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STABILITY OF NATURAL SLOPES AND EMBANKMENT FOUNDATIONS

STABILITE DES TALUS NATURELS ET DES FONDATIONS DE REMBLAIS

MAIN SESSION 5 SEANCE PLENIERE 5

Chair ma n/Pr «ident : D. H. TROLLOPE (Australia), Genwal Reporter /Rapporteur Général: A. W. SKEMPTON (England)

Associate Reporter/Rapporteur Adjoint: J. HUTCHINSON (England)

Chairman D. H. TROLLOPE (Australia

Dr. Bjerrum and Colleagues at this Conference: 
It is a great pleasure and privilege for me, 
to be asked to chair the closing Session of 
this most interesting and well-organized Con 
ference. The topic, as you are well aware, 
is the Stability of Natural Slopes and Embank 
ment Foundations; a topic which has exercised 
the minds of those interested in Soil Mechan
ics from the beginning and, I am sure, for a 
very long time to come. Before I will conti^ 
nue to ask the persons concerned to present 

the State-of-the-Art, I would like briefly to 
introduce the members of the panel, though I 
am sure they will be known to you.

Starting from the left, Prof. Kenney of the 
University of Toronto, Canada; Prof. Hutchin
son, Imperial College, University of London; 
Prof. Skempton, Imperial College, University 
of London; Dr. Bjerrum President of our Soci
ety; Prof. Dr. Borowicka, University of Vienna; 
Dr. Broms, Director of the Swedish Geotechni- 
cal Institute, and Prof. HiFschfeld, Massa- 
chussetts Institute of Technology.

At this time, by arrangement with the General 
Reporter, and to present the State-of-the-Art 
iecture, T am going to call upon Dr.Hutchinson 
in the first place, to introduce the topics 
to us. He will then be followed by Prof. 
Skempton. Y.'hen the State-of-the-Art lecture 
in completed, we are going to ask the panel 
to add their thoughts and we will then have 
a coffee break at 11:30 for about 15 minutes.

You should have received on the way into this 
h.iLl a specially prepared sheet entitled:
" Parameters for Clay Slopes Stability Prob
lems". Prof. Skempton had prepared this 
so it be the central point of discussion 
amongst the Panel at a later stage, and we 
thought that if everyone had a copy you could 
quite easily refer to it.

There are copies available at the entrance 
if you have not already received them. And 
now gentlemen, it gives me very great pleasure 
to ask Dr. J. S. Hutchinson to introduce the 
State-of-the-Art lecture. Dr. Hutchinson.

Members of the Panel /Membra du Group« da Discussion:

L. BJERRUM (Norway)

H. BOTOWICKA (Australia)

B. BROMS (Sweden)

R. C. HIRSCHFELD (U. S. A.)

C. KENNEY (Canada)

Associate Reporter J. N. HUTCHINSON (England)

A. W. Skempton's State-of-the-Art report ap
pears on pp. 291 of the State-of-the-Art 
volume.

Chairman D. H. TROLLOPE

Thank you very much Dr. Hutchinson and I will 
call upon professor Skempton to continue the 
presentation.

General Reporter A. W. SKEMPTON (England)

Prof. Skempton continued with the second part 
of the State-of-the-Art lecture.

Chairman D. H. TROLLOPE

Thank you Prof. Skempton. I am Bure, gentlemen, 
you wish me to extend Dr. Hutchinson and Prof. 
Skempton our sincere thanks for this most ex
cellent presentation and challenging introduc 
tion to our discussion. It would appear that 
we have now about 30 minutes before the time 
originally set for coffee break. I would like 
to proceed with this at the present moment, 
but perhaps I will divide the panel discussion 
into two so that we shall not lose the atmos
phere of cut and thrust which we hope will now 
develop because I hope we will not come to the 
conclusion that the stage is set for a co-ifor 
table life in the field of slope stability; 
and I would hate it if Prof. Skempton had con
vinced you that we could go away without chal
lenging some of these things and therefore I 
think it would be quite useful to begin now 
and then we will break off at 11:30, and the 
Panel will come back refreshed, I hope. So
I will ask Prof. Hirschfeld to take un the 
cutlass on behalf of the Panel and introduce 
us to some of his thoughts.

Panelist R. C. HIRSCHFELD (U. S. A.)

Prof. Skempton and Dr. Hutchinson have per
formed an invaluable service for us in prepar 
ing their chart specifying the soil parame
ters that they recommend for the analysis of 
stability problems in various types of clays. 
Last monday you remember that Prof. Kenney 
suggested that it is quite often rather dif
ficult, to use the results of research in
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ths solution of practical problems, but in 
the case of the table that Prof. Skempton and 
Dr. Hutchinson have prepared, the research 
itself is based on results of actual elope 
failures and consequently its application is 
readily apparent.

Unfortunately however, the strength parame
ters themselves are only one element in the 
slope stability analysis. Some of the other 
éléments being: First, the subsurface explora 
tion programme and its adequacy for defining 
the heterogeneity of the soil deposits. Two, 
in the case of effective stress analyses, the 
validity of the pore pressure values used in 
the analysis. Three, the validity of the 
results of the strength test as a measure of 
the in-situ strength. And fourth, the mechan 
ics of the analysis itself. I should like to 
make a few comments about the table prepared 
by Prof. Skempton and Dr. Hutchinson insofar 
as it is affected by these four factors, with 
respect both to the case histories on which 
the table is based and the usefulness of the 
table in the analysis of future cases. Speak 
ing first about the case histories on which 
the table is based, I believe that it is cor 
rect. to say, as Prof. Skempton intimated in 
hiB talk, that for every published case his
tory in which the computed factor of safety 
for a flailed slope was one, there must be a 
thousand in which the computed factor of safe 
ty was either greater than one or less than 
one. It would seem only prudent, therefore, 
to proceed with considerable caution in using 
conclusions based on a very small number of 
case histories, no matter how well documented 
they may be. Every case history in which the 
factor of safety at failure is computed to be 
one, ought to be published so as to broaden 
the statistical basis of our generalization.
In addition, a number of cases ought also to 
be published in which the factor of safety 
is not equal to one at failure, so as to ware 
the practicing engineer of the limitations on 
the conclusions that have been drawn in some 
papers to the effect that we can adequately 
solve certain stability problems.

Now, getting to the specific pointB that I 
mentioned, first with respect to the adequacy 
of the BubBurface exploration, I think it'is 
safe to say that most of the published case 
histories are in fact based on a very thorough 
programme of sampling and testing. However, 
in many cases even the most thorough programme, 
will not uncover what Terzaghi called "minor 
geologic details". Just as one example, in 
many residual soils we find thin bentonite 
seams that are the result of weathering of 
dikes that are high in ferromagneeian minerals 
and these may be extremely difficult to dis
cover in borings.

Furthermore, in most of the cases that the 
average practicing engineer must analise, he 
does not have the extraordinarily thorough sub 
surface programme that characterizes many of 
the case histories that have been published, 
and these quite often is a matter of econom
ics more than anything else. Moreover, regard 
less of the care that is used in selecting the 
strength parameters of the soil samples

that he has tested, he cannot always be sure 
that these samples represent the exact mate
rial that may be involved in a Blip and this 
would be specially true in a case of very 
thin layers which are commonly encountered.
The second item on my list, namely The Validi^ 
ty of the Values of Pore Pressure that are 
used in stability analysis, these in the ctr» 
of an effective stress analysis, of course, 
is in my opinion, one of the most critical.
In almost, and I say almost, every published 
case of an effective stress analysis, the 
pore pressure values that lead to a computed 
factor of safety equal to one, were either 
estimated or determined from a flow net, or 
determined from piezometer observations made 
after or before the failure, but at positions 
some distance removed from the actual failure 
surface. Now even the most objective engineer, 
in analysing such case, is likely to exercise 
his judgement in such a way that he picks out 
pore pressures that lead to a factor of safe
ty of one. (And, I might add that I would 
like to ask a question later about one of the 
flow nets in a Lodalen slide which if it is 
based on the ssumption that no evaporation 
takes place, does not, I believe fix the re
quirements for a flow net. We might discuss 
that later in the panel). In evaluating the 
stability of a slope that has not yet failed, 
the presence of minor geologic details such 
as thin seams of relatively pervious silt in 
an otherwise homogeneous clay layer, makes 
it extremely difficult to juege whether the 
estimated pore pressures, or in some cases 
the pore pressures measured with a limited 
number of piezometers, are the ones thpt. ac
tually prevail along the potential slip sur
face. And I think that if you look carefully 
at the case records of many of the slides that 
have been published, you will find that the 
number of piezometer readings in fact, rela
tively small.

Prof. Skempton and Dr. Hutchinson have cover 
ed quite fairly the problem of the validity 
of laboratory strength results as a measure 
of the in-situ field strength, and I believe 
that the problem of field test, such as the 
vane test, will be covered in subsequent dis
cussion, so I will not spend any time on these 
two topics since we are running late.

Lastly I would like to mention that the me
chanics of the stability analysis itself must 
be considered when one tries to determine 
what strength parameters should be used. And 
if one examines the historical development of 
various procedures for handling the mechanics 
of the analysis, he finds that when each new 
refinement of the mechanics was introduced, 
there were a number of case histories showing 
that the new refined method gave a factor of 
safety equal to one at failure, but in many 
of these papers there is very little discus
sion of the factors that affect the strength 
parameters and presumably the analysis has 
been done using one conventional set of 
strength parameters. Conversely, I should 
point out that each new refinement in soil 
testing is Bhown, quite often, by appropiate 
case histories, to lead to a factor of safe
ty of one at failure, and in these papers 
there is very little attention paid to the
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mechanics of the analysis. The conclusion 
that I draw from this brief discussion is 
that the table of strength parameters pro - 
posed by Prof. Skempton and Dr. Hutchinson 
will be extremely useful in helping the prac 
ticing engineer to select the best, although 
not necessarily always the perfect strength 
values for analyzing a given case of slope 
stability. However, the practicing engineer 
should not be misled into thinking that the 
se parameters will usually, or even once in 
a while, lead to a factor of safety correspond 
ing to one at failure, because there are simply 
too many complications in the usual oase, such 
as the geological details that cannot be pra£ 
cally discovered during any reasonably inex
pensive exploration programme, because of the 
difficulties in determining the pore pressures 
for effective stress analysis and because of 
the slight differences in factor of safety 
for different computational procedures. Ther£ 
fore I think that we must always have a con
siderable uncertainty about the validity of 
the computed factor of safety in all except 
perhaps the most thoroughly studied cases, 
and we therefore require that careful field 
observations being made of the behaviour of 
slopes as a check of the analysis that has 
been done, a topic that I hope will be ex
plored further at subsequent International 
Conferences.
Thank you.

Chairman D. H. TROLLOPE

Thank you Prof. Hirschfeld. It is now my 
privilege to call on Dr. Bjerrum to continue 
the discussion.

Panelist L. BJERRUM (Norway)

Chairman, Ladies and Gentlemen, the table 
which Prof. Hutchinson and Prof. Skempton 
have prepared might be useful as a framework 
for presenting a number of case records; how 
ever, when I ran through it yesterday I dis 
covered that there were quite a number of 
soils which I could not find a place for in 
the grouping, and I found that these had been 
actually left out, partly because there were 
no case reports available in spite of the 
fact that they are very important in other 
parts of the world. I therefore tried to 

attempt, in my contribution to this discus
sion, to formulate a different approach to 
the problem of stability analysis using some 
fundamental principles, and I tried to pre
pare early this morning a table which I will 
use as a framework for my discussion. In 
principle we are, as engineers, able to de
termine three different sets of shear 
strength parameters. In the first place we 
can determine the undrained shear strength, 
for instance by vane tests or by unconfined 
compression tests. We can determine the ef
fective strength parameters C'and by tri- 
axial tests, drained tests for instance; and 
finally, by ring shear tests or by shear box 
reversal tests we can find the residual shear 
strength Cr, generally equal to zero. So we 
have three values of the undrained shear

strength which we can put into a stability 
analysis. Now, all these three values have 
been determined under conditions which are 
so radically different from those existing 
in nature that it would be over optimistic 
to believe that they could be uncritically 
put into a stability analysis. Before we can 
apply them to a specific problem, we will have 
to consider a number of factors of importance 
which are not considered in the test results.
I have listed some of the most important ones 
neglecting such things like sampling errors, 
which of course also should be considered, 
and I have started with the rate of strain.
All our tests are carried out with a time to 
failure within, in the undrained shear 
strength tests of the order of minutes and 
in the triaxial testing in the order of some 
few days, whereas in nature it generally 
takes months to bring up a load and it will 
have to sustain this load for hundreds of 
years, so therefore the rate of strain has 
to be considered in every single case we are 
involved in. I can shortly summarize our 
experience of the effect of the rate of 
strain, and I can immediately say that the 
most important thing where the rate of strain 
has to be considered is in the first group 
which concerns undrained shear strength tests.
It is our experience that in the undrained 
shear strength, and in plastic clays, a rate 
of strain correction is necessary, even on 
routine jobs. When speaking about plastic 
clays, I am speaking about clays with liquid 
limits of 80, 100, or more and where we might 
need make corrections of the order of 60#.
So I would state that in undrained shear 
strength tests in plastic clays a correction 
is absolutely necessary and in low plastic 
clays it is of less importance.
But also in the C', fi', in the effective 

shear strength parameters, a correction is 
necessary to consider the rate of strain. It 
is not nearly as important as in the undrain
ed shear strength tests, but in very plastic 

clay I think a correction of the c' might 

frequently be necessary, especially for long 
term problems where there is a very pronoun
ced difference between what we are testing in 
the laboratory and what has 100 years duration 
in the field. In addition I would like to 
say that in the reversal shear box tests where 
we have to do with residual shear strength, 
Kenney has definitively proved, and it has 
also been confirmed by later tests at Imperial 
College, that the effect of strain is almost 
insignificant.

The next factor which I thought should be con 
sidered are the defects of the soil, by whicE 
I understand more or less random fissures, 
and, a9 Prof. Skempton has carefully explained 
to us, there are two effects of the fissures.
I have grouped them in the first one, which I 
have called the weakening, and which really 
concerns the closed fissures. They represent 
planes of weakness and, therefore, if for ins 
tance 20 to 30# of a failure surface passes 
through such weaken fissures, the shear strenght 
parameters would have to be reduced accordin£ 
ly, compared to those of the intact clay. In 
fact, what we are determining in the labora
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tory, with the vane test or with the triaxial 
test,is the shear strength of the intact clay 
under shear stresses which take place accord
ing to certain planes or cylinders in the - 
vane. We are therefore not including in our 
conventional laboratory tests the effect of 
the fissures. Therefore, undrained shear - 
strength parameters should be reduccd in f i B -  

sured clay depending on the intensity of the 
fissures, approximately evaluating how great 
the fraction of the natural sliding surface 
passes through fissures. The same is the case 
for C', if the nature of the sliding sur
face that will develop is known. We can ap
proximately estimate the strength along the 
fissures by assuming that C' is zero in the 
fissures but the i s  unchanged in the fis
sures. So, therefore, we can take care of 
the effects of fissures by a reduction in C' 
which again is about the same correction fac
tor as I would apply to the undrained shear 
strength parameters giving approximately a 
percentage of the sliding surface which would 
pass through the fissures. Now this was the 
first weakening effect. If we have a condi
tion where the clay is subjected to small 
strain and the f i B B u r e s  therefore get a chance 
to open, there will be stress concentrations 
next to the fissures in the intact clay and 
then if water may enter the softness of the 
clay in between the fissures will change. If 
it i8 a stiff clay that dilates in water in 
all cases where we experience strain we will 
get softening and this actually was what Dr. 
Skempton showed; in fact the effect of the 
softening is clearly a long term consideration 
and you will have to correct the C' and 
as we generally do and as proposed by Dr. 
Skempton and Henkel, by reducing C'. The soft 
ening will often take some years, and is ther£ 
fore a time dependant reduction and we will 
probably have to establish a sort of empirical 
relationship between the reduction and the 
time it takeB for each clay. I would like to 
emphasize that I do not think it i s  very clear 
to most people that this softening is some - 
thing which happens only in the upper shallow 
part of a clay marl where there are strains 
due to temperature changes, weathering or the 
influence of chemical obturations which start 
the swelling, and therefore this must only be 
considered in sliding surfaces very near to 
the surface. I think I might make a statement 
that in all elopes in London clay which you 
have heard about, where all these failures oc
cur within this rather shallow zone are in 
clays where weather and particleB are interact 
ing and therefore you get a reduction in C'. 
However, if you make a very deep cut where 
the sliding BurfaceB are passing through the 
sheared clays at depths where there are no 
strains and where therefore there is no danger 
of softening, we can rely upon the C' and the 
fl* and this probably explains why such canals 
as described by De Beer will stand up even if 
there are fissures, at least with a very slow 
reduction in the C*. There is obviously no 
effect on the residual shear strength. I would 
like to emphasize also that even in our geo
logical deposits if we find a slip surface 
which haB already been sheared we should 
clearly use residual shear strengths. And if 
we find joints, not fissures but real joints,

we will have to reduce the C' to approximate 
ly zero, and the same is probably the case of 
bedding planes. The last of this important 
factor is progressive failure which really 
means that there are cases where we have 
brittle material which is losing strength 
after failure and where we have conditions 
where there might be stress concentrations 
and where we have conditions where we might 
experience differences in strain. And in 
these cases there is a danger of experiencing 
progressive failure and then our stability 
calculations are out; we have no chance of 
solving this problem. By progressive failure 
I understand the progressive development of a 
slip surface along which the shear strength 
haB been reduced from the peak to the residu 
al.

If we have a place where progressive failure 
occurs we do not know how this iB developing 
and how great a fraction of the eliding sur
face has already been reduced to the residual 
and how much is still left at peak Bhear 
strength so therefore there is a large group 
of problems which we cannot analyze; we can 
clearly find the ultimate value, we can put 
in the residual strength in the stability 
analysis, but in very many cases such a de
sign i8 uneconomical. And I am especially 
thinking here of the American Continent where 
heavily over consolidated clays and clay shales 
are so dominant and where various road and 
hydroelectric works will be located within 
this group where progressive failure is an 
actual danger.

I would specially like to mention that all 
cases where the clay shows a very pronounced 
tendency to push into an excavation or into 
a cut, where you have large horizontal stres
ses left over from previous geological history 
of the clay, are the most dangerous, and I am 
very sure that there are many engineers from 
the American Continent who could prove that 
this case is so important that it has to be 
borne in mind by any soil engineer. Finally,
I have put in anisotropy and I would like to 
say that this is primarily a problem in un
drained Bhear strength. I do not think I will 
go further, my time iB already up.
Thank you very much.

Chairman D. H. TROLLOPE

Thank you Dr. Bjerrum. I wonder if doctor 
Skempton or Dr. Hutchinson have any comments 
to make on these topics before we rise for 
coffee?

Associate Reporter J. N. HUTCHINSON

Just a short one. Mr. Hirschfeld rightly ex
pressed the difficulty of estimating the pore 
pressure values. I think it is worth mention 
ing this. Clearly, if you have a very deep 
slip, a 100 or so feet deep, for instance 
Folkestone Warren which is 200 feet deep; it 
is one of the bonuses of investigating such 
a slip, that a 30 feet uncertainty in the 
pore pressures had very little effect on the 
required strength. Conversely of course, in 
shallow slips, half a foot could be critical.
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General Reporter A. W. SKEMPTON

On that same point I draw attention to an 
exceptionally interesting paper presented to 
this Conference which I think perhaps Prof. 
Kenney is going to mention, namely the 'Sli
ding of the Kimola Canal', a log canal in 
Finland. The pore pressures measured there 
were only just 6 days old when failure oc- 
cured, and at the actual section. I think 
this will become an extremely important re
cord. I do of course agree with all the6e 
rather cautionary details that Dr. Hirschfeld 
presented. Obviously, of course, in design 
we have a factor of safety, part of the fun£ 
tion of which is to cover the uncertainties.
As for the case records I agree with his crî  
ticisms: It is surprising, in a number of 
cases I have personally dealt with, how much 
within common sense limits one can vary flow 
nets and so on without dramatically altering 
the conclusion. The pore pressures are vital 
ly important, but rather small changes do not 
in my experience, except in perhaps very shal 
low slides, have a tremendous influence.

Dr. Bjerrum's extremely thoughtful contribu
tion is very welcome. He put it almost as 
an alternative to the table presented. I 
would like to think of it as complementary 
or supplementary to it, and an extremely pra£ 
tical way of looking at the problem; and al
though it is an easy thing to say, it is ab
solutely true that I agree with every point 
he made in detail and I find myself in no con 
flict with him at all. As to weakening, he 
made a very nice distinction between weaken
ing and softening effects. I have been try
ing for years to decide what is the value of 
C' in London clay before softening occurs. 
(Professor Skempton then discussed the value 
o f C' with regard to Fig. 1 as an empirical 
guess to consider weakening and softening 
e f fects. )

the .55 from the slide, but as far as I can 
see the .8 seems satisfactory as the time efi 
feet for the migration of pore pressure. The 
.7 to allow for the effect of fissures is 
derived from tests on a confined sample in a 
shear box or in a triaxial apparatus, and 
these cannot simulate the opening of fissu
res which may take place by natural pressure 
relief in the actual slope, so I would ex - 
pect the field value from Bradwell to have 
fallen much more below .56 than 1#.
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Associate Reporter J. N. HUTCHINSON

1 would just like to mention one disquietin'; 
thought about Bradwell. This .8 times .7 
giving .56 seems terribly good agreement with

Chairman D. H. TROLLOPE

Thank you Dr. Hutchinson. The time is now 
11:30, meeting adjourned.

RECESS

During hi9 presentation of the State-of-the- 
Art report professor A.W. Skempton introduced 
the following table prepared by himself and 
Dr. J.N. Hutchinson. This table was circula 
ted to all members of the Conference pre

sent at the second part of Session 5 and 
was used as a basis for discussion by the 
Panel.

PARAMETERS FOR CLAY SLOPE STABILITY PROBLEMS
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s reduction factor for fissures 

> time - dependent reduction focfor

Gentlemen, I would like to get this second 
part of the session under way and the next 
contribution to the panel will be by profes
sor T.C. Kenney from Canada.

Panelist T. C. KENNEY (Canada)

The comments that I will make on the 
excellent atate-of-the-art report for Session 5 by 
Professor A. W. Skempton and Dr. J. N. Hutchinson 
concern (1) additional analytical case records 
of slope Instability and (11) the choice of 
strength parameters to use In stability calcula
tions for clays having liquidity indices greater 
than, say, 0.5.
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The first group of case records will concern 
clays that are non-flssured, that are non-brlttle 
and exhibit a rather flat stress-straln curve 
following failure In drained shear (see curve 'a' 
in Fig. 12 of the Report), that have liquidity 
Indices greater than 0.5 and sometimes greater 
than 1.0 and that have undralned shear strengths 
usually less than 5t/m2 (1000 psf). This category 
would Include all soft soils but would exclude 
the stiff, bonded, brittle soils.

1.1. Ullensaker (Kenney. 1967 a). The slope 
at Ullensaker, Norway, was a natural slope at the 
base of which flowed a small eroding stream. The 
Initial slide, approximately 30 metres wide along 
the base of the slope, was witnessed by the farm 
owner and It preceeded by 16 hours a large 
retrogressive landslide In quick clay (Bjerrum, 
1955). The Initial slide Involved weathered and 
moderately sensitive clays that bordered quick 
clay located beneath the terrace at the head of 
the slope and that was Involved In the following 
retrogressive slides. The before-sllde topo
graphy was obtained from aerial photographs taken 
three months before the slide, ground-water 
pressures were measured In an adjacent slope and 
the size and shape of the Initial slide could be 
approximately determined from Information obtained 
from the eye-witness and from the results of 
field explorations. Average Index properties of 
the weathered clay are: w - 33Z, wL - 42Z, 
wp - 25Z, C.F. - 40Z, St**' 3, 3 to 5 t/m2.
The shear strength parameters were determined by 
means of drained trlaxlal compression tests at 
stress levels similar to those existing In the 
clay prior to failure, and both the weathered 
clays (apart from the surface 2 meters) and the 
underlying sensitive clays exhibited a non-brlttle 
type of stress-straln behaviour giving peak values 
that grouped within the limits of t1 ■ 0, ■ 33° 
and c' “ 0.2 t/m2, “ 35°. The sample size 

was 40mm diameter (1 1/2 Inches). The calculated 
safety factor at the time of failure Is F' -
0.95 X 0.08 and provides support to the cases 
of Drammen and Lodalen cited In the Report as 
evidence of the applicability of the effectlve- 
stress method using peak parameters for estimating 
the stability of old slopes.

1 . S o f t .  I n t a c t  c l a y . the period extending from end-of-constructlon to 
the time of failure, and this means that stability 
calculations could be made throughout the life of 
this excavation and that for the end-of-construc
tlon condition safety factors could be compared 
based on both effectlve-stress stability cal
culations and undralned-strength stability 
calculations.

The total depth of the canal was about 10 
metres and was excavated In two 5-metre stages. 
Average Index properties were: w - 53Z, - 53Z, 
Wp - 26Z, C.F. - 60Z, St - 16, su - 3 t/m2 
(600 psf). Drained trlaxlal compression tests 
performed at In situ stress levels gave the peak 
strength parameters c' - 0.5 t/m2, ♦' - 28°. The 
sample size was 40mm diameter.

Stability calculations based on effective 
stresses were made at my university and gave the 
following results:

(I) Immediately after excavation,
canal empty (February 1) F ' ^  0.97

(II) canal filled, maximum ground
water pressures during the
spring of the year (April 20) F'^0.93

(111) time of failure (October 27) F 0.90

(It should be noted that for the failure condition 
Kankare (1969) reported F' - 0.97. This is In 
better agreement with the condition of failure 
than my value of F'-^0.90 and Is possibly more 
accurate. I have used my results for purposes of 
Illustrating the changes of F' that occurred 
with time).

In addition, the use of undralned strengths 
gave F - 1.5 - 1.7 for the condition of end-of- 
constructlon.

There are several things of Importance that 
this case Indicates.

(a) The most critical period for this 
cutting was some time after the canal was excava
ted and not the period during construction, 
substantiating the Ideas expressed In Fig. 16 of 
the Report.

The residual strength parameter of this 
weathered clay was not determined, but because It 
Is rather similar to other clays that have been 
tested extensively It Is likely that 28°.

1.2. Klmola Canal (Kankare, 1969).

The portion of the Klmola Canal that failed 
and that was Investigated was excavated in two 
stages, the first stage being completed In the 
winter of 1963 and the second stage being started 
and completed In January 1965. The canal was 
Immediately flooded and a large slope failure 
occurred In early November 1965. This case Is of 
considerable value to us because before the second 
stage of excavation the area that ultimately failed 
was Instrumented with piezometers and extensive 
work was done in the field to measure with vane 
apparatus the undralned shear strength of the 
clay. Thus, the effective stresses In the clay 
were known during final excavation and during

(b) The use of peak drained strengths gave 
a good estimate of the conditions of stability 
at the time of failure (condition 111 above).

(c) The good result for condition 111 using 
effectlve-stress method leads one to believe that 
the use of this method and measured pore-water 
pressures gave a reasonable estimate of the 
safety factor for end-of-constructlon which, from

TABLE I KIMOLA CANAL 

Condition__________ F' F' 

_________  Calculated Real

Failure 0.90 1.00

Construction 0.97 (1.07)

construction S„ or 1.5 to 1.7

0  =  0
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the above results, was Y ' 0.97. Comparing this 
value with F - 1.5 - 1.7 based on undrained 
strengths measured before stage two of excava
tion, the conclusion that can be drawn Is that 
the su - analysis was very unsafe In Its predic
tions of the end-of-constructlon stability 
conditions.

1.3. Seines (Kenney; 1967a, 1967b). This 
case is the only slide In a natural slope known 
to me to have begun in quick clay. The subject 
of landslides involving quick clay has been 
studied extensively at the Norwegian Geotechnlcal 
Institute and In only one case (Seines) was It 
found that the clay involved in the initial soil 
movement was quick clay. In fact, a limited 
field Investigation was made In the Romerike area, 
in which many qulck-clay landslides have occurred 
In the past, for slopes consisting of quick clay 
and none were found. Rather, It was found that 
in the qulck-clay areas the surface clays in the 
slopes were weathered to depths of 2-3 metres and 
that the next few metres of clay were insensitive, 
either due to weathering or due to the partial 
collapse and consolidation of the sensitive clay 
structure resulting from creep deformations of 
the clay in the slope. Because It has been found 
that initial slides in natural slopes in soft 
clays are shallow in depth, and because it appears 
that natural slopes In quick clays are very 
scarce, It can be tentatively concluded that 
Initial slides in natural slopes involving quick 
clays will be rare occurrences.

At the site of the Seines slide there was a 
stream that was actively eroding, in particular, 
at a sharp bend where the slide occurred. The 
whole area was one of quick clay and the existance 
of quick clay In this particular slope might have 
been due to the rapid erosion of the slope and to 
insufficient time for weathering and creep/ con
solidation to affect the clay. The pre-slide 
topography was obtained accurately from aerial 
photographs and the ground-water pressures were 
estimated from drawn flownets. Typical index 
properties of the clay are: w - 34Z, w^ “ 22Z,
Wp - 17Z, C.F. - 40Z, St 100, s ^ l . 6  t/m2 
(320 psf). The shear strength parameters were 
determined by means of drained trlaxial com
pression tests on samples 40mm diameter at levels 
of in situ stress and In these tests the qulck- 
clay samples exhibited a non-brlttle, plastic 
stress-strain behaviour. The peak-strength values 
in the stress range that was Investigated were 
c' - 0.5 t/m2, ♦' ■ 27°, and the calculated safety 
factor for the time of failure was F' - 0.95 ± 0.05. 
This case record and the little other factual 
data that are available concerning initial slides 
In natural slopes In non-brlttle quick clay 
indicate that peak drained strength values should 
be used to predict long-term slope stability of 
quick clay, the same approach that Is advocated 
for non-brlttle Insensitive soils.

There are a number of cases on record In which 
the landslide occurred to a large extent as a 
flake-like movement, the most-known being Furre 
(Hutchinson, 1961). These landslides are now 
believed to be not the Initial soil movement but 
rather soil movement that was triggered by a 
smaller initial rotational slide (BJerrum and 
Kenney, 1968). In caaea such as these it la

thought that the Initial slide is the common 
rotational-type movement and can be dealt with in 
calculations by the use of effectlve-streas 
methods and peak drained strengths. The soil 
movements that follow the initial slides occur 
rapidly and the soils would be in an undralned 
state. Of importance is the fact that the 
initial slide acts as a trigger and If the Initial 
slide is prevented all the other soil movements 
are prevented.

1.4. To summarize, these case records 
provide additional evidence that slides in 
natural slopes and in cuttings for the long-term 
condition and that involve soft, intact clays can 
be best analysed with the use of effective-stress 
methods of calculations and the use of peak 
drained strength parameters obtained from tests 
performed at stress levels comparable to those 
in situ. Because there is good evidence to 
support this method of approach, it can also be 
concluded that there are many factors that have 
little effect on the behaviour of these clays, or 
the effects of which are largely compensating; 
such as, sample disturbance, sample size, test 
method, effect of time, progressive failure, 3-D 
slope of the failure surface, to mention a few.

2. Stiff, jointed clay

2.1. Breckenrldge (Crawford and Eden, 1967). 
Many of the clays of eastern Canada that are 
located in the vicinity of the St. Lawrence River 

are late-glacial marine clays that have a bonded 
structure and are frequently very sensitive. The 
bonded structure of these clays gives them large 
undralned shear strengths and a brittle structure 
in drained shear (Crawford, 1963; Conlon, 1966). 
Frequently these clays are visibly "Jointed" (or 
fissured) to a depth of approximately 5 metres 
from the ground surface, and for greater depths 
a "Joint" or fissure pattern in the clay becomes 
apparent when the clays are sheared and the 
specimens begin to break into pieces (C. B. 
Crawford, private communication).

The Breckenrldge landslide is the first 
well-documented case of a natural-slope failure 
In Canada In such stiff, jointed, brittle, 
sensitive clay. The slide Is located In the 
vicinity of Ottawa and the initial slide was 
followed by a succession of small slides that 
left the characteristic bottle-neck crater of a 
slide involving very sensitive clay. The before- 
slide topography was obtained from aerial 
photographs and the ground-water pressures were 
determined from field measurements taken in 
adjacent slopes and from drawn flownets. The 
exact size of the initial slide is not known but 
a maximum size for the slide could be estab
lished. Typical Index properties are: w 6 0 Z ,  
w l^ 65Z, wp^w/30Z, su*~*10 t/m2 (2000 psf). 
Drained triaxial compression tests at In situ 
stress levels were performed on 40mm diameter 
samples and the results gave a strongly curvi
linear peak-strength envelope which turned 
downwards at small values of normal effective 
stress to yield a very small c' - intercept.
Within the range of in situ stresses for the 
Initial slide the strength envelope obtained 
from these tests could be described by the 
parameters c' - 0.7 t/m2, ♦' - 35°, and using
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these values In stability calculations safety 
factors F' - 1.15 - 1.25 were obtained, depending 
on the chosen size of the Initial elide.

If we say that the combined effect (1) of 
using larger test specimens and (11) of account
ing for progressive failure Is to decrease the 
shear strength to c' ■ 0, ■ 35°, then the 
safety factor at failure would be reduced to 
F' - 0.85.

Although there are many factors In the 
Breekenrldge case that are uncertain, the 
calculations do Indicate that the safety factor 
at failure Is overestimated through the use of 
peak drained strength values and that the safety 
factor Is underestimated through the use of
c' - 0, ♦'1 peak. Some of the errors of the first
approach might be eliminated by using larger 
specimens but It also might be that the field 
strength of such brittle clays is dependent on 
time and progressive failure.

clay.
As a matter of record, ’29° for this

Much additional field work Is required in 
the study of the behaviour of slopes in these 
stiff, "Jointed", sensitive clays having large 
liquidity Indices. It is of interest that the 
problems to be Investigated are very similar to 
those associated with slopes in stiff, fissured, 

insensitive clays having small liquidity indices 
and that were dealt with in section 5.3 of the 
Report.

3. Peak or residual strength?

This is a question in the minds of many 
people today - "in stability calculations should 
we use peak drained strength, residual strength, 
or some intermediate value?" I will not attempt 
to provide the whole answer but will rsther 
concentrate on the appropriateness of using 
residual strengths when dealing with problems 
involving soils with large liquidity indices 
(large IL).

Most of the work that has been done on 
residual strength hss been associated with natural 
clays thst have been heavily preconsolidated, 
that are stiff and brittle, and that exist at 
water contents close to their plastic limit 
(Il~ / 0). It has been found that slip surface 
movements in such soils cause the shear strength 
of the soils to decrease to the residual value 
(minimum drained strength). From laboratory 
studies it is known that a soil exhibits its 
residual strength when the soil particles are 
orientated parallel to each other and in this 
state the water content of the soil is close to 
the plastic limit, typically corresponding to 
IL ̂  0.2.

Flg.l is a development of Fig.11 contained 
in the Report. It indicates that as the result 
of shear displacements In small - 1^ soils there 
Is a small net change in the fabric of the soil 
and small changes in volume; the primary change 
Is the re-orientatlon of the soil particles 
parallel to the direction of shear movement. In 
the Report; reference has been made to a wealth
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of field evidence that indicates that the strength 
of soil along a previously active slip surface In 
small-I^ clay Is equal to the residual strength, 
and therefore it Is appropriate to use residual 
strength in stability calculations of slopes 
in small-I^ soils In which there has been a history 
of shear displacement.

In the case of large-I^ clays the soil 
particles have a random orientation, and in order 
for the clay to exhibit its residual strength, 
the soil psrticles must become more parallel 
orientated and, as a result, come closer together. 
This latter condition involves large volume 
decreases through the drainage of water from the 
pores. For this to happen would require either 
(1) large shear displacements that occur slowly 
enough that consolidation could occur simult
aneously or (11) a series of more rapid slide 
movements during which the soils In the zones of 
sliding would be remoulded and would consolidate 
during the intervening rest periods. Of 
significance are the conditions of large shear 
displacements and large volume decreases that 
are required to bring large-I^ soils to their 
resldual-strength state, and as a consequence of 
these volume decreases the soil would change to 
small Ij_.

To me it is difficult to imagine that these 
conditions could be satisfied in situ,
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Fig.l. Volume changes required for residual strengths.

and therefore I would conclude that It Is not 
appropriate to use the concept of residual strength 
when dealing with large-Ij, soils. One might argue 
that shear displacements and volume changes might 
be concentrated In a narrow zone within the body 
of soil, but to date there Is no evidence of this 
from the field and It Is an unlikely possibility 
for eoft clays of large 1̂ , and only a slightly 
more likely possibility for brittle clays of 
large 1̂ .

"To use or not to use residual strength" 
would be of little consequence If there was little 
difference between drained strength and residual 
strength of a large-I^ clay. Not very much work 
has been done on such soils but an example of a 
Norwegian quick clay (ŵ  - 25Z, Wp - 18Z, C.F.” 40Z) 
can be sited for which the peak strength was 
♦' ■ 33° and the residual strength was t ' T “ 17°.
The enormous difference between these values 
Indicates that, at least for this clay, the misuse 
of residual strength would lead to very con
servative design.
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Chairman D. H. TROLLOPE

Thank you very much professor Kenney. The 
next contributor will be Dr. Broms.

Panelist B. BROMS 

Introduction

Several large landslides have occurred during the 
last 20 years in the densely populated GOta River 
Valley, located in the southwestern part of Sweden 
(Fig. 1). Among these the landslides at Surte 
(Jakobson, 1952) and at GOta (Odenstad, 1958) can be 
mentioned.

In the GOta River Valley flows the GOta River which 
is one of the largest rivers in Sweden. The GOta 
River is also an important waterway. Approximately 
4 milj. tons of freight is annually transported on the 
river. In the river valley are located several hydro
electric plants. The river serves also as water 
supply for Gothenburg, the main seaport of Sviden 
with approximately 500, 000 people. Two main high
ways follow the GOta River Valley. The highways 
are in many places located close to the river. Also 
one railroad line is located in the valley, and has 
in some cases been affected by landslides.
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TROLLHATTAN

Fig. 1. The GOta River between Trollhättan and 
Gothenburg (Göteborg).

Landslides in the GOta River Valley can have very 
serious consequences. A landslide can,for example, 
disrupt the boat traffic in the river, interfere with 
the operation of the hydroelectric plants and pollute 
the river water. (Several large chemical plants are 
located at the river and oil storage tanks have been 
built close to the river. Two oil tanks collapsed e. g 
during the slide at Göta. )

Landslides in the GOta River Valley

Scars after old landslides can be seen almost along 
the whole river, especially in the northern part of 
the valley above Lilia Edet. In Fig. 2 is shown 
scars after landslides at Utby (Fig. i).

About 20 slides have here taken place within a 
distance of about 2 km. Several slides have also 
occurred along the Slump River, a tributory to the 
GOta River.

Scars after a large old landslide can also be seen 
at Jordfallet (in English "Earth fall") located about
2 km  upstream of Surte (Fig. t). The scar has a 
length of about 300 m  and reaches about 1000 m  
from the river.

One of the largest recorded landslides occurred in 
1648 at Intagan, located approximately 4 k m  south

west of Trollhattan (Fig. 1). About 54 acres were 
affected by the slide and at least 85 people lost 
their lives. Another relatively large landslide which 
probably was triggered by an earth quake took place 
in 1759 at BondestrOm, when approximately 400,000 
m^ slid into the GOta River.

The landslide at Surte occurred in 1950. The direct 
cause of the slide is uncertain but the vibrations 
from the pile-driving for a small house have been 
dicussed as one possible factor as well as the 
vibrations from a train which passed the area just 
before the slide. The length of the slide area was 
about 600 m  and the width about 400 m. The total 
volume was 4 million m^. Within the slide area 
lived about 375 people in 31 houses. One person 
lost his life during the slide. A  major highway and 
a railroad line, which crossed the slide area, were 
damaged. The total damage caused by the slide was 
estimated in 1952 to $ 2, 000, 000.

The landslide at GOta occurred in 1957. Several 
large buildings belonging to a paper mill were 
located within the slide area, which was about 
1500 m  long and 300 m  wide. Three workers were 
killed of the 20 0 which were within the slide area. 
The total cost to restore the riveT channel after the 
slide was approximately $ 2 , 0 0 0 , 0 0 0 .

Geologic History

The GOta River Valley was formed by erosion during 
several glaciations along prequaternary fissured 
zones in the underlaying bed rock of gneiss. The 
bottom of the valley, which is filled with loose 
sediments, is located up to 10 0 m  below the present 
sea level. The maximum thickness of the sediments 
is about 100 m  (at Gothenburg). The thickness of the 
sediments in general increases downstream. The 
area was covered during the last glaciation by ice 
with a total thickness of 2 000 to 3 000 m. During the 
last glaciation the valley floor was partly covered by 
a thin layer of heavily preconsolidated moraine (till) 
with a total thickness less than 1 to 2 m. The 
moraines are generally covered by glacifluvial and 
marine sediments. The average grain size of the 
sediments decreases generally towards the ground 
surface and downstream the river. The glacifluvial 
sediments (sand, silt and clay) and the moraines 
have in many places been reworked by waves.
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Fig. 3. Soil conditions at Utby.

The location of the shore line has changed considera
bly since the last glaciation, due to changes of the 
sea level and the general land uplift. At the end of 
the glaciation the sea level at Gothenburg was located 
95 m  above the present sea level and 128 m  at Lake 
VSnern. The present rate of land uplift is 2 m m /  
year downstream at Gothenburg and 2. 5 to 3 mm/_ 
year upstream at the Lake VSnern. The gradient of 
the GOta River is thus increasing by about 1 m m /  
year. A  typical soil profile of the clay layer at Utby 
(Fig. 1) is shown in Fig. 3. (The clay is underlaid 
by sand with a thickness of more than 10 m. )

The lower parts of the marine clay sediments, 
which generally are stratified, are of glacial age. 
The clay content varies generally between 50 and 
60 %. Organic content of the glacial clay is low. 
Varved silt can frequently be found close to the 
bottom layer of sand.

The upper parts of the marine sediments consist of 
late- or postglacial clays. The particle size is 
smaller than that of the underlaying glacial clay.
The clay content varies generally between 60 and 
70 %. The dominating clay mineral is illite. The 
organic content ("gyttja" and organic sulphides) is 
relatively low but increases downstream the river. 
The glacial as well as the late- and the postglacial 
clays are located just above Casagrande's "A"-line.

The post-glacial clays have a stiff upper crust with 
a total thickness of 1 to 1.5 m. The thickness 
increases upstream the river. The dry crust is 
disected by vertical desiccation cracks with a thick
ness varying between 1 and 6 mm.

Alluvial sediments can frequently be found close to 
the river. The silt and organic contents of these 
sediments are generally high. Their maximum

thickness is about 7 m.

High artesian pressures have been measured in 
many places in the sand and silt layers as shown in 
Fig. 1. The water pressures are related to the 
amount of rain fall in the area. Seasonal variations 
of the ground water table of 1 to 2 m  are not unusual. 
(Pore overpressures of 7 m  with respect to the 
present ground surface has been observed.) The pore 
overpressures are generally highest in the bottom 
layers and decrease towards the ground surface.

The glacial and post-glacial clays are generally 
normally consolidated except for the stiff dry crust 
at the ground surface. The shear strength increases 
generally linearly with depth. Just below the dry 
crust the shear strength varies between 0. 5 and 1. 0 
metric tons/m in the downstream Dart of the valley 
and between. 3 and 4 metric tons/m in the upstream 
part of the valley.

The following relationship has been found for Swedish 
clays between undrained shear strength cu, liquid 
limit w l  or-fineness number wj- (Karlsson. 19 6 1) 
and effective overburden pressure a'v (Hansbo, 1957).

Thus the shear strength increases as a rule linearly 
with increasing liquid limit (or fineness number) and 
with increasing effective overburden pressure. The 
shear strength of the normally consolidated clays in 
the GOta River Valley is in some places higher than 
that predicted by the relationship proposed by 
Skempton (1954) or by Hansbo (1957) when the 
sensitivity of the clay is high (Karlsson & Viberg, 
1967).

The angle of internal friction as determined by 
drained direct shear tests is approximately 22 a 23 . 
A higher angle of internal friction is generally 
obtained with drained triaxial tests than with drained 
direct shear tests (Osterman, 1960; Brink, 1967). 
The true angle of internal friction (Gibson, 1953) 
varies generally between 18° and 20° (Karlsson b 
Pusch, 1967).

The sensitivity of the clay in the GOta River Valley 
is frequently high. The sensitivity of the Swedish 
clays is normally about 10 to 20 but the sensitivity 
ratios as high as 500-700 has been measured by the 
fall-cone test (Karlsson, 1963) north of Utby. Often 
a relatively large amount of work is required to 
remould the clays from the GOta River Valley.
Clays from the GOta River Valley are therefore not 
as sensitive to vibrations or other mechanical 
disturbances as clays which can be remoulded 
easily.

SOderblom (1969) has suggested to distinguish 
between rapid quick ’clays and slow quick clays (a 
clay is classified as rapid quick when a relatively 
small amount of work is required to remould the 
clay, while the term slow quick is used when the 
amount of work is relatively large). Clays with a 
sensitivity ratio larger than 50 are in Sweden defined 
as quick clays if the fall-cone test is used to deter
mine the undisturbed and the remoulded shear 
strength of the soil.

The high sensitivity of the clays in the GOta River 
Valley can partly be explained by a reduction of the
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salt content due to leaching and diffusion. However, 
infiltration of organic substances (e.g. humus) have 
probably also contributed to the high sensitivity of

the clays. The salt content of quick clays is always 
low but the salt content of clays with low sensitivity 
may vary between wide limits. SOderblom (1969) has 
identified a large number of organic substances in 
pore water with dispersing properties.

In Fig. 4 is shown the relationship between conduc
tivity (VI) and the sensitivity (S ) of a clay from a 
bore hole located close to Utby (Fig. 1).

Immediately alter urtrochofi 

After transportation to laboratory

0 1 0 12 16

Fig. 4. Relationship between conductivity and 
sensitivity.

The conductivity, which is directly proportional to 
the salt content, was determined with a salt 
sounding tool (Stiderblom, 1957). The shear strength 
of the undisturbed and of the remoulded soil was 
determined by the Swedish fall-cone test in the field 
immediately after the sampling and in the laborato
ry approximately two weeks after the sampling. It 
can be seen that no relationship exists in this case 
between conductivity (salt content) and sensitivity 
when the salt content is low. In fact, the highest 
sensitivities were found at the levels where the salt 
content was the highest.

The sensitivity is, however, affected by the time 
after sampling. The sensitivity determined two 
weeks after the sampling was approximately half 
the sensitivity immediately after the sampling. The 
reduction of the sensitivity was caused mainly by a 
reduction of the undisturbed shear strength of the 
clay.

In Fig. 5 is shown a microphotograph of a quick 
clay from Lilia Edet. The shear strength of the 
clay is about 2 t/m and the sensitivity about 150.
The thickness of the section is 500 A. Investiga
tions have shown that the microstructure of quick 
clays is characterized by an extremely open three 
dimensional network of particles and particle 
groups (Karlsson ti Pusch, 1967).

Soil Exploration

The stability conditions in the Gttta River Valley has
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Fig. 5. Microphotograph of a quick clay from Lilia 
Edet (R. Pusch).

been investigated extensively. The sounding machine 
type SGI (Fig. 6 ) and the Swedish weight sounding 
device have been used to determine the thickness of 
the individual soil layers and the depth to the firm 
bottom layers.

Fig. 6 . Sounding machine type SGI.

The sounding machine type SGI (Kallstenius, 1961) 
records automatically the penetration resistance of 
a 10 c m 2 cone as a function of depth as the cone is 
pushed down into the soil. The skin friction resis
tance is automatically subtracted from the total 
resistance and only the point resistance is recorded 
by the machine. This type of penetrometer is much 
more rapid than, for instance, the weight sounding 
test, and can be used to detect e.g. sand and silt 
seams as shown in Fig. 7.

The undisturbed shear strength of the clay has been 
determined in situ with the so-called iskymeter 
(Kallstenius, 1961) and with vane tests and in the 
laboratory by the Swedish fall-cone (Hansbo, 1957) 
or by unconfined compression tests. The iskymeter 
records the pull-out resistance of a foldable anchor 
plate which is pulled out of the ground by a wire. The 
anchor plate is driven into the soil folded and unfolds 
when the plate is pulled. With the iskymeter sand or 
silt seams can be detected as shown in Fig. 8 .
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the blades when the vane is driven through the stiff 
dry crust. The test results indicate that clay which 
adhere« to the vane blades can appreciably lower the 
measured shear strength especially when the sensi
tivity of the clay is relatively high.

Soil samples have been taken with sampler SGI type 
IV (Kallstenius, 1958) and by the Swedish standard 
piston sampler (Swedish Committee on Piston 
Sampling, 1961). The area ratio of the Swedish 
standard piston sampler is low. Samples have been 
taken every or every second meter in depth.

The Swedish foil sampler has been uBed in a few 
cases to check the layer sequence and to locate slip 
surface in slides. In Fig. 9 is shown two cores 
from the slide at GOta. The location of the slip 
surfaces can clearly be seen <5n the photograph.

Fig. 7. Penetrometer record.

Fig. 8 . Iskymeter record.

The shear strength determined by the iskymeter 
agrees relatively close with the results from vane 
tests in clays with normal sensitivity (Osterman, 
1960). A  good agreement has also been found be
tween fall-cone and field vane tests except when 
the sensitivity of the soil is high.

The vane type SGI is provided with shield or with a 
shroud which protects the vane blade* during dri
ving. The shield also prevents clay from adhering to

s u r -

fa c e s

Fig. 9. Location of slip surfaces in cores.

Pore pressures have been measured hydraulically 
by pore pressure gauges of type SGI (Kallstenius & 
Wallgren, 1956). The coupling device of the gauge 
makes it possible to check the functioning and the 
accuracy of the gauges during long time measure
ments. These gauges are therefore especially suited 
for control of pore pressures. The gauges along the 
GOta River are as a rule read every second month.

Lateral displacements (creep) have been measured 
with an inclinometer of type SGI (Kallstenius fe 
Bergau, 1961) at locations where the slope stability 
has been especially low. With this device it is often 
possible to measure lateral displacements with an 
accuracy of about 1 to 2 m m  for a length of 10 m.

The salt content of the clays has been determined at 
a large number of places by measuring in situ the 
electrical resistance of the soil with a salt sounding 
tool as mentioned above (SOderblom, 1957, 1958).

Analyst

I metre

Bedrock 
Depth mea 
sured ort 
rods •23.52m

Stone —

M3

Mochne_
stopped
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389



SEANCE PLENIERE 5

The electrical resistance is measured between two 
isolated steel rings which are placed at the tip of a 
sounding rod. The tool is driven into the ground 
with standard equipment. The salt content.which 
generally is low close to the ground surface, 
increases with depth and reaches often a maximum 
value at the middle of the profile. The salt content 
at the bottom layers is generally low due to leaching. 
It has been possible in many cases to locate slip 
surfaces with this device. In Fig. 10 is shown the 
record from a salt sounding at G 6 ta which was 
carried out 14 days after the slide (Sflderblom, 1969).

0 500

Electrica l r t t i t lo n c t  in atims

Fig. 10. Location of slip surface with the salt 
sounding tool.

A sudden jump in the resistivity curve shows the 
location of the slip surface. The actual location 
was later checked with cores obtained with the 
Swedish foil sampler.

Attempts have also been made to locate slip sur
faces in quick clays with field vane tests. This 
method has not been successful since the thickness 
of the disturbed zone, where the shear strength in 
the soil is reduced by remoulding, has been small 
(less than a few centimeters).

Slide Mechanisms

The large slides in the GOta River Valley are 
generally retrogressive rotational or retrogressive 
translational. They have as a rule been triggered 
by a relatively small initial local slide. A  number 
of parallel ridges can often be seen within the area 
after a slide. The landslide at GOta started as a 
small local slip close to the river. In the morning 
of the slide a crack which was 130 m  long was 
observed approximately 20 to 30 m  from the river. 
The crack widened slowly and the final slip 
occurred 3 hours after the crack first was detected. 
The slide spread upstream the river and in the 
direction from the river (Odenstad, 1958). The 
slide at Surte initiated, however, at some distance 
from the river and the slide then spread gradually 
towards the river and backwards to the side of the

valley. The duration of the slide was at Surte about
3 minutes and the maximum speed of the slide was 
less than 0.9 m/sec.

A number of local slide can be seen in Fig. 11.

Fig. 11. Local slides along the GOta River.

The small initial slide is generally caused by 
erosion of the river bank and by changes of the 
ground water level, by vibrations from traffic, 
pile driving or by earth quakes. The small local 
slides are mainly confined to the part of the river 
located above LOdese (Fig. 1) where the height of 
the river banks exceeds several meters.

The erosion processes have accelerated during the 
last 50 years partly by the construction of dams 
and hydroelectric plants along the river and partly 
by the heavy ship traffic on the river. The erosion 
of the river banks seems to increase rapidly with 
the size and speed of the ships. Some bottom 
erosion has taken place downstream of Lilia Edet 
at the places where the river bottom consists of 
cohesionless soils. Of course, a certain erosion 
has also been caused by the general land uplift 
(2 mm/year at Gothenburg). This erosion is rela
tively small since the land uplift is small. Over a 
very long time period this bottom erosion can, 
however, be appreciable and contribute to the 
general lowering of the stability of the slopes.

Method of Analysis

It is not possible to predict accurately with present
ly available methods if a small local slide will 
develop into av large catastrophical slide. The 
stability of a number of small local slides have been 
analysed by the total stress method (ft = 0 -analysis) 
and by the effective stress method (c' j/'-analysis) 
(Bishop, 1955). The total stress analysis which is 
based on results from field vane tests gave nominal 
safety factors which are close to one with respect to 
available and mobilized shear strength of the soil 
(GOta£lvkommitten, 1962). Safety factors of the same 
magnitude were obtained from an effective stress 
analysis if the results from drained direct shear 
tests and triaxial tests are used in the analysis. The 
cohesion c' , determined by drained direct shear 
test, has not been reduced in the calculation. Both 
circular and other shapes of the failure surfaces 
have been investigated.
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Also sections where slides have not occurred have 
been analysed by the total and the effective stress 
methods. The results from these calculations are 
shown in Table 1.

Table 1. Safety factors calculated by total and 
effective stress analysis

Total stress 
analysis

Location

Intagan - Torp

23.45 
23. 72 
23.82
26.88 - 27.52

Ströms Lock

37. 01 
37. 11 
37. 33

Lilia Edet

34.5 - 35.8 1.4 - 1.5

Agnesberg - Ekeberg _ 1.5

1. 18 
1. 02 
1.07 

- 1. 1

1 . 0  

1. 1
1.0

Effective stress 
analysis

1. 30 
1.03 
1. 03 

-  1. 1

1 .0

1.0
1.0

1.3- 1.5 

1.3 - 1.5

Also in this case a good agreement was obtained 
between the two methods.

The stability of the normally consolidated clay in 
the GOta River Valley is generally evaluated by the 
total stress method ( 0 = 0 -analysis) mainly due to 
the simplicity of this method. A  total stress analysis 
reflects the stability of a slope with respect to 
sudden changes of the applied load and to gradual 
changes of the undrained shear strength of the soil 
by e.g.' leaching. It is believed that a total stress 
analysis to a certain extent can be used to investi
gate if a small slide will cause a large secondary 
slide. (The initial slide causes a sudden change of 
the stress conditions in the remaining soil without 
a change of the water content.) Erosion of the river 
banks often occurs rapidly due to large variations 
of the water level and the heavy boat traffic in the 
GOta River. The change of the stress conditions by 
the erosion will generally cause an increase of the 
pore pressures in the slope due to the high sensitivi
ty of the clay and the high value of the pore pressure 
coefficient A. Dissipation of excess pore pressures 
and changes of the water content of the clay take 
place very slowly due to the low permeability of the 
clay (10"® to 10"*® cm/sec). It is believed that 
changes of the stability conditions by such rapid 
changes of the stress conditions is better reflected 
by a total stress analysis than by an effective stress 
analysis. In this case a total stress analysis will 
give a lower safety factor than an effective stress 
analysis. The limitation of a total stress analysis 
is, however, the evaluation of the average undrained 
shear strength of the soil. It is known that anisotro
py, and the direction of the stress increase (Bjer- 
rum & Kenney, 1967), and thus the test method will 
affect the measured shear strengths.

The undrained shear strength determined by the 
field vane or by the Swedish fall-cone test are used 
in the calculations as mentioned above. The shear 
strength determined by vane tests agrees as a rule 
closely with the cone values because the cone test 
has been calibrated against the vane test. If the

sensitivity of the soil is high and the sampling depth 
is large, the vane shear strength is, however, 
frequently higher than the cone strength because of 
the disturbance of the soil samples.

The actual shear strength is probably higher than 
the vane or cone values. For normally consolidated 
clays the shear strength along horizontal planes is 
often higher than along vertical planes. This differ
ence in shear strength is probably compensated by 
the strength decrease caused by time.

The shear strength used in the calculations is 
reduced when the liquid limit or fineness number of 
the clay is larger than 80 or the soil is organic. A 
reduction coefficient of 0. 9 is often used for slightly 
organic clays, 0 . 8  for organic clays and silts, 0.7 
for clayey or silty "gyttja" and 0 . 6  for peat 
and "gyttja". ("Gyttja" is an organic soil of post
glacial or recent age. ) Analysis of old slides which 
have occurred in organic soils with a high liquid 
limit has indicated that a reduction is required.

In Sweden normally a safety factor of at least 1.4 
to 1. 5 is required with respect to the undrained 
reduced shearing strength of the soil in areas where 
the stability conditions can be changed by the 
construction of e.g. buildings and roads close to the 
river or by erosion. In areas in the GOta River 
Valley where the stability conditions are supposed 
not to change in the future and where structures are 
not located close to the river a nominal safety 
factor of 1. 3 is generally considered satisfactory.
In some cases a safety factor as low as 1.2 has 
been allowed. If safety factors of 1.3 to 1.2 are 
found it is important to protect the slopes from 
erosion and to prevent buildings to be constructed 
near the river or to deepen the river channel by e.g. 
dredging. Where the factor is lower than the above 
mentioned the actual stability has been increased by 
about ten per cent through unloading of the river 
bank by excavation.

An effective stress analysis (c'jT -analysis) is espe
cially valuable to check the stability conditions in 

the GOta River Valley when gradual changes of the 
loading conditions or of the pore pressures are 
expected. It is often difficult to predict the magni
tude of these changes. Furthermore, there are 
some difficulties in the evaluation of the coefficients 

and c' which are used in an effective stress 
analysis. These coefficients are affected by volume 
changes during the drained triaxial and the direct 
shear tests,by rotation of the principal stress 
directions and to a minor extent by the intermediate 
principal stress. There are also some questions 
about the value of the parameter c' to be used in the 
analysis. The parameter c' is not reduced at present 
since a reduction leads to unreasonable results. (If 
a reduced value is used in the calculations, then 
large parts of the GOta River Valley are not stable 
according to the calculations. )

Slope Protection

The slopes along large parts of the GOta River do 
not satisfy the safety requirements mentioned above. 
Therefore extensively remedial works have been or 
are being carried out along the river. By protectii 
the slopes from local slides it is believed that the
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c. F i l l  at toe o f slope

f. Erosion p ro te c t io n  

Fig. 12. Stabilization of slopes.

slopes will also be safe against large landslides.

The remedial works can be separated into three 
major groups. To the first group belong all methods 
which tend to decrease the nominal average shear 
stress along potential slip or failure surfaces. The 
average shear stress can be decreased e.g. by 
excavating the soil at top of a slope, by flattening 
the slope, by placement of a fill at the toe of a slope 
or by raising the water level in the river as illus
trated in Fig. 12 a through c. To this group belongs 
also strengthening of the slope with piles (Fig. 12 d).

of the soil at the top of the slope as shown in Fig. 
13, than to flatten the slope or to place a fill at the 
toe of the slope.

A fill at the toe of the slope is often partly located 
below the water level where only the boyant weight 
of the fill is effective.

The second group includes methods which tend to 
increase the shear strength of the soil along potential 
slip surfaces. The shear strength of the soil can be 
increased e. g. by lowering the pore pressures by 
drainage or by pumping (Fig. 12 e). To the third 
group belong methods which prevent a decrease of 
the slope stability by e.g. erosion. Erosion can be 
prevented by a reversed filter at the toe of the slope 
as illustrated in Fig. 12 f.

The method chosen at a particular location is 
dependent of the local conditions such as the height 
and the slope of the river banks, the presence of 
permeable layers in the soil, the average shear 
strength of the soil and of the erosion.

13. Increase of slope stability by excavation 
It is generally much more effective to remove part at top of slope.

e. Low ering o f ground w a te r  le ve l
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Fig. 14. Slide caused by the driving of piles.

Piles are seldom used to increase the slope stability 
except when the space at the top of the slope is 
restricted by an adjacent road or by buildings. 
However, the driving of piles may temporarily 
decrease the slope stability by the remoulding of 
the soil or by the lateral displacement of the slope 
towards the river. A  slide caused by pile driving is 
shown in Fig. 14. In this case the lateral displace
ments and the resulting shear deformations of the 
soil were sufficiently large, so that the peak 
strength of the soil was exceeded (Broms & Benner- 
mark, 1968).

If the sensitivity of the soil is high, the reduction of 
the shear strength at large lateral displacements 
can be large. However, due to the relatively high 
clay content of the clay in the Gtita River Valley the 
reduction of the shearing strength is generally 
moderate. Experience has shown that the lateral 
displacement and the strength reduction is decreased 
if the row of piles located close to the river are 
driven first.

The fill is not compacted. The maximum particle 
size is at least 15 cm. Only the sections where the 
erosion at present is very active is protected. 
However, a change of the local conditions (e.g. a 
change of the maximum water flow or of the ship 
traffic) may change the areas affected by erosion.

Slide warning systems have been installed by the 
Swedish State Railways (S. J. ). The warning 
system consists of a thin electric wire with a 
tensile strength less than 110  lb, which is placed 
in the ground in a zig-zag pattern as illustrated in 
Fig. 16 at a depth of 1.0 m. The train traffic is 
stopped automatically when the cable Dreaks.

,  E lectrcol contact

-  Electric cablo 
(m aximum tonsil* 
strength of 110 lb )

Post which prevents 
 ̂th# displacement at 
the cable when 

stretched

Fig. 16. Slide warning system type Swedish State 
Railways.

Twice each year the GOta River Valley is inspected 
by personal from the Swedish Geotechnical Institute. 
The erosion of the river banks is followed with 
aerial photographs. The erosion of the river bottom 
is checked by soundings. Also the construction of 
new buildings, storage tanks, the placement of fills 
etc. close to the river is controlled by the Institute.

The ground water pressure can generally only be 
lowered where silt or sand layers are present in 
the soil. In areas with artesian pressures the ground 
water pressure can be lowered with bleeder wells.
In all other cases the ground water pressure can 
only be lowered by pumping. However, a lowering 
of the ground water pressure causes settlements 
and may cause wells in the area to go dry.

The erosion protection is often combined with a 
flattening of the slopes to prevent local failures as 
mentioned previously. An erosion protection 
consists generally of a 2 m  thick layer of rock fill 
which is placed by dumping (Fig. 15).
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Chairman D. H. TROLLOPE

Thank you very much Ur. Broms. The final 
speaker from the Panel is professor Borowicka, 
from Austria.

Panelist H. BOROWICKA (Austria)

Mr. Chairman, Ladies and Gentlemen. The 
central question with slides is the balance 
of the external and internal forces.

Prom the point of view of this balance there 
are three main classes of slides only:

1. Slides caused by a change of the external 
forces with the shear strength remaining 
nearly constant.

2. Slides caused by a drop of the shear 
strength with the external forces being 
approximately unchanged.

3. Slides originated by both; change of the 
external forces and drop of the shear 
strength.

Concerning the change of the external forces 
there is the particular problem of the see
page forces after rainfalls which, usually, 
we do not know exactly in the case of nat
ural slopes. As far as the drop of shear 
strength is concerned, a loss of cohesion and 

a decrease of the angle of internal friction 
may occur. Loss of existing cohesion may 
occur in any soil. On the other hand, a 
considerable decrease of the angle of inter
nal friction is restricted to certain condi
tions. These are:

Loose masses prone to liquefaction and soils 
with a high content of flat shaped clay par
ticles prone to slippage.

Shear tests carried out in Vienna 10 years 
ago proved that virgin clays are indeed co- 
hesionless.

From many facts and tests we must conclude 
that there is no basic difference between 
true and apparent cohesion. Both are caused 
by an effective pressure in the grain skele^
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ton or, in other words, by an intrinsic pres
sure. Like any other pressure, this intrin
sic pressure may increase or decrease with 
different influences and even drop to zero.

Judging the stability of a slope we should 
never confuse external forces with soil pro
perties. But this is what we actually do 
with the usually applied methods. For the 
external forces we include not only any kind 
of water pressure but also the intrinsic pres 
sure as far as it can be considered to be 
permanent. The analysis itself should be 
statically consistent. This is not the case 
with the usual methods except for the method 
of Pröhlich.

As far as the specific problem of slickensid 
ed clays and marls, phylites, etc. is con
cerned, the intrinsic pressure along an al
ready formed slip surface is reduced to zero 
and the shear stresses are no longer retain 
ed by the internal friction of the soil bvrE 
by the external friction between the sliding 
body and the body at rest. We know that some 
slopes had to be flattened to the angle cor
responding to the external friction, which is 
a minimun. Considering steeper elopes than 
this minimum angle, some cases of slides are 
known to have occurred after a rainfall al
though the slope endured heavier rainfalls 
without showing any sign of movements for a 
century or more. In such cases I would not 
dare to predict whether, when or to what ex
tent a slide will occur in the future because 
not only the soil properties are involved but 
also environmental factors.

In my opinion, we Should approach the problem 
from the point of view of probability, taking 
into account the consequences and the measures 
to be taken in order to cure a potential slide. 
That means a calculated risk. In this con
nection I would like to mention that a factor 
defined as the relationship between the mini^ 
mum shear strength parameters and those requi 
red to produce equilibrium was proposed in a 
paper presented by Prof. Goldstein and co- 
workers of the USSR at the regional conference 
in Vienna in 1968.

Such a factor oannot reduce the calculated 
risk but it can contribute greatly to the jud 
gement regarding its magnitude.

As they occur quite frequently In nature, 
slides give us the opportunity to check the 
soil coefficients obtained by laboratory 
tests and used In stability analysis. 
Actually we should consider natural slides 
as extended In situ shear tests. But In 
order to be able to do so, we have to know 
exactly the balance of the active and 
passive forces and all other Influences, 
which night be of Importance to sliding.

As there Is a great variety of soil and rock 
movements In nature many geologists and 
engineers - even Terzaghl himself - have 
made the attempt to classify and typify 
these movements. For Instance the Swiss

geologist Albert Helm proposed 2o different 
classes of soil and rock movement using the 
rate of flow and the kind of the slip sur
face as characteristics. In my opinion, 
such subdivisions have no great value and 
may only divert our attention from the 
actual problems.

First of all, I want to make the statement 
that there 1s no real difference between 
the stability of rocks and soils. Their 
shear properties are qualitatively the same 
even though there might be differences In 
quantity. Of course fissures, cracks and 
faults In rocks are of great Importance but 
with regard to the shear strength they re
present only debll zones or areas and have, 
therefore, the same consequences In sta
bility problems as the debll zones 
frequently found between two different soil 
layers.

If we want to give a definition for the 
"slide" we can consider it to be a movement 
of soil or rock mass under unstable con
ditions, what means that the shear stresses 
have attained the shear strength along the 
slip surface or at any point of the moving 
mass. As a difference to sliding, creeping 
Is a slow movement of a mass under stable 
conditions, what means that the shear 
stresses are still below the shear strength. 
If a slope Is In slow movement, the decision 
will be sometimes difficult whether the mass 
Is still in a oreeplng or already in a 
sliding status.

From the trial method used In b oII mechanics 
for the stability analysis of slopes many 
engineers assume that only one sharp shear 
plane exists between the undisturbed and the 
moving mass and that, therefore, the rate of 
movement must be constant with increasing 
depth down to the slip surface. If soil 
explorations and measurements do not confirm 
such a behaviour these engineers and 
especially many geologists are convinced, 
that they are confronted with another type 
of soil movement and the rules of stability 
analysis cannot be applied in this case.
But We should not forget that, according to 
the theory of plasticity, there are two 
shear planes at every point of a moving mass 
and the rate of movement cannot be constant 
but must decrease with Increasing depth.
From my experience with slides I know that 
In some cases only one distinct slip 
surface can be found, in other cases two or 
more, one above the other, and sometimes 
none at all. For this reason, neither the 
kind of the slip surface nor the rate of 
the movement is a suitable characteristic 
for the classification of the soil or rock 
movements.

Ab far as slides are concerned I personally 
think we should base the classification on 
the stability analysis i.e. on the balance 
of the external and Internal forces Itself. 
In this way, we have to distinguish into 
three main groups of slides which are:
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1) the external forces are changed, the 
shear strength remains constant.

2) the external forces are unchanged, the 
shear strength decreases.

Z>) both, the external forces are changed 
and the shear strength drops.

In the first group two subgroups are In
cluded: change of the loads and Increase of 
the water pressures. Loads may be changed 
by adding weights of embankments, buildings 
etc. at the top of the slopes or by removing 
welgths at the foot particularly with cuts. 
In this subgroup increasing of the water 
level at the foot of the slope In rivers, 
lakes, seas and storage basins can be In
cluded, In which case the welgth of the soil 
Is reduced by the effect of buoyancy. This 

point Is of Increasing concern during the 
filling of storage basins because the 
safety of the slope Is already almost one 
In natural state and a detorlatlon by 
buoyancy may cause a failure. As a slide 
may produce a flood wave In a full basin 
and, by this way, can affect the safety of 
the dam Itself - especially of a rockfill or 
an earth dam - a considerable calculated 
risk occurs In this case which Is very much 
greater than with a slide under normal 
conditions.

The utmost to be done Is that we could try 
to keep the safety at the same level before 
and after filling the basin. Because of the 
great water depth In storage basins the 
counter - measures must be limited to 
special critical points - such as the 
deviation of diversion tunels - If they are 
possible at all. Except for these special 
cases we will be restricted to estimate the 
volume and the speed of the masses, possibly 
bound to move and the consequences of a 
flood wave, for the Bafety of the dam.

The attempt has been made by some engineers 
to draw a conclusion from observations made 
at lower water levels to the rate of 
movements at full basin. For reasons which 
I have explained In my general report at the 
regional Conference in Vienna 1968 we may 
conclude that a moving mass is in a state of 
labile equilibrium. This means that a rela
tively small Improvement is able to bring 
the movement to a complete stop but also a 
small detorlatlon can cause a complete break 
down of the slope. In my opinion such a 
prediction of the rate of speed is a self- 
deception only.

A slide caused by the increase of the water 
level at the foot of a slope may be classi
fied as well to be caused by a change of the 
external load as by a change of the water 
pressures. To the latter subgroup belong all 
slides which are caused by the Increase of 
the seepage forces. It can be provoked 
either by lowering a water level at the foot 
of a slope or by rising the water level in 
the slope during or after rainfalls. As we 
do not know the highest water level that 
possibly may occur in the future we are not 
able to forecast in such cases whether or

not a slide will happen In nature nor when 
it will be.

As far as the slides of the second main 
group are concerned: they are caused by a 
decrease of the shear strength of the soil 
or rock while external forces remain con
stant . Used to express the shear strength of 
a soil or rock by two coefficients, i.e. 
cohesion and angle of Internal friction, we 
have to notice that cohesion might drop at a 
constant angle of internal friction or both 
cohesion and the angle of internal friction 
might decrease. Shear tests with clay 
samples carried out in Vienna ten years ago 
proved that first loaded clays must be 
considered cohesionless. Therefore, the gain 
in shear strength by preloading cannot be 
acquired during loading but in the unloading 
period and therefore cannot be caused by a 
constant cohesion but Is to be explained 
only by the effect of a variable internal 
pressure. Like any other pressure the inter
nal pressure may Increase and decrease by 
different influences and may even drop to 
zero under certain conditions. For this 
reason we must be very cautious assuming the 
value of the Internal pressure In the 
analysis and reduce it the more the higher 
it is obtained from J.aboratory tests. Taking 
into account that clay consists of grains 
and the Individual particles are composed to 
a structure subjected to the property of 
Internal friction the internal pressure must 
be considered as an external pressure 
effective in this structure. In an analysis 
the effect of constant internal pressure- Is 
exactly the same like that of a constant 
cohesion.

In highly plastic clays not only the internal 
pressure but also the angle of Internal 
friction may drop to a few degrees. During 
shearing a reorientation of the grains 
favoured by their flat shape takes place 
forming a shining and very smooth surface, 
which separates the clay into two halves.
The shear strength once dropped to its 
minimum cannot recover under normal conditions. 
In order to recognize this essential property 
we have developed in Vienna a simple routine 
shear test dn which I have reported in the 
Proceedings of the previous International 
Conference and at the Conference on shear 
strength in Ottawa 196}. Using this test 
since ten years it has preserved us from 
many mistakes and misjudgements by taking 
Into account the correct calculated risks 
previously. In some cases it was observed 
that the slope has been flattened In nature 
according to the minimum shear strength 
obtained by the test.

A progressive rupture by formation of 
sllckenslded slip surface is known to occure 
in highly plastic clays but not in silty 
clays. Also In silts and cohesionless soils 
another cause for the loss of Internal 
friction exists, I.e. the liquefaction of 
the soil. The loss of shear strength may be 
originated by the effect of water as well as 
by air at a very high rate of speed. As a
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difference to slides in slickenslided clays 
the internal friction of llquefacted soil is 
recovered as soon as the movement Is stopped. 
Exact criteria for the start of liquefaction 
are not known. Attempts have been made by 
some authors to contribute to the under
standing of the problem and to describe con
ditions and properties favouring particular
ly liquefaction of soils.

The third maingroup comprises all cases with 
both change of the external forces and 
decrease of the shear strength. There is of 
course no clear limit between the three 
main groups. For Instance many engineers 
believe that a slope having once endured a 
catastrophic rainfall will remain stable 
permanently. This opinion is true only with 
the first main group. But with reference to 
the second or third main group a slide can 
occur subsequently even by a minor rainfall. 
Except for the decrease of the shear 
strength, the seepage provoked by the rain
fall may have essential and Important part 
in causing the slide, which case is to be 
included in maingroup three or the rainfall 
might be only the ultimate and apparent 
cause but without a real and essential 
contribution to the change of the balance 
of the forces. In this oase the slide 
belongs to maingroup two.

Given certain prefixed conditions in nature, 
the Judgement on the stability of a slope 
must be quite different whether or not a 
potential decrease of shear strength is 
involved. So are the measures to prevent or 
cure a slide. It is, therefore, essential to 
recognize the real causes of.sliding in 
every case to classify in accordance with 
these causes and choose the most effective 
measures.

Chairman 0 . H. TROLLOPE

Thank you very much professor Borowicka. I 
wonder whether professor Skempton or Dr. 
Hutchinson would like to comment at this 
stage on these three contributions.

General Reporter A. W. SKEMPTON

I was interested in what professor Kenney told 
us about the stress-strain curve for very sen 
sitive clays. Their stress-strain. curve was 
flat topped. If large strain tests were made 
there would be a large drop in' strength even 

under drained conditions but this seems not 
to be the case, and perhaps, helps to explain 
why time after time these Scandinavian clays, 
which have an appreciable c', need it, and, 
in fact, develop it during the slide.

I think it is worth emphasizing the important 
in this paper from Finland on the Kimola Canal, 
that the drop in stability, that professor 
Kenney has mentioned between the end of cons 
truction and the final failure about nine or 
ten months later, was in this case due entire

ly to changes in pore pressure, changes which 
took place while the pore pressures were ad
justing themselves from the end of construc
tion conditions to something close to the 
steady seepage condition, this drop in the 
factor of safety must be sharply differential 
ed from the change in the decrease in the fa£ 
tor of safety that can arise from softening 
and progressive failure and so on. Inciden

tally, in the Kimola Canal analysis, C' was a 
hundred pounds per square foot, which gave a 
calculated factor of safety very close to one. 
I have done a very rough calculation, which 
certainly should be checked, but I think that 
if the C' terms is put to zero, then the cal 
culated factor of safety becomes very nearly
0.5. If this is true, and it certainly should 
be checked, it is a dramatic proof of the fact 
that the C' term is present in these clays.

On Dr. Broms'contribution I merely would like 
to make the comment that his table of factor9 
of safety apply to stable slopes and I would 
like to take the opportunity of saying that an 
enormous lot oan be learned from studying 
stable slopes. I think we do far too little 
of this. It is a very good check on what we 
are talking about. As Dr. Broms pointed out, 
there is no difficulty in these cases of mea
suring the actual pore pressures and the ac* 
tual geometrical configuration of the slope.

You know, of course, the factor of safety is 
more than one but nevertheless it is a very 
helpful procedure. We use a lot of examples 
of stable slopes in London clay work. We can 
not really define the limits of stability of 
the natural slopes until we know both those 
of the slopes that have failed and those which 
are stable.

The comment:that struck me when listening to 
Dr. Hirschfeld is that he was quite right to 
point out that the minor geological features, 
to use Terzaghi's famous phrase, may often be 
those that control the whole problem. I think 
that most of us tend not to look enough at 
the site. This applies particularly in slope 
problems. A really good knowledge of the ge£ 
logy, I do not mean fossils and so on, but the 
history of the site and a knowledge of geo- 
morphology can often, in my experience, lead 
to looking for things which otherwise you are 
not going to look for; and one thing that is 
certain, if you do not look for anything you 
will never find it. I think this more natural 
history approach has two sides, including look 
ing at the stable slopes as well as the failed 
slopes. All of this builds up into an extrem 
ely valuable adjunct to the more traditional 
approach of just testing samples and doing 
stability calculations.

Associate Reporter J. N. HUTCHINSON

If I can just add a small comment on Dr. 
Broms' table I thought it was interesting 
that the values of factor of safety calcula 
ted by the total stress analysis agreed very 
well with those calculated by the ¡6 = 0 an
alysis despite the factor that these were 
long term stability problems, and I think
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data was presented by Bjerrum some years ago 
now, which Bhow the variation of factor of* 
safety derived from total stress analysis when 
applied to long term slopes. It showed the 
variation of P with liquidity index, and 
this data may suggest that this agreement 
that Dr. Broms obtained is only fortuitous 
and depends on a rather lucky liquidity index 
of Swedish clays, and I think also histori
cally this fact may account for the early 
success of the / = 0 analysis in Sweden on 
both long term and short term problems.

General Reporter A.W . SKEMPTON

I am sorry to come back again but I notice 
that Kenney raised a vei-y real q- 3stion which 
I think we must at least seer.» a moment on,and 
that is the validity of the 0 = 0 analysis r. 
even in those conditions where it is applica 
ble, namely, end of construction in saturated 
clays. He mentioned that the analysis of the 
Kimola Canal end of construction condition by 
a = 0 analysis gave results approximately 
50> too high and I think he used this as a 
peg to hang a more general observation on. I 
think he feels this analysis is not valid. 
Well, I cannot see why it is not valid, I say 
it is up to the people who will come up with 
these funny factors of safety to show why 
they are so funny and I think that Dr. Bjerrum 
has given a perfectly simple answer to this 
one. He mentioned a moment ago in his panel 
contribution, that corrections for certain 
plastic clays due to rate effect of testing 
could be 60 5S. Well, this, already 
would mean that you have a factor of 
safety of 1.6 instead of 1.0 due simply to 
this effect and I think that people who re
port these high factors of safety and do not 
report (a) the speed at which the tests were 
done and (b) what necessary correction fol
lows from that rate, are simply not reporting 
a case record, They are giving some arbitrar 
ing information.

Chairmen D. H. TROLLOPE

Perhaps this is the appropriate time. Ob
viously Mr. Mayer in the audience feels so 
strongly about this that he sent me up a lit 
tie note, asking me if I would please address 
this to professor Kenney; firstly

"What rate of rotation was used in the vane 
test?".

Presumably this is related to what professor 
Skempton has just said. Could you tell us 
what rate of rotation was used in the vane 
test? ("professor Kenney could not give the 
answer to the question. Secondly;

"Could the explanation not be the one we 
found in analyzing about twenty slides in 
normally consolidated clays in the fens of 
England?".

These were canal excavations, where thin ho
rizontal layers were found to have lower -

shear strengths before failure than in the 
bulk of the clay. These layers were only a 
few centimeters thick. It was necessary to 
use a laboratory vane to measure them. I 
wonder if professor Kenney has any direct re_ 
ponse to that.

Panelist T. C. KENNEY

I am not familiar with all the work that has 
been going on in England; I am more familiar 
with work that is going on in Canada and in 
Scandinavia and therefore I am addressing m^ 
self to the general problem. If it is pos
sible to determine the real shear strength at 
every point along a potential surface, then, 
obviously, the = 0 analysis would work. In 
other words, you measure the correct strength 
and that is what you get in the failure. The 
problem is how do we measure that strength. 
And I think that with the = 0 analysis goes 
a rather simplified testing methods, be it the 
vane or be it the unconfined compression test 
and it is towards this problem that I should 
probably have directed my remarks.

How accurate are these strengths measured by 
vane and by compression, to what extent do 
these relate to the actual strength that you 
get on that sliding surface? Now this is not 
a sheai strength conference but this is so 
basic to stability that I might simply refer 
people to some of data that has been publis- 
ed from Norway and from other places that indi 
cate that there are tremendous differences 
in shear strength depending on how you meas
ure it. Some people call this anisotropy, 
some people blame this on rate of strain, 
some people say that the test method is not 
correct; but I will simply give an example 
of an extreme material and this would be on 
the sensitive side of the scale and I would 
also say that these remarks apply probably 
equally well but inversely to the very stiff 
materials. In Norway we know that in some 
of the soft soils there are shear stresses 
existing in the ground that are approximately 
equal to 0.25 the vertical pressure, in other 
wordB, a shear stress divided by pressure is 
equal to 0.25 . We put down the vane, we do 
a test, and we find out that the shear 
strength given by that vane is 0.15. Well, 
it is obvious that the strain cannot be less 
than the stress and therefore we are measur
ing two different things. There are other 
types of evidence; this marvelous shear box 
that is one meter in diameter that fails 
samples along different directions gives a 
variation in results ihat are probably great 
er than 300 per cent, probably more than 
that, and probably Dr. Bjerrum can elaborate 
if he wishes to. The point is we cannot in 
many materials measure by this simplified 
methods of vane or compression, we cannot 
measure the correct strength and that is why 
I say I certainly would not be confident in 
my ability to estimate stability in materials 
in an undrained state.

Chairman D. H. TROLLOPE
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I wonder if there is any other member of the 
panel who wishes to say anything more on 
this .... Dr. Bjerrum.

Panelist L. BJERRUM

I clearly have an opinion about how vane 
Bhould be used, as we in Norway are using the 
vane every day and we have to live with these 
limitations; and I must admit that we thought 
its applicability was considerably wider 
until we ran into the job in Bangkok where 
our chief engineer Ur. tide went out and car
ried out loading tests to failure and brought 
some twenty-one slides of embankment founda
tion failures. We analysed them and they 
had undertaken on each sample very careful 
vane tests, each sample was extremely homoge 
neous there could not be slightest discussion 
about the Bhear strength results, and the 
safety factors of these twenty-one cases were 
with surprisingly little variations, around
0.5. You will understand that this neces - 
sitated the revision of the complete design 
but in addition it caused us to take a care
ful look at what is the explanation of this, 
and the explanation we finally deducted was 
that the strain effect could explain not all 
but the majority of the discrepancies between 
laboratory shear strength parameters and those 
determined in the field; and now naturally,
I think that most of you have a question. How 
are we going to take into consideration the 
reduction effect?. We will have to invent a 
special testing procedure which can give the 
results, which can be used for such a reduc
tion. It is a triaxial test which we call a 
multiple strain rate test. I think it was 
used the first time at MIT. It is a simple 
triaxial test in which you do your test- 
switching from one strain which is a very slow 
strain and then to a very great strain the 
very quickly, corresponding to a time of fail 
ure of five minutes, and the very slow one 
corresponding to a time of failure of seven 
days.

You will notice that there is a considerable 
difference between the slow and the quick 
shear strengths, the ratio being of the order 
of 1.5 which would explain that an embankment 
could fail at a safety factor of 1.5.

The test we actually ended up with, is a sort 
of relaxation test which Kenney used in his 
thesis, where we simply stopped the motor and 
then the sample would continue to strain due 
to the elasticity stored in the proving ring, 
and we took readings of strains and stress 
and plotted them in a diagram to obtain the 
complete strain rate effect picture for dif
ferent strains. It is seen that the reduc
tion in shear strength is of the order of 15 
to 10 per cent and it actually means, of 
course, that if we have a vane test carried 
out in the field with a time to failure of a 
few minutes and then we add the loads over a 
few months we have a difference of the order 
of 3 to 4 times which will explain the 60# 
reduction in shear strength.

Chairman D. H. TROLLOPE

Thank you, any other member of the panel... 
Dr. Broms, would you like to comment?

hinelist B. BROMS

I agree with Dr. Bjerrum that rate effects 
are extremely important, especially when the 
liquid limits of the clays are very high. 
There are several slides that have occured 
in the northern part of Sweden where the sa 
fety factor has been as high as 1.5 or per
haps even as high as 2, but these have been 
of organic material with very high liquid lî  
mit and as a routine the shearing strength ~ 
of these clays are normally reduced when the 
liquid limit exceeds 80. It is also import
ant to point out that in the # = 0 analysis 
that I regard as an imperative method it is 
important to determine the undrained shearing 
strength in a standardized manner as is done 
in a vane test.

Panelist L. BJERRUM

Excuse me, I really should have said what Dr. 
Broms so kindly reminded me of. In the Bang 
kok clay6, there is a liquid limit of a 150 
from there we get this 15#. We have carried 
out tests with clays with liquid limit of the 
order of say 80 to 100 and from there, we find 
values of the order of 10# and then we come 
down to the 50# liquid limit clays where the 
reduction is of the order of 5#. Thank you.

Panelist H. BOROWICKA

Dr. Bjerrum, were these stresses effective 
stresses or total stresses?

Panelist L. BJERRUM

We are now speaking about the effect of the 

rate of strain on the undrained shear strength 
The test was an undrained test, we put the 
sample into the triaxial, we put it under the 
same pressure as it carried in the ground and 
then we closed the drainage and brought it to 
failure in the different ways.

Chairman D. H. TROLLOPE

Would any other member of the panel like to 
comment on this particular topic? Well, in 
this case perhaps we can change the direction 
slightly. I have another question here. One 
of these carefully prepared impromptu ques
tion. I think it is a very pertinent one. Why 
is there no difference between long term and 
short term strengths on an existing shear sur 
face? Perhaps we ought to return this to 
the General Reporter to check off.

General Reporter A.W.SKEMPTON
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This is a question like when did you last hit 
your wife or when did you stop beating her?
Why there is no difference? Well, I am sure, 
that we know there is no difference. At the 
same time I must agree with the questioner on 
this occasion: I think it is very unlikely 
that there is much difference between long 
term and short term stabiltiy on preexisting 
shear surfaces. If that is so, I think the 
reason is fairly clear, namely, that the shear 
deformations along a pre-existing slip sur
face take place with virtually no volume change 
and of course, if it is undrained, with no 
pore pressure change. I think that the clay 
simply does not know whether it is being 
sheared under undrained or drained conditions. 
We have actually done some tests in the labor 
atory, changing the rate of strain by opening 
and closing the tap while the test was going 
on. When we have a pre-existing slip surface, 
(let us say that the test is running under 
drained conditions), we get such and such 
strain measures; we then close the tap and 
absolutely nothing happens, the test goes on 
precisely as before. We have done this lots 
of times.

Chairman D. H. TROLLOPE

Do you think this will be true in the very 
long term? Is there an implication that 
there is no growth of bonding on a very long 
term in some shear surfaces? Perhaps Dr. 
Bjerrum might have some examples.

Panelist L. BJERRUM

Actually we have had landslides in the west
ern part of Norway at a place called Saint 
Agnes, where slides occurred as a result of 
the excavation of clay for brick production, 
and brick production was stopped in 1946 I 
think. It then came into equilibrium and no 
thing happened until they started using the 
area for building and no one saw where there 
had already been a slide. They had hardly 
started before this slide was reactivated.
No one really took any notice of it; despite 
the fact that they had a movement of thirty 
centimeters. They continued to build houses 
and roads and nothing happened until again, 
five or six years later, an excavation was 
made at the toe of the slide and the shear 
stresses increased by much less than 5$. Then 
the slide started picking up again, movement 
began but very fortunately the same lack of 
picking up bond also allowed us to stop the 
slide by putting a very small amount of fill 
at the toe. I do not think that we decreased 
the shear stresses by more than 1# or 2# 
before the movement stopped completely, clear 
ly indicating that an old sliding surface is 
seemingly not picking up bond.

Chairman D. H. TROLLOPE

Thank you. How about professor Borowicka. 
Would you like to comment on this aspect?

Panelist H. BOROWICKA 

I have no questions.

Chairman D. H. TROLLOPE

Dr. Hutchinson would like to say something.

Associate Reporter J. N. HUTCHINSON

This question of the healing of slip surfaces 
is, I think, a relative one. I notice that 
several recent papers have claimed to present 
evidence of some healing taking place with 
time on a pre-existing shear surface. I can 
only refer to the data presented by professor 
Skempton which extended the time scale back

wards to the Seven-Oaks case which was dated 
about ten thousand years ago where no evidence 
of healing could be found, and also toethe 
situation at Mangla where the tectonic shear
ing occurred, I believe, at least a hundred 
thousand years ago, perhaps more and, again, 
no evidence of healing could be found.

Chairman D. H. TROLLOPE 

Thank you.

Panelist T. C. KENNEY

I would not like to go away without having 
challenged that last statement by professor 
Skempton. It seems to me it covers too 
broad a range of materials. The undrained 
and drained strain would be the same, as he 
says, if there were no pore pressure change 
or no tendency for the material to change 
volume. I could imagine if there was an 
existing slip surface in a soft material 
there would be a tendency for that material 
to change volume if movement was initiated 
again and, therefore, I simply cannot accept 
that statement as I am sure that he would not 
also. For those stiffer materials where the 
particles are essentially orientated and 
there is no tendency to volume change then I 
think we would accept the statement, but I 
think it requires that condition.

General Reporter A. W. SKEMPTON 

I agree with professor Kenney... Dr. Broms.

Panelist B. BROMS

In the very soft sensitive clays there is 
of course substantial increase in shearing 
strength with time after failure has taken 
place. For example, at Suttle, where a slide 
occurred in 1950, excavations started for the 
new channel approximately a couple of weeks 
after the slide occurred and after a month 
a secondary slide occurred within this slide 
area. An analysis of this secondary slide

showed that there had been a substantial in
crease in shearing strength with time and

400



MAIN SESSION 5

that this shearing strength of the remolded 
clay corresponded to about half of the ini
tial undrained 9hear strength of the clay.

Chairman D. H. TROLLOPE

Well, if there is no further comment on that 
particular question perhaps I would like to 
get this last one in before we depart, and
I would like to say it was stimulated by a 
remark of professor Skempton.

Does the use of C ’ = 0, 0 peak for London clay 
represent a change from the very well known 
Rankine Lecture of 1964?

I might ask professor Skempton to comment on 
this.

General Reporter A. W. SKEMPTON

On a plot I put the peak envelope aligned 
through the origin and at 20 degrees and also 
the residual line through the origin and at 
15 degrees; that is an approximation. (Pig. 2)

F ;g. 2

Now, what we know from analyzing a particular 
slip is the average effect of stress on slip 
surface and the average shear strength on that 
surface and, of course, we also know the time 
that has elapsed between the making of the 
cutting and slip. Of course, we have other 
points for other times and for other cuttinga 
There are two possible machanisms that are 
going on. All of these points, I should say, 
lie very much below the peak envelopes. One 
of these, which we call the Terzaghi hypothe
sis, is that when the cut is made and the 
stresses are released, some of the fissures 
can open and you get a softening process ini
tiated and as it starts so tne average 
strength drops, more deformations take place, 
more fissures open, more softening goes on, 
and so on; and the inevitable end point of 
that process is that the clay, free softened

under zero stress in the open fissures and 
they eventually close. The end result, then, 
is simply a normally consolidated clay. In 
a London clay anyway, and I think in most 
clays, there is very little difference betwe
en the slope of the envelope for a.jiormally 
consolidated clay; perhaps this is not true 
for a very wide rate of stress but as an 
approximation it is very nearly exactly true. 
This is hypothesis one. Hypothesis two is the 
one that Dr. Henkel and myself, Dr. Delory 
and many others worked on for a long time, 
pretty well during the whole of the fifties 
and much of the sixties. We became very con- 
cious of the fact that we had paid no atten
tion to the other possibility, namely, that 
of progressive failure within the clay. We 
have these discontinuities, the existance 
of which is beyond doubt, and it seems per
fectly possible to suggest that these would 
give rise to progressive failure and here 

may I make a foot-note and say that we shar
ply distinguish between a delayed failure 
which is simply a failure that has taken pla
ce after years and progressive failure. Pro
gressive failure could occur very quickly or 
very slowly. The mere fact that you have a 
delayed failure does not prove you have pro
gressive failure; it just shows that the 
strength has lessened with time but there are 
various ways of checking this. When I was 
working on the residual strength idea it seem 
ed to me that an equally valid, not necessarT 
ly alternative but just another possibility 
for this well known decrease of strength with 
time in fissured clay, was that the strength 
was progressively moving from the peak down to 
the residual and that is what I suggested as 
one possible thing in the Rankine Lecture.
I'repeat that all we actually have from one 
particular case record is a point. Now you 
can express that point in two ways. You can 
either say that it is a certain distance bet
ween peak and residual, and have what I call 
the residual factor, or you can quote the 
particular value of C' which it has for a 
value of 0 = 20 degrees. These are two ways 
of expressing precisely the same fact and 
there is no difference in the answer you get 
if you use one or the other approach in mak
ing an analysis. After what has happened, I 
think since 1964, we are beginning to see, 
especially now that we have the Morganston- 
Price analysis, that the points, certainly 
for the older slides, (of from forty years up) 
are tending to lie here and are not tending 
to fall below that zero-twenty line. But 
we still want to go on with this. This is 
not the final answer but it suggests, that 
there is not much progressive failure, be
cause for a progressive failure I do not 
think anyone can question that these points 
must drop below that line, and, indeed, in 
the very long term, as I explained in re
gard to the natural slopes, they do get be
low that line but not within a hundred years 
of cutting. From an engineering point of 
view it may be that this is a better way to 
handle the problem than using residual fac
tors. But I emphasize that if only you 
stick within the range of data we have got 
you are going to end up with exactly the
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same answer whichever way you uae. You 
either have a residual factor or C'. Now 
what factor of safety to use is a matter of 
judgment and I am not here to give consult
ing advice.

Chairman D. H. TROLLOPE

Thank you very much professor Skempton. Would 
anyone in the panel like to make a very quick 
comment on this topic? Well, in the absence 
of any supplementary comment I am sure that

we have had a most stimulating session. I 
would certainly like to thank the General 
Reporter, professor Skempton, and Dr. Hut
chinson for their most excellent preparation, 
in the way they have focussed our attention 
on a number of very important points. I am 
equally grateful to the panel for the way in 
which they have supported the discussion and 
sacrificed a lot of their very urgent and pre£ 
sing interest in to get towards some firm ex
pression of opinion in the pointB raised by 
the General Reporter. And I would also like toj 
thank them for the way they have supported me 
in conducting this session.

WRITTEN CONTRIBUTIONS CONTRIBUTIONS ECRITES

Y.C.E. CHANG and L. E. BAHER (U. S. A.)

Skempton and Hutchinson correctly pointed out 
that the limit-equilibrium methods are the 
most generally used methods in evaluating 
slope stabilities. The lack of knowledge of 
in-situ stresses has been generally consider 
ed to have invalidated any slope stability 
evaluation derived from any stress analysis 
procedure.

The writers have recently experimented the 
finite-element method on a known slope fail
ure in normally consolidated clay bank namely 
the 1955 Drammen slide. On the basis of the 
fi, c, and pore pressure values given by 
Kjaemsli, Simons (1962) and Kenney (1967) 
for the Drammen clay, the slope stability 
analysis using elasto-plastic theory along 
the known failure surface curiously gives a 
factor of safety equal to 1.01. The elasto- 
plastic theory used was developed from 
Prucker and Prager's ( 1952) three dimension 
al generalization of the Mohr-Coulomb hypotH 
esis. When the lateral stress is defined 
for the plane-strain condition on the basis 
of theory of plasticity, the three-dimension 
al generalization again reduces to a two- 
dimensional form. This two-dimensional 
strength envelope is very similar to the con 
ventional Mohr-Coulomb failure criteria. The 
finite-element computer program amounts to a 
series of analyses using various percentages 
of the actual weights of the soil materials. 
The weights of the soil were increased and 
decreased until a continuous plausible failure 
surface is formed.

It appears that any proper stress analysis 
such as the finite-element computer program 
mentioned here will be valuable in computing 
the stresses along a potential failure sur
face provided that the initial in-situ stress 
can be reliably estimated. In the case of a 
normally consolidated natural soil deposit, 
the distribution of initial stresses can be 
deduced with reasonable accuracy from unit 
weights measured. Slope stability analysis 
by stress or displacement computation might

in time become a practical procedure, since 
man's increasing knowledge of stress-strain 
behavior of soil deposits and capability of 
using computer have made such a feat within 
reach. The recent analysis of Drammen River 
slide by elasto-plastic theories has prompt 
ed the writers to look once more into the 
validity of a fairly old method of analysis 
which had been dismissed as impractical for 
almost three decades. It appears that some 
of the old obstacles can be overcome.
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A. HALLIWELL and E. E. READSHAW (Canada)

SUMMARY

The Beatton River slide appears to be a 
good case record for analysing long-term 
stability of clay slopes vith the residual 
strength theory. The fact that slide move
ment has occured and slide geometry has been 
determined from accurate field instrumenta
tion gives strength to the value of shear 
stress calculated on the failure plane from
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stability analysis. Therefore, the residual 
factor of 0.92 seems to be reasonable and, 
therefore, it can be deduced that any subse 
cuent movements on the existing slip surface 
will be governed by the residual strength.

Factors of safety vere calculated for peak 
shear strength and residual shear strength 
values.

(i) on peak strength F = 2.35

(ii) on residual strength F = 0.90

Since movement is continuing at the Beat- ■ 
ton slide at a surface rate of 6 inches/year, 
the residual strength factor of safety of
0.90 is probably very close to the actual 
physical stability of the slide.

BEATTON SLIDE MODE OF FAILURE

The slide encompasses a surface area of a£ 
proximately 12 acres as shown on the accompa 
nying plan (see Fig. 3).A datum shale eleva
tion of 1575.0 underlies the slope and a gran 
ular aquifer of 20 ft to 30 ft. in thickness 
lies directly on this shale bench. At distan 
ces less than 1100 ft. from the Beatton River 
the granular layer decreases in thickness 
towards the river until at the shale outcrop 
on the slope only fine sand seams remain.

It appears that the progressive-type slope 
failure has been initiated at the toe of the 
shale outcrop by excess pore pressures in the 
clay and clay shales due to the reduction of 
30 ft. granular aquifer to fine sand seams. 
Due to a systematic process backward and up
ward until a visual displacement occurs at 
ground level in the form of a small scarp. 
This displacement further disrupts the drain 
age pattern of the fine sand seams and allows 
another increase of pore pressure until effec 
tive stresses have been reduced to some fail̂  
ure value and movement again takes place.
This series of additive displacements along 
the developed failure plane effectively re
duces the shear strength of the clay to some 
value less than a peak value. This is the 
statement of residual strength theory and 
the progressive-type slope failure postulated 
by Skempton and Bjerrum.

DIRECT SHEAR TESTS

A reversible drive direct shear box de
signed by Bishop was used to perform the 
drained direct shear tests. It had a yoke 
that allowed reverse movement after a maxi
mum travel of 0.3 inches in one direction 
and the gear box allowed slow speeds of
0.00002 inches per minute to be used. A ca
mera triggered by a timing device (See Fig. 
No.1) allowed a continuous set of interval 
readings of the dial gauge to be recorded.

A shear rate of 0.00027 inches per minute 
was used with a maximum total displacement 
of 1.6 inches requiring approximately 4 days. 
Typical stress-strain plots are shown in Fi
gure No. 4.

Fig. No. 1.

FIELD INSTRUMENTATION

Slope indicator casing was installed in 
drill holes at two locations in the slide 
area as shown on the plan and in Figure No.2. 
Slope indicator readings taken with the field 
recording instrument indicated a maximum move 
ment of 6 inches in one year. These readings" 
also show the direction of slide movement. 
(See Fig.3). The depth of the failure zone 
and the geometry of the slide was deduced 
from dial changes of the indicating instru
ment as shown in Figure No. 2.

PEAt AND RESIDUAL STRENGTHS

The results of the drained direct shear 
tests have been plotted in the form used by 
Skempton in his Fourth Rankine Lecture. (Fî  
gure No. 7). These plots indicate definite 
peak shear strength and residual shear stren 
ght envelopes. The peak shear strenght para
meters and residual strength parameters are 
listed below.

Peak Strength c' = 575 psf
0' = 23°

Residual Strenght c'r =* 0

0'r = 17°

Shear strength envelopes are also plot
ted in Figure No. 6 for drained and undrained 
triaxial test. For the undrained case with 
pore pressure measurements the shear enve
lopes are plotted for maximum P/A values in 
one case and with effective stress paths in 
the latter case. These results compare fa
vourable with the peak strength envelope 
from the drained direct shear test.

INTERPRETATION OF TEST RESULTS

To examine the residual strength theory 
as applied to the Beatton slide several va
riables had to be determined before Figure 
No. 7 could be considered significant. The 
geometry of the slide and the unit weight of 
the soil in the slide were of major importan 
ce. The bulk unit weight (yb) was calculated
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from the volume and weight of undisturbed 
trimmed unconfined samples extruded carefully 
from 3" dia. shelby tubes. An average bulk 
unit weight was obtained using 12 samples and 
by using corresponding moisture contents the 
average dry density (vd) of the soil was also 
found

y b  (average) = 125 pcf 

y d (average) = 100 pcf

Slope indicator results indicated the 
general slide geometry of the cross-section 
under consideration. (Figures Nos. 2 and 3). 
The failure zone at this section had a length 
of 395 feet, an average depth of 15 feet and 
an angle of slip equal to 15 degrees.

With the above parameters and the assum£ 
tion that excess pore pressures at the fail
ure surface did not exists,and plane strain

conditions were valid, the average effective 
shegr stress s and the normal effective pres 
sure 0"n on the failure plane were determined.

s = 515 psf = 3.6 psi 

0=n = 1500 psf = 10.4 psi

The above values represent the A plot
ted point on Figure No. 7. The corresponding 
peak shear strength sf and residual shear 
strength sr values for the same normal effec 
tive stress on Figure No. 7 are then as fol
lows :

Sp = 1080 psf = 8.2 psi

sr = 460 psf = 3.2 psi

Skempton introduced a quantitative ex
pression for determining the amount by which 
the average strength of the soil at the fail̂  
ure plane of the slide had decreased towards 
the residual value. This expression is called 
the "residual factor" (R).

or:

s = Rsr + ( 1 - R ) sf

The residual factor therefore represents 
that percentage of the total failure surface 
along which the shear strength of the clay 
has decreased to its residual shear strength. 
R = 0 if no strength reduction has taken pla 
ce and all the clay is at the peak strength- 
and R = 1.0 if the strength of all the clay
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at the failure plane has fallen to the resi
dual value.

Applying this theory to the Beatton sli 
de the residual factor indicates that for tKe 
diamond point in Figure No. 7 the average 
strength of the clay has decreased to a poini. 
vhere approximately 92 per cent of the fail
ure plane passes through clay having the re
sidual strength.

sf - s 8.2 - 3.6

R = -------  = ---------  = 0.92

sf - sr 8.2 - 3.2

The above residual factor is determined 
for an average shear stress on the failure 
plane determined indirectly from the follow
ing information:

(i) an average depth of failure zone

(ii) an average soil density

(iii)an average slip angle

(iv) plane strain conditions

(v) slide movement has taken place

Ideally the shear stress on the failure 
plane should be determined by running a drain 
ed direct shear test on a sample that inclu
des the slip plane. The reverse drive tech
nique of obtaining an additive displacement 
to reach residual strength of the clay is not 
physically correct since movement in the 
field takes place only in a positive direc
tion along the failure surface.

None of the direct shear tests on the 
Beatton clay included a sample vith a defi
nite failure plane. However, a sample from 
test hole No. 44 adjacent to the failure
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plane and in the shear zone as located by 
slope indicator readings, demonstrated a 
certain percentage of shear strength loss. 
(Figure No. 4).

s = 965 psf 

<fn = 1440 psf

6.7 psi 

10.0 psi

These values represent the solid dot on 
Figure No. 7 and the corresponding peak 
strength and residual strength values are as 
follovs:

sf = 1150 psf = 8.0 psi

sr = 445 psf = 3.1 psi

The residual factor for this sample indî  
cates that the clay at the depth of the sam
ple (11 feet) has decreased 26 per cent from 
the peak shear strength.

LIST OF TERMS

s- - Peak shear strength or failure stren
gth of clay as determined in a direct 
shear test.

s - Residual shear strength as determined 
r in a direct shear test.

¥ - Shear stress at failure plane.

On - Normal effective stress at a point on 
failure plane.

R

r b

rd
c
u

0'

*T 

C '

- Residual factor

- Bulk unit weight of soil 

Dry unit weight of soil

- Unconfined shear strength of clay

- Effective friction angle of soil from 
a Mohr - Coulomb shear strength enve
lope.

Effective residual friction angle.

- Effective cohesive intercept of soil 
from a Mohr - Coulomb shear strength 
envelope.

- Effective residual cohesion.
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M. U. MALYSHEV (U. R. R. S.)

An Approximate Solution of Ultimata Equilib
rium Problems in Loose Media, Baaed on Line
arisation of the Initial Equation.

The solution of the plane problem in the the-
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ory of limiting equilibrium is reduced to the 
integration of a system of three equations at 
given boundary conditions. Two of these are 
linear differential equations of equilibrium 
and the third is a nonlinear equation of lim
iting equilibrium. The first two equations 
are satisfied identically if resort is made 
to the Aiiy function, whose partial deriva
tives of the second order, along the co-or- 
dinates, are equal to the stresses.Substitut
ing these derivatives into the equation of 
limiting equilibrium, we obtain one substan
tially nonlinear differential equation of the 
second order in respect to the stress func
tion, that is to be solved. As this equation 
is nonlinear, it can be directly integrated 
only for some of the simplest cases. For this 
reason, V. V. Sokolovsky (1960) developed an 
effective numerical method of solving the in
dicated system of equations of the hyperbolic 
type.
If we linearize the system of equations of 
limiting equilibrium, then, with the introduc 
tion of the stress functions, we will obtain- 
a single differential equation of the second 
order. It is also of the hyperbolic type, 
which can always be integrated in the closed 
form if it has constant coefficients, and in 
a number of cases if it has variable coeffi
cients.

The Mohr conditions for limiting equilibrium 
with a rectilinear envelope of the limiting 
circles is

(<fT -<X0 )1! + 4Tie= ( f f T + ^ ) 2 S in2 </> (1)

where f fT anddg are reduced stress components
and

<ir =  ®r + C - Cot <ft ; + C Cot (ft ( 2 )

Here c is the unit cohesion, and (ft is the 
angle of internal friction.

Equation (1), after some slight identity 
transformations, is reduced to the following 
form

where

a,<M af<&- a j r9 =  0

&g ( I + Sin* (ft) -  (Tt Cos* (ft = Q ( 

<5̂ (1 + Sin2«/)) -  <fe Cos2</>=at

4Tt6>= a s

(3)

(4)

If the Airy function«̂  is employed, the follow 
ing formulas, are to be used

s e2
—  Rfy
<T>=  —  - 7  -I- y  Cos 8

(5)

T = --Ü- i ü-i_ )
T O  S T  1 T  8  e '

It is useful to introduce the equations:

f f r = (T  ( I + Sin (ft Cos 2 o j2)

Sq  (T ( I -  S in <ft Cos 2 w 2 )

T t ^-CT S in  <f> S in  2 u t

The meaning of angle uE is clear from Fig. 1 
(Sokolovsky, 1960). Equation (3) is written 
in polar co-ordinates as follows

Sin (ft t  Cos 2<i)2 ÿ  Sin (ft -Cos 2u)t 

2 Sin 2o>e S r *  2 Sin 2wz (7)

_  S in  (ft 

S in  2 cu2
y  T Cos Q

Fig. 1

The equation of the slip lines in this case 
will Be the following Taokolovsky, 1960;.

(8 )

hence

exP J Cot [w 2 ±  > ] d 0  ( 9 )

Ifu2 = const, two families of logarithmic 
espirals are obtained.
The solution of equation (7) can be expedient 
ly obtained by the Fourier method. We shall 
seek to solve this equation, assuming that 
u2 - const, in the form

* =  ?  D:ritzeje + 
¡■2

( S| Sin 9 +  S2 Cos8 ) y r 1
( 10)

where

S, =  -

S2 =

_______Sin (ft S in  2 uiz__________

2 ( I  + 4 S in2 <ft + 4 S in  <ft Cos2 <j 2 )

2 Sin (ft t  Cos 2 eu,

Sin 2 w.

( 6 ) ( 1 0 )
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and

+ -J  Sinz2 w2-  4 Sin<ft (S in(ft-Cos2aj2)-S in  2
j j — o — ---------------,----

Sin (ft  -  Cos 2 ai2

• _| -  ~ Co s22(J2~ 9 Sin2^  + 6 Sin (ft Co5 2ai2-2Sin 2aj2 

J' Sin <ft -  Cos 2 w 2

etc.

In caaee when w2 / const and is a given 
function of the co-ordinates and equation
(7) can not be exactly integrated, recuree 
is to be made to the approximate method.

This solution can be used for slope stability 
calculations.
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G. PILOT (France)

I  -  INTRODUCTION

Dans son rapport général, le Professeur 
SKEMPTON a insisté sur l'intérêt de la publi
cation des cas de glissements ayant fait l'ob
jet d'études détaillées ; le but de cette 
intervention est de répondre à cette proposi
tion en présentant les résultats de l'étude 
d'une pente naturelle instable.
L'Autoroute A.34 au nord de Nancy, dans 
l'Est de la France, se trouve fréquemment en 
léger remblai à flanc de coteau de la Meur- 
the sur des pentes argileuses plus ou moins 
stables. Au lieu dit "Le Château-sous-Clé- 
vant" l'instabilité manifeste du site a con
duit à des études approfondies exécutées par 
un "groupe d'étude"0. Cet article examine 
spécialement les conditions de stabilité de 
la pente naturelle, au vu des paramètres ef
fectifs et résiduels de la résistance au 
cisaillement.

II - DESCRIPTION DU SITE

La configuration et la coupe géologique du 
site sont présentées à la figure 1. La pente 
transversale du terrain, au droit de 1'Auto
route est de 8°. La surface du sol présente 
un moutonnement d'ensemble caractéristique 
de glissements successifs. Les décalages 
d'arbres autrefois alignés le long d'une rou
te construite à mi-coteau confirment cette 
instabilité.
Sous la plateforme de l'Autoroute, les sols 
sont des éboulis argileux assez hétérogènes, 
dont les éléments appartiennent au jurassique 
et au lias. La matrice argileuse provient 
d'une épaisse couche d'argile (toarcien) si
tuée au-dessus des schistes cartons (toarcien) 
Plus haut, on trouve des grès, du minerai de 
fer et du calcaire (bajocien) ; ce dernier 
forme une dalle épaisse au sommet du plateau

“Bureaux MECASOL, BURGEAP, SOLETANCHE et 
Laboratoires de 1 'Administration.
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©  Gr é a  ( § )  h  r a

Fig. 1 - Coupe de la pente naturelle

et constitue un réservoir d'eau qui alimente 
plus ou moins abondamment les éboulis du co
teau. Sous ces éboulis, on trouve une couche 
de schistes cartons laminés lors de la forma
tion de la pente ; quelques éboulis gréseux 
ont la même origine. Sous les schistes car
tons il apparaît une couche de grès marneux 
d'épaisseur homogène qui se termine en sif
flet sous les éboulis ; cette couche inclinée 
de 2 à 4° dans le sens de la pente, se pro
longe dans le coteau lui-même. Le matériau 
est très fracturé. Le bed-rock est constitué 
par une marne très dure.

III - CARACTERISTIQUES DES SOLS - HYDRAULIQUE

1 - Caractéristiques de l'argile
L'argile intacte est une argile peu plastique 
dont les paramètres d'identification moyens 
sont les suivants :
w = 15» wL = 40 IP = 20T$= 2,14t/m3 Tfd=W6tA0

Sa composition granulométrique est,en moyenne 
¿2P--, 20* 2/X-à 20fJ-i 60% 20 fJ-i. : 20%
La fraction argileuse comprend essentielle
ment de la kaolinite et de l'illite.
Les paramètres de résistance au cisaillement 
effectifs, mesurés à l'appareil triaxial sur 
17 éprouvettes, sont :
2<C'-C4t/m2 27°<'J?' <32°
Les essais à la boite de cisaillement ont 
donné (fig. 2) :
C' = 0,14 bar ^'= 34° C^gs= O 4>^es= 20°

L'argile des éboulis est également une argile 
peu plastique, mais elle a été altérée par 
son remaniement et par le mélange de pyrite 
provenant des schistes cartons susjacents.Les 
paramètres d'identification moyens sont : 
w=24% wL=50 IP=29 Tf=2,02t/m3 T d=l,63t/m3

C2/W-: 40% 2/tt.à 20/U-: 40% 20/U-<: 20%
A l'appareil triaxial, les valeurs moyennes 
obtenues sont : C' = lt/m2 = 24°
Un essai à la boîte de cisaillement a donné : 
C'=l,lt/m2 if' = 24° tf̂ .es = 13° (fig.3).

2 - Régime hydraulique
Sept piézomètres ont été placés dans le pro
fil présenté à la figure 1 ; la ligne en ti- 
reté indique le niveau des piézomètres pro
fonds crépinês dans le grès et dans les marnes 
à ovoïdes. On note que localement certains 
piézomètres sont artésiens : ceci traduit le 
rôle prédominant du grès. Cette couche est 
alimentée très en amont, mais l'exutoire de la 
nappe qu'elle contient ne s'établit pas au 
niveau du biseau puisque les éboulis sont peu 
perméables vis-à-vis de la perméabilité de
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bilité d'une bande de sol parallèle au teirain 
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Fig. 4 - Réseau des équipotentielles

Fig.2 - Caractéristiques de l'argile intacte

Fig.3 - Caractéristiques des éboulis argileux

fissures du grès. Ainsi dans toute cette zone 
l'écoulement est ascendant du grès et des mar
nes à travers 1'éboulis : ceci se traduit par 
des pressions interstitielles élevées dans 
l'argile et par une diminution de la résis
tance au cisaillement. Afin de calculer la 
stabilité de la pente naturelle et du remblai 
une étude de l'écoulement permanent a été exé
cutée par analogie électrique sur papier con
ducteur (Etude du Bureau MECASOL) ; elle a 
consisté à adapter localement la perméabilité 
des éboulis pour harmoniser les charges déter
minées sur le modèle et les pressions mesurées 
en place dans l'argile et les grès. Le réseau 
de lignes équipotentielles indiqué à la figu
re 4 satisfait cette condition.

3 - Analyse de stabilité
L'analyse de stabilité a été exécutée en étu
diant successivement un glissement plan et un 
glissement circulaire, d'une part en utilisant 
les paramètres effectifs C' et ' , d'autre 
part avec les paramètres résiduels C' et

Fig. 5 - Calcul de stabilité

Afin d'étudier des volumes en équilibre plus 
critique, on a examiné la staULité le long 
des cercles 1 et 2 qui se placent dans des 
zones de pressions interstitielles élevées.
Les calculs étant effectués d'après la métho
de de BISHOP, on a trouvé :
- pour le cercle n°l,avectf>' = 24° F=l,52 (1)

<f'res = 13° F=0,79 
-pour le cercle n°2,avec<p' = 24° F=l,60 (1)

'P'res = 13° F=0,83 
Les volumes limités par des surfaces cylindri
ques présentent donc les valeurs du coeffi
cient de sécurité les plus faibles.
Le résultat essentiel est que dans un tel cas, 
les valeurs obtenues en introduisant les pa
ramètres C ' et Ÿ ' ne permettent pas de rendre 
compte de l'état instable de cette pente natu
relle. L'utilisation de conduit â des

valeurs de F inférieures à l'unité ; cela 
n'est pas surprenant puisque la pente subit 
des glissements aux périodes de pluies repré
sentées dans ce calcul par les conditions 
hydrauliques décrites.
Ce résultat est en accord avec le tableau des 
caractéristiques présentées par le rapporteur 
général puisque la formation des pentes de la 
vallée de la Meurthe est antérieure au 
dernier millénaire.

(1) Calcul par défaut en ne tenant pas 
compte de C'.
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expected field rate of loading.

Following the suggestion made by Dr. Skempton I 
would like in m y  contribution to discuss the various 
factors which should be considered when choosing 
the values of the shear strength parameters to be 
used in practice for prediction of the stability of a 
slope.

As a part of the subsoil exploration and the laboratory 
testing of undisturbed samples we can determine three 
different sets of shear strength parameters which are 
supposed to describe the shear behaviour of the soil 
under three well-defined sets of field conditions.

(1 ) su> the undrained shear strength.

In saturated clays the undrained shear strength repre
sents the maximum shear stress the clay can sustain 
when loaded to failure without any change in water 
content. It can conventionally be determined by vane 
tests in-situ, or in the laboratory on undisturbed 
samples, using unconfined compression tests if the 
clay is intact (non-fissured), and using undrained 
triaxial tests if the clay is fissured.

(Z) c’<p’ , the shear strength parameters in terms of 
effective stresses. These parameters are generally 
determined by a series of three or more drained 
triaxial tests (or consolidated undrained tests with 
pore-pressure measurements) carried out at different 
stress levels, c’ and <p’ are determined as the para
meters in the equation

s • c’ + atan <p’

which most closely describes the peak-shear strengths 
of the tests carried out. This equation gives a gener
ally valid expression for the shear strength if the soil 
is strained under increased pressures. A  similar 
expression with different values of c’ and <p’ can be 
determined for the case of a decrease in pressures.

(3) c’ <p'T, the residual shear strength parameters. 
They represent the parameters which most closely 
determine the shear strength in an already developed 
plane

sr r B’r + a’ tan <p’T

c’ and <p' are most correctly determined by ring- 
shear tesui on undisturbed samples. Approximate, 
but generally somewhat too large, values can be ob
tained from reverse shear box tests. In general, c’ 
is zero or so small that it can be ignored in practice.

Obviously, the values of the strength parameters re
sulting from the tests are determined under conditions 
which are radically different from those existing in the 
field. These values can therefore not be applied 
uncritically to a given problem. On the contrary, 
before the parameters resulting from the laboratory 
tests are introduced into a stability analysis it is 
necessary to apply certain corrections to take into 
consideration a number of factors which may influ
ence the shear strength in the field. I shall briefly 
review five of the most important of these factors.

Rate of loading

In the tests from which the shear strength parameters 
are obtained the clay may be loaded to failure much 
faster than the load is applied in the field. Conse
quently, before the test parameters can be applied to 
a practical problem, they should be corrected to the

The available experiences indicate that in clays the 
undrained shear strength, su, is very sensitive to 
the rate of loading, and that the effect increases with 
the plasticity of the clay. For instance, in clays with 
a liquid limit of 100-150%, the field shear strength 
may only be 60-70% of the values determined by 
conventional 5-minute vane tests.

The shear strength parameters c’ and tp’ are also 
sensitive to the rate of loading but, as pointed out by 
Skempton and Hutchinson, the effect is much smaller 
than was the case for the undrained shear strength. 
The available evidence indicates that the effect of the 
rate of loading on c’ and <p‘ requires consideration in 
plastic clays only, but is insignificant in clays of low 
plasticity.

The residual shear strength is very nearly independ
ent of the rate of loading.

P r e s e n c e  of defects (random fissuring).

If a soil is fissured, the fissures represent weak
nesses. Due to the small size of the specimens 
used in conventional laboratory tests and due to the 
way in which failure is enforced to occur the effect 
of the fissures is not included in the shear strength 
parameters resulting from laboratory tests. In fact, 
it can be assumed that the laboratory values in gene
ral represent those of the intact clay in between the 
fissures. Consequently, in stability problems in 
fissured clays it is necessary to apply a correction 
to the laboratory parameters. To obtain a correct 
evaluation of this correction it is necessary to appre
ciate that the fissures can affect the shear strength 
in two principally different ways : by a weakening 
and in some cases by an additional softening.

In the first place, the fissures represent weaknesses. 
If we imagine how a sliding surface would develop 
through a fissured clay. it is obvious that it prefer
ably will follow a fissure if the fissure is not located 
too far from, and has about the same direction as, 
the slip surface. We do not know exactly how much 
the shear strength is reduced in a fissure, but it is 
probably a good approximation to assume that the 
cohesion intercept c’ is zero and that the friction <p’ 
is the same as in the intact adjacent clay. Depending 
on the intensity of the fissures, it should be possible 
to estimate how large a fraction of the area of a slid
ing surface will pass through fissures and the values 
of the shear strength parameters can then be correct
ed accordingly. The weakening effect of the fissures 
will thus necessitate a correction of the undrained 
shear strength as well as the shear strength para
meter, c’ , in terms of effective stresses. Obviously, 
no correction should be applied to the residual shear 
strength.

In the second place, field experiences have demon
strated that in such cases where a fissured clay is 
subjected to strains, the fissures will have a second 
effect, namely to cause a " softening” of the clay in 
addition to the weakening. When a fissured clay is 
subjected to small non-uniform strains, entry of 
water becomes possible and this in combination with 
stress concentrations in the intact clay between the 
fissures will cause a stiff clay to dilate and thus to 
absorb water and become softer. In terms of its 
effective stress shear strength parameters the 
effect'of this softening can be approximated by assum-
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ing that in stiff clay c’ will gradually be reduced and 
may ultimately reach a value of zero whereas tp’ re
mains unchanged. In addition the undrained strength 
may decrease rapidly in-situ after construction due 
to rapid dissipation of negative pore-water pressure 
as the mass permeability is increased by open 
fissures.

From this we can learn that in slope stability prob
lems where straining of a fissured clay can be expect
ed, the combined effect of the weakening and the soft
ening can be taken into account by assuming that c* 
will ultimately approach zero. Such a set of condit
ions should for instance be expected in all cases where 
the fissured clay exists at so shallow depths that it 
will be influenced by the non-uniform straining occur
ring as a result of temperature changes, freezing and 
drying, groundwater fluctuations and weathering 
(depths up to 6 -8  m). So far as I understand, the 
majority of the slope failures in London clay des
cribed by Professor Skempton are occurring in the 
upper weathered clay and this explains why the stab
ility condition at failure can reliably be approximated 
by assuming c’ - 0 .

The effect of the presence of fissures in a clay should 
obviously be considered in a stability analysia inde
pendent of whether the clay is soft or stiff. However, 
as the effect is a reduction in c’ , the importance of 
such a correction is the greater the stiffer the clay, 
and in normally consolidated clays with c' * 0 the 
effect is clearly negligible.

Discontinuities

As described above the effect of a random fissur- 
ing of a clay is a general weakening and in some 
cases also a general softening of the clay mass. In 
contrary, discontinuities represent local zones or 
surfaces of reduced strength such as bedding planes, 
faults, major joints and old slip planes. If a clay or 
rock is dissected by such a discontinuity and the 
possibility exists that a potential sliding surface may 
follow the discontinuity partly or completely, its 
shear strength parameters should be evaluated cor
rectly. The general principles which are used for 
such an evaluation are as follows :

A discontinuity along which shear movements have 
occurred in the past, such as old sliding surfaces, 
will have its shear strength reduced to a value which 
ultimately will correspond to the residual shear 
strength parameters (c' , tp’ ). Available evidence 
indicates that the gain in shear strength with time 
after a shear movement is negligible.

A discontinuity along which no shear movements 
have occurred (joints and bedding planes), will have 
a lower shear strength than the adjacent intact soil.
This fact can be taken into account by assuming that 
along the discontinuity c’ • 0 and tp' is equal to the 
value of the intact adjacent soil.

Progressive failure

In the classical soil mechanics approach the conven
tional stability analysis is based on the important 
assumption that the peak shear strength of the soils 
involved is fully mobilised simultaneously along the 
total length of a potential sliding surface. This is not 
always the case and, in fact, a progressive failure is 
likely to occur if the three following conditions are 
satisfied:

( 1 ) The soil is brittle and shows a pro
nounced reduction in strength if 
strained beyond failure,

2) The problem is one where stress 
concentrations will occur,

3) The boundary conditions are such 
that differential strain may take place.

If all these conditions are satisfied, there is a real 
danger of the progressive development of a sliding 
surface along which the shear strength is reduced to 
a value somewhere between the peak and the residual 
value. At the present time problems where a pro
gressive failure is likely to occur cannot be analysed 
in a rational way. If the residual shear strength para
meters are used in a stability analysis, it is of course 
possible to predict the stability conditions at the ulti
mate stage when a sliding surface is fully developed 
and movements have occurred large enough to reduce 
the shear resistance in the sliding surface to its mini
m u m  value. Such a prediction is however, of very 
little help as in most cases it proves uneconomical to 
base a design on such an over conservative set of 
assumptions.

As a progressive failure invalidates conventional 
stability calculations, it is very important to be able 
to specify the conditions under which this may happen. 
The most important cases where progressive failure 
is likely to occur are the slope or cut problems in the 
plastic, heavily over consolidated clays and clay shales. 
As a result of the large pressures these clays once 
were subjected to the lateral pressures in the clay 
are high and the clay will tend to expand laterally.
As a consequence of these properties in a cut or in 
an excavation stress concentrations at the toe are 
likely to occur which may lead to a local shear 
failure and eventually to the gradual development of 
a continuous sliding surface.

Normally consolidated marine clays will with time 
develop a brittleness which makes them prone to fail 
progressively when strained under undrained condit
ions. At the present time our knowledge about this 
phenomena is, however, very limited.

Anisotropy

In normally consolidated marine clays the ratio of 
horizontal to vertical effective stress (Kq) is gener
ally of the order of 0. 5. In buch clays the structural 
arrangement of the clay will be highly anisotropic with 
the consequence that the value of the undrained shear 
strength will vary considerably depending on the dir
ection of the applied stresses. In such clays the an
isotropy should theoretically be considered when 
solving ” undrained stability” problems, but at the 
present time there are no means available which 
permit this to be done in a rigorous way. It is there
fore very fortunate that the experience of the past 
has demonstrated that the most common problems, 
the calculating of the bearing capacity of embank
ments and footings a/id the estimate of the danger of 
a bottom heave in a strutted excavation, can reliably 
be solved on the basis of vane tests (or unconfined 
compression tests)suitably corrected for strain rate 
effects, as mentioned previously, without any correct
ion for anisotropy.

The c’ tp’ parameters in water laid sediments are 
probably somewhat lower in a horizontal direction 
than in other directions. The effect is however,
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in general of little practical importance, provided 
the bedding planes are adequately considered as 
described above.

L. BJERRUM (Norway)

I may review briefly our recent studies of the effect 
of rate of loading on the undrained shear strength of 
normally consolidated clays.

Shortly after the invention of the vane test a number 
of case records were published which indicated that 
the vane shear strength was nearly equal to the shear 
strength recalculated from failures which have occur
red during construction of embankments on soft clays, 
from failures of loading plates or tanks, or from 
slides in cuts. If, today, we take a second critical 
look at these case records, they will not all satisfy 
our requirements as to completeness of the investi
gations. A  number of recent failures which have 
been studied in greater detail show that it cannot be 
taken for granted that the vane shear strength is equal 
to the shear strength which can be mobilised under 
embankments and footings.

For instance, recently an analysis of a failure of a 
flood levee in Australia was published (Parry and 
MacLeod, 1967; Parry, 1968). The levee was built 
on a very plastic, soft, normally consolidated clay 
with a vane shear strength of 1-2 t/m^, (w ■ 130% ; 
w l  - 145% ; Wp ■ 45%). The analysis showed that the 
failure took place at a safety factor of 1.6 , i.e. the 
actual shear strength was only 6 2% of the values 
measured with the vane.

The most complete set of data is available from Thai
land where at present a system of highways is being 
built. The Norwegian Geotechnical Institute, repre
sented by Mr. Ove Eide, has assisted the consultants, 
KAMPSAX, with the design and construction (Eide,
1968 a; 1968b). A large number of test fills were 
built and brought to failure to obtain a basis for the 
design. Altogether 21 slides were analysed, and 
using the vane shear strength directly in the analyses, 
the embankment without berms failed at a computed 
safety factor of about 1. 5. The Bangkok clay is a very 
homogeneous, normally consolidated clay with a 
shear strength of 1-2 t/m^. It is very plastic with 
a liquid limit of 12 0 % (w » 12 0 % ; w l  - 12 0 %  ; Wp = 
45%).

For comparison it can be mentioned that the vane shear 
strength measured in our low plastic Norwegian clays 
is about the same or possibly somewhat larger than the 
undrained shear strength which can be mobilised under 
an embankment or a footing. The circular loading 
test that we recently carried out at Mastemyr failed 
at a safety factor of 1.3.

The amount of evidence we have collected is now so 
complete that the difference between the vane shear 
strength and the shear strength which can be mobi
lised under a filling is primarily due to the difference 
in rate of loading. In order to use the vane shear 
strength for practical design porblems, it is thus 
necessary to correct it to the appropriate rate of 
loading.

In order to be able to apply such a correction, it is 
necessary to carry out some laboratory tests on each 
clay in order to find out the effect of the rate of load
ing on the undrained shear strength. The develop

ment of a relatively simple and quick routine rate-of- 
loading test is therefore of real interest. W e  have 
tried two different types of tests :

The first type of test that we used was the multiple 
strain rate test which permits the investigation of 
several rates in a single sample, with the slow speed 
being applied for relatively short periods of time. 
Figure 1 shows the results of two tests carried out on 
two virtually identical samples of the Bangkok clay, 
applying two different strain rates, which correspond 
to failure being reached after 5 minutes and 7 days 
respectively. From the test results it is directly 
observed that the ratio of the shear strength obtained 
at the two different rates of strain is 1.52.

BANGKOK SIRACHA HIGHWAY. Km 81-735

Consolidated undrained triaxial test with 
different rate of strain.

TEST 1 TEST 2
?epth below ground surface 5.45 m

Eff. overburden pressure 1 . 5 1.6 t/m'

Apparent preconsolidation 
pressure 2 . 8 2 . 9

«•

Isotropic consolidation 
pressure in 8 days 3 . 0 3 3 . 0 3

«1

-------- ------------------------- ( 3 - 4 2 ) ( 3 . 4 2 ) "

Average natural water 
content 112 112 *

Water content after conso
lidation 95 91 *

Average liquid limit 114 114 %

—  ■—  plastic 44 44 1°

4 12
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STRAIN RATE £, %/H R 

0.01 0.1 1 10

6 K 0 K  CLAY.

Plasticity index 70 70 jS

Relation between failure in the two tests

1.81 
----- 1.52

1.19

A  further development of this test has been used by 
Dr. J.D. Brown to study the rate effect on a number 
of clays. Following a procedure used by Dr. T.C. 
Kenney, the test involves stopping the motor drive 
at a given point in a strain-controlled test, and taking 
readings of stress and strain changes with time.
When the motor is stopped, the sample continues to 
strain due to stored energy in the proving ring, and 
as this energy is released by straining, the load de
creases. A complete series of readings will estab
lish a correlation between change in stress with change 
of strain with respect to time. Since the procedure 
depends on the relaxation of the stresses in the prov
ing ring, we call it a ’relaxation test’ . It is a very 
simple and quick routine test and it has the advantage 
that it can be repeated at different strains so that the 
complete range of behaviour can be investigated.

Figure 2 shows the results of three relaxation tests 
carried out at three different strains during an un
drained triaxial test on a sample of Bangkok clay.
As observed, the range of rate of strain over which 
measurements can be made covers about 3-4 log 
cycles. The effect of the strain rate decreases 
slightly with strain. The result of a multiple strain 
rate test is also plotted for comparison, and it can be 
seen that the two types of tests show fair agreement.

During the past year Dr. J.D. Brown and Mr. T.
Berre have studied the rate effect on 6 different clays. 
Let m e  summarize the results, the effect in all 
cases being expressed as the increase in shear 
strength, expressed in percent per log cycle of rate

of strain.

Drammen, lean (w  - 35, w L - 40, w p - 24) 5%

Drammen, plaatic (w = 51, w^-. 6 2, - 31) 10 %
Fornebu, plastic (w • 55, w L - 6 0 , w p - 32) 10%

Mastemyr, quick ( w  - 45, w L - 30, w p - 2 0 ) 10 %

Bangkok, very plastic (w ■ 1 25, W L m 125, w p . 50) 15%
KorsOr, organic (w - 2 10 , w L - 250, Wp * 150) 15%

For three of these clays, the Mastemyr, Bangkok and 
KorsOr clays, there is field evidence available which 
permits comparison of the shear strengths mobilised 
under embankments at failure and measured in vane 
tests. In these three cases the results of the labora
tory tests show that the difference between the two 
values of shear strength can be approximately ex
plained by the difference in rate of loading. Said in 
other words : If the vane shear strengths are correct
ed from laboratory test data to the appropriate rate of 
loading, they predict very nearly the correct failure 
loads of the embankments.
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