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ABSTRACT

Long-tern stabllity of'slopes in over-consolidated
clays 1s considered in this thesis on an effective stress
basis, and it is shown that this approach to the problem is
a practical one. The study 1s carried out with specilal
reference to London clay as it is a well known over-consolidated
clay of wide occurrence, is relatively homogenous and there
exist in it a considerable number of stability problems of
economic importance.

The investigation is considered under three main
divisions:

(a) A laboratory study of over-consolidated clay.

(b) A field investigation of the stability of
natural slopes.

(c) A fileld study and an analysis of past failures

of slopes and retaining walls.

In the laboratory study it is shown that heavily
over-consolidated clays have a dilatant structure and the
application of shearing stresses tends to set up negative
porewater pressures which give the clay a high initial
strength. In the course of time after construction this
negative porewater pressure dissipates, with a consequent
diminishing of the strength. A number of tests were carried
out on undisturbed samples of London clay and these tests

together vith results from other sources give a clear indica-



tion of the drained shear strength parameters of the clay.
It is shown that over-consolidated clay can fail at lower
stresses than usual if it is subjected to alternating stresses.
Indications are that the loss in strength is at least partially
a reduction of cohesion in terms of effective stresses.

The fileld investigation of natural slopes in London
clay indicates that the limiting inclination for long-term
stabllity 1s very nearly 10°, No failures have been found on
flatter slopes and very fow stable slopes which are steeper
were found. Analysis indlcates that the limiting angle of
10° 1s consistent with the water table at the surface and the
presence of only the frictional component of the shear streﬁgth.
The indications then are that the cohesive portion of the shear
strength 1s reduced to zero on a long~-term basis.

The consideratlon of fallures of retaining walls
and man-nade slopes shows that the most practical method of
Investigating stabillity for these structures in over-consolidated
clay 1s on an effective stress basis. Results of the analyses
indicate that coheslon diminishes with time after construction,
and -a probable rate for the reduction is suggested. It'éppears
that the rate of reduction is influsnced by the effective normal
pressure on the potential failure surface. |

| Remedial measures and thelr effectiveness are con-
sidered for several cases ond suggestibns for design and

renedlal measures are consldered.
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Volume I contains the complete text and all figures
and plates except those for the case histories. The
figures and plates for the case histories havé been put
in Volume II for convenience in handling but are numbered

consecutively with those in Volume I.



~ PART 1I

GENERAL CONSIDERATIONS

INTRODUCTION

It has'been found on many occasions that natural
earth slopes, man-made slopes and earth retaining structures
which have heenﬂapparently stable for many years do not
always remain in that condition; failure sometimes occurring,
for no obvious &xternal reason, a considerable time after
their éonstruction‘or formation. The time to failure may
vary from a few years in the case of a slope in a cutting
to unknown thousands of years for a slope formed by geological
processes. This phenomenon is most common in the type of
clay fi;st,described byﬁTerzaghi‘(1936) as "stiff, fissured
clay"‘of ?hg intgnsely‘overcbmpactedlgrqup of‘clays and now
knowniag heavily oyer-consolidated clay.

Over-cohséiidated/clays are of wide occurrence in
Great Britain and western Europg_énd the problem of stability
after congtructidn, ér ";ong-term stability", in thésé clays
has been a concern of%gnginegré.for at least two cenéuries.

However, it 1s only within %he last 35 years:that‘knoﬁledgg

o i !



of the mode of formation of these clays and techniques of
handling the problems concerned were developed, and it is
only within the last five years that the laﬁoratory tech-
niques and equipment capable of determining the relevﬁnt
fundamental péoperties of the clay were established and the
results applied to long-term stability problems,

Since the London clay is probably the best known of
the over-consolidated clays, with regard to both its funda-
nental properties as determined in the laboratory and its
action and properties in the field, this study has been
concentrated on London clay. The problem is considered in

three maln divisions:

(a) Laboratory investigation of the clay
(b) Stability of natural slopes - - Lo
(c) Stability of retaining walls and slbpes in cuttings.

During the laboratory 1nvest1gation‘fhe behé&ibur of
the clay under stress is investigated and its shear strength
parameters in terms of effective stresses determined.” The'
application of these parameters to the stability of natﬁralr
sloﬁes in London clay obéerved'in the field;indicatéé"that’
the cohesion intercept (c') approaches zero on a ééblbgicai
timélscgle. By analyéing past failures of retaihiﬁg walls

gnd'slopeé in éuttings a probable rate for the‘féducﬁion in



c! 1s deduced. The variation in the factor of safety of
these structures through the possible range of c' is deter-

mined and the effectiveness of remedial measures considered.

HISTORICAL BACKGROUND

Problems of slope stability are among the oldest in
the field of soll mechanics and probably date from man's
first attempts to protect his home with earthworks and to
build burial mounds. Early written work dating from the
17th and 18th centuries are concerned for the most part
with fortifications (see for instance Feld, 1948) as these
were the major engineering problems of the time., Records
of an obsgerved slip surface behind a retaining wall Qéte
from as early as 1699 (Vauban as recorded by Collin 1846),
and Coulomb (1776) noted that the failure surface behind
a retaining wall was.approximately\a plane. . Coulomb postu-
lated the concept that shear strength in soils is made up .
of a cohesive component and a frictional component and used
this. concept to establish methods of determining lateral
earth pressure. It 1s basically his methods fhat have been
used to determine the forces on retaining walls in Part IV
of this study. |

The first detailed observation on .slip surfaces 'in



slopes were made by Collin (1846) who collected information
on several failures and observed that movements werc rota-
tional and the shape of the failure surface approximately
cycloidal. The common idea at the time was that slips
resulted from a pre-sxisting plane of weakness or a weak
stratum. Collin howaver, concluded that inadequate shear.
strength was the cause of failure and that the fallure sur-
faces which were observed were generally the result of the

earth movement and not'the cause of the movement.. He was

working with stiff fissured clay, and found that the per-

colation of water had a great deal to do with the shear
strength and long~term stabllity in these slopes. Af the
same time he.advanced the ldea that all slopeé would tend
to return ultimately to the inclination at which they were
found in nature., The_first recorded shear tests on clay
were carried out by Collin who noted that the strength of
tho clay varied with moisture content and with time to '

. failure, but the tests were generally what would now he

consldored undrained tests.

In Great Britain the problems of slope ‘stability
becane horo prassing with the construction of the railroads,"'1
starting about 18é5. Gregory (1844) gives several examples
of failures in raillway cuttings which took place Some years

after construction. - He attributed most of these slips to



"gtatical" water forces and the softening of the clay due
to the infiltration of water, and notes that drainage was
a definite aid to stability as follows:

"water in these and most other cases aﬁpeared to
be the ultimate cause of all the slips; - the-
drainage therefore of the slopes, as recommended
by the author, in both cuttings and embankments,
is a consideration of the utmost importance ....."

Gregory makes no mention of a study of the shape of fpe
sliding surfaces nor does he attempt to determine shear
strength and 1h§estigate methods of analysis as Collin
was do;ng at this time. '

The works of Collin and Gregory were almost com-
pletely ignored, but Coulomb's theory as well as Rankine's
conjugate stress theory (1857) were applied.to retaining
wall design in the latter part of the 19th century. However
as soil properties were not in general measured.nor was thq '
effect of water pressure understood, the results were far
fron satisfactory and numerous failures occurred.: The :
situation was 'so unsatisfactory that Sir Benjjamin Baker
in 1881 remarks: '

l"Ifban';'=.ngin'e‘er‘hz‘zs; ﬁof‘had sémé faiiuféé ;ith"

" retaining walls it is merely evidence that his -

. practice has not been sufficiently extensive ...e."

- -"In keeplng with the trends of the time it appears



that although theories and mathematical approaches had
been advanced for the design of earth retaining structures
the investigation of soill properties and faillures was
seriously deficient. Baker (1881, p.182) refers to this
trend, without doubt quite justifiably, in the following
wordss

Meseeeselt has often struck the author that the

numerous published tables giving the calculated
required thickness of retaining walls to three
places of decimals stand really on the same
scientific basis, and have the same practical
giéuﬁéogz ghzlgggzggr“forcast for the year in

These remarks seemed still to pertain to engineering
practice for earthworks during the first decade of this |
century and it is questionable if any really significant
progress in the understanding of the basic problems had
‘been made beyond the work of Coulomb and Collin. .

The assumption of failure along a cireular arc fer
the purpose of'analysis was first introduced by Petterson
and Hultin (1916) 1n'consider1ng the failure of'a'qudylan
Gotenburg. Further work in Sweden under Fellenius (1922)
on the investigation of railway slips led to the use of
the shear strength of the clay as a cohesive force only,
neglecting frictional effects. Together these two pro-'

.

edures result in the p=0 analysis as it is nOW'used.
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Terzaghi in 1936, examined the stability of natural
slopes, considering stiff fissured clays‘as a particular .
class of clay, and advanced an explanation for its reduction
in strength with time. He considered this to be due to’
eipansion of the clay under reduced lateral restraint and
softening of the clay surrounding the fissures by the infil-
tration of water.

' Skempton (19%8) considered the problem further and
gave a tentative relationship between average shear strength
along a failure surface and time. Further"developments~'\‘ h
since then indicate that it.is more 1ogica1 ‘to consider the
long-term stability problem in terns of effective stress
parmneters determined from drained tests, rather than on a
total stress (4 = 0) basis. S :

A significant step ‘tovards the understanding of
long-term stability in over—consolidated clays uas made by
Terzaghi in 1925 when he introduced the concept of effective
stress, although this principle was not applied to the prob-
lem at that time.

‘ Bishop and Henkel (19533)showed that when a heavily
‘ over-consolidated clay was stressed, negative poreweter ‘
‘pressure changes could be set up, and herein seems to lie _
one of the keys to the understanding of long-term stability
in this class of clay. When the clay is stressed in the

(SR
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field, generally by the removal of lateral support, internal
negative porewater pressures are set up which give the clay
2 high initial strength. These negatlive pressures eventually
dissipate causing a lowering of the shear strength and hence
a less: stable condition. It is this negative porewater
pressure which gives over-consolidated clays the ability to
remain at very steep slopes for short perlods of time, a
phenomenon that has baffled investigators and\obserVers for
many years. Cowper (1844) noted that, after the failure of
a Tetaining wall in London clay near Euston Station, when the
wall was removed for rebuilding the same clay which has
caused the fallure was able to remain almost vertical without
sﬁpport. The stability of the retained clay in a case such

as this is probably due to the setting up of further negative
porewater pressures under the new stress conditions, the
dilatency of the clay having been incomplete 1n 1ts former
state. The same occurrence was noted by Beker (1881) and -
doubtless has boen observed on many occasions both hefore
zmdshmm | ' ST

The applica ation of effective stress Aﬁai§sis to

stability problems in stii‘f fissured clays has deve...oped i
only within the past five years. Henkel and ukempton (1954)
used drained shear strengths in the analysis of a landsllde
on a natural slope in over-consolidated clay and showed |

that this approach to the stability problem in over~consolidated z
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clays was the most feasible one. It was shown in that study
that a good indication of stability is obtalned 1f the
cohesion portion of the drained shear strength is omitted
and only the frictional part used. This implies that on a
long-term stability basis ¢! is reduced to zero and it is a
further consideration of this phenomenon that this thesis
will consider, with special reference to London clay.

OVER-CONSOLIDATED CLAY

Over-consolidated clay may be derined as cley which
was origine.lly consolidated under a greater load tha.n that
under which it now exists. The originel consol:l.dation in
this type of clay has generally been brought about by the
weight of incumbent ice sheets or sediments which have since
disappeared. In some placés the over-consolidating loads
may have been both ice and sediments with the meltwater from
the ice contributing to the removal of the sediments. L

' Over-consolidated clays include relatively homo-
geneous sedimentary clays such as the London or. Lias clays
as well as boulder clays, which by the very neture of their
formation under ice sheets are over-consolidated. 'l’he

boulder cle.ys are usually composed or ground-up debris with
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great varliation in particle size and usually have no well
defined structure or stratification. Clays deposited as
sediments and later over-consolidated are usually much
finer in grain .size and more homogeneous in character.
Unlike the boulder cléys they generally contain fissures
which exist throughout the soll as a system of fine cracks.
When the soil is in a relatively dry state apprgaching its
plastic limit it breaks easily along these fissures into
fragaents, the size of vhich vary from clay to clay, and
within the same clay, and have been observed to be as small
as cubes of less than % in.

Fissuring is not usually found in samples either
nornally or over-consolidated in the laboratory but has
been found to take place (Skempton and Northey, 1952) in
London clay remoulded at the liquid limit and stored for
a year. Many normally consolidated marine clays are also
found to be fissured. It was suggested‘(ibid) %, .eeothat
thé fissures developed as.a result of syneresis, a colloidal
prdcess whereby the particles draw themselves togethér under
the action of attractive forces and expel sone of the poré-
water,u N _

Because of the high loads once sustained by
heavily over-consolidated clay, high lateral pressures were
set up within the soil mass and with the removal of tha
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load some of this pressure has remained. The result is
that the coefficient of earth pressure at rest (K,) is
proportionally high for these clays, commonly being greater
than 1.0. VWhen a cutting in stiff-fissured clay is opened
the high lateral stress 1s relaxed, which gives the clay an
opportunity to expand laterally and the fissures .to open.
Such expansion has been noted to a very marked degree in a
stiff Devonian clay underlying glaclal till by Terzaghi
(1950) and has been observed, although to a lesser extent
in London clay (e.g. at Northolt, see Part IV). This opening
of the fissures in London clay apparently alters the permea-
b}l;ty of the soll to a considerable degree, see'Appendix C,
aﬁo allows easier passage of the porewater, undoﬁbtedly to

the detriment of the clay's shear strength.

LONDON CLAY

London clay, one of the best known of the heavily
over-consolidated clays, is a marine depoeit of the Eocene
perlod which was originally about 400 ft. thick and overlain
by. further sediments. The superimposed sediments have been
completely removed by erosion in most of tho London basin and

generally the 1arger portion of the London clay has been
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removed as well. Total thickness of deposits on vhat is
now a typical point in London clay, at 100 ft. above 1ts
base has been estimated (Skempton and Henkel, 1957) to have
been at least 500 ft. and probably nearer 700 ft. In some
arcas the London clay has been covered again, after the
najor portion was removed, by glacial and river gravels and
alluvium. The depth of these deposits, however, very seldom
reaches 50 ft.

The top 15 to 25 ft. of the clay where it is now
exposed is usually found to be weathered and 1ight brown
in colour. Below this is the b;ue-grey unweathered clay.
Usually both zones are found to be considerably fissured, but
near the surface where the ciay has a high moisture oontent.
the fissures nay not be particularl& evident. .fhe average
plastic 1limit is about 27 and the average liquid ;imit about’
80 but there may: be variations in these values, ‘particularly

' the latter. Natural moisture content below the surface zone

is usually near the plastic 1limit, indicating the high degree
of consolidation to which the clay has.been subjected. Both
the moi,ture content and the.Atterberg limits are ueually
found to be slightly higher in the weathered zcne. Y3
Although variations and very occesional fine eand

and ailt seams occur in the clay remarkably emall differences

' have been found over zoneo many feet in thickness
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(COOIing and Skempton, 1942). It has also béen shown
(1bid) . that ‘index values give a good indication of the other
mechanical properties of the soil.
Sensitivity of the clay is very nearly one (Skempton
" and Henkel, 1957).

SHEAR - STRENGTH

Coulomb (1778) first suggested that the shear
strength of a soil was made up of a cohesiva and a fric-
tional component. This led to the equation for shear
strengths o R |

5 = C"'Oi:tanﬂ ooooooooco(l)

vhere: the shear strength

"the cohesion

g

the normal pressure on the shear plane
‘the angle of internal friction

sl o w
n

Tpe e:;istenc'e of :I.n'bér;'xal poréwater .pre-si;sﬁi‘g‘s in |
soils was shown by Terzaghi (1925)- but was not applied
directly to shear strength at that time. . Rendulic (1937)
showed that the strength and detiormatliqn‘p.;'opqrtiesp‘qf a

soil were controlled by the 1nf.qrgranu1ér forces and since



1k
then this has been demonstrated to be so for a wide range
of soil types. The intergranular or effective stress
acting'at any point within a soll mass may be expressed
bys '

o‘" = g -1 ' ' a o-o--oooooo(g)
, where o' = the efifective stress | ‘

g ‘= the total stress

u the porewater pressure.

The shear strength may then be expressed-in

terns of effective stresses as:

DI
& N

' S' = (! 'l‘c?ll tan ﬂ' ) ‘ : ooooeooeoo(3)
where ° 8! = the shear strength fg
€' = the cohesion by
- ') all in terms
On' = the normal pressure . ) of effectilve
, on the shear plane ;\- stresses.
#' = the angle of shearing )
resistance 3 )

When clays are consolidated and then tested under
drained conditions no porewater pressures are set up during
‘the testing and the shear strength in terms of effective
stress is obtained directly. If a number of samples of the
same clay are consolidated under different confining pressures

and drained tests then carried out at the same pressures,

+
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Mohr circles may be drawn which will yield a Mohr envelope
for the clay in terms of effective stresses.

Similerly if a number of samnles ars consolidated
at different pressures and then tested under undrained'con-
ditions with porewater pressures measured, thair shear
strength in terms of effective stress may be determined and
.ra Mohr envelope, also in terms of effective stresses,(
obtained for the clay. However samples consolidated at’ the
same pressure and then tested under undrained conditions
yield the same shear strengths in terms ‘of both total and
effective stresses 1rrespectlve of ‘the confining pressurekil‘
during testing. The total shear strength for such samples \
may ‘then be expressed 1n terms of cohesion only. This s~
elso found to be the case for undisturbed field samples of
(hsaturated clay, see ‘for exemple Golder and Skempton (19%8).V

s Normally oonsolidated clays usually exhibit
Pouitive porewater pressure changes when tested under
undrained conditions and their effective stress Mohr
enVelopes pass through the origln indlcating an: angle of
‘shearing resistance but no coheeion. The samo result,
although usually a slightly different angle, ls obtained
from drained tests on normally consolidated cJay. As the
‘ porewater preesurc changes set up vhon this claes of clay
is StLeSSQd are positive,their dissipation must result in

'an 1ncrease of strength due to an 1ncrease of the 1nter-‘
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granular forces. This is illustrated in Fig.”lA where
the total and effective stress envelopes are given for
remoulded, normally consolidated London clay. It 1is
therefore gpparent. that the critical period for, stability
-in normally consolidated clays is usually when they are
first stressed. The shear strength is then lower than 1t
is after the porewater pressures'set up b&:the’stressing
' have had an opportunity to dissipate. : o

Heavily over-consolidated clays usually show -
negative porewater pressure changes when stresses approaching
failure stress are applied under undrained conditions. ,The
Mohr envelope,>see‘Fig. 1B; in terns-of effective:stresses
from undrained tests indicates antanéie~of'shearing resis-’
tance and the presence‘of cohesion; Drained tests give the h
sane type of results except that the angle is slightly
'smaller and ‘in some cases the effective cohesion eomewhat
H'lower.; As the porewater pressure changes set up when heavily
over—consolidated clay is stressed are negative, their dis-
sipation must result in a lowering of the intcrgranular
force and hence a lowering of the strength. That is the
‘shear strength drops from point x, Fig. 1B to point y.
1This indicates ‘that the critical period for tability in
heavily over-consolidated clay 1s . not when the clay is

. first stressed but after the negative porewater pressure

?tG
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changes are dissipated and the drained strength applies.

It appears that there is a further reduction in
shearing strength beyond that 1ndicated by the drop from
undrained to drained conditions. This lessening of the
strength 1s apparently a loss of effecfive cohesion and
it is the purpose of this thesls to show that this occurs
and to consider reasons why this comes about, and make an
estimate of thc time taken for it to occur.

Research on clay that has been both normaliy
consolidated and over-consolidated from a high moisture
content remoulded state in the laboratory (Gilbert 19954,
Plant 1956) indicates that there is relatively little
differcnce in the shear strength characteristics of the
clay until an over-consolidation ratio of about four is
reached. ,Ap‘highe: over-consolidation ratiog however there
is a pronounccd difference, in theAshear"strengths, becoming
greater at higher over-consolidation ratios. For the pur-
pose of thils thesis the term over-consclidatediwill be used
‘to mean heavily over-consolidated clays, .that is clays with
a ccnsiderable‘ovqr—cpnsolidétion ratio such that cp@psicﬁ
(c') is present and the shear.strength in terﬁsjor effective
.stresses is greater than the Rormally consolidated shear
:strength 1n terms of effective stresses.,)

v N . ’ :

o Until’ recegtly, common practice haé“peec,§9 use
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immediate undrained strengths for the investigation of
slope stability in all types of clay. These strengths
were measured in the shear box, by unconfinsd compression
or by -triaxial tests, the latter method usually being used
with fissured clays to prevent failure from taking place
aleng the fissures. As has been dlscussed above, the
immediate undrained strength is the critical one in nor-
mally consolidated clays but in over-consolidated clays the
drained strength is the most critical, being in some cases
only one quarter of the undrained strengths. Softening of
the clay about the fissures as shown by Terzaghi (1936)
could account for some of the loss in strength in a highly
fissured over-consolidated clay. But so far as is known,
softening has never been observed fo occur~extensive1y in
o highly fissured clay to the point where the avorage shear
strength on a potential failure plane is as 1ow‘or lower
than the drained strength. Therefore it appears that the
only practical method is to use drained shear strcngthc for
the consideration of long-term stability problems in over 4
—conso;idgted clay. The first time that this“approach for
stablllity considerations in over-consolidated clay was used,
with a full comprehension of the reasons for doing 50,
appears to have becn in the analysis of the. slldo at
Jackfield, Shropshire by Henkel and Skempton (195!+). |
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Drained shear strengths will be used generally
for the analysis of the failure cases in Parts III and IV
of this thesis. These cases are all in London ‘clay and
are all failures that haveioccurred a considerable time

after the stressing of the clay.” - -

B T
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PART- II.

LABORATORY INVESTIGATION

NTRODUCTION o '

It is evident'that a. knovwledge of«the’effective
shear strength‘paremeters,‘and the drained shear strenéth e
in particular, is necessary for.the consideration of long
~term stabllity in over-consolidated clays. To“ obtain
significant-shear strength parameters.which can be applied
. to failures in the field, testing must be carried out on
undlsturbed sanmples of the clay, as remoulding destroys
any-ct. Also, it ls usually found that the effective
angles of shearing resistance are slightly lower in -
remoulded- samples. Both these reductions in shear strength
. are probably due to some loss of structure within the clay
.itself. ‘ | | l

: For the reasons given, the 1aboratory investiga-/ﬁ
:tion was carried out on undisturbed clay with only a- few
'exceptions.; Samples in an undisturbed state were’ not
'available in some cases and for the boulder clay it was

| very difficult to. take good l% in. diameter undisturbed
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‘< samples because of the pebbles in the clay. Clay samples,

.. even vhen taken from side by side, are seldom as uniform

as remoulded samples, therefore the same amount of agree-
ment cannot be expected in test:results.’ Difference in

structure and grain size accounts for some of the variation

. between samples and it appears that,fissuring,cen:qauéggu

elarge differences in test results.

As the 1argest number of examples of faellures in
over-consolidated clay most suitable for analysis are in
London clay and as this clay was the most readily obtainable

in the undisturbed state, the laboratory testing programme

riwas concerned primarily with London clay. A few other

over-consolidated clays, however, were tested so that a -

“‘comparison of their properties and behaviour under shearing’

“stresses could be made.’

Samples are usually tested triaxially in the e

zlaboratory by increasing the vertical stress (G‘) on the

samaple and keeping the lateral stress ( ) constant. o

:However, in the .case of clay undsr stress in a natural slope .

or the side of a cutting the load ‘has generally been applied

in the opposite manner.; There, the vertical load stays con=

'stant or perhaps decreases someuhat while there is a ‘con=’
'siderable decrease in the lateral restraint. This might
‘result in different shear strength parameters than those
“operative at failure in the usual type of laboratory test.

imt A it om e s
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With this in ming tests were carried out under two

different sets of stress conditions:

(8) Increasing o; with constant

Ug stresses,
(B) Constant o7 with decreasing g3 stresses.

The test results could then be compared and differences in
shear strength, if any, determined. ‘

LABORATORY EQUIPMENT

The greater part of the testing programme consisted
of triaxial tests on samples of undisturbed over-consolidated

clay. Types of test carried out weres:

(1) Drained test with increasing o and constant
g3 stresses. R ’ .
(2) Drained test with constant O‘ and decreasing
g3 stresses. ' ‘ -
(3) Undrained test with porewater pressure
measurements, increasing Uy, constant 0‘5 .
(%) Undrained test with porewater pressure
measurements, constant oy, decreasing 03.‘

(v Ixﬁmediate uhdrained tests.
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The majority of the triaxial tests were of

- types (1) and (2) the others being used primarily for

purposes of comparison. . ‘ ‘ ‘
Samples tested vere. l* in. diameter by approxi~ ’
mately 3 in. long and were tested in a triaxial cell of

.internal dimensions 3% in. diameter by 7% in. long. - Cell

: pressure was maintained by a constant head mercury cylindern

pressure device (Bishop and Henkel, 1953b).
In the increasing U7 type of test load was':

applied by means of a constant rate;oﬂistrain loading frame

‘as shown in Fig. 2 and Plate I. This machine was equipped

.with a multi-speed gear box 8o that a very wide selection

of rates of straln was available. ,Porewater)pressures“
were nmeasured, without allowing volume changevof the sample

to’ take place, using the apparatus shown in Fig. 2. In

-operation,the lead from the sample to the tOp of the mercury

column is completely filled with de-aired water and any
change of porewater pressure. in the sample.tends to cause
a change in the level of the mercury in, the capillary tube..

By adjusting ‘the pressure at the base of the mercury ‘colunn

' with the hand operated control ram,any change. in ‘the mercury

level is prevented. 'The- ‘balancing pressure required, which

can be read from the pressure gauge or manometer, then

‘indicates the porewater pressure in the sample.,
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Constant 0 drained tests were carried out by
applying a vertical load to the sample as the cell
pressure was reduced. To do this aluminium alloy hangers
wvere designed, see Fig. 3 and Plate III, te balance on
the piston of the triaxial cell and suitable loads were
~ added to the hangers as required. ' ' : ‘
In the case of a test in group (h) (constant O’}
with PsWePe measured) the constant rate of strain loading
frame was used to apply a vertical load (T7) and ‘the cell
pressure was continuously adjus ted:by‘moving.the mercury :
pot so that the total.Ui on the sample remained constant.,
. _Two tests were carried out so as to simulate
the conditions of alternating stress to which clay in a
slope is subjected by fluctuations of ground water level.\
To do this, the external loads on the sample must be kept -
: constant while the porewater pressure is variled, drainage
; of the sample being allowed to take place. L ‘
J A circular volume gauge was built for this
purpose, see Fig. 9 and Plate V. With 1t,the volume change
‘ in the sample could ‘be measured while a pre-set porewater
pressure was malntained. The mode of operation of the

gauge is 1nd1cated on Fig. 9,
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LABORATORY PROCEDURE

The majority of samples used,in the tests were
undisturbed samples and arrived at the laboratory in the

"% in. diameter sampling tubes in which they had been .-

taken. To prepare4the‘samplesvfor testingdaﬁportion of
the clay was extruded from the tube into a L in.’dianeter
brass sould. Three 1} in. dismeter thin valled brass
tubes with sharpened ends were then Jacked-into the -
undisturbed clay in the mould so that three 1% in. diameter

'samples were taken. At least two moisture content samples'

uere taken from the-clay left in the mould and the remainder
discarded. The clay in the 1% in. diameter tube was next
squared off at each end to 3 in. length, while still in
the~tube. Moistened filter paper discs were'placed on each
end of the sample and it was extruded, then weighed and the,;

“height measured.

The base of the cell had been de-aired by inverting

it in an evaporating dish of de-aired water and sucking water

through it by means. of a. -vacuun. line attached to- the burette.
After de-airing the base vas placed upright and a poroun disc,
vhich had been de-aired by being kept in water that was
boiling for at 1east 15 minutes, was placed on top of 1t.

The sample vas then positioned on the disc and a similar

disc placed on its top. 4 filter paper drain, which had -
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been moistened, was then set in place and a rubber
membrane put around the sample and sealed to the'cell
base by two rubber rings. A4ir between 'the membrane and
the sample was removed by flooding the space with water
from the burette and gently forcing any air bubdbles to
the top .by a light touch. After the air had been removed,
the top cap was placed on the sample and the two.rubber
rings to seal the membrane to the cap added. A negative
head of about one foot of water was put on the sample,
by lowering the burette, to drain off surplus water between
the sample and the membrane. About a minute was usually
sufficient to complete this drainage, the tap to the _
burette was then closed.. L ,

With the sample now ready, the cell top was put
in position and the cell filled with de-aired water.
Machine oril_wpf medium density was added on top of the water,
to complete the last } to % in. of filling the cell, so that
leakage around the piston during the test would be minimized. |
Cell pressure was applied by means of the air/water cylinder
and then maintained at the desired level by 't.'h:_e'l;mercnry”
cylinder system which had been pre-set to give the required
pressure. IR » _ , ’

‘ The sample was now ready for consolidation under
the cell pressure, and this was p.llowgd ,to proceed by
opening the valve to the,‘ﬁu;'etté.\ Bead_ing's of v}‘a‘.\ﬁeiﬂ movement
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on the burette were taken on e %/ t basis and it was
fouhd that equilibrium was usually reached in less than
24 hours. Once equilibrium had béen attained the sample
was ready for testing. |

Drained tests of the increasing G type were
carried out in the constant rate of strain loading frame
at a rate such that full drainage would occur, the
necessary rate being calculated as given by Gibson and
Henkel (1954). Average.strain at failure in this tyﬁe,of
test was about 5% and the rates of strain used were such
that this strain was usually reached in two to three
days. As it°'was necessary to keep the test going con-
tinuously the readings during the night had to be omitted.
However, in-some cases, the rate of strain was.reduced
overnight if it appeared failure would occur while the
sanple was unattended. . Although complete stress-strain
and volume change curves cannot be drawn with such a
procedure, enough points are obtainable to draw the curves
without appreciable error and by judicious timing the
fallure points can be reached while the test 1s attended.

. Undrained tests with'increasing(Ti~and porewater
pressure measurements were carried out in the same manner
except that Instead of allowing drainageﬁdurink,thp test -
the burette was removgd‘and the sample. comnected to the

porewater pressure measuring deﬁice. . When .the test continued -
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overnight it was necessary to close off the porewater -
pressure meesurement,but since this operation resulted
in no volume change and the pressure could be. estimated
closely and pre-set, there was no effect .on the sample.

Drained tests under constant 03 with decreasing
Cf§ stresses were carried out by using dead loading on |
the top of the sample to keep U3 constant as the cell
pressure was decreased.' The most practical method in a
test of this type 1s to apply the loads in: increments and
edjust the cell pressure to the suitable valuef‘ The
increments of loading were arranged so thet'eoch‘was about
10% of the estimated load at failure, up. to'70 or 80% of
' the total, increments of about 5% of the load were then
used until about 90% . total load when the increments weTe
cut down to 2 or 3%, (see Fig. 5).2‘In‘this manner ai;_,m
relatively smooth stress strain curve was obtained.ui
Usually equilibrium under an increment of loading was
reached in three or four hours but this varied with :
different clays and with the posltion of the increment in
the stress-strain curve, i.e. increments at higher loads
. usually take longer to come to equilibrium due to the
increased strain they cause. Increments of load were never
edded at a’ rate of. more than‘two .per day and in some .cases
only one per day, hence the time to failure was usually
one to two weeks which is sufficient to allow complete
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drainage.
| Only one test was done measuring porewater

pressure under constent.cri conditions and it was carried
out in a constant rate of strain loading frame, the cell
pressure (U3) being lowered to keep CTi constant as the
load measured by the proving ring increased. As a test
ofvthis sort requires constant attention in adjusting the
cell pressure it was necessary to stop it overnight‘ano
maintain the vertical load by dead loading. As far as
-could be seen,no 111 effects resulted from this procedune.

| Upon completion of the tests the tap at the ?
. base of the cell conneoting to the senple was closed to
prevent moisture change, load‘was'then'removed, the cell
pressure released and the cell fluid removed. After
renoval of the sample from the cell, the rubber membrance
and filter drain were removed and the sample weighed. Tne
angle of the shear plane,-if one occurred, was measured
and three moisture contents taken, one each from near the
top, centre and bottom of the sample and, .in addition,
noisture contents of the clay on both sides of the shear
plane were teken. '

Two tests were also run on samples under constant

g1 conditions and alternating stresses by changing the

porewater pressure. The tests are considered,sepanately
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at the end of the general test results.

TEST RESULTS

A summary of the results of the testeris given
in Table I for London clay and in Table II for other clays.
Typical stress~strain and volume change curvee are given
for tests on the same soil under increasing O3 and oonstant}~
g7 stresses in Fig. 4 and Fig. 5. 4s pointed‘out earlier,"
eome scatter of test results was to be‘expeoted‘due'to~lack;'
- of uniformity in the undisturbed samples. Howeter, ih most
cases 1t was possible to draw an envelope which was very \
nearly tangent to three Mohr ciroles.‘ In a. few cages an
envelope could not be drawn as the oircles were very‘
erratic and it is notable that this occurred with the most

1ntensely fissured samples.f

VOLUME CHANGE

- Research on saturated clays at Imperial College
has shown that volume change . during shear under drained

.“conditions nay be divided into two components.vf‘
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L:f " 'TYPE ANDORIGIN OF CLAY . |DEPTH | L.L. | "PL. P.1. 'N&TéAL Lés'a/)cﬁFr  TYPE OF TEST . CONSOL.| Gy AT (03- 930 AVERAGE LOF w40 1 c
L : S ’ -C. FT. S PRESS. |FAILURE LBs.[sQ.IN| W % PLANE | PLANE LBS[SQ.FT
, A 1 L
1 LONDON CLAY, REMOULDED | 83 26 | 57 56. 2 104 | DRAINED, CONSTANT o3 - li2ols os. | 37-7 64° - |
2 e e ‘ ' | L o | 54.3 | 105 " weooom {12015 ‘\3-3" f0-4 | 35.9 |45 %60°| 7%30" [ 340
3 " " I L : g : 54.8 106 W " ' 120/30 | 11-5 | 158 335 |- 55° SRR | B
4 L . | : : : R 55.7 104 " o " 120/60 | 285 28-0 3(-3 53°
5 BROWN L.CLAY, GRESHAM ST, B.H.4. - 28'-0" | : 86 27 59 " | 30-I 122 DRAINED, CONSTANT o . = 30 12-6 4.8 .| 303 53° o ,
noooom . ’ "o R E : 301 | 122 w " 0 , T 43 .| 9.4 33.1 47° | 1¥19-30 210
7 . " . e " ’ 5 301" - |. 122 no o w " ' 60 24.5 | 303 | 298 | s1° J S
8 BROWN L.CLAY, GRESHAM ST, B.H.4. 27-0" |’ 86 - 21 59 29-0 ‘| 123 | DRAINED, INCREASING O sl | s 12.5 32.2 | 40°&51° ,
_ " " " oo o ’ : 1 29.0 - | 123 no o cw s | s 234 30-4 |45'252°| t9° - |} 350"
. 10 o " “ o " o | 290 | 123 S e e 30 30 '36-2 29.2 54° ‘ o
" BROWN L.CLAY, GRESHAM ST. B.H.4. _|27-6¢" | 86 27 59 30.3 122 | DRAINED, CONSTANT o - a5, | s2 | 86 33:1 47° 34-2
12 R “ B - L 29.5 | 122 o R “ 1 30 |35 | 141 | -30.8 | 48° | 316"
3 BROWN L.CLAY, UXBRIDGE  No.24 | et | 82 2¢ .| 54 |'281 | 120 |DRAINED, INCREASING O o st | s 14 | 325 51° o «
14 n " " ] L 28 | e no " " (s (5 207 .| ‘305 490 | e 290
15 " " ow “ S 28.1 120 " " . 30 30 37.0 .| 29.2 | s52° C -
16 | BLUE L, CLAY, UXBRIDGE No. 7% : 22-6¢" | 74 25 49 26.6 123 | DRAINED, INCREASING & 5! - 5 .| 108 | 29.8 |51°257°
7 _» o " T | 266 | 123 w o - T T B 233 | 276 |47°249°| 28.0 |} 20-30 270 -
18 S . R v | 266 | 123 . " v | a0 30 | 37.4 | 261 |s50°&52° B | “
19 _ |BLUE L.CLAY, UXBRIDGE No, 78 22%0" 74 25 49 | 27.1. | 126-0 | DRAINED, INCREASING O; g 5 | 5 | e | 305 |40°e46’| 321 Nort
20 .. o n_ N o 27.1 | 126-1 | DRAINED, CONSTANT - o ‘ * o | 22 7.3 | 30-2 |38°249"| 30-7 |SIMILAR
2 » wo W on » 3 : 27.1 | 125.2 |DRAINED, ALTERNATING STRESSES (9.1 2.6, 4:8 6.2 | 33.0 '|45°847°| 37.3 | TESTS :
'LABORATORY TEST RESULTS FOR LONDON CLAY |~~~ .~~~ - TABLEI
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"TABLE I

‘ B v L « | FINAL o
LAB. TYPE AND ORIGIN OF CLAY oEéTH CLL P‘\L‘ é i INITIAL v T‘YPPE 0F‘TE‘ST " CFONS?L‘ % 'AT '(01-0?’: AVER:?GE coF WA E | ¢"’ 0 -
. NoFc ‘ ( LL I ve. |sjcurr rYe | PRESS. | FAILURE LBs[sQ.IN| W A/’o PLANE | PLANE | |es/sq.Fr).
. _ % :
22 BROWN L. CLAY, UXBRIDGE No,24 7'.0" 82 28 54 - 27.6 124 DRAINED, CONSTANT O !5', 3.9 9.9 -33.8 50° . Do
23 " " n - w 276 124 o " 35 e 206 31.7 50° | 340 |t21%30 [\ 280"
24 ” " " . " 27-6 125 - " 70 | 278 | 39.0 28-0 .|curvep | 294 * '
25 BLUE L. CLAY, SHELL BLDG.No.02 = | 43«6 84 29 55 32.3° 121 DRAINED, CONSTANT o 10 - "9 7.7 34-4 |45°8 49° | 366 . |
26 “ " e w n 32.3 120 " o 20 5.9 12:8 32,9  [42°k46°| 337 |} 24° 210
27 - " " o " v 32.3 121 " " 40 | 139 " 24.3 | 313 - 316 ; ’
28 BLUE L.CLAY, ' SHELL BLDG.No. 02 43-0" | 84 129 55 -31-8 121 DRAINED, INCREASING o7 = J‘ 7-4 33.5 | 47° 34-4 N
29 " . i . " 31.8 Y . m " 6 141 ' a33.2 45° -34-5 o 22°* |3 260
30 . . . R 31-8 121 P N 6 16 24.6 | 31-4 45° 32.0 o
31 BLUE L.CLAY, - SHELL BLDG. Ne, 02 42'-¢" 84 | 29 55 3(-5 121 |DRAINED, ALTERNATING STRESSES  |. 16.7 (20,50 | . 7.0 34.8 |40°855°| 40.0 | NOT
32 " " w " " ’ ‘ B 3[-5 121" |UND.WITH PW.R MEAS D, INCREASING O 6 5.0 13 33.8 - 46° 36:8 - |SIMILAR
33 " " - .. " 31.5 121  |UND.WITH PW.P, MEAS D, CONSTANT o7 20 2.7 | -t9.6 | 32:0 45° 35.0 | TESTS -
34 BLUE L.CLAY, NORTHOLT, 120" 8l 25 56 29.6 122 | DRAINED, CONSTANT o ,.c; 0.4 9.8 a4.2 IRREGULAR| = CIRCLES
35 (HIGHLY FISSURED) 5 “o ( 29-6 123 o " 20 5-8 131 +30:5 57°- 61°| 32:8 VLV)ER‘Y
36 “ 0 . 29.6 123 " e 40 | -1 27.3 | 32.2 | .s7° 33.0 |IRREGULAR
37 BROWN L.CLAY, SUDBURY HILL §-0" 82 29 ‘53 32.2 | 121 |DRAINED, CONSTANT o 10 2.0 7.2 34.9. [48°850°| 380 -}y . .
38 (HIGHLY FISSURED) o 32.2 120 . " 20 4.9 14-0 34-7 45°-60°| . 23* | 320
- 39 " 0 " “ 32.2 | 120 " " 40 - 13-8 | 248 311 4s°e 52° | 31.1 ‘ -
.
3 :
“_',LABORATORY‘TEST RESULTS FOR LONDON CLAY ] A ‘ S
| SHEET I | “TABLE I

SHEET IO
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| ’ ‘ soL.| o3’ - o AT| FINAL | | Cop
LAB. TYPE AND ORIGIN OF CLAY DEPTH "L.L. F;.L P.TI. iNlT‘AL ’Y TYPE" OIF TEST CI:D?RN!-ES;L. SEIL?J;E :;u_cruaag w. & of w AT - 5& ‘ ¢
No. - | a w % , LBs/50. IN.| LBS/sQ.IN|LBS/SOIN] 9] PLANE | PLANE - {LBs/sQ.FT.
: | o
TI BOULDER CLAY, TYNEMOUTH TUBE 2 - 30 s 15 15-4 (36 DRAINED, INCREASING OF 5 5 9.5 16-2  |No PLANE - '
T2 " " 4 REMOULDED - | 5.4 136 . " 30 30 55.4 13. 4 " — }29"—30' O NIL-
3 . “ N " - (5.4 136 " 15 Is 29.7- 14.2 . - '
T4 BOULDER CLAY, TYNEMOUTH TUBE 2 30 s 15 14.1 137 DRAINED, CONSTANT O] 10 . 2.2 7.2 17.3 53° - o
TS " s REMOULDED ‘ . 141 138 " " 40 -9 25.7 15.1 |NO PLANE - }30‘-30'» NIL
T6 " " " : 14: 1 137 . . n 80 23-4 | s0.2 | 136 | » - )
T7 BOULDER CLAY, TYNEMOUTH TUBE 2 3 18 13 22'5 126 | DRAINED, CONSTANT O, 15 3.7 10- 4 21.0 |NOPLANE| -— R
T8 Ca w “ ; 22-5 128 " " 35 1.6 22.8 22.1. |- 49° 23.0 } 28° 75
T9 “ ‘ W w i 22.5 127 . " 70 22-8 44.9 17.9 50° 24-9 L ‘
‘ z i '
Gl GAULT CLAY, LUTON B.H.3, No.3, 7'-0" 53 ‘18 35 19-4 132 | DRAINED, INCREASING O 5 5 12:5 23.5 4s° — } .
G2 " " N w ;‘ 19.4 132 " S 15 15 25.7 | 21-4 '|VARIOUS -~ 25°. | 190
G3 " S a W ow ! 19-4. 132 " 30 30 | 495 20.5 |VARIOUS -
/ | [ A
G4 | ABOVE 3 SAMPLES REMOULDED 53 e 35 38-1 115 | DRAINED, INCREASING o] s 5 71 32-2 |NOPLANE} -
G5 n " v ‘ P 381 114 " " (5 Is 19-5 27-0 n - }2o°-3o' NIL
G6 " : 0w " 1 381 1s " 30 30 330 | 245 . _ )
| |
L1 LIAS CLAY, LONDON-YORKS ROAD B.H.II, 56 24 32 44.5 110 DRAINED, INCREASING g 5 ‘5 a7 34.7 |NOPLANE - . '
L2 n W - w  REMOULDED 44.5 - o o v Is Is 20-8 | 295 " - 23 | NIL
Ls - " “ " " i 44-5 e “- “n 30" 30 40.3 26.2. " - 'v
; y ‘ —
l
!
!
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LABORATORY TEST RESULTS

- _ON CLAYS OTHER THAN LONDON CLAY
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(1) a volume change assoclated with change in
average effective stress in the sample;
(2) a volume change due to the dilateney‘characteristics

of the claye.

S | ‘x“x§t°\bsy
- ) 0 - , U - :
v L .. T ea o — =
D . ._/ L o . - 1)
g _— . g F :
\ . strain — . L strain — - o
E gl < warsy . 4 5
R SO B P o 3
S ‘:; N T ; e =
o ~ o
- (A) Volume change during shear *  (B) Volume change during shear
under‘"mcrecsmg‘o;’,cons__tcntcé .under constantO{,decrcasmgO‘
o \strcsses S S ~stresses : ‘

F'IG 6 VOLUME CHANGES IN HEAVILY OVER- CONSOLIDATED
' CLAY UNDER SHEARING STRESSES ’ ‘

"FIG. 6 -

In heavily over-consolidated clays the dilatency componsnt
of volume change leads toAan increase in the volume of the
sample as shown by (2) in Fig. 6 A and B. ' When shear
tests are.carried out such that there is an increase in
‘average effective stress the first component of volume
change leads to a decrease in volume as shown by (1) in

Fig. 6 A, and the total volume change is similar to that
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shown. When the average effective stress decreases during
a shear test it leads to an increase in the volume as
shown by (1) in Fig.-6 B and the total volume change is an
increase_as shown.

In all tests listed in Table I the sample was
found to be dilating at failure as indicated by the burette
reading. Total volume change indicated an increase in
volume for all tests under constant O‘l, with decreasing O’S
conditions. The greater number of samples tested under
inCree.sing gy with constant 0"3 stresses showed a decrease
in total volume at failnre; hovever, some of these tests
at low cell pfeesures (1.e. high over-eonsolidation ratios)
shewed an inerease in volume at failure. Weights of all
samples, after completion of testing, indicated that volume
had increaéed irrespective of how the stresses were applied
and of the total change as shoun by the burette.  The
discrepancy apparently comes about bj leakage of moisture
through the rubber membrane and the absorption of water
dufing‘the setting up process,neither of which is indicated
by the burette. = |

All tests on samples of undisturbed over-consolidated
cley were found to fall by shear along one or more well-
defined plane (see, for instance, Plate:VI) aeiopposed to the

" bulging type of fallure obtained with remoulded material

:
i

!
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over-consolidated in the laboratory. Moisture contents
about the shear planes wefe measufed In & considerable
number of samples, as gliven in Tab;es I and II, and in
all cases found to be higher than the average molisture
content in the remainder of the semple. This higher
‘moisture content about the failure plane indicates that
dilatancy is concentrated in a small portiom of the
sample adjacent to the plane. Observations in the fileld,
see Migs.27 and 30 , show that this is also the case
in full scale failures. It is therefore apparent.that
volune measﬁrement§_onlphi; type of sample as a whole are
not indicative of the true state of affairs within the
sanple, particularly at, the shear plane. For, whereas
the volume change of the sample as a whole may be shown
to be positive by the burette readings, as 1t is in mést
increasing G tests, that‘at_the porfion under shear 1s
alwvays negative irrespective of the method iﬁ which stress
is éppiied. .

It is not posdible to show whether the increase
in moisture content about thé,shear surface 1s more for
one type of test thah the other due to the practical
difficulty of taking truly representativo samples.‘ The
usual procedure was to take a layer of clay 1/16 to 1/8 in.

thick from each side of the surface and averagefthenreuults.



34

Since the shear surface is never perfectly p;ane nnd it

is never known how fan from it the zone of dilatancy

exists (at Northolt a field case, the zone was found in
places to be on one\sidawof the.failuro snrface only) it
cannot be certain thatlthe»moisture content measured

about the plane is exactly corrcct. Any error, however,

is most certainly tending to minimise the differences in

noisture content.s

UNDRAINED TESTS WITH P.W.P. MEASURED

Porewater pressures have been measured in clays
over-consolidated in the laboratory and it has been found
that negétive poreﬁater pressutes are deteloped at high
over-consolidation ratios (Gilbert 195k, Plant 1956). The
values measured, however, are considerably smaller than
those which must exlst in the clay in an undisturbed state
to give it the undrained strength it nommally has.” Tests
of this type are usually performed by increasing a3

stresses, But;ciéi in situ in a slope or behind a retaining
wall is usually stressed under conditions closer to the
constant x| reducing 0"3 method, '
' 'To determine what difference would Tesult from
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the method .of testing, two tests were done under undrained
conditions with porewater pressure measuréd, failure in
one case belng reached by increasing Cri in the other by
Vdecreasing cr3 with Cfi constant. Both tests were done at
a rate of speed comparable to the drained tests. ' The
increasing O3 test took five days to failure at 10% strain
and'thé constant J; test was conducted over the same
period, but as it was done in the constant rate of strain
compression machine the cell pressure required,constanﬁ
attention and the machine had to be stopped each night.
ﬁhile stopped, the‘lattgi'test was dead. loaded so that
stresses remained constant. = Total running time to failure
at 104 strain was therefore 60 hours,

Stress;strain and porewater pressure change -
strain curveS‘for<these'two tests are given‘iﬁ Eigs.v7
and 8. It will be noted that the~porewatervpressufeﬁ
.change:1s positive‘in'the increésing—CTi test while it
1s negativé inlthe cdnstant-cﬂi‘test;w This would indicate
that considerably greéter negative porewaterlpressuréé
are set’qp‘ﬁhen‘heavily over-consolidated’clay 1s stressed
under constant G5, with decreasing <j§ conditions, as it
approximately 1s in the slope of a cutting or behind a
rétaining ﬁall; thanrﬁhen theiclay is stressed uhdérf?
‘increasing g7 with constant‘cjs conditiohs.f'AlthS@gh
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porevater pressure changes were of the opposite sign
noisture content about the planes in both these tests
was found to be considerably higher than that in the
remainder of the sample indicating dilatancy at the
planes.. Increased molsture contents of this nature in
a drained test can only come about at the expense of .
noisture in.other partS'of.the'sample. Therefore,therex
Lust be moisture migration within the sample and it is
1ogica1 that undrained tests with porewater pressure
measurement should be carried out at the same speed as
drained tests to allow for the moisture movement.,.

'  Mohr circles in terms of effective stress é
for these two undrained tests are given in Fig.’lo A N
(circles 32 and 33) and indicate that the shear strength
: is of. the sane order as the drained tests, not highar, asi
normally obtained. Although conclusions of general
' validity cannot be drawn from the results of two tests,.‘
" there is a distinct possibility that' undrained tests
\carried out at the same speed as drained tests tend to
A give ‘the same effective shear strength. '.A' 1
| - There can be no assurance that the porewater
pressure measured at the base oi.the sample is that
acting on the. shear plane and it is this latter pressure |
.'which determhm the shear strength of the sample when

failure occurs on a plane.' It has been. shown (M.I.T., 1951)
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that considerably different porewater pressuresvcen
exist throughout a sample tested to failure%et lQ% strain
in about one hour. Honever, the times to féilure:used in
the two tests recorded here should tend to dininish these

differences considerably..

CONSTANT T3

B o

TESTS

Table III, page 38, gives a comparison of the
shear strength parameters obtained with increastng cﬂi
and constant Cﬁi»tests.n The tests compared,.were on
material from the same sampling tube but of necessity
from different 1evels in the tube, ebout 5 1n. apart.

Indications-are that #' is from one to two
degrees higher on the average and c! slightly lower for
constant CT’ tests. The same trend, although to a 1esser
extent, was found by Parry (1956), ror remoulded London ”
clay over-consolidated in the 1eboratory. o

In consideration of these results 1t must be
borne in mind that the loads are applied by different o
methods in the different tests. The increasing CT' i
E_loads are applied steadily in the compression machine :
while the constant 071 tests are loaded by increments.
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INCREASING | CONSTANT  |DIFFERENCE OF
\ a3 a3 CONSTANT O3
CLAY S
T ct c' c' c‘
g | w./| 8 || B | 1./
sq.ft. sq.ft. sq.ft.
UNDISTURBED
LONDON CLAY o |
Greshem St 19° | 350 1930 | 210 | 47 | -140
Uzbridge Nosdh | 20° | 290 [2139%| 280 | w13° | -10
Shell Bldg; - [22° | 260 |24 ;210 | w2 | -50
Na., 02 f SRS e -
TYNEMOUTH | 283° | mi1 |308° | n11.- | w20 | ni1
BOULDER"CLAY;: B bRt B
Remoulded

TABLE IIT.' - COMPARISON OF SHEAR.STRENGTH PARAMETERS:
FROM INCREASING gy AMD CONSTANT g
TESTD.

)

Loads épplied in ﬁnlike ways may cause different reactions

in the sample which give a false indication of the parameters.
Loading by increments can give’an error of one half the
increment causing theAfailure, which in the c¢ase of these
tests could amdunt to 24 of the shear strength. This error
would - always be on the high side as the 1ncrement causing

failure can only be larger than neccsgary. Frictlon in the

triaxial cell is also probably greater in the case . .of constant
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cﬁi tests since the plunger is allowed to'cone’to rast
between increments of load and is not kept continuously
moving as in the increasing g3 tests. Both those errorsA
tend to give a higher than true shear strength to the
constant g7 tests. ‘

Considering these points and’ the ‘small’ ,lze of
the difference obtained no-.definite: opinion can ‘be formed
from testing results to date whether or not constant CT' |
tests give a higher £4'. It is logical therefore, at the
present time to consider £' as being.independent‘of,the
method of applieation of the stresses and equal to the
value obtained in the increasing cTi tests.

' DRAINED SHEAR STBEﬁGTH PARAMETERS FFOR_LONDON CLAY'

, - Table IV contains the results of drained tests
on undisturbed ‘London clay samples, similar to that which‘

-might be encountered in a slope or retaining wall problemi,f5

as well as results of drained tests on remoulded clay.v -
In compiling the 1list the only known fully drained tests
which have'been omitted are on samples from deep borings
at Paddington (Henkel, l95“) taken at a depth greater

than has been encountered in any slope problem and the



DRAINED TESTS ON UNDISTURBED LONDON CLAY

L TYPE | INITIAL ‘ O, INCREASING O, CONSTANT |AVERAGE FOR SITE
SITE OF ‘WATER L.L. PL ¢ ¢,‘ c . c' , SOURCE»,OF D,ATA
CLAY | CONTENT LBs[sQ.FT| LBS [sQ.FT| ¢ LBS[SQ.FT. ¢ . ‘
SYDENHAM HILL BROWN 32 83 26 - 210 19° - - o o |SKEMPTON & HENKEL 1955
" | BLUE 33 82 2@ 220 20° - - 220 o o " v
QUEEN VICTORIA ST. BROWN 33 89 26 220 22° 2 - o | HENKEL, 1953
" : BLUE 32 95 29 220 20° - - 220 21 Cw
CHINGFORD BROWN 34 82 29 230 | 19° - - 230 | 19° HENKEL , 1953
GRESHAM ST. BROWN 29 86 27 350 | . 19° 210 9% | 280 | 190 TABLE I
UXBRIDGE (24) BROWN 28 82 28 290 20" 280 21’k | T TABLE I
e (78) BLUE 27 74 25 270 20’ - - 280 2o
SHELL BLDG. (02) | BLUE 32 84 29 260 22° 210 04’ 240 | |23° TABLE T
! [ ]
OVERALL AVERAGE 31 ?4 27 250 .20
UNDRAINED TEST WITH PWP MEASURED, ON UNDISTURBED LONDON CLAY |
'CHINGFORD' BROWN 31 82 23 210 ( 23 210 23 HENKEL, 1953
' -DRAINED TESTS ON REMOULDED LONDON CLAY I
" O~ INCREASING O, CONSTANT SHEAR BOX , :
L oL ! ' : , - 9‘, SOURCE OF DATA . TABLE IV
L. R ! ' . N i . . .
¢ | ¢ ¢ ¢ < SUMMARY OF AVAILABLE TEST
4 25 - - - - o 20" |  GIBSON, 1953 RESULTS IN TERMS OF EFFECTIVE
! , STRESSES, FOR LONDON CLAY.
; a5 ° 20° - - - ~ HENKEL, 1954 % : ,
73 ' ‘ o
p T - _ o 20° GIBSON, 1954 %
: ) . - - - - PLANT, 1955 :
78 26 o 9 : — f
~ o 19° - - PARRY, (957 . |
8 26 - - _ w |
’ — |
"AVERAGE g{ x= 20 S | TABLE IV
ﬂ !
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single result from Sudbury Hill (Table I). This latter
sanple was from intenséiy.fissured, weathered London
clay taken at)a shallow depth, and as it was probebly
at times above the water table and suffered dessication,
it is not representative.v

For practical purposes therefore, the shear
paranmeters can be taken as #' = 20° and c¢' = 250 1b./sq.ft.
and it is these values which are used as a basis for the
analysis of slope and retaining wall failures in Parts III
and IV of this thesis..

ALTERNATING STRESSES

Observation has shown that the shear stréngth of
London clay and some other heavily over-consolidated clays
appears to diminish in time beyondrthe d#ainéd éhéarv
strength.as shown by Fig. 1 B. This reduction is considered
further in Parts III and IV and shown to be largely a
lossening of the cohesion intercept. Although the reduction
in shear strength is appafént in casés‘of féilure in the
field, somples tested in the laboratory, évenﬂthougﬁ they be
fron the same site do not show any reduéﬁionkénd always

indicate a finite c'.
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When in situ, for instance in a slope, soil
is subjected to altermating stresses due to seasonal
changes in the water levels and the drying out of the
surface layer. As this type of stressing may cause
alterations in the soll strength which are not found in
the ordinary laboratory tests it was decidedlto subject
samples to approximately the same conditions they would
encounter in a slope or behind a retaining walli This
geant subjecting the sample to alternating stresses, by
cltcring the'porewatar pressure, while théiextcfnal
loads remained constant and drainage was allowed to take

place.

CONSTANT PRESSURE,‘VOLﬁME CHANGE'APPARAEQQ :

It was necessary to construct an apparatus which
would allow drainage and measure its amount while still
maintaining the porewater pressure in the sample at any
desired value. The circular volume gauge designed for
this purpose is shown in Fig. 9 and Plate V. In operation,
a lead from one side of the wheel was attached to the
connection”on the base of the cell leading ‘to the bottom
of the sample. The lccdlfrom thc'other side of)the'wheel
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FIG.9
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Perspex Wheel ‘
Mercury
De-aired Water
Stand

‘No Volume Change Tap

ARRANGEME&T OF \
CIRCULAR VOLUME "GUAGE |

DRAWINGS ARE DIAGRAMATIC AT APPROXIMATELY 1/2 SIZE

1

6 To Sample In opc'rat[on, pressure s transferred from the mercury cylinder
7 Ball Bearing system through the flurd 1n the wheel to the sample. [f volume change
8 Spln\dlc occurs in the sample, water moves from one side of the wheel

9 Plastic Tubing This tends to put the mercury in the wheel out of balance. To maintan

10 To Mercury Cylinder balance the wheel rotates, the mercury remaining motionless,
Pressure System . . Volume change can then be read from the level of the mercury on
a scale attached to and moving with the wheel,

FIG. 9
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PLATE VIi. TYPICAL FAILED SAMPLE OF LONDON CLAY (No.29) AFTER
REMOVAL FROM TRIAXIAL CELL,

THIS 1S THE SAME SAMPLE BEFORE AND AFTER REMOVAL OF THE FILVER
PAPER DRAIN. NOTE THAT TME ORAIN APPEARS TO HAVE BEEN COMPRESSED
RATHER THAN SHEARED AND FAILURE HAS TAKEN PLAGE PRINCIPALLY ALONG
A SINGLE PLANE WITH A SLIGHT BULGING OF THE SAMPLE IN ADDITION,
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was attached to the constant pressure mercury cylinder
system which was adjusted to give the desired porewater
pressuré. This preQSufe was transmitted through the

vheel of the volume gauge to the sample. If movement of

_water into or out of the sample occurred it tended to

~alter the level of the mef¢urj‘on ona side Of‘ﬁhé wheol

thus putting it out of balance. The Vheel‘:otates to
naintain its balance‘théreby eliminating eny difference
in pressuréﬂthfoﬁéh it. Volume change could be read by
observing the elevation of the ﬁercuiy"on a scale
attached to and rotating with the wheel.

CLAY USED IN ALTERNATING STRESS TESTS

As 1t‘wﬁs'pfop09ed't6 load the éamb;eé‘salthat

a considerable proportion of their shear stréﬁgfﬁ;was
mdbilizéd,dnli.éambles‘whose sﬁedristfénétp 9§§id be
estimated closely wore suitable. .The first §a$p1b‘ﬁested
was No. 21;:Thble I.ffThis‘fest,:however;'éﬁéé@:iﬁ”iu”
catastrophic failure due to éégidentai loss of cell
pressure after 1} months under slternating stresses. '
Strain under these stfésses-gmouhﬁed to neaily'lﬁ“ihv

that time. The second sample used was Nos 31; Table I.
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This sample was blue London clay from 42 ft. below the
surface at the Shell Building sito on the south bank of
the Thames, see Skempton and Henkel (1957) for site loca-
tion and details of boring. The clay in the tube was
very unifornm in gppearagée and yielded the same Atterberg
limits from both ends of the tube. It was only:moderately
fls#ured. |
; Clay from the same tube, as the sample tested
under alternating stresses, had been tested under both
drained and undrained conditions. Mohr circles for
these tests are given lg:Flg. 10 A.

PROCEDURE, ALTERNATING STRESS TEST

The sample was assumed to come from 20 ft. below
the surface with a porewater pressure varying betwsep 12
and 17 f£t. head. It was set up and allowed to reach
equilibrium under a cell pressire equivalent to the 20 f£t.
of surcharge and the porewater pressure of 17 ft. head.
After equilibrium of the sample was reached (2 days) the
cell pressure was lowered, dead 1dad being added to keep

CTi constant, so that’ the sample was loaded as indicated

by the Mohr circle “c" 1n Fig. 10 B. ' This eircle repreosents



W
60% of the failure load of the sample as indicated by
the minimum Mohr envelope. ‘

When equilibrium had been reached in both volume
change and strain under these conditions the pcrewater
pressure was altered so that the sample was loaded as
indicated by Mohr circle “dﬁ Fig. 10}B. This is the
stress condition brought about by lowering the'poreuater
pressure head on the sample from 17 to 12 ft. of water.
These uwo poSiticns woere alternated when equllibrium vas
reached in each. 1 |

| After ten such changes of stress it was found
that there was no further movement and the sample was
golng through a cycle of consolidation snd dllation with
uo resultant strain. JStress#strein and volume;cbeuée,
graphs are given in Fige. 11 where it will be'noteduthet
the strain reached under the 607 load was less: .than-1%.

As it appeared that further etrain wculd not bhe
‘ reached at 60% of the probable failure load' the cell
pressure was reduced, keeping. (Ti constant, until approxi-
Imately 85% of. the probable failure load was: applied. The
‘stress on the sample is then that glven by. circle gt
Fig.,lO‘B._ When equilibrium was reached the’ porewater
'pressure was ‘changed so that the stress was that given by

Icircle “f“ Fig. 10 B. After equilibrium under either

stress condition vas: reached, usuelly 2l hours was sufficient,
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the other condition was substituted. The saomple continued
to strain as shown by the graph of Fige 11 and after 26
changes of stress falled completely under the stress as
given by circle Me'. ?otal time to fallure was 49 days
with a total of 36 stress changes.

DISCUSSION OF ALTERNATING STRESS TLST

o While results of general validity cannot possibly
be drawn from two tests, the pattern of both showed they |
were acting in a simllar manner. A4s with other drained
tests stressed under constant.d]_cbnditions there was
dilation in the sample. ' This amounted to 3.7% volume
change at the‘final strain of 10.6%.. However, discrepancy |
between the initial weight plus the absorbed moisture and
the final weight after the test indicates that volume change
was pfqbably over 5% increase. The additional water causing
the discrépancjprobébly came from loakage through the
rubber'membrahd as the test was of unusually long duration
and some may have been absorbed by the sample in the. gatting
up process.

The najor portion of the strain took place as

can be seen 'in Fig. 11, while the porewater pressure wvas
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at 1lts low value, l.e. the sample was stressed as indicated
bf clrcle "f"*'Fig. 10 B. Strain at the lower porewater
pressure is apparently due to consolidatlion under the
increased effective ambient pressure, and the ratio of
strain to volume change of about 0.3% strain per porcent
volumc change is that usually obtained in consolidation of
samples of London clay under ambient pressufes. This pro-
cess of consolidation and straln is apparently not revér-
sible at 85% of failure stress élthough 1t seems to be
necarly so at 60%. The result is that when the effective
anbient pressure 1s lowered, i.e. stress is as shown by
circle "e", the sample takes in as much or more water than
vas expelled but there ls little or no recovery of strain.
As‘the moistuge content is then as high or higher than at
the start of the previous cycle consolidation with accom-
panying strain can again talke place when the porewater
.pres ure is lowered. In this manner the strain undor con-
~solidation 1s cunulative and eventually there is an increase
of mcisturc content due to the dilatency characteristics of
the clay*ind the sanmple fails under the applied Stfe;ses.
It is important to note in this regard that although most ,
of the strain took place while the sample was stressed as
indicated by clrcle “f“ the actual non terminating failur
'took place uhilo circle ugn applied.

Regults of this one test cannot be considered of
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general significance but it is notable that fallure was
caused at stresses smaller'than would be necessary in a
normal drained test. The possibility does exist that
clay in situ subjected to alternating stresses in this
nanner would eventually increase in moisture coptent and
hence diminish in strength. Whother or not this change
in strength is in the ¢! portion of the shearlsﬁrength
cannot be established without more testing; But, as any
enfeIOpe tangent to thé Mohr cirecle for this sample at
failure (i.e. circle "e®") would obviously have a smaller
c! intercept, it is highly probable that there is a |
definite reduction in ct.

CONCLUSION FROM THE TLABORATORY INVESTIGATION

Semples of undisturbed over-consolidated clay
tested undor drained conditions show that the clay tends
to dilate under stress. While this dilatancy may not be
indicated by volume change of the sample as a whole under
the usual method of measurement, due to practical difficul-
ties of making true measurements, it is always indicated
by increase in weight of the sample during tosting and by

the moisture content about the shear plane. Moisture
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contents frem the area about the shear plane indicate
dilatancy in undrained tests carried out at slow rates
as wvell as in drained tests.
| Porewater pressure changes in samples tested
under increasing CTi with constant Cfg stresses are
féund to be small while quite large negative porewater
preséure chﬁnges occur in samples tested under constant
CTi’ with decreasing CTS stresses. However, dilatancy
near the shear surface indicates that negative porewater
pressures would be set up in all over-consolidated clays
if the stressing is not at a rate sufficiéntly slov to
allow noisture migration to take place. The presence of
moisture nmigration towards the sheér surface suggests
that undrained tests with porewater pressure measurements,
should be carried out at a rate comparable with drained
tests tofprevent the setting up of porewater pressure
gradients with the sample.
Test results show that constant CTi tests give
a slightly higher 8" than increasing cTi tests, but not
enough difference to draw positive conclusions with the
accuracy of the methods of testing used.
.. .Results of tests done by the writer as well as
results from other sources, indicate the average drained
shear strength parameters of London clay to be very ngarly
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Failure under alternating stresses has been
produced in London clay at 85% of the normal failure load.
This fallure at decreased stresses apparently comes about
by the non-reversibility of consolidation strain and the
builq up qf moisture content within the sample due to
dilatancy under stress. Evidence 1s not sufficient to
make 1t clear whether the strength reduction is a reduction
in #' or ¢! but indications point to it being a reduction
in e?t. .
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PART III

STABILITY OF NATURAL SLOPES

INTRODUCTION

Movement on natural slopes is of two maln types,
soil creep and failure due to insufficient shear strength.
Most slopes in clay are subject to soll creep which, con~
bined with theAagénts of erosion, uwltimately tends to
eliminate hills and convert slopes to flat ground. Creep
nay be caused by a variety of agents including water, frost
and vegetation and results in a movement of the surfgce
layers of soil dowﬁ fhe slope, the movement lessening with
dgpth. It is this ncn-uniform movement which distingulshes
créep fromhslppe failures due to inadequate shear strength.
Failures in over-consolidated clay due to insufficient
shear strength, although movement may be only a few feet
per year, are usually considerably faster than soil creep
wvhich may be.only a few Inches per decade. Soil creep docs
occur in London clay but is usually so slow that probléms

concerning it very seldem arise and it is not generally
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susceptible to analysis. Failures on natural slopes in
London clay due to Insufficient shear strength are also
found and as they constitute a greater hazard and can be
analysed, it is this type of failure vhich will be con-
sidered in this section.

Observers as early as Collin (1846) suggested
that slopes of cuttings would tend to revert to the
slopes found in nature. However very little has been
written on the stablility of naturai slopes, particularly
those in clsy and what constitutes a stable natural
slope has remained rather obscure. Many failures in
natural slopes have occurred in varlous places and have
been investigated but there appears to have been no
overall comparison of stable and unstable. slopes in the
sane clay. London clay presents an opportunity for such
an investigation as 1ts occurrance 1ls widespread and its
characteristics very uniform. The shear strength para-
meters have been shown in the previous section to be
nedrly constant throughout the clay at 4' = 20° and
¢t = 250 1b./sq.ft. Both stable and unstable slopas are
to be found in London clay as well as a considerable number
of past failu:es. ,

| Skempton (19%5) noted that the limiting angle
 for stability in London clay slopes was about 10°. At
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that time the significance of, or the reason for, this
value was not apparent but it is now known to be controlled
by the angle of internal frictlon when water level is at
the surface. From the analysis of a failure of a natural
slope in the stiff-fissured clays of the coal measures at
Jackfield, Shropshire (Henkel & Skempton, 1954) it was
concluded that the clay behaved as if 1t possessed internal
friction only and the effective cohesion had dropped to
Zero. '

An investigation of London clay slopes was
therefore undertaken to find what inclination of slope was
stable and if this value could be explained in terms of
stability analysié.

AREA OF FIELD INVESTIGATIONS

4 preliminary study of London clay SlOpGS‘in
the Sewardstone, Elstree and Potters Bar areés, all to
the north of London, was done by.A.'C. Graves (1954).

. The work in these areas was covered in more detail for
the present study and extended to further slopes in the
same areas. Attention was directed to the slopes in

the Childerditch, Essex area by Mr. W. H. Ward of the
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Building Research Statlon. These slopes were examined
and found to yleld valuable data.

Investigations at Sydenham Hill in South London,
(Skenpton and Henkel, 1954%) showed the higher levels there
to be gravel and Claygate Beds with the lower part of the
slope in London clay. Further reconnaissance south of
the Thames; in areas indicated to be in London clay by
tpe.gedlogical maps, located steep slopes at;Telegraph
Hi111l and Bunkers Hill near Chessington. However, samples
taken from a hand auger borehole showed the major portion
of these slopes to be in the Claygate Beds. One slope
ﬁhich falled, and is apparently in London clay, was found
in Windsor Great Park, otherwise the area south of the
Thames yieldéd no failures or slbpes approaching the
liniting stability inclination.

Preliminary reconnaissance indicates that there
are sone slopes warranting further consideration in the
Isle of Sheppey but time was not availablq_to make a conl-
plete study. In addition to stable slopes in that area,
the London clay is being actively erqded along the coast.
This permits a visual examination of large faces of London
clay up to 100 ft. high in places.and there are many
examples of short-tern failures. A coastline of this type,

see Plate VII, shows very clearly the difference between



short and long-term stability. At places there, the
London clay étands temporarily at 75 or 80° to a height

of 50 ft. whereas slopes of 10° have been found unstable
in other areas.

' The reconnaissances and survey of slopes showed
very clearly that in the area north of the river Thames
the slopes vere geﬁerally steeper and the countryside

gave the appearance of being much younger. This change

in tbpography is consistent with the extent of the
Pleistocene glaciations<§hich stopped Just north of the
Ehémes and no glacial deposits are to be found south of
the river in the London clay areas. It appears that the
valleys north of the Thames were deepened by the melt-water
from the ice sheets. This water‘was carried away by the
riyer leaving the area to the south unaffecfed" The -
slopes of the newly deepened valieys_were considefabiy
stéepened and it is apﬁarent they have not yet réached
equilibrium. Deforestafion of the slopes during the iést
nillennium has probably contributed to the instability.

\

FIELD INVESTIGATION

Inclinations. of slopes were measured by means
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of a vernier clinometer with the observer sighting on
another person at least 150 ft. down the slope. Slopes
shorter than 150 ft. were disregarded as being not suffi-
ciently large to present a true picture of the conditions.
The probable level of the water table was observed where
+ possible and any topographical featurés, such as ponds,
which would indicate a high water table were noted.

On representative slopes hand auger holes were
put down and samples taken for moisture content and
Atterberg limit determinations. All the samples of
London c;ay taken were found to be the brown, weathered
clay and ylelded the following average results:-

§0
29

119 1b./cu.ft.

N

Water Content
Liquid Limit
Plastic Limit
Density

These average values are not far different from
those obtained for London clay in the testing programhe,
therefore the average value of #' = 20° and ¢! = 250 1b./sq.ft.
" may be considered to apply equally to the clay in the natural

slopes.

s

UNSTABLE SLOPES

During the investigation the eight slopes listed .
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TABIE V
Site & Slope lo. Inclination W L.L. P.lL. Remartks
Windsor 1 123° Recent small slip
Childerditch 5 1130 36 78 33 Moderately la{ge
. slip

" 9 10%° High G.W.L.

" 1 103° 33 78 29  Active slip
Sewardstone 6a - 103° Slip in 1913
Childerditeh 2 103°
Elstree 1 10° 31 80 28 G.W.L. at surface
Sewardstone 1 10° 36 8+ 28 G.W.L. at surface

TABLE_V Ungtable Slopes in Londoen Clay,

in Table V above, were found to be unstable gng slipping. At
some of these sites there vas definite evidéhde,-such as free
water on the surface or marsh grass, .that grbﬁnd water level .
was 'at or ncar the surface. In other cases, particularly
that at Windsor, evidence points to a lower ground water
ievel, but probably not moré than 2 or 3 'ft. below the surface
'in winter and likely 1esv than this amount at some sites.
The movenent at Childerditch Nos. 1l and 2 and at

Sewardstone No. 1 is apparently nearly parallel to the surface
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and extends over a falirly large area. Plate VIII shows
Childerditch No. 1 and a definite ridge is noticeable around
the base of the moving earth with a steep face remaining at

.. 1ts top. In the other cases of Table V movement has taken

more the form of a slump with a proportionally larger steep
surface gbove the slide and more bulging at the toe, see
Plate IX as an example. At Windsor this type of movement is
the most pronounced and the slip surface is apparently .
approaching the cyecloidal shape commonly found in failure
in cuttings.

In addition to the active and recent failures a
nunber of sites indicated from their topography, that
failures had occurred a considerable time ago and so could
not be included in Table V because of the lack of positive
data. On some slopes there is evidence of soll creep with
perhaps some shear strength failure. Slopes in this class
, were considered borderline cases and not included in either

the 1list of unstable or stable slopes.

STABLE SLOPES

Table VI gives detalls on 20 slopes which were
- found to be stable. | |
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TABLE YT

SITE AND SLOPE No. [INCLINATION W | L.L.| P.L.| - REMARKS
[~]
-CHILDERDITCH 6 ' WOODED SLOPE
" o 10 '’
T S B
" 12 10'%, HIGH G.W.L.
SEWARDSTONE  6¢ 10 'y
" 7 10 'y’
u 5 10°
n ab 9% PROBABLY LOW GWLU
t, ©
T 2 9 M | 29 |79 | 27
no 8b 9 | 30 | 81 |29
ELSTREE 4 9 '
o 3 9° PROBABLY HIGH G.W.L.
POTTER'S BAR 24 9°.

8% | 31 | 90

SYDENHAM A 30 |GW.L.ABOUT 3 FT.DEEA
SEWARDSTONE 8a 8° ‘
POTTER'S BAR 5 8’
n 2b 73/‘*‘
ELSTREE 2 73 S _ |
' T A x (THERE ARE A GREAT NUMBER
POTTERS BAR I TR OF STABLE SLOPES AT
" a . INCLINATIONS OF LESS THAN
7°) ‘ ]
n 4 7%} ;

STABLE SLOPES IN LONDON CLAY .

TABLE YT
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These slopes with the exception of Childerditch
No, 6 are all in grass pasture land. The one exception is
a wooded slope and it is probable that the ground-water
level there never comes to the surface. 4

A typical stable slope is showvmn in Piate X.
Tﬁe profile of the stable slopes is usually almost straight
over a considerable length with a comparatively short

transition 1ength at the top and bottom of the slope.

STABILITY ANALYSIS

‘ In slips on natural slopes at inclination such
s the ones observed in London clay the length of the -
fmoving nass of earth ls usually large in comparison with
its depth and in most ca es the failure surface is parallol, .
“or nearly so, to’ the ground surface. For the types of I
failure where the ground and failure gurfaces are parallol

and cover a con 1derable a;ea, and effects may . be neglected .

and the stabil;ty conoidored on the basis of the ma"s moving -

dovm the failure plane (Bee for. 1nstance Taylor, 19%8'
Henkel and Skemptan, 2195%), - :
‘» Referring to Fig. 12, the shcaring StTGSa on

- 1‘ f

‘tho failure plane iss o

T = Z 3/ sin /3 '_cosB'- -
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and the normal effective pressure on the fallure plane
iss: .

Jn= Z (‘?/- m}/wj CBsaﬁ

Stability is maintained when the shear strength

is equal to or greater than the shearing stress, l.e.
' , 2
et +z (Y- m'b/w) cos<f3 tan #* > zY¥sin B cos B

e oo & R Aa b R b e 0 gL e B ] reete T

S . ‘F16.12 STABIUTY ANALYSIS FOR NATURAL SLOPES

o At - ) ot ac 2 - i P

There is substantial evidence from field cases indicating
that ¢! ultimately approaches zero and therefore for long-term

stability the frictional component of shear strength must be
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equal to or greater than the shearing streSs,'ioe.

2% - ny,) cos?B tan #' = z Y 'sinf cos B

therefore, resolving this equation the maxirmum value of ﬁ;

is given as

B__ '= san~ {’Y-.';YW ten ﬂ.}

In the case of London clay with the water level
at the surface, O' = 20° and ¢' = O the limiting value of
(3 is 93° \When m = O the liniting value of B is
obviously #'. Between these two limits 3 is very nearly
prop~or’ciona1 to nm. .

It might be noted that since failures on natural
slopes are generally not deep the frictional shear strength
involved is low and even a small value of ¢! would alter
conslderably the limiting angle of stability.  Consider for
instance, a slope with water level at the surface and a
potential failure plane at 10 ft. depth. A4 c' of 50 1b./sq.ft.
would increase the limiting angle of stability for the slope
from 10° to 12°. This same increase in the limiting angle
would occur 1f the water level were tv}o ft. boelow the surface.
If the full value of c¢' = 250 1b./sq.ft. as obtained in the
laboratory tests were present the limiting angle for stability
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on such a fallure surface would be approximﬁtely 2239, |
Field observations would indicate that the average
depth to the failure surface in many cases may‘be less than
10 ft. If this is so the effect of c! on the limiting angle

would be more pronounced.

- CONCLUSIONS FROM NATURAL SLOPES

The information given in Tables V and VI is
present graphically in Fig. 13. From the data the following

information can be drawm:

(1) A1l slopes of less than 10° are stable. -

.(2) All unstable slopes have inelinations
between 10° and 12%°.

(3) No slopes stesper than 123° have béen

found.

The results indicate that 10° is the critical
ihciination for natural slopes in London clay. This is
virtually the same angle obtained in the stability analysis
with the assumption that ¢! = O and hence indicates that
o does eventually reach zero in matural slopes in Lbﬁdon
ciay; The same concluqion'was reacped by Hegke;,and Skempton,

o (;95%), for,thelheavilj over-consolidated cié&s of the coal
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measures at Jackfield, Shropshire.

Although deflnite conclusions for all heavily
over-ccnsolidated clays cannot be drawn from ﬁhese two sets
of results, they are indications that c¢' may reach zero cn a
gedlogical time In over-consolidated clays generally. A
consideration of natural slopes in other types of clay will

be necessary to insure that this result is generally valid.



13

12

ot

INCLINATION

10

STABLE SLOPES

T

13°

. Wooded

/Slopc 117° o

INCLINATION

. X Indicates Gr‘o’un’d Water

Level at Surface ’

NATURAL SLOPES IN LONDON CLAY

FI1G. 13




PR

4‘4:.'(‘,.0.‘

L







63

PART IV -

EXAMINATION OF FAILURES

INTRODUCTION

The following sections are concerned with the

exanination of nine failuees in cuttings in London clay.
The cases comprise both slopes and retalning walls and
in tvo examples a fetaining well with a proportionally
large slope behind it. These cases are all in reilway |
cuttinvs Vthh vary from 18 to 60 feet in depth and vary ’A
in age ut failure from 13 to 81 years. In most cases;
sone remedial measures have been taken‘to st0p failure,l
with varyinb success.,"“ “( |

0 The purpose of this examination 1s to consider :\
eech failure 1n detail and, by analysis, to determine the .
value of c' necessary for stability and the range of
fector of safety fer bhe possible range of c' That is,~
to find (a) to what extent had the c' been reduced throu&h |
time at the site in question, (b) vhat was tho probable o
factor of safety on an effective stress bas is at construe;

tion and (c) what would the factor of safety be if ¢! had
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decreased to zero. If the effective stress paramsters
necessary for stability have been cetarmined the effective~
ness of remedial measures may be calculated. Such cal-
culations were carried out for the cases where the remedial
measures were well known and their effect could be determined
quantitatively.

When the physical dimensions of any case and the
soil shear strength are known 1t is usually possible to
determine the factor of safety of the structure, conversely
if the dimensions and factor of safety.are known it is
usually possible to determinc the shear strength. In
consideration of the examples here the latter circumstances
hold, the factor of safety at failure is unity, hence the
corresponding shear strength may be determined. On an
effective stress baslis the shear strength is composed of
an angle of shearing resistance and cchesion. It has been
shown earlier that fhe drained angle of shearingﬁresistance
for London clay is very nearly constant at 20°, hence with
other,dimensions known the cohesion portion of the shear
strength'may be determined.

The determination of ¢' was generally accomplished
by agsuming failure to take place along circular arcs or
along planes and resolving the forces involved as cutlined

in a following section. In addition use was made, in‘two
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cases, of a failure surface of non-uniform curvature éﬁd
of 2 circular arc and straight line combined. Determina-
tions in 21l cases were made per unit length of the slope
or wall. For these failures in andon clay the length of
the failure zope is usually considerably greater than its
width, the raﬁio varying from 2 to 1 at Sudbury Hill to
about 6 to 1 at Mill Lane. It has been shown (Kenney 1956)
that end effects are relatively unimportant vhen the length
of the slip is considerably larger than its width and
sllces of unit thickness may be used for calculation with
little error.

CHOICE OF FAILURE SURFACE

To apply eny form of analysis to a particular
case some fallure surface must be assumed. Fallure may be
taken as occurring along planes, circular arcs or other
mathenatical curves such as logarithnic spirals or a com-
bination of these shapes. However, for cach case some note
must be taken of the probable mode of fallure and the
appropriate slip surface or surfaces then assumed. Thus,
while fallure along a plane parallel or nearly parallel to

the surface con genorally be assumed for long natural
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slopes, such an assumption is usually not loglcal for

the shorter slopes found in cuttings in over-consolidated
clay. For the slopes of cuttingsia rotational type of
failure is more common, hence circular arcs are a mnore
suitable assumbtion for a failure surface.

For retaining walls it has been found (see
for instance the Mill Lane case) that the assumption of
failure on planes is a reascnable approach to reallty.
Therefore; in the analyses which follow the‘procedure has
generclly been to conslider fallure in the first instance
along planes for retaining walls and on circular arcs for
slopes. | ‘

Actual failure surfaces have been obséerved in
the case of one slope (Northolt) and were found to be
approximated by a2 cireular arc and straight liné combined.
For this surface a non-clrcular type of analysis was
applied as given by henney (1956). However, the use of
non~-circular failure uurfaces results in long calculatioas
and as an infinite nambar of shapes and surfaces may be

assuned such a procedure is not practical, from a design

'poiﬁt of view, with the present knowiedge of actual slip

surfaces in over-consolidated clay. It is of ecourse to
be expacted that as the shape of probable worst surfaces

become better known the use of non-circular slip surfaceg
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wiil recelve increased‘attention for homogeneouslsoil
as it is now receiving for earth dams of non~-homogeneous
section and foundation. The non-circular type of analysis
" was applied in the case of Northolt in order to compare the
results on an actual failure surface with those obtained
by the usual circular arc method of investigetion.

Although failure along planes was assumed for
retaining walls as a first analysis, several walls were
also considered on the assumption of failure along a
circular arc. The purpose of this vas to compare the two
nethods and to deternmine if one could be used as a check

on the other.

 HATER FORCES

- To use an aﬁély sis based on effective streﬂsea
it is ess enulal that’ the water forces acting on tha otruc~
ture and on ;ny agsumed failure surface be’ knoun.) To .
obtain this 1nformation piezometera of the Casagrande type
(uee Fig., 14) were ingtalled at five sites. In one case
(wood Green) water levels had been observed.over a con-
slderable period of time in capped borehole ,_In the |
 0Lher‘CaS?o somQ,information gxists on water levels, But

. R



PIEZOMETER

AND METHOD OF

Concrete

L P

6in.diam.
borehole

i S

2in. diam. pipe
capped &with
lugs welded on

-S\.\\

-5
-~

vs
L

x \\\\\\\

AN

1/2m. D
Polythe ne

tubing —/
Backfill el

tamped In

A

5

P AN N N NG\
PNy coN N \\

2ft. of puddie
clay tamped
In

—

NN e

g 2
-3

NN A\ "o,

\
R

T
s N

SS\ N
=N
NN

v ¥
R A

NS\
NN\

Y N
S

W XN i\\\j
SA° NN

Fyovigvgl tCprppl gt i
(] L
N R T AT AN

Clean sand—

Piezometer — .-

1
U]
|l|'

"
Wit

sl
=
s 1) bl

INSTALLATION

FI1G. 14




68

it is by no means complete and remedial measuree‘have

l changed the cross section to the extent that derermination,
- at the present time, of porevater pressures thatfcould be
1.related to conditions at fallure is not feasible. Even

' in the cases where water levels vere determined, it 1s not

_ certain that they are exactly the same as those operating

at the time of failure, as the failure itselfl ma& change

~ the drainage. pattern of a slope. Where possible, water

‘ levels vere. measured outside as well as on the failed
J'portion of the slope so that both together woald serve as
. a gulde in establishing a water level %o be. ueed in the |
.} analysis. .

A flow pattern is usually set up in the slope

of a cuttlng and therefore the assumption of a static

water level to be used in determining the porewater preasure

on slip surfaces at different deptho is not rigorously

correct as shown in the.Flgg 19 on page 691 However, for

conditlions encountered in these slopes the difference

betueen the wnter’head measured atﬂa'piezometergand‘true :

. porewater pressure on an assumed failure plane due to

their different positions in the. slope does not usually
emount to more than L.or 9 inches of head in the worst
case. and in-most caoes is less. While water levels can be

measured to much cmaller dimenaions than this, the assump-

tlon that any measured water 1eve1 was the one operating
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at fallure cannot approach this tolerance, hence & static
water level was used in determining the water force on
assuned fallure planes. : )

In three cases; measurements of water levels
uere made in open boreholss. The water 1evel 1n boreholes
usually takes a considerable time to come to. equ:lli'brium and
in a few holes (at Mill Lane in 19%2) equili’brium was not
reached in seven weeks. ~ Where equilibrium vas reached in
an open borehole it was. found in the two places measured
that the open borehole gave a higher water 1eve1 than en
adJoining piezometer by a'bout two feet. Some difference

RE W
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night be expected from the flow pattern set up, as nentioned
above, but not a difference of this order. Evidence on this
point is not enough to draw very definite conclusicns but
it does seen that there may be other factors involved such
as the flowing of water into thelhole from perched water

near the surface.

AHALYSIS BY CIRCULAR ARCS

The method used for the determination of the
effective cohesion at failure, when failure on a circular
arc ls assumed, is based on the equation for factor of

safety as glven by Bishop (1954).-

: Xn~
F = J. . z[{c'b « ten 8 @(l-ﬁ)%«(}%ﬂ))zo Sec e,
=W Sinec Lo A 1e %@'.tanoc

For routine use of this equation tha X forces are omitted
and for use with measured water lavels the W(1<B) term is
replaced by (w--hw'YW b) where h, is the observed hcad of

water on the fallure surface. The equation then becomes

F o= __1 ,Zf:'b ¢ tan B' (W-RY, b)}; San oo
SW sinoc il tan e
F
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To determine the value of ¢' required for stability, F
at fallure is unity and the equation is rearranged ‘as

below
., _ W stne - Seftan 81 (-n%, b))
280
vwhere 8 = gecoc

1+ ........tﬁa;nﬂ‘ tancc

An example of the determination of ¢! by this method is
glven in Fig. 16. |

ANALYSIS BY PLANES

Analysis by assuming failure on planes has been
opplied here only to retaining walls, as this type of
analysiu is nect characteristic for c‘lopeas.‘ When plone
fallure is assumod, the rirst deternination is to find
the ¢! required for stability by finding its value vhen theo
resistance to sliding offered by tho wall plus the passive
earth pressure equals the active earth pressura.

The activo earth pressure is determined bJ

assuming a failure Plane and drawing a fcrce polygon for



all the forces acting on the earth between the wall and
the assumed plane. These force po;ygons are drawvn using
o #' of 20° for London clay and for two values of c',
generally ¢! = O and ¢! = 250 1b./sq.ft. Different planes
of failure are assuned until the maximum active pressure
is obtained for each of the above values of c'.

Passive earth pressure is determined by
asguning fallure on a plane from the front of the wall
and resolving the force polygon for the wedge of earth
involved. This prccedure is followed for the two vélues
of ¢! used above and ‘for as many planes as necessary fo
find the nminimum passive cecarth pressure.

Wall stablility is next ccnsidered by drawing
the forée polygon for the wall using as one side the-
mininum passive force just obtained. - The active force,
hovwever, is not included in the force polygen for the
wall. Instead the closing side of the polygon is a
force in‘a direction opposite to the active fqrce and
this closing side indicates the wall resistance to an
active force in that direction. Wall resistance is
determined for the two values of ¢! already used.

A plét is then made of the two forcéé, active
earth pressure and wall resistence, obtained by the force
polygens using effective cohesion as a base. It wili;be

found that the two forces give a straight line plot -

72
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(geometry of the force polygons establish this) and inter-
sect at some value of ¢! which is therefore that operative
at failure, when wall resistance 1s Just equal to the
active force. ' ‘

A step by step description of.this procedure is
given with Fig. 17 to be used with the explanatory analysis
in that figure. In practice the force polygons are usually
drawvn partially superimposed upon each other as they have
some sides in common, thus the complete analysis using
four or five possible planes for the active and passive
wedges can easlly be done on a single drawinge.

The shape of some of the wall cross sections is
rather irregular and this causes difficulty in determining
the probable type of failure at thé wall itself. Generally
1t is necessary to assume the front and back of the wall
ara vertical, this being common practice even with cantilever
type retaining walls (see for instance, Civil Engineering
Code of Practice, No. 2 (1951) Earth Retaining Structures).

The active force is taken as acting at an angle
of A to the vertical back of the wall. Tests (see appendix
B). to determine the angle of friction between Lorndon clay
and’é rough surface of this type indicate thgttphe full
value of @' is doveloped. It was‘alsé foundfiﬁfﬁhese tests

that there was some ¢' between the clay end a rough surface,



therefore tho ¢! betwaen the clay and the wall was taken
as being the same as in the clay at faillure, generous
allowaznce being made for a shrinkaege crack at the back of
the wall.

In ths case of the passive force the angle of
wall friction (&) at the contact face can only equal #'
if the wall moves downwards relative to the soil as well
as forwards. . For the other extreme where the wall may
move freely with the passive wedge (e.g. a sheet pile
anchor wall) no frictional component 1s developed at the
wall and § = O, 1In the cases to be considered in the
following sections the walls were observed to move hori-
zontally in several Ilnstances and in no case was either
upward or downward movement noted. Therefore, the angle
"qf wall friction at the passive contact face must be
boetvween the two extremes noted above and for the analyses
has been taken as'ﬂ'/a y this being considered as close an
éstimate as possible to the actual 6§ . The presence of
wall friction results in a curved surface of sliding but
for low values of § (i.e. 10°) the assumption of failure
on planes ylelds the same results as the more rigorous
solution for failure on curved surfaces as given by
Caquot and Kerisel (1948) (see Tschebotarioff, 1951, p.24%).

The effoct of using § = ©'/2 rather then § = 2,

(A
“w
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on the final analysis 1s usually small, amounting tq

about 34 difference in the factor of safety. As the
actual § is undoubtedly nearer ﬁ’é any error from using
this value cannot amount to more than about 1% on the
factof of safety, a very tolerable nargin considering
the other uncertainties involved.

In the case of walls with a sloping base
there is some question where the failure takes place.
The Mill Lane wall is the one case where extensive
observations of the slip surface exist and the fallure
surface theie was found to be nearly horizontal below
" the wall, see Figs. 26 and 27. Although no other cases
as well defined as this exist,-it is worthy of note that
if fallure occurs along the base of a wall with a sloping
base, forward movement of the wall vould mean an accome
panying upwards novement of the wall and such movenment
has not been cbserved in any of the faillures considered.
Analyses summarized in Fig. 18 show that the c! necessary
for stabllity increases the deeper the failure below the
wall, It will be noted that although the passive wedge
and hence the passive earth force becomes larger, the
lessening in the component of the reaction at the base of
the wall opposing forward movement overbalances this

increase, with the net effect of less wall resistance with
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‘with deeper failure pat@s.'lﬂéﬁevGr, thore 1s a limit to
the possgible practical depth at whlch failure could occur.
Itiis obvious that if the position of the wall reaction
continues to make an anglé #' to the vertical on the
failure surface, when the failure 3uiféce goes more than
9% below the horizéntal'the reaction has a cémponent in
the direction of movement. This maéans the wall actually
contributes to its owm failure, an obvious absurdity.
Practical considerations of the displacement of earth
along the failure surface make any path underneath the
wall below the horizontal seem unlikely, this couplod
with the observed slip surface at Mill Lane’ and the
observed fact that no walls have been known to move downe~
wards or upwards during failurs pointsto a horlz'ontal
.agsumption of-railurg sgrfaéo under the wall té be the
only‘practical one., Accordingly, hofizontal faiiura'
‘ surfaces have been assumed for analysis under walls with
| sloping basos. In most cases the ¢! required, assuning
'failure along the sloplng base, is given for comparisén.
The difference is more proancunced the 1arger the wall.
In the smallest wall, Upper Jolloway, where the weight
of the active wedge 1s much greater than that of the
wall both paths of fallure give the sams result.
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FROCEDURE

- Assumed planes of : .

determinableffop es on thgaiﬁgre for the active and passive wedges are drawn as shown and the

on the assumption that there 1893 ang |the wall calculated. JAnalysis is then carried out, first

cohesion present, 250 lb./sq.fi ng Qohesionigreiggt, andtﬁhen on Ehe assumption that there is -

* USually being en as the amount.

Considering first the ca ! ' .

force polygen 1s taken at pointse of the active wedge with no cohesion: the origin of the

force Py (at A' to the back of D." From D a line is drawn in the known direction of the active

D and plotting the water foree 8 wall).. The force polygon is then completed starting at point

the base Uy, and the reaction on the |face of the wedge H§, the weight Wy, the water force on

in magnitude. The intersectio " the base Ry (at £' to Uy) which is known in direction but not

forces and the value of the nor the sides P and Ry then establishes the magnltude of thesse

‘ active force Py when ¢' =0 is determined.

For the active fo

plotting backwards from §§§n§h§“ °°he;10n is present, a point E is chosen as the origin by

addivion of forces Ug and the cg SO that when the force polygon is drawn with origin at E the

brings the force polygon to p°1§§esion forcs between the back .of the wall and the wedge (CQ) -

of the cohesion force on the ta, jFrom G the forces are plotted as before with the addition

Pp when ¢! = 250 is then deter;sﬂ of the active wedge (C'p). The magnitude of the active force
‘ ined n: pefore by the intersection of the sides R, and Py. '

The passive force is detopns. |

point K when c' = 250. After ty."iled .in p similar manner starting at point H when ¢! = O and

front of the wall P'p is determie Pagsive force Pp has been determined the total force on the

sides Pp, Up and P'p, Ned for convenience by drawing the triangle of forces with

The forces on th © -

line of action of the wgl§a%23¥hen °'§=’0 are next considered. With the orlgin at point X the

forces in the order shoun, one Stance:(Pw)'is drawn and the force polygon is plotted with the

nined (P'p). The interseétion Slde being the total force on the front of the wall just deter-

the woll resistance Py. The foof the/1ines for Ry and Py then establishes the magnitude of

with the orlgin at point Y apy TCe pylypon for the wall when ¢! = 250 1b./sq.ft. 1s then drawn,

point Z as before. Py vwhen c:anged so that the plotting of the welght force will start from

. ’ ' = 250 1b./sq.ft. is then determined. _

: Several cases are deterpy P SRR, .

forces ure obtalned. A plot ig c04 &s outlined until the maximun active and the minimum passive

minimum wall resistance (Ppy) og then pade, as shown, of the maximum active force (Py) and the

1b./sq.ft. The point where ty taineq by using the minimum passive force for ¢! = 0 and c¢' = 25¢(

for stabillty, i.e. when the we‘p1°ts1of the two forces Intersect gives the value of ¢' requirec
2Ll resistance is just equal to the active force.
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FACTOR_OF SAFETY, ANALYSIS BY PLANES

ihn factor of safety (F) when the analysis is
for assumed plane failurse, may be'determined by two
methodss
(a) The ratio of the wall resistance to the active force.
(b) The ratio of the available shear strength of the soil
to that required for stability,

Although method (a) is commonly employed to determine F

(éee.for instance Peck, Hanson and Thornburn, 1952,

. Pe363) such a procedure is not inherently logical. It

implies that the force polygon for the wall resistance
nmay be reduced in scale by the factor, at which point the

- wall resistance 1s just equal to the active force. By

reducing the scale of the force polygon in this manner the
welght and water force sides of the polygon are reduced
and this 1s a basically iIncorrsct procedure since these
forces are alﬁays fully pfesent. | A

Tho use o: method (b) which is also used for
the enalysis by cireular arcs, eliminates this inconsis-
tency by applying the factor to the shear strength éara~
meters, and is the procedure recommended by the Civil
Engineering CQde of Practlice on Earth Retaining Structures.
In this ugse of limit design methods, incipiont failure is

assumed and the shear strangth nocessary for atability is
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compared with that avallable,
This may be expressed in equation form as:

.sxﬁ = %x{c'*(o;‘-u) tanﬁ'}

| (Bishop 1954)

where 9, 1s the shear strength mobilized for stability.

The procedure ussed in applying this equation
't6 the force polygon is shown in Fig. 32 and consists of
assuﬁing some value of factor of saféty and replotting
the force polygons using c' ﬁl and 4'p = tanf}(gg%_gl)
as the shear 8trength parameters. The active force
and wall resistance can then be determinod at the factor
of safety assumed. By choice of suitable further factors
of safety, generally only two other than the values at
F = 1 are necessary, a plot of active force and wall
raéistance éﬁd;nst féctor of safety may be madé. The
point at wvhich these curves interscct 1s fhe factor of
safety applicable to the case.



CASE _HISTORIES

The following nine case histories are arranged in
order of their age at fallure. The figures and plates to

acconpany the historles are in Volunme II.



79
WEMBLEY HILL RETAINING WALL

Reforence Nos, 10 & 18
Hiastory

This cutting and wall which are shown in plan
and section in Fig. 19 were constructed in 1905, the wall
being bullt in trench. The cutting is one mile in length
and with a maximun depth of 60 ft., is the deepest of the
cases conslderad in this thesis. The wall was constructed
of concrete faced with brick and was strengthened when
built by concrete blocks at the tos, 10 feet long extending
6 feet below the wall and spaced at 1ntervais of one chain
along the front of-the wall.

| No trouble was experiénch with the wall or
glopes until February 1918, at which time movement of the
track next to a portion of the wall was reported. From
thén ony the wall was watched carefully and it was observed
that the movement was extending. Conslderation was being
glven to placing struts from the wall in quesfion tq the
smaller wall and thé s%ope opposite, but, before anything
was done, & portlon of the wall nearly 500 feet long moved
up to 20 feot forward. This movement, which compieteiy
digrupted'tﬁe-three railway lines:hext'to thé:ﬁall was

accompanied by a movement of the slope behind the wall
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| over the same length and extending a short dlstance

beyond the top of the cutting. The major portion of the
movemenﬁ took place in half on hour and was preceded by

a loud report, apparently caused by the breaking of the
wall.

Thé height of the portion of the well that
failed varied from 2% to 29 feat above rail level. For
the accompanying énalyses the sectlion used is that glven
in "Thé Engineer” (20th December, 1918) and, being 26.5
feet high, represents approximately an average section.

' " Romedial measures consisted of cutting the
slope back to 4 to 1, in place of the original 3 to 1,
and the rebuilding of the wall. The new wall was lower
than the original and founded deeper in the ground, in
~addition the base of the destroyed wall was left in piace

below track level to act as a buttress.

Slte Investigation

Thers 1s no record of any investigation bqing
carrigd out at the time of the failure, and the failure
was sald to be " ... due to the characteristics of. the

blue clay which in the Wembley cutting underliesithe:
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yellow London Clay." (The Enginesr, December 20th, 1918).

However, 1n excavating to rebuild the wall " ... planes,

the surfaces of which were greasy, werse encduntered at

the bottom and below the old wall®, it appears that the
glip surface has been uncovered here and the characterlstic

zone of h@gher:moisture content due to dilatency under

ghearvstress opserved. .

Four plezometers, three in the slip area and

oﬁg on the slope outside it were installed in'April 1956

to determineg the water levels in the slope.:.Regdings of

vater levels have been taken from that time and are cone
tinuing. . |

Observation of the material removed from the
boreholes made-to install the piezometers, indicate that
approximaﬁe}y the lower half of tha,cutting*ié in
unwaathered‘poﬁdon clay, the upper porﬁion being in
weathered:LpndOn clay which bhecones slightly gandy near
the top oidphéislope. A short distance beyoﬁd‘the top
of?phg slbpbithe London clay 1is oveflain by'peﬁble gravel.

Atté#berg ;iﬁits on three samples from the boreholes for

thekp;ezomata:s_give the following results: -

Borghole Depth to Sample Iiguid Timit Plastic Limit
| A:ln . 13% La 69, ‘;.25 a4
B (2) 9 30 81 3w %
C (3) 20 o 86 " 27 . |
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4pelyals

Although the final failure at this site took
place in sbout half an hour, this unusual speed for a
failure in London clay appears to have been caused by
the sudden withdrawal of support occurring when thse
vall broke. The true failure must be considered the
initial movement of the wall and slope which was taking
place over a period of some months before the sudden
catastrophic movement. Such a slow gradual movemanﬁlis
undoubtediy a drained fallure and is here taken as such
for purposes'of analysis.

| The slope was cut back in the fallure area.

"and behind the remainder of the wall as a remedial
neasure soon after the faillure. Hence, the observed
water levels could not be used directly to give the
water levels in the slope at the time of fallure. A
cpmprémise vas made between the measured water levels
and these levels adjusted for the change in ground level,
as shown in Fig. 19. | |

The first analysis was by assuming failure on
planes, seo Figs. 20 and 21. The active foice vas
dotermined in the usual manner énd the wall resistance
was dotermined, firat, for the case of no concrete blocks

at the toe and secondly with the concrate blocks 1n
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position, assuming fallure as ahown in Fig. 2l. Thls
mothod of approach in using the same active force for
each case implies that the toe blocks would have no
effect on the shape of the active wedge; Although no
proof for or against this premise can ha offered it
gecms reaééﬁablé to suppose, considering the 'geomstry
of the case, that blocks extending 10 feet o&tlof.each
' 66 feet along the front of the wall vould hot have a
groat effect on the shape of the active wedge.

. © . In the graph of Fig., 20 ths value of the
maximum activo force when ¢! = 0 and when ¢! = 250
1b./sq.ft. has besn plotted and the minimum'wall resise
tance at'ééch'of'these yglues'plbtted for each of the
cases mentionod in the above paragraph. Undoubtedly
the effect of the toe blocks is somewhat greater ﬁhan
tholr actual proportion to the length of the wall which

s %66, The ozact offect cannot be determined, but it
18" estimated that the toe blocks increase ‘the wall
resistance to the higher value shown on the graph for.
one quarter of its length. Accordingly, ‘a linerhaslbgen
drawn on-the graph one quarﬁer way between the two 'values
for wall resistance and this line is considered to be
thé‘actﬁélxwall resiStéﬁbe; On this basis 1t 4s found
that a et of 190 1b. /sq.ft. is required for stability.

N .\'
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The second analyals for thig case was nade by
assuning fallure on circular arcs.: Values of c' required
for stability were £irst determined for circles passing
through a bottom corner of the wall assuming there were
no tde blocks., .Then_uéing the samé centres tha values
of ¢! dere determined with the blocks in position. Por
the latter determination it was agssumed, as with planes,
that the portion of the fallure surfgce behind the‘wall
would be ‘unaffected by the blocks at the toes This
aséﬁmptibn indicates a certain amount of discontinuity
in :thé- slip surface under the wall but is probably a -
reagonable épproximation to the actual failure surface,
since singlé arcs passing under the wall and toe:block
require a smaller ¢' for stability,

| With no toe blocks in position a ¢! of

270 lb;/sq.fﬁ.iﬁould be required for stability, see. ;
Fiéé 22;’ahd ﬁith cdntinnous toe blocks a ¢t of
150 1b /sq.ft. would be. required.- Following the ‘same
procedure as in the analysis by planes the actual c'
’required is- estimated to be one quarter way between
'these values or 240 1b./sq.ft.

"/ Factors of safety have been dotermined for
this wall when c' = 0 and when c! = 250 1b./sq.ft.
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Type of Analysis

ct - Factor of Safety
roequired for
stability c! =0 ct! = 250
By Planes 190 0.73 1,08 .
By Circular Arcs 240 0.77 1,02

Remadlal Measurgs

An analysis by planes was carried out for the

revised cross section existing aftor repairsy, which con- |

glsted of a decrease in the height of the wall and a reduc-
tion in the inclination of the slope to 4 to 1. The

measured water'levelé were used and the analysis was carried

out with theAassumption:use¢ previously.that<the toe blocks
were offective for  the length of the wall,
Résults of the analysis are:

Type ofdAnélysis

Factor of Safety

By Planes

vhen ¢t =
(1.0. at const

1.39

190 when ¢! = 0
ruction) ) (i.es ultimate)
1.01 |

The above values obtained for the factor of

safaty must be considered as approximations aince conditions
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at the wall vhers the base of the old wall was left in
position, make any straight forward analysis impossible.
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PARK VILLAGE EAST RETAINING WALL

Reference Nos. 6 & 25

Hiatory

At this site thers is a brick retaining wall on

a concrate base founded on unweathered London clay and
supporting a 34 ft. deep face of London clay the top 25 ft.
of which 1s weathered. 8eo Filg. 23 for plan and section.,
The wall was bullt in trench in 1901-02, when the original
cutting which dates from 1838 was considerably widened.
It is the retaining wall of the first cutting that is
mentloned in Section 2 and the trouble with this 1838
wall was discussed in several early considerations of
failure in London clay. (Cowper 1844, Baker 1881).

By 1920, 19 years after construction; seriocus
movenent of the 1901 wall.occuired and six concretg
counterforts, as shown in the plan and seetion;\were
installed. 'Atter this installation, movement was very
slight but increaged slowly so that by 19#0 further
remsdial measures became necessary. Total moveﬁent up
to this time amounted to 36 in. at the top of the wall
and 18 in. at track level,

~ Remedial measures consisted of counterforts

filling in. the areas between the 1920 counterforts and
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installing further counterforts so that the cross section
of ths wall was virtually doubled over the falled length.
No further movements have been observed since this
1nstéllation. While the trenches for the construction
of the additional counterforts were open the forces in
the struts supporting the exposed wall of earth were
measured (Golder 1948). '

Site Invegtigation

There 1s no record of any soll investigation
being carried out in 1920. However, in 1940 a number of
boreholes were put down, as shown in the plan, and
samples taken. Using the results of shear and éompression
tests, analysis done at that time indicated a factor of
safety of over two. '

, "Tube wells" were installed in the boreholes
and sealed off from surface water with clay seals several
feet thick. Water lovelé wore msasured in these wells
grom-Méy to December, 1940, The levels in front of the
wall were normal for water levels under tracks, being

one to,ﬁhrée feet below ground, and showed a seasonai

variation reaching a peak in mid-November. The'twof
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boreholes behind the wall, however, showed great dlspérity
in water levels, holae A stayed continuously at about the
same level as the water in front of the wall, while the
water level in hole B was at timés 30 ft. higher than
thisy reaching 7 ft. from the surface. No explanation can
be offered for the difference as both boreholes were 4 ft.
behind a failed'portion of the wall and Installed under
similar circumstances. The water level of 7 ft. from the
surface seems absurdly high since the area around the
borehole 1s completely covered.with pavensnt. On the
other hand, wéter level bsohind the wall at the same eleva=
tion as in front is sxtraordinarily low. Because of the
great difference in thése levels little confidence can bs
placed in them and thorefore an estimate of the water
level behind the wall is the best that can be done under
the circumsﬁances.

To indlicate the probable range of effective
cohaeslion necoessary for stability three water levels were
taken and the'analysis done for each level.

The levels, see Fig. 2%, were taken with the
followling reasons in minds |

Lowest: Assuning the canai was the only source
of ground wator. Thils is the lowest
possible level,
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Intermediate: ~ Since tho sewer is a potential source
of water and there is probably some
seepage from tho surface.
Highest: Agsuning considerable seepage from the
surface at some seasons and the pogsi-

bility of leakage frcm the 5" service
water main,

Analysis was by assuming failure on planes and
was done in the usual manner. This wall has a sloping
base but for rsasons explained in Section3l failure was
assumed to take place on a horizontal blané under the
wall and the c¢' required for stability, and the possible
range of factof of safety, were determined on this basis.
'Fof‘comparison c' was also determined assuming failure
fron the corner of the wall,

Results of the analyses are:-

No. | Water Level |Position of ¢! for F
‘ Passive Stability [—

. 1b./sqefti|c' = 0 [c* = 250
1 | Lowest To Horizontal 45
2 " - |To Corner 10 .
3 | Intermediate |To Horizontal 125 0.82 | 1.16
N w0 ilmg f'Co'r:ner 92 .
5 |Hghest  |To Horizontal | 182
6 | o |To Corner 150
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It will be observed that thé passive to the
corner of the wall requires a c' of about 30 1b./sq.ft.
iese, this indicates a difference of about 5% in factor
of safety for the two meﬁheds. '

As the exact water levels ere not known fof
this wall the effective cohesion required for stability
must be considered to be within a range of values rather
than any particular smount. It would seem that the actual
water level is probably about the intermediate or highest
" level shown on ‘the section and thererore the range of
¢! required is considered to be between the values
‘obtained at these two water levels. The actual age of
this wall 1s. 19 years. However, the canal cut was made
"4in the 18th century and the first railroad cutting before
1838 so thnt here the clay has probably had more: oppor-
tunity to expand laterally thah at eny other site. It
is 1mpossible to estimate the effect of these cuttinge on
the virtual age or the wall beyond saying it increages it.
The values of c' therefore have been plotted. at 19 years
but this must be considered the mindmom age at this ‘aite.

Remedinl measures consisted of the 1nsta11ation
of counterforts behind the wall. Assuming the counterfort
to be continuaus and failuro to take place as shown in
Fige 2% the rollowing results were obtained for an
analysis with the intermediate water 1eve1.

e aw



Section

¢! = 129

Wall + Counterfort

1.17

0.99

92
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MILL LANE RETAINING WALL

Raference Nos. 9 & 11

'.iﬁgpogz

. The railway line through this cutting was
opened in 1868, however the cutting was enlarged to more
than double'its'original width in 1902 and it was then
that ‘the wall being consideéred was built. Tho portion of
the wall whore failure took place lles between two bridges
which are 600 feet apart and 1s constructed of concrete
with a thick facing of brick keyed into the concrete.
Total height varies from 30 to 46 feet, the height above
track level varying from 21 to 35 feet; (See Figs. 26
and 27 for plan and sections), and there is a small sur-
charge on the wall, the cutting being generally about 40
feet deop. The retained material is 20 feet of weathered
London clay underlain by unweathered London clay which
extends to a depth of 250 or 300 feet. Weep pipes of
3 in. diametér were. placed down the back and through the
wall above track levol during construction, as shown in
ong section, but there is no record of the spacing of these
pipes. The counterfort showvn in the plan mid-way between

the two bridges was, as far as is lmown, placed there when
tho wall was built,
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. Trouble was first recorded with this wall in
1930, Three houges nearest the wa;l were demolished at
that time and after that numerous cracks appeared in the
walk and pavements of thé house at the opposite end of
the wall. No major movenent was recorded until the 27th
January, 1943; at that time a 7" depression appeared in
the roadwey Just behind the western bridge abutment where
M1ll Lane crosses the cutting, Four days later a crack
became vligible in the wall at Section 9, 180 feet from
the bridge, and in the following two weeks the wall moved
forvard 3 feet at this point and the crack widened to
3} in, Further movement was prevented by the remoyallof
12 feet of the retained clay rrom'behind the wall,

From the sequence of events ‘1t seems: the actual
failure of the wall was in 1930, or possibly earliar as
records do not exist for this portion of its history. After
this original failure, considerable load was probably. trans-
' ferred to the bridge abutments as evidenced by the craoks
appearing about them, indicating forward movement of the
retaingd earth foreing the abutment to move. The restraining
offects of the abutments, and perhaps to a certain extent
that of the bridge, were apparenﬁiy sufficient to givé tho
wall the extra support 1t‘neaded. Eventually the abutmant

~ and bridge moved, poasibly because of overstressing due to



95
a further reduction in c¢' behind the wall and the triggering

effect of considerable rainfall 1n:the few previous days.
It was only then that the wall 1tself was supporting the.
retained clay and it 1s important to note that the first
.9ign of distress in the wall was four days after the moveméﬁt-
of the abutments, a time in which negative porewater pressurs

set up by the sudden loading would partially dissipate.

Site Invegstigation

' No detalled records exist of the happenings at
the wall in 1930; however, in 1943 the Soil Machanics
Section of tho Bullding Research Station conducted an
extensive 1nvestigation into ths failure, starting while
the wall was still moving. Later 'in tho same year the
Midland Rallway staff conducted a further investigation
for their own purposes.

The investigation by the Building Researoh
Station 1no1uded a total of ten boreholes both in front
of and behind the wall and a pit dug at the toe of the
wall to observe the slip surface, to take samples and for
loading tests. Ae the boreholes wore made while the wall

was still moving some of them were cut off by the movement



along the failure gsurface and this, combined with the
observed position of the fallure surface in samples

~ taken and in the pit, glves a cléar indication of the
position of the slip surface (see sections in Fig. 26
and 27). A considerable number of samples were taken
in the boreholes, But, as this was long before the
advent of drained tests on this type of clay, the tests
.done were largely immedlate triaxial compression tests,
Analyses, both by circular arcs and by wedges, made at
the time indicate a factor of safety of the order of
four or five using the undrained strengths,

Soms of the samples taken at this site
included the slip surface and a profile of moisture
content throughout the length of two samples taken in
the pit has been determined and 1s included in the
B.R.S. report and reproduced in Fig. 27. This is
. probably the first quantitative record of moisture con=
tents across‘a slip plane in London clay showing the
definite increase of molsture content on and about the
plane. Although the dilatancy effect for dralned shsar
in heavily over-consolidated clay was unknown at this
time these moisture content profiles seem to boe a very
good‘example;qr the phgnomepon. Since then the same
effect hastbaen observed at other Londbn clay sites and

is found in most laboratory drained shear tests ég_?his

96
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type of ‘clay. Water levels were measured in the

borahales'apparently arter equilibrium had been reached
altﬁSugh there 1s no record of the poriod of observations.
These water levels are the ones shown in section 1.0,
Fig, 26. . |
| Additional borings were dome by -the Railway
staff in November 1943, nine months after the major
ﬁa}lure. Samplos were talten and undrained tests done,
vielding the same order of results as in the earlier
investigation. Water levels were .recorded in the bore-
holes but after seven wesks the level had not reached
equilibrium in most holes and there is no record of
further readings. | | .
For-purposes,qf,analysis the B.R.8. observed
water levels were used where possible and where no
observations existed an estimate, based on water levels

at other sections, was used.

Analysis

As will be seen from the cross sections in
Fig.A26‘nnd 27, there is considerable variation in height
and size of the wall, sections 10 and DD beiag nearly the
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two extremos in size. Boecause of this wvariatlion, analyses
wore done for three sections, the two extrsmes.just mene
tioned an& an intermediate section, so that the effect
of the difference in size could be determined.

Obsgervatlions at other sites indlcate that the
water levels meagsured in open boreoholes are generally
higher, by two or thres feet, than those measured by
sealed off plezomsters at the bottom of holes of equal
depth, Consequently, two water levels were taken on
écctions 9 and 10 in order to determine the effect of a
lower water table on the c! required for stability.

The failure path for Mill Lane was found to
be nearly horizontal below the wall, with the passive
gg;luge curving upwards from Just in front of the wall.
4,hbriéontal position for the failure below the wall was
assumed in most of the analyses done for this case, but
the énalysis was also repeated in three cases for failure
assumed along the base of the wall to determine the
effect of this varisblo, .

Analysis in each case was made by assuming
. failure on planes. The analysis for the critical forces
on section 10 1is ‘given in Fig. 28. A.summary of results

is shown overleaf. ‘



99

- Noe |Sec= | Water level Position |e¢t for} ¥ F
tion Used . of stabi-| vhen | wvhen
Passive lity | ¢'=0} o'=250
1|10 B.R.S. To horizontal | 210 | 0.71|1.05
base
2 110 | 2 below To horizontal 190 | 0,75 | 1.09
B.R‘S. baso
3110 BusR.S, To corner of 145
' ' wall
% | 9 | Estimated | To horizontal | 203 | 0.72 |1.07-
. - base
5 9 |3 below To horizontal 162
above base
6 9 | As in No.% | To corner of 175
: vall
+ | DD | Estimated To horizontal 200
" : base
‘8| DD | Estimated | To corner of 175
wall
. After Remediasl Measures. wvhen
o . - (¢ '=200
9 9 | As in NoJ.& | To horizqgtal 140 | 0,76 [1.08
_ ase :

From the analyses on differont sections it?is

apparent that the difference in size of the ﬁall has 1little

effect on the c' required, largely owing to the fact that

the depth of the wall below ground decreases proportionally

with the decrease in height,

Variation in the estimated

position of the water level, however, does have & substentisl
effect on the rasult, |
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' The position of the passive wedge'cauées
much greater variations in c! required than change in size
ér.thé section, but for reasons given in the prqiimiﬁary
dlscussions on the énalyais it seems most logical to use
the passive from & horizontal bases

It 1s seen that the lowering of theo water level
by one foot in the active earth wedge diminishes tha c'
requirod by appromimately 10 to 13 1b. /sq.ft. depending
on the size of the section,

The ¢! required generally is fairly high, in
this case the upper limit being 210 1b./sq.ft. There are
several points which all tend to make ¢! actually to be
lowar than analysis would suggest. Thoy are:

(a) Water 1evel in tho open borehcles may be
one or two feet highor than the head on
the fallure surface. "

(b)~ The wall was supported to a certain extent
by the bridge abutments at each end and
there must have been some stréﬁéth erm
bean action of the wall itself,

(¢) A large counterfort existed behind theA
failed portion of the wall aﬁd this must
have addsd to the stability, but as 1ts

' size 18 not known it cannot be included

in the quantitative analysis. R
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For reason (a) c¢' could deéreaso 20 1b./sq.ft,
and it seems logical to allow a decrease in ¢! of nearly
the sairo amount for reasons (b) and .(c) together. There-
fore, the possible rénge of c! would seenm to be from 210
to 170 1b./sq.ft, This indicates a range of F of § or 6%,
a not very large varlation in a problem of this sort.
The wall is therefore considered to have failed 28 years
(1902 - 1930) after its construction an& the ¢' required
for stability to be in the range 170 to 210 1b./sq.ft.
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UXBRIDGE_RETAINING WALIL

Reference Nos. 48 & 53
Histo

This wall, which is shown in plan and section in
Figs. 29 and 30, was built in 1937 when the origiﬁal cutting,
dating from 1902, was widened. The site is in London clay
capped by o gravel layer up to 5 ft. thick. Stiff fissured
brown clay exists to a depth of about 24 ft., two thirds
the depth of the cutting; below this is stiff fissured blue
London clay. At the base of the slopé congtructed in 1902
there was a small retaining wall varying in height up to
8 £t. | |

In 1914 a slip, severe enough to stop traffic,
occurred on the north or opposite side of the cutting, but
no f{urther trouble in the cutting is on record until 1935,
Howavor, during the 1914-35 interval some hardcore groynes
wore constructed on the part of the slopse near the wall,
so it 1s probable there was some trouble which has not been
recorded. In 1935 several cracks were noted in the two
houses nearest to\the-top of the slope. These cracks wvere

pointed and later found to have openod again, but apparently
no furthor action wvas taken,

Widening of the cutting took place in 1937 to
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create a new approach for Uxbridge Station and the wall.
-being considered was bullt at that time. To construct
the new wall a trench was dug behind the smaller wall
mentioned above. During the excavation a failure occurred
£111ing most of the partially completed trench with clay.
Althdugh the fallure took place at night and there were
no. aya witnesses 1t appears to have been almost instan-
taneocus. The loud report accompanying the failure indl-
cates that the sudden collapse of the perhaps ill-designed
and over stressed timbering was probably a majoi contri-
buting; factor to this unusually rapid failure in Tondon
¢lay. Because of the speed it can. hardly bgfcoﬁsidered
g:gompletoly drained failure. Howaever, the diséipation
of negative porewater pressure.set up by stress in the
clay must have been progressing since; the trench. was
openads | .

After the :e~ex¢évation end re-timbering of
the trench the wail wés completed . without further
incident in 1937. 'The wall is alightly ‘curvaed. 1n plan
and the height varies, over the failed section, from 8
to 26 ft. It is constructed of concrete which was
apparantly, for the lower half of the vall, poured
against the formwork placed on the slde of the trench
and left there. The formwork was left for the upper
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portion of the wall at the séction investigated as well,
but since it is stepped ;n, there must have been some
backfill placeds ' .

Cracks in the footpath and road‘at the top.of
the slope wore roported on 2lst Soptember, 1954, By the
10th of November subsidence up to 4 in. had occurred in
tho footpath and by 22nd Novéﬁber it wvas found that there
was difficulty in naintaining track superelevation and
alignment below the wall. It was then cbvious that the
wall was moving forward and a fallure of conslderable
slze was taking place,

Remedial measures were immediately started to
prevent further movement. Soil was removed from behind
the wall to lessen the active force, concrete struts wore
put in below track level from tho front of the wall to a
small vall opposite and the track lovel was ralsed by tho
sddition of sbout 4 ft. depth of ballast to increess the
passiﬁe‘resiétancc. Movemont of the wall stopped very
shortly aftor the concrote struts were pub 1n.' Suhsidence
at the tOp of the slope was nearly '3 £t. by this time,
seo Plate XYI, ‘and 'the wall had moved forward ‘about 18 in.

and was cracked in several places.
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Site Ipvestipgation

Soil mechanics consultants were called in by
the owners to find the reason for the fallure and to
ostimate the efficieecy of the remedlial measures. A
trench was dug to a depth of 29 ft. immediately behind
the wall and stepped back in four steps to a depth of
16 f£t. at the top of the slope. It was not possible to
go dseper behind the wall as water entered the pit in
considerable quantity from along its back. The elevation
of the bottom of the pit was then about the same as the
drain in the cess on the track side of the wall and 7 f£t.
above the base ef the wall.

Boreholes were put down an average of 12 ft,
below the bottom of each step in the trench, nearly |
centiﬁubue 4 in, diameter samples being taken;,'A con-
siderable numbor of slip planes were discovered in the
trench but no single contimuous slip plane was encountered.
Generally the smaller slip planos when projected, inter-
sected the wall above its base. From their direction it
is probable that many of these small slip plunes ware the
result of the. 1937 slip. Further evidence pointing to the
same conclusion is tho layer of blue-grey material or
sewage that had seeped in along a plans which waé once

open and does not seem to be compatible with an active slip
surface.
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In the examination of the samples from the
borsholes a vory noticable softened zone was found in
‘one sample (No. 125), and the positionlof the sample was
consistent with a slip plane golng to the baSO'of‘the
wall. ‘A moisture content profile for the portion of
this sample abbut the softened zone is glven in Fig. 30.
Although no slip plané could be seen in the sample the
molsture content is indicative of dilatancy that has
oécurred under shearing stress.

Plezometors wore installed and water levels
msasured ‘at four points behind the wall as shown on

the plai'Fig. 29.

Testing Ddta

The soll mechanics consultants took 155
samples in the Investigation trench and from the bore-
holes below the trench. The majority of these samples
werae 4 in. dismeter undisturbed samples. A& programme of

testing was car?ied out, the average results heing:

Attorberg Limits

Average of 2 Range

determinations Min, Max,
Liquid Limit : 859 72 99
Plastic Limit o2 22 31

Plasticity Index 61 ' 48 75
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Particle Size Distribution
Average of 4 determinations: 568 clay, 42% silt, 2§ sand.
Immed)ate Undrained Triaxial Tests
(cell pressures of 10, 30 & 60 1b,/sq.in.)
Avarage shear strength (117 tests) 3310.1b./sq.ft.
Range ' : : 980 .to 7500 1b./sq.ft.

In addition to the above tests carried out by
the consultants, drained sheér tests were carried out at
Imperial College. The results are summarized below; for
a mbre complete record see the summary of past'data on

London cléy Table I.

Sample No. Method of Testing g c!

. ) Ibo/ﬂ(lo ft.
137115 Triaxial, Increasing J7 20° 290
16,17,18 Triaxial, IncreasingJj 208° | 270
22,2324 Triexial, Constont Oy 213° 280
nal

For analysis a typical section was taken, the
one chosen being that through the investigation trench.
This segtion is approximately the average height for the
wall end has the added advantage that the size of the wall
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is known exactly at this point, whereas at other sections
some doubt exists concerning the exact shape and depth.
Failure on planes was assumed and the analysis for the
passive to the horizontal line below ths wall is shown in
Fig. 31. Factors of safety for the same case were deter- |
mined on a limit design basis as shown in Fig. 32 for
¢! = 250 1b./sq.ft. and ¢! = O, The results of the

analyses aret

F
Type of Analysis c! for
' stability { ¢! = 250 | ¢!
Planes, passive to horizontal 138 1.17 0.79

Planegs, passive to corner of wall 97

Becaﬁse of the rather complicated history of
this case, which has already been outlined, it is difficult
to glve an exact time to failure. Certalnly the offective
time to fallure must be considered greater than the age of
the wall which is 17 years (1937 - 195%). At the other
exfreme the age of the cutting is 52 years (1902 - 1954),
From a consideration of the sections and the fact that the
upper part of the slope was changed little when the 1937
wall was built it appears logical to take the time to
failure as the age of the wall plus one third of the inter-
val between the time of the original cutting and the wall
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construction in 1937. This amounts to a time to failure
of 29 years.

It is possible that thé slip into the construce
tion trench in 1937 may have had some effect on the strength
of the clay involved. However, the 1937 slip took place
congiderably above the probable plane of failure in the
1954 slip and covered only about one fourth the area,
thercfore eny effect from the 1937 slip is not likely to be

large.

Effoctiveness of Remgdial Moeasures

Wall stability at this site was increased by

three msasures:
(1) The placing of struts below track level
from tho toe of the main wall to a small
wall opposite, .

(2). Raising the track level 3 to b £t by
the addition of ballast,

(3) Removing a portion of the clay retained

by the wall,

Remedial measures were almost immediately
effective, movement of the wall stopping within a day or
two of the ingtallation of the first set of struts. As
each of the gbove staps is quantitatively well knoun and
thelr effect quite positivo, this is a useful case on

which to determinc the effect of each romedial measure and
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their combination. 'Acéordinglx this was done first for
¢! = 138 lb'/sd.ft. which would giﬁe the effectiveness of
the oporation vhen carried out, and secondly for c' =0
to obtain tho longnterm effectiveness. |

' The factors of safety were determined on a
1imit design basis in the first 1nstance, and for comparison
the factors of safety based on F = Jail Reslotance yerg

o Actlve Force
also calculated. Results of the determinations are given

in Fig. 33. It is apparent that the most effective single
measure 1s the raising of the track level. The calculations
show that this operation 1s very nearly sufficient for
stabllity wheﬁ'c‘ = 0 oven without the other msasures, and
i1f either of the other are done ih addition, stability on
a long-term basis is achieved. The conclusion to be
reached hsre is that it was probably unnecessary to remove
soil from behind tﬁe wall., However, the factor of safety
for the total of the three measures is not unduly large on
a long=-tern basis.

The most objectionablo remodial measure from an
operational point of view was the raising of the track since
1t increases grades and interferes with train traffic; but

it 1s necessary to insure long-term gtabllity i1f c' decreases

to zoero.
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NORTHOLT SLOPE

Referenco No. 34

History

At this site there 1s a cutting averagling 32 ft.
deep in London clay (Fig. 34). The first cutting was made
in 1903 and was for two steam railway lines. In 1936 this
cutting was widened 25 ft. to take two electric lines as
well, and it was then that the slope now under consideration
vas uncovered. At that time slag and stone drains nominally
L fﬁ..6 in., deep wore placed at 33 ft. centres running from
nearly the top to the bottom of the slope. In addition
smaller drains running half way up the slope were placed
betwoen the full length drains. A small wall 3 ft. high
retains the toe o} the slope.

The surface layer of clay to a depth of about
22 ft. 1is veathered, and below this the clay is very firm
and highly fissured. Although there are some isolated
pleces of unweathsred clay in the weathered zone the line
of demarcation between the zones ls nearly horizontal end
failrly woll defined. Negligible woathering has occurrsd
in the lower part of the slope since the cutting was openocd.

Movement first became noticable on the slope in

January, 1959, and consisted of a slumping of tho bank at

|
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the top of the slope accompanled by a bulging of the lower
portion. The small wall at the toe was unaffected by the
sloﬁe movement. By October, 1955,1the toe of the slobo was
piled up 4 ft. high against the signal cables and'linea
vhich ran on supports along the top of the toewall, and
renedial measures became necessary. ﬁestoration consisted
of placing desp counterforts 6 ft. wids averaging 25 ft.
apart along the slope. In addition the slope was trimned
to 1 in 3 instead of the 1 in 2} of the origlnal surface.

A drain 6 ft. deep was placed along the top of the slope
diéchérging into the counterforts, each of which had a
concrete base with an open Joint tile drain on it dis-
dhargi@g %0 a collection drain running along just behind
the wall., Plate XVII shows the appearénee of the slope
aftor the ccmpletion of the repairs.

Site Investigation

As tho ownoré wished the counterforﬁslto go
deepgr than the fallure, the trénch for each counterfort
wag inspected closely on both sides to locate the slip
surface. The upper portion of the trenches was excavated
by a dragline and the lower portion by hand, but. no slip
surface could be found during the digging, however one ox

two days after the excavating the failure plene showed up
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in nearly evaery trench. Evidently the plane was obscured
by the digging and some movement was necessary to meke it
.appear. Work on the slip procedeq from west to east and
in most cases the slip surface showed up only on the east
side of the trench, although it did show up on the west
side in a fey cases. The general lack of visible slip
surfaces on the west sides of the trenches indicates that
movement must stop quite soon after the new counterforts
are installed, This 1s probably not surprising és the
clay is nearly in a state of equilibrium énd the lowering
of the porewater pressures by dralnage into the trench is
probably enough to stop movement without any action of the
coqnte:forts. |

| . The recorded slip surfaces at this site are
.probably the most complete so far recorded for a failure
in London clay. Geﬁerally the upper half of the surface
is nearly clrcular and the lower half approaching a straight
line. In some cases the lower portlon of the surface 1s
along the demarcation line between the weathered and the
unwveathered clay but it is also found in the unveathered
zZonea. Exanples of the actual‘slip surfaces recorded are
givenlin Fig. 3% and photographs of the slip surface as
1t:apﬁeared ;n.the trench and a portion of the slip surface
are shown in Plates XVIII and XIX..

A fow 1% in. diameter samples were taken across
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the slip plane where it was in weathered clay. This was
gqt'a‘%ery satisfactory procedure hs there was considerable
-difficulty recovering the sample and ‘once recovered no
shear plane could be seen. However, a softened zone about
%ﬁithick, which was probably the regioﬁ about the failure
surface, could be noticed by prodding of the sample. This
softehed zone had a higher moisture content than the
surrounding soil indicating dilatancy. '

Where the slip surface was 1n,unwéathered clay
gome blocks about 8% cube, which included the slip sﬁrface
were taken and broughtto the'laboratory for observation.
Several molsture content profiles were carefully taken and
they indicated a region of higher than average moisture
content about the slip surface. A typlcal example of the
moisture content profile from one of thegé blocks is shown
in Fig. 3.

Pliezometers wers installed at this site to
determine porewater pressures_for use in the analysis.

Three pilezometers weré 1nstalied outside the failuré area
at'the'tOp, centre and bottom of the slopa and three were
1ns§ailed in similar positions at the centre of the failure.
Readiggs of water levels have becn taken at regular intervals
since thairvinstallation in November, 1955, and are continuing.

Continuity of the records for the plezometers on the active
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part of the slope was hampered by tho remedial works and
one plezomoter was lost. After coﬁpletion of the works
four more plezometers were installed to determine the
change in water levels. The recorded levels shoﬁ that'
the counterforts act aé drains quite soon and the étanding
water level in the slopo is at about the bottom of the

counterforts.

sting Dat

A k4 in, diameter tube of clay was taken from
Qelbw the slip plane in the trench noar Secticn 7.
Drained triaxial shear tests were done on 1}" diameter
samples from this tube under constant Cri, reducing CTE
conditions. Results however were very erratic and it
was not possible to got a definite A' or ¢! from them.
More complete details are given in Table I. When
checking 0*' and c* of clay apainst concrete (Appendix B)
samples of undisturbed materlial from this tube were used
and yielded a ' of 213° and a ¢' of 150 1b,/sq.ft.
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Atterberg limits give the followlng average

resultss
Liquid Plagtic Plasticity
Limit Limit Index
Weathered Clay 80 29 51
Firm Fiassured Clay 78 27 51

Results of limmediate undrained shear tests are:

' v Cell c
Description of i Press. , 2
Sample 1b./in. 1b./ft.
Brown weathered clay from
trench at Section A - A
From Just above the shear 31.0 30 2100
Plane’ - 29,8 30 2800
Softer clay from above 36,4 600
shear plane Lab,
Vane
Very soft clay from above 45,7 Tests 280
shear plane and 3 ft. from 43.7 260
the surface
Firm figssured clay taken in
8 in. cube across the shear
lans at Section B = B,
ft. from wall,
From sbove shear plane 29,5 20 2260
29.9 20 2200
From below shear plane 29.0 20 2220
27.8 20 2000
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Analysgis

As the actual failure surface was known in
several placas at this slip it 1s logical to attempt to
find c! acting on that surface at failure. This was
determined for two ssections. In the first case, Section
A - A, Fig. 3%, a circular arc fits in with the observed
surface and the profile of the slops at the top, and was
used to dotermine the value of c¢' nsecessary for stability,
which was found to be 66 lb./sq.ft. In the second case,
Section B - B, Fig. 3%, the faillure surface was very
nearly'd combination of a circular arc and a straight
1ine and this shape was used for the snalysis. Calculae
tions as ouflined by Kenney (1996) indicate that c!
necessary fér stability along this surface is 25 1b./sq.ft.

Although the above values are probably indicative
of the truelétate of affairs within the slopoe, such a pré-.
cedure has no predictive value as the feilure surface would
never be known in advanqe. Therefore for comparison with
the other slopes. and retéining walls the highest value of
c' by thé usual cireular are method of énalyaislmust be
determined. Accordingly this cass was examined by the
assumption of clrcular arcs for the slip surfdce.

For the first case the circular arcs were all

taken passing through the top corner of the wall (1.0. toe
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circles) using the measured water levels available at
that time. The use of toe circles results in a fairly
deep circle as the critical one, see Fig, 39, and a
portion of it is considerably below the level of the top
of the wall. Clay at this depth would not have the sanme
opportunlty'tc?exﬁand laterally and soften as would the
more unconfined clay above the level of the wall. To
obfain an indication of the difference in c' necessary
with shallower circles the analysls wes repeated for
circular arcs tangential to the horizontal line through
the top of the wall. Results of these analyses are
given in Fig. 36,

Water levels used for the above analyses were
those obtained in the threc months following Decenber,
1955. As this space of time had less rainfall than the
recorded average for the same period it is highly probable
that the water level at the start of the failure was |
higher than that measured. Accordingly, a weter level at
% ft. from the surface, which is about the base of the
original counterrort drains, vas assumed to be effective
at failure and the two circular arc analyses were repeated
for this uater level. Results are shown on the same
figure as the previous analysis. Observations of water

levels uhich have continued since: the analysis have

resulted in higher 1evels than the measured levels first
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useds At the bottom of the slope levels of jJuat over 2 ft.
below the surface and levels of 5 ft. below the surface at
the centre of the slope have been hoted, go that the
assumption of a water level at ! ft. below the surface does
not seém'to'be inprobable. .

. The results obtained for the worst toe circles
-are given helow. '

F
Water Level | c! for

stability |[c? = 250 |¢!' = 0

Measured prior to February, 88 1.37 0.79
1956
Assuméd 4! from surface 116 1.30 0.72

' ' !
A summary of results for all the analyses for this case is

given in Fig. 37, .

This slope had been uncovered 19 years (1936=59)
when railufe occurred but thé original cutting dates from
1903 so thgﬁ the practical age of the slope 1s greater.

The exact effect of the earlier cutting on this‘slope,cannot
be calculated but a loglcal estimate seems to be to add 4+ of
the age of the original cuttiné (1903-36) to the actuél age
of the slope. This gives its practical age as 39 years

(19 plus 16).

- The ¢! necessary for stability at this site must
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‘be considerad to be in the range of 88 to 116 1b./sq.ft.
for comparison with other cases, and this value has been

plotted at the age of 39 years on the c' : age plot.
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SUDBURY HILL SLOPE

Refarence‘No. 10

History

The cutting at this site, which is wholly in
'London clay, was opened in 1900. It is just over + mile
in length and varies in depth up to 36 ft. at which point
the railway lines go into a tumnnel. (See Fig. 38 for a
plan of the cuttlng). Considerable trouble has been
encountered with the slopes on both sides of this cutting
over the last iO years and includes the destruction of '
a small retalining wall. In addition, there are excavatlons
on one side of the cutting indicating a probable earlier
slope fallure and removal of the slipped material. 01d
counterfort drains are found in other places along the
slopes indlcating earlier troubles of which no records
exist,

The portion of the retalning wall destroyed,
wag removed in 1948 and relatively shallow counterforts
placed in the slope, the top 2} ft. of which had been
removed and replaced by clinker. This section, see Plate
XXI, again folled about 1953 and is still moving slowly
downwards.

Within the past four years two other fallures

L. .
[
» DL
E
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in the slopes of this cutting have been repaired, with
gome success, by the insertion of counterfort drains of
moderate depth.

The slope selected for analysis is directly
opposite the site of the damaged wall and is qompletely‘
in weathered London clay.' Movenent has been going on
since 1949 and by 1955 had amounted to a drop of 7 ft.
at the top of the slope with accompanying bulging at
tho tos. (See Plate XX and the cross section on Fige 39).
A small amount of trimming has been done at the toe of
the slope to keep it from encroaching on the tracks of
a siding, otherwlse there has been no attempt to remedy
the situation. | |

Site Investigation

A total of twelve plezometers were installed
in the slopes of this cuttings four at the ‘section used

.- for the analysis, four on the slope opposite where the

wall fallure had occurred and four at the entrance to the -
tunnel where a slip had been répaired by the installation
of .counterfort drains. These plezometers were installed
in January, 1956, and régdiﬁgs of water levels were taken

until March; 1957, - = -

. ‘Obgervation of the clay removed from all bore-

T T TN O T T T M TR ey
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holes showed it to.be weathered London clay, and Atterberg
linits on samples from two of the boreholes made to install
the plezomsters gave tho followlng resultss

Borehole Depth from Plastic Liquid
, Surface Linit Limit
1 6! - Ov | 29 82

11 12¢ - 0" ’ 27 83

A 4% in. diameter sample was taken in a tube
6 ft. from the surface at plezometer No. 1, and was found
to be extremely fissured weathored London clay. Three
1% in. diemeter samples from this tﬁbe were tested under
conatent Cri, reducing CTg conditions but the eircles
obtained were rather erratic so that parameters can only
be estimated at ¢! = 320 1b./sq.ft. and B*' = 239, for more
detailglgee{Table I. Clay from tho same tube was used in
the tests for #' ond c' between clay and a rough surface,
seo Appendix B; . and c' there was found to be 120 1b./sq.ft.
and @' to bo:26°,(the test points lying exactly‘on a straight
line.

. There, ‘ds no oxact record of the original c¢rossg-
ssction at this site and failure has progressed to the

- ‘point where it cannot be dotormined. Observation at other
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slopes in the cutting, that are appdrenbly the original |
ones, indicate a gradient of nearly 3 to 1 and as this
fits in fairly woll with tho existing cross-gsection at
the fallure, it has been used as the cross-section for
analysis.

Water levels measured were from the failled
surface and had obviously been lowered by the movement
at the top of the slope so that they were adjusted for
the original ground level as shown in Fig. 39.

Analysis was by assuming failure on circular

-arcs passing through the toe of the slope and the

results are

¢! for ‘ F
Stability
1b./sq.ft. ¢! =0 c! = 250
50 0,83 L.60

Circular arcs passing beyond'theltoe of the
slope ﬁere,élso trigd but none yielded a c! required'as
great as the maximum for the toe circles. ‘

‘ The ¢! of 50 1b./sq.ft. fof stability at this
site is lower than would be expecﬁed considering the time
to fallure of #9 yéars; The low value may bg partially
accounted for by the fact that the failure was completely
in wegfhgred)clay; There is in addition the possibility
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that the water level at the initial faillure was higher
than that used and the slope sligh_'tzly steeper, both of
which would tend to ilncrease the ¢! necessary for stability.
However, the answer seens to be in kéeping with the result
shown by the Northolt slope and indicates that the c!
_avallable in the case of slopes is lower than that for
walls.
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KENSAL GREEN RETAINING WALL

Reference No. 7
History

At Kensal Green there 1s a brick retaining wall
on a concrete base supporting a 12 ft. face of weathered
London'clay and a further slope of 9 ft. depth at % to 1
above 1t. (See Fig. %l for a plan giving the location and
a cross-gsection). The original cutting at this site dates
from ¢. 183% and was 2 tracks in width. Two widenings,
one of which is thought to have been on the side to be
considared, took place between 1872 and 1878. The final
videning of the cutting toock place in 1912 and it was then
that the wall was built. It was constructed in trench and
mist have ern placed as close to the earth face as possible
since apparently no backflll was used.

Drainage of the slopo was accomplished by a rubble
drain at the toe communiéating with chases down the back of
the wall at 9 ft.:centres. Two drainé wore ‘installed 4% ft.
bolow track level but the one nearest the wall was found to
be bloclked when uncoveraed in 19kl. ‘

Observations of movenent on the wall started in
1929 but at that time np'diatress wag visible, the observa-

tions being an extension of those on another wall behind
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the station which was seriously cracked in 1927. The wall
movenents, which are given in Fig. 41 for the section of
mazimuﬁ novenent, show the displacement 1ncrensed at an
aceeleratihg rate. By 1938, 26 years after construction,
the rate became considerably faster and by 1940 remedial
measures‘were being considered.

In April, 1941, a tension crack appeared in

the clay 20 ft. behind the wall. The top of the Wall had
moved forvard 12 in. by this time but the wall was still
1ntae£2 Laﬁer in the same year the wall cracked and move-
ment became so ruch faster that remedial action was
immediately necessary. This consisted of removing a con-
siderable portion of the retained clay from behind the

wall, and was successful 1n stopping further movement. The
void left by the removal of the clay was later: rilled with

ashes,.

Slte Investigagigg

A number of boroholes were put down, ‘both behind
and in" front of the wall, early in 19%2 and samples taken
for testing. A pit was also sunk behind the 'wall to below
its base in order to observe the slip surface and clay but .
the slip uurface could not be clearly identified.r

N The  profile. of the clay is usual -for London 1 clay

..,.

I T S T P o
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to ssasonal variations, below this the clay is weathored
and highly fisgsured with moisturs oontent ‘decreasing
slightly wlith depth. Firm unweathered clay-is‘reacned
at just below the base of the wall, 28 ft. from the surface.
In placos'a consliderable softening qne to higher molsture
content wag noticed about.the fissures, This softening
was also noticed along fissures Just below the base of the
wall in the unweathered clay. Samplos taken from along the
base of the wall near-ito heel gave moisture contents of
37 and 39% nhion is considerably higher than the average of
34% found in the weathered clay. |

| Water level was reoorded in & borehole at the top
of the slope but there are no records of water 1evels |
directly behind the wall oxcopt the observation that "the
borings behind the wall filled up with water more rapidly
than did those in front of the wall“, (Rof. 7 ). Persgonal
observations in 1956 indicate that there is soepage through
the wall, where the retained clay has not been removed, at
about the mid-point of the exposoé faoe.' :

Atterborg limits deternmined in 1942 gave the

following rosults. ‘

Plastic Limit Liquid Limit

Mean .'f ~ Range Mean Range
29 2531 | 82 | 7692
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Analys

As tha‘exact water levels are not known it is
necessary to make an estimate of their range. The lowsst
probable would be to the level of the drains through the
wall and the highest probable a level at the same distance
bélow the slope as the level measured at the top of the
slope. 4An estimate of the water level in frpnt of the
wall can be made from the elevation of the drains end in
any case 1s'noﬁ nearly so critical as the level behind the
wall. | ‘

Analyses were done for both water levels behind
the wall, assuming failure on planes. 4s the wall has a
sloping base; failure was agsumed fo take placq horizontally
below the wall in the first instance and repeated for
failure along .the base for comparison. The analysis for
the higher water level and horizontal base 18 given in
Fig. k2. |

Results of the analyses are:

Water;f-"Position of c! for __F

-Level - ‘Paggive . - | Stability c' =0 |c' =250
Higher | To Horizontal | 102 % | 1440
Higher  To Corner | . 92 | | |

Lower - Tp Horizontal | . 40 292 1.51
Lowor' | To:Corner .j | 25
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The actual time to fallure of this wall was
29 years (1912 - 1941). However, ﬁhe part of the slope
above the wall had been excavated ¢, 1879 and not a great
deal of clay had been removed from in front of the wall
whon it was constructed in 1912, Therefore, it 1s neces-
sary tg.add to the actual age. of the wall a portion of
the aée of the cutting and this portion is estimated to
be 4 of the 1875 - 1912 interval or 24 years. The
prac#;calltime.to fallure for this case is then 29 plus
24, that is 53 years. 4s the water, levels are not known
éxéctly the‘qﬂ required fo: stability must be'coﬁsidered
to be in the.range 40 to 102 1b./sq.ft. Seepage through
the wail,how%vbr, indicates that the water level at
fallure vas probably such that the actual ¢! required

was -nearer the higher value.
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WOOD GREEN RETAINING WALL

Reference Ho, 5

Historx

'This wall, which is shown in plan and section
in Fig. 43 and pictured in Plates XXII and XXIII, is
foundsd on London clay and supports a 16 ft. high face
of the clay which rises a further 21 ft,'abovo the wall
at a slope of 3 to 1. The wall was built of concrete in
1893 and gave satisfactory service until November, 1948.
At that time forward movement of the wall was noticed with
accompanying heave of the tracks in front of the wall and
slumping at the top of the slope. Records of wall movemznt
were taken and it was found that from Novembor, 1948, to
March, 1949, the top of the wall moved forward 19 in. and
the bottom 14 in. at the section of maximum movement.

Remodial moasures which were completed by
August, 1949, consisted of driving stesl sheet piling at
tho toe of the wall, the placing of small buttresses to
the front of the wall and struts from the toe to a small
concrete anchor running along between the two nearest
rallvay lines. In addition flve mass concrete counter-
weights were placed behind the wall and attached to it
and a drain was installed in front of the wall at about
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the level of its basse, but apparently this drain was
never provided with an outlet.
| These worls were thought to have stopped the
movement but observations started in October, 1949, showed
ths wall to be still moving, although more slowly. This
slow movensnt was still continuing in 1953 when'a firm of
s0il mochanics consultants were called in. They recom-
mended'thé installation of horizontal boreholes through
the wall to drain water=-logged portions of the slope,
tracing and 1ntercept1ng the source of water at the top
of the slope and filling the drain installed in 19%9 with
grout. As a rasult of these recommendations two, horizontal
boreﬁoles were drilled through the wall to connect with
vertical holes at the centre of the slope. These two holes
apparently did not lower the water levels in surrounding
vertical boreholes and no further dralns were installed.
Movement of the wall continued slouly so that
by December, 1954, tho total movement was 30 in. at the .
top of the wall and 20 in. at track level.
A3 a further remedial measure cement grout was
injected into the slope early in 1956. The results of
' this operation are not knovn at the present time as move-
ment is usually in the winter and the effectiveness cannot

be Judgod until after the winter of 1956-57.
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8ite Investigation

In 1953 the Rallway staff put down four boreholes
in the slope and took samples. The samples were all weathered
London clay and gave an average unconfined compression
strength of 1500 lb./sq.ft. and had an average moisture con-
tent 6f 344, Atterberg limits were found to be L.L. = 78 ‘
aﬁd PoL. = 30, Later in the same year the firm of consul;
tahts put down 10 further boreholes and the two horizontal
drains mentioned earlier.

A pipe was placed down each of the 10 boreholes
and they were filled with gravel, sealed off at the top and
a cover fitted. Water levels were observed in the boreholes
over the'siz:month period December, 1953, to June, 195h.

The highest levels are shown on the cross-section of Fig. 43,

and have been used in the analysis.

The first analysis, see Fig. 4, for this case
was carried out by assuming failure on planes and using
the measﬁred water levels. Fallure on a c¢ircular arc was
then assumed and the analysis repeated. In»qach‘éase the
factor of safety when c¢' = 0 and c¢' = 250 lb;léé;rt. wag
also determined, ’

-4 "non~circular" analysis was also done at this
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wall in order to compare its results with the other analyses.

A summary of results follows.

F
e of Analysis ¢t for
iyp Stability ¢t =0 |e!' =250
(1) Planes . : 116 77 1.28
(2) Circles . 159 72 | 1.15
(3) Non-Circular 185

The value of :' necessary for stabllity seems
to be rather high considering the wall's age of 55 years.
Undoubtedly the high watar ievel, which was measured, 1is
a major contributing factor to this., The water levels were
nmeasured in virtually cpen boreholes snd as 1t has been
. found that such levels are generally higher than levels
fron sqg;ed-;n plezometers the truse value of ¢' is probably
lower ghan that indicated by the analysis. However, since
the exact amount is not known the values shown must be taken

as a reasonable estimatoe.
Effectivenass of Remediil Measures

Although a conslderable amount of effort was
expended on remedinl neasures in 1949 it is obvious that
they were of 11ttle nse. This is perhaps not surprising

as’ buttressing systexs and struts which transfer the load .
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from the wall to the passive earth wedge which 1s moving

with the wall, and draips without putlets are not particularly
significant engineering operations. The installation of mass
concrete blocks at the back of a wall does not .seem to
inc:éage the‘overall stability of the wall appreéiably unless
thé blocks go considerably deeper than the walls, as at Park
Village East. The sheet piling driven in front of the wall
to depths of 15 and 25 ft. seems to have had 1ittle effect
on thé movehgnt, and as the piling was'not anchored in any
way gpnsiderab;e moveoment may be ngéessary to mobilize its
fﬁllvresisténce; The effect of the groutiné cannot be
determined at present but will eventually be forthcoming.
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UPPER HOLLOWAY SLOPE AND RETAINING WALL

Reference No. 8

‘History

At Upﬁer Holloway there is a cutting 18 feet
deep,~a11 in weathered London.clay. The lower 4 feet of
the slopé is held by a brick retaining wall énd the upper
portion runs back at 2 to 1 from the wall (see-Fig. 46
and Plate XXIV), The .rl_aierad 1ine was opened in October,
1870; and it.appears that the wall was built just prior
to this.

| No trouble was recorded in this cutting until
1951. At that time a portion of the wall was forced
-forward and damaged to the extent that it had to be
replaced but the amount of movement has not been recorded.
This movement was accompanled by a downward movement of
‘the top of the slope, |

. The new wall was built slightly larger than the

old one but by 1953 it also started to move forward., From
July, 1953, to April, 1959, the forward movement was 113 in.
at the worst point. During this period five timber struts
16" x 8" were placed from the wall to the opposite side of
the cutting. These struts have apparently stopped the

movement, and appear to be taking a considerable load since
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gome of them are noticably bowed. Personal observations
indicate the total movement of thq top of the wéll to be
about 26 in at the maximum point. No records have been
kept as to whether the wall noved forward equally at both
top and bottom or not. In 1955 as an attempt further to
stabllize this slops aﬁd wall a'row of Larsen No. 2 steel
sheot piling alternately 20 and 30 ft. long was driven
abcut ‘10 feet behind tho wall. o

Site Investigation

During an investigation in 1955 the owners put

down eight Boreholes, on the slope, varying in depth up
to 2% feet. - Samples 1§.in. dlaneter were talken in four
of theée holes and unconfined cémpression testé‘carried
out, . The average unconfinéd conpression strength was
2290 1b./sq.ft. (mean of 21 tests, range uoo to 3390
1be/sq.fte) and the average molsture content 32, 6% (mean
of 20 determinations, range 28.1 to 46. 0%).~ i

' Four Casagrande type piezometers were installed
at this site, two on a section near the centre of the “
railure and two on a section outsilde the failure area and
water lavels have been observed since mid-April, 1956.
At this site the water 1evel at the tracks can be obsarved
in ‘catch bgsins between the two 1ines and next to ‘the wall
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and it varies from 10 in., to 20 in. below the base of rail.
Punping of clay up through the .ballast occurs in several
places_along this cutting and the action is doubtless aided

by the unusually high water table in the track bed. ‘
Atterberg limits .on material from the boring for
. plezoneter A are L.L, 863 and P.L. 28%,

: I&gatlzg is

This case was first examined by using plane
suffacéS'of failure, see Fig. 47 and the effective cohesion
=.'reduirad for stebility was found to.be 38 lb./sd.ft. In
a'rurther;examination; slip'circles.were assumed as the
-fallure surface and it was foﬁnd that the worst circle
gave a ¢' required of 68 lb./sq.ft. (Fig. MB), Féctors
of safety were determined.for this case when c¢' = éSO 1b./8q. £t
and when ¢* = 0, -(see Fig. 49 for Fon -circular arcs.) A4 |
summary‘of,resultsiis:"u. o |

o Type of . .. ¢! ‘required ‘Factor of Safety
- Fallure Surface for stability

when ¢! = 250|when ¢* = 0
Planes . - - |- . 38 .|, '1.95 -| .86
| Circular dre.- | . .68 .62. | .73

Effectiveness of Remedial Measures

It is quite obvious that the slightly larger
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- retaining wall built in 1951 was uneffective as a remedial

measure. Once a slip has startedéin London clay it appears
that the ¢' is further lowered by'the remould;pg gbout the
'slip surface. ‘It>theref9ré follows that once a failure has
Qtarted more forcé is required to.hold it in cheek than
was required to hold the original wall or slops. Tha
faillure of the 1951 wall bears out this fact and it appears
that the increment in wall size was not enough to compensate
for the reduction in c' | |

Hovenent of the wall had apparently stopped before
the installation of the sheet piling and it appears from
* their bowed shape’tﬁa§:§§e~$truts are taking a considerable
portion of ths 16éd,:anq\are highly streséed. .Whether or
not the qheeﬁ pi}iﬁg,;s taking 5ny'16ad is unkn&wﬁ, but it
is probable that aﬁpreciable movement would have to ocecur fo
mobiliza its strength. Even then it is opan to question, irf
‘ the strangth could be fully used and if so, would it be
sufricient. TheA4931gg qr ppe,ghegt'piligguwas ‘apparently
emp;rica;ﬁanqmthq'pye#gptwpoqqiﬁ;onsﬁayxthp Qall.dery\the
détermipat;qp of any quntitgpivéafactor of safety. However,
in the light of pi-'eserit knowledge"it’wo{ud seém that additional
and stronger struts would serve the wall as well, if not better;

than the sheet piling and probably be less exyensive.
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SUMMARY OF RESULTS FROM EXAMINATION OF'FA;LUggé’

' The results of the analyses of the nine failures
considered are summarized in Table VII. Cohesion, in terms
of effective stresses, (c') required for stability has -

been shown in most cases as a range rather than a single

value. The different values glven exist for two reasons:

(a) Sufficient data was not available to
establish accurately the water table in
some cases, and, in other cases, it could
not be obtained at the present time due
to changes at the site. |

. (b) Different methods of analysis give J
‘different answers, all other things being
equal., V
In consideration of the d1fferences shown by
the range of values of ¢' it should be borme in mind that
the cohesion is on the average only about 202 of the shear
strength of the clay involvedxin'thq_failure.~ Therefore,
if the difference in values of c' is 304 1t indicates an’

' average differenca of 6% in the factor of safety, a not

unroasonabla value for most problems in clay.
' Results show that the choice of assumed failure

surrace can have a considerable effact on the value of ¢!

'required for stability.- The- assumption‘of fallure along a
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a circular arc ylelded in every case a higher value of
¢! necessary fof stability than when failure on planes
ﬁas assumed. Actual failure surfaces have been found to
bo nearly planes in the case of walls without a slope
éoove~them (e.g. Mill Lane), but in the case of o'wail
ﬁith a pfoportionally lafge slopa behind it (e.g. Upper
Holloway) the failure surface probably tends to be more
the shape of that found in a slope. Hence, the range
shown for tho value of c¢' in the oase of combined walls
and . slopes mast cover ‘the actual value of c' required.

' Table VII also shows values of the factor of
safety of each structure when ¢! = 250 1b./sq.ft., that
is at construction, and when ¢! = 0. The latter figure
is of'courso hypothotical, since factors of safety less
than one cannot exist, ‘but 1t serves to show the possible
range of faotor of safety with the possible range of c!
and indicates what proportion of the shear gstrength was
contributed by each of its components at the time of -
failure. It will bo noted that on the averége ct amoonted‘
to approximately 208 of the shear strength at failure, tho‘
‘,frictional component contributing tho other 80%. - ‘
4s. shear strength on an offective stress basis Y
~1s made up of two components, a constant ono, and one which 3
~'varies uith the effective normal pressure on the shear

plane, the . ratio of the components will vary with the
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" AGE AT

¢' FOR

_CASE - FAILURE TYPE OF ANALYSIS AND DETAILS |STABILITY | yuey WHEN
- - P T LB/sQ.FT. | ¢' = 250 =0
N - PLANES, MEASURED WATER LEVEL 190 1-08 0-73
WEMBLEY HILL 13 ‘ , . o L 5 -
wesEn ST CIRCLES, L LI 240 ° I-02 0.73
PARK VILLAGE EAST iy PLANES , HIGHEST W.L. LS . o
, ' ‘ PLANES, INTERMEDIATE W.L. (25 116 - 0.82
o PLANES. B.R.S. SECTION MEAS'D W.L. | 210 . 1-05s 0-71
MILL LANE 28 ! \ o
AN weow " 2' LOWER W.L. 190 1. 09 0.75
"UXBRIDGE 29 - | PLANES, MEASURED W.L. ‘138 117 0.79
| / | TOE CIRCLES, MEASURED W.L. 88 137 0.79 -
NORTHOLT - 35 o , | o , -
s | : " " W.L.4' FROM SURFACE 1e 130 0.72
SUDBURY HILL 49 | CIRCLES, = MEASURED W.L. 50 1- 60 0.83
o ‘ PLANES, HIGHEST PROBABLE W.L. - 102. :
KENSAL GREEN 53 ANES, ROBARLE oer .40 | ©0.74
C S n.  ,LOWEST % . 40 - 1.51 0.92
‘ . |PLANES , MEASURED W.L. | NI 1.28 077
WOOD GREEN 55 | T o ‘ , : LT
Do ’ RS CIRCLES, » ~ * 159 1-15 . 0.72
: o . | PLANES, MEASURED W.L. .38 1.95 | o0.%6
UPPER HOLLOWAY el ‘ ‘ :
ST o CIRCLES, - "~ " 68 62 | -0.73

TABLE YII

. SUMMARY  OF RESULTS OF ANALYSES
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effective normal pressure on the failure surface. J4lso,
for the same reason, the range of the factor of safety
. with the possible ranée of c! will:vary vith the depth to
* the failure surface. This is shown very distinctly by
the calculations, the smallest range of factor of safety
being at Wembley Hill, and the largest range being at
Upper Holloway. ' | .

, It 1s significant that in all cases the c'
| required for stability was within the possible range of
this value in London clay. This fact in 1itself clearly
shows the possibility of using effective stress analyses
for pfoblems in over-consolidated c;ay. The ranges of
factor of safety éhow that the maximum possible error
obtainable with this type of analysls, even if nothing
is known about the value of c¢', will under no circumstances
approach the error in factor of safety commonly obtained
by using total stress (8 = 0) analysis for this type of
clay. '

VARIATION OF c' WITH AGE AND U7,

The major purpose of the analyses was to deter=-
mine if a rate of decrease could be obtalned for the
coheslve portion of ‘the shear strength. Values of the c!
reduired;for,stabil;ty have been plotted against the
practical age at fallure for each case in Fig. 50.. The
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practical age in some 9a$as, as detalled under the case
histories, 1s greater than the actﬁal age of the structure
| since the construction of the slope or retaining wall under
study was the result of widening an existing cutting,

" Values of ¢! plotted in Fig. 50 show a definite
trend to be smaller with age and a curve has been drawn
giving an approximate rate of decrease for c'.

'Réduction in c' can only take place if there
has been some reduction in the'lateral earth pressure. A
reduction in the lateral earth pressure must take place
whenever a cutting is opened, but the reduction at any
potential failure surface will in all probability depend
on the distance to that surface. This would indicate that
_ the reduction in c' probably varies with the effective
nornmal force on the fallure plane, being greatest in the
shalloy fallures and least in the deeper ones. There
should therefore, probably be a group of curves on Fig. 50
each for a diffefént CTJ . These curves would all .start
at ¢! = 250 1b. /sq.ft. and reduce by different amounts with
age, the greatest reduction being wlth the smallest values
of (I;.

. There are 1ndications from the analyses that
910pes tend to give 1ower values of ¢! required for

stability than retaining walls. As slopes would have more
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opportunity to‘éxpand laterally than the clay behind a
retaining wall this does not seem unreasonable. The con-
sideration of Jj on the fallure surface does not entirely
eliminate this inequality since in the case of retaining
walls any faillure surface used in the analysis is not very
far from the actual one, as shown by several of the cases,
while in the case of.slopes the worst circle found is
usually conslderably deeper than the actual fallure surface.

Average effective normal pressure, on the critical
failure surface found by the anolysls, has been plottsd
against tinme to fallure for the nine cases analysed in
Fig., 51. There, it is apparent that the oldest cases have
.the least Op on the fallure surface. However, as the
effective cohesion is a function of both age and ag‘on
the failure‘surfaca, a2 complete picture can only be obtained
b& plotting all three on an interrelating graph,

It 1s found that if ¢! for stabillty is noted at
each of the points in Fig. 51 radiating lines may be drawn
- from the origin for different values of c' with éome;degree
of agreement. Fig. 52 shoﬁs these lines drawn in a somewhat
idealised form on the plot of Fig. 5l. Data is actually
insufficient to draw true curves for c¢', as it was to draw
: va;ious curvés of c! versus agé at different vaiues of 05;

but the plot‘qg Fig. 52 1s putvforward as being as interesting
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approach to the problem. Further ﬂata_may lead to altera-~
tiéns in the plot but it is felt that the basic idea of
the plot is correct and it hgs considerable potential

* value,

As the plot of Fig. 52 interrelates c', age at
faillure and (5:, vniueé from it should lead to a series
of curves each for different values of (JJ on a plot
gimilar to Fig. 50. The idealized values given by tha
lines on Fig. 52 hava béen replotted in Fig. 53 for
different values of 13;, using c! and age as axes. The
regult is a group of curves showing a gréater decrease in
c‘ with time at lower values of CTﬂ Thése curves however
nust not be considered final but are put forward for the
sarie reason as Fig. 5. It will be noted that the average
curve of Fig. 50 when plotted on Fig. 53 does not give the
average of the different curves. This comes about as the
smaller cases are the older ones, and indicates that . the
average curve of Fig. 50 nay not represent an exact overall
average. However, data avcilable at the preéent time is
not sufficient to indicate definitely that this is so, or
to plot a nore representative average curve. ‘

A‘plot such as Fig., 52 would be used to check
a design in the foilowing manner. The erféétive normal

pressure on the potential failure surface and the c!
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required for stability would be determined. The graph
would then be entered.at the value .of . O‘x': involved and
moving across the sheet, the position of the intersecticn
with the relevant ¢' line determined.- A .vertical line
from this point would then give the probable;lite'expec—
tancy. of the structure. If the horizontal lins at the |

0;'. involved falls to Intersect the appropriate ¢! line
the probable life expectancy will be beyond that shown
by the graph, but pre:ent knbwledge cannot estinmate how
far beyond.

REMEDIAL MEASURES

A summaly of the calculated factors of safety
for the remsdial veasures carvied out at five sites is
given in Table VIiI. Other cases either had no remedial
measurés (6.ce Sudbury Hill) or those carried. gut are not
susceptible to ordinary alalysis and are perhaps not
complet.ly effectiva (e.g. Upper Holloway, Wood Green).

The factor of :afety was first datermined for
cr.iditions when the remedinl measures were carried out
using the c¢' indicated to.le present by the analysis. F
was then also deternined on the assumption that c! woﬁld
decrease to zero.: .

- Values obtained sl.ow that in general the

remedial measures considerably increased the factor of
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gafety. In all cases except Mill Lane it 1s probable that
the structure would still be stabie if ¢! decreasee to zero.
At 111l Lane thae remedial measures were not oxtensive end
consisted of removing some of the retained clay.
Indications at Northolt are that the offectiveness
of" desp counterforts 1s largely as drains rathef than as
buttresses. In practice the drainage effect stops any move~
ment before the shear strength of the counterfort is mobilised .
and 1t is questicnable if counterfort strength could ever be
nobilised, for the methedgof insteilation precludes any great
effect from frictional properties of the material. The counter=.
fort is commonly arranged to go‘about one foot deeﬁee than the ';
slip surface. Therefore, a failure surface passing completely o
under the counterforts has a factor of safety greater by only
a few per cent than the failure being'repaired and a slip
could tale place along such a surface before the additional
strength of the counterfort was mobilised. B
~ Observations at Northolt and Sydenham’ Hill indicatesif
that the rubble drains. commonly used in London clay are quite
efficient. At both these 'sites water levels were found to be
at about ‘the bottom of the drain not ‘long after the 1nsta11a~
tion and to remain at that 1eve1. |
. For retaining walls, masg concrete blocks as
| counteraweights behind the wall are not 1ndicated by the
analysis to be particularly effective remedial measuree.~ Th;a'"
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has been demonstrated in practice by more than one case
(eege WOod Green) where the addition of such blocks has
made little or no difference. However, 1r the blocks
project ‘below the wall as at Park Village Bast they are
quite effective.

‘ ' struts to the base of the wall from the opposite
side of the cutting are generally ‘an effective measure.
RemoVal of some of the retained clay is of course also

' effective in stopping wall movement but often connot be
e carried out due to limiations of space.

» ' Uhanchored sheet piling has.not proved of great
value'in the two’ cases where it was used (Hood Green, Upper
Holloway). Considereble movement is probebly necessary to ,
mobilise its full strength and even then 1t is questionable
if the strength would be ﬂufficient to stop movement..x

" 'The use of -cement grout injected into the retained
clay has as yet been - unproven and may, in some cases,
initially cause additional movement due to the volume change
occasioned by - its insertion.

SUGGESTED REﬁﬁDIAL MEASURES

The most obvious. remedial measure in the case of

retaining walls ‘seems to be the insertion of struts to the [“l

opposite side of the cutting or. to a suitable barrier wall

, St
LT PR
R
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below ground lavel outside the passive failure area. This
obvious solution doss not seem to be utilized tolits full
advantage in many cases where it conld easily be installed
(esg. Upper Holloway) and other less effective and more
expensive remedial measures are substituted. In the case
of high walls opposite each other; struts ebeveltrain'level
combined with struts at track level are undoubtedly very
effective and this procedure has been adopted for a number
of failures in London clay.

The mostldirect approach in remedying a failure
is to go to the source of the trouble and decrease the
gorcee causing the'failure rather than increase the feeis-,
pdhg forces. Decreasing,the‘active force may be accomplished

by.removing.sohe»of'the retained clay or by lowering the

 .water forces, thus decreasing the direct pressure on the wall

and increasing the efrective shear strength of the soll. 4s:
the first method of 1owering the active force is cbvious but

3 cannot always be carried out due to 11m1tations of space,

the lattar method of lowering the water- forces 1s porhaps of

" more general use.

COunterforts for the repair of . slips are commonly
built up to. 20 £t. deep and 6 to. 8 ft. wide, . Since their
chief function is apparently drainage 1t 13 only 1ogica1 that

'then- width be kept to-a minimum and a drain 2 i‘t. wide ‘would

probably be as userul.. The installation of counterforts seems

".r
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to increese the permeability of the clay, probably due to
the relaxation of horizontal forces along the strike of
‘the.slope, opening up drainage paths along the fiesures.
"it has becn observed that there 1s some movement of.the
'“cl&y into the trenches during the oonstruction of counter-
N forts, and observations on old countorrorts, built without
filter zones, show that the clay noves into the counterforts .
up to 6 in. on each side over a period of several years.

Since the major runction -of counterforts eeemsl
to be drainage it is loglcal to consider them as drains and
position them so that they intercept the flow of water |
towards a slope rather than attempt to remove it after it
has arriveds The water table in a short steep slope, as is
usual in a cutting, is apparently brought about by the inflow
of water from the area ‘beyond the top of the slope, and due .
to the steepness of the slope, run-off on it is proportionally
high.‘ Therefora, if a- deep drain were installed at the top of _
'¥ the slope: it would 1ower the water forces by conducting avay

,ground water before it reached the SIOpe. Such a system of

) ~‘dra1nage could be constructed as ehown in Fig. 5%.. The major

: advantage of the system is that 1t would beo much less: expen—

sive than\the counterfort method now in use and achieve the

‘ veame end.. \Considerable saving in exoavetion and backfill

would be made and the top barrier drain could be excaveted

\by machine rather than by hand ae 1e neoessary with counterforts.
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With a barrier drain of this sort installed at the Northolt
site the water table would be lowered to approximately that
shoﬁn in Fig., 5% and the factor of safety increased accordingly.

The same method of drainage may be applied to
retaining walls andfis shown on a cross section of the Wood
Green site in Fig. 54%. "The water table ‘there would prbbably
~-be lowered to that shown, which gives the calculated factor
‘of safety of 1.22." This is an effect that the many remedial
neasures carrigd out :at :this site have been undble to pr&duce.
Horizontal bore holes lined with drainage‘tile

have been used with considerable success to drain slopes
(Porter 19%0)Lbdtvas far as is known the& have not been used
in London clay on a large site. The éxpansion of London clay
and presumably other heavily over-consolidated clays into
the-counteffdrt trenches materially assists the drainage, and
since this could not occur to the same’ extent with bore holes
.therg'is reason to suspect they would not be as efficlent..
The final judgement on their efficiency, however, can only
'coﬁe‘aftei they-have been tried, and as.their installation
would probdbly not be exceedingly’ expensive sudh ‘a trial is
"probably Justlfied at a sultable site.

snsexsr:ons Fog‘nms;og g

The - cost of remadial measures 1n the case. or a

'failure such as that at Ukbridge 1s of the same order of
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amount as the lifetime earnings of the man who designed the
wall. It is thereiore'apparent that considerable care and
thought 1s Justificd in the design of retainiug walls.

' The analyses make it apparent that‘eartn retaining
structures in Londou~clay.and probably most over=consolidated
olays should be degigned on an effective stress basis. The °
controlling factor in the design should be to insure that

" the structure has a factor of safety of at least 1.0 when

c! = 0 and with the highest probable wvater level. If this

. procedure results in an. excessively expenéive structure small

values of ct. may be used as indicated by Fig. 523 _however,
tueﬂuse of anyacmount:of-c' must be approached with extreme
coution. | o o '
- Factors of safety on an effective stress basis are

generally not high at construction, for the walls considered,

as evidenced by the summary in Table VII. 1In only two cases, .
and they are.small walls,‘doos F exceed 1.5 at:construction
and with nost'cases it is below 1.20. The design of these
wails innragurd‘to booé piessﬁfé“is generally not good.
Analysis on the assunption of active pressure acting on the
back of tho wall at one third the height, a. conServative w

estimate, shows that in most cases the reaction at the base

| is outside the middle third but inside the base.

. In the design of any retaining wall it is probably
good practice to take advantage of the opportunity during
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construction of 1nst&lling'as much drainage as possible. .
Chases down the back and,wgep‘holbﬁ through the wall even
when placed éﬁ 9 fﬁ; ébacing have proved themselves inadequate.
The bast solution seéﬁs to be a complete dralnage blanket
behind the waii.. For clay the blanket should be.a graded
filter to insure that it yill not become blecked. In addition,
é{barfiar drain as shown in Fig. 5% could be installed.

With slopes the basic problem is also oné of
_dralnage. The 2% to 1 slope of Northolt shows that a fairly
low water level must be méintained when c! = O‘But not lower
than that which can be optainéd by the use of counterfort
dfains or a barrier drain. The case of Sudbury Hill indicates
that stabllity would be reached on a 3 to 1 slope of that size
‘ when cf = O with a water level approximately 6 ft. below the
surface on the average. The choice of the inclination for a
sibpe.is therefore one qf.balancihg the cost of extra land and

excayation aig‘ainst the cost of providing sultable drainage. .

" CONCLUSIONS, EXsMI MTION OF. FAILURE

The examination of failures in London cleay :has
shown thwt the effective stress me»hod of analysis 1s most
sui able fo* longntarm stability conaiderations 1n clay of
this type._ ‘

Results indicate,that_the cohesion in,térms'of‘~'
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effective stresses decreases with ‘time, and a plot (Fig. 50)
has been given to show the probable average rate of this
decrease. The reduction in ¢! is .also related to the effec-~
tive normal pressure on the potential failure surface,
"decreasing more quickly with shallow surfaces.. Data iu
insurficient to obtain full details of the decrease but a .
‘iitentative plot is put forward (Fig. 52) relating cty effective
:‘normal pressure on the potential failure surface and age,for
earth retaining structures in London clay.» _ .

- Water forces are found to be anong the main
contributory forces causing failure. Therefore, the preven-‘
; tion of 1arge water forces by drainage is important to promote
'stability and is the most effective remedial measure, short
..of removing the retained.clay.

o COunterforts in slopes apparently act more as

o drains than as buttresses but even so, are an effective

. remedial meaﬂure. However, At is probably more efficient to
prevent uater from reaching the, slope rather than remove it

~ once it 1s there, and fOr this purpose a deep barrier drain

at the top of the slope is suggested. .A barrier drain of

N the same type would also bo euitable for an existing retaining
Wallo ; E |

..,, s

Design of slopes and earth retaining structures

‘for long-tern stability should be' based on the. frictional
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portion of the clay shear strength and ¢! assumed to be
zZero. It is qsséntial in all designs that maximum possible
‘. water levels be considered and steps should be talken to
insure that the maximum amount of drainage consistent with

the economics of design be used.
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APPENDIX 4

CORRECTION FOR RUBBER MEMBRANE AND DRAIN

Undisturbed over-consolidated clays usually fail
on one or more definite shear planes as shown in Plate VI
and the bulging type of failure found with most remoulded
clays is uncommon, Failure in drained tests on over
-consolidated clay normally takes place at 2 to 5% strain,
dgpending on the method of applying the stressee; whereas
the bulgling type of failure coﬁmonly‘occurs at'iS to 204
strali, Corrections for the rubber membrane and drain with
the latter type of failure have been determined (chkel and
Gilbert, 1952). o _ _
It is quite evident in testing, that failures
along planes ca ause considerably more deformation of the
rubber membrane at the sane strains than do bulging failures.
Therefore, since the strain at failure is very different and
tho fubbor is deformedtih a different mamnner it was nacessary
to deternine uhat corrections should be applied to failure on
planes and a serles of tests were carried cut for this purpose.

uamples of undisturbed clay are variable to the

point that the difference between strengths of oupposedly .

) sinilar sanmples can be nore than the nembrane and’ drain
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corrections. chce as ‘any correctibns could'be lost in
the variations and the planes of féilure in undisturbed
samples are unpredictable,'determinations had to be made
on an artificial sample rather than on the. clay 4tself.

A sample shape of perspex, (see Figt 55), 13 in.
“diameter by 3" in. long’ was made for the purpo;e. This
shape was cut’ across its centre at 459 so that when com=
pressed it fziled along the plane to simulate failure in
the clay. A serles of grooves were cut on the lower part
of fhe plane and-connected by a passage through the sample
'tovthe base of the cell so that pressuies could not be built
up about the plane. - During a test, the two planes were
lubricated to allow easy movement,fhecvy machine grcase was
found to be most satisfactory for thils purpose,

Test procedure was to set the sample up as ‘showm -
in Fig. 59 with one rubber membrane and note the load required
for deformation. ' After unloading,: the samplolwas.returned to
its original position 'and a second rubber membrane apblied,
tﬁe inner membrane havingibeen'pierced in‘gcverélrplaces to
prevent pressure between the membranes when the cell pressure
vas opplied. The sample shape;cnclosed by the two membranes
was then loaded and a’'failure simnlated;“The correction for
a rubber membrane was taken as the difference between the

first and second loadings. This procedure was cargied out
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cell pressures of 5, 10 and 20 1b./sq.in., several runs
being made at each cell pressure and the results averaged.
"Corrections for one rubber mgmbfaﬁe were obtained as shown
in Fig. 56. o |

The procedure was repeated at 10 1b./sq.in. cell
pressure with a filter paper drain being added before the
second membrane. Results of this series of tests are also
shown in Fig. 56.

Distortion of the membrané is rather more severe
with the perspex sample than with a u;éy sample since it
allows no deformgtion-at the edges,'whereasliﬁ a élay sample
thére'is deformation of the edges of the sample due to the
" strength of the rubber. The extra éffeut caused by the
"solid perspex shape cannotlﬁe:determined but’ it is ésﬁimated
thot the true correction should be 3 of that pbtained.. This
difference would apply oniy to the rubber uehbraﬁé poftion
of the cor;ection, as the drain vhich appearsitogéct somevhat
like a strut would not be affected. |

Curves shown in Fig. 56 have been drawn on this
basis for the corrections to be applied when failure occurs
on planes at cell prgssures ofp5, 10 and 20 lb./sg;iﬁ; These
curves have been used to correct the test data for vndisturbed

over-consolidated éiay presented in Part II.



‘ProAving Qi'r\g
20 Divs, par b,

7

‘ Parspax Dise
= ' Sreel Balls. .
Parspaex Disc

Sealing ,chés .

S Parspax SarSPla Slag vq.
Grooves om Plame S it
opem ko armgsphearae

u

Sarmple divided im Fwo
on Fhig plane wl-nch i
greasad. -

Rubber Marmbramg or ‘
‘marmbrangs amd draim

e
From Prassure
Sgs?am .

— V
-To Akmmosphara

T Movimg Plakform of
Cohprassicn Machina

‘ARRANGEMENT .FOR DETERMINING RUBBER AND DRAIN
CORRECTION WITH FAILURE ON A PLANE

- FIG.55.



' CORRECTION LB.JSQ.IN.

| ' A — 30

AS THE PERSPEX SAMPLE SHAPE CAUSES MORE
SEVERE DISTORTION OF THE RUBBER MEMBRANE
. THAN A CLAY SAMPLE,FOR THE SAME AXIAL
2.5 |— STRAIN, THE MEMBRANE CORRECTION TO BE
5 APPLIED TO A CLAY] SAMPLE IS ASSUMED TO BE
%3 OF THAT MEASURED.
THE CORRECTION sqoqu BELOW IS THEN 2/ OF
~ THE MEASURED CORRECTION FOR THE MEMBRANE

2.5

RN

2.0l— PLUS THE FULL COTRECTION FOR THE DRAIN. 2.0
& s | | 1 T S R s
o o - — ,/ — —1.0
O
|
0 : - ‘ - , —0 -
| | | 3 ‘ ‘ o) 1 2 z 3 4 5 6 7 8
 AXIAL STRAIN ON 3" SAMPLE: % | AT | AXIAL STRAIN ON 3'SAMPLE % o
" MEASURED ’STRENGTH OF RUBBER MEMBRANE AND DRAIN CORRECTION TO DEVIATOR STRESS FOR RUBBER MEMBRANE AND -
L " ‘ » N ‘ )
WITH 1X'® BY 3'LONG PERSPEX SAMPLE SHAPE ‘ S DRAIN FOR ¢ BY 3" SAMPLE, WHEN FAILURE 1S ON A PLANE
o
o - - P .- FIG.56



159
APPENDIX B

Bt AND c! BETWEEN LONDON CLAY AND A ROUGH SURFACE

The angle of reaction between any material retained

by a wall and the substance of the wall as well as the cohesion

between the two materials has a considerable effect on the
stability of that wall., Therefore, for the analysis of

stability of walls in London clay it is necessary to know the
parameters wvhich apply to these inter-material surfaces.
General data exists for the angle of reaction between various
types of soils and various types of surfaces; however, as .
far as is known, no specific data exists for London clay and

concrete or brick surfaces. Since c¢' is a product of over

 -consolidation and usually this has never occurred between

the clay and wall surfaces 1lts presence or absence at the
interfaces must be proved. In order to ascertain #' and c!
at the interfaces a series of tests was carried out.

The tests were done in a shear box arranged 80

that the shear plane through the centre of the box was also

'the plane dividing the sample from a rough surface. This

wav accomplished, see Fig. 57, by building up the stbna in
the bottom half of the shear box so that it was flush with

‘the surface. The stones used wvere rougher than the normal
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ones being bonded quartz sand of about 46 mesh size.
Roughness of the surface of these;stoneé vas of the same
order as unfinished concrete or unglazed brick.

. The shear box and sample were set up as shown
in Fig. 57 and allowed to come to equilibriumlhnder the
apblied vertical loads: After equilibrium the sample was
moved across the stone by operating the shear box in the
uégal manner, the speed used being‘thé slovest available
(.000077 in./min.) so that full drainage could take place.
The ;amples.failed under unusually small strains:(0.025 in.

average) with an average time to failure of 8% hcéuz;s.
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Four sets of shear tests were .carried. out with
London clay. In three cases the  sample was undisturbed
clay placed in the shear box in tﬁe usual manner; in the
other case the clay was remoulded. into the shear box at
its natural moisture content of 31.5%. Results of the
tests are given in Table Bl.

Sample Type and Origin of Clay 0 c!
‘Nos. ' . . 1bt/5(lo ft.
40,41,42 | Brown L. clay, Uxbridge No. 24 | 213° 75
43,4%,45 | Blue L. clay, Northolt - | 2140 150
46 h?,%S Brown L. clay, Sewardstone | 199 75
(remoulded) . |
49, 50 51 ,Brown L. clay, Sudbury Hill {20° | 120

TABLE Bl: . Results of shear tests between London clay and stone.

- From the results it. 1s apparent that the b'
mobilized between London clay and a rough surface is the full
8 of the clay and that ‘¢! is approximately one half that found
in the undisturbed clay. The existence’ of ct on such a failure
plane probably results from some of the shear surface going
th?eugh«the.boéy of the elay due toxits-small particle,size

rather than»occurring‘between the clay end stone.
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APPENDIX C

DRAINAGE IN SLOPES BY 'COUNTERFORTS

The uéual:method of stabilizing slopes 1s by the
installation of counterfort drains. Counte#forts in railway
cuttings are commonly considere& to provide S§ébility through
‘the greater shear strength of the materialﬂééﬁpgéing.the
counterfort and dralnage due to the counterfort is considered
relatively unimportant. The fact that there is little of no
changé in the moisture content of'the clay near counterforts
after their installation is considered evidence that the
dralnage effect is small. This observation is made without
fully realizing that clays usually remain saturated above the
water table and heavileovef-consolidated clays are on the
rgbqund portion of their consolidation curve and therefore
large .changes in effective stresé.aré neceséary to meke
appreciable changes in molsture content.

If the inflow of water in a slope is from surface
~m6istufe it is possible to obtain by relaxation methods the
flow pattern for the area between drains. 4 relaxation
solution was carried out for a section along the strike of
a SlOpe between counterforts on the assumption of two

dimensional flow. Results of the relaxation are given in
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Fig. 58. The position of the éﬁticipated water table is-
shovn in that figure for the level of the base of the
counterfort drain. : |
In order to obtain field data on changes in the -

vater table with counterforts such as these, a group of
piezometers were installed'at the Sydenham Hill site

(Skempton and Henkel, 1955). Nine piezometers were placed

S0, that in indication of the water table at difﬂerent levels

would be obtained. Observed water levels show that the water
tdole vas at aboﬁt the base of the-counterforte vhen the
plezometers were installed about three months after the
installation of the counterforts and readings over the

following nine months show it has remained there. A similar
occurrence was found at Northolt where piezometers installed

soon after the counterforts showed the water level to be at

the base of the counterforts. The lack of a water table above

the base of the counterforts in both these cases leads to tﬁe’
‘conclusion that the major portion bf the water in efLondon
. clay slope 13 ‘caused by the inflow of water r:Om*further up
the élOpe, or the area above the slope, and hot”by‘eeepage
downward from the surface. ‘The observed water levels also
show that counterforts are highly efficient as drains, and
".as they lower the water table considerably 50 that ﬂ' is

seldon fully mobilized, their effectiveness must be largely
as drains. |

|4"
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