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ABSTRACT

The thesis is divided into three sections.

In the first section, some of the main equations
proposed in the literature to define effective stresses in
saturated soils have been examined in the light of results
obtained from multi-stage drained compression tests on a
clay and calcite. It has been shown that varying both
the confiring pressure, (TS s and the pore pressure, u,
simultaneously by the same amounts, and within wide limits,
had no detectable infuence on the shear strength and volunme
change characteristics of the soil, provided corrections
have been applied for the compressibility Gg of the soil
grains. It has been concluded, on the basis of the experi-
nental results, that effective stresses in saturated soils
are given by the following equations:

in respect of shear strength,

T -0-u
end in rzspect of changes in volume,

AT LA L (o)A

using the familiar soil mechaaics notations.

In the next section of the thesis, the results
of drained compression tests on clays and silts in the
clevated confining preSsure range are presented. The shear
strength and volume change behaviour of these soils under
elevated pres:ares h1ave been found to follow the patterns
previously noted for coarse grained cohesionless soils,
and various possinle explanations were presented to account
for the observed changes in behaviour of the soils. In

particular, comparisons between the mechanical behaviour
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of calcite and Brachead S5ilt led to the suggestion that the
nature of the clay-sized particles in a fine grained co-
hesionless soil may have an important influence on its be-
haviour under elevated pressures.

Results of consolidated-undrained triaxial
conpression tests pérformed on remoulded clays are presented
ir the final sektioﬁ of the thesi§/’ These tests were per-
formed by first consolidating a series of sanmples isotro-
pically under the same effentiv%zr%%%n shearing them un-
drained after the cell pressure had been suddenly decreased
to a predetermined percentage of its value during conso-
lidation, failure being attained in about five minutes.

- It was found that when the initial poée pressure in the
sample just before shear was positive, the § = O condition
was aprroximately satisfied, but that when the initial
pore pressure was negative, the undrained shear strength
wss not independent of the cell pressure, but decreased
with decreasing cell pressure, The decrease in undrained
shear strength between the samples sheared normally conso-
lidated and unconfined was as much as 35 °/o, and appeared
to depend on the quantity of &ir dissolved in the pore
water.

An approximate method for calculating the ambient
efféctive ~ o stress ab failure and ihe initial suction
Pg in uncoafined samples, has been presented and the
possible practical :implications of the results have been
discussed,
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OF THE VALIDITY OF THE
TERZAGHI EFFECTIVE STRESS EQUATION.
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CH.PTER 1.

A GENER.T, REVIEW OF THE

LITERLTURE ON EFFECTIVE
STRESS

1,1 Introduction

The discovery of the principle of effective stress
by Terzaghi in the 1920's is generally regorded as the
starting point in the systenctic development of the science
of Soil Mechanics as one of the najor branches of Civil
Engineering. Llthough the concept of effective stress was
first quantified by Terzaghi, there is evidence in the 1li-
1:erez1:u:ms"f to suggest that earlisr engincers and geologists
appreciated sone of its underlying principless

Geologist Charles Lyell wrote in 1871, that the
consolidation of occan botton sediments was due, not to the
pressure of the head of water above then, since this was
equal to the pore pressure, but to the weight of the nmaterial
subsequently deposited above them, The gain in strength re-
sulting from the consolidation of soft clay strata was noted
by Telford, who reported (Telford, 1830) the preloading,
in 1809, of a deep bed of soft clay for a period of about
nine nonths prior to the construction of a part of the Ca-
ledonian Canal, The settlement of buildings founded on clay
had been reported by Sooy Smith (1892) and also by Shankland
(1891) who @lso published a time-settlement curve covering
a period of four and a half years. Both engineers attri-
buted the settlements to the consolidation of the under~

lying clay naterials.

* For a nore detailed discussion of the historical develop-
nent of the principle of effective stress, see Skenpton

(1960 (a) ).
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o8t of the shear tests performed around this
period for the evaluztion of the paraneters c, and Cf
(for example, Leyszue (1885), Frontard (1914) and RBell (1913) )
were essevtially undrained tests, even though there is sone
evidence (Boussinesq, 18/6; Reynolds, 1886) that the in-
fluence of pore pressure or. the shear streagth of sands had
been realised. It will cppear fronm this that the inter-
relationsnip between pore pressurce and volume change was not
understood at the time.

48 a result of b.s experiments on the conso1:’Lda’c:'Lonl'l
and shear strength of clays between 1919 and 1925, Terzaghi
stated formally that the stress controlling the shear
strength end defornation of saturated soils was given by

he difference between the total applied stress and the

pore pressure. This statcnent and its subseguent Verificaf%gn
by Rendulic (1937) opened up a new era for the science of
soil mechanics, which then progressed rapidly after that.
Developnent of ncew field and leboratory equipnent,
counled with experinental and theoretical work’églggggygd in
the evoiution ~f rational design methods, based on the
principle of effective stress, and capable of being checked
in practice, although ricet of these design criteria are yet
to find a universal application, Bishop (1955), Hilf (1959).
While the exisvence of such a principle is not in dispute,
the form of the effective stress relationship suggested by
Terzaghi nad been'jSfiggzéab(Leonaids, 1962) for its in-
adequacy in accounting for such rheological phenomena as
creep and secendary comsolidation in clays. The form of the

function defining effective stressed in various soils has

also been subject to considerable Gontroversy,

* Sone of these experinents fori:ed the basis of his classical
theory of consolidation.
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1.2 A review of the wvarious equetions proposed to define

effective sbresses in saburated soils.,

By definition, the effective stress GJis that
function «f the total normel stress (J, and pore pressure u,
which conbtrols the changes in volume and shear strength of a
scil, consequent upon a chaage in apﬁlied stresses. Terzaghi
(192% and 1932) suggested that for fully sabturated soils, fhis

function was of the form

—

0 =f(0, 1) =0 =~ U covaseessonnasess (L.1)

The validity of chis equation had been demonstrated
by Rendulic (1937) in respect of shear strengbh, by showing
that there was a close correlation between pore pressures
derived bTheoretically, assuming the validity of the principle
and thnse neasured during consolidated - undrained tests on clayn
and also by Taylor (1944) and Bishop and Eldin (1950). The
volume change aspects of the principle of effective stress
had been verified by Laughton (1955). On theoretical grounds,
however, equabion (l.l) can only be rigorously valid (Bishop
(1955), Skenpbton (1960) ) if

(i) +the soil grains are incompressible
and (ii) +he soil particles have the property of a purely
cohesive solid, i.e, if the angle of EEEEEEEEP
friction VY is zero.

Since real soils satisfy neither of these condi-

tions, various other equations have been proposed in the

literature to define effective stresses in soils.

l1.2.1 The intergranular stress concept.

If, as is conmonly believed (Taylor (1944), Gibbs
(1965) ) the effective stress conbrolling the mechanical

behaviour of soils is the same as the intergranular
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stress *, then by considering the forces acting across an
approxinately plane surface, always passing through points
of contact of soil particles, it can be readily showm (Bishop
(1955), S¥empton (1960) ) that the effective stress will,
in this case, be given by
G"= <Té T R T (1.2}
where(Té denotes the average intergranular |
stress defined as the total normal force
divided by the total contact area of the
soil grains.
(r'denotes total normal stress
u denotes the pore pressure
and a denotes the effective contact area **
of the soil particles per unit area of the
plane.

A discussion of the implications of equation l.2 and its

< N S

applicability in various soils will be given later.

Even if this definition of effective stress were
accepted, it can still be shown, by considering the probable
deformeticns at the contact betweun two soil grains under
fluid pressure, that the stress G-c controlling the deforma-
tion of the soil structure is given by equation (1l.1),
nanely that

o = T-U teveneaccinrcassncnssansssase (1.3)

l.2,2 Skempton's cffective stress equations.
AlY »wing for the fact that real soils have finite

conpressib.lity and angle of intrinsic friction, Skenpton

* Lanbe et al (1959) also suggest that failure in granular
soils under high confining pressures, when particle
fracture occurs, may be controlled by the intergranular
stress.

*% Mhig bterr is discussed later,
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(1960) derived the following equations to define effective
stresses:

g-0- @ - a,c_?_a%}i’.) O 5

in respect of shear streugth, and

) C
G‘=O'— (l - EE) U sesvsevascscsncsssacsassen (105)

for changes in volume,* where

QJ denotes the angle of intrinsic friction of the
sclid particles in the soil.
4;<1enotes the effzctive angle of shearing resistance,
CS denotes the compressibility of the so0lid particles
in the soil,

C denotes the compressibility of the soil skeleton,

u denotes the pore pressure, and

a denotes the contact area ratio.

The relative magnitudes of the various terms, as

well as the applicability of the equations to natural soils,
concrete and rocks, have been discussed by Skenpbton (1960)

and Bishop et al (1963)

1.2.3 The contact area ratio, a.

If equations (1l.2) and 1l.4) were true, a knowledge
of the magnitude of the contact area ratio 'a' would be neces-
sary for the cvaluation of the effective stresses. To date,
no direct neasurement of the area ratio had been attempted
for natural soils, but suggestions have been made in the
literature, of its probable magnitude for various soils.

Teczaghi (1936) quoted a value of zero** for sands,

* This equation was first derived by Bishop in 1953 in a
letter to Dr. 4A.S. Laughton following discussions at
Imnperial College.

** This value actually represented the contact area ratio
between the sand particles and the base of the container
rather than between sand grains.,
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on the basis of "floating tests" and values betwcen zero
aﬁci‘iBO/o for clays, from bouyancy. tests. Taylor (1G44)
gave'a value of 30/0 as an indicatioh of the magnitude of 'a!
for clays  Bishop and Eldin (1250) suggested that for coarse-~
grained soils, a lower limit was imposed on 'a' by the crushing
sSrength of the material meaking up the grains, and proceeded
to show thot even in the case of very heavily over-consolidated
undisturbed clays, 'a' cannot be nuch more than 30/0. Making
the assumption that under sufficiently high confining pres-
sures, the slope of the fsilure envelope for porous materials
tended towards the angle of intrinsic friction for the solid
particles, Skempton (1960) derived an approximate expression
for estima*ing the value of 'a' under any given confining
pressure.

There 1is some uncertainty regarding the meaning of
the contact area ratio in the case of clays. It may be taken
as the contact between the rigid adsorbed water layers sur-
rounding the clay particles (Laughton, 1955), or as the
contact between the "domains" of oriented particles
(Trollope, 1960), The structure of clays and the various
types of contact possible in clays will be discussed in more
detail later. Tiambe and Whitman (1959) indicated that, for
clays, 'a' was a function of composition and structure, and -
suggested that it could be as high as 100%/0 for plastic
clays renoulded at high water contents. The important in-
flucnce of interparticle electrical forces, coupled with the
possibility of the existence of chemically formed bonds pro-
vide further complicating factors in the estimation of the

contact area ratio in clays.
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1.3 A discussion of the equations defining effe~tive stresses

in fully saturated soils.

The apparent validity of the Terzaghi eyuation for
effective stress (equatioft 1.1) as esteblished by various re-
searchers, has been attributed to the snall magnitude of the
contact arca ratio. 'a', in which case both equations 1.2
and 1,4 degenerate into the Terzaghi form., “hile this argu-
nent is superficially attractive, in spite of the discussion
above sh;;zggﬁgggg\%he ratio neced not be necessarily small
in clays, a closer examinatiSn of sone of the assumptions
made in the derivation o§>the alternative equations indicates
that the errors involved in making these assumptions nay be
nore serious than those due to neglecting 'a'.

It is iﬁ;iiéitiy assumed in the derivation of equa-
tion (1.2) that g

(i) +the inberparticle force is derived §3}f§§>

from externally applied loads

and (ii) that the interparticle force is transnitted
between particles only through the inter-
particle contacts.

While these assumpbtions nay be approximately true
for sands and silts, recent work on the microstructure of
solls containing a substantial percentage of colloidal

particles indicates that these assumptions are far from valid

for these soils.

1.35.1 The mirrostructure of clays.

Rapid advances made in the last decade in under-

standing the microscopic structure of clays,* though of a

* Reviewed by Scott (1963) and Meade (1964),
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Guantitapiste nabure, had led to an apprcciation of the in-
. — -
luence of electrostvatic interparticle forces on the macro-
scopic behaviour of these soils.
Clay ninerals * are platy elcectrically charged
—
particles having a net nsgative charge resulting from sub-
stitutions in the mineral structure. In the presence of water,
this net negative charge causes the particles to be coated
7Ot Led
with rigid and ordered layers of “@@§QEE§QWWater" whose pro-
perties (e.g. density and viscosity) are differcnt from those
of ordinary water, and which is more resistant to shear and
normal stresses thon ordinary water.
Any two adjacent clay particles are subject to a
couplex set of forces, the two main ones of which are the

van der Waal's forces of atbraction and Coulomb's forces of

repulsion. The former varices inversely as a power (believed

—

to be the fifth or sixth) of the distance of separation of
the particles, while the latter varies inversely as the con-
centration of clectrolytes in the pore fluid. The balance
betwesn the forces of abtraction and repulsion deternines
the orientation of the particles in the clay mass, which in
turn has a marked influence on the engineering properties of
the clay.

The two basic types of particle orientation gene-
rally postulated are:

(a) a flucculated structure consisting of a

randon orientation of particles caused by the attraction of
the negatively charged particle surfaces to positively

charged cnds of obther particles (figs. 1(a) and 1(b)). This

* For a nore debtailed discussion of the various types of
clsy minerals, sce Griam (1953).
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arrangenent of particles is typical of material sedimented
in a solution of high salt concentration for example, in
narine clays (Rosengvist, 1959).

(b) a dispersed structure in which there is a
parallel association of particles within small zones, and
is characteristic of clays deposited in fresh water environ-
ments (low electrolyte concentration) or prepared in the la-
boratory using distilled water (fig. 1(c) ).

The febric of clays and the influence of structure
on the enginesring properties of clays has been discussed in
sone debtail by Mitchell (1956).

There is some experinental evidence (Moum and
Rosenqvist, 196l; Salas and Serratosa, 1953%; Bolt, 1956;
Ladd and Martin, 1967), that both the shear strength and de-
formation characteristics of clays depend on the chemistry
of the pore fluid, which as discussed earlier, in turm in-
fluences the interparticle forces. Furthermore, theoretical
and expcrimental work by larsal (1S63) showed that the net
interparticle forces derived from the interaction of the van
der Waal and Coulorb forces is of the same order of magni-
tude as the forces derived from externally applied loadse.

It follows, therefore, that any equation defining effective
stresses in clays has to take account of the existence of
these interparticle forces.,

Lambe (196C) discussed the various types of contact
possible in clays, and suggested an extension to equation

(1.2) to caler for the net interparticle force, thus

U'=0.é =0—" u (1"'&) + R =A seeseveccccosss (106)
where (R-A) is the result of dividing the net interparticle
forces by the arcas over which they act. The term (R-A)

increases with decreasing particle spacing.
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anllppg_{%ﬁé@) bfbpbsod a, model for clays, based
on the diffuse double iéyer theory, and nade up of coarse
nineral particles in a natrix of nggiiffﬂ/of oriented particles
insead of discrete particles (fig.l(d)). Somc form of contact
exists betwecen the domains, though it is not clear whether
this contact is between adsorbed wabter layers or clay ninerals.
However, applying the well-known Bowden-~Tabor plastic junction
theory (Eowden and Tabor, 1954) to the contact betweecn the
donains, Trollope (1960) derived an effective stress law of
the forn

T =0-u+ P essessvescscesvssssasnes (1a7)
vhers P denotes the normal stress on the failure surface
oWwing to inter-domain forces., The parameter‘J, which is re-
iated to the activity A (Skempbon, 1953) of the clay, nay
be computed fron the drained strength envelope for saturated
clays.

A similar model was discussed by Osterman (1962)
who proposed a separation of effective stresses in clays into
the following components, namely bthe intergranular stress in
the crystalline solid (quartz or feldspar ) phasc, Ué? which
is given by equation (1.2); "molecular stresses“(ﬁﬁ in the
clay nmatrix and stresses due to cementations 02 .
Thus

T'=T, + G + @, ereeecnrecaracecnonnns (1.8)
This cquation, however, inplics that the coarse grained
naterisls are in contact, which may not always be true,
Qther effect.ve stress equations for clays have been discussed

by Lambc et al (1959) and Whitman (196C), and Suklje (1957).
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l.%3.2 Interparvicle friction.

Skenpton (1960), in deriving cquation (1.4)
assuned the validity of the relationship derived by Caquot
(1934) and Bishop (1954) connccting thc coefficient of fric-
tion at the interparticle contact ¢u and cffective angie of
shearing resistance at constant volume ¢£w“ This relationship,

o -
- punchavid wtR poss p. peatlion,
which is of the forn, /

tan :;v = é(tan¢}l\............... (1.9)
assunies that the mechanisn of particle movement during shear
was one of sliding, irrespective of the value of the inter-
particle friction. Recent tests by Skinner (1969) on glass
bhallotini showed that at low values of interparticle friction,
the mechenisn of particle movenent is indeed one of sliding
but that the nechanisn changed into one of rolling when the
value of the interparticle friction * increased by a factor
of 5 as a result of the sample being flooded, TIurthernore,
this increasc in interparticle friction has been showm not
to have any appreciable effect on the shear strength of the
natcrial, Thesce findings showed clcarly that the mechanism
of particle movement rather than the cffeccetive angle of
shearing resistance, changed with changes in interpartvicle

friction, thus contradicting equation (1.9) and therefore

the assumption underyling equation (1.4).

As the discussion of the nicroscopic structure of
clays would indicate, the problem of interparticle friction
in cohesive soils is far from undcrstood., One has first to
decide what sort of interparticle contact exists in these

soils. If the view is accepted that the contact is between

* The interparticle friction was neasured dircctly in a spe-
cially developed "friction apparatus”,
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o

the adsorbed water layers, surrounding either the discrecte

partiéles'or a 'domein' of particles, then Trollope (1960)
and Lo (1966) suggest that provided the yleld stress and the
shear strangth of this Lound watcr layer arc considered, tle
Bowden-Tabor friction law was applicable.

Nothing quantitative can be said with certainty
about the propertics of the adsorbed water layer, except
that its density and viscogity are different from those of
ordinary water., Martin (1962) rcviewed the available cxperi-
mnental evidence supportins the above view and procecded to
the same conclusion as Michaels (1959) thot the adsorbed
water layer has anisotropic properties, being rigid in the
direction normal to the particle surface, but fluid in the
direction parallel to it, thus inplying that the adsorbed
water layer was capable of withstanding normal stresses butb
not shear stresses. This point of view conflicts with that
held by Grin (1958) and Low (1958) that the adsorbed water
layer has a rigid ordercd structurc which can withstand both
shear and normal stresses.

Under nornal pressurcs sufficient to exbtrude nost
of the adsorbed watcr layer* some sort of physical contact
nay be possible between the mincral particles. Considerations
of 'interparticle friction' in cohesive soils dre further
conplicated by the presence of such inert particles as sand
and silt, and is thorefore hardly amcnable to an analytical

treatnent.

* TLambe (1958) suggestcd that pressures necessary to squeeze
out the final laycers of t.e bound water nay be of the
order of thousands of atnospheres.
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<71.5.5 Effective stresses controlling changes in volume.

Consolidation tests on globigerina ooze, (an ocean
bottom sediment) and léad shot (gradc 10) by Laughton (1955)
showed that the ratio: (5Z%5L3 renained approximately equal
to unity under total epplied pressures (T ) of up to
1024 kg/cm2 (14,560 psi). In the case of the bests on lead
shot, microscopic mcasurements of the iggff§>produced by in-
elastic deformation showed that the ratio ( ££%§[b differcd
1little from wnity while the contact area ratio * increased
from a value of 0.03 under 4 pressure of 27 kg/cm2 to 0.95
under a pressurc of 1024 kg/cne. While these results nay not

be considered as estdblishing conclusively that the effective

S -~

stress controlling volume change and defornation is given
by (€ - w)**they can, at least, be considered a confirmation
of the fact that the contact area term had no influence on

relevant effective stress,

1.4 Effective stresseéﬁipartly saturated soils.

In the case of spoils which have both air and water
in their pore spaces, Bishop (1955) proposed an eguation de-—

fining the cffective stress @ in the Zorm
(]
G-= O’“ua + X (ua" u"r) Sevoses s ne (1010)

where O denotes the total applicd stress
u, denotes the pore air pressure
w, denotes the pcre water pressure, which is less than
u, on account of surface tension
and X denotes a jaramneter which is zero for dry soils and

equals unity for fully saturated soilse.

» Necessarily a lower bound value, since somc elastic
recovery nust have occurrced on unloading,
[
** The ratio (O’ECF) varied betwecn a ninimum of 0.90 and
a naxinun of 1l.2.
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Interncdiate velues of x depend not. only on the
Gegree of saturction, ‘but also on the stress change leading
to the particular degree of saturation, the soil structure,
and on the cycle of wetting and drying to which the soil has
been subjeccted (Bishop et al, 1960). This equation has bheen
verified for silts by Donald (1961). In the special case
when the pore air pressurc Ua is equal to the atmospheric
pressure, equation (1.10) reducecs to

J'- T - XU, ereeneeennnonnoenss (1.11)
T
where u, is the gauvge pressure,

Noting that in nost engineering problems, the
degree of saturation Sr of the so0il is nearer unibty than zero
and that pcrec water pressures rather thar pore air pressures
are generally measured in the laboratory and in the field,
Skenpton (1960) rearranged equation (1.10) into the fornm

G - P € 98 F-))

U, - U,
1-@Q-x) (—=g—)
w

It

=
iy
o
H
[
T2
]

and 5..—= 1 when Sr—-— 1

Nther cxpressions defining effective stresses in
unsaturated soils have been proposed and discussed by Croney
et a1l (1958) Aitchison (1960), Jennings (1960), Bishop et al
(1961) and Jennings et air (1962).

1.5 Sunmary.

A brief historical account has been provided to
show that even though the first quantitative statement of
the principle of effective stress had been provided by
Tezaghi in the 1920's, the practical inplications of the
principle had becn appreciated by earlicr enginecrs and geo-

logists, Thec various equations proposed in the literature to

define effective stresses in both fully and partly saturated
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soils have been reviewed. In particular, the validity of the
nain assunptions made in deriving the various cffective stress
cquations for fully saturated so0ils have been examined., It'is
suggested that the proposed rcfincmonts to Terzoghits original
equation are based on assumptions, which are at best only
approximately true in the case of granularmeterials. A quali-
tative discussion of the microstructure of clays and the in-
fluence of clectrical interparticle forces, has been presented
to show that the assumptions nay be grossly in error in the
case of soils with an appreciable p;;ggﬂggge of colloidal
particles.

Under the circumstances, it is believed that the
experinental method remains the most effective way of denon-
stroting the influence of the wvarious factors on the shear

strength and deformation characteristics of soils.

1.6 Scope of work presented.

Multi-stage draincd triaxial compression tests on
a remoulded silty clay and calcite werc described and the
results presented. In these tests, the difference between
the total applicd stresses 0,, and the pore pressure u, was
neintained constant at a predetermined value while both T and
u were varicd in order to study their influence on the shear
strength and deformation characteristics of these soils.,

The special apparatus developed for these ‘tests
and the nethold of testing are described in Chapters 2 and 3
respectively. Chaopter 4 contains a discussion of the factors
likely to intluence the accuracy of the results, the nethod

of analysing them as well as a discussion of the results.
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%‘7%/@ visualized in two dimensions.
== ﬂg%a (After Lambe, 1958)
ey
quartz

[silt or sand grain]

(d) Clay model showing quartz
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of clay visualized in two dimensions.
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of clay visualized in three dimensions.

in @ matrix of 'domdins’ of oriented
clay particles. (After Trollope, |1960)
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CHLFTER 2,

DESCRIPTION OF LPP.ARATUS D C LIBRATICHS.

2.1 Introduction:

The nature and scope of the testing programne
and the degree of accuracy desired necessitated the develop-
nent of equipnent which is cither entirely new, or is a
nodification of 2 conventional laboratoryequipnent: to en-
able it to be used in the elevated pressure range (up to
1000 psi) covered by the testihg programne. The word
'conventional' as applied to equipment and experimental
techniques in this thesis refers to the type of equipnent
and testing btechnicue generally ciployed in Soil Mechaonics
research laboratorics, and described by Bishop and Honkel
(1962).

The following is a description of the specialized
equipnent used in the testing programme, as well as a descrip-

tion of some calibration tests perforned.

2.2 The balanced ran triaxial apparabtus.

This apparatus, which was described bricfly by
Bishop ot al (1965) and in norc detoil by Skianer (1969),
cohsisted essentially‘d§ a specially machined ccll base,
a stainless steel cell and two cell caps both fitted with
rotating bushes (Bishop et al, 1965).

The sbtainless steel cell was 7 1/2" long, and
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had a wall thickness of 3/8", which was recduced to 1/4M
from inside at the ends to cenable the cell to fit Q0-rings
inserted inbto 1/4" grooves in the cell base and top cap.
One of the cell caps was held over the top of the cell in
the usual way, while the other cap was inverted to fit
over a specially rccessed portion below the cell basc
(Fig.2.1). Both caps were fitted with 5/8" diametcr
natched honed stainless stesl rams,

Thc main sample chanber and the space below the
cell base were connected by a nylon tubing, which, was
itself comnccbed to the constant cell pressure source via
a castor oil - water interchanze pot (fig.2.3). This en-~
surcd that the pressurcs in the two chanbers, and hence
the hydraulic thrusts on the two rans, were equal.

The rons were nade to bear against the upper
and lower beans of a yoke, which was held in position by
neans of a counter-balance lever systen. This systen
couipriscd of two short beans, supported on knifc cdges in
the niddle, and connected by steel wires to the yoke at
onc e¢nd and to equal brass weigats at the other,

The cell base rested on threc cqual cell supports,
which fitted tightly into holes in an aluniniun base plate,
which, in turn, fitted on to the loading platforn of 2
conventional 5 ton triaxial loading frane,

When the apparatus was not in use, the cell
basec and the lower cap were held together by threc bolts
equally spacced round the perimeter of the base. The cell
hase had connections for filling and enptying the cell,
for top and botton sample drainage leads, and for inter-

connecting cell pressure and back pressurc,
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The testing progronne colled for the voriation
of cell pressurc and baclk pressure by equal anounts so
as bc keep the difference between thenm at a constont pre-~
deternined value, Tor thesc tests, the balanced ran triaxiul
apparatus has two nain advantages over the conventional
apparatus. TFirstly, by counterbalancinz the considerable
upthrust to vhich the loading ran is subjected, it is pos-
sible to measurc the strength of soil accurately by using
a proving ring of low load capacity ond high sensitivity.
Secndly, changes in strain rate, which would otherwise
result fronm the conpression of the proving ring during the
pressure change sequences, were alse climinated. When the
apparatus is properly asscrbled, the net upthrust on the
loading ran as & result of changing the cell pressurce from

zero to 1000 psi was of the order of 1/16 1b.

2.3 he apparatus for continuous voriotion of cell

pressurce.

This cquipnent, whick is illustrated in figs.

2.20 and 2.2.b, consisted of a nechanically driven piston
noving in a water-filled cylinder. The drive, provided
by a singlc-phase electric notor, through a gear-box, was
tronsmitted to a screw Jack by neans of a chain. VWorn
gearing within the screw Jjack converted the drive into a
translatnory notion, thus causing the main shaft to move
forwardgand backwards depending on the gear setting selected.
The piston wac screwed to onc end of the shaft, and was
thercfore forced back and forth in the cylinder following
the sheft novenent. |

L brass T-piece screwed Lo the other end of the
nain shaft operated linit switches situcted ot either end

of travel of the shaft, thus cutting off the power to the
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notor. The spacing and positioning of the nicroswitches
were 8o selectcd that the piston neither bore against the
head of the cylinier, nor canme out of it at the linits of
travel or the shaft.

L hydraulic over-pressurc switch was connected to
onc ¢nd of a tee pipe fitting at the head of the cylinder,
The switch, of the btype PS/VHT2, nenufactured by LONDEX Ltd.
of London, had a naxinun range of 1200 psi and an adjustable
range betwecn 300 psi and 1000 psi. By setting the switch
to cut off the power when the pressurc in the cylinder
attainced a value of 1000 psi, the pressure gauges in the
line were protccted against overload. The other end of
the pipe Titting was connected to valve 6 in fig. 2.3.

As the cell pressure rose, increased leakage
fron the cell nade it necessary to incrcase the rate of
punping at various stages in the test in order to nainbain
a constant rate of increase of cell pressure. This was
donc by altcring the gear ratio internally by neans of a
lever on thoe gear box, and externally by changing wheels

LA and B (fig.2.2b).

2.4 Constant Ccll Pressure Control:

The ccll pressure was naintaincd constant by
neans of a sclf-conmpensating nercury control of the type
described by Bishop and Henkel (1962). The Soil Mechanics
Laboratorics are situated on the 5th floor of the Civil
Enginecring huilding, and it was thercfore possible to
install the lower three stainless stecl pots (columns 3, 4
and 5 in fig.2.3) on various floors below the laborctory.
The tops of the three upper pots of the systen werc all

connected to 2 nanifold of Klingcer valves which nade it
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possible to nut any combination of columns 3, 4 and 5 in
serics with line A3 in order to obtaln uny desired pressure
up to a mazinun of 1,000 psi. The upper pots of the systen
were periolically replenished with mercury by neans of the

prining punp provided.

2.5 The constant (G"B—u) control:

During the tests, it was nccessary to maintain
he difference betwevn the cell pressure and the back pres-
surc, i.c. ( Q%— u), constant at o prcdeternined value,
This was achieved by connccting the lower pot of column 6
(fig.2.3) to the cell throusgh valves 12 and 13, The top
of the uppe: pot was connected to the sanple drainage line
through the volune gauge. With valves 12 and 135 open, the
cell pressurc is troasnitted to the lower pot, and the
back pressurc as taken fron the top of the upper pot re-
presented this cell pressure ninus the pressure equivalent
to the heod of mercury in the two pots. By adjusting the
»osl tion of upper pet, it was possible to obtain any value
of ( G%~u) up to o naximun of 64,5 psi, which rcpresented
the noorinun head of nercury cobtainable in the laboratory.
Unlike the conventimal self-conpensating nercury
control systoen, the upper pot was not open to the atmosphere,
Since this pot formed a closed systerr with the back pressure
linc, it was essentinl to koep it de-aired, especially since
there is a danger of cavitation in the line if, for sone
re2son (such as inadvertently opening valves 12 and 13
vwhen bestin; wos not in progress),the pressure transnitted
to the lower pot was substantially less than that represented
by the head of ncrcury in the nots. The upper pot and the

back pressurc line werc perilodically de-airsd by asscobling
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the cell without a sanple, filling it with watcer, applying
a constont ccll pressure of 1000 psi and flushing water
through colunn 6 by opening valves 12 and 13 and disconnec-
ting thce saran tubing at valve 15 which stayed shut., Care
was tilken to shut valves 12, 13 and 15 prior to lowering
the ccll pressure at the end of the test in order to pre-

vent cavitation in the back-pressure line,

2.6 Volunc gauge:

The nccessity foer nmaking very accurate ncasure-
nent of changes in the volunme of the sanple, coupled with
the sriall nagnitude of the expected volume changes (less
then 0.5 cc) ruled out the use of =2 high pressure varia-
tion of the conventional volune gauge containing water and
dyed varaffin (Bishop and Henkel, 1862). TFurthernore the
use of this type of volume goauge would require a "cross-
over'" gysten of wvalves, 2nd this would increase the number
of valves and connections in the back pressure line and
thercfore incrcasc the danger of leokage under the high
back pressurcs uscd in the experinent. It was thercfore
decided to replace the volune guuge with a longth of 1/8M
0.D saraon tubing -~ a technicue which had been used success—
fully by fan (1968), Son (1968) and Skinner(1969).

The tubing was stretched along a yard scale which was
screved to a verbical board (fig.2.3) and wrs completely
filled with wocer except for a thread of norcury cbout

three inches long, which was forned into U-shape below the
yoard scalec. The two ends of the mercury column were nlways
adjusted bto liec on 2 horizontul line scribed on the verticel
board, sc thot there is no varintion in the back pressure

applied to the sample 25 a result of difference in the levels
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f-the two legs.: - The horizontnl position wns also used

O

s refercence position, since any chonge in the volure

V)
£

of the somple caused a movenent in the legs of the mercury
colwin, ond the chonge (Al) in  the length of tubing
between valve 15 and the leading cdge of the nercury
colunn rultiplied by the relevont tubing constant k (whose
deteruinction is discussed later) gave the noagnitude of the
volwic change of the sanple.

In order to facilituote the accurate measurement
of the change in length ( Al) of the tubing, an ink dot
was nade on the tubing sgainst the 20 inch morking on the
yvard rule, and the change in length of tubing necessary to
equalize the two legs of the nercury colunn was then given
by the differcnce between the final reading of the position
of thc dot and 20 - this difference being deternined to two
decinal places. 4 mercury colurm was preferred to an air
bubble which was used by the earlicr reseorch workers,
since the latter would change in length during the varia-
tions in boek pressure in the coursc of the test. The
length of 3" for the nercury column was considered suf-
ficicent to prevent leckage post the colunn fron one side
to the other, thus leadins to errors in the determination
of samnle volune change, anil the U-shape was adopted be-
causce, when laid horizontally, the mercury column tends to
break up into shorter lengths, and this nakes it daifficult
to deterninc the total movement of the mercury column
accur>teliy,

As the back pressure was increased during the
test, the bore of the saran tubing (ond hence the tubing
constont ¥k, which is dircetly related t: the bore) also

incressed, and the quantity of wotur contained betreen



37

-

the Tleading edge of the mercury columai:and the sample
(densted by y&)fcompressed. In order to determine the
change in the volunce of the sample accurctely during the

period of varying back pressures, it was esscuntial to

deternine, by calibration, the variation of fi¢ tubing

constent k (cc/in) with applied prossure, and to gompute

tie correction for the compressibility of the quantity of water,
V e

2?6.1 Calibration Tests:

In order to porforn the calibration tests, the
cell was carefully assenbled as described in section
3.26142, with the sanple rcplaced with 2 solid brass durmy,
1 1/2" high and 3/4" diameter. The back pressurec line
had been thoroughly de-aircd and the filter stones boiled.
The cell was filled with water and topped with castor oil.
The back pressurc pots were adjusted in order to maintain
the difference betwecn the cell pressure and back pressure

at 10 psi.

2,661l Variation of tubing constant k with cell pressurec,

o thread of nmercury, 30" long, was tropped in the
tubing(type L) which was otherwise filled with water. Ons
end of the sarcn tubing was connected to the back pressure
linc, while thoe other end was closed by shutting valve 15
(fig.2.3). The tubing was tautly stretched along a yard
rule clarped on the bench, thus cenabling the length of the
nercury thread to be neasured under various applied pressures,

Starting from a cell pressurec of 50 psi, readings
of the lengths of the nercury thread were taken at 100 psi
intervals while the cell pressurc was increased steadily
up to 1000 psi. The readings were repeated with the cell

pressure decreasing steadily fronm 1000 psi to 50 psi. The
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readings of the length of the nercury thread taken while

the cell pressure (and hence the back pressurc) was decreasing
were in general lower thon thosc tinken under corresponding
pressurces during the increcasing cell pressures phase. The
differcnce between the two corresponding readings was about
0.3" in a length of 30",

~Lfter two cycles of cell pressure variation the
mereury was corefully flushed out of the tubing into a clean
dish, all ewmcess water socked away with a soft tissue paper,
and the weight of the nercury used was deternined. The
volune of the nmercury was calculated, assuning the specific
gravity to be 13.6 for nmercury. Sincc this volume was
constant during the test, the value of k (ecc/in) under each
valuc of ccll pressure was calculated by dividing the volunme
of nercury (in cc) by the average of the four length
neasurenents (in inches) under that pressure.

Two similar calibrations were performed starting
with different initial lengths of the mercury thread. The
three values of k for each pressurec were averaged out,

It became necessary to chonge the saran tubing
used in the first series of tests ( G% - u = 10 psi), be-
cause a longer length of tubing was required in order to
facilitate the neasurement of the anbticipated increased
volune changes of the zaleite sanples when tested under
the condition 03 - u=64,5psi. A second type of tubing
(type B) was therefore sinilarly calibratced for the con-
dition ( 03 - u = 64,5 psi). In order to check if the
tubing underwvent any permancnt changes in shape as a result
of prolonged use, a further check calibration was perforned
on the type B tubing after 8 nonths of constant usc, the

differcnce ( Q% - u) still being mecintained at 64.5 psi,
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and the cell pressure beinyg veried between 100 psi and 1000
psi,

Grephs were drawn showing the viriation of the
tubing cowstont k with cell pressurc for both types of
tubing (fig.2.4). Both graphs were sbtraight lines, hoving

o grodient of 2.1X10'6

Y,

ce/in per psi. The two calibrations
perforned 8 months apart for tubing type B, gave essentially
the saie results, thus showing vhat the tubing retained

its shapce after almost a year of constant use.

2.6,2 Corrections to the readings of volune change.

During the poeriods of changing pressures, the
rcadings obbtained for the volunce change »f the sample were
corrected for the following:

(a) the change in the bore of the tubing with chapges

in the back pressurc,by using thce btubing constant relevant

to the magnitude of the bock pressure (Sect.2.5.1.1).

(b) the conpressibility of the water contained between

the leading odge of the mercury and the sanple. It can be

shown (sce lippendix A) that the corrcction ( Aﬂi, applicable

whern the back pressure is incrcased fron a pressure p (say

100 psi) to a pressure g is given by

(Av)q = (AX)q klOO - Xq (Kq - KlOO) cecesesnas (2.1)

where (Ax)q denotes the change in the length of the tubing

when the pressurc is .nercased from 100 psi to a valuc q.
Xq denotes the length of tubing in circuit under

a back rressire q.

K KlOO denote the values of the tubing constant

q’
under pressurcs q and 100 psi respectively.
(e) the cubical compressibility of the soil groins as

a result of incrcasing baclz pressurc. This correction is
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given by
TAV CSVSA;U teecesscssacectsscrsscnssaseass (2.2)

where Cs denotes the compressibility of the soil groins,

Vs denotes the total volune of the soil grains, and

A denotes the change in pore pressure.
Skenpton (1960) quotes the value of C, for marble as 1.4x10
per kg/cm2 (2x10"5 per psi) and for London Clay as 2%10~°
per kg/cm2 (5:10"5 per psi). In the agbscnce of any such
data on Wiener Tegel, the veluce of Cs vas taken as approxina

tely equal to that »~f London clay.

2.7 Measurencnt of axial loads and samplce defornation:

For rcasons given in scction 2.2, the axial
load on the sample was neasured directly with a high sen-
sitivity high tensile steel proving ring of low load cepa-
city. The ring had been proviously calibrated with an
accurate load calibrating device.

The defornation of the sanple was neasurcd, in
the conventional woy, with a dial gouge reading to 1/1000%.
Howewver, in view »f the anticipoted clmnges in the posi-
tion of the top cell cap during the perinds of varyiang cell
prussurce, it was decided to support the dial geuge fronm the
basc of the cell instead of using the top of the ccll as

rcfercace, os is donc usually.

-6
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CHLPTER 3.

. 4 DESCRIPTION CF T3i PREP.R.LTION AND PRO-

PERTIES OF THE M.TERILIS MWD THE TESTING

TRCHUTIQUES .

el Preparation of Materials.
3

«lel Renoulded Wiencr Tegel.

Sanmples of this natericl, a silty calcereous
clay from the viecinity of Vienna, werce cir-dried, ground
in & nechanical grinder ond sieved. The portion passing
the M¥0.200 B.S. sieve wes nade into a-EEEffz at an approxi-
nate water content of 120 O/o which was alnost two tines
the liguid linit,., Aftcr being left to cure overmight, the
slurry was traunsferrcd into a §Epgyﬁ_ﬂ§§gg, and kept churncd
continously for onc day, before being poured into o 9" dia.
oedometef, the filtcr stonce at the basce of which had been
well saturated previously.

Lfter the clay particles had scttled sufficicently,
the cxcess webter was siphoned off, and the soil gently loaded,
first with a 9" dia. filter poper, then with the top cap of
the oedoneter, and finally with dead weights. Each increnent
of dcad load was kept on for about 48 hours which was con-
sidercd sufficient tine for the conpletion of the consoli-
dation under that load.

When the sample attained sufficient strength, the
oedoncter was transfeorred to the platform of a 5 ton triaxial
loading frame, which was set running at a speed of 0.00002
in/min. The load applicd to the top cap was measured with
& 15 ton load cell. During the comsolidation procoss, the

sauple wos kept supplied with woter on both faces to prevent
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it drying. The bop cop was nodo of aluminius cnl had per-
forations to pornit drainage fron the top face of the saaple,
in addition to the base drainage.

~Iter looding for three weels, the final load

was read, and the sample slowly unloaded by reversing the
motor. The soil sample was then carcfully cxtruded fron
the oedometer, and the soil "cake" - which was 2" high and
of G" dianeter - was cubt into four parts and coated with

paraffin wox after final nmoisturce content samples had been

taken,
The propertics of the renoulded clay were as
follows:
Tnitial weter content of slurry = 120 %/o
Final noisture content = 34 %0
Final lozod on sanple = 2,65 ton,

Estinated final consolidation pressurec = 93.3 psi

Ligquid Linit = 52 %o
Plastic Limit = 24 %0
Plasticity Indos = 28 %0
°/5 Cloy fraction = 34 %/
.ctivity = 0.8%

%2.1.2 Calcite:

Clcon narble chips were ground and sicved. The
portion passing the No.200 B.S. sieve was used in the
testing progranne, The specific gravity of the calcite
was 2.72, and the liquid linit of the portion passing No.
%6 B.S. sicve was l2.4 O/o. It was not possible to perform
the plastic 1inmit test on the material, bicause of the dif-
ficulty of rolling 1/8" dia., threads of the matericl at
low water contents.

The grading curves for both materials gm given
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in fig. %.1l.

5.2 Testing techniques.

3.2.1 Tests on reuoulded Jiener Tegel.

2¢2.1.1 Scnpling cnd nounting of sanple.

Sarples were token fron the’soil "coke" by
pushing a2 thin-waolled sanpling tube of internal diameter
3/4" into it. In order to ensure that vertical samples
were obltained, the sanpling was done by placing the soil
"eake" on the platform of a snall drilling machine, carc
being teken to cnsurce that the face in contact with the
platforn was flat. A wooden dolly, 3/4" in disneter, was
held in the chuck of the nachine to act as a guide for the
sanpling tube. L picce of wood, about 3" square, with a
3/4" dfaneter hole in the centre, was slipped on to the
wooden dolly, followed by the sanpling tube (fig.3.2).

The platforn of the drilling nachine was then gently raised
till the tips of both the sanpling tube and the wooden dolly
Just touched the top of the soil, ond was locked in that
position., L guntle pressure -n the squarc picee of wood
pushced the tube into the soil, zuided by the wooden dolly.
The sanpling tube was renoved from the soil by cutting around
1t with a spatula, the exposed surfacce of the soil being
rceoated with wax immediately afterwards,

The sample was then gently pushed out of the
tube, and trivmed to size in a specially nnde split perspex
nould. The two halwes of the mould were located in position
by necans of pins. By using this nould, it wcs possible to
trin the two cnds of the sample plane and exactly to the
fincl length of 1 1/2". JLfter trimning, the sanple was

weighed and initicl noisturc content samples were taken
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fron the trinnings.

Prior to mounting the sample on the pedestal*
nf the trioxial machine, the back-pressurc line and the
pedestal were thoroughly de-circed by flushing watcr through
then under high pressures (usually 500 psi). It was porti-
cularly inportant for thce success of the experinent to
have 23 "hard" a systeir as possible since any entrapped
air in the systen will result in erratic volune change
readings being obbtained during the subsequent changes .
in back-pressurc. Before every test, the pedestal and the
back-pressure line were left overnight under a pressure of
1000 psi in ordcr te dissolve any pockets of air in the
systen = the drainoge holes in the pedestal being blocked
during this oporation. Thoe filter stoncs werce boiled re-
gularly and werc kept soakcd when not in usc. To prevent
the clogzing of the filter stoncs and to cnable the sample
to be easily separated from the filter stones ot the end
of the test, two filter paper dises, 3/4" dia. werc ploced
between the sanple and cach filter stone.

The saiple was surroundzd with o rubber nenbrone**
of 0.008" thickness, and sealed to the pedestal with O-rings.
The top drainagce lead through the loading cap was well
flushed before the loading cﬁp was placed in position and
the rubber nenbrane sealed to it with O-rings. 4 thin
snear of silicone greasc was applied to the top of the
loading cap to retain 3/32" steel balls in position. These

balls nade conbtuet with a 1/4" thick brass disc screwed to

* 4 brass adaptor was fitbted to the neilestal to cnable
it to take sanples 3/4" diocneter instead of the con-
ventional 1 1/2" dia. sanples.

**  These special rubber nembrancs suitable for surrounding
3/4" dia,. sarples were supplied by Precision Dippings
Ltd. of Yate, Glouccstershire,
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the end of the loading ran when the gpparatus is asserbloed.

This arrangcnent was to ensurc froec horizoantal novenent

of the loading cap, should the sanple fail on a single shear
plance, thus nininising the horizontal thrust on the loading

ran.

3.,2.1.2 Lssenbly of apparatus.

The stainless stoel ccll was centrally placed on
the O-ring insertcd into the base, and was filled with
vater to within holf an i.ch of the top. The weight »f

he cell acting on the O-ring was cnough to prevent leakage
benecath the cell. Three studs, equally spaced round the
base, and =2ach with a loose fitting brass spacer btube,
were screved into the base till gbout an inch of thread
protruded benecath basc. The top cap was gently placed on
the cell so thot the O-ring in the top cap rested contrally
over the top of the cell, the loading ran being provented
fron resting on the sample by means of a perspex Spacer.,
Nuts ond washers werce screwed on to both cnds of the studs
and tightcned down till the three brass tubes, which were
of equal length, were gently wedged between the base and
the top cap. This ensured that the top cap and the basc
of the apparatus wer. parallcel,

The three screws which hold the lower cap to the
base when the apparatus is not in use, werc then removed
amd replaced vith three nore studs which werc also tightened
dovm with nuvs and washers.,.

The lower ram was pushcd into the recess below
the base (fig. 2 .1) as fer as it could go without touching
the base. The yoke without the upper beain was then

installed and held in position with countoerbalance weights.
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The contact between tho luwer ram and the lower bear of
the yoke was through a 1/2" diancter stecl ball. The shorst
beans across the knifc-edges were thoen adjusted to be
horizontal* by ncans of two pairs of lock nuts which con-
nectcd the counterbalance systen to the nain yokc. The
pcrspex spacer was then remooved to cnéble the loading ran
to nake contzact with the sanple, and thg upper beanm of the
yoke scet up, adjusted te moke contzet with a stecl ball

on top of the loading ran, and locked in that position with
lock nuts at each end. The proving ring and the disl gauge
for ncasuring sanple deformation, were installed, and the
nain cell chamber and the recess below the cell base were
connceted by neans of the interconnecting tubing.

The air release valves on the cell caps were
opuned and cuastor oil fed in from a wator-castor oil inter-
chapge pot, to fill space above the water in the nain cell
as well as the entire lower chamber. The air rclease
valves were then shut end the initial cell pressure of
100 psi was applied in steps and held constant by a con-
ventional Bishop-type nercury systen (linc A2 in fig.2.3)
by opening valves 5, 7 and 8 (fig.2;5). The difference in
the levels of the nercury in the back pressurc systen (ner-
cury colunn 6 ia fig, 2.3) had been set to give a pressure
of &4.5 psi, and the cell pressure and the hack pressure
systons werc interconrected by opening valves 12 and 13,
During the consolidation and the preliminery shoar stages,
therefore, the net back pressurc would be 35.5 psi which
was considercd high cnough to dissolve any renaining air
bubbles in the drainage lines, and also farther ensure

saniple saturation (Bishop and Henkel, 1962).

* It was essential to keep these beams horizental throughout
the experinent. iny significant departurc fron the horizon-
tal position results in sone load on the proving ring due
to upthrust, end therefore crrors in determinin. the load
on the sample. -
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3.2.1.3 Isotropic Consolidation Stage.

Consolidation of the sample was started by opening
valves 15 and 16, and during the consolidation phasc a graph
was drawn of the chonges in the length of the saran tubing
(which was dirsctly proportional to the volume change of
the sanple) against the square root of the elapsed tine
('JE) in ninutes. The prinary consolidation was conpleted
in about three hours on account of the short drainage path
(3/4"). Fron the curve of volune change against %, the
theorctical testing rate Lo ensure negligible excess pore
water pressurcs at the pesk deviator stress, was computed
according to the usual formula (Gibson and Henkel, 1954)
to bec of the order of 0.0002 in/nin. The actual testing
rate sclected was 0,0001 in/min, since it was found fron
experience that the use of this rate of testing enabled
the subseqﬁent choanges in the cell and back pressurcs to
occur over about 2°/0 axial strain, thus giving a con-

venicnt separation of points.

3.2.1et Prelinincry Shear Stoge.

Liter the comsslidation stage, the initial
lengtly of saran tubing in circuit (that is the length of
tubing betweon valve 15 and the lecading cdge of the nercury
colurm) was accurately neasurcd using a yard rule, the
levels of the two legs of the nercury column having been
equalized., To facilitate the accurate determination of
changes in the leng~h of tubing in circuit during shear,
a small ink dot was made on the tubing against the 20 inch
narking on the yard rulc against which the tubing ran, Any
change in sanple volune caused & differcnce in the levels

of the legs of the nercury colunn, and the change in the
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length of tubing ncecessary to cqualize the two legs of
the ncrcury colwm can be read dircctly on this scale,
The nagnitude of the volune change is given by the product
of this c.onge in length (Al) of twing and a tubing con-
stant whose deternmination has been described elsewvhere
(sec 2.6.1.1).

The loading pluatforn of the triaxial frame was
gontly raised nanually until the loading ran just nade
contact with the loading cap on the sample. The point of
contact was difficult to yudge, since the sanple could not
be seen, It was deened. to have occurred when there was a
deflection on the dial gauge on the proving ring. The zero
rcadings or. both the strain and load dial guages were noted,
as well as the initial lengbth of tubing in circuit. The
sanple was then sheared drained, graphs of axial load, de-
victor stress and volunetric strain being drawn against

axial strain as the test progressed.

3.,2.1.5 Shear stagc incorporoting varying cell and back

pressurcs.

When the deviator sbtress versus strain curve at-
tained a peak value, usually at an axial strain of approxi-
nately 9 /o, valve 7 (£ig.2.3) was shut, thus cutting off
the nercury pobs maintairing the coll pressure constant,
and valve 6 opened thus putting the hvdraulic pressure ge-
nerator into the circuit. The hydraulic pressurc generabtor
wag gwitched on and the oppropriate gear ratio selected %o
engble it to increase the cell and pack pressures at a suit-
able stecady rate* from 100 psi to 1000 psi in about four

hours.

* The ohoice of a suitable punping rate is discussed in
Chapter 4°.
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During this period of increasing cell pressurc
and back prcssure, throe sets of readings of axial load,
deviator stress and volunctric strain werc talken, reduced
and plotted. The readings of volume change werc corrected
for the expansion of the saran tubing, and the compression
of water and the soil grains, The ccell pressurc wos nain-
tained constant at 1000 psi, by opening valve 4 which puts
lines 3, 4 and 5 of the high pressurc self-counpensating
nercury systen in series with line 435 (fig.2.3) to give a
inoxinua pressure of 1000 psi. Two sets of rcadings were
taken while the cell pressure was constant at 1000 psi,
after which the cell pressurc was steadily decreased to
100 psi, three nmore sets of rcadings woere taken during the
phase of dccreasing cell pressure.

Bach test involvcd two guch cycles of pressure
changc.

The tost was conbtinued for about 2°/o axial strain
beyond the end of the second pressurc changc cycle. 4Lt the
cnd of the test, the drainage leads were shut, the cell
pressurc lowered to zero, the ccll fluid drained awey and
the apparatus disnantled, Wherce the samplc failed on a
single shear plane instead of barrclling, the inclination
of the shecar planc to the horizontal was accurately measured
with 2 bevel protractor, and final noisture content sanples
werc taken either from the shear zone, wherc there is a
distinct one, or from the central part of the senple.

Two series of tests were prescnted on this naterial.
In the first scerices of tests, the differerice between the
ccll pressure 0'5 and the back pressurc u was naintained
constant at 64.5 psi and the initial cell pressure was 100

psi. Threc results were prescented in this sceries., The first
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two (tusts 1 and 3). werc on sanples taken from the nain
block of naterial preparcd frow: slurry. The overconsoli-
dation ratio was thercfore about 1.5, The third sanple
(test 2) was prepared in two purts in a brass former of
3/4m dia, and onc of vhose ends was cut at angle of 550 to
the horizontal., The inclined face of cach half of the sanple
was well polished on a glass plate before the two halves
were put together in the perspex forner and trimmed to size.
The presence of the preformed shear plane in the saaple was
to cnsurc that the result.ng stress-strain curve was
reasonably flat over a wide range of oxial strain to enable
the pressure chuanges to tdake place over this range. The
strength ol tained under thesc conditions approxinatus to
the residual streangth of the material.

In thce sccond series of tests, GI% - u) vas kept
at 10 psi, and the initial cell pressurc was 50 psi, Test
4 was on a sazple cut from the material preparcd fron slurry,
tcst 5 was on a sample rconoulded in a forner, and test 6

was initially heavily overconsolidated, with an 0.C.R of 50.

Belal Tests on Caleite.

3.2.2.1 Prcparation of sample.

Lpproxinately 150 grans of ovensdried- calelte
was weighed oub, and nade into & paste using- de-aired
water., More water was slowly added as the nmixbture was
thoroughly stirrcsd. In this way, it was possible to obtain
an intinoate mixture*, which was later de-aired by subjecting
it to a vacuunr of 28 inchoes of nercury for threc hours.

The sample was sadinented in the usual woy in a

split forner asscnbled on the pedestal (Bishop and Henkel,

* Forlicr attenpts to prepare the slurry by adding wvater

directly to the calcite failed beecausce of the difficulty
of getting all the particles coated with water.
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1962), In this case, however, the foraer huid a detatchable
perspcex cxtension piéce to cnable smmples to be prepored to
a height of nore than the final size of 3" and then trirmed
to the final height. The de-aircd calcite slurry was gently
poured into the cextension piece and allowed to sedinent, ‘
the excess water being siphoned off when the particles
scttled.s. In order to cause the rubber ncnbrane to adhere
to the walls of the split-former and therefore rdsult in
cylindrical sanples being obtained, it was found necessary
to apply o suction to the split—fofner. When the sedinen-
totion was over, the top of the sample was coverced with a
1 1/2" diancter disc of rubber ncmbrance to prevent the
centry of air into the sanple while a suction of aboubt 2 psi
was applicd to the base of the sample to stiffen it prior
to the renoval of the extension picce and trinning the
sanple level with the top of the split-former, using a
spatulas The top filtcer sbtone and loading cnp were placed
in position, thce rubber nembrane rollcd back on to the
loading cap und sealed to it with O-rings. The suction
was then increased to 5 psi and vhen all drainage fron the
sample ccascd, the split forner was carcfully reroved and

the sanple dinensions neasured,

3.2.2.2 Measurcnent of sample dimcnsions.

Thc height 21 the sariple was ncasurced ot four
dianctrical points on the perineter of the loading cap and
in 'the .iiddle, by neans of a depth gauge resting on an
aluniniun cylinder placed on the ccll base.

Readings of the diancter of the samnple werc taken
across two perpendicular diancters, and at threc levels,

using e nodification of the conventinnol dial gouge indicator
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(Bishop and Henkel, 1962)., Both the depth gauge cnd the
dial gauge indicator had becn previously calibrated by
taking sinilar readings on a brass duiny sanple which was
exactly %" high and 1 1/2"dicnceter, the brass dumny being
nounted on the pedestal with the sane loading cap and filter
stones and enclosed in the sane thickness of rubber nenbrane
as used in the actual test. |
Fron the zero readings taken on the brass durmy
sanple and the averages of the rcadings teken on the actual
sanplec, it was possible to compute the initial height and

dianctor, and hence the initial volume of the sanple.

302623 Consolidation and shear stage:

The cell was asscembled and filled with watcr and
castor oil as described elsewherc (scc scetion 3.2.1.2).
An initial cell pressure of 5 psi was then applied to the
sanplce and the 5 psi suction rermoved., The ccll pressure
and back pressure were increascd in steps to the starting
values, and after the consolidotion stage, which took less
than fiftcen ninutesy the test was conducted as described
for VWiencer Tegel. The rate of strein was 0,001 in/min and
the variation of ccll pressure and back pressure between
the nininun and naxinum valucs took place over one and a
half hours.

Two scrics of tests werc perforned on the material,
In the first series, the difference between the c¢ll pres-
surc and the back pressurc ((rz - u) was set at 63.5 psi.
The initial cell pressure was 100 psi. Of the three tests
prescntcd, two (tests 7 and 8) were on nornally consolidated
sciples and the third (test 9) was on an over-consolidated

sarmmle with an over—-consolidation ratio (0.C.R) of 6.3. The
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initial cecll pressure in the second scrices of bests was
50 psi, and the differcnce (0’3 - u) was naintained constant
at 10 psi., Tests 10 and 11 werc on norizally consolidated
sanples while test 12 was on an overconsolidated sample

Vfith an O.CoRo of 5¢

3e2e3 Conparative drained tests:

~8 a conparison with the results obtained fron
test with varying cell and back pressurcs, two conventional
drained tests were performed on cach naterial. The value
of (GE - u) was kept constant throughout the tests at a value
corrcsponding to each used in the nain testing progromnme.
The results of these comparative tests are also

presented,

3.3  Conpubation of various quantities,

33,1 Axial loads:

The axicl load applicd to the sample wos deternined
dircetly fron the dial gouge rcadings on the high tensile
stcel proving rings. which had been accurately calibrated
against a dead load tester. As oxplained elsewherc (scction
_2.2) the provision of the hydraulically balanced ran systen
enables a scnsitive * proving ring to be used, since cffect
of the upthrust on the loading ran had been counterbalanced.
Ho corrcction had been applied for the friction between the
loading ram and the b§§§£££g since a rotating bfgggggg
(Bishop et al (1965) ) had bcen used.

b 2% P4 Deviator Stresses:

The deviator stress on the sanple up to the noxioun

value was computed by dividing the axial load by the relevant

* he sensitivity of proving rings haos been discussed in
detail by Bishop and Henkel (1962).
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cross~-scctionel area A& s, Wnich is given by

_1+AV

Ag TTE A (3.1)

wherec AV denotes the total chonge in the volunc of the
sarplc corresponding to an axial strain E

and AO and V0 denote the initial cross-scectional
arca and volume respectively.

his relationship was derived on the assumption

that the samplce deforned as a right cylinder. Owing to the
influcnce the end restraints inpose on the sanplc, the
seniples generally bulge instead of deforning unifornly.
The crror involvced in using this relationship, in general,
incrzascgwith incrcasing axial strain, especially in
sarples vhich undergo large defornation prior to the attain-

nent of peak strength.

343¢2el Pnst failure Lnalysis:

In general, the tests on nornally consolidated
scnples of clay and calcite continucd to bulge after the
attainnent of the pealk strength, and in thoese cases, the
rclevant cross-scctional arca was conputed fron equation
(3.1). In tests on overconsolidatcd sanples of clay (fest
nunbers 1, 3 and 6) and in test 2 which had a preforned
shear planc, failure cecurrcd on a single shear plane, Since
it is not clear whether the sample continued to bulge after
this type of failure, all the post-failure deformation was
assuned to result from the relative sliding between the two
portions of the sanple (sce the inscrt on fig.3.3) and the
nean cross-scctilonal arca was then talkten as the overlapping
area between these two parts., It can be shown (¥ebb, 1966)

that for a sanple with a height to diameter ratio of 2,



this arca Ac is given by
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In the obove cquations
Ac denotes the overlapping area,
AP denotcs the cross~sectional arca of Tthe sample
at peak deviator stress, and is given by equation
(3.1)
An denotos the total post~peck vertical displaccnent,
h_ dcnotes the initial height of the sanple
and € denotes the inclination of the shear plane to the
horizontal.

The cxact point of appearance of the shear plane,
and hence The value of ﬁp is subject to sone controversy
(. LaRochelle, 1967). In this case, the value of AP was talken
as the cross~sectional arca at the point of the substontial
drop in axial load nornelly associated with this type of
failure,

To make the computation easier, use wis nade of
the graphs showing fhe variation of the rotio (KE) with
vertical post~failure defornation (fig. 3.3) to Ealculate
the valucs of Ac .

This typc of failure causes a severc distortion
of the sample and the rubber nenbrone 2nd is considered une—
reliablc ror post-failure strains in excess of 8 %/o

(Wcbb, 1966).



3.%.3 . Volwic Chanzc Mecsurcuents.

-

Mhe readings of changes in the volunie of The

e

sanple, token during the periods of varying back pressure
have been oorrected for:
(&) Changus in the bore of the saran tubing
used for necasuring volwic changes,
(b) The conpressibility of thc voluue of water
trapped between the sample and the nercury in
the saran tubing
(¢) The conpressibility of the soil grains,
The deberminetion of the calibration curves and
the application of the corrccbions have becn discusscd in
Bections 2.€¢.1.1 and 2.6.1.2, 411 the corrcctions wore
positive for increasing back pressurces and negative for

dcerceosing back proessures.
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CHAPTER 4.

ANATYSIS, PRESENTATION AND DISCUSSION

QF RESUITS.

4.1 Sources of error in the triaxial test:

In its usual form, the triaxial test is per-
formed on a c¢ylindrical samvle of soil enclosed in a rub-
ber membrane, which is seqled to a comparatively more
rigid pedestal at the base and loading cap on top.
Theoretical analyses by Filon (1902) and Balla (1960)
showed that the provision of these rigid ead restraints
result in an elastic stress distribution which shows a
mininum value at the centre of the sample and a maxi-
mum at the edges. A similar stress distribution has
been measured in experiments, by Shockley et al (1960),
and Barden et al (1965).

Other consequences of the provision the rigid
platens at the ends of the triaxial sample are:

(a) the bulging of the sample, leading to
difficulties in the estimation of the cross-sectional
area of the sample (see section 3.3.2), and therefore
leading to errors in the computation of the average de-
viator stress in the sample.

(b) Non-uniform distribution of axial strains
in the oample, the variation over the cross-sectional
arca being in the reverse manner to the variation of
axial stress (Duncan et al, 1966).

(c) Non-uniform distribution of volumetric

strains. Experimental work by Shockley et al (1960),
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and Blight (1963) showed that, depending on the initial
placement conditions and stress level, the ends of a sample
subjected to drained shear may be consolidating or dilating
at a slower rate compared with the dilation rate at the '
centre of the sample. The volumetric strain, as neasured
in the triaxial apparatus, therefore represents an average
ol the volumetric strains at the various parts of the
sample. In undrained tests, this non-uniformity of
volumetric strains may manifest itself in the internal
migration of moisture within the sample, thus invalidating
the basic assunption that these tests take place under con-
stant mois%ure contents.

(d) Non-uniform pore pressure distribution
within the sample., This iten is discussed in more detail
later.

The main methods suggested in the literature
to deal with the detrimental effects of rigid end restraints
are:

(i) the use of samples with a height ~to-
diameter (H/D) ratio of 2:1, since it is known that for a
sanple with this % ratio, the stress at nid-height is es-
sentially uniforn over the cross-sectional area of the
sample. Work by Bishop and Green (1965) and Taylor (1941)
demonstrated that the rigid end platens have little influ-
ence on the peak strength, for a sample with this (%) ratio.
This methcd, however, does not prevent the bulgirg of the
sample,

(ii) Tue use of polished and lubricated end
platens, as has been suggested by Rowe et al (1964) and
Barden et al (1965)., This method has been investigated
in some detail by Duncan et al (1966), who concluded that
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the advantages obtained from its use did not justify the
increased experimental complications it introduced, espe-
cially since the elimination of the effects of end res-
traint has no influence on non-unifornities arising fron
lack of homogeneity, or the presence of fissures in the
sanple,

(iii) the use of the segnental sample, made
up of a central test specimen and discs of the sane na-
terial sealed in rubber membranes at the ends. This
technique, which is sinmilar to that used by Newman et
al (1962) in tests on concrete cubes, had been proposed
and discusced by Blight (1965),. |

The significance of these and other sources of
error- on the results obtained from the triaxial apparatus
have been discussed in some detail by Bishop and Henkel
(1962), La Rochelle (1967) and Duncan et al (1965).
However, in view of the comparative nature of the tests
performed, it is believed that the only sources of errcr
which could seriously affect the results obtained were not
those which were common to all triaxial tests, but those
whose influence varied from one test to another, and fron
one part of the test to the other. The only possible
source of error which was considered of particular impor-
tance tc the accuracy of the results obtained, was that
due to the non-uniform distribution of pore pressures in

the sanmple.

4,2 Non-Uniform distribution of pore pr:ssures.

Non-uniformities in the distribution of pore
pressures in the sample may arise fron:

(1) Inherent non-uniformities, such as variable
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density and the presence of fissures. This is unlikely to
be a serious source of error in this case, since the tests
were performed on remoulded samples of clay, preparced with
care,

(ii) The application of shear strains to the
sample. The errors arising from this source may be over-
come by a judicious choice of the rate of application of
shear strains (Gibson et al, 1954) to ensure that the
excess pore pressures were alequately dissipated in drained
tests, or were allowed time to equalize in undrained tests.

(iii) Non-equalization of applied pore pressures,
This source of error appears to be the most serious in the
testing programme, since at various stages in the shearing
process, both the cell pressure (I;, and the back pressure
u were changed by equal amounts so as to maintain ((Té—u)
constant. The problem, with regard to the test on Wiener
Tegel, was to deternmine the most suitable rate of increasing
and decreasing the back pressure without causing a substan-

tial pore water pressure gradient in the sample.*

4,2,1 Propagation of pressure states in soils.

If the water and soil grains conprising the
skeleton of a fully saturated soil be considered incompres-
sible, any pressure gradient applied to the sample would be
instantaneously transmitted throughout the sanple., In ge-~
neral, however, both the water and the soil grains have
finite compressibility, and hence the movement of a certain

amount of fluid is essential for the propagation of pressure

* The case of decreasing back pressure would be analogous
to the conditions in the clay core of an earth dam sub-~
jected to a rapid draw-down after the establishment of
steady state conditions (Paton and Semple, 1960),
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states in soils. The time required for the movenent of
the fluid through the sanple, and, therefore, the equaliza-
tion of the applied pressures will depend on the viscosity
of the fluid and the permeability of the soil skeleton.

Mayer and Habib (1955), on the basis of experi-
ments bto study the decay of pore pressures in soils ini-
tlally snbjected to a pressure gradient, concluded that
the tire required for the equalization of pore pressures,
was comparable to the time required to saturate the
senple. More rccently, Barberis (1965) studied the problen
further and concluded that

(a) the transnission of pressure states in soils
is not instantaneous.

(b) +the speced of transmission varies directly
as the pressure difference, Au, and the magnitude of the
initial pore pressure LA and inversely as the permeabi-
lity.

and (¢) positive pressure differences are pro-
pagated faster then negative differcnces.

In the absence ol any quantitative method of
assessing the speed of transmission of pressure states in
soils, varicus methods of accelerating the equalization
process, have been proposed in the literature. Some of
these are the provisicn of radial drainage by surrowiding
the sanple with a filter paper drain, or the provision of
central sanpl~ dra.nage by means of a wet sand columm, a
wick or some such free-draining material., Neither of these
nethods was considered suitable in this case, since their
use night cause equalization of pore pressures only on the
perineter of the sample. Besides, their influence on the

strength and deformation characteristics of the sample nay
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be difficult to assess, espocially in the case of the
latter method,

It was, thercfore, decided to accelerate the
equalization process by providing a short drainage path.
This was achieved by using a sample which was 1 1/2" high
and of 3/4" diameter, thus maintaining the (%) ratio of
2:1, and providing for a two-way sample drainage. The
effective drainage path therefore was 3/4", L calibration
test was thercfore perfoimed to determine the rate at which
to vary the cell pressure and the back pressure in order
to nmaintain a negligible pore pressure gradient between

the ends of the sample and the centre.

4.,2.2 Calibration Test:
A sample of clay 3/4 " high and 3/4" diameter,

cut from the main block of clay prepared fron slurry, was
riounted on the pedestal which had been extended by the pro-
vision of a perspex piece of the sane dinensions as the
sanple (see insert in fig: 4.1). The drainage connections
in the base of the cell and the filter stones had been
previously de-aired thoroughly, and the hole in the pers-
pex picce filled with water. The top drainage line was
connected to the back pressure line and the sample botton
drainage line connect:d to a de-aired special Bishop-type
null indicator which was capable of withstanding pressures
as high as 1700 psi. The difference between the cell pres-
sure and tae back pressure GU; - u) was set at é4 psi,

The high pressurec triaxial appu.ratus was as-
senbled as described clsewhere (see Sec,3.2.1.2),the cell
filled with water and topped with castor oil. .in initial

cell pressure of 100 psi was applied and full consolidation
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permitted under the conditions 0'3 = 100 psi and u = 36 psi,
the progress of the consolidation process being nonitored
by neasur.ing the pore pressure at the base of the sample.
At the end of consolidation, the pressure gene-
rator (section 2.3) was set running and boththe cellpres-
surc and the back pressure applicd to the top of the
sarplc, increased 2t a steady rate. Regular sinultaneous
readings were tvaken of the cell pressure and the pore pres-
sure at the base of the sanple, while the cell pressure
was increasecd steadily to 1000 psi, held constant for about
half an hour and decrecased to the initial value of 100 psi.
A graph of the pore pressure at the top of the sample (ut)
pressure

against the pore/ at the base of the sample (ub) was

drawn .

4.,2.3 Discussion of the results of the calibration tests.

It was found that a nominal steady pumping rate
of 200 psi/hr was necessary to ensure equality between u
and (fig.4.1) when the drainage path was 3/4" long. A
faster rate of increase of u caus=d uy to lag behind Uy
and a slower rate of increasing u posed problens since
the substantial leakage occurring from the cell under high
pressurcs reduced the effechive punping rate considerably.
Because of this leakage, the rate of change of ug could
not be strictly expected to be constant during the test,
even though steps wvere taken to conpensate for the leakage
by increasiag the rate of pumping as the cell pressure
increased.

Values of Uy taken during the unloading phase
all plotted above the Uy =u. line in fig, 4.1. This would

tend to confirm the conclusion reached by Barberis (1965)
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that positive pressure changes were propagated faster than
ncgative changes. The actual rate of decrease was probably
nuch fas'er than 200psi/hr, since the leakage contributed
to it. The rate of unloading was decreased slightly to
take account of this. However, since the gearbox on the
pressure generator was not infinitely variable, this re-
duction in pumping rate could only be done in steps and

was thcecrefore not very effective,

The calibratior was performed in the absence of
shear strains. There is some ecvidence to suggest (Toylor,
1944) that the equalization of non-uniform pore pressures
occurs faster when the sample is being sheared, than in
the absence of shear strains. On this basis, therefore,
the rate of change of the pore pressure of 200 psi/hr which
was used in the testing programme would be considered

conservative.

4.3 Lnalysis of results obtained from the nulti-stage

conpression tests.

The equations connecting the axial strain and
tne load, deviator stress and volumetric strain were as-

sumed to be polynonials of the forn

¥ = Co + Clx + C2x2 + .....Cpxp cesssssce (4.1)
where x denoted the a:ial strain, which was taken as the
independent variable, and y denoted the axial load, de-
viator stress or volumetric strain. The readings of axial
strain and the chree dependent variables (axial load, de-
viator stress and vclumetric strain) taken during the pe-
riods of comnstant cell pressure (i.e. portions

ab, ef and ij of the curves in fig. 4.2) were fed into an

I.B.M 7094 computer which has bcen progranmed to provide
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the Neast squares!' analysis * of the results, bascd on a
polynomial of the form.given in equation (4.1). The va-
Jucs of tue polynonial for ecach dependent variable were
computed at intervals of 0.2 °/o axial strain, thus enabling
the best-fitting curves for axial load, the deviatbtor stresg
and vclumetric strain t§ be accurately.plotted. '
The rercentage deviation of each experinmental
point from the 'lcasi squares' curve was also conputed,

the percentage deviation veing defined as

y-—

5 .
O/O deviation = ( y-‘g') x 100 eecessecee (4‘-2&)

where y denotes the adjusted valuc of the dependent variable
and Yo denctes the value obtained from the experiment.,
The data obtained fron the comparative drained

tests were similarly analysed.

4.4 Prcesentation of results,

Th 'least squares' curves of axial load, deviator
stress, and volumetric strain were drawn against axial
strain. The cxperinental points were plottcd on the
curves (fig.4.3 to fig.4.14), black dots representing the
points taken during periods of constant cell pres-
sure (the points used to determine the shape of the curve)
and open circles represeunting thé points taken during the
periodsof varying pressures. It was decided to draw the
curve of load against axial strain, orn account of the un-
certainty abo 1t the arca coprcction discussed earlier
(scet. 3.3.2.1). In addition, graphs showing the variation

of cell pressure and percentage deviation with axial strain

* Por a discussion of the principle of least squares and
the critcrion for the closcness of fit between the
experinental data and the curve, see Appendix B.
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were also drawn, In general, the percentage deviations
of the axial load and deviator stress from the relevant
curves were almost identical, and it was decided, for the
sake of clarity, to plot an average graph for the two
quantities instcad of plotting separate graphs.

It is believed that the absolute magnitude of
the percentage deviation has no conncction with the rela-
tive errors in the actual experinental observations. It
is only to bec considered s a meansgiomparing the relative

departures of the experinental points from the last squares

curves,

4,5 Discussion of results:

The aim of the experiment was to study the in-
fluence of changing the cell pressure and the pore pressure
by equal anounts, on the shecar strength and deformation
characteristics of calcite and clays. Some of the equa-
tions proposed in the literature to define effective
stresses controlling shear strength and deformation of
soils have been reviewed in Chapter I. Most of the
equaations relating to effective stresses in clays are of
a qualitative nature, since they involve quantitices which
arec not yet neasurable, The results obtained from the
experiments will therefore be cxamined in the light of
the two nain effective stress equations which have been
proposed as rigorous expressions defining effective stresses,
nanely the "intcrgranular stress" expression and Skenpton's

(1960) expression.
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4.5.1 Effective stress in rclation to shear strength.

Rewriting equations (l.2) and (1.4), we have

}
%) 1+a( ) escsdensevsenescecy (4' 3)

a,g; ) =1 + aﬁli%—y (31_%—.&) sevscaneass (4‘.4‘)

regpectively. For the purposes of argument, somc represen-

(

tative valucs will be assigned to the quantities on the
right hand sides of both equations. Skenpton (1960) sug-
gested that\4/fqr caleite is approximately 8%, TFor clays,
\V lies betwecn 5° and 10°, Since Wiener Tegel is a
clay with a substantial silt content, it is believed that
assuning W to be 8° will not involve ruch error. Fron
drained tests rceported in SectionIi of this thesis, wvalues
of ¢;for calcite and Wiener Tegel were 38.5° and 23.5°
respectively.

Ls discussed in section (1.2.3), there are
divergent views on the magnitude of the contact arca ratio,
*a' in soils. However, for the sakc of argument a represen—
tative value of 'a' will be taken as 3 9/o, Equation (4.3)
then reduces to

d.!

<-G—-:_u-— ) = 1 + 0003 (6%1-1 ) S8 sactsbets b (4‘03a)

and equation (4.4) reduces to

(<r_u )= 1 + 0,0066 (—-——) for clays eseese (4.4a)
T’
(tf'u

or ) 1+ 0,0102 ( ) for calcite 0000(4 q"b)

During the series of tests in which (€ -u) was

naintained constant at 10 psi, the ratio ( ) varied

0
0"—\1
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from 4 to 99. If the effective stress werc given by the
intergranular stress, therefore, the percentage error
which would occur in the deviator stress when the cell
pressure and the pore pressurc were varied between the
nininun and the mexinum values would be 0,03x95x100 °/o

or 285 °/o fron equation (4.3a), and if Skempton's expres-
sion were valid, the resulting percentage errors would be
63 °/o for tests on calcite and 97 °/o for tests on Wiener
Tegel.

Similarly, from the second series of tests
(Us-u = 64,5)/which the ratio (agﬁ—) varied between 0.5
and 14,5, the resulting changes in the deviator stress
would be 42 °/o from equation (4.3a) for calcite and clay,
and aboutla?/ofbr calcite and ;}0/0 for clay fron equa-
tions (4.4a) and (4.4b).

While the foregoing analysis may be open to
criticisn on certain grounds*, it does at least show
that, if these two expressions rather than the Terzaghi
expression were valid, one would expect to find distinct
discontinuities in the deviator stress-strain curves, since
the resulting errors estinated above are generally higher
than those nornally associatced with triaxial tests, nonely
about 5°/o.

in examination of the deviasor stress vs, axial
strain curves (fig. 4.3 to fig.4.14) will show that the
departur<s of the points obtained during the periods of

changing pressurcs (open circles) were essentially no

* For exarple in the case of the clays, if it is
accepted that inter-particle contact is between
adsorbed water layers (section 1.3.2), then \p
should strictly relate to this layer rather
than the actual soil particles.
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worse than those of points obtained under steady pressures
or those of points taken in the comparative tests (Test
nos. 13 to 16). In some tests (test numbers 1,3,4,5,7,8,11
and 12) the points taken during the period of changing
pressures, plotted above the 'lecast squarcs'! curves, but

in the other tests, they plotted on either side of the
curves. In gencral, the closcness of the points to the
curves depended on the validity of the assumption that the
stress-strain and the load-strain curves could be represen-
ted by polynomials of the form given in equation (4,1),

In test nunbers 2 and 5 in which the original data ylelded
curves witkout sharp changes of slope, the polynonial‘aé-
sunption was probably justified, and a better agreenent was
obtained between the curve and the points taken under vary-
inv pressures. The assunption involves some error when ap-
plied to results on overcongolidated soils (such as test
nurtbers 4, 6, 9 and 12) which yicld stress-strain curves
with sharp changes of slopc. This probably explains the
bigger discrepancy between the points and the curves,
obbained in these tests,

Even allowing for these errors, it can still be
seen fron the graphs that changing the cell pressure and
the pore pressure sinultaneously by large and equal amnounts
had no significant influencc on the shapes of the resulting
stress-—-strain curves. The ratio (dé;% ) therefore renain-
ed sensibly consbtant throughout the test. This means that,
all other facuors remaining constant, the shear strengths
of calcite and clays arc controlled, to a high degrec of
accuracy, by the effective stress as defined by Terzaghi,

naniely that
a"= G-‘—u S0 cavecessestensnensecssee (4'5)
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4,5.,2 Effective stress in relation to volune changes.

The rcadings of volune change of the sanple were
corrected for the conpressibility of the soil grams, and
analysed in the way described previously (section 4.3).
The data obtained during the period of varying pressurcs
plotted either on or close to the curves, and as was the
case witn the stress-gstrain and load-strain curves, there
secned to be no partvicular pattern of deviation of the
points from the curve,

It will appear from these results, therefore,
that the expression for the effective stress cnntrolling
changes in the volume of clays and calcite consequent upon
changes in gpplied stress is of the form which was proposed
by Skenpton (1960) and which took account of the finite
conpressibility of the soil grains, nanely

AT = M - (1 - gﬁ ) B U eeevencocas (#.5)

4.6 Surnary and Conclusions:

The nain sources of error in the triaxial test
were discussed. It was ccncluded thét, given the compa-
rative nature of the experinments, thc only source of c¢crror
likely to have any appreciable influence on the results
was that derived fronm the non-equalization of applied pore
pressurcs, and ways cf decaling with the problem have been
described.

Tk= netlod of analysing the results has becn
described and the vresults obtained were discussed. The
results obtained indicated that the effective stresses
controlling the shear strength and changes in volune of

clays and calcite are given by

G.z 0-- u
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for shear strength,
amd AT '= AT - (1—g§)£}.u
for changcs in volume. The influcnce of (gﬁ) was however
not inportant, and its neglect in normal Soil Mechanices
calculations was, thercfore, not considered serious,

For clays, the influcnce of such factors as

the chenistry of the pore fluid had not been exanined.
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CHAPTER

REVIEW OF THE LITERATURE ON THE

SHEAR STRENGTH AND DEFORMATION

CHiRACTERISTICS OF SOILS UNDER
ELEVATED PRESSURES.

5.1 Introduction.

Until a few yeacrs ago, nost research on the shear
strength and deformation properties of soils had been re-
stricted to the range of confining pressures atainable in
the conveontional triaxial apparatus, nanely about 150 psi.
However, the increasing tendency towards the construction
of very high earth and rockfill dans * in recent years
has stinulated research into the nechanical behaviour of
soils under pressures conparable to those obtaining under
these dans as well as under deccp foundations and around
decp tunnels.

Since the cxpression "high pressure" is relative,
it is considercd pertinent here to define the following

ranges of confining pressure:

Low pressurecs: 0 =150 psi
Elcvated pressures: 150 - 1500 psi
High pressuies: 1500 - 15,000 psi

according to the above classification, therefore,
the work precs-nted in this section falls within the ele-
vated pressure range, and any further use of the tern "high
pressure” should be treated as purely descriptive. The
following is a brief review of rccent work on the nechani-

cal behaviour of scils under eclevated pressures,

Buch as the 980' high Nureck dan in the U.S.S.R and the
Oroville dan (about 735' high) in the U.S.LA.
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5.2 The behaviour of granular . soils under clcevotced pres-—

SUTreS.

In connection +ith the prelininary design
studies on the Oroville dan, Hall and Gordon (1963) per-
fornmed drained and consolidated-undrained tests on poorly-
to well-graded gravelly naverials under confining pres-
sures of up t» 650 psi (about 50 kg/cme). Hirschfeld and
Poulos (1963) described drained tests on compacted sand
and an undisturbed silt under pressures of up to 570
psi (40 kg/cn®). Vesic and Barksdale (1963) reported
tests on sands under naxinun confining pressurcs of 9000
psi, in connection with studies on the bearing capacity of
decp foundations in sands and the cratering of deeply
buried nuclear devices, The conclusions and postulates
arising fron this work were later verified by Vesic and
Clcugh (1968).

Other reccent work on the nechanical behaviour
of granular nateriels under high confining pressures werec
rceported by Bishop (1965) and Bishop (1966) on Han River
sand up to 4,000 psi confining pressurc, Inslcy and Hillis
(1965) who described triaxial conpression tests on glacial
till ( the proposed corc ma%erial of the 650' high Mica
Crcek dan) up to pressires of 450 psi, and by Tombs (1969)
on rockfill., .ll the results presented for coarse-grained
cohesioaless raterials (e.g. sands and gravels) showed
that the shz2ar strength and deformation characteristics
of these soils were rferiously nodified un.er elcvated con-
fining pressures. In particular, the Mohr failurc enve-
lopes showed narked curvatures. Sonc of the factors known
to influence the shear strength characteristics of these
éoils under e¢levated confining pressures are discussed

below.



100

5.2.1 Particle degradation.

It is gencrally agrecd that the principal cause
of the curvature of the [ailure envelope is the particle
break-down which occurs mainly under shear strains, and to
a ninor extent during conmpaction and consolidation. Con-
clusive evidence for this phenomecnon has been provided by
the increascd percentage of fines which occur in the gra-
ding of the nmaterial afte- shear, compared with the initia}
grading (Bishop, 1966; Vesic et al, 1968). Some of the
factors which have been known to influcnce the tendency
of a soil to particle degradation under shear are (i)
increcasing unifornity of the soil, and angularity of the
particles (ii) decreasing strongth of the individual
particles and (iii) increasing confining pressure and
shear stress. The najor cause of particle bredk-down
are probably the initial grading of the soil and the
strength of the individual particles.

Tests within the clevated confining pressure
range by Insley et al (1965) on a well-graded glacial
till (a naterial which had previously undergone particle
degradation under natural causes) and by Hall and Gordon
(1963) on sandy clayey gravel both yielded essentially
linear effective stress envelopes. Fig. 5.1 conpares the
initial grading curves of these naterials with those of
narrowly graded sauds and silts which were subject to
particlce fracturc under shear. The fact that the post-
shear gradings of scne of these initiall:;” narrowly
graded soils (for example b, c¢) approxinated to the wide
gradings associated with Insley et al's glacial till led
Bishop (1965) to suggest that there night be an ideal
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grading for these naterials incorporating an opbinum per-
ccntage of fines to inhibit particle break-down under
shecr witaout causing too excessive a reduction in qy.

While the phenoncnon of particle break-down is
not nccessarily linited to high stress levels - sone
anount of particle fracwvure had been reported in narrowly
graded sonds at confining pressures as low as 40 psi
(Bishop and Green, 1965), it becomes nore intense at higher
pressures. There is sone evidence (Vesic and Clough, 1968)

break-down

that particle/is nost intense up to a certain level of nmean
nornal stress, which they called the "brecok-down stress®
(ré. They postulated that below this stress lcvel, shear
stresses are acconpanicd by particle break-down and the
resulting failure envelopes are curved., Above the "break-
down stress", the sand behaved as a linearly defornmable
naterial with a constant angle of friction qy. They sug-
gested that for a given material G-B was a function of mi-
neral conposition, initial gradation ond particle shape,
and reported that for their Chatahooche River Sand, Q'B
was in excess of 1422 psi (100 kg/cuz). It is intcresting
to note that tests by Mr. L.E. Skinner on Han River
sand published by Bishop (1966) also showed the tendency
that the failure envelope night becone linear for con-
fining pressures in excess of 4,000 psi. It is quite pos-
sible therefore that the so-called 'break-down stress!
Gb nenticned avove may be the nininunm value of nean nornal
stress neccssary to alter the initial grading of the sand
to that at which ao further particle degradation can occur,
and above which the failure envelope is linear.

Other factors which determine the degree of part-

icle break-down are the strength and defornation character-
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istics and the shape of the particles, as well as the ini-
tial density of the soil -~ the weaker, nore conpressible
or nore angular the particle the nore particle degradation
occurs under a given nean normal stress. 4lso the higher
the initial density, the higher the degree of particle

break-down which occurs under shear stresses.

5e2.2 Volunetric Strains.

One nain feature of shear behaviour of granular
soils under high pressures is that the sample is generally
still consolidating when the peak deviator stress is at-
tained. Since the volume change neasured in a triaxial
test is the sun of the volune changes due to increases in
the effeoctive najor principal stress (Ti, andyshear stresses,
it is suggested (Hirschfeld et al, 1963; Bisﬁsp, 1966) that
this differcence in volunme change bchaviour of soils at ele-~
va*ted pressurcs nay be the result of the predoninance of
the shear stress conponent of the wvolune changea at elevated
pressurcs, possibly as a consequence of particle break-dovm.

The ma:ked influence of the ratc of volume change
at failure on thé‘shape of the Mohr failure envelope had
becn dernonstrated by‘Bishop (1966) by showing the close
correlation between ¢' and the rate of volune change at
failure ( ;;f)f for varying confining pressures and
initial porosities, dQ v and dzl denoting corresponding
changes in volunetric and axial strains at failure respecti-
vely. Similar conclusion was reached by Hirschfeld et al
(1963) by observing that the curved failure envelopes they
obtained for conpacted sand and silt, becamne linear when
based on deviator stresses corrected for the work done on

the samplc by the cell pressure during the volume decrease
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at failure. The correction of the deviator sbtress was

based on Rowe's dilatancy equation, nanely

H ' )
(Gl -—63 )cv = —T; hanad GB 88 80 5500 80 00 08 (5.1)
R

where (G-Z‘L" Q';) oy 18 the corrected deviator stress. This
approacn is, however, invalid when appiied to tests per-
fornmed under high confining pressurcs, since it ignores
the work done in crushing the particles. This problen
has been discussed in more detail by Osterman (1962).

. farther svidence,though indirect,of the connection be-
twecn the rate of volune change at failure and the shape
of the Mohr failurc envelope has been provided by Vesic

et al (1968) who reported that ratc of volume change at
failurc for tests under nean nornal stresses in excess of
the 'bresk-down stress' was zero, and as discussed earlicr,
the failure cnvelopes were linear for tests in this pres-

SUrc rangc.

5.2.3 IAxial Strains at failure.,

The axial strain at failure has been noted to
increcase with increasing ccnfining pressure. Generally
speaking, tho better zraded the soil was initially the lower
the failure strain. Irrespective of the initial density
of the soil, failtre under elevated pressures is of the
ductile nature nornally associated with low pressurc tests

on initially loose samples.
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5¢3 The behaviour of cohesive soils under clevated

confining pressures.

The nechanical behaviour of cohesive soils
under the influence of high confining pressures has not
been investigated to the same extent as that of granular
s0ils. There are probably two rcasons for this. Since
interest in the behaviour of soils under high pressures
was initiated nainly as a part of design studies for very
high carth and rockfill dams [e.g. Hall and Gordon (1963),
insley et al (1965) ] attention was naturally focussed
on the properties naterials relevant to the studies. Be-~
sidcs, it was relatively casier, in the casec of granular
soils, to exanine such phenonena as particle break-down
quantitatively.,

The nost detailed investigation published to
date on the behaviour of cohesive soils under confining
pressures in the elevated pressurc range had been reported
by Bishop, Webb and Lewin (1965) who perforned triaxial
conpression tests on slurricd and wndisturbed samples of
London clay, extending to confining pressures‘of 1000.psi.
Sone of their observations and main conclusions are oub-~
lincd below.

(a) MTests ca undisturbed London Clay in the

low to intermediate confining pressure range

(0-250 psi) were characteriscd by brittle

faiiure, in which the axial load sonetines

decreased to less than half its value at the
peake. The stress-strain curves for tests in
the clevated pressure rangc, however, showed

ductile failure characteristics.
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(b) In general, sanples of undisturbed London
clay dilated strongly when shearcd under low
confining prescures, but werc still showing
decreases in volune at peak deviator stress,
when tested under elevated pressurcs., They
suggested that this difference in volune
charge behaviour probably indicated a break-
down of particlc aggrcgates under high pressures,
(c) The effective stress failure showed a
narked change in slope in passing fronm the
low to the elevated confining pressure range.
The average values of the effective stress
strength paraneters ¢' and 4;for undisturbed
London clay were 18 psi and 26° in the low
pressure range (0-100 psi) and 113 psi and 10°
respectively in the elevated pressure range.
The curvaturc in the strength cnvelope for re-
noulded London clay was less narked, the
drop in ﬁb'being typically fron 21° to 16°.
(d) They suggested that the drop in(b;ith in-
creasing confining pressure nay be due to the
orientation of flaky particles in the direction
of shear - ¢ sinilar nechanisn to that invoked
by Skerpton (1964) to explain thc decrease in
¢' fron peak to rcsidual values when clays
are subjected to large shear strains at low
pressures., This view was reinfoirced by the
closcness of qyfor London clay under a pres-
sure of 1000 psi, to the value quoted by Skemp-
ton (loc. cit.) on the basis of shear box

tests to large strains.
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Lec and Haley (1968) reported studios, cxtending to con-
fining pressures of 1,000 psi, on the relative strength
and deformation properties of two conpacted clays having
diffcerent initial structures. They found that the ini-
tial structure had no influence on the effective stress
failure cnvelope, but that when total strcsses were con-
sidcred, two separate curved envclopes were obtained - the
failure envelope for initially dispersed soils lying above
that for samples which had initially flocculated structures,

Tests on stabilized and untrcated soils by
Wissa et al (1965) showed that provided samples having
the sane ege of curing were considercd in the case of
stabilized soils, the effective stress failure envelopes
for toth naterials remained lincar up to confining pres-
surcs of about 850 psi (60 kg/cn®). Iike the glacial
till tested by Insley et al (1965) both the untreated and
the stabilized soils were well-graded, containing about
10 °/o clay sized particles.

The findings of Insley et 2l and Wissa et al
nay be contrasted with those of Bishop ot al (1965) and
Webb (1966) fron high pressure tests on London Clay
which contains about 57 o/o of rlay sized particles, and
also of Lee et al (1968) whose commercial kaolinite con-
tained almost 100 0/o clay sized particles. This wculd
suggest that the percentage of clay sized particles has
sone influenee on the shape of the failure envel ope,
and that theve is probably a nininun percentage of clay
s8izced particles below which ¢' renains insensitive to
confining pressurc.

Olson and Kane (1965) prcscnted the results of

very fast unconsolidated undrained tests done in connection
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with studies of the design of buriced structurcs tc resist
blast loadings. The tests which were on unsaturated
compacted clay, covered the rangc of confining pressures
from 100 psi to 1000 psi. The times to failure ranged
fron 3 nilliseconds to 100 scconds. They attributed the
curvature in taec total stress failurc envelope to pres-

sure saturaticn of the sanmple under high pressures.

5.4  Sumnary.

A brief review was presented on the mechanical
behaviour of granular and cohesive soils under elevated
confining pressures. Sone of the factors which are known
to influcnce the shear strength and deformation proper-
ties of these soils under high pressures have been enu-

nieratea and discusscd.

5.5 Scope of work prescnted:

Draincd triaxial compression tests werc per-
forred on slurricd and undisturbed intact London Clay,
slurried Wicnar Tegel, coalcite and Brocehead Silt, extending
tc confining pressures of 1000 psi. The cxperinerntal
techniques and the preparation and properties of these
nateriels arc described in Chapter 6, while the results

obtained arc discussed in Chapter 7.
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CHAPTER 6

DESCRIPTION OF THE EQUIPMENT,
THE PREPARLTION OF M.TERIMAS,
AND TESTING JLECHNIQUES,.

6.1 Iubroduction.

The trioxial apparatus used in these series of
tests was a modification of the standard design desecribed
by Bishop and Henkcl (1962) for tests at conventional
pressﬁres (0-150 psi). Only thosc nodifications, which
were to enable the apparatus to be used for tests in the

elevated pressure range, will be described.

6.1.1 The Triaxial Apparatuse

This equipnent consistcd of a stainless stecl
ccll, which was 7 1/2" long, aand had an intcrnal dianmeter
of 3 1/4", and a wall thickness of 3/8". The thickness
of the ccll was rcduced at the cnds to 1/4" fron the
inside, in order that it can fit over O-rings inserted
into 1/4" grooves in the base and the top cap. The top
cap was fitted with rotating busacs (Bishop et al, 1965(a)).
The cell base, which -ras nachine&ifron a solid brass
forging, had four pressure connections fitted with Klinger
valves (LB 10), and two other comnecctions into which were
sweated 1/8" gas Sinplifix couplings, through which saran
tubings could be rMn for top drainage coracction, or
bore pressure neasurenent. The connections fitted with
Klinger valves werc used for f£illing and enptying the
cell, and for providing connections to thc constant

Pressure sources,
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The pedestal or the cell basc was fitted with
a brass adaptor to facilitatc the testing of sanples of
3/4" dianeter instead of the conventional 1 1/2" dianeter
sanples. When the apparatus is asscobled, an e¢ffective
geal was provided betwcen the O-rings at either end and
the steel cylinder, by tightening down six 1/4" dianeter
stainless steel tic-rods which were equally spaced round
the cell base, and screwed through both the top cap and
the cell base.

6.1.2 The Constant High Pressure Source.

During the earlier tests on clay, the cell
pressurcs up to a maxinun value of 1000 psi were nain-
tained constant by means of the self-conmpensating nercury
systen described earlier (sece Section 2.4). It often
becanie necessary to replenish the upper nercury pots during
the tests, because of the high leakage rates occuring
under thesce pressurces. This led to some tests being lost
overnight as a result of the cell pressurc dropping.

Later, a hydraulic constant pressurc source
enploying springloaded .nsler blecd valves, and designed
by Mr. L.E. Skiunner, bccame available and was used instead
of the self-compensating nercury systen., ©Since this appa-
ratus worked by punp .ng a light nachine oil to replace
the lecakage losscs, it becane nccessary to instal an

oil-water interchange pot between it and the cell.

6.le3 The Screw Control:

For increasing the cell pressurc up to 150 psi,
the conventional screw control (Bishop and Henkel, 1962)
was used., For higher pressures, the cylinder and piston

on the hydraulic pressure generator (Scction 2.3) was uscd
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as a screw control, by putting the gear leover in the
neutral Hosition and driving thce piston manually by

neans of the wheel (fig.2.2(b)).

6.1.4 Volune Change Measurcnent.

Changes in the volunme of the sanples of clay,
calcitec and silt under low pressure werc neasured by
noting the displacenent of a colunn of nercury trapped in
a 1/8" bore Saran tubing (sce Scction 2.6). The volune
changes occuring during the tests on s8ilt under confining
pressures in excess of about 750 psi, were, howcver, too
large to be accurately neasured by this technique, and
thercfore, in these tests, the volume changes were

neasursd directly by nmeans of a 10 cc burette.

6.2 Preparation of Materials.,

G261 Undisturbed I.ondon Clay.

Intact lunps of undisturbed London Clay were
obtiincd fron a depth of about 20' from a freshly cut
platforn at a rcservoif site in Wraysbury in Middlesex.
Tae lunps were narked for orientation and placed in sealed
plastic bags to prevent then drying up. Back in the la-
boratoxy, the lumps were carefully trinmed to a thicke
ness of between 2" ani 3", with plane and parallel top
and botton faces, in order to facilitate easier sanpling
later. The clay blocks werc coated with about 1/8"
thickness of paraffin wax, and were stored in a plastic
bag in a tenperature-controlled sarmple rcon. The trine-
nings wcere gsed to determine the field noisture contents,

The geological history of London Clay in the

Thances Valley had been discussed in some detail by Skenpton
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and Henkel (1957) and by Bishop ct al (1965 b), who
estinated that the prcconsolidation pressure of London

Clay at the nearby JAshford Connon was about 600 psi
(39 t/£t2).

6.2.2 Renoulded Londoa Clay.

The preparation of this naterial from slurry
was sinilar to the prcparation of Wiener Tegel described
in Scction 3.1.1. In this casc, however, the sample
was consolidated to an estinmated final load of 4 1/2 toms

over three nonths.

Be2e3 Renoulded Wiencr Tegel and Calcitee.

Thc nethod of preparation of these naterials
had been described in sone detail elsewhere (see Section

5.1.1 and 50152).

6.4 Braehead S8ilt.

Sanples of this matecrial were prepared fron a
batch stored in the laboratory for tcaching purposes.
The silt and clay fractions were separated by neans of
scdinentation. X-ray diffraction analyses perforned on
the two portions of the naterial revealed that the silt
fracticn was nade up of angilar to sub-angular particles
of quartz and flaky prrticles of mica. The approxinate
nincralogical conposition of the clay (nminus 2 A4) fraction

is given belowv in Table 6,1

Table 6,1
Mineral Zpproxinate /o
Quartz 40
Illite (nica) 55
Kaolinite 20
Chlorite 5
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The classification and other propertices of the
naterials arc given in Table 6.2, and the grading curves

are shown in fig. 6.1.

6.3 Tcesting Technigues.

6.3.1 Tesgsts on Clays.

The preparation and setting up of the sanples of
clay werce carried out as described in Section 3.2.l.1l.

In the tests on undisturbei London Clay, the sanples ex-
tracted fron the blocks were closely exanined for any
evidence of fissuring, the sanples with any traces of fis-
sures being rejected. Since the final sanple size was

only 1 1/2" high by 3/4" diameter, it was relatively easier
to obtain intact sanples than would be the case if sanples
of thc conventional size were being tested. The sanpling
fron the undisturbed blocks of clay was done in such a way
as to obtain sanmples with vertical axes.

The sanple was trinned to size, weighed and
set up on the pedestal of the triaxial apparatus in the
standard naaner,

The triaxial apparatus was then assenblel and
filled with water. énd topped with castor oil., The cell
pressure and back pressure were then applied and the
sanple allowed to consslidate. Readings werc taken of
the elapsed tinme, t, and the change in sanple volune (AV),
to enable the most suitable testing rase to be deternined
in the asual nonner fron a plot of vt against (AV)
(Gibson ct al, 1954),

The sanple was then shcared under drained con-
ditions, The tine to failure varied, in general, betwecn
four days and ten days depcending on the type of clay and

the nagnitude of the confining pressurc - for a given clay,




Table 6.2
Results of classification & other tests,
L.L | P.L | Pd | o6 |Activity Initial | Preconsolid"
M A TERI AL Clay| | S'Gwc b b
; . ressure
/o /o /o (<2 M} A °/o (ps]) e
Undisturbed London Cilay. | 29.0 600
74 28 46 57 O.81 12.68
Remoulded London Clay ‘ 28.9 170 *
Wiener Tegel 52 24 28 34 | 0.83 |2.68 34.3 70
Calcite 12.4| — — 2+ | — Pp72| — —
Braehead Silt 29 23 6 15 | — (271 ] — —
+ This percentage represents calcite flour rather than clay minerals.

» Approximate.

7LL
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the tine to failurc increased with increasing confining
pressure.

4t the end of the shearing process, the drain-
age lines were shut, thce cell pressure reduced to zero,
the water drained from the cell, and the triaxial appara-
tus disnantlcd. Where the sample failed on a single shear
plane, the inclination of this plane to the horizontal
was accurately neasured wita a bevel protractor. The
final noisture content spccimen was taken cither from the
shear zone (if there was one) or from the niddlc part of
the semple. In general, the noisturc content at the ends
of the samyvle would'bo-expecMG&S9ﬁgieprcsoatative of the
noisture content corresponding to conditions at the cnd
of the testv, since the saniple nust have inbibed some water
fron the filter stones at cither end, on renoval of the

confining pressurc.

6e3.2 Tests on Calcite.

The preparation of the samples of caleite prior
to testing had becen described in sonc detail in Section
34242« Thc noninal size of the sanples tested was 3"
high by 1 1/2 " diancter.

It was found that the nost cffective way of pre-
paring fully saturatec sanplcs of the naterial was to de-
posit it under watcor, and only the rangec of initial poro-
sitics corresprndirg to this node of deposition was in-
vestigated. Since the calcite was essentially free-
draining, - chc consolidation stage being completed in
15 ninutes - a convenient strain ratec of 0.002 in/nin.
was sclected, lcading to failurc in between two and three

hours.
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Ge3e3 Tests on Brachead Silt.

Sanples with two rangcs of initial porosity were
tested.,. 4 relatively loosce packing corresponding to an
initial porosity of about 45 °/o, was achicved by scedinen-
ting the silt under wator using the sane technique as
erploycd in the tests on Calcite. The nmixture of silt and
distillcd wabter had becn previously de-aired by boiling
it for about ten minutes. The procecss of sedinentation
was acccelerated by the application of a suction of 2 psi
to the lower filter stone. MAfter all the particles sect-
tled, the excess water was siphoncd off and the top filter
stonc and cap werc placed on the end sealecd to the rubber
nenbrane with O-rings. The suction was thon increased to
5 psi and when the sanple attained sufficient strength,
the split formers were renoved, thc sanple dinensions
neasurcd and the tests conducted in a manner sinilar to
that described for calcite,

Sanples with initial porosities of about 40°/0
werc preparcd by coopacting silt at a noisture content
of about 10 o/o into the rubbcer rnembrane enclosed in the
split former. The sanple was conpacted in 1/2" layers,
using a special brass tanper. The sanple was trinmed level
with the top of the spli% forrmers and the top filter stone
and the top cap which khad a drainagc conncction, were
installed and sealed to the rubber nenbrane in the usual
way. Tne splib fo:ners were rcnoved, and after the sanple
dinmensions wcre neasured, the cell was assecmbled and filled
with water and castor oil.

The sanple was saturatcd in situ by applying a
cell pressure of 30 psi ond back pressures of 23 psi ond

28 psi to the base and top drainage lines respectively, and
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pernitting wator to flow ﬁhrough the sanple for over

24 hours prior to testing. In order to further casure
saturation, all tests, with the exception of thosc con-
ducted under a confining pressurce of 750 psi and 1000 psi,
were perforned with drainage against a back pressurc of
100 p3i. Saturation tincs of 48 hours were allowecd for
tests under crrfining pressurces in coxcess of 750 psi,
since the nccessity for neasuring thce volume change of
the sanple directly with a burettec ruled out the possibi-
1lity of applying back pressurcs.

L testing rate of 0,02 in/nin. was used in 21l
the tests, znd the dry weight of thc naterial used in
coch sanple was deternined by recovering the sanple after
the test and weighing it after oven-drying it. This
weight gencrally compared well with the welght dcternined
by the differencce botween the total dry weight of soil
used in naking the original nixture and the dry weight
of the soil rcnaining after the preparatinn of the

sanple.
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CHLPTER 7

PRESENTATION .AND DISCUSSION OF THE
RESULTS QOF DR.LINED JOMPRESSION TESTS.

7.1 Failure criteria.

The choice of the type of failure criterion
which best describes failure conditions in soils had
been subject to some controversy, for example, Haythorn-
thwaite (1961); Geuze (1963) with discussion, Wu et al
(1963) and riore recently, Bishop (1966). Bishop exanined
the threc nain critcria, nanely the Mohr-Coulomb, exten-
ded Tresca and?ggtended Von Mises criteria in the light
of available cxperinental evidence and concluded that, of
these failure criteria, the Mohr-Coulonb criterion is the
nost applicable to define the failure condition in gra-
nuler soils. Iven though there is sone controversy about
its validity when applied to the failure conditions in
cchesive soils (Gemnze, 1963) the writer belicves that,
in the absence of any conclusive evidence to the contrary,
the Mobr-Coulonb criterion provides the best nethod cur-
rently available for rnalysing test results in both gra-
nular and cohesive soils. The results of the drained
tests perforned will, therefore, be analysed on the basis
of the Mohr-Coulorb failure criterion, failure being de-

fined as the naxinun deviator stress condition.

7.2 Presentation of Results.

The deviator stresses werc conputed on the basis

of the average cross-sectional areca of the sanple as
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discussed elsewherg (Scction 3%.3.2).

Curves of deviator stress and volunctric strain
against axial strain were presented for all the nmaterials
tested. In addition, conventional and nodified Mohr en-~
velopes were also presented for each naterial covering
béth the low and the elevated pressure range. The nodi-

J5.T>
fied Mohr diagram, in which (——li—é——— ) is dplotted

against (SEL&%Ji__ ) » has the advantage of clarity over
the conventional Mohr failure envelope, in that thc stress
circles are rceplaced by points, and can thereforc be more
easily averaged, and a norc representative failure cnve-
lope drawn. The usual effective strecss paraneters, d

and ¢' are obtai;ned, :f.;rom the slope \P and the intercept d
on the ( ——12:——é ) axis by neans of thc expressions

4

¢ = Sin -1 (tan\y) caeescscasvoe (7.1)
4

and  C'=a tan P cot W eeeeieeienns (7.2)

The results obtained for undisturbed Tondon

Clay were comnp.red with those obtained by Webb (1966)
fron tests on London Clay €ron ncarby ..shford. Hvorslev

paranctemK and ¢e were also deternined for the clays.

73 Discussion of resulits.

7e3.1 Drained Tests om Clays.

7e3el,1 Stress-Strain Curves.

Drain-d tests on intact London Clay under
conventional (0-150 psi) confining pressures showed sude-
den brittle failures, with the sample failing along a
single shear plane. The node of failure changed into a
ductilc one as the confining pressure increased. Sinilar
tests on renoulded Wiener Tegel and London Clay resulted
in snooth stress-strain curves over the whole elevated

pressurc range (fig.7.l to fig. 7.7).
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In general, the failurc strain increased with
increasing confining pressure, thus leading to considerable
barelling of the sanple, and a possibility of errors
being introduced into the conmputation of the cross-section-
a.. areas, The values of deviator stress were not correc-
ted for the confining effect of the rubber nembrane
(0.,008%" thickness) since this effect was deened insigni-
ficant compared with the nagnitude of the deviator stres-

ses being neasured.

7.3ele2 Volunetric Strain Characteristics.

411 the three types of clay decreased in volune
initially on the application of the deviatoric stress,
At failure, however, the sanples of intact London Clay,
tested under low confining pressures showed strong dila-
tation characteristics, while those of the remoulded
clays continued to consolidate till the end of the test.
i1l samples tested betwecn about 200 psi to 1000 psi
decreased in volune throughout the shearing process,

The curves of the rate of volune change of the
sanple at failure against confining pressure are given in
fig. 7.21. Fron the curves, it appears as if failure at
constant volune occurs urder a confining pressure of
about 250 psi for intect London Clay, and about 140 psi
for Wiener Tegel.. The curves for intact and renoulded
London Clay enincids for tests under confining pressures
in cxcess of about 550 psi. 4L possible explanation of
this phenoncnon is discusscd later (Section 7.3.1.3%d).

In general, the volune change behaviour of the
clays tested followed closely the sort of volunme change

behaviour nornally associated with shear in granular na-
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terials under conparable or higher confining pressures
(Bishop, 1966; Vesic et al, 1968) and is generally attri-
buted to the effects of particlc break-down. If one
accepts the 'domein' type of clay structure (Trollope,
1960) discussed in Chapter 1, and if one further accepts
the suggestion (Morgan, 1967) that an increase in confi-
ning pressure results in 'donain growth' as a consequence
of the closer packing of saaller donains, then one can
expect the behaviour of cohesive soils under elevated
rressurcs to be sinilar to that of groanular soils under
conparable confining pressures. On this basis, the volune
change characteristics can be explained by the break-
down of the cnlarged particle 'domains' in a nanner sini-
lar tc the break-down of single particles in granular

soils,

7.2.1.3 The relationship between nornal effective

Stress and shear strength.

The effectiqg stress Mohr failure envelopes

and the curves of ( —l—s——é ) against ( jzlggi_ )

are given for the three types of clay in figs. 7.12 to
fig. 7.17. All the strength envelopes showed narked cur-
vatures in dassing fron the low to the elevated pressure
range. The following observations can be nade fron the
curves:

(a) Demurtu-e freca the straight line failure envelopes
obtained under low ccnfining pressures occurred in all
three types of clay between confining pressures of 200
psi and 300 psi. The curvature in the envelope for in-
tact London Clay was nore pronounccd than that in the en-

velope for renoulded London Clay (fig.7.l17a).
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(b) There was an indication that the slope of the Mohr
envelope for undisturbed London Clay increascd again for
confining pressurcs in excess of about 700 psi. Sinilar
trend was noted by Webb (1966) from tests on sanples of
Lendon Clay fron nearby ..shford Cormon. The failure en-
vclope ohtained by webb fron tests in vertical sanples
obtained fron a depth of atout 66' was plotted on fig,
7.16 for conparison. Unrortunately, the linitations of
the apparatus did not pernit the performance of tests
under confining pressures in excess of 1000 psi in order
to confirn this trend. However, it is interesting to note
that the average preconsolidation pressure of London Clay
in this area has been estinated at about 600 psi (Bishop
et al, 1965, b) and it is quite possible that this increase
in ¢'resulted fron the fact that the sanple behaved oc a
rornally consolidated onc, for confining pressures in
excess of the preconsolidation pressure.

L possibie alternative explanation nay be de-
duced by a direct analogy ~ith the behaviour of other
porous nedia, in which continucd increase in confining
pressurcs results in a progressive elirination of voids
and plastic defornation of She nass of nmaterial, with the
resulting increase in strength., However, if this neccha-
nisr. were operating, it would be reas~nable to expcct
to deteet a g£'nilal trend in the envelope for renoulded
London Clay, sincc the magnitude of the confining pres-
sures would be suzh “hat all effects of the initial stress
history of the naterial would be destroyed.,

(c) sdvantage was taken of the fact that the effective

. . !
stress cohesion intercept C is zero for normally conso-
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lidated soils, to detcrnine the values of q;for confining
pressurcs in cxcess of the estinmated preconsolidation pres-~
sures., The variation of ¢‘ with confining pressure for -
clays is shown in fig. 7.22 (¢ & d). Fron this figure,
it can be scen that ¢ydecreases with increasing confining
pressure for both the remoulded and undisturbed clays.
However, while the curves for the renoulded clays appeared
to be tending to a constant value, the curve for intact
London Clay deccreased to within O.5° of the curve for re-
noulded London Clay at a pressure of about 900 psi, and
then began to rise again.
(a) The convergence of the volume change characteristics
at failure (fig.7.21) and the strength properties (fig.
7.22 (1) ) for inbtact and renoulded London Clay at ele-
vated pressures would tend to suggest that the structures
of the two clays before, and possibly during, shecar were
identical. Undisturbed London Clay is known to have a
structure with a high degree of particle parallelisn
Tchalenko, 1968),

The method of preparing thc renoulded naterial
fron slurry was such that it could be cxpected to produce
a certain degree of preferred particle orientation in a
dircction perpendicular to theapplied stress, Work on
pure kaolin (Tchalenko, 1967) showcd that the naxinun
degrece of orientation is nearly attained under an effecti-
ve norn.L st.2ss as low as 1.6 psi (O.lt/fta). Consi-
derations of the relative sizes and intensity of surface
activity of the uineral particles of Kaolinite and illite
(which is the predoninant clay nineral in London Clay)
would lead one to expect that the corresponding pressure

would be nuch higher for London Clay. Indecd, there is
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experinental evidcnece to suggest (Tchalenko, 1968) that
the'nriginal 'undisturbed' structure of London Clay is
only rc-established when the slurricd nétorial is conso-
lidated one-dinensionally under pressures conparable to
the in-situ pre-consolidation pressurce.

Experinental infcrmation on the influence of
isotropic consclidation pressures on the structure of
clay is scanty., Meade (1944), however, suggests that an
incrcase in cenfining pressure incrcases the degree of
particlc oricntation. especially wherc the initial struc-
turc of the material had a partial preferrcd orientation.
The foroegoivrg discussion would, thereforc, lecad one to
suppcse that a conmbination of an initial one-dinensional
consoiidation and a subsequent isotrepic consolidation
togethcr with the effects of shear stresses would produce
conparablce high degrees of particle orientation in the
renoulded and undisturbed sanples of London Clay under
clevated pressures. In addition t» accounting for the
convergence of properties, this incrcase in degrec of
orientation of particles with increasc in confining
pressure nay also explain the closeness of the origin ¢;
under clevated pressures to the residual angle of shearing

[}
resistance dz.obtained in the shear box (Skenpton, 1964),

7.3.1e4 Hvorslcev Paraneters.

Hve~slev (1937 and 1960) postulated that the
shear strength of seturated normally consolidated clays

nay be represented by the relationship *

T = Co +T, tan Py eevvnrnnnnnns (7.3)

* This relationship applies strictly to renoulded clays
with high initial noisturc contents. Hvorslev (1960§ SUE-
gests that nodifications may be nccessary when the equa-
tion is applicd to undisturbed soils on account of natu-
ral cenentations, or when applicd to renoulded soils with
low moisture content, as occur during shear under /conte..
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where Ce and 4)e arc the true cohesion and angle of
friction respectively. The paranetex'¢%:renains constant
for a given clay, but Ce is a function of thec noisture
content in the failure zone, and, to a lesser cxtent of
the initial structure of the soil.

L direct experinmental deternmination of the
paraneters C. and ¢% involves the difficult problenr of
enshring that all the sarmules have the same void ratio
(or watcer content) at failure. Various ways of overconing
this problem have been proposed and discussed by Terzaghi,
(1938) Bjerrun, (1954) Bishop and Henkel (1962),
Schnertnann (1963) and by Gibson (1953) who also discus-
sed the nodification to equation 7.%. to take accocunt of
the energy dissipation as a result of volure changes
during shear.

The following nethod, will be used to analyse
the results. Based on the Mohr-Coulomb failure criterion,
it can be shown that the relationship between the devia-
tor stress at failure in a drained triaxial test and the

Hvorslev paraneters Ce and ¢e is of the form

C_Cos @ A

1 ! ‘ e e SinlWe ceee(7e4)
(d. - ) ] L3 +

2 1 G; £ 1—s1nr}: 3¢ 1-sin{]

If ¢, is puvk equal to (K U;)* s Where K is an
arbitraxry constant, and {T; is the 'equivalent consolida-
tion pressurct!, defined as thc pressure on the virgin
consolidat.on curve corresponding to the water content

¥/n. cont. from p. 125.
elevated cecll pressures.

* This forn of relationship between C and O _ has been
shown by Bjerrun (1954) to be incorfPect fo¥ clays
rciaoulded at low noisture contents,
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or void ratior at failure, then equation (7.4) reduces to

(ﬁ ~ K(}os(j> U3f sm¢ .e(7.5)
<—?—é) T TTER P, * J TR

If a graph of (9%%:3); is plotted against ( Ez— )

tnerefore, the slope of the resulting straight line would

sin ¢g G'
be mi-n—.m and the 1nt<=.ccept on the (—W——) axis
X Cos

would be ( ~T5 ), hence both K and ¢L can be deter-

?é?ed. The graphs gf ( —2%532-) f against

(—22) for both Wiener Tegel and London Clay are given
inefig. 7.2%5. No energy corrections have been applied

to the results. Values of (ré were derived fron fig. 7.24

based on the assumption that the virgin consolidation curves

for all the clays arc identiczl with the curves of water
content at the end ~f consolidation against consolidation
pressure (fig.7.24). The virgin consolidation curve f:r in-
tact London Clay was assuncd to be the sane as thot- £-r

ronoulded London Clay.

The average values of ¢Q and X are given in
Table 7.1l. The anount of scatter in the resultsfor London
Clay nade any accurate deternination of the paraneters
difficult. JLlso the separation of the points was not
large enough for the influence of confining pressure, if

any, on the paran-:ters to be detected.

7e3e2 Drained Tests on Calcite and Brachead Silt.
7e3e2.1 Introduction.

The stress - strain and volunetric strain -
axial strain curves for both naterials are given in figs.

7.8 to 7.11. The gcneral shape of these curves indicated
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ducﬁiiejfailures over the full clevatoed PTESSUrC range,
irrespect .ve of the initial porosity.

The volunetric strain - axial strain curves
showed that the volunc change behaviour of thése Soils
during shear followed the sane pattern as was oﬁserved
for clays undex sinilar confining pressures, nanely dila-
tation nnder low confining pressures and consolidation

under clevated pressurcs,

7e3.2.2 Strength Relationships.

The conventional and nodified Mohr failure en-
velopes for both naterials are prescnted in figs. 7.18
el 7.19?:2;é0£he low pressure c¢nvcelopes for Brachead
Silt are given in Fig. 7.13 (a). The Mohr envelope for
calecitec remained essentially linear over the full eleva-
ted pressurce range, while the envelope for Brachead Silt
showed a narked curvature over the sane confining pres-
sure range, the curvature being niore pronounced in the
case of sanples which were initially dense. Over the
clevated pressure range, tuc effeccive anglc of internal
friction Q)Idecreased fron 33.60 to 2’7.70 for initially
dense samples and from 30.8° to 27.3° for initially loose
sanples (fig. 7.22 (b) ). Allowing for the scatter in the
results for calcite, the corresponding decrease in a'was
only 0.3° (a drop fron 38.8° to 38.5° ) (fig. 7.22a).

de
7.3.2.3 Rate of volume change at failure (EEE)f
— }

The plots of the rate of volune change at
de
failure (aaz)f against the effective confining pressure
!
for both naterials is given in fig. 7.2l. In the low

pressure range (0-200 psi), the initially dense sanples
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of the silt dilated nore strongly during shear than did
é%c sanples which werc initially loose. The two curves
converged with increasing confining pressure in the sane
fashion as was noted for clays and sands, and nay be at-
tributed to the progressive destruction of the effects of
initial porosity of the sanple.

The curve for calcite showed that the material
continued to dilate during shear under confining pressures
as high as 700 psi, at which stress level all other na-
terials are already showing negative volune changes during
shear. As nentioned elsewhere (Scction 3.2.2) it was
extrenely ¢ifficult to wet the calcite during the prepara-
tion of the sanple. This probably indicates sone sort
of particle surface activity which could conceivably ac-
count for this 'atypical' volune change behaviour during
shear under clevated pressures.

Alternatively, this volune change behaviour
could be taken as a possible evidence of the absence of
any substantial degree of particle break-down during shear
under confining pressures of up to about 700 psi.

A fairly close correlationyggtained between
(;;%)f and (p'(fig. 7.25b) for Brachead Silt, irrespec-
tive of the initial density or effective confining pres-
sure, (r; « Bishop (1966) also reported a sinilar corre-
lation for Han River Sand over a nuch wider range of confi-
ning pressure. (up to 4000 psi) and suggested that it
indicated tha% the curvature in the Mohr failure envelope
was largely accounted for by the decreasc in the rate of
dilatancy at failure with increasing stress. \

A sinilar plot for calcite showed some scabtter

(fig.7.25a) but a linear trend was detectable. It is
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worth noting, further, thot the start of the slight de-
crcase in (P with increasing confining pressure in fig.
7e.22a corresponded closely with the start of the decrcase
in (g}-)f with cecll pressure indfip. 7.21; this
probably indicates a link between (r)f and ¢

Te?e2.4 Particle break-down.

In coarse grained cohcesionless soils, the de-
crease in the rate of dilatancy (gi!) P is usually attri-
but.d to the combined effects of particle brezk-down and
increase in shear stresses, the forner effect being the
nore inportant. It is belicved, however, that the phe-
noncnon of particle break-down is probably not very inpor-
tont in fine grained cohesionless soils at the stress
levels considered, and that the volunc change behaviour
of the silt during shear in the elevated pressure range
was duc principally to the effects of the increasc in
shear stresses. This is becausc, firstly, thce increased
nuchrr of iunterparticlc contacts in fine graincd cohe-
sionless soils would reduce the stresses at the contacts
corsiderably, and, seccendly, it is possible that a sub-
stantiel percentage of fines could form a natrix which
could effcctively reduce the nunmber of contacts between
larger granular partic .es.

in indirect evidence of the absence of particle
break-down in the silt was obtained by plotting the
volunetric strains resulting fron isotropic comsolidation
alone and also fron the combined cffects of isotropic
consolidation and the application of shear stresses against
the average principal stress in fig. 7.26. Sinilar curves

for Han River Sand (Bishop, 1966) are also plotted on the
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diagran for conmparison. It can be scen frorm this diagran
that, for the silt, the volunetric strain due to the appli-
cation of shcar strecsses was much smaller than that due

to isotropic consolidation pressures - a bchaviour which

is contrary to that observed from tests under conparable
pressurcs on Han River Sand which underwent particle break-
down during shear. It is suggestced that the snaller
nagnitude of the volunetri~ strain during shear of Brae-
head Silt compared with that of Ham River Sand probably
indicates the absence of particle break-down during shear.

Values of the volunetric strain resulting fron
isotropic consolidation werc not available for a similar
conparison to be made for calcite. However, the relative
invariance of df’ for this naterial, with confining pres-
sure over the élevated pressure range, coupled with the
volune change behaviour during shear discussed carlicer,
nay be taken as cvidence of the absence of any substan-
tial degree of particle degradation during shear under
high pressurcs.

On the available, adnittedly indircct, cvidence,
therefore, it can be concluded that, though the nechani-
cal behaviour of fine-grained and coarse grained cohesion-
less soils under eleveted pressurcs are sinilar, the phe-
nonenon of particle break-down, which is accepted as being
principally recsponsiblce for the nodification of the proper-
ties of coarse grained cohesionless soils under these
pressures is probably not very inportant in fine-grained

cohesionless soils,
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7.3;2;5 Conparison between the behaviour of calcite

and Brachead Silt under elevated pressurcse.

As has been nentioned in Section 7.3.2.2,
over the clcvated pressare range, the shear strength
propertics of the calcite remained essentially unchanged,
while the ¢'for the Brachead Silt was strongly dependent
on confiaing pressures. Sone factors which nay possibly
account for this dirfercnc: in shear behaviour arc exa-

nined below,.

7e3.2.6 Initial Grading,

The initial grading curves (fig.6.l) showed
that the two naterials had cssentially identicel grading,
except that the caleite contained slightly nmore naterial
in the nediun to coarse silt fraction range. It is not
belicved that this ninor difference in initial grading
would significantly account for the observed differences

in shear behaviour under elevated pressures.

7.%3.2.7 Particle Shape.

The coarse (silt sized) particles in the

Brachead Silt were separated fron the clay-sized particles
by sedinentation techniques, and werc nounted in Canada
Balsari for viewing ' under aa optical nicroscope. Particles
of the calcitc were also sprinkled on a thin section
glass plate, and werc covered with a 2-ver glass plate.
Magnifiid 500 tines, the coarse particles in the silt were
secn to be argular to sub-angular fragnents of quartz and
feldspar and flakes of nica,whilc the calcite particles
were scen to be rounded.

In coarse grained granular natcrials in which the

particles are in direct contact, angular particles generally
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undergo nore particle break-down and thercfore nore re-
duction .n ¢,, than rounded particles, as a result of
shear under high pressures. However, as explained carlier,
direct interparticle contuct between the silt sized
particles may be either reduced or prevented by a natrix
of fincs, and therefore angular particles in fine grained
cohesicnless soils ray not necessarily lecad to particle
break-down. A4Also, it has already beéen suggested that the
phenonenon of particle degradation may probably, not be
invoked to explain the nodification in the shear strength
properties of the silt under clevated pressures, Dif-
fercnces in particlc shape are thercefore not considered
inportant as far as the differences in shear behaviour

are conccrned.

7+342.8 The nature of the clay-sized particles.

The two naterials conteined approxinatcly the
sane percentages of fines. However, the fines in the
calcite were calcite flour which was rclatively inactive
conparcd with the fines in the Braechead Silt which were
identified as containing a substantial anount of clay
ninerals (Scction 6.2.4). It ir suggested that the
observed differences in shear behaviour between calcite
and Braechead Silt over the elevatcd pressure range nay be
accounted for by considering the relative activity of the
fines, This nay also partially explain the inscnsitivity
of ¢' with increasing confining pressure noted for a
glacial till by Hirschfeld et al (1965) since the fines

would be predominantly inactive rock flour.



134

7¢342.9 Sumnary.

The results of drained compression tests on
clays and fine-grained cohesionless soils over the cle-
- vated pressure renge are presented., It has been found
that the shear strength propertics of the clays and the
Braeheced 8ilt were nodified in the nanner already noted
for sands and gravels, and thc possible reasons for this
behaviour have been discusused.

The behaviour of thce silt has been compared
with that of calcite whose shear strength paroncters re-
nained constant over the clevated pressure rangc. It
has becen suggested that this differconce in shear strength
bechaviour nay be explained by considcering the relative

activity of the fines in each naterial,



Table 7.1
STRENGTH PARAMETERS,
MATERIAL Intact London Clay R emoulded London Clay Remoulded Wiener Tegel
STRENGTH . ' , T , , ,
PARAMETERS| C g Porig.| K Be c' g Gorig.| K Be c' @ Porig.| K Pe
PRESSURE
RANGES (PS1) (psi) ) o o (psi) o o o (psi) o o o
Low Pres. Range
O — 150 10 | 22 | — {0,069| 20.l 0] 165 — (0041|1119 | 2.5 | 24 — |0JO | 13
Medium Pres. Range =
150 ___ 500 62 |10.51 16 " " 18 12.5|13.5 " " 21 18 20 ! ! o
Elevated Pressure
Range
70 10 {13.7 " a | 20 12 13.20 " 21 18 19.1 | -w "
500 — 1000
+ "z;rig. was obtained from the tangent -from the origin to the furthest stress circle.
Other values of Cf& @’ were obtained by extrapolation of the relevant section of the failure

envelope.
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PART IIT

CONS OLIDATED-UNDRAINED TESTS
oN
REMOULDED LONDON CLAY.
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CH.PTER 8.

DESCRIPTION OF THE PREP.R.TION
OF M.TERI..TS, JAPP.R..TUS .ND
EXPERIMENT.LT, TECHNIQUES.,

8.1 Preparation of matcrials.

Three batches of rcrnioulded London Clay (fron

Wraysbury) werc preparcd from slurry for use in the tests.

8.1.1 Preparation of Renoulded Tondon Clay Batch I.

The preparation of this naterial had been
described clsewhere (Scetion 6.2.,2)s During tke prepara-
tion of the naterial, it was consolidated in a 9" dianeter
oecdoneter to a final effective stress of 160 psi. The
unloading of the sample was done in onc operation, thus
preventing the sanple fron swelling gently back to the
zero effective stress coadition.

Furthernore, the first tests in this series were
perfornied on the naterial almeost rine nonths after it was.
prepared. It was suspected that the sasple night becone
partially saturatced through the rcleasc of gases as a
result of the suddcn unloading opcration and the long
storagec, a suspicion hich had been apparcntly reinforced
by the results obtained from the first serizss of test on
the naterial. It 1vas Sherefore decided to preparc a fresh

batch ¢f noterial,

8.1.2 Preparation of Renoulded London Clay Batch II.

This batch of renoulded clay was prepared in
much the sane way as batch I, except that the naxinmun pre-

consolidation load was nuch snaller, and the sanple was
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unloaded over a weck by reversing the direction of drive
of the triaxial loading frane, and reducing the rate
strain. The sanple was kept supplied with water on both
faces during the unloading operation.

The naterial was tested within a week of prepa-

ration.

Bele3 Precparation of Renoulded Liondon Clay Batcnh IIT.

Sincc there was a possibility of air beconing
entrained in the slurry at various stages during the pre-
paration (such as when fhe slurry was being poured fron
the Hobart Mixer into the oedoneter) it was decided to
prepare 2 third batch of clay under vacuun conditions.

To do this, a pcrspex cylinder, of 3" I.D and
6" long was nade, scalcd at both ends with end covers
into which O-rings were inscrted. i 3" dia. coarse
porous stone was inserted into the base of the cylinder,
which had a connection to a container with a freshly
boilcd water. The top cover of the cylinder had con-
nections for a suction line and an opening for a stirrer,
which was driven by a portable electric drill set to a
slow spead,

Lbout 4" depth of dry clay powder was placed in
the cylindor after the porous stone at the base had been
soaked., The clay powder was then subjected to a suction
of 25 inches of ne- cury from a vacuun pump for threce hours,
the dry powder being prevented frorn being drawn into the
suction line by neans of perforated filter paper discs
which were inserted into a recess at the entrance to the
suction line. The powder which was kept stirred during

the application of the vacuun, and was suddenly floodecd
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fron the base with freshly boiled watcr till the powder
was covered with about an inch of water. The water sup-
ply was then cut off and the vacuun punp shut down, while
the stirring coriinued for another hour.

The nixbure was then allowed to sedinent, the
excess water teing drawn off., The top cover was later
reitoved so thas the sanple can be cnnsolidated in the
saric way as for the two previous cases.

The index properties of London Clay were given
in Table 6.1l. Table 8.1 below gives thce final precconso-
lidation pressure Pc and water‘COntents of the naterials

fron the thrce batches of remoulded clay.

T.BLE 8.1

Material i?i?ig% Final n.c P;iéggﬁigl%%§§§°n
slurry
(°/0) | (%)

Bat.h T 160 28.9 160 *

Batch II 112 4% 41

Batch IXIT - 41 45

*  Lpproxinate

8.2 Lpparatus.

The apparatus used for these scrics of undrained
tests was thc same as those used for the tests on clay
in Scections L and B, and described in desail in those

scctions,




166

8.3 Experinentzl Techniques.

8e3,1 Tests on material batch I.

The samples taken fron this batch of remoulded
clay were sct up for testing the nonncer described in de-
tail elsewhere (Section 3.2.1.1). The sanples were conso-
lidated isotrepically under various confining pressurcs
betwcen 300 psi and 1000 psi, that is, under consolida-
tion pressures higher thar the estinated preconsolidation
pressurc on the naterial.

wfter consolidation, the drainage conncctions
fron the sanple were closed, and the cell pressure sudden-
ly decreased to a predeternined fraction of the isotropic
consolidation pressure and the sanple was sheared un-
drained at the relatively fast rate of 0,02 in/nin, the
peak strength being attained in about 5 ninutes.

The test was halted after about 14°/0 axial
strain, the apparatus quickly disnantled, and the sanple
recovered. The inclination of . any shear plane was neas-
urced quickly, and the sample was then cut into three
sections in order to study the noisturc content distri-
bution in the top, niddle and lower portions of the
sanple, This point is discussed nore fully later.

411 the sarples tested in this series were con-
solidated against zero back pressure, and hence the iso-
tropic consolidation pressure‘I% was fully effective at
the cnd of tue consolidation process. Five sanples were
consolidated under each pressurc, and shearcd under the
following fractions of the consolidation pressurc:

(3'3, 0.35(}.3, O.BOU;, 0.250—5 and zero.
Tests were also done on sanples consclidated

under pressures less than the estinated preconsolidation
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pressure., In thesc cases, the sanples werc preparcd by
reroulding the soil at the sauc noisture content as the
nain nmaterial, and packing the soil into a nould agoinst
a wooden dolly. Only two sanples were consolidated iso-
tropically under cach pressure, and were sheared, in one
casc under a confining pressure equal to the naxinun
isotropic corgolidation pressurc and in the other casc
under zero confining prersure. The rcsults obtained

fron this series of tests are given in Table 9,1.

8.3.2 Tests on naterial batch II.

Three nain series of tests werce conducted on
this batch of material, all the samples being consolida-
ted isotropically under an effective stress of 500 psi.

In the first series of tests, the samples were
consolidated under a cell pressure of 1000 psi and a back
pressurc of 500 psi. ..fter consolidation, the sanples
were shcarcd undrained as described above. Six tests
weic donc in which the cell pressure during shcar was
lowerced fwoon 1000 psi to 500 psi in steps of 100 psi, and
in a further threc tests, the cell pressurc during shear
were %00 psi, 150 psi and zero.

In the second scries of tests, the sanples were
consolidated isotrop.cally under an effective stress of
1000 psi, using a cecll pressure of 1000 psi and draining
the samtle c¢ainss. the atnosphere. . back pressure of
500 psi was then appliecd, and the sanplc allowed to swell
hack tc the condition 0’5 = 1000 psi and u = 500 psi.

The sanples.in this statc were overconsolidated, with an
overconsolidation ratio (0.C.R) of 2. The sanple was

sheared undrained under the various confining pressurcs
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give in Tablc 9. 2.

& third secries of undrained tests were performed
on samplecs consolidated under a ccll pressure of 500 psi
and zero pore pressure, the cell pressurcs (in psi) during
.shear being 500, 400, 300, 200, 100 and zero. L further
special test was done in which after consolidation to an
cffective stress of 500 psi, the drainage lines were shut,
the cell pressure sudden'ly decreased to zero and nain-
tained at that value for half an hour, and was then in-
creasced again to 500 psi, after which the sample was
shearcd undrained.

~fter the tests, sonc of the sanples were
trimned as described below for inpregnation with carbowax,
The trimmings were used to deternine the average noisture

content of the sanple after the test.

8.3.2.1 Preparation of thin sections.

LIter the tests, so:e of the sanples used

in the undrained tests, as well as sornie used in drained
tests, were carefully trirmed parallel to the nmain axis
and on either side of a dianeter until a final thickness
of 1/4%" renained. The direction of trimning was so chosen
as to include any traces of shear plane produced. The
sanple was then immersed in nolten Carbowax 5000 in an
oven naintained at a temperature of 60°C for three days,
after which the sanple was air-dried and later stored in
a plastic bag, away from noisture.

The inpregnated sanples were later ground on
one face on three grades - coarse, nediun and fine - of
enery papcre. During the grinding and subsequent opera-

tions, the sanples were lubricated or washed with paraffin
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instead of water, since the latter would dissolve away

the carbowax. JLfter the grinding operation, the ground
face of the sanple was polished on a clean glass plate,
using a nixturc of an optical smoothing powder ("Aloxite™)
and paraffin, care being taken that there werc no quartz
grains in the powder to scratch the polished surfacc. The
sanples were then washed thoroughly with paraffin and
later wiped clean with a polishing cloth and air-driecd
for a day.

The dry sanples were nounted on thin section
glass plates which had been previously cleaned with al-
cohol to renove traces of greasce and werc inspected to
cnsure that there were no scratches on then. 4 thin uni-
forn snear of Araldite solution was applicd to one face
of the glass plate, and the ground facc of the sanple
was then placed on it, ca¥e being taken to ensure that
no air bubbles werce trapped between the glass plate and
the sanple. The .raldite solution was then allowed to
sct for two days, after which the second facc of the
sanplec was ground and polished as described earlier,

The polishing operation was continucd till the sarmplc on
the glass plate was just transpcrent, and then the slide
was washed with paraffin and left to dry. The excess
dried Jraldite was carefully renoved fronm the facc of
the slidc with a blade, and a cover slide stuck on the
newly ground face of the sanple, using a fresh .Araldite
solution. . iter the setting of this .ra’.dite, thc slide

was ready for viewing,
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8.3.3 Pests on naterial batch ITTI.

Threce norc undrained tests were conducted on
sanples cut fron this batch of soil; two of the sanples
were consolidated isotropically under a cell pressure of
1000 psi and a pore prcssure of 500 psi, and sheared
undrained with thc cell pressurces equal to 1000 psi and
zcro respectivaly. The third sanple was consolidated
against the atnosphere urder a cell pressure of 500 psi.
The cell pressure Juring shear was also 500 psi.

The results of the tests on sanples cut fron
renoulded Tondon Clay batches II and IIT are sunnarized

in Table 9.2.
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CH.PTER 9,

PRESENT..TTON .ND DISCUSSION OF

THE RESULTS OF THE CONSOLID.TED

UNDR..:NED TESTS ON REMOULDED

LONDON CIL.iY.

9.1 ntroduction.

The undrained shear strength of saturated
nornally-consolidated intact sanples, consolidated uander
a given pressure, is, within the linits of experinental
accuracy, assuned to be scnsibly independent of confining
pressurc during shear. This fact forms the basis of the

g§= O analysis (Skenpton, 1948), which is used in the
conputation of the bearing capacity and earth pressures,
and in the asscssnent of the stability of slopes in clays,
in situations when there is little opportunity for changes
in watcr content, for example, at the end of construction.

Advantage is taken of the independence of un-
drained shear strength, Cu’ of confining pressurc to
dzternine Cu quickly and easily by ncans of a sinple un-
confined conpression apparatus. In the casc of such tests
on undisturbed over-consolidated clays (Glossop, 1947;
Skcnpton and Henkel, 1957) and on sone nornally consoli-
dated clays (Skempton, 1953) the unconfined conpressive
strength so ~Wtaired had been found to be up to 20 /o
lower than thc values of Cu deterniined in the triaxial
apparatus under 3onfining'pressurcs in excess of the
estinated overburden pressure. This decrease in un-
drained strengbh is generally assuied to be thé result

of the opcning up of fissures or nicro-fissurcs in the
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sanples, although Skenpton (loc.cit.) reportcd such de-~
creases in undrained strength in nornally consolidated
Tilbury Jlay, which had no visible evidence of fissuring:

The results presented in this chapter lead to
anothcer possible oxplanation based on the influence of

the initial pore pressure in the sanple.

9.2 Possibility of the cxistence of absolute tensions

in pore water.

When a fully saturated sanple of clay, which
bad attained equilibriun watcr content under externally
applicd pressures is subjccted to a sudden decrease in
applied stresses without changes in water content, the
resulting cxpansion in the sanple causes a decrcase in
pore pressurcs. If the initial porc pressure in the
sarple is either snall or zero (gauge) large negative
porc pressurces * nay be set up. For aegative pore pres-
sures}f??é. nore negative) than one atnosphere gi.e. about
-14,7 psi at sea level) the pore water would be?gbsolute
tension, and if the pore water is capable of withstanding
the tension, the sanple renains sabturated ** oand the de-
crease in pore pressure is then'directly equal to the
decrcasc in tutal applicd stresscs (Aitchison, 1960; Do-
nald, 1961), Jssuning that the Terzaghi effective stress
law for fully saturated soils can be extrapolated into the
range of negative pore pressures, it follows that the ef-

fective stress on the sanple renains unchanged.

*  Croney et al (1960) recommendcd the vse of this ternm
to describe svb-ztnospheric pressures in confined
sanples, and the use of the tern 'suction' for pres-
surcs in unconfined sanples. TFor a detailed discussion
of these and obther related terns used in the litera-
ture to describe sub-atnosphcric pore pressures, see
Donald (1961).

**  Aitchison (1960) uscd the tern "quasi-saturated!" +to
describe the state of a soil having a degree of satu-
ration of 100 ©/0 and sub-atnospheric pore pressures,
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There is, howcver, considerable controversy
surrounding the ability of soil wator to support large
tensions without rupturc. Work by Green (1951) indicated
that the tensile strength of de-aired water is about
2,800 psi, and .itchison (1960) suggestcd that even water
containing noderate ancunts of dissolved air could support
tensions of up to 40 atmospheres. Other available evidence
on the ability of water t- sustain tension hos been re-
viewed by Marshall (1959) who, together with Bolt and
IIiller (1958) and Greacen (1959), questioncd the ability
of soil watcr, as distinct fronm ordinary water, to with-
stand tensions of any appreciable nagnitude,

Various reasons werc advanced to justify the
view that soil wator could have different properties fron
ordinary de-aired water. Bolt and Miller (1958) reasoncd
that soil watcr, which invariably contains sone dissolved
gases, would have little tensilec strength since when the
absolutc pressure approached the vapour pressure of the
water, bubbles of water vapour would be released. They,
therefore, concluded that ssil waser nust have the sane
linitations on its shear strength as the water in the
neasuring apparatus, naiely that it nay not be cxpected
to withstand tensions lower thon onc atmosphere. Further-
nore, soil water is under the influence of such factors
as the adsorptive forces associated with the fields of
force 2. the.particle surface forces (Lanbe, 1953; Winter-
korn, 1953) and osnotic pressures due to any dissolved
salts. Olson and Langfeller (1965) attcmpted to explain

the low negative pore pressures (less than -250 psi)
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they neasured in conpacted clays by considering the total
head, h, in the pores of a soil as beinz nade up of a
pressure head ( %;), an osnotic hecadw, an adsorptive
head & and a position head, z. Thus

h = §;+ W4t 2 eecsnsassesscsncsssesce (9,1)
They stated that the actual liniting negative pore pres-
sure in vhe soil was one atnosphere, and that, if lower
porc pressures were recorded, it was because the total
head was dcepressed by the predoninating influence of the
adsorptive and the oémotic hcads. They suggcested that the
above reasoning nay also explain the large negative pore
pressures (much larger than the tensile strength of de-
aircl water) which, calculations based on the capillary
nodel reveal, exist in the pores of drying soils (ec.g.
Terzaghi, 1925). The above approach is, however, one of
the s0il physicists, and probably has little relecvance
to the problen fron the point of view of the soil necha-
nics worker who is essentially interested in relating
neasured pore pressurcs to soil nmacrobehaviour.

Fron thc preceding review, it is clecar that
opinions arc divided on the subject of thc ability of soil
water to withstand high negative pore pressures without
cavitavting. Sone indircet 2vidence will be provided in
this scction of the thesis to indicate that soil water
nay be incapabtle of supporting negative pore water pres-
surcs equal tn magnitude to the comsolidation pressure

under all corditions.
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9.3, Presentation and discussion of results.

9.%.,1 - Tests on matefiél bétch I,

9.%.1.1 PFinal Water contents.

At the end cf the tests on this batch of re-
mnoulded clay, the cell fluid was drained, the cell quick-
lv dismantled and the sanple recovered and cut into three
verticil seceions in order to study the distribution of
final noisture contents. The noisture contents of the
cnd pieces could be expécted to cxceed that of the middle
part of the sample, since the decrcase of cell pressure
at the start of the shear stage, and also the renoval of
the shzar stresses at the end of the test would inevitably
lead to the inbibition of some water by sanple from the
filter stones. In order to lessen the possibility of
this happening, fine ceranic stones were used at the ends
of the sample and the length of drainage lead between the
ends of the sample and the nearest valve was kept to the
nirinun, in order to cul down on the anount of water
availablc for imbibition.

The results of the noisture content determiina-
tions are given in Teble 9.1 and fig. 9.1 skows graphs
of the¢ undrainczd shear strength aaiégz—) against the
water content of the niddle third of the sanple, for
sanples sheared norrally consolidated and unconfined.

Ir gene-al, the noisture content of the central
part of a sanple was, as expected, lcss than those of the
ends, the average difference between the nmaxinun and the
nininun values of water content being of the order of
1.2 °/0. For samples consolidatced under the sane
anbient pressure, the final noisture contents of the three

sections increased with decrecasing confining pressure
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before shear. -Thess observations can probably be
explained by the inbibition of water during the decrease
of the cell pressure prior to shear, and the renoval of
shear stresses at the end of thetest, as well as the in-
hercnt. non-uniforn noisture distribution in the triaxial
sanple., Sinilur variations in water content after un-
drained shear had been noted and discussed by Henkel and

Sowa (1963) and Olson (1963).

9.3.1.2 Strength Relationships.

For sanples consolidated isotropically under
the sanc effective pressure (P;) and sheared undrained
under various call pressures<J; (less than or equal to
Pé ), the undraincd shear strength was found to decrease
with increasing differcnce between the consolidation
pressure Pé and the total ambient pressur'e(r3 during shear
i.e. (Pé -G%). Table 9.1 summarizes the results obtain-
ed fron tests on this nmaterial, and the stress—-strain
curves arc presented in figs. 9.2, 9.3 and 9.4. In ge-
neral, thc initial slopec of the stress-strain curve,
which is a mecasure of the stiffness of the sanple de-
creased, and the failure strain d@creasecd with increcasing
nagnitude of the diffevrence (Pé - G%). The brittle type
of failure noticeab e from the curves for the unconfined
sanples is 2lso indicative of the existence of large ne-
gative pore vrescures at failure (Whitnan, 1960),.

If the undrained shear strength of the normally
consolidated semple (P =Ogs) is represented by (G,
and the undrained shéZE’gE;;;éth under any other confining
pressure 0338) is denoted by Cu&_a non-dinensional plot

38

of ( EE ) against the ratio ( & ) can be made. Such
uo c
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a plot is presented fir this bateh of rcenoulded clay in
fig. 9.f{a), and fron it, it can be seen that the points
corresponding to the varinus consolidation pressurcs
plotted close to a unique curve, and that the value »f
the ratio ( gﬁ; ) for sanples shearcd unconfined was 0.65,
iadicatiag that there was a 35 °/o0 decrease in undrained
shear strength between saiples sheared unconfined, and
with the c¢cll pressure equal to theheffective consolida~
tion pressure Pé. Possible reasons for this decrease in
strength will be discussed later.

The curve of ( F%“ ) against (L%E ) is shown in
fig. 9.9. Tor isotropic consolidation pressurcs in exccss
of 500 psi, presunably whern the initial effects of the
oedoneter consolidetion have been destroyed, the points
pPlotted on a unique curve, which, for values of (§§§ )
equal to or greater than unity, was asynptotic to +the
line ( §% ) = 0.22. The sane value of (;%)was obtained by
plotting Cu against Pé for nornally consolidated sanples,
fig. 9.10, and this value nay he conpared with that

conputed fron Skenpton's (1957) relationship for undis-

turbced normally consolidated clays, nanely, /

C i
( —5=) = 0.11 + 0.0037 (Wpp) eevvsansennes (9.2) 7

The z2bove relationship would yield a value of 0.28 for
(%41-) when W,y = 46 °/o. Bishop et al (1965) also re-
ported valucs of (E% ) ranging fron 0.20 to 0,24 fronm tests
over a conparable confining pressure raage on renoulded
sariples for London Clay fron ncarby .shford Conmon, and
suggested that the fact that these values werc lower than

those predicted fron Skeupton's (loc.cit.),rélgfionship
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indicated the developnent of an ordered structure in the
sanples consolidated fronm slurry.

The decreases in undrained shear streangth
discussed above nay, to a ninor extent, be attributed to
the increased water content of the ends of the sanmple due
to the inbibition of water as a result of the sudden de-
crease in corfining pressure. Indeed, in earlier tests,J
in which there was a- lone, length of tubing between the
sanple and the ncarest Klinger valve, and in which sanple
drainage was through coarse filter stones, the water con-
tent of the ends of the sanple increased so nuch on de-
crecasing the cell pressure, that the sanple failed by
splitting at either end, while the ccntral part renained
intact. The recsults of these tests were rcejected as un-
representative. Steps taken to déal with this problen
included the replacenent of coarse filter stones with
fine oncs, and the installation of the valves as near to
the sample as practicable, thus reducing the quantity of
water available to be sucked in by the sample. In spite
of these neasures, sone increase in water content occur-
red, as can be seen fron the final water content distri-
butions presented in Toble 9.1, and it is conceivable
that this may be partially responsible for the observed
decraase in ﬁndrained strength.

It is believed, however, that the najor cause
of the derrcase in undrained shear strength was the re-
lease of dissolved gases fron the pore -iater following

the sudden decrease in confining pressure prior to shear.
7
9.3%.2 Results of tests on remoulded clay batch II.

The results obtained fron tests on sanples

of this naterial are summarized in Table 9.2, and the
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stress-strain curves arc given in figs. 2.5 and 9.6. J4is
a conpa~ison, the relcvant scction of Table 9.1 has becen
reproduced in Table 9.2. Figure 9.8 (b) gives a plot of
(gﬁo) against ((;%E ) based on tests on this material.
The curve for tests on material batch I is also shown
(oroken) as a conmparison.

The results derived from the two series of tests
on sanples having an eff.ctive strecss of 500 psi after
consolidation plotted close to a single curve (fig.9.8(b))?
+n series L, the sanplcs were consolidated isotropically
under a cell pressure of 500 psi, arnd zero pore pressure,
while in serics B, the cell pressure and pore pressure
dvring consolidation were respectively 1000 psi and 500
psi. In this latter series of %ests, when the initial
porc pressure in the sample was positive (i.e.when the
total drop in cell pressure was less than or equal to
500 psil), there was little change in undraincd shear
stirength - the 1-2 ®/o variation obtained being within
tne linits of possible experinental errors. However,
when the diffcrence between the confinirg pressures during
consolidation and shear exceeded 500 psi, in which case
the initial pore water pressurc was negative, there was
a decrease in undrai .ed shear strength sinilar to those
observed fron tests on naterial batech 1 and from tests
scries 4 on this naterial. The maxinun decrease in un-
drained strength between the normally consolidated and the
unconfincd sanples was only 17 ©/o conmp'.red with the 35 ©/o
decrease in strength obtained fron tests on material
batech I.

It is interesting to note that a lot of care

was taken during the preparation of the naterial fron



180

slurry and the consolidation stage in the oedoreter, to
ensurc that as little air as possible becane entrained
in the pore fluid, and that the sanple was tested inne-
diately after preparation. Compared with naterial batch
I, therefore, this batch of renoulded clay should be able
to renmain fuliy saturated over a wider range of negative
porc pressures, and hence the lower percentage drop in
strength.

4L special test (A7) was performed in which the
sanple was consolidated under 0-3 = 500 psi, and u = O,
then with the drainage leads shut, the cell pressure was
dropped to zero, naintained at that value for bhalf an
hour, and increased again to 500 psi before the sample
was sheared undrained. The resulting undrained shear
strength showed a decrcecase of 3 o/o conpared with the un-
drained shear strength of the normally consolidated
sanple having the sane consolidation history. Shortage
of naterial prevented the repetition of this test in
order to establish whether this drop in strength was
the result of any residual megative pore pressures, or

Just the nornal scatter of experinmental results.

9.3.2.1 Tests on over consolidated sanples.

(Tests C1 to C6)

The stress-strain curves for the tesitson over-
consolidated sanples (overconsolidation ratio = 2) are
given in fig. 9.6, and the points (gz-s- ’ g%.'o' ) are
plotted on fig., 9.8 (b). As can be seen, these points
plotted close to the unique curve for naterial batch II.
Since the pore pressure bechaviour during undrained shear

for these sanples is likely to be different fron those of
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sanples which were initially normally consolicdated (on
account »f the pore pressurc coefficient Af at failure
being depcndent on overconsolidation ratio), this would
tend to suggest that the decrcase in undraincd strength
was governcd by the nagnitude of the initial negative
pore pressure in the sanple rather than the pore pressure
in the shear zone at failure. This conclusion should,
however, be considered ouly tentative, since there was
not enough naterial to enable tests to be perforned on
& series of sanples with higher over consolidation
ratios, and which may themnselves develop substantial

negative pore pressures under shear stresses.

9.3.3 Results of tests on remoulded clay batch TITI.

The results of this serics of tests are also
surmarized in Table 9.2 and the stress-strain curves
are given in figs. 9.7. Lis explained earlier, this
batch of nmaterial was prepared under vacuun conditions,
so chat there was little likelihood of any air being
entrained in the sanple a, any stuge auring the prepara-
tuion,

Only four tests, in which the sanples were
initially consolidated under an effective stress of 500
psi, could be performed on this batch of naterial, and
of these?éaf? El and E2, which had ecither zero or positi-
ve initiel pore pressures gave identical values of the un-
drained sheaw strength, thus confirmning a sinilar trend
detected fromn thc tests on nmaterial batch ITI. The fourth
test, E%, which was performed unconfined, yielded an un-

drained shear strength 13°/o0 less than the shear strength

of the¢ nornally consolidated sanple.
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Q4 Effective Stress due to negative pore pressures,

9,4.1 Introduction.

Effective stresses resulting }ron negative pore
Pressurcs nay be deduced either by direct conparison of
the nechanical behaviour of samples with known suctions
with those of sanples with externally applied effective
stresses, or by assuning then to be equivalent to the
nagnitude of the negative pore pressure in the sanple,
The first nethod requires a dependable technique of
inducing and neasuring negative pore pressures in sanples
- various nethods available for this purpose have been
reviewed by Croney et al (1960) - and nay, in the low
negative pore pressure range, require very large confining
pressures in order to produce the sane effect as the ne-
gative pore pressures., Undrained conpressive tests have
becn done on sanples equilibriated under known suctions
(4itchison, 1957; Croney et al, 1954; Towner, 1958)
but these tests had not been conpared directly with any
tests on sinilar naterial under known effective stresscs,
so no firn conclusions can be drawn regarding the nagni-
tude of effective stresses due to negative pore pressure
The second nsthod, which had been suggested by Hilf (1956)
is likely to be valil only for snall negative pore pres-
sures or suctions, but could conceivably involve consi-
derable error when applicd to samples with high suctions,
when degree of saturation could differ significantly fron
unity, on account of cavitation.

In the absence of any established nethod of

conputing effective stresses resulting fron negative pore
pressures, the following approxinate ncthod had been

adopted.
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9.4.2 Conputation of initial negative porc nressurcs

and effective stresses.

It was not possible to measure any pore pres-—
surcs before or after the tests owing to the neced to shean
the sanples at a fast rate in order to attain failure
hefore the sanple had tine to suck any water fron the
filter stones. IS5 is, however, possible to conpute
approxinate values of t.e initial negative porec pressures
(or suctions in unconfined sanples) and the effective
annbient pressure at failure, (ﬁ;f s Subject to the

following assunptions:

(a) that the pore pressure coefficient Ap

at failure (Skenpton, 1954) renains constant
for samples consolidated under the sane anbient
effective stress and sheared under different
confining pressures,
(b) that the conventional Terzaghi effective
stress law for saturated soils can be extra-
polated into the range of negative pore pres-
sures, and that any decrcase in the degree of
saturation of the sanple as a result of the
decrease in anbient pressure is not sufficient
to invalidate its use.,
(c¢) that the effective stiess failure envelopes
‘drrived fron drained and ccnsolidated-undrained
tests are identical,
Lssunption (a) would probably involve sone error since the
pore pressure paraneter, Af, is known to be sensitive to
soil structure and stress history., Since a sudden de-

crease in confining pressure in the absence of water would
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be expected to cause an expansion of the soil structure
(an henc: the establishnent of ncgative pore pressures),
this paranecter would strictly not be a constant for a
series of sanplecs having the sane consolidation pressure
bat different degrces of unloading prior to shear,
especially sirce the size of any bubbles formed as a
result of cavication would increase with increasing degree
of unloading, resulting .n a rupture of the soil structure,
particularly in unconfined sanples,

Aitchison and Donald (1956), on the basis of
conparisons betwecn void ratio changes induced in unsa-
turated clays by externally applied nechanical stresses
in the ocdoneter and negotive pore pressures or suctions,

concluded that the Terzaghi effective stress law, nanely,

gt q-nu veesessscascsessnas (9.1)
(using the fanmiliar soil mechanics notations) was valid
as a deterninant of shear strength in such soils up to
suctions of about 30 kg/cne. It is, therefore, believed
that assunption (b) would not invelvs nuch error, even
tnough it is recognized that the correct form of the
effective stress law for unsaturated soils is as proposed
and discussed extensively in the literature (see Section
l.4).

The equivalence of ¢' and ¢ld, the anglecs of
internal fri sion derived fron consolidated undrained
tests with pore pressure neasurenecnt, and fron drained
tests respectively lhias been discussed by Skenpton and
Bishop (1954), Henkel (1960) and Bjerrun and Sinons (1960)
anong others. Conflicting conclusions had been drawn

4 ’
regaréing the relative nagnitudes of ¢ and ¢d’ but it is
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generally agrced that the two major factors contributing
to any differences between the cffcetive stress failure
cnvelopes derived fron the two types of test were the
differences in the strain rates employed in the two types
of tests, and possible volume changes during shear in the
drained tests. Provided corrections are applicd for
these, the two envelcpes sbould be alncst identical. In
gencral, the undrained shear strength dcecreases by approxi-
nately 5 o/o for a tenfold increase in the time to
failure, (Bishop and Henkel, 1962)., Using the values of
the undirainced shecar strength derived from thesc very fast
unlraincd tests in conjunction with effective scress
failure envelopes derived fron slow drained tests could,
therefore, lead to an underestinate of the pore

pressure at failure, and possibly of Af.

9.4,2,1 Mcthod of Calculation.

The pore pressure, Ugy in the failure zone of
the sanplc during the undraincd shear was estinated gra-
phically as illustrated in fig. 9.11, the effective
stress failurce enveclopes for the naterial (batch 1) having
been deternmined previously fron Arained tests at elevated
cell pressures (Chapt:r 7). Since, for a sanple consolida-
ted at a given pressure against thce atnosphere and sheared
undrained at the sane pressure, the pore pressurc was
set up solely under shear stresses, it was possidle to
estinate the value of the pore pressurec raraneter, Af ’

fron the relationship:

A e o of B C¥-))
Y P,

and this value of Af was assuned constant for all sanmples
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initially consolidatced under similar stresses. It was

thercfore possible to calculate the pore pressures set

up during shear in each case fron the product of Af and
the deviator stress at faslure.

The initial negative pore pressure ~uy * in the
sonple was then given by the difference between Up deter-
nined graphically and the pore pressure resulting fron
shear stresses. TFron a knowledge of Ugps it was also pos-
sible to estimate the ambient effective stress on the
sanple at failure,(;;f .

#1l calculated quantities are given in Tables
9,1 and 9,2. Figure 9.12 (a) and 9.12 (b) show graphs
of the naxinun (total)deviator stress at failure (2Cu)
against the initial suction, Pg in unconfincd sanples
and the anbient effective stress at failure (r;f
respectively. Both graphs were linear on log-log plots,
showing that the undrained shear strength Cu is related
to Loth B! and 0%} by relationships of the forn

Cu

n

Ky (G300 eeniieniniacasannnnnas (9.3)

and C

a K, (Pg)nz ceccoscacacocoscencese (9.4)

where Kl’ K2’ Oy Oy are constants.

The line obtained for material batch II is also shown

broken in fig.9J2(b). Sinilar relaticnships were also

* In confined sanples, the negative pors pressure -u,

was represented by the notation Pg for suction.
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suggested by Litchison (1957) for quasi-saturated and un-
saturate” soils.

The ratio, ﬂ y between the initial negative pore
pressure and the decrecase in confining pressure causing
it, is also given in Table 9.1l. While too nuch enphasis
nay not be placed on the accuracy of the values quoted
for this ratiovy it is believed that the fact that the
ratio differed significarcly fron unity probably indicates
that the samples were beconing progréssively unsaturated
as a result of the release of dissolveld gases on decreasing
the consolidation pressure prior to shear., It should also
be emphasised that the close correlation obtained between
the various gquantities as a result of this analysis, does
not necessarily provide conclusive proof of the wvalidity

of the nethod of analysis.

0,.,4,3% Relationship between undrained shear strength

and overconsolidation ratio (0.C.R).

anobher possible explanation of the results
obtained nay be based on the progressive change in the
gtate of the sanples fron a nornally consolidated to an
overconsolidated state with increasing nagnitude of
(P, - U3). It can be shown that the final ambient ef-
fective stress, G;o y on a sanple which had been pre-
viously consolidated against the atnosphere under an
anbient rres -=re ol G;i s and then subjected to a sudden
decreasc (A(Téi) in anbient pressure under conditions of
constant water content, is given by

G, =055 - -RIBTS, weiviiinnnn. (9.5)

o

where B =(“‘(;_13 ) 3 Du being the negative pore pressure
AU %1
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resulting fron the decrease in the anbient proessure.

If for reasons nentioned in the preceding
section, B is less than unity, then there is a net de-
crease in the effective stress on the sample coopared with
the effective stress before the change in anbient pressure,
The saaple can, therefore, be considered as being over-
consolidated jast before the start of the shear stage,

J3i, . with
z=)ihcreasing/the nmagni-
Fsp

tude of the decrease in anbient pressure (AO%i). Conso-

the overconsolidation raJio (

lidated-undrained tests on sanples of a narine clay with
various 0.C.R's, reported by Nakase (1967) showed that the
undrained shear strength decreased with increasing over-
consolidation ratio, and that the ratio between Cu for the
overconsolidated and normally consolidated sanples,

C
( 5393 ), was uniquely related to the reciprocal of the

unc
overconsolidation ratio. If this approach is correct,

then the earlier assunption about the pore pressure para-
. 4

neter i, being constant for samples with the sane (r31

would involve a further error since Af is strongly depen-

dent on 0.C.R,

9.5 Possible practical significance of the results.

AS discusscd earlier, undrained tests on un-
disturbed samples of clay under confining pressures less
than the estimated in-situ effective vertical stress,
have been fmown to yield strengths which are substantially
lower than those obtained from tests on samnples of the
sane matericl under confining pressures in excess of the
in-situ stress. This decrease in strength has been general-

ly put down to the opening up of fissures,
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There is ample evidence that samples of clay
(especially overconsolidated clay) extracted fron great
depths have large residval pegative pore pressures or
suctions (Skenptcn, 1961; Skenpton and Sowa, 1963, Bishop
et al, 1965(b) )« While evidence of direct measurenent
o sucn sucticns is scanty, various nethods of estinating
then have been proposed by Skempton (1961) and Bishop et
al (1955'b) who reported estimates as high as 100 psi
for the suction in undisturbed London Clay (.shford
Comnon) taken fron a depth of 114 feet. It is conceivable,
on the basis of the work presented, that where a sanple
is tested undrained with a residual suction, sone de-
crease in strength could result, and this fact nay pro-
bably explain the decrease in strength in an intact
nornally consolidated clay, reported by Skempton, and to
which reference has already been nade. The criterion ,
.on this basis, for the establishnent of a q& = 0 condi-
tion, will, therefore, bz the destruction of any residual
suction in the sanple, rathcer than the closing c¢f fissurecs.
It is relevant to nention here that Skenpton and ILa
Rochelle (1965) reported obtaining constant undrained
strengths fron tests on sanples of undisturbed London
Clay taken fron a derth of 24!', under confining pressures
as low as 4 psi. This pressure is hardly sufficient to
ensurc vhe closing of fissures, %ut nay be enough to des-
troy any residual suction in the sanple,

While it is recognized that the conclusions
drawn fron the work reported in this section nmay not be
directly applicable to undisturbed samples on account of
differcnces in stress systen and history, the writer is,

nevertheless, of the opinion that the above approach offers
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a possible cxplanation for the observed decreases in un-

draincd <hear strength.

9.6 Thin Sections.

The precparation of the thin sections for viewing
under an optical nicroscope has been described in Section
8.%.2.1. The inpregnation technique using Carbowax 5000
did not work satisfactorily, probably bLecause of the low
final water contents resulting fron isotropic consolida-
tion under high pressures. Only a thin outer shell was
inpregnated, and it was therefore not possible to obtain
any information regarding the soil structure resulting
fron the shearing process, or the orientation of particles
in the vicinity of the shear zones. Sinilar difficulty
was experienced by Sutherland and Singh (1967) who pro-
posed an alternative technique based on pre-drying the

sanples.

9.7 Sunmary.

Sone experinental evidence has been presented to
show that the undrained shear strength of clay samples
with initial negative pore pressures decreases with in-
creasing nagrnitude of the negative pore pressure. It is
suggested that this Cecrease in strength may be explained
by postulating a decrease in degree of saturation of the
sarnple as a rcsult of the release of dissolved gases fron
the pore fluid. This would tend to inply that pore water
is probably incapable of withstanding appreciable negative
pore pressures without cavitation, at least at certain
locations in the so0il pores.

.n approxinate nmethod of conputing the values

of the initial negative pore pressure,-—ui or suction, Pg ’
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and the enbiecnt effective stress at failure (r;f has been
presented. Calculations based on this approxinate nethod
indicated that the relationship between the undrained
shear strength, C

u

s of quasi- or unsaturated soils, and Pg
I
and (réf was of the forn suggested by Aitchison (1957),

nanecly,

G, = &y ( U'Z:f)nl

and Cc

K, (P! ) 0o

Possible practical significance of the results has been
discussed.

The carbowax inmpregnation technique for the
preparation of thin sections has been found unsuitable

for sarples having very low noisture contents.
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TABLE 9.1
Consolidated  Undrained Tests on Remoulded London Clay Batch I
Oy (=F)| O3g [|initial{Final water|Peak Cu
Test during' during|water| content °/°4(0]—0'3) o _olcu | o3 | Cy | ' <
No. consolidD cont. 1- 3 , . Vs | A¢ AT-Cg) U; | Og¢

(U=0) Shear 2 Cuo R P, . AU
psi psi | ofo |Top|Mid|Bot.| psi psi psi psi psi psi [Ao'3]

[ 25 25 | 3.4 [34.4[34.2[352 | ¢4 7.2 oo | (.00 | 0.29 |27 | — - L - -

2 | 25 0 |{36.2 352339343 4.6 4g (061 | & [o0.190o |- - 11. S| -
3| 50 50 | 35.2 (3.6 [30.8/302[26.3 | 13.2 | [-00 | .00 | 0.2b [+35]|433| 43S P ol
4| 50 o | 35.0/(323/308|3t5| 1s.0| 9.5 | 072| 0 | 0.19]|-5]- — |33 - | o-e1
5| 1oo | 100 |33.9 |9l60|222| 51.3 | 257 | 100 | (.00 | 0.26 |+52|wi0l| 452.0 | 0 |ag| -
6 (00 o 29.6|27.2|26.0[27.2| 3.7 199 | 0.77] o 0-20 [-32 x\.0l | +40.2 724 3| 072
1 300 300 | 29.1 |25.6|24.3|26.1| 154 11 l.oo | [.00 | p.26 [+105 |:0.L8| +10S O |195 -
8 300 225 n 124.8)23.8(24.4| 144.] 720 | 094 0.7 | 0-24 |t50 +98.2 [-48|175| 0.6%
9| 300 150 w 1254 |240| 23.0{ 141.8 N4 | 093] oS0 | 0.24|-22 +97-4 gyl 92| 0.80
(0] 300 75 25.624,0/1252 (1151 £27 {031 | 025 o021 [-75| * | +%85.7 |6l 150] 0.7
(| 300 0 " 124,1123.6] 24.0| 107 53.5 o0 | o |OdA8 2| |493 -}94 121 | 0.6S.
121 500 500 v 121.8 {20.9]|20.5| 229 13.5 | 100 | oo | 0.23 |+ |o0.s| <171 0 |379| —
(31 500 375 « (222 (2922 ] 218 1095 | 0-96| o.7s| 0-22[+83 41642 |-g1|292] 0.65
4] 500 250 | « |U.z]2l-2]|223| 212 (06 | 093 | o.50| 0-21 [+43 | « |+160-* |-7| 207| 0.48
5] 500 125 v 173.0(22.0/233 | 187 93.5 | 0.82| p.25 | 019 [-136| v | +140.9 |-2%48| 261 o.'74
16| 500 O 26.0 {22023 [ 146:S | T73.3 | 065 | o 0.15 |-187 +10-4 {1974} 187] 0.6
7| 750 | 150 | « |walialza| 318 | 155 | 100 | oo | 0.2 [ezsofors| 4240 | o |s0| -
18] 750 | 563 “ a1 19424 3lo. | IS4 | 098 | o5 | 0.2 [+69] + [+23¢.6 |-ns6|49¢ | 0.29
19 750 315 . il-'L 19.6 [20.9 | 297 148.5 | 0.93| o0.50| 0.20 |-8S +224.2 F309.2 4o | 0.82
20 150 188 w205 |20,2122.0( 2762 1381 | 6.87 | 0.2 | 0.18 [234| " |+208.5 -qu 42| 079
2| 750 O v |U.0 |20.5|21-4 |202-4 | 101:2 | 064 | o | ©.13 |-290| v |+152-8 -t}'ms 290 | 0.85
;22 1000 1000 “ (190 {182 [18.8 | 438-3| 219.2 | 1.00 | ;.00 | 0.22 l+279(0.63 |+ 279 jD 721 -
1 23 | 1000 150 19.3 1861951 420.6| 210.3 | 0.96 | 0.75 | 0.2t |-66| v |+7267-7 -{07.1 % | 0.83
24| (000 500 | * |i82)los{195|397| J95.9| 089 | 0.50 | 0.20 |-I3s +144.3 |-38¢4 35| 0.7
25| (000 250 v« |20.5]118.3|20:1 | 3Lb.6 | 183.3]| 0-84| p25 | 0.18 |-34 +233.4 sfo 597 077
26 | 000 (@) v 1200 [183[18.0(290.,9 i 145.s| 066 o o 14 |-4a4 v |+ 1857 L8|y | 0.63
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TABLE 9.2
Consolidated — Undrained Tests on Remoulded London Clay.

e Consonian] T35 | * |peak °/091

cg Test during Final 0_1.0_3 E Ct'fan ﬁ

o U3 u w.C- c n . - ,

o No. shear | Y9strengf Uf. Ag Af(O',—.-O'b iUl. Oas¢ A_LJ_‘J

uc), psi| psi psi °/o psi th. psi psi lPSI psi 403
12 |s00| © |500 |21.8 | 227|100 © 4171 | oas | +17l.o | © |329]| -
13 |500| o | 375 |22:0 | 218 |0.94] -4 +83 +l64-2 | Q1 | 292| 0.65

=) |14 1500] © 260 | 22:3 | 212 |093] -7 [0.50{+43 " +160 -0 -]m 207 | o0.43
15 |500] © | 125 |22:0| 187 [o8z| -1 |o2S[-136 | « | 41405 |-277 | 26l | 0,14
|6 | 500 o O. [22.1 | 147 [0.65] -35 - 187 v | t+uo.4 |[_297 | 187 | 0.60
Al | 500 o) 500 | 221 | 201 |[10O]| © +187 | 0915 | +184-0 o 36| —
AZ [500| o | 400 [22-1 | 196-9]098| -2 +9] « | +180.6 |-90 | 309| 0.90
A3y | So0 0 300 |22.5 | I9.6|096| -4 e . +127.6 |-178 | 300| 0.89
A4 [ 500f o | 200 |22-8 [189.5 094 -6 -85 « | t173.8 |-259 | 285 | 0.86
AS |s500| o© | 100 [22+7 |175.0]087]| -13 -186 . +-]60.0 | -3Gb | 286 | 0.%6
A& | 500 6 O 226 |164.1 (0.8)] =IO -258 « |+151-0 |-409 | 258 | 0,82
A7 | 560 o | 500 222 | 194.8(097]| -3 +200 w1 4178€ |4U 200| —
Bi |iooo| 500 |1000 |22 | 195.3 |02 +2 +696 | 100 |+ 1960 o} 304| -
Rz [tooo]| soo | 900 [22:4|192.8 [.o1 | + | +600 « |+i192.8 | +401 | 200 | 0,93
B3 llooo| Soo | 800 |22-4| 1929 [i.01| +! +500 " +192.9 | +307 | 300 0,96

:l B4 |looa| So00 (700 221 |193.6 |l.ol| +I +400 | +192.6 |[+4206 | 300} 0.98
B5 |tooo| Soo | 60O [21.5 |190.7 |100| © +305 N +(90.7 [ t1l4 | 295 ] 0.96
BG |1ooo| Soo | 500 |22.4 [ 190.51.00] © +20S | +(90.5 | 114 | 295 | 0.97
B7 [tooo| Soo | 300 {224 | I839(097] -3 |o.60 | +i5 . +184.0 | - 28S| -
| B8 |loco| soo| 150 |23-1 | 1711 |0.90] -l0 -lo7 | = +17]°0 - | 287| -~
B9 ltooo] soo| O [22.8 | 161.9]083]-17 -2s8 |« |+1620 | — |25 -
C1 |jopoo| Soo | 060 |20.8 | 267 |l00 | o - - - - - -
c2 |jooo| S0O| 750 |20.5 | 267 |[loo| o - - - - - -
c3 [lood| S00| sp00 |20.3 [ 267 |loo| © - - - =] - ~
C4 [100D| 500 | 300 [20.4 |257 [0.9|-4 - - - - = -
C5 |lood| S00| (50 {20.6 | 251 |0.54| -6 - - - - - -
céllood| S00| O [(20.8 | 219 |o.82] -18 - - - -~ - ~
bl |500| o | 506 |24.5 [188.7 [1.00] © - -~ - — _ —

El DZ -[\00D| S00 | 1000 [24.0 |189.6]1-06] O |2.00| — - - = - -
D3 |loos| 500| 506 [23.8 |188-9|l-00] © - - - - - -
D4 1000 So00| O 24.0 | [65.2 |0.87| - 13 - - - - - -

% From the shear zone or the middle part of ' the sample.
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CH.LPTER 10

CONCLUDING REMARKS.

Work prcsented in the first four chapters of
this thesis showed that the best approach to the deter-
nination of effective stresses in clays and fine-grained
cohesionless soils is pr.ubably the experinental one. It
has also been shown that for clays (as represented by
Wiener Tegel) and fine-grained cohesionless soils ( as
represonted by Calcite), the effective stress in relation
to shear strength is given by the Terzaghi équation, and
that effective stress in relation to changes in volune is
given by an expression which takes account of the compres-
8ibility of the soil grains and soil structure. However,
this conpressibility correction is, in general, so snall
that very little error would result if the Terzaghi fornm
is used in the norual engineering stress range.

The results presented rclate strictly to the
influence of the differcnce between the cxternal applied
stresses O—and pore pressure U, i.e. (¢ -u), on the ne-
chanical properties of these nmatarials, all other factors
renaining constant. As nentioned in Chapter 1, the fact
that the effective stress concept does not seen to take
account of the creep behaviour of soils, has been regarded
as a possiltle shortconing of the principle. Recent work
(Lovenbury, 1969) on creep, though of a limited nature,
indicated that the influence of creep nmay be exaggerated

in a stiff overconsolidated clay, like London Clay * ,
-

Long tern drained tests on London Clay showed a decrease
in drained strength of 159/0 compared with the 5-day
strength. This decrecase is within the nornal scatter of
experinental results on the naterial,
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but that it nay be inportant in soft, nornally consolidated
clays. The writer is of the opinion that the existence
of crecp does not invalidate the results obtained., .U part
fron the external applied stresses, other factors such as
changes in the chenistry of the pore fluid, have been
known tc influsnce the nmeckanical behaviour of clays, It
is conceivable, therefore, that creep could be the result
of possible changes in tuc pore fluid chenistry in the
long tern, aftcr the applied stresses have becone fully
effective. .ny future research concerning effective
stresses in cohesive soils should also include an investi-
gation of the influence of changing the nature of the pore
fluid under constant fully effective applied stresses on
the nechanical bechaviour of these soils, These tests
could, if combined with the results presented, lead to a
forrmulation of an all-embracing definition of effcctive
stresses to take account of all the known phenoncna in
clazrs.,
The results of drainecd conpression tests at
elevated cell pressures, on renoulded and undisturbed
clays and silts showed that the shear strength and de-~-
fornation behaviour of *hese soils are nodified in a
nanner sinilar to thrt alrecady notcd for sands and gravels
by other workers. It has been suggested that the nature
of the clay-=ized particles nay be just as inportant as
their pcrcentage, in decternining the mnechanical behaviour
of fine-grained cohesionless soils under elevated pressures.
Consolidated-undrained tests on samples of re__%é—%va~
noulded London Clay with large induced negative pore \\Uu
pressures showed that the unirained shear strength de-~

creased with increasing nagnitude of the induced initial
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]
| |
undrained shear strength appeared also to depend on the /

' !
quantity of air dissolved in the pore fluid. The results

negative pore preasure in the sample. The decrease in

!

were explained by postulating a decrease in the degree
of saturation of the sample, resulting from a release of
dissolved gases in the pore fluid. This was taken as an |
indirect evidence of the inability of pore water to sus-~
tain large induced negative pressures.

On a sudden decrease of the cell pressure under
undrained conditions, it is possible that a negative pore
pressure response equal in magnitude to the decrease in
cell pressure may be obtained momentarily, but this would
decay slowly as dissolved gases are released from solu-
tion. The pore pressure generated by the application of
shear stresses would be superimposed on this negative
pressure, resulting in a complex pore pressure pattern. An
approximate method has been presented for evaluating the
pore pressure at failure, and hence the ambient effective
stress at failure and the initial negative pore pressure
in the sample at the stari of undrained shear. Trom
these, an approximate relationship has been deduced be-~
tween the undrained shear strenghth and the two latter
quantities.

Owing to the absence of any rapid and reliable
method of measuring large negative pore pressures, the
evidence presented above regarding the negative pore pres-
sure or suction was, inevitably, indirec’. The develop-
ment of suitable methods of measuring large negative
pore pressures would be an asset to further work involving

large negative pore pressures, In addition to providing

-
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conglusive evidence regarding the ability of pore water
to sustein absolute tensions, it would also facilitate
work on the extension of the effective stress concepts

developed for positive pore pressures into the large

negative pore pressure ranges.
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APPENDIX A

Expression for the correction.(‘AVc) to the readings of

volume change,

L E
T ] % . #

- Xﬁ- - >

Let k?’ kq denote the values of the tubing constant k

under pressures p and g respectively.

Xp, Xq denote the lengths of saran tubing LE in

circuit under pressures p and ¢ respectively.,

(Ax)q = X - %y

and C denote the compressibility of water, and is by

definition equal to (%% . % )

Under pressure P the volume V of water in the length IE
of tubing is given by

V=kPXp L B A B A 2 N BN BN O R BE BN R BN BN BN BN BRI BE BN BN AN BRI N N (-A—.l)

If the pressure is increased to q, there is a dec.-ease
Q&Vc) in the volume V of water given by
(é\.v.c):' COd-POV = C (q-P) kpxp e OB AGOROIPOESESEOQSIOGEOSE (A.2)

New volume of water Vq undec pressure q is given by

Vq = Xq kq = VL(AVE) = kpo - C (q—p)kpr

L [1-¢C (a-p) ]

k
d q

cresessssccsasss (A.3)

The decreased length Xq of tubing under an increased
pressure q Gherefore reflects the combined effect of the

expansion of the tubing and the compression of the water



221

contained therein,

It can also be written that

- X
AVG kap q kq

and sin-e Xp (AXq) + X

qQ ?

AV

o kp(AX)q-i-Xk - Xk

aaq Qaq

2
]

‘G kp(AX)q"l'Xq(kq"l&)) eeecvrocvrere (A.ll-)

and when D

100 psi,

AV, = (AX)q K100 * Xq (kq - Kygg) seeceee (4.5)

The correction AVC is positive for increasing

pressures and negative for decreasing pressures.
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APPENDIX B

The Principle of Least Squares.

The best curve to fit m sets (Xi’ yi) 1=1,23%5544m,
of experimental observations may be obtained by using
the principle of least squares*, which yields a curve such
that the sum »>° the squares of the deviations of the expe~
rimental points from it, is a minimum., In the absence
of any specific indicatiion of the type of mathematical
function to fit the experimental data the function is usual-
ly assumed to be a polynomial of degree n ((m) of the

form

y(x> = CO + Clx + Cge + LI B B B BY BN BN BN N J Cnxn......(Bﬂl)

The closeness of fit between the observed data
and the "least squares" curve is judged by the Gauss
Criterion, which states that, for the best fit, the

quantity
n (:YO— y)g

ST (m-71)

is a minimum .Qonccoao...(B.e)

where (yb-y) denotes the residual at the point Vo Leee
the difference between the observed value of the para-
meter, To? and the value y, of the same parameter
computed from the zurve,

m denotes the total number of pairs of experimental data,and

v denotes the total number of arbitrary constants in the
polyaomiai. From equation (B.l) therefore, T = n+l.

The Gauss Criterion was, therefore, used to determine the
degree of the polymomial in equation (B.l) to give +the

best fit.

The computation, which would have been laborious
%; done by hand, was performed on an I.B.M.7094 computer.

For a detailed discussion of this and other methods of
analysis of experimental observations, see Worthing and
Geffner (1960),
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