inducing the base distortions: shear failure
in the lower 10 mm with an intact mass movement of the overlying base
material, or ar extrusion of the base material due to the vertical
pressure, which resulted in the displacement of the sand with its
foundation. If the latter proposal occurred, the top of the dye-lines
were expected to show some curvature away from the tee with the dis-
tortion caused by the force transfer from the bentonite to the sand,
however, this feature was not apparent. Thus, it was concluded that
the distortion of the base was due to shear failure of the lower por-
tion of the material under the self-weight stresses imposed by the

sand slope.

5.3.4 Use of the deformational failure criterion

The derivation of a deformational failure criterion for lccse
sand at low confining pressures was given in Chapter 4, from which the
observation of slip planes in a deforming sand mass was expected when

&

a relative displacement of about 6 mm occurred batween two sliding

blocks. Because no horizontal trace lines were included irn the slope
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for test 05-20-D, a guantitative comparison was not possiple with the
most reliable displacement wmeasurements. However, enough information
was avalilable for the comparison to be made for tests 25-10~a to
25-30-B. Table 5.5 gives estimates of the relative displacements
between the crest region and the body of the slope at the time when

the appearance of the slip plane between the two regions was noted.

The reliability of the displacement readings was 2.25 wmm; however,

an incorrect judgement of the time of formation of the slip plane would
have increased the error for that reading. Nevertheless, half of the

results compare very favourably with the assumed value of é mm.

TABLE 5.5

Displacements to the Formation of a Slip Plane

Test Time to formation Displacement

(secs) (mm)
25-10~-2 12 7.5
25-10-B 85 6.0
25-20-A .4 6.5
25-20-B 5 13.0
25-30-A 1.2 11.0
25-30-B .4 9.5

An alternative interpretation of the results which gave rise to
the deformational failure criterion was to express the plane strain
sample deformations as axial strain instead of vertical distance.
Because the model slope had a vertical dimension four times that of
the plane strain sample, the vertical deformation of the slope required
to satisfy the failure strain would be 25 mm, The results shown in
the previous table strongly supported the use of the deformational

failure criterion in preference to one based on a failure strain.

5.4 Conclusions

5.4.1 Sequence of failure

The fundamental aim of this study was to determine 'the seguence



of development of the kinematics of failure of a granular slope under-
lain by a weak cohesive layer. A reliable body of evidence from
relevant pnysical model studies was collected and interpreted. The
resultant description of the sequence of failure was in four phases

(cf. Figure 5.12):

1) the slope was divided into three major regions by kinematic
discontinuities; one slip plane through the weak layer and
another through the sand with a larger zone of shear distortion
between the two so that there existed two moblile regions, toe

and crest, and the body of the slope which was static;

ii) further movement occurred along the slip planes and the
angular distortion of the large shear zone tilted the lower

half of the crest region back towards the body of the slope;

iii) within the large shear zone, a third slip plane formed
so that the three slip planes were coincident and parts of
the shear zone on either side of the third slip plane moved

with the adjacent region;

iv) as displacement continued along the three slip planes,
the toe and crest regions behaved essentially as two rigid
blocks, which classified the end result as a two-wedge failure

mechanism.

The appearance of the slip planes basically agreed with the pre-
diction made from the deformational failure criterion in Chapter 4.
There was no stage in the seguence of failure when the kinematics may

have been sensibly interpreted as those of a circular slip.

5.4.2 Pailure characteristics

Three paramaters were used to define the position and inclination
of the slip planes for the two-wedge failure mechanism, assuming that
the plane through ths weak layer was horizontal. Average values were
establishad for these parameters in the central region of the slope
where plane strain conditions existed. These values were more approp-

riate to the study than were those observed at the sidewall, and axe



listed below:

o - 75° + 10°
B - s586% 2 59
/My - 1.15 % .1

For the two-wedge mechanism, failure within the sand mass occurred
on two planes, each within its own shear band, and in a horizontal shear

zone near the base of the weak layer.

The total displacement observed during tests increased with increas-
ing thickness of the bentonite layer, and the rate of displacement also
increased. 1In the two tests with & base layer thickness of 5 mm, the
failure did not reach the stage where the slip plane between the crest
region and the body of the slope became visible, although some dis-
placements did occur (cf. Figure 5.8). Therefore, 1t became apparent
that the continuztion of the sequence of failure through to the develop-
ment of the two-wedge mechanism depended on the deformability of the
base laver, which in this case was proportional to the laver's thick-
ness. The time differences for development of failure may have been
due to a limited shearing rate within the base layer, although the
information available about the flow properties of the bentonite slurry
did not allow any further conclusions to be drawn about this relation-
ship. Figure 5.21 shows the variation in total displacement with base
layer thickness. The results are too scattered for any rirm relation-

ship to be established, however, the trend appeared to show non-linearity.

5.4,3 Effects of the apparatus on failure

There were two major sources of disturbance from the apparatus
to the model slope: the stiffening mechanism in the bentonite layer,
and the frictional resistance of the sidewalls. The results of test
EX20 showed that, although the retraction of the stiffening mechanism
did induce an initial “"jump” in displacements, its overall effect on
the failure mechanism was negligible. It was possible that the lack
of development of the slip planes in tests 25~05-2 and B was promoted
by the initial displaccments which occurred when the vanes and mesh

were retracted; however, further studies are required to enable the
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relationship between layer thickness and development of the failure
sequence to be explained fully. The author holds the opinion that the
stiffening mechanism increased the rate of displacement for the first
few millimetres but did not alter its magnitude; thus implying that
the results from tests using a 5 mm layer would have been no different
from those observed, other than the time taken to achieve the same

displacements would have been greater.

The frictional stresses induced by the sidewalls did alter the
slip plane characteristics, however, it was possible to determine the
relationship between the observed characteristics and those in the
central region of the slope. The usual concept of frictional drag
on the boundary of a flowing material is that the particles near the
boundary are retarded in their movement so that the material advances
with a convex front in the direction of material motion. However, the
typical curvature observed in all tests was concave in the direction
of movement (cf. Plate 5). This apparently contradictory situation
was explained by considering the frictional effects in terms of enerqgy
dissipation per unit width of slope. Because work was done at the
sidewalls during the movement of the slope, to maintain an even rate
of energy expenditure across the slope required a reduction in slip
surface length towards the sidewalls, which resulted in the concave
form of the slip scarps. A quantitative analysis of the stresces
associated with friction from the sidewalls was not attempted, but tne
very complex nature of the relationship of the three-dimensional stresses
in the plane stirain device showed how difficult any study in this area
would become. Thus, a solution to overcome the problems associated
with sidewall friction is to ensure that the modelling apparatus pro-
motes a plane strain region in which the model response may be inves-

tigated.
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CHAPTER 6

ASSESSMENT OF MODEL PERFORMANCE

6.1 Introduction

In Chapter 3, the model studies for this project were placed in
Class II, which meant that although the model did resemble some field
situation, the results of tests could not be accurately magnified to
predict the response of the prototype. The relationship between the
model and the full scale situation can only be made by considering the
model as a small prototype so that a suitable analytical technique, or
nunerical model, may be found to describe adequately the observed test
data. This analysis is then applied to the field situvation with the
major assumption being that the analysis still remains relevant even

though many differences may exist between the model and the prototype.

The sequential nature of the fazilure of the sand slope offered
many aspects through which the model performance could be considered.
To keep within the bounds of the available data, the stages which were
considered for analysis were the stable slope just at the point of
initiation of failure, and the mobile slopz when the two-wedge machanism
had fully developed. The distribution of stress through the slope was
investigated for the initiation of failure and several slope stability
analyses used in engineering design gave slip surface characteristics

which were compared with those of the observed two-wedge mechanism.

Many geotechnical investigations of slopes and embankments consider
a nurerical model of the prototype to aid in design work. Two different
numerical models were uvsed in the course of this study, both of which
were especially suited to the clastic nature ¢f the main modelling
material. One model was based on the estimation of inter-mariticle
forces which were each evaluated for mobilised strepgth and gave some
insight into the stress conditions at the initiation of failure. The
second model described the Kinematics of a particulate assembly, and
the resulting failure sequence generated by the numerical model was

compared with the cobserved slope deformations.



Some of the kinematics of the slope failure appeared similar to
the discharge patterns of granular material from a hopper. This inter-
pretation of movement not only led to the comparison of deformation
characteristics, but also implied some possible stress distributions

within the material.

All of the above topics are considered in detail in the following
sections, together with an approach based on the virtual work principle,
with which the author achieved clcse correlation betwean predicted and

cbserved parameters for the two-wedge failure mechanism.

6.2 Stabilitv Analyses

6.2.1 Ppopular methods of analysis

Before the turn of this century, thersz were only three widely
recognised methods relating to stability analysis: Coulomb's wedge,
Rankine's active and passive stress states, and Culmann's wedge prec-
cedure. The first two were basically designed for retaining wall
analysis, and Culmann's procedure was a slope stability analysis. In
the first two decades of this century, significant impetus was given
to stability calculations using a cylindrical failure surface after
several landslips in Sweden showed this characteristic pattern; how-
ever, the detailed work of Collin (1846) on landslides in clays should
be given the place of honour as the first work concentrating on curved

slip surfaces.

As engineering technology developed, the scale and frequency of
construction of cut slopes and embankments increased, creating a demand
for more reliable design procedures and stzbility analyses. The tech-
niques of stability analysis were enhanced by the advent of kthe elec-
tronic computer because of its large computational and storage capacity.
The limit equilibrium methods which relied on an iterative process to
reach a sclution, were particularly adaptable to computer programming.

A new approach to slope stability was achisved through the numerical
solution of Kotter's equations (cf. Sokoclowvski, 1960), howevey, the
physicel restrictions of the solution did not make the analysis flexible

enough to be applied to most situaticns. Further advances in the analysis



of slopes, and geotechnical problems in general, were made with the
introduction of the systematic arching theory (Trollope, 1957), stress-
dilatancy theories (e.g. Rowe, 1962), critical state soil mechanics
{Schofield and YWroth, 1968), and numerous finite element and finite
difference numerical models. It was not practical to mention the vast
number of new fazilure theories or variations on the application of a
numbey of stability analyses; therefore, only those approaches which
were found tc be relevant to the modelling situation are given further

attention in this chapter.

A simplistic view of slope stability analyses placed each in one
of three categories: slip circle analyses, non-circular analyses, and
analyses based on soil plasticity. The results of the physical model
studies reported earlier showed that the slope failure was not circular,
and the observed slip plane characteristics throughout the failure
sequence did not show trends which might be described by theories of
soil plasticity. If a more exhaustive investigation of the soil plas-
ticity predicticns for the modelling situvation was conducted, the like~
lihood of a successful prediction would be small because of the continual
change in stress conditions and the difficulty in selecting a suitable
vield function for the waterial. Thus, the most acceptable type of
analysis was that tased on the non-cixcular slip, which is considered

in detail in the next section.

6.2.2 Stapbilitv considerations for non-circular slips

One of the simplest stability analyvses was based on static equi-
librium of a wedge of soil without regard to the stress distribution
within the soil. Coulcmb used this method for the prediction of bhis
active earth pressures on retaining walls in 1776, with the only change
being the substitution of wall friction instead of the material £friction
which exists in a slocpe. The modern equivalents of this method are
given in Seed and Sultan (1967) and Wu (l976). The application of this
mathod to a two~wedae failure mechanism was simple because the major

variables were the positions and inclinations of the slip planes.

Rendulic (cf. Parcher and Means, 1968) developed a method for the

analysis spreading failure which used a simple wedge analysis at several



vertical sections along the base of the embankment (or slope), with a
numpber of trial wedges at each section. The two slip planes which
formed the trial wedges were symmetrical about the vertical line of

the section, and a third plane passed through the weak base layer.

The resurgence of interest in wedge-type failures in embankments
in the United States of America led to the publication of a manual by
the U.S. Army Corps of Engineers (Anon, 1970), which proposed several
approaches to the assessment of stability cepending on the type of
sStructure and the information available. 0Once again, the calculations
were based on simple wedge equilibrium; however, the boundary between
the two wedges was restricted to the vertical. The critical case was
found by wvarying the position of the wedge and the angle of its second
slip plane so that the least degree of stability existed. The m=thods
of analysis presented by Chugaev (1264) were of the same form as those
in the U.S. army manual (ibid.), with the restriction of a vertical

interface between the two sliding blocks.

Trollope (1973b,1975, and 1979) has presented a number of papers
in which an equation based on the principle of virtual work was used
to estimate the stability of slopes, especially those which fail by a
two-wedge (Trollope's third order) mechanism. The writer progosed, on
the basis of the available experimental evidence, that the failure
mechanism developed seguentizlly with the separzte formation of sach of
the slip planes. EHence, the conditions for the initiation of failure
along a weak base layer were estimated from a virtual work eguation
applied to that laver for which the relevant stress levels were derived
from the writer's systematic arching theory (cf. Trollope, 1968). The
important features of this approach were the use of a stress distribution
within the slcpe and the estimate of stability based on the energy
balance in the virtual work equation, rather than the usual comparison

of strength parameters,

The develcpment of the limit equilibrium (slices) method for use
with the slip circle analysis prompted the establishment of a similar
method for a general slip surface (e.g. Janbu, 1957). An extension orf

this method was preserted by Morgensterxn and Price (1965), with par-

v
[
9]

ular reference to the use of electronic computers. The limit egui-
librium method created a set of indeterminate equations which reguired

a number of assumptions be made before their solution could proceed.



Even thouch the assumptions may have been reasonable, the sclution
given by the method was only approximate. The slices into which the
s0il mass was divided were hypothetical, and the kinematics of failure
were not considered, although the slip boundary used may have followed

some of the slip planes which formed a Kinematically admissible mechanism.

The solution mentioned above was based on a predetermined slip
surface and numerical techniques which required the use of a computer
for efficiency; however, Baker and Garber (1978) demonstrated an
analytical method for the solution of the limit equilibrium eguations.
Variational calculus was used to determine the slip surface which had
the minimum factor of safety. Unfortunately, there were some kinematic
constraints placed on the change of direction of the slip plane across
the boundary betwzen two materials which could not accommodate the

angular changes opserved in the model studies.

After an extensive series of model retaining wall tests using
granular materials, Reimbert and Reimbert (1974) proposed a generalised
equation for thrust on a retaining wall, with a formulaktion significantly
different from the Rankine and Cowlomb analyses (cf. Wu, 1976). The
writers derived an empirical formula which considered the angle of
internal friction of the material, the inclination of the backfill,
the slope of the wall, and the material density; however, the test
results reported showed the thrust was independent of the friction
mobilised at the wall. The approach was applied to the model slope by
considering the toe region as a rigid mass which appeared effectively
as a retaining wall to the crest region. Stability was calculated by
comparing the thrust from the crest region with the shear force availl-

able along the base of the toe region.

It is theoretically possible to find an exact solution to a slope
stability problem by using limit analysis; however, there are a large
number of mathematical restrictions on the use of the method, which
rander i1t impractical for most cases. Chen (1975) gave a detailed

review of this topic in which the restrictions on the material for use

u

in limit analysis were:

(1) perfectly plastic (no work hardening or softening);



(i1) convex yield surface and applicability of normality

conditions; and

(iii) small changes in geometry uvp to the limit load.

The reason for the impracticality of limit analysis becomes obvious
when the above restrictions were applied to eany real situation, espec-

ially when the failure mechanism developed sequentially.

The majority of stability analyses required a number of specific
parameters with a single value to be input so that a solution may be
achieved. It is evident from any field records that soil parameters
are not a particular value, but may be described statistically by a
mean value with a variance or a confldence interval. An example of a
probabilistic apprcach to slope stability was given by Vanmarcke (1977),
who used limit equilibrium analyses for estimation of the factor of
safety. A recognised statistical approach was not used for the inter-
pretation of results or the definition of material parameters for this
study, although the two-wedge slip plane characteristics were averaged
values. The small number of tests from which the stress-deformation
response was determined precluded any form of averaging. Thus, the
statistical approach was considered to be relevant to a prototype
example, but not suitable for the data available from the mcdelling

situvation for this study.

The purpcose of a Class II model is fulfilled when the data collected
from the experiments is zdequately described by scme analytical procedure
or numerical model. Therefore, several of the above slope stability

analyses were applied to the spacific case of the model slope used for

ot

this study, in an effort to establish an analysis which might be relewant
to the estimation of the stability of a prototype slope. The particular
analyses used were: the simple wedge analysis, with the variations ol
the U.S. Army Corps of Engineers wedge method and Rendulic's spreading
failure analysis; the Morgenstern and Price analysis; Trollope's
virtual work approach; and a wedge method using Reimbert and Reimbert's

general thrust formula.



6.2.3 Application of stability analyses

All cof the analyses, except one, were carried out under the
assumption that the sequence of failure had continued to the point
where the two-wedge failure mechanism was dominant, even though the
analysis may not have recognised the kinematics of the slip mechanism.
The virtual work approach proposed by Trollope (1975) considered the
slope at the beginning of the failure seguence. Because the rigid
block conditions of the two-wedge mechanism did not apply during the
initial stages of the failure sequence, the distribution of the shear
stresses in the weak layer were not tacitly assumed to be uniform.
Therefore, the stability analysis for the initial stages of failure
depended on the interxaction between the sand and the bentonite, for
which the only observation was that the movement appeared relatively

uni form over the whole of the toe region (see Pigure 5.1(a)).

©.2.3.1 Wedge methods

The simple form of the two-wedge planar failure mechanism
made force eguilibrium calculations for both wedges quite feasible.
The values of these forces were dependent on the failure surfaces
chosen; therefore, the estimation of the slip plane characteristics
which proroted the maximum average shear stress along the base layer
was the purpose of these analyses, rather than the analysis of a par-
ticular slope and failure mechanism. This section considers three
wedge methods for which the calculated values of maximum average base
shear stress and the associated slip plane characteristics are given.
For ease of comparison among methods, the parameters involved have been
rendered dimensionless where applicable: e.g. the average shear stress
along the base layer became é%; and the distance from the toe tc the
point of intersection of the slip planes becams %7 where Y was the

unit weight of the sand and H was the crest height of the slope.
(i) The generalised two-wedge failure

Fiqgure 6.1(a) defines the parameters used for these calculations

and the same nomenclature was retained throughout this chapter. The

(a1}

variables Zor the calculation of sh

n

2 )
zar stress were o, @, and B; while
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Y, H, the angle of internal friction, and the slope angle remained
constant. PFigure 6.1(b) shows the force equilibrium polygon from
which the thrust (T) on the toe wedge was calculated:

T

T X
W T _(;ﬁ;ﬁ/(ﬁ) A (6.1)

Equation 6.1 may be represented analytically as a single-valued
function in the variables E, ¢ and B. A computer study of this
function showed that the value of the shear stress calculated did have
an optimum. Therefore, the analysis of this failure mechanism was
made very efficient by the application of numerical optimisation

techniques to the function for the non-dimensional shear stress.

Because of the changes in geometry, a single continuous function
for shear stress for all realistic values of the variables could not
be derived; however, a piecewise continuous function in three parts
satisfied the geometrical constraints. The three sections were
defined by the location of the intersections of the slip planes with

the slope's free surface:

(1) both planes intersected the face of the slope between

the toe and the crest;

(1ii) one plane cut the face of the slope and the other cut

behind the crest; and

(iii) both planes emerged behind the crest, in the plateau
region of the slope. The functions and their ranges of

application were as follows:

0 < % < (cot i - cot B)

X oo 2
W ( sin D7 sin (o + 8) 6.2)
YHZ 2 sin (i + @) sin (B - i) )




{cot 1 - cot B) < % < {cot 1 + cot @)

(592 gin i sin @
W _ =z , cotB-coti 'H ° (6. 3)
YHZ H 2 2 sin (i + o) -

(cot 1 + cot 0) < %

W _ coto + cot

.YH2 - 2 (6.4)
The sheay stress was calculated for all ranges of % using:

I _ . sin (B-¢) sin (2~ ¢)

YH YHZ2 " sin (B - 2¢) (gj (6.5)

Numerical optimisation techniqgues are partitioned into two
categories: Dbounded or unbounded functions; which may be evaluated
with the aid of the function's derivative or without, Although there
were physical bounds to the shear stress function (e.q. E 2 0), these
bounds were not mathematically necessary for the calculation of the
optimum; thus, the function was treated as if if were unbounded. 'The
multi-staged nature of the function and the number of variables made
an optimisation without the use of derivatives the more convenient way
to approach the analysis. Kuester and Means (1973) list several
search methods for unconstrained multivariable functicns with particular
emphasis on their application to computing using the FORTRAN language.
The technigques cornisidsyed for use with the shear stress function
were those which were based on the Neléder and Mead, Hooke and Jeeves,
Rosenbrock, and Powell algorithms. The Powell algorithm (ibid,
pp. 331-343) was found to be the most useful Zor this particular
function because it gave rapid convergence to the optimum and the

accuracy of the variables in the end result was able to be specified.

The results for this and subsequent analyses are given in Table
6.2, included in Section 6.2.5. The method considered by Seed and
Sultan {op. cit.) took the same form as the above analysis, with the
major difference being the location of the pre-determined slip plane

which lay along a sloping clay core instead of in a weak base layer.



The writers 3id not use numerical optimisation technigues, but found
the optimum by a graphical procedure after a number of mechanisms

were considered.

(ii) U.S. Army Corps of Engineers wedge method

The design procedures recommended in the manual restricted
the value of O to 900, and it was suggested that the thrust between
the toe and crest blocks be inclined at the slope face angle, or half
that value. Therefore, this method was a specific case of the
generalised two-wedge method discussed previously, and equations 6.2,

6.3 and 6.4 were used in the calculation. The shear stress equation

became:
T . W tan (8 - (6.6a)
YHo yme (X
H
. *
R tan (B - 2)
or YH Wz . (6.6b)
(;ﬁ

depending on the angle of thrust on the toe wedge. The Powell
algorithm was used to £ind the optimum value of shear stress; however,
the function was reduced to two variables, g-and B, for this example
because the boundary between the toe and crest wedges was always

vertical.
(iii) Rendulic's spreading failure analysis

Parcher and Means (op. cit., p. 419 f) described the Engesser
graphical procedure for calculating the average shear force along the
base of an embankment due to the thrust of a graben block of material.
The procedure was based on the closure of a forxce polygon and was not
modified for application to the model slope. Figure 6.2 shows the
variation of average shear stress along the base and the corresponding

slip plane angles for the case of the model slope.
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6.2.3.2 Morgenstern and Price analysis

The generalised method of slices proposed by Morgenstern and
Price (op. cit.) used the same basic formulation as previous researchers
had proposed} however, the writers' scheme to overcome the static
indeterminacy inherent in the limit equilibrium equations used a
method which paid some attention to the magnitude of the interslice
forces and the ratio of the vertical to horizontal components of
those forces. This method was not exact (although the errors
involved were small) and some assumptions had to be made, including
the position of the slip boundary. One point in favour of this wmethod
of slices was that the ratio of the interslice forces and the position
of the thrust line through the slices were included as part of the

results output by the computer program.

Whitman and Bailey (1967) published an article which reviewed
the use of computers for slope stability analysis, in which particular
attention was given to a program based on the Morgenstern and Price
analysis. The writers concluded that the method should be used to
check the acceptability of results obtained from simpler methods of
analysis (e.g. the simple wedge method). The conclusions drawn from
a computer analysis snould not be based on one or two calculations, but
on a planned series of calculations in which the position of the failure
surface and the assumption of the thrust distribution between slices were
varied. The position of the thrust line and the ratio of the vertical
to the horizontal interslice forces should also be checked so that

a reasonable assessment of the stability of the slope may be made.

A series of stability analyses was prepared for the study of the
model slope, for which a general diagram is shown in Figqure 6.3 along
with the thrust distribution found most suitable after preliminary
tests. A summary of the results of nine slip conditions is given in
Table 6.1 and the results are presentad graphically in Figures 6.4(a)

and 6-4(b) .

!

hus, it was possible to ascertain a ccmbination of the
variables, ? and B, which produced the lowest factor of safety. The
analysis required that the base layer should be given a Gefinite value
for shear strength so that a factor of safety along the siip surface

could be calculated; hence, an appropriate value for the shear
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Summary ©f Results from Morgenstern-Price Analysis

TABLE 6.1

Surface

b4
—_— *
v B F of & A nob o
.75 4s° 1.070 .281 29.3° 95.7°
.75 55.2° 1.130 .300 31.0° 94.0°
75 64.4° 1.367 .286 29.8° 95.2°
.125 a5° 1.060 .213 23.1° 101.9°
.125 55.,2° ..599 , 249 26.5° 98.5°
.125 64.4° 1.080 . 279 29, 2° 95.8°
1] Q 1]
.5 45 1.111 .169 18.7 106.3
.S 55.2° 1.035 192 21.0° 104.0°
.5 64.4° 1.070 .212 23,0° 102.0°

*

on slice boundaries
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strength was estimated by an iterative process in which the shear
strength was varied until the factor of safety for the observed slip
boundary equalled 1.0. Although the value of the factor of safety

was pre-determined at 1.0 for the observed failure surface, the

values of parameters used for the calculations did not influence

the conditions for the minimﬁm factor of safety, which could have gone

below 1.0 in the analysis, but would have been meaningless in reality.

One of the assumptions made for the analysis involved the relation-
ship between the vertical and horizontal interslice forces, which was

represented by:

X = A(XE (6.7)
where X = wvertical force
E = horizontal force
A = constant (produced by the analysis)

£(x)

thrust distribution (see Figure 6.3)

Therefore, the coefficient Af(x) determined the level of mobilised
friction at the slice boundaries, which had a maximum value
corresponding to the maximum of £(x). The mobilised friction angle
represented the inclination of the interslice reaction to the
horizontal from which an estimate of the angle of an internal slip
plane, O, was made (see inset in Figure 6.3). vValues of X, ¢mob and

0 for the stability analyses carried out are included in Table 6.1.
Although this limit equilibrium method did not explicitly consider the
kinematics of the possible slips investiaated, some estimate of the
characteristics of a two-wedge mechanism were estimated from the

results produced by the computer program used.



6.2.3.3 Peimbert and Reimbert's thrust analysis

As mentioned earlier, the empirical thrust analysis proposed by
Reimbert and Reimbert (op. cit.) offered a new approach to retaining
wall design, and was centred on the following general equation:

2
ro= B2 s 2

- (0 + O)
2 o+ 2¢

) (6.8)

T
2

where T was the total thrust (force), Y was the material unit weight,
¢ was the angle of internal friction, and the parameters d and ¥ are
defined in Figure 6.5(a). TFigure 6.5(b) illustrates the way in which
the thrust analysis was related to the conditions in the model slope.
Equation 6.8 was adjusted for the calculation of the avexage shear
stress induced along the base of the tce wedge, and using a value of

¢ = 34% (.5934 radians) yielded:

o paazy (2 (T 20)(W - (@ + .5934))
§ H &)
H

(6.9)

The slope geometry was not specifically catered for by the generalised
thrust equation because the angle of the backfill changed abruptly

at the crest of the slope, but the analysis was based on a constant
angle, Y, in the region affected by the active wedge. Therefore, an
effective value of ¥ was estimated from the slope of the single free
surface which enclosed an area equal to that in the real wedge (see
Figure 6.6). This procedure resulted in a complex set of equations
which ultimately gave ¥ as a function of 3 and ¢¢. It can be shown that

H
. h . _ X . .
the variable g was also a function of § and ¢; thus, ecuation 6.9

K

. . ; X
can be reduced to an eguation in two variables: " ang ¢.

The analytical approach to find the condition which promoted
the highest average shear stress along the base was similar to that
used with the simple wedge analysis; however, the rate of change of
slope of equation 6.9 near the optimum was small. Thus, a graphical
check was used in conjunction with the numerical optimisatior technique
so that confidence could be placed in the values corresponding to the

optimum.



Figure 6.5a Retaining Wall Parameters

See Figure 65 for ¥

Figure 6.5b Retaining Wall Related to Model Slope
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The retaining wall formula was applicable to a state of active
slip within the fill when a slip plane formed at an angle of (45 + ¢/3)
to the horizontal. Because the condition of slip was used both at the
wall and in the fill, this analysis pertained to the slope when the
two-wedge mechanism had formed, and not to an earlier stage in the

failure sequence.

6.2.3.4 Trollope's virtval work approach

Trollope (1975) described a physical model study which led the
wrtier to conclude that the observed third order (two-wedge) failure
mechanism formed sequentially, rather than having all slip planes
appear at the same time. The scope of this thesis was centred around
a more detailed investigation of the sequence of failure which was
given the first serious consideration by the writer. The sequontial
failure concept was used by Trollope (ibid.) with the stresses
predicted by the writer's systematic arching theory to prorose a design
method for slopes in stiain—softening materials, one example of which
was a simple granular slope underlain by a weaker layer. Thus, the
model slope was easlly evaluated by the design method, and the shear
stress distribution along the base for the no arching case is

shown in Figqure 6.7.

Trollope assumed that the slip plane along the base layer would
be formed beneath the slope from the toe to the point of maximum shear
stress, located by the distribution line BC in Figure 6.7. The
stability of the slope was assessed by calculating the minimum allowable
strength along the base by balancing an equation based on the virtual
work principle for which the work input was derived from the energy
released by the shear stress in the base of the slope moving through
a uniform virtual displacement of A. The value calculated for the

minimum allowable strength along the base of tne slope was:
no arching (k =1y — = ,081:

with the slope angle being 34°. The dimensionless length of the base

slip plane, 5, was .905.
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The writer recommended that aftex the third order mechanism had
fully developed; it would be appropriate to carry out a simple
statical analysis using residual strength parameters to determine
the final state of stability of the slope. The use of the systematic
arching theoxry in the virtual work approach implied that the
gravitationally induced shear stress along the base was attributable
to the weight of the soil material in front of the distribution line
BC (see Figure 6.7); and unless a failure criterion was adopted to
determine the preferred slip directions, no predictions were possible
regarding the inclination of the slip planes through the granular

material.

A variation on this analysis, which was more consistent with energy
principles, was to assume that the location of the slip plane was
determined for the condition where the virtual work expended per unit
length of the slip plane was a maximum. That is, the length of the slip

plane, x, was defined so that:

X

J 1ds.A
°c

X

= maximum {6.10)

where T was the clastic shear stress along the base, ds tne distance
variable and A was a virtual displacement. The linear form of the
clastic stress distribution made the evaluation of equation 6.10

simple, and yielded:

no arxching (k = 1) — = ,097

Thus, the value of minimum allowable shear strength of the base

material was roughly 20% higher than that calculated from Trollope's
analysis. The new dimensionless length of the slip plane was 1.366.
Further attention is given to this form of aralysis in the following

section and alsoc when numerical models are discussed.



6.2.4 an analysis based on virtual work

Karaal (1977a,pb) presented a method of stability analysis which
was fundamentally an upper bound limit anrnalvsis for the case of a
general slope. The use of the limit analysis technique required that
a number of assumptions be made. The assumptions may bhave been
acceptable when considering purely cohesive materials, however, the
stress-deformation response of the loose sand in the modelling
situation and the sequential development of the failure mechanism
made Karaal's approach impractical. The difficulties encountered when
attempting to formulate a yield function for the granular material
were discussed in Chapter 4, and attention is drawn to the fact that
a successful failure critericon was based on deformation rather than
stress. The author considers that the metiiod of energy balance used
by Karaal (op. cit) was very important, but a different technigue

to express this balance needed to be scught for granular materials.

The virtual work procedure proposed by Trollope (12975) was
another method which considered the energy balance for a slip mechanism,
however, the predictions made by this technigue 4id not anticipate
the observed characteristics, and a static equilibrium equation was
suggested for assessment of ultimate stability. The virtual worxk
approach was extended to a study similar to that of the generalised
two-wedge mechanism, sO that a kinematically admissible mechanism
was always considered. To keep the analysis as uncomplicated ag
possible, the clastic stress distribution was not included in the

developrment.

The virtual work approach was not a mathematically rigorous
method similar to that for limit analysis (cf. Chen, 1975), but

ual displacement to the two-wedge mecnanism
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so that the magnitudes of work input and output could be calculated.

The analysis in this section was relevankt to a slope in which the
two-wedge mechanism had fully developed, and when strength parameters
along the slip planes were in their residual states. That is, the
analysis was for the end of the failure seguence and net its initiation,
which was the stage considered by Treollope (op. cit.). The virtual

work equations for the two-wedge mechanism are given in a simplified
- § -

form by:



External virtual work = W.cC (6.11a)

Internal virtval work = R sind.a + S sind.b + T.a (6.11b)
whence,

T.1 = W.c - R sing¢.a - S s5ind.b (6.11c)

Figure 6.8 illustrates the nomenclature used in the above equations.

The value of the weight of the crest block, W, was calculated from
equations 6.2, 6.3 and 6.4. The critical slip mechanism which maximised
the energy dissipated per unit length of the base slip plane was
determined by the Powell algorithm, which was referred to in more

detail in Section 6.2.3.1.

Because the two-viedge mechanism was statically determinate,
the results of the simple wedge analysis and the virtual work approach
were identical. However, the advantage of the virtual work approach
was revealed when the critical slip mechanism for the slope had to
be defined. The location of the critical mechaniém for the simple
wedge analysis might have been chosen using a number of different
criteria: e.g. the characteristics giving the maximum acceleration
of the toe wedge (¢cf. Seed and Goocéman, 1964), or thée region
associated with the maximum shear stress beéneath the slope (cf. Trollope,
1975), or the locstion giving the maximum average stress within the base
layer. There could be many arguments proposed to support any of the
above criteria; however, to the anthor's knowledge, there was only
one reasonable energy based criterion: the slip mechanism was positioned
so that the energy dissipated per unit length of the base slip plane
was a maximum. Tre dissipation function was restricted to the base
layer because it was the dominant feature of the case under

investigation.

The use of an energy balance instead of the usual strength
comparison with the level of applied stress enabled a substitute for
the factor of safety to be introduced. In most methods of stability
analysis, the factor of safetv was assumed to apply at all points on

the assumed failure surface, which may be a false interpretation of the



a) Simple Slope

b) Force Polygon ¢) Virtual Displacements

Figure 6.8 Components for Virtual Work Approach



real situation. Trollope (1979) proposed a factor of safety, F,
for circular slips based on the writer's virtual work approach which
incorporated a variable arching factor (0 € k € 1):

Internal virtual work

.12
External virtual work (6.12)

The author concurs with this definition, however, the description
of the work ratio as a factor of safety tended to imply that the
ratio should be treated in a similar way to the mobilised strength
ratio of stability analyses based on force and moment calculations.
Therefore, to emphasise the different nature of the assessment of
stability, the author suggests that an enexrgy quotient, Q, be used
to define the likelihood of slope failure:
Internal virtual work - External v.w.

¢ = External virtual work (6.13)

Thus, a negative value 6f Q implies instability, while a positive

or zero value implies stability, where the quantities of virtual

work are evaluated for the critical slip mechanism. It is important
to realise that the parameter Q indicates the likelihood of activation*
of the mechanism, and does not lead to an evaluation of the degree of

mobilised strength on the slip surfaces wnen the slope is stable.

The physical interpretation of a factor of safety (other than
F in equation 6.12) which was lesz than 1.0 was meaningless, because
it implied that the strength parameters on the slip surface were
required to be greater than their fully mobilised values. However,
the energy guotient has a physically acceptable meaning when it
has positive or negative values. A positive Q indicates that more energy
has to be provided for the slip mechanism to become active (i.e. the
slope is stable), and a negative Q shows that the slip mechanism will
be active and that the excess energy (the difference between the
external and internal virtual work) will be converted to another form:
e.g. ths energy may manifest itself as kinetic energy in the sliding

mass, which could contribute to the formation of a flow slide.



Thus, it is loosely implied that a lower value of @ will indicate

a faster rate of landslip.

The use of the virtual work approach involved relatively
simple operations which would not become excessively congested if
a statistical estimation of ﬁaterial parameters was available. Thus,
in a prototype situvation where parameters with a mean value and a
variance were available, the energy quotient could be estimated with

a knowledge of the risk of failure involved.

6.2.5 Summary of results from stability analyses

Table 6.2 gives a list of results from the analyses discussed
in the brevious two sections, together with the average slip mechanism
characteristics estimated for plane strain conditions from the
physical model. An estimate of the dimensionless yield stress of the
bentonite was .12, however, this value should only be used to give
an order of magnitude estimate because of the many uncertainties
associated with its determination (cf. Section 4.3). BAlthough many
of the stability analyses gave slip mechanisn characteristics similax
to those observed, the one which gave best correspondence to all three
variables was the author‘s virtual work approach. For reasons which
have been discussed in detail in the previous secition, the virtual
work approach was preferred to the simple wedge method, although

both methods gave the same results.

Because of the apparent success of the virtual work approach,
a numerical study was made to ascertain the variation of the three
critical slip meckanism characteristics %, 0 and B, and the dimensionless
base shear stress é%— vith changes in the value of the angle of
internal friction, ®. Figures 6.%a, b, ¢ and d show these variations
over a range of ¢ fram 25% to 40°. There were no unreasonable trends
observed from the results produced, and the increase of the angle f
with an increase in ¢ followed the generally acknowledged increase in

steepness of the active slip plane with ¢.



Summary of Results from Stability Analvses

TABLE 6.2

. X T
5na1y515 (H) o 8 i Remarks
Simple Wedge 1.22 74° 57.5° .085 b = 35°
U.5. Army Corps of 1.48 90" 56.8° 072 Thrust angle 34°, ¢ = 34°
Engineers
1.48 90° 59.2° .036 " " 7°
Rendulic Spreading
Failure 1.3 63.5° 63.5° . 082 ¢ = 35°
Morgenstern—-Price 1.2 ~ 9g° 56° -082 b = 350, see method of estimation
of & in text.
Reimbert and Reimbert 2.1 58.1° ; 56.3° 13 ¢ = 34°
Trollope {clastic) .91 - - .081 k=1 slip from point of max.
shear stress
1.37 - - .097 k = 1 slip from point of max.

average shear stress

{continued cverleaf}



TABLE 6.2 (contd.)

Anfx‘]._g.;s is (ﬁ} o R T Ramarks
Virtual Work 1.22 74° 57.5° .085 ¢ = 35°
1.20 75° 56.57 090 ¢ = 23.5° (residual)
Observation 1.15% .1 75%t10° 56%45° - values at centre of tank

QfT
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General support for the virtual work analysis was gained from
the work of Seed and Sultan {(1967). 1In the investigation of the
stability of a sloping core earth dam model, the writers used a
two-wedge force equilibrium analysis, similar to the generalised simple
wedge method described earlier in Section 6.2.3.1. The writers used a
graphical optimisation technique to determine the position of the
critical slip surfaces; therefore, it is reasonable to conclude that
the virtual work approach may also be successfully applied to the

analysis of sloping core earth dams.

6.3 Numerical Modelling

6.3.1 Bapplication to discontinua

The relevance of any model, physical or numerical, depends on
the success of the modelling technique in representing the fundamental
characteristics of the material performance. Thus, it was concluded
that a numerical model of a discontinuum would be mest appropriately
modelled by a technique which specifically considered the joint-particle
relationship. By far, the most widely publicised numerical models
in the field of geomechanics are the finite element technigues based
on continuum concepts; however, during the past two decades, there
has been continued development of joint-element finite element
techniques, in which the contrasting behaviours of the joint material
and the solid blocks were accounted for in the overall performance of the
structure being modelled. The finite element based methods have
not been the only ones developed to consider discontinua, and a
different approach using dynamic relaxation techniques was proposed

by Cundall (1971).

The laboratory investigation into the stress-deformation
response of the silica sand uscd in this study showed the dependence
of the failure conditions on the particulate nature of the material,
rather than on one of the commonly used stress depcndent yield
functions. Therefore, the two numerical models used to approximata
the physical model of this study were both particularly suitable
for the investigation of a discontinuum. The first model was developed

by Burman (1971a) who used the joint-element finite element method,



and the second was the kinematically oriented model developed by

Cundall (op. cit).

Once the importance or the representation of discontinuities
in the material was egtablished, the adequacy of the numerical model
depended on the parameters supplied to represent cthe material
characteristics. The difficulties associated with the determination
of suitable parameters for use in a numerical discontinuum model were
significant, because many assumptions had to be made in the process.
The number of individual particles in the physical model was immense
and could not possibly be represented numerically on a one to one
basis. Thus, the joints in the discontinuum also could not be
individually represented, which meant that the joints or contact
points in the numerical model had to have a response which would

reflect the collective response of a number of real joints.

The scope of this study did not permit the detailed laboratory
and numerical investigation which would have led tc a reasonable
set of parameters for use in the numerical models. Therefore, the
results from these models which were related to tpe deformational
response were reliable only from the cqualitative aspect. Other
limitaticns in each of the models are discussed in the following

sections together with the results of the computer studies.

6.3.2 The discrete stiffness model

Burman (1974) gave a brief histcxy of the development of the
discontinuum medels based on finite element techniques, after which
the writer described the discrete stiffness model he had developsd.
The model was bassd on the concept of a system of rigid blocks,
whose centroidal positions were fixed, separated from one another Ly
deformable joints of finite length and thickness. The strength and
éeformation parameters were intended to be modified values which would
allow for the respons= of the block, but keep the computations and

storage space to the lowest practical level.
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The suitability of the discrete stiffness model, using disc
unite to simulate a ¢ranular material, was demonstrated by Burman
(1971a,b) using experimental evidence reported by Trollope (1958),
and Lee and Herington (1971), as well as the writer's results from
an idealised rod model. The values of the joint stiffness parameters
were chosen arbitrarily, howéver, the values were inter-related so
that the shear and moment stiffnesses were about 1% of the direct
(normal) stiffness. The angle of internal friction of the granular
mass as a8 whole was assigned to each joint because the rigid block
diameter was fifteen times the maximum sand grain diameter. The
maximum rigid unit diamter which still gave good agreement with
experimental stress measurements for the numerical model was

about one tentnh of the wedge or slope height.

The computer prcgram of the discrete stiffness model used
for this study was an updated version (cf. Fulteon, 1979), but the
changes were mainly concerned with improved computational eifificiency
and the choice of input/output modes. Figure 6.10 shows the basic
configuraticn of the blocks and joint elements as well as the boundary
conditions. The strength conditions in the joints were e purely
frictional contact (¢ = 35%) with no allowable tension within the
slope, and purely cohesive joints with & uniform yield strength
simulating the weak base layer. Two sets of results are civen in
Figures 6.11 =nd 6.12, with base yield stresses of .5 and .75 k335
respectively, and with a rigid disc diameter of 30 mm.

The variation in shear stress distribution along the base for
the different base strengths enabled further comment to be made
about the relevant arching factor for the clastic stress analysis
of & simple granular slope underlain by a weak laver (cf. Trollope,
1975, and Section 6.2.3.4). The parameters used in the computer
model revealed that failure was initiated for a base strength of
.5 XPa (wT_r = .085), but not for a base strength of .75 kPa (YLH = .127).
Although a zone of tensile failure was present in both cases, the
extent of the zones was different, and some component of tension may

have been able to be resolved with a greater number of tension
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release cycles in the execution of the program; however, this was
not practical. Thus, the main criterion for failure was the degree
of mobilised shear along the base layer. Table 6.3 summarises the
predictions of the clastic theory (cf. Section 6.2.3.4) and the

results of the numerical modgl.

TABLE 6.3

Results from Clastic Theory and Numerical Model

Method Arching L
Factor YH
Clastic Theory:

8lip at max. shear 0 .289
stress: 1 .081
Slip at max. energy 0 . 347
dissipation point 1 .097

Numerical Model: -
Failure - .085
Stable - .127

For both cases of rull arching (k = 0), failure should be obserQed
for both base strengths used in the numerical mcdel; and both cases
should be stable for no arching (k = 1) if the slip plane started
Erom the point of maximum shear stress along the base. The only
analytical model which agreed with the results given by the numerical
model was the no arching solution for which the slip plane was
located for the maximum energy dissipation per unit length of the
base. The examples of full arching distribution may be intuitively
discounted becausze of the ability of the base layer to deform and

thus maintain the lower potential no arching stress state.



Overall dﬁsplacements in the discrete stiffness mcdel results were
small because the centroids of the blocks were fixed and all displace-~
ment was limited to the joint-elements; therefore, the failure indicated
in the results for the .5 kPa base strength was assumed to be indicative
of the first stage in the sequence of failure. The observations from
the physical model of the appearance of two slip planes in the initial
stages of the failure sequence was supported by the base and tension zone
in Figure 6.11. This evidence suggested that the virtual work approach,
using the clastic theory, should be extended to include the slip plane
which was indicated by the tension (n.b. numerically unresolved tension)
zone in the slope. The inclusion of the second slip plane should lead

to a predicted critical slip mechanism which is closer to reality.

6.3.3 The dynamic relaxation model

Cundall (op. cit.) developed a finite difference model which used
a dynamic relaxation technique to simulate the load-defoxrmation response
for an assembly of blocks. The writer was mainly concerned with the
modelling of a situaction in which the rock blocks were represented indi-
vidually or the investigation of an elastic continuum. However, the
development of Cundall's major program resulted in a program which
considered a pile of cylinders (Cundall's “Ball" program, ibid., p.ll5 ff.),

on which a numerical model resembling the physical model slope was based.

In contrast with the discrete stiffness model (Burman, 1971a),
Cundall's model concentrated on the kinematic aspects of discontinua,
with contact points between moving blocks ratner than fixed blocks
separated by deformable joints. The results from the program were a
sexies of diagrams showing the positions of all the blocks over a num-
ber of time steps. The stresses within the numerical slope could not
be assessed from the results, therefore, the two numerical models could
not be compared with each other. The program was based on the iterative
application of Newton's fundamental equation relating force, mass, and
acceleration. The displacements of the blocks were calculated from
the integration of the acceleration over the time step between iterations.
The origin of the disturbing forces in the model was the self-weight of
the blocks, and forces were transmitted between blocks by a spring which
was damped in the unloading (tensile) direction (as a means of keeping

the assembly mechanically stable). A no tension condition applied for
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the examples used. Slip between blocks was allowed to occur once the
joint yield criterion was satisfied; frictional contacts (¢ = 35%)

existed in the granular material, and the lower horizontal boundary had

a constant yield stress which was expressed as a force effective on the
horizontal repeated urit cross-section. Some trial studies were conducted
to determine the effect of varying spring stiffness between units, howevey,
1t appeared that an arbitrary value which allowed little overlapping of

units gave the most reasonable results.

In a similar manner to the discrete stiffness model, it was not
feasible to consider individual grains in this model; however, a sug-
gestion made by Cundall (op. c¢it.} which would reduce processor time
and storage required was included in the program so that & larger number
of units could be considered for the same computer usage. A problem
which reguired attention in the dynamic relaxation method was numerical
stability. Cundall (op. cit.) gave a formula for the maximum allowable
size of time step, however, this was found to be inadeqguate for this
particular prchblem. RAlthough the time step for numerical stability was
correctly given by the formula mentioned previously, an estimate of the
mechanical (physical) stability of the spring-mass system was one eighth
of the value needed for numerical stability. Thus, the author recommends
that the following formula be adopted for the critical time step when the

dynamic relaxation model is used with cylinders as the basic unit:
At ¢ L2/7 (6.14);

where At is the time step, m is the mass of a cylinder of unit length,

and s is the spring stifirwess between units. Because meaningful relation-
ships for interparticle spring stiffness and damping ratio were not
established, the results of this numerical modelling method were con-

sidered qualitatively.

Unfortunately, the response of the numerical model with a cylinder
as the basic unit had nect been calculated; hence, the reliability of
the author's results could not be determined, as they were in the use
of the discrete stiffness model. Two examples of model slopes are given
in Figures 6.13 and 6.14. The former figure more clearly illustrates
the formation of a two-wedge failure mechanism displaying many charac-

teristics seen in the physical models: e.g. an intact toe region and
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Dynamic Relaxation Model ~ Example 1

Figure 6.13
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a back slip plane emerging slightly behind the crest; however, the

rigid units in this example were large compared with the slope dimensions.
Figure 6.14 illustrates a model with much swmaller rigid units in which

the interaction between units was not as easily recognised as in the

previous figure, but the wedge form of faillure was still evident.

6.4 Analogy to Silo Discharge

In the early stages of this study, the flow characteristics seen
in slope experiments were compared with those of granular materials dis-
charging from silos or slotted bins. There were properties observed
during the discharge of a bin which made this line of approach inter-
esting: a sudden increasge in lateral thrust when flow was initiated
(of ., Turitzin, 1963) may have been able to be linked with a change in
arching state in Trollope's arching theory (cf. Trollope, 1968), which
may have given the reason for the development of the flow slides in the
early experiments; and the seguential development of flow regimes
(McCabe, 1974). Further investigation into the topic showed that most
solutions to granular flow were applicable only to the steady flow
situation. Many researchers (e.g. Brown amkl Richards, 1965, and Giunta,
1969) relied on the use of a radial stress distribution for flow towards
the silo opening, and this was based on the free fall state of particles
at the opening. A radial stress distribution may exist when there is
a back-pressure at the silo opening, however, the determination of this
pressure to make the analysis relevant to the mcdel slope would have
been very difficult. & number of records of the inclination of the flow
boundary (cf. Brown and Richards, op. cit.) showed that the character-
istics of flow from bins were divergent from those observed in the model

s5lope.

6.5 Summary

This study of the sequential failure of granular slopes was centred
around the results of a Class II physical model. Once the sequence of
failure hazd been defined, the investigation turned to the stability
analysis of the slope as a small prototype, with the aim of establishing
a relevant method which may be proposed for use in the field situation.
The form of the failure mechanism precluded a slip-circle analysis, and

the sequential development of the mechanism together with the difficulty



in defining an adequate material yield function made the consideration
of a plasticity solution impractical. Several force equilibrium methods
and a generalised 1limit  equilibriuw approach were considered and com-
pared with the observed results. These methods gave reasonable agree-
ment with two of the three slip plane characteristics observed in the

physical model tests.

Trollope (1975) used a virtual work approach to estimate stability
of slopes using stresses calculated from the systematic arching theory
-(Trollope, 1968). The author extended this concept and applied it to
the fully developed two-wedge mechanism. Because the virtual work
approach was based on energy, the criterxion for defining the critical
failure mechanism had to be in the form of a dissipation function to
maintain the continuity of the use of energy as a comparative base.
Thus, the critical slip mechanism was defined to exist for the two-
wedge mechanism when the energy Adissipated per unit length of the base
slip plane (i.e. through the dominant slip plane) was a maximum. The
predicted and observed characteristics for the mechanism were in close
accord. Because the two-wedge mechanism was statically determinate,
the virtual work approach and a generalised force equilibrium method
gave the same results; however, the author considers that the energy
concept using virtual work gave a more realistic appreciation of the
stability problem. An estimate of the stability of a slope using a
virtual work approach was given by the energy guotient, Q, which expressed
the energy surplus or deficit as a fraction of the energy input (see

equation 6.13), and also indicated the severity of this imbalance.

Two numerical models based on discontinuum mechanics were used to
gualitiatively examine the model slope. The discrete stiffness model
gave results which supported the observed seguence of failure and the
basis of the energy dissipation function. The second model concentrated
on the kinematics ¢f granular materials and demonstrated that the basic
form of the critical failure mechanism could be predicted, however, the
parameters for this mechanism would have to be calculated by other means

(e.g. the virtual work approach).



CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Field Evidence of Two-Wedge Mechanisms

A characteristic two-wedge planar failure mechanism was identified
in a number of reports on landslips (e.g. Blight, 1969, and Bromhead,
1978). The formation of this failure mechanism was associated with a
discontinuity in the strength and composition of the foundation material
which was often in a thin, nearly horizontal layer positioned close to
the base of the slope. The cause of the lower strength in the foun-
dation layer was traced to several sources of which the main ones were:
a naturally weak material (e.g. highly plastic clay); a change in
material properties to lower values due to consolidation pressures;
and a loss in effective strength due to increased pore water pressures
from a rise in ground water level or dynamic loading. The slopes were
constructed as part of an embankment or as‘landfill, and in one case

the slope was cut by coastal erosion.

The low strength and position of the layer dictated the location
of one of the planes in the failure mechanism. Earlier physical model
studies of this phenomenon showed that a two-wedge mechanisr. developed
clearly when the slope was a dry cohesionless material. The landslips
reviewed in this study were all deep-seated failures. Wilson (1970)
described the characteristics observed for some landslips ard identified
the different nature of displacements between progressive failures and
those relevant to this study. It was shown that progressive failures
exhibited movement which decreased linearly from the toe of the slope
to the end of the slip plane; however, deep-seated two-wedge failures

showed base movement which tended to be uniform.

Figure 7.1 shows a general profile of a landslip which formed a

two-wedge mechanism. Some features associated with this mechanism are:

i) a relatively thin, weak base layer;

ii) uniform movement along the base slip plane;
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1ii) intact condition of the toe block and a rill of

foundation materizl pushed up by the toe block;

iv) the appearance of a mid-height berm or a gentle

S-shape of the slope face:; and

v) formation of a slip scarp just behind the crest

of the slope.
The physical wmodel used in this study was designed to reproduce many
of these characteristics, and allow a detailed record of the formation

of the slip mechanism to be made.

7.2 Physical Modelling

Blight (op. cit.) and Holland (19277) used physical models to
study the formation of a two-wedge mechanism for a cohesionless slope
underlain by a weak layer. The former used a viscous bitumen compound
to simulate the weak layer, while the latter used a thin metal shim
withdrawn horizorntally from the base of the slope. The aspect ratios
of the apparatus used by both researchers were below the suggested
values at which plane strain conditions were probable; therefore, the
results achieved from those experiments were not considered to give more
than a gualitative demonstration of the formation of a two-wedge failure
mechanism. The level at which this study was undertaken required reliable
results so that a definite sequence of failure could be established;
therefore, the design of the medelling apparatus and the selection of

materials wag carried out to achieve that end.

Some physical restrictions were placed on the type of model which
could be designed; hence, a small scale slope (less than 1 m high) of
cohesionless material, acting under its natural self-weight, was the
fundamental component around which further design was made. The details
of the sample container and materials are given in Chapter 3, and only
the principal points are included in this section, All components of
the sample container were designed to limit the maximum deflections to
less than 1% of the values commonly accepted to induce an active state

in the soil. The effect of side wall friction was minimised by using



plate glass walls which were thoroughly cleaned with acetone before
each test; however, the remaining frictional effect was significané
and further comment is made on this point later. The materials used
were a well-graded silica sand for the slope and bentonite slurry
(moisture content = 900%) for the base layer. The strength of the
bentonite was too low to support the sand slope (at a height of 400 mm);
therefore, a mechanical stiffening device was used to support the slope
temporarily. Failure of the slope was initiated by the retraction of
the mechanism to the base of the bentonite layer. Although this action
did influence the rate of displacement in the first stage of failure,

a test which was performed independently of the mechanism gave similar

results to the other tests using the mechanism.

There were two basic methods for recording information from the
modelling tests, and both were based on photography of the slope cross-
section through the glass side wall. Qualitative results were obtained
using a 16 mm movie camera, which gave a high exposure rate during the
test but lacked the stability and range of lenses and film available
for a 35 mm camera. The second device was a motor drive 35 mm Nikon
data-back single lens reflex camera which was fitted with a large film
magazine and a flat Eield lens. Reliable quantitative results were
measured from the 35 mm £ilm negatives through a digitised Zeiss Steco-
meter. The reliability of the results was assessed statistically from
sets of control readings taken during the measurement of the film.
Because the photographic results were recorded at the side wall, they
also showed the greatest edge effects. A reasonable estimate of the
correction needed to bring the viewed results to those in the plane
strain condition in the centre of the slope was made from the post-

failure characteristics of the free surface and the bentonite layer.

The purpose of the physical model was to provide a set of results
which could be compared with a number of analytical and numerical
approaches so that a method which adeguately described the wodel per-
formance might be found. The selected method would be applied to a
prototype slope which was qualitiatively similar to the model, and
the relevance of the method would finally be assessed frxom the response

of the prototype.
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7.3 Performance of Modelling Materials

Sultan and Seed (1967) commented on the importance of using
material parameters which were assessed under conditions having similar
stresses and deformation restrictions to those which existed in the
model. Thus, the stress-deformation characteristics of the sand were
determined in a plane strain device at confining pressures between 4
and 8 kPa. 1In all tests, the sample was isotropically consolidated
and sheared %n axial compression under drained conditions. These con-
ditions did not match those in the model which were expected to be
approximated by anisotropic consolidation and shearing at constant
vertical load. Because the plane strain device was not easily modified
to  accommodate the latter conditions, a series of direct shear tests,
which gave a rough approximation to the desired restrictions, was carried
out. The results from the plane strain and direct shear tests concurred;
hence, the data from the plane strain results was compared with some

contemporary failure theories, but without success.

At the low confining pressures used, the sand deformed similarly
to a medium dense sand at a confining pressure of about 250 kPa. The
sand was found to conform to a Freudenthal failure criterion, and the
author proposed a possible kinematic explanation of failure using this
criterion (see Section 4.2.7). However, the stress-deformation charac-
teristics of the sand were more readily interéfeced by a criterion which
described the sequence of failure in the sample according to the axial
deformation or the deformation along the slip plane. The criterion, which
was supported by both plans strain and direct shear tests, as well as
model experiments, is summarised for deformation along the slip plane

as follows:
i) initial compression up to 1.25 mm movement;
ii) onset of failure when the rate of volume charnge becomes
zero, followed by growth of the shear zone at constant

dilatancy to a deformation of 6.2 mm; and

iii) cessation of growth of the shear zone with further slip

taking place within the 2one at practically zero dilation.
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The mechanistic approach to the failure criterion followed similar .
descriptions given by Mandl, de Jong, and Maltha (1977) and Trollcpe's
(1975) strong systone hypothesis.

The bentonite slurry was peyond its liquid liwmit of about 600%
and fell in the region where it exhibited the properties of a non-
Newtonian fluid. 1In the context of the model, the bentonite had 2
finite but low shear strength. This value could not be determined by
conventional soil testing technigues, however, an extrusion rheometer
was used to carry out the task. The shear strength was not determined
reliably and the result was considered only as an order of magnitude

estimate.

7-4 Results from Modelling Tests

Both gualitative and quantitative data was available from photo-
graphic records of the experiments. The main variable in the testing pro-
grame . was the thickness of the bentonite layer; however, this did
not alter the characteristics of the failure mechanism, although it was
found that the total base displacement after failure increased non-
linearly with increase in bentonite thickness (see Figure 5.21). The
most likely relationship appeared to be one in which the total dis-
placement was related to the base 2 logarithm of the layer thickness;
however, the data was scattered and an approximate straight line fit

was:;

1]
1}

40 (t' - 2) (7.1),

It

where S total displacement (mm),

t' = leg, t, and

cr
]

layer thickness (mm).

For equation 7.1 to be meaningful, the laver thickness must be at least
4 mm, below which the displacement was assumed to be zero. At least
two tests were carried out for each layer thickness to ensure repeat-

ability of results.

The quantitative results were used to define the seguence of failure,

which was confirmed from the qualitative results. The sequence of



failure is illustrated in Figure 5.12 and is described from initiation

as:

1) the simultaneous development of two slip planes - one
throuch the weak layer and the second through the granular
slope cutting the free surface just behind the crest;
between the two planes was a broad shear zone dividing

the front of the slope into toe and crest regions;

1i) movement of the two regions along their respective slip
planes with the distortion in the shear zone tilting the

lower half of the crest region away from the toe;

1ii) formation of a third slip plane within the shear zone
between the first two planes with no further shear

distortion within that zone;

iv) movement along the three slip planes with negligible

volume change within the toe and crest regions.

The formation described in the last stage of failure was called the
two-wedge mechanism, and has been classified as a third order mechanism
(i.e. three slip planes) by Trollope {(op. cit.). A deformational
failure criterion was defined from plane strain tests, and it was found
that the displacement, at which the slip planes were first observed,
corresponded reasonably well with the predictions made by the criterion.
Thus, it was concluded that the failure of a granular material should
be referred to an absolute deformation and not to a strain based on
sample size. An extension of the deformational failure criterion would
be to consider the variation of displacement to failure with stress

level and sample particle size.

The formation of the two-wedge mechanism was important because
it provided thea means by which the large deformations in the slope
occurred at residual strength conditions. The mechanism was located
in the slope by defining three parameters:

i) ﬁ, where x is the distance AB and H is the slope height;



ii) 0, the angle ABC; and

iii) B, the angle DBE.

The angles and length are shown in Figure 7.1. The average values,

corrected to plane strain conditions, and an estimate of their variation

measured from model tests were:
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Thus, the sequence gf failure in the model slope was defined clearly
in a number of stages and observations showed that the sequence could
be described in terms of the deformational failure criterion of the
granular material. At the end of failure, the total displacements were
generally an order of magnitude higher than those required to bring
about the residual state in the material. The dominance of the weak
base layer in the development of the failure sequence was shown py the
restriction of the seguence to its initial stages when the layer 3did
not allow sufficient displacement along the slip planes for the residuval
conditions to occur. Therefore, in the protoéype situation, attention
would have to be given to the deformability of both the weak layer and
the slope material so that the possibility of the development of the

failure sequence could be assessed.

7.5 Analyéis of Model Performance

There were two main influences which affected the methods of analysis
considered for a numerical approach to the model results: the Jdiscon-
tinuous nature of the slope material and the dominance of the weak layer
in the determination of the failure mechanism. A detailed comparison
of the stress-deformation response of the silica sand at low confining
pressures revealed that the failure criterion was not adeguately des-
cribed by any of the continuum or discontinuum theories considered.
Therefore, the methods of soil plasticity, critical state soil mechanics,

and stress-dilatancy were discounted as feasible approaches to this



modelling situation. Attention was given to limit equilibrium, simple
wedge, and some earth pressure analyses where these procedures were
suitable for use with a two-wedge failure mechanism. All of the methods,
except one, required the failure mechanism to be fully developed, which
limited these approaches to the case of ultimate stability. However,
Trollope (op. cit.) used a virtual work approach combined with the
writer's systematic arching theory to estimate the factor of safety in
the base layer for initiation of the failure seguence. Trollope (ibid.)
defined the slip plane as extending from the toe to the point of maximum

shear stress along the weak layer.

Although many of the methods considered gave reasonable estimates
for two of the three parameters used to define the failure mechanism,
the generalised two-wedge method gave close agreement for all three
parameters when the critical failure mechanism was defined so that the
average shear stress along the base was a maximum. The author could
not find any specific reason for the use of the average shear stress to
define the mechanism in preference to the maximum shear stress or the
maximum acceleration of the toe block; thus, a new approach to the
definition of the critical mechanism was sought. Owing to the lack
of enerqgy dissipation by dilation at residual soil conditions and the
static determinacy of the two-wedge mechanism, the results of a force
equilibrium and virtual work analysis for the mechanism were exactly
the same. The virtual work approach offered a significant advantage
over the force equilibrium approach because the author found only one
energy based criterion for the definition of the critical failure
mechanism - the mechanism formed so that the energy dissipated bei
unit length of the base plane was a maximum. The use of the virtual
work approach made the assessment of stability by a factor of safety
based on strength parzmeters inappropriate. Thus, the author proposed
an energy quotient, @, which expressed the energy imbalance as a fraction
of the energy dissipated so that a negative value of Q indicates insta-
bility; and the larger the magnitude of negative Q, the more severe
would be the conseguence of failure. The dissivation function was also
applied to the initiation of faillure using the systematic arching theory
to give the stress distribution, and results from the discrete stiffness
mcdel (Burman, 1971a) showed that the aucthor's analysis for the no arching

(k = 1) case came close to-the nurmerical results.



Both types of numerical model used tc study the slope concurred
with the findings of the physical model study. Unfortunately, the
reliability of the numerical results was not high, and results were

used qualitatively.

7.6 A Prototype Example

The ultimate test of the analysis recommended from this type of
model study is its application to a prototype situation. The first
landslip at the Vlakfontein site reported by Blight (op. cit.) had
features similar to the mcdel used in this study: hence, the author's

virtual work approach for Q = 0 was applied under those field conditions.
The angle of repose of the rock dumps was assumed to be 380, and
their height at 45.7 m (150 ft). The two sets of material parameters

used by Blight (ibid.} were also used in these calculations:

17.3 kxN/m® {110 pcf); and

]
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Rock 1 - ¢,= 39°, Y

16.5 kN/m> (105 pef).
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For initiation of failure the required foundation strength, T,, was

estimated to be:

which occurred for a slip plane length of % = 1.14. Results for the
critical two-wedge mechanism, as well as those for initiation, are

given in Table 7.1.

élight {ibid.) reported that unconsolidated, undrained triaxial
and unconsolidated quick shear box tests gave foundation strength values
in the range 44.8 to 93.1 kPa (6.5 to 13.5 psi). The predicted slip
mechanism gave a reasonable estimation of that reported by Blight,
because the prediction was for the first formation of the mechanism,
while Blight has shown the final slope position (see Figure 7.2).
Therefore, it was concluded that the virtual work approach was the

appropriate analysis for a granular slope underlain by a weak layer.
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TABLE 7.1

Prototype Results

Paramater Units Rock 1 Rock 2
Initiation
T, T kPa 100.3 95.6
psi 14.5 13.9
X m 52.2 52.2
ft 171 171

Two-wedge

o deg 75% 75

g deg 60 61

X

U - 1.04 1.07

X m 47.5 48.9
ft 156 160

T

Y_H - .082 .075

T kPa 64,8 56.6
psi 9.4 8.2

7.7 Implications and Suggestions for Future Projects

The unexpected response of loose sand sheared at low confining
pressures showed that the understanding of the nature of deformation
under self-weight loads in small scale models was not well established.
Therefora, the interpretation of model performance will become reliable
only when the stress-deformation response of the material has been
investigated under similar stress and deformation conditions as exist
in the modelling situation. For further conclusions to be dravn about
the sequence of failure, the sand will need to be considered in simple
shear so that the response of the large shear zone 'will be more clearly
understood. Similarly, a wmore detailed and accurate investigation of
the flow properties of the bentonite may allow improvements in the
stability analysis to be made. Section 7.3 includes some comments on
the development of deformational failure criteria for granular materials,

which not only affects laboratory studies but also mav be extended to



the field.

The numerical dynamic relaxation model (Cundall, 1371) showed
potential for the identification of the relevant fallure mechanism;
bowever, the current state of development of the program only considers
mono-size units. A more realistic result may be achieved with the use
of a mixture of unit sizes, and this modification might be considered
as a future research topic. The discrete stiffness model (Burman, op.
cit.) may be used to produce more reliable results if realistic values
are provided for the joint properties. Both of these numerical tech-
niques may be capable of replacing the physical modelling which was
carried out in this study; however, much detailed research is required

to bridge the gap between the numerical model and the real situation.

A different approach to physical modelling may be made through
the use of a geotechnical centrifuge. The technique enables real
materials to be used under loads similar to those experienced in the
prototype, but still with a physically small model. In this way,
solls which have>a cohesive component of strength may be used without
resorting to special techniques or the use of unusual materials (e.g.
bentonite slurries). A model study which used a centrifuge would pro-
vide a means by which the kinematics of slope failure in the real
material could be compared with that proposed by the virtual work

analysis.

The identification of the most likely failure mechanism would
help in the choice of location of any field measuring devices. This
would not only help in field oriented research into slope kinematics,
but would also assist in the efficient monitoring of any slope which

created a hazard to the public or in 1ndustry.
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