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Chairman: A. Kézdi

Ladies and Gentlemen, I think I am not in
error if I say that the subject of our Session
today is really one of the most important
fields in Soil Mechanics. Yearly are billions
of cubic meter of dams and cuts constructed,
yearly hundreds and thousands of landslides
occur. Prevention and reconstruction require
huge amounts of money. Tremendous damages can
occur and human lives may be endangered. For
these reasons, the problem of stability of
slopes, natural and man-made ones, is one of
the oldest in civil engineering and soil
mechanics. It doesn't go back as far as to
the Bible which gave good advices for the
foundation of houses, however, there were
excellent civil engineers several hundreds of
years ago, who tried to cope with the problem.
So, for instance, Collin, the French civil
engineer presented a wonderful phenomeno-
logical description of landslides. His book
was found wanted to be reprinted in recent
years in Canada. The activity of the Swedish
Committee on railway, dams, and cuts was,
sixty years ago, the first organized research
in soil mechanics. The Committee introduced,
after Fellenius, the analysis of circular
slip-lines into the investigation of limit
equilibrium.

Research, in general, followed two paths in
this field. The theories sought to find the
conditions of 1limit equilibrium and the factor
of safety. There were, of course, several
different approaches and we have today, at our
disposal, many graphs, tables and formulae for
the design of slopes. The methods are avail-
able to calculate the factor of safety. The
more important ones do not give very different
values.

The conditions were, however, rather ideal-
ized. They assume, almost without exception,
homogeneous or at least isotropic soil,
simple contours and drastically simplified
hydrological conditions. Therefore, even if
they try to imitate natural conditions, some-
times we do not know what is to be imitated,
and the limit of the calculations will repre-
sent more or less simple approximation.
Theory constantly tries to push forward the
limit of knowledge in this field and finds
new models in order to simulate natural

conditions.

So, I may mention here recent investigations
assuming anisotropic material with respect

to cohesion. This is particularly important
for fills where the outer part immediately
below the slope surface has not been ade-
quately compacted. It remained loose and it
easily absorbed water and softened. Therefore,
this part will display a cohesion which in-
creases with depth.

In Hungary we had several such cases recently
and now we try to stabilize these slopes by
using Japanese methods I could observe here
two years ago and the Executive Committee
could see on the excursion to the Fuji
mountain. Obeying the kinematical conditions
and determining lower limit and upper limit
solutions, another field of research has been
opened by Drucker and Prager some twenty-five
years ago.

In spite of the great development in the
theoretical field, we still miss the determi-
nation of the stress state in a regular slope
in the state of rest and in the state /of
creep or failure.

The well-known solutions furnished by the
Theory of Elasticity use many arbitrary
assumptions and the boundary conditions are
not clearly given. In the application of the
Theory of Plasticity, we do not know the cor-
rect shape of the sliding surface, for g # 0,
C # 0 soils.

There are cases where this shape is highly
influenced by minor geological details. The
assumption of a circular sliding surface
would lead to highly erroneous results. It

is very important to make our methods of
stability calculations for geologically deter-
mined irregular sliding surfaces.

Another deficiency of present theories is the
assumption of a plain state of deformation.
Landslides usually occur on double-curved
surfaces. There was only a simple publica-
tion in the literature by Kopécsy in 1957 and
1961 which assumed a sliding surface having
double curvature. Kopdcsy's theoretical
investigations have been used and corrected
in a paper presented to this Conference.
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Now, I would like to open the Session in the
firm belief that it will help us toward a
better understanding of the complex phenomena
occurring in slope stability problems.

First, I would like to introduce our distin-
guished General Reporter who actually doesn't
need any introduction. He is Nobert R.
Morgenstern, Professor of Civil Engineering
at the University of Alberta in Canada. His
Co-Reporter is Nilmar Janbu, Professor of
Civil Engineering at the University of
Trontheim, Norway, and we have some distin-
guished panelists at this table who will
cover some specific problems. They are, in
alphabetical order, Professor Geoffrey E.
Blight, Professor of Construction Materials,
Head of Civil Engineering Department at the
University of the Witwatersrand, Johannesburg,
South Africa. Then, Francis Blondeau,
Engineer of Laboratoire Central des Ponts et
Chaussées, Paris; Peter Lumb, Professor of
Civil Engineering, University of Hong Kong,
Hong Kong; and P.R. Vaughan from the Imperial
College, Department of Civil Engineering,
London, United Kingdom.

So, now I would like to ask our General Re-
porter to give his oral presentation of his
General Report. Please.

General Reporter: N. Morgenstern

(General Reporter's presentation is ommitted
here because it is essentially the same as
the contents of the State-of-the-Art Report
in Proceedings Volume II and of the General
Report in Proceedings Volume III).

Chairman Kézdi

Thank you Professor Morgenstern for having
brilliantly summarized the soils and processes
involved in landslides.

Before I pass the word to Professor Janbu,

the Co-Reporter, I would like to mention that
Professor Reséndiz was supposed to be a member
of this Panel but he wrote a letter that due
to unforeseen difficulties, he was not able

to attend this meeting to our deep regret.
Now, Professor Janbu. He is going to speak on
types of failure.

Co-Reporter: N. Janbu

Mr. Chairman, fellow participants. As you
heard from the General Reporter, I will com-
ment on total versus effective stress analysis
and illustrate the comments by means of case
records for slopes and excavations in intact
saturated clay.

I will first define my frame of reference or
terminology. Slide 1 please. In principle,
we may distinguish between three types of
analysis depending on the way the shear
strength of the clay is introduced:
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(a) SIMPLE TOTAL STR ANALYSIS,, WITH CORRECTIONS

o

{b) ADVANCED TOTAL STRESS ANALYSI:
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(c) EFFECTIVE STRESS ANALYSIS

Parameters : a , tan¢ , D
Eq. : 71, = (a+ 0! +40- Au) tang

du= Ag - Ddag,

Slide 1 Types of stability analysis

(a) The simple total stress analysis uses
total strength obtained without knowledge
of pore pressure, say by vane-borings,
unconfined compression and penetration
tests.

(b) The advanced total stress analysis uses
total shear strength as obtained by tri-
axial testing in compression and exten-
sion, and by direct simple shear. This
approach is neither simple nor inexpen-
sive. The main purpose is to avoid pre-
dicting in-situ pore pressures.

(c) The effective stress analysis uses effec-
tive shear strength parameters, friction
and attraction (or cohesion), and pore
pressure parameters as obtained by tri-
axial testing, usually compression tests
only.

The effective shear strength depends on
initial effective stress as well as effective
stress changes. This means that the changes
in total stress and pore pressure must be
predicted. I claim that with today's knowl-
edge and numerical tools, our capability to
predict these stress changes, is in most
cases adequate for practical purposes even
with simple tools.

Let us look at some case records. In my
judgement, case records of slides are best
illustrated and best filed for the future
when presented in terms of resistance enve-
lopes. This basic principle was first sug-
gested by Casagrande in 1950 and it is shown
in Slide 2.



For a given slope with defined pore pressure,
one can calculate for each selected shear
surface the average shear stress 1 required
for equilibrium and the corresponding average
effective normal stress o' and thus obtain
one trial point in a to'-diagram.
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Slide 2
envelope procedure

Principle of resistance

The calculations for different locations of
the shear surfaces lead to a corresponding

number of points. The curve enveloping all
trial points is called the resistance enve-
lope for that given slope, or the critical

equilibrium curve, which I often prefer to

use.
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Slide 3 Resistance envelope for
the Kroppan slide

An example of using resistance envelopes for
case record studies is shown in Slide 3 re-
produced from Paper 19 of this Session. The
figure shows that the shear strength coin-
cides with the equilibrium shear stress over
a normal stress range of roughly 60 to 80
kPa, indicating a factor of safety of unity,
which is a correct expression for the actual
failure that occurred on this job.
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Slide 4 Resistance envelope summary
for 6 initial slides (Kenney, 1967)

Kenney (1967) applied this basic principle
(apparently without knowing the development
of resistance envelopes) quite independently
as a trial and error procedure to back-
calculate initial slides. The diagram shown
in Slide 4 is drawn on the basis of Kenney's
findings. It is interesting to note the
narrow band within which all these failures
occur, but of course they are taken from the
same geological region.

The next Slide No. 5 is a summary of the
important part of resistance envelopes for
fourteen clay slopes, seven of which have
previously been published by Kenney, while
five are new and have been analysed for this
Conference to extend the stress axis. 1In
addition, two Canadian slides are introduced
into the illustration.
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Slide 5 Case record summary
for 14 clay slopes

Broadly speaking it is seen from this
illustration that the slides at Ihlang and
Bdstad represent a linear extrapolation of
Kenney's six cases. The slides at Saint
Vallier, Breckenridge and Lodalen and the
slope at Hérstadbekken, which has poor sta-
bility, are covered by an attraction of 10
kPa, and a friction of 0.50 to 0.55. The
slide at Kroppan, published in this Session,
and the slope at Nedre Leirfoss are covered
by an attraction of 40 kPa and a friction of
the same order, 0.50 to 0.55. These clays
are over-consolidated, however, and hence the
larger attraction or cohesion.
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Altogether this review of old and new case
records for the stability of natural slopes
in clay, has verified the established prac-
tice, that the long-term stability conditions
of saturated clays should always be analysed
in terms of effective stresses.

By comparison, simple total stress analysis
will frequently lead to erroneous safety
factors and always to wrong locations and
geometry of the shear surface.

An example: For the 80m high slope (case
four in Slide S5) a simple, total stress
safety factor of 0.25, I repeat, 0.25 was
found, while the effective stress safety
factor was about 1.1.

o ORIGINAL GROL IND

Slide 6
an open excavation.

Pore pressure condition in
Key sketch

I am now turning to excavations, Slide 6:
Immediately after an excavation, the stress
reduction and the subsequent swelling of the
clay, lead to pore pressure reductions. Cal-
culations of undrained pore pressure changes
indicate that the new zero pore pressure
level in saturated clay will be below the
slope and also below the bottom of the exca-
vation in most cases. This situation is, of
course, non-stationary. The gradient is
directed towards the excavation, and the
swelling will eventually lead to a stationary
condition corresponding to a steady seepage.

Because swelling moduli are five to ten times
the compression moduli, the time required to
reach an approximate stationary condition
after excavation, is usually measured in weeks
or months in the clay I am talking about, that
is during normal construction periods. Hence,
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Slide 7 Case record summary of
excavations and cuts in clay
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it appears logical to use effective stress
stability analysis for open excavations in
clay, using a steady seepage condition as
basis for the pore pressure.

A study has therefore been made of 6 open
excavations as shown by the resistance enve-
lope summary in Slide 7 requiring a few com-
ments.

Case 1 is a 5m deep instrumented trial excava-
tion in clay. The excavation failed at
several locations partly before full depth

was obtained. Case 3 is the well-known exca-
vation for the Kimola Canal in Finland. Case
6 is a braced excavation for a public build-
ing in Oslo. The bottom heave stability was
analysed in terms of effective stress, treated
as a plain strain bearing capacity problem.
The location of the two black points, marked

6 shows that the braced excavation must have
had a low stability, as was very clearly
evidenced during the building period.

Broadly speaking, the analysis shows that the
5 open excavations are located within a narrow
band defined by an attraction of 10 to 20 kPa
and a friction of 0.50 to 0.55, while the 7
old slides are located between attraction 0

to 10 kPa and a friction of roughly 0.5.

Now, a very short summary:

(1) For all long term problems in clay, in-
cluding natural slopes, the stability
should be analysed in terms of effective
stress.

(2) For all short term unloading problems in
saturated clay, (such as excavations and
cuts) effective stress stability analysis
should always be required, even when
total stress analyses are readily avail-
able.

Then, a final note: We, as experimentalists,
shall not tell the clay how to behave. No,
the clay must tell us, say through the shape
of its stress path. If the failure path is
almost linear, effective stress has to be
applied. 1If, however, it is horizontal, a
simple total stress is relevant as may be the
case for fills and embankments on contractive
clays. But even then, I would add an effec-
tive stress analysis.

Thank you.

Chairman Kezdi

Thank you Professor Janbu. Your presentation
shows clearly the great value of the evalua-
tion and compilation of well documented case
histories and case records on landslides. I
think Professor Morgenstern would like to

ask a question.

General Reporter Morgenstern

I was wondering, Professor Janbu, whether the
agreement that you find in that large number
of cases between analysis and laboratory data,
suggests a limited or zero influence of
progressive failure in any of the problems



that have been considered.

Co-Reporter Janbu

You are absolutely correct. Materials with
substantial progressive failure character-

istics wouldn't fit so nicely on the diagrams.

Chairman Kézdi

Thank you. We know what is the great impor-
tance of geological details in all of the
landslides and stability problems of natural
slopes. I would like to ask Mr. Blondeau

to speak on geological effects. Mr. Blondeau.

Panelist: F. Blondeau

Monsieur le Président, Mesdames, Messieurs,

La securité que présente un ouvrage en terre,

j'entends par 1& un barrage, un déblai, un

remblai, peut s'appréhender de deux fagons,

complémentaires 1l'une de l'autre:

- d'une part, grdce a une analyse de stabi-
lité dont chacun ici connafit les diffi-
cultés et les limites, surtout dans les
régions qui comme la France, ont connu des
climats périglaciaires et, qui de ce fait,
présentent une trés grande hétérogénéité
de sols & l'échelle des glissements de
terrain.

- d'autre part, en s'appuyant sur l'observa-

tion en place du comportement de l'ouvrage.

Je voudrais insister ici sur ce dernier
point qui fait rarement l'objet de com-
mentaires particuliers si ce n'est sous
forme de résultats de mesures. Chacun 4’
entre nous est en effet avare de détails sur
les difficultés, voire les échecs qu'il a
éprouvés pour obtenir les résultats pré-
sentés.

Il est admis de tous qu'un barrage soit une
surveillance constante a tout instant de sa
vie, y compris pendant sa construction.
Cette régle devrait s'appliquer aussi a tous
les grands ouvrages ferroviaires, routiers
et aux grandes fouilles de batiments. Un
talus de 20 & 30 métres de hauteur ne
représente-t-il pas en effet un danger
important si l'on fait circuler un train a
200 km/h & son pied?

Les questions auxquelles nous devons répondre

lorsque l'on est en présence d'une zone
potentiellement instable peuvent s'exprimer
de la fagon suivante, évoquée tout & l'heure
par le Professeur MORGENSTERN:

1. Quels sont les seuils a retenir sur les
alarmes mises en place pour déclencher
les actions de sauvegarde?

2. Le mouvement s'étant amorcé, quelle est
son ampleur, en surface et en profondeur?

3. Si la vitesse de déplacement s'accroit,

comment prédire la date de la rupture?

On est, il faut bien 1l'avouer, peu armé face

.~

a

de tels problé&mes, mais il est slir que le

risque que présente une zone instable ne peut

5
d

'analyser complétement sur la seule base
'une photographie instantanée des para-

métres du site tels que gebémétrie, piézo-
métrie, caractéristiques gedtechniques. Il
est nécessaire de connaitre leur évolution
dans le temps.

Dans cet esprit, il est indiqué d'adopter un
systéme de surveillance préventif mis en place

avant construction des ouvrages.

Ceci permet:

d'une part, d'assurer le délai de repos
suffisant pour les appareils, ce qui peut
prendre plusieurs semaines pour des in-
clinométres ou des piézometres.

d'autre part, de connalitre l'ordre de
grandeur de la marge d'erreur de la mesure,
en l'absence de toute évolution du para-
meétre mesuré. C'est une condition sine qua
non de la fiabilité d'un systéme de mesure.

Cela permet enfin de suivre le phénoméne
depuis son origine et de pouvoir ainsi mieux
appréhender les phases éventuelles d'accéléra-
tion.

On peut songer a suivre trois types de para-
métres:

PROFSNDIUR BEE PULIGMETASE

les contraintes totales. Le point dur que
constitue le capteur dans le sol rend ce
type de mesure peu fiable pour le moment.

les pressions interstitielles. Il y a
cependant risque de modification de la
perméabilité ambiante par mise en place des
piézométres et 1'hétérogénéité du sol rend
souvent ce type de mesure trés délicat.

LTS
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Fig. 1 Régime hydraulique observé

sur le glissement de Ville au Val en
période haute (18/2/74) et basse
(12/9/74), sur 15 métres d'épaisseur
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La figure 1 illustre, s'il est nécessaire, la
complexité du régime hydraulique dans un sol
hétérogene, héritage de 1l'influence périglaci-
aire. Celui-ci correspond a une couche
d'éboulis d'argile du Lias de 11 métres
d'épaisseur.

Qu'aurait-on conclu si, au lieu des 1 piézo-
métres a volume constant utilisés ici, &
raison de un tous les métres de profondeur,
nous n'avions disposé que de deux piézomdtre
l'un & 2 métres, l'autre a 10 mdtres de pro
fondeur par exemple?

On ne peut malheureusement s'offrir une telle
densité d'appareils dans un cas courant et il
est certain que bien des analyses de stabilité
ont péché par manque de précision sur cette
information.

Reste la mesure des déplacements qui me
semble, dans le cas des tranchées de déblai
et des ouvrages sur versants en particulier,
la plus importante parce que la plus sfire.

En effet, tous les ouvrages se déforment
avant la rupture, avec une vitesse croissante
dont une bonne appréciation est un élément
majeur d'information.

Nous devons cependant faire trés attention a
ce type de mesure qui passe, a tort, pour
étre simple.

C'est ainsi que l'utilisation d'inclinomeétres
se heurte a deux difficultés.

- les tubes, surtout s'ils sont longs, ne
sont pas toujours solidaires du terrain
adjacent.

- les appareils de mesure électroniques dé-
rivent dans le temps. Cela introduit une
erreur qu'il faut corriger en prenant les
précautions appropriées au niveau de la
mise en oeuvre des appareils et de leur
exploitation. La figure 2 illustre cet
effet.

On atteint alors une précision des résultats
de *6.10-4 radian sur l'inclinaison, ce qui

la rend acceptable comme paramétre de surveil-
lance.

La mesure des déplacements absolus en surface,
a l'aide de repéres topographiques, est la
seule qui puisse se faire sans introduction
d'élément perturbateur dans le sol. Elle

est de ce fait la plus fiable a priori.
Toutefois, la précision obtenue, grice aux
appareils optiques courants, de type théodo-
lite, est de 1l'ordre de *2cm a 100 méetres de
distance pour la composante horizontale des
déplacements, soit 100 fois la précision
théorique des appareils. On peut diviser par
quatre cette erreur en ayant recours a des
distancemetres optiques et en prenant de
grandes précautions pour assurer la fixité
des bases de mesure ainsi que la qualité des
repéres visés. On dispose alors d'un moyen
de surveillance précis et d'exploitation
rapide.

A titre d'exemple, nous avons pu, dgrace a de
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inclinométrique par la dérive de l'appareil

tels dispositifs, mener a bien la construc-
tion d'un remblai sur versant en adaptant

les cadences de chantier aux vitesses de
déformations observées et, dans une autre
circonstance, faire arréter la circulation
sur une voie ferroviaire quelques 6 heures
avant une rupture de talus qui emportait la
voie sur 10 metres de long en trente secondes.

Il reste que, quelque soit le systeéme de
surveillance adopte, se pose le probléme de
sa maintenance et de la cadence des mesures.
Celle-ci sera adaptée 3 la pluviomeétrie
locale et l'on pourra s'affranchir de relevés
onéreux inutiles en mettant en place des
témoins de mouvement mesurables a peu de
frais tels que les niveaux a bulle de pré-
cision, solidaires du terrain naturel et
présentés‘pour la premiére fois par M. Fukuoka
a la conference de Paris en 1961.

Je terminerai en résumant mon intervention
ainsi:

- 1'imprécision des méthodes d'analyse de
stabilité impose la mise en place de sys-
téemes de surveillance pour les ouvrages en
terre dés lors qu'ils atteignent une cer-
taine taille, fonction du risque encouru.

C'est & ce prix que 1l'on pourra collecter



les informations qui permettront de:
préciser la nature des seuils d'alarme,

élgborer les modéles d'éléments finis
adequats.

- Un tel systeme n'est fiable que si l'on en
connalt la précision. La marge d'erreur
devrait apparaltre sur tous les graphiques
de résultats.

- La mesure des déplacements, et particulie-
rement des déplacements de surface cons-
titue l'alarme la plus efficace dans le
cas des tranchées de déblai ou des ouvra-
ges sur versants, sous réserve de précau-
tions de mise en oeuvre.

Je suis persuadé que nos amis Japonais ont,
dans ce domaine, une large expérience a nous
faire partager et je souhaite que cette con-
férence en soit l'occasion. Je vous remercie
de votre attention.

Chairman Kézdi

Thank you, Sir. Now, Professor Lumb is going
to speak on some very special geological
conditions: problems involving partly satu-
rated soils in the special conditions in
Hong Kong.

Panelist: P. Lumb

In Hong Kong the natural slopes are steep,
cuttings are steep, and embankments are steep.
Slope failures are common during the rainy
seasons and, on average, have produced nation-
al disasters every five years or so.

The failures are all shallow superficial
slips, no more than a metre or so in depth
with a volume of a few thousand cubic metres,
but there can be hundreds of these slips in
one day, causing deaths, destroying property,
blocking roads, breaking water mains, disrupt-
ing power and telephone services, and general-
ly causing chaos. Before a failure there is
never enough warning to be of any use and

once failure starts then all is over within
minutes.

In undisturbed residual soil the failures
produce debris-falls, coming to rest at the
foot of the slope, but in embankments of
loose uncompacted decomposed granite fill the
end-result is a mud-avalanche which can have
devastating consequences down-slope. In all
cases the exposed scarp after failure is
stable, and remedial work is generally no
more than trimming back or re-construction,
together with reinstatement of roads and
services, but this work can be very costly
and very slow.

Previously, when Hong Kong was essentially
undeveloped, the consequences of failures
were not too severe and deaths were rare, but
over the past twenty-five years the conse-
quences have become progressively worse,

since the intense urban development has put
more people and property at risk. In 1957
there were 21 deaths and 10,000 made homeless;
in 1966 there were 62 deaths, 3,000 homeless,
the cost of road repairs was US$4.5 million
and repairs to services cost a further $1 M.
In 1972 there were 138 deaths from two slips
and remedial works to one of these cost

$2.7 M. In 1976 one fill slope failure killed
18 people, and another small failure partly
closed a major road for nearly one year.

Until quite recently no serious attempts were
made to prevent failures, but the aftermath

of the 1972 disaster led the Government of
Hong Kong to commission a survey of natural
slopes and cuttings, and after the disastrous
mud-avalanche of 1976 the survey was extended
to include embankments. There will be changes
in legislation, making it mandatory to employ
soil engineering consultants on works in-
volving construction on slopes, an engineering
manual on slope design is now being prepared,
and there have been suggestions of registra-
tion of soil engineers. Perhaps this is all
to the good, but neither legislation nor
registration can ensure an absolute guarantee
of safety and there will always be a finite
risk of failure of any steep slope.

Prediction of engineering performance requires
answers to four questions—Why, How, Where,
and When? In the context ot slope stability
in Hong Kong, the why and the how can already
be answered. Stability is governed by the
unsaturated cohesion of the soils at the top
and beyond the crest of the slope. If the
soils become saturated through infiltration
of rain-water then cohesion is lost and the
slope fails. For significant infiltration to
occur the rainfall rate must be heavy, with
intensities of the order of 100mm per day and
500mm over the previous 15 days, but these
intensities are quite commonly exceeded.

Past records provide a partial answer to the
question of when a disaster is likely to
happen, and the Government of Hong Kong has
recently introduced a warning system, based
on observed rainfall together with predicted
rains to come, which will be applied to
squatter-hut areas where the chances of large
loss of life are extremely high.

There are many large embankments up to 30m
high on roads and in housing estates, and all
of these are potentially dangerous. They
were formed by tipping loose decomposed
granite, without any compaction, producing
steep slopes at an old-fashioned genuine
angle of repose. If the surface soils become
saturated through infiltration or otherwise,
the loose unstable structure collapses, and
liquefaction causes a mud-avalanche. Very
heavy rains are necessary for this to occur—
of the order of 300mm per day—but, again,
such heavy rains are not unusual.

Identification of potentially dangerous fill
slopes is easy; merely a matter of digging a
trial pit and measuring soil density. Elimi-
nation of the possibility of collapse and
ligquefaction is simple; compaction of the
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surface soil to at least 95% standard compac-
tion is sufficient. The Government of Hong
Kong is now committed to compacting all those
loose fill slopes where there is a possibil-
ity of loss of life should a mud-avalanche
develop. Currently, 30 slopes are being
treated at an estimated cost of $6 M, and
there will be more work to come in the future.

Identification of potentially dangerous
cuttings, on the other hand, is not easy, nor
is it a simple matter to make them safe when
identified. The key factor is the infiltra-
tive capacity of the soil beyond the crest of
the cut, and this factor depends on a multi-
tude of parameters which cannot as yet be
quantified with any precision. Any progress
in predicting when and where an individual
cutting is ripe for failure will come from
hydrological studies and not from soil me-
chanics investigations—from field trials of
infiltration using artifical rain storms—
and amelioration of rain storm effects will
come from improved designs for hydraulic
protective works. Investigations are about
to start along these lines.

Until results from such investigations are to
hand, any estimate of the safety of a partic-
ular cutting must be extremely subjective.

A conventional stability analysis gives no
real help; after twentyfive year's involve-
ment in slope failures I have lost all faith
in calculated safety factors. Without a
method for assessing the reliability of pro-
tective works restricting infiltration the
probability of failure at a specific site
will remain unknown but uncomfortably high.

Perhaps the efforts of engineers ought to be
diverted from attempting a technological fix
of eliminating failures towards a reduction
in the consequences of failures.

Conditions in Hong Kong are perhaps unique.
The problems are local problems which have to
be solved by local engineers using local in-
formation, and the solutions may have little
relevance to other countries. But some as-
pects of the problems do have general rele-
vance, in that the pertinent parameters in-
volved in slope stability are ill-defined and
unmeasurable. As always, if the desired
measurements cannot be made then an engineer
will measure something else and may be led to
forget the differences between what he wants
and what he has got, finishing up by placing
an unwarranted trust in his calculations.
Past experience in Hong Kong has convinced me
that such a trust will be most cruelly
betrayed.

Chairman Kézdi

Thank you Professor Lumb. A question from
Professor Morgenstern, please.

General Reporter Morgenstern

Professor Lumb has painted a very gloomy
picture. Being not quite so close to the
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problem, I am not guite so pessimistic. I
wish to point out that except possibly for

the wide~-spread poorly compacted fills in

Hong Kong, I think the problem is not peculiar
to Hong Kong. It repeats itself in Rio de
Janeiro and in other parts of the world and
there are very special technical requirements
to be considered when we conduct geotechnical
work in highly populated areas. In your
review of the problem you notice a periodicity
and you rightly stress the role of infiltra-
tion in related studies. Do you see, Profes-
sor Lumb, in time that we might be designing
against a certain rainfall with a design
return period within a certain climatic
environment, rather as we do with floods for
spillways, and earthquakes and things like
that? Do you see in course of time that this
will become a design criterion?

Panelist Lumb

I think it is inevitable that return periods
of rainfalls will become design factors for
slope stability.

In Hong Kong the current thinking is to use
the thousand year storm for design of the
hydraulic protective works, although rainfall
records only go back about one hundred years
and extrapolation to a thousand years is
extrapolating a long way. For infiltration,
as distinct from run-off, the pertinent re-
turn period is much smaller, of the order of
five years, since rainfall intensities exceed-
ing the infiltrative capacity do not provoke
any greater infiltration beyond this thresh-
0ld value, and the hundred year or thousand
year storm would be no more severe than the
five year storm.

Chairman Kézdi

Thank you, and thank you Professor Lumb. You
spoke about cases when rainwater infiltration
caused by landslides. Rainwater and precipi-
tation belong to the environmental factors

of landslides and belong also into the
broader frame of climate. So now Professor
Blight is going to speak on the effect of
climate on landslides. Please Professor
Blight.

Panelist: G.E. Blight

Mr. Chairman, Ladies and Gentlemen, I think
it is appropriate that I should follow Pro-
fessor Lumb who pointed out the very adverse
effects which climate can have on the stabil-
ity of slopes. I propose to show the oppo-
site side of the coin and to draw attention
to the beneficial effects that a favorable
climate may have on slope stability and the
way in which the engineer can work with
climate.

As a vehicle for my contribution I am going
to use the stability of the slopes of gold

mine tailings dams in South Africa. Some of
these dams are very large structures indeed.
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Fig. 4 Section through a typical slimes dam
wall showing depressed phreatic line even
though the wall is not underdrained
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Fig. 5 Design chart for slimes dams
with a pervious base

free-water surface is of the order of 1,400mm
per annum and hence there is a net water
deficit over the year.

Figure 1 shows the tailings arriving on a
dam, (the dams are built by hydraulic
filling) as a slurry with a water content of
approximately 100 percent. The material is

a silt tending towards the fine silt size
range. As the slurry settles the decant
water is continually drawn off and the top of
the dam is kept drained as far as possible.

After depositing the tailings, they are

allowed to dry out in the sun. The lift
height is about 150mm on deposition and on
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drying this reduces to something of the

order of 100mm. In the process of sun dry-
ing, the void ratio of the material is very
considerably reduced. As shown by Figure 2
it is lowered from about 1.6 to 0.7 and in
the process, the high void content contract-
ant hydraulic fill material is converted into
a low void content dilatant material.

Figure 3 shows some of the strength prop-
erties of the sun dried tailings. There is
a fair variation in values shown on the
graph, but it must be realized that these
parameters come from 6 different dams,
separated by a distance of as much as 200 km.
Note in particular the stress path for an
undrained test which shows that if there is
no water available to allow dilatation to
take place as the material is sheared, there
is a continual drop in pore pressure, an in-
crease in effective stress and the stress
path follows the failure line for the slimes
over a wide range of effective stresses.

As a result of the sun-drying and the policy
of keeping the surface of the dam drained as
far as possible of both decant and rainwater,

70 =

.
2,4 3 DAMS PLANNED g
|
O 0,1 FIGURES ARE RATES 200
60 |- —‘— —+— OF RISE IN my-! —
‘ 1,0 175
50 Ui o N —
L4 3 09 0,13
00 © 0 Ogs 130
‘ o© £
40 1,6 1,0
. EX 00" .53 o' 2s X
2 1O__ 16 : Lf
. | 160 | = z
I ! 1 w
g | B g —L g OlS.—3-100.. 1§
z | 8 I
< | o |
x o 8 | 78
- 20 o] Il o9 1
- i .,? i T
L] o\ o
| © |o Ml sm 2
1 o 9 o
| 5 .
AH(,‘ COVERED = TTO
BY DESIGN CHARY- o 2
FiG o | |
| |
(] ! | 0

20° 28° s0° Ja* 40 45° 50°*

SLOPE ANGLE p°

Fig. 6 Heights and slope angles
of 46 stable gold mine slimes dams



the phreatic surface in a typical dam is
depressed and Figure 4 shows the sort of
phreatic surface that results. That shown

in Figure 4 is in fact rather higher than
normal, as there is a tendency for seepage to
emerge at the toe of the dam. Normally,
under-drains are provided at the toe and this
prevents this occurrence and draws the
phreatic surface even lower.

The consequence of the depressed phreatic
surface, is that considerable pore water
tensions develop above the water table and
there is quite a considerable strength devel-
oped in the unsaturated zone of slime above
the phreatic surface.

Figure 5 relates the rate of rise of a dam to
its height and slope angle and makes some
rather startling predictions concerning slopes
in a material which is essentially cohension-
less and has a mean angle of internal friction
of approximately 35° in terms of effective
stresses. For instance, at a rate of rise of
1.5 m/yr the chart predicts a safe slope
height of 27m at 38°, a prediction which

would be ridiculous in a wetter climate.

Figure 6 shows the results of a survey of
forty-six stable tailings dams throughout the
gold mining area, plotted on the same basis.
The area outlined in the diagram is the area
covered by the theoretical chart of Figure 5.
You will see that Figure 6 shows some remark-
able slopes, for instance, 19m high at 50°,
30m high at 47°, 52m at 40°, and 62m at 31°
All of these slopes are perfectly stable.

The conclusion that one can draw from this,
is that, if climatic conditions are favour-
able, and if one takes climate into account
and works with it, some quite remarkable
slopes can be built. There is a dam in Peru
which is 300 feet high at a slope of about
58°, so South Africa is by no means the only
place where this sort of thing is and can be
done.

The above is just one illustration of the far
reaching effect of climate on soil mechanics

in general, and of how advantage may be taken
of climate in soil engineering.

Thank you for the honour of addressing you.

Chairman Kézdi

Thank you Professor Blight. Until now we
discussed the stability of natural slopes and
cuts, but now Dr. Vaughan is going to speak on
the behaviour of compacted fills. Dr.

Vaughan please.

Panelist: P.R. Vaughan

My comments will be about the prediction of
the behaviour of slopes of compacted clay
fill in relatively wet climatic conditions,
where average infiltration exceeds average
evaporation and where borrow pits contain
saturated soil. They will amplify some of
the comments made by Prof. Reséndiz in his

section of the General Report.

Stability and displacement during construc-
tion of such fills will often be controlled
by undrained conditions, unless special
drainage measures are used, in which case the
degree of consolidation achieved during con-
struction becomes of critical importance.

The stess-path approach, involving the predic-
tion of strength and deformation properties
from laboratory tests, is an attractive one,
particularly for undrained conditions, for
the following reasons:-

1. There is no initial stress problem, such
as occurs with in situ soils, although high
lateral stresses induced near the surface
of a fill by compacting plant may influ-
ence predicted deformations significantly.

There is no problem of sample disturbance.

3. There are generally no major features of
soil structure such as fissures which can-
not be reproduced in laboratory test
specimens of reasonable size.

4. The stress paths imposed by embankment
loading are intermediate between compres-
sion at constant confining stress and
compression with no lateral yield, and
they involve relatively small principal
stress rotations. Thus they are relative-
ly easy to simulate in standard laboratory
equipment.

However, as is well known and as illustrated
by Prof. Reséndiz, the properties of a com-
pacted laboratory test specimen will depend
to a considerable extent on the soil struc-
ture produced by the compaction method used
to prepare the specimen. I will illustrate
this problem further, using test results
obtained by Sodha (1974) at Imperial College,
London.

Fig. 1 shows stress strain curves obtained in
slow, unconsolidated-undrained triaxial
compression tests on 100mm diameter test
specimens taken from a compacted clay fill
(P.I. circa 30%) during its construction.

All tests were at a common confining pres-
sure of 417 kPa, which was applied slowly
over about 5 days, and each test was per-
formed at an axial strain rate of 0.05%/hour.
After testing each specimen, it was broken up
and recompacted at the same water content,
using standard Proctor dynamic compactive
effort, and the triaxial test was repeated on
the recompacted specimen. Pairs of tests are
indicated by common symbols at the ends of
the stress-strain curves. The unit weights
of the recompacted specimens were slightly
less than those of the field compacted speci-
mens. The specimens recompacted in the
laboratory consistently show higher ultimate
undrained strength and small compression
moduli at low stress levels.

The stress paths for these tests are shown on
Fig. 2. It can be seen that the failure
envelope in terms of effective stress is un-
affected by compaction method, and the dif-
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Fig. 1 Compacted weald clay:
stress strain curves

ferences in undrained strength are mainly due
to the differences in pore pressure generated
by the application of the confining pressure.
The stress paths for the field compacted clay
are more like those for intact clay, and the
stress paths for the laboratory compacted
clay are more like those for fully remoulded
clay.

Fig. 2 Compacted weald clay: stress paths
Other work of this nature has indicated the
following:

1. Static laboratory compaction of fresh clay
from the borrow pit gave results inter-
mediate between those illustrated, but the
behaviour of field compacted clay was by
no means fully recovered.

2. With sandy clays of low to medium plastici-
ty, where shear behaviour is controlled by
the coarser particles present, the ultimate
undrained strength is controlled by water
content rather than by initial structure
as reflected in different pore pressure
response to all-round stress. However,
both the initial pore pressure response
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and stress strain behaviour are controlled
by initial structure and vary according to
compaction technique.

3. The influence of initial structure is
controlled to a large extent by the rela-
tive proportions of the saturated clay
lumps and the broken-down, partly saturated
clay matrix existing in the compacted soil.
The higher the proportion of saturated
clay lumps, the more the compacted clay
behaves like the same clay in an intact
state, and the lower the proportion the
more it behaves like remoulded clay.

4. In order to make reliable field predictions
for clay fills from laboratory tests, it
is desirable to obtain test specimens from
field compaction trials. Stability is
controlled by pore pressure generation
during construction, and an attempt was
made during construction of the Empingham
Dam in England, which is a compacted clay
embankment 38m high, to predict the con-
struction pore pressures from tests made
on specimens taken from an initial trial
fill. Fig. 3 shows, in the upper part,
the pore pressure generated by increasing
confining pressure on undrained test speci-
mens taken from the wetter core zone and
the drier general fill. In the lower part
of the figure, the predicted pore pressure
increase for the two types of fill pre-
dicted from the laboratory tests is shown
as lines X and Y. The results have been
adjusted for the correct average water
contents of the fill, and it has been
assumed that the average stress in the
£ill is 75% of the nominal overburden
pressure. Results obtained from field
piezometers are also shown, together with
average performance lines. The agreement
is encouragingly good.

The behaviour of a clay fill embankment after
construction will be controlled by changes in
pore water pressure with time. If the fill
is placed dry these pore pressures may in-
crease and stability will then deteriorate.
It may take many years for equilibrium to be
reached and the process can be complex. Fig.
4 shows observations of pore water pressure
in a low water retaining embankment of clay
of medium plasticity, at the end of construc-
tion and 8 years after the reservoir had been
impounded {(Walbancke, 1973). Pore pressures
are shown as equivalent stand pipe levels in
relation to individual piezometers. Negative
pore pressure zones are shown in fine hatch-
ing and positive pore pressure zones by coarse
hatching. The general fill was placed dry
and showed substantial suctions at the end of
construction. The core zone and the down-
stream berm were of wetter clay and these
zones showed positive pore pressures at the
end of construction. B8 years after impounding
the positive pore pressures due to impound-
ing had only penetrated some 5m into the up-
stream fill, while the core had consolidated
into the surrounding £ill and was showing
suctions.

The downstream berm fill was showing positive
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pore pressures due to downward percolation
from rainfall. Thus the changes in pore
pressure after construction are potentially
complex and prolonged, and as a consequence,
so are the changes in stability and deforma-
tion.

The development of positive pore pressures in
the downstream berm fill shown in Fig. 4
illustrates a final point. Ultimately, pore
pressures will be controlled by the hydraulic
boundary conditions and by the variation of
permeability throughout the fill. Permea-
bility varies with porosity and hence with
effective stress. Thus the permeability of
an otherwise uniform fill will decrease with

depth. The influence of this on seepage
patterns has been discussed in some detail by
de Mello (1977), and it can lead to some
interesting results. Fig. 5 shows two of
these. Where an embankment retains water,
head losses in seepage flow will be concen-
trated in the zones of highest effective
stress. The pore pressures predicted from

an assumption of constant permeability will
be in substantial error. If there is net
infiltration from the surface, substantial
positive pore pressures can develop in a
slope even when it is completely underdrained
and unaffected by through seepage from ponded
water. The decrease in permeability with
depth in the fill together with downward flow
leads to perched water table effects. This
factor, which also effects natural and cut
slopes (Walbancke, 1976), has a major influ-
ence on eventual pore pressures and should be
taken into account when they are predicted.
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Fig. 5 The effect of permeability de-
creasing with effective stress on steady
seepage pore pressure in clay fills
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Chairman Kézdi

Now, Ladies and Gentlemen, this is the end of
the Panel Discussion and during our prepara-
tory meeting in the panel, we decided in
order to gain room for as many free discus-
sions as possible, to go on without intermis-
sion. So, now I open the Session for free
discussion. We received a number of wishes
who wanted to speak and we arranged them in
sequence. So, I projected on the screen the
participants who want to participate in the
discussion.

Now I would like to ask Mr. Maksimovic

to present his contribution. And please, the
next speaker, be prepared to come to the
rostrum after the first discussion was made
and I wish, I would like to ask the partici-
pants in the discussion to take three to four
minutes for the intervention. Thank you.

M. Maksimovic (Yugoslavia)

Mr. Chairman, Ladies and Gentlemen, I would
like to make some comments related to the
influence of nonlinearity of the failure
envelope on the factor of safety of cohesion-
less slopes.

It is well known that the factor of safety of
a homogeneous simple slope of cohesionless
soil which obeys the linear Coulomb failure
criterion, does not depend on its height. A
thorough analysis of results of the shear
strength tests published in literature, supple-
mented with those conducted in Yugoslavia,
has shown that for most earth and rock-£fill
materials the failure envelope is curved,
provided that the testing is carried out in a
wide stress range. About fifty test results
were analyzed, and an expression for the
secant friction angle for the granular mate-
rial derived in the form:
93
s = Yo " E3B,,
where:
Vs — angle of the tangent on the Mohr circle
of stresses
Yo - initial angle of the envelope
03 - minor principal stress at failure

A and B are empirical parameters which are
obtained by minimizing the n2 norm of error
i.e. the difference between test results and
analytical curve of the proposed form.

Range of values of these parameters for ana-
lyzed results was found to vary within the
following approximate range:

Vo 40° to 70°
A 0.4 to 30 t/m2
B 0.03 to 0.25

According to our findings, initial angles on
the failure envelope Yo are very often in the
range 50° to 60° but at large stresses, the
asymptotic value is usually within 25° and
35°. It was found that for a given coarse
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grained material parameters yg
vary considerably and that the
increases with the increase of

and B do not
parameter A
the initial

density. Since the tangential angle of fric-
tion was by some authors presented on a semi-
logarithmic plot we have chosen to present a
typical family of curves with variable para-
meter A and constant values of Yo = 55° and

B = 0.05 in Fig. 1. It can be seen that a
straight line approximation in this plot can
be appropriate only in the limited stress
range. The proposed expression however fits
the data in a complete stress range from 03 =0
to extreme high stress levels.

In order to investigate the influence of non-
linearity of the failure envelope an example
of the slope with inclination 1.5 hor. to 1.0
vert. and of the unit weight of 2.0 t/m3 was
chosen. Stability computations were carried
out using the method of interslice forces
assumirg that their inclination is constant.
Three plane equilibrium equations are satis-
fied for the slip surface of circular shape.
Results of extensive computations are sum-
marized in Fig. 2. It can be seen, for
example, that a 10 m high slope has a factor
of safety Fg 2.0 in all cases. A slope 100
meters high can have a safety factor in the
range 1.3 to 2.0, and a 300 meters high slope
has a safety factor less than 1.5 for values
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of A smaller than 1.5. This analysis shows
that a factor of safety of the granular ma-
terial can vary considerably with the height
of the slope, and that the nonlinearity of
failure envelope should not be ignored when-
ever the nonlinearity of the failure envelope
is significant.

More general four-parameter shear strength
envelope including cohesion and tension
strength is evaluated and incorporated in the
stability analysis with the limiting equilib-
rium method for slip surfaces of arbitrary
shape. The same failure envelope is already
incorporated in the finite element computer
program and includes constitutive non-
linearity. The limited time and space do not
afford the opportunity of presentation of
these results, and will be presented else-
where.

Thank you for your attention.

Chairman Kézdi

Thank you. Mr. Castillo, our next Speaker
from the University of Santander, Spain.
After him, Professor Burland.

E. Castillo (Spain)

This discussion is an extension of my paper
and it deals with the calculus of variations
applied to stability of slopes in stratified
soils. At the present time the calculus of
variations technique is being applied, at the
University of Santander (Spain), to the well
known methods of Morgenstern and Price, and
Spencer. In both cases the force equilibrium
equations lead to an expression of the
following type for the safety coefficient:

[P (x,y,y',8)ax

(1)
X1 '
J;OG(x,y,y ,8)dx

on the other hand moment equilibrium equation
of the form:

f:olH(x,y,y'cS)dx =0 (2)

where the only unknowns are function y(x),
which represents the sliding line, and the
function &8 (x), which represents the inclina-
tion of the interslice forces (see Figure 1).

Pig. 1

So the problem can be posed as minimize ex-
pression (1) with respect to y(x) and §(x),
subjected to condition (2). Application of
the calculus of variations theory and the
Lagrange's multipliers technique give on one
hand the Euler differential equations, to be
satisfied by functions y(x) and §(x), and on
the other hand the transversality conditions
which must be satisfied at the end points of
the sliding line or when a change in strata
takes place.

This means that the first derivatives of y(x)
and §(x) at the end points are known as a
function of the safety coefficient. The same
can be said for the changes in the first de-
rivative at the points where there is a

change of strata. So, if one of the end
points is fixed and a trial safety coefficient
adopted the sliding line can be completely
determined (see Figure 2).

Fig. 3

415



The practical advantage given by the calculus
of variations technique is that iteration in
the determination of the critical sliding
line depends only on a finite number of para-
meters instead of the infinite number associ-
ated with the whole sliding line. In conclu-
sion, by using this mathematical tool the
engineer has not to deal with the problem of
guessing the shape of the critical line but
with a finite set of parameters with a very
clear physical meaning.

Figure 3 shows the flow chart which must be
followed by the computer program to solve this
problem. In this flow chart the three loops
(trial and error) are associated to the three
unknown parameters: A (Lagrange multiplier),
F(safety factor) and xg(abscissa of the left
end point of the sliding line).

One final comment is related with the func-
tion §(x) which must satisfy additional con-
ditions. Because of the limited strength of
the soil the angle, §(x), of the interslice
forces cannot exceed some given value. To
take care of this condition it can be used a
method analogous to the one given in our
paper (ref. 1) for the case of sliding lines
tangent to the boundary of a stratum. It
consists essentially in assume that the angle
§(x) is ygiven by the soil strength condition
in some region and by the Euler's equations
in the rest; the boundary of that region
being unknown.
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Chairman Kézdi

Thank you. Dr. Burland of the Building
Research Station is going to describe a fully
documented case of progressive failure. The
next speaker, Mr. Chowdhury.

J.B. Burland (VU.K.)

I would like to describe some observations
made by the Building Research Establishment
of the propagation of a shear band during the
progressive excavation of material from a
brick pit on Oxford Clay. The face of the
pit is about 200m long, 25m deep and a clay
planer moves backwards and forwards along the
face taking off a slice about 10m thick at
each pass. Figure 1 shows a section through
the excavation with successive faces A, B, C,
etc.

The Oxford Clay is a horizontally bedded clay
shale of late Jurassic age and at this loca-
tion is structurally relatively undisturbed.
Shear box tests reveal that it is exceptional-
ly brittle with the strength dropping from a
peak value of g' = 27-1/2°, g' =170 kN/m2 to

a residual value of g'y = 13°, g'y = 3 kN/m2
after only a few millimetres relative dis-
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placement. The Oxford Clay is underlain by

the Great Oolite Series consisting of inter-
bedded sandstones, clays and limestones. It
is significant that the base of the excava-

tion extends to within a few metres of these
rigid strata.

The observations were originally undertaken
as part of a programme of research to study
ground movements around deep excavations. As
a first step in this investigation local
horizontal strains were observed using a
precision extensometer between the points
marked S1 to S10 in Fig. 1. It came as a
surprise to find that as excavation took
place no changes of length were detected for
a distance of about 30m in front of the ad-
vancing face. At a later stage observations
were made of absolute displacement using pre-
cision surveying (eg points 28 and 29 in
Fig. 1), inclinometers and borehole extenso-
meters. These measurements revealed that
large absolute movements were in fact taking
place throughout the depth of the Oxford Clay
in front of the face. For example, point

29 was observed to move inwards by nearly
150mm before it was finally excavated by the
advancing face. The inward movement was
observed near the toe of the face as over-
thrusting on bedding planes relative to the
base of the pit. A significant observation
was that the inclinometer tubes developed a
sharp kink close to the elevation of the pit
base when the face of the excavation was
between 20m and 25m away. It therefore
became apparent that a shear band initiated
near the toe was propagating on bedding
planes well ahead of the face of the excava-
tion.

/
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Fig. 1

The measurements of horizontal displacement
as the face advanced towards each precision
survey point have been used to clarify the
mechanism of shear band propagation (full
details are given by Burland et al, 1977).
Figure 2(a) is a plot of total horizontal
tensile strain against distance from the face
derived from the displacement observations on
points 28 and 29. The rapid increase in
tensile strain over a limited length is con-
sistent with the formation of the 'end
region' of the underlying shear band (Fig.
2(b)) within which the shear stress falls



rapidly from peak to residual (Palmer and
Rice, 1973). Over this region large exten-
sions occur in the overlying ground.

The region nearer the face where the strains
are almost constant is consistent with a
fully developed shear band along which the
shear stress is constant. Hence the ground
moves into the excavation as a 'block'
sliding along a basal shear plane thereby
accounting for the puzzling observation
mentioned previously that no extension was
observed for some distance in front of the
excavation face. These observations provide
guantitative support for the mechanism of
progressive failure proposed by Bjerrum
(1967). There can be no doubt that had the
bedding planes been dipping into the excava-
tion to any significant extent first time
sliding would have taken place at strengths
approaching the residual value.

; ol —
L] i .
Fig. 2
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Chairman Kezdi

Mr. Chowdhury please. Next speaker Mr.
Yamanouchi. Three minutes please.

R.N. Chowdhury (Australia)

Mr. Chairman, Ladies and Gentlemen, I would
like to talk briefly about slope analysis in
relation to initial ground stresses. The

most popular and accepted approach to slope
analysis, is one based on limit equilibrium,
involving consideration of the weight of a
potential sliding mass and forces due to
shearing resistence along a potential slip
surface and we all know that there are both
simplified and rigorous methods for slip
surfaces of circular shape and those of
arbitrary non-circular shape.

Approaches other than limit-equilibrium in-
clude stress analysis such as by finite ele-
ment methods, limit plasticity, shear-band
propagation (just mentioned by Dr. Burland)
based on fracture mechanics concepts.
However, I want to restrict my attention at
this time to limit-equilibrium.

Strictly speaking, limit-~equilibrium approach
is valid for a factor of safety of one and
only one. In all other cases the approach
yields only an apparent factor of safety, at
best. When F is greater than one, the slope
is not at limit equilibrium whether or not
there is a potential failure surface in the
slope. Therefore, for a stable slope, it
seems reasonable to make a calculation based
on initial stresses, the accurate measurement
of which is becoming increasingly possible.

Of course it is useful to recall that
Professor Skempton estimated lateral stresses
in London clay as long ago as 1961 by more
than one method, based either on lab tests or
on field observation concerning the slide,
and these high lateral stresses have been
confirmed by other workers on London clay and
now recently by Dr. Wroth using

results of in-situ measurements. If the
initial stress field is known, stress analysis
due to excavation can be calculated by a
method such as the finite element method. On
the basis of a new stress field which is a
sum of the initial stress field and the
stress changes calculated by a stress analy-
sis procedure, a factor of safety can' be
calculated without considering limit equilib-
rium.

Consider a stable slope which yields F (F is
symbol for factor of safety) greater than
one. When the same slope fails at some later
date, then the factor of safety would have
decreased to one (or just below one) and the
stress state would have changed from an
initial one to one given by limit equilibrium
considerations. It seems to me this approach
which I have developed recently at the Uni-
versity of Wollongong in New South Wales,
Australia, offers considerable possibilities
for understanding the behaviour of natural
slopes and excavations in particular.

I am talking about this subject in detail at
a symposium on landslides arranged by the
Japanese Society of Landslides on the 22nd of
this month.

At the moment I only want to say this: The
new approach proposed by me attempts to
simulate the transformation of a slope from
a state of relative stability with an initial
stress field to a state of limit equilibrium.
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This is especially useful in natural slopes
and excavated slopes. It is again useful to
recall that the role of initial stresses has
been recognized in methods other than limit-
equilibrium methods. For example, in the
Palmer and Rice approach (also called the
shear band propagation approach), or for exam-
ple in the stress analysis approach. You can-
not make a stress analysis type of study by
finite-element or other techniques unless you
know the initial stresses. So although the
role of initial stresses is recognized, its
combination with the limit-equilibrium method
requires further study and consideration.

The results which I have obtained are very
encouraging in this respect. Thank you very
much.

Chairman Kézdi

Thank you Dr. Chowdhury. Now, Professor
Yamanouchi from Kyushu University. The next
speaker, Mr. McGown.

T. Yamanouchi (Japan)

Tensile Stresses in Unsupported

Slopes of a Pumice Soil

There are many loess or pumice soil-distri-
buted areas in the world. These soils are
relatively rigid and brittle and are usually
cut in a form of very steep slope, especially
for the countermeasure against their coherent
property of erosion. However, we often find
failures not of shearing type but of brittle
or tensile type mainly at the part near the
toe in the case of steep slope. Any usual
rotational sliding never arises in the slope.
Thus the design of unsupported cut-off slope
of this kind of soil is supposed to be still
problematic. We think the investigation of
the distribution of tensile stress may be em-
phasized for the matter associated with such
troubles. And the finite element analysis is
supposed to be a very useful means for ex-
plaining such a kind of failure.

We have carried out static and dynamic finite
element analyses on various cut-off slopes of
a pumice soil called "Shirasu" carefully
adopting the elastic constants into the ana-
lyses (Yamanouchi et al., 1975, 1977). In the
dynamic analysis the use of the seismic-
coefficient method was also made. The results
obtained from the analyses were able to indi-
cate not only about how tensile stress zone
changes but also about where the maximum ten-
sile stress appears, with varying the slope
angle (Figs. 1 and 2). As clearly seen by
Fig. 1, tensile stress disappears in the slope
which slope angle is less than 45 degrees in
the seismic case as well as in the static
case. In reference to Fig. 2, in both static
and seismic cases tensile stress remains con-
stant at the slope shoulder independently of
slope steepness on the contrary of appearing
of a large increase of the stress at the toe
part with increase of angle.

Besides such an investigation, we computed on
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the two modified slopes; the slope to which
multiple berms were given and the slope of
which top part was cut. Their effects on the
magnitude of tensile stress zone are shown to
the static case in Fig. 3. It follows from
the figure that the magnitude of tensile
stress and the extension of its zone can be
both controlled by cutting the top part of
slope.

Moreover, we studied the effect of moisture
content on the tensile stress state in the
static case. From calculated results, it
followed that the case of high moisture con-
tent makes the critical height, in which
tensile stress doesn't appear, smaller than
the case of natural moisture. We could con-
clude that the Shirasu ground adjacent to the
cut-off slope should be devised to a large
extent to prevent from seepage besides the
adoption of the usual countermeasures against
the erosive failure.

¢.> Tensile stress zone

®* Position of max. tensile stress and

its value (104/H kg/cm3)

11 Height of slope

K Seismic-coefficient
Slope angle

[e2]
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\
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Fig. 1 Relation between magnitude of
tensile stress zone and slope angl

Slope angle B

Fig. 2 Relation between magnitude of
tensile stress at various parts of
slope and slope angle



2% Tensile stress zone
* Position of max. tensile stress and
its value (10 /H kg/cm”)
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Conditions: static, 0=80

Fig. 3 Effects of bermed and top-cut
slopes on magnitude of tensile stress zone
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Chairman Kézdi

Mr. McGown of Strathclyde University, Scot-
land. The next speaker is Dr. Forster, German
Democratic Republic.

A. McGown (U.K.)

I wish to discuss the stability of slopes in
stiff fissured clays in particular, to point
out that not all overconsolidated clays have
random fissuring. Indeed a growing number of
overconsolidated clays are being found to
possess fissures with definite preferred
orientations. In these cases, the various
fissure sets often have different geological
origins which may also impart to them quite
different surface properties.

The glacial lodgement tills of Scotland are
good examples of this type of soil. Fig. 1
shows a very simplified, but typical lower
hemisphere fissure set diagram for the Scot-
tish tills. Two vertical fissure sets and
one low dip angle fissure set exist. The
verticals are stress release tension cracks
but the low dip angle fissures are most
probably bedding features.

The vertical tension crack fissures which are
tight and clean generally have a minor
influence on the engineering behaviour of the
soils. The low dip angle fissures may be
coated with sand, and clayey silt or silty
clay and are the main problem features in the
soil. They are quite different from the clean
vertical fissures and from the intact soil,
which is a stoney clay of low plasticity.

The relative properties of all these materials
are in fact, given in the paper by McGown,
Radwan and Gabr (1977) in Session I of this
conference.

Fig. 1 Typical fissure set data

Fig. 2 shows the fissure set diagram for a
site in Scotland where the low dip angle fis-
sure set (F1) which consists of clay coated
fissures, lies close to the direction of the
cut slope, (S). The slope failed soon after
its construction. No account was taken of
the fissure orientations in the design of the
slope.

Fig. 3 shows an aerial photograph of an old
railway cutting in our area which exemplifies
the influence of the orientation of the coated
fissures. One side has failed and it has
fissures of low dip angle dipping out of its
cut face. The other side is stable as the

low dip angle fissures dip down into its cut
surface.

Fig. 2 Fissure set data for a failure

Therefore Mr. Chairman, I strongly recommend
that in stiff fissured clays we should deter-
mine whether or not preferred orientation of
fissures does exist and whether or not any of
the fissure set surface properties vary sig-
nificantly from the properties on the intact
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soil. If these conditions do pertain then I
suggest that they must be accounted for in
the design of slopes, perhaps by checking
them against jointed rock failure criteria as
suggested by McGown and Radwan (1976).
wise, Mr. Chairman, I believe completely un-
predicted failures may occur in such soils.

Fig. 3 Failed and stable slopes in a cutting
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Chairman Kézdi

Professor F8rster, GDR. The next Speaker,

Professor Simons, University of Surrey, United

Kingdom.

W. Forster (GDR)

Location of the Seepage Line in a

Hydraulically Filled Fuel Ash Dam

In connection with the projected enlarging of
the volume of an industrial deposition basin
stability estimations of the surrounding dams
were conducted. In them approximately a
linear form of seepage line was used. Small
factors of stability which resulted from
these investigations showed the necessity to
analyse basis values exactly, that means for
example the properties of building materials
and location and shape of the seepage line
inside the dams in connection with the tech-
nology of dam erection.
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Fig. 1 Dimensions of the dam and

technology of dam building

Between starting dams erected by hands out of
the former filled material the building ma-
terial is hydraulically filled.

Such a dam has some specialities, namely

- a layered structure with sorting particle
size in vertical direction,

- sorting of the particle size in horizontal
direction too, and

- distortion of the dam borders due to build-
ing up by hand.

The building materials were fuel ashes from a
power station. The basin is filled hydrau-
lically, too, with lime in a very soft state.

Eleven cross sections of the dam for measuring

the location of seepage line were equipped

with

- vertical standpipes

- an arrangement with twelve horizontal piezo-
meter tubes, equipped with transducers
System MAIHAK for pressure measurement and

- pressure transducers for direct measuring
of pore pressure.

The results of measuring allow the following
conclusions.
194

during hydraulic filling \\
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Fig. 2 Results of measurements
and estimations

1. Nonsteady flow states during filling
lasted only a short time as a result of
the large permeability of the ashes.
During the filling process of course
heaps arose.



2. The seepage line was convex and had an
extremely long, nearly horizontal middle
part as a result of the anisotropy of the
material.

3. The steady state seepage line is located
above a theoretical line, calculated by
the method of NUMEROV.

4. The influence of the distorted part at the
outside border of the dam is visible in a
steep inclination of the seepage line near
the slope at the outside.

5. At the beginning of the seepage line near
the slope at the waterside of the dam a
large fall was observed presumably due to
overflowing a tightening layer of lime at
the watersided slope.

Chairman Kézdi

I thank you. Now, Professor Simons, United
Kingdom. The next Speaker, Dr. Anagnosti but
please keep to the time limit of three or
four minutes.

N.E. Simons (U.K.)

Mr. Chairman, Ladies and Gentlemen. May I
have the first slide please (Slide 1).

Slide 1

Now, the topic this morning is Slopes and
Excavations and in this area I think our soil
mechanics group at the University of Surrey
can claim an unusual, if not unique distinc-
tion since our university is constructed
directly on an old landslip.

The photograph shows the Cathedral of Gilford,
and at the top and lower down the slopes,

You will see the buildings of the university.
On the right here you can see very clearly
the toe and the back scope of an existing
slip. The slope angle is something like
eight to ten degrees and as I have mentioned,
this is a London clay slope, and of course
the slip extended underneath the university
building.

This photograph was taken in 1969 and the
construction of the university started in
about 1965 or 1966. Next slide please(Slide 2).

o s’ T~ L 4
coum? f

a2

I > o o5 — 1

Slide 2

I am afraid that is a somewhat complex figure;
the heavy dotted lines show the extent of the
slip, the heavy dotted line at the top of the
figure shows the toe of the slip and the
heavy dotted line at the bottom, the back
scope. You will see the contours there in
feet and the somewhat lighter dotted lines,
many of which are parallel, show the drainage
trenches which were installed to stabilize
the slope. They are normally about five
meters deep and the spacing is something like
fifteen meters.

Piezometers were installed to monitor the
performance of the pore pressures and I would
like very briefly to discuss the readings we
have been taking over the last few years.

I should mention that a trial drain was in-
stalled towards the end of 1965. It goes from
the bottom lefthand corner of the picture up
to the top right hand corner and we will look
at the effects of this trial drain briefly.
The next slide please (Slide 3).
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priot to effecls

ol drainage measures

Slide 3

Before we do that, I would just like to point
out the initial distribution of pore water
pressures in the London clay slopes at

Gilford. These observations were taken before
any trial drains were installed and indicate
an under-drainage situation probably associ-
ated with the under-lined chalk. I just put
this in because, of course, this kind of situa-
tion will dominate the depth to which a

failure surface may develop. For this kind
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Slide 4

of situation we would expect shallow failure
surfaces and I think that is one of the rea-
sons why the failure surface at Gilford was
comparatively shallow. Next slide please
(Slide 4).

This is piezometer 106 at a depth of about
twenty feet, about eight feet from the

center line of a drain and these drains have
a width nominally of about three feet, just
under a meter. The drains were installed
between March and June 1966, and one seems to
get a marked drop in pore water pressure as

a result of the drains.

I think there might be two other factors
influencing this very rapid drop in pore water
pressure. Firstly, a seasonal effect and as
we go from the winter, November, December and
January and often to the summer, you would
expect a seasonal drop in pore water pressure,
but I wonder if the third factor is alsc not,
is not playing a role here and that is the
installation of these drains excavating the
drains of course reduces the total horizontal
stress in the ground, and I wonder if this
reduction in total horizontal stress is not
seen in a reduction in pore water pressure.
So, I think we may have a very complex situa-
tion.

Next slide please (Slide 5). A little further
on in time in 1969 I am sorry we have to change
around in the times here, the problem of
course is a well-known one in that piezo-
meters are installed, they are damaged by
vandalism and by building construction,
operations and other piezometers have to be
put in at convenient times. We have piezo-
meter of 404 there inside the drained area at
something like three years after the drains
were installed and then we had one piezometer
C which was outside the drained area, a ref-
erence piezometer if you like, and you see
that inside the drained area, the water-table
is something like ten feet, say three meters
below the ground surface, while we have our
seasonal variations and in the winter the

pore water pressure for this particular piezo-
meter at this particular depth rising very
close to the ground surface.
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So the drains here are having a significant
effect. The next slide please (Slide 6).
Then, we know that pore pressure, equalization
in the London clay can take place over several
decades and of course we have been following
the performance of the piezometers with some
interest. This covers a seven year period and
there appears to be no significant change with
time. One wondered if there was a very slight
drop in pore pressure, say, looking at the
results from 1969, 1970, 1971, compared with
those in 72 and 73 and even in 75. But towards
the end of 76 and for the first six months of
this year, they are up again at around the ten
feet mark, so there is no evidence here of any
changes with time over this period.

Slide

Piezometer 404 - 7 - from

centre line of drain

1969 1970 1971 1972 1973 1974 1975 1976
Slide 6

Next slide please (Slide 7). Finally, I just
would like to look at a cross-section of three
piezometers located between two drains. It is
not a very clear slide and I have just put it
there to give you an idea of the scale effect.
There are five gentlemen standing there, the
two on the extremes of the road are standing
directly over the line of drains, which are
going up the slopes and three gentlemen in

the middle are standing directly over three
piezometers and you will note that the two
extreme piezometers are very close to the
drains.

The next slide please (Slide 8).

Pore pressure we have got there. I think
there are two points of interest here. First-
ly, over this time period from May, 1969 to
December of last year, there is very little
change in pore water pressure and the pore
pressures are perhaps, seven to eight feet



Slide 7

below what they would have been for winter
conditions in undrained areas. Secondly,
two piezometers, P-404, and P-402 located
very close to the drains, are still compara-
tively high. I think higher than we would
have thought.

the
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Slide 8

So, what is going to happen in the future is
not sure. On the one hand, one might expect
further depression of pore water pressures
due to further drainage, but one has this
problem that these drainage trenches were
back-filled with sandy gravel and there may
very well be some slight silting-up effect.

If there is a silting-up effect of course,
then we may have serious problems. Perhaps
we should give greater attention to the use
of artificial drainage materials like trammel
in drainage trenches to avoid the silting-up
problem.

One final point, this slope was not wooded
before construction; there were no shrubs and
trees on it. The drainage measures have
depressed the ground water table but under
other conditions, and we have a site in partic-
ular which was wooded, drains were put in at
the same time as the vegetation was removed,
and very little drop in pore water pressure

was observed.

So, I think the question of vegetation must
also be considered. Thank you.

Chairman Kézdi

Thank you. Dr. The next

speaker is Mr.

Anagnosti,
Leon.

Please.

P. Anagnosti (Yugoslavia)

Disastrous Land Slide in Jovatchka River
Valley (Yugoslavia) and its Particular
Mechanism

The slide in Jovatchka river valley started
on 15th of February 1977 and firstly damaged
few houses situated in a small disturbed
area. However, during next 5 to 6 days the
disastrous movement of the ground spreaded
over the area of appr. 6 sq. km., damaged
more than hundred houses and completely
ruined the area with more than 500 inhabit-
ants. The movements of the ground included
appr. 150 x106 cu.m. of soil and soft rocks,
and resulted in the blocking of the Jovatchka
river bed over the length of appr. 600 m
forming the natural water retaining bank
appr. 30 meters in its height. The river
started to accumulate its inflow and to flood
the areas situated upstream from the blocked
stretch. The possible overtopping of this
bank and the development of the catastrophic
flood wave would cause unpredictable damages
in the downstream areas which include: the
main south-north railway and highway lines
(Greece - Yugoslavia) which were 2 km far
away from the slide area, many industrial and
residential areas, etc. (See Fig. 1)

The initial movement of the ground have
started at the midheight of the hill slope
i.e. appr. 200 meters above the river bed, at
the edge of the rather flat platform having
the slope of appr. 1:10. This area has been
previously cut by small stream flows with
rather steep side slopes (l1:1) at the heights
of 4 to 5 meters. The local slides of these
cuts were recorded but they never included
significant volumes of soil and many village
houses have been constructed in the close
vicinity of such cuts. However, this time the
first slides did not end up, but initiated

the huge movement of the ground situated above
this elevation and the whole area till the
level of 800 m started to move during the days
of 17th and 18th of February. This movement
formed the deep cut of appr. 40 meters in its
height at the upper boundary of the slide

area and caused a complete destruction of the
ground between these elevations. The move-
ment mechanism consisted of very different
displacements such as sinking into the ground
of whole houses and pushing out the subsurface
strata. These large displacements were of

the order of several hundreds meters being
divided in the movements of the individual
blocks in various directions governed by the
smaller resistance to each particular move-
ment. The overall movement resulted in the
large displacement of the whole mass in the
downhill direction and from 19th to 20th of
February the slope area below elevation 600
also has been involved in the movement towards
the river. The movement of this lower part
was different from the described one observed
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in the upper part of the slope. It was no
steps or cuts, but the mass was moving in an
appearance of a lava flow coming down to the
river bed and overriding the opposite river
bank to the height of appr. 30 meters. The
stretch over 600 m long have been filled up
with sliding mass during the days of 21 and
22nd of February. (See Fig. 2)

(1) ZONE OF LARGE DISPLACEMENTS (3 FORMED LAKE
) ZONE OF SMALLER DISPLACEMENTS (&) (T:ONRSTR.CTED RETENTION STRUC-
- URES

Fig. 1

M.EL
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o0y ” 1 19-21 FEB
{jﬁ}*—-;\k;\-l \» o m :

m;v\ === 9) 3@:‘%%, v

\p?, Nk ‘v v

SCN A-A (F16.1) %% vy J@)
0 ] : 3 km

(@ VOLCANIC ROCKS
(@ SEDIMENTARY ROCKS [ MARLS CLAYSTONES ETC.)
LI, STAGES IN SLIDE DEVELOPMENT
Fig. 2

It is clear that the knowledge of all envi-
ronmental factors is in this case essential.

Chairman Kézdi

Thank you. The tenth Speaker is Mr. Leén.

Now we have five more Speakers. Unfortunately
time is limited so, I would like to ask the
discussors to take two minutes. Here we have
the five names. I would like to give two
minutes to Mueller Kirchenbauer and then for

a guestion of Professor Leonards to Janbu.

So, and after that we will have a few min-
utes for the General Reporter for remarks.

So, Mr. Leén.

J.L. Le6n {Mexico)

A Factor Affecting the Stability of
Tailings Dams

I want to present a work which is being
carried out at the Instituto de Ingenieria
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in Mexico. It deals with a factor affecting
the stability of tailings dams, namely: the
consolidation of the slimes deposited toward
the pond. It is believed that this approach
is more applicable to dams constructed by the
upstream method (UM).

In Fig. 1 a simplified section of a UM dam

is presented. It is usually hypothesized

that a more or less defined boundary exists
between the sand and the slimes:; however, it
should be realized that a gradual change is
more probable to exist, because of the process
of deposition of particles.

Cyclon
o Cyclo

Q}J\ Y sond

nes

Fig. 1 A simplified section of a tailings
dam constructed by the upstream method

All analyses performed are based on the
following hypotheses (Fig. 2):

Width, B

Velocity of sedimentation

Vs

“= Boun dary

1 Coefficient of .
consolidation, ¢y

| X

Foundation {impermeable)

Fig. 2 Hipothesis considered in the analysis

a) The lower boundary of the dam, that is,
the foundation, is impermeable and hori-
zontal.

b) The horizontal upper boundary is moving
upwards with a constant velocity, vg.

c¢) The exterior slope is inclined at an angle
8.

d) The sand-slimes boundary is well defined
and parallel to the exterior slope. It
is supposed that sand is absolutely free
draining.

e) The phreatic line coincides with the
boundary between sand and slimes.



f) The slimes have a constant coefficient of
consolidation, cy.

g) During the process of consolidation, the
movement of water is vertical.

This implies that vertical sections are in-
dependent of each other.

Under such assumptions, any section down-
stream line A-A' (Fig. 2) is subjected to two
types of load: that due to self weight and
that due to the sand deposited above the
sand-slime boundary. All sections upstream
line A-A' support the load due to self weight
only.

Theories developed by Terzaghi and Frdhlich
(1939), Lumb (1963) and Gibson (1958) were
used to analyse the progress of consolidation
of slimes.

Figs. 3 and 4 show curves of equal degree of

consolidation, U, when the dam has reached a

height, H, of 60 m. U has been defined as:
Uu=o,./0

vc vt

where:

Oyc actual vertical effective stress

oyt vertical effective stress if the slimes
were totally consolidated.

In both figures, the coefficient of consolida-
tion is 1,000 cm2/day (1.1 x 10-2/cm2/sec);
the velocity of the upper boundary, vsg, is

1 cm/day in Fig. 3 and 6 cm/day in Fig. 4.
Differences in U appear between both figures,
but in any case U values considerably lower
than unity are obtained.

.//.
ot t
~ _: - \ -
' S L I
0 20 50 100 m
? | A b
Fig. 3 Curves of the same degree

of consolidation, U

* ,~/
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i
.//
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 —— |
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i ) A — 5
Fig. 4 Curves of the same degree

»f consolidation, U

There are field observations which demonstrate
such a consolidation process of slimes. The
results of standard penetration tests carried
out in some Chilean tailings dams (Dobry and
Alvarez, 1967), are an indirect proof of it.
Similar results were reported by Ledn (1976).

The most definitive observations were report-
ed by Mittal and Morgenstern (1976); they
have shown the existence of pore pressures
larger than hydrostatic in ponds of several
tailing dams. This reveals that slimes have
values of U smaller than unity.

Static stability

The static factor of safety, FS, can be
easily computed, using the Fellenius method
of slices or the wedge method. The angle on
internal friction, @, 35° for sands and 30°
for slimes. 1In Fig. 5 the results of analy-
ses by the method of slices are presented.
It is seen that, for H=60m and exterior
slope 3:1, value of cy/vg<l67 always have
FS<1l even for a width B equal to 100 m.

Similar analyses can be performed for dams
with other heights. The progress of consoli-
dation after the dam has reached its total
height can be taken into account, but is not
presented here.

The simplifications used in the analysis
should be kept in mind, however, it is thought
that at least an idea is obtained about the
influence of the velocity of sedimentation,
Vg, and its interaction with the parameters
involved, namely: properties of the materials
and geometry.

e
S /// /,// /
~ /—/// > < Z a9
s = =
e /" .
/// // /"/
/ — = ~
— =
o _— e - P
/ =

\\

Width of sand, B {m)

Fig. 5 Factor of safety versus width of sand
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Observations in tailings dams should be
carried out before concluding about the
applicability of the analysis described
before.

Seismic stability

Two factors can possibly influence the seismic
stability.

One is the accelerations due to an earthguake
which can produce displacements beyond a rea-
sonable value and other is the loss of
strength that could occur in both, sands and
slimes, as a result of the cyclic stresses
induced by the earthquake.

The first factor can be taken into account
applying the theories developed to date,
Newmark (1965), Sarma (1975), Reséndiz (1975).

The second factor requires a knowledge of the
pore pressure developed during an earthquake.
Some work has been carried out by Seed and
Thiers (1969) on silt and clay. From Figs. 3
and 4 it can be seen that an acceleration up-
stream from the crest of about 0.05 g and
0.02 g, respectively, can produce shear
stresses similar to the static strength of
the material. For this, it is strongly
emphasized the need for experimental research
on the strength of partially consolidated
slimes, after the application of cyclic
stresses under a variety of conditions simu-
lating the in situ state of stress.
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Chairman Kézdi

I am afraid we have to close the Session now
because we have to empty this hall and I
would like to thank all the participants and
the contributors who commented on problems
very closely related to the main topic of
our Session.

As I thank to the Panelists, the General
Reporter told me that he would like to make
some remarks in a written form in the proceed-
ings, Third Volume of the Proceedings, and the
Chairman's closing remarks will be added then
also in a written form.

So, we are several minutes over schedule and
so with my general thanks, I have to close
this Session. Thank you for your collabora-
tion.

General Reporter Mogenstern

The question of stability of slopes and exca-
vations is one of considerable on-going con-
cern in geotechnical engineering. I think
that the discussion today has been very
illuminating in indicating the areas worthy
of greatest emphasis. It seems to me that
the greatest progress is being made by paying
more scrupulous attention to the geologic and
climatic factors that influence slope behav-
iour, observing in detail the way soil masses
actually move, and recognizing the value of
regional studies. The panelists and other
contributors have given numerous examples and
I am grateful to them for making this a ses-
sion of lasting value. I am sure that we all
look forward to the progress that will be
made on the question of slope stability during
the four years leading to our next inter-
national conference.

Chairman Kézdi

Ladies and Gentlemen, I am afraid that I have
to start my closing remarks with a somewhat
negative statement. The discussions presented
highly interesting case records and field
experiences, however, they did not show a way
toward the better understanding of what really
happens in the preliminary process of a slide,
and during the slide itself. It is true that
in most cases, we are able to investigate the
state of limit equilibrium only, and our
methods give more or less reliable qualitative
answers for the causes of a surface movement,
but the whole process, characterized by changes
in the stressed state, in the strength and in
the hydrological conditions, remains more or
less unknown. The prevention of a landslide,
however, would require a more accurate knowl-



edge of the decisive factors, only these can
indicate the ways how to improve the stabil-
ity. The full investigation of some progres-
sive failures, with appropriate measurements,
however costly, can be the only way to find a

better approximation for stability calculations.
The change in strength due to slow deformations

as a function of the strains does not get the
consideration it deserves. I was delighted to
hear at this session contributions on the
importance of climatic factors, here again,
gquantitative data are highly desired. I would
propose to select, in several parts of the

WRITTEN CONTRIBUTIONS

A.A. Beattie (S.E. Asia) and
G.W. Lovegrove (S.E. Asia)

Beattie A,A. & Lovegrove G.W. - There are two points
in Professor Lumb's discussion which should be
elaborated further, they are:-

(1) assessment of flow slide (mud avalanche)

potential;
(2) introduction of the effects of severe rain-
storms into stability calculations.

Assessment of flow slide (mud avalanche) potential

The authors hold the view that while the concept
of comparing in-situ density with the critical
density (that is, the density below which a soil will
collapse on shearing) is easy to understand, it is
often difficult, time consuming and expensive to put
into practice. Binnie & Partners, as landslide
consultants to the Hong Kong Government, have recently
had to assess the susceptibility of many hundreds of
fill slopes to the phenomenon of mud avalanching.
In-situ density measurements have been made in the
surface layers of fill slopes using conventional
methods., This is a straightforward and relatively
cheap operation. Three methods were used to deter-
mind the critical density of decomposed granite fill
material from Sau Mau Ping where a fill slope failed
in August 1976, The first was to use data from
triaxial tests on undisturbed samples to relate

E% [§ %% ]f to dry density ( yd) where AV denotes
3 —_—
Se

change in volume at failure,Se denotes rate of
change of strain at failure, Vo denotes initial
volume, and 0} denotes effective ambient stress.

The result (figure 1) indicated that material looser

1 [cav
% [3\%‘1 \ N 95 9/o STANDARD
10.002|~ NN - PROCTOR MAX. ¥4
COLLAPSE \\ \\\
4+0.001 - Ny R ~
Ne . ~ ~
N ~ .
o T ~ * I ~T N t/m3
DILATION [-4 15 ~ 1.6 . "7 Y
-c.ooxL AV

Figure 1 Plot of E$ [ 8 EE ] against vq (t/m3)

than 1.54 t/m3 woulg collégge when sheared and that
material looser than 1.68 t/m3 might collapse when

world, some experimental fields, where exten-
sive complex measurements can be made and some
fully documented records will be available to
establish new basis for the development of the
theory. I think that many of the discussions
we listened here today may also be regarded as
building stones to this development. I think
we had a highly stimulating session and I
would certainly like to thank the participants,
our distinguished General Reporter, Professor
Morgenstern, to all the members of the panel
and to the participants in the discussion.
Thank you.

CONTRIBUTIONS ECRITES

sheared, The second method used the results of
direct shear tests on remoulded samples carried out
by Professor Lumb where it was shown that material
looser than 1.52 t/m3 collapsed on shearing. The
third method used the basic concept that if a soil
is at a density such that the volume of voids is
greater than the volume of water in the soil at the
liquid limit, the soil will be in the liquid phase
when saturated. Thus the dry density at the liquid
limit is the limiting density for a saturated soil

between the plastic and liquid phase. This dry

d ity i i b W here Y

ensity is given by YdL = v/ 1,Wn y where Yw
Gs 100

denotes density of water, Gs denotes specific gravity
and W; denotes liquid limit. The mean liquid limit
of low and medium plasticity soil specimens from

Sau Mau Ping is 28%, which with the mean specific
gravity of 2.68 gave a density of 1.53 t/m3 , below
this density a soil would be in the liquid phase when
saturated,

Of the three methods used, either the triaxial or
direct shear methods are the most reliable, however
the liquid limit method is both quick and cheap and
less prome to error due to variation of density or
arbitrary exclusion of coarse material. The
plasticity method is however dependent on reliable
liquid limit tests and the need for.the specimen
used in the liquid limit test to represent the
behaviour of the bulk soil sample in the liquid
phase. The validity of this method for other soils
in Hong Kong is being checked at present.

The effect of severe rainstorms on slope stability

The authors have for some time been taking the
effect of infiltration from severe rainstorms into
account in their stability analyses of slopes. These
methods are described in detail in Beattie and
Attewell (1977). Briefly, they rely on the
calculation of the thickness of a wetting band due
to a rainstorm of a given return period, knowing the
permeability of the soil from site tests, percentage
run-off from measurements made by the Water Works
Department, the initial degree of saturation of the
soil (measured or assumed) and the porosity of the
soil. The assumption is made that the wetting band
will descend and either form a perched water-table on
a layer of lower permeability (e.g. soil/rock inter-
face) or will, for a short period of time, elevate
the static ground water level.

The authors use shear strength parameters (c'¢')
obtained from drained triaxial tests on specimens

427



& $ ! % "% $ &N "o %
N # (s
8o ew * ( %
# $ s Y 4
"y ‘e .
# 0" % o (& # +
$ ( # % .
L $ )
" & & /& % EM N "
" & /& I EM # " s
L $ ( 45M+ “a
% % ( % % &t %
“# % [
& s & % ($ N N
! & $ s # (% (
° ( T& "% ( % % &
& % % " "
% $( $ "% # "
# #% %" 4 | “
# ## %" # |
" % 1 # M (
Q & $ (' 1 &
: # N g " %
# | " %
! "a . #0 & +
! : # & I+
$ % 1 # " w & (
$ % " .
! to# & % & &
# %# $ . 4 % w 1 s
e % ( % e
% & & % < &" * 455+
R1 &
S 2 * 455+ % %
"% ( 0o 1 % " « o
2 9 ! NN 455
< & * 455+ 2 3 ( %"
& 2 923C; N( 455
1 1 * 45M+ "e -
$( (& # & # " # 3 28
Q Lo 1 45M
) < 7 9
' $ $ 6
6
= R:<Q9 :=
Q% % ! $ ( $ # * & "%
& & % /& %
" (! & % $( "
( & K- P _
& % ! ( i s & (s % "
$ ! "% H % & & $ “
# (' # # ' "
& s ' o# % & & 8 (s
& % ! ( # # & %
: $ # & &
%! & & & ! % $ # % !
( ( & # % N
& $ ( $ # # 8
# & 1 | # & c |8 .
$ ! I & ! (& $ & & % 2
K" $ "# & &" # 0% 1
#N  "& & &" & ( v
] 1 " #
K" 8 "# ( B(s 11 #
& % % & % $( & |

R;TQR;3;=2 :C <;2R ; R:90
! K" # $
$ # $" & re ( #
! % /& )
L A ( # s s %
#($ $ 8!
! # & # (1
L # %
ot %8 K" u $
$ ! % #
#
*E + $ ( % | " P 4 %
& % $ # % 1 "
*H+ #" % U #" [T
U U ! " ' |
&&" & %14
% #

G+ & ! & " #% 11
$ $ % & % | s # :
Vi # # (s # T
# $$ #% L1 ¥ % "

#% #($ & N ( &8
(G $ 8 (& 8 (G &
& #
=C Q;=9; € = 2 R;22;2
$ *9 % " (* 456+
# 0% & (1" &
$ ( R4 ! & V"
$ $ & 8
N $ & v
' # OH"# ! & 1
! & # K" 8 "#
( 1 & 1 1 &
the ( |
#( & % & & 1 & V"
0 Co & & && %
& | " o
$ &&” *9 % " (' 456+ D e
v ! % % ;e
: "% & & $
C # $ % &" # 8 ,
& $ # &
$ ( $ # & % %' #
##S " |
& & #( $ & &
" % & “a
#08
& % % L& & %
R;C;R;=9;2
9 % " (" R= *456+ U 5
= 2 (v R &N
L % 2 T8 4 o2&
Po= N' " " ' 456 * & 456
29; & K" +
- 9 % "( R= *455+ U = s 5
2 $ (2"w U R & R [S)
! =2 ' "

%
%

%

%



A
6
! 6
9 <99 *9 45=1>
6 "
#
6 ; @
6 "
< \ A 5 >
) ;
6 "
3
<P N N4> |
&
@ 2P
9 "
6
+ 6 &
6 c
6
2P 3 4 P
6
6 !
6
3 3
# "
6
6 #
6 6
6
6 6
6
1
‘& &'&%)&
@: - <457=>
6
6 E S ) &
, R 51 ,7?
1 5
99 , *9 $ <45=1>
o # ) ., & , 9 %
; ?
4 7 9
# ( |
$ 6
F @ 6 5
6
@@ 6 5



@
5 <
5
/ IC
@ <
e ;6
H
6
$
@
=C 3
@
$ 9
@
4 J
6
'@
e
H @
5 <
6 <
6
!
A
1 6
@@ 6 5
@ 5
6
6 C
-A6 5
5 6
5 < 9
@
<
6
< ;
5 <
I 6
@
@ @
@
D;5

6E

<G

F@

33

333

@ H 4 5 6 C
@ @ 6CK7M 5 @ 5 [} @
@ @@ 6 @
@
6 @ 6 5 6
3 @ 5 6 < H
74U6 9
$ ! A @ 6 5 6
@ 6 <
4 @@ 5 @ NQ 4U6S
6 @ c G
< 6 % = KMP P 6
@ < @ ; 6 6 4 G
< @ @ 5 6
C ;6 H 6 6 @ 5
6 < 5 $ 'S G
6 @ < @ 6 A < @ 6G
@ 4 G
@
6 C Ku:9 @ 6 <
$ .
< < 5
[} 6 6 K7 MN&
< < < @
@@ 6 5 < C @
6 4 H @ '9 = 6
@ 5 < J 6
J 6 6 @ <
6 ; @
7 <C ; 6 @6 6 9C ; 6
@@ 6 5
@ 19 VW9
; 6 5 @
@ @ 6 5 ; <
IX.XHIC 1&& @ G
@ 6 5C ; @@
< 5 4
H @ A < < ; IXQ
/ @ @ 9
6
4 [} 71X)H9C F / @ <Y
; -@e@ 6 5 / < YC J=6
7 @ / @ /$-9C 5 1nc '
4 C C 6 4 C cC 8 7!X 9C
< / < @ < |/ < @ C
X 1 @ @ /%-C 5 'C7HU'H9
@ = 71X)X9cCc 2 6 |/
J/ = JC /6 @ /3-
4 [} 71X 9C ? 6 c = X 1 @
/$-C 5 HC / !



18Y



@+t >

9, 55M5

9M

5

% # 9

555

55F;

B
R4S}

F<

HF

M5

955

Cc&D

5M5

5H5

5F;

Cc&D

5<

=>>

><I§<2

OF o

08/< 716R<67

%# F



