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ABSTRACT

This thesis is composed of two separate parts.

.

Part A deals with thce investigation of the residuzl
shear strenéth of stif7 clays under very large dis-
placement in a new ring shear apraratus. Residual shear
strength froxm thesc tecsts was found to e lower than
that obtained from conventional residual shecar tests
(e.g. the reversal direct shcar box tests). It was
found that some clays exhibit maried variation of rg-
sidual shear strengtih, with tixc magnitudce of effective
normal stress, and that thoe residual strength is in-
dependant of stress history. OSome optical studics on
thin sections of shear zoncs nroduced in the ring shear
apparatus have also been presented, A drained tension
test apparatus was developed and it has been shown that
the intact London clay haszs a tecnsile strength which is
in good agrecement with the modificd Griffith failure

criteria.

The effcect of sample size on the consolidation
characteristics of fissured blue London clay has been
discussed in part Z of the thesis. The results of con-
ventional ocdometer testsj;dissipation tests on 1% in.,
5 in. and 12 in, diamcter undisturbed samples and in-
situ constant head permeability tests have been com-
parcd. It has been shown that the Field perwmcability
(and the field rate of consolidation) at shallow depths,
where the degree of fisgsuring is high, can be seriously

underestimated by one dimensional consolidation tests in

thie laboratory,
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PART A

CHA-TEER 1

Introduction to resicdual shear strength; some factors

affecting it; and previous attempts toc measure it.

”u

1.1 Introduction

When a soil is subjected to a shearing force, the
shear strength of the material progressively increases un-
til the '"maximum" or "peai:" strength is reached. I the pro=-
cess of shearing is continued after the peal strength has
been surpassed tiien a process comparable to strain sciten-~
ing takes place., During this stage considerable changes in
soil structure occurs and the shear strength drops, until
after large displacements 2 state ig achieved when further

straining would result in no ar strength.
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This strength of the soil is referred to ac the "ultimate"

or "residual'" strength of the soil. The dron in strength
from pealk to residual is often more mariked in clays than in
ranular soils, andé therefore has important implications on

long term stability of clay slopnes.

i

1.2 zistorical develonment.

The concepnt of residual shear strength of clays to

I._J

o
d

explain long terwn stanility of slopes is not a very recent
one. Tiecemann (1937}, Hvorslev (1957) anc .laefeli (1938)
attempted tc measure ressidual shear strength of clays in
the different torsion shear asparatus that they cdesigned.

Terzaghi (12 37, cdescribed the mechanism of progressive

failure in stiff fissured clays. He ascribed tiie softenin
Y



of clays with time to the procence of small fissures and
cracks, whaich allow the water to seen through to the more
intact zone causing local oswelling. This in turn leads to

LY

the develoonment of further cracis and fissurss,

In an outstanding paper in 1956, Haefeli discussed
the concept of resicual clrear strength of clays in extremely
precise terms. He defined 'residual shearing stress' as "the
specific friction, which remains in the sliding surface af-
ter complete retarding of the shearing oeration.” e fur-
ther wrote: "The practical imnortance of the residual shear-

ing stress lies in its azdoption wien criticising questions
- L) "\

»

™ o

of stability. The relation betweern the residual shearing

stress and the shearing strengtlr is then of special inter-

ests
< [
b, [
s R tan ¢
tan @.. = ——: )\ R - (1 1)
n == MRT TS tan 8. -t
T} &)

(wher@,xR denotes resicual coefficient,

and S and SR cenote shear strength at pealk and residual re-
spectivelyd

"Observations on landslides and avalanches have led to the
conclusion that rupture never occurs simultaneously at all
points of a surface of rupture, but takes place successive-
1y (pregressive rupture). Once rupture has started at the
weakest gpot, it spreads along the most unfavourable shear-
ing surface at a certain speed which is dependant on the

mechanical properties of the material in question."

* Haefeli had in fact introduced the same concepts as

early as 1938, (sece Haefelii, 1938;.



9

"Tn soils where slides have occured before so called
b

slicksides are often found, which chows clearly that slid-

ing surfa often result in a recidual wealtnmess,., There-

(9]

e

@

fore, also when judging relieved soils, the greatest care

should be taken and any cleavage should e counsidered. If

there is much ecleavage it is, strictly speaking, only pos-

sible to calculat: with the residual shearing stress. The

-

v
{2

difference between resicdual ghearing stress and shearing
strength will be areater, tlhie more the material has been

preloaded.™

T

It ies clear from the above extract that Hzefeli pre=-

HEH
0

sented some important concepts about residual shear strength

0,
o
Y
ot
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[w}

very clearly. fis use of the 'resic efficient!, AE,
gives a quantitative characterictic of the clay with re-

n strength with time. He alsc clearly

e

spect to its drop
advocated that in soils where large movements have talken
place in the past, only the resicdual strength should be
dcemed to operate. It is therefore very surprising that e-
ven after the above vwublication in 1950, numerous papers
were published (e.g. Peterson, 19%54; Van Auken, 1583;
Peterson et. al., 1960) which continued to express concern
at the observation that a number of slides could not be ex-

plained in terms of effective peak shear strength para-

meters!

Borowiclita (1963) discussed the decrease of shear
strength with displacement and described such clays as
"slippage-prone clays", He suggested that the lowest val-
ue should be used for ultimate stability analysis, since

the danger of progressive rupture was always present in
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such clays, and recommended the use of direct shcar

reversal tests.

Skempton {(196L4), in his lanikine Lecture demonstrat-
ed the concept of mcsidual stirength in relation to long
term stability of clay slopes. e showed that tihe average

shear strength along a slip surface in overcoansolidated

pPlastic clays was nearer to the residual strength rather

than the peal. Ze further postulated that the residual
shear strength (as expressed vy the pararmcter ¢}) was in-

depencant of water coxntent, liguidity index and stress

history of the soil,
A number of wnapers have sincc been publisied which

avpear to confirm the wvalidity of tie resicdual sihiear

strength concept.

1.3 Some factnrs controliing residual shear strength

A

For the purpocc of this discussion it will be ags-

suried that for clays, the ncak strengilr can be denotec on
the Mohr-Coulomb failure criteria by the parameters ¢é and
C!, while the residual shear styrength is denoted by ﬁ; and

P
C% = 0. That the eifectivc cohesion intercept reduces to

zero in the residual cstate is not an unrcasonable ascuwmp-
tion for it can be seen from numerous tests that beyond
peail strength the decrease in C!' is more razpid than tihat
in @ (E—nkel and OSkempton, 1957; Skempton and Petley,
1667;. It appears that the §rop from pealkx to wvesidual is

more marked if the clay is overconsolidated. liost overcon-

solidated clays and clay shales have fissures, cracits and
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Joints, which are probably formied as a release of horizon-
tal stressces. Bjerrun (1967}, stipulated that clays with
strong "diagentic bHonde!" are most likely to achiieve low
residual strengtiic comared to the pqalz. dWhen tie ciagen=-
tetic bonds are brolzen and wealkened, by the release of
locked-in horizontal stresses, (present in most overcon-

7
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which would be

S

v appears to
Skempton (1964, Fetles

noting

C’?

of overconsolidated clay

pealr strengthh of intact ci

1967).

The wvalue of ¢£

that has talzerr piace on

CcC

placement requir to redu

o
i

is in fact a function of t

at the slip surface. In an

clay particles -~ thin »lat
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orbed water lavers,

may perhaps be only modera
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of displacement. *However,
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(Mitchell,
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nuniber of cas usscc Dy

3jerrum (19567), otacrs.

the Ypealt" strength of a wmass

itself be much lower than the

ay pressnt in tiie mass (Eishop,

amount of movernent

surface, The amocunt of dis-

ce ar strength to the residual

structure and fabric of clay

unshearced mass of stiff clay the

elets in shape surrounded by ad-

19565 Rosequist, 1959;)

the direction

in

X

tely orientatecd
shearing stress, the clay

face to face structure orientat-~

applied shearing force so that
to sliding. The degrce of ori-

varallelism) would obviously

splacement, the nature of pore



12
fluid and adsorbzed water laver and tinc clay mineral type.
In the »resent project, some clays have besn subjccted to
large displacement il a new ring shcar a»paratus to in-
vestigate whether the valuee of ﬁ% as obtained by limited

and intorrupted travel in other shear tests differ iIrowm

Soume studiegs on

QJ
")
[
ct
por
(6]

thiose obtained in the ring shezr

o

anc after shearing

o
0]
=
(@]
©

the microstructure of clays Loth
in the ring siecer apraratus have also becn made and are de-

scribed in chanter 5.

Very little worz ajspears to hiave becrn done to study
the diswlacements required to reduce the shear strength
values to residual for dilferent tywoe of ciays. A very use-
ful study on rocks has been made by Zrsmanovic (1967) who

tested large sime samules of roclis of varying hardacss in

e, The samples were

LO sg. cm in plan and 20 cm aigh., The results indicate that

the residual strengtin Tor rocizs of cmaller hardness would

be obtained mach carliier those with sreatecr hardness

Skemptor (1964) indicated that g} was a function of par-
ticlc size and that %
than 0.002 mm} increcasedc. It was also suggested fhat in a

limiting casec, i thwe soil comncisted entirely of clay »nar-
ticlics, taen [' would B¢ the same ac the value of intervar-

- { 4 Y
and Deere (1962),

ticle friction, ¢u’ as wmeasured by

!

for various laver lattice minerals. This may perhaps be
not strictly corrcct as recent elegant tests by Skinner
(1969) nave shown that on wetting sliding friction can

change into much higher rolling friction, in which casec

@' would not be directly relatzd to ﬁu directly. However
r

¥

Skinner's results may not be appliicable to platy clay

minerals.
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Kenney (1967) conducted residual tests on wide range
of soils, from massive minerals to pure clays minerals, and
found that ¢} infact did not correlate uniquely with Atter-
berg limits or even their clay fractions ((2#0 alone., It
was suggested that ¢£ was a function of clay mineral type
and clay mineral fraction and not clay fraction tased on
particle size, This distinction is very important and only

clay fraction based on clay mineral analysis would explain

why some soils withh low ‘clay fraction! based on particle

]

gsize show low residual values. For example the Pierre shale
and the TFepper shale (van Auken 1963) have a clay particle
size fraction of about 57% which should correspond to an
average of about 15° from Skempton's curve (1964); infact
the residual value is about 6%, In general, zigh ¢£ were
obtained for soils containing large amounts of massive
minerals (e.z. quartz, feldspar or chlorite, and those
which contained clay ninerals of the mica group, while low
¢% were found for soils with high montmorillonite content.
The two layer lattice minerals from the mica group - mus-
covite and hydrous mica showed ﬁ; ranging from 170 to 260,
and for these materials, ¢£ seems to increase because of

the following:

a) increase in the valency cations; hence calcium samples

show higher ¢£ than sodium or potassium samples:
b) increase in salt concentration in the pore fluid;
c) decrease of grain size.

The factors mentioned above and others like the in-

fiuence of normal stress and rate of strain will be cis-
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cussed more fully in subscauent chapters.

1.4 Tests to determine residual shear strength

A number of tests have been utilized in the field of
Soil liechanics for the determination of shear strength
parameters, e.g.; direct shear test, triaxial test, tor-
sion test e2tc., and the suitability of type of test obvi-
ously depends on the objectives of the test. It has been
shown previously that most clay soils and especially stiff
soils (Terzaghi 1936) are subject to decrease in shear
strength after failure (as <efined by the peak strength)
and often a large amount of displacement is required to
achieve the ultimate or residual shear strength. It is
also useful to know the volume change characteristics of
the soil when subjected to a shearing force. To meet the
above objectives, it should be possible to comntrol stress-

es and strains at the failure surface of the sample ang,

ideally, these should be uniformly distributed through-

out the specimen., Of course, other ctors such as sim-

5
o

peed and accuracy of the

6]

plicity of the apparatus and

apparatus should also be taken into account.

1.4.1 Triaxial shear test

Although the triaxial test (Bishop and Henkel, 1962)
is perhaps thie best test to measure the peak shear strengtn
parameters, it is of little use to study the post-failure
shear strength behaviour. This is mainly because of limited
displacement on the shear plane and also that large and
irregular changecs in cross-section talke place just before

and after failure thus causing a non-uniform distribution
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of shear stress on the failure zone. lore recently (Bishop
et. al., 1965; Chandler, 1966; and La Rochelle, 1967) tech-
niques to measure shear strength along a pre-formed, pol-
ished, inclined cut plane have been developed. Iowever,
these are often still subject to the limitation of in-

adequate displaccment.

1..2 Direct shear test

The basic direct shear test apparatus, developed in
its present form, successively by Frey, Terzaghi, Casagrande
and Bishop, is perhans tne most common method of determin-
ing residual shear strength of clays under drained condit-
ions. The samzle, usually about 6 cm squarc and about
2.5 cm thick is held in upper and lowver frame, located be-
tween porous stones at top and bottom. Under the action of
a shearing force, the soil fails along the plane of separa-~
tion between the upper and lower frame. The advantages and
limitations of this test have been discussed by Hvorslev,
(1939): Burmister, (1953): Sowers, (1¢63) and Petley (1966).
Briefly, the advantages are the simplicity of the apparatus
and testing operation and good drainage facilities which
enable a drained test to be carriec out in reasonably short
time. A number of tests have been carried ouvt on large, un-

disturbed in-situ samples. Thorfinson, (1954) carried out

e

n=situ direct shear tests on bentonite seam on a sample as
large as 2.5 ft x 2.5 £t x 18.8 ft long. Schultze, (1957)
measured shear strengtir of soft rocks with a plane of shear
of 1 sqe.metre, and more recently tests on slip surface in
London clay on 2 ft squarce shear boxes have been carried

out by Bishop and iittle, (1967). Borowicka, (1963);
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Skempton, (196L4); Petley (1966}, and others have sug-
gested tihce use of multiple reversal tochnique to achieve
large displaceizent in which the upser halfl of shear box

is brought back to the original position after the end of

R

its travel, and the sample is shcared again. It will be
shown gsubscquently in more detail in another chapter that
the method seldom furnishes sufficient displacement to reach
residual strength and very often disturbs the orientation

of particles on the slipy plane to such an extent that the
shear strength on a subsequent travel is higher than in the
pPrevious one. Also non-uniform chear stresscs are developed
due to the rotation of principal stresses (ilansen 1961) and
the effective arca of crocs-scection of the shear plane de-~
creases as ghearing procesds. A correction may be applied

to account this decreasc in area (seec Fotley 1966),
according to Ivorslev and Xaufoan (1952) "such correc-
tions become incrceasingly uncertain with iancreasing de-
formations, and the test permits only a limited investiga-
tion of the shearing resistance characteristics after
initial failure®, A fuller discussion on thwe limitation of

direct shear test will be made in chapter X.L.

In order to avoid the non-homogenceity of shear strain
that cdeveclop in a direct shear box, foscoe (1953) has de-

i~

signed a shear box with rigid but hinged sides so that the
sides tilt as shearing proceeds, thus maintaining a con-
stant.length of sample in the dircction parallel to the
direction of shear. Although uniform siiear strains are

thus imposed, even more complicated non-uniform shoar

stresses are induced at the sides of the box in contact
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with the so0il which would tend to ce¢longate as shearing

proceeds.

A shear box deveclowved by tho Royal Swedislh Geotechi-
nical Institute and its advantages over conventional di-

L L] wr

rect shcar box tecsts have been descrivbed by Hjellman,
(1951). The short cylinderical specimen is laterally con-
fined by a rubber membranc reinforced by aluminium rings,
Briefly, the advantages of tldio zrraagsment are that the
arca of potential surface of cliding reiaains constant; the
strains are uniformly distributcd over the sample and side
wall friction eifects are eliminated. Zowever, the lateral
deformation of the sample cannot be completely avoided and
the posgsibility of the coumpression of rubber membrane be-
tween the rings always existc., This would, in turn, induce
non-homogencous latcral strains on the samtle., The stresses
on top and bottom of circular samplc arc also non-uniform
and perhaps more complicated than for dircct shear box.

The above limitations and the inability of the apparatus

to produce large disslacements renders it of littie use for
determining residual shear strength of stiif clays.

1.4.3 Torsion shear tcsts

-

In gencral, the two obviocus advantages of any type
of torsion shear test are that there is no changc in area
of cross-section of shear planc and that the sample can
be shecared through any uninterrupted displacement that
may be desired. The latter, in particular, rcnders it
extremely suitable for determining residual shear strength

of stiff clays,.
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The earliest recorded torsion test apraratus was de-

veloped by the 'A.5.,C.E,., Special Committee to codify pres-

for foundations'!

@]

ent practice on the bearing value of scil
in 1917. This consisted, very simply, of a laterally con-
fined cylinder of scil which was loaded directly through
a top platen. The sample rested on a base plate which car-

o

riecd a rotating base platc at its centre. The dicc, whose

o+

diameter was half the diameter of the sample,; had radial
Tins to engage the gsoii. A similar zpparatus, but with con-
nected loading pilaten and disc, was develowcd at the In-

“

stitute of Technology in Hanover, and reoorted by Franzius,

Streck and Hindcrks, (1929). Zoth the above simple appara-
tus have the serious limitation that the normal load on

the actual failurc planc is unknown because of arching which
develops as only part of the samanlce rotates., The failure
plane would not necessarily be in a well defined horizon-

tal plane and is morce likely to be located at a shwort

distance above the ribs of the rotating disc.,

A refinsd torsion apparatus was designed by Langer
(1938) in which a cylindrical sample, 10 cm in diamcter and
6 cm high, was confined between two porous stoncs and upper
and lower confining rings. An important and advanced fca=-
ture was that after consolidation, and just wrior to
shearing, the upper confining ring could be lifted to main-
tain a gap between the two rings so that all normal load on
the Sample was conveyed to the failure zone through the
soil-soil interface. This facility also cnsures that failure
takes place along the plane of scparation of the upper and
lower confining rings. The lower ring and the base plate

were held stationary while the upper ring rotated; the
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torque was transmitted to the sample by means of dentated
porous stones in the walls of the upper rving. The torsion
load was applicecd oy a wheel to which the udper ring was
fastened. Langer obtained some extremely intercsting re-
sults on a number of clays, including the London clay, for
which a value of ﬁr of 8.750 was obtained. Thesc will De

discussed in chapter L. Another cxamzlc of a dicc shapad

samnle (2.5 in. diameter and 3/8 in. thick) laterally con-
fined in split confining rings has been mentioned by

Sembenelli and Ramircz (1969).

It should be noted that in case of torsion shear
tests on solid cylind¢grical canples,; the shecaring strains
aro’non-uniform, varying from zmero at the cocntre to maxi-
mur at the edges. The shear stress can become non-uniform

under ccertain conditions. These eifects can be avoicad to

;

a marked extent by using ring shaped samples with suitable
dimensions so that a more uniform dictribution of angular
displacement and hence more uniform shear stress and strain
develop along the whole width of the sample. Generally, the
ratio of internal to c¢xternal diamcter varics betwecen 0.5

and 0.8 (Hvorslev 1939).

Hvorslev 1232 designed a rofincd ring shear ap-
Pl /,}

-~ .

paratus at Vienna and later at the Waterways Experiment
Station at Vicksburg in 1947. A scction of his apparatus
is shown in fig. 1-1. The sauple, 11.295 cm cxternal dia-
meter, 5.95 cm internal diameter and 2 cm high is enclocsed
in top and bottom confining rings and ring porous stones.

The stones have machined teeth to cngage the soil. The

upper rings tan be raiscd by mcans of clevator screws to
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maintain a gap. The vertical load is transizitted from a
lever system to thoe torgue whoeel and ahnular top plate by
means of a loading rod and sclf aligning thrust bDearing.
The two horizontal dial gauges measurc the rotation of the
torque whecel, which can be held stationary or rotated by
mecans of two wvery flexible wire ropes wirich are connccted
to the wheel by adjustavle clampes. The rotation of the basc

and volume changes of the sample can be measured by the

total twist dial and the wvertical dial respectively.

Hvorslev and Xaufman (1952} have dcscfibed ail the
calibrations of the wvarious cowponents oi the apparatus in
detail., The effect of friction in rotating and stationary
pParts gscems to have becn taken into account in these cali-
brations., However, the influence of friction between soil

and confining rings cannot e ricasurad dircctiy in this

apparatus,.

Haefeli (1938) (recvorted by Hvorslev, 1939) designed
a ring shear apparatus in Zurich which could shear a sample
of external diametcr of 24 cm, and internal diamcter of 16 cm.
The sample is enclosced in upper and inncey confining ringo,
but unlike other apparatus, the planc of separation between
the two rings is at the base of the sample. This is an ob-
vious drawback because the sample is more likely to fail
along its basc. Alsc, no facility scems to have bucn »pro-

vided to maintain a clcarance betwecon the upper and lower

confining rings.

Tiedcmann (1937) imoroved on his carlier version of
his 1933 apraratus, in which 2 ring sample {(external dia.

14 cm; internal dia. 8 cm and 2 cm high) iz sheared by
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hqeloh

e}

ing the upper, outcr and innery confining rings anc th

o

upper annular loading piston stationary while the base is
rotated., A facility for maintaining a gap has been Zrovid-

ed in this aiparatus.

&

A summary of different tests on clays performed by

Hvorslev, Tiedemann and ILanger aac been »pressated in Table

-

1.1. The tests on Vienna clay (also mown as the Wicner
Tegel Clay) showed that the residual strength for over-
consciidated clay wasg slightly lower than that for normq;ly
remoulded congolidated clay {Ivorslcv 1960)., The Vienna clay
also displaved remarkable gain in stroagth after the test !
had been stopped on roeaching recidual state. After a rest
period of 10 minutegc. the shicar strengtih had increcascd from
recidual strongth to Y9% of =oalt streagth., Tests on Little
Belt Clay (which contained 77% clay fraction, as compared
to 23% for Wiener Tegel Clay) showed very low residual
shear strength (scc Table 1-1). The residual values for

overconsclidated and remoutlded iles were 309 and Lodh of

ct

the pealkr shear strength values and were achicvea at a dis-

o

placcment of about 3 and & cm respectively., Ticdemann (1937)

reportecd a number of residual tests on wide range of soils
in remoulded and undisturbed state which have been in-
cluded in Table 1-1, The intcresting point to note arc the

results of highly nilastic clay from Wescr Zlbe Canal. Un-

lilke tests on Wiencr Tegel Clay by Hvorslev, Ticdemann
found little dif{fercince in xresidual she ctrength be=
tween undisturibed and romoulded coils at high normal stress

o
{(about 4 kg/cm™). However, the undisturbed clay displayed
maricd curvature in the shear strength envelope and the

resicual strongth was clearly a function of the normal

a—



22

)

mouldecd sample appcared to be unod-

stress while the rc

O

fected. The valuc of @' for the undicturboed sauple rang-
r
o - - 2 o
ed from 8.3 at normzl stress of 4.0G ﬁg/cm to 12.3

; 2 . . -
under normal stress of 1.0 kg/cm™. It would therefore ap-

pecar that in this casc, remoulding na

oL

aitercd the struc-

O.q

ture of the clay.

It should he noticed again, thxat in nonz of the ap-
b
paratus described above, the c¢ffoct of friction between

s0il and the upper confining rings can be evaluated cir-

ectly.

Cooling and Smith (1937) sought to eliminate this
- . . - . - - - 4
pProblem by shcecoring an unconfined ring shaned sawmple (ex-

ternal dia. b in., intcrnal dia. 53.25 in., and height of

*“)

1 = 1.5 in.,. Thesc tests were, in cffect, undrained tcsts

under zoero normal stress., The torque was increased at a uni-
fForm rate until the pcak value was obtainca. The results

for a mumber of English clays secom to comparce well with
strengths obtained from unconfincd, uncérained compression

tests.

Ghani {1968) describes a torsion shkear apparatus in

esses on the

H

which a disc shaped sample ic used. The st
upper surfaccec of the sample arce measured on a dentated ring
nlate called "measuring annulus® over a voery small width of
the sample., This, in effect, corresponds to using a ring
shaped sample. The vertical normal lozd on the annulus is
measured by strain gauges mounted on the couble ring plates
and the steel shect which deflects under a normal load, The
torque on the sample is measured by inductive strain gauge

mounted on the holder. The normal stress can be nmeasured
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accurately on to» of the samplc; it may not, however, be
the same stress which is actually prescnt on the failure

urface due to friction »etween soil and tiie outer con-

[&]

fining ring.

Some attempts have been made in chemical enginecer-
ing incdustry to design rotary shecar cells for measuring
shear strength of '"powdoers'! and only two apparatus will be
mentioned below for complctencss of this revicw. Carr and
Walker (1967, descriied an annular shear ccll (external
dia. of 10 in. and intcrnal dia. of 6 in.) Tfor investigat-
ing shear strength under normal srescurce of 1 psi. Hince
the sample is confined in an ananular trough, the slip sur-
face is not necessarily in a horimgontal plance at the mid-
heigint of the samplcec., An annular sicar cell in which the
specimen is further divided into thrce zonss by mcans of
threoe concentric, brass annulii which ca=n be constrained
incividually has been described by Scarlecett and Todd
(1968). The transmission of shcar from one annulus to the

next is prevented by a race of 1/8 in, ball bearings. Hor-

avplied to cach of the top caps of the an-

mal stress i

6]

nulii separately by mecans of weigzxts suspenced on threco

tress on cach annulue is

&}

concentric tubes suchr that tihc
porportional to its arceca - thwue cnsuring a uniform stress
distribution on ton of the sample. The shear strength is
mecasured by recording thc force required to constraint the

middle annulus only.



1. 4. Field torcion shear tests

In theoxry, there is no limitation to the usc of tor-

o]

sional shoear box in ficld. The author is not awarc of any

5

.

field torsion test aj witlh whiich insitu drained

o]

(S
Ly
I
H
)
cf
o
6]

tests may be conducted and in which "side-wall'" Iriction

N

effects can be accurately asscssced. Turther, the ficld
equipment uscs relatively crude siress and torque mecasur-
s

ing systems (sece for example, wraync and Fountaine, 19023

»lenlund 1966},

Marsal et., al., 196%5;
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Some vresults fron carly ring shear tests.
Soil sample Description | LL | PL | PI oA ot e
‘ clay . 4
< 7 fraction| peak peak
' vﬁ/cmz kg/cm
{2 p |7 A
Wicnoxr Tegel ciay C.C. L7 21 26_ 23 1.0 -
(Vienny clay) m.C. Ly | 21| 26| 23 2,0 -
Little Belt clay 0.C. i27{ 3¢ 91| 77 1.0 -
" i.C. 127 § 361 91 77 5.C -
"Tat clay from Undicturped | 67 | 251 L 61 L',09 1.375
Vescr Zlbe Canal .
v 3.09 1.125
2.09 0.27
1.69 .25
1 Remculded 4 it n " I, 09 1e532
3.009 1.C
2.09 0,71
" Undisturted ! 66| 22| L5 62 309 C.73
2.C0 0,65
1.0¢ 0.6
Lean clay Undisturveda| itk ] 201 24 32 e e 09 2.0
1.C% 1.73
Brown Cozl Soil Undisturbed | 79 | 38| 41 38 L,00 3.1
from middle of I, e .
Oder (silty clay e 1e95
witr some gsand
Sandy soil from Undisturbed - - - 3 2.09 1.60
Jurzawza
Loncdon clay Liemoulded 78 | 29| L3 .92 168
, 73 1 291 49 I Loy 1431
i
z2.96 C.975
CAtlantic Muck Renoulded
(soft clays, siits, c.C. 154 -~ 694 = 2.0 1.27
sands and organic 163 1086
matter).
iTaCo. C.5 J¢3
iT.C, .0 177
nece c.C. 10l | 35| 69 - 20 1,086




= Lisplaccement ] Britte-
& (cm) 'z : ness i
T B 3 ¢% qctor Remaris Refercnce
2! %o | to I/// L
kg/cm L degrec
z T b7 D ¢ %
D - ' = ( 0120 ) RS2
S - T S Lo . . B
- ] 0.1 O D R e ] ’ -
b 17.5°
C.7 2.0 C.O1 :
- 0.15 5.0 i 0.3 Erobabl&; ivorslev,
) Ao { L g.oo” not comp- (1939,
- 2 e} Ok ¢ -
O 3 | © letely 1960)
i g crainced _
0.5 0.01 |11 0.k 8.3 KO WL ;
0.5 0.015] 10 CoLkl 1 o, 2% 85,5 | Time to
| , e
0,39 0.02 |11 L o.ho 110,80y gp,p | Dotiume

at pealz

0.24 0.3 L1z i ©.29 12.5° | 70.9 utr(nvtp'
0.59 0.03 |13 O bk .2° | g3 | = 16 cavs
0.5 0.0% 113 0.1 2,39 | ye,o [Torained
! o tests.

0.32 | 0.03 |12 c.his LS. 5.0
0.2 | 0,01 9.0 0. 7.7591 hzL,s
0.31 C.CCH5!I 9.5 Dby 5,19 1 ®2.3

" veal o oa ‘ . -0 e Tiedemann
0522_,) O.(,Cj e { \.3/ 11./ (S YA (1937)

0.7 0.025111.2 | 0,34 5.7° | 65,0
0.3% 0.025] 2.7 ~,19 156.5°% | 8049

-~ s ~ s o ! oo~
1.12 | ©C.3 19 C.36 1543 63,5

~ e o3l .0
0.7 C.2 25 Ce35 1045 El .1
147 0.2 L c.878 3¢ 12.5
0.916 ‘ 0.5L5 g.8° Ly 5 Drained Langer
. o _ 1638
C.008 C.£17 | 16.3° | 3£.3 | BProbably (1938)
undrain-

0.593 z 0,608 | 11.3° | 29,2 :

ed

Ol C.2 12 Co32 11.37 2S5 *1 Hvorslev
Culd
H . E— Touvfmann

0.2 2.5 0.87 27.:% | 13.5 | *2 (1952)
C

w e n 0 ‘1
e 3 13 C.hb 9.3 i 5bL,0 *3

73 C.15 1.7 0.3k 10.5° | &4, Lo*q

*¥1) Displ. rhtouO Cz43 in/min. *3) Displ. ratc: G.02L3 din/uin
*¥2) Displ. rate=04217 in/odin. beforc 330.1217 in:/mdin after p
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CHAPTER 2

2.0 The new ring shear aovparatus

The design of the apparatus is a result of collabo-
ration between the Soil kMechenics Department of Imperial
College and the Horwegian CGeotechinical Institute. The ap-
paratus was machined and fabricated by 'Geonort!, O0slo. The
apparatus will be described in some detail as this has not

yet been done elsewhere.

2.1 Principles of the avparztus

The principles of this apparatus have been outlined
in fig. 2-1. The sampie, & in., C.0D., 4 in. I.o., and C.75 in,
high is confined between a set of unper and lower confin-
ing rings. The lower set oi confining rings is fixed to
the rotating table which can be turned about the central
vertical axis by means of worm drive. The sample is loaded
by placing dead loads on the lever loading system under
the base of the apparatus. The load is conveyed through
the main shaft to the loading veoke which rests on the load-
ing platten resting on top of the sample., A specianl fea-
ture of this apparatus is the ability to measure vertical

B

frictional force between the sample and the upper confin-

ing rings. The upper confining ring can be lifted by
raising the linking yolke by means of a differential screw
at the top of the anparatus and thé magnitude of the fric-

tional force can be measured by the upper proving ring as

shown in fig. 2-1.
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As the rotating table turns, thwe lower confianing rings
and the lower half of the specimen rotate with it while the
upper half is restrained from doing so by the torcue arm
which bears against the two side proving rings, from which

the torque acting on the sample mav be computed,

2,2 Detailed desecrimntion

The apvraratus can be described in detail by subdivid-

ing it into four components:

a) Sample assembly,

b) vertical loading system,

c) the 1lifting mechanism,

d) the torque measuring systen,

The general layout of the apparatus is shown in fig.
2-2 and plate Z2-1., The base is rvigid aluminium casting,
100 cm long and 5C ci brozd. Two vertical rigid steel col-
unmns are mounteé on the base and provide reactions for the
torque arm, as well as carrying the crossaead, The cross-
head sup@worts, and provices a reaction for, the upper con-
fining ring lifting mechanism, A Zoriczontal worm gear
which rotates the samnle assembly is mounted in the worm
gear housing on the base. The worm gear is provided with

a cog clutch (shown as !'drive to worm') which can engage

by a chain drive from a motor, and

J

a sprocket vheel moved

variable speed gearbox. A principnal element of the general
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arrangciment is the central main shaf®t not shown in fig.,
2-2, but readily apwarent in fig. 2-4 and 2-5. This carries
the torque arm which also transmits the vexrtical loac to

the platten. The shaft is desigrned to provide the neces-

o

emblies and the

6]

sary vertical alignuent for these loac as

upper confining ring 1lifting meclhanism,

The wvertical loading orn the samnple is provided by
dead weights hanging from the lzver lcading arm. The ver-
tical deformation of the sarnivle is measured by thie two
sample thickness dial gauges wmounted on the dial gauge
bridge as shovym in fig. 2-2. The vertical force reguired
to 1lift the uprer confining rings in order to measure side-~

wall friction between the soil and the rings ig ncasured

thie dial gauge. The wiath

[

by the uprer »Droving x»ing an

oy

of the gap between the upper and lower confining rings is
measured by the two confining ring gavn dial gauges which
are also mounted on the dial gauge bridge. The torque loads

)

are measurced by two tangential load proving rings mounted

i

on the rigid columnmns while the angular rotation of the

¢

sample is read on a circular cscale with a vernier which
. , . . o

enables the rotation to be measured to the nearest 0.1 .

All dizl gauges are capable of reading to 0.0001 of an

inch,

2.2.2 Sample Assembly

The sample cesembly is shown in detail in fig. 2-3
and 2-L, The concentric sample is confined between two
sets of confining rings namely: the upper, outer and innexr,

confining rings and the lower, outer and inner, confining
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rings, and the uprer and lower arnmular porous ceramic discs,
The confining rings are made of chromium piated brass alloy
wnile the ceramic discs are mads of moulded epoxy bonded
carborundum, In order to overcome the rislt of slipping
between the cerauic and the soil, 12 radial bronze fins,
CG.C1 in. thiclk, $.080 in. high anéd extending along the full
width of the sample, are embodded into each of thae ceramic
discs., Both upier and lower ceramic discs are firmlv scrow-
ed to the uvpper and lower annulear loading nlattens which
are also made of chromium plated brass alloy. The lower

outer and inner confining rings nnd the lower loading plat-

ten with the ceramic dis

O
]
H
(v}

Tixed to the votating table
by means of eight fastening serews and two dowel pins as
showvn in fig. 2-L. The wuoner coniining rings are aligned
with the leower rings By a guide ring ond loclking screws.
This guide ring is lowered during the shearing stage. 4

perspex cylinder sealed by an C-ring scal cnables the sam-

ple to e submerged in a watexr hath,.

Ze2+3 Vertical lcocading svstor:

The vertical loading scystem shown in figs. 2-2, 2-4
and 2-5, provides the norymal stress on the horizontzl shecar

plane of the sample, Tead weights are placed on a hanger at

the end of the lever loading arm wihich provides a lever

ratio of 10:1, The load is transierred to the main shaft
through the thrust ball bearings which allow the rotation

of the shaft and provide an axial load oven waen thie lever
loading arm is not in the normal horizontal position. A

M . a 4 . P . .
handle fitted to the torque free swivel (fig. 2-5) is pro-

H

vided to permit it to be given a small oscillatory motion
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to eliminate any error in the torgue readings.

An essential part of the loading armn mechanism is the
system of countecrweight and adjustments which are located
under the base of the apparatus and shown in fig. 2-2. In
order to accomodate vertical movements on the main shaft
due to the variation in height of the samnle, the lever
loading arm is pivoted oun an adjustable fulcrum. This can
be moved un or down Ly turaing tiic levelling screw and in-

volves no change in the balonce of forces. The vertical

Y

loading system can in thic way be lifted or lowered ap-
nroximately 0.5 in. from the middles position. Fig. Z-2
also shows a movable counterwcight operated by & screw
control at the side of the annaratus wirichh is provided to
balance the weights of the loever loading arm, including
the dead weight hamgor, the main shaft and the torgue arm
which act on ths saunlce. A gpirit level adjacent to the
counterweight adjusting scroew is provided toc assist in

keeping the lever loading arm herizontal.

The transicr of the wvertical load from the irain shaft

to the sample is illustrated in fig. 2-L. The load from the

b

h)

main shaft is transferred to the torgque arm by a nut through
the spherical scating. The spherical gseating at the top

of the main shaft provides the torgus arm with the limited
ability to tilt if the sample height varies differcentially
during a test. The ioad is finally conveyed to the sampile
through the curved segmental spacer bleclziz screwed to the
torque arm and which rest on the top loading platten or

the samsle assembly,., Four guide »nins are provided for

alignment of the spacex blocks with the top loading platten,



30

2.2,4 The 13fting mechanism

3]

> ring lifting

]

-~
Ry

The componcnts for the upper confining
mechanism are shown in figs.-z—z and Z-5. A cast aluminium
linking voke is mountced on the main shaft with a ball bear-
ing guide bushing to accommocate linear and rotary motion,

Four pairs of {astining screws connect the uppsy, outer and

t

inncr, confining rings to tho linking yvoke. The confining
rings can now be lifted by fturning the differsntal screw
mounted on the crosshead of the apparatus. Two guide pins

align the linring voke with the urvcr loading wlatten to

heo sample,

ensure that during shcariag,

the unper confinin. ringc 2nd the top loading platten :nove

ct
[¢]
s
¥

L3
©

as a unit relative the lower half of the sample. The

-3

lifting force is wmeancured on the proving ring andg the up-
er dial gzuge vhosc spindle passcs through tlhic hollow
b x )
Nalhl N

centre of the differcntial screw (fig. Z-2;.

2.2.5 Torque measuring system

The sample is subiected to torsion by transmitting
a moment from the rotating table to the torgus arm as shown
in fig. 2-bL. The driving torgue, is provided by an A,
motor with a '7opp! specd variator. A chain and sprocket
connect the external drive to a dog-clutch on the input
shaft of the worm gear to transmit the torgue to the ro-
tating table which is positioned by two radial deep groove

ball hearings mounted on machined surfaces of the worm

gear housing.

An oil filler plug, drain plug, 2nd dip-stick oil

™

level indicator are provided for gear lubrication (fig.

-5) .
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Neoprenc sealing rings are provided to prevent dirt and

£}

water {from entering the moving parts.

The torgque in the rotating table to which the basc
plate is fixed isc then trancmitted tixrough the lower half

of the sample to the uovper loading platton and spacer block

[eR

and thce upner confining rings, and Finally to the torqgue
X © H

arm. The reaction for the torgue arn is provided by two

.

proving rings, mounted on the rigid columns,., The proving

rings are fitted with small wheels winich can rvoll on tae

hardened steel discs at the ends of the torgue arm, and

s

waich transsit an axial Jorce to the rings without intro-
ducing any vertical friction componecnt which may dcevelop

due to vertical woveniznt of the torgue arm, as the sample

dilates or congolidates,

2.3 Calibration of the anparstns

2.3.1T Calibration oi provins rings

The topr friction measuring proving riag has to be
calibrated in both tension and compression while the two
torgque force measuring rings nced to be calibrated in cow-

pression only., The anparatus for calibration is very simple
and consists of a 4 ft. length of rectangular steel box

and a rectangular yoke which can straddle the box and

which may bce loaded at the bottom.
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R2e3.1.1 Calibration in compression

The sct-up is illustratcd in nplate 2-2 (a). L smooth
faced brass fitting is fitted in a 1+ in. diameter hole

thirough the channel. The chaft of the proving ring is next
fed through this hole so thot the proving ring sits firmly
on the brass Ffitting. In the casce of thic friction proving
ring, it was Ffound convenient to apply the load through

4

the bell-shaped casting o7 the linking yoke as chown in

S

the illustration, »nlate Z2-Z2 (a}. The side proving rings

could be set un in o similar way ce¢xcept that the rectang-

£

R
H

nN
!

ular loading vyolze was place ircctly on thce loading wheel

of thecse rings.

2.3.1.2 Calibration in tencion

The proving ring is now suswended from the rectang-

-
j
£

» channel by means of a locking nut as shown in plate
2-2 (k). A short lungth of 4 in. thici brass strip with a

hole in the middles is positioned in

o}t
}-l.
ot
o
l.!
e
g
@
ct
©
H
ct
‘f\‘\

o]
8]
0]
o

the clot in the aluminium casting underncath the proving
ring. A loading hangoer can now be screwed in the brass

strip and dead loads appliecd.

2.3.2 Static friction in the lever loading svystem

The lever loading svstemnm (including the weight o
he hanger and the weight of the shaft) is careful balanced

by means of the counterweight. Very small weights are next
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placced on the hanger until the lever loading arm moves

continuously. It was found that only about 10 gms. on the

hanger wac required to overcome static friction in the
system. This corresponds to a force of 100 gms. on the
specimen and can be negloected,

2.3.3 Friction in the vertical loading system and the

examination of the lever arm ratio

It is important to investigats thce above cffects
t0 ascertain how much of the load con the hanger is ac-
tually conveyed to the cample, This can easily be done
by coupling the vertical loading system to the lifting

mechanisi so that thie load acting on the sample can be

recad off the usnper proving ring. This can be donce con-

venicntly by removing the segmental spacer bloclks from

ol
[
a3
(-F
£
bt
O-I
»

the torgue arm and allowing it rest on a
steel ring, 6 in. I.D. & in. 0.D., which is placed on

top of the upper confining ring. (TA“ top loading nlatten
is removed during this stage.) A diagremmatic sketch of
the layout is shown in fig. 2-6, from which it can be
seen that as the lever loading systen pulls the toergue

vrim downwards the load is trancferred to the linking

o

voke through the spacer ring and its value can be ob-
tained from the upper proving ring. After the vertical

loading system is balanccd by the counterweight, dead

added on the hanger and corrcsponding loads

o]

weights ar

O

on the uppcr proving ring arc noted. Assuming that the

loading arm has a lover »atio of 10:1, the loss in load

was again found to be negligible. For hanger loads of
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nore ti:an 3 ibs., a maxizum loss of 0.3% of the total load
acting on the sample, with no repeatable trends was notic-
ed, and this accuracy is well with in the accuracy of the
proving ring mcasuremnents. Hence no anpreciable inaccuracy
would be imtroduced by assuming a lever arm ratio of 10:1,

and neglecting friction in the linear bearings.

2.3.k Bffect of any horizontal thrust in the lincar

bearings

To investigate the effect of any possible develop-
ment of horizontal thrust in the lincar bearings during
shearing stage, tiie apsaratus was asseubled as for (2. .3),

o . ]

and a lood of cord was fed around the wmain shaft fig. 2.6,

so that a horizontal force could be directly applied by

Leed

hanging lcads on this cord passing over o pulley as shown

by cdotted lincs in fig. 2-C.

Mo change in upper proving ring <dial gange could be
detected when horizontal loads of up to 60 1bs. were

applicd,

Hence, it can be concluded tiiat provided the vertical
joading systern is balanced carcfully by the counterweight,
no appreciable error {less than 0.3%) would bc causced by
any friction losses provided the load on the hanger is

greater than 3 lbs,



2.3.5 Calibration of vertical deformotion of apiaratus

P e

under dead loadimng

The vertical compnregssicn of the apparatus to

M
¥
0
w

'l

be investigated so that its c¢ffect may be takcenm into
account From the readings of height change dial gouges.

This is done by assembling the aproratus with a dummy

bracs ring ‘'samvcle', However, in order to avoid damage
to the radial fing, the top and bottom amnular ceramic
withi fins are replaced v annular ceramic without radial

fins. A calibration zraphr of load on the hanger against

vertical deformation is plotted as shown in Appendix A,
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Sample prevaration; and test »nroccdure

o

Two types of tests were carricd out - tests on re-

moulded, an on 'undisturbed' samplos.

3¢.1.1., Remoulded sziples

Sample preparation of remoulildced clay materials pre-
sented no difficulty. Clay was first air-dried in the
laboratory, after vwhich it was placed in a rotary grinder
and ground for about 60 minutes. The ground material is
then sieved threough B.S. Sieve 36, Unly matcrial passing

through thic siceve size is used in the preparation of re-
moulded samples. Aftor the Atte:berg limits have been
established some distilled watér is added to the remainder
of the dried clay and the mass is comnstantly stirred with
a spatula to achieve a uniform vater content throughout
the sample. The water content was generally brought up to

half of tihat at the liquid limit. The samplc is now ready

for placement in the a»n»paratus.

The upper and lower, outcr and inner, coniining
rings are then firmly screwed together to the base plate.
The lower ceramic annulus, whici: has already been deaired
in boiling water is also firmly screwed in the base plate.
Wet clay, in 1" wide, 1/4" thick strips, is thcen carefully
kneaded im; taking great care that no air voids are en-
trapped. After the sampnle has been built well over 3/4"

thickness, a special scraping tool is then passed over the
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soil to level it to exactly 3/4" thickness. The tool, which
is made of special 1/8" thick hard gauge metal has a tip

1 in. wide and runs along the tops of both inney and outer
upper counfining rings. Its depth is such that it scrapes
off any soil 1lying above the 3/L" height level and also
rsmoves any soil that wmay be lying around the sides of

the confining rings. This also malles a clean passage Lfor

tiie upner ceramic annulus und top ring to bhe »nlace

o td

in.

©

Fele2. Undisturbed samples

The t!'undisturbed! samples were tsually brought from
the fielc in 9"x9"x12" high boxces. Soil was covered by
aluminium foil over which molten paraffin had been poured

]

O

to onsure no loss of moisture during storag

Tac placement of undisturbed soil in the apparatus
is achicved by using different cutting rings and wooden
blocks as shown in fig. 3-1, a-f, A sharp, stecl cutting
ring is pushcd in the block of clay ( fig. 3.1 (a) ).
This ring is 6.0 in. intcrnal diameter, 3/ in. high and
0,045 in, thick., 3ecause the cutting ring has a small
wall thickness {(for least disturbance while cutting), it
has a tendency to distort as it is pushed into the soil,
To prevent this, a stiffening ring (0.08 in. thiciz,

6,0" in, internal diamcter) is mounted around the cutting
ring to provide lateral rigidity. The cutting ring coupled
with the stiffening ring is, then pushed evenly inte the

block of clay, which is then cut by means of a wire saw,

The stiffening ring is removaed and the clay on the

upper cnd of the cutting ring is carcfully planed with a
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straight edge (fig. 3.1 () ).

The outer upper and lower confining rings are screwed
together and placcd on a smooth working top. A wooden spac-
er nominally 6.0 in. in diamector with small clcarance gap
and 1.7 in. high is then »laced incidce the confining ring
assembly. (llote that diameters of all wooden spacer blocks
mentioned hereaiter arce nominal valucs and in practice a
small clearance gap is maintained for ease of opcration.

k)

Further, all the wvooden blocks used were varnished to
prevent any seasonal variation in dimencions anc the top
surfaccs, which come into contact witih soil, have a formica
finish.) The upper coniining ring has a siall recess into

which the cutting ring is now located. Soil is pushea down

from the cutting ring on to the wooden spacer by using a

hcavy wooden bloclk, 6,0" diameter and 2,7 in. thick, as
a piston mounted in drill press as guide, (fig. 3.1 (¢)

and plate 3.1),

£

The cutting ring is now removed and the sodil is
planed with a stroight cedge such that the plane surface
is flush with the top surface of the upper confining ring.

The sample is now 3/L in. thick.

The 1.7 in. wooden spacer is 1now removed and a two
picce wooden spaccr 0.92" high and 6.0 in., diameter is
substituted in its placce. This spacer, consists of an
annularring, 6.0 in. 0.2., 4.C in, I.Z., and a disc, also
0.92 in. high a2nd 4,0 in. diameter, which fits dinside the
annulugs. The sample is pushcd down to rest on this spaéer,

and the wlholc asscmbly is carefully centred and clamped on
y
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the working surface of 2 drill press (fig. 3.1 d). A thin
walled stecel core cutter is then positioned centrally in
the drill-chuck. The cutter, 4.0 in. outside diameter and

2.25% in, nign is made of hard stoel, ard nas a wall thick-

ess of only 0,003 in., to minimize any disturbance to

V-,

the soil, It is firmiy puched into the sample, by lower-

ing the @rill hezdé (fig. 3.1.e) and plate 3.2). This

leaves behind a clay sample of required dimensions. The
wooden spacer ig removed very carefully and the sample
assembly is placced on the base plate on which the inner
lower confining ring and the lower annular loading platten
with ceramic annuluc (which has previously been deaircd
in bodiling watcr) have alrcady been preassembled. The
clay is next cwbedded on to the radial fins of the lower
ceramic and the upner, inner, confining ring is dinserted
(fig. 3.1 f). The samplc assembly may now be fastencd to
the rotating table and the apparatus asscumbled. A V-notch
is provided on all components of the sample assembly for

subsequent correct positioning of thc lifting yoXke.

Asscmbly of the avwvaratus

L

The basc plate with the sample zcsembly dis aligned
with the rotating table (a V-notch is marked on the com-
penents for casy alignment) and is fixed by meszns of two
Dowel pins and cight fastening screws. The perspex cy-
iinder which forms the watcr bath is next fitted in the
basc plate. The upper annular loading platten is aligned
with the V-notch and placed gently over the soil. sample.

Care should be taken to cnsure that the radial fins on the
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underside of the upper loading platten do not cmbed deeply
into the soil at this stzge. The torgue arm with the seg-
mentcd spacer block (see fig. 2-4) is next carefully placed
on top of the sample asscmbly and balanced by means of the
counterweight., The sample assembly is then aligned with

the torgue arm such that four guide pins from the spacer
bloclkts can be fed in their slots in the upper annular load-
ing vlatten. To facilitate this, it mey be necessary to
rotate the wholc sample acsenbly slightly by means cf the
rotating handle mounted on the horizontal worm gear drive,
A nut which rests on the spherical seating in the middile

of the torque arm is next tightened around the main shaft

(fig. 2-4).

After thic uppcecr proving ring has becen zerosa 1o
balance thoe weight of the linlzing voke, the cross-head
carrying the linking yoke is mounted on the rigid columns.
The guide pins and fastening screws are inserted so that
the upper, outer ~nd inner, confining rings are firmly
attached to the linking voke (fig. 2-5). The dial gauge
bridge ic now quicizly asscembled and mero rcacings of gap
change and heisght-change dial geuges are noted after the
lever loading arn has been lcvelled by means of the
levelling screw and the spirit level., Dead weights arec
next placed on the hanger for consolidation to proceed
and the water bath is completely filled with water., Fin-
ally the circuiar scalce and the vernier are siounted to

complicte the assembly of the apparatus,
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3,3 Dismantling of the asparatus

he dismantling operntion takes place in reverse

order of the asscmbling operation. After the final read-

ings are noted, the motor is stopped and the drive to worm
gear is discngngoed.

ATter the wnter in thie water bath has been sizhoned
off, the load on the hanger is removod. (The water is first

removed so that the zwelling of the soil on removal of load

. . e e N .
from the hanger may be minimised). Next the circular scale

the dial gauge voke: the crosshcead and thic linking yoke;
9 (=3 9
and the torgue orm are successively and quickly removed,

The base plate with the sample assemibly can now be unfast-

end from the rotating tablec.

The problem. now is to remove the sheared soil sample
from the confining rings without disturbing it. To do this,
the base plate (with the sample asserbly) is lifted off the

rotating table and is placed inverted on a 3 in. high

-

metal ring (5.0 in. C.L.:; 4.4 din, I.D.) with the annular

upper loading platten resting on this ring. The samplc

asscmbly is ncext unscrewed from the plate which is

The sample a i hen placed

very carefiully removed.
on the metal ring such that it
lower annular loading

and inncr confining ring

while the upver pair arc resuoved by slidin

and applying a gentle pressure

loading platten., The soil samp

upper and lower loading 2latdens

sgenibly. is t

is now resting with the

on the ring. The lowcr outer

rewmeved by pushing downwards

g thoese upwards
by thuibs on thc upper

le is now confined by the

only. EZxtremc care must
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now be exerciscd to remove the upper loading platten so

tnat the sample is not separated along its shear plane.

The detecrmination of the final moisture contents of
the samplc can now bae made. For the detormination of

water content profile along the height of the samplc,

. A .

A special thin-walled, 7 in., diameter brass niston sampler
was used. The dotormination of the final moisture content
profile was made using 1/16 in. thick soil discs weighed
on aluminium foil on an accuratc bzlance (accurate to

0.0C1 gm.).

Testing procedure

The sample is first allowed to consolidatc (or swell)
under a constant load on the hanger. After the consolida-
tion is complete (as observed on the height change dial
gauges), the confining guide ring is lowered and outer and
inner locking screwes, 8 in nunber, are removed., The origin-
al gap dial gauge reading is noted and the gap between the
upper and lower confining rings is opened (initially by
about 0.001 - 0,002 in.) by lifting the uprmer outer and
inner confining rings by means of the differential screw.
The dog clutch is next engaged and the motor is started.

A specd 1s selected to give a constant rate of strain

which permits adequate dissipation of pore pressure,

The speed was usually increased 5 to 25 timoes the

original slow speed after peak failure in order to obtain
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large deformations more guickly. The gap was usually closed
during this stage. The shearing rate was then reduced to

the original value, tie gan reopened and the reacdings were

pt

taken after a few hours had elapsed to confirm whether a

"

steady state had been achiecved.

The sanc samplce was used in a number of tests to
measure residual shear strength under different normal
stresses., When the residual condition had been established

under a congstant load on the hanger, the motor was stopped;

B

the gap between confining rings wns closed and the new

3]

load was placed on the hanger. The sample was allowed to
consolidate (orswell) uncder thc ncw normal stress, and at
the completion of this stage {(indicated by height change
dial gauges), the gap was reopened and shearing commenced,
Zence the subsequent shearing amounted to doing a test on
a 'slip surface'. This methors has also the advantage that
residual strength under differcent normal stresses may be
investigated by using only one sample. (It was, of course,
necessary to dctermine that previous stress history had
no significant effect on the value of ﬁé at any particular
value of normal stress.) The following set of readings is

taken at suitable intervals:

a) Angular displacement in degrees as measured on the

horizontal circular scale.

b) Torgue -force readings on the two side torque proving

rings.,
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c) Triction force as registered on the friction proving

ring.,

d) Sample neight change readings.

e) Gap width readings on thce gap di=zl gauges.

Calculation of results

™

The average chearinz otress, La, 1o calculated on

o)

the assumption that normal stress and the shearing stress
are uniformly distributed across the width of the failure
surfiace in a horizontal plane., Then:

T . = 3w/2m «(:ag-n?) - = = (3-1)

where M is the torsional moment calculated from the read-

ings on torgue forcoe proving rings;’

and R
27 1

™

are the external and interral radii of the

P
3

samplc resvectively (= 3.0 and 2.0 in.).

- 2 -2 o
The normal stress,g ! = P/ (RO-RSY - - - (3-2)

where ¥!' dis the net efifective normal force acting on the

sample.

The average displaccuent, in incaes, is calculated
on a mean radius of 2.5 in., It should be noted that be-
cause the apparatus »roduces a plane ¢f Failure perpendi-
cular to the axis of the sample, a complicated stress con-

dition is cstablished, and it is no longer a case of pure

H.

torsion and pure chear (Hvorslev 1939). ence cequation
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{3-1) is not strictly correct. Hvorslev (loc. cit.) there-

fore medified the Duguct - Ludwig - Prandtl solution for

@

short thicik cylinder (sec Nadai 1331) to obtain stres
strain curve by graphical differentiation of the moment -
twist curve. However, work Jdone at the Norwegian Geotcech~
nical Institute has conclusively shown that the curves
obtained from equation (3—1), and Fvorslev's method (which
is tedious to perforn) are virtuclly coincident (with, of

LY

course, no differcnce at residual) (sce W.¢.7. Internal

ot

¥

Report It 346). Hence, in this orcject, all gshear stress

B}

calculations have been bas

]

d on ecquation (3-1);

Graphical presentation of resulils

Two main tyses of grashs lrave been usel to present
the results. The first is a grapgh of,ZﬁAT; against dis-
L
placement. It should be noted that since the friction

the test proceeds,

6]

value term in normal load chianges a
(and hence the normal stressﬁrﬁ), it is advisable to plot
values of the ratio‘Cﬁrﬁ at any particular woint. The
tangent of‘cﬂyg_gives thae value of @' (origin #'), tho

mngle of frictien diwvectly,

The residual shear strength by definition, operates
when there is mno further decrease in shear strength with
1=}

gisplacement,

i.e. when d(TA)) =0 (3-3).

¢ (displacement)
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k6

When the above condition is satisfied, the curve in the
standard‘CﬁT£ againct displaceinznt »lot becomes horizont-
al, However, in practice, it is often difficult to visual-

1y judge from the above plot whether the soil has reached

the resicual state. llence, another graph of“C/Wé against

4

logarithm of dispilacemnent is also presented. It is sug-
£
gested that in such a plot, the above condition (equation

3—3) will be saticfied when:

d

a

!
I

(z )
i(log displacement) =0 (3-4).

[}

but with the aavantage that ithe slope of the curve is now

creatly exaggcrated, thus wmaking it ewoier to ascertain

_‘)
whether residual state has been reached, In subsequent
chapter, a nunber of tests on direct shear apparatus have

been prescnted on a shcar stress against displacement

e of the curve awmpears toc becoiie zero,

plot where the glo

-

Fowever, the same results when wlotted against log. dise
placement demonstrate gquite remariably that, invariably,

the residual state has not beern achieved in direct shear

tests,

Accuracy of regsults

N

The calibration of the anparatus has already been

described in chapter 2, where it was mentioned that there

=

appeared to be virtually no loss of load due to friction
in the bearings. However, the Ffollowing points have now

<

to be considered to assecss the accuracy of results.
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i) The effect of non uniform strecs distribution on the

failure plane, and,

ii) the effect of soil sauecezming through the gap between

the upper and lower confining rings:

i) the calculaticn of average shearing strcss, T
equation {3-1) implies that the normal stress acts
uniformly over the failure surface. Thxdis may ot
necessarily be so as is seen by bae small difference
in loa< s on the proving rings at the end of the torque
arv, Lt may also be non-uniform ac a fesult of non-
homogeneity of the sannle and due tc sgueeze of soil

o~
v

onn the failure surfaoce through the confining ring

&

/L o
The wvariation in ﬂ dus to seven different stres

5

N

LR £
I .ngo

o
wn
@,
oy
o]
=
g
it
}.J
W

distributions .2, and the results are

B

H

given in greater details in Appendix B. It will be scen

from this figure that maxirtus variations in ¢; (assuming

. - . . . 3 ) 0
uniformiy distributed load) at assumncd ¢r = 167, due to

a4

any non-uniform stress distribution that has been considered

4

. ) . . . .
igs about C.CE” or -0.56, An examination of the slin sur-

-

face across the widtlx of the ugnol\ at the end of the test

showed that the slin surfoce was concave downwards and

suggests a wparabolic symmetrical distribution of normal
strese (cases parabolid I and IXI}. The following Table

gives an estimate of the variation in ¢£.
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Truc ﬁ% Maximum variation Most probable variation
0 P ~ £O 0
10 +0.85 to -0.6 + C.1
e An0 o -~
15 +1.22 to ~0.55 + GC.12
o] 0 ~ 0 , o
20 +1o6 'tO had WAPY C 4 5018

)

he influence of squeezc through the gap

After initial consolidation of samdle under a
normal Joad, tho upper counfining rings are lifted by
about 0,001 - 4,002 in. just prior to shearing the
sample. This is done to ensure that net vertical ef-
fective load acts on the failure surface through the
soil - soil interface., Zowever, in doing so, the sam-
ple tends to squeezc out through the gap. This squeeze
is seldom observed at peak strength, but it may be
more marked at large displacements., The shearing re-
sistance tihwus obtained viay therefore be slightly larger
than the true residual shear strength. An cstimate of
the maxinum increase may be obtained by considering
that squceze tales place along a iip 1/32" wide. This,
in effect, incrcases the external dianeter from 6.0 in.

internal diameter from

(0]
6]
ct
o
]

to 6.031 in., and decreas
h,0 in. to 3.969 in., Hence the ratio between the ap-

parent and true shearing stress ioc given by:

(6.031° - 5.9697) / (6> - L3 = 1.03;

in other words, squeezing incrcecases the value of
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average shear resistarce, 7 _, by 3%. The consequent in-
crease in ¢£ woulc dezend on thie magnitude of normal stress.
m 1o ; 1 a4 e G 5 1 gt 1 s g°

As an example, a clay which nhas a 'true ¢r of 97 at an
effective normsal strecs of 30 psi. would show an apparent

¢l o 9 T} PR . S e - . P

s = Fed he actual increcasce would probably boa much
smaller than 35 becausc the coeificient of friction for
soil on metal is less than for soil and soil and the
vertical stress on the sgueezad out soil in the gap would
very likely be less than on the failure surface itseldl,
Also, it has been noted in the tests carried ocut that
often sqgueezing is not continucus and takes place only
in limited sectioms of the gap. It should be mentioncd

that the direction of movemont of squeezed material with

recpect to direction of shear will also determine th

(0]

apparent increase or decrease in shear stress.

The sgueczing of so0il throughh the gap also implies
that the decrease in height of the sample as registered

on the height-change dial gauges does not accurately

reflasct the benaviour of the soil on shearing.
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Preassemble lower annular loading platten with

porous ceramic and inner lower confining ring
on baseplate '

Place outer confining ring assembly and sample
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Insert upper inner confining rinq' (see Fig23d)
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CHAFTER 4

L,C Ring shear tects on stiff clays

Turing the course of uwresent study, the resicual
shear strengtis of following clays were investigated in

the ring shear apnharatus:

1) Blue London clay (¥raysbury)

2) Broﬁn London clay (Cdmonton)

3) Yeald clay (Ariington)

L) Cucaracha clay-shale (Panama Canal)

5) Dawson Formation (Cratfield Dai, UeSeba)

he above mentioned clavs can be conveniently
studied under two categories; viz. plastic stilf clays
from U.Il. (clays 1 to 3), and the highly plastic clay
shales from America. Hence for each of the two categor-
ies, the general geology of the areas, previous investi-

gations and experiences, and test results and discussions

would be nientioned separately.,

L,1 Tests on stiff clays from U.,7x.

b.1.1 Brief review of previous work

The concept of analysing slope stability failures

to invéstigate in-sgitu shear ostrength of clays just prior
to failure is fairly recent, Terzaghi (1937) aiscussed

he effect of discontinuities on shear strength of stiff

clays and pointed out the dangers of progressive failure
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if fissures and joint onen out due to some form of stress
release., Toms (19483) describecd a 60 ft. deep cut in Weald
clay which failed 70 vears after excavation, and showed

that soiftening of clays was a time depvendant process.

Skempton (1948) montioned thae softening effect

cue to presence of fissuresin six

0]

lirs in Loncdon clay., In
all the cases, failurs hHad talken place some time arter the
end of construction, and a tentative relaticnship of the
decrease in shear strength of London clay with time was
31

ips in overcon-

i

e g oribhs

)..l

C‘l

G

£,
o

proposedi, Cassell {1545} also

¢

solicated fissured clays and attributed loss of strength
to softening zlong Tissures, He also made the important
observation that laboratory tests on undisturbed samples
would give a higher pealr strengti than taat operating in
the field due to the vpresence of fissures and the (now
well recognised, effect of camsle-size., He further dewon-
strated that moisture content on natural slip surfaces

in stiff clays was invariably grecater than in the ad-

jacent unsiheared material,

Yenkel and Skempton (1955) investigated a shallow
slip at Jackfield in the exnoszd Coalport Beds of the
Uoper Coal measures wnich, near the suriace, are comnposed
of stiff fissured clays., They found that the sliip could

I

o . «
be exwlained in terms of ¢g = 217 and C' = 2, Bisho»n and

\.’1

denkel had experimentally demonstrated in 1953 with

tests on overconsolidated, undisturbed Weald clay that

the value of undrained conhesion drooped on cyclic locading;

on softening due to the presence of opened fissures and



due to softening as shearing tares nlace, lZenikel, (1957)
described two long term slope Tailures at Wood Green an
Mortholt in Brown London clay, whiclk he explainecd in
terms of effective stress analysis using a ﬁé = 20 and
a reduced value of cohesion compatible with a factor of
safety of one. A tentative curve Toxr the decay of co=-

. . . . o
hesion with time was also presented (assuming ﬁ' = 207),

'\J

in which C' éropped from 25C 1b/Ft™ to 7C 1b/ft2 in about
70 vears., Skempton and DeLory (1957) suggestec that
slopes in brown London clay, greater than 16° would be
unstable, This value would be consictent with ground
water level at surface and @' = 25° (C' = ¢) for shallow
translatory sliices. It would therefore appear that co-
hesion (as defined by Mohr-Coulomb shear sirength en-
velope) is destroyed rapidly by shearing and also due to
*
progressive weathering and softening of clay., In this
context it is interesting to note that Raniiine, (1862)
considered that cohesion "was destroyed by the action of
air and moiscture, and ol changes in tiie weatlhier" and that
"friction is the only force which can be relied uzon to
produce permancnt stability". The rate of weathering
and softening of clay and nence tiie rate of decay of co-

2

hesion would depen

~

cn environmental factors and thdis is

o)

reflected in the varying times (after cxcavation or con-

struction) at waich sliope failures occur for the first

¥The same point was noted by ¥ilson and Jolmson (196L4)
who Ffound that there was nerllgl >le cohesion after any
movement rad taken place on orizontal bedding rzlanes of
the overconsolidated clays along the Seattle Freewayv.
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time in London clay, For exarple at embley Iill, the

time to feilure was 13 vears, waile at Upver Holloway, it

took 01 yvears before a slip occured (CeLory 1957).

Signiiicant contribution was made by Skempton, (1964) s
Petley, (1966)and Skempton and Fetley (1967) who reported
a number of direct shear tests on natural sliip suriaces,
the results of wvhich were compared with those from ana-
lysis of slip surfaces. The casc of Talton's Vood slip
involved multinle landsliding in weathered Upper Carboni-
ferous Mudstone {Skempton and IHutchinson, 1969} . The in-
stability consists of two distinct parits - the lower,
steceper wmart which has at least two rotaﬁi:nal slides and
an upgey, lesc stesep 90 slope containing multiple slides

parallel to the slope. Since the profiles of the uoper

translatory slides have had tc be apsroximated because of

=N

rotational slips in the lower part, the analysis of slides
in the lower portion would anpear to be more certain. The
shear strength parameters as determined by multipie re-

versal dirvect shear tests and cut plane triaxial tests

were fTound to bes

Peak: ct = 320 ]b/ft29 gr = 210
i 4,0
resicuals ' = C , gr o= 13",

The analysis of rotational slides in the lower
. . o) O A i ., .
region gave ¢r = 15" = 15.5 5Cr = 0, winile the upper

slides {(which were affected by the flow in the lower ones)

. .0 o . .
reguired ¢£ = 13.5° = 147, Good agreement between field

and laboratory values was claimed, although the nore
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reliable, lower portion yieldsd results waich vere about
20‘,’3 higher than laboratory values. The statement "Ho par-
ticular significance is attachad to trhis relatively small
order of Ciscrepanciec!" (Skemnton and Futchinson, 1963)
is not justified in this cacge. Ferhaps thae results would
imply that either the shear strength on the ciip plance had
not achieved residual state even though o higaly pron-
opunced slip plane had Heen Tformed or that the trus re-
sidual shear strength envelope shows substantial cur-

vature which was not evident fron laboratory tests,

of shallow slips

Skemnton {156L) on

in natural as well as excavated siorcs in brown Londomn
o Pre)

clay proposedc a valus of ;% = 157 = 1& (C' = O). (ThA
very shalleow slins in natural slones were reexamined by
considering the groundwater table Z-7 fecet below ground
surface, which gave a lower valuc of ¢! reguirsd for
btability). An excellent example of a nigily polisihed

natural sliip surface in brown London clay Trom Guildford

was tested in the laboratory and gave average residual

\
k
N

B . 0
strength marameters of C! = 60 1b ;é]‘_j' = 12" (or C' = Oy
g1+ = 15°). (Sxemnton anc retle 10675, It is th noti
r = . AQIDTON andc sevaly, SC/ ;. L 15 wWorta notling
that that shear strength envelorte at residual showed
marked curvature and that the regidual values obtained
from cut wliane triaxial tests verc invariably lower than
those obtained fron direct shear box tests. Curved sihgar

strengtix envelooes were also obtained

gsurfaces in the Atherficldc and

s to this. The results of residual

(.\

nificance was attach



shear strength paraneters on naturzl siip surfaces pre-

viously found have been summarised in Table Lei,

Hutchinson (1967) on the basis of morphological
. v oan . A0 .
evidence suggested that slopes greater than o in brown
London clay would be unstable., This would be consistent
. . . o I I ae e . .
with ¢r lying between 11 and 15 depending on the depth
of ground water conditions., Other work omn residual sihear
strength of owverconsolidated clays from U..l. nas been
g

described by Agarwal, {1967); =utchinson, (1969) and

James, (1570).

L,1.2 Brief geology of London clay at Wraysbury

At VUraysbury, near Staines, London clay overiliies
approximately 130 ft of Reading Beds mainly composed of
purple and grey mottled clays of estuarine origin., The
depth of London clay is also about 130 £t at this site.
London clay is of marine origin except for the Basement
Bed which indicates a transition from estuarine conditions
and therefore indicates the beginning of subuiergence of
land. After the sedimentation had continued to a depth
of about 100 fathoms (Burnett 1968), there was an uplift
and considerable erosion took place. The vresent clay
lies about 45 feet about 0.I.. London clgy at iraysbury

s

is overlain by 10 - 15 £t of flood plain gravel over

4

which lies a 1 - & £t layer of aliluviwz consisting of

organic soil and loam. The magnitude of preconsolidation
pressure,?é,at Urayecbury has been disputed. At the Asi-

i

foré Common site (close to Wraysbury), Bishop, Webb and
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. P . o ser P
Lewin (19 L) estimated, :é setween W - L5 1/ft , Waich

corresHonas to a removal of about 1200 ft of overburden;

st

mated Z

&)

56 ) to be approximately

\O
N

though TFoolzes (19 é
half that of the above experimental value from geological
evidence. It is interesting to note that Som (1968) est-

'

. . . 2 s . . - :
imatecd P! to be about L0 T/ft5 at this site on the basis

1
c
of tests in constant irate of strain ocedometer. Decause
of the high degree of overconsolicdation, the clay sliows

insitu horizontal stresses much rger than the vertical

stresses (Skempton, 196%5; Bishon et. al. 16653,

The area has experienced tectonic activity in the
vast and tie folding and faulting is probably‘a result of
this activity, (Fookes 1967). At Yraysbury a wniformly
horizontal shear zone, about 6 in. wide was discovered
at an average denthh of & - 7 feet from the top of clay
stratum,

L,1.3 Tests on London clay (Wraysbury)

L
l._l
o
a

Four tests on undisturved clay and one on a re-
moulded sample were conducted in the ring shear appara-
tus. The samples were preparec for testing as described
in chapter 3. The samnles were taken from clay pits at

a depthh of about 15 ft Ffrom the top of the clay stratum,

Graphs of stress/displacement relationships have
beern plotted in Figurec (k-1 - Lk-5). The strength is
shown in terms of stress ratio‘z/¢£ and #' degrees (tak-

. -1 I
ing #¢' = tan (T/'} ). Test 181 was remoulded at an
n/
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average m01qture content of about k3%, The sample was
subjected to a mean disnlacement of about 6.7 in., at an
average norizal stress of approximately 27 »nsi., Tt will be
observed from fig. k-1 that the shear strength cecrecases
rapidly immediately after the sealk sicaring resistance
has been overcome. The readings are normally tallen with
a small gap between the confining rings. “owever, it has
been observed in all tests that the gap once opened,
does not necessarily remain in tihiis position as shear-
ing proceeds. The develcocvment of the slip surface often
results in unseven deformation of the sample and as a rc-
sult the confining ring gap may not e entirely open,
This effect would introduce a frictional cou:ponent if
metal to metal comtact occurs at any point and the shear
strengtih would chow an apparent increase. This effect is

- N

demonstrated by clasing the confining ring at a displace-
ment of 5.4 in., which results in an apparent increase
in shear strength. The torgue drows to the true value
when the confining ring gap is reopened as shown in fig.
h-1, ilence it is recomnenced that the confining ring gap
should be enlarged periodically to esnsure thzat side wall
frictional effects are eliminated, It was also observed
in the test that widely differing torque forces were re-
gistered on thne side proving rings. This is partly due
to the fact that the two proving rings are of unequal
stiffness. This effect can be eliminated by placing a
shim of suitable thiciiness between the torgque arm and

the wheel of the proving ring so that equal force is

registered on both rings. This Zac been showa in the
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figure at a displacemwent of 5.30 in, Zowever, it would
be observed thnat cshear stirengti reiains unaffected by
the action of placing a shix. It is also worth noting
thrat the rermoulded clay shows a pealk strength which is

very significantly higner thian the residual shear

strength.

4

Test lMo. UNLL-0S.2, (fig. 4-2) was cone on undis-
turbed clay which was subjectecd to a mean disvlacement

tress of about

of about 52.3 in. at an average

[ 5]

2% psi. The effect of closing and onening of the gap

between confining rings and the conseguent change in

shear strength is again clearly evident from this figure.

®
r
O
)
¢}

In order to dinvestigate whether tire Londc lay is cap-

able of '"healing", the tzst was stopred for two days. lo

gain in strength was noticed wher shearing was commenced

.

again, This clearly shows that London clayv isc not capable

:

of regaining shcar strengtin once shearing is terminatoed.

I'nis phenomena is rveported to have occurred in some

=3

lays; Zivorslev, {(1960) for exanple, found that remoulded

O

Vienna clay increasced in strength by 20% of the residual

1
!

strength when the ring shear test was stopped for 82

The slow speed at wihich the test is mormally con-

ct

ducted makes the test very time consuming if large dis-
placements are required. Zowever there is come cvideice
(Petley, 1966; Tchalenko, 1967; Zenney, 1967) that re-

~

sidval strength is relatively insensitive to rate of

]

shearing and is mainly devendant on tihe magnitude of
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displaccment. nce in this test, the confining ring sap

k)

was closed and the zatce of shearing was increased, in

6]

-

order to decrease testing time. Aftcr the desired do-
formation had taken place, the gap was reonened and the
specd was reduced to its orizinal waluc. Uswvally 24 hours
were allowed for any 2ore pressures to dissipate, uwefore
any readings vere talzen., It can be ceen from fig, 2-2
that rcsidual strength is denendant on the magsnitude of
iisplacement on the slin-surface, However, negligible

drop in strength was noticed between average displace-

ments o 16.6 to ¥2.2 in. and thils constant value of

shcear streng tihhe residucl chear strength,.

Tests UDLC-IIS53 - xSL,; - RSE were conducted at

59
normal stresscs of about 11.6,and 4§ psi. respectively.,

- I

It shouid be obvious that if the confining gap is open

on all sidcs, then any further cnlarging of the gap

shouvld not affect thce sheocr stremgtihh of the clay.

indecc so, as shown in fig, &-4 and &-5.

. . o

The tost results have becen swmnarised in Toble L2
and residual strength ~uovelope drawn in fig, L-{, to-
gecther with other shear streagth Jdata onr bluce London clay
from Wraysbury. 4 straight lince can be drawn through the
test resulite from wiich thie residuel shear streangth para-
meters are found toc bo C' = 03 ﬁ; = 5.20. The indéex Dro-
vertics of the cilay axd moisture contcnts are zlso chown

in Table L-2,

Gencraliy, the woisture content i:m tiwe ghear mone

for thoe undisturbed samnlcs is higher than the overall
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final moisture content znd this difference between the
two tends to decrease with increasing normal ctress. All
uncdisturbed samples showed an increase in moisture con-
tent at the end of testing wiile trze remoulded sample
showed a decrease. The increase in moisture content in
the shcar zone has been noted by Cassell (1937).
Agarwal (1967) observed that the moisture content of
clay in the shear zone at Yraysbury was 30 = 32.5% as
compared with moisture content of about 27.5% for tiie
unshecared materizl. Large variations in moisture con-
tent exist in undisturbed London clay (sec also chapter
10). This initial variation is also vroflccted in the
values of moisture contents at the end of the test and

it shoulid be mnoted that onlvy average moiscture contents

are shown in Table 4.2.

were phrotographed at the end of

[
r
[
o
[¢]
-
=N

o]
6}
o
B
3
[}
0
0]
8]

the tests. Platcs 4-1(a)and () show typical striations and
polished surfaces from tests RO1.
Tt is wowrth pointing out that lower the normal siress,

the wore difficult it was to scwnarate the sample along

the slip surface. This is due to high moisture content

of the sample at the end of the test. In most cacses,
apart frem the highly wpoliched principal slip curface,
a few other slip surfaces about C.5 - 1.0 =m above or
below were also found., The slip surfaces, even waen
highly polishzd, were not coupletely Tlat but wavy in
character across thae width of the samsle. Some details

under optical microscope have

of shear mones

heen discussed in chiapter 5.
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L,1,3.1 Discussion of results

The value of @! = 9.20 for blue London clay obtain-

Q]

ed froni tests in the ring shear apparatus is clearly much
lower than the value obtaincd by Fetley (196€) and Agar-
wal (1967) by conducting direct shear box tests (see
Tavle 4,3). It implics that direct shear box is not a
definitive test for mcasuring resicdual shear strength,
since it does not permit the sample to undergo large uni-
directional disvlacement. The reversing of the travel of
t2e box does not permit the residual state tc be achieved,
since it changes the direction of tne primncipel stresses

and disturbs the orientation of the clay particles.

it is of dinterest to consider tosts concducted by
Agarwal (1967) in somz detail since the sancles were ob-
tained from the same site and have almest didentical phy-
sical properties to the samples used in ring shiear appar-
atus,. iHe conducted direct shear box tests on undisturbed

2

horizontal and vertical samples under normal stressces ly-

si, and 9C psi. for which average ﬁ; of

R
i,

ing between 7.

14,5° ana 16.2°

respectively were obtained, It is most
unlikely that such diiferent residual strength values

would be obtainsd forxr wveritical and horizontal samzsles

)-g

shcared to large displacements in the ring shear appara-
tus., Figs. 4.7 - 4,10 show a few typical multiple re-
versal tests on horizontal samples conducted by Agarwal.
Fig. 4.7 and 4.8 show that the sample had not achieved

residual state since the strength after a number of

reversals had not achieved a constant miinimum value,
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The unsud tability of direct shear box test especially at
high normal stresses is ably demonstrated by figs. .9 and
Lk ,10, where on reversing, the shcar strengti: continues to
increasec (insteac oFf reducing} as displacement procceds.
This effect was also noticsd by Fetiey, (1966) and is be-
lieved to be caused by tilting of the loading platten,

. ~

action oi the sample.

@
&}

and variations in the area of croco
The increase in anmarent shcar stress may also be causcd by

squeezing of soil through the gap. Agarwal tested a natural

slip surface Tound at the site by the reversal shear box
Ey o

. 5 o] ‘ o .
technigue and found ¢£ = 0,3 and 10.2 at normal effective

]

[6)]
U

tresses of 15 and 30 msi. respectively; the resicual chear
stress being taven as thot at the 2ad of the second travel,
It is interccting to exarine the test curves for these

tests {fig. 4.11 and k.12 and note that in both cases

thie strength obtained after the first reversal was clight-
1v higher than that obtained on the first travel of the
box. This clearly implies that the reversal action had,
infact, disturbed the particlic orientation along the slipo
surface., If the residual strength is considexred to over-
ate at the end of Tirst travel, then the average value

of ¢% is found to be 9,2, as shown in fig. k.6, This

value ig the same as that obtained from tests in the ring

shear anvaratus.

0]

Bishop et. al. (1965) bricfly reported polished
cut plane triaxial tests on blue London clay from Ashford
Commmon, near JUraysbury. The polished, inclined cut planes

were artificially preparcd in the laboratory and the
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tests were conducted under effective normal stresses of
B oY 3 G4 AT b2 } 20

6L and 130 psi., for which the wvalues of ¢r = 11,6 and

.C . . . . s s .
11.5 respecctively wers obtained. This techanique orier-
tates the particles to much larger exteant than the dir-
cct shear box test and +this accounts for the lower value
of residual schear strenzgth. There is some evidence to

of siip surfaces

&

suggest that even artificial polishin

@

®
6]

by wmeans of a flat svatula or wnlate gla does not per-
mit maximum particle orientation. Unpublished worl at
the British Ceramic lesearch Association shows that max-
imum orientation of clay particles is likkely to tale
place when thec clay itself is shearec {(i.ec. if clay is
'polished! by another piece of clay). Fiznce a manua

ring shecar arxparatus was designed in whaich a slin surface

could be artificially prepared by shearing the clay

through very large disnlacements very rapidly. The aprar-

atus is only briefly described below.

The apparatus was very simple and consisted of an
urper and lower cylinder, 11.70 in., I.i. and 12.0 in,
G.0. and 4 and 5 in., high respectively, The lower cylinder
can be fixed to a base wnlate, the upper surface of which
is roughened with very coarse abrasive paper so that it
can grip the soil sample. An upper loading platten, 1% in.
thick, also roughencd on the insicde, rests on sample in
the upper confining ring. Three L-shaped steel lugs are
welded on the upper loading platten and rest against
corresponding stecel bracket stops welded on the outside

of the upper confining ring, such that when the platten
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is rotatcd, the usnper confining ring and the platten move
as a unit., Tiac platten can be rotated manuvally. Only one
test was conducted, since the apparatus was constructed
at the cend of the projcct. An undisturbed sample of blue
London clay which had alrecady been consolidated to 60 psi.
in 12 in, dianeter dissination cell was sheared tharough
12 revolutions under an average norxal stress of 55 psi.
The load was ap:ilied by the crosshead of the 100 ton load-
ing frame, The aspparatus was then fixed to the working
surface of a milling machine and three, thin walled, 1%
in, diameter,; brass tubes were nushed in at an inclina-

. o) . . .
tion of 55  to the horizcntel. The samples, containing

the inclined shear plane werc then sheared under drain-

XN

ed conditions in a triaxzial anvaratus

(o]

n the conventional
mannel, using one way drainage and carefully nlaced fii-
ter crains., Unfortunately, of the three tubs samples
takXen, one was destroyed on extruding; while the second
failed along two wedges waich made the analysis extremely
difficult, Hence, the result from only one test is avail-
able. The result of this test hras beerr plotted in terms
of stress ratio C/ﬁ% along the inclined plane and axial

displacement in fig. L.13. Assuming C' = 0O; @' = 14°

1
P
O

<

\R

and @! = 1

The pecak strength in the above test ic probably
developed as a result of cdisturbance during sasnpling, eXx-
truding and setting-up operaticns. The value of ¢£ coli-
pares wcell with those ovntained from ying shear tests. It
is suggested that ore such tests should be done to ex-

plore the use of this technique in lisu of ring cshear tests,
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Perhaps the most convincing evidence to show that
multiple reversal direct skear tests do not furnish true
values of residual shear strength is provided when stress
ratio,‘tﬁrﬁ is plotted against logarithm of displacement.

Eesidual shear strsngth,by definitionyernerates—when—there

strength, by definition, operates when there ig no further
drop in strength on shearing., Jowever this definition is
invariably not fulfilied by direct shear tests. To illiu-
strate this point, the result of a muitionle reversal dir-
ect shear test on brown London clay from Zendon is shiown
in the form of shear stress against displacement graph in
fig, k.14 (a). The stress-displacement curve is an cn-
largement of fig. 19 in Skempton's (1964) paper and shows
that the curve appsars to achieve a constant valus, llow-
ever, when the same information is plotted on log dis-
placement scale as shown in fig. L.14k (bj, the curve shows
considerable slope and it cannot be considered as having
reached the residual state. Hence visual examination of
I:(OI“C/UQ) against displaccment plot is unreliable and

a plot of“t/bﬁ.against log displacement should be drawn

to confirm whether residual strength has been obtained.
Figs. L.i% = L.,17 show the curves from ring shcar tests
drawn on such a plot, and it will be noticed that in

each casc the slope of the curve finally becomes hori-
zontal,.thus confirming that residual shear strengtir has
been achieved in these tests., In fig. L.12 the points

from multiple reversal direct shear tests on both un-

disturbed samples and slin surface are also plotted.



The direct shear test points for the undisturbed sample
clearly slhow that a very erratic curve is obtained, which
does not satisfy the definition of residual strength at
all, The successive direct shear curves arce secex to in-
crease in shear strength as displacement proceeds and
there can be no justification for using these curves to
evaluate residual shcecar strength. The curve from test on
the slip surface from Wraysbury, fig. 4.16, is almost
horizontal and indicatcs that the value is close to the
residual. Tt would also be noted that the effect of the
first reversal on the clip surface test is to cause a

sturbance in the orientation of particles and the se-

(2

d
cond travel starts at a higher shear streangth than that
obtained at the end of the first travel. Fig. .17 again

™

ne

clearly cecmonstrates thec points mentioned above.

points Ifrom direct sihcar tests are again erratic and can-

ct
o]
[aN
%
H
fte
"
0]
H
(0]
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s

not be used ual shear strength.

k.oi.b Tests on Heald clay (Arlington,

6]

The undisturbed samiple of Weald clay was obtained

from a shear zone at Arlington near Bastbourne. Weald

clavy, which was depoited in shellowwrter is stiff to
hard, fissured, and heavily overconsolidated. The upper
pvortion - up to 30 it is usually weathered. The Weald
outcrop has been subjected to intensive periglacial

ulted in

©v

activity during tire pleictocenc wihiich has re

o
old landslins, valley bulging, colifluction scheets etc.

-~

Teald clay is overlain along the northern and southern
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outcrop by Atherficld clay which is the lowest member of

)

the Lower Greensand, The sampnle from tae shear zone con-
sisted of a masc of tinyv lenses of clay, typically 5 mm
x 5 mx 1 mm thiclkt with a dull polish on the surface, The

p
texture was similar to damp soap flakes. The lensces lay

flat and parallel to one another,

Stress~-displacement curve

The stress displacement curve is shown in fig. 4.108
and the results are tabulated in Table U4-L, The first

point to note is that the test was conducted by shear-

ing the same sample under different normal stresses. After
the residual strengtiz under one normal stress had been
determined, the motor was stopoed and the new normal stress
was applied. The sambdle was then ailowed tc consolidate

(or swell) under the now load for at least 48 hours be-
fore shearing was recommenced. This technique, in effect,

amounts to conducting a shear test on a precxisting slin

suriace.,

It would be apparent from the tabulated results
that the sample shows marked variation in residual strength
as the effective normal stress is altered., The variation
of residual strength is more clearly illustrated in fig.
L.,1%9 where ﬁ} changes from about 9.20 at normal stress

of 120 psi. to about 13.90 at normal stress of 8.9 »nsi.

4 small pecak streagtih is observed when tihie samplc is shear-

ed under a rcduced normal stress., There is very little
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change in height of the sample when the resicual state is
achieved. Shearing then takes place under almost constant

volume conditicns.

L,1.Lk.1 Liscussion

The observation that residual shear strength of some
clays varies with e¢ffcctive normal stresc is not new and
has been noted by others previously. Ticdemann (1937)
found that @' of plastic clay from Weser Zlbe Canal chang-

T
o ~0 + 1R - 1 o
ed from 12.3 at normal stresc of about 15 psi. to 8.3
at about 60 nsi (see Table 1-1). Skenmpton and Petley

hear

0

(1967) carried out some multiple reversal dircct
box tests on weathered Weald clay from Sevenoaks and found

. .0 - .
that ¢ varied from 16,5 for effective normal »pressures
ey .

!
r

. ~0 . .
less than 30 psi. to about 13 for higher pressures and

. L0 s
they averaged ¢% to 15.57 in the stress range of ¢ - 20

"psi. Some direct shear vwox tests on shear zone from fr-

~
L2

lington were conducted by Petley, (1969, unpublished
and typical stress/disnlacement curves arc shown in figs.
4,20 - L,22, which show that under higher normal pressures

4

he shear strength increases as displacement proceeds. 1t

ct

[

is alsoc of intercct to note that in fig. 4.21 the chear
strength on the fourth travel was higher than at the end
of the second and third travels thus again showing that
the action of reversing the box can result in serious
disturbance of particle orientatiomn. This aspect is high-
lighted if @' is plotted against logarithm of disvplace-

ment, as cxplained previously. Figs. 4.23 - 4,25 show

that all thie ring shear tests achieve residual condition
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since the slope of Cﬁrﬁ against log displacement curve bve-
comss zero. dowever this is not so for direct shear box
tests and erratic curves are obtained at higher normal
sures. Since the curves for direct shear box tests

show significant slope at large strain, they cannot be
Fe 9

162}

pre

considered as giving a residual value, It should be not-
ed again tha, it is very difficult to judge visually from
a conventional (C/Wé}/ﬁisplacement piot whether residual

strength has really been achicved and it is necessary to

w

draW'C/ﬁé against log displacement to confirm this, Th
.

shear strength cnvelope for ¥Weald clay is shown in Fig.

L,26, and the best fitting straignt line through ring

. . 0 .. .
shear results gives @! = 9 3 C% = 1 psi in fthe normal
3
o . . ,O
stress range 1C -~ 120 psi and ﬁ% =157, CL = O for g}
lying between 5 - 1C psi. Hence ti.e results from ring

shear tests are considerably below those from dircct
shear test at normal stresses greater than 10 psi. It is
also interesting to note that the peak strength of the
clay from shear zone is considerably larger than the re-
sidual strengtih deswvite the fact that the shear =zonec was
heavily sheared and siickensided, It is most likcly that
the strain in the fiecld was dinsufficiecnt to reduce strength
of the whole clay mass in the shear zZone to residual al-
though dintense local straining might have brought some
partes of it very close to residwal value. This is also
borne out by observing thldegree of orientation in a
scction of the natural shear zone (sec chapter 5) where
wide range of particle orientation - from intense to
slight (according to semi-qualitative scale proposed by

liorgenstern and Tchalcenko, 1967) -~ was observed.,.
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The implications of a curved shear strength c¢velope are
discussed more fully in the next section together with
results from brown London clay which also displayed sim=-

ilar characteristics.

L,1.5 Tests on brown London clay (Zdmonton)

] L

Two test, one ecach on undisturbed and slurricd

0]

brown London clay werce conducted.

The sanvle was obtained from a site adjacent to the
Banbury rescrvoir on the River Lea., The undisturbed sample
was talzen from a depth of 3.5 £t from the top of the clay.

Humerous sliclzcnsid ans shear slanes have been found on

0]
6]

I

thisgs site, This is an cvidence of instability in the past,

<

l..l

o]

probably caused as a result of valley cerosion and under-

cutting by River Lea (Hutchinson 1969},

The gslurriced sample wag wmrepared by first air-dry-
ing the clay which was then grouad and sieved through B.S.
sieve 100. The matcrial passing this sieve size was homo-
genised in a rotary mixer and the water content was
brought un to 160%. The slurry was poured in ¢ in. dia-
meter ocdometer mould and consolidated to 250 psi. The

sample was then unloaded and allowed to swell,

L,1.5.1 Test results and discussions

The stress disnlacement curves for the two tests
are shown in figs. 4.27 and 4.28. The tests were again
conducted by shcaring the same sample under different

normal stresses.
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Fig. 4.27 shows that when the sample was first
sheared under e¢ffective normal stress of 31 psi. a mean
displacerient of about 14 in. was required to bring it
to residual state. When the sample is sheared undcer a
reduced normal load, a cmall peak strengtiz is first ob-
served and the differcnce between the 'peaik' and residual
strength apnears to dincrcase as the affective neormal stress

decreases. There arce two possiblie cxnianations for th

[
oy
®
1

S
haviour. Firstly this offect could e a furnction of the
test itsclf - when the motor is stonned at the end of the
shearing stage, and the normal stress is decreascd, thore
is little correszonding reduction in the shear stress be-

271CC S001

cause of the rigid torgue measuaring systen,
after shearing is recommenced, the sanple shows an apzar-
ent pealr strength, which soon drops. It is probable that

uncer low normal stress, the number of clay particlis cen-

3

[aind
.

tacts on the slip surface decreases, and as a result peak
étreng h ds observed becausc of the irregular nature of
the silip surface. Hence the smaller the load, the larger
the disclacement that would be recuired to overcome peak
strengthh and achieve residual state. This effect is clear-
ly dillustrated in fig. L,27. The stress displacement curve,
fig. L4.28,for the retioulded samnic shiows that an average
cdisplacement of 6 in. was required tc achieve residual

shear strength at anm efiective normal stress of 13 psi,

The results have beern tabuhtod in Tables L-5 and
L-6 and the variation of ﬁl with ¢ffectivwe normal stress,
i

has been plotted in fig. 4.29. It is of intcerest to note
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that this variation forms an alwiost unigue curve and ir-
respective of the sequence of loading, the resicdual str-
ength falls along the same curve, A similar unique curve
was also obtained for tests on Weald clay (fig. %4.19).
The residual shear strengtir for the first stage for un-
disturbed sample (shown as woint no. 1 on fig. 4.29)

s 0.5 degree above the curve. Wo particular signif-

f
bele
®

nce is attacized to this discrepancy and it is most

P

[N

o

c
likely tiat after much larger displacement the strength
would have fallen by this small amount. Fig. 4.29 also
shows the results of test on slurrisd sample which lie
about 0.50 abeove those of undisturbed sample although

the slurriecd samsle has a 10% higher initial :zoisture
content. The small difference of 0.50 degree in tl:e value
of ﬁ; could be caused by alteration of soil or pore water
chemistry as a result of air drying. It is alsc poscible
that under certain wet moisture contents, some non-clay
minerals (and perhaps the clay minerals as well) rotate
rather than siide (Skinner 1969) thus giving a slightly
higher wvalue of ﬁ%. This effect has also been noted by
Petley (1964) in tests on brown London clay from Hen-

o

¢on. The wvalue of ¢£ = 1k for overconsclidated slur-

. o L. . - . .
ried sample was 1 higher than that for the normalliy

consolidated slurried sample. The important conclusion
to be drawn is that residual strength is independﬁnt
of stress nistory since the »oints fall on a unigue

curve depencant only on the magnitude of effective nor-

mal stress.
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It is not known why the brown London clay (and the
HTeald clay) shows a variation of ¢% with normal stress
whereas the blue London clay does net. It anpears from
the wori: of Xenney (1967} tirat soils with high montmor-
illonite content show such a tendency while scils compos-

» ~
3 +

ed of heavy mnon-clav minerals do not, J-ray diffraction

=

of the Mhrown and blue London clay siows that the former

1as a higher montinoriilonite content and this may ac-

e

count for the variation in ¢£. However without a detail-
ed study of clay mineralogy of the sample, any suggestion

must rvewmain highly swneculative.

The residual strength of brown London clay tested

. o . . o
varies from 14~ at effective stress of 1 psi. to & at

-

. —_ . . - ~ A
36 psi. It was earlier mentioned that Langer (19)8) ob~-

. . , 0 .
tained a value of ¢; = 0.87 at normal effective stress

el

of 90 psi. in tests conducted in his ring shecar appara-

¥

tus. Skempdpton anda Fetley (1967) tested slin surfaces

L)

from Guildford in direct shear box and reported a curv-

fte

ed¢ resicdual strength envelcpe, but no significance was
attached to this. Petley (1966} conducted a number of
multiple reversal tests on brown London clay Irom Hen-
don, Heirme Bay, Brentwood and Guildford from which an
average value of ﬁ; lying bpetween 130 andc 150 was ob-
tained. These results have been summarised in Table L-7,
The residual shear strength envelopes from direct shear
box tests and ring shear test are »lotted in fig. 4.30 (a)

which shows that above a normal stress of 5 psi., the re-

sidual strengtiz as givenr by the ring shear tests is at
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o) . . v - "
least 4 below tiie value obtained from direct shear
tests. The residual shear strength envelope from ring
shear tests at low effective stress has been shown in

greater detail in fig. 4.30 (b).

£~

The variation of stress ratio,Z:AT% against log.
displacerment is shown in figs. L.31 and k.SZ, wihiich again
clearly show that the slope of curves for ring shear

tests becomes zerc, thus confirriing the attainment of re-

o

sidual state, The test »noints from direct shecar tests on

browvn London clay from Guildford and IZdmonton (Petley
1966) have also been shown for comparison. The Guild-
ford slip surface tests shovw that the shear strength in-

-

creases with diszlacement during any travel, and this
makes the analysis extremely difficult. This invariably

seems to occur when stiff clays arc sheared in direct

siiear box undeir a normal stress greater than 15 psi.

4,1.,6 The significance of the variation of ¢; with

normal stress

Most of the previous worlz on slope stability of

clays has been done on the assumption that residual

O]

t
[N
=5
Hy

shear strength was independant of stress level. Ilence, be=-

cause the multivnle reversal direct shear box tests gave a

®

value of ¢£ consistent witlhh some shallow slope failures,
it has been suggested that this test is adequate for the
determination of resicdual shear strengtihh of stiff clays.
However, it should be noted that the majority of shear

box tests are conducted at an effective normal stress
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which is invariably greatexr than the average normal stress
acting on the slip surfaces in the field in the cases ex-
amined, and¢ therefore it cannot be implied that this test
gives accurate values of ﬁ%. It has already been shown
that at low stresses below 5 psi., there is very little
difference in the wvalue oFf ﬁ% for brown London clay ob-
tained from the ring shear tests and the shear box tests
conducted at nigher normal stresses (fig. 4.30 (a) ). A
significant difference on ﬁ% arises at higher normal
stress when the direct shear test overestimates the wvalue
of ﬁ; as a result of insufficient dis-lacement, and the
development of erratic stress pattern which increcasces as
displacement proceeds. The author is not aware of any
published investigation of deepr scated slicdes in brown
London clay or Yeald clay which show a correspondence
with residual shear strength as obtained from direcct
shear box tests. liost slides in brown London clay which

have been investigated have a very low normal effective

t=

stress., Table 4.8 prepared from SeLory's (1957) Ph.D.
thesis shows some typical effective nornal stresses on
natural slopes in London clay whose stability has been
*

investigated. The normal stress on failure surface would
depend on the assumptions about ground water table and
the method of analysis (a circular failure would show a
larger» normal stress than plane failure). it is inter-
esting to note from Table 4.0 that the oldest cases have
the least normal stress on the failure surface. This in
itself is an indication of thec variation of residual

shear strength on effective normal stress.

*Other similar data has becn shown in Tablce 8 (a),
compiled from James! ‘h.D. thesis (1970).
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It was mentioned garlier that Skempton and Delory
(1957) suggested a slope angle of 16° for natural slopes
in London clay above which they would be unstable. Many
natural slope failures are very shallow (under 10 ft deep)
and the failure surface is long and runs parallel to the
ground surface. For such type of translatory failure,

\ - d hY 2‘1 =
(:{t-»azsw, Cos™P tan ;zS;C

F.S. = (assuming C'=0) (k.1)

Xt sin F;- CosB

where X£ denotes unit weight of soil,
¥ denotes unit weight of water,
‘m denotes ratio of height of water table te the
height of ground surface above the slip surface,
and ﬁ denotes inclination of slope,

7]

; for limit equiliibrium can be calilculated from the above
equation. For ground water table at surface, a slope

o . . . - . o
anglc of 10" would approximately correspond to ¢r = 20 .
Skempton (1964) reappraised natural slopc failures on
the basis of ground watexr table lying about 2 -~ 3 ft be-

- o .
low ground surface, The slope angle of 10" is now con-
. 2 ' .0 o .. . a
sistent with ﬁr = 15" - 16, Hutchinson, (1967) sug-
! o -
gested that natural sloves under &  would be stable, for
which, devending on tie assumnptions regarding ground
water table, the residual angle of shearing resistance
. o . o -
would lie between 11 andg 15 . It would therefore apvear
that assumstions regarding ground water table have such
o o

a enormous c¢ffect on the value ﬁ; (from 20" to 117 ) that
thiis method of determination of residual shear strength

is of 1little value., Also, ceq., 4-1 is sensitive to the
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value of‘Xt used. The factor of safety operating in the
field would invariably be higher than that determined
accurately from the ring shear apparatus and a conven=-
tional stability analysis because of three dimensional
effects in the field (Zenney 1956), and non-uniform stress
conditions along this slip surface (Bishop, 1967; Turnbull
and Hvorslev, 1967, see chapter 7). Hence the author sug-
gesfs that for very shallow slope failures in brown London
clay (and most natural slope failures fall in this cate-
gory) which fail during or soon after the rainy season,

the actual ¢% operating at the sglip surface would be

|28
)

o s . - . .
nearer 14° which is consistent with ring shear tcsts

very low stress range.

It is now apparent that dbrown London clay and
Weald clay would show a higher ﬁé only under low nornal
stresses. If a failure in the field under high normal
stresses is investigated, then it is reasonable to cxpect
it to bec compatible with the low values of residual angle

of shearing resistance as obtained by tests in the ring

6]

shear apparatus.

-

It is of dinterest to note the re-analysis by com-
puter of the Guildford slip in brown London clay, recent-
ly made by Dr Chandler, vwhose results are summarised ovcr-

ileaf,
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Parameters for F = 1 (liorgenstern and Price lethod)

(Averageﬂ'ﬁ = 10 psi)

Condition Piezometric surface | cl lb/ft2 ¢£
Before slip Estimated from 1966 60 12.4°
readings 0 14,6°
U A O SS S o]
After slip lieasured 60 3.0°
Feb, 1966 readings 0 10.5°
at ground surface 60 9.4°
i c 12.2°
f

It will be cbserved, that the residual value drop-
ped from ¢£ = 14.6° to g} = 10.5° after the siip while
the multiple reversal direct shear tests on slip surfaces
gave ¢} = 15°, Cl =0 (Petley 1966). This indicates,
firstly, that beforc the slip, the strength was not at
residual but dropped to it after the slip.and indeed, may
perhaps still drop further by a small amount since signs
of fresh movements have been noted in the past. Secondly,
the multiple reversal direct shear tests overestimated
the resicdual value mainly due to insufficient displace-
ment. This effect may also be partizlly due to squeezc
of clay through the gap. These limitations wonld have
been removed in a ring shear test and a more satisfactory
agreement between analytical and laboratory results would
be found if such a test is conducted at the appropriate

normal stress. It is interesting to note that the ring
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shear tost on brown London clay gives a vaius of

g

. .0 ~ . .
Po5 at an effective norinl stress of 10 psi,

\O

1
r

Sdmonton and Foun

1o
2

imun denth sﬁress) oi motential failure cur-

ing parallel to the slowne

) .0

regquired ¢; = 14,5 wliile a circular failure arc at a
\ PN o)

mayvimum depth of about LC £t required
fector of safety of one., Cthcr =motentinl sli: surfaces
snpow similar trende and substantiate the results
ring shear testo. Unfortunately, it is not possible
gefine the slip surfaces very accurately becausce of in-

Kol

sufficient numbcor of trial »Hits.

- - . N . . ~
Jeols (1969) has recently reported a numbor of cx-

tensive slip surfaces which 2ave been found in silopos in-
b e e TR « S . oo B e .
ciining ovetween J amnda 7 din stifd clays. The moin re-

sults of fiis observations on long trarslatory slides are



Tablc 4.9 (aficr Weels 1969)
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‘..' H
\ i
1
Clay Location |Slope length ’¢; as !ﬂ; =2p
inclin-i{of slip dotore éqccwmin
ation surface | assuming
deo r~; t mined by G.W.L. at
5 egrees ) conven- surface
(@) ticonal
tests
E
Weald Sevenoaks 7° 1200 C1=0.2 psi 14°
'
clay By-pass ¢£=150 ;
Weald Sevenoaks 5° - Cl1=0 g°
clay By-pass | ¢£=15.6
; !
]
4
Weald | Tonbridge, Uu° 1560 | C!=C.3 psi 8°
clay By-pass ¢;=160
|
E
Wad- Tongridge' 7° - C!=0 14°
hurst * o
clay By-pass ¢£=12.4
Yad- Tonbridge | 14° 1000 | C1=0 8°
hurst o
clay By-pass ¢£=12.M
Gault | ¥rotham 3¢ - ¢1=0 6°
clay Heath ¢;=12.7O
.0 o
Browrn Boughton 5 - C!=0 10
[ I
London : ! o
' P gr=11L
clay i %ﬁr 14 |
| §
. .o | i )
Gault Tetsworth 3.5 i Boo C%:O 7
: ' é
clay | g r=14°
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Wecks has sought to reconcile tiie very low inclin-
ation of slip surfaces as found in the field and the values

of residual shecar strength as determined in the laboratory

s

irect shear tests and cut-

5
{J

by mecans of multiple reversal
plane triaxial tests, by suggesting that these failures
tool: place when very high pore pressures were induced due
to meriglacial conditions. "For the 30 and 4° siopes in-
vestigated, the pore pressure required for instability

to occur would be approximately equivalent to 0.54Z and
0.312 respectively above ground level, i.c. 5 ft 6 in.
and 3 ft for a 10 ft deep sliv surface" (Weeks 196%
(where z is the depth of slip surface below ground level),
However, the author suggests that it is not necessary to
invoke the condition of abnormally high pore pressures

to explain these results. It should be noted that in the
equation the factor of safety is highly susceptible to

the value ofi the total unit weight of material lying above
tize slip surface, VWeeks (1969) has assumed a value twice
that of unit weight of water. Infact, it is highly pro-
pable that the unit weight, Kt’ was much lower at the
time of the slip than at prescnt, The solifluction lobes
flowed laterally downwards at thne end of the glaciation
periods when the water content of the material must have
been very high, The tota? unit weight,h’t, could have
been of the order of 100 1b/cu £t especially as the fresh
solifluction lobe carried the coarse detritus material
from the solifluction lobe of the previous glaciation
period, Bhandari (1970) on a study of mudflows in South
Last England has feound Kt to be even lower than 100 1b/cu.

ft. for London clay a2t a water content of about 350 - 60%.



Assuming'?ft to ke egual to 10OQ lb/ft) and ground water

at surfacc, eq. (4.1} yields:

tan ?511 = tanl?i/(.‘i.3'75. (4.2)

[e]

. )
Hdence for}fz 3, 5

ana 77, ¢% = 8.3, 13° ana 16° rec-

spectively.

In all these cases the exact magnitudoe of effective
normal stress on the siin surface at the time of failure
is uncertain and it is not unreasonabdle to expect the

above range of wvalues of ﬁ% depcnaing on normal stress.

It was mentioned earlicr that if residual shear
strength for a clay is stress dewnendant, then the ana-
lysis of a slip surface under a high normal stress would
not be compatible wita the residual shear strength deter-
mined by direct shear tests. For such a casc it is es-
sential to use ring shear tests to give an accurate value
for the residual angle of shearing resistance. An inter-
esting case about the FTolkstone Warren landslides has
been cescribed by Huatchinson (1969). The stability of a

number of cross-sections has been counsidered, however,

3

there is only one section (section W 4) in which the

slip surface lies entirely in Gault clay, wnile for the
other cases the siip surface passes through much strong-
er cnalll at the rear of the slir. The result of analysis

for 1915 landslides is shown in Table 4.10.



Table k.10 (after Hutchinson, 1969: Table 5

Cross-section | Pore opressure! Value of ﬁ; Gault| Remarks
assumption on . I,
. - required for =1.,0
slip surface . .
- Morgenstern and
Price metihod
. o .
Wh (average Maximum S.7 Slip surface
o entirely in
profile) Minimum 7.7 Gault
- K . o . . <
W6 Haximum 16.3 ﬁ; in chalk
e -0 marl at rear
ldnimum 13.9 - . 5
of slip taken
as 209
- e S o e A e - oo o
-7 Y . . O A1 .
Ve aximum 16.6 Ar in lower
F4inisum 17 9o chalk at reax
) e e of slip taken
as 230
. e o
Heighted Maximus 16.6
average of
. e o
sections { Mindmuam 13.9

It will be cobserved that the slip surface lying
completely on Gault gave lowest ﬁ%, while the slis sur-
face passing partially through chalk gave, not surpris-
ing, higher values of ﬂi. Yet the recults were 'averaged!
for the three sections and reasonably good corresgdonc-
ennce was claimed bebtween the ‘'averaged! values of ¢£
and the residual strength as determined by direct shear
tests. Amalysic were alsc carried out for 1937 and 1940
slips for which part of the slips passed through chalk

strata. A length of 1937 slip passcd through lower
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)

challit for which ¢L was talken to be 237 and average values
i

of 14° - 16° were obtained for residual angle of shearing
resistance for the Gault. The analysis of the 1940 slips,
the rear gcctions of which also passced through lower
chalk (¢% assumed to be 20°) gave an 'averaged! estima-
tion of ¢% for the Gault to lie between 14°-15°, The au-
thor can firstiy findé no justification for averaging the
values of ¢% wiiclhh tends to distort the data from the
analvsis. Secondly only the data from section Th which
lies entirely in the Cault should be considercd reliable
for determination of ﬁ% Tor the clay in abscnce oi any
residual tests on chalk., The cffective normal stress on
this section is about 9C psi. while no direct shear
tests were conducted at thiz stress leovel., The mulitiple
reversal direct shear test on the Gault test showed the
usual erratic behaviour with shear strength increasing
with displiacement after each reversal and gave ﬁ% = 190
wiile the cut plane direct shear test gave ﬁ% = 120. it
alsc appeaxrs that an unrealistically conservative wvaluc
for ¢; for lower chalk (20-230} has been used in the
analysis. Ho tests were done to determine this value,
and infact the direct shear box tests on samples of Mid-
dle challt which were prccut at 450 to the bedding in
order to simulate the situation at rear of thne Yarren
landslips gave Q% = 350. The author suggests that a ring
shear test on Gault wourld yield a curved residual strength
envelope, (this clay is known to contain a consicderable

guantity of montmorillonite), which for high norma

stresses would show values of Q% which would be compatible
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with the analysis of section Wi, or with re-analysis of
other scctions with a more realistic value of ﬁ% opcIr=

ating in the chalk.

L,1.7 Soil structure in shear =zone

Although there is no doubt about thé breakdown of
varticles in the shear zone, this feéture cannot explain
the development of lower wvalues of ﬁ} with dincreasing
stress, In chapter 5, some qualitative evidence basecd
on thin scction studices and scanning clectron micropraphs
is presented which show that certain amount of particle
segregation or migration of fines, and breakdown of part-
icles takes place when the clay is sheared. It is highly
likely that the extent of particle breakdown would de-
pend on.the magnitude of effective normal stress. MNow if
lower values of ¢£ arc obtaincd at nigh normal stresscs
due to particle breakdown then the wvalue of ¢£ should not
increase when the effective normal stress is reduce
after the sample has achieved residual state under a high~

er normal stress. Ziowever this is not the case and the
variation of ﬁ% with normal stress appears to be unique
relationship which is not depencdant on the sequence of
loading or unloading. There is also somc evidence that
particle brecakdown also occurs in blue London clay which
did not depict a stress devendant residual shear strength
in the stress range examined, It would therefore appear
that residual shear strength is not governed by scgrega-

tion or breakdown of particles, but rather by contact
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pressure at tihe interparticle contact points and the
number of dinterparticle contacts per unit surface area
on the slip surface., The slip surface, even after very
large displacement remains wavy in character, with small
grooves running in direcction of shear, and it is possible
that under low normal stresses, a relatively poor con-
tact (on the sub-microscopic scale) between clay parti-
cles is made. The nature of interparticle contact would
depend on the clay mineral type, the naturce of adsorbed
water layer and pore water, the consideration of which

is beyond the scope of this thesis.

Uetermination of particle size of dinitial samnle
before shearing and the clay that squeczed out through
the confining ring gaps shows an increase in clay frac-
tion in the sheared material. This has alsc been noted
on natural slip surfaces by Petley (1966) and Agarwal
(1967), who found the following increases as shown in

Table L.11, overlcaf,
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Table L,11

i

i
Soil-Location % clay Fraction . Reference
i (less than 0.002 mm)

i

3

e T
shearced unshecared

Oxford clay- |

Peterborough Ly L2

Carboniferous mud-

stone~Yaltons Wood 69 60 Petiey, (1966)

Sandy-silty clay,
Monmouth L 38

Blue London clay, i

Wraysbury 60 58 Agarwal, (1967)
Brown London clay, §
Guildford 5C 57 i Skempton and

| Petley, (1967)

o et e b e i o S e 4 8 1 it e b S £ L e e o 2 e msomonn - em . [P,

Interesting results were obtained for undisturbded
brown London clay tested in ring shear apparatus, where

the clay fraction for the initial sample, general sample

after shearing anc¢ the clay squeezed through the gan were
o eed cw X ; .

found to be 53%, 55% and 55% respectively. Correspond-

ing mineralogical testsby X-ray anaiyais at the Royal

School of Mines by A. Zurnett showed the clay minceral

*¥ It should be mentioned that particle size analysis on
these samples done at the Horwegian Geotechnical Institute
by using the accurate 'falling drop! technique showed that
the squeezed material was infact even: nmore coarse than the
parent material. Hence in future tests, sheared clay should
be scravned off the siic surface and it is this material
whose clay fraction should be determined.
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fractions for the three samples to be 64%, 657 and 70%
respectively with a slight increase in wontmorillonite

content in the chsared camples, (Table L.u).

Similar increase in clay mineral fraction was also

noticed fox Weald clay for which perdentage clay miner-
al fraction of 67y and 729 were observed for pre- and
post-shear samules respectively (dinitial % clay size
fraction 52%). This increase in clay mineral content

is also consistent withx increase in clay particle fra-

ction since it is most likelwy that majority of the clay

mineral fraction woulsd be in clay particle size.

Tests domne at the Britisi Ceramic Regsearcii As-
sociation show that there is a migration of fine part-
icies wihen a clay surface is !'sooothed! or »olished.
Hitrogen adsorption experiuvents, ethvlene glycol re-
tention exveriments and flane photometric anaiysis
have provided evidence for the migration of Tines,
(see B.C.K.A. Sp. Fublication 29, 1961)., Iicroscopic
evidence of particle breakzdown is presented in chapter 5.
The author suggests that if a large increase in clay
fraction occurs at regicual state then it is neces-
saxry to determine'clay fraction om the slis surface
itself,;, rather than in the pre-shear sample il any

useful correlation between ﬁ; and cley fraction is to

be establiched.
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L.,2 Tests on highly plastic clay-shales from North America

L,2.1 Introduction

Two tests on the Cucaracha clay-shale from ranama

Canal and the Dawson shale from Chatfiecld Dam site were

*
conducted in the ring shear. liost of the highly plastic

6]

clay shales from North America are rich in montmorillon-
ite. Underwood, (1967) and Kenney, (1967) have shown
that it is the higher montmorillonite and illite con-
tent that impart such undesirable propertiecs as low
shearing strength and high swelling potential. It is of
interest to n9to tirat the average chemidcal composition
of clay shales throughout the world is very similar
{Tourtélot 1952) and the main differences in behaviour
can only be explained in terms of the type and quantity
of clay minerals, ¥Hence, certain similarities should
emerge on a study of highly plastic clay shales which

are considered in the following review.

L,2.2 Clavs from Panama Canal

General descrintion and geology cof Fanama Canal areca

The geology of the Panama Canal region varies
considerably because of successive marine transgress-
ions and regressions and also because of the previous
volcanic activity in this area. Slicing has been a
special problen with three formations in particular:
Cucaracha, Las Cascades and Culecbra; and the inhomo-
geneity in the characteristics of these soils makes

¥ apparatus
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the study of this problem more difficult,

The Cucaracha formation is mainly terrestrial in

origin although signs of marine transgressions are also
evident. About 60% of the total thickness of this form-
ation is made of very weak, poorly bedded, bentonitic,
slickensided, soapy textured clay shales, Silt stones
and conglomerates are often interbedded with clay shales.
Because of volcanic activity, fine volcanic asih could
easily be altered into hydrous minerals of the montmor-
ilionite group., This phenomena has been discussed by
Hewett, (1917); Ross and Shannon, (1926) and more re-
cently by Grim, (1953, 1962). The Cucaracha is the

weakest formation encountersd along the canal.

The Las Cascades formation is extremely variable

in strength and stability. It consists mostly of scat-

tered hard angular fragments of basalt and andesite em-
bedded in a waxy, clayey, altered tuffacious mix. Scat-
tered lenscs of nmetabentonitic clays, up to several feet

in thickness are also prescent.

The Culebra formation, deposited in a marine en-

vironment, lies between Las Cascades formation at the
bottom and the Cucaracha at the top. It consists of an
upper calcareous member and lower argillaceous member.
he upper harder member cconsists of soft to medium
limestonc, sandstone and tuffs; whilec the softer clavey

member is composed of thinly laminated, variably silty
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catrbonaceous clays with interbedded sandstones and pob-
bles., Hirschfield et. al., (1965) have pointed out that
the Culebra does not contain clay-shale - the benton-
itic, blocky, waxy and highly sliclencsided material
which is derived from alteration of volcanic asii, It
contains 70% shale formed by subscquent lithification
of clay after deposition in a marine environment. (The
Cucaracha contains about 60% clay chale and lcss then

10% shale). *

Lh,2.2.1 Zrevious strength studices on Cucaracha clay-shale

Y

dost investigations in Panama Canal region have
been confined to study of Cucaracha clay-shale and very

little information is available about other formations.

An intensive study was undertaken for the Third
Locks investigations. An excavation slcpc curve was prc-
pared based on laboratory studies, the analysis of a
then existing slone and aralysis of slides (soe Singer,
1948; Binger and Thompson, 1949). Direct shear tests in
laboratory on clay shale with polished cut planc to

. . o . . . o]
similate slickensides gave an angle of friction of 10 .
v

¥ In literature on Panama Canal, the terms 'shale! and

'clay-shale! often anpear and the difference betwecen the

two types, in context with thce formations prescnt at this

site arc as follows: (after Iirschfield et. al., 1965) -

tshale': lithified mud, clay or silt; usually laminated

because of its sedimentary origin.

tclay-shale!': altered, de-vitrified tuffs that are rich
in clay minerals, but which are not true
shales; from which they differ in mode of
origin and absencce of laminations.
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The value of cohesion was found by carrying out a total
stress stability analysis on a stable 200 £t cut on an
average slope of 1 wvertical to 2,7 horizgontal,., Slove

curves for complete drawdown using ¢ = 16 psi. ¥ = 100;
F.S. = 1,3 were then developed. It is of course incor-
rect to assumce that the stable slore was at factor of
safety of 1, In this connection, it is of interest to
note Binger's (1948) comuent that "once a slope in

Cucaracha fails as a result of having been cut over-

&

steep, it will then assumme an angle of rewncose much flat-
ter than would have becen required originaliy for a safe
design." This comment is not surprising because later
investigations indicated resicual strength parameters
tp be much lower than those cousidered by Binger. A nunm-

ber of consolidated undrained toests werc also done at

Harvard in 1948, but the loading rates were very fast.

3

he results have been tabulated by Hirschfield et. al.,

o}
9]

(1oc. cit.). In-situ field shear tests were carried out

as early as 1941 in a dri

l-b

t on ¥Fedro iiiguel test »nit NHo,
3. Six tests on one foot square sections were conducted

. 2 Py
under normal stresses of I ton/ft° and 7.5 ton/f

(Hirschfi»ld cte. al.). It apncars that these tests were

o

not run sufficiently slow to achieve draincd conditions.
The large variation in wvealr strength is a clear indica-
tion of the non-homogeneity and varying degrees of
slickensides in the Cucaracha formation. Cn the basis

of equal weightings Tor cach test result, the following

parameters were established.,
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Ik = 21,6%; c! = 700 ton/ftz.
pealz peak
@1 = 8.8%; cl = 1300 ton/ft%.

A program of systematic study has recentiy been under-
taken at the f.I.T. Laboratorics. Block samples of
Cucaracha clay shale were taken from a tsst pit on the
Zscobar sliope along the Panama Canal. The index pro-

0%, P.L.: 32-35%.

3]

perties were found to be L..L.: 75-
The test samples were preparcd from the block sample
by grinding and sicving through size L0 sicve, and then
. . . . 2 . :
reconsolidating at a pressurc of 5 kg/cm”™ from an in-
itial moisture content above liguid limit. The details
of both, multiple reversal direct shear tests and tests
conducted in an annular ring shear (sample dimensions;
L,5 in., C.2., 2.5 in. I.Z., and 0.8% in. thick)} have

<

been tabulated in Table 4,12, and plotted in fig. L.36.

i

More recentiy, amnular ring shear tests have becn
conducted at Harvard University {La Gatta, 1969)%*. The
result of such a test on a sample of remoulded Cugaracha
clay shale (L.L., 156%; P.L, 42¢) has also been shown on

fig. L4 .36 along with cther data on this clay-shalc.

L.,2,3 Bearnaw shale

Peterson (1954), Zeterson et. al., (196C) and Ring-

KAl

heim (196L) describe the geotechnical investigations Zor
« . . . . " . <) ~ . (o -
slope stability in Zearpaw clay shale uncder South bas

katchewan Dam, Western Canada., Geologically, these clay

*¥ Private communication
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shales are sedimentary devosits of marine origin of the
Upwner Cretacious age. 1t is estimated that about 20060 -
2500 £t of sediment has subsequently been eroded; i.€.;
the maximum consolidation pregssure was of the order of

1500 -~ 2250 psi. It contains high Sercentage of mont-

morillonite witi: some pure bDentonitic layvers, The clay

o)

can be divided into three zones; soft, edium and hard
on the basis of physical provertice and it is of dnter-

est to compare tihese,

Soft jarc
Thickness 0O - 20 Tt 1C5 - 200 T
Slickemnsides and clogsely spaced Generally spaced
joints (un to 1/0C in.) at 12 in. or more,
surfaces glogsvy Tfrecuency decreasing
anc wet. witl depth,
Tater conten 29 - 3 % 1¢ = 27f
Ll o0 - 150% Sa7IES
F.L, 18 - 27% same
Clay fraction 3C ~ 65% sane
Indisturbed peak
- . . o . 0
strengtiy: ct osi. #° c' psi. P!
Direct shear
o 0
- .
test 6 28 10 . 35
s s . o)
Triaxial test - 2682 31C,. 5
Remoulded nealk
strengti:
Zirect shear
c . .0
test 1 22 1 15.5
-0 o

Triaxial test 2 15 1 15.5
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A number of slides toclz place in the coft shkale for
basis

vhich attempts were acde to analyse failure on the

of pealk strength, and not surprisingly, no corres.ondcnce

=

B3k

was reached, These gslides, some of which 1wad moved 10 -

for a factor of safe-~

(6]

15 ft suggested a €' of 7 to 10.5
tv of ome, with groumnc water table at the suriface. Because

the resicual streangths were not considered, it was suggest-

%]

ed that effective stress slope otability analysis was not

valid Tor highly plastic clays and the term "instability
faector" was prowosed to account for the apiarant conira-
diction, (Terzaghi, 1960; Peterson et. al. 1260). The low

residual sheanr strengtir could ecasily be attained due to
the presence of numerous slickenscides in the softer clay,
whicihh were probably formed when the large horizontal
stresses were releaced on unloading. The presence of high
lateral stresses has been demonstrated dy conducting an
earth pressure test using calibrated vertical and hori-

zontal steel struts in a gallery (Feterson, 1954), where

al pressure of 100% over-

]
ot
je
Q

thie resultc indicated a ve:
burden and a horizontal gtrecssg of 150% of overburden

pressure, The t'cut'! which released the horizontal »res-
sure tihus causing slicliensides was Drobably the erosion
Eal
4

of the wvalley itself.

lMiddlebrooks (1942) describes similar experiences

in the Bearpaw foruation in United States where the Fort

g

eclz slide was caused in weathered bentonite., Cn an ana-

lysis of this slide, he obtained the required strength

. . e) . .
paraiieters for .5. unity as ¢ = 10.5 5 ¢ = 2.0 »si.
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However, his conccept of total and effective stresses

appears to hHe unsound,.

Hdardy, 3roc¢iier and Curtis, (1962) attempted to
analyse two slides in overconsolidated claye in Alberta,

Canada, by modifying bvasic shear strengtlh equation to:

T = ct =+ (G‘ﬂ -1 - ps) tan #

where p_ = swelling pressure of the soil, on the basis
=)
that overconsolidated soils would tend to swell on fail-

ral

ure, This exprescion is, 0f course, invalid and sho

el

75

6]

little understanding of the nrincinle of effective stress.
The first slide comnsidered was in the Zunvegan slope for
which the general Atterberg limits were L.L. 56}; F.L.
24, w/e = 22%, althougn the limits din the vicinity of
glip plane were L.L. 08C%. P.L. 29, and water content of

i - -~ <
30%. The peaX strength parameters were Tound to be

s

c!'= 0,2 ton/ft2 and ¢'= 21.50, whereas the analysis of

the slide without considering p_, suggested grof 9
P

(ct= 0) for F.S. = 1. In the second slide on Little Smoky
i1t (L.L. = b2y P.L. = 10, w/c = 2L$), the wnecak strength
o . [} [’o ~ (e Wal 2 -+
parameters were £'= 19.5 , ¢ = C.35 ton/ft™, and the

field analysis without considering p_, gave @t = 12 for
Ll

tability. Inn botiz cases, aerial pactograpas had clearly

6]

indicated previous landslideg; Tience the shear strength

at Tfailure would certainly have been reduced from the

peak valuec.
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L,2. Lk ZPierre shalc:

Knight (1963) discusses a sl
the eastern edge of lidssouri Flateau, The only bedrock
forniotion exnosed at the dam site is the -ierre chale,
formed in the Late Cretacious geological period. It is
ay and silts which kac been iithdiliec in-

derivea Ffroix cC

cue to hcavy overbuwden

srecsure. Olides occurred on 1:5 cut glopes Dasoing

- gl o . “ P ] 3 . -~ A - 1
ballite and come illite. lishol (1966/ guoted
results of triaxial tests on Yierre shale conducted by
Tty oyl ) Ry ! C roa 1
Tebb who obtained %' = 7  for strength al
in the stress raange of 220 to 33C psi. liowever it is
most lilkely thet this strengtl would De much larger at
iow effective stresses, esdvecially as the peak strength
displayed a narlzed curvature with effective strecs.

lL,2.5 Pepper shale

The Pepwper clay shale is fissile, noncalcareous
fat clay sandwitched between the older and strong cal-

careocue, fossiliferous cliay sixale and the younger Iagle

impounded. This shale is about G0 £t thiclz beneath the
portion of the embanlzuient where slide toolz place. An

interesting feature is the psresence of two faultis which
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straddle the axis of the dam. Since the faults are not

©

parallel either in dip or in strike, tihey could easily
have had a shearing effect on the Penper shale. At the
crest of the dam, between the two faults, the FPeovper

shale is exposed,

The movemnents, which were net rapid, toolt place

entirely in tihe Pepper, It is of particular interest

to note that the craciting and bulging 770 £t cownstrean
from the axis occurred beforec any significant bulging

on took vplace near the downstream toc of

o
ja]
0
o
6}
ot
]
i.i
ct
H -

the dam about 300 ft Trom the axis. The movement cone-

.
n1s

tinued ox a horizontally downstream direction.

suggests that extensive movement had taken place along

the slip plane,

Cpen standpipe niermomcters showved widespread
diétribution of pore »prcecosures. The pore pressure at
mic depnth of Pepper formatiomn wasc about 70% of the em-
bankment load uncer the axis of the dam. Away from the
axis, the pressure was generally at ground watex level.

Shear strength tests were wmerformed in direct shear ap-

paratus and the following parameters were obtained.
g I

0.4 ton/ft”.

v}
[0]
]
1
1
=
it
—
=
(9]
il

@
(oA
&
e}
O
[»]
ct

Resicual: Toxr envelone drawn through test

,
1 = 12 ton/ft° and 2& ton/ft”,

¢} = 1% - 6% ¢! = 1.6 ton/ftz,

!
Tr
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and Tor envelone drawn through test at

24 ton/ft2 only,

it

gt
n

i

C o )
B 7 - 27 and ¢! = (.

. o o
preformed cut plane tests gave ¢! = 03 $! = 5 - 10,
T

(Van Auvken, 1963: Becne, 1967). The average Atterberg

oy

limits of Lepper shale in this site are L.L. 803 F.L,2Z;
; - . -

natural water content: 17%. The above residual strength
7

data clearly indicates a curved shear strengtir envelope,

The amnalysis of the slide was done on two assump-
tions of pore »Hressure distrivbution. The first assuued
a value of 0,7 at any point on midplone of the Fepper
Fal £ o LR o - . [} nO 1 ol o
oo formation and gave g!' = & (c = O) for F.5, of
unity. The second method assumed that pore pressure at
the base of Pewnper formation, directly under the axis

the da:i was equal to the hcight of overliying em-

iy

o}

bankment, This »ore pressurce then discisnated linearly

to surface groundc water table, as given by a piczometerxr

outside the region of instability. This methnod g

limiting @' of 150. However, an analysis of post-fail-
T

urce embaniment and porepressures gave an average @' of

60

iore recently (La Gatta 1969}, tests done at
Harvard in rotary ring shear anparatus on remoulded
I - . rO ma s
Pepper sheale gave a residual angle of 7,2 . This test

- . - . 2
was conducted at an cffective normal stress of L zg/cwm
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and at a noninal stearing strain rate of ,0C22 in/min.

e case yecord describec azbove is an exellient

example where large displacements uvnder hign normal

N

CEPRN A § <

¢

stress reduceda shear ctrength to very low value
correspondence betwecen test resuits from direct sihecar

tects and analysisc of the slide is re~

markzable.

L,2,6 Test results

b ,2.6.1 Test on remouldcd Cucaracia clay shale

The samplie was found to be aried and decomTosed
due to imperfect sealing and long ostoerage., The remould-
ed sanple a2t a water content of LI ,2%. The stress
placenment curve is prescnted in fig L.3k, Tt will be
) . e B, . o
noticed that g' dromped fro.n: 2L° at pealr to 77 after a

displacement of 2 dinm,, and a subsequcent drow of 0,25

The datn has alse been drawn on‘t/y% against log.

displaceent plot in fig &b

the curve became zZero thus ghowing that residual

wl

strengtin hac been achievaed.

he value of ¢£ = 7.9 is

obtained by Iirsch

=y

icid et. al,

\O

67)obtained a

(1969 ) =5 shown in fig L.36, Jenney (1



101

value of ¢£ = 6.§ for Cucaracha clay shalec in a !'saear
testt!. The material used for ring shecar test had under-
gone considerable alteration due to drying ancd exposure
over & number of years and perhops a direct comvarison

is not relevant,

I . 0
Residual strength: ﬁ} = 7,97,C! = 0O
Incdex properties were: Loe = 62,6

Ten.e = L2 ,6

Initial clay fraction (lecus than 0,002 wmm) = L3G,

A clay mineralogical examination by X-ray ciffraction

revealed the following:

Fuartz 18
Calcite L,
Gyvposum 755

Clay mineral fraction 71%; of which 609 was montmor-

4.2,6.2 Tests on Dawson clay-sihaie {(Chatfield Daui)

B

The undisturbed sample was found to be drxry, hard
and brittle and it was not »nossible to prepare an un-
disturbed sample Tor testing in the ring sihear apprara-
tus. Zence a remoulded sampic was presared as descrii-

ed in chanter 3.

The test was conducted on the sanie samole under

two different normal stresses, The stress displacement



curve is ghown in fig.

tiie clay shale shows a
pendant, The valuco of

-

psi were feound to be

iy

(§39)

These value nay ©

. A0 . . .
of avout & obtained in
This tesct (periorncd by
was conducted at an off
The naterial oroperties
clay fraction icss than

F-ray diffraction {by U

3
>

snowved tihiat the samslc

of ciay mineral

Kaolinite:
Illite:
Montmorillonite:

Mixed=layexr:
clay minecrals

DJominant ion:

Other data on res

clay shales is given by

to note is that tiiese c

mineral content (as ais

a high provorticn of whiich is montmorillonite.

clay shales

fraction
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L .37 from whiclh it is seen that

value of ¢£ which is stress de-

#! ot noviel stresses of 14,7 and

A
- =0 ~ .0 o .
12.5 and <.,2 resnectively.

e compared with o residual value
cut mlane direct sheor tests.
U.5. Army Corws of Engineers)

ective normal stress of $3 wsi.
ore s

= 50‘
!
.., = 229
G.C02 mm = 20%
oo ATy Corps, of IZnginecrs)
containecd 359 quartz and 65%
w.iich wac composcecd as foilows:
11
o,
/’)
!
725
129
Calciunm
idual strength of highly plastic

Zenney, (1967). The wain point

lay shal contain high clay

tinct from clay size fraction),

Some

Cege the Cucaracha and the Pepper have
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seams of almost pure bentonite, It is conceivable that

slides may be trigerred

tion of bentonite,

al. Some

tywpicnl value

off ze a result of swelling ac-

thus reducing the streangth to residu-
5 £

for residual strength of benton-

Material

Sod.
Montmor-
illonite

congsists

with coal seaws
Sinclazir and
aingle of

and bentonites

the »neal:

normal s

interovaedded

orooker

G

tresses

.

the Bdmonton formation whiich

ventonitic shales and sandstone
and bentoinite have becen obtained by
(1967). The effective residual

5 resictance of the Zdamonton clay shalces

A0 .

found to bhe awnwroximately G.bH o, and

0

01 shearing rosistance was also .5 at

above 150 psi,

Clay mineral and narticle size data on iighly

plastic clay shales nighlights the inadequacy of plot-

ting ¢£ ag

vinst clay sizme {raction as proposed by Skenmp-

[

ton (1964} and later adopted by Hutchinson, (1965)

Fetley, (1968) and Chandlcrf‘(1967). Kenney (1667)
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found no such correlation when a large nunber of dif-
ferent soil types were considercd, Two examples will
suffice to illustrate this point. A sample of pure
bentonitic seam from thie Cucaracha contairned almost
100% clay mineral fraction (90¢ of which was sodium
montmorilionite) and only 36% clay fraction according
te particle size determination. The wvalue of ¢é for
this wmaterial at(?é = 15 psi., would bo 5° 50 on
basis of Xenney's results, while ¢% frowm Slkempton's
plot would ve typically 200. On the othor extreme,
Nenney (1967) tested finely crushed guartz with clay

size fraction of 100% and obtained ﬁ% = 35%,

L ,3 Conclusions

From a study of the tests in the ring shear ap-

paratus, the following conclusions may be drawva,.

nraratus is mest suitable for nicas-

1. The ring shear ai

t

L

uring residual shear strength of clays since it per-

mits uninterrunted displacements waereby the clay
particles on the sliv surface can achieve naximum
particle orientation. The multinle reversal direct
shear bpox test gives anparent values of %} which
arce higher than the valucs obtained from ring shear
test. This is due to disturbance of wmarticles ori-
entation on thwe slin surface on reverals, and the
ambiguity of interpretation of cirect shear box

stress-ctrain curves. The direct siicar box test
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curves for stiff clays at normal stress greater than

15 nsi, dinvoariably tend to show anl increasc of shear

strength witi: discnlacement on the second and subse-

s
Y

quent travelis. The observation that polishned cut plane

driaxial tests always give values of ﬁl whicl: are
RS
smaller than those frow direct sheor tests confirms

that the latter do not measure residual shear strength

accurately.

The deternination of residual state by visuval examin-
ation of direct shear stress-displacement curve can
be extremmely misleading. Such 2 case is exemplified
in fig k.14 where case {2) shows the clay at its ap-
parent residunl shear strength wnrile case (b) shiows
the erronecous interpretation on stress - log displace-
nient curve very markedly. Hence it is suggested that
the atteinment of residual state should be confirmed
by plotting‘tﬂré versus log displacement curve wnen
the siowne of this graph should becoumie zerc. The slope
of all ring shear tests drawn on the new scale be-
comes zero thus confirming that residual strength is

being measured,

Very large displacements are required to drop shear

strength from pealt to residual value. Also, samples

o)
6
0
6
o

0

e
o
o)
H

shenred under large effective normal stre
to require less dispnlacerments than those sheared

undeyr lower normal stresses. Typical dispnlacements

for undisturbed blue London clay ranged from about
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20 in. at normal stress of 6 psi, to approximately

5 in. at normal stress of 4O poi.,

he most significant conclusion is that the resid-
ual shecar strength is not necessarily indewendant
of thzc magnitude of effective normal stress., The
residual strength of Weald clay, brown London clay
and the clay shales frown MNortlh America showed mark-
ed cepcndance on stress level while that of blue
London clay did not. The pnrecise reasons for such
a behaviour are not known, The vesidual shear
strength of brown London clay and Weold clay de-
pendant on normal stross level,; was, nowever, com=
pPletely independant of previous stress history and
the residual strength followed a2 unique relation-

,

ship irrespective of the sequence of loading or

unloading.

}ede

n

For long term analysis of stability of slopes
clays which show a pronounced effect of normal

stress on resicdual shear strength, it is c¢ccential

7]

to conduct the tests in the ring shcar apsaratus
at the effective normal stress that acts in the

~

fiecld. Direct shecer box tests would greatly over-

-

estimate residual strength under high normal stresses.

It is probable that there is an increase in clay
particle-size fraction in the slip surface after

a clay has been sheared through large dispnlacements.

This incrcase can be cxplained in terms of particle
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Eal

breakdown, and/or riigration of Fines, and also the

increase in clay mineral fraction.

Highly plastic clay shalos which Zave high clay

.

mineral (esp001ally montmorillonite) cortent would

gencrally ehew low roesidual shear strengtih. This

value would be dependant on the magnitude of ef-

IS S

fective normal sitress in the cases examined,

o

It is suggested that in the absecnce of

=)

o2 ring shear
avparatus, residuanl tests on stiff clays should, if

poszible, be conducted by using polished cut plane

i

triaxial testing technique. Such tests would give

valuecs of residual shear strength which would ap-

et

wwoac the ring shear determination oF ﬁ% more than

the values from direct shear box tests.



Table 4=1

Shear strength on natural slip surfaces (after Skompton and Petley, 1967)

Site Clay 21 Peak Residual
L.L. PoLl. Coile ' ! = '
T ¢ C @ Cr 0 ﬁr
% % % psi. degrees degrees
Walton's weathered ) o
Yood Carboniferons 57 26 59 10 13 13°
Mudstone
Guildford Brown London 8 - - o ¢
Clay 3 32 57 70 12 15
Guildford, Brown London
Dedham, clay 87 %1 56 60 12° 14°
Sudbury Hill.
Sevenoaks Atherfield Clay 75 29 59 8  10.5° 12°
69 29 51 100  15° 150
reworked o o] o
Atherfield Clay 7 o 2% 20 16 16
weathered 69 27 71 60 150 15.5°
W .
eald clay &2 o6 50 20 15_50 16.50



Table 4=2

Results of ring shear tests on blue London clay (iraysbury)

Test No. Normal Shear stress psi. ﬁr degree  Average Average Av. final  Av. displacem. Brittleness
stress  Peak Residual (C;:O) initiald final w/c in to residual Factor
psi. w/c % w/c % shear zone% (ins) %
Remoulded:
RS 1 26.92 10,03 4.5 9.5° 53,35  37.54 - 6 55.0
Undisturbed:
UDIL~-RS2 28.95  13.6 4,78 9.4° 28.7h 33,66 33,0 15 64,8
UDLC-RS3 11.92 3.6 1.97 9.3° 29,02 3%.40 36.20 20 L5.3
UDLC-RSL 5.86 6.2 0.96 943° 29.20 35.,3% 4o.2 20 84,5
UDIC~RS5 Lo.63 1545 6.615 9.2° 28,85 31420 32.0 5 57.3

Index properties: L.L. 72%; P.L. 29%; clay fraction = 57% (less than E/J)

Results of X-ray diffraction at Royal School of lMines:

Ruartz 300
Chlorite 10%
I1lite 35%
Kaolinite 15%

Montmorillonite 106



Table 4-3

Results of other residual strength data on blue London clay. (Direct shear tests, unless otherwise mentioned).

Location and Normal stressi Shear strength psi. ! ﬁ; degrees g Reference
type of sample psi. ?4T%EE“—WM~;mRé%iaﬁéiﬂwf €l =0 |
s s e tim e et e e i e e s s o et e i O B, ' e e e e e e e e e
Ashford Common 64 5 \ _ 11.6° i Bishop, Webb and
cut plane triaxial T § o i Lowd
test; undisturbed, 130 g | 1.5 3 ewin, (1965)
L.L. 67, P.L. 27, . ‘ | } f
C.F. 54% g ; : 5
‘s : ; |
: 1 ! {
vhﬁéfﬁé.éé&;_”__vwwmu., . ST <§v14.6,d4mu?,m 0 ,mus‘_m“,ua2.7o.m“wwwﬁw§

Undisturbed | 31.2 L 15.6 L 6.6 11.9°
L.L. 81; P.L. 33%. : : o)
C.F. 61% f 1.0 13.8
Herne Bay; ; 1%.2 i 5.8 : 240 12.0°
Slurry ! 26.7 ' 10.0 é 5. 12.2°

7 .
L.L. 85; P.L. ; ; : ‘ ? | i
C.F. 53 o 2 ; g g a8 10.8° ; Petley, (1566)

Ledth: : 17.7 | 10.1 L 5.0 15.8° |
| % : |
Undisturbed, | 31.2 L1641 750 1 1380

L,L. 67: P.L. 26; 3 P : . 0 3
C.F. 5192 ? ! L+‘L+‘n7 f 2.2..1 } ‘1.0 : 13.8 ‘



Leigh:

Slurry o
L.L. 70; P.L.26;
C.F. ko %

Wraysbury

Undisturbed
L.L, 70; P.L. 29;
C.F. 53 %

Wraysbury:
Undisturbed

slip surface.

L.L. 74.2; P.L. 30:

C.F., 60%

10.2
22¢2
31.2

"mi:gwum“w

15.0
30.0
45,0
60.0
75.0
90.0

15.0
2%0.0

{ L*"5
| 9.5
| 11.5

11,4
130
231
i 2542
3268
i Bk

2.8
6.0

L 5.7

18.5°
14, 2°
14,8°

1. 2°
4. 7°
12.5°
14,3°
12.9°
10.9

8.3
10.1°

- 17.1°

;

!

i

!

i -t e e A Rt At r— L 4 & e s

? Ararwal, (1967)
i

i



Table 4-4

Ring shear tests on Weald clay (Arlington).

Test Normal stress Residual shear stress g

at o 1 a9 a (".__.. b

stage Gn psi. 'Cr psi. (C = 0)
1 8.9 2.20 13.9°
2 17.53 3.72. 11.95°
3 36.80 6.92 10.7°
b ©.70 2.21 13,49
5 6.22 1.72 15 . 4°
6 6L .72 10.55 9.3°
v 119 1k 19,3k 9,2°

Results of X~ray diffraction tests at Zoyal School of liines:

Parent material Iaterial sgucezed
before shearing through gap on

(i7.6.1.)

in asparatus Shearing

Quartz 20% 183%
Feldspar 5% Lyt
Carbonates 2. 5% 2%
Clay minerals
- (Xaolinite, illite

and montmorillonite) 657% 72%
Initial w/c = 25.2%

L.L. = 65

r.L. = 32

B.S. Clay fraction = 52%

(less than ©0.002 mm)

Clay fraction from

falling drop method = 60%



Table U-5

Ring shiear tests on

undicitursed orown London clay (Edmogton).

Test llormal stress Residual shiear stre
stage vé DSE Ef psi.

1 31.C ho77k

2 15.97 2.506

3 5.63 1.1462

Lo, 5.0 0.912

5 25.73 3.51=2

6 36 .50 5.095

v/ L 4Lg 0.3038

3 2.31 TR0

o 1.0 0.2L6
Av. initial w/c = 31.3%
L.L, = 663 .. = 24,
1) % clay fraction before shearing =
2) ¢ clay Fraction of samsle after shear-

ing =
3) % clay fraction of soil squeezed

through gap during shearing =

SS ﬁ%
(c1=0)
o , O
‘-5075
£, °
5.6 °
16.4 °
o °
1c.0 ©
16.6 ©
12.2 °
13.8 °
B.SQ l?-G‘-I.

method Falling drop
me tihhod

{60%)

(53%)

(509

Results of X-ray diffraction tects at loyal School ofi lines:

Percentage 1) 23
Undisturbed Sample
samnple after

sheairing

Quartz -2 22

Feldspar 3 3

Plagioclasc ly L

Calcite 2 2

Dolomite 5 4

Claymineral 6L 65

fraction

Sample

3}

squeezed

through gap

N

O ==n0O

~3

Subdivision of clay mineral fraction

Xaolinite 23 23
Tllite Lo Lo
Montmorill-

onite 27 2

26
L2



Table k-6

Ring shear tests on slurried brown London clay.,.

Test Hormal stress Hesidual shear stress ¢£ degrees
a ' psi ‘ si !
stage T psi. T, psi. (Cr 0)

2 \ .0
13.1 2.20 9.75
2 9.5z 1,63 16.0°
v ~ o o)
3 13.5 2,30 9.75
Average initial w/c = 40.85%
Average final w/c = 30.5%
L.L. = 68%
Fol. = 25%
% clay fraction (5.8.2.) = 6L

% clay fraction (falling drop method; M.G.I.) = 63%

Resulits of Z-ray diffraction on initial samplo:

Quartz 214
Feldspar 555
Plagioclaac 3%
Calcite 29,
Clay mineral fraction 69% - of which
Kaolinite 239
Tilite 49
Montmorillonite 205



Table L=7

ﬁ; for brown London clay tested in direct shear box.

Location Sample L.L. P.L, C.T ¢; Pressure range é Reference
L2 j(cr=0)  psi. |
e — e _ S R | —
Hendon undisturbed 82 %% 50 140 0-50 i
17° 0-10 i
slurry N.C. 80 35 6l 140 0-30 | Petley, 1966
slurry O.C. 81 3% 56 13° 0-30
Herne Bay undisturbed, 79 30 67 1245° 0-50
slurry
Brentwood undisturbed 72 28 52 140 0-40
slurry 77 29 55 130 ;
o !
cut-plane 72 23 5% 12.5° i
S — B o ____.,f-_b o areninn e e
Guildford ;
Dedhan siip 87 31 56 e | Skempton and
Sudbury hill surfaces . Petley, 1967
Edmonton undisturbed, L3 21 Lo 130 i Petley)1969
1

cut-plane ‘ | ; . (unpublished)



Some typical effective normal stresses

failure surfaces in natural slopes in brown

clay (after Delory, 1957 .

Location Age atfailurec 9!

vears S

Wembley H4ll 13
Park Village Zast 16
14111 Lane 28
Northolt 35
Sudbury Iill Lo
Hensal CGreen 53
Wood Green 55

Upper Zolloway G

acting on

on

London

failure

uvriface psi.



Table 4-3 (a)

Some typical cffective normal stresses acting on
fajlure surfaccs in London clay and VWeald clay,

(after James, 1970).

London clay sites: Average Age at
normal stress failure
psi. yvears

Northolt 5.05 35

Vembley Hill 20,5 13

Upper Holloway 5.78 32

West Acton 2.26 - 2,64 L6

Tulse Hill 5.0 - 5,483 101

Grove PFPark L,35 a8

Dedham 3.93 - k.5 112

Hingsbury 2.51 15

St. Helier 5.35 22

Crews iiill 3.68 Ly

Althorne l,25 70

Cuffley L.6 Lo

Hadley Wood 3.06 - 5,96 90

Whitstable 0.826 - 1.k& 9%

Grange Hill 6.75 (50

Isle of Sheppey 2.7 - 3,36 & -

Bradwell L.,32 - 9,36 O

Yood Green 10.6 55

Sudbury Hill 5.15 ho

Weald clay sitcss

Hilbenborough L,z 68

Barlswood 10.5 68



Summary of x.T.7T

i

Table L-12

resulte on shear testing of re-

moulded Cucaraciza clay gshale.

lo.

Test type

Ring shear

Direct shear
Same as (3)
Ring shear
Se

Direct shear
Same as (7)
shiear

Sirect

Same as (9)

iTo .

saears

of

Av, rate of
deformation
in/dey

0.02-G.07

o

.07

G.C7

Total
aisplace-
ment

ins,

C.C6

1.12

Total
Gaye 8
T
]
°3  9.1°
2
7 9.1°
1/l
3¢ 10.2°
2
27 10,2°
1
16 9.60
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CHAPTER 5

Microstructure of shearec clavs

5.1 Introcuction

The laboratory study of the structure »f clays can
be made on threc scales: the macrosconic, the microscopic

and the submicroscopic. The macroscopic structures are

those that can be viewed by a nalted sye and the cffocts

Y

1

of such strvctures as Joints, [fdissures, bedding planes,.
intrusions etc, on the engineering vronertics of soils
are now well apprsciated (sec, for exampler Bishop ete,
al., 1965, Duncan and Sced, 19663 Bishop and Little,
1967). The microstructure is onc which réquires the re~
solving power of an optical microscope and includes such
features as post-pealr failure shear structures, shear
planes etc, However, to observe the soil structure at
the submicroscopic level, for¥ example particle to part-
icle contact, it is necessary to examine it under the
electron microscope. Increasing use is now being made

to study the microstructure of soils to explain their

fundamcecntal mechanical properties,

Clay particles are generally colloids, shaped as
thin plates or rods and arc surrounded by adsorbed water
layer {Lambe, 1958; Bolt, 1956; Roseanqguist, 1962). Soil
structure is built ur as a result of negative and pos-—
itive charges operating in the clay - water - electro-~

lyte domain. There is evidence to suggest that negative
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charges are present on clay vnarticle surfaces while pos-
itive charges operate on the particle edges (Lambe, 1958;
Rosenguist, 1950; Van Olphen, 1963). The exact nature of
the structure and properties of adsorbed water layer is
not understood, tiiough it is well established that its
structure differs from that of ordinary water {(Mitchell,
1956)., Low {1961) has presented evidence that the ad-

se and more viscous

)
[&)]

de:

]

sorbea water is more ordered, les

reached Jjust the

~—

than ordinary water while Martin (1962

opnosite conclusions,

Orientation of clay particles can talke place in
two systems -~ dispersed and flocculated., A dispersed
system consists of clay vpnarticles in paralilel arrange-
ment while in a fTlocculated system, the clay particles
are randomly orientated as a result of attraction of
the negatively charged particle surfaces to positively
charged ends of other wbDarticies. The depositional en-
vironment of the sediment is a controlling factor in
malking up the fabric of the particle orientation. Ience,
if the secdiment is deposited in marinc conditions (wiere
the electrolytic content of the medium is strong cdue to
salt concentration), then a flocculated structure would
predonminate while a dispersed structurz is a character-

stic of clays deposited in freshh water environment or

Pl

samples prevared in the laboratory using distilled water.

It would be wreadily apparent that a clay with parallel

particle orientation in a horigontal direction would

ter horizontal permeability, smaller com»dress-

5]
£
o}
£

il
M
9]
w

ibilility in the vertical direction and smaller
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horizontal shear strength than a clay with Flocculated
structure,., litchell and =Zouston (1969) have recently

. I - of. . . . .
considered the efiecct é@ight cheniical and physio-chemical

processes which can affect the sensitivity of clays,

Lorgenstern and Tchalenko, (1967) and Tchalenko,
(1967) studied microstructures associnted with shear-
ing using a polarising microscone, Thelr main conclusions

(after liorgemstern et. al,, 1969) are:

1) the structure at residual strengtih: is not simply one

[l

riented in the directiorn of motion but

of particles o
is also agsociated with a comerescion texture in

which ti:e basal planes of the particles are apiHrox-
imately normal to the major principal stress, i.e.,

t is inclined to the direction of movement. General-

B

ly, the compression texture is finer, with less homo-
geneity than other structures in the shear zone. The
compression texture, whicli has two bounding principal
displacoment shears, has bpeen found in both natural
slip surfaces where it occurs ul to several mm in
thickness (Morgenstern and Tchalenko, 1967) and sam-

ples sheared in the laboratory.

2. Most natural stiff clays have a moderate to high
degree of oricemtation as a result of large overburden

pressures, (This is not necessarily true for mont-

morillonitic clays).

3+ Shearing of clays is discontinuous at the level of

observation of an optical ricroscope, although the
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visual examination of a highly polished slin surface

nay suggest it to be a scmooth plane.

L%

The polarising microczcope worlks on tihe principle

3

that most clay minerals ave birefringent, i.e., when
rotated, ithey alternate through extinction and illumin-
ation when vicwed through cross nicols of the polarising
microscone, "When a random aggregate of clay particles
in thin section is rotated, no variation of tramsmitted
light intensity is found. Zut, as the degree of orienta-
tion is increcassc¢, the birefringence of thie aggregate
converges on to that of the single »article. Therefore,
the rntio of the light transnitted in fthe extinction

@,

position to that transmitted in the illumination Dos-~
ition is a measure of the dcgree of oricntation of the
aggregate of clay particles", (Morgenstern et. al.,

1969). The ratio of the minimum to mazxinum light inten-

S

.

sity through the crocs polars ac the thin section
rotateda is termed the birefringence ratio (ﬁ) and is

measured by a photoelectric cell.

min/1 max, c&prild

12
.
®
P
1
!

for verfect particle orientation,

)
l
o

and ﬁ:: 1 for random »article oricntation.

In the wnresent study, usc was mace of both the
polarising microscope and the scanning electron micro-
scope. The latter has the advantage that the clay part-

icles can be viewed in three dimensions under very high

. . N - - - . \
magniiications, if so desired (See also Gillott, 1969;.
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However, it should be mentioned that as yct thers is no
method of quantilfying the degree of particle orientation

in the electron microsconk. Roscoe {(1967) khas used this
technique to observe clay poarticle contacts in shear zones
and consolidated sammles of Zaolin. Gillott (1%69) has

described the observation of a number of fime grained

e contacts oand the

O

rocks cspececially with regard to parti
nature of cementing material along grain boundaries. The
author observed that clay particles in the shear zone

k)

an

tey
©
G
o
o)
=
},_I
o)
H
S
o
‘{:“ i
o'
H
o
"I
o)
o}
o)
o
P
<
vl
C'l‘

generally appeared to
particles in the unshearcd wmaterial (plates 5.2 and 5.3).
However, it is readily admitted that this ic only scui-
gualitative evidernice and a statistical court of w»article
size on mary microgranng would be reguired to confirm

this oboservaticn.

5.2.1 FPrernaration of thiin sesctions for ontical study

One bagsic requirement of any acceptable technique
of thin sample preporation is that it should not alter
the optical vropertics c¢r the fabric of the materizl.
Many im-regnation technigues have beenn utilised with
varying degrees of success by several authors. The i~
pregnating agent usually fills the pore s5pace previous-
1y occupicd by porc water and then hardens to bind the
soil together. Weatherhead {1940} and later Weymonth
and Williamson {19%3) prepared thin section by inper-
gnating previously dricd soft rock and kaolinite surface

by pyroxlin, Frrciiminary drying of soil surface induces

a large shrinkage in volume, thus resulting in the
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alterattion of clay fabric.

Kosenquisgt (1955) impregnated some soft Norwegian
clays with sulvshonated alcochol at GOOC, and the sanmple
was then cut withh a mdicrotome at a temperaturce of -1OOC.
This method results in an extroaely smalil thin section
and any coarse intrucsion of silt or sand in clay makes the

use of a microtome rather difficult.

o

Carbowax 6000, a high molecular weighit polyethylenc
glycol compound, has been successfully used by idtchell
(1956), Quigley and Thompson (1966}, iartin (1966)
Tchalenizo (1967). Carbowax impregnation does not complete-
1y eliminate shrinkage cffects. lidtchell {1956) consider-
ed the shrinkage effeccts to be negli

paw J

giblo. Quigliey and

’ - —~ i -
Thompson 11966) reported a linear shrinkage of 7.2% in

P

the horizontal direction and 8.4 in the vertical dir-

ection in imrregnated Leda clay. Tchaienko (1967) has
measured external horizontal shrinkage of 6.5% and aver-
age external vertical sarinkage of up to 9.80%, on im-
pregnation in laboratory conscliidated samzles of koolin.
However, there is strong evidence thaet shrinkage does not
affect microstructure. The thin scction nrcumrﬂd after
imnpregnation docs not show any signs of distur

the most delicate shear features when viewed under tiie

0

microscope. Furtiher, iartin (1966) has shown by means
of direct mcasurenents that shrinkage has negligible

effect on the degree of particle orientation.
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The advantage

llows

be summariscd fo

as
It mdnimiscs volume

its optical propertics arc

interfere with the ontical

{

Tchalenko, {1967) observed

effect on areas conmtaining

crystallised Carbowax 6000.

3)

alter clay fabric,

Since Carbowax 6000

soil, a largcer

any cutting or disturbance

shrinkag

Normal grinding of dmpregnated

(iitchel

sample can e

114

of the usc of Carbowax 6000 may

such tihiat they do not
oroperties of clay.
1o overall birvefringente

]

everal

samples does not

I

5

X z

1, 19563 Martin, 1986).

stabilizes a large wvolume of

impr ¢ so thaoat

cgna

effects on the sicdes of

the samvle mey be eliminatced by subocquent grianding.
5) This technique docs not require any special working
concitions or avniaratus.
Sampling
Some segrents from the ring shear samile were cut

carefully by a cheese~cutter. Tchalenko

(1967) recommends

that samples with Ldgh moistuare content or those which
tend to disintegrate on impregnation chould be imnre-
gnated dn plactic frases or woulds, The direction of

shear and ident

scratching th surface of

nunber were clecarly

marizcd by

the clav,.
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Carbowax 6C0C was in an ov

1 e O L‘o A Jo U — 2 .
at a btemmerature of 607 - 65°C, After tie metihod recom-

- - N ~ N - - + -

mended by Lartin, (1762) tixe ton edlge of the sommle wos
kest frce of Carvbowarx and the evaporating dish wag cive
ed to wreserve Carbowax vapour, for tie first bk hours.
After this pericd, Carbowax was renewed to submerge the

cn

samnlz iz solution., The was raintained at this
ure from 7 - 10 davs. ATter the it .regnation was

thought to be completoe, the sanple was renoved Irom
molten Carbowax and allowed o cool and harden =zt room
temperaturs.
Grinding

Grinding wos domne LY hamnd on different gradrs of
coarseness of emery parer, (from coarscr to the Tiner).
raraffin was ussed as a cobﬁﬁjg and grinding fluic, Caxre
shouwld be toaken wiile grindiang to encure thot no undue
pressu was fimal-
ly groun srinding
Dowaey gently wined
with polishing cloth and icft for 2k hours for drying.

The sowkle is now ready Tor mounting.Pchalanizo
found that & mizture of exvoxy resin adhesive Araldite
A.Y. 103 and Zlardner Z.7. 951 in proporiion of 100 wmarts
{(by weight) of Araiditc %o 10 paris of hardaer was most
suitable for aiffizxing the clav surface on te a glass
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3

foxr 20 minute

mizture i

to cnsure
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5 mixed and vacuuir cel

that

mignt have boenr introduced during the mixiing stage are
removed. Lt is tiien cvenly soread on to o glass glicde
wihich has pxeviously bteen clizoned with methvlated spirvit.

23 ey >

The samnle is
rresoscc so as to
nesive has harde

tation signs can

introcuacad

[

PQIAOVEe
s b
el (uoual

bo

A gpivdilarxr grinding zrocess ig then reosecated on
the othor side when the thiclinegss iz so omall as to wake
the clay transrmarent, the cover olide is allfixed uvsing

0]

tihe

&

o

m

eactTron

aiter

— e
shearing

in the

T~

L

Q‘dj ¢

not to touch the

pPle was noext itej

samole was then
L

the adch

(G

Jn

scanning

Laing a cleavoge.,

Ao

g of DIlue London clay ana Weald clay
the ring =shear ancaratus were ob-

ol
[

lectron-microscone,

it wns frac slong the re-

Since tihe stud on

Licrosecore

in the clectroin-

4 o I
dg ArIZaxoed

t=

) c
area whiclx is to be examined. The cam-
t in vacuum to deair for LG hours. The

means of 'Durafixt,

stub

54

the sides of the cuboid



not to be vicwed and tihc top of

with !'silver dag! sussension, Thea

the

117

stub were coated

atomiser was next used

off . . Y g
to blow any stray soil particles and the stub was mount-

. ; . o : .
ed in the vacuum coating system,100 A of gold preceded

o} . o J.1c0
by 150 A~ of carbon were sprayceé at an angle of L5 on

the face of the cuboid whici: is to be vicwed., Th

ing was donc under o vacuun of 1
now veacy Tfor viecwing in the

scope.

Ut

0"

(3]

SVTAY =~

torr. The speciment wa

scanning c¢lectron-micro-

5.3 Observations on thin scctiongs
5.3.1 Undisturbed sawmple of bluc London

This sample was sheared in the ring shear

at a nominal wvertical effoective stress of 30 poi
section was prepared after the sample had

to a shear displacenient of about 52 in.

.

]

comblete slide is shown in i

G

The planc at the middle of

shearing ac commenced, at least
become separated and a crack is
is filled with Carbowax, it st

tion. This is very lizely due to

by the samplce during removal fro

(%1

I N

the
in

form

(<]

&

bcen subjected

A sketchh of the

sample along waich

ar

T

-
v

{

lv stages

Since tha

H

[

(21

[é

3

crTr

2

clc

nave preccded impregna-

m th

2

ring shear

tus. The cracic is typically 30 - SO}Lwide.

Mg 5.1 shiows the shecr mone,

casily dis

o

.. A
tinguish

in the thin section from surrounding material which is

bounded by two principal diswlacement

shears, AA

an

"

ed

38,
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long, storting fro one

The shenr monc is about 27
cnd of the scction to the moint where the two shear nlanes
AA and 3E converge, The width of the shcar zonc varies from
about 1 :am at the end of e scction to about 1.7 mm in

o typicol wvalue of approxi-

e}

the middle and decreasing €
mately 0,6 mm in the region where the upser discontinn ity

merges with the lower, The uoper prircipal displacement

shear is typically BP wide.

of a large nusber of sccondary structurces. The R-type!

~ .

sub-structures (shown on Tig 5.1) are typically oricnted
, . o o T . .

at anglcs of 207 - 30 withh rosocet to the lower shear

plane B-3. The 'R-tyoe! structuxes becoric more steep,

- ~0 . . . - . -

about 357, in the region where the uiper shcar plane

(or shear discontinuity) converges with the lower. A

few 'F~type! structurcs are also orescnt., The 'Retyne!

structures could e Riedel ghears wvhich might have been

Tormed at or avound the peak state but have survived the

large dédisplacements and arce now pascive in response to

the large strains at the two boundarics,., Tic sccond pos-

sibility is that this is a new type of structure, not

i~

hitlhwcrto obscrved, whiclh: form:

0

at very large ostrains

and is perhaps in a Drocecs of continuous formation.

Two arguments can be advanced in supnort of tihe second
possibility. The anglce of inclination of thesce structures

is much larger than ﬁé/z for tiis cloy and ence they

¥Measurcments of angles arc pogitive in the counter-~
clockivise scnsc, This is also the sensc of the shear-
ing couple in all plates and figures described here.
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could rot be Hiedel shears. rFurther, the 'R-type!
structures do not beyond the shear none as

would ho exvected i they weroe liecel si.ears.

The interesting Hoint to note is that the ateri-

-

toly remoulded an

al in thce shear zone is5 Ot
structureless. The fact that the sub-structure anc

baen maintained in thoe shear zone even after very large

6]

<

1isplacements, sugsgests the the material in the sihear

zone moves len-~masce! on either or bhoth of the silip

surfaces AA and 33, An examination of the region a-

Cf%

round a large silt pocket just above thc up.er sacar
surface suggests that ctraining has taken placce along
this surface., The silt pocket is not itruncated by the
sli- surface and thie silt particles tend to be dragged

along the displacemcnt discontiaunity in a fine streak.

@

1. The

R

This feature ic shown on detail inm plate
larger white snots in this photomicrograrh are quarts

crystals.

The birefringence ratio, ﬁ of the material awvay
from the sghear =zonc lies between .7 to

content

ratios being oktainced in areas with
and hence these are mrobably not the true birsfringence
ratio for the clay. The average birefringcnce value in
the shear zcence ic avnosroximately C,55, indicating a medci-
um to strongz narticle orientation according to the semi-

guantitative scalce proposed by kergenstern and Tchalenlko,

by

(1967). Cowever, it is of intcrest to notc tiiat there ore

shicar sonce whoere the birefringence

1

a few vpnatches in €tie
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ratio is as high as in the matrix away from the saear

84

zonc. This indicates that not all the material in the

tent with ob-

S
(6]

shear zmone is highly oriented and is cons

sexrvations made on other sli surfaces. The B'value in

H.
o)
o)
c'
o
o
o+
Q
2
|

the silt pockets 0.0, dec., the orienta-

tion is the seamc as e clay away from the shear

There is some evidence to suggest that some part-
icle brealidown oxr migration of fines takes place on
shearing under large diswvnlacemente., Under the optical
microscope, the general texture of the material in the
shear zone was very noaiogeneous as coumpared to material
on cither side., There was a noticable presence of more
coarse grained aggregates (eg. quartz} in areas outside
the shear zone, Platcs 5.2 and 5.3 show scanning clectron
micrographs of thiis sample both inside and away frem the
shear gone, The two micrographs were taken at almost the
same magnification, and show that the average size of
clay aggregates is much smaller inside the shear zone
than away from it. The gengral apncarance of the two

plates aliso suggests thiat there is rmore varticle orient-

ation inside th¢ shear zone.

-

A thin section from the shear zone in Veald clay
at Arlington is shown in fig 5.2. The sample contained

numerous shear plones and discontinuwitices, genexrally

s

horizontal, as a regult of shearing in the field. The
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birefriyr iies vary frou 0.92 to 0,23, i.c., the

»0.: random to o

7y

narticle ovricntotion

criation shiows thaot strong rarticle oricntation was

only exceptionally achieved in Limitod areas, probably

-t only thcsc local arcas had achicved the resicu-

~orticle orvientation

14

ey ey ] - —— ) . o~ s ~
D N0YLEOIITOL DS SN0OWIL 1 Z1E. D eze

Two distinct tywsec o0 gurdace texturce could nasily

e,

be observed under the polarised light, The arca enclosed

by tiis dotted pattern had a distinet 'mosoic-typoe! text-
Vi

homogeneous. The mosaic tyne texture appearcd te consist
of coarser vparticle ag
birefringence measuroments shown in fig. 5.2 that it had

Jeszexr sarticle oricntntion than the Zemogoncous tyse

texture. ZJowever, the bircfringence ratio of individual

mosaic components, talzen under high nagnification is low,

at eitihcr particlec breal-

o)
[

about 0,35. It is poossinle
down or at lcast breakriown of coarse aggregotes cccurred in
the honogeneous ctructure or thwat thoere has been o mig

ration of
texture, subsecucnt to which thie coarscr articices
vet larger aggregates. Zowever thoe oriyinm of the two

types of texturcs cannot be conclusively determined un-

til infeormation or 7

itional conditions and tie

origin of skcar cone are

dotted rectanglie in fige 5

o
&



and tho mosaic-tvoe

nlate 5

e

textures in the upper and lower hall of the photogran:

are casily cistinguicizcd.

unowf ZOno ;Ulthb“ tbctOd

The complete thin szcction is shown im fig. 5.3. This
sample had undergone o ncan averags displacoment of 67.2

n., under various normal loads in the ring sinear appara-

e

us, Since the original sampsle was from a natural shear

ct

-

zone, the thin scction had o number of natural shea
plancs and discontinuities as shown by the cotted iincs
in fig Y.3. For the same reason, the overall birefring-
ence values arc generally lovw indicating medium to strong

varticie orisntation,

ie distinctly vis-

The shear zone, 1 - 73

iple in the thin secticon and is bounded by a number of

taken place along sciiez of these plancs dznonding on the
magnitude of the effective normal stress and tho nosition

of the gap» between the confining ring and the sample, The
finel height of the sccection was smaller than the initicl

as a rosult of conscliidation under noraal stresses

ry

up to 120 psi. and sguecze thirough the gap, The scanning

Ee)

eloctron micrograph in —late 5.5 shows the horizontal
shear zone in the middle bounded by relatively dintact

material on eiticr side. The structure in the shoar zone

appears te show higher part 5 orientation in the direcction

"

[EN
=

C
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of movement than +the structure in the more intact clay.
The shcear zons is shown in greater detail in fig 5.4,
The most pronounced shear plancsalong which most of the
movernient would have taken »lace have been marked as X
and Y in fig 5.0. 4 shotomicrograph of the primcinal
shear plane X is shown in plate 5.6 whcre its width
was measured to be about 24 M. owever, the principal
shear plancs are not so clearly visible at all »nlaccs.
At somc locations, they become extreomcly csmall in width
and their presence can be detected by observing alliied
shear fentures as shown in plate 5.7. In this case, the
band of organic matter ghows clear signs of shearing and
a carcful cxoamination reveals cextremely fine principal
3

displacement shears running above and below the organic

matter,

A very proncunced feature of thoe shear zZone is the
nresence of a compression texture, in which the clay
particles ore strongly oriented, This ic shown in plates
5,8 and Y.9 where the organic mattiter inside the compres-
sion texture gives tice direction of 7oarticle oricntation.

There are a series of bands opaced at about 0.05 wm, in-
side the comprecsion texture. Tho compression texture is
congidered to he indicative of very large displacemeonts in
waich the basal nlancs of the particles are approximately
normal to the direction of the major principal effective
stress (Tchalenko, 196{; lMorgeastern et. ol., 1969). Be-
low the compression texture lies a kind

wlobe ¥,10. Similer combination ofi compression
- o

0
-

snown in
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texture and kink-band has been found in thoe deolton's
Wood shear zone by Tchalenio, (1963) who also showed
that the compression texture is brought about vy the
interaction of the microsconic chicar discontinuitics

cforintions

0,

and kink-bands which forrn in simple shoear
taken to large strains. £n example of tho extrome part-
icle parallcelicm that can be achieved in a comprecasion
texturc is shown in the scanning clectron micrograri,

plet

plate 5.11.

Lhove the pricipal disvlacement shear X the struc-

ture has mosaic-type features while below Z, the struc-
ture is more homogencous, (fig 5.&}. Dome patchcs of
mosaic=-tyne texture are also found inside the shear zone,
These features are similor tc those found in the natural
shear zonc. flates 5,12 and £.13 cihow the homogencous and
the mosaic~type texture, As mentioned cariicr, this &if-
ference in terxturce is conzgidered to be caused eithicr cue
to migration of fines or due to brecakdown of aggregates
or a combination of both. This fenture ic otherwise

hard to explain and is found in both the London clay

'

and the Weald clay when sublucted to large displacements.

5, Sumnary of observations

In all thin sections of samples tested in the ring
car apparatus, an easily distinguisned shear zone 1is
noticed, which may be up to 3 zm wide. In every case,

at least two princiwal displacement shears have been



observed; their number may increase if the sample is
tested under a wide range of normal stresses. The
principal displacemrent shears may vary irom about 5

to 50 microns in width. Principal shear planes much
larger in width than those nroduced in the ring shear
apparatus nhave been noticed in the Tfield, Morgenstern
and Tchalenko (1967) observed a dominant chear plane

up to BOO}IWide in the shear zone in brown London clay
from Guildford and displacement shears 8 - BO}Lthick

in the Atherfisld clay at Sevenoaks,., It may be mentioned
again that even after very large displacements the prin-
cipal displacement shears are not perfﬂct "planes" and
that sub-structure still exists in the shear zZone, A
marked difference in texture of the sample on cither
side of the shear zZone has been observed which may be

due to particle brealtdown or migration of fines. The
observations in the scanning electron mic roscope sug-
gest that there is a breakdown of particles in the
shicar zone and a Jdetailced study on this aspect is nced-
ed., Host of the structure observed in the vring shear
anples {e.g. compression textures, kinlk bands) is
similar to that af samples subjccted to small strains
in the direct shear box avparatus. Hence the diffsrence
’ E
between ﬁ% at small strains and ﬁ% in the ring shear
apparatus cannot be <2xplained by 'structure! aloune
although migration of fine clay minerals, particle

breakdown and highcer degree of particle orientation

may account for the differcence. This dis in contrast
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-

with the difference betwecen $! and @! which i
[ -

©

strongly reflected in the resvective structures,.
A systematic study on the optical and electron
microscopes coupled with chemical and A-ray an-

alysis is therefore reguired to study tiie struct-

urc at large strains,
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Tensile strength of clavys

6.1 Introduction

The practice of neglecting the tensile strength of
soils in most stability calculations has lead to an al-
most complete absence of test data on the behaviour of
soils in the negative effective stress range. 1t appears
thaf drained tension tests may provide an insight in
tcementation bonds! (Crawford, 1963: Bierrum, 1967; Conlomn,

1966) and alsoc azn explanation for the differences in be-
&

haviour of undisturbed and remoulded soils,

The wresent study of tensile strength of intact

London clay was inspired by Bishon's (1967) contribution

N

to discussion on nrogressive failure. e noted that a slip

|-

surface does not by-pass intact luups and progress along
fissures only. Tre intact clay is observed to be shizared
and the »rogressive failure mechanism could be similar to
that suggested by Griffith, (1921) wiiere the crack pro-
pagates as a result of small local stress concentration,
For such a mode of »rogressive failure it is essential
that the material s2011d be able to withstand scme tensile
stress, Since there was no information about drained ten-
sile strengtiz of stiff clavs available in the literature,

it was decided to investigate it in the laboratory,
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Griffita's theory, (1221 first ceveloned forxr

©

1

ure in tension of glass, is an important tirecorvetical ad
vance and provides a convenient method for the study of

tensile strength of materials,

6.1.1 Basic concents of Griffith'c theory

IfCTH and Q‘B are major and minor »nrincipal stress-—
e¢s respectively;

and —‘T} denotes tensile stress,

and € the angle of failure plane with resoecct to the

major principal stress, tren, Griffith's theory states

thats

= 0, when failure occurs at T = -(i"t and

3
G = C., and, (6.1)

(2) ir T, ot 3<T3) ¢, then failure occurs when

Clausing, (1959) and Hoek (1969) nave shown that

bpoth Mohr-Coulomb theory of failure in shear and Griffith

Xl

[

ai

)

theory of failure in temnsion yield the same ure plans

¢

6. If T and U are the normal and shenr stress on a fail-

e 1
&

ure plane, then Griffith criteria is represented on a

Mohr circle by the relationshiip:

T2 - g, Pona, 9 =, (6.14).
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The Mohr failure envelope atT= 0 will have a2 radius

Wolr stresc circles which

]

of curvature of 2'3%. Hence al

fall within the absve circle of radius 2(?% can touchh the
Griffith ruvpture envelope only when7 = O, and.ga = q;.

Eal

Zence, a pure tensile Tailure can only tae nlace il

1 t
A} - PR I 3 -
Brace (1960/ extended Griffith's theory to talie
into account Ifriction operating in tie cracks, which are

supoosed to close under o state of comnressive stress. fe

pProvosed:
T=- 20y sy, (6.5,

where}i: coefficiant of sliding frictiozn in cracln surface
(or the tangent of the angle of friction, say, along o

microfissure) .

- + ., 4 . - - . . e
Zoelx (1965} derived the theoretical relationship
betweenfr¥ and {t in terms of‘ﬁz, the unconfined compression

strength asc:

i g
T = i (

° Jlad)-p

62N

.

[528
~—

6.2 Strensth of rocks in tension

.

Very little woxr! has been donz to investigate teunsile

strength of soils, although tests to evaluate tensile
strength of roclks have been developed in the field of rocik

mechanice, One of the most comuion method is to subject the
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unjacketed sample of rock to a uniaxial tensile pull,
Brace (1964), lurell {1965}, and Eock (1965 )have used
neclzed "dog-bone" shaped snecimens in trisxial extension
with a view to reduce stress concentrations at the ends.
Another comnon metizod is the 'Brazilian test' in which
a disc is subjected to uniaxial compression and the
tensile forces so gencroted ares calculated using an ana-
lytical solution Zased on theory of elacticity (see for

example, Jaeger, 1962). licbbs (1964} has modified the

oy

1Brazilian test! by diametrically compressin

with a small concentric hole. Approximate gsolutions are
then obtained by z2lready imown solution for a solid disc

diametrically doaded between knif

2

e-cdges and Firsch's

(1&98} solutions for stress distribution along a circular
hole. Jaeger (1932} has given solutions for deteruining
tensile strength from hollow cylinder tests in wihich the

Sy

vle may be gubjectzd to external and internal 2ll round

[

pressures as well as an axial stress. Table 6.1 shows some
typical values of commrecsive and tensile strength of some

rociks., The agreement between measured t

[©]

nsilce strength
and that calculated from mocified Griflith criteria

(ea. 6.€) is gencrally good.

6.3 Strength of soils iz tension

Attempts to measure tensile strerngth of soils have

b‘l

beer mainly confined to disturbed and recompacted soils.

Zaefeli (as reported by Tschebotarioff et., ai. 1§

\)’1

3, and

Haefeli, 1551 ) conducted carly tension tests by
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subjecting a reconsolidated soil specimen to centrifugal
tensile forces. lowever the deteriination of stress/strain
relationshins coes not anncar wossible by this method.

he used 2 triaxial apparatus in which fixing of

o

ends to plattens was achieved by freezing.

(ol

o . . b / [N
Tschewotariofs, Vard and De-Fhi’linnc {1955, car-

=

)

(6]
]

ried out tests to determine the tensile strengtin of
compacted montmorillonite, illite and xaolin andc other

artificially preparsd soil mixtures.

Corresponding tests were also donc to determine
strength in shear but it is not made clear whether those

tests were drained or undrained, It appears, nowever, that

these are more liltely to be undrained tests.

O

The apparatus is shown schematically in €

The sample ie in the shape of a large bricuette and the
arge size permits the soil to be compacted by Proctor
compactinn, One end of the specimen remains fixed and
stationary during the test, while the rest of the sec-

tion can uove on Frictionless ball bearings. The side sec-

tions along the central 18 inches lengtir of sample are rve-
moved during test and strain measurenents are talien along

this gauge length. They concluced that hisghest tensile
strengths and the largest failure strains of »nure clays
were obtained for montmorillonite and the lowest for

T L.

that "the angles o

Fy

some natural clay mincralc and of sand clay mixturcs waen
determined from llohr circles of uniaxial tension and

compression tests are considerably higher than the angles
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usually congidered possible", - clearly implying the

existance of a curved ilwohr failure eanvelope,

- - - . N -
Hasegawa and Jdizeuti (1’0&) also tested compacted
clavs in tension under undrainced conditions. The sa.dles

were compacted in 'deg-bone! shaped moulds, 19 cii long

the widdlie wnortion., Tensiie pull was

hooks buried in the coil.,

Suiztlje and Zruovsel (?055) conducted hollow cyl-
inder tensile tests on the lines of solutions presented
by Jaeger (1962} as mentioncd earlier, but no results

have been pubiishecd,

Frydman (1967, conducted indirect tension tests
on stabilised scil iz the moanner of tests cone on con-

crete and showed that thze tensils strength in terms of

o

total stress was in reascnable agreement to that pre-

Only one drained tension

s}
[6)N

N
~3
o
fud
6]
:\:
o
|®]
2
Q
3
o}
ot
o}
]
Ul

have becn published (Conlon, 196¢
clayey silt of low plasticity {(L.L. 20-2%; Z.I. 3.7-4.6;
clay fraction: 26 - 34%) when a slidc in Toulnustouc

River, Quebec, took wvlace. The sample for these tosts

was ncecked in the middle and it was 1eld firm on to the

1.

end plattens by using clamps and fine emery paper to »ro-

vide the grin. The 3 inches long =sa failed in 10

[l

hours at an elongation of C.01 inch and showed a tensile

strength of 2.4 psi.
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comwlete lack of data on drained

[
K a
&
6]
9]
3
V]
[
5
“
t

(—i.

tension tests lead to worz being carricd out at Imperial

College. A new method of holding the sample firmly to the

hN

end clamps was cvolved. The

(a0
¢

plattens, without the u o

&}

theory and the tesf were briefly described by Bishop anac

Garga, (1969) and will now be mentioned.

witih a reduced

action of an axial tenmsile force T wien the average ef-

fective stresc at the cends of the saple (section 31 and

E?) érops to zmerov. At thhisc stage the axial eiffective stress

taroughout the central section will be unegative and the

magnitude of this tensile stress will depena on the ratio
of end-section and mid-scection arcas.
Motation:
/ . 3 - he - ™
J - average axial effective stress on thec sections j1m1
o
and 2 E_),
22
4
G} axial offective stresc on the centre scction,
/

J7. ambient ceil sressure,
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A, area of end section
Py

A area of centrc section,

(¢]

T tensile force,

U back prescsure asplied to the drainage cennections

Thus, 0 ' =0, - u - T/AE

I
A

2

Jtr.

since in an externsion test(Ti = Gn - .
[ 9

2 (6.7)

il
q
=3
~.
e
Py
)
o]

The 1 value of T ic given by 0L = 0 i.e. T =0T Ay
s et

Zence the limiting value of J

9
0 -
1] 1
u 9
2
o
~
N
e}
1

o+

A controllcod rate of strain test with constant cell

pressure will thus be a test withcr% = G! = constant and

a decreasing antil the peak streos difference (U}

1
5

is reanched, unless, of course, the tensile strecs (-G”g)
z

()Y

exceeds the limit given by eguation \'.9). Ffor the dimen-

L)

ons used in tlhe current tests (end diametor of 1 inch

fde
i3

3

and central diameter of C.75 inch), the limiting

Tt o= - 0,70 ay,
s—c C.7c 1

(6.9

\
/
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6.4.2 Descrintion of the apoaratus

The present serics of tests was carricd out in &

controllcd rate of ctrain testing machine using a stand-

. . {om o - Y e . .
ard triaxial cell {(3ischop and menkel, 1962) as shown in

fig. 6.3, and platec 6.1,

The cell base is fixed to the moving wlatten of

testing rnachine witl: threc 'Geclamps!, The clayv saionle
O L o i

i—l .
o
e
5
o
ta
0]
i
(0}
ot
]
=
o}
0
]
o}

rests on a2 coarse poYous stone on a 1

with bottom drainage channel, On teop of the sample rests

another 1 inch c¢iameter, 1/3 th. inch thick coarsc porous
v

stone. Thic in turn caryies = noerspex sample cap with a

slot as shown in the diagran. The tensile load ig ap-

Zooxe's joint. Inside the clongated cell, the locad is
transmitted through a sensitive wroving ring fitted with
an inductance transducer, Another Zoolze'c joint is placed
between the brass connecter ané the proving ring to en-
sure a uniform distribution of tensile stress. The con-
necter is lowered into the slot of the sanple cap after

. s L ; 0
the cell has been ascziled and ic turned through 907 to

cngege the cap when an axial cGis-

o

be in o positicn t

©
iy

placement is applied, the clecarance permitting free move-

ment duriang initial consclidation ox swelling.

6]
]
(6]
)
o,
-l
-~y
i—l
ct
Py

The tensile load on the proving ring i
a Boulton raul ¢ - 61 meter giving 800 units/lbs an auto-

matic plotter being used when the apparatus is not attend-

RS

ed. The volume changes are gmall and arc measured by the
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displacement of an air bubble in a 1/9 inch diameter saran
tubing. Axial extension is mcasured in the conventional
manner by attaching a dial geasuge (0.0001 incii) to the ram

outsidc the cell,

. -

6.4.2.1 The convoluted rubber membrane

The sample vias enclosed in a convulated rubber men-

: Tor the test in the

brane which was spe

@]
13
)
}—l
}.J
W
ke
R
(J
3
3
H
[0}
0

laboratory. The nced for tiis tyze of nmembrane arose bo-
cause it was found that o conventional membrane witihstood
considerable tensile load as straining along the central
sectionn of the samnle took place. The Load carried by the

membrance was a function of its extencion ovezr a very small

length,

The membrane was made by successively apolying coats

of diluted prevulcanisced latex 'Ilevultex! on a finely pol-

=

1 o

ished persypex former. The {former was rotated in a lathe
andé the latex was applied cvenly with a brush. After each
. R . + . . 2O -
apnlication, the former was xept in an oven at 55 C for
at least 6 hours. Then the membrane was at least ©.C05
inch thick, it was carefully pesled off the former using

tole powder to prevent the sides froi: sticiking; washed

in cold woter and pressure tested Tor any lealks,

E.4.2.2 Constant pressure svstem

It er constant cell pressure in

£
!u.l
o
18
w
o)

5 essenti

l.l.

<
O

view of very low effecti cel) wressures used {3 to 10 psic).

technigue (Bishop and Henkel

by
¢

This dis achicved Wy using th
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1962, Sois, 19635) of connccting ccll rressure and bdack
962, 3 £ I

pressure thirough tize mercury »not systcem such that any
change of pressure in one linc is cqually reflected in

thie other, thus zmaintaining 2 constant effective cell

pressure, This is illustrated in fig. 6.2 (bj.

Results and ZJiscussion

The results of a sericc on 'intact! (visually frec
from fissurcs) samples of the blue Londsn clay from Wrays-
bury with their axis horizontal arc vrzscnted in table 6-2

My
[ ¥ 1w

[N

also

(0]

and fig. 1 stress/ctrain curves ar

O

typic

o]

prescnted in figs. 6.5 and €.6.

.

Fig. 6.4 alsc shows drained compression strength

n diameter, cut

%)
}.I-

envelope for 'imtact! camples, C,.75 in,
with their axis Zorizontal. Cnly the rcegults in the lower
stress range are given in this figure. References may be
made to Bischop et. al., (1965) and Sishop, (13%87) for
the strength - cffective stress relationship over a wider
range of stress. From fig., 6.4, it is cvident that London
clay can withstand a substaatial tensile stress in drained
conditions, and that thic stress isc almost independent of
the value of 0"1' in the range examined (3-10 psi.). The
tensile stresses observed (3.8 to L.C psi.; lie very
close to the values predictad from conprcssion strength
by the modified CGriffith theory. The theoretical rela-
tionship is given (Hoek, 1965) by cq. 6.6,

Loa,

c NERYTLY
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where G; is the unconfined, drained compression strength

andcrt denotes drained tencsile strenrtth. The coefficient

p_dcnotes the tangent of the anglice of friction along a

Thisc may be toizen to have a value of at least

)

.

exceed tan 30° at low stresses. Substituting in eq. 6.6

microfissure

¢}
-

\O
"B

.0 . .
tan 18.5  (Skemston =t. al., 12¢ and may rise or even

e}
N

gives valuc of(re/ of G.176 and C.14L resze vely. For

Oq

.

a value of comprecsion strength of 20 psi., the predicted
valucs of tensile strengtn are 5.0 and L.C psi. respective-

ly. Jcnce a very close agrcecemcnt between predicted and

experimental values is found,

In all the cases, the modc of failure was typical of

brittle fracture as shown by the nhotomicrograph plate 6.2(
which shows the interzcting case wherc the fracture was
still on 2 typically horizontael nlane degsite thic prescnce

¥ a vertical microfiscurc. (The 'vertical' microfissure

in the test was of course horizontal in the ground). Ap-

o3
[&]
(\

preciable strain teveloned hefore brittle fracture toolt
wlace = the highoot strains were achieved for samples at

thus indicating o nigh

@
0
)
I
Lo}
@
6]

very low effective cclil i

coefficient of volume exansion even whaen the clay is in

tintactt! fToxri.

In fig. 6.4, are als: suown the results of com-
pressive strength frow undrained tests withh pore water
nressure measarcement for remculded clay from the same area
(plasticity index = 42}. Thc cohesion intercent is less
than .2 psi. ond tae theoretical tensile strength is

almooct nesgsligivle. Thus, remoulding sceems to have
(&) b =
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destroyed anyv bonds that couid withstand tensile stresses,
In the case of the slide in the Toulmustouc iver mentioned
earlier, it was suggested that cementation bonds were de-
stroyed by tension resulting from (a) diagonal tension

- I - . - s -
due to shear; \o) flexural tension due to bending and (c)

direct tension due to local dilatency, (Conlon 1966).

Further resecarch ay be fruitfully ecxtended in
carrying = scries of tension tests on this clay after it
has been reconsolidated at high pressures frowm slurry to
ascertain whether reconsolidation (or compaction) hclps

to developn bondge capable of withstanding acoreciadle

tensile stresses.

Cracking of darms and cmbankment under tensile
it provhliom for which almost no
analytical solutions are yet available. The author's

-

s currently engaged on this by

[N

colleague, J. Laing,
using finite clement tecimicues., Once such solutions are
available whica predict the magnitude of temsile stresses
in a clay embanknent, the scil can then be tested by using
the technique described in this chapter to investigate

SCS.

wnether it would bhe ablc to withstand these strc

6]
[#]

Special attention could then be given to problem zones in

the embaniinent which arce lixely to be subjected to tensile

stresscs.
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6.6 Conclucsions

An accurate triaxial and testing technigue

has been developed which cnablos the temsile strengti of
clays to be deterndinced in the laboratory., The intact sawm-

ples tested in a horizontal dircction show a tensile

O
=

strength 3,8 to 4.0 psi. in the major principal stress

valiucs agrec closcly

[

range of 3-10 psi. Thic cexperimenta
with the theorotical values predicted by the modified
Griffitr theory. This evidence provides a convenient
mcthod of acscceing the tensile strength of undisturbed
and compacted clays provided the shwar strength behaviour
under éomyressicn in low normnal stress rangce ic known., The
fact that irtact London clay can withstand tensilce stress-

cs suggests tnat nrogressive fai

this and othor gctdf

Lo}

ciays, It is also shown that re-

£y
i

moulded London clay would show dnsignificant tensile

stroength duc,by inference,to the destruction of bonds.

=] o



Table 6.1 {(after Jacger and Coolk, 196%)

compreosive strengti valucs of rocits

M,

Some tensile an

1o

measurea

Rocik type Gy a7 O;/ 01“:' )J_ 0_1;:&0.@}/_4_1 }2..,1.1-]
ac

PS1e 153554,
Quartzite, Chcshire| LCEC | 66.6 16,5 0.7 7420
Granitce, Vesterliy 3cko | 33.2 12,8 1.k 2655
Dinbasce, Frodericlz | 5000 | 70.5 1241 1.7 Lo
Sandstone, Gosford 520 7.25 13.5 C.5B 1520

N -

Marble, Carrara 1000 { 13.0 13.C C.7 1730
Trachyte, Zowral 1990 { 21.758 1 16,9 1.0 229G

SQuartzite,
Witwatersrand
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Cell Fr

(psi.)

360
540
6.0
8.0
10.0

Cell Pr

5.0
0.0

@?‘°§>f

7.83
9.02
10.64
11.82
13,8k

a
3t

psi.

-4.83
-4, 02
-4.6L
-3.82
-3.84

€%
2.18
1.35

~1 1 |
61+Ué+0

3

0.39
2.0

2.45
k.06

5438

¥p 1,

Table 6'2

Tension tests

Initial w/c %

Final w/c at

failure zone

29.9 21473
29.9 Bl
28.0 29.0
30.6 3k,2
2949 2945
Compression tests
Index propertics
L6 ¢ Clay fraction

Eg% on mean

gauge length
of 1.0 in.

16.7
9.k
2.66
755
2.19

58.

Time to failure

(hours)

55.2
b3.3

6.7
104

8.9
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CHZAPTIER

Concluding remark

Published case records suggest, at first sight,
that a slope in stiff clay slove may show a slightly
different residual strength than that obtained from the
ring shear apparatus. Some of the reasons for the dis-
crepancy between field and laboratory behaviour are dis-

cussed below,

There is evidence to suggest that the rate of
shearing has very little effect on residual strength
and the effect is relatively more marlkzed on peak
strengfhs, (Petley, 1966; Xenney, 1967; Skempton and
Hutchinson, 196S). Petley {1966) investigated the in-
fluence of rate of strain on residual shear strength
by using direct shear box tests., Taking the residual
strength at a rate of displacement of 0.06 in/day as
100%, his results show that the strength incrcased by
3.1 at a rate of displacement of 6 in/day and dropned
by 1.2% when thc shearing rate was decreascd to 0,003

in/day, in tests on brown London clay,

The author carried out tests in the ring shear
apparatus to investigate this cffcct, These tests
were carried out on the sample of slurricd brown London
clay, and the results are presented in fig 7.1. Te re-

sidual strcength at rate of shear of about .2 in/day

-

(0.00215 in/min) has been taken as 100%. Again the
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rate of strain avprears to have negligible effect on re-
sicdual strength and decrecases by aboutb 1% ner log cycle
of shearing rate. It would apnear that once movement
starts taking nlace on a thin, well defined smoothr plane,
the excess pore water pressures generated as a result of
gxcessive rates of ghcecar are ablce to diffuse in the ad-

acent material thuas showing very small effect on the

Ca.

strougth along the slip surface. It may pernaps be pos-
sible that the shear plane with strong clay particle
oricentation is able to act as a 'draoinage channcl!
through which the excess pore water pressures generated
on thie slip surface can dissipate. Sinilar conclusion

was also reached by Tchalenko (1967 on tests on cut
plance kzolin sample tested in direct shear box, who found
virtually no increasce in residual strength at rates fast-
er than 0,06 in/day. Zenncy (1967) also investigatecd

the influence of rate of strain on residual strength of

a number of clays, including montmorillonites and found
it to be negligible., The above information suggests that
considerably larger ratces of strain ti:an usually employ-
ed can be used to measure residual strength after peak

strength has been overcome and o well defined shear planc

has becenn forimed,

Skempton and Hutchinson (1969 have tabulated a
number of cascs of both pre-failure and post-failure
movements in slopes. The average velocities of uiove-
ments lie in a wide range from almost imperceptible

(Gould, 196G) to about 5C cm/day. The prefailure
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movements in stiff clays generally accelerate with time
and achieve large rate of movemnent just »rior to slip-
ping. Fowever, it is highly unlikely that field residu-
al strength would vary significantly as rate of move-

ment increases.

Some worlk has been done to investigate the affect
of rate strain on pealk strength. Bisiop» and Henkel (1962)
describe drained triaxial tests on remoulded Weald cila
and found that the peak strength dropoed by about 3.5%
per log cycle of time, The effect of time to failure on
neak undrained strengtir of clays are now well appreciat-
ed and some test rvesults have been reported by Casa-
grande and Wilson, (1951); Bjerrum, Simons and Torblaa,
{1958) and Skempton and LaRochielle, (1965). Casagrande
and Wilson showed that the undrained strengthkx of Eear-
paw shale measured in a test of cnc week and 30 days
duration was about 20% and 22% less respectively than

o

the strength from conventional rapid tests. Wiie average
loss of strength of Cucaracha clay shale was less by as

much as 6C% and 65% after a test curation of one week

and one month reswpectively.

In the conventional limit equilibrium method of
long term stability analysis, it is assumed that at the
moment of failure, residual strength operates all along
the length of failure surface, IIowever in practice, dif-
ferent strengths operate along the failure surface due
to the developnent of non uniform stress and strain

conditions (Bishop, 1952 Turnbull and Ivorslev, 1967



te dif-

1.

Bishop, 1967). For example, an analysis by fin
ferences and relaxation method of a uniform, celastic,
cohesive embaniment by SBishon {(1952) shows that some
local overstress develons when the factor of safety of
an undrained circular slip passing through it is as high
as 1,8, However, for a long term analysis, the overstress
would first develop at either ends of the slip surfacec
and procced inwarcs, (Bishop, 1967). Peci (1967) has
quoted an interesting analysis by Conlon., ¥e commented

on the observation that the horizontal displacement rc-
guired to achieve peak failure in a direct sheor box test
was a function of effective normal stress, i.e. for high
normal stress greatsr displacement would be required than
for smaller normal stress,., Since in a circular fadilure,
the average normal stress can vary considerably along

the failure surface, it would imply that for a given de~

-a

)

s
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Vi 2 O
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formation, the ends =z the s5lip would not
necessarily show the same shear strength. It is quite
rossible for some portion of the Ffailure surface Ho show
peak shearing resictance while other »ortions may be
near the resicual state. The situation is further cormi=-
plicated when the soil shows a residual shear strength
which is dependant on the magnitude of effective normal
stress, ags some tests on ring shear apparatus have shown.
For a deep seated slide, there could be considerable
variation in the magnitude of residual strength oper-~
ating along the failure surface because of the varia-
tion of normal stress along it. Also, the magnitude of

displacement required to drop strength to residual is a
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function of the degree of particle orientation in the

¢iff clays the particles

[69]
or

direction of wovement. In most
are generally oriented in the direction of tihie horizont-~
al bedcing planes, in a situation wiere a slip surface
traverses across horizontal bedding »planes and subse-
quently »roceeds along ther, different sihear strength
will be mobilized in directioms parallel and verpendi-
cular to bedding plancs for the same amount of movement,
Agarwal (1967) found fronm multiple reversal direct
shear tests on blue Londonr clay that the angle of !'ref-

4

idual'! strength after five reversals Tor shearing para-
llel and perpendicular to bedding planes was 1&.50 and
16.5° respectively. Sirdlarly, James {(1970) found that
the cross-bedding strength of heavily overconsoclidated
Oxford clay did not fall to the same valuc even after
seven reversals in direct shear box as the strength a-
long bedding planes after one reversal only. Hence the
average value of shearing resistance on a slip surface
can lie at some value between the peak and residual., A
major advance in the method of analysis would be made
with the developnent of techniques which would enable
the shear stress at any point to be evaluated from the

appropriate stress-strain relationship of the soil,.

As assumption whicl: is generally made in analy~
sing slope stability problems is tiizt it is two dimen-
sional, i.e., the sizear forces acting on the two sides
of the section being considered are zZero. .enney (1956}

has shown that where the slin is a scectiorn of a sphexre



(i.e. it is‘saucer-shapedﬁ, in which case tixe ratio of
length to width of the slip is 1, then the factor of
safety, assuming it to be a two dimensional casc, would

be undercstimated by about 6%. For slip surfaces where

the ruaning length is at least twice the width {in cir-
cction of slip movement), the ficld factor of safety would

always be greater than the calculated valus,

The significance of fissures in stiff clays which
assist in softenimg and hence the reduction in strength
of the clay is now well recognised. fowever, there may
be other factors due to which the clay may show a de-
crease in shear strength. Fernans the most important
factor is the presence of intermal structural ciscon-
tinuties which may be formed either in the depositional

or post depositional wneriod,

Examples of denositional features are bedding
planes, laminations, synerccis cracls and contorted
layers, (Cxempton and Horthcy, 1952; Moore and Scrutton,
1557). The clay may achieve preferred particle orient-
ation due to above features., Submarine slumping is =2
powerful mechanism which can produce a sliv surface in
the unconsolidated sedizent. llorgenstern (1967) has
carried out a review of submarine slump features in se-
diments. He suggested that the most common mechanism

that can induce sluwping is overstzepening of slope

P

which may occur due to crustal tilting as a result of
tectonic activity (sece also Shenard, 1963). Scvere

earthqualktes can apply large accelerations to submarine
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sediments and trigsexr o . An exam>le of such a

w2

by

I slidec

[ O

case in the CGreel Archivelago has been presented by Am-
braseys, (1960). Henzel ({1569) unas,botiz analytically
and experimcntally,demonstrated that slices in under-
consolidated sediments can take place as a result of
pressure of waves. Due to perindic nature of waves, the
stress exerted by them reverses in direction each half
cycle and the underlying soil is subjected to cyclic
stress which can cause remoulding and reduction in
shear strength of the sediment. Subsequently, due to
rise in land mass or lowering of sea level the sediment
is exposed togethcer with slip surfaces and other inter-

- 1

nal structures formed during tihe depbsitional period.

Folding and fracturing of boedding plancs can be

causcd by tectonic activity. Skemmton (196€) has de-

Iy

scribed the example of shear zZone at kangla, where the

strongth of clay had dropped significantly from the

pealr shear strength value as =sult of inter-bedding

[
R
)

movement cauvsed by folding of the beds,

N

When stiff clays are ercded and the overburden
pressure is removed, they undergc unloading under :o
conditions., As a result, large locked in horizontal
stresses are released which wav cause wealier beds to
move laterally, tiizreby causing a movement along the
horizontal bedding planes. This may be especially true
for clays with high swelling potential,e.g. bentonite
seams which wounld expand on becoming moist. It is

likely that fissurec are caused as a rcsult of horizontal
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stress releassz, though it should also be noted that

there is no evidence to suggest tiat any siear move-

ment has taken place along the surface cof a fissure and
the orientation of ciay particles adjacent to a fissure
is the same as that of the clay mass when observed in

an optical microscope (D'Elia,1968). The release of
horizontal stresses could also have been caused by under-
cutting of valley slopes; Bearpaw shale and Pierre shale

a3

examples of sucn a case. Yudhbir (1969) has

oA

aAre goo
observed on tests on different stiff clays that strength
under draincd KO unloading is much smaller than the

drained comnressive strength.

Creeping of clays can also bring about a decrease
in peak strength, Lovenbury (1969) on the basis of long
term creep tests on brown London clay wiaere Uﬁ was de-~
creasing suggested that the effect may account for about

4 - . N
15% crop in strength from the szak value.

Iin many instances, for cxample, in a2 slope or be-

3 o

hind a retaining wéll, the clay is often subjected to
alternating stresses, which may be caused by scasonzal
variations in groundwatcr table and climatic variations.
Delory (195? attemnted to study the decrease in strength
in brown London clay by altering porcs water pressure

under draincd conditions, and maintaining total normal
1oad conztant under dead loading. The sample was subjcected
to 36 alternating ostress cycles and it was noted tihat

failure was caused at stresscs smaller than would be
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Thus in the above discussion, some Tceason o1

[&]
Hy

loss of strength and the development of slickensides

and slip Tcecatures in overconsolidated stiff clays have

6]

been discussed. For suchn clays it is necessary to deter-

mine the residual shcar strengthr to assess long term
stabiliity of slopes. A acw ring shezar azsaratus has been
described which enables residual shear strength to be
determined accurately. Unlike other resicdual tests, this
apparatus permits very large uni-directional deforma-
tions to take wnliacc, thus allowing clay »narticles on
slip surface to achicve maximun particle orientation.

It is again emphasised that visual inspection of rever-
sal dircct shezr resicdual test curves can be extremely
misleading since a closer scrutiny reveals that this

test coes not enablc the residual chear strength to

shown that a number of

clays exhibit mariced variation in residual strength with
tine magnitude of effective normal stress. For such clays,
it is essential that residual strengt: sheuld be detexr-

mined in tiiec ring shear azparatus at the appropriate

normal stress whicz is acting on a potential sliding

)

n

and conclusions were

W

surface., liore detailed discussio

{.

presented in chapter L. Thin scction studies and clec-
tron micrographs, shown in ciazaoter 5, show some features
associated witi: large displacements and also provide
some gqualitative cvidence that particlé breaizdown oY

i

segregation of clay particles takes place on shearing.
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19

s
-

csults of some drained tension tests on  intact London
clay have been discucsed in chaster 6, and the rosults
show close agrecement with nmodified Crifiith theory. The

fact that London clay can withstand somne tension sugzests

“.l

that it is possit

@

¢ for sliip surface to mropagate pro-

T

gressivaely as a result of local stress concentration.

Some sugscetiong For Llrt e TS ourcq

g )

The practical sigrificance of a curved shear
strength envelope is immeinse and further ring shear
tests orn vpure clavs, clay mixtures znd natural soils
should be conducted to invesgtigate the factors which cause
this  Techaviocur., There is come cvidexnce from Kenney's,

ls show suciz a 2e-

}._h

(1967) woriz that montmorilionitic so

haviour and this aspect should be furtihicr explored.

the subsequent testing of sh
apparatus should be further ecxilorcd,and it is believaed

that this technique would Lo found to be nors accurate

than the multisle reversal (or cut-planc) dircct shear
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PART B

CIAPTER -~ B

Introduction; previous studies on consolidation of

London clay

.1 Introduction

It has been observed tiiat overconsolidated, stiff‘
soils like the London clay generally give a lower mag-
nitude of settlement and faster rate of gsettlement in the
field than that predicted from laboratory tests on con-
ventional 3 in. diameter oecdomcter samples,(lMacDonald and
Skemcton, 1955; Cooling and Gibson, 195%). The study of the
phenomena of soil cdeformation is often made more complicated
by marked inhomogeneity of the insitu clay essecially with
regard to the degree of fissuring, three-dimensional drain-

age and anisotrownic stress conditions in the soil,

The prediction of the rate of settlement in stiff
soils is still very crude. This is so mainly because most
calculations are based on tie assumptions of Terzaghi theory

of one dimensional consolidation, whereas the flow of water

*Conflicting evidence cxists as to 'whesher the volume change
of soils is governed primarily by the imajor princival ef-
fective stress or whether it is controlled by the magnitude
of average pricipal effective ctress. Henkel (1958),for
example,; found from tests on remoulded clay that there was

a unique relationshin between the average principal ef-
fective stress and the water content at failure, though

this was shown to be not so for remoulded Veald clay under
Xo consolidation, (iHenkel and Sowa, 1%63). Similar con-
clusions were also reached by Wade (1%63),Sowa, (1963) and
Akai and Adachi (1965). However, Rutledge (1o47), Bjerrum
(1954), ané Ttaymond (196%) found that the volume deformation
is principally controllied by the major principal effective
stress. It would therefore appear that no general hypothesis
can yet be applied to all soils,
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in the field is often threce dimensicnal. This is especially
true for London clay which is fissured and jointed and
exists in deposits of great depths. Actually, even il the
flow is one dimensional, departures from Terzaghi theory
are still observed because of the non-linear behoviour of
the soil, Non-linear consolidation characteristics have not
been specifically considered in this project, and as such
only a brief mention of the work done in this field will

be made.

8.2 Brief outline of work on non-linear consolidation

Schiffman (1958) consicdered the case of one dimen-
sional consolidation with wvariation in permeability and
time dependant loading, wnile Gibson (1958) has considered
the case of a clay layer whose depth varies with time.
Schiffman and Gibson (1964) in an imporitant paper con-
sidered one dimensional consolidation of thick clay lavers
in which the coefficient of compressibility and permeabili-
ty vary with the depth of the clay stratum. These assump-
tions are esvecialliy valid for London clay loaced at a
shallow depth. They were able to show that in such a case,
nonhomogencity in k and m, alone could substantially
account for faster rate of consolidation observea in the
field. Davis and Raymond (1965) extended Terzaghi theory
by considering a non-iinear void ratio - effective stress
relationship» and the effect of pressure increment ratio,
Barden and Berry (1965) formulated a new non-linear
theory for normally consolidated clays in which both k
and m_ are allowed to vary as the consolidation proceeds.

Rccently, Gibson, Hussey and Zngland (1967) have derived
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a theory of onc dimensional consolidation for saturated
clays using Parcy'!'c Law in a form in which the relative
velocity of the soil skeleton and the pore fluid is
related to the excess nore water pressure gradicnt. ore
recently, FPoskitt (1969) ceveloped another non-linear
theory which embracces the cases and concepts developed
by Davis and Raymoncd (1965), Barden and Berry (1965)

and Gibson et. al. (1967). Mioreover, a special feature
is that resuits have been presented in the form of con-
venient graphs. It should be noted that all the refercnces
mentioned above deal withh one dimensional consolidation
only. General three dimensional solutions for wide range
of soil properties are not vet available, although sol-
utions for a fcew cases, especially with regard to radial
flow in a sand drain, have been developed. (For example,
Barron, 1948; Aichart, 1957; Gibson and licNamec, 1957,
1966, 1963; Hansbo, 1963; Davis and Foulos, 1968;: Tan,

1968; etc.).

8.3 Previous study on London clay

Huch worlt has now been done tc investigate the ef-
fect of fissures on shear strength of London clay. Simons
(1967), Agarwal (1967), for example found that the un-
drained strength of 12 in. diamcter samplece of undisturbed,
fissured London clay is about 65% that of 1.5 in. diamcter
samples. Other worl: on shear strength has been described
by Bishop ct. al, (1965); Vard et. al. {1965) and Bishop
and Little (1967). Jowewver, survrisingly, no record is
found in the literature of any worl undertazen to study the

consolidation characteristics of London clay by either



conducting insitu tests or testing differcent sizcd samples
in the laboratory. Thce work done in tiiz past on the con-
solicdation of London clay scems to have been confined to
testing samples in the conventional ocdomcter. Cooling and
Skempton {1941, 1942} and Skempton {1944}, carried out such
tests with drainage in vertical direction only. Skempton and
Henkel (1957) described oecdomecter tests on London clay from
deep borings at Faddington, Victoria and the South Bant,
They presented profiles of variation of compressibility
(mv) with denth which showed that S at shallow depths

of about 1C ft. was about 4 - 15 times that at greater

depth (about 100 ft.).

Ward, Samuels and Butler (1959), carried out ocdo-
meter tests on both horizontal and vertical samples and
found that the ratio of horizontal to vertical coefficient
of consolidation was at least 2 at shallow depths. This
ratio decrcased with incrcasc in <effective stress:; the de-
crease in Cv in horizontal direction being larger than
that in the vertical direction. A4t high pressure of about

5C T/ftz, the ratio was approximately one}

Recently Agarwal (1967), also tested samples of
blue London clay from Wraysbury in both horizontal and

vertical directions in the oedometer. He found that on

the average for pressures up to 32 T/ftz, @ for vertical
samples was about 165 higher than that for horizontal
sampl:s. The valuc of the ratio, C_ (horizontal) /Cv
(vertical) appeared to decrsasc from about 2.4 to 1.5 in
the pressure range 0.5 - 1.0 T/ft2 to 16 - 32 T/ftz.

However, the decroeasc in permeability,as calculated from
9 )
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Terzagnhi taeory, with cffective stress in both horizontal
and vertical directions was observed to be the sames and
the ratio of k (horizontal) to k& (vertical) was approxi-

mately constant at a value of 1.5,

More recently, Som (1968) has carriced out tests
on bluec London clay form Ongar, Oxford Circus and Wrays-
bury in conventional ocdometer, hydroulic oecdometer, con-
stant rate of strain ocecdomcter and triaxial apparzatus
in which both iscotropic and anisotropic tests were con-
ducted. It was found that generally values of m obtained
from special ocdometer tests and triaxial tests lay be-

tween the upper and lower limits provided by tests in

connventional oedometer under first and second loadings.

It will be seen from the above brief review that
data on consolidation characteristics of fissured London
clay with respect to sample size is singularly lacking.
The 1little dateae that exists has been obtained mainly from
the conventional cedomecter teste., The limitations and un-
certainties involved in the conventional cedometer have
been discussed in detail by Tan (1967) and Som, {(1968).
The more serious of thesc arce that there is absolutely no
control over the drainage of sample. The drainagc begins
as soon as thoe load is applied, and before the sample
has had sufficient time to rcach peak pore pressures,
Also, the mode of load application subjects the sample
to shock loading, and, further there is no facility to

measure pore pressurc or drainage from the soil.

Hence, a short programne was commenced to investigate

consolidation charactcristics of bluc London clay from
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WUraysbury from 1.5 in., 4 in. and 12 in. diameter dissipa-
tion tests in which pore pressure, volume change and (in
some cases) the change in height could be directly measur-
ed. Four Casagrande type viczomcters were also installed
at a sitc at Wraysbury, from which in-situ permeabilities
were measured by conducting constant head permecability
tests. Vertical and horimontal occdometer tests on camples
from the same depth at which the piezometers were installed
were also carried out. It may be mentioned here that
secondary consolidation characteristics have not been in-
vestigated nor has any analytical work on non-linear con-

solidation been attemptcd.

Later in the projcct, a good oppertunity arose to
conduct a series of consolidation and constant head per-
meability tests in the laboratory on 4 in. diameter
samples of boulder clay from the M. 6. Motorway trial
embankment. The results obtained frowm laboratory tests
have been compared with those obtained from in-situ tests

and have been briefly described in chapter 11,



157

Constant head tests (C.H,T.) in the field

9.1 General Considerations

The field determination of permeability very coften
gives the best indication of the field consolidation
characteristics of the soil since the test is done on a
relatively undisturbed mass of clay. Also, the insitu
determination is more accurate since it taites radial flow
of water into account. This effect can be the dominant
factor in cetermining rates of consolidation in many
anisotropic soils. For stiff clays, only the constant
head type of test (C.H.T.) is generally employed and this
would be considered in the subsequent discussion. The
limitations of the falling head permeability test have
been discussed by Hvorslev, (1951) Bishop et. al., (198&4)

and Tan, (1968).

Generally, the C.K.T; calculations are bdbased on
Gibson's solution (1963), for C.E.T. on spherical piezo-
meters. ide considered the case of a spherical pot radius
a, at some depth & in the ground (a< d). The pore pres-
sure u at a distance'radius r from the centire of the

sphere is governed by:

DU 2 au) - oW (9.1)
“ .'. a_t

Boundary conditions are:

at t =0, u=u forr ) a.
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aind as r —»o0 , U —» ag.

Also, if a constant differential Lezad Aw/Y¥ is main-
’ W

tained then,

u (a, t) = u o+ su; t y o,

A 24T k Auw {1 J b2 )
th s - e Se——— P A ;

when X denotes permeability of soil,
and T = Cvt/az.

At infinite time, equation ( 9-2) reduces to

Q=4%1ak Au - Fk Aw (9.3)
oo B Bt

hon]

where T denotes the intake factor.

It is interesting to note here that the time re-
quired to achieve, say, 95% steady state value of flow,
in the piezometer increases as the intake factor increases.,
This is in contrast with the response time of a piezometer
which is inversely proportional to the intalze factor.
(H¢vorslev, 1251, Bishop and Al—Dhaﬁir, 1969). Gibson in
a later paper (1966) extended the above analysis to take
into account the permeability of the piezometer tinp with

respect to the permeability of surrounding soil.

9.1.1_Intake factors for cvyvlindrical tips

Sphrerical tips are seldom used in practice ana a
certain amount of uncertainty lies in the determination

of eqguivalent intake factors for cylindrical tips.
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Al-Thahir (1967) mace a comprehensive review of intake
factors of cylindrical tips and also developed solutions

using numerical analysis.

Hvorslev (1951) listed a number of intalte factors
for various cases (see fig. ¢.1). Dachler's formula

(case no 8 in fig. 9 .1):

2T L. .
P o= - e e o e _ (3'4)
A S
IS+ J (5]
B D .
has been widely used for cylindrical tips (see for
example, Bishop, Xennard and Penman, 1960), but it is

only accurate in the region of 1/u = 1, (Al-Dhahir 1967).

Frevert and Xirkham (1948) derived expressions for
case ( 14) (fig. 9.2) using electrical tank analogue,
Their tests were repeated by Smiles and Young, (1965) who
found that the 1948 results gave values of intake factors
consistently higher by 11%. Kadir (1951) considered case
(2A) in the analogue and his results are also shown in

fig. 9.2.

Al-Dhahir (1967) derived numerical solutions by

solving Laplace equation:

3% b du U 5 s
A T RERY TR T o

for different boundary conditions. The results agree well
with those of Smiles and Young, (1965) and confirm that
the results of Frevert and Kirkham, (1948) and Xadir

(1951) were on the low side by about 10% ancd 15% respectively.
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It was also found that the effect of the presemnce or ab-
sence of the impermeable borchole on intake factor was
negligivle. As an example, for a L/ ratio of 2, the
intake factor for case (15) fig. $.2 is only 0.1% less
than that of case (i1C) while for a ratio of 1, the cor-

responding differcnce is only C.4y,

Al-Dhahir (1967) also showed that for a CHT, for
L/D %LU, Gibson's solutions for spherical tip may be used
accurately for. cylindrical +tipo, provided the equivalent

radius r of the e¢ylindrical tip is obtained by either of

the following two iethods:
1) by equating the intake factors of the cylindrical
tip and the equivalent sphere:
E q I

i.e. 1 = intaze factz;»oi cylincdrical tip (9.6)

2) by equating the surface arcas of the two tips,

I
2
_(surfacc _area of cylinrical tip) (5.7)

JET

It is worth emphasising that eq. { 9-7) is an extremely

i.2. T

convenient mcthod of determining intake factor of
cylindrical tips pirovided L/D &b, when the intake factor
of the cylindrical tip is approximafely equal to
%

(hITx surface area of cylindrical ﬁip.}

For L/L = 8, the cylindrical tip behaves, not un-

expectedly, as an infinitely long sand drain and the use
of following two equations may then be made for evaluating
the values of k and CV from constant head tests (Al-Dhahir,

loc. cit.).
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X, .
k = CQOO : . v - (9__8)
5.236 r (L/2) A u,

1 9% (95-9).
(0.424)2 s?

Where s is given by the slope of against 1/{* curve, and

where r denotes the radius of piezometer and s denotes the

slope of q against 1/fT »lot,

Wilkinson (1968) modified Gibson's solution for CHT
on a spherical tip by dintroducing variable compreccibility
and permeability relationshinc in the theory of consolida-
tion (see alsc Zarden and Berry, 19C5; Tavis and Rayvmond,
1965). He cerived the equation for a flow thwrough a cyl-
indrical piezometer by solving the finite differences
form of Termaghi's 3-D consolidation equation in radially
symmetrical form, For a length L and diameter D, Qt is

given by:

BT (1/5-0.5)412.647.0
RE} I

{o-10)

Q. = kaau/y_ LZTT(L - 0.5) +

for T {0.hk (i.e. 1AT S1.5).

However because of the limitation on value oﬁff} tie above
solution is of very limited use siunce it does not com-
pletely cdefine the steady state flow for 1[f§-<1.5.

Hence Dachler's solution (eq. 9-&) may be modified to
consider an equivalent spheroid with the same volume as
the cylinder. (Schmidt 1966, Wilkinson 1968). This yields

an intake factor:

P o 3. ML — (9-11)
tog (1.5 L/D + 1+ (1.5 L/-)7)
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g.1.2 Ef<fect of anisotrepy and three cimensional ITlow

The flow of water in a pieczometer would selcdom be one
Gimensional; hence the value of permeability derived form
an insitu conctant head test gives an estimate of the aver-
age permeability of soil, For most piezometer installations’
in stiff clays (as well as most layered and lacustrine
clays}, the major part of the Tlow will take place in the
horizental dirsction, Yet, for comparison of insitu wvalues
of vpermeability with those obtained from one-dimensional
tests in the laboratory, one iz likely to be interested in
the vertical value of permeability in the field. Hvorslev,

(1951) suggests the use of the expression:

hld = /1 x k 0-12;
average ) v (¢ /

provided equal weighting is given to flow in the tw

directions,

The expressions (eq. 9-1C and 9-11) derived by
Vilkinson (196C) mnay be in error if the soil exhibits
marked anisotropy. Assuming ec. (9-12) to be valid, and by

using the transfora for the new vertical direction V

given by:

Vo= Y/kh/kv (9-13)

équations 9-10 and 911} yield

o0

Q. =k, aasu/fy zw(n«uaﬁ;ﬂ%)+1a6/%ﬁ%

+ I J-ﬁ" (N—O-5\/ kv/kh + 7 kV'/k‘.;l
T

(5-1k)



and u%lau/gw 2L

intake factor

log (1.5 quv/kh i!1 + (1.5 ° kv/kh)

where N = L/D.

i

A rough estimate of the relative amount of flow in vertical
and horizontal direction from or to a piezometer can easily
be made using relationships shown in fig. 9.1, after

Hvorslev, (1951).

9.1.23 Sealing of niezometers

To obtain any meaningful results from a constant head
permeability test in the field, it is essential that good
sealing of piezometer be achiieved., Vaughan (1965, 1969)
derived expressions for the magnitude of errors cdue to
imperfect sealing of piezometers in bothh a permeable layer
and homogencous material. In general, the piezometer error
is reduced if the length of piczometer is increased (hence
larger intailce factor) and the ratio of grout to soil per-
meability is decreased, However tihe permeability of the
bore hole seal can be substantially greater than that of

the so0il before a significant error in the pemrneability

o

measurement occurs. Vaughan (1969) as shown, for example,
that for a grout permeability to be 200 times that of the
soil, the average insitu permeability would be overestimat-

ed by a factor of about 1.4,

Modern chemical grouts, immiscible with water, can
. s =10 / -
achieve grout permeability of 10 cn/ sec., and thus may
be especially suitable for highly inpervious soils. However,
these do not 'wet! the soil and may allow voids around the

wall of the borehole to be filled with water. Chemical

grouts are generally more expensive than cement-bentonite
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grouts. Cemenit-bentonite grouts have been used successiully
at Balderhead, Peterborocugh and Selset. {Dishop et. al.
1960, Vaughan, 1965). A 5:4 mixzture by weight of air dry

bentonite and cevent with a water-solids ratio of Z:1 and

~
P . - Nl "
a Dermeability of 5 x 106 cin/sec. was used at Balderhead.

ko

The writer used a 1:1 uixture of air Jdry bentonite and

Al

cement with water solids wvatio of 2:1 for the piezometers

installed in blue London clay at Jraysbury,

9.2 In-situ constant ncad permeability tests in London clay

It was decided to conduct come insitu permeability
tests to compare values with those cobtained from laboratory
tests. It was not possible to conduct thece tests in the
same clay pit from whichx the laboratory samples wexre taken
because of construction operations., Instead, a relatively

level surfaced site adjacent to the reservoir was selected.

9.2.1 Installation of piczometexrs

It has already been montioned earliexr that blue
London clay at Wraysbury is overlain by about & - 1L ft,
of gravel cover with ground water about 1 - 2 £t. below
the surface. It was therefore decided tc bore the hole
dry and seal a casing through the gravel into the clay

layer. The gravel was removed using standard shell and

mandrel technique and a steel casing, 18 in. cdiameter was

¥
i
619]

sunk in. Special care was talren to ensure that the casing
was well sealed into the clay. An O in. diameter bore hele

was then formed using a clay cutter with sharp edges to

produce a ‘'clean' hole.
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When the hole had reached 1'=6" above the desired
depth, an 18 in. long U -~ 4 sample wasc taken. The adjoin-
ing clay over this lengtih was then removed using a sharp,
clean clay cutter falling with longer drops. A second 18 in.
long U - L sample was next taken and the bore hole cleaned
again as mentioned above., All depths were noted using a

length of capped ¥VC tubing.

About 8 kg of water was carefully dropped at the
base of the hole, and coarse, uniformly graded sand was
then fed through a tremie pipe dipped in water to provide
a base course of 6 in.. Sand was constantly stirred to
remove air bubbles. The preassembled Casagrande piezo-
meter tip, 2 in. dia., 10 in. long sealed to 0.5 in. dia.
PVC tubing was placed in the centre of the borehole on
the sand base. More sand was placed until the sand plug
was about 2!' - 6" long. The top was then tamped and level-
led with the capped stirring rod. Four large balls of dry
bentonite in paper bags were weighied with stones and
dropped down the borehole. This method wac first used by
Casagrande, (1949) and provides an efficient seal just
above the piezometer since the bentonite tends to swell
and pack hard in the borehole on contact with water and
also because dry bentonite is more dense than bentonite
- cement grout mixture and therefore has a lower perme-

ability.

Air dry bentonite - cement grout mix in 1:1 ratio
by weight and with water to solids ratio of 2:1 was pre-
pared in a rotary mixer. The hole was grouted by pumping

this mix down a pipe which was always kXept below the level
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of the grout bzing placed. The borehole was grouted till
the top of clay layer was reached, wnen the casing was
withdrawn and the hole hacizfilled with gravel., A profile

of the four boreholes is shown in fig. 9.3,

2.2.2 Constant hcad test apparatus (cee fig. 9.4)

he apparatus consists of a simple flow measuring
unit and a constant read water reservoir. The flow of
water to the soil is measured through a 10C cc. glass
burette, calibrated to C.1 cc. and clamped vertically
to a wooden board which in turn is screwed to a wooden
post near the standpipe. The lower end of the burette
is sealed to a simplifix fitting to which a klinger
valve A is attached. A short length of 1/4 in. diameter
nylon tubing connects valve A to 3-way brass connector
to which klinger valves 3 and C are attached as shown in the
figure. A length of 3/8 in. dia. nylon tubing runs to the
top of standpipe from valve B while another length of tub-
ing connects valve C to the constant head water tank. A
length of tubing runs from a small coloured paraffin re-
servoir to the burcette passing through an undersized liole
in the rubber bung which fits tightly in the upprer end of

the burcette.

The constant pressure is supplied by water in a 50
gallon drum resting at some height above the burette. (A
conveniently placed small !'spoil! embanitment proved ideal
for this purpose.) The level of the paraffin reservoir is
so adjusted as to give the same Lead as that provicded by

the constant head water tank, In this series of tests, it
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was decided to usc a separate measuring system for each
bore hole, but thc water and paraffin heads were main-
tained by the same reservoirs. It is worth emphasising
that the avpparatus for permesability tects in relatively
impervious soils (like the Loncdon clay) should be very
carefully checlked for leaks uvncder pressure in the laboratory,

prior to installation in the field,

G.2.3 Test procedure

*
The test is proceeded with only when water level,
in the ctandpipcs has reached a steady level, which is

accurately determined with a dipper.

Next, the burette and the water leads are completely
filled with water and all air budbbles are flushed out.
Some paraffin is introduced in the burette by closing
valve C and opening valves A and B to atmosphiere. The meas-
uring system is now ready for usce. The standpipe is now
combletely filled with water and allowed to stand For a
minute to allow any air bubbles to come out. 4 simplifix
fitting is then quickly fitted to the top of the standpipe
and the nylon tubing from valve B freely running with
water is fixed te this fitting, (During this stage, valves

B and C are kept open and wvalve A closed).

The test is commenced by immediately noting time to;
~

closing valve C and opening valve A so that flow ireasure-

ments may now be taken on the paraffin/water interface.

¥Ground Water level in the deeper bore hole (4) had not
reached a steady level when the test was commenced, and
it was assumed that it would rise to a similar level as
in other threec boreholes.
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Then paraffin has reached near the end of the burette,
nylon tubing running from constant head water tank to
valve C in disconnccted at C and instead a water filled
hand ram is connected. Valve B is now closed and the
paraffin level is pumped up the burette b& using the
hand ram keeping valves A and C open., After the parafiin
level has been raised to a convenient height, valves A
and B are opened: wvalve C closed:; the hand ram discon-
nected and the tubing from the tank reconnected at C, The
whole operation need not take more than two minutes. After
every raising of paraffin level, it is advisable to wait
for a short time before measuring flow rate as the tem-
porary closure of valve B during pumping operation would

disturb the flow conditions.

If the flow rates are large compared with the capa-
city of burette, but insignificant in relation to water in
constant head reservoir, the apparatus may be left unat-

tended by kecping valves B and C open and A closed.

A graph of rate of flow (cc/min.) against 1/Jt is
plotted as recadings are talen,

1

Vaughan (1965) plotted flow rate against ————w———
J t1+At/2
where t‘is the time at the start of the increment and At
is the time increment over which flow is measured., However,
Al-Dhahir (1968) has shown that a more correct plot would

. 2 .
be flow rate against Jt1+Jt2 where %, and t2 are times

before and after tihie increment.
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9.2.4 Kesults and Tiscussion

The main results from the four borcholes have becen

sumnmarised in the tablce below.

B/H, No, 1 2 3 L
Depth below 2Lh1.2m o 31'=5"to 16'-6"to LO'=3"%o
ground surface 261!-8" 3ht-g3n 191.0M Lztoqqn
Depth below 81-2" to 20'=-C"to 71-6"to0 238'-%'to
gravel 10! -8" 22t=-10" 10'-0O" 311-=-5"
Dimensions 2'-6"x8"0ia, 2!'-10"x3" 21-6"x8" 21-.gmxg"

of sand plug

EZffective
vertical stress,

P, psi. 16.6 1,2 18.0

)
L

Stress
increment,
Au psi. 5.10 5.11 5.47 5.25

kx10"7 :
cm/sec. 3Lk.0 10,0 20.2 2.0

The intake factors were derived on thic basis of us-
ing the equivalent intalke factor of cylindrical tipn as
outlined by eq. (9-7). The less accurate, but often used
Dachler's formula would yield an intake factor lower

approximately lower by 7% (about 7.5 in. less).

The above values of permeability arc of course
average valuecs which take the horizontal permeability of
the clay intoc account as well, As mentioned carlier, con-
ventional oedonieter tests were done on both vertical and

horizontal sampnlcs from the four boreholes at the same
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depth at which the piczometers were installed. This was
done in order to obtain some indication of the anisotropy
in permeability and the resultsc showed that the ratio of
horizontal to vertical permeability, kh/kv, determinecd
from conventional oedometers and Terzaghi theory, was 1
for boreholes (1) and (2), and 2 for the deeper borcholes
(2) and (4), for the stress range considered. Ience by

applying the relationship:

kav = kh . kv (Hvorslev 1951),

the following very approximate values for vertical per-

meability are obtained.

B/ Ho. 1 2 3 L
. x1072
v
3[‘5‘-0 7.1 20.2 1-)‘:'
cm/sec,

To be strictly correct, the insitu »nermeabilities
should be corrected for temperature effect in the clay
since the tests were conducted at a temperature lower

o ; .
C. The correction factor may be

than the standard 20.2
determined on the basis of relationship between tcmper-
ature and coefficient of viscosity for water (the coef-
ficient of wviscosity for water at 20.2° ¢ (63.360F) is
one contipoise).

Then k= k, Ft/}%’

where ko and X, denote coefficient of permeability at

t
o o X
temperatures of 20.2° € and t  C respectively,
and f% and f% denote coefficiecnt of wviscosity of water

at temperaturss of 20.2° ¢ and t° ¢ respectively,
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Fig. 9.5 shows a plot of correction factor P%/r;vagainst
temperature in degrces centrigrade. Clearly this temper-
ature effect can be large if the test is conducted in a
soil at a temperature substatantially lower or above the

standard 20.2° C.

Assuming that the soil was at an insitu tewmperature
o - . : -
of 10 C, the correction factor is found to be 1.31. Hence

all results should be increased by this factor.

The results, plotted in fig. 9.6 clearly show the
depth

effect of 5 on permeability of blue London clay.
The permeability decrcases remarkably as the more 'in-
tact!, deeper stratum is approached. It is dintercsting
to compare this work with that described by Skempton,
Schuster and Petley. (1969) on fissure studies at Wrays-

bury, which shows that both the size and intensity of

fissuring desrcases rapidly as the depth dincreases.

In this context, it is worth noting that although
the &#imensions of the sand plugs (at least 2!'-6" long
and 8 in. in diameter) are sufficiently large to take the
flow through most fissures into account, it may not be
large enough to assess the influence of Jjoints and fis-
sures at large spacing. It is quite possible that fissure
spacing may exceed tiae length of sand plug specially at
great depths, in which case the permcability values
would be underestimated. It would, thercfore, be of

interest to conduct similar tests at the same site using

much longer sand plugs.,
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The permeability for borehole (1) anpears to be
slightly higher in relation with depth when comparcd with
the cher results. This is not surprising in view of the
intense fissuring observed at this borehole when the

first U-4 sample was taken,

The graphs of flow rate against 1/Jt showed con-
siderable departure form the theoretical Gibson plot,
especially at earlier stages of the test. This may be due

to a numbey of factors which are now discussed,

One of the main limitations of the insitu test is
the disturbance of soil around the borehole. The process
of maliing the borchole, especially with the shell and
mandrel system can seriously alter the soil structure
around the periphery of the borchole. This disturbed
zone may extend to a maximum of 3 times the diamecter of
the horechole (Gibson 1966) and it is in this region that
thé permeability characteristics are investigated. This
is specially serious in soils which show pronounced hori-
zontal laminations {Fowe, 196k, 1969) and for such soils
a screw auger method is generally to be preferred, (see,
for example, Landau, 1967; Rowe, 1968), For soils with
a wide =zone of smear, the permcability of the region
adjacent to the pniezometoer would gencrally be reduced.
Hence the permeability may be grecatly underestimated if
flow measurements are not taken over long period of time.
This effect can be extremely serious for structured soils,
flowever, the effect is likely to be small at large time
for London clavy, especially Ifor the decper borecholes (nos.

2 and 4) where the soil does not appear to show much
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anisotropy in permeability. On the basis of permecability
L] - _9 * 3 .
of remoulded London clay to be 1x10 cniy/ sec, and using
Gibson's solution, the insitu permeability would porhaps
be overestimated by 1-3%. There would of course be more

appreciable departures at small times,

The effect of grout on constant head test results
(Vaughan 1969) has bcen mentioncd previously. Due to
strict control and supervision that was exercised in the
pPreparation and pumping of grout mix, it is unlikely that
any serious errors would result because of this factor.
Assuming for the most pessimistic case that the perme-
ability of grout was 100 timss that of clay, the insitu

ermeability would be overestimated by about 10% maximum,
,

The effect of k and Sy varying with effective stress
has been investigated by Al-Dhahir (1967) who derived
modified constant hcad test cquations based on nonlinear
theory by Davis and Raymond. (1965) and that prorzosed by
Barden and Berry, (1965). The rceults show that if Davis

and Raymond thecory is held to be valid then

1

kGibson x ! '
(1—G;Aﬁu) In (1-Au£qﬁ

L
D-IR

t
where‘jﬁ denotes the initial effective stress in soil, and
A u denotes the cffective preesure increment. Al-Thahir's

pPlot shows that in a consolicdation test, asau increases,

* The avaorage value of 1x10-8 cm/sec. for permeability of
remoulded London clay mentioned by Tan (1963) was obtained
on normally consolidate rsmoulded samples at twice the

void ratio of the undisturbed sammples used in the present
test,
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lower flow rate that thet predicted by Gibson {on stand-
ard Terzaghi theory) would be obtained: while in a swel-

5

ling test, the flow rate would be overcestimated. The non-
lincar behaviour can also cause considerable curvature in

the initial stages of flow rate against 1/f¥_plot.

The results clearly appear to establish that insitu
permeability of fissured London clay is dependant on
intensity of fissuring and generally decreases with
depth. A compariscon of insitu permeability with labor-
atory results on undisturbed samples will be made in

chapter 10,
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CHAPTER 10

Laboratory tests on London clav

10.1 Details of experimental work

Samples of blue Lbndon clay from Wraysbury were test-
ed in the laboratory in 1.5 in., L in. andé 12 in., diameter
dissipation cells, The clay sampleé were obtained from the
clay pits at a depth of about 10 ft., below the gravel. 3 in,
diameter oedometer tests on horizontal and vertical samples

at low pressures were also carried out.

10,71 1% in. and 4 in. diameter tests

The dissipation test apparatus for 1.5 in. and 4 in.
diameter samples has been described by Bishop and Henkel,
(1962).. The cylindrical sample with height to diameter
ratio of ‘1 rests over a saturated, coarsé porous stone on
the pedestal of a triaxial cell, A perspex top cap carry-
ing a drainage lead rests on another saturated coarse
porous stone placed over the top of the sample. Moistened
fine filter paper discs are pnilaced between stones and soil
at either end of the sample to avoid clogging of filter
stones by the more impermeable clay. This effect, if al-
lowed to develop, éan seriously impair drainage from the
sample, {(Newland and Alley, 1960; Bishop and gibson, 1963),
The sample is enclosed in a rubber membrane sealed with

rubber O-ring in the usual manner.

The pore pressure at the bése of the sample is

measured by mercury null indicator, while the outflow of
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water from the clay is measured by means of paraffin/wéter
volume gauge, through which thie baclt pressure is also ap-
plied. In most of these tests, the axial deformation of
the sample was also monitored by means of an ordinary dial
gauge mounted on a yoke fixed to the base of the cell, The
spindle of the dial gauge rests on top of the perspex top
cap. Lovenbury (1969) found that the ordinary dial gauges
worked satisfactorily under liquid pressure provided that
the gauge mechanism is open to the cell pressure and that
it is placed in a thin oil (Shell Diala 'B' oil was found
suitable) ahd‘not water. ence the cell was only partially
filled with water up to the top cap level and the rest was
filled with oil. In tests where the pressure increment was
below 15 psi., the pore pressures were measured morc ac-
curately by connecting the null indicator in series with

a mercury manoncter, the other Zexnd of which is connected

to a »Drossure manifold.

”

10.1¢2 Test proceduae

The pore pressure was first allowed to build up under
a constant cell pressure. After enough tiue (usually three
days)'had elapsed to achieve this, isotropic consolidation
was commenced by applyving a constant back pressure through
the upper drzinage lead. Readings of pore pressurs, volume
change and change in height of the sample were recorded at

periodic intervals, , .

After complete dissipation of pore pressure and vol-
ume change had been achieved, the next stage could be

started by sinply reducing the back pressure to another
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constant value, while maintaining the same cell pressure.

10.1.3 Lescription of 12 in. diameter dissipation cell

This cell made of clectro-plated mild steel consists

essentially of five parts, mnamely:

I) The bottom plate,
I1) the lower pedestal,
III) the hollow cylinder,
Iv) the top plate,

V) the top cap on the sample.

The bottom plate, (fig. 10.1) is 21 in. in diametcr and

4 in. high. Twelve 20les to carry tie-rods are spaced at
intervals of 300 and drilled and tapped to 1.25 in. B.S.F.
size on a P.C.D. of 186.5 in. A central hole, 1.5 in. dia-
meter is also drilled through which a transducer can be
screwed in the basc of the lower pedestal for measuring
pore pressures. Six service ports from the side of the
plate to the inside are also provided. Standard 1/4 in.
Simplifix fittings are fitted to the inner ends of these
service ports while klinger walves may be fitted to the
outside. An O-ring on the side of the plate prevents any
leakage when the hollow cylinder forming the side walls
of the cell is positioncd on the bottom plate. The top

surface of this plate is very smoothly machined.

The lower pedestal (fig. 10.2), is a thick disc, 12 in.

diameter and 2 in. high. The lower surfacec is also very
smoothly machined so that it may rest flush on the upper

surface of the btottom plate. A two inches high insert,
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carrying the transducer, is screwed on thce underside of
the pedestal and it fits tightly in ths central hole of
the bottom platce; leakage bheing prevented by an O-ring
seal. A groove, 1/8 in. wide and 1/16 in. decp, runs
across the diameter to two scrvice ports to which Simpli-
fix fittings are attached, Hylon tubings cxtend from these
fittings to the corresponding fittings on the bottom plate.
In this way, deaircd water can be made to flow along the
groove to flush out any air bubbles that may be present.
Threce holes are provided at the top of the pedestal to
which a 12 in. filter stone may be screwed. However, in
the present series of tests, no Filter stone was used on
the pedestal, Instead, the groove was filled with washed
sénd; the sand being prevented from falling down the serv-
ice ports and the transducer by glass wool plugs. After
all air had been flushed out, two 12 in. diameter moist
filter papers were placed on the pnedestal and the top sur-
face was continuously kept meist until thc sample was

placed on it.

The top cap, is similar to the bottom pedestal, except that

it is made as light as possible by removing the metal in
the annular scction as shown in fig. 10.3. A 12 in, dia-
meter coarse filter stone can be screwed to the underside
of this platten. A groove, 1/8 in. wide and 1/16 in. deep
is provided to flush and deair the top filter stone. Two
water ports on either side of the groove act as drainage

channels,
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The hollow cvylinder, 24 in. long and 1/4 in. thick, forms

the sidewalls of tiwe cell and fits tightly over the bottom
plate. O-ring seals on upper and bottom plates prevent any

leakage from the cell,

The top plate (fig. 10.L) is 21 in. diameter and 4 in, high.

Twelve holes, 1,25 in, diameter are drilled on a P.C.D. of
18.5. in. The tie rods arc passed through the top plate
and scrowed into the bottom plate, The top plat:e rests on
the holléw cylinder and the tic rods are firmly fastened
by nuts on the top plate. A 1/4 in. diametecr vent allows
air to cscape as the cell is filled with water. This can

later be scalcd off by screwing a bolt on a IDowty scal.

The pore pressure at the base is mcasured by a Bell
and Howeil transducer (type 4-326-1.100); the recadings
being monitorcd on Budd P 359 strain gauge meter. The
" transducer showed extrcecmely godd linearity when calibrated
against a Budenberg dead weight calibrator. By sclecting
a suitable gauge factor on the Budd strain gauge meter,
the pore pressure reading could bs read directly in psi.
units. The flow of pore water undcr consolidation is
measured on a 100 cc. paraffin/water reversiblce volume

gauge (Bishop and Henkel, 1962).

Instaliation of sample in the cell

" The undisturbed blue London clay for
these large diamcter tests was sanmpled in the field us-
ing a 12 in. diamcter cylindriéal clay cutter which had

earlicr been used successfully by Agarwal, (1967) .
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The sample was carefully removed from the rubber mombrane
in which it was stored znd any cavities on the side were
filled with rewoulded clay. The sample was lcft standing
upright; a 12 in. x 12 in. plyboard mould, which could

be séparated in two parts was fitted tightly around it;
and the ends were trimmed with a straight edge. The mould
(with the sample) was hoisted with the 1lifting tackle and
placed on thce lower pedestal of the cell which hacd care-
fully been prepared as described earlicr. (plate 10—1)

A 1/16 in. rubber membranc was then carcfully slid over
the sampnle and the upper saturated filter stonc and top
cap were placed on the sample. The meombranc was sealed
by !'Hi-Torque! screw clips running over FTTFE tapc wound

over the membrane around the pedestal and the top platten,

(plate 10-2)

The cell is next quickly assembled, filled with
water and maintained under a constant prcssurc. At this
stage, any air in the top filter stone and the pedestal
can be flushed out by circulating water through the serv-
jce ports, under a back pressure equal to the vélue given

by the transducer.

The pore pressure under undrained conditions is
allowed to build up and when uniform pore pPressure con=-
ditions have bcen achieved throughout the sample, (as

shown by the bottom transducer and an upper transducer

in the drainage line outside the cell), consolidation is

commenced under the desired constant back pressure.
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10.1.4 Ocdoneter tosts

The samples for the oedometer tests were prepared
from the U - 4 camples obtained from thé samc deonths at
which the piezometcecrs had been installed at Wraysbury.

Both, vertical and horizontal samples were tested in the
usual manner under low e¢ffective stresses (up to 2.0 T/ftz),

corresponding to field overburden pressures.



182

10,2 Results and Discussion

10.2.1 Dissipation tests

The results from the dissipation tests have been
summarised in Table 10.1, where typical index properties
of the clay are also given, In ecach case, the values of

Cv in terms of maximum pore pressurc dissipation (Cv )
mx

and average volume change, (Cv ) have been calculated at
av

their respective times for 50 and 90% dissipation, In
most cases, except the 12 in, diameter dissipation cell,
the change 1in height was also measured by an internally
mounted dial gauge, Graphs for the degree of consolida-
tion (with respect to both wvolume change and pore Dres-
sure dissipation) against log time, and the average
volume change against log time have also been presented
at the end of this chapter. (Note that in some cases it
has not been possible to show both the average and maxi-
mum degree of consolidation on the same graph, in which ¢

case they have been plottecd separately.)-

It might be useful to mention some test details
about thesc tests. Test UDLC-12-A was accidentally wet-
ted prior to comnsolidation, when the top porous stone
was flushed beforec the cell pressure had been applied.
The sample was reinstalled the following day - but dur-~
ing this operation it is likely that saaple had under-
gone swelling. Also, the test was terminated beccause of
a leak in the membranc when the average degree of dis-

sipation was about 9Ug:,
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It is also worth pointing out that the 4 in. and
1% in. diamcter samples tended to be composed of rather
intact clay with few fissures. It was extrcecmely difficult
to trim highly fissured samples for mounting in the smaller
dissipation cells and many samples werc lost during this
process. Samples UDLC—1%~D and E were however highly fis-
sured samples while samples UNLC~134-I werce rcelatively in-

tact clay.

In some of the 1% in. dissipation tests, very minute
leakage, either in the volume gauge itself or the klinger
valves, resulted in erronecous volume change readings, Such
small volume changes should have been measured on a cali-

brated saran tubing. (Wormand, 196L; Som 1968).

Flexibility of the pore water measuring system has
important effeéts on the development of pore pressure
under undrained conditions. Because no pore pressure
measuring system is absolutely rigid, therc is bound to
~ be some 'drainage' from the samplc into the measuring
system duc to difference in pressures in the two at the
moment the load is applied. If the measuring system has
high flexibility, then the time lag may be large because
of delay in achieving equiliblium between the two systems,
These effeccts have been discussed by Whitman, Richardson
and Healey (1961) Bishop and Henkel (1962), Gibson
(1963),Tan (1968) and others. In the prescnt scries of
tests, the pore pressure in 1% in. and 4 in. diameter
samples was measured by Bishop‘type mercury null in-
dicator fixed directly to the base of the triaxial cell.

Tts flexibility (1x10~6 in.B/psi.) would introduce
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negligible error provided sufficient time is allowed to
achieve equitibrium before consolidation stage is com-
menced (Gibson 1963). A time of at lecast L days was al-
lowed in the bpresent tests. The pore pressure.in 12 in,
diameter samplcs was measured by a Bell and Howell trans-
ducer screwed in the base of the cell, Its flexibility

6 in.B/psi. and at least 14 days.

was found to be C.4x10
were allowed for pore pressurc to achieve equilibrium
between the ends of the sample and the measuring system

under undrained conditions.

10.2.2 QOedometer tests

The results of the ocdometer tests have been sum-
m2rised in Table 10.2, The samples for these tests were
obtained from tiic same depths at which piczometers had
been installed at the Vraysbury site. The tests were con-
ducted in the low pressurc range only. The purposc of
these tests was to obtain values of Cv’ m,, and k as would
be obtaincd in a commercial laboratory. Also, these tests
provided some indication of the anisotropy of clay in

vertical and horizontal directions.

The zero readings for calculation of average degree
of consolidation were obtained by applying Casagrande
construction, (Taylor 1948), by plotting the change in
height rcadings on log time plot. Agarwal (1967) found
that Taylorhrg Plot could not be very satisfactorily
applied to fissured London clay below effective stress
of hT/ftz. Of 'course, the correction from either of the

methods would not give the truc zero as the oedometer
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assembly itself shows elastic and inelastic deformation on
the application of a load on the hanger. The magnitude of
deflcecction of the oedometer asscmbly had zarlicer becen in-
vestigated by Som (1968) by using a dummy stecl ring in
place of the sample., For pressures used in thc present
work (up to 2.0 T/ftz), the deformation‘of the oedometer

frame is of the order of 15x10 ~ in. only, This has becn
neglected in thoe prescnt calculations. This corrcction

has to be taken into account if higher pressures are used,

10.2.3 Coefficient of consolidation, Cv

The . experincntal curves for the degrcece of dissipa-
tion against log time have been compared with the theoorectic-~
al Terzaghi curve fitted at U=50%. It will be seen from the
shape of the two curves that the Tcrzaghi theory predicts
the averagce rate of consolidation reasonably accurately up
to about 70% average dissipation but there is little cor-
respondence between the experimental dissipation curve
and the thecoretical Terzaghi curve. In every case the ex-
perimental rate of pore pressure dissipation is faster than
"that predicted by Terzaghi one dimcnsional consolidation
theory. Similar conclusions werc obtained by Som (1968).
It is perhaps noti surprising that in some cases the aver-
age rate of settlement becomes slow after U= 70% because
of secondary settiement and viscous effects. The discre-
pancy petween the rate of pore pressure Qissipation and the

Terzaghi theory, is evident for samples of-all sizes and re-

-~

flects highly non-linear consolidation behaviour. It is known

a Lot
1

that Terzaghi theory is based on the assumptions that dur-
X . : - s ST
-7

. o f o s . . v
ing consolidation, the coefficient of consolidation, Cv’

coefficient of compressibility, m_,
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and permeability k remain constant. However none of these
assumptions is valid for London clay. Eecently a number of
attempts have becen made to analyse the process of consolid-
ation by considering somc of the variations in Cv’ m and k.,
(Schiffman, 1950; Tavis and Raymond, 19653 Barden and Berry,
1965; Gibson, Hussey and Zngland, 1967 and Poskitt, 1969).
Davis and Raymond (1965) assumed variation in compressi-
bility m according e -~ log p relationship and that k and
m_ decrecasc in such a way that their ratio, Cv’ remains
constant. They found that the rate of pore pressure dis-
sipation was a function of the pressure incrcement ratio
Ap7p;-, (the results fit better with Terzaghi theory when
[sﬁ/pé = 1); while the average rate of volume change re-
mains unaffected. The Davis and Raymond theory was applied
to results from tests ULLC-124 and UDLC-12-B-1 where the
pressurc incremcnt ratio was grecater than-ono. It was
found that this theory made virtually no difference to

the shape of the pore pressurc dissipation curves. The
valuc of C_ increased from 10.k ftz/yr to 14.6 ftz/yr

for test UDLC-12-A and from 5,83 ftz/yr to .6.5 ftz/yr for
test UDLC-12-B. This shows that the assumptions in Davis
and Raymond theory are not true for London clay. Very
recently Poskitt (1969) has formulated a theory of non-
lincar consolidation which incorporates the results of
Barden and Berry, (1965); Davis and Raymond, (1965) and
Gibson, England and Hussey, (19@?). An attempt was made

to analyse experimental rcecsults using rosgkitt's theory,

by using the solutions in graphical form given in his
paper, It was found that the behaviour was so non-linear

that it was not dealt by this theory.
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The wvalucs of Cv bascd on dissipation of porc pres-
sure have been plottcd in fig. 10.31, for all the dis-
sipation tests. It will be obscerved that Cv from 12 in. dia-
metcr samples are appnroximately 1% times the values of Cv
from 4 in. diamecter samples. Ho distinct variation can be
obscrved from 1% in. diameter samples, when comparcd to
L in, diameter samples. However it should be noted that
the effect of fissures would perhaps be over cmphasised
in the 1% in. diamcter samplcs and would tend to give a
higher valuc of Cv. The values of Cv shownn in fig. 10.31;
from the oedomcter samples are, of course, avcrage Cv
values based on change in height of the sample. It will
also be scen that at an average cffective stress of 25 psi.
the values of Cv from oedometer samples from bore holes (1)
and (3) which corresipond more to the depth from which dis-

-

sipation samplcs were taken would underestimate Cv by at
lecast & times% FMigure 10.31 also shows that Cv decresases .
with effective stress for ail samples, though much larger
scatter has been found by other workers (Ward et. al. 1959,
Agarwal, 1969). Both thce wvariation of CV with samnple size
and the decrcase of Cv witih ¢ffective strecs could be a
function of fissure density and fissure openings. A sample
with larger diameter would have mwore fissures which would
accelerate the rate of dissipation of pore pressure than
a sample with a swaller diamcter, especially if the fis-
surcs are randomly oricntated as appears to be the case
with London clay at Yraysbury (Skempton et. al., 1969).
That the fissures are open, cespecially at low effective

% These tests also show that C for horizontal samples is
about 2.5-4 times that for vertical samples.
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stress, is evident on examination of clay obtained from
freshly openced pit, when often free moisture can be ob-
servced along fissurces. This strongly suggests that fis-

sures act as channcls along which pore water can travel.

It has now been established by several workers that
the Cv obtained from max, pore pressurc dissipation may
be quite different from that obtained from change in volume
of the sample, and in fact, the two values appecar to be a
function of the prcssure increment ratio,A;Vﬁ%. As this
ratio decreases, the ratio of rate of dissipation of pore
pressure to the rate of volume change increasces., Studies
by Hewland and Alley ({1960) and Wahls (1962) showed
that sccondary scttlements increased (i.c. Cv bascd on
volume change decrcases) remarkably as Ap/pé decrcased.
However, no porevpressures were measured in their work.
Leonard and Girault (1961) studied the cffcct of pressure
increment ratio as well as the nature of pore fluid and
the effect of side friction on undisturbed sensitive
Mexico City clay in specially designed¢ ocdometers in which
the porc pressure could also be directly measured. Taeir

recsults clearly showed that the ratio of Cv /Cv in-
mx av '

creased as,Ap/pé decreased. The results of tests done on
remoulded clay in hydraulic occometer at Imperial College
(Tan,1968) also confirm this obscrvation.

The variation of C_ /cv on 1/(Ap/pé) for all the

mx av :

dissipation tests done in the present work has been shown
in fig. 10.32. The trend is gquitc remarkable despite
large differcncds in samplc size and size of fissures.

It appears from results shown in Table 10.1 and also from
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tests on bluc London clay by Skinner, (1967) shown in

Table 10.3 that C changes more rapidly than Cv as
Vav mx

Ap/pé is altered.

Table 10.3 (after Bishop and Al-Dhahir, 1969)

Soil p/

o AP Cv/ftz/yr. Ratio  Reference
psi  —p!
’s) 2
(1 () &)
from from (1)
Au Ay
Undisturbed 2.5 2,0 Ly, 0 k3.0 0.97 Leonard and
Meoxico City 15.6 3.0 3.2 5.0 1.57 Girault
clay 7h. 4 0,15 3.1 oc.hh 0.014  (1961)
Blue London 27.8 0.2 iC.7 7.23 0.68
. Skinn
clay with 50.0 0.6 10.6 5.62 0.53 (1;2;§r
silt intrus- 80.0 0.6 10.G L,52 0.45
ions
16 C o0 =10 14,6 19.1 1.31
Auth 's
Boulder clay 6.0 0.67 29.6 33.7 1.1k utor
tests.

fill remould. 2,0 0.33 ULz.3 31.8 0.8

This effect has impgrtant implications on the be-
haviour of London clay in the field. It has been observed
in a number of casecs that ficld ratus of settlement are
many tirnss fastor than that prodictéd fram tests on coe-
vooationnl oddoictors, {(1neDfnnld and Sutinpton, 1955,: - o
Sikempten, ,Fuck nnd Mnclonald, 1955: So:., 16685, The

laboratory tests are usually
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carried out under a pressurce increment ratio of one while
the pressure incrcement ratio in the field would very often
be lcss than one and progressively decrcase with depth.
Also thc conventional consolidation test in the labora-
tory is conducted in small ocdometers, which do not often
adcquately represent the fissured mass in the fisld. The
laboratory rcsults can thus undecrestiiiate the rate of con-
solidation in the ficld, Three dimensional drainage in the
field is another important factor and will be discussed

later.

Thec values of Cv of London clay obtaincd from
ocdometer tests have been found to be susceptible to
sample disturbance and initial swelling, especially at
low pressurcs, (Cooling and Skempton, 1542; Som, 1968).
In the prcsent tests, the average value of Cv 50 ob-
tained decrcases from about 8.2 ftz/yr at effective stress
of 5 psi. to about 3.2 ftz/yr at average cifective stress
of 25 psi. These values may be comparcd with 3.1 ftz/yr
(for stress range 1 - 9 T/ftz) obtained by Cooling and
Skempton, (1942 ). Skempton and Henkel (1957) mention
values of Cv obtaincd from oecdometer tests on London clay

which have been summariscd in Table 10.k.
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Table 10.4 (after Skompton and Henkel, 1957)

Site Range of depth Pange of
below gravel Cv
ftz/yr
Paddington hrog" - 1381-6" 2.7 - 5.8
Victoria 0'-6" - 32'-0" 2,6 - 16.0 (Max. at depth

of 82'-0)

17.8 (Max. at depth
of 89'-0)

South Bank 31-0" - 102'-C" 2.6

The fact that the max. value of Cv for Victoria and South
Bank sites was obtaincd at depths of 82!'-0" and 89'-0"
could suggest the presence of a silt band or othér

coarse matexrial.

In conclusion, fig. 10.31, clearly indicatecs thaot
higher values of Cv are obtained as the size of the samnle
increases. Hence the larger diameter discipation tests
arc to be preferred to asscssing the value of Cv in the
laboratory. It should be pointed out that in dissipation
tests some shear forces develop at the top and bottom of
the sample, which may affect truc consolidation behaviour,

but their cffect cannot yot be cvaluated.

12.2.4 Yater Contents

Before discussing the effect of samplc size on
volumec compressibility, m_, and permeability, k, it

would be useful to discuss the variation of watcor content
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in London clay. If the clay consolidats as a unifpfm mass,
then there should be good corrclation between the actual
water content after consolidation and thce water content
calculated from mcasurcd changes in volume. Table 1¢.5
gives the dnitial, calculated final (calculated on volume
change and Gs= 2.67) and mcasured final water contents of
the dissipation tests. It will bc obscrved that therce is
considerable variation in the initial water contents, and
generally the measured final water contents are higher
than the calculated valucs. This reflects on the in-
homogencous nature of Loncon clilay and the natural varia-~
tion of moisture in the undisturbed mass. The process of
consolidation merely decrcases the void ratio and the
final moisturc contents only reflect the initial variation
in the clay. However it should be noted that the graphs
of average volumc change against time arc remarkably
smooth fof all thec tests.Further, thce volume changes

give valucs of m,, which appear to be consistent. That

the average final water contents are higher than calcu-
lated values could be due small indetcctable lea or dif-

fusion through the rubber membranc.,

It may be mentioned here that no scnse could be
m;de from the watcr contcnt results for the first 12 in,
diameter test (UDLC-12-Aj. Two factors cxplain this ob-
servafion. Firstly, on installation of the sample in the
large cell, the upper filtecr stonc‘was erroneously flush-
ed before all round cell pressure had been applicd. The
sample was thercecfore wetted on the sides a2nd had to be

reinstalled the following day. Xcnce, there is a distinct
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possibility that the initial water content of the sample
prior to congolicdztion would have incrcased. This is also
suggested by the small initial effective stress of 9.6 psi.
that was measured, uvnder undraincd conditions; otherwise,
the 'initial' water content of 28,8% should have shown
considerably higher effective stress. Also, a leak develop-
ed in the membranc when the sample had undergone about 94%
average dissipation. There would probably have been an in-
creasc in moisture content because of this leak. The final,
probably incrcascd, moisturc contents are given below,
These were obtained along the axis of the sample, on cither
side of a diagonal, after the soil in the immediate vicini~-

ty of the membrane had bcecen removed.

- . Watcr content %
Depth from top of 1st length 2né length
sample (in)
(Top) 0.5 35.73 31.8
3.0 23.50 29.10
6.0 28.70 29.0
9.0 28.5 29,5
(Bottom) 11.5 29.0 29.5

It will be seen that one length gives consistently higher

results than the other,

The fact that fissurced London clay shows consider-
able variation in moisture content is not a new observa-
tion, and has been notecd by other workers. Cooling and

Skempton (1942) reported a variation of 4% with in a
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distance of 2 in. in a boreholc sample from Watcecrloo Bridge
site. They also determined index properties at intervals
of two inches down the length of two undisturbed samples,
and obtained very intercsting results given in Table 10.6.
The dctermination of limits over the full deptir of a bore-
hole at the same site showed that the variation over a
depth of about 40 ft. did not excced that found over a few

inches.

Ward, Samucls and 3Butler (1959) reported a variation
of 2% with in a distance of 1/2 in., 4% variation with in
6 ft. and no greater variation with in o distance of 50 ft.
It is worth necting that this variation was not confined to
cilay near thce surface but was noticable in samples as deep
as 80 ft. Agarwal (1967) on tcests on blue London clay from

Wraysbury found that the mean value of water contcant for

»

the whole mass was 28%, whilc the intact lumps gave an
average moisture content of 27%, with the variation between
26.8 and 27.3%. Som (1968) also noticed that the corre-
spondence of the initial void ratio with thaf obtained from
the volume change was not satisfactory which he attributecd
to lack of agreement between the wate¥ content of the sam-
plevmeasured at the end of the test and that calculated
from initial water content and change in volume. Recently
in an extreme case, Bhandari (1970) has noted the differ-
ence in water content between the intact lumps and the
matrix material in a mudflow originating from London clay

to be 119 in the wet season and 3% in the dry season.

There is, thus, ample cvidence that London clay dis-

plays wide variation in moisture content. This may be



195

partly due to pattern of sedimentation; sand and silt
seoamns and partings; and also possipbly due to varying con-
ditions at the time of deposition of the sediments (e.g.,

sca~bed currents or source of origin of particles),and

as a result of swelling and weathering of fissured clay.

It is therefore extremely important to have a larger
sample (and hence more represcntative) for consolidation
tests as tests on individual small samples may be extreme-
ly mislecading. Mirata (1965) for exanplse, mentions two
consolidation tests in oedometers conducted by Soil Mech-
anics Ltd., in 1952 on undisturbed samples of London clay
taken from the Hanningficld Rescrvoir site. The figures
are quoted as mean for five determinatioﬁs on the same
sample. The first sample taken frowm a depth of 12 ft. and
described as "brown mottled clay containing partings of
sand", gave the mean value of Cv as 87.6 ftz/yr. For the
second sample taken from the depthh of 22 ft. where the
clay was described as "firm to stiff, slightly sandy, with
occaisonal pockets and laminations of fine sand". the mean
value of C_ was found to be 35.3 ftz/yr. Thesc values are
gxceptionally higih for Cv obtaincd from oedometer test on

London clay.,

10.2.5 Coefficient of compressibility, o .

m_ is defined as Ae/Ap(1+eo)=AV/gp(1+Vo) (for
saturated clay) where Ap denotes effective pressure in-
crement, and e, and Vo c¢enote woid rotio and volume at

beginning of the increment.
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The wvalues for the limited number of tests done
have been plotted in fig. 10.33. It will e noticed that
the 127 diameter samples givp higher valucs of m, than
the 4 in. samples, above average effective stress of
60 psi. The values of m, decrease with increase in ef-
fective stress ancd perhapvps, at high enough pressures,
when all the fissures have clbsed, there is not much
difference between m obtained from different samples.
Ho distincﬁ trend can be observed or 1% in. samples.

Thé values obtained from tests on cedometer samples

are high, especially for samplss obtained from the nore
shallow boreholes (nos. 1 and 3) which have a higher de-
gree of fTissuring. This observation has also been made
by Som (1968) wiho found that values of m in oedometer
samples were higher because of almost unavoidable swel-
ling of the sample and the disturbance to the soil when
preparing the sample for tesfing. He found thiat the
graph of m _ versus effective stress for the second load-
ing was consistently lower than that obtained from first
loading (see also Burmister, 1952). He also conducted
tests in the constant rate of strain oecdometer and hy-
draulic oedometer. The results from hydraulic ocdometer
lay between the curves for the f%rst and second loading
of the conveational oedometer, Wﬁile the constant rate
of strain oedometer gave values of m which werc lower
than those for the second.loading 2t low pressures,
Cooling and Skemptog_ (1942) remgr@gd“that the compres-
8ibility of remoulded London clay may be approximately

doubled on remoulding at natural moisture content while



197

even greater values may be found if the sample is al-
lowed to swell., Ience, it would appcar that convention-
al oedometer tost cammot be relied upon to furnish re-
liable values of m_ especially at low stresses. It is
preferable to carry out ocdometer tests in the hydraulic
oedometer where the flexible membrane ensures uniform
pressure over the top of the sample. Further, there is
complete control over drainage and the consolidation is
not commenced until the build ap of pore pressure in

the sample is couplete, This also enables the use cof
back pressure to achieve complete saturation of the sam-
ple. By measﬁring the change in height and pore water
pressure over a small contral arca of the sample, the
effects of wall friction can be largoely climinated, This

apparatus has been cescribed fully by Tan, (196”).

The ratiocs of axial to volumetric strain, Gg/EQ,
have also been tabulated in Table 10.1, and vary <rom
0.62 to .8 for the L4 in. diamcter samples. This probab-
ly reflects the tendency of the sample to deform axially
because of intensity of fissuring azt shallow depths
(about 10 £t. bvelow gravel). This ratio =lso shows that
the clay did not behave as idcally elastic, isotropic

f
medium, for which éa/g; would be 1/3 at small strains.
Som (1962) obtainecd Ea/ev = 0.4% - 0.55 for clay from

Ongar; but this was from a much greater denth (about

30 ©t.). From Table 1C.1, it also agp:

U

cars that m, tends
to decrease with decrease in gressure increment ratio.
There is, unfortunately, no direct asscessment of a in

the ficld available for comparison.,
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10.2.6 Coefficient of permeability, &

The results of permeability against average effecc-~
tive stress have been plotted in fig. 10.34, and show the
remarkable e¢ffect of sample size and the deptihr of strat-
um on the permeability of fissured London clay. The con=-
ventional oedometer test results based on Terzaghi theory
greatly underssvimate permcabllity and would predict a
much slower rate of consoliidation than that obtained in
the field. London clay, espvecialily at relative shallow
depths, is hig-ly fissured and jointed. These discontinu-
ities would greatly idincrease the rate of consolidation.
Further, the clay is distinctly laminated with horizont-
al particle orientation, as has been observed by Tchalenko,
(1967) in thin scction studies of the clay. These lamin-
ations and fissures imply that the flow of water can take
place in both horizontal and vertical directions. Hence,
any one dimensional vertical consolidation test of whatever
sise would tend to underestimate the permcabiiity to

certain extent.

In Table 10.2, the results cf ocdometer tests done
on horizontal samples have also been tabulated. The val-
ues of permeability have becn calculatcd from Cv and m_
and only give a trend of the relative permeabilities in
vertical and horizontal dircctions, and show that k
(horizontal) /% (vertical) can clearly be greater than
1, especially for semples at shallow depths,., It must be
emphasised that the wvaliues of k from oedometer tests

should be treated with caution. Thiec difference in the
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degrce of fissuring, water contents, and other limits

can vary so mucih cven for adjoining samples that the

truc rclative permcabilitics in the horizontal and vert-
ical dircctions cannot bo accuratcely asscssod in the labe-
oratory by using two diffcrent samples, For such a detor-
mination to ¢ carricd out in the laboratory, it is es-
scntial that thce tests be carricd out on the same sample.
Cuboidal saumplcs ftested in triaxial cclls have been usced in
the past to determince horizontal and vertical permcabili-

ties of other clays (Normand 196L), It has not been pos-

"

sible to conduct thesc to

4

3ts in the present projcct. The
author suggcsts that if such o deteraination is carried out,
then by using the results of vertical permeabilility in the

12 in. cissipation tecsts, a realistic behaviour of two
dimensional flow in the ficld can be ascortained, The
insitu test on borchole (4) gives a much lower value of
permeability, (2x10—9 cm/soc.) coumpared to 30x10-9 cra/sec.,
for the more shallow borchole (1). This could be a rc-
flcction on the more intact clay mass at greatcr deptas,
and the possibility that fissurc owcnings and micro-voids
between successive laminatiouns are clesced at large depths
thus rcsulting in almost same permeability in the vor-
tical and horizontal dircctions, Z'2lia (1968) has ro-
cently madc somc fissure studics on bluc London clay
from Wraysbury and the limited worlt clearly indicates
that intensity of fissuring decrcascs with depth. For
cxample, he oxamincd two blocks; onc 13x12x9 in,., in
dimensions located about 5 ft. from the top surfacce of

the clay and the sccond, 18x19x12 in., located 10 ft.
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below the top surface of clay, The results showed that

if the number of fissures per unit volume of clay is
assumed as degree of fissuring, then the degreec of fis-
suring of block I (482 fissures per cubic ft.) was 3.9
times greater than the degrcece of fissuring of block IT
(124 fissurcs per cubic Ft.j. It is also possible that
the size of the sand plug used for C.i. tests, cspecial-
ly for the decper clay, was not large enough to inter-
sect flow through the more largely spaced joints and

fissures to give a trucly reprecsentative value of per-

meabiiity.

16.2.7 Rate of consoclidation

There is surprisingly, no data available in the
literature about insitu permcability tests in London
clay, with which to directly compare the results ob-
tained in the present tests. Howevér, an indication of
the wvalidity of the insitu permeability results may be
obtained by consicdering the field rate of consolidation
of two earth dams situated on London c¢lay, described by
Mirata, (1965). For the first casc, settlements of the
outlet conduit of the‘cmbaﬁkment of the William Girling
Reservoir  (of the Metropolitan Water Board), situated
at Chingford ETssex, were observed., The Chingford embank-
ment has a height>of L1,7 ft. at the section considered
and comprised of gravelly £ill with contral puddled clay
core keyed into London c¢lay which lies about 17 ft. be-
low the ground surface. The London clay is overlain by

Thames ballast and has a thickness of 40 ft. An average
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of 36 determinations using conventional 3 in. diamoter
. 2 .
ocdometer tests gave CV = 4,5 £t /yr. Zowever, no cor-
respondence was found between the observed and the cal-
culated ratec of settlement (on the basis of Cv = 4,5
2 ] Fal 3 7. b s 3
ft /yr). Mirata found that the timesettlement curve when
. A ~4 -
replotted assuming C_ = 4y £t%/vr gave very close values

to the actual behaviour.

The second examnle is that of the 50 ft. high cm-
bankment (at the section considered) at Fanningfiecld.
The thickness of thze clay is about L5C f£t. bDelow the out-
let conduit on which settliement measurements were taken.,
In this case the calculzted rate of settlement based on
2 . . . . .
CV = 61.4 ft°/yr was only slightly greater than the ob-

served behaviour.

If the coefficient of congsolidation is calculated
from the insitu pcrmeability values obtained from the
author's tests and the approximate values of @ ob-~
tained by c¢xtrapolating the graph of the 12 in., dia-
meter dissipation tests (fig. 10.33), then the follow-

ing values of Cv are obtaincd.

insitu assunmcd calculated
B/H kx10™7 i c,
cm/sec. (ftz/ton) (ftz/yr)
1 34 C.0251 49.3
2 20 0.0224 29.0
3 10 0.0255 14.5

Ly 2 0.023 2.9
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This indicates that most of the settlement would take
place in upper, shiallow clay and field rate of con-
solidation would be much fastcer than that predicted

from laboratory tecsts hecause of three dimensional flow.
Attention has been focussed on the disparity boetween

the field and laboratory rates oif consolidation by Rowe
(1968) and the subsequent discussion on his paper. A
number of case records have been presented which show
the influcence of geological features like lamninations,
fissures, silt and sand intrusions which can acceler-
ate field dissipation of pore pressure and consequently,
in a number of such cascs sand draines designed on the
basis of one dimensional laboratory tests wourld bhe rel-
atively uneconomical. Rowe, for instance, describes the
consclidation of light gray, weathercd, highly fissured
mudstone clay (L.L. 59%, P.L., 25%, clay fraction 46%)

at Staunton Herold Reservoir, where the clay, similar

to London clay, was "observed as having hard and soft
patchesY, Laboratory oedometer samples (3 in, diameter
and 1 in. thick) gave mean values of Cv as 30 and 60
ftz/yr for vertical and horizontal drainage. The values
of Cv based on insitu permeability and laboratory com-
pressibility (mv = 0.0085 sq.ft/ton) were found to boe
L5, 515 and 158¢ ftz/yr, while the vpiezometcr dis-
sipation records gave Cv ranging from 280 to 520 ftz/yr.
Bishop and Vaughan (1962) describe tests or remoulded
boulder clay from Scelset Dam where Cv obtained from 4 in.
diameter dissipation tests was taree times less than the

field value., Bishop, Yennard and Vaughan (1964) reported
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that the average value from four insitu constant head
tests conducted in the feocundation strata at Selset gave
permeability values which were about 2.5 times that ob-
tained from constant hcecad tests in the laboratory on
L in. diameter sample remoulded at the same void ratio

even tnouglh the difference between horizontal and ver-

=

tical permeability was small, Bromwell and Lambe, {(1963)
compared the value of C_ (swelling) from oedometer tests
with those obtained from piezometer observations for
Boston Blue clay (L.L. 50%, F.L. 20%), and found that
the field value of 350 + 50x10—h cmz/sec. was about six
times the laboratory value, Other such cases have been
described by Lewis, (1963); Rivard and Kohusha, (1965);

Henkel, (1965); Rowe, (1964, 1960) Bishop and Al-Dhahir,

(1969) and others.

Apart from the effect of lateral drainage in the
field, the variation of m with depth can also account
for substantial increase in the fiecld rate of settle-
ment as has been illustrated by Schiffman and Gibson;
(196&) who showed that for London clay the rate of con-
solidation would approximately double if decrease of m,
and k with depth as shown by ocedometer tests, is consider-
ed. Another factor about which relatively little is known
is the process of three dimensional consolidation in the
field. Gibson, Schiffman anc¢ Pu, Gibson and licNamece,
(1957, 1960, 1963; and Davis and Poulos, (1968) have
shown that apart from the ratio of lateral te vertical

permeability, 3-b consolidation is also greatly affected
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by the ratio of the vertical drainage to radius of lcad-
ed area. Solutions for 3-L consclidation are very complex
mathematically and cover limitec cases. Som, (1968) com=-
pared the rate of consolidation of a L5 ft. laycr of clay
naving CV of 11 ftz/yr and founc that the three dimen-
sional consolidation would take 15 7cars to reach 80% of
total settlement as compared to 50 years for one dinmen-
sional consoclidation. Hence, all one dimensional labor-
atory tests would undarestimate the overall permeability
of Lendon clay, especially at shallow depths, since three

dimensional flow will not be taken into account.

10.3 Conclusions

From the limited number of tests done, it would
be wrong to offer general conclusions about the con-
solidation behaviour of London clay on sample size.

However the following trends are noted:

1) CV from 12 in. diameter samples is about 13 times
hat of 4 in, diameter samples and approximately

3 times that obtained from ocedometer samples.

2) The values of m obtained from 12 in. diameter
samples is about twice that obtained from smaller

samples and decreases rapidly with effective stress,

3) The permeability of London clay is greatly affected
and influenced by samnple size. The valuec of per-

meability from 12 in. diameter samples is about



k)

5)
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twice that of L in,., samples., The insitu permeabilities
as deterimined by constant head tests are considerably
higner because of vertical and lateral drainage in the
clay. At shallower depths, the insitu permeability

is much nigher than that of the deeper stratum since
at shallow depths, the intensity of fissuring, and
kh/kv are likely to increzso and fissure spacing would
decrcase.,.

It has been observed thet Terzaghi one dimensional
consolidation theory, Davis and Haymond (1965) theory,
and Poskitt (1969) theory do not adequately represent
he one dimensional consolidation behaviour of London

clay.,

Finally it is suggested that laboratory tests would
greatly underestimate the rate of consolidation in
the field. It is essential to conduct insitu perre-
ability tests at different depths to accurately est-
imate field rates of consolidation in fissured London

Cla}’.

10.4 Some_ suggestions for further resecarcia

Since fissured London clay shows mar.ed variation

of in-situ permeability with effective stress, it would be

of considerable practical interest to investigate this

aspect more fully by conducting other field constant

head tests at other site in London clay,
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The sizce of sand »nlug used in this testing programme
was typically 2'-6" high x 8" diamcter. It is suggested
that constant head tests using sand plugs of larger di-
mensions should be used to determine in-situ permcability
of relatively intact clay at greater depths at the site

at Wraysbury.

Consolidation test data frem L in. and 12 in, dia-
meter dissipaticn tests at low effective stress is lacliing,

lay from

]
o]

It would be useful to conduct these tests o
Wraysbury at low cffective stresscs for comparison with

in-situ tests, and field records.

The permeability of London clilay in the laboratory
has been determined indirectly from dissipation and
cedometer tests and by the use of Terzaghi consolidation
theory. 3ecause of the uncertainly of Terzaghi theory,

a direct comparison of these results with in-situ per-
meability test results is not valid. It is therefore
suggested that laboratory value of permeability in both
vertical and horizcntal directions should be determined

“from constant head tests on cuboidal samples.,



Table 10,1

Results of dissigation tcests

Test Mo. p! AT Q@ aY. £t /yr :
psi. psi. PO g;? 50 Ci1) cizgo ?%
PP. 2iS- xg pp, oy70RV
S1pation

UDLC-L-A-1 25.5 29.5 1.157 Ly, 86  3.35 3.27 1.02
UDLC-U-4=-2 55.2 5.3 0©.096 53.86 3.83 2.39 1.6
UCLC~4-4~3 6C.0 20.0 0.333 73.8 2,76 2.27 1.22
-~ LB 27.0 25.0 0,926 @ Ll,25 .23 3.55 1,19
- =LaB-2 51.5 15.0 0.29 61,85 3.75 2.49 1.52
- C-1 22.65 6.2 0.2737 26,93 8.5 L,97 1,72
- c-2 28.73 5.27 0.183 32,37 6.0 3.i0 1.9k
- C=3 33.88 5.12 0,151 37.42 | 6.2 3,05 2,03
UZLC-12-4 9.6 30.k 3.16 29,97 10.4 7.93 1.31
UDLC-12-B1 21.5 27.C 1.250 40,1 5.83 5.04 1.16
UZLC-12-B2 L8.5 5.5 0.113  52.13 6.2 2.71 2;51
UDLC~-12-83 5L 6 C.111 58.02 5.52  3.93 1.40
UDLC=1%-D=1 10 2C 2.0 19.52 7.88 9,07 0.81
ULLC-14-D-2 30 20 0.67 k3.8 3.890 €.02 0,65
UCLC=14-I~1 h7.5 21 Ol 62,0 1.805 1.24% 1,45
UDLC-13~I~2 68.5 15.5 C.226 79.2 2.99 1.54% 1,94
UDLC-I-14 B L,8 30.2 0,66 66.6 2,33 3.52% 0.95

* calculated on basis of average changc in height
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Table 10.2

Results of occdometer tests on blue London clay

(Wraysbury)
3/H Depth below Direction 0.2 - 0.+ T/Ft"
gravel c, ftz/yr m, ftz/ton k:1590m/sec.

1 9t-o v 6.62 00,0115 2,0l
H 16,11 0,00226 C.90
= s L
§v§ 2. kL 0.197 0.48

2 211=3" v 1G.07 00,0097 2.62
3 25,16 0,004 2,93
(z ‘ ;

3 gt-on v 751 C.01¢€ 3436
X Lo.10 0.C08 15.56
H 5.1k 0,50 h,62

L 30t 6" v 7.0 0,005 0.0
i 25,16 0,002 1.38
(£) 3.6 0.4 1.k35
(-V) . . .

Note: Results shown for vertical and horizontal dircctions

were obtained from tests conducted on different samples.



0.h - 0.8 T/ft% 0.8 - 1.2 T/ft 1.2 - 2.0 T/ft

C m k%107 c m © c m X

v v v v v v

3.19 0,022 1.9 2,50 0.0228 1.52 2,72 ©.010 1.26
15,6 06,0055 2.32 9,96 0,008 2.12 9.3%5 06,0101 1,09
L.,80 0.25 1422 3.98 0.35 1.39 3.,4% ©.85 0.56
6.25 0.01Lk 2,35 4.8 o©.C152 1,82 L,04 0.013 179
11.9% 0,607 3.64 10.47 0,003 2.26 10.G5 00,0072 1,96
1.91 0.5 1.55 2.34% 0.536 1,24 2,49 0.55 1.10
L.59 0,0258 3,17 L.,35 0,023 2.69 2,67 0$.0211 1,51
18,46 00,0097 4,51 13.08 ©0.0115 L.15 12.21 ©.6127 Lk.12
L, 0.38 1.52 3,0 0.51 1,54 hL,57 6.03 2.73
4,38 0,009 1.14 L,16 0.0107 1,197 3.43 ©.0114 1,05
20.08 0.,0038 1,87 12.2 0.00LL 1,92 5,16 0.0058 0,81
L,56 C.39 1.4 2,935 0,.h1 1.6 1¢5 051 077




Table 1C.5

Final calculated and measured water contents of

dissipation test samples.

Vater contents %

Test Ho, Initial final from vol, Measured
change final
UDLC=~12-B 29.5 26,6 29,14
30.24(30.31) 27.33 (27.36) 27.65 (28.39)
31.20 2010 25.10
30.05
27 .90
27.69
27.20
27.6L
UDLC-L-A 23.62 26,27 27.16
29.0 (28.81) 26.63 (26.45) 26.33 (26.6k)
26.52
UDLC-L4-3 23.0 26,36 26 .50
29,1 (28.55) 27.35 (26.35) 27.6 (27.13)
27.3
UDLC-4-C 30.9 20,6 29.9
30.6 (30,97 29.66 (30.0k) 3¢.2  (30.05)
31'b‘r 30.65
UDLC=~1%-~D 29,0k 26,74 - 26,70 (26.78)
29.18(29.11) 26.63 (26.69)
UDLC-1%-E 26.5 28,17 27.95 (27.95)
29.C (29.25) 27.73 (27.95)

( Yfigures shown thus are average water contents,



Table 10.6 (after Cooling and Skempton,19&2)

Variation of water content and Atterberg limits in a

sample of London clay.

Distance from Sample 72/2/a Sample 72/s/f

top of w/c L.L. P.L. w/c  L.L. z
sample (in.) % % % % %
p 24 71 24 27 78
4 2L 70 24 28 73
6 22 60 22 28 80
8 2L 61 22 24 75
10 25 67 2l 25 83
12 25 72 25 24 81
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CEAZTZR 11

e

Tests on bouldex clay

Indroduction

As part of the dinvestigations for the k6 liotorway,
a 6 metershigh trial embankiient was constructed and in-
strumentec to evaluate the effectiveness oif horizontal
drainage blaniets in boulder clay. The boulder clay was
a lig-t brown candy clay end the grading curve of material
passing BS 3-in, is shown in fig. 11.1. {The clay contained
boulders up to 1 meter in size.) The index tests on clay
passing BS 36 sicve showed a liquid limit of 26%, plastic
limit of 19% and a very small clay fraction of 7%, An
intercsting feature was the high moisture content at
which boulder clay fill was placed. According to the
Ministry of Transport swecification (1963), the place-
ment moisture content for this boulder clay should be
about 9 ~ 11%; however, under the construction condie .«
tiong, the octacl bulk water content could rise to about
15%. A sample of excavated boulder clay was brought to
tire laboratory and pore pressure dissipation and constant
head permeability tests were conducted on & in. x & in,

diameter sample in a triaxial cell.

Laboratory tests

The laboratory tests were conducted on material

passing 38 3/8 in. sieve size., The grading curve of the
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test material is also shown In fig 11.1,

Th.e discipation tests were conducted in a2 triaxial
cell in the same manner as described ceerliier for L in,
diameter tests on London clay in chapter 100, However, at

tiie cownletion of each dissir-ation stage, a constant

head test was performed before commencing tiie next dis-~

sipation stage.

The permeability may be directly measured by main-
taining a constant differerntial head across the samplce
and by applying Darcy's Law vwheon steady state flow is
achieved. Tan (196C) obtained soiutions for C.H.T. in
laboratecry and showed that the rate of flow varies lin-
early with 1/]? until at approximately 1[{% ;J??
turns towards the steady state value, ﬁ&m' ifrom such
a plot permcability can be determined by the following

expressions:

2 —r

A TATG

C.{’_'.JOXEL_- (11.1)

wiere A denotes area of cross-section of the sample,

H denotes length of drainage path,

Q@
[0}

At denotes constant differential hecad across

the samplc,

Hy
b

b
@

H
L ]

E'w derotes unit weight o

As in the case of in-situ constant 2ead permeability
tests (chapter §), it is convenient to plot rate of
flow against 2/(] % ;7dt,) where t, and t, are times bee-

2z
fore and after the increment during which the flow is

MeasSurcd.
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11.2 Lavout of gsonaratus

The layout of the ap.aratus is shown in fig 11.2.
The sample enclosed by rubber membrane and top and bot-
tornl coarse poroue discs rests on the pnecdestal of a tri-
axial cell base, The pore pressure at the basc of the
sample is measured by a null indicator. The drainage
lead fromwn the top oiff the sample is connected to a 5 cc.,
capacity volume gaugce which measures the change in volume
of the sample during digsipation stage. One limd of the
null indicator whicl: is conncected to the basce of the
sample is also connccted to 2 ¥ cc, capacity volume
gauge whilce the other limb is connected to the hand ram.
In fig 11.2, the pressurce linc te the cell is also cbn—
nectec to a volume gaugce., This arragement is used only
winen the test is concucted in stages'af different cell
preésurq& Jowcver, in the present series of tests oni
one constant cell pressure was used for all the stages.
Bince very small pressures were used in tiie tests, the
bourdon pressure gauge could not be relied upon to meas-
ure these accurately. Zience all pressures were read on

a mercury manometer as shown in the figure,

11.3 Test procedure

To simulate the fieli?conditions as closely as
possible, thwe water content at vwhich remoulded boulder
clay would have an undrained strength of Z psi. was
determined by carrying out unconfined compression tests

on 1% in. diameter, 3 in., aigh samples, The moisture

iy
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;

content was found to be 10.,5%, anc the soil was re=-
moulded at tids modsture content. The test cample was
then tamped in a L in. diamcter split mould and mount-
ed in the cell. A constant cell pressurc of 20 psi. was

maintained thiroughout thc teot.,

After the pcocre mressvre in the sample has built
up to a steady value under undraincd conditions, a con-
stant back pressurc, Py ic applied through the upper
drainage lead and dissipation stage is commenced. The
volume change in the samcle as mecagsured on volume gauge VZ’
and the pore pressure are recorded. Hote that during

this stage, the volume gauge V connected to tize null

11
indicator is disconnected from the circuit. The terme-
ability test is conducted after completion of the dis-
sipation stage (when p1 is the pore prescure through-
out the sample). An effective stress increment of L psi,
was used for all consolidatior {or swelling stages)while

the permeability tests were conducted under a constant

pressure diffcrential of 2 »si.

The null indicator is now disconnected from the
circuit and the volume gsuge V1 is brought in the circuit,
A constant pressure differcecntial of 2 psi. across the
sample iz waintained by keeping the saiie back pressure
(p1} 2t tize bottom of the samplie, while the upper cnd
is subjected ©to a bvackpressure of (p1 - 2) psi, ence
the flow of water tales place from bhottom to top of the

samtle and the inflow and outflow measuresments are
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taken on volume gauvges 71 and V2 respectively, After

the flow has approximated to steady state flow, the

back pressurc on top of the samplc is altered to the
same value as tihc bottom baclkk pressurc, (p1—2) psi., in
order to establish uniformy Tore pressure in thce sample,.

The next dissipation stage can now be commenced Dy dis-

75 bringing the null indicator in the circuit

and applying a baclt dressure of (p1-6) psi. through the

connccting V

top draianage lead,

In the prescnt work, sceries of pore pressure dis-
sination tests and constant head permeability tests were
concucted on the consolidation, swelling and reconsol-
idationr cycles to compare the laboratory consolidation

behaviouxr witia insitu tests.

A

The results z2ave been tabulated in Table 11.1. The
values of cocfficient of comsoiidation hiave been calcul-
ated frowm standard Terzaghi theory fitied at 50% consoli-
dation time, while m_ is calculatcd from volume change

during porc pressure dissivation stage.

Fig 11.3 shows the variation of Cv’ . and Iz with
v g
effective stress on initial consolidation, The coefficient
of comnsolication based on pore pressure change increases

almost linearly with effcctive stress on a log - log plot,

tress. It would

4]

as m_ (ané k) decrecase with cffcctive

appear Ifrom tie Tigure, that the rate of increase in Cv



would becoma small after 20 wsi. as thw rate of decreasce
in = becomes progressively smallcer. Figures 11.4 and
11.5% show the variation in consolidation parancters with
cffective stress on swelling and reconsclidation. There
is rerarizably littlc change in wermeability with cffcc-
tive stress on swelling and veconsolicatiocn cycle. The

labozratory valuss of poermeability have becn combared

%)
G

ct

with those frow in-situ conctant head tests in fig 11.6

F)

btaiaced.

)'
8
}.l .
[65]
o}

and snhow that very close zgrecencnt

=1

foirly uniform

X
6]

indicates that in cases wiicre soil

sarently structurcless, it is possible to asscess

insitu Termncability rcasonably accuratcly from laborae
tory constant Zecod perimeability tests, Thic wvalues of

insitu Cv as <educed from piczometer reacings lice 2=3
times abowve the laboratory Cv values on first loading
(soe fig 11.7). This may bc accounted for by the psre-

sence of high stonc content (about 40% more) in the £ill

in the embankment (Bishop and Al=Dhahir, 1969).

. . . 5
Bidshop and Al=Dhanir (1969) have comparcd some
casas where ian situ and laboratory tests have been cone

Auctced to determine i and C Tor tihe boulder clay found-
v! o

~

atiorn of Selset rescrvoir cmbanlment, tiie field Oy was

about 3 times the laboratory value as dotermined by L

in, diameter dissipation tests. The value of 1 by direct
-3

measurcment in laboratory was C.k3 x 10 ci/scc. or,

)
a} =

omittiing omne high value, C.04 2 10 cm/sec. Very good

corrclatior was also obtained for the F£ill material ve-

tween Cv from dissipation test and field performarnice
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I - \ .

results (secc also Bishop and Vaughan, 1962). Also in-
-G
situ CH tests in the fill gave ¥ = 1.2 x 10 cri/scc.,
while & = 1,1 =z 10 cm/sec in same stress range was
directly measured in itihc laboratory. or the puddle
- -0
clay corc at Sclsct exmbankment, k¥ = 0.7L x 10 cm/sec
-5

and 0.C4 x 10 ci/sec werc obtained for consolidating
and swelling stages respectively from in situ Ci tests

{
. . -0 .
while a value of k = 0,77 x 10 cm/sec was dircctly

ilar data on boulder clay

measurced in the laboratory.
from Balderheacd Dam and Diddington Dam is chown in Table
11.2 {aftor 3ishop and A1l-Thahir, 1969} frow: vhich the
gencral conclusiorn may be drawn that provided the mater-
ial is structureless and uniform, very good corrvclation
can bc¢ obtaincd from laboratory and insitu determina-
tions of k& and Cv' The agrecenent in Cv values will ime
prove if the boulder clay contains high clay content
and less stone content, This is not surnrising in view
of thoe fact that large sizcd stone fraction has S0 de

™

excluded in most labvoratory tests. Fox

BN

in, dia. lobora-
tory tcsts;}@ ingds o maxizam particie limit. The results
of perueability of boulder clay wmay be contrasted with
those obtained for London clay (chaptcr 10) where in
situ permeability valucs, especially at shallow deptihis,
wore much nigher than those dceduced from laboratory

discipation tests, becausc London clay shows I

e
0
)
+y
e
0]
0
c
H
©

intensity at shallow depths,

The coefficient of consolidation Cv is not only

a function of the effective stress but also structure
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(expressed in terms of wvoid ratio) as shownr by figures
11.3 -~ 11.5., It would a»npear that m is cspecially sen-
sitive to stress history; for cexample, at sffective

. - p—_— o - P
stress of 10 psi. m, = 0.C3, 0.005L and 030102 £t~/ton
are obtaincd for initial consolicdation, swelling and re-

velyv, bince & from direct

[ ald

consolidation curves resnict
labvoratory mecasurcuents is relatively inscensitive to ef-
fective stress or stress history, a rmuch higher value of
Cv would be cxpected on reconsolidation than on virgin
consolication at the same cffcctive stress, This can be
clearly sceen from figurcs 11,3 and 11.5. In these fig-
ures, the value of Cv from cirect measurcment of per-
meability and m_ from voiume change (Cv = k/mf‘?) has
also becn plottod, This value of Cv is lower than that
calculated from standard Terzaghi thcory fitted at

t = 50% for swelling and rcconsolicdation tests while

for tho initial consolidation tests, it is lowcr only
after normal strcss of 10 psi. This would imply that Cv
as determined from pore pressurc dissipation and
Terzaghi theory would overcstimate the rate of consoli-
dation of boulder clay by a swuall amount (about 2 times
in the stress range considered), This effcct may be
espccially important for svelling tests because coef-

ficicnt of swelling is iuch greater than the coefficicent

of consolidation.



Initial
consoli
dation

Swellin

Re~cons
idation

Table 11.1

Results on remoulded boulder clay (i6)

e

S 2
Pressure C, Tt /yr m,,

. 2
rangec,psi. mx, pp. Av.vol, Tft%/ton
change

o-4 14,6 19.1 0.097
- L.g
6-10 26,6 33.7 G.033
10-12
12-16 h1.9 3%.C c,027
16-18
g 15-1L4 317 k90,8 0.0C58
1h-12
12-C 136 332.7 0. O0KL
o-6
62 239 100,5 0.011
2-0
0l- O=L 22.2 399 0.037
-6
6-10 171 140 C.016C
1C~12
12-16 sh2 125 0.C0kH
16-10

[=]
Q

%10~

cr/scc.
measured



Table 11.2

Comparison of laboratory tests, insitu tests and ficld

*
Site Zone Index values Laboratory test valucs 1
1L PL CF C, % cm/scc,.
£17/yr x10"°
*
Selsct Foundation 32 13 24 25 an (40) 0.67 3 (ko)

o.h3"3 (80)
0.38* h (77)

Pill 29 15 20 2h  a (40) 0.67° 2  (h4o)
1.1°° (12)
Puddlc 20 15 2¢C 16 da (40) 0.67 (40)
core
0.77 (30)
Balderhead Fill 280 14 18 25~ a (46) 0.56*“ (53)
170

0.64-0,43 (5)

Diddington Foundation 58 20 38 12,0~ & (40) 2.2-0.17*(40)

(Boulder .3

clay and

Oxford clay) 17 o (70)

9«5 t(c.20)

Pill 58 20 38 6 a1+(30) 0.4 (30)
M6 Fill 26 19 7 15 d (3) 2.1 (5)
(Kcendal)



performance for thrce

(after Bishop and Al-Th

Insitu test valucs

ahizr,

cubanknients on vouldér clay.

1269)

Ficld perforaance

Cyv k C, ftz/yr
ftz/yr cm/sec.xz15”
L (30)
460 C (¢c) ¢.eh (20)
30 (Lo)
14 05(12T2 1.2 (125 Lk (c.8)"?
gk ¢ (30) 0.79 (30)
75 ¢, (53) 0.7 {53} 128 (£7)
c100 (45)*5
7.5 € (9.1) 0.33 (9.4) 11 (15)
1.4 ¢ (16) 0.87 (16) 5 ¢ (34)
1.4 c, (21) ©.18 (21)
50 c, (3) k.0 (5) 20 (3)
2.8 (11) 50 (9)

(sce following page)



Hotes for Table 11,2

* denotes &t value calculated from Cv and e

*1

*2
*3

*L

*5

()

denotes vertical samples except stated otherwisc

by symbol h,
upper part of fill was slightly more sandy.
Test on remoulded material,

From test on remou

ced aaterial of similar index
properties from Sc v

b

Allowing for the decreasc in total stress during

consolidation as mecasurced on a total stress ccll,

denotes effective stress value to which test

result apr»lics, in psi,.

=

on tcst on &4 in, diamcter sample,

e

denotes dissipat

Trom volume change in consolidation stage of 14+ in.

diameter triaxial samplces with side drains,
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APPENDIX A,

Calibration curves for the ring gshear apparatus,.
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