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ABSTRACT 

Long-term stability of slopes in over-consolidated 

clays is considered in this thesis on an effective stress 

baSis, and it is sholm tha.t this approach to the problem is 

a practical.one. The study is carried out. with special 

reference to London clay as it is a wall known over-consolidated 

clay of wide occurrence, is relatively homogenous and there 

exist in it a considerable numbor of stability problems of 

economic importance. 

divisions: 

The investigation 1s considered under three main 

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

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

(c) Afield 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 

porel-to.ter 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 "lith' results from other sources give a clear indica-



tion of the drained shear strength parameters of the clay. 

It is shot~ 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 field investigation of natural slopes in London 

clay indicates that the limiting inclination for long-term 

stability is very nearly 100 • No failures have been found on 

flatter slopes and very fl,~w stable slopes which are steeper 

"Tore found. Analysis indicates that tho l1mi ting angle of 
o 

10 is consistent \lith the water tabl.e at the surface and the 

prosence of only the frictional component of the shear strength. 

The indications then are that the cohesive portion of the shear 

strength is reduced to zero on a long-term basis. 

The considerat.Lon of failures of retaining walls 

and man-made slopes shows that the most practical method of 

investigating stability for these structures in over-consolidated 

clay is on an effective stress basis. Results of the analyses 

indicate tha.t cohesion dimi.nishes ,11th time after construction, 

and a probable rate for tht reduction is suggested. It appears 

that the rate of reduction is influenced by the effective normal 

pressure on the potential failure surface. 

Remedial measurES and their effectiveness are con­

sidered for several cases ~nd sug~estions for design and 

remedial measures are consldered. 
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.ARR.ANGE11ENT 

Volume I contains the complete text and all figures 

and plates except those for the case histories. The 

figures and plntes for the case histories have been put 

in Volume II for convenience in handling but are numbered 

consecutively with those in Volume I. 
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PART I 

GENERAL CONSIDERATIONS 

INTRODUCTION 

It has been found on many occasions that natural 
; 

earth slopes, man-made slopes and earth retaining structures 

which have been apparently stable for many years do not 

always remain in that cond1t1on; failure somet1mes occurring, 

for no obvious external reason, a considerable time after 

their construction or formation. The time to failure.may 

vary from a feli' years in the case of a slope in' a cutting 

to unknown thousands ot years for a slope formed by geological 

processes. This phenomenon is most common in the type of. 

clay first. described by Terzaghi (1936) as "stiff, fissured 

clayll of the intensely overcompacted.group ot clays and now 
. . 

lmo\m a~ heavily C?~er-consolidated clay. 

. Over-consolidated clays are of wide occurrence in 

Grea7, Br1 tain llIld. we~tern Europ~. and the problem of s"tabili ty 

after construction, or IIlong-term stabilityn, in these clays 
.-' < 

bas been a concorn of engineers.for at least two centuries. 
v ,., 

lIowever, it is only within the las~. 35' years. that kno"rledge 



of the mode or formation of' these clays and techniques of 

handling the problems concerned were developed, and 1t 1s 

only within the last rive years that the laboratory tech­

niques and equipment capable of determining the relevant 

fundamental properties of the clay were established and the 

results applied to long-term stability problems. 

~ince the London clay is probably the best known of 
-

the over-consolidated clays, with regard to both its funda-

mental properties as determined in the laboratory and its 

action and properties in the field, this study has been 

concentrated on London ci~. The problem is considered in 

three main divisions: 

(a) Laboratory investigation of the clay 

(b) Stabili ty of' natural slopes ' , 
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(c) Stability of retaining walls and slopes in cuttings. 

During the laboratory invest1gationthe behaviour ot 

the clay under stress is invest1gated and its shear strength 

parameters in terms ot 'effective st~esses de'termined~" Tho' 

applic'ation of' these paramet~rs to the stability ~f natural 

slopes in London clay ob~erved in the f'ield,'indicates' that 

the 'cohesion intercept (c l > approa~hes z~ro on,D. g~ol'ogical 
" 

tIm~ scale. By analysing past failures of' retainIng walls 

and slopes in cuttings a probable rate for the'reduction in 



c l is deduced. The variation in the factor of safety of 

these structures through the possible .range of c ,. is deter­

mined and the effect1veness of remedial measures considered. 

HISTORICAL BACKGROUND 

Problems of slope stability are among the oldest in 

the field of so11 Jllechanic s and probably date ~rom mnn I s 

flrst nttempts to protect his home wlth earthworks and to 

bulld burlal mounds. Early. wrltten 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 ongineering problems of the time. Records 

of an observed slip surface behind a retaining' wall date 

from as early as 1699 (Vauban as recor~ed by Collin 1846), 

and Coul~mb (1776) noted that the failure.surface behind 

a retaining \'1011 VIas approximatelYI a plane •... Coulomb .postu-
. ' . 

1ated the concept'th~t shear strength in soils ls,made up 

of a cohesive component and a frictional component and used 

thls.concept to establish methods of determining lateral 

earth pressure. It is basically his methods that have been 

used to determine the forces on reta1n1ng \falls in Part IV 

of this s~:udy. 

The first detailed.observation on.slip surfaces 'in 

3 



slopes were made by Collin (1846) who collected information 

on several failures and observed that movements wero rota­

tional and the shape of the failure surface approximately 

cycloidal. The common idea at the time was that slips 

resulted from a pre-existing plane of weakness or a "TOak 

stratum. 
, I 

Collin hOlfaver, concluded that inadequo.te shear, 

strength uas the cause of failure and that'tho failure sur­

faces which nore' observod ware generally the result of the 

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

"lorlting ,-r1th st!ff fissured clay, and found that the per­

colation of water had a great deal to do with the shear 

strength and long-term stability in those slopes. At the 

srume time he advanced the idea that all slopes would tend 

to return ultimately to the inclination at which they were 

found in 'nature. TIle first recorded shear tests on clay 

were carried out by Collin who notod that the strength of 

tho clay varied \11th moisture contont and with time to 

, fn1luro, but the tests "Taro generally what would now be 

considored undrained tests. 

4 

In Great Britain tho problems of slope 'stability 

bccamo l.'101'0 prossing 't1i th tho construction of the railroads, '~1 

stnrt1n8 about 182,. Gregory (1844) gives soveral eXalilples 
, 

off'ailures in ra11'tmy cuttings which took place some years 

nftol' construction., >' He attributed most of those slips to 



"statIcal" water forces and the sotten~ng ot the cl87 due 

to the InfiltratIon ot water, and notes that drainage was 

a definite aid to stability as follows: 
. ' .. 

"water in these and most other cases appeared to 
be the ultimate cause of all the slips; ,the, 
drainage therefore ot the slopes, as recommended 
by the author, in both cutt1ngs and embankments, 
is n consideration of the utmost importance ••••• " 

Gregory makes no mention of a stu~ of the shape of' the 

slidins surfaces nor does he attempt to determine shear 

strength and invest1gate methods of ' analysis as Collin 

,,,as doing at this time. 

The works of Col11n and Gregory were almost,com­

pletely 19nored, but Coulomb's theory as well as Rankine's 

conjugate stress theory (18,7) were app1ied:to retaining 

''1all des1gn in the latter part of the 19th century. However 

as soil properties were not in ceneral measured,nor was the 
, . 

effect of water pressure understood, the results were far 

from 'satisfactory and'numerous f'ailuresoccurred.' The: 

si tuation ,,,as 'so unsat1sfact~ry that Sir BenJamin Baker 

in 1881 remarks: " ' "',. . ,\' 

.', ;; ~ ), " l 

"If an engineer has not had some failures with 
retainingwal1s.'it is merely eV1denoe that his 

, pract1ce has. not been suff1c1ently, exte~s1ve ~ •••• II 
'" ' '~ j 

... "In keeping with the trends of the time it appears 



that although theories and mathemat1cal approaches had 

been advanced for the design, of earth retaining structures 

the investigation of soil properties and failures was 

seriously deficIent.' Baker (1881, p.182) refers to this 

trend, vithout doubt quite justifiably, in the following 

words: 

" ••••••• it 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 
value, os the weather forcast for the year in 
Old Moore's Almanack. fI 

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 cir~ular arc for 

the purpose of analysis was first introduced by Petterson 
, • J 

and Hult1n (1916) in' considering the failure ot a 'quay at 

Gotenburg. Further work in Sweden under Fellenius (1922) 
. t' -

an 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- . 

cedures result ,in the ~. 0 analysis as it.is now used • 

. . ,;., 

6 
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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 \tlith time.' He considered this to be due t9' 

expansion of the clay under reduced lateral'restraint and 
., \1 

s'of~ening of the clay surrounding the fissures by the' infil-
, , ,. 

tration of water. 
." 

Skempton (1948) considered the problem 'fUrther and 

gave a tentative relationship bet\tleen average shear strength 

al~:mg a failure surrace and time. Further -developments' " 

since then indicate,that it. is ~ore logical 'to consider th~ 

long-'t'erm stability problem in terms or efrecti ve stress' 
'.,;' .,,' 

parruneters determined from drained tests; 'rather than on a 

total stress"(,fj = '0) basis. 
, r 

.A'significant steptoliards the Underst~ding 'of 

~~n:g~t~rin st~bility in over-consolIdated clays "i~s,'m~de'by 

Terzaghi 1~1925,when he introduced the con~e;t or: eifective 

strE;ss, although tlls"principle was not applfed~to' the' prob-

lem' at that time. 
~ .. ' .' 

Bis~op 'and Henkel. (19 ,30.) sho'~.,red tha t wh~n '~' he~vilY 

o~e~-;consolid~t'ed ~laY 'w~s:-stressed,' negati ~e: ,p'~rewater' 
.... ',' • :' • < ,,_ • • • ,1.<;,,_;:.,. :} "1 • • 

'pre,'f,Ssure' changes could ;,be set up,' and herein :'skems to iie 
I .,. ~ " '. < a ~ , ".' .' ~ .:." ~ •• , •• ' • • ~i" _ , ~' ..- . 

one' of ·,the key's 'to the"understanding of long::':~em sta.bility 
, . ' .' 

, , in: this cla.ss of clay. : ~enthe clay is':stressed'in; th~ , 
, , . ~ " , '.. . -

I,~ < . 



field, generally by the removal of lateral support, .internal 

negati ve porewater pressures are set up l'1hich gi ~e the clay 

8 

a high initial strength. These negative pressures eventually 

dissipate causing a 101vering of the shear strength and hence 

a less: stable condition. It is this negative pore''1uter 

pressure which gives over-consolidated clays the ability to 

remain at very steep slopes for short periods of time, a 
. . 

phenomenon that has baffled investigators and \o:P~erver.s for 

.many years. CO"l.'lper (1844) noted that, after the faj.lure of 

a retaining wall in London clay near Euston Station, when the 

wall was removed for rebuilding the same clay which has 

caused the failure was able to remain almost vertical without 

support. The stability of the retained clay ill a case such 

as this is probably due to the setting up of further negative 
, " 

pore~Tater pressures under the new stress conditions, the 

dilatency of the clay having been 'incompl~te in it~ tormer 

state. The same occurrence w~s noted bY. Baker' (1881)' and 

doubtless has been observed on many occasions both'before 
, . 

, ,\ ..... 
and since. 

.' ,\ 

The application of effective stress ru1'alya1s to 

stability problems in stirf fissur~d clny~ lIDs 'developed 

only ld thin the past 1'1 va yoll.rs. Henk~l~ci Sk~II1Pton' (1954)' . 
• .. f.s - ( 

used drained shea.r strengtbs'in'theanalysis of a. landslide 

on a natural slope in over-consolida.ted' clay 'and 'sh~i~~d . 

that this 'approach to the stability'problem in ov~r-consolidntod 
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claY's was the most feasible one. It was shown 1n that stud7 

that a good indication ot stability 1s obtained if' the 

cohesion portion ot the drained shear strength 18 omitted 

and only the frictional part used. ,~h1s implies that. on a 

long-term stability basis 0' is reduced to zero and it is a 
:further consideration ot this phenomenon that this thesis 

will consider, with special. reference to London clar. 

OVER-CONSOLIDATED CLAY 

Over-consolidated, clay' may be ,defined as; cl81' which 

was or1gtnall7 consolidated under, a greate~ load than that 
• • , -e-' \.. 

under which it now exists. The original con~olida~io~ in 

this type of' clay has generally been brought about by the 

weight or incumbent ice sheets or sediments which have since 
. " . ~, '~ 

disappeared. In some places the over-consolidating loads 
" , 

\ ".-

may have been" both ice and sediments with the meltwater f'rom 
• ~ < • l, 

the ice contributing to the removal of' the sediments. 
... T " < ~" , ' 

Over-consolidated clays include relatively homo­

geneous sedimentary clays such as the London or. Lias clays 
., " I. ' • ,,..',. -,.. -. ' 

as vell as boulder clays, which by the very nature o~ their 
, 1 i . _, ,< ~ ,:' 

formation under ice sheets are over-consolidated. The 

boulder Clay~ 'are usually composed or ground-UP' debris with 



great variation in particle size and usually have no vell 

defined structure or stratification. Clays deposited as 

sediments and later over-consolidated are usually much 

10 

finer in grain·size and more homogeneous in ch3racter~ 

Unlike the boulder clays they generally contain fissures 

which exist throughout the soil as a system of fine cracks. 

When the soil 1s in a relatively dry state appr~ach1ng its ' 

plastic limit it breaks 'easily along these fissures into 

fragments, the size of uhich vary from clay to' clay, and 

within the same clay, and have been observed to be as small 

as cubes of less than i in. 

Fissuring is not usually found in samples,either 

normally or over-consolidated in the laborator,y but has 

been found to take place (Skempton and Northey, 19,2) in 

London clay remoulded at the liquid limit and stored for 

a year. Many normally consolidated marine cl~s are also 

found to be fissured. It l~as suggested (ibid) It •••• that 

the fissures developed as a result of syneresis, a colloidal 

process whereby the particles draw themselves together under 

the action of attractive forces and expel some of ' the pore-

water. II 

Because of the high loads once sustained by 
.i "_ 

heavily ov~r~co~solidated clay,'high lateral pressures were 

set up within the soil mass and with the removal of the 
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load some of this pressure has remained. The result is 

that the coefficient of earth pressure at rest (Ko) is 

proportionally high for these clays, commonly boing greater 

than 1.0. vlhen a cutting in stiff-fissured clay is opened 

the high lateral stress 1s relaxed, which gives the clay an 

opportun1ty to expand laterally and the fissures .to open. 

Such expansion ~s been noted to a very marked degree in a 

stlf~ Devonian clay underlying glacial till by Terzaghi 

(l9~0) 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

bility of the soil to a considerable degree, see Appendix C, 
.. ,' '. . : 

and nllo1'1s easier passage.of the porewater, undoubtedly 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 deposit of the Eocene 

p'eriod \v-hich \-laS originally about 400 ft. thick and overlain 

by, further sediments.' The superlmpos'ed sediments have 'been 
',. ;, ','-, 

completely removed by erosion in most or the, London basin and 
, ~ < < 

generally the larger portion of the ,London clay has been 
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removed as well. Total thickness of deposits on what is 

now a typical po1nt in London clay, at 100 ft. above its 

base has, been estimated (Skempton and Henkel, 1957) to have 

been at least 500 ft. and probably nearer 700 ft. In somo 

areas the London clay has been covered again, atter the 

maj or portion ,.ras 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 usunlly found to be weathered and light brown 

in colour. BelOlof this is the blue-grey unweathered clay. 

Usually both zones are found to be considerably fissured, but 
.' '. 

near the surface where the clay has a high moisture content. 

the fissures may not be particularly evident. Tho average 

plastic limit is about 27 and the average liquid limit about' 

80 but there may, be variations in these values,: pal~ticularly 

tho latter. Natural moisture content below the surface zono 

is usually near the plastic limit,. indicating tho, high degreo 

of consolidation to which the clay has. been subjected. Both 

the "mo'isture conte!lt and ~he Atterbe,rg 11mits are usually 

found to be slightly higher in the went'hered zene.' . '. : ~ . • " • • • '~ '. + 

Although variations and very occasional fine sand 
• "'<-'" , 

and silt seams OCCt~ in the clay remarkably smallditferencos 
, • • • . ': ' "" ,; , <. ~ ~ ',,, A' ~ .,' - " 

have been found over zones man.y feet in thicltness . , . - . 
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(Cooling and Skem;pton, 19't2)., It has also been shown 

(ib1d) ,'that :1ndex values give a good indication or the. other 

mechanical ~r6pert1es ottha so1l. 

Gens1 t1 vi tY' at the clay' is very nearly one (Skempton 

and Henkelt 19,7). 

SHEAR' STRENGTH 

Coulomb (l77!): f'irst suggested that the shear 
" ' 

strength of a s011 was made up of a cohesIve and's fr1c-
. '. 

tiona! component. This led to the equat10n for shear 

strength: 

,.,her,e' 

, . 
s = C + a; tan ~ • ••••••••• (1) 

S = 

C = , 

an = 

¥' --

the shear strength 

the cohesion 

, " 

the normal pressure on the shear plane 

'the angle of internal friction ' 
. " 

:., 

The existence 'of' Internal porewater pres'sur,~.s in 

soils was shown by Terzaghi (l92,):but was not applied 
-, . , , 

directly to shear strength at that time. ,Rendulic (1937) , . 

showed that the strength and deformation propertIes ot a 
/, ,.. \ I ~ " • " ,J " 

soil 'were controlled bY' the intergranular forces and since 
, . 



then th1s has been demonstrated to be so for a wide range 

of soil types. The intergranular or effect1ve stress 
" 

acting at any po1nt w1thin a soil mass may be expressed 

by: 

crt = 0-- u ••• ' ••••••• (2) 

't<There 0-1 = the ettfactive stress , 

cr = the total stress 

u = tha porewater pressure. 

The shear strength may then be expressed'in 
, , 

terms of effect1ve stresses as: ' 
~, 

S~ 
" = C' ... a:' n tan /J' •••••••••• (3) 

where S~ = the shear strength " ) 
') 

C' = the cohesion ':,') , 
) all in terms 

an' = the normal pres sure , )' of, effective 
on the 's~ear pl~e ; ), stresses. 

, ) 
ill = the angle'of shearing ) 

resistance .. ) 

, " ~ 
, , , 

. When clays are consolidated ~d th~~,tested under 

drained cond1tions no porewater pressures are' set up during 

'the test1ng,andthe shear strength in terms 'Of effective 
, , .. \ 

stress 1s obtained diroctly. If a number of samples of the 
, .-' .; , ' 

same, clay are' consolidated ,Under. different :conf1n1ng',:;pressures 
. . . ' '; , . . , : ":,' ~': " ,,'::. 

and drained testB then carried out at the sarne pressures, 
: 



Mohr circles may be draw. uhich will yield a Mohr E)nvelope 

for the clay in terms of effective stresses. 

Similarly if a number of samples ara consol1dated 

at different presstlres ruld then tested under undru:tned 'con­

ditions ''11th porewater pressures measUl~ed, their shear 

strength in terms of effective stress may be deter~uned and 

, a Nohr envelope, also in terms of effective stre'sses; 

obtained for the clay. However samples consolidated at 'the 

same pressure and then tested Und~r'undrained conditions 

yield the samesheor 'stre~gth~ '1nterm~, 'of both 'total and 

effect1v~ ~t;esses"'l'rre'~pec'tiveof' 'the corifinmg :pres~ur~ i" 

during,~esting. The total shear strength for such samples 

may 'th'enb's 'expressed in terms 'of ~oheslon:6niy~ "',ThiS is 

al.so f~m;d to'b'O the ~\c~se . for 'undisturbe:d' 'ri~ld' samples :~f 
sat~ratedclay,s'oeror ~xamPle GOider;"~d' 'Sk~mpton (1948)~:: 

" . 'Normal11~c~nsolidat~d·~l.a.ys· ',isu~llY ':~~ibi't·" 
P~sitive' p~rewater preS~li~'e' c'haIl~e~ ·~hen test~ci 'und~~ 
undrained dond1t1on3 "mid 'th~ir offe~t1ve';st~ess;'Hohr " 

env~lo~e~:iul~s tlirOughthe' or1gin '1~d:ic:atlng : un' an~l~ . of . 
, "'.' ' "" " 

shear1n~,resistance but no COhesion. "The samo"'result,' 

ai though 'usuallY 'a ~iightly" dirf~r~nt angle;', :ts "~bt~.1~ed 
"'" . 

froi.ll 'drained tests on' normally', conSOlidated 'cJ.'ny.~ i.' AS' the 

p~reVTater pressure changes set' up' \-Then"th:i.~ <ciris,;~"'or":'cl~ 
is stre~sed' are 'positive, their dissipat'loxi l 'miwt 'resu~~ ,in 

an iricrease of strength due' to"~: 1ri~re'ase'of' the 1nt~r~ 
" . , 
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granular forces. This is illustrated in Fig. 'U uhere 

the total and effective stress envelopes are given for 

~emoulded, normally consolidated ,London clay. It is 

therefore apparent. that the critical period for, stability 

in normally consolidated clays is usually when they are, 

first stressed. The shear strength is then lower than ~t " 
~, . . . , 

'r '. 

is after the porewater pressures 'set up by the'~tressing 
'. ,," . -

have had an opportunity to dissipate. 
; 

Heavily over-c,onsolida~ed clays usually show' 

negative porewater pressure 'changes 'when 'stresses approaching 

failure stress are applied under undra1nedco~ditlons. ' The 

Hohr envelope, see'Fig. lB, in terms ,of effective stresses 

from undrained tests indicates an angle of shear1ng resis-' 
, ' 

'tance and the presence' of cohe'sion. Drained 'tests give' the ' 
, '. I,,,. ' . , 

same type of ' results except that the angle ,is slightly 

s~alle~' and1n some cases the' 'effective cohe~'ion som~what 
;.. 

, " 

10\,ler." As the porewater pressure changes set ,up l>J'hen heavily 
',- ',> 1 . ", ' .. , .. 

over~consolidated clay is stressed are negat1va,their dis-

sipation'must result in a lowering of the i~t~rg~anular ' 

rorc~ and hence a lowering of the stre~gth.," Thn'\;"fs :the '­

shear strength dr~ps' from point x, Fig. lB to point y. 
. ..... . . ". ":" " ',', - '" 

This,'indicates that the critical, period for stability in 
. ",' ': '.. ~ 

" , 

heavily over-consolidated clay is,not when the clay'is 

first ~tressed but ,after the negative porewater pros~ure 
. " " . , ,', ),,' ~' ~ 

',~, ,oF t. (J ,'" 
, 
J 
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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 indicated by the drop from 

undrained to drained conditions. This lessening of the 

strength is apparently a loss of effective cohesion and 

it is the purpose of this thesis to show that this occurs 

and to consider reasons why. this comes about, and make an 

estimate of the time taken for it to occur. 

Research on clay that has been both normally 

consolidated and over-cons?lidated from a high moisture 

content remoulded state in the laboratory (Gilbert 19~, 

Plant 19,6) indicates that there is relatively little 

difference in the shear strength characteristics of the 
. ., . 

clay until· an over-consolidation ratio oi~about four is 
.~ '" ~. I',,,'. 

reached. . At higher over~consolidation ratios however there . , ~ ~ , :. . " 

is tl. pronounced difference, in the shear'" strengths, becoming 

greater at. higher over-consolidation ratios. ~or the pur­

pose of this thesis the term over-consolidated will be used . . 
to mean heavily over-consolidated.clays, .that is clays with 

. .. ~ - - ;, '" . " 
~. ~ . 

a c'onsiderable . over-consolidation ratio such that cohesion 
, ~. . , 

(6 i) '1s present nnd the shear strength in terms '. or effecti vo 
, • , • ".. > " " .. '., ',: ,.' 

·stresses ~s greater t~an the normally consolidated. shear 
" " ", 

: strength in.terms or efrective stresses. 
, • , • • ,> "~" :,":' • ,i / ' • 

:.:, Until 'recently, . common practice ha~'been to use 
. ".,' " ••. " '. • ..... t 

" .. '.' '. 
, t , ": '. ~ • • ". I, ... 

, . 
'" .. 



immediate undrained strengths for the investigat10n of 

slope stability in all types of clay. These strengths 
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'l-rere measured in the shear box, . by unconfined compl"ossion 

or by -triaxial tests, the latter method usually boing used 

with fissured clays to prevent failure from taking place 

along the fissures. AS has been discussed abov~tho 

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 sho'l'ln by Terzaghi (1936) 

could account for some of the loss in strength in a highly 

fissured over-consolidated clay. But so far as 1s lcnown, 

softening has never been observed to occur· extensively in 

a highly fissured clay to the p.oint where the average shear' 

strength on a potential failure plane 'is as -101'" or lower 

than the drained strength. Therefore it appears that the 
.:-" 

only practical method is to usa drained shear stl~(ngths for 

the consideration of long-term stability problems' i~-over 

-consolid~ted clay •. The first time that this-approach for 

stabil-ity considerations in over-consolidated clny "tas used, 

with a full comprehension of.the reasons for doing so, 

~ppears-to have been in' the analysis of the,slido at· . ' 

Jacktield, Shropshire by Henkel and Skempton (1954). , 

., .'" 
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Drained shear strengths will be used generally 

for the analysis of the failure cases 1n Parts III and IV 

of this thesis. These cases are all in London ·clay and 

are all failures that have. occurred a .cons1derable time 

after the stressing of-the cl~.> 



•... : -

20 

. , 
~ ~ , .. . \ 

LAB .0 RAT 0 R YIN V B S T I G' 11 T ION 
; , 

(." 

.. 
INTRODUCTION 

. 
It is eyident that a,knowledge of the effective 

shear strength parameters, 'and the drained shear strength . :'" 

in' particular, is necessary for .. the. consideration of long 

-ter.m stability in over-consolidated clays. 'To' obtain 

signifIcant· shear strength parameters" whIch can be appl1ed . . 

to failures in the fIeld,testtng must be carrIed out on 

undisturbed·samples of the, clay, as.remoulding destroys, 

any. ~'. Also,.'lt is usuallY'fmu,td that the eff~ctive 

angles of shearing resistance are slightly lower in . . ", 

remoulded·s~ples •. Both these reduct10ns 1n shear str~ngth 

are probably due to some loss of structure wi~h1n the . ,clay , 

itself. 
.. 

..... ~ ... ': For. the reasons given, t~e l~boratory investiga-
. . '., . 

',,~lon ~,w~'s carr1ed out 'on .undisturbed clay w1th only. a-.few. 

:except1ons.·; Samples .:in an und1.sturbed state ·were· not . 

. llvailable in some cas'~~ arid for· the boulder ~la1. it .was 

very d1ff1cult tot~e good 1t 1n~ d1amete~und1stU;bed 
, '," , , 

',,' . 
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samples beoause, of the pebbles in the clay. Clay samples, 
~ - " It. " . 

even when taken trom side by side, are seldom as uniform 
.. i > _ ., 

, • ~.~ TO' V ~ .,' .. , 

as remoulded samples, therefore the sama amount of a~ree­

ment cannot be 'expected in' te'st~re'sults.:', Difference in 

structure and grain's'ize~accounts' for 'some 'or the variation 

, between samples and it appears that, fissuring can causa, 
'- . ....~ '~.,.' . ,"-' 

,large differences in test results. 
~. ~ ,~.'. ,~ 

As the largest number of examples of ,failures in 

over-consolidated clay most suitable for analysis are in 

London clay and as this c~ay was the most readily obtainable 

< in ~he undisturbed state, the laboratory testing programme 
~., . . 

. " ,,," ,,, .. ..,,-" 

was concerned primarily with London clay. A few other 

over-consolidated clays";" however,' we'r~' tested so that' a::' 

"comparison of' their properties 'and behaviour' under' 'she'aring· 

z; stresses could be made~' ',: ' : ' '" 

,Samples are' usually tested, triarlaily in the " 
~,'I- .:: ~ :' ',', ... :,' ,. • """ ' ••• ; ,t • ,," ,,-~ ~ ,.",' ~. '. 

laborato~ by i~crea~ing, the vertical stress, (OJ ), ~n the 
.. ,« ~ ... , " ' , 

sample and keeping the lateral stress ,tOj ) , constant. ' 
, ' \'" ,," ~, , ,~ ,~ ~c ;'.' ,_ ~ '~" , ," ~ l':. '. ~ ~ '~,' .'. .~" ... '" , : '. ~ 

'HovTever, ,1J? the,> case pf, clay under stress in, a natUral slope, 
, , " • ",', ',," j , , 

or the sid~, of ;'q. ,cut'tiIig 't~e ioad' luis ' generaiiy, b~eri applied ' 
l,.. ;- ",' I • ' .' , , " ~" , " , ".. \ . '-,' ' " : ' . \. ' . 

in the opposite manner. "There, .the ,ve;,;t1cal., load, stays con-
• " '~"':' Iv _ .,... I, ,.' , \: -" ':, ' '.. I,. " 1 :. 'i, 'f"" 

'stant or perhaps, decreases somel-That'lihile there is a' con-' 
',' /' ~ ".~', ' " ~ .,- \0'_' ,- 1_'''' ,'~ <.), ", ,.: "';<., ... ,.~;, 

siderable 'decrease in the lateral"'restra1nt~ :". This, might 
i \, , & >' " . :.~' .. ' "'. ". " •. ',a ,"! '" ..' t. '<-': \.: 1 , •• " 'I'O-.f ~ ,.. 

resul t : in different shear streng'th parnmeters 't't~cm' those 
• > 1 ~ ~,..,.., ~ , 

, >,' , 

"'operative at :f~llure in'the'usual:type of'.labor'atory':test • 
• 1. • < \ .:~ 

'. ". 



With this in mind tests were carried out under two 

d1rfer~nt sets of stress conditions: 

(A) Increasing a; with constant as stresses, 

(B) Constan~ at with decreasi~g ~ stresses; 
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The test results could then be compared and differences in 

shear strength, it any, determined. 

LABORATORY EQUIPMENT 

The greater part or the testing programme consisted 

or triax1a1 tests on samples of undisturbed over-consolidated 

clay. Types of test carried'out were: 

(1) Drained test with increasing or and constant 

03 stresses. 

(2) Drained test with constant or and decreasing 

OJ stresses. 

(3) Undrained test with porewater pressure 

measurements, increasing or, constant 03 • 
(~) Undrained test with porewater pressure 

measurements, constant C1f, decreasing OJ. 
(5) Immediate undrained tests. 



The major1ty of the triaxial tests were of 

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

purposes of comparison. , ' . . .' . 
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Samples tested were lt 1ri. diameter,bY'approxi­

mately 3 in. long andl'1ere. t~~ted ~ a' tri'~~i, cell~.r 
internal dimensions 3t in. diameter by 7t in. long. 'Cell 

• • j' • 

, , . , 

pressure was maintained by a constant head mercury cylinder 
, ~ . " . " - ~' 

pressure deytce (Bishop and Henkel, 1953b). 

In the increasing CTi· type. of, test load was" 

f:lpplied .. by: means of, a, constan,t rate. of, st~a~ load1~g rr~e . 

as shown ,in Fig. 2 and~'Plate I. This ,mach1~~ was equipped 
, .. " - , 

,\';i th' a .mul ti~speed gearbox' so . t~t . 'a very. wide' selection 

of ' rates of strain was available. Porewater pressures 
• '. • ' • + ~ • " •• 

lfe:r;-e measUred, . without allowing, vol1lIlle .change of the sample .: ~ .. . { ,,, " ' , 

i . ~ ',.' , 
:t'o'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 f~lied' w1th de-air~d>waterand any 

change of por~later pressure. in .the sampfe. tends to c~use 

a change in the level of the mercurY,in,thecap1llary tube. 
, . ~ , ~ 

By adjusting 'the pressure 'at. the. base o:f. the .,i:ne~c~i .;column 

with the hand operated cont~ol ram, any change, in the mercur,y 

level ~~ prevented.· . The balancing pres,sure: req.uired~ which 

can be read from the pressure gauge or'mano~eter~ then 

indicates the pOrel'1ater pressure in the sampl .. e •. 



Constant OJ. , drained tests "lare, carried out bY' 

applying a vertical load to the sample as the cell . 

pressure was reduced. To do this aluminium alloy hangers 

were designed, see Fig. 3 and Plate III, to balance on 

the piston ot the triaxial cell and suitable loads \-Tere , , , 

added to the hangers as required. ' 

In the case ot a test in group (4) (constant Ol': 
with p.w.p. measured) the constant rate ot ,strain load~ng 

frame ~as used to apply a vertical load (OI) and the cell,' 
~, , 

, . . 
pressure was continuously adjusted by moving the mercurY' 

pot so that t~e total Ol on the sample remained constant •. 

, Two tests were carried out so as to simulate 

the'conditions ot alternating stress to which clay in a 
, ' 

.' . . 

slope is subjected by fluctuations of ground water level. 

To do thi~the external loads on the sample must be kept, 

cons~a.nt 'vlh1le the pore'tofater pressure is varied, 'drainage 

of the 'sample be1ng allm';ed to take place.'" 
, " 

, , . 
A circular volum~ gauge was ~uilt for this 

purpose,,: see Fig.·9 and, Plate V.' With it, the yolnmo change' .' , 

. ~. . ,. 

in ~he.sample ,co~d be measured while a pre~set porewater 
I ' 

pressure was maintained. The mode of operat1on of the 
, , ' 

gauge is indicated on Fig. 9. , " . 

, . ~. 
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LABORATORY PROCEDURE 

,The majority of' samples used.in t,he tests ;were 

undisturbed samples and arrived at the laborator.y i~ the 

1t 'in. dianeter sampling tubes in which they had been .' 
, • ". ' .. • ~. i ~ ,,; 

taken. To prepare the samples for tes~ing a portion of 

the clay was extruded from the tube into a 1t ~. diameter 
, , 

brass mould., Three I! in. diameter. thin walled brass 
- .,'.,. .,-' , 

. , 

tubes with. sharpened ends were then ·,jacked-into the " 
.. -. # , '.. ~ .' > .' ~ , • ..!-~ 

undistUrbed 'clay in.the mould,so that, t~ee It in. diameter 
. .' ~:. . . 1 . ,", , " - _ .". - ~, . ~.. , • 

samples were ~aken. .At least two moisture content samples ' 

'\I,ere taken from the clay . left '.in : the ~0uld ~d the remainder 
. ' 

discarded. The clay in the It in. diameter .~ube was next 
, ~ ., , . . .; 

squared off at each end to 3 in. ,length, ',while"stlll,ln .. , 
, . .' . .' 

~he ·tube •. Moistened filter.paper· discs were ,placed on each 
• ,'.... • , • f, _ ' • t • ."., _.' 

: .. ~ , . 
~nd. of the _sample and it lfas extr,uded, .then weighed and the .~ 

. height meas1:ll'ed. 
'- -, ~ .. -

The. base ,of ,the cell had.been de-aired by inverting 
" .~ .. , , " ", y • ~ .. .. 

it in an evaporating·dish.of.de-aired water. and sucking.water 
~~ - - , ,,- , ,. . '. ' , ,. 

through it by means of a.vacuum,line.attached.to·the'burette. 
,-- .. ~,~ ' .. _ '. ,,~ - .... , r','..~'T, 

Af~er de-airing . the, bas~ was p~.aced.upright and a. porous. ~1s.c, 

uhich had been de-aired by being kept in water that was 

bolling for'at feast 15 minutes, was placed on top of it. 
. . 

The sample liaS then poslt1onedon the disc and a similar. 
- ". 

disc placed on its top. A_filter paper drain, which had 
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been mOistened, was then set in place and n rubber 

membrane put around the sample and sealed to the'cell 

base by two rubber rings. Air between the membrane and 

the sample was removed by flooding the space with water 

trom the burette and gently forcing any air bubbles 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 ot about one toot ot water was put on .the sample, 

by lowering the burette, to drain ott surplus vater between 

the sample and the membrane. About a minute was usually 

sufficient to complete this drainage, the tap to the ., 

burette was then closed •. 
, " 

Wi~h,the sample now ready, the cell top was put 

in position and the cell tilled with de-a1red water., . ~ 

Hacbine oil ot medium density l-tas added on top ot the water, 
~ .', " , ' ,,~ , 

to complete the last • to i in. ot tilling the cell, so that 

leakage around the,p1ston dur1ng tho test would be minimized. 
• ' '. ,J ,~ _.. ,~' , " 

Cell pressure was npplie~ by means ot the,air/water cylinder 

and, then m~lnt~ed ~t t1?-e desired level. by ,th~ ',mercury 

cylinder system which had been pre-set to give the required 
'. _ " " _ • _," \" ,J \, " 

pres,sure. 

, . ,The sample ,.,as now ready tor consolidation "under 
. . '. ' .' . ~ ~ 

, ' , 

the c~llpressure, and this t~s.alloW~d,to proceed by 
'. ',' 

opening the 'valve to the burette., Readings 'ot watermov~m,ent 



on the burette were taken on a ~ basis. and it was 

found that equilibrium was usually reached. in less than 

24 hours. ~ce equilibrium had been a~ta1ned t~e sample 

was ready for testing. 

Drained tests or the increasing cr-i type were 

carried out in the constant rate of strain loading frame 

at a rate such that full drainage would occur, the 

necessar.y rate being calculated as given by Gibson and . 
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Henkel (1954). Average strain at failure in this type.or 

test was about ,~ and the rates or 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. 

HO't'1ever, in· some C?ases, the rate or strain '-Tas .. reduced 

overnight ir it appeared railure would occur. while .the 

sample uas unattended •. .A.lthough complete stress-strain 

and volume change curves cannot be drawn·with suchs 

procedure, enough pOints:are obtainable to draw the curves 

w'ithout appreci~ble error . and by judicious timing the ,,' 

failure points.can be reached while the test .is attended. 

Undrained tests with increasing C1'i and porellater 

pressure measurements were carried out in.the same manner 
. " 

except that instead of' allowing drainage., during the test 

the bUrette was removed' and the sample connected' to_th~ 

porewater pressure, measuring device. .. When. the ·test continued-
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overnight 1't "Tas necessary to close ott the porel'Tater 

pressure measuremen~but since this operation resulted 
, ' , 

in no v:~lume" change and the pressure could be, est1m~ted 
I; ,'.:,"-, .' • " : . . . :~ 

closely and pre-set, ,there was no effect ,on the sample. 
, .',' . , .. 
D~~ined tests under constant OJ. with' decreasing 

& ". 

C13 stresses were carried 9ut by using de~d loading on 

the top of the sample to keep ell constant as the cell 

pressure was decreased. The most practical~~ethod in a 
".' " . " ",' 

test of this type is to apply the loads in"'incr~ments and 
, . -. ' , " 

adjust the ,cell pressure to the suitable va1ue~, The 
, , , 

increments of loading were arranged so that'enchwas about 

10$ of the estimated load at failure, up ,.to 70 or 8~ of 
~'. . .-

the tot,a!" increments of', 'about: 5~ or the :lo~d ~ere ,'t~en 
.' . .....l • \ ' . ,'. .' .: <. '~:.:.',):: • ' , 

used un,til about 90%, total load when the )ncrements ,',were 
. ': .. ,'. ,'", . '." . 

, , 

cut down to .2. or 3~, {see Fig. 5>. , In ,this manner a', , . 
'", ~. _~' I-- ~, ;. , • ." .~' 

relatively smooth stress strain curve was obtained. 
,j " ,- N' , f , ' ~ .. ,., • " 

Usually equilibrium under an increment of loading was 
, < < ',~,., _, 4 ~_" "" ~ ~ _ 

r~~ched"iri"thr~e or . four hours, bu.tthis varied "'lith , 
, .. ~ , _ '. ~, • .,',., ..."" ., , • < " {, <f> '~' ,', 

different clays and with the position of the increment in 
• • < • , } " _ ," i 

the'stress-strain curve', i.e., increments at higher loads 
, , , >, -. <>...' ~<, ~ - " ' .. 

. usuallytal,te longe'r to c,ome to equilibrium~ue to the. 
, , 

increased strain they, cause. Increments of load were never 
• ' ' l • '. • .', ~ 

added ,at a': rate, of more' than'two',p'er daY and" in' some ;cases 
'" , = ~ ) , ." -, ~ .' ' , " . . . . ':" ~, } "'" .... "': . '. '.~;' 

only one perd~, hence the time to failure was'usually . 
,.' ", '" ,~', ~ ,~, " " - • ' ' ,," < • ( 

one to two weeks which is 'sufficient to allow'compl~te 
,.I • .:, 
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drainage. " . 

Only one test was done measuring porewater 

pressure under constant.orl conditions and it was carried 

out in a constant rate of 'strain loading frame, the cell 

pressure (03) being lou'ered to keep OJ. constant as the 

load measured by the proving ring increased. ' As a test 

of this sort requires constant attention in adjusting the 

cell pressure it "'laS necessary to stop it overnight and 

maintain the vertical load by dead loading. As far as 

,could be seen, no ill effects result~d from this proced~re. 
" 

Upon completion, of the tests the tap at the .: 
, , 

base of the cell connecting to the sample \'Tas closed to 

prevent moisture change, load ,,-ras then, re,moved, tho cell 

pressure ,reieased and the coll 1'luid removed. After 

removal of the s'nmple,from the cell, the ,rubber'menbrance' 
. ' '. . 

and 1'il ter drain were" removed and the sample '/eighed~ The 
. , 

angle of the shear plane" 11' one occurred, was measured .' 

and three moisture contents taken; 'one 'each from near the 
. . 

top, 'centre and bottom of the sample and, ,in addition, 
, . 

moisture contonts of tho clay'on both sides of the shear 

plano llore taken. 

Two tests' were also run on samples undor constant 

cr:i conditions· rind alternating stresses by changing the 

por01'1ater pressure. The tests' are considered. separ,ately 
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at the end of the general test results. 

TEST RESULTS 

A·summar.y of .tho results of the tests 1s given 

in Table I for London qlay and in Table II for other "clays • . 
Typical stress-strain and volume chango curves are. given 

for tests on the same soil under increasing 01 and c.onstant· , 

.OJ. stresses in Fig. 1t and Fig. ,. AS. ~o1nted. out earlier, 
. . 

some scatter of test results \faS ·to be expected due ·to lnclt : 

of uni~ormity in the undisturbed samples. HO\10Ver, in, most 

cases it \Ias possible to draw an envelope which lias very 

nearly tangent to three Mohr circles. In a.few cases an 

envelope could not be drawn as the circles were very,' 

erratic and it is notable that this occurred with tho most 
, • ' ~ \ i • 

intensely fissured samples. 

VOJ .. UHE CHANGE . 
. Research on saturated clays at. Imper~al College 

has shown tha.t volume ch~ge. during shear under drained 
. ..' '. ", ' 

conditions may be diVided into two components: .... ::: 
. ,"' .' 

• 
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LAB. 
INITIAL r' ,TYPE AND ORIGIN OF CLAY DEPTH l.L. 'P.l. P.I. TYPE OF TEST No. M.C. lBS/CU.FT. 

I LONDON CLAY, REMOULDED 93 26 57 56·2 104 DRAINED. CONSTANT OJ 
2 " .. 1/ 54·3 105 1\ 1\ /I 

'3 ' , 54·8 106 " II " , 1\ 
"- •• " 

4 II " II 55.7 104 " " " t 

5 BROWN L.CLAY, GRESHAM ST. B.H.4. 28'_ 0" : ,86 27 59 . 30·1 122 DRAINED, CONSTANT OJ , II /I • " 'I , , 30·1 122 1\ " 11 
, 

7 I' It .. .. ,. ' I 30·1 ' 122 " \I 

" ~ , 
, 

8 BROWN l. CLAY, GRESHAM ST. B.H.4, 27'· 0" 
, 

86 27, 59 29·0 123 DRAINED, 1 NCREASI NG OJ 
9 " .. .. .. .. 29·0 123 It ,. 'II 

10 It .. It 
"-

·29.0 123 .. to /I II " 

II BROWN L. CLAY, GRESHAM ST. B.H.4. . 27'_6" 
, 

86 27 59 30·3 122 DRAINED CONSTANT OJ 
12 " " " II 

" 29·5 122 II II " 

13 BROWN L.CLAY, UXBRIDGE No.24 7'_'" 92 2'0 54 28·1 120 DRAINE D, INCREASING OJ 
14 It II II II 

" 28·1 119 n .. .. 
, 15 /I tt tt .. " 28·1 120 " " ,. 

f6 BLUE L. CLAY, UXBRIDGE No. 7'0 22'-6" 74 25 49 26.6 123 DRAINE.D, INCREASING Oi 
17 , 

to " " tt ., . 26,6 123 1\ tI " 
18 It .. " 1\ 1& 26·6 123 .. .. •• 

-
19 BLUE'L.CLAY. UX.BRIDGE No. 79 2 2'·0·~ 74 ·25 49 .27·1 . 12'·0 DRAINED, INCREASING OJ 
20 ' I, tt II II II 27·/ 126·1 DRAINED, CONSTANT -0-: 

21 " .. " n II " 27.' 125.2 ORAl NED, ALTE RNATING STRESSES 
, 

LABORATORY TEST RESULTS FOR LONDON CLAY 

I • (OJ-o;\ CONSOLo 0; AT 
I 

PR ESS. FAILURE LBS./50.IN 
I 

I 
120 is 0·5 

120/15 3'3 I 10·4' 

120 )90 II· 5 IS·S 

120/60 28·5 28'0 
I 

I 
, 

30 ,2·6 14·8 ' . 
I 

15 4.3 9·4 

,6 24·5 SO·3 

I 
51 -5 12·5 

,-
I 

15 15 23'4 

30 30 36·2 

I , . 
. 15', 5·2 8·6 

, 30 13'5 14·' 
i , I 

sl 5 11·4 

15 15 20·7 

30 30 37·0 

i 
5! 5 10·8 

15 15 23·3 
, 

30, 30 37·4 

! 
5 5 II' 6 

10 2·2 7·3 

f9',f 2·6 4· S . . 6·2 

I , , . 

FINAL' 
/.. OF 

AVERAGE 
W 0/0 PLANE: 

37·7 640 

35·9 45 l(. 60° 

93·5 " 55° 

31·3 SS· 

30·3 53° 

3:3· I 47° 

29·S 51° 

32·2. 40·&5'· 

30·4 45°f. 52° 

29· 2 54° 

33; I 47° 

,'30·8 48° 

32· 5 51· 

,30·5 '49' 

29·2 52· 

. 29·S 51° 2. 57· 

27,6 47· & 49· 

26·1 50· & 52· 

. 30·5 40· & 46· 

30·2 3So t. 49-

33'0 45·&47· 
.-

W , AT 

, PLANE: 

-

34'2 

31'6 

28·0 ' 

'32-1 

30·7 

37·3 

l' 
' I 
Co 

LBS./SQ.Fl 

' , 

j 17~30' J 

S40 

lI9~30' . } 
" 

'210 

J 
19° ~ 350 

J 20· 290 

. ' 

.. 
20-30 

, 
270 

' NOT 
~ 

SIMILAR 

T E.STS 

TABLE I 
SHEET I 
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'''I LAB. INITIAL 
TYPE AND ORIGIN OF CLAY, DEPTH L.L. P. L. P. I. TYPE OF TEST 

LBS/CU.FT. No. , '. M.C. ',I 

" 

22 BROWN L. CLAY, UXBRIDGE No.24 7'-0" 82 28 54 27.6 124 ORA INED, CONSTANT <r; 
23 " 1\ 11 " " 

'27·6' 124 II " 
24 " II " • " 

27·6 125 ,. ' 

" 

25 BLUE L. CLAY, SHELL BLDG. No. 02 43'-',- 84 29 55 32· 3' 121 DRAI NED, CONSTANT ~ 
26 " It " " " 32·3 ,120 " " 
27 .. " " " '" : 32·3, 121 1\ 1\ 

, 

28 BLUE L. CLAY; SHELL BLDG. No. 02 43'-0" ' 84 ' , ~9 55 ' 31· 'a 121 DRAINED, INCREASING OJ 
29' " 31· 'a 12.1 -

" " " " . " It " 
30 • . .. .. 1\ 31· 8 121 II " .-, 

31 BLUE L. CLAY, SHELL BLDG. No. 02 42'-'''· 84 29 55 31· 5 121 DRAINED. ALTERNATING STRESSES 

32 " " II " tI, " 31·5 121' UNO. WITH P.W.?, MEAS' 0, INCREASING cr. ' 
I 

33 • 
It .. .. .. 

" 31·5 ' 121 UNO. WITH ?'W.P. MEAS D, CON~TANT OJ 
'. 

, 34 BLUE L.CLAY, ' NORTHOLT, 12.'-0" 'al ' 2S , S6 29· 6 122 DRA INE D, CONSTANT a;-
3S (HIGHLY FISSURED) t' , { 29· 6 123 " " , 

36 " 1\ If 29.6 123 " " " 

., 

37 BROWN L.CLAY, SUDBURY HILL ,'·0" , 82 29 53 32.2 121 ORA INED. CONSTANT cr. 
38 (HIGHLY FISSURED) 

" 
32·2 120 /I " 

, 39 " II U II 32· 2 120 " " 
J " , 

LABORATORY TEST RESULTS FOR LONDON CLAY 

TABLE I SHEET II. 

! " 

cr.;' /.. " 

CONSOlo AT ~Oj - OJ)F 
1 

l 

LBS./sq.1 N. PRESS. FAILURE 
I' 

I 
I 

15 3'9 9·9 

35, ' 11·6 20·6 

70 27·~ 39.0 
! 
\ 

10 (1·9 7·7 

20 5'9 12·~ 

40 13·9 24·3 

I , 

2 ~ 2 7·4 

6' 6 14'1 

16 16 24· 6 

I 
16·7 2'0.5·0 7·0 

6 5·0 11·3 

,2.0 1'2.7 ' ,19· 6 

i 
i 

10 ~ 0·4 9·8 

20 5·8 13·1 

40 II • I 27· :3 

1 
j 

10 2·0 7.2 

20 4·9 14'0 

40 13·8 '24, a 
i , 
I 

! , 

FINAL 
L OF AVERAGE 

W 0/0 PLANE 

33·8 50· 

'31· 7 50·, 

28·0 CURVED 

'34·4 45·& 49° 

32·9 42°" 46° 

31.3 - , 

, 

33·5 47· 

33·2 45-

31·4 45· 

34·8 40.&550 

33·8 46-

32·0 45· 

34·2. IRREGULAR 

' 30·5 57-- 61-

32· 2 ",57· 

34·9 ' 4'a- & 50-

34· 7 45° - 60· 

31'1 45-" 52,· 

W AT 

PLANE 

34-0 

29·1 

36·6 

33'7, 

' 31·6 

34'4 

,34·5 

32·0 

40·0 

36'8 

35'0 
, 

- , 

32''a ' 

33· 0 

3&1 ' " 

-
31· 1 

, 
c 

¢'" 
LBS Iso. fT. ' 

" 

k··3O
' 

, 
280 ' 

124: 210 

1 2~- '260 

' NOT 
" , 

SIMILAR 

TESTS 
, 

CIRCLES 
: 

VERY 

IRREGULAR 

! 23- 320' ' 

"TABLE I 

,S~EET n 

" 
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LAB. 
TYPE AND ORIGIN OF CLAY DEPTH . L. L. p.L. 

No. > 
; ; 

I 

T I BOULDER CLAY, TYNEMOUTH TU BE 2- 30 ':15 

T2 " 1& REMOULDED -
T3 " .. - J 

" t\ \ 

\ 
I 

T4 BOULDER CLAY, TYNEMOUTH TUBE 2 30 115 
I 

T5 " II REMOULDED 

T6 I. " " i 
, 

i 

T7 BOULDER CLAY, TYNEMOUTH TUBE 2 31 18 

T8 " ' " " 
T9 

I 

II " ,\I 
I , 

.. 
\ , 

GI GAULT CLAY. LUTON B.H.3. . No.3. 7'- 0" 53 :18 

G2 " " " " ~ 
, 

G3 " " 
I .. Il 

I 
I 

G4 ABOVE 3 SAMPLES REMOULDED 53 i I~ 

G5 1\ " " i 

G6 " 1\ u 

, ' 

LI LIAS CLAY, LONDON-YOR KS. ROAD S.H.II. 56 24 

L 2 REMOULDED 
, 

" " " 
I 

L3 " 'I " 
., I . : 

. 
" 

I 

"I INITIAL 
P.I. TYPE OF TEST 

I.JJ' % 

15 15·4 136 DRAINED. INCREASING 0";" 

15·4 136 ,. 
" 

. 15.4 136 •• • 
.. 

15 14. I 137 DRAINED, CONSTANT cr; 
14·/ 138 II II , 

14·1 137 1\ " , 

.13 22' 5 126 DRAINED, CONSTANT OJ' 
22'5 128 " " 
22·5 127 • II 

. 

35 19· 4 132 DRAINED, INCREASING OJ 
19·4 132 " " 
19·4, 132 ., .' 

" 

35 38'1 115 DRAINED, INCREASING ~ 

38 ·1 114 " " 
'38·1 115 , II II 

32 44·5 110 DRAINED. INCREASING a-; " 
44·5 . III ,. 'II 

44·5 112 '1 • .. 

" 

LABORATORY TEST RESULTS 

ON CLAYS OTHER THAN LONDON CLAY 

I 

CONSOLo , 
PR E SS. 

LBS/SO. IN. 
I 

I 
I 

5 
I 

30 

15 
I 
j 

10 , 

40 
, 

80 

I 
15 

35 

70 

i 
5 

15 

30 

I 
5 

15 
, 

30 
I 
I 

s 
15 

30 

I 
I 
I 

i 
I 
I 

I 
1 

! 

'I 
\ 

. 

. 

I es; AT cr.- 0;' AT FINAL ~' '- OF tJ:'AT C' 
FAILURE FAILURE W. .. 

LBS/SQ. FT. 
LSS/'EeJ.IN. LBS/SO.IN 0/0 PLANE PLANE 

5 9·5 16· 2 NO PLANE -
30 55·4 13.4 n - 2Bo.. 30 NIL· 

1 5 29·7 ,14·2 " -
\ , 

2.2 7·2 17.3 53° - } NO PLANE 
• I 

NIL II'~ 25·7 15.J - . 30-30' 
.. 

23·4 50·2- 13·6 II - ' . . 
3.7 10·4 2 '·0 NO PL#-lE -

} 28' "·6 22·8 2201 49- 23·0 75 

22'8 44·9 17·9 50· 24'9 " 

5 12·5 23· 5 45- - } 15 25.7 21·4 VARIOUS - 25° . 190 

30 49·5 20·5 VARIOUS - . 
.' 

5 7·1 32·2 NO PLANE -
o • 

NIL 15 19·5 27·0 .. - ~ 20- 30 

30 33'0 24'5 II -
, , 

5 ca'7 34·7 NO PLANE -
15 20·8 29·5 II - i' ,23· NIL 

\ 

30 40·3 26.2, " -

TABLE II, 
.... ~" .. ,, __ , __ ._.~~,~. __ ..-..i,_ ....... ___ -_ ... _._e ....... __ '_ ........... _ ........... _. --, .. ....;.~ ............ .....-......... -------------
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(1) a volume change assoc1a~ed with change in 

average effective stress in tho sample; 

(2) a volume change due to the dilatency characteristics 

of the clay. 

, t 
f) 
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IJ '-
0'1 0 
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" v E III 
:J 0 
"0 IJ 
> '-o 

-f) 

'U 
.~ 

. ( 

!~ 
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----- ' ~l 
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" , t.o Q V, 
"- ...... 

...... :-..... --: 
- - .:.... (1) 

. -- -- ---
(A) Volume change during shear, 
un der mcreas mg '0;, con~tal'lt 03 
stresses. ' 
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(B) Volu me change during shear 

,under constant 0; ,decreaslng a; 
stresses 

PIG. 6. VOLUME CHANGES I N HEAVILY OVER-CONSOLIDATED' 
, CLAY UNDER SHEARING STRESSES 

FIG.6 

In heavily over-consolidated cl~s the dilatency componsnt 

of volume change leads to an increase in the volume of tho 

sample o.s shown ,by (2) in Fig. 6 A and B. 'llhen shear 

tests are carried out ,such that there is an increase in 

,average effective stress the first component of volume 

change leads .to 0. decrease in volume as sho"m by. (1) in 
, 

F1go 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 

sho\m 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 failu~e as indi~ated by the burette 

reading. Total volume change indicated an increase in 
~ 

v0l:ume for all tests under constant 01, with decreasing <13 
conditions. The.greater number of samples'tested under 

increas~g <T'l with constant 03 stresses show'ed a decrease 

in total volume at failure; howe~er, some of these tests 

at low cell pressures (i.e. high ove~-consolidation ratios) 

showed an increase in volume at failure. Weights of all 

samples, after c~mp1etion of testing, indicated that:volume 

had increased irrespective of how the stresses were applied 

and of the total change as shown by the burette. . The 

discrepancy apparently comes about by leakage of moisture 

through the rubber membrane anC!- the absorption of "rater 

during'the setting up process, neither of which is indicated 

by the burette. 

All tests on samples of undisturbed over-consolidated 

clay were found to' 1'0.11 by shear· along one or more ,oiell-
. '. '. 

defined plane (see, for instance, Plate VI) as opposed to the 

, b~g1ng type of failure obtained with remoulded,'mat'er1al 



over-consolidated in the laboratory. MOisture contents 

about the shear planes were measured in a considerable 

number of samples, as given in Tables I and II, and in 

all cases found to ba higher than, the average moisture 

content in the rema,inder of the sample. This higher 
. . . . 

moisture content about the failure plane indicates that 

dilatancy is concentrated in a small portion, of the 

sample adjacent to the plane. Observations in the field, 

see Fi'gs.27 and 30 , show that this is also the case 

in fUll scale failures. I~ is therefore apparent.that 
. I 
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voluee measure~ents on this type of sample as a ,whole are 

nO,t indicative of the t;t."ue state of 'affairs within ,the 

sample, partic:uIarly at; the shear plane. For, ''I1hereas 

the volume ,change of the sample as a '~hole nay be shown 

to .be positive by the burette readings, as' it'i,s, in most 

increasing Oil tests, that nt, the portion un~er shear is 

all"ays negative irrespecti va of the method in 10fhich stress 

1s applied. 

It is not possible to show' whether the increase 

in moisture co~tent about the.shear surface is more for 

one type of test t~an the ,other dUG 'to ·the practical 

difficulty of takln.g truly representative samples •. The . - . . ' , ~ . .. ,' .. ~ .. '~ . " 

usual procedure was to take a la.ye:r of'clay iii6 ,to 1/8 in. 
. . ',' 

thick from each side·of the surface and average:the results. 



"; 

• 

Since the shear surface 1s never perfectly plane and it 

is never known how far fram~t the zone of dilatancy 

exists (at Northolt a field case, the zone was found 1n 

places to be on one side of the,failure surface only) it 

cannot be certain that the moisture content measured 

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

is most certa1nlytending to minimise the differences in 

moisture content. 

UNDRAInED TESTS WITH P.W.P. MEASURED 

Porewater 'pressures have been measured in clays 

over-c'onsolidated in the laboratory and: 1 t has been found 

that negative porewater pressures are developed at high 

over-consolidation ratios (Gilbert 1954,' Plant 19,6). The 

values measured, however,' are"considerably smaller than 

thos'e "rhlch must exist' 1nthe' 'clay in an Undisturbed state 

to give it' the' undrained' strength it normally' has.'" Tests 

of this type are 'usua.l:lyperformed by increasing Cfi ' 
stresses, but'elay in si~'in a slope or behind a retaining 

wall is usually stressed under conditions closer to tho 

constant 'CTiredUCing"<13 ,methOd'; . , 

To determine what difference woUld resuit from 
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the method ,of testing, t\10 tests were dono under undrained 

conditions \lith poreuater pressure measured, failure in 

on~ case being reached by increasing Gri in the'other by 

decreasing cr 3 lnth OJ. constant. Both tests were done at 

a rate of speed comparable to the drained tests. 'The 

increa.sing OJ. test took five days to ,failure at l~ strain 

and'the constant erl test was, conducted'over th~ same 

period" but as1t was done in the constant rate ~f strain 

~ompression machine the cell pressure required, constant 

attention and the machine'bad'to be stopped each night. 

While stopped, the' latt~r' test was dead"loaded so that 

'str'e'sses remaine,d c.onstant~ , Total'running time: to failure 

at 10$ strain ,-ras :therefore 60 hours~' 

Stress-strain and porewater pressure change -

strain curves'for these'two tests are given'in Figs. '7 
, 

mld 8. It ,·1111, be noted'that the, porewater pressure', 

change', is positive in the increasing OJ. test \'1h1le'it 

1s negative in· the constant· cJ1 ' test~ " This would indicate 

that considerably greater negative pOrel-iater, pressures 

are set' up' when' heavily over-consolidated clay is s'trossed 

under constant cr-1 with decreasing cr.3 conditions, as it 

approximately is~in the slope of'a cutting'or behind a 
, , 

retaining wall, than 'ihen the 'clay is 'stressed under"" 

increasing' 01 with constant' 03 conditions • .'" Altho~gh 
, . , 

~ , ' • >,',''' 

, '.' " 
' .. '. 



porel'1ater pressure changes were of the opposite sign . " 

moisture content about the planes in both these tests 
, . , 

"IaS ,'found to be corisiderably higher than that ~n the 

remainder of the sample indicating dI1atan,cy 'at the 

plan~s. Increased moisture contents of thIs nature in 

a drained test' can orily come about at the e~ense of . 

moisture in other parts 'of the sample. Therefore,there. 

~ust be mOisture migration within the sampl~ and it is 

~ogiCal that undra10ed tests with porewater'pressura' 

~easurement 'should be carried out at the same speed as 
, . ' 

. .' 
drained tests to allow' for the moisture movement. " 

I ' 

Mohr, circles in terms of effectlv~' stre;s~ 
;,' .... ' ," 

for these trIO undrained tests are given in Fig'" io ii 
;-.!, ' .. :;. :," :", '.. . ' ' . 

(c1rc~es 32 and 33) and indicate that the' shear strength 
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:is; of.,·,the same order' as' the drained te'sts," riot : h1i~he;," ds . 
'" ." I~.' • • " ~,.,. 

normally obtained. Al thou~ conclusions of, ,"gen'-eral 
~ . '. ~ , ;' 

V8:l1d1'ty cannot be' dra~ 'rr~~":the'. results ~f'twC? ·tests, 

,t~er~' is n': ~~stinct P~~~ibility that -,undrairied ,'~e'st~ 
\:: . i···· . , . , ~ 

'. . .. ,- \. ,'" '" 

cal'r1ed out at the same speed as draipcd tests '.tendto 
.. ". 

gi va" the 's'rune' effective shear strength.' " I', 

, ,,', T~ere can' b~':'no ,.as~ur:~ce that 'th'~~':porewat'~r 
• " '\ • .: • • .., ......' f ,,', t" ' 't,: ',' ~ 

pres~Ure measured at ~th~ base of' the sample',~is ::'th~t 'i:~ 
" , ~ '::", \, ~. ~~, >:\ .:;. ~ ...... '". ,,~',," ,; ',; ~'. ~ ,:1 ~ ~,'," '/, ::;. 

acting. on the, shear plana and it 1s this latter', pressure 
, . 

, . ''lhich' determuics the ~'hear, strength. or the s'ample' ~h~ri 
. . , .', • r' • ' " :" , \ ",', .. '. .' ~ .' . • ~ ,. .'" ' 

failure ,occur~ ~n ~ ~lo.ne .. ' It has' been: sho'm ~'i~. I~ T'~', 19,1) 
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~hat ~onslderably different porew~ter press~es :c~ 

E;lx1st .throughout ,a sample tested to failure ~at l()$. strain 
: r • 

'- .~ 

1ri about one hour. However, the t1mes to t~1lure used in 

the .. tlfO tests recorded here should tend to d1idrush these . . .' ' 

differences considerably~. 

CONSTANT Oi:TES'rS 

Table III, page 38, gives a comparison ot the 
• ; ,~> \ 

shear ~trength parameters obta1ne~ with increasing Oil' 

and constant <1'i' tests." The, tests compared,', were. on 

~teria1 from the same sampling tube but.of necessity' 
'j , " '" • 

from different levels in the tube,':ab,out '~1n. 'ap~t • 
. , 

Indications are that i1' is from one to two 

degrees higher on the average and c' slightly lower for 

const~t C1l. tes~s. 'The'" ~~e tre~d;' a~~h~~~h' to a'iesser 

extent, was fo~d by :p~rY(l9,6):,' f6'~' r~m~";ided London' . 
c " ~" ~ • " ~ ~ < _-

clay over-consolidated in the laboratory. 
, '.~ } I .­. 

In consideration of these results it' must be 
. ,. .. , I, ,Of ' '\ • -. ~ ~ • ." " 

borne in mind that the loads are applied by different 

methods in the d~rf~'rent test~'~ The' '~nd~e~Sing OJ.".' . '; 
loads are applied steadily '~ the co~pres'si~n' ~chl.ne 

' .. 
while the constant O-i -'tests are' loaded by -~crements. 

, \0 



INCREAS TIm CONSTANT DIFFERENCE OF 
OJ. OJ. CONSTAnT Ol CLAY ~ , c' c l c l 

jjl lb./ jjl lb./ ~I lb./ 
sq. ft. sq. ft. sq. ft. 

~----~--
qHDISTURBED 
LONDON CLAY , 

Gresham St:~ 19° ':3~0 19i-.?: 210 ~o -140 
" .. . IlL. . ' .," " . 

I ;. 

Uxbridge NO;21i-·1 20° '?90 21t?':· :g~o ~~l:r..o -10 ..... I:!. 

Shell Bldg~ 
:1 

22° .2·~:9 24°~ ~10 ·~l2.0 : -50 
1'10 •. 02 '. , 

J .... ' 

, . - . " 0 :. 

z,.li TYn'El~ouTH 2Bt° . :rl1l" 3.~.,· n1~:' ··· .. :29 
B outfiElf-'cLAY';: . : .":', 

Re~9@..g:e.d:·1 : .,. '. 
.:". 

TABLE III.' ·C OHP ARISON OF SlfEA.R: STRENGTH P .AR.AMETElli( 
FROM INCREASING 0-1 .ANp CDrlSTAUT OJ. . 
TESTS. . 
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Loads applied in unlike ways may cause difterent reactions 

in the sample which gi.ve a. false indication of the parameters. 

Loading by .increments can give an error of one half, the 

increment causing the failure, which in the case of these 

tests could amount ~o 2$ of the shear strength. This. error 

would·always be on the high side as the increment caUsing 
. , . 

failure can only be larger than ne~essary. Friction in the 

triaxial cell is also probably greater 1n the case of constant 
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0-1 tests since the plunger is allow'ed to' come' to rest 

between increments of load and is not kept continllous~y 

moving as in the increasing CTi tests. Doth those errors 

tend to give a higher than true shear strength,to the 

constant 01 tests. 

'Considering ,these points andthesmall'size of 

the difference obtained no ,definite, opinion c'an :bc formed 

from testing r~sults to date whether or not const~t CTi 
tests give a higher ~~.' It is logical therefore,8:t the 

present time to consider ~. as being independent'of the 

method of application of the stresses and equal to the 

value obtained in the increasing OJ. tests. 

" ~ ;. 

. , 

, DRAINED SHEAR STRENGTH P.ARAMETERS FOR LONDON CLllY' -
Table IV contains the"results of drained :tests 

, I 

on undisturbed 'London clay samples, siDllinr 'to' that ,,,,hich 
" , , 

, might be encountered in a slope or retaining .. l'1tlll'l'roblem'. '.', 
. ' , 

as \'lell as resul til of drained t'ests, .oIi"' remould~d clay. ' . 

In compiline the list the' oniy known. full~ 'd,ra~.lled, tests 

which have.'b'6Em' ~~itted are on samples from deep borings 
" . , . . ... 
at'Paddington (Henkel, i95i+) taken at a 'depth'greate~ , 

than has been encountered in any· slope problem and the 
, <' ' • 
,< .~, 
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SITE 

SYDENHAM HILL 

II 

QUEEN VICTORIA ST. 
II 

CHINGFO~D 

GRESHAM ST. 

UX&RIDGE (24) 
II (78) 

SHELL BLDG. (02) 

OVERALL AVERAGE 

CHINGFORO 

L.L. P. L. 

74 25 

73 25 

,73 25 

78 26 

78 26 

, i 
, \ 

-
. 

ORAl NED TESTS ON UNDISTURBED LONDON CLAY 

TYPE INITIAL cr. INCREASING 0;- CONSTANT AVERAGE FOF SITE 

OF WATER L.L. P.L. 
, 

, " c' c 

" , ~' " 

LBS/SQ.FT. LBS /SQ.FT. 
... 

LBS/Sq.FT. CLAY CONTENT 

BROWN 32 83 26 ' 210 19· - -
" 

SLUE 33 82 213 220 20· - 220 -
BROWN 33 89 26 220 22· 

, - -
BLUE 32 95 29 220 20· 220 - -

-
BROWN 34, 92 ,29 230 . /9· - - 230 

" 

BROWN 29 96 27 ~50 . 19· 210 19'/1 '280 

132 28 290 20· 21 '/'2.0 
, BROWN 2B 280 

I[ 0 280 
BLUE 27 74 25 270 20 2. - - . 

BLUE 32 94 29 260 22· 
'0 

210 24 240 

31 ~4 27 250 

UNDRAINED TEST WITH P.W.P. MEASURED. ON UNDISTURBED LONDON CLAY 

I BROWN I 31 1 ~21 23 I 210 1 23 " I I I 210 

! 
I 

- DRAINED TESTS ON REMOULDED LONDON CLAY 

0;- INCREASING a; CONSTANT SHEAR BOX . 
SOURCE OF DATA 

c' . -;P' I ¢' C' , ~' C 

, 
0 20"20· GI BSON I 1953 - - - -

20
0 - - HENKEL, 1954 

0 - -
0 20· GIBSON, 1954 - ---

/9· - - PLANT, 1955 - -0 

0 /9° - - PA R RY, 1957 - • -
AVERAGE ~' :II 2 O· 

I , 

I 

~' 
SOURCE OF DATA 

//9'110 SKEMPTON & HENKEL 1955 

" 
,II I' ' 

I 0 HENKEL I 1953 ' I 21, II • II 

j • 

I 19 HEN,KEL, 1953 

-I 
' I 19· TABLE I. 

I 

I 
I TABLE :I 
! ',. ,20 2 
! 
1 , 

I 23 0 

! ' TABLE I 

\ . 
/,.20 

i 
1 , . 
i' , 

I 123· , HENKEL, 1953 

,j 
I 
I 
I 

l 
I ! ' 
I 
I 
I TA&LE m , , 
i . 

SUMMARY OF AVAILABLE TEST 
I 

RESULTS IN TERMS 'OF EFFECTIVE 
STRESSES, FOR LONDON CLAY. 

i , 

f 
i , 
I 

,1 
I 

TABLE lY 



single result from Sudbury Hill (Table I). This latter 

saLlple ''las i'rom intensely, fissured, weathered London 

clay taken at a shalloll depth, and ,a~ it 'faS probe.bly 

at times above the ltratertable and suffered dessicat1on, 

it is not representative. 
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For practical purposes therefore, the shear 

parameters con be taken as ,,01 = 200 and c l = 2,0 Ib./sq;rt. 

and it is these values which are used as a basis for the 

analysis of slope and retaining wall failures in Parts III 

Dnd IV of this thesis •. 

~,~TERNATlnG STRESSES 

Observation has shown that the shear strength of 

London clay and some other heavily over-consolidated clays 

appears to diminish in time beyond the drained shear, 

strength as shOlin by Fig. 1 B. This reduction is considered 
-

further in Parts III and IV'and sholY.n to be largely a 

lessening of the cohesion intercept. Although the roduction 
" 

in shear strength is apparent in cases of failure in the 

field, samples tested in' the laboratory; ~ven,though they be . 

froD the same site do not show,any reduction 'and a.lways 

indicate a finite ca. 

" : .~ 



, " . ' 

. , , 

",' . ,,'.' ..... ' .. 

When in situ, for instance in a slope, soil 

is subjected to alternating stresses due to seasonal 

changes in the ,.,ater l:-evels and the drying out of the 

surface layer. As this type of stressing may cause 

alterations in the soil strength 1-1h1ch are not found in 

.the ordinar.y laborator.y tests it was decided· to subject 

srunples to approximately the same conditions they. \010uld 

encounter in a slope or behind a retaining wall~ This 
: ., 

m,eant subjecting the sample to alternating'stresses, by 

41 

altering the' porewo.ter pressure~ while thE;" eneinal 

loads remained constant and drainage wa.s allowed to toke 

place. 

'. ' • • 1 

. . 
CONSTANT PRESSURE, . VOLUME CHANGE' APPARAPl~ : 

It 't-ras necessary to construct an apparatus which 

l'lould allow drainage and measUre' its amount 't'1h11e .. still . " .. 
~ta:1n1ng' the porewater pressure in the s'ample' nt·. an;! 

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 ~he sample. The lead. from the other side of .the wheel 

.' 
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1 Perspex Wheel 

2 Mercury 

3 De -a Ired Wa ter 

4 Stand 
5No Volume Change Tap 

; 

1 

,I , 

-;. , 

4 

10 : -, 
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I I 
I I 
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I 
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FIG.9 
I l' 

A RRANGEMENT OF 

CIRCULAR VOLUME' GUAGE 

DRAWINGS ARE DIAGRAMATIC AT A~PROXIMATELY 1'2 S/ZE 

6 To Sample 

7 Ball Bearing 

8 Spindle 
9 P I a s II c Tu b In 9 

10 To Mercury Cylln der 
Pressure system 

In op eratl,on, pressure IS tran sferred from the me rcury cylln der 
system \ through the flul din' the wheel to th e sam pI e. If volume change 

occurs In the sample, water moves from one 51 de of the wheel. 
This ten d s to put the mercury In the wheel out of bal~nce. To malntam 

balance the wheel rototes, the mercury remaining motionless. 
Volume change can then be read from the level of the mercury on 

o scale attached to and moving with the wheel. 

FIG.9 I 



PLATE v. 4RRANGEMEHT FOR SUBJECTING SAAPL~ 10 ALTERNATING 
STRESSES o 

CELL PRESSURE IS MAINTAINED CONSTANY THROUGH LEAD 0 AND 
OJ IS MAINf~INED av DEAD lOADI I G. PORE WA'EA PRESSURE IS 

ADJUSTED BY MERCURY POI SYSTEM AC"~G THAOUGI THE CIRCUlAR 
VOLUME G. UGE YO PERMiT VOLUME CHhNGE LEhSURE~ENYS~ 



PLATE Vlo TYPICAL FAILED SAMPLE OF LONDON CLAY (NO.29) AFTER 
REMOVAL fROM TRIAXIAL CELLo 
THIS ' ,S THE SAME SAMPLE 8E'ORE AND A'TER REMOVAL 0' THE ',LTER 
PAPER ORAIN. NOTE THAT THE DRAIN APPEARS TO HAYE 8£EN OOMPRESSED 
RATHER THAN SHEARED AND 'AlLURE HAS TAKEN PLAOE PRINCIPALLY ALONt 
A SINGLE PLANE WITH A SLIGHT BULGING 0' THE SAMPLE IN ADDITIONo 



uas attached to tlie constant pressure mercury cylinder 

sys'tem l"hich was adjusted to give the desired pOrel'1atar 

pressure. This pressure 'las transmitted through' the 

wheel of the volune gauge to the sample. If movement of 

, water into or out of 'the' sample occurred it t'ended t'~ " 

alter the level of the mercury'on one' side of' ,the \'1heel':­

thus putting it out of balance. The wheel rotates to 

maintain its balance'thereby eliminating any difference 

in pressure' ,through ito Volume change couid be read by 

observing the' elevation of the mercury" on a scale 

attached to and rotating with the'wheel. 

c":rJcr'USED IN ALTERNATING STRESS TESTS .. 

As it' l'laS' propo'sed 'to load the ~amples 's'o that 

a consid~rabl~' proportion' of their' she'o.r strCngth".,as 
" 

DObiilzed,~nly,srumpleswhose shear'str~ngth 'could be 
• • 1, •• ,. " 

, ' -'. y' ,,' • ' , '., ", .: 

estimated 'closely l-rare suitable'. . The first sample tested 
• " 1 

was 'No.' 21:, Table 'I. :',' This ' test,: however,' ehci~d'::1~" , 
catastrophic failure due 'to ~ccidentai loss o'f cell 

, , 

pressure' atter ,It months, under ait'ernating :itresses., 
, , ' , 

Strain under' these stresses' amounted ~o nearlY. '1$ ':til':, 
that time~ The sec'ond sampl'e' u~ed \-Tas No; 31';" Xable 'I. 

'..,. 
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This sample ,'ras blue London clay from 42 ft. below the 

surface at the Shell Building site 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 uas 

very uniforn in ~ppearaI?-ce and yielded the sarne Atterberg 
.. 

limits from both ends of the tube. It was only moderately 

fissured. 

Clay from the same tu~e, ns the ~at1ple tested 

under alternating stresses, had been tested under both 
.' . . ,'.... ',j ". • }. . 

drained and undrained conditions. Mohr circles for 
, , 

these tests are given .in Fig. 10 A .. 
:~; . ~~.: : 

PROCEDURE, ALTERNATING SA-RESS TE§.~. 

The sample 't'las 'assumed to come from 20 ft. belo", 

the surface w'i th a porewater pressure varying bet,",sen 12 

and 17 ft. head. It, ,,,as set up 'and a.llo't'1ed to reach 

equilibrium under a cell pressure equivalent to the 20 ft. 

of surcharge and the porel'later pressure of 17 ft. head. 

After equi11briumo1' the ~ample was reached (2 days) the 

cell pressure "ias 1o't'1ered,' dead load being added to keep 
, , 

Ul constant, so that-the sample lIas loaded as indicated 
~ . , 

by the Mohr circle ftc" in Fig., 10 B •. This' circle represents 



.,' ,~'., 

: ~ ,~ ~ " ' 

60$ of the failure load or the sample as indica.ted by 

the minimum Mohr envelope. 

When equilibriUn had b~en reached in both volume 

change and strain under these conditions the porewa.ter 

p~essure was Qltered s~'that the sample ~a~ loaded'as 

1ndt,cated by l-lobr circle lid" Fig. 10 B. This is the 

stress condition brought about by lowering the porewater 

pressure head on the sample fram 17 to 12 ft. of' water. 

These two positions were alternated when equilibrium \'ras 

reached in each. 

Attar ten such changes of stress, it' was found 
, , 

that there was,no further movement and the sample,was 

going through a cycle of c~nsolida.tion and dilation with 
, , . '. ,', .. 

no resultant strain. : Stress~stra1n and volume ~ change, 
, -

graphs ,are given in Fig. '11 where it will be'noted"that 
.1 , .. ' :' ",' .' 

the 'strain reached under the 60$. load was less '" thOri" 1%,. 

" ',",' " As 1 t ~ppear~d that riu.th~r str~ ~ ~~d 'not be 
,.; . 

reached at 6o~ or the pr~babie failure load;the,cell 

pr~ssure ,was reduced" keeping, Cll c~nstant, urit~l; approxi­

mately '85% of, ,the probab~e failure ,load \-ras ;'np~11ed;' The 

'it~e~s'on the 'sample 'is then that, ,given by.:'~'i'rc'i'e !~elt 
, 'I',' • .' < •• " • ' _ ~ _.', .,,' • .." i" ' , • 

Fig~'"lO B'- ,',W1uln equilibrium was reached the',pore\'lD.ter 
J. 1" • • • ' , • 

pressure ,was .'changed S,? that the stress 'was ,,:,th~t' given by 
,. " • • - J' • . ' • • • ~#", , • 

circle "fie ,Fig'. " 10 B.: ': ;;Mter' eq~iiibrium ,unde~'<e1tlie~ 
, ',' '/ • .:' ','", f" '. • •• w' '.', '.:": ::.:,_,.' ',' ' ... ; ",'..,. . 

str~ss :'cond1t1on "TaS ,,'re~~hed~ ,.~~~QJ.lY 24>houi~::\~;~a.:~"?S':"1'1'ic1ent, 
• .' ' .:" I' ,'/" , 
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" 

the other condition was substituted. The sample continued 

to strain as shmm. by the graph of Fig. 11 and after 26 

changes of stress failed completely under the stress as 

Gi ven' by circle ,If e". Total time to failure was lt9 days 
, , 

with a total of 36 stress changes. 

DISCUSSION OF AL-!ERNATING STRESS TEST 

~nule results of general validity cannot possibly 

be drawn from two tests, the pattorn of both showed they 

wero acting in a similar manner. AS with other drained 

tests stressed under constant, cr:i conditions there was 

dilation in the sample. 'This amounted to 3.7~ volume " 

chnngo nt thefinnl strain of 10.6%." lIowover, discrepancy 
. , ' '. I , 

betl'leen the in! tinl ,.,eight ,plus the absorbed moisture ond 

the final weight nftorthe" test indicates that volume change 

\TaS probably over ,$ increase. The additional ''1ater causing 

the discrepancy probably came from lowtage through the 

rubber', menbrano as the test was of unusually long duration 

,and some Iilay have been absorbed by the sample in the> setting 

up process. 

The major portion of 'the strain took:place as 
can ,be seen'in Fie_ 11, while the pOrelfator pressure, ''las 

~""-""-:J;.-<_-.~,,_ ,. __ " ..... 
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at its low value, 1.0. tho sample ,,,as stressed as indicated 

by circle fl1''' 'Fig. 10 B. Strain at the lower pOre\latar 

pressure is apparently due to consolidation under the 

increased effective ambient prossure, and the ratio of 

strain to volume change of about 0.3~ strain per percent 

volume change is that usually obta1ned in consolidation of 

sruoples oi' London clay un~er ambient pressures. This pro­

,cess of consolidation and stra.in 1s apparently not rever­

sible at 8,~ of failure stress although it seems to be 

nearly so at 60$:. The result is that uhen the effoctive 

ambient pressure 1s lot-Tared, i. e. stress 1s as sholm ,by 
, 

circle IIetl , tho sample tDkes in as much or more water than 

llas expelled but there is little or no recovery of strain. 

As'the moisture contont is then as hieh or higher thnn at 
, , 

the start of the previous cycle consolidation \d th accom-
. , . . 

pany1ng ".strain can aga1n take place when the 'pOre\fO.ter 
. ' .. ' 

I, 

,pressure is lowered. In this manner the strain under con-

so11dat10n 1s cumulativ~ and eventua.lly'there 1s'o.n1ncrease 

of mOisture content due to the d11atancy characteristics of 

the clay' and the sanple fa.i1s under the applied stresses. 

It ,is important to note in this regard ,that although'most 
, . - " 

of ~he strain took placa while the sample,was strossed as 

indicated, by circle "f", the actual non terminating' f'ailUl~o 

"t?ok place ~'hi1e cir~le, '.fOIl applied. 

HesuJ. ts oi' this one test cannot' b'e considered of 
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MOHR CIRCLES FOR TESTS aNI SHELL BLDG. 

SAMPLE NO. 02 AND FOR ALTERNATING STRESS TESTS FIG. 10 --





general significance but it is notable that failure was 

caused at stresses smaller thnn would be necessary in a 

normal drained test. The possibility does'exist that 

clay in situ subjected to alternating stresses in this 

m~er ,.,ould eventually increase in moisture content nnd 

hence diminish in strength. Whether or not this change 

in 'strength is in the c l portion of the shear strength 

cannot be established without more testing. But, as any 
, ' .. 

envelope tangent to the 110hr circle for this sample at 

failure (i.e. circle "eft) \'1ould obviously have a smaller 

c' intercept, it is highly probable that there is a 

definite reduction in ct. 

CONCLUSION FROJ.I THE LABORA.TORY INVESTIGATION 

Samples of undisturbed over-consolidated clay 

tested und9r drained' conditions show that the clay tends 

to dilate under stress. ~nule 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 makinc true measurements, it is always indicated 

by increase iD. \ieight of the somple during tost1ilg nnd by 

the'moisture content about the shear plane. Moisture 



contents from the area about the shear plane indicate 

dilatancy in uridrained tests carried out at slow rates 

as well as in drained tests. 

Porel:Tater pressure changes in samples tested 

under increasing CTi with constant CTj stresses are 
. . 

found to be small while quite large negative porewater 

pres sura changes occur in samples tested under constant 

01·' ldth decreasing 03 stresses. However, dilatancy 

near the shear surface indicates that negative porewater 

pressures would be set up in allover-consolidated clays 

1f the stressing is not at a rate sufficiently slow to 

allow moisture migration to trute place. The presence of 

moisture migration towards the shear surface suggests 

that undrained tests with porelfater pressure measurements, 

should be carried out at a rate comparable with drained 

tests to' prevent the setting up of porewater pressure 

gradients ,011 th the so..mple. 

Test results sho,., that constant OJ. tests give 

a slightly higher ~. tl~ increasing Gri tests, but not 

enough difference to draw positive conclusions uith the 

accuracy of the methods of testing used • 

48 

. Results of tests done by the \'Triter as \'lell as 

results from othel:' sources, indicate the average drained 

shear strength par8lleters of London Clay: to be very nearly 

~. = 200 and c l = 2,0 lb./sq.ft. 



Fai1ure under alternating stresses has been 

produced in London clay at 8,$ of the normal failuro load. 

This failure at decreased stresses apparently comes about 

by the non-reversibility of consolidation strain and the 

build up of moisture content within the sample due to 

dilatancy under stress. Evidence is not sufficient to 

make it clear whether the strength reduction is a reduction 

in~' or c' but indications point to it being a reduction 

in c l • 



PAR TIll 

STABILITY OF NATURAL SLOPES 

INTRODUCTION 

Uovement on natural slopes is of two main types, 

soil creep and failure due to insufficient shear strength. 

lfost slopes in clay are subject to soil creep 'tihich, COll­

bined with the agents of erosion, ultimately tends to 

eliminate hills and convort slopes to flat ground. Creep 

Ilay be caused by a variety of agents includinB '\'later, frost 

and vegetation and results in a movement of the surr~ce 

layers of soil down the slope, the move~ent lessening ,dth 

depth. It is this nen-uniform movement which distinguishes 

creep from slope failures due to inadequate shear strength. 
. " 

Failures in over-consolidated clay due to insufficient 

aheur strength, although movement may be only a 1'0"<-1 feet 

per year, are usually considerably faster than s011 creep 

'\·rhich may be only a. fe\'1 inches per decade. Soil creep docs 

occur in London clay but 1s Usually so slow that problems 

concerning it very seldom arise and it is not generally 
\ 



susceptible to analysis. Failures on natural'slopes in 

London clay due to insufficient shear strength are also 

found and ns they constitute a greater hazard and can be 

analysed, it is this type of failure which tdll be con­

sidered in this section. 

Observers as early as Collin (l8~6) suggested 

that slopes of cuttings \'1ould tend to revert to the 

slopes found in nature. However very little has been 

written on the sta~ility of natural slopes, particularly 

those in clay and what constitutes a stable natural 

slope has remained rather obscure. Many failures in 

natural slopes have occurred in various 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 its occurrance is \"idespread and its 

characteristics very uniform. The shear strength para­

meters have been shown in the previous section to be 

nearly constant throughout the clay at ~. = 200 and 

c' = 250 Ib./sq.ft. Both stable and unstable slopes are 

to be found in London clay as ,-rell as a considerable number 

of past failures. 

Skempton (19~5) noted that the limiting angl~ 

for stabllltyin Lond~n cl~ slopes was about 100. At 
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that time the significance of, or the reason for, this 

value was not apparent but it is now knolnl to be controlled 

by the angle or internal friction when water level is at 

the surface. Fron the analysis of a failure of a natural 

slope in the stiff-fissured clays of the coal measures at 

Jackfield, Shropshire (Henkel & Skempton, 1974) it was 

concluded that the clay behaved as if, it possessed internal 

f~iction only and the effective cohesion had dropped to 

zero. 

An investigation of London cloy slopes was 

therefore undertaken to find what inclination of slope was 

stable and if this value could be explained in terms of 

stability analysis. 

AHEA OF FIEJ.JD IIlVP..8TIGA'rIONS -
A prcltmtnar,y study of Lo~don claY slopes in 

the Sewardstone, Elstree and Potters Bar areas, all to 

the north o~ London, lins done by A. C. Graves (1954). 

, The 'fork in these areas tiaS covered in 'more detail for 

the present study and extended to further slopes in the 

same arens. Attention tfaS directed to the slopes in 

the Childerd1tch, Essex area: by Mr. \i. H.' tvo.rd of the 
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Building Research Station. These slopes ,-rere examined 

and found to yield valuable data. 

,3 

Investigations at Sydenham Hill in South London, 

(Skenpton and Henkel, 1954) shol'led the higher levels there 

to be gravel and C1aygate Beds' with the lower part of the 

slope in London clay. Fur~her reconnaissance south of 
" , 

the Thames, in areas indicated to be in London clay by 

t~e geological maps, located steep slopes at .'Telegraph 

Hill and Bunkers Hill near Chessington. Howe'ver, samples 

taken from a hand auger borehole showed the major portion 

of these slopes to be in the Claygate Beds. One slope 

uhich failed, and is apparently in London clay, lias found 

in Windsor Great Park, otherwise the area south of the 

Thames yielded no fai1ures"or slopes approachinB the 

l1n1ting stability inclination. 

Preliminary reconnaissance indicates that there 

are SOIlle slopes ~rarronting furthar consideration in tho 

Isle of Sheppey but time was not available to make a con-
e 

plete study. In addition to stable slopes in that area, 

the London clay is being actively eroded 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-term failures. A coastline of this type, 

see Plate VII, .ShOl'IS very clearly the difference between 



short and long-term stability. At places there, the 

London clay stands temporarily at 7, or 800 to n height 

of ,0 ft. whereas slopes of 100 have been found unstable 

in other areas. 

,51t 

The reconnaissances and survey of slopes showed 

very clearly that in the aren north of the river~hames . , 

the slopes 'l;lera generally steeper and the countryside 

gave the appearance of being much younger. ·This change 

in topography is consistent with the extent of the 

Pleistocene glaCiations 'which stopped just north of the 
.. 

~hames 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-vater 

from the ice sheets. This water was carried a",ay by the 

rifer leaving the area to the so~th unaffected., The 

slopes of the ne't'1ly deepened valleys "Tare considerably 

steepened and it is apparent they have not yet reached 

equilibrium. Deforestation of the slopes during the last 

nillennium has probably contributed to the instability. 

\ 

FIELD INVESTIGATION 

" 

Inclinations: of slopes were ceasured by means· 

" " . ,'" 



of a vernier clinometer with the observer sighting on 

another person at least 1,0 ft. do\{.n the slope. Slopes 

shorter than 1,0 ft. were disregarded as being not suffi­

ciently large to present a true p1cture of the conditions. 

The probable level of the 't"Iater table 'tvas observed 't.,here 

possible and any topographical features, such as ponds, 

'\'lhich 't'1ould indicate a high 'tvater table were noted. 

On representative slopes hand auger holes were 

put dO'tID and samples taken for moisture content and 

Atterberg limit detorminations. All the samples of 

London clay taken were found to be the brown, weathered 

clay and yielded the following average results:-

1'later Content 
Liquid Limit 
Plastic Limit 
Density 

n~ 
- 29 

119 lb./cu.ft. 

These average values are not far different from 
. . 

those obtained for London clay in the testing programme, 

therefore the average value of ~I = 200 and c' = 2,0 lb./sq.ft • 

. may be considered to apply equally to the clay in the natural 

slopes. 

UNSTABLE SLOPES -
During the investigation the eight slopes listed , 



TABI..E V 

aUe & Slopo IjQo JAcli;n,at1cm W L.L. ~ Remark.§. - -
\'lindsor 1. 12-}0 Recent small slip 

Ch1lderditch 5' ll-~o 36 78 33 Moderately large 
slip 

tI 9 lot° High G.W.L. 
II 1 1<*0 33 78 29 Active slip ... , 

Si;}\'TCl.rdstone 6a 1<*° Slip in 1913 

Childerd1tch 2 . lot° 

BIstree 1 100 31 80 28 G.W.L •. at surface 
.\ . 

Se1'1ardstone 1 100 36 alt. 28 G.W.L. at surface 

TABLE V Unstable Slopes in London Clay, .. ,.... 

in Table V above, ~lere found to be unstable and slipping. At 

some of these sites there was·- def1Ilite evidence, ,such as free 

water on the surface or marsh grass, .that ground water level 

was 'at or ncar the surface. In other cases, particularly 

that at Windsor, evidence points to a lower ground wnter 

level, but probably not more than 2 or 3" ft •. belolf the surface 

in tlTinter and likely less. than this .amount at somo sites. 

The movement'at Childerditch Nos. 1 and 2 and at 

S~vardstone No. 1 is apparently nearly parallel to the surface 



and extends over a fairly large area. Plate VIII shows 

Ch1lderditch No. 1 and a definite ridge is noticeable around 

the base of the moving earth with a steep face remaining at 

... its top_ In the other cases of Table V movement has taken 

more the form of a slump with a proportionally larger steep 

surface above the slide and more bulging at the toe, see 

Plate IX as an example. At Windsor this type of movement i3 

the most pronounced and the slip surface is apparently 

approaching the cycloidal shape commonly found in failure 

in cuttings. 

In addition to the active and recent failures a 

number of sites indicated from their topograp~, that 

~ailures 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 soil creep ~dth 

perhaps some shear strength failure. Slopes in this class 

were considered borderline cases and not included in either 

the list of unstable or stable slopes. 

STABLE SLOPES 

Table VI gives details on 20 ,slopes which l'lere 

found to be stable. 

; . 
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- TABLE n 
SITE AND SLOPE No. INCL I NATION W L.L. P.L. . REMARKS 

-CHILOEROITCH 

II 

.1 

._._---- -~-'----

SEWARDSTONE 

" 

1/ 

/I 

/I 

II I 

ELSTREE 

I, 

POTTER'S BAR 

SYDENHAM A. 

SEWARDSTONE 

POTTER'S BAR 

" 
E LSTREE 

I 

POTTERS BAR 

" .. 
I, 

L 

6 11'12° WOODED SLOPE 

-- -~.--- ~,-.---

_ . __ .... b __ .~_-'. _ ..... __ • ___ • ____ 

10· 10 '12.° 
.. ~---- ---- ------ -+.---- f--'~'-' .. -----_ .... - ... - .... _ .... __ .-

12 10 'I: HIGH G.W.L. 
--,_., --.-. r--"'--' ----- _._-- -'-"'- ----.-------------

6c:. 10 'I; 
7' 10 'IS: 

5 10°, 

4b If. ° 9 2 PROBABLY LOW'G.W.L 

2 'f. ° 9 4- 29 79 ' 27 

eb 9'/~ 30 81 29 

4 9 'I; . 

3 9° PROBABLY HIGH G,W.L. 

2C1 9· -. . 

5 'A ° 8 It 31 90 30 G'w.L. ABOUT,3 FT.DEEF 
--- -- --

8a. s· . ' 

, 

5 SO 

26 73/Jt' 

2 -;!/4 
-

I 'I 0 
(TH ERE,., RE A GREAT NUMBER 

7 2 OF STABLE SLOPES AT -
~ 7 'h: INCLINATIONS OF LESS THAN 

7°) -
4 'I. • 7 ~ 

STABLE S LOPES IN LON DON CLAY· 

'TABLE 1lI 



5'8 
These slopes ''lith the exception of Childerditch 

No, 6 are all in grass pasture land. The one exception is 

a 'trTooded slope and it is probable that the ground-toTater 

level there never comes to the surface. 
, . 

A typical stable 'slope is shovm in Plate X. 

The profile of the stable slopes is usually almost straight 

over a considerable length with a comparatively short 

transition length at the top and bottom of the slope. 

STABILITY ANALYSIS " 
,..,.,.- '$ ••• 

In slips on natural slopes at, inclination such 
',I ,';'-

as the" ones observed in' London clay the length 'of the 
.. 

,moving mass'of earth is usually large in compar1sonwith' 
• , ' ' - .J "'.' • 

its depth and in most cases the failure ~urrace ~s" parallel, 

. or nearly so, ,to' the ground surf'ac~.,. For the type~ of' 
• ' \1 

failure \llhero the groUnd and failure surfaces are pa.rallel ' 
~ ~' " c. , .. ~ ,I ' 

ru-id 'c,over a considerable are~; 'Gll:d effects may"be '~eglected 

and. the ' stability cO~Sidered'on the ba~i'S" ~1' ~he: m~~s ~'~OVi~g 
d011Il the f'aiiure'>Plano' (~~a' for, .instOllce" Taylor, '1948; 

Henkel and Sltempton, '19~)~ , , " ; " 

Hef,erring to' Fig. 12., ,the shell:t'ing::s~ross" 6n " . 
': the ' failure' :, plane is: :, :,','" 
, .', '1 = zY 

. " 

Sin f3 ',cos/3,' ' 



and the normal effect1ve pressure on the failure plane 

is: . 
I 

0;= 

Stability is maintained when the shear strength 

is equal to or greater than the shearing stress, i.e • 

. ' , 

. ' 

~ U't 
Z m.z 

~---- -------'--surioce 
--:- S'IP ------, 

. 
~ 

<..' 'FIG.12 STABILITY ANALYSIS FOR NATURAL SLOPE 5 

~_~,_;l,_--,-;, ';";-t'~_~---"-i '.", ... _,~ . ___ ~ .. ",. _ _..._...i~ .... '~_. ~''- ,"",-_..,_rl-,'" .h __ < _'"0-" • .......,.-... ..... ".,.. .oJ ... ,'" ."""'-"-_iat,......'.....~~ 

There is substantial evidence from field cases indicatinB 

th~t c' ultimatoly approaches zero and thereforo for long-term 

stability the frictional component of shear strength must be 



.,' , 

6,0 

equal to or greater than the shearing stress, 1oe. 

therefore, resolving this equation the maximum value of t3 
is given as 

In the case of London clay with the water level 

at the surface, ~. = 200 and c' = 0 the limiting value of 

(3 is 9!0. \'lhen m = 0 the limiting value of fj is 

obviously ~'. Between these two limits ~ is very nearly 

proportional to m. 

It might be noted that since failures on natural 

slopes are generally not deep the frictional shear strength 

involved 1s low and even a small value of c' would alter 

considerably the limiting angle of stability. ' Consider for 

instance, a slope with 't'later level at the surface and a 

potential failure plane at 10 ft. depth. A c' of ,0 lb./sq.ft. 

\'1ould increase the limiting angte of stability for the slope 

frOIl 100 to 12°. This same increase in the limiting angle 

\'l'oUld occur if the l-rater lovel l'lere two f·~. balol'T the surfaco. 
, , 

If tho full value ~f c' = 2,0 lb./sq.ft. as obtained in the 

laboratory tests ".,ere present the limiting angle for stability 
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on such a failure surrace would be approximately 2~~o. 

Field observations would indicate that the average 

depth to the failure surface in many cases maybe less than 

10 ft. If this is so the effect of c' on the'itm1t1ng angle 

'ioTould be more ,pronounced. 

, CONCLUSIONS FROM NATURAL SLOPES 
__ 'ee' .* 

The information given in Tables V and VI is 

present graphically in Fig. 13. From the data the following 

information can be drat'm: 

" 

(1) All slopes of less than 100 ,are stable. ' 

.(2) All unstable slopes have inclinations 
bet'\veen 100 and 12~·0. 

(3) No slopes steeper than l2~o have been 
found. 

The results indicate that 10° is the critical 

inclination for natural slopes in London clay. This is 

virtually the same angle obtained in tho stability analysis 
, ' . 

"[ith the assuI!wt1on thut c! = 0 and hence indicates that 

c' does eventually reach zero in natural'slopes in London 

clay. The same conclu~ion was reac.heq. by Hen,kel / and Skempton, 
, .' . ' . ,"":.~' ' . 

(199r), for the ,heavily over-consolidated clays of the coal 



measures at Jackfield, Shropshire. 

Although definite conclusions for all heavily 

over-consolidated clays cannot be drmm from :these tuo sets 

of results, they are indications that c I I:lay re"o.ch zoro en a 

geological time in over-consolidated clays generally. A 

consideration of natural slopes in other types of clay will 

b~ necessary to insure that this result is gonerally 'valid. 
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PLATE VII. ACTIVELY ERODING COASTliNE IN ll>NOON CLAYo ~1AROENo ISLE 
OF SHEPPEY. 
THE STEEP SLOPES ANO THEIR UNSTA6LE NATURE ARE VERY NOTICEABLE 
COMPARED Irn TnE SLOPe: IN THE flEI.D ~HtCH IS STAB E AT 8iO 

I NClI NATI ON~ 

PLATE VIII, ACTIVE SL1P ON A 10iO SLOPE IN LONDON CLAY p 

CHI LOEROITCH Noo 10 
A SI.IP Otl 'tHE STEEPER PART 0,. THE S!..OPE. SEE RRO 0 AS REPAIRED 

cI920 WITH COUNTER,ORT D~AltS . 



PLATE !X. OLD SLIP IN LONOO~ CLAY ON IO!~ SlCPE o SE~AROSTO~· NO. 6A . 
THIS AllURE OCCURRED It 19130 Al'ft-lOUGH THERE lAVE GEEN AUEJPiS 70 
nAYf~~1 VHf GROUND, THE YOP Of' rHIt St.!? MID '(tl[ I-IU:.IMOCI-tl NA"lU E OF THI!: 

SUAfAC~ ARE ST l l~ VIS,etE~ 

o 

PlATE K. TA 3lE SLO?E IN lONO Nell 
SO AROSTO~'E N;; 5. 



PART IV 

EXAHINATION OF FAILURES 

INTRODUCTION _ ...... a_ 

The following sections are concernod with the 

exaninatlon of nine failures in cuttings in London clay. 

The cases comprise both slopes and retaining '\falls and 

in t"10 examples a retaining lfall ~iith a proportionally 

large slope behind it. These cases are all in railway 

cuttings ',.rlllch vary fro~' .18 to 60 feet in depth aitd vary 
- , . " ,: .<, ~ , 

in .ag~ ~~ fnl1';'re from' l3tc:)· ai' ~ears.' In mo'nt' caSes 
. - . ~ 

some remedial measures have been taken to stop failure, 
, , 

,Ii th varyinB success. , 
• , , " , I "', I ~ , 

The purpose of this exrun1nD.tio~ is to 'consider 
. . ."~ 

63 

each failure ill detail and, by cmalysls, to determine, tho ", 
, " 

vD.iue ofc" necessary for 'stability and ,the rnnCe. of ' 
, ; "', , , ~,:',', " \,." 

fee tor' 'or 'safety for "thG possible range of c'~: ,That:'is, ' 

to fina (a) -to "'~hat"extent had'the c I been 'reduced ,th;cnigh 
• ", " ~ I .' ~ • • ~ .. " , : '. '" L _ ,l ~' , 

time at the slte in qUestion, (b) ,1'rhat,''\ras the probable' , 

fa~'tor~r' sn~~t; on ~ ~f'fe~tive 'stI'~SS' basis at c'~~~trU~­
t10n and '( c) '-That ,.,ould :the factor of safety be if c' had 
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decreased to zero. If the effectiva stress param3ters 
'. 

necessarY'for stability have been ~eterm1ned the effective-

ness of renedial ceasures m~ be calculated. Such cal­

culntions were carried out for the· cases ,,,here the remedial 

measures were well kno~I.n and thoir effect could be determined 

quantitatively. 

hl'hen the physical dimensions of any case and the 

soil shear strength are knolm it is usually 'poss1ble to 

determine the factor of safety of the structure, conversely 

if the dimensions and factor of safety are known it is 

usually possible to determine the shear strength. In 

consideration of the examples here the latter circumst~ces 

hold, the factor of safety at failure 1s unity, hence the 

corresponding shear strength may be determ1ned. On an 

effective stress basis the shear strength is composed of 

an angle of shearing resistance and cohes1on. It has been 

shO'tal earliel~ that the drained angle of shearing resistance 

for London clay is very nearly constant at 200 , hence with 

other dimensions known the cohesion portion of the shear 

strength may be determined. 

The.determination of c' was generally accomplishod 
. . 

by a.ssuming failure to take place along circular arcs or 

along planes and.resolving the forces involved as outlined 

in n follOlling section. In addition use \'las made, in tl1'O 



cases, of a failure surface of non-uniform curvature and 

of a circular arc and straight line combined. Determina­

tions in all cases \wre made per unit length of the slope 

OJ.'" ,·;all. For these failures in London clay ·the length of 

the faiiure zone 1s usually considerably graa'cer than its 

65 

, .. ,;t.dth·, the ratio varying from 2 to 1 at Sudbury Hill to 

about 6 to 1 at Mill Lane. It has been shoun. (Kenney 1956) 

that end ef:fects are relatively UL"'lit1portazit \,;-hen the length 

of the slip 1s considerably larger than its 'tddth and 

slices of un! t thickness may be used for calCulation \'11 th 

little error. 

CHOICE OF FAII,URE SURFACE 
-=a:-; "" ............ 

To apply e,ny form of analysis to u pur't1cula.r 

case sone failure surface must be assumed. Failure may be 

taken as occurring along pIanos, circular arcs or other 

ma.thema.tical curves Such as lognrithnic spirals or a com­

b:tnation of these sha.pes. H01{OVer, for each case some note 

oust be tru~en of the probable mode of failltra and the 

appropriate slip surface or surfaces than assumed. Thus, 

",hi-Ie failure along a plane parallel or nearly parallel to 

the surface can generally be as~umed for long natura~ 



slopes, such an assumpt10n is usually not lOGical for 

the shorter slopes found in cuttings in over-consolidatod 

clay. For the slopes of cuttings ,a rotational type of 

failure is more common, hence circular arcs nre a more 

suitable assumption for a failure surface. 

For retaining ,,,alls it has been found (see 

for instance the Mill Lane case) that the as~umption of 

failure on planes is a reasonable approach to reality. 

Therefore, in the analyses "'hich follow the procedure has 

generally been to consider failure in the fir'st instance 

along planes for retaining walls and on circular arcs for 

slopes. 

Actual failure surfaces have been observed in 

the case of one slope (Northolt) and "Tere found to be 

approximated by a circular arc and straight lina combined. 

F9r this surfe.ca a non-circular type of analysis was 

applied as given by Kenney (195'6). ,HOl'10Ver; the use of 
" ' 

non-circular failure surfaces resul,ts in long calculations 

and as an infinite nunber of'shapes and surfaces may be 

assumed such a procedure is not practical, from a,design 
, ' ' 

point of vi el'! , 'tVi th the present knowledce of' actual slip 

surfaces in over-con~oildated clay. It is of 'course to 
" 

be expected that as the shape of probable wox'st surfaces 

become better knol·m the use of non-circular slip surfaces 

66 



67 

will receive increased attention for homogen~ous' soil 

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 orde~ to compare the 

results on an actual failure surface with those obtained 

'by the usual circular arc method of investiga~ion. 

Although failure along planes was,assumed for 

retaining '\-Talls as a first analysis, several \'lalls "Tare 

also considered on the assumption of failure along a 
, 

circular arc,. 'The purpo~e of this l'laS .to compare the two 

methods and to determine if one could be used as a check 

on the other. 

To use an analysis based on effective stre~ses 

it is essential ~hatthe \..rater forces acting on' th~S1;l"'UC­

ture and on any assumed failure surface be 'kno'Wll~"To .. 
/...1., 

ol)to.in this information piezometers .Of the Casagr~de' type 

(see Fig. 14) "Tore installed at five sites. 
: .' 

In,ono case 

(\'lood Green) tyater levels had been observed . over' . a' c'on-
~ '0 •• ' t ., "I I 

s1derable period of ti~'le in capped. b.oreholes,~ .In the 

other, cases some information eXists on water levels, but 
. '. 

, " 
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it 1s by no means completo and remedIal measure~ have 
• 't' , 

, changed the cross section to the extent that determination, 

:. at the present time,of porewater pressures that' could be 
'. . . ' 

, ~elated to conditions at failure is not feasible. Even ' 

in the cases l'rhere water levels ,.,ere determined, it i's not 

certain that t~ey are exactly the same as those'operating 
. "'::' 

at the time of failure, as the failure itself m~y change 
, , 

tho ,drainage, p,attern of a slope. , Where poss,ibl~, liater ,. 
levels 'vere, me'asured outside as "I.'1ell as on the failed 

':' ,'" 

portion of :the,: slope so that both together, "IQuld' serve as 
r ':', " , ',. 

, ' ( 

, a guide in establishing a water level, to be, us,ed 'in .. the 

" analysi~.' 

, ' , 

" .. ~: " ,: .' ~ ... 
" \', 

" !ff~O'f .. ' pattern is usually set up .. 1n\tp.e slope 
, ", ' ' " " ,'I " 

of n. cutting t:1.d therefor's the assumption 6i ':~>~:~atic, ': 
" . .: ' . , . ",' , 
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liai;er letel to', be used 1n:d~termining the porew~ter pI;essure 
" ~ I • , • '. , 

, ' 

on s'lip surfaces at cliffer~nt depths is not :r:i.gorouslY 
,,". ".:! 

,correct as shown in th~ F~g. 1, on page 69- However, for 
I I: 

conditions encountered in, these slopes the di~ference 
• , , • ..' I 

bet1'Teen ~he ''later' head measured at ,a piezomet9r, and 'true 

pore'lTater pressure on' an o.s::nmed failure pl~e due to .. 
their different positions ,in the,slope does not 'usually '. . 
amount to more :than 1;., or, , inches of h:ead in the 'worst 

~ase, and in'most cases,~s less. Uh1le', wnter:'levels c'on be 
, , 

measured to ,muCh' :smo.lle~ dimensions than this,:-:.'the assump-
• . ' •• ' t'" ' • ,.':. < . 

" , ',.\ ",': 

t10n that any measured w'ater level was .the ona operating 
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at failure cannot approach this toleranc,e, hence a static 

water level was used in determining the water terce on 

a.ssumed failure planes. 

In three ca.ses, measurements' of wate,r levels 

\'Tare tlade in open boreholes. The "later level in boreholes 
, . " ' 

usually twt€S a considerable time to 'coneta,equilibrium and 
, 

in a few holes (at l{1ll·Lane 1n 1942), equilibrium was not 

reached in seven weeks.' liners equilibrium va~'reached in 

an open boreh~~e.' 1 t was, found in the: ~wo ' pi~c~s ': measu~ed 
, that the open borehole 'Save', a higher. wat'e~'leV~l ,th~" an 
~. ." . '. . . 

adjOining p1ozometer by about tt'1O feet. Some" diff'~rence 
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might be expected from the flow pattern set up, as nontioned 

above, but not a differencQ of this order. Evidence on this 

point 1s not enough to drm., vary defin1 te conclusions but 

it does seem that there may be other factors involved such 

as the flowinG of water into the hole from perched water 

near the surface. 

ANALYSIS BY CIRCULAR ARCS -
The method used for the determination of the 

effective cohesion at failure, when failure on a circula.r 

arc is assumed, is based on the equation for factor of 

snfe~y as given by Bishop (1954>.· 

F = Sec oc:. J 
~'. tancc. 

F 

For routine use of this equation the X forces arc'omitted 

and for use ,\'1ith measured '\1oter levels the W(l':'B) ter61s 

replaced by ('-l-hwYw b) \-[hero hw :ts -the observ'ed hond of 

wnter on the failure surface. Tho equation then becomes 
, , 

F . =. 1 OLVc 'b .... tan ~ I 
~\-1 sinoc. ~ 



To determine the value of 0' required for stability, F 

at failure is unity and the equati,on is ~earranged 'as 

belO't'T 

c t 
= LU sino: - £,s{tan .0' (W-~;Yw b)1 

!,6'b 

uheI'e /l = §~coc _ 
1 ... ~'tanoc 

F 

An example of the determination of c' by this method is 

given in Fig. 16. 

ANALYSIS BY PLANES ... "_ _cr=n 

11 

Analysis by assuming failure on planes has been 

applied here only to retaining walls, as this type of 

analysis is not characteristic for slopes. When plane 

failure is assumod, the first dat,erm1nation is to find 

the c' required for stability by finding its value 'Then tho 

resistunce to sliding offered by tho wall plus the passive 

earth pressure equals the activo earth pressure. 

The active earth pressuro is determined by 

assuminG a failure plane and drawing a force polygon for 



all tho forces acting on the earth between the, ~11111 and 

the assumed plane. The~e force polygons are drmm using 

a ~I of 200 for London clay and for two values of c l , 

generally c l = 0 and c' = 2,0 lb./sq.rt. Different planes 

of failure are assu~ed until the maximum active pressure 

is obtained for each of the above values of c l • 

Passive earth pressure is determined by 

asoum1ng failure on a plane from the front of the wall 

ond resolvina the force polygon for the ",edge of earth 

involved. This procedure is follol'lsd for the t'iO values 

of c' used above and 'for as many planes as ,necessary to 

find the minimum passive earth pressure. 

viall stability is next considered by dra,,,ing 

the force polygon for the ".Tall using as one side the ... 

minimum passive force just obtained. ' The activo force, 

how'ever, is not included in the force polygon for the 

wnll. Instead the closing side of the polygon is a 

force in a direction opposite to the active force and: 

this closing side indicates the wall resistance to run 

active forco in that direction. Wall resistrulce is 

determined for the tuovalues of c' already used. 

A plot is then made of the two forces, nctive 

eurth presst1.re and ,.,all resistance, obtained by tho tOI'ce 

polygons using effective cohosion as n base.' It uill.be 

round that the t\>TO forces give a straight line plot 
" ,:' 
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(geometry of the force polygons establish this) and inter­

sect at some value of c' which is thorefore that operative 

at failure, when wall resistance is just equal to the 

active force. 
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A step by step description of this procedure is 

given l'lith Fig. 17 to be used with the explanatory analysis 

in that figure. In practice the force polygons are usually 

dra't'lll partially superimposed upon each other as they have 

come sides in common, thus the complete analysis using 

four or five possible planes for the active and passive 

wedges can easily be done on a single drawing. 

The shape of some of the wall cross sections is 

rather irregular and this causes difficulty in determining 

tne probable type of failure at the wall itself. Generally 

it is necessary to assume the front and back of the wall 

are vertical, this being common practice even l~ith 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 ~I to the vertical back of the wall. Tests (see appendix 

B), to, determine the angle of friction betlloen, London clay 

and a rough 'surface of ' this type indicate that 'the full 

value :'0£ ~I, i~ dQvoloped. It was' also found':'iri" these tests 

that there was some c' between the clay and a rough surface, 



therefore tho c· between the clay and the wall was taken 

as being the same as in the clay at failure, generous 

allOl'lallCe being made for a shrinka'ga crack at the back of 

tho \'Tall. 

In the case of the passive force the angle of 

lTall frictlon (8) at tho con1;act face can only equal ~I 

1f the wall moves downwards relative to the soll as well 

as fon-Iards. , For the other extreme where the wall maY' 

move freely with the passive wedge (e.g. a sheet plle 

anchor wall) no frictional component is developed at the 

wall and S = O. In the cases to be considered 1n the 

following sections the walls were observed to move hori­

zontally in several instances and in no case was either 

upward or down'l:lard movement noted. Therefore, the angle 

, of wall friction at the passive contact face must be 

between the two extremes noted above and for the analyses 
[.11/ 

ha's been taken as ' 2, this belng considered as close an 

estimate as possible to the actual S. The presence of 

vall friction results In n curved surface of slld1ng but 

ro~ low values of & (i."e'. 100
) the assumption of failuro 

on planes yields the same results as tho more r1eorous 

solution for failuro on curved sl~facQs as given by 

Caquot and Ker1sel (1948) (see Tschebotarloff, 1951, p.2~). 

The effect of using ~ = ~'/2 rather than 6,= ~I, 

, .',! 



on the final analysis is usually small, amounting t~ 

about 3% difference in t~he factor of safety. As the 

actual & is undoubtedly nearer jj~2 nny error from Using 

this value c~~ot amount to nore than about 1% on the 

factor of safety, a very tolerable nargin considoring 

the other uncertainties involved. 

In the case of "ralls ,,11 th a sloping base 

there is so~e question where the failure takes place. 

The 1ftll Lane lfall 1s the one case "here extensive 

observations of'the slip surface exist and the failure 

surface there, was found to be nearly horizontal below 

, the uall, see Figs. 26 and 27. Although no other cases 

as \'loll defined as this exist, ·it is worthy of note that 

if fa.ilure occurs along the base of a ,'1all ui"t;h a sloping 
.... ,. 

base, forward movement of the wall "Tould mann an accom-

panying upwards movement of the wall and such movement 

has not been observed in any of the failures considered. 

Analyses summarized in Fig. 18 show that the c' necessary 

for stability increases the deeper the failure below the 

nall. It 'fill be noted that although the passive \'Tadge 

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 overbalancos ttiis 

increase,- with the net effect of lass wall resistance with 

I , 
" ,I 
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'with deeper failure pat~s. However, there is a limit to 

the possiblo practical depth at which failure could occur. 

It 1s obvious that it the position of the wall react10n 

continuos to make an angle ~I to tho vert1cal on the 

failuro surface, whan the ta1lure surface goes more than 

tJt below the hor1z~ntaJ. :the reaction has a c~mponent in 

the direction of movement. This means the wall actually 

contributes tO,its own failure, an' obvious absurdity. 
, . 

• ' 0 

Practical considerat1ons of the displacement of earth 
, , 

along tho failure surrace make any path underneath the 
, , 

wall below the'hor1zontal seem unlikoly, th1s coupled 

with the observed slip'surface ,at ,M1ll Lane:and 'the 
. ". " . " ' 

observed fact-that no walls have been known'to move down-

wards or upwards during failure pointil to a horizontal 

,a$sumpt1on of, fa1lure surfaco under tho wall to be the 
, , , 

only', practical one. ' J.ccord111gly. horizontal rnliure ' 
, , 

• • f ' 

surfaoes have been assumed !~r analysis under walls with 

~lop1ng basos. In most caS03 the c' required, assuming 

',' fa1lure along the slop~.ng bale, is giVen for compar1son. 

The difference' is, more proncunced the larger the',' wall. 

In ths smallest wall, Upper 301lowa1, where the weight 

of, tho active wedge 1s much l:reater than that or the 

wall both paths or failuro give the same result. 
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TO DETERMINE c'·FOR STABILITY 
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AT NORTHOLT SLOPE 
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. Assumed planes 'of fa1l'ur·1 . . 
dcteTm1nnble,f~es on the wed e tor the act1ve and passive wedges are drawn as shown and thd 
on thfJ assumpt10n that there 1 ges and I the, wall calculated. .AnalY'sis is then carried out, first 
cohesion present, 2,0 lb./sq.r~ no CObesion'present, and then on the assumption that there is . 

• USU.allY' being taken as the amount. 
Considering f1rst the C ! . 

force poly-gon is taken at POin~sD or the active wedge with no cohesion: the origin of. the I 
force PA (at ~I to the back or • Prom D a line is drawn in the knoWn direction of the active 
D and plotting the water force the Wall) •. The force polygon 1s then completed starting at point 
tho base UA, and the reaction O~ntthelface of the wedge UR, the weight WA' the water force o~ . 
in ~gn1tude. The intersection he base RA (at ~I to UAi which is known in direction but not . 
forces and the value of the actiOr the sides PA and RA tfien establishes the magnitude of these 

, Ve torce PA when c' = 0 is determined. 
For the active torce whe i 

plotting backwards from point Gn Cohesion 1s present, a point E is chosen as the origin by 
addi-cion of forces ~ and the c' so that t-lhen the force polygon is drawn with origin at E the 
brings the force polygon to po~hes10n force between the back ,of the wall and the wedge (CB) 
of the cohesion force on the ba t G. ,jFrom G the forces are plotted as before with the addition 
FA when c' = 250 is then detera~ or the active wedge (C'A)' The magn1tude of the act1vo force 

. ad as before bY' the intersection of the sides Ra and PA" . 
The passive force 1s det I . 

point K'when 0' = 2,0. After ter~lned,in a similar manner starting at po1nt H when a' = 0 and 
tront of the wall pip is dete~~ Passive force Pp has been determ1ned the total force on the 
s1des Pp,' UF and I"p. ed tor ccnv:enience by drawing the triangle of forces with 

The forces on the wall w . i . '. ! " 

l1ne of action of the wall res1htn cll=' 0 are next considered. W1th the origin at point X the 
forces in the ordor shown, one s nnCe;(Pw> -is dratin and tho force polygon is plotted with tho 
mined (P'p). The intersection ~~de being the total force on the front of the wall just deter­
the w~l resistance ~{. The 1'0 thellines for ~{ and Pw then establishes the magnitude of 
with the origin at pOint Y arranrce POlygon for the wall when c' = 250 lb./sq.ft. 1s'then dra~n, 
point Z as before. ~i when 0' _ged so tbat the plott1ng of the we1ght forco will start from 

. - 250 lb./sq.ft. 1s then determined. _ 
. Several cases are deter i . . . . 

forces are obtained. A plot im1~ed Qs outlined unt1Y the mrix1mUN active and the minimum passiVE 
minimum wall reSistance <Pw) ob hen made, as shown, of the maximum active force (PA> and the 
.lb./sq.ft. The point where thetatnedlby using the D1nimun passive fo~ce for c ' = 0 and c' = 25 
for stability, 1.e.' when the \"ai~lotsi of the two forces intersect gives the value of c· require 

resistance is just equal to the active force. , 
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FACt.!' OF SAFETY, ANALYSIS BI pr.tAt~ES 

Tho factor of safety (F) when the analysis is 

for assumod plane failure, mS1 be deter.m1ned by two 

methods: 

77 

(a) The ratio of the wall resistance to the active force. 

(b) The ratio of the available shear strength of the soll 

to that required for stabilIty. 

Although method (a) is commonly employed to determine F 
'.' 

(see for instance Peck, Hanson and Thornburn, 19,2, 

p.363) such a procedure is not inherently logical. It 

implies that the'force polygon tor the wall resi~tance 

may be reduced 10 scale by the factor, at which point the 

wall resistance is just aqual to the active force. By 

reduc1ng the scale of tha force polygon in this manner the 

weight and \-rater force s:tdes of the polygon are reduced 

and t~is is a basically :I.ncorract procedure s1nce these 

forces are always ru:l.1y l,resont. 

Tho use o!~ method (b) which is a.lso ·used' for 

the analysis by circl11ar arcs, eliminates thisincons+o­

tency by app~y1ng the factor to the shear strength para­

met~rs, and is tho procedure recommended by the CivI~ 

Engineering ,Code of' Practl.ce on Earth Retain+ng Structures. 

In'~his use ot limit desiGn methods, locipient failure is 

assumed and tho shaar str(lngth nocossary tor stabili 1;y is 



compared with that available. 

This may be expressed in equat10n form as: 

. sm ,; ~ { c· + <an - u) tan RI'} 
(Bishop 1954) 

where 8m is the shear strength mob1lizod for stab1lity_ 

The proced~re used in applying th1s equat10n 

to tho force polygon is sho,m in Fig. 32 and consists of 

ass~1ng some value or factor of saf~ty and,replotting 

the ~or~~ ~OlY~ons using c'~ = ~ and 0 1m = tan-~(~~) 
as tho shear strength parameters. The act1ve torce 

and wall resistance can then be determinod at the factor 

of safety ass~ed. By choico of su1table further factors 

of safety I generally' only t,.,.o other than the values nt . , , 

F = 1 are necossary, a plot of a~t1ve force and' wall 
, , , 

res1stance against 1'actor of safety may be made. The 

point at which these curves inters oct is the 1'actor of 

safety applicablo to tho case. 



CASE HISTORIES 

The following nina case histories. are arranged in 

order of their age at failure. The figures and plates to 

accompany the histor1es are in Volume· II. 
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Reference Nos. 10 & 18 

This cutting and wall which are shown in plan 

and sec~1on in Fig. 19 were oonstruoted in 190" the wall 

being built' in trenoh. The cutting is one mile in length 

and with a maximun depth ot 60 ft., is the deepest of the 

cases considered in this thesis. The wall was constructed 

of conorete faced with brick and ,.,as strengthened ",hen 

built by concrete blocks at the too, 10 foet long extending 

6 feet below tho wall and spaced at intervals of one chain 

'along the front of- the wall. 

No trouble was experienced with the wall or 

slopos until February 1918, at which time movement of the 

track next to a portion of' the wall was reported. From 
, I ' 

then on, ,the wf:Lll was watched carefully and it lias observed 

that the movement was extending. Consideration was'being 

31van to placing struts from the wall ,in quest10n to the 
" ' 

smaller wall and the slopo opposite, but, before anything 

was done, a portion of the ~Tall nearly ,00 feet ~,png moved 

up ,to ,20 ,:feat forward. ,Th1s movement, "Th1ch completely 
, , 

d1,~rupted ,the' three railway lines' next' to the' wall was 

e.~,compan1ed by a movement of the slope behind the wall 
, . 

, 



ovor the same length &Ild extend1ng a short distance 

beyond ~he top of the cutting. The major port~on of the 

movement took place in halt an hour and was preceded by 

a loud report, apparently caused by the breaking of the 

wall. 

The he1ght of the portion' of the wall that 

failed varied from 24 to 29 feet above rail level. For 

the accompanying analyses the section used is that Biven 

in liThe Engineer" (20th December, 1918) and, being 26., 

teet high, represents approximately an average B,ection. 

Remedial measures consisted of cutt1ng the 

slope back to 4 to 1, in place of the original 3 to 1, 

and the rebuilding of the wall. The nev wall was lower 

than the original and founded deeper in the ground, in 

80 

. addit10n the base of the destroyed wall was lett in place 

below track level to aot as a buttress. 

§Ato'IpvestigatiQn 

There 1s no record or any investigation be1ng 

carr1~d out at the t1me of the failure, and ·the fa1lure 

was sa1d to be " ••• due to tho characteristics of. the 

blUe clay which in the Wembley cutting underlies the ' 
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yellow Lo~don qlay.1I (The Enginesr, Docembe'r 20th, 1918). 

However, in excavating to rebuild the wall c, ••• planes, 

the surfaces or which were greasy, were encountored at 

the bottom and below the old wall", it appears that the 
, , 

slip surface has been uncovered here and the characteristic 

zone of ~lghor'moisture content du~ to d1latancY,under 
" 

~hear ,str,ess o~sorved. 

Four piezometers, three in the sl1p area and 

o~o on the slope outsido it were installed in Apr11 19,6 

to ~etermlne the water levels in the slope. ,Roa~ngs of 

water levels have been taken from that time and are con-, 1" ' 
tinuing., 

Ob~ervat1on of the material removed ,from the 

boreholes, made', to install the piezometora, indicato that 
'" . . , " 

approxima.,te?-y ~he lower half' or the, cutt1ng1s 1n 

unwoathered'London clay, the upper portio~ being in 
, :",' 

w~athered,London clay wh1ch becomes s11ghtly sandy near 
, , 

tho top of, ,the' slope. A short distance beyond ,the top 
, t,,' \ ' 

o:r"~he slope" the London clay is overlain by pebble gravel. 

Atterberg 11m1 ts on three samples from tho bar,eholes for 
, .' . '. 

the,:\p~ezot1otora give the following results: 

p.or2h.Ql,!l .PJn~th to SnmElg, L~g..111d l~!mt t !!l.l:lflt1c Li!ll~ 
" 

A,' ell 13' If,u 69, ,2, 4"\ 

B (21 9' 3" 81 31 So 

C (~ J 20' 0" 86 27, 

, !~ 



Although the final failure at this site took 

place in about halt an hour, this unusual spoed f~r a 

failure in London clay appears to have been caused by 

tho sudden withdrawal ot support occurrtng when the 

wall broke. Tho true failure must be cons1de~ed the 

initial movement ot the wall arid·slope which was taking 

place over a period or some months before the sUdden 

catastrophic movement. Such a slow gradual movement is 

undoubtedly a drained failure and is here taken as such 

for purposes of analysis. 

The slope vas cut back in the failure area. 

and behind the remaindor of the wall as a remedial 
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neasure soon atter the failure. Hence, the observod 

water levels could not be used directly to give the 

water levels in the slope at the time of failure. A 

c.ompromlse was made between tho measured w~ter 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, seeF1gs. 20 and 21. The active force ~Tas 

datorminedin tho usual manner and the wall rosistance 

~m9 ·.dotermned, t1rst~ for the case ot no concrete blocks 
~ , ~ ,( ,,' 

at the toe and.'secondly with the concrete blocks in' 

.. 



posl t1on, assuming fallure as shown in Fig,. 21. This 

m~thod of approaoh ln using the same active force fo~ . 
each caso tmplies that the toe blocks would have no 

effect on tho 'shape of the act1ve we4ge: Although no 

proQf for or against this premise can be offered it 

seems reas'onable to suppose, consldering the' geometry 
, !' 

of the oasop that bloCks extending 10 feet out of each 
, , 

66 fGot along the front of the wall would not have a 

great .. effect on the shape of the activo ,.,edge. 

\ ' In the graph of Fig. '20 the value of the 

maximum active foroe when o' = 0 nndwhan o' = 2,0 

lb.'/ sq. ft., has bean plotted and tho minimum '''rall resis­

tance at' anchof 'these values 'plotted for eaoh of the, 
, ' , 

oases,mant1o~ed'1n the above paragraph. Undoubtedly 
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the effect of~ho too blocks is som~rhat greater than 

their' actual proportion to the longth or' the wall' whioh 

1s' iO/66.', 'The' oxact Of'~cct oannot be dei~rm1ned, but it 

1s'ast1matad.,tha.t the toe blocks increase the wall 

resistance 'to .'the higher value 'shown on the' graph for,: 

one' l),uarter of .'its length •. Acoordingly, . a l1ne :ha.'s been 
, , 

, ' 

drawn on-the gr~ph one' quarter war botween the two 'values 

for wall res1stance and this 110e is considered to be 

t~~" aotUal' wall res1st~co.. On this basis it'1sfound 
. '. : . 



The second analysis for this case was usde by 

assuming !ailure on circular arcs., Values ot c' required 

for stability wer.e first determined for circles passing 

through a bottom corner of tho wall asuuming there were 

no toe blocks. ,Thsnus1ng the same centres the values 

or o' were determined w1th the blocks in position. For 

the latter determ1nation it was asuwmod, as w1th planes, 

that the portion or the :ra1lure sur:race behind the wall 
, , 

wo~d be "una:rrected by the blocks at the toa, This 
' .. ' 

~ssumpti6n indicates a certain amount 'of d1scont1nui~1 

in ,the slip surface under the wall but is probably a 
, , 

reason~ble approximation to ,the actual failure surface, 

s~ce single arcs passing under tho wall and toe,block 

require a smal1e~ c' for stability. 

With', no toe blocks in position a c" of 

2!70 lb./sq.ft. ,would be reqUired for stability, see, ~' 

Flg. 22,' end, with continuous toe'blocks a c t of 
" , 

15'9 lb./sq.ft.''W'ould be, required. , Following thssame 
.,' . . " 

pro~.edure as in ~he analysis by planes the nc~ual c t 

requ1~'~d 1s' est1Diated to' be on~ quarter Waybet~~·en:'::., 
'( , 

.' ~ . . 

these values ~r 21;01b./sq.rt. " , " , 

" ,~;,,"',,; Factors of saf~ty have been determined for 

this ~allw1ienCl' ,'= 0 ~dwhen c' = 2;0 lb./sq.ft. 
I " , ,.'~ , ... • • • • ..' 

tor, both all/ura1s on, planes and, by circles • 
• ': I~ ',~, • ~ ~. , 

" 



A., summary of results is: 
: 

Type of .Analysis c t Factor of Safety 
required for 
,stabi11tY' c' = 0 c t = 2,0 

By Plan~s 190 0.73 1.08. 
, , . 

By Circular, Arcs 240 0.7J 1.02 

An analysis by plane~ was carr1ed out for the 

revised cross, section existing aftor repa1rsi which con- , 
, . ' 

s1ated of a decrease 1n the height of the wall and a reduc-

tion in 'the 1nclination of the slope to ~ to~. The 
. 

measured water 'levels were used and'the analys1s was cnrr~ed 

out with tho assumption used prev1ously, that the toe blocks 
.' . . 

were effect1ve for ~ the length of the wall. 

Results of the analysiS are: 

Type of Analys1s Factor of Safety 

when c' = 190 when o' = 0 
(i.e. at construction) (1.e, ultimate) 

By Planes 1.39 1.01 

The above values obtained tor tho factor of 

safety rnus~ be considored as apprOximations oin~e conditions 

, ! •• 



at the vall ,mere the base of the old wall was lett in 

position, make any straight forward analysis impossible. 

86 
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!!ARK VIJJ.A,.GE ~,AST RETAINING WAI,I. 

At this sits there 1s a brick retaining wall on 

n concrete base founded on unweathered London clay and 

supporting a 34 ft. deep rac,e of London clay the top 2, ft. 

of which is weathered. See Fig. 23 for plan and section. 

~he wall was built 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 

mentioned in Section 2 and the trouble with this 1838 

\l~ll 'to}'as d13cuss~d in several early considerations of 

failure in London clay,' (Cowper 1844, Baker 18~1). 

By 1920, 19 years after construction, serious 

mOV61'1ent of the 1901 wall, occurred and six concrete 

counterforts, as shown in the plan and section; were 

installed. After this installation, movement was vory 

slight but increa~ad slowly so that by 1940 further 

remedial measures became necessary. Tota~ ~ovement up 

to this time amounted to 36 in. at the top of, the wall 

and 18 in. at track lavel. 

Remedial measures consisted of countorforts 

t1lling 1n ',ths aroas between the 1920 counterf'orts £Ind 
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installing furthor countertorto so that the cross seot10n 

of the wall was virtually doubled ~ver the railed length. 

No further movements have been observed since this 

installation. Whilo the trenohes for tho construotion 

of the additional counterforts were open the forces in 

the struts support1ng the oxposed wall of earth were 

measured (Goldor 19~). 

There is no record ot ~ soil investigation 

beins 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 compression 

tests, analysis done at that time indicated a te.ctor of 

sarety of over t,ro. 

"Tube wellsn were installed in the boreholes 

and sealed off from surface \Inter with clay seals soveral 

reot thick.Wator levels woro measured 1n the~e wells 

fron·May to December, 1940. The levels in front of the 
'. 

wall were normal for water levels under traclts, being 

one to .three feet below ground, nod showed a seasonal 
.. . 

variation reaching a poak in mid-Novomber. Tho·two 



boreholes behind the wall, howover, showed great disparity 

in water levels, holo A stayed continuously at about the 

sama level as the water in front of the wall, while tho 

water lovel in hole B was at times 30. ft. higher than 

this, reaching 7 f't. from tho surfa.ce. lIo explanation can 

be offered for the difference as both boreholes ware 4 ft. 

beh:S.nd a failed portion of the ,,,,all and installed under 

similar circumstances. The water level of 7 ft. from the 

surface seams absurdly high since the -area around the 

borehole is completely covered with pavement. On the 

other hand, water level behind tho wall at the samo eleva­

tion as in front 1s extraordinarily low. Because of the 

great differGnce in these levels little confidence can be 

placed in them and therefore an estimate of the water 

level behind the "Tall is the best that can be done under 

the circumstances. 

To indicate tho probable rango of effective 

cohesion necessary for stability throe water levels were 

take~ and the analysis done for each level. 

The levels, Beo Fig. ?.~, were taken '~1th the 

following reasons in mind: 

Assumin8 the canal was the only source 
of ground wator. This 1s the lowest 
posD1ble lovol. 



Intermediate: 

Highest: 

AnalYsts 

Sinco tho sewer to a potent1al source 
of water and thero is probably somo 
seepage from tho surface. 

Assum1ng considorable 30epago,trom tho 
surfaco at soma seasons and the possi­
b1lity or leakage from the ,n service 
water main. 

Analys1s was by assuming failure on planes and 

was done, 1n tho usual manner. This wall has a slopIng 

base but fO,r reasons oxplained in Section 31 failure lIas 

assumed to take pinco on a hor1zontal plane Under the 
, ' 

wall and'tho c' r~quired for stability, and the possible 

ranee ot factor of safety, ware determined on this basis. 

For comparison c' was ,also determined assuming failUre 

fran the corner ot the wall. 

ResUlts of the analyses arei-

\tlater Level 
' . c" for No. Position of F 

Passive Stability 
1b./sq.tt; o· - 0 c' -

1 Lowost To Hor1zontal It, 
2 " To Corner 10 

3 Intermediate ' To Hor1zoiltOJ. 12, 0.82 
4' ft To Corner 92 

, , , HiGho'st To Hor12ontal 182 
, , 

6 II ! To Corner 
.. , 

15'2 
I,,' '. 

= 2,0 

1.16 

, . 
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It u1l1 be observed that the passive to the 
. .. . 

cor.ner of the wall requires a c' of about 30 lb./sq.ft. 

ies's. this indicates a differenoe of about 5'$ ,in faotor 
. 

of safety tor the two methods. 

As the exact water levels are not known for 

this wall the effective cohesion req~red for stability 

must be considered to be within a range or values rather 

than any particular amount. It would seem that the actual 

water level 1s probably about tho ,intermediate or highest 

level shown on 'the section and ,therefore the range of 

c· req~red 1~ cons1dered to be between the values 

obtained at these two water levels. The actual age of 

this wall 1sl9 years. However, the cmnal cut was made 
, , 

in the 18th century and the t1rst railroad cutting before 

183'8 so tlio.t here the clay' has probably had more' oppor-
. .' .. .. ' . 
tunit1 to expsnd lateral11 than,at any other s1te. It 

is 1mpossible ·to e,st1mate tho effect of these cuttings on 
, . 

the virtual age 01' ,the wall beyond saring 1t increases it. 

The values ot c', therefore have boen plotted, at 19 years 

b~~ this ~s,t 'be considered th~ m1mmum age ,at' ,this 'site. 
, , 

Remedial measures consisted or the 1nstallation 
, , 

ot countertorts behind the wall. Assuming the countertort 

to be cont1nuous and fa.iluro to take place as shown in 

F~fl. 21t'the roilow1~S ;e~uJ.~~ wer~' obtained for an . .' . ' 

analysis with the intermediate water level. 
,t,', ' ", " 
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F 
Section 

c· = 125 c· = 0 

Wall + Countartort l.17 0.99 

. " 

" (" I 
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R3ference Nos. 9 & 11 

·····'Hi~~ 

.The ra1lway line through this cutting was 

opened in' 1868, however the 'cutting was enlarged to more 

than double -"1ts 'original w1dth in 1902 and 1t \faB then 

that "the wall being conside"r"ed was built~; Tho 'portion of 

·the wall where failure took place lies between two br1dges 

which are 600 feet apart and 1s constructed of concrete 

with a thick fac1ng of briCk keyed into tho concrete. 

~otal he1ght varies from 30 to ~ feet, tho he1ght abovo 

track level varying from 21 to 3, feat; (See Figs. 26 

and 27 for plan andlsectl~ns), and there is a small sur­

charge on the wall, the cutting being generally about ~O 

feet deep. The retained material 1s 20 feet of weathered 

London clay underlain by unwoathered London clay which 

extends to a depth of 2,0 or 300 feet. Weep pipes of 

3 in. diameter \lara" placed down the back and through the 

wall above track level during construction, as sho~r.n in 
" . 

ona section, but there 1s no recor~o~ the spacing of these 

pipes. The countorfort sho~r.n"in the plan mid-way betweon 

the' "two bridges was, as far as is known, placed there when . .' " .. 

the wall Was built. . " 



Trouble was f1rst recorde~ with th1s Wall in 

1930. Three houses nearest the wall were demolished at 

thnt time and atter that numerous cracks appeared 1n the 

walk and pavements or the house at the opposIte end at 

the wall. No major movement was recorded unt1l the 27th 

January, 1943; at that time a 7" depression nppeared in 

tho roadway just behind the western bridge abutment where 

MIll Lane crosses the cuttIng. Four days later a crack 

bec~e visible ~n the wall at Section 9, 180 teet trom 

the bridge, and in tho following two weeks ,~he wall moved 

~orward 3 ~eet at this point and the crack widenad'to 

3t in. Further movement was prevented by the removal ot 

12 teet at the,reta1ned clay from behind the w~ll. 

From ,the ,sequence at events 'It seems:the aotual 

failure of the wall was in 1930, or possIb11 earlIer as 
" ' 

records do not exist tor this portion of its history.' After 

th13 original faUure, considerable load WIlS probably. trans­

ferred. to the bridge abutments as ev1den~cd by the craaks 

appearing about them, 1nd1cat1na forward movement ot the 

retained earth forcing the abutment to movo. The restraining 

effects of the abutments, and perhaps to a c'ertain extent 

that of.the bridge, wero apparently sufficient to g~ve the 

wall the extra support it needed. Eventually the abutment 

and brIdge moved, possibly because or overstressing due to 



a turthor reduction in c' behind the wall and the triggering 

effect 01' considerable rainfall in the few previous days. 

It was only then that the \fall itself w~s supporting tho, 

retained clay and it is important to note that the tirst 

.sign of distress in the wall was four days after the movenent 

ot the abutments, a time in which negative po'rewater pressure 

set up by the sudden loading would partially dissipate. 

Site InI8st1sat10n 

No detailed records exist 01' the happenings at 

the wall in 1930; however, in 1943 the 80il Mechanics 

Section of tho Building Research Station conducted an 

extensive investigation into the failure, starting while 

the wall lfas still moving. Later "in the same year the 

}tldland Railway starr conducted a further investigation 

for' their own purposes. 
" . 

~he investigation by the BUilding Resoarch 
, , 

Station included a total or ten boreholes both in tront 

01'" and bohind the wall and a pit dug at the toe ot the 

wall to observe tho sl1psurface, to take samples and tor 
, • 1 ;" ' • 

loading tests~' As the boreholes were made wh1le the wall 
. " . . 

,~ 

lTas st!'ll moving some 01" them 'were cut ott by the movement 



along the failure surfaco and this, combined with the 

observed pos1t10~ of the failuro s~face 1n samples 

taken and in the pit, gives B clear indication of the 

position ot the slip s~faco (see sections in Fig. 26 

nnd 2:/). .A. considerable number of samples were taken 

in tho boreholes. But, as this was long bofore the 

advent of drained tests on this type of clay, tho tests 

. done were largely 1mmediate tr1axial compress1on tests. 

Analyses, both by circular arcs and.by wedges, made at 

the time 1ndicate a factor of safety of tho order of 

tour or five using the undrained strengths. 

Some of tho samples taken at this site 

included the slip surface and a protile of moisture 

content throughout the length ot two samples taken in 

the p1t has been determined and is 1ncluded 1n tho 

B.R.S. report and reproduced in Fie. 27. ~h1s 1s 

probably the first quantitative record of moisture con­

tents across n slip plane 1n London clay showing the 

definite increase of moisture content on and about the 

plane. Although the dilatancy ~tfoct tor drained shear 

in heavily over-consolidated ~lay was unknown at this 

ti~e these moisture content protlles seem to bO'a very 

good'examplo:of the phenomenon. Since then the same 

effect has been observed at other Londo~ clay sites and 

is 'found in most laboratory dra1ned shear tests on th1s 
. . ; .: .' . . .. ::: .... ::::. . 
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type ot'clay_ Water levols, were ~easured in the 

boreholes 'apparently atter equilib~ium had b~en reached 

although there is no record ot the period ot'observations. 

'rhess "Tater levels are the ones shown 1n $ect10Ii 10, 

Flg,~' 26. 

Addltional borinGs were dono by"the Rallway 

Bta~t'1n November 19~3, nine month~'atter tho major 

~~,~lure_ Sal!lples 'uere, taken p.nd ~dralned tests done t 

ylelding the same order of 'results as in tho earlier 

investigation. Water levels were :record,ad in the .. bore­

holes but atter seven woeks the lO,vel had not reaohed 

equilibrium ~ most holes and'there is no record of 
tur~her readings. 

For ,purposes ,qt.analysis the B.R.S. observed 

wat~r levels were used where possible and whore no 

observations existed an estimate, based on water levels 

at other sections, was used. 

As will be seen from the'cross sections 1n 

F1g. ,26'nnd 27, thero is considerable variation in height 
',' . .' 

and size ot the wall, sect10ns 10 and DD be14B nearly,' the 
", 



two extremes in s1zo. Becauso of this variat10n, analyses 

wars done tor throe sections. the two oxtremes just men­

tioned and an intermediate section, so that the effect 

ot ~he ditterence 1n size could be determined. 

Ob,servations at other sitas 1nd1cata that the 

water levels measured in open boroholas are genorally 

higher, by two or three feet, than those measured by 

sealed oft piezometors at the bottom of holes ,01' equal 

depth. Con~Gquently, two water levels were taken on 

sectians 9 and 10 in order to determine the etfect of a 

lower water table on the c' required tor stability. 

,The tailure path tor Mill Lane was found to 

be nearly hor1zontal bol~w the wall, with the passive 
. . ... . 
~~~lu~e curving upwards, from just in front of the wall. 
'1' • ' 

4,hor~zontal poslt~cin for the failure below the wall was 

assumed in mos~ ot the analyses done tor this case, but 

tho analysis was also repeated in three cases tor faiiure 
, , 

assum~d along the base ot the wall to determine the 
, , 

ettect' ot this 'var1ablo~ 
, ... ,. 

Analysis in each'case was made by assuming 
, ' 

tailure on planes_ The analysis for the critical forcos' 

on sectioniO is 'given in Fig. 28. A-summary, of resulto 
., " 

1s sholm overleat. 
; 

" , , 
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.. No. Sao- Water level Position c' for F' F 

tion Used ot stabi- when when 
Passive l1t:y 0'=0 0'=25'0 

1 10 B.R.S. To horizontal 210 0.71 1.0; 
base 

2 10 2° below ~o horizontal 190 0,7; 1.09 
B.R.S. base 

3 10 B.R.S. To cornor ot lit, 
wall 

'it 9 Estimated To horizontal 203 0.72 1.07 . 
base 

.' 

.; 9 3' below ~o horizontal 162 
abovo base 

6 9 As in No.lt- To cornor of 
wall 

175' 

,;7 DD Estimated To horizontal 200 ,..t" , ',: base 
~8 . : riD Estimated To corner of 175' ,.,an 

1- ..... - -- .... - - _ ... ,. - -- - - - - - - --- -- -- ----- --- t"------
. After R&ID!l~1.al Mea.9~e§. when 

As in No .• lt-
~1=200 

·9 9 To horizontal lltO 0.76 i:-oa 
base 

.. 
Fram the analyses on different sections 1tis 

a.pparont that the d1fference in a1.z'e of the wal.i has little 

eftGct on the c' required, largely owing to the faot that 

tho depth of the wall below ground deoreases proportionallY' 

with the deorease 1n height. Variation in tho estimated 

pos~tion of the water level. however, 'does have a substantial . , . . . 
effect on the result. 
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The posit1on of the pass1ve wedge 'causes 

much ,greater variat10ns in c' required than change in size 

6£ the, sect1on, but for reasons givan'in the prel1minary 
, ' . . , 

di'scuss1ons on the analysis 1t seems most log1cal to use 

tho pass1ve from a horizontal base. 

It 1s sssn that the lO"ler1ng of tho water level 
. , , 

br.ons toot in tho active earth wedgo' diminishas'the 0 1 
' .. ,' , 

requ1rod by approximateiy"lO to 13 lb./sq.ft~, ,depend1ng 
, • ,_ • I , • 

on. the size 0+ the section. 

The c', required generally is fa1rly high, in 

this c'ase the upper limit being 210 lb./sq.tt~ There are 

several po1nt·s which all, tend to make c· actualii to be 

lowor than analysis would suggest. They are: 

(n) Water level in the open boreholes may be 

ono or' t\,10 feet higher than the head on 

the failure surface. 

(b)' The wall 1Iras supported to a 'certain extent 

by the bridge abutments' at each end and 

-there must have been aome strength from 

beam·action of tho wall itself. 

(0) A large counterfoI't existed behind the 

failed portion or the '\10.11 and this must 

have added ~o the stabilIty, but as its 

size I~ not knOlnl it cannot be included 

in the quantitative analys1s.' 
; ..... :~::.> ,: ,;(/,' ~:', 



101 . 
For reason (a) o' could deoroaso 20 lb./oq.rt. 

and it seor.1S logical to allow a doc~oase in at of nearly 

the saine amount tor reasons (b) and ,,(0) togothor. There­

foro, the possible range of o' would seem to be from 210 

to 170 1b./sq.tt.' This indicates, a range of F of ,or 6~, 

a not vor,y large Variation in a problem of this sort. 

The wall is therofore considered to have tailed g8 years 

(1902 - 1930) atter its construction and the c' required 

for stability to be in the range 170 to 210 1b./sq.rt. 
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Reference Noso 48 & 53 

Th1s wall, which is shown 1n plan and sect10n 1n 

Figs. 29 and 30, .was bu1lt 1n 1937 when tho original cutt1ng, 

dat1ng from 1902, was w1dened. The s1to 1s 1n London clay 

capped by a gravel layer up to 5 ft. thick~ Stirf f1ssured 

brown clay exists to Q dopth ot about 2~ ft., two thirds 

the depth of the cutting; below th1s is stirf fissured blue 

London clay~ At the base of the slope constructed in 1902 

there was a small reta1ning wall varying in height up to 

8 f·c. 
In 191* a slip, sovore enough to stop traffic, 

occurred on the ~orth or opposite side of the cutting,' but 

no further trouble 1n the cutt1ng 1s on record unt1l 1935. 

HowGvor, during the 191~-35 interval some hardcoro groynes 

vora constructed on the part of the slope near the wall, 

so it 1s probable there was soma trouble which has not been 

recorded. In 1935 several cracks were noted 1n the two 

hounas noarost to the top of the slope. Those cracks \'lore 

po~tedand lnter found to have opened again, but apparently 

no further act10n ,.,as taken. 

W1doning of the cutting took pl~cc 1n 1937 to 

.. ' 

, : ~ 
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create a new approach tor Uxbridge Stat10n and the wall, 

. being considered was built at that. time. To ·construct 

the nell wall a trench was dug beh1p.d the smaller wall 

mentionod above. During the excavation a failure occurred 

ti11~g most of tho partiallY completed trench with olaT_ 

~though tho failure toPk plaoe at night and thero ware 

no,eyo' witnesses it appears to have boen a1mo~t 1nst~-., , ' ... . , 

taneous. The loud report aocompanying the failure indi­

cates'that the sudden collapse ot the perhaps ill-designed 

and ov~r stressed timbering was probably a majo~ contri­

~ut1ng,: factor to this unusually rapid f~ilure in' London 

qlay _ Bec~us9 ot the sp.eed 1 t can: ~ardly bt;'~ .con~1dered 
. . 

a., ~o~~letoly di'ained failure. However, the d1~sipation 

or negative porewater pressure, set up bT stress in the 

cl~ must havo been'progressing s1~oe.~he trench.was 

oP~:p.9d •. 

After .the ra-axcavation and re-t1mbering of . 
tJl,e trench ths wall was completed without fU~~her , 

incident in'1937. 'The '~all ,is slightly, 'c~ved.in pian 
, , 

m:-d"tl?-o' he1ght var1es, ovor the f0.110d sect1on,:<rrom. 8 
to 26 ft. It is'construoted ot ooncrete which was 

apparently, for the lower half ot the ~1nll, poured 

against tho formwork plaoed on the side of the trench 

and left there. ~he tormwork was left tor the upper 



,lolt-

portion of tho wall at the s~otion investigated as well, 

but s1nco'~t is stopped in, there must have been soma 

backfill placed. 

Cracks ~ the footpath and road at the top.of 

the alope waro reported on 21st Soptember, 19~. By the 

loth of Ifovembor subsidenco up to 4 in. had occurred in 

the footpath and by 22nd November it was found that there 

was d1fficulty in maintaining track Buperolovat10n and 

alignment below the wall. It was then obvious that the 

wall "ras moving forward and a failure 01' considerable 

size was taking place. 

Remedial measures were 1omediatoly started to 
, ' 

prevent further movemont. S01l was removed from behind 

the vall to lassen the act1ve force, concrote struts \tlore 

put 'in below track lavel f~om tho front of 'the wall to a 

small wall' oppos1to and the traCk lovel was ra1sed by tho 

addit10n of about 4 ft. 'depth of ballast to ,1ncre,a~e" the 

pasa1voresistancc. Movemont of tho wall stopped very 

shortly aftor the concrote struts ~ere put in.', : Sub sidonce 

at the top 'of, the slopo \1~S noarly'3 ft. bl th1s"'time, 

see P~Q.to· XvI; . and 'the wall had ~o~ed forward 'about, 18 in. 

and was cro.ckod in sevoral pla.ces • 

.. . '" 



Site Invast!gat~on 

Soil mechanics consUltants were called in by 

the owners to find the reason for the failure and to 

estimate the efficiency of the remed1al measures. A 

trench was dug to a depth of 29 ft. immediately behind 

tho wall and stepped back in fo~ steps to a depth of 

16 ft. at the top· of tho slope. It was not possible to 

go deeper behind the vall 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 ot tho wall and 7 ft. 

above the base of the wall. 

Boreholes were put dOlm an average' ot 12 ft. 

below, the bottom of eac~ step in the trench, nearly 
, . . , 

continuous 4 in. 'diamoter samples being taken •. A con-

siderable number of slip planes were discovered in. the 
, . 

trench but no single continuous slip plnne was ~ncountered. 
", 

Generally the smaller slip planos whon projected, inter­

sected the wnll above its base. From their direction it 

is probable that many of those small slip planes wore the 
''1 

result of the.1937 slip. Further evidence point1ng to the 

sams conclusion is tho la~er of blue-grey matQr~al or 

se''''(l.ge tha.t had seeped in along a plane which was onco 

open and does not soem to be compat1ble with an nctive slip 

surfaco • 
• 
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In tho examination of 'the samples from the 

boreholes a very not1cablo ,so~tened zone was found 1n 

"one sample (No. 12,), and the position ot the sample was 

consis~ent with a slip plano going to the baso' o~the 

wall. :A moisture content profile tor the port1on ot 

this sampie about tho sottened zone is given in Fig. 30. 

Although no slip plano could be seen in tho sample the 

moisture oontent is indicat1va ot d1latancy that has 

occurred under shearing stress. 

Piezometors were installed and water levels 

measuredot four points behind the wall as shown on 

the plali ';Pil;. 29. 

Testing, DElta 

Tho soil mechanics consultrunts took 1" 
samples in the investigation trench and fro~ the bore­

holes below tho trench. The majority ot these samples 

were 4 in. diameter ttndisturbed samples. A programme ot 
. 

~est1ng lias co.r:ried out, tho average results being: 

At..tJirb tlr g l .. .1,mlli 

Average of 24 Rang 0 
determinations Min. Max. 

Liquid Lim1t 8, 72 99 
Plastic L1mit 2lt 22 31 
Plasticity Index 61 48 7, 
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farticle Size D1stribution 

Average ot It determinat1ons: ,6,. 91ay, It-2~ 811t~ 2$ sand. 

Immediate Undrained Triaxial Te,ts 

(cell pressures of' 10, 30 &: 60 lbi/sq.1n.) 

Average shear strength (117 tests) 

Range 

3310 1b./sq.tt. 

980,to'7~OO 1b./sq.tt. 

In addition to the above tests carr1ed out by 

the consultants, drained shear tests vere carrIed out at 

Imperial College. The results ore summarized below; tor 

a more complete record see the summary ot ~est data on 

London clay Table I. 

Sample No. Method at Testing ~. c t 

~b./eq.tt. 

13;1'+,1, Triaxial, Increasing C1l 200 290 

16,,17,18 Tr1axial, Increasing Cfi 2~o 270 
. 

22,23,24 Tr1o.x1al, Constant 01 21tO 280 

. For analysis a typical section was taken, the 

one chosen being that through the investigat10n trench. 

This section is npprox1mate~y tho average height tor the 

wall and has the added "advantage that the sIze of the wall 

\ 
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1s known 6xaotly at this point, whereas at other seot1ons 

some doubt exists ooncerning the exact shape and depth. 

Failure on planes was assumed and :the analysis for the 

passive to the hor1zontal 11ne bel~n the wall 1s shown in 

Fig. 31. Faotors of safety for the same case wera doter­

mined on a'limit design basis as shown in Fig. 32 for 

c' = 2,0 lb./sq.ft. and c' = O. The results of the 

analyses araz 

Type of Analysis 

Planes, passive to horizontal 

F 
c' for 

stability 0' = 2;0 0' = 0 

138 1.17 0.79 

Planes, pass1ve to corner of wall 97 

Because of the rather oomplioated history of 

th1s case, which has already been out11ned, 1t 1s d1ff1cult 

to give an exact t1me to failure. Certainly the effective 

time to failure must be considered greater th~ the age or 

the wall which 1s 17 years (1937 - 19~). At the other 

extreme the age of the cutting is ~ years (1902 - 19$4). 

From a cons1deration of the sections and the fact that tho 

upper part of the slope was changed little when tho 1937 

wall was built 1t appears log1cal to take the time to 

failure ris the age or the vall plus one third of the inter­

val between the ttme of the original cutting and the wall 



construction in 1937. This nmounts to a time to failure 

of 29 y-ears. 
\ 
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It is possible that the slip into the construc-

tion trench in 1937 may have had some effect on the 'strength 

of the clay involved. However, tho 1937 slip took place 

cons1derably abovo tho probable plane of failure in the 
, . 
19~ slip and covored only about one fourth the area, 

therefore any effect from the 1937 slip 1s not likely to be 

large. 

E.ft9~~i venes 9 of' RO,madiAl Heas:grqs 

liall stablli ty at this sl to was increased by 

three measures: 

(1) The placlng of struts below track level 
from tho toe of tho main wall to a small 
'\tall opposi to I 

(2). Ralslng the track level 3 to ~ ft. by 
the addition of ballast, 

(3) Removing a port1on ot tho claf retained 
by the wall. 

Remedial measures were almost lmnediatsly 

effective, movement of' the lTal1 stopplng uithin a day or 

two of tho installation of' the first sot of struts. As 

each of'the above stops is quantitatively well known and 

th~lr effect quito p~sitivop this is ~ useful case on 

which to determino tho effect of' each remedial measure and 
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. . 

their combination. . Accordingly, this lias done first tor 

c' :' 138 lb./sq.ft. which would e1ve the etfect1vcness of 

the op'oratio:n when carried out, arid secondly for c' = 0 
, ' 

to obtain the long-term etfectiveness. 
, , 

The factors of safety were determined on a 
..' . '. 

limit design basis in the first instance, and for comparison 

tho racto~s of safety b~sed on F = Wall Resiotanco were 
Active Force 

also'calculated. ResUlts ot the determinations are given 
. . .' .: 

in Fig. 33. It 1s apparent that the most effective s1nslQ 

maasure 1s the raising of the track love1. The calculations 

show that this operation is very nearly sufficient tor 

stab1lity when c' = 0 even ,dthout the other measures, and 

if either of the other are done 1n addition, stability on 

a long-term basis 1s acldeved. Tho conclusion to be 

reached here 1s that it WilS probably mmecessary to remove 

soil from behind the wall. However, the factor of safety 

for the total of the three moasures is not unduly large on 

a long-term bas1~. 

The most objectionablo remedinl measuro from an 

operational po1nt of view was the raising of the track since 

1t increases grades and interferes with train traffic; but 

it ,is necessary to insure long-term stability if c' decreases 

to zero. 

" , 
, ''\ 
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Reference No. 31 .. 

At this site there 1s a cutting averaging 32 ft. 

deep 1n London clay (Fig. 34) •. Tho first cutt1ng was made 

in 1903 and \vas for two steam railway lines. In 1936 this 

cutting \.ras ,ddened 2, ft. to take two electric lines as 

well, and 1t was then that the slope now under consideration 

\·ms uncovered. At that time slag and ~tone drains nominally-

4 ft. .6 in. deep wera placed at 33 ft. centres running from 

nearly tho top to the bottom of the slope. In addition 

s~aller drains running half way up tho slope wore placed 

between the full length drains. A small wall 3 ft. h1gh 

retains the toe of the slope. 

Tho surface layer of clay to a depth of about 

22 ft. is ueathared, and below this the clay 1s very firm 

and highly fissured. Although there are some isolated 

pieces of unweathered clay in the weatherod zone tho 11ne 

of demarcation bet\TeOn tho zones is nearly horizontal and 

fairly t{a1l defined. Negl1giblo woatharing hne occurred 

in the lower part of the slope since the cutting wan openod. 
',' . , 

\ 

Movement first bec~o not1cable on the slope in 

January 1 1955, and consisted of a slumping of tho bank at 

i 

\. 
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the top ot the slope accompanied by a bulging of the lower 

portion. Ths small wall at the toe vas unaffected by tho 

slope movement. By Octobor, 1955,'the toe of the slope was 

piled up 4 ft. high against the signal cables and lines 

which ran on supports along the top of the toellall, and 

ranedi81 measuros becnme necessary. Restoration consisted 

of placing deep counterforts 6 ft. wide averaging 25 ft. 

apart along the slope. In addit10n the slope was tr1mned 

to 1 in 3 instead of the 1 in 2k of the original,surface. 

A drain 6 ft. deep was placed along the top of the slope 

discharging into the counterforts, each of vhich had a 

~oricrete base \tflth an open joint t1le drain on lt d1s­

~hargl~g to a collection drain running along just behind 

the 'fall. Plato XVII sho\>;s tho appearance of the slope 

after the completion of the repairs. 

Ad thQ ownors wished the counterforts'to go 
f 

deeper than the failure, the trench for each counterfort 

was inspected closely on both sides to looate the slip 

surface. The upper portion of the trenchos vas excavatod 

by a dragline and the lower portion by hand, but, no slip 

ourface could be found dur1ng the dicging, howover one or 

t,.,o days after the excavating the fa1lure plane sho\'Ted up 
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in nearly ovary trench. Evidently the plane was obscured 

by the digging and some movement was neoessary to make it 

appear. Work on the slip procede~ from west to east and 

in most cases the slip surface showed up only on the east 

side or the trench, nlthough it did show up on the west 

side in a rew cases. The general lack ot visible slip 

surfaces on the west sides of the trenches indicates that 

movement must stop quite soon after the new counterforts 

are installed. This is probably not surprising as the 

clay is nearly in a state of equilibrium and the lowering 

of the porewater pressures by drainage into the trench is 

probably enough to stop movement without any action or the 

countertorts. 

The recorded s~ip surfaces at this site are 

. probably the most complete so far recorded for a failure 

in London clay. Generally the upper half ot the surface 

1s nearly circular and the lower half approaching a otraight 

line. In some cases the lower portion of the surface is 

along tho demarcation lino between the weathered and .the 

unweathered clay but it 1s also found 1n the unweathered 

zone. Examples of the actual slip surfaces recorded are 

civen in Fig. 3~ nn~ photographs of the slip surface as 

it appeared ~ the trench and a portion of the slip surface 

are. shown in Plates XVIII and XIX •. 

A few It in. d1o.meter samples were taken aoross 
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the slip 'plane where it was in woa~herod clay, This was 

n~t'n'very satisfactory procedure ~s there was considerable 

, difficulty recovering the sample and bnce recovered no 

shear plane could be seen. However, a softened zone about 

t".thick, which was probably the ~ogion about the failure 

surfaoe, could 'be noticed by prodq.1ng of the sample'. This 

softened zone had a higher moisture content than the 

surrounding s011 indicat1ng dilatwncy. 

Whore the slip surface was in,unweathered clay 

some blocks about 8u cube, which included the slip surface 

were taken and brought to tho' laboratory for observation. 

Several 'moisture content profiles were carefully taken and 

they indicated a region of higher than average' moisture 

content about the slip surface. A typical example of the 

moisture content protile from one ot these blocks is shown 

1n Fig. 34. 

Piezometers were installed at this site to 
" 

determine porewater pressures for use 1n the analysis. . . . . 
Three piezometers were installed outside the failure area 

, ' 

at the top, centro and bottom of the slope and ,throe were 

installed in similar pOSitions a~ the centre of the failure. 

Readings of water levels have be0n taken at regular intervals 

since thair installation 1n rloveI!lb~r, 195'5', and o.ro continuing. 

Continuity of the records for the piezometers on tho active 



part of the slope was hampered by the r~medial works and 

ona piezomoter was lost. After complet1on of the works 

four more p1ezometers were installed to determine the 

chance in water levels. The recorded levels show that 

ll!$ 

the counterforts nct os drains quite soon and the standing 

~ator leval 1n the slopo 1s at about the bottom of the 

countorrorts~ 

Agst1ng Data 

A It 1n. d1ameter tube of clay was taken trom 

~elow the slip plane in the trench noar Sect10n 7. 
Drained triaxial shear tests were done on 11'" diameter 

:Jamples from this tube under constant cr1 , reducing 03 
conditions. Results however werevory erratic and it 

was not possiblo' 'to' eot a. definite fJ' or c' from them. 

~ore completo'details are given in Table I. When 

checking ~, and c' of clay aGainst concrete (Appendix B) 

samples of undisturbed material from this tub,a l'lere used 

and yielded a~' of 2110 and a c' of 150 lb./sq.ft. 

, " . ',' 
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Atterborg limits give tho following average 

results: 

Liquid Plastic Plasticity 
Limit Limit Index 

Weathered Clay 80 29 51 
Fir.m Fissured Clay 78 27 51 

Results ot immediate undrained shear tests are: 

w Cell c 
Description of ~ Press. 2 

lb./ft. 2 Sampl~ lb./1n. 

Brown weathered clay from 
trench at Section A - A 

From just above the shoar 31.0 30 2100 
plane: 29.8 30 2800 

' .. 

Softer clay from above 36.1+ 600 
shear plane La.b. 

Vana 
Very soft clay from above 1+5.7 Tests 280 
shear plane and 3 ft. from 1+3.7 260 
tho surface 

Firm 'fis aured cloy taken in 
8 in. cube across tho shear 
~ano at Section B - B, 

ft. from wall. . 

From above 9hear plane 29.S 20 2260 
29.9 20 2200 

From bolow shear plane 29.0 20 2220 
27.8 20 2000 , 

'. .,' ' . ~ ... 
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AnalYJ1U 

As the actual failure sUrface was known in 

several places at this slip it is logical to attempt to 

find c' act1ng on that surface at fa11ure. This was 

determined for two sections. In the first caso, SGotion 

A - A, Fig. 3~t a circular arc fits in with the observed 

surface and the profile of the slope at the top, and l'laS 

used to dotermine the value of c' necessary for stability, 

\-lhich was found to be 66 lb./sq.f't. In the second case, 

Sect10n B - B, Fig. 3~, the failure surface, was very 

nearly a combination of a circular arc and a straight 

line and this shape was used for the anDJ.ysis. Calcula­

tions as outlined by Kenney (19,6) indicate that c' 

necessary for stability along this aurface is 2, lb./sq.rt. 

Although the above values are probably indicative 

of the true state of affairs within the slope, such a pro-, 

codure has no predictive value as the failure surface would 

never be Imo\r,'ll in advance. Therefore for compar1oon with 

the other slopes, and retaining walls the highest value of 

c' by the usual circular arc method of analysis mu~t be 

determined. .Accordingly this case ",as oxamined by the 

assumption of circular arcs for the slip surface. 

For the first case the ,circular arcs were all 

t~en pass1ng through the top corner of the wall ,(i.~. toe 



circles) using the measured water fevels ava1lable at 

that time. The use of toe circles resUlts in a fairly 

deep circle as the crit1cal one, see F1g. 3" and a 

port1on of 1tis considerably below the level of the top 

of the vall. Clay at this depth 't1ould not have the SaI!le 
. . '. ~" . . 

opportunity to' expand lat'erally and soften as ,,,ould the 

more unconfined clay above the level of the wall. To 

obtain an indication of the d1fference 1n c' necessary 

with shallo~.,er circles the analysis '~D.S repeated :f.'or 

c1rcular arcs tangential to the horizontal l1ne through 

the top of the wall. Results of these analyses are 

given in Fig. 36. 
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Water levels used for the above analyses wore 

those obtained in the three months following December, 

19". As this space ot tine had less rainfall than tho 

recorded average for the' same period it is highly probable 

that the water lovel at tho start of the failure was 

higher than that measured. Ac~ord1ngly, a water level at 

4 ft. from the surface, which is about t~e base of ,the 

or1ginal counterfort drains, was assumed to be .effect1ve 

at failure and the two circular arc analyses were repeated 

for this ,'rater feve1. Ro'sults, are shOlm on tho same 
, ' 

f1gure as, the previous analysis. Observations of water 
" ' 

le~els' ~lhich llave continued s1nce:the. analysis have 

re;ult~d 1~ higher levels than'the ~easu~ed'~eve~s first 

. " 
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used. At the bottom or the slope levels of just ovor 2 tt. 

below the surface and levels of ; ft. below the surface at 
I 

the centre of the slope have boen noted, so .that the 

assumption or a lfater level ·at 4 ft. below the surta.oe does 
• I 

not seem to be improbable. 

The results obtained for the vorst toe oircles 

'nre given below. 

F 
~later Level c' tor 

stability c' = 2,0 c' = ° 
Ueasurod pr10r to Februar1', 88 1.37 0.79 

19;5 

Assumed 4' from surtace' 116 1.30 0.72 

, 
A summar.y of results for all the analyses tor this case is 

given in F1g. 37. 

This slope had been unoovered 19 y~ars ·(1936-,,) 
, ' 
I 

when failure oocurrod but the original cutting dates trom 

1903' so t~t the p~act1ca1 age ot the slope is greater. 

Tho exact effect of the earlier cutting on th1s slopo.cannot 

be calculated but a logioal estimate seems to be to add t of 
, , . 

tho age of the original cutting (1903-36) to the actual age 

of the slope. This gives its practical age as 3, years 

(19 plus 16). 

Tho o' neoessary for stability at this aite must 
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be considerod to be in the range or 88 to 116 lb./sq.tt. 

for compar1son with other cases, and this value has been 

plott'ed at the ago ot 3, years on the c t : age plot. 

,. ,~, 
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SUDBURY HILL SLOPE 

Reference No. 10 

!j1stoD:, 

The cutting at this site, which is wholly in 

'London clay, was opened in 1900. ,It is just over t mile 

in length and varies in depth up to 36 ft. at which point 

the railwa1 lines go into a tunnel. (See Fig. 38 for a 

plan of the outting). Considerable 'trouble has been 

encountered with the slopes on both sides of this cutting 

ovor the last 10 years and includes the destruction ot ' 

a amnll retaining wall. In addition, there are excavations 

on one side of the cutting indicating a probable earlior 

slope failure and removal ot the slipped material. Old 

countertortdrains are found in other places along the 

slopos indicating earlier troubles ot which no r~cords 

exist. 

'The portion of the retaining wall destroyed, 

was removed in 1948 and relatively shallow counterforts 

placed in the slope, the top ~} f~. of which had been 

removed and replacod by cliruter. This section, see Plate 

~I, again failed about 19,3 and is still moving slowly 

dOlmwards. 

Within the past four years two other failures 
, -\ - ':', ~ ... ',. 
, " 

I 
I 



in tha'slopas or this cutting have been repa1rod, with 

some success, by the insertion ot countortort drains of 

moderate depth. 

Xhe slope selected for analysis is directly 

opposite the "site at tho damaged wall and is ~ompletely 

in weathored London clay. Movement has been going on 

since 1949 and by 19" had amounted to a drop of'7 tt. 

at the top ot' the slope with nccomp~ing bulging at 
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tho toe. (See Plate XX and the cross section on Fig. 39). 

A small amount of trimming has been done at the toe of 

the slope to keep it from encroaching on the tracks or 

a siding, otherwise there has been no attempt to remedy 

the situation. 

~1te Inv6st1gqtion 

A total 01' twelve p1ezometers were installod , 
1n the slopes of th1s cutting, tour at tho 'section used 

for tho analysis, four on the slope oppos1te where the "" 

wall railure had oQcurred and four at the entrance to' the " .. 
tunnel whore a slip had been ropaired by the 'installation 

ot',counterfort drains.Xhose p1ezometors were installed 
, " 

in January, 19,6, and readincs of water levels woro taken 

until, March,· 19,7. ,; ,: 
, , 

" ' ., I ~ ',', , 'Observation 01' the clay removed, ,trom all bore-

. , 
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holes showed it to,be weathored London clay, and Attorberg 

l1D1ts on samples from two of the boreholes made to install 

the p1ezometers gavo tho following results: 

13orehole 

1 

11 

Depth from 
Surface 

6' a 0" 

121 _ 0" 

Plast1c 
Limit 

29 

27 

Liquid 
Limit 

82 

83 

A lj. 1n. d1amoter sample' was taken in a tube 

6 ft. from tho surface at p1ezometor No.1, and was found 

to be extrenely fissured weathered London clay. Three 

It in. diameter samples trom this tube were tested under 

constant OJ" reducing a; conditions but the c1rcles 

obta.in~d were r?-thar errat1c so tha.t parameters cnn only 

be estimated o.tc· = 320 lb./sq.tt. and i1' = 230, fo'r more 

deta1ls ,seo:Tablo I. Cl~ from tho' same tube was ~sed 1n 

the tests for i1 1 -and c' between clay~, and Q rough surface, 
, -

see Appen~ix B; , and c' thero was round to be 120 lb./sq.tt. 

and /1J1 to bO,200" the test POints ly1ng exactly on a'stra.ight 

11ne. 

! 

There ,'1s nooxact record or the 0~1g,1nnl cr03S­

section at this sito and fa1lure has progressed to tho 
. - ~..' , ' ; ~ \. ,c, 

p01nt'where it cannot 'be doterm1ned. Observation, at othor 



slopes in tho cutting, that are apparently the oricinal 

ones, indicate a gradient of nearly 3 to 1 and as this 

fits in fairly woll with the existing cross-section nt 

tho failure, it has been used as the cross-secti'on for 

analysis. 

Water levels measured were' from the failed 

surface and had obviously been lo,.,ered by the movement 

at the top of the slope so that they \-Tere 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 

. 
c' for F 

Stability 
lb./sq.ft. c' = 0 C t = 25'0 

5'0 0.83 1.60 

Circular arcs passing beyond the toe of' the 

slope were, also tried but none yielded a c' required as , 
, ' . 

great as the" maximum for tho' toe circles. 

l2!t 

The c' of ~O'lb./s~.ft. for 'stability at this 
.. . . 

sito, is lowor than would be oxpected considering the time 

to failure of ~9 years~ The low value m~ be partially 

accounted for by the fact that the failure wasc9mpletely 

in weathered clay. Thore is in addition tho possibility 



that the water level at the initial failure was higher 
. , 

than that used and the slope s11gh~11 steeper, both ot 

which would tend to increase the o' necessary for stability. 

However, the answer seens to bo 1n keeping with the result 

shown by the Northolt slope and indicates that tho c' 

availablo in the case of slopes 1s lower than that for 

walls. 

_,,,I 
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K~N,S.AL GREEN RETAINING \i.!L~ 

Reference No. 7 

At Kensal Green there is a brick retaining wall 

on a concrete base supporting n 12 ft. face 01' weathered 

London clay and a further slope of 9 ft. depth at 1.. to 1 

above it. (See Fig. ~l for a plan giving the 10cat10n and 

a cross-sect1on). The original cutting at this site dates 

from c. l83~ and was 2 tracks in width. Two w1denlngs, 

ono of which 1s thought to have been on the side to be 

considered, took place between 1872 and 1878. Tho final 

widening of tho cutting took place in 1912 and it 'was then 

that the wall was built. It was constructed in trench and 
, , 

must have been plncod as close to the earth fnce as possible 

since apparently no backfill was used. 

Drainage of the slopo was accomplished by a rubble . 
drain at the toe colIltlUIlicating '>lith chases do\m the back or 

tho wall at 9 ft. 'centres. Two drains were 'instnlled ~ ft. 

bolow traclc level but tho one noarest tho wall was found to 

be blocltad when uncovered in 1941. 

Observations of movenent on the wall started in 

1929 but at ~hat time n~ d1s~ress wns vi~ible, the ob~erva­

tions being an extension of those on another wall behind 
~ . " 

, . 
" " , 

\. '," 

I 
: 1 
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the stat10n which was seriously oracked in 1927. The wall 

movenonts, which are given in Fig. 41 tor the section of 

max1~ movement, show the displacement increased at an 

aco'elerat11lg rate. By 1938, 26 years after construction, 

the rate became considerably taster and by 19~O remedial 

measures were being considered. 

In April, 1941, a tension craok appeared in 

the clll7 20 ft. behind ,the wall. The top of the "i'all had 

moved forward 12 in. by this time but the wall wa~ still 

1ntact~ La~er in the same year the wall cracked and moVe-
, . 

ment bocame so much faster that remedial action was 

itllI1ediately 'necessary.' This consisted of removing a con­

s1derable, port1on of", ~he retained clay from behind the 
c , 

wall, and was suocessful in stopping further movement. The .' , - .. . 
void left by the removal of the clay was later'filled with 

, . , 
ashes. 

Site Inva~t1Batlon 

'A number of boroholes were put down, 'both behind 
I ,'t., ~ 

and in' front ot' the 'wall, ea~ly in 1942 and samples taken 

for testing:':, 'i ~i)t ,;~'~: 'also'; s~' behind th~' 'wall to below 
I ... ',' .: ,~" 

1 ts base in ord'er . to observe the Blip surfaoe and clay, but 

the sliP.' sur't;~oe~oUi'd' 'not be clearlY' identified. 

,',' 'The pro~ileor th~' cl£l.1 1s tistial,ror:Londo~ clO1 
• " " ", I " ... , ~,\ t', • " " " • II, • ,. ,~ • _ 

and c~~s.~s~s of a sott ~urf'a.ce lo.yor of' 4 to "ft. su~3ect 
l -:. ~. .•.• ~. • 

" , . 



128 

to seasonal variat1ons, below this the clay is weathered 
'. , 

nnd highly fissured with moisture content aecreas1ng 

slightly with dopth. Firm unlfOathered clay 1s reached 

at just' below the base of tho wall, 28 ft. from the surface. . ' 

In plac~s a considerable softening ~ue to higher moisture 

content was noticed about the fissures. This softening 

was also no~iced along f1ssll!es just below tho base.of the 

wall in the unweatherod clay. Samples truten from along the 

base of tho wall near' its heel gave moisture contents of 
, . 

37 and 39~ \'lh1~h 1s considerably higher than tho' average of 

34$ ,found in tho 'tofeathered clay. 
, , 

linter leval was recorded in a borehole at the top 

of tho slope but there are no records of water levels' 
• /0. ',' • 

directl:-Y beh~d the wall except the observatIon that litho 
. :,' . 

borings. behind tho wall f1lled up ,.,1 th vat'or more rapidly 

than d1d those in front of the walIn , (Rof. 7). Peroonal 
, . . . 

observa.:1~ns in 195'6 indica.te tha.t thore 1sseepago thro~gh 

the wo.ll, where the retained clay has not been removod, .. at . " .. 
about tho mid-point?f tho e~osed face. 

Attorborg limits determined in 1942 gave the . . ~ . 

following results: 
.-~-~ ......... --......... ---------Plastic Limit L1quidL1m1t 

'~ 

Mean , . R~ge Mean Range 
29 

. -
.' ,25 - 31 82 76 - 92 , 

. ' 
'I • ~ ,,:. 
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As the exact water levels are not known it 1s 

necessary t~ make an estimate ot their range. The lowest 

probab~e would be to the level ot the dra1ns through the 

wall and the highest probable a level at the same distance 

below the slope as the level measured.at the top of the 

slope. An estimate ot the water level in fron~ of the 

,~all can be made from the elevation of tho drains and 1n 

~,case is 'not nearly so critical as the level behind the 

wall •. 

Analyses were done tor both water levels behind 

the wall, 'assuming failure. on planes. As the wall has a 

sloping base, failure was assumed to take place horizontally 

below the wall 1n the first instance and repeated tor 

failure along.the base' for comparison. The analysis for 

the higher water level and horizontal base is given in 

F1g. 42. 
Results of the analyses are: 

Water,. .. ·· . 'Posi t10n of 0' for F 
·Lavel .. 'Passive Stability o' I: 0 c' ='250 

Higher To Horizontal 102 .7lf. 1.ltO 
.. . . 

Higher To Corner 92 , . 
LO't-rer . To Horizontal ,lto '.92 1.5l 
Low~r:' !.ro,.:·Qornar 2~ 

" : 
.. 

" ' ' . 

" . 
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The actual time to failure ot this wall was 

29 years (1912 - 19lt1). However, ,the part ot the slope 

above the wall had been excavated 'c. 1875 and not a great 

deal o~ clay: had been removed from 1n front of the wall 

whon it was,'constncted in 1912. ~hElrefore, it is neces­

sarr to add to tho actual age,ot the wall a portion of 
,. i' . 

the age of the cutting and this portion is estimated to 

be i of the 1875 - 1912 interval or 24 years. The , I, ' " ' 
practrcal ,time ,to failure for. this case is then 29 plus 

24~ that is','~3 years. As the water"levels are not known 
• • • I. 

exactly the c· required tor stability must be considered .. ' . . . 

to be in the rnnge lto to 102 lb./sq.ft. Seepage through 
I " 

the :wall, ho\rever, indicates that the water level .at 
, ' 

~ailure, was proba.bly, suc,h that the actual c I required 

''las ,nearer the higher value. 
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1'100D GREEN RETAINING WAJ"L . 

This wall, which is shown in plan and section 

in F1g. 43 and ?ictured in Plates XXII and XXIII, 1s 

founded on London clay and supports a 16 ft. high faco 

of the clay which rises a further 21 ft. above tho vall 

at n slope of'3 to 1. The wall was bu1lt 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 th~,wa1l and 

slunping at the top of the slope. Records or wall movem~nt 

were takon and it was found that from Novembor, 1948, to 

l{arch, 1949, the top of the wall moved forward 19 in. and 

tho bottom 14 in. at the section of maximum movement. 

Remodlal moasures which were completed by 

August, 1949, consisted of driving steel sheot piling at 

the toe of tho vall, the placing of small buttresses to 

the front of the wall and struts from the toe to a smnll 

concrete anchor running along between the two nearest 

railway lines. In addition fivo mass concreto counter­

weights were placed behind the wall and attached to it 

and a drain was installed in front of the wall at about 

'" 



the loval of its base, but apparently this drain was 

never provided with an outlet. 
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These worlts were thought to have stopped the 

mOVGmont but observations'starto'd in October, 191t9, showed 

the ~all to be st11l moving, although more'slowly. ,This 

slow movement was 'st11l continuing in 19,3 when's f1rm of 

soil moohan1cs consultant's were called'1n. They recom­

mendad<tha installat10n or hor1zontal' boreholes through . ' , 

the woll to 'drain water~logSEld portions of the' slope, 

traeing and 1ntercepting the source' of water at the top 
. . . . 

of the slope and f1lling the dra1n 1nstalled in 191t9 w1th 

grout. As'a, result of these rccommendatio~s two, hor1zontal 

borehoios were driiled through the w~ll to connect with 

vertical holes at the centre of the slope. These two holes 

apparently- did not lower' tho t'lnter levels in surrounding 

'vertical boreholes and no further drains were installed. 

Movement of the wall continued slo\'1ly so that 

by December, 19~, the total movement was 30 in. at the " 

top of the wall and 20 in. at track level. 

As a further' re~ediD.l maasuro cement grout was 

injected trito the slope early in 19,6. The results of 

, th1s operati,on," are not kno\~'llat the present time DoS 'move­

~ent 1s usually 1n the ''lintel' and the efrecti veness carmot 

be, jUdge~'Unt1l' after the winter of 19,6-,7. 

'.', ,'. 
, ' 

,It., •• 
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Sjte Investigation' 

In 1953 tho Railway st~rr put down four boreholes 

in the slope and took samples, The samples were all weathered 

London clay and gave an average unconfined compression 

strength or 1,00 lb./sq.ft. and had an average moisture con-

tent ot 34$. Atterberg limits vere found to be L.L. = 78 

and P.L. = 30. Later in the same year the firm or consul­

tants put down 10 further boreholes and the two horizontal 

drains mentioned earlier. 

A pipe was placed down each or the 10'boreholes 

and they were ri~led with gravel, sealed otr at the top and 

a cover f1tted. Water levels were 'observed in the boreholes 

over the six month period Decembor, 1953, to June, 19~, 

f 

The hiehest levels are shown on the cross-section of Fig. 43, 
and have been used in the analysis, 

t ;', 

The first analysis, see Fig. 44, tor this' case 

was carried out by assuming failure on planes and using 

the measured water levels. Failure on a Circular arc was 

then assumed and the analysis repeated. In each case the 
, . 

, . ~ 

factor or safety when c· =, 0 and c· = 2,0 lb./sq~,'rt. was 
.' ,I. . • .. •. ' . . . . . . 

also determine~. 

, A "non-circular" analys1s was also done at this 



13lf. 
, , 

wall in order to compare 1ts results'with the 'other analyses • 
. ' 

A summar.y of results follows. 

F 
T,ypo ot Analysis c l tor 

Stability at = 0 c l = 2,0 . 

(1) Planes 116 .77 1.28 

(2) Circles 1,9 .12 1.1, 

(3) Non-Circular 18~ 

Tho value of ,~I necessary for stability seems 

to be rather high consioering the wall's ag~ of ,5 y'ears. 

Undoubtedly the high watar level, which was measured, is 

a major contributing fa~tor to this. The water lovels were 

measured in virtually open boreholes and as it has been 

found that such levels are generally higher than levels 

from sealed-in piezometers the true value of 0' is probably 
::. " . ' 

lower than t~at ind1cat~d by the analysis. However, since 

the exact amount is not known the vDl.ues shown must be talten 

as a reasonable estimato. 

Although a considorable amount of effort was 

eXp~nded on 'remedial nansures in 19~9 it is ~bvlous that 

they ljere of li,ttle lue. This is ,perhaps not· surprising 

,as' buttressing' systel!S and struts which transfer' the 'loaC:i . 



from the wall to the passive earth wedge \1h1ch 1s moving 

with the wall, and drains without outlets are not part1cularly 
. . 

significant enginoering operations. The installation of mass 

concrete blo'cks at the back of a wall does not .seem to 

increaso the overall stability ot the wall appreciably unless . ( . 

the blocks go cons1derably deeper than the walls, as at Park 

V1llage East. The sheet p1ling driven in front or the wall 

to depths of 1, and 2, ft. seems to have had little effect 
. . 

on the .~ovem.ent, and as the piling was" not anchored in any 
. . 

way c~nsiderable movement m~ be necessary to mobilize its 

fUll·resistance. The effeqt of the grouting cannot be 

deternined at· present but will eventually be forthcoming. 
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UPPEn HOLLrn'lAY SLOPE AND RETAINING ~IALL 

Rararo,nce No. 8 

·ill.stotz 

At Upper Holloway there is a cutt1ng 18 feet 

deep, all in weathered London.clay. The lower 4 feet of 

the slope 1s held by a brick retaining wall and the upper 

portion runs back at 2t to 1 from the wall (see·F1g. 46 

and Plate XXIV). The railroad lin~ was. opened in October, 
" . 

1870, and it. appears that the wall was built just pr~or 

to this. 

No trouble was recorded in this cutting until 

1951. . At that time a portion of t~o wall was forced 

·forward and d~aged to the extent that it had to be 
,.' 

replaced but the amount of movoment has not been recorded. 

This movement \'las accompanied by a downward movoment of 

the top of the slope, 

. The new ";0.11 was built slightly larger than the 

old one but by 1953 it also started to move forward. From 

July, 1953, to .April, 1955, the forward movement \-ras llt in. 

a~ the worst point. During this period five timber struts 

16" x'B" were placed i'roI!l the wall to the oppos1te, side or 

the cutting~. These'struts have apparently stopped the . 
movement, and appear to be ttiking a considerable load since 

.' .,', ' .. . : . ,',.,' 
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soma of, them are noticably bowed. Personal observations 

ind1ca~,a the: total movement or the top or the wall to be 

about ~6 ih ,at the maximum point. ' No records have been 

kept as to whether the wall moved forward equally at both 

top and bottom or not." In 195; as an attempt further to 

stabilize this slope and:wall a 'row of Larsen No.2 steel 

sheot piling alternate1y'20 'and 30 ft. long waS ,driven 

aboUt '10 teet behind the wall. 

s~te Invest1gat10~ 

During an investigation in 19;; the owners put 

down eight boreholes, on the slope, varying in depth up 
, , 

to 24 feet. ,: Sacples It ,in. d1ametor were taken'in four 

of these holes and \U1con1'ined compression tests,carried 
," I • • 

out. , The average uncont~ned compress~on strength was 

2290 lb./sq.ft. (~ean of',2l tests, range 400, to 3390 
, .. 

Ib./sq.ft.,) and ,the' average moisture content 32.6$ (mean 

:. "FourCassgrande type piezometers were' 'installed 
- ~ ,'< 

, , 

at th1~ site" two on a,secti~n nea~ the centro of the 

failure .and ,two on a section ,outside the failure area and 

water,levels'have been observed sincemid-.Apri~, '19;6; 

.At ,thi~ site· the water lQ'vel at 'the t;ac'lts' can be observed 
, , ' " • I" ~ , .. ' c 

1n 'catch basins between :the two l1nes and next to 'the wall 
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and it varies trom 10 in. to 20 in. below the base ot rail. 

Pumping ot clay up through the ·ballast occurs 10 several 

places"along this cutting and the aotion is doubtless a1ded 

. by the ~usually high water table in the track bed. 

Atterberg limits.on material trom the boring tor 

, piezometer A are L.L •. 86~ and P.L •. 28$. 

This case was tirst examined by using plane 

surfaces'ot failure, see Fig. ,~7 and the effect1ve cohesion 

. required for stabi11ty was found to.be 36 lb./sq.ft. In 

a further.examination, slip circles. were assumed as the 

~fa1lure surface and 1t was found that the worst oircle 
,'. 

gave a o' required or 68 lb./sq.ft. (Fig. 46), Factors 

of safety were determined.for this case when 0' = ~50 lb./sq.ft. 

and when o' :: 0, ·(see Fig. '49 '.t'orF,on·>circular arcs.) A 

summar,y or. results is:" , 
, ' 

. Type of .,;, '0' 'required Factor of Safety 
, Failure Surface for 'stability 

f ",' When c I. = 250 when c' - 0 " -
Planes I " , - 38 . : 1.9~ .86 

., . 
Circular Aro. _,' .68 1.62 . .73 " ''0 . . 

Effectiveness of Remedial Measures 

It is qu1te obvious that the slightly larger . , " 
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'reta1n1Dg wall'bu1lt 1ri 19~1 was unerteot1ve as a remed1al 

measure. Once a sl1p has s~arted.1n London clay1t appears 
.' 

that the c' is further lowered by the remoulding about the 

'~~~p surtace •. Ittherefore follows that once.s failure bas 
: ,'. . ' . 

started more toroe 1s required to hold 1t in check than 
, ..' " 

was required to hOl~ the original wall or slo~e. The 

tailure of tho 19,1 wall bears out this tact arid it appears , . - , 

that the increment in wall size was not enough to compensate 

for the reduction.in c l • 

Movement of tho wall had appa~ently stopped before . , . 

tho 1nstal~ation of the sheet pil1ng and it appears trom 

their bowed shape thntthe struts are taking a considerable 
! ," > ,.,' ' 

portion or the load, and are highly stressed. Whether or 
. , .,' : ' ~ . . ' 

not the f!heet piling .is taking any 'load is unknown, but it 

is probable. that, appreciable movement wOuld.have to occur to . , '.' ,~ . - . . 

mobilize its strength. Even then it is open to quest~on, if 
; ',',,;,,' ,\ "'.' 

tho' strength ·coUld.be tully.used and if so, would it be 
:: .' : " • ~, " " t ~ • : ,_ ' ' .1 • 

sUffic'1ent. The design of the .sheot piling was'apparently 
\, .~, - . .. " ," , 

empirical and the present cond1~1ons at the wall.defy the 
, I. " '. , '. > .' ~ 

determination or any quantitative. factor of safety. However, 
'. • \ I , ." .: , ~ J • _,~ I , ,., • . " 

in tho light of present lmowledge .' it' ",oUld . seom that .addi tionnl 
". ,- '" ,". "- '. ' ( ..... 

and: stronger! stnits wolilci' serve the wall as well, .it not better',' 
, • I ". .' '.' .," ~ ,,"," ~ " , • • .. ': ~ .. • ," ',. 1. 1 ':' ,: ' : .. ' f 

than;tha sheet piling and probably' ·be.:·less ~xpellsivo.: 

J .,., 
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SUMMARY OF RESULTS FROH EXAMINATION OF' FAILURES' 

The results of the analyses of the nine failures 

considered are summarized in Table VII. Cohesion, in terms 

~t effective stress,es, (0') required for stability has' , 

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

value. The different values g1ven exist for two ,reasons: 

(a) SUfficient data was not available to 
. 

estab11sh accurately the water ~able 1n 

some cases, and, in,other cases, it could 

not be obtained at the present time due 

to ~hanges at the site. 

. (b) Different m~thods of analysis give 

different answers, all other things being 

equal. 

In cons1deration of the differences sho~ by 

the range or values of c' it should be borne in mind that 

the cohesion iso,n the average only about 20$ of' the shear 

strength of .,the ,clay involved,in the ,failure.' ~heref~re, 

if.the' difference in values 'of c' 1s 3~1t indicates 'an' 
'" '. ' ... I _ ' 

average ,difference ot, 6~~,the,factorof safety,s not 

unroasonable value for most problems in clay. 
, . ' , 10_, " 

Results show that the choice of assumed failure 
" ,.', '" . ". ,.,' " . 

surface can'have a cons1derable effect on the value ot c' 
T, '. '.., ,; 

required for stability_, The assumption of tail~re along a 

" 
, .... 
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a circular arc yielded 1n overy caso a h1gher value of 

c' necessary for stab1lity than wAen failure on planes 

lias assumed. Actual failure aurf(l'cos have been found to 

be nearly planes in the case of walls without, a slope 
. ~ " 

above,them (e.g. Mill Lane), but in the case of a 'wall 
~ , . 

'4,th a proportionally large slope behind 'it (e. g. Upper 

Holl?way) the failure surface probably tends to be ,more 

tho shape of that found.in.a slope. Hence, the range 

" , , shown for the value of c.' .. in the ca~e of combined walls 
." ... 

and,~lopes mUst covarthe actual value, of c l , req~1red. . ' 

Table VII also shows values of the ra~tor of 

safety of each structure when,c' = 2,0 lb./sq.ft~, that 

is at construct10n, and when c t = O. The latter f1gure 
.' . 

is of'course hypothetical, since factors of safety less 

than ona cannot exist,·but it serves to show the possible 

range of 'factor of safety with the possible range of c t 

and indicate~ what proportion ~f tho shear strength was 

contributed by 'each of its components at the time of 

failure. It will be noted that on the, average c' amounted 

to ,approximately 20% of the shear strength at failure, the 

.frict1onalc6mponent contributIng tho other '80$. ' ' 
, ' . 

As, shear strength on an effective stress basis 
" ", 

. 1s made' up of two' ~omponents, a constantone~ and 'one' which' 
, ..' ,','" ,.' ," < • 

var~es viththe effective'normal prossure:on~the.shear 

pl.'ane, the, ratio "of th~' cOr.tpo~e~ts 'will, vary ~th the:, 
. - . .. ',' " 

, , . ' ,'. 
I" 

{ .. " '" 
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CASE 
~ : 

WEMBLEY HILL 

PARK'VILLAGE EAST 

MILL LANE 

UXB RIDGE 

NORTHOLT 

SUDBURY HILL 

KENSAL GREEN 

-, 

WOOD GREE.N 

UPPER HOLLOWAY 

TAB LE :2II 

AGE AT 

FAILURE 

13 
, 

19 

2S 

29 

',35 

49 

53 
'" 

" 

55 

COl 

J 

~ , C' FOR 
,~ 

~ ",< 

' TYPE OF ANALYSIS AND DETAILS STABILITY 

La/SQ. FT. " " , , , 

,PLANES, MEASURED WATER LEVEL 190 
, 

240 : CIRCLES, II 'n " :' 

PLANES, HIGHEST W.L. 182 

PLANES, INTERMEDIATE W.L. ' (25 

PLANES, B.R.S. SECTION,MEAS'D W. L. 210 

.. " .. ,'2' LOWER W. L . 190 

PLANES, MEASURED W.L: ( 39 

TOE CIRCLE S. MEASURED W.L. 88 
n '" ,', ,W.L.4' FROM SURFACE 11& 

CIRCLES. MEASURED' W. L 50 -.' 
"-

PLANES, HIGHEST PROBABLE W.L. 102, 

11, t LOWEST " 
tI 40 ,~ 

PLANES, MEASURED W.L. 116 , .. 

CIRCLES, " " 159 

PLANES, MEASUR ED W. L:. ,,36 

CIRCLES, .. " 69 

SUMMARY' OF RESULTS OF ANALYSES 

, 

F 

WHEN WHEN 

c' = 250 C';: 0 

" 

,I' 09 0·73 
I 

,1·02 0·73 

I· 16 . 0.92 

~ (. 0 5 0·71 

I· 09 0.75 

I; 17 0.79 

1'37 0'79 

,r'30 0·72 . 

I· 60 0.83 

1.40 0.74 
" ~ 1.51 ,0.92 

I· 2 8 0·77 

1,15 , 0·72 

'·95 o . cz,6 

'·62 - O· 73 
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effect1ve normal pressure' on the failure surtace. Also, 

tor the Sal!le reason, ·the range ot the factor of safety 

llt2 

. with the poss1ble range ot c' will'vary with the depth to 

.: the ta1lure surface. .This 1s shown very .distinctly by 

the calculations, the smallest range of factor ot safety 

being at Wemblol Bill, and the largest range being at 

Upper Holloway.' 

It 1s signif1cant that 10 all cases the c' 

requ1red for stability was within the possible range of 

this value in London clay. This ta9t in 1tself olearly 

shows the possibility of using effective stress analyses 

for problems in over-cpnsolidated clay. The ~anges ot 

factor of. safety show that the maximum possible error 

obtainable with this type of analysis, even it nothing 

1s known nbout the value ot c', will under no circumstances 

approo.ch :the error in tactor ot safety ~ommonly obtnined 

by using total stress (~ = 0) analysis for this type of 

clay. 

, , 
VARIATION OF c I WITH AGE AND, ~ 

The major purpose of the analyses was to deter­

mine it, a rate otdecrease could be obtained tor the 

cohesive ,portion ot'the shear, strength. Values ot the c t '. ' 

required, for. stabi11ty have'been plotted against- the 

pract1cal' ace at failure for each case 1n F1g. ,0.. The 
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. '" 

practical. age in some cases, as detailed under the case 

histories, .is greater than the act~l age of the structure 

since .the construction of the slop'a or retaining wall under 

study was the result of widening an existing cutting. 
'. 

Values of c '. plo:t;ted in Fig. ;0 show a deflnl te 

trend to be smaller with age and a curve ha~ been drawn 

giving an approximate rate of decrease for ct. 

'Reduction 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 tclte place 

whenever a cutting is opened, but the reduction at any 

potential failure surface will. in all probab1lity depend 

on the distance to that surface. This would indicate that 

. the reduction in c' probably varies with the effective . . 

nor~al forco on the failure plane, being greatest in the 

shallow failures and least in the deeper ones. There 

should therefore, probably be a group of curves on Fig. ;0 
. ..' " , 

ea~h for a diff~rent ~. ,These curves would all.start 

at c~ .= 2;0 lb~/sq.ft. and reduco,by different amounts with 

a"e~ ,·the greatest reduction' being with the smallest values , 
of (In. 

. There are indications from the analyses that 

slopes:~end.to give lower values of c· required for 

stability ~~ ret~in1ng walls. As' slopes would have more 
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opportunity to expand laterally than the clay behind a 

retaining wall this does not seem unreasonable. The con-
I ' 

sldar~tion of ~ on the failure surface does not entirel~ 

eliminate this ina'quality since in the case of r'etaining 

walls any failure 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 considerably deeper than the actual failure surface. 

Averago effective normal pressure, on the critical 

fo.ilure surface found by, the ana,lysis, has been plotted 

against tina ,to failure for the nine cases analysed in 

Fie. 51. There, it is apparent that tho oldest cases have 

". the least CTr:. on the failure surface. Howover, as the 

effective coheslo~ is a function of both ago 'and ~-on 

the failure ,surface, a complete picture can only be obtained 

by plottinB all three on an interrelating graph. 

It 1s found'that if c l for stability is noted at 

each cif the points in Fig. ,1 radiating lines may bedra~m 
"from the origin for different values of c' with some'degree 

of agreenont. Fig. ',2 shows these lines drawn in a somewhat 

idealised form on the plot of Fig. 51. Data is actually 

insufficient to draw true curves for c', as it was to draw 

various curves of· c 1 v~rsus ag~ at different vB.lues of a:', , n 
but the plot~~ FiB_ 52 is put forward as baing-as interesting 



approach to the problem. Further ~ata may lead to altera-
. .' '. ',' 

t10ns 1n the plot but it 1s felt t~at the basic idea of 

toe plot is 'correct and it has considerable potent1al 

value. 

As the plot ot Fig. 52 interrelates c', age at 

fa1lure and orl
, vaiues troM 1t should lead to a ser1es 

n 
of: cUrves each tor different values of ~ on a,plot 

s1~linr to F1g. ,0. : The -1de~1zed values g1ven by th~ 

i1ne'~ on Fie. 52 ,have ',been replott~d in Fig. 53 for 

different values of ,~', using c I and age as axes. The 

result 1s a group of curves showing a greater decrease in 
. . I 

~,I with time at 10't.,er values Of~. These curves however 

oust not be considered final but are put ~orward for the 

.sa.~o reason as Fig. 5'2. It will be noted that the average . . 

curve of F;1g. ,0 whon plC?ttod on Fie. 53 do.as n~t give the 

average: or the different curves. This comes abou~ as the 

smaller cases are the older onos t and indicate.s that. tho 

average curve of Fig. ,0 nay not represent an exact overall 

avera~e. However, data avcilable at the present time is 

not sufficient to indicate def1n1tely that this is so, or 

to pl0:t a Dare representati va average curve." . 

A plot such as F1g. 5'2 would be ~sed to check 

a design in the 1'ollo\11ng manner. The effecti vo normal 

pre;l:sure on the potont1111 failure surfaco and tho c' 
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required for stabi11ty would be determined. The graph , 
would then be entered· at the va.lue. of ' "ii. ~vol ved and 

moving across the sheet, ,the positic?n of the, intersection 

with .the relevant c t line determined •. A. .vortical line 

trom this point would then give the probable:llt~ expec­

tnncy. of. ~he structure. It the horizo,ntal line at the 
, 

~.involved fails to 1nterse~t the appropriate c' line 

tho proba~le life expEotancy will be beyond that shown 

by the graph, but pre: ent knoliledge cannot estimate how 

far beyond. 

REl1EDIAL MEASURES 

A summa:.-y of the calculated factors of safety 

for the remed1al ueasures carr1ed out at f1ve s1tes 1s 

gi van in Table v':::\I. OthfJr cases e1 thor had' no remedial 

~easures (e'.~. Sud\'ury Hill) or ~ose carried,o.ut are no't 

sllscept1b)a to ordinarY,alalysis and 'are perhaps not 

conpletJly effective (e.g. Upper Holloway, Wood Green). 

The factor, ot ~afety was first determined for 

c~ldIt1ons when the remedial oeasures were carried out 

using the c t indicated to \~e present by the analysIs. F 

w~s then also determ1ned,onthe assumption that, 0' would 

decrease to zero. : 

. ,Values obtained sto;>w that in genera.l the " ' " 
, " . 

remedial measures conslderabl) increased th~ 'racto~ or 



safety. In all cases except Mill Lane it is probable that 

the structure would still, be stable it c· decreases to zero. 

At 11111 Lane the remedial measures were not axtensi vo and 

consisted ot renovlng some at the retained clay. 

Indications at Northolt are that the offect1veness 

of, deep countarforts is largely as drains rather than as 

buttresses. In practice the drainage effect stopa Qny move­

ment before the shear strength of tho counterfort is mobilised 

and it is ,questionable if countar£ort strength could ever be 
<, 

mobilised, for the mathod:of installation precludes any,great 
,,' . 

effect fran frictional properties of the mater1al. The counter-
, ' 

fort is comnonly arranged to go about one foot deeper than the 

slip surface. Therefore" a failure surface passing completely' " 

under the counterforts has a factor of safety greater by only 

a few per cent than the failure being,repaired and a slip 

could take place along such a surface before the additional 

strength of the counterfort,was mobilised. 

Observation~ at Northolt o.nd Sy-denham 'Hill' indicate ,,' 

that the rubble drains commonly'used in London'clay,are quite 

efficient. .At both these :5i tes wa:ter level~ :were found to be 

at'about 'the bottom ot'the:dra1n· not 'long after the lnstalla. .. . . .. 
t10n and to 'remain at ,.that level., 

, , 

, For "retaining ,J-alls', ma'ss concret~ blo~ks ':o.s 

c'ounter-lio1ghts' behind the,w~l 'ar,e not indic'ated by 'the 
. .' .. , .~ 

( ',' '~ . , 
analysis ,to bepart1cularly efrect~:va, re~sdial m~'D.sU:res. " This, ' 

• ,'( .j J.' 
. :" .: 
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TYPE ,OF , \ c' AT F 

, , ANALYSIS AND FAILURE 'CASE WATER LEVEL REMEDIAL MEASURES 
LB.! 5Q.FT. WHEN , ' ,- , 

USED 
" . INSTA LLEO 

,-
, , ' , 

INCLINATION OF SLOPE -
"PLANES' 

WEMBLEY HILL 
, 

'REDUCED, ,WALL REBUILT 190 I. 39 
MEASID 'w. L. 

" , 
DEEPER. - " . ' ' , 

" , ' 

" " -- , 
" . '~, , ~ "'-, 

.' - ~ < , -
'.CONTlN'UOUS' COUNTERFORT , 

; 

, PLANES ' --
PARK,VI LLAGE ' , " 

EXTENDING 6', BELOW 
-- ,-- , . 

" , , INTERMEDIATE 125' .- ' 1·17 
EAST' , " 

W.L. , THE ,WALL INSTALLED ' , 

- , , • I ,. ' ' 

. , . 
" 

" ' 
" --

PLANES 
' ' - , 

,CLAY REMOVED FROM 
MILL LANE SECTION 9, W. L. 203 

" 

• I· 09 ' " 
BEHIND WALL l - AS AT FAilURE' '. 

" ' 

, , . 
' .. 

r 
' . '. " r " 

TRACK RAISED " 

,/ PLANES 
UXBRIDGE 

MEAS'D W.l. 
STRUTS PLACED 138 1·35 

'CLAY REMOVED 
... .- ' , 

" 

" . " -CIRCLES, COUNTERFORT5 INSTALLED 
NORTHOLT W.L.MEAS'D AFTER 

"SLOPE CUTBACK 
88 ' 1·34 

C'FORTS INSTALLE'O . 
" 

TABLE VIII 

SUMMARY OF EFFECTIVENESS OF REMEDIAL MEASURES 

wHEN 
c.!e 0 

, . , ' 

~ 

: 

I· 0 I , 

, I 

i 

~. ~ 

I 
I 

0·99 , 
'. ". -

" 

," 

0.76 
. 

" 

" 

1·07,,' 
' , 

, 

. 
1 ,,'4' " , 
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. - '-'. 
", 

',. 
, ' 

, , 

~s been demonstrated in practice by more than one case 
" ". .... . . 
('e.g. Wood Green) where the add1tion,ot such blocks has 

made' 'llttle or no d11'ierence. However, I! the blocks 

~;o~·~ct 'below the wall as ~t Park Villag'e East th~y are 
'. quite ·,etfective • 

", 
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Struts to the base 01' the ~all trom th~ oppos1te 
-.: ... :.,-...... :.:; .. , 
. ". "':: : -. -

. , 

s1~e of' the cntt1ng are generally an errecti~e measure. 

, " 

" 

. .' . ..... ~. 

R~o\'3J. of some or the reta.1lied c~ay 1s or cours'e 8lso' .. ' , . -
. .. . , effect1 va in: stopp1,ng' w.~l m~"ement ,but often cannot be 

" ':-: ..... " ,.";', .. ' ' ',,' : " " ' ' .' ' , ' 

, , .. ,;1, , ' 'carried out .. due. to l1mlations of space. 
, - .... .' , 

Unanohored sheet p1i1ng has not proved or great 

Val~e 'in th~ tl'lO: case~ "whero 1 t was used' (w~oci' Green, Upper 
. ~ .. ' . . .' . 

Hollaway). Considerable movement 1s probabll necessary to . . ' . . . 
m~b1i1:s'e its full : strength . ~d e;en then it is questionable 

i,r tli"e strength' v,ou1d be sufficient" :to stop ~ovement •. , 
, -.,' . . ,.,,"~" .' ..' . . ., 

" The use of . cement grout'injeoted into the retained 
, " 

c~ay' has as let been ,unproven and may', 1n some cases', 

initIalll cause additIonal movement'due t,o tlio' volume change 
.. ' . . ... .. ~ . 

, . . 
occas~oned,b1·1ts\1n~ert1on. ' 

:, ::' 
SUGGESTED REMEDIAL MEASURES , 

' .. " , :. ~ 
, !, •• 
.. • ",. I, , 

, , . , Th~ most obvious, remedIal measure in the' case or 

reta1n1ng ~'~a1l~S~ellS . ~~'be.' t~e: insertion.' or· struts ~,to the 
, ' ..' 

, ", .' '\ " " . 
oppoal tEl: side or' ~he cutting o~ to, a suitable' b~rier ,'wall 

" I' 

. 
" 

'" 

< '.: ::.. ." :. 

• r~l"'" I ,') 1",~'" 



, " 

. " , 

below ground level outside the passl va failure aroa. This 

; obvious solution does not ~eem to po utilized to its full 

, ' 

-: : ',', 

':, . 

. 
advantage in many cases where it could easily be installed 

(e.g. Upper Holloway) and other less effective and more 
, " 

expensive r~ed1al measures are substituted~ In the caso 

of high walls opposite each other, struts above train 'level 

combined with struts at track level are undou~tedly ver,y 

effective and this procedure has been,:adopted,tor a number 

01' failures in London clay. ' 

The most direct approach in reme¢y1ng a failure 

is to go to the source 'ot. the 'trouble and decrease the 

torces causing the "f'o.1lure' rather than increase the resis-, .. { . " . 

,~1ng forces. Decreasinsthe active force may be accomplished 

by, removing ,some· or the retained clay or bY' lowering the 

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

and increasing thaerfective-shear strength of the soil. As, 
", • I.... .' ., .!'..... " ' 

the first method or 10wer1ng;th~ nctive f'orC?e is'obvious but 

" cannot, alwais 'be 'carried out due to limitations of space, 
" , 

, . more general use. ,': 

" Counterrorts tor . the repair o"r 'Slips:"~~· commonlY' 

b~ut up' to. 20 ,'ft'. deep' ~d 6 ;~to',.8 'ft.· ~1de.,:,' S1n~e' their' 

~h1e~" _tion"is' appa~'e~t'ly. d:rD.1lia~e 1t'!'1~' O~1:~'l~g'1~al that" 

'their' width, 'be, kept to 'a 'm1n1m~ 'and a dr'~i~' ~"tt~ 'W1doliould 
, .' • ~~.' ,J, , .' • • ..'1'" .. ' • I': 

probably be as usetul. •. ,The',1nstallation:,or,'counterro~ts seems 
. 1" .. ·.·.1 

':" ',I' ." .' f' 



.. " .:. 

to increase the permeability of the-clay, probably due to 

the relaxation ot horizontal forces along the strike of 

the slope, opening up dra1nage paths along the fissures. 
, , ' 

'It has been observed that there is some movement or the 

".d1&1 into the trenches durinG the construction ot counter­

torts, and observations on old counterf'orts, built without 

f1lter zones', show that the clay moves into the counterforts ' 

up to 6 in. on" each side over a period of several' years. 
, . 

Since the maj or :f\mction'ot counterforts aeems i': 
, , ' . . .' 

to', be :dra.inage it is logical to consid'er them as drains and 
" '~ ~ 

position th~m so that' they intercept the 1'low'"'o1" '>later 

towards a slope rather than nttemptto remove it· after it 

has arri vade The, water table in a sho~t steep" slope ~ ,as is 
, ~.', .' . ~ . 

~sual in a cutting'- 1s, apparently brought about by, the ,inflow 

ot \>Tatar from ~he areab'eyond the top or the slope', and due 

t,o ,the steepness or the' slope, run-ofr on 1t 1s pr'oportlonally 
. , ,'. 

high. ' Therefore, 11" a' deep, dra.in we~e .. ,installed :: at th~ top of 

", the slope1twoUld lower the' water ,forces by cond~cting allay 
, : >- .< '" ' • ' 

ground ""its;' before it rea~hed 'the".slope. : Such .a' system of 
~ ,. , :, " ".. '. ' , ' " . . .' -,. ' '. . ' " ,.' . , , 

" ,~draintlge could be constructed as, shown in' Fi~. "5l+.' The major' 

advantage :of the system is that' it \-lould be mu~h less,:e~an­
s1 ve ' thaW, the counterf~;t" method now in use' and' ,:'ac'h10~~ the 
," " , \ ' , ',.' . ,,',.' .: '." .... ~ " " "",,:," . .' . .." :... .. 

, same ,'end.': \Considorablo 'saVing in cxcavat1on"'ririd'backf1l1 
, • • ,.-'; • I, ' ' 

'fauld be ~ade a:nd the ·.toP b'ar;ie; 'drain ~~uld be, exc~~yated 
, ,', 

, " 

by·machine rather than by hand as is necessar.f.with'countortorts. 
, " -, ,j , • "I>':; ~\ •. ~~.~:' .' • 

" '. , , ., . ~'" . 



, \ 

. 
~ ·0 •• , 

~> N ::, 
'-.......... ' .~, , e. ". 

" , 

/ 

" >, 

assumed,. j~-~_. " ' ' 
wa ter, leve I , ............ --- ___ 

/ 

',- " ' worstclrcle-../ ........ __ .. - ---- __ ,' "" 
< , .......... ...:..- '.. -~--.",." ,'--------- .. 

'" \' 

NORTHOL T S LO PE 
,< FACTOR OF SAFETY' ., 

'N 
(Y) 

TYPE- OF ANALYSIS WHEN ';0 " , 
WHEN'C = 88 C 

" 
, 

.,', 

( i.e.at lI';stallatlon) (i.e. ul tlma te) 

CIRCLES' 1~3 4 ,'! " 1.12, i ,'" 

' . .-
,N 

worst 

WOOD GREEN RETAINING WALL 

, FACTOR' OF SAFETY 
TYPE OFANALYSI S ; WHEN C = 116 WHEN C=Q 

(i.e. at In stallatlon) (i. e. ul tlma'te) 

PLANE S 1. 22 0.96 

EXAMPLES OF 20 FT. DEEP BAR RI ER ORAl N S AT 

NORTHOLT SLOPE AND WOOD GREEN RETAINING WALL 

SCALE t" = 2 6' 

, 

" ' 

, , 

\ 

:. ~ I 

" ' 

FIG.54 

" 



, . 

151 
With a barrier dratn ot this sort 1nstalled at the Northolt 

site the w:ater table 'i'oUld be lowered to approximatelr that 

shown in Fig. ~ and the 'factor of safety increased accordingly. 

The s~emethod of'drainage may'be applied to 

retain1ng 'tralls and :1s shown on a cross seotion of the Wood 

Graen site 1n Fig; 54. The water table 'ther'e woUld probably 

,be 1O't1ered to that show, wh1ch g1 ves the calculated factor 

'ot safety of' ~.22.· This'is an effect that the many remedial 

measures carr1ed out;at~th1s site ,have been unnble to produce. 

Horizontal' bore holes lined with drainage tile 

have been used, with considerable success to drain slopes 

(Porter 19~O)'but as far as is kno'tin they have not been used 

in London clay on'a lnre8 site. The expansion of London clay 

and presumably'other heavily over-consolidated clays into 

the,counterfort trenches materially assists the drainage, and 

since this could not occur to the same' extent with bore holes 

there is reason to suspect they would not" be as e!'f'1cient., 
, \ 

The final judgement on their effic1oncy, ho~ever, can only 

co~e,.; atter they,' have been tried,. and as, theirinstallatlon 
. , 

would probably. not, be exeeedingly" expensl ve such ':(1 trial' is 
, . . , 

p~o~ably 3ust1~led at asultable site. , . 

SUGGESTIONS FOll 'DES.lGl! \', . 
,'\, • ",' I • " . , ' 

. : ~ . The,cost or'remedial ~easUres'~,the case ,at. a 
. . . ' 

failure such as that at Uxbr1dge is ot, the.same.orde~:of 
• l" '. • 

• ''.' I • to' • 
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amount as the life~ime earnings or the man who designed the 
I 

wall. It is therefore'apparent that· considerable care and 

thought is just1fied 10 the design' of retaining walls • 
. . 

The analyses make it apparent that eart~ retaining 

structures in Lond~n.cl~.and probably most over-consolidated 
, i ' 
clays should be designed on an effective stress basis. The" 

controll1ngfactor 10 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 water level. If this 
:. ~~ ... ,. , 

procodure results in an·, excessively expensive ,structure small . . .. . .. 

values of c', 'Ill3Y, ~e used .as ,indicated by Fig. ,2; . however , .• 

t'he' use of any amount of ·c· I!1Ust be approached with extreme 
.,,:: . . - -

caution. 

Factors of saf~ty on an.~ffec~ive stress baSis are 

genar~ly. not. high at, const.ruct.ion, for the walls considered, 
. ", " 

as evl~enc~~ bY,.the summarY' in. Table VII. In, onlY' two ·cases, , 

and they are: small walls, ,does F exceed 1.; at'· construction 

and with nost cases it is below 1.20. Tho design of these 
.', "' . , 

walls in regard to base pressure is generally not good • 
. . 

Analysis on.the .assunp~ion of active pressure actinc on the 
. . 

, ' . 
back of ,the ,wall at one third the, he1ght, aconservatlve'. ' '. '" ., , 

estimat~, ,shows .. ~hat in most cases the react10n at the baae . . 
is outside the middle third but. inside the base. . 

. '., . , 

In .. the design ot any retnining wall 1 ~ is probably 

good'practice to take advantage of the.Opportun1t:r.'~Ur1ng' 
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,'. construction or installing a.s much drainage a.s possible •. 

Chases dOlm the back and. weep' hole .. s through the wall even 

llhen placed a't 9 ft~ s'pac1ng have proved themselves inadequate • 

. '. The best solution see~s t.o. be' a comple~o dra1riage ·blanket 

," behind the wall. For clay the blanket should be a graded 
. . 

f1ltor to insure that it will not become blocke~. In add1tion, 
, \. . 

a,' ·be.rr1Gr drain as show b Fig. 51+ could be installed. 

''lith slopes the basic problem is also one of 

. d~~naga. The,2t to 1 slope ot Northolt shows that a fairly 

lOti' ~later level must be ma.1ntained when' c· == 0 but not lower 

than that which coo be obtained by the Use of countorfort .' .. ' 

drams or a barrier drain. The caseo! Sudbury Hill indicates 
, . ' 

that stability would be reached' on a 3 to· 1 slope of that size . . 

. when ci = 0 with a water'lavel approximately 6 ft. below the . . 

surface on the average.. Th'e choice of the inclination for a 

slope·is therefore one ~r' balancing the 'cost of ex~ra'land and 
'. . . . 

. cx~ayat1on against the 'cost of providing suitable drainage. 

.. " 

CON5tLUSIONS.,. E1C:8MlNATION 0Ii'· FAILURES . 

failures in London clay :·hao 

Sho1f.h that th~ effective stress method ot annlysis is most 
'. :' . .' . ,.,' '. " .' 

.' • :. I • 

sll~:~ablo r.or long ... tarm stab!li ty con3,iderat~ons in clay ot 

this type. 

Results 1ndicatathat the cohesion in ,terms of 
'.' 

... 
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Eiffect1v0 stresses decreases with 'time, and: a 'piot (Fig. ,0) 

hD.~ qeen g1yen, to 'show th~"probabl.,e averago.rat~ of this 
, ' 

decrease. The 'reduction in, ~~ ,is ,also re~a~ed to, the effec-

tive normal,pressure 'on ,the potential fallure ~rrace~ 

, d~~~ea~~g 'more "QU1citlY, ,~th ,~~lO\-1 s~fa~~~. ,,' J)at~ 'is . , 

insuff1cient to obtain fUll details or the decrease but a 
.. • .' , • .. .". •• .' 0 " -' • ~ • .' ., t' • " 

': , t'ent~t1~e plot is put 'forw~rd' (Vis." 5'2) relat'1ng c', offective 
, '. .' to , •• o~ .-...., .' .l.. ". • ' 

nO;r:I:laJ. pr,essu..r,e on th~ ~ p.~tent1al ,;t'a11ur~ ~~f~c~ and ~go, tor 
• -... '. • ~ • • • I,. '. I 

earth retaining structures in London" ~lay'.·· .'." 
.. . . .. '.. . . ..... .. :. '" 

liater forces are found':to be among the main, . . " ,. . , . . ..' 
contributory'.rOl-CeS c~using,"·fa.11Ure~ Therefore, the praven-, 

. " '" '. ..' . ' 

t1on' of l~ge ~ater forces by.-d;ra1nage ~:s 'tmportant to promoto 
" t,' .... ' ~ . , • , ,,' • ',. '.,' ' '. . 

st~b,1,11ty, and 1s the m9s~ effect1yo reIlled1al.~eo.suret short 
, . 

of removing th~ reta1ned.claY~. 
'~""', •• ' ••• :','.' ••• ~' , ... ~: •• , """1'", ' , ~, 

. Coun:terforts in' slopes apparently" act~'lUore as 

, , dr~~' than':~~ 'b~ttre~~a'~; ~ui even 'so'; are ~ .'affective 
~ ~ ....... ~::.:'.:. :'" , . /,',,'" . " .,.', " ' ',." " ", :." .':' ,~. .', ,.' 

l':c'mod1al maasure.' However,,1t'1s probably more ef'f1c1ellt to 

pr~v~t wat'er','rr'om reaching the, slope rather than rem~v~' 1t 

;h~e:':lt :1st~~ret' andfO~ t'h1~ purpose a' d~~~' b'~';1er d;a1n 

~t' t~;',top or: the' slOPO' ~,~" ~u~geS~ed. A' b~;i,~;h~a'1~ of ' 
, .,': .... :,. • " .:-~, 0" >', • ~, '. • ..', ~ ", 

the Sanle type would also"bo su1table for an eXisting reta1ning 
'" . 

wall.-~ . .-
, , 

" 'I " ' . Des1gnof slopes' and earth' reta1n~ng . 'structur~s 

for :long-tem st'ab111't; should be' b~sed on the, tr1ct1'6nal 
" , '; • ; 4- ,} 

" >.:; 

, , 
, , 



portion ot the clay shear.strength. and c' assumed to be 

zero. It is essential in all des~Cns that maximum poss1b~e 

water levels be considered and steps should be taken to 
, . ' 

insure that the maximUm, amount ot dro.1naga con~istent with 

the economies ot'design ~e used. 

: . 



APPENDIX A , , 

Q.ORRECTION 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 railure found with most remoulded 

clays 1s uncommon. Failure in drained tests on over 

-consolidated clay normally takes place at 2 to 5% strain, 

dopend1nc on the method of applying the stresses, \vhereas 

tho bulging type of failure co~onlYoccurs at'i5 to '20% 

strain. Corrections for the rubber 'membrane and drain '\lith 

the latter type of failure have been determined (Henkel and 

Gilbert, 195'2). 

It 1s quite evident in testing, that failures 

along planes cnus~ con~iderably'mora deformat10n of the 

rubbe'r memi)rane at the Salle st~a1n~ than do bulging failures. 

Thorefore, since the strain at fa'ilure is very "d~ffcr~nt and 
\ 

, " .' ,I 

tho ,rubber 1s deformed in a different mannor 1t was necossary 
, , . 

to datermine vhat corrections should be applied to failure on 

planes and a serios of tests vere carr1ed out for this purpose. 

Samples of undisturbed clay are variable to the 

point that the difference betue,en strengths of supposedly 

_, sim1lar samples can be more than ·the membrane and' drain , 



correct10ns. Hence as ,Iany correctioris could"belost in 
" 

th's var1ations and the planes 'of ~ailure 1n und1sturbed 

samples are unpred1ctable,determ1nations had to be made 
'0 0 

on an art1ficial sample rather than on theclay,itsolf. 

1,7 

A sample'sh~pe',o,f pers~~,x~ ,(see Fig~',~:~,), It 1n. 
" ' .... '.. " ", .... "~." !~~~ 

, 'diameter by'3'o1n. long "was' made for,the purpose.:'?~: This 
, . 

sh~pe was cut" across its' centre at 45'0 so that, when com­

prossed it' failed along the' plane to simulate ,failure in 

the clay. A'series ot grooves were cut on the lower part 

ot the plane andoconnectea'by a passage through the sample 

to-the base of the cell ,so that pressures could not be built 

up about the plane. ,During a test, the ,two planes were 

lubricated to allow easy movement,heavy machine groase was 

found to be most sat1sfactory for ' this purpose. 

Test procedure was to set,the sample up'as shown 0 

in Fig. " with' ,one rubber' ~etlbrane and note the load 'required 

for detormation., ' After ,unloading~', the samplo' was, ret~rned to 

its original position,'and a second rubber membrane applied, 
, ' 

the inner membrane having been 'pierced in' s~veral'places to, 

prevent pressure between'the membranes when the cell pressure 
, , 

,-tas tlpplied. The sar.lple shape: enclosed by the twonlembranes 

was then loaded and a'ra11ure simulated.' 'The 'correction for' 
/ . . 

a',rubber membrane was taken as the difference, between' the 
. • " .I 

first and second load1ng~~Th1s procedure was'car~ied out 

',' " 
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cell pressures of 5', 10 and 20·lb./sq.1n., several runs 

being made at each cell pressure and the results averaged. 

Corrections for one rubber memb~ane were obtained as shown 

in Fig. 5'6. 
The procedure wa~ ralJeat~d at 10 Ib./sq.1n. cell 

pressure with a filter paper drain bving added'before the 

second membrane. Results of this series of tests are also 

shown in Fig. ,6.' 
Distortion ot the membrane 1s rather more severe 

with the perspex sample than with a (Ilay sample s1nce it 

allo't'ls no def'omation 'at the edges, \{hereasin a ~laY' sample 
I' • 

th~re 1s nefomation of the edges of the sample dua to the 

strength or the rubber. The extra effel~t caused by the 

'solid perspex shape cannot be determined but' it 1s est1mated 

tho.t the true correct10n should be t· of t;\at· obtained. This 
" <'. • 

difference would apply only to the rubber "ambrane ~ort1on 

of the correction, as the drain uh1ch appeal'S ',to ,act somewhat 

like a strut would not be affected. 

Curves show in Fig. ,6 have been d~'awn on this 

basis for the corrections to be ,applied l'lhen failure oc'curs 

on planes ,at cell pressure's of '5', 10 and 20 Ib./s~, in. These 

curves have been used to correct the test data tor ~ndlsturbed 

oyer-consolidated clay presented in Part II. 
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APPENDIX B 

£)1 AND c' BETWEEN LONDON CLAY '.AND A ROUGH SURFACE 

The angle ot reaction between anY material retained 

by a ",all 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, tor the' analysis of 

stability of ,-ralls in London clay it is necessary to kno" the 

parameters t-Thich 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 kno't~, 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 

th7,clay and wall surfaces its 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 nere done in a shear box' arranged so 

that the shear plane through the centre of'theb~x,was also 
, , 

th~,plane dividing thasamp1e from a rou~h surface. ,This 

uas accomplished, see Fig. ,7, by building up the stone in 
, . ' 

the bottom halt of the shear box so that it was flushuith 
" . . . , 

the surface. The stones'used \'lere rougher~han the 'n~rmal 



ones being bonded quartz sand of about 46 mesh size. 

Rouelmess of the surface of these stones "ras of the same 

order as unfinished concrete or unglazed brick. 

160 

The shear box and sample were set up as shown 

in Fig. 57 and 'allowed to coma to equilibrium ~der the 

applied vertical loads. After equilibrium the saople was 

moved across the stone by operating the shear box in the 

usual manner, the speed used beine the slo\ies~ available 

(.000077 in./min.) so that full drainage could take place. 

The samples. failed under unusually small strains:(O.025 in. 

average) lath an average time to failure of sa h9urs • 

'f771I'1'Tn71 .........-HA N G E R FOR' 
VERTlC~L LOAD 

, . 
" ; ..... " ., " 

,J" 

PROVING RI NG 

MOTOR DRIVEN 
JACK 

LONDON CLAY 

'COARSE POP-OUS STONE 

ARRANGEMENT OF SHEAR BOX TO DETERMINE 

r/>' &. c' BETWEEN'LOKDON CLAY AND A ROUGH SURF.ACE 

FIG.57 
.l-"~, __ _ 
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Four sets of shear tosts "TOre .carr~ed. out with 

London clay. In three cases the· .sample was undisturbed 
\ 

clay placed in the shear box in the usual manner; in the 

other case the clay was remoulded.into the shear box at 

its natural moisture content of 31.,$. Results of'the 

te~~s are given in Table Bl. 

Sample Type and Origin of Clay t). c' 
-Nos. lb./sq.tt. 

ltO;4l,lt2 Brown L. clay, Uxbridge No. 2lt 21*0 7, 

43,44',lt, Blue L. clay, 'Northoit 21io 1,0 

lt6,47,48 Brolm L. clay, Sewardstone 190 7, 
~. 

(remoulded) 
. 

49,,0,')1 
, 

200 Brown L. clay, Sudbury Hill -12O 

TABLE Bl:,Results of· shear tests between London.clay and.stone. 
" ~ ~ ,; 

,From the results it .. is apparent that the "1 
mobilized between London clay and a rough surface is the r~l 

- '" , - '," . 
~, of 'the clay and thatc' is approXimatelY.one half that found .. " -

in ~he, ":llldisturbed c~ay. ,.~he. existence- of c', on such. a failure 

p1~e probably. results from som~ or tho. shear surface. going 
. . , 

t~ou8h the ,bo~y of th~ clay due to,its· small particle size 

rather thnn.occurring'betwoen the-clay and stone. 
, . 

" 
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A P P E.N D I XC' 

DR~INAGE IN SLOPES BY:COUJiTERFORTS 

The usual method of stabilizing slopes is by the 

installation of counterfort drains. Counterforts in railway 

cutt1ng;3 are commonly considered to provide stability through 
. ' . 

'the greater shear strength ~:t' the materi:al·.c~~p.C?sing the 

counterfort and drainage due to the counterfort is considered 

relatively unimportant. The fact that there is little of no 

change in the moisture content of the clay near counterforts 

after their installation is considered evidence that the 

dra~nage effect is small. This observation is made without 

fully realizing that clays usually remain saturated above the 

water table and heavily over-consolidated clays are on the 

r~bound portion of their consolidation curve and therefore 
, 

large:changes~in effective stress.are necessary to make 
• ' • > 

appreciable changes'in moisture content. 
'. " . ~ \ 

If the inflOl'l of water in a slope is. from surface 

. moisture it is possible to ,obtain by relaxation'methods the 
, ,. 

flolT pattern for the area between drains.' A relaxation 

solution was carried out for a section along the strike of 
" .' , 

a' slope betl'/een counterforts' on the assumption of two: 

dimensional flow.' Results of the relaxation are 'given in 



.. -
Fi'g. 5'8. The position of the anticipated water table 1s ' 

sho~m in that figure for the level of the base of the 

co~terfort drain. 
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In order to obtain field data on changes in the 

uater table uith counterforts such as these, a group of 

plezometers were insta+led at the Sydenham Hill slte 

(~empton and He~el, 1955'). Nine piezometers' were placed 

so, that in'indication of 'the water table at dif~erent levels . . . " . 

~Tould be obtained. Observed water levels sho,w.'t;~at the water 

table was at about the base of the,counterforts when the 

piezometers were installed about three months after the 

installation of the counterforts and readings over the 

following nine months ShO\-T it has remained, t~iere. 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 counter forts. The lack of a water' table above 

the base of the counterforts in both these cases ,leads to the 

cOllclus~on that the major portion bf the wate,~ in ~i-London 

clay slope is 'caused by the' inflow of \'later from' further up . ' , 

the slope, or the o.rea above the slope, and not 'by seepage 
. . .' , 

dO\muard from the surface. ,The observed water levels also 

show'that counterforts are highly efflcient as drains, and 

, as they lower the \-Tater table considerably so 'that ~ I 'is 
~ . .. 

, , 

seldom fully mobilized',' their effect1veness mus,t be largely . . \,' \ .' . . ' 

as drains. 
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