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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 confining pressure, 0-3  , and the pore pressure, u, 
simultaneously by the same amounts, and within wide limits, 

had no detectable infuence on the shear strength and volume 

change characteristics of the soil, provided corrections 

have been applied for the compressibility Cs  of the soil 

grains. It has been concluded, on the basis of the experi-

mental results, that effective stresses in saturated soils 

are given by the following equations: 

in respect of shear strength, 

end in r3spect of changes in volume, 

k0". Acr ...- s) A u  Z` 
using the familiar soil mechanics notations. 

In the next section of the thesis, tha results 

of drained compression tests on clays and silts in the 

elevated confining pressure range are presented. The shear 

strength and volume change behaviour of these soils under 

elevated presJures have been found to follow the patterns 

previously noted for coarse grained cohesionless soils, 

and various possible 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 Braehead Silt 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 

compression tests performed. on remoulded clays are presented 

in. the final section of the thesis/ These tests were per-

formed by first consolidating a series of samples isotro- 
stress 

pically under the same effective/, then 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 pore pressure in the 
sample just before shear was positive, the (I . 0 condition 
was approximately satisfied, but that when the initial 

pore pressure was negative, the undrained shear strength 

W4S 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 0/o, and appeared 

to depend on the quantity of air dissolved in the pore 

water. 

An approximate method for calculating the adbient 
effective et stress at failure and bile initial suction 

'o 	in unconfined samples, has been presented and the 
possible practical Implications of the results have been 
discussed, 
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CHAPTER 1.  

A GENE= REVIEW OF THE  

LITERATURE ON EFFECTIVE  

STRESS  

1,1 Introduction 

The discovery of the principle of effective stress 

by Terzaghi in the 1920's is generally regarded as the 

starting point in the systematic development of the science 

of Soil Mechanics as one of the major branches of Civil 

Engineering. Lithough the concept of effective stress was 

first quantified by Terzaghi, there is evidence in the li- 
* 

terature. to suggest that earlier engineers and geologists 

appreciated some of its underlying principles/ 

Geologist Charles Lyell wrote in 1871, that the 

consolidation of ocean bottom sediments was due, not to the 

pressure of the head of water above them, since this was 

equal to the pore pressure, but to the weight of the material 

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 months 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 also published a tine-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 materials. 

* For a more detailed discussion of the historical develop-
ment of the principle of effective stress, see Skempton 
(1960 (a) ). 
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Most of the shear tests performed around this 

period for the evaluation of the parameters c, and q 
(for example, Leygue (1885), Frontard (1914) and Bell (1915) ) 

were esse"tially undrained tests, even though there is some 

evidence (Boussinesq, 1876; Reynolds, 1886) that the in-

fluence of pore pressure on the shear strength of sands had 

been realised. It will appear from this that the inter-

relationsnip between pore pressure and volume change was not 

understood at the time. 

Ls a result of b.,s experiments on the consolidation 

and shear strength of clays between 1919 and 1925, Terzaghi 

stated formally that the stress controlling the shear 

strength anti deformation of saturated soils was given by 

the difference between the total applied stress and the 

pore pressure. This statement and its subsequent Verification 

by Rendulic (1937) opened up a new era for the science of 

soil mechanics, which then progressed rapidly after that. 

Development of new field and laboratory equipment, 

cou2ded with experimental and theoretical work culminated in 

the evolution -f rational design :-,ethods, based on the 

principle of effective stress, and capable of being checked 

in practice, although mcst of those design criteria are yet 

to find a universal application, Bishop (1955), Hilf (1959). 

While the existence of such a principle is not in dispute, 

the form of the effective stress relationship suggested by 

Terzaghi dad been criticized(Leonards, 1962) for its in-

adequacy in accounting for such Theological phenomena as 

creep and seccndary consolidation in clays. The form of the 

function defining effective stressed in various soils has 

also been subject to considerable 'controversy; 

* Sone of these experiments formed the basis of his classical 
theory of consolidation. 



16 

1.2 A review of the various equations proposed to define  

effective stresses in saturated soils. 

By definition, the effective stress eis that 

function (f the total normal stress Cr, and pore pressure u, 

which controls the changes in volume and shear strength of a 

soil, consequent upon a change in applied stresses. Terzaghi 

(1923 and 1932) suggested that for fully saturated soils, this 

function was of the form 

Cr = f (Cr, u) =G- - u 	 (1.1) 

The validity of ,this equation had been demonstrated 

by Rendulic (1937) in respect of shear strength, by showing 

that there was a close correlation between pore pressures 

derived thc•oretically, assuming the validity of the principle 

and those measured during consolidated - undrained tests on clazi; 

and also by Taylor (1944) and Bishop and Eldin (1950). The 

volume chRnge aspects of the principle of effective stress 

had been verified by Laughton (1955). On theoretical grounds, 

however, equation (1.1) can only be rigorously valid (Bishop 

(195), Sheripton (1960) ) if 

(i) the soil grains are incompressible 

and (ii) the soil particles have the property of a purely 

cohesive solid, i.e. if the angle of intrinsic 

friction y 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. 

1.2.1 The intergranular stress concept. 

If, as is conmonly believed (Taylor (1944), Gibbs 

(1965) ) the effective stress controlling the mechanical 

behaviour of soils is the same as the intergranular 
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stress *1  then by considering the forces acting across an 

approximately plane surface, always passing through points 

of contact of soil particles, it can be readily shown (Bishop 

(1955), S1 empton (1960) ) that the effective stress will, 

in this case, be given by 

cr = (1111 + au .. 	 (1.2) 

whereT denotes the average intergranular 

stress defined as the total normal force 

divided by the total contact area of the 

soil grain3. 

0- 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 1.2 and its 

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 

deformations at the contact between two soil grains under 

fluid pressure, that the stress ale  controlling the deforma-

tion of the soil structure is given by equation (1.1), 

namely that 

Tc  = tr-u 	  (1.3) 

1.2.2 SkeaLan's effective stress equations. 

A1: _,wing for the fact that real soils have finite 

compressib_aity anti angle of intrinsic friction, Skenpton 

Lambe 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. 

** This term is discussed later. 
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(1960) derived the following equations to define effective 

stresses: 

(7-- 	a 
tanr  
 ) u 	 (1.4) 

in respect of shear strength, and 

Cr.Cr- (1 - 	u 	 (1.5) 

for changes in volume,* where 

1/ denotes the angle of intrinsic friction of the 

solid particles in the soil. 

$ denotes the effective angle of shearing resistance, 
Cs denotes the compressibility of the solid 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 Skempton (1960) 

and Bishop et al (1963) 

1.2.3 	The contact area ratio, a. 

If equations (1.2) and 1.4) were true, a knowledge 

of the magnitude of the contact area ratio 'a' would be neces-

sary for the evaluation of the effective stresses. To date, 

no direct measurement 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. 

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

This equation was first derived by Bishop in 1953 in a 
letter to Dr. A.S. Laughton following discussions at 
Imperial 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" nnd values betw3en zero 

and 5°,/o for clays, from bouyancr tests. Taylor (1944) 

gave a value of 30/0 as an indication of the magnitude of 'a' 

for clays Bishop and Eldin (1950) suggested that for coarse-

grained soils, a lower limit was imposed on 'a' by the crushing 

strength of the material Junking up the grains, and proceeded 

to show that even in the case of very heavily over-consolidated 

undisturbed clays, 'a' cannot be much more than 3°/o. Making 

the assumption that under sufficiently high confining pres-

sures, the slope of the failure envelope for porous materials 

tended towards the angle of intrinsic friction for the solid 

particles, Skempton (1960) derived an approximate expression 

for estimating the value of 'a' under any given confining 

pressure. 

There is some uncertainty regarding the meaning of 

the contact area ratio in the case of claTs. It nay 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. Lambe 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°/o for plastic 

clays remoulded at high water contents. The important in-

fluence of interparticle electrical forces, coupled with the 

possibility ci 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 equation for 

effective stress (equatioA 1.1) as established by various re-

searchers, has been attributed to the small magnitude of the 

contact area ratio. la', in which case both ceuations 1.2 

and 1.4 degenerate into the Terzaghi form. ';4hile this argu-

ment is superficially attractive, in spite of the discussion 

above showing that the ratio need not be necessarily small 

in clays, a closer examination of some of the assumptions 
.., 

made in the derivation of the alternative equations indicates 

that the errors involved in making these assumptions nay be 

more serious than those due to neglecting 'a'.  

It is implicitly assumed in the derivation of equa-

tion (1.2) that 

(1) the interparticle force is derived solely 

from externally applied loads 

and (ii) that the interparticle force is transmitted 

between particles only through the inter-

particle contacts. 

While these assumptions may be approximately true 

for sands and silts, recent work on the microstructure of 

soils containing a substantial percentage of colloidal 

particles indicates that these assumptions are far from valid 

for these soils. 

1.3.1 The miorostructure 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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011,44,cee 
q4aa#14a-ti-ve nature, had led to an appreciation of the in- 

fluence of electrostatic interparticle forces on the macro-

scopic behaviour of these soils. 

Clay minerals * are platy electrically charged 

particles having a net negative charge resulting from sub-

stitutions in the mineral structure. In the presence of water, 

this net negative charge causes the particles to be coated 

with rigid and ordered layers of "adsorbed water" whose pro-

perties (e.g. density and viscosity) are different from those 

of ordinary water, and which is more resistant to shear and 

normal stresses than ordinary water. 

.thy two adjacent clay particles are subject to a 

complex set of forces, the two main ones of which are the 

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

repulsion. The former varies 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 electrolytes in the pore fluid. The balance 

between the forces of attraction and repulsion determines 

the orientation of the particles in the clay mash, which in 

turn has a narked influence on the engineering properties of 

the clay. 

The two basic types of particle orientation gene-

rally postulated are: 

(a) a fli,cculated structure consisting of a 

random orientation of particles caused by the attraction of 

the negritively charged particle surfaces to positively 

charged ends of other particles (figs. 1(a) and 1(b)). This 

* For a more detailed discussion of the various types of 
clay minerals, see Grim (1953). 
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arrangement of particles is typical of material sedimented 

in a solution of high salt concentration for example, in 

marine clays (Rosenqvist, 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 fabric of clays nnn the Influence of structure 

on the engineering properties of clays has been discussed in 

some detail by Mitchell (1956). 

There is some experimental evidence (Noun and 

Rosenqvist, 1961; Salas and Serratosa, 1953; Bolt, 1956; 

Ladd and Martin, 196.7), that both the shear strength and de-

formation characteristics of clays depend on the chemistry 

of the pore fluid, which as discussed earlier, in turn in-

fluences the interparticle forces. Furthermore, theoretical 

and experimental work by Marsal (1963) showed that the net 

interparticle forces derived from the interaction of the van 

der Waal and Coulomb forces is of the sane order of magni-

tude as the forces derived from externally applied loads. 

It follows, therefore, that any equation defining effective 

stresses in clays has to take account of the existence of 

these interparticle forces. 

Lambe (1960) discussed the various Lypes of contact 

possible in clays, and suggested an extension to equation 

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

cr. Cr 	u (1-a) + R -A 	 (1.6) 

where (R-A) is the result of dividing the net interparticle 

forces by the areas over which they act. The tern (R-A) 

increases with decreasing particle spacing. 



23 

Trollope, (1960) proposed model for clays, based ". 

on the diffuse double layer theory, and made up of coarse 

mineral particles in a matrix of "donains" of oriented particles 

instead of discrete particles (fig.l(d)). Some form of contact 

exists between the domains, though it is not clear whether 

this contact is between adsorbed water layers or clay minerals. 

However, applying the well-known Bowden-Tabor plastic junction 

theory (Bowden and Tabor, 1954) to the contact between the 

domains, Trollope (3960) derived en effective stress law of 

the form 

CT 	u + p 

 

(1.7) 

 

wherep denotes the normal stress on the failure surface 

owing to inter-domain forces. The parameter p, which is re-

lated to the activity A (Skerapton, 1953) of the clay, may 

be computed from 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 the intergrenular stress in 

the crystalline solid (quartz or feldspar ) phase, fig, which 

is given by equation (1.2); "molecular stresses"c in the 

clay matrix and stresses due to cementations a- 

Thus 

ar 	(r 	
n + tTc 	 (1.8) 

This equation, however, implies that the coarse grained 

materials are in contact, which may not always be true. 

Other effective stress equations for clays have been discussed 

by Lambe et al (1959) and Whitman (1960), and Suklje (1967). 
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1.3.2 Interparticle friction. 

Skempton (1960), in deriving equation (1.4) 

assumed the validity of the relationship derived by Caquot 

(1934) and Bishop (1954) nonnocting the coefficient of fric-

tion at the interparticle contactOu  and effective angle of 

shearing resistance at constant volume 0(v. This relationship, 

which is of the form, 
	 eitaLA:t eir Aretit t 	_ )4A..e 

tall cv 	(tan 01) 	  (1.9) 
assumes that the mechanism of particle movement during shear 

was one of sliding, irrespeztive of the value of the inter-

particle friction. Recent tests by ,Skinner (1969) on glass 

ballotini showed that at low values of interparticle friction, 

the mechanism of particle movement is indeed one of sliding 

but that the mechanism 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. Furthermore, 

this increase in interparticle friction has been Shown not 

to have any appreciable effect on the shear strength of the 

material. These findings showed clearly that the mechanism 

of particle movement rather than the effective angle of 

sheaving resistance, changed with changes in interparticle 

friction, thus contradicting equation (1.9) and therefore 

the assumption underyling equation (1.4). 

As the discussion of the microscopic structure of 

clays would indicate, the problem of interparticle friction 

in cohesive sofls is far from understood:. One has first to 

decide what slrt of interparticle contact exists in these 

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

* The interparticle friction was measured directly in a spe-
cially developed "friction apparatus". 
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the adsorbed water layers, surrounding either the discrete 

particles or a 'domain' of particles, then Trollope (1960) 

and Lo (1966) suggest that provided the yield stress and the 

shear strength of this Leund water,• layer are considered, tl-_e 

Bowden-Tabor friction law was applicable. 

Nothing quantitative can be said with certainty 

about the properties of the adsorbed water layer, except 

that its density and viscosity are different from those of 

ordinary water. Martin (1962) reviewed the available experi-

mental evidence supportin; the above view and proceeded to 

the same conclusion as Michaels (1959) that 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 implying that the adsorbed 

water layer was capable of withstanding normal stresses but 

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 ordered structure which can withstand both 

shear and normal stresses. 

Under normal pressures sufficient to extrude most 

of the adsorbed water layer* some sort of physical contact 

nay be possible between the mineral particles. Considerations 

of 'interparticle friction' in cohesive soils the further 

complicated by the presence of such inert particles as sand 

and silt, and is therefore hardly amenable to an analytical 

treatment. 

* Lambe (1958) suggested that pressures necessary to squeeze 
out the final layers of t'Ae bound water nay be of the 
order of thousands of atmospheres. 
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1.3.3 Effective stresses controllin5 chanes in volume. 

Consolidation tests on globigerina ooze, (an ocean 

bottom sediment) and lead shot (grade 10) by Laughton (1955) 

showed that the ratio: (r=1) remained approximately equal 

to unity under total applied pressures (Cr) of up to 

1024 kg/cm2  (14,560 psi). In the case of the tests on lead 

shot, microscopic measurements of the facets produced by in-

elastic deformation showed that the ratio ( 41---'.cri) differed 

little from unity while the contact area ratio * increased 
from a value of 0.03 under a pressure of 27 kg/cm2 to 0.95 

under a pressure of 1024 kg/cm2. While these results may not 
be considered as establishing conclusively that the effective 
stress controlling volume change and deformation is given 

by ((I- - u)**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 stresse2tpartly saturated soils. 

In the case of soils which have both air and water 

in their pore spaces, Bishop (1955) proposed an equation de-

fining the effective stress(T'in the form 

cre. CT-ua + x (ua- la0.) 	  (1.10) 

where Cr denotes the total applied stress 

u
a denotes the pore air pressure 

denotes the pere water pressure, which is less than 

u
a on account of surface tension 

and x denotes a /arameter which is zero for dry soils and 

equals unity for fully saturated soils. 

Necessarily a lower bound value, since some elastic 
recovery must have occurred on unloading. 

** 4r- -cr The ratio (----) varied between a minimum of 0.90 and 
a maximum of 1.2. 
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Intemodi'ate:vaiues of X depend not, only on the 

degree of saturationl ,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 subjected (Bishop et al, 1960). This equation has been 

verified for silts by Donald (1961). In the special case 

when the pore air pressure Ua  is equal to the atmospheric 

pressure, equation (1.10) reduces to 

- 	- xu 	 (1.11) 
where uW is the gauge presJure. 

Noting that in most engineering problems, the 

degree of saturation Sr  of the soil is nearer unity than zero 

and that pere water pressures rather than pore air pressures 

are generally neasured in the laboratory and in the field, 

Skenpton (1960) rearranged equation (1.10) into the form 

(1.12) J'= 	sxuw 	  
U - U 

where Sx 1 - (1 - x) ( a U 
w 

 

and 	ax 1 when Sr 	1 

Other expressions defining effective stresses in 

unsaturated soils have been proposed and discussed by Croney 

et al (1958) Aitchison (1960), Jennings (1960), Bishop et al 

(1961) and Jennings et al (1962). 

1.5 Summary. 

L 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 implications of the 

principle had been appreciated by earlier engineers and geo-

logists. The 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 

main assumptions made in deriving the various effective stress 

equations for fully saturated soils have been examined. It is 

suggested that the proposed rufinements to Terzaghts original 

equation are based on assumptions, which are at best only 

approximately true in the case of granulormaterials. A quali-

tative discussion of the microstructure of clays and the in-

fluence of electrical interparticle forces, has been presented 

to show that the assumptions may be grossly in error in the 
__- 

case of soils with an appreciable percentage of colloidal 
particles. 

Under the circumstances, it is believed that the 

experimental method remains the most effective way of demon-

strating the influence of the various factors on the shear 

strength and deformation characteristics of soils. 

1.6 Scope of work presented. 

Multi-stage drained triaxial compression tests on 

a remoulded silty clay and calcite were described and the 

results presented. In these tests, the difference between 

the total applied stresses IT, and the pore pressure u, was 

maintained constant at a predeternined value while bothq and 

u were varied 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 method of testing are described in Chapters 2 and 3 

respectively. Chapter 4 contains a discussion of the factors 

likely to influence the accuracy of the results, the method 

of analysing them as well as a discussion of the results. 



(a) Flocculated edge-to-face structure 

of clay visualized in two dimensions. 

(After 	Lambe, 1958 ) 
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(b) Flocculated edge- to-face structure 
of clay visualized in three dimensions. 

(Af ter Tan, 1958•) 

,,pz=2e1111,, 
st>71.iljliSeC 

(c) Dispersed 	structure 	of clay 

visualized in two dimensions. 

( After 	Lambe, 1958) 

quartz 
[silt or sand grain] 

domains 

(d) Clay model showing quartz grains 
in a matrix of 'domains' of oriented 
clay particles. (After Trollope, 1960) 

SCHEMATIC DIAGRAMS OF CLAY STRUCTURE. 

'FIG. 1.1 
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CHAPTER 2.  

DESCRIPTION OF APPARATUS AND CALIBRATIONS.  

2.1 Introduction: 

The nature and scope of the testing progronme 

and the degree of accuracy desired necessitated the develop-

ment of equipment which is either entirely new, or is a 

modification of a conventional laboratory equipment` to en-

able it to be used in the elevated pressure range (up to 

1000 psi) covered by the testing programme. The word 

'conventional' as applied to equipment and experimental 

techniques in this thesis refers to the type of equipment 

and testing technique generally employed in Soil Mechanics 

research laboratories, and described by Bishop and Henkel 

(1962). 

The following is a description of the specialized 

equipment used in the testing progrnmne, as well as a descrip-

tion of some calibration tests performed. 

2.2 The balanced rqm triaxial apparatus. 

This apparatus, which was described briefly by 

Bishop et al (1960 and in more detail by Skinner (1969), 

consisted essentially 	a specially machined cell base, 

a stainless steel cell and two cell caps both fitted with 

rotating bushes (Bishop et al, 1965). 

The stainless steel cell was 7 1/2" long, and 
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had a wall thickness of 3/8", which was reduced to 1/4" 

from inside at the ends to enable the cell to fit O-rings 

inserted into 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 recessed portion below the cell base 

(Fig.2.l). Both caps were fitted with 5/8" diameter 

matched honed stainless steel rams. 

The main sample chamber and the space below the 

cell base were connected by a nylon tubing, which, was 

itself connected to the constant cell pressure source via 

a castor oil - water interchange pot (fig.2.3). This en-

sured that the pressures in the two chambers, and hence 

the hydraulic thrusts on the two rams, were equal. 

The rams were made to bear against the upper 

and lower beams of a yoke, which was held in position by 

means of a counter-balance lever system. This system 

comprised of two short beans, supported on knife edges in 

the middle, and connected by steel wires to the yoke at 

one end and to equal brass weights at the other. 

The cell base rested on three equal cell supports, 

which fitted tightly into holes in an aluniniun base plate, 

which, in turn, fitted on to the loading platform of a 

conventional 5 ton triaxial loading frame. 

When the apparatus was not in use, the cell 

base and the lower cap were hold together by three bolts 

equally spaced round the perimeter of the base. The cell 

hase had connections for filling and emptying the cell, 

for top and bottom sanple drainage leads, and for inter-

connecting cell pressure and back pressure. 
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The testin:; progrilme called for the variation 

of cell pressure and back pressure by equal amounts so 

as tc keep the difference between them at a constant pre-

determined value. For these tests, the balanced ram triaxiul 

apparatus has two main advantages over the conventional 

apparatus. Firstly, by counterbalancing the considerable 

upthrust to which the loading ran is subjected, it is pos-

sible to measure the strength of soil accurately by using 

a proving ring of low load capacity and high sensitivity. 

Sec-ndly, changes in strain rate, which would otherwise 

result from the compression of the Droving ring during the 

pressure change sequences, were also eliminated. When the 

apparatus is properly assenblod, the net upthrust on the 

loading ran as a result of changing the cell pressure from 

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

2.3 The apparatus for continuous variation of cell 

RE2psure. 

This equipment, which is illustrated in figs. 

2.2a and 2.2.b, consisted of a mechanically driven piston 

moving in a water-filled cylinder. The drive, provided 

by a single-phase electric motor, through a gear-box, was 

transmitted to a screw jack by means of a chain. Worn 

gearing within the screw jack converted the drive into a 

translatory notion, thus causing the main shaft to novo 

forwardiland backwards depending on the gear setting selected. 

The piston wae screwed to one end of the shaft, and was 

therefore forced back and forth in the cylinder following 

the shaft movement. 

L brass T-piece screwed to the other end of the 

main shaft operated limit switches situated at either end 

of travel of the shaft, thus cutting off the power to the 
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motor. The spacing and positioning of the nicroswitches 

were so selected that the piston neither bore against the 

head of the cylinqer, nor came out of it at the limits of 

travel 01 the shaft. 

A hydraulic over-pressure switch was connected to 

one end of a tee pipe fitting at the head of the cylinder. 

The switch, of the byve PS/VHT2, n2nufactured by LON= Ltd. 

of London, had a maximum range of 1200 psi and an adjustable 

range between 300 psi and 1000 psi. By setting the switch 

to cut off the power when the pressure in the cylinder 

attained a value of 1000 psi, the pressure gauges in the 

line were protected against overload. The other end of 

the pipe fitting was connected to valve 6 in fig. 2.3. 

As the; cell pressure rose, increased leakage 

from the cell made it necessary to increase the rate of 

pumping at various stages in the test in order to maintain 

a constant rate of increase of cell pressure. This was 

done by altering the gear ratio internally by means of a 

lever on the gear box, and externally by changing wheels 

A and B (fig.2.2b). 

2.4 Constant Cell Pressure Control: 

The cell pressure was maintained constant by 

means of a self-compensating mercury control of the Lipe 

described by Bishop and Henkel (1962). The Soil Mechanics 

Laboratories are situated on the 5th floor of the Civil 

Engineering building, and it was therefore possible to 

install the lower three stainless steel pots (columns 3, 4 

and 5 in fig.2.3) on various floors below the laborc.tory. 

T'ae tops of the three upper pots of the system were all 

connected to a manifold of Klinger valves which made it 
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possible to put any combination of coliums 3, 4 and 5 in 

series with line 2.3 in order to obtain any desired pressure 

up to a ma:i.mun of 1,000 psi. The upper pots of the system 

were periodically replenished with mercury by means of the 

priming pump provided. 

2.5 The constant ((" 3-u) control: 

During the tests, it was necessary to maintain 

the difference between the cell pressure and the back pres-

sure, i.e. (cr3- u), cons4ant at a predetermined value. 

This was achieved by connecting the lower pot of coli,nn  6 

(fig.2.3) to the cell through valves 12 and 13. The top 

of the uppe2r pot was connected to the sample drainage line 

through the volume gauge. With valves 12 and 13 open, the 

cell pressure is transmitted to the lower pot, and the 

back pressure as taken from the top of the upper pot re-

presented this cell pressure minus the pressure equivalent 

to the head of mercury in the two pots. By adjusting the 

2os:tion of upper pot, it was possible to obtain any value 

of ( 1r3  -u) up to a maximum of 64.5 psi, which represented 

the naximuu head of mercury obtainable in the laboratory. 

Unlike the conventimal self-compensating mercury 

control system, the upper pot was not open to the atmosphere. 

Since this pot formed a closed system with the back pressure 

line, it was essential to keep it de-aired, especially since 

there is a danger of cavitation in the line if, for sone 

reason (such as inadvertently opening valves 12 and 13 

when tostin,; was not in progress),the pressure transmitted 

to the lower pot was substantially less than that represented 

by the head of mercury in the pots. The upper pot and the 

back pressure line were periodically de-aired by assembling 
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the cell without a sample, filling it with water, applying 

a constant cell pressure of 1000 psi and flushing water 

through colunr 6 by opening valves 12 and 13 and disconnec-

ting the saran tubing at valve 15 which stayed shut. Care 

was taken to shut valves 12, 13 and 15 prior to lowering 

the cell pressure at the end of the test in order to pre-

vent cavitation in the back-pressure line. 

2.6 Volume gauge: 

The necessity for making very accurate measure-

ment of changes in the volume of the sample, coupled with 

the small nagnitude of the empected volume changes (less 

than 0.5 cc) ruled out the use of a high pressure varia-
tion of the conventional volume gauge containing water and 

dyed paraffin (Bishop and Henkel, 1962). Furthermore the 

use of this type of volume gauge would require a "cross-

over" system of valves, and this would increase the number 
of valves and connections in the back pressure line and 
therefore increase the danger of leakage under the high 
back pressures used in the experinent. It was therefore 

decide' to replace the volume gauge with a length of 1/8" 

0.D saran tubing - a techni,.,ue which had been used success-

fully by Tan (1968), Son (1968) and Skinner(1969). 
The tubing was stretched along a yard scale which was 
screwed to a vertical board (fig.2.3) and wr.s completely 
filled with wazer except for a thread of mercury about 
three inches long, which was formed into U-shape below the 

yard scale. The two ends of the mercury colnnn were always 

adjusted to lie on a horizontal line scribed on the vertical 

board, se that there is no variation in the back pressure 

applied to the sample as a result of difference in the levels 
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of= the two legs.' Tho'horizontal position was also used 

as a reference position, since any change in the volume 

of the sample caused a movement in the legs of the mercury 
column, and the change (Al) in the length of tubing 
between valve 15 and the leading edge of the mercury 
colunn multiplied by the relevant tubing constant k (whose 

determination is discussed later) gave the magnitude of the 

volume change of the sample. 

In order to facilitate the accurate measurement 

of the change in length (Al) of the tubing, an ink dot 

was made on the tubing against the 20 inch marking on the 

yard rule, and the change in length of tubing necessary to 
equalize the two legs of the mercury column was then given 
by thu difference between the final reading of the position 

of the dot and 20 - this difference being determined to two 

decimal places. L. mercury column was preferred to an air 
bubble which was used by the earlier research workers, 

since the latter would change in length during the varia-

tions in back pressure in the course of the test. The 

length of 3" for the mercury column was considered suf-
ficient to prevent leakage past the colunn from one side 

to the other, thus leading to errors in the determination 

of sample volume change, and the U-shape was adopted be-

cause, when laid horizontally, the mercury column tends to 

break up into shorter lengths, and this makes it difficult 

to determine the total movement of the mercury column 

accurately. 

As the lxlck pressure was increased during the 

test, the bore of the saran tubing (and hence the tubing 

constant k, which is directly related t the bore) also 

increased, and the quantity of water contained between 
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the leading edte of the mercuby columw-and the sample ' 

(dented by W- compressed. In order to determine the 

change in the volume of the sample accurately during the 

period of varying back pressures, it was essential to 

detwmine, by calibration, the variation ofii-,0 tubing 

constant k (cc/in) with applied pressure; and to PCmputi3 

Vle correcticin for the compressibility of the quantity of water, 
Vq. 
2.6.1 Calibration Tests: 

In order to perform the calibration tests, the 

cell was carefully assembled as described in section 

3.2.1.2, with the sample replaced with a solid brass dunny, 

1 1/2" high and 3/4" diameter. The back pressure line 

had been thoroughly de-aired and the filter stones boiled. 

The cell was filled with water and topped with castor oil. 

The badk pressure pots were adjusted in order to maintain 

the difference between the cell pressure and back pressure 

at 10 psi. 

2.6.1.1 Variation of tubing constant k with cell pressure. 

L thread of mercury, 30" long, was trapped in the 

tubing( 	ype L) which was otherwise filled with water. One 

end of the saran tubing was connected to the back pressure 

line, while the other end was closed by shutting valve 15 

(fig.2.3). The tubing was tautly stretched along a yard 

rule c1-1.mped on the bench, thus enabling the length of the 

mercury thread to be measured under various applied pressures. 

Starting from a cell pressure of 50 psi, readings 

of the lengths of the mercury thread were taken at 100 psi 

intervals while the cell pressure was increased steadily 

up to 1000 psi. The readings were repeated with the cell 

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

the cell pressure (and hence the back pressure) was decreasing 

were in general lower than those taken under corresponding 

pressures during the increasing cell pressures phase. The 

difference between the two corresponding readings was about 

0.3" in a length of 30". 

_after two cycles of cell pressure variation the 

mercury was carefully flushed out of the tubing into a clean 

dish, all excess water soaked away with a soft tissue paper, 

and the weight of the mercury used was determined. The 

volume of the mercury was calculated, ass-lining the specific 

gravity to be 13.6 for mercury. Since this volume was 

constant during the test, the value of k (cc/in) under each 

value of cell pressure was calculated by dividing the volume 

of mercury (in cc) by the average of the four length 

measurements (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 pressure were averaged out. 

It became necessary to change the saran tubing 

used in the first series of tests (gri3  u = 10 psi), be-

cause a longer length of tubing was required in order to 

facilitate the measurement of the anticipated increased 

volume changes of the lalcite samples when tested under 

the condition QS - u = 64.5 psi. A second lv.pe of tubing 

(type B) was therefore similarly calibrated for the con-

dition ( 3  u = 64.5 psi). In order to check if the 

tubing underwent any pernvnent changes in shape as a result 

of prolonged use, a further check calibration was performed 

on the type B tubing after 8 months of constant use, the 

difference ( 	- u) still being maintained at 64.5 psi, 3 
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and the cell pressure boin3 varied between 100 psi and 1000 

psi. 

Graphs were drawn showing the variation of the 

tubing co.,stant k with cell pressure for both Lypes of 

tubing (fig.2.4). Both graphs were straight lines, having 

a gradient of 2.1x10-6 cc/in per psi. The two calibrations 

performed 8 months apart for tubing type B, gave essentially 

the sane results, thus showing that the tubing retained 

its shape after almost a year of constant use. 

2.6.2 Corrections to the readings of volume change. 

During the periods of changing pressures, the 

readings obtained for the volume change of the sample were 

corrected for the following: 

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

in the back pressure,by using the tubing constant relevant 

to the magnitude of the back pressure (Sect.2.6.1.1). 

(b) the compressibility of the water contained between 

the loading edge of the mercury and the sample. It can be 

Shown (see ,Ippendix A) that the correction (nap, applicable 
when the back pressure is increased from a pressure p (say 

100 psi) to a pressure q is given by 

(611")q  = (AX)q k100 Xq (lq  - K100) 	 (2.1) 

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

when the pressure is .Jacreased from 100 psi to a value q. 

Xq  denotes the length of tubing in circuit under 

a back rlessteTe q. 

Kq  K_ 	denote the values of the tubing constant 

under pressures q and 100 psi respectively. 

(c) the cubical compressibility of the soil ,rains as 

a result of increasing back pressure. This correction is 
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given by 

ars  = C LiU 

	

sV s   (2.2) 

where Cs denotes the compressibility of the soil grains. 

Vs denotes the total volume of the soil Grains, and 

the change in pore pressure. 

Skenpton (1960) quotes the value of Cs for marble as 1.4x10
-6 

per kg/cm2  (2x10-5  per psi) and for London Clay as 2x10-6 

per kg/cn2  (3::10-5  per psi). In the absence of any such 

data on Wiener Tegel, the value of Cs  was taken as approxima- 

tely equal to that of London clay. 

2.7 	Measurement of axial loads and sample deformation: 

For reasons given in section 2.2, the axial 

load on the sample was measured directly with a high sen-

sitivity high tensile steel proving ring of low load capa-

city. The ring had been previously calibrated with an 

accurate load cllibrating device. 

The deformation of the sample was measured, in 

tile conventional way, with a dial gauge reading to 1/1000". 

However, in view of the anticipated ch-,nges in the posi-
tron of the top cell cap during the periods of varying cell 
pressure, it was decided to support the dial gauge from the 

base of the cell instead of using the top of the cell as 

reference, as is done usually. 
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CHAPTER 3.  
.2A DESCRIPTION c ET ._ PREPARATION AND PRO-

PERTIES OF THE MATERIALS AND THE TESTING 

TECHNIQUES. 

3.1 Preparation of Materials. 

3.1.1 Remoulded Amer Tegol. 

Samples of this material, a silty calcereous 

clay from the vicinity of rienna, were air-dried, ground 

in a mechanical grinder and sieved. The portion passing 

the No.200 B.S. sieve was made into a slurry at an approxi-

mate water content of 120 0/0 which was almost two tines 

the liquid limit. After being left to cure overnight, the 

slurry was transferred into a Hobart Mixer, and kept churned 

continously for one day, before being poured into a 9" dia. 

°odometer, the filter stone at the base of which had been 

well saturated previously. 

After the clay particles had settled sufficiently, 

the excess water was siphoned off, and the soil gently loaded, 

first with a 9" dia. filter paper, then with the top cap of 

the °odometer, and finally with dead weights. Each increment 

of dead load was kept on for about 48 hours which was con-

sidered sufficient tine for the completion of the consoli-

dation under that load. 

When the sample attained sufficient strength, the 

oedometer eras ti.ansforred to the platform of a 5 ton triaxial 

loading frame, which was sot running at a speed of 0.00002 

in/min. The load applied to the top cap was measured with 

a 15 ton load cell. During the consolidation process, the 

sample was kept supplied with water on both faces to prevent 
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it drying. Th:1 top c 	was 	of cauLliniur.1 am l hail per- 

forations to permit drainage fron the top face of the sample, 

in addition to the base drainage. 

after loading for three weeks, the final load 

was read, and the sample slowly unloaded by reversing the 

motor. The soil sample was then carefully extruded from 

the oedometer, and the soil "cake" - which was 2" high and 

of 9" diameter - was cut into four parts and coated with 

paraffin wax after final moisture content sauples had been 

taken. 

The properties of the remoulded clay were as 

follows: 

Initial water content of slurry = 120 0/0 

Final moisture content 	= 34 °/o 

Final load on sample 	= 2.65 ton. 

Estimated final consolidation pressure = 93.3 psi 

Liquid Limit 	= 52 O/o 

Plastic Limit 	= 24 (p/o 

Plasticity Index 	= 28 c3/o 

(Yr) Clay fraction 	= 34 O/o 

_ctivity 	 = 0.63 

3.1.2 Calcite;  

Clean marble chips were ground and sieved. The 

portion passing the No.200 B.S. sieve was used in the 

testing programme. The specific gravity of the calcite 

was 2.72, and the :liquid limit of the portion passing No. 

36 B.S. sieve was 12.4 0/0. It was not possible to perform 

the plastic limit test on the material, b(cause of the dif-

ficulLy of rolling 1/8" dia. threads of the material at 

low water contents. 

The grading curves for both materials 0a  given 
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in fig. 3.1. 

3.2 Tasting techniques. 

3.2.1 Tests on remoulded 1iener Tegel. 

3.2.1.1 Sampling and nountin of sample. 

Samples were taken frnn the soil "cake" by 

pushing a thin-walled sampling tube of internal diameter 

3/4" into it. In order to ensure that vertical samples 

were obtained, the samplinrr was done by placing the soil 

"cake" on the platform of a snail drilling machine, care 

being taken to ensure that the face in contact with the 

platform was flat. f wooden dolly, 3/4" in diameter, was 

held in the chuck of the =bine to act as a guide for the 

sampling tube. A piece of wood, about 3" square, with a 

3/4" d; meter hole in the centre, was slipped on to the 

wooden dolly, followed by the sampling tube (fig.3.2). 

The platform of the drilling machine was then gently raised 

till the tips of both the sampling tube and the wooden dolly 

just touched the top of the soil, and was locked in that 

position. L gentle pressure 	the square piece of wood 

pushed the tube into the soil, guided by the wooden dolly. 

The sampling tube was removed from the soil by cutting around 

it with a spatula, the exposed surface of the soil being 

recoated with wax inriedintely afterwards. 

The sample was then gently pushed out of the 

tube, and trued to size in a specially made split perspex 

mould. The two halves of the mould were located in position 

by means of pins. By using this mould, it was possible to 

trio the two ends of the sample plane and exactly to the 

final length of 1 1/2". Liter trinaing, the sample was 

weighed and initial moisture content samples were taken 
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from the trinnings. 

Prior to mountinc, the sample on the pedestal* 

of the triaxial machine, the bach-,premuxe line and the 

pedestal were thoroughly de-aired by flushing water through 

then under high pressures (usually 500 psi). It was parti-

cularly important for the success of the experiment to 

have .s "hard" a systen as possible since any entrapped 

air in the systen will result in erratic volume change 

readings being obtained dining the subsequent changes 

in back-pressure. Before every test, the pedestal and the 

back-pressure line were loft overnight under a pressure of 

1000 psi in order to dissolve any pockets of air in the 

s:; stem - the drainage halos in the pedestal being blocked 

during this operation. The filter stones were boiled re-

gular]y and were kept soaked when not in use. To prevent 

the clogging of the filter stones and to enable the sample 

to be easily separated from the filter stones at the end 

of the test, two filter paper discs, 3/4" dia. were placed 

between the sample and each filter stone. 

The sanplo was surrounded with a rubber membrone** 

of 0.008" thickness, and sealed to the pedestal with 0-rings. 

The top draina,&° lead through the loading cap was well 

flushed before the loading cap was placed in position and 

the rubber membrane sealed to it with 0-rings. 	thin_ 

smear of silicone grease was applied to the top of the 

loading cap to retain 3/32" steel balls in position. These 

balls made contact with a 1/4" thick brass disc screwed to 

A brass adaptor was fitted to the pedestal to enable 
it to take sauples 3/4" diameter instead of the con-
ventional 1 1/2" dia. sauplos. 

These special rubber membranes suitable for surrounding 
3/4" dia. samples were supplied by Precision Dippings 
Ltd. of Yate, Gloucestershire. 

** 
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the end of the loading ran when the apparatus is assenbled. 

This arrangonent was to ensure free horizontal movement 

of the loading cap, should the sample fail on a single shear 

plane, thus minimising the horizontal thrust on the loading 

ran. 

3.2.1.2 Lssenbly of apparatus. 

The stainless steel cell was centrally placed on 

the 0-ring inserted into the base, and was filled with 

water to within half an i'lch of the top. The weight of 

the cell acting on the 0-ring was enough to prevent leakage 

beneath the cell. Three studs, equally spaced round the 

base, and each with a loose fitting brass spacer tube, 

were screwed into the base till about an inch of thread 

protruded beneath base. The top cap was gently placed on 

the cell so that the 0-ring in the top cap rested centrally 

over the top of the cell, the loading ram being prevented 

fron resting on the sample by means of a Perspex spacer. 

Nuts and washers were screwed on to both ends of the studs 

and tightened 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 base 

of the apparatus wor, parallel. 

The three screws which hold the lower cap to the 

base when the apparatus is not in use, were then removed 

ad replaced with three more studs which were also tightened 

down with nuts and washers. 

The lower ram was pushed into the recess below 

the base (fig. 2'.1) as far as it could go without touching 

the base. Thu yoke without the upper beam was then 

installed and held in position with counterbalance weights. 



The contact between the lower ran and th lowr beam of 

the yoke was through a 1/2" diameter steel ball. The short 

beans across the knife-edges were then adjusted to be 
* 

horizontal by moans of two pairs of lock nuts which con-

nected the counterbalance system to the main yoke. The 

perspex spacer was then removed to enable the loading ran 

to make contact with the sample, and the upper beam of the 

yoke set up, adjusted 	make contact with a steel ball 

on top of the loading ran, and locked in that position with 

lock nuts at each end. The proving ring and the dial gauge 

for measuring sample deformation, were installed, and the 

main cell chamber and the recess below the cell base were 

connected by means of the interconnecting tubing. 

The air release valves on the cell caps were 

opened and castor oil fed in from a water-castor oil inter-

change pot, to fill space above the water in the main cell 

as well as the entire lower chamber. The air release 

valves were then shut and the initial cell pressure of 

100 psi was applied in steps and held constant by a con-

ventional Bishop-type mercury system (line 1.2 in fig.2.3) 

by opening valves 5, 7 and 8 (fig.2.3). The difference in 

the levels of the mercury in the back pressure system (mer-

cury colum 6 in fig. 2.3) had been set to give a pressure 

of 64.5 psi, and the ce1:1 pressure and the back pressure 

systems were interconnected by opening valves 12 and 13. 
During the consolidation and the preliminary shear stages, 

therefore, the net back pressure would be 35.5 psi which 
was considered high enough to dissolve any remaining air 

bubbles in the drainage lines, and also further ensure 

sample saturation (Bishop and Henkel, 1962). 

* It was essential to keep these beams horizontal throughout 
the experiment. Any significant departure from the horizon-
tal position results in some load on the proving ring due 
to upthrust, and therefore errors in deterninin 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, nnd during the consolidation phase a graph 

was drawn of the changes in the length of the saran tubing 

(which was directly proportional to the volume change of 

the sample) against the square root of the elapsed time 

(VT) in minutes. The primary consolidation was completed 

in about three hours on account of the short drainage path 

(3/4"). From the curve of volume change against 4T; the 
theoretical testing rate to ensure negligible excess pore 

water pressures at the peak deviator stress, was computed 

according to the usual formula (Gibson and Henkel, 1954) 

to be of the order of 0.0002 in/min. The actual testing 

ra-be selected was 0.0001 in/min, since it was found from 

experience that the use of this rate of testing enabled 

the subsequent changes in the cell and back pressures to 

occur over about 20/0 axial strain, thus giving a con-

venient separation of points. 

3.2.1.4 Prelininary Shear Stage. 

Liter the consolidation stage, the initial 

length of saran tubing in circuit (that is the length of 
tubing between valve 15 and the leading edge of the mercury 

colunn) was accurately measured using a yard rule, the 

levels of the two legs of the mercury column having been 

equalized. To facilitate the accurate determination of 

changes in the long-h of tubing in circuit during shear, 

a small ink dot was made on the tubing against the 20 inch 

marking on the yard rule against which the tubing ran. law 

change in samplo volume caused a difference in the levels 

of the legs of the mercury column, and the change in the 
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length of tubing necessary t,) equalize the two legs of 

the mercury collirin can be read directly on this scale. 

The magnitude of the volume change is given by the product 

of this caange in length (W.) of ttbing and a tubing con- 

stant whose determination has been described elsewhere 

(sec 2.6.1.1). 

The loading platform of the triaxial frame was 

gently raised manually until the loading ram just made 

contact with the loading cap on the sample. The point of 

contact was difficult to judge, since the sample could not 

be seen. It was deemed to have occurred when there was a 

deflection on the dial gauge on the proving ring. The zero 

readings or both the strain and load dial guages were noted, 

as well as the initial length of tubing in circuit. The 

sample was then sheared drained, graphs of axial load, de-

viator stress and volumetric strain being drawn against 

axial strain as the test progressed. 

3.2.1.5 Shear stage incorporating varying cell and back  

-0.essures. 

When the deviator stress versus strain curve at-

tained a peak valve, usually at an axial strain of approxi-

mately 9 °/o, valve 7 (fig.2.3) was shut, thus cutting off 

the mercury pots maintaining the cull pressure constant, 

and valve 6 opened thu3 putting the hydraulic pressure ge-

nerator into the circuit. The hydraulic pressure generator 

was switchoa on and tile appropriate gear ratio selected to 

enable it to increase the cell and back pressures at a suit- 
* 

able steady rate from 100 psi to 1000 psi in about four 

hours. 

* The choice of a suitable pumping rate is discussed in 
Chapter 4'. 
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During this period of increasing cell pressure 

and back pressure, three sets of readings of axial load, 

deviator stress and volumetric strain were taken, reduced 

and plotted. The readings of volume change were corrected 

for the expansion of the saran tubing, and the compression 

of water and the soil grains. The cell pressure was main-

tained constant at 1000 psi, by opening valve 4 which puts 

lines 3, 4 and 5 of the high pressure self-compensating 

mercury systen in series wjth line A3 (fig.2.3) to give a 

naximum pressure of 1000 psi. Two sets of readings were 

taken while the cell pressure was constant at 1000 psi, 

after which the cell pressure was steadily decreased to 

100 psi, three more sets of readings were taken during the 

phase of decreasing cell pressure. 

Each test involved two such cycles of pressure 

change. 

The test was continued for about 2°/o axial strain 

beyond the end of the second pressure change cycle. At the 

end of the test, the drainage leads wore shut, the cell 

pressure lowered to zero, the cull fluid drained away and 

the apparatus dismantled. Where the sample failed on a 

single shear plane instead of barrelling, the inclination 

of the shear plane to the horizontal was accurately measured 

with a bevel protractor, and final moisture content sanples 

were taken either from the shear zone, where there is a 

distinct one, or from the central part of the sample. 

Two series of tests were presented on this material. 

In the first series of tests, the differelice between the 

cell pressure 0-3 and the back pressure u was maintained 

constant at 64.5 psi and the initial cell pressure was 100 

psi. Three results were presented in this series. The first 
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two (tests 1 and 3), wore on samples taken from the main 

block of material prepared from slurry. Thu overconsoli-

dation ratio was therefore about 1.5. The third sample 

(test 2) ti. as prepared in two parts in a brass former of 

3/4" dia, and one of whose ends was cut at angle of 55°  to 

the horizontal. The inclined face of each half of the sample 

was well polished on a glass plate before the two halves 

were put together in the perspex former and trinned to size. 

The presence of the _preformed shear plane in the sample was 

to ensure that the result.ng stress-strain curve was 

reasonably flat over a wide range of axial strain to enable 

the pressure changes to take place over this range. The 

strength oltained under these conditions approximates to 

the residual strength of the material. 

In the second series of tests, 03; - u) was kept 

at 10 psi, and the initial cell pressure was 50 psi. Test 

4 was on a sample cut from the material prepared from slurry, 

test 5 was on a sample remoulded in a former, and test 6 
was initially heavily overconsolidatud, with an 0.0.R of 50. 

3.2.2 	Test3on Calcite. 

3.2.2.1 Preparation of sample. 

4prolcimately 150 grans of evemr;diiied-calette 

was weighed out, and made into a paste using' de-aired 

water. More water was slowly added as the mixture was 

thoroughly stirred. In this way, it vas possible to obtain 
* 

an intimate mixture , which was later de-aired by subjecting 

it to a vacuum of 28 inches of mercury for three hours. 

The sample was sedinented in the usual way in a 

split former assembled on the pedestal (Bishop and Henkel, 

* Earlier attempts to prepare the slurry by adding water 
directly to the calcite failed because of the difficulty 
of getting all the particles coated with water. 
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1962). In this case, however, the for_lor hicl a detatchable 

perspox extension piece to unable samples to be prepared to 

a height of more than the final size of 3" and then trimmed 
to the final height. The de-aired calcite slurry was gently 

poured into the extension piece and allowed to sediuent, 
the excess water being siphoned off when the particles 

settled. In order to cause the rubber nembrane to adhere 

to the walls of the split-former and therefore result in 

cylindrical samples being obtained, it was found necessary 

to apply a suction to the split-former. When the sedimen-

tation was over, the top of the sample was covered with a 

1 1/2" diameter disc of rubber membrane to prevent the 

entry of air into the sample while a suction of about 2 psi 

was applied to the base of the sample to stiffen it prior 

to the removal of the extension piece and trinning the 
sample level with the top of the split-former, using a 
spatula. The top filter stone and loading cap were placed 
in position, the rubber membrane rolled back on to the 
loading cap and sealed to it with 0-rings. The suction 

was then increased to 5 psi and when all drainage from the 

sample ceased, the split former was carefully removed and 

the sample dimensions measured. 

3.2.2.2 Measurement of sample dimensions. 

The height 01 the sample was measured at four 

diametrical points on the perimeter of the loading cap and 

in 'the 	by means of a depth gauge resting on an 

aluminiun cylinder placed on the cell base. 

Readings of the diameter of the sample were taken 
across two perpendicular diameters, and at three levels, 

using a modification of the conventional dial gauge indicator 
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(Bishop and Henkel, 1962). Both the depth gauge and the 

dial gauge indicator had been previously calibrated by 

taking similar readings on a brass dminy sample which was 

exactly 3" high and 1 1/2"diameter, the brass dummy being 

mounted on the pedestal with the same loading cap and filter 

stones and enclosed in the sane thickness of rubber membrane 

as used in the actual test. 

From the zero readings taken on the brass dpflny 

sample and the averages of the readings taken on the actual 

sruiple, it was possible to compute the initial height and 

diameter, and hence the initial volume of the sample. 

3.2.2.3 Consolidation and shear stage: 

The cell was assembled and filled with water and 

castor oil as described elsewhere (see section 3.2.1.2). 

An initial cell pressure of 5 psi was then applied to the 
sample and the 5 psi suction removed. The cell pressure 

and back pressure were increased in steps to the starting 

values, and after the consolidation stage, which took less 

than fifteen minutes, the test was conducted as described 

for Wiener Tegel. The rate of strain was 0.001 in/min and 

the variation of cell pressure and back pressure between 

the minimum and maximum values took place over one and a 

half hours. 

Two series of tests were performed on the material. 

In the first series, the difference between the cell pres-

sure and the back pressure (Q 3̀ - u) was set at 63.5 psi. 
The initial cell pressure was 100 psi. Of the three tests 

presented, two (tests 7 and 8) were on normally consolidated 

samples and the third (test 9) was on an over-consolidated 

sample with an over-consolidation ratio (O.C.R) of 6.3. The 
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initial cell pressure in the second series of tests was 

50 psi, and the difference (0.3  u) was maintained constant 

at 10 psi. Tests 10 mid 11 were on normally consolidated 

samples while test 12 was on an overconsolidated sample 

with an O.C.R. of 5. 

3.2.3 Comparative drained tests: 

_;.s a comparison with the results obtained from 

test with varying cell and back pressures, two conventional 

drained tests were performPd on each material. The value 

of (IS - u) was kept constant throughout the tests at a value 

corresponding to each used in the main testing progranne. 

The results of these comparative tests are also 

presented. 

3.3 Computation of various quantities. 

3.3.1 Axial loads: 

The axial load applied to the sample was determined 

directly from the dial gauge readings on the high tensile 

stool proving rings, which had been accurately calibrated 

against a dead load tester. As explained elsewhere (section 

2.2) the provision of the hydraulically balanced ram system 
* 

enables a sensitive proving ring to be used, since effect 

of the upthrust on the loading ram had been counterbalanced. 

No correction had been applied for the friction between the 
buskins 	

l loading ram and the 191,4sblAg since a rotating bpi  

(Bishop et al (1965) ) had been used. 

3.3.2 Deviator Stresses: 

The deviator stress on the sample up to the maximum 

value was computed by dividing the axial load by the relevant 

* The sensitivity of proving rings has been discussed in 
detail by Bishop and Henkel (1962). 
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cross-sectional area AE. , which is given by 

( 1 	AV + 
A - 	3  Ao 	 (3.1) 

where QV denotes the total change in the volume of the 

sai.ple corresponding to an axial strain 

and Ao  and Vo denote the initial cross-sectional 

area and volume respectively. 

This relationship was derived on the assumption 

that the sample deformed as a right cylinder. Owing to the 

influence the end restraints impose on the sample, the 

samples generally bulge instead of deforming uniformly. 

The error involved in using this relationship, in general, 

increaseswith increasing axial strain, especially in 

samples which undergo large deformation prior to the attain-

ment of peak strength. 

3.3.2.1 Post failure !analysis: 

In general, the tests on normally consolidated 

samples of clay and calcite continued to bulge after the 

attainment of the peak strength, Arc? in these cases, the 

relevant cross-sectional area was computed from equation 

(3.1). In tests on overconsolidated samples of clay(test 

numbers 1, 3 and 6) and in test 2 which had a preformed 

shear plane, failure cccurred on a single shear plane. Since 

it is not clear whether the sample continued to bulge after 

this type of failuzu, all the post-failure deformation was 

assumed to result from the relative sliding between the two 

portions of the sample (see the insert on fig.3.3) and the 

mean cross-sectional area was then taken as the overlapping 

area between these two parts. It can be shown (Uebb, 1966) 

that for a sample with a height to diameter ratio of 2, 
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this area Ac is given by 

  

sinp( 
Tr 

 

(3.2) 

   

where 

  

o(= 2 Cos -/C ( 24kh ) Cot 9- ] .... (3.3) 
0 

In the above equations 

Ac denotes the overlapping area, 

Ap  denotes the cross-sectional area of the sample 
at peak deviator stress, and is given by equation 

(3.1) 

Ith denotes the total post-peak vertical displacement, 

h0 denotes the initial height of the sanple 

and 8 denotes the inclination of the shear plane to the 

horizontal. 

The exact point of appearance of the shear plane, 

and hence the value of Alo,  is subject to sone controversy 

(.LaRochelle, 1967). In this case, the value of Allo  was taken 

as the cross-sectional area at the point of the substantial 

drop in axial load nornally associated with this type of 

failure. 

To make the computation easier, use was Dade of 

the graphs showing the variation of the ratio c with 
A p  

vertical post-failure defornation (fig. 3.3) to calculate 

the values of lie  . 

This type of failure causes a severe distortion 

of the sample and the rubber membrane and is considered un- 

reliable for post-failure strains in excess of 8 0/o 

(Webb, 1966). 
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3.3.3 Volune Changu Measurements. 

Thu readings of changes in the volume of the 

sample, taken during the periods of varying back pressure 

have been „orrected for: 

(a) Changes in the bore of the saran tubing 

used for measuring volume changes. 

(b) The compressibility of the volume of water 

trapped between the sample and the norcury in 

the saran tubing 

(c) The compressibility at the soil grains. 

The determination of the calibration curves and 

the application of the corrections have been discussed in 

Sections 2.C.1.1 and 2.6.1.2. All the corrections wore 

positive for increasing back pressures and negative for 

decruc.sing back pressures. 
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CHAPTER 4.  

ANALYSIS, PRESENTATION AND DISCUSSION 

OF RESULTS. 

4.1 Sources of error in the triaxial test: 

In its usual form, the triaxial test is per-

formed on a cylindrical sample of soil enclosed in a rub-

ber membrane, which is sealed 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 e.ad restraints 

result in an elastic stress distribution which shows a 

minimum 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 .ample, the variation over the cross-sectional 

area 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 Way  be consolidating or dilating 

at a slower rate combared with the dilation rate at the 

centre of the sample. The volumetric strain, as measured 

in the triaxial apparatus, therefore represents an average 

of 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 assumption that these tests take place under con-

stant moisture contents. 

(d) Non-uniform pore pressure distribution 

within the sample. This item 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-

diaueter (H/D) ratio of 2:1, since it is known that for a 

sample with this 14 ratio, the stress at mid-height is es-

sentially uniform 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 (g) ratio. 

This method, however, does not prevent the bulgirg of the 
sample. 

(ii) The 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-unifordities arising from 

lack of homogeneity, or the presence of fissures in the 

sample. 

(iii) the use of the segmental sample, made 

up of a central test specimen and discs of the same ma-

terial sealed in rubber membranes at the ends. This 

technique, which is similar to that used by Newman et 

al (1962) in tests on concrete cubes, had been proposed 

and discussed 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 error 

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 from 

one part of the test to the other. The only possible 

source of error which was considered of particular impor-

tance to the accuracy a.P the results obtained, was that 

due to the non-uniform distribution of pore pressures in 

the sample. 

4.2 Non-Uniform distribution of pore pr!ssures. 

Non-uniformities in the distribution of pore 

pressures in the sample may arise from: 

(i) 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, prepared 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 adequately 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 T3, and the back pressure 
u were changed by equal amounts so as to maintain (0-3-u) 

constant. The problem, with regard to the test on Wiener 

Tegel, was to determine 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 comprising the 

skeleton of a fully saturated soi3 be considered incompres-

sible, 'ny pressure gradient applied to the sample would be 

instantaneously transmitted throughout the sample. In ge-

neral, however, both the water and the soil grains have 

finite conpressibility, 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 movement of 

the fluid through the sample, 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 to study the decay of pore pressures in soils ini-

tially subjected to a pressure gradient, concluded that 

the tire required for the equalization of pore pressures, 

was comparable to the tine required to saturate the 

sample. More recently, Barberis (1965) studied the problem 

further and concluded that 

(a) the transmission of pressure states in soils 

is not instantaneous. 

(b) the speed of transmission varies directly 

as the pressure difference, &u, and the magnitude of the 

initial pore pressure uo, and inversely as the permeabi-

lity. 

and (c) positive pressure differences are pro-

pagated faster than negative differences. 

In the absence of any quantitative method of 

assessing the speed of transmission of pressure states in 

soils, various methods of accelerating the equalization 

process, have been proposed in the literature. Sone of 

these are the provisicn of radial drainage by surrounding 

the sample with a filter paper drain, or the provision of 

central sanp]? dra.  nage by means of a wet sand column, a 

wick or some such frqe-draining material. Neither of these 

methods was considered suitable in this case, since their 

use might cause equalization of pore pressures only on the 

perimeter of the sample. Besides, their influence on the 

strength and deformation characteristics of the sample may 
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be difficult to assess, especially in the case of the 

latter method. 

It was, therefore, 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 (lib ratio of 

2:1, and providing for a two-way sample drainage. The 

effective drainage path therefore was 3/4". A calibration 

test was therefore performed to determine the rate at which 

to vary the cell pressure and the back pressure in order 

to maintain 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 from slurry, was 

mounted on the pedestal which had been extended by the pro-

vision of a perspex piece of the sane dimensions as the 

sample (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 piece filled with water. The top drainage line was 

connected to the back pressure line and the sample bottom 

drainage line connectid to a de-aired special Bishop-Lype 

null indicator which was capable of withstanding pressures 

as high as 1000 psi. The difference between the cell pres-

sure and tae back pressure (j; u) was set at 64 psi. 

The high pressure triaxial apparatus was as-

sembled as described elsewhere (see Sec.3.2.1.2),the cell 

filled with water and topped with castor oil. An initial 

cell pressure of 100 psi was applied and full consolidation 
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permitted under the conditions CF3 100 psi and u = 36 psi, 

the progress of the consolidation process being monitored 

by measuring 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-

sure and the back pressure applied to the top of the 

sample, Increased et a steady rate. Regular simultaneous 

readings were taken of the cell pressure and the pore pres-

sure at the base of the sample, while the cell pressure 

was increased steadily to 1000 psi, held constant for about 

half an hour and decreased 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 Cub) 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 ut  

and ub  (fig.4a) when the drainage path was 3/4" long. A 

faster rate of increase of ut  caus3d ub  to lag behind ut, 

and a slower rate of increasing ut  posed problems since 

the substantial leakage occurring from the cell under high 

pressures reduced the effective pumping rate considerably. 

Because of this leakage, the rate of change of ut  could 

not be strictly expected to be constant during the test, 

even though steps -ere taken to compensate for the leakage 

by increasing the rate of pumping as the cell pressure 

increased. 

Values of ub  taken during the unloading phase 

all plotted above the ub=ut  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 

negative changes. The actual rate of decrease was probably 

much 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 punping rate could only be done in steps and 

was therefore not very effective. 

The calibratior was performed in the absence of 

shear strains. There is sone evidence to suggest (Taylor, 

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 multi-stage  

compression tests. 

The equations connecting the axial strain and 

tae load, deviator stress and volumetric strain were as-

sumed to be polynomials of the form 

y .0o  + C1x + 02x2  + 	C xP   (4.1) 

where x denoted the azial strain, which was taken as the 

independent variable, and y denoted the axial load, de-

viator stress or vplumetric strain. The readings of axial 

strain and the three dependent variables (axial load, de-

viator stress and vclumetric strain) takEn during the pe- 

riods of constant 	cell pressure (i.e. portions 

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

I.B.M 7094 computer which has been progrnmmed to provide 
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the 'least squares' analysis *of the results, based on a 

polynomial of the form,given in equation (4.1). The va-

lues of tae polynomial for each dependent variable were 

computed at intervals of 0.2 0/0 axial strain, thus enabling 

the best-fitting curves for axial load, the deviator stress 

and volumetric strain to be accurately.plotted. 

The Iercentage deviation of each experimental 

point fton the sleasb squares' curve was also computed, 

the percentage deviation being defined as 

- yo 0/0 deviation = (-"--T-11) x 100 	 (4.2.) 

where y denotes the adjusted value of the dependent variable, 

and y0  denotes the value obtained from the experiment. 

The data obtained from the comparative drained 

tests were similarly analysed. 

4.4 Presentation of results. 

Th 'least squares' curves of axial load, deviator 

stress, and volumetric strain were drawn against axial 

strain. The experimental points were plotted 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 deterni4e the shape of the curve) 

and open circles represeiting the points taken during the 

periodsef varying pressures. It was decided to draw the 

curve of load against axial strain, on account of the un-

certainty above the area correction discussed earlier 

(sect. 3.3.2.1). In addition, graphs showing the variation 

of cell pressure and percentage deviation with axial strain 

* For a discussion of the principle of least squares and 
the criterion for the closeness of fit between the 
experimental 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 instead of plotting separate graphs. 

It is believed that the absolute magnitude of 

the percentage deviation has no connection with the rela-

tive errors in the actual experimental observations. It 
of 

is only to be considered .1,13 a means/comparing the relative 

departures of the experimental 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 amounts, on the shear 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 

equations relating to effective stresses in clays are of 

a qualitative nature, since they involve quantities which 

are not yet measurable. The results obtained from the 

experiments will there ore be examined in the light of 

the two main effective stress equations which have been 

proposed as rigorous expressions defining effective stresses, 

namely the"Intergranular stress" expression and Skempton's 

(1960) expression. 
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4.5.1 Effective stress in relation to shear strengph. 

Rewriting equations (1.2) and (1.4), we have 

 

cr 7=a)  . 1 a ( cr.:,!u  

 

(4.3) 

and  

 

( 
Cr-11  
Cr' ) - 1 + tan 	 Cam) 	 (4.4} 4V  

respectively. For the purposes of argument, some represen-

tative values will be assigned to the quantities on the 

right hand sides of both equations. Skempton (1960) sug-

gested that 4/for calcite is approximately 8°. For clays, 

lies between 5°  and 10°. Since Wiener Tegel is a 

clay with a substantial silt content, it is believed that 

assuming yto be 8°  will not involve much error. From 

drained tests reported in Section Ii of this thesis, values 

of Ofor calcite and Wiener Tegel were 38.5°  and 23.5° 

respectively. 

As discussed in section (1.2.3), there are 

divergent views on the magnitude of the contact area ratio, 

'a' in soils. However, for the sake of argument a represen-

tative value of 'a' will be taken as 3 O/o, Equation (4.3) 

then reduces to 

) = 1 + 0.03 (u u ) 

 

(4.3a) 

 

and equation (4.4) reduces to 

or 

)= 1 + 0.0066 (--.11) for clays 	(4.4a) 

) = 1+ 0.0102 (-1-1--.) for calcite ....(4.4b) (fru 

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

maintained constant at 10 psi, the ratio ( -R-- ) varied 
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from 4 to 99. If the effective stress were given by the 

intergranular stress, therefore, the percentage error 

which would occur in the deviator stress when the cell 

pressure and the pore pressure were varied between the 

minimum and the maximum values would be 0.03x95x100 °/o 

or 285 0/0 from equation (4.3a), and if Skempton's expres-

sion were valid, the resulting percentage errors would be 

63 0/0 for tests on calcite and 97 °/o for tests on Wiener 

Tegel. 

Similarly, from the second series of tests 
in 

(073  -u = 64.5)/which the ratio (-a u--) varied between 0.5 c= 
and 14.5, the resulting changes in the deviator stress 

would be 42 0/0 from equation (4.3a) for calcite and clay, 

and about14°/ofoir calcite and 3°/o for clay from equa-

tions (4.4a) and (4.4b). 

While the foregoing analysis nay be open to 
* 

criticism 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 estimated above are generally higher 

than those normally associated with triaxial tests, namely 

about 50/0. 

An examination of the deviator stress vs. axial 

strain curves (fig. 4.3 to fig.4.14) will show that the 

departures of Lhe points obtained during the periods of 

changing pressures (open circles) were essentially no 

For example in the case of the clays, if it is 
accepted that inter-particle contact is between 
adsorbed water layers (section 1.3.2), then 4/ 
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 'least squares' curves, but 

in the other tests, they plotted on either side of the 

curves. In general, the closeness 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 fora given in equation (4.1), 

In test numbers 2 and 5 in which the original data yielded 

curves without sharp changes of slope, the polynomial as-

sumption was probably justified, and a better agreement was 

obtained between the curve and the points taken under vary-

inv pressures. The assumption involves some error when ap-

plied to results on overconsolidated soils (such as test 

numbers 4, 6, 9 and 12) which yield stress-strain curves 

with sharp changes of slope. This probably explains the 

bigger discrepancy between the points and the curves, 

obtained in these tests. 

Even allowing for these errors, it can still be 

seen from the graphs that changing the cell pressure and 

the pore pressure simultaneously by large and equal amounts 

had no significant influence on the shapes of the resulting 
Cr stress-strain curves. The ratio ( u  ) therefore remain-

ed sensibly constant throughout the test. This means that, 

all other factors remaining constant, the shear strengths 

of calcite and clays are controlled, to a high degree of 

accuracy, by the effective stress as defined by Terzaghi, 

namely that 

u  

 

(4-.5) 
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4.5.2 Effective stress in relation to volume changes.  

The readings of volume change of the sample were 

corrected for the compressibility of the soil grains, and 

analysed in the way described previously (section 4.3). 

The data obtained during the period of varying pressures 

plotted either on or close to the curves, and as was the 

case with the stress-strain and load-strain curves, there 

seemed to be no particular pattern of deviation of the 

points from the curve. 

It will appear from these results, therefore, 

that the expression for the effective stress controlling 

changes in the volume of clays and calcite consequent upon 

changes in applied stress is of the form which was proposed 

by Skempton (1960) nna which took account of the finite 

compressibility of the soil grains, namely 

d 	_ (1- 	)Au 	 (4.5) 

4.6 Surnary and  Conclusions: 

The main sources of error in the triaxial test 

were discussed. It was concluded that, given the compa-

rative nature of the experiments, the only source of error 

likely to have any appreciable influence on the results 

was that derived from the non-equalization of applied pore 

pressures, and ways cf dealing with the problem have been 

described. 

Try mot} od of analysing the results has been 

described and the results obtained were discussed. The 

results obtained indicated that the effective stresses 

controlling the shear strength and changes in volume of 

clays and calcite are given by 

C'- u 
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Cs for changes in volume. The influence of (7-.) was however 

not important, and its neglect in normal Soil Mechanics 

calculations was, therefore, not considered serious. 

For clays, the influence of such factors as 

the chemistry of the pore fluid had not been examined. 

for shear strength, 
C, 

and 	Mr I. ACT - ( - 7e) Nu 
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CHAPTER 5  

REVIEW OF THE LITERATURE ON zah 

SHEAR STRENGTH AND DEFORMATION 

CHARACTERISTICS  OF SOILS UNDER  

ELEVATED PRESSURES.  

5.1 Introduction. 

Until a few year's ago, most research on the shear 

strength and deformation properties of soils had been re-

stricted to the range of confining pressures attainable in 

the conventional triaxial apparatus, namely about 150 psi. 

However, the increasing tendency towards the construction 

of very high earth and rockfill dams * in recent years 

has stimulated research into the mechanical behaviour of 

soils under pressures comparable to those obtaining under 

tnese dams as well as under deep foundations and around 

deep tunnels. 

Since the expression "high pressure" is relative, 

it is considered pertinent here to define the following 

ranges of confining pressure: 

Low pressures: 	0 -150 psi 

Elevated pressures: 	150 - 1500 psi 

High pressuies: 	1500 - 15,000 psi 

according to the above classification, therefore, 

the work preE-,nted in this section falls within the ele-

vated pressure range, and any further use of the term "high 

pressure" should be treated as purely descriptive. The 

following is a brief review of recent work on the mechani-

cal behaviour of soils under elevated pressures. 

''Such as the 980' high Nurek dam in the U.S.S.R and the 
Oroville dam (about 735' high) in the U.S.A. 
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5.2 The ,behaviour of granular.soils under elevted pros- 

sures. 

In connection .with the preliminary design 

studies on the Oroville dam, Hall and Gordon (1963) per-

formed drained and consolidated-undrained tests on poorly-

to well-graded gravelly nazerials under confining pres-

sures of up to 650 psi (about 50 kg/cn2). Hirschfeld and 

Poulos (1963) described drained tests on compacted sand 

and an undisturbed silt under pressures of up to 570 

psi (40 kg/cm2). Vesic and Barksdale (1963) reported 

tests on sands under maximum confining pressures of 9000 

psi;  in connection with studies on the bearing capacity of 

deep foundations in sands and the cratering of deeply 

buried nuclear devices. The conclusions and postultttes 

arising from this work were later verified by Vesic and 

Clough (1968). 

Other recent work on the mechanical behaviour 

of ezanula.72 materials under high confining pressures were 

reported by Bishop (1965) and Bishop (1966) on Hau River 

sand up to 4,000 psi confining pressure, Insley and Hillis 

(1965) who described triaxial compression tests on glacial 

till ( the proposed core material of the 650' high Mica 

Creek dam) up to press.,res of 450 psi, and by Tombs (1969) 

on rockfill. $].l the results presented for coarse-grained 

cohesionless raterials (e.g. sands and gravels) showed 

that the shaar strength and deformation characteristics 

of these soils were seriously modified un:,.er elevated con-

fining pressures. In particular, the Mohr failure enve-

lopes showed marked curvatures. Some of the factors known 

to influence the shear strength characteristics of these 

soils under elevated confining pressures are discussed 

below. 
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5.2.1 Particle degradation. 

It is generally agreed that the principal cause 

of the curvature of the failure envelope is the particle 

break-down which occurs mainly under shear strains, and to 

a minor extent during compaction and consolidation. Con-

clusive evidence for this phenomenon has been provided by 

the increased percentage of fines which occur in the gra-

ding of the material afte._ shear, compared with the initial 

grading (Bishop, 1966; Vesic et al, 1968). Some of the 

factors which have been known to influence the tendency 

of a soil to particle degradation under shear are (i) 

increasing uniformity of the soil, and angularity of the 

particles (ii) decreasing strength of the individual 

particles and (iii) increasing confining pressure and 

shear stress. The major cause of particle break-down 

are probably the initial grading of the soil and the 

strength of the individual particles. 

Tests within the elevated confining pressure 

range by Insley et al (1965) on a well-graded glacial 

till (a material which had previously undergone particle 

degradation under natural causes) and by Hall and Gordon 

(1963) on sandy clayey gravel both yielded essentially 

linear effective streis envelopes. Fig. 5.1 compares the 

initial grading curves of these 

narrowly graded sands and silts 

particle fracture under shear. 

shear gradings of scree of these 

graded soils (for example b, c) 

gradings associated with Insley  

materials with those of 

which were subject to 

The fact that the post- 

narrowly 

approximated to the wide 

et al's glacial till led 

Bishop (1965) to suggest that there night be an ideal 
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grading for these materials incorpor.ating an optimum per-

centage of fines to inhibit particle break-down under 

shear witaout causing too excessive a reduction in 01  • 
While the phenomenon of particle break-down is 

not necessarily limited to high stress levels - sone 

amount of particle fracyure had been reported in narrowly 

graded sands at confining pressures as low as 40 psi 

(Bishop and Green, 1965), it becomes more intense at higher 

pressures. There is sone evidence (Vesic and Clough, 1968) 
break-down 

that particle/is most intense up to a certain level of mean 

normal stress, which they called the "broak-down stress" 

cl. They postulated that below this stress level, shear 

stresses are accompanied by particle break-down and the 

resulting failure envelopes are curved. Above the "break-

down stress", the sand behaved as a linearly deformable 

material with a constant angle of friction 451. They sug- 

gasted that for a given material 	was a function of mi-

neral composition, initial gradation and particle shape, 

and reported that for their Chatahooche River Sand,; 

was in excess of 1422 psi X100 kg/cm2). It is interesting 

to note that tests by Mr. A.E. Skinner on Han River 

sand published by Bishop (1966) also showed the tendency 

that the failure envelope might become linear for con-

fining pressures in excess of 4,000 psi. It is quite pos-

sible therefore that the so-called 'break-down stress' 

or mentioned above may be the minimum value of mean normal 

stress necessary to alter the initial grading of the sand 

to that at which no 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 deformation character- 



102 

istics and the shape of the particles, as well as the ini-

tial density of the soil - the weaker, more compressible 

or more angular the particle the more particle degradation 

occurs tinier a given mean normal stress. Llso the higher 

the initial density, the higher the degree of particle 

break-down which occurs under shear stresses. 

5.2.2 Volumetric Strains. 

One main feature of shear behaviour of granular 

soils under high pressures is that the sample is generally 

still consolidating 'hen the peak deviator stress is at-

tained. Since the volume change measured in a triaxial 

test is the sun of the volume changes due to increases in 

the effective major principal stress ‹ri, and,shear stresses, 
it is suggested (Hirschfeld et al, 1963; Bishop, 1966) that 

this difference in volume change behaviour of soils at ele-

vated pressures may be the result of the predominance of 

the shear stress component of the volume changQ at elevated 

pressures, possibly as a consequence of particle break-down. 

The marked influence of the rate of volume change 

at failure on the,shape of the Mohr failure envelope had 

been demonstrated by Bishop (1966) by showing the close 

correlation between 0, and the rate of volume change at 
de, 

failure ( a7L)x  for varying confining pressures and 

initial porosities, dev and del denoting corresponding 

changes in volu-letric 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 compacted sand and silt, became linear when 

based on deviator stresses corrected for the work done on 

the sample by the cell pressure during the volume decrease 
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at failure. The correction of the deviator stress was 

based on Rowe's dilatancy equation, namely 
I 

► 
 (141 	3  )cv 	- 

1+ ail),  

 

(5.1) 

 

„, 
where ( u3.-‘, 3) cv  is the corrected deviator stress. This 

approacn is, however, invalid when applied to tests per-

formed under high confining pressures, since it ignores 

the work done in crushing the particles. This problem 

has been discussed in more detail by Osterman (1962). 

L fOrther evidence,though indirect, of the connection be-

tween the rate of volume change at failure and the shape 

of the Mohr failure envelope has been provided by Vesic 

et al (1968) who reported that rate of volume chnnge at 

failure for tests under mean normal stresses in excess of 

the 'break-down stress' was zero, and as discussed earlier, 

the failure envelopes were linear for tests in this pres-

sure range. 

5.2.3 Axial Strains at failure. 

The axial strain at failure has been noted to 

increase with increasing confining pressure. Generally 

speaking, the better graded the soil was initially the lower 

the failure strain. Irrespective of the initial density 

of the soil, fails re under elevated pressures is of the 

ductile nature normally associated with low pressure tests 

on initially loose samples. 
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5.3 The behaviour of cohesive soils under elevated 

confining pressures. 

The mechanical behaviour of cohesive soils 

under the influence of high confining pressures has not 

been investigated to the sane extent as that of granular 

soils. There are probably two reasons for this. Since 

interest in the behaviour of soils under high pressures 

was initiated mainly as a part of design studies for very 

high earth and rockfill dams [e.g. Hall and Gordon (1963), 

Insley et al (1965) J attention was naturally focussed 

on the properties materials relevant to the studies. Be-

sides, it was relatively easier, in the case of granular 

soils, to examine such phenomena as particle break-down 

quantitatively. 

The most detailed investigation published to 

date on the behaviour of cohesive soils under confining 

pressures in the elevated pressure range had been reported 

by Bishop, Webb and Lewin (1965) who performed triaxial 

compression tests on slurried and undisturbed samples of 

London clay, extending to confining pressures of 1000 psi. 

Sone of their observations and main conclusions are out-

lined below. 

(a) Tests ca undisturbed London Clay in the 

low to intermediate confining pressure range 

(0-230 psi) were characterised by brittle 

failure, in which the axial load sometimes 

decreased to less than half its value at the 

peak. The stress-strain curves for tests in 

the elevated pressure range, however, showed 

ductile failure characteristics. 
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(b) In general, samples of undisturbed London 

clay dilated strongly when sheared under low 

confining preSPures, but were still showing 

decreases in volume at peak deviator stress, 

when tested under elevated pressures. They 

suggested that this difference in volume 

change behaviour probably indicated a break-

down of particle aggregates under high pressures. 

(c) The effective stress failure showed a 

marked change in slope in passing from the 

low to the elevated confining pressure range. 

The average values of the effective stress 
if 

strength parameters c' and 9for 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 curvature in the strength envelope for re-

moulded. London clay was less marked, the 

drop in 01  being typically from 21°  to 16°. 

(d) They suggested that the drop ing;with in-

creasing confining pressure may be due to the 

orientation of flaky particles in the direction 

of shear - E similar mechanism to that invoked 

by Skempton (1964) to explain the decrease in 

431 
 
from peak to residual values when clays 

ere subjected to large shear strains at low 

prJssures. This view was reinf3rced by the 

closeness of gifor 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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Lee and Haley (1968) reported studios, extending to con-

fining pressures of 1,000 psi, on the relative strength 

and deformation properties of two compacted clays having 

different initial structures. They found that the ini-

tial structure had no influence on the effective stress 

failure envelope, but that when total stresses were con-

sidered, two separate curved envelopes were obtained - the 

failure envelope for initially dispersed soils lying above 

that for samples which had initially flocculated structures. 

Tests on stabilized and untreated soils by 

Wissa et al (1965) showed that provided samples having 

the same age of curing were considered in the case of 

stabilized soils, the effective stress failure envelopes 

for both materials remained linear up to confining pres-

sures of about 850 psi (60 kg/cm2). Like the glacial 

till tested by Insley et al (1965) both the untreated and 

the stabilized soils were well-graded, containing about 

10 0/o clay sized particles. 

The findings of Insley et al and Wissa et al 

nay be contrasted with those of Bishop et al (1965) and 
Webb (1966) from high pressure tests on London Clay 

which contains about 57 0/0 of play sized particles, and 

also of Lee et al (1968) whose commercial kaolinite con-

tained almost 100 0/0 clay sized particles. This would 

suggest that the percentage of clay sized particles has 

sone influence on the shape of the failure enveJopel  

and that the-_.e is probably a minimum percentage of clay 

sized particles below which 0 remains insensitive to 
confining pressure. 

Olson and Kane (1965) presented the results of 

very fast unconsolidated undrained tests done in connection 
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with studies of the design of buried structures to resist 

blast loadings. The tests which were on unsaturated 

compacted clay, covered 	range of confining pressures 

from 100 psi to 1000 psi. The tines to failure ranged 

from 3 milliseconds to 100 seconds. They attributed the 

curvature in tile total stress failure envelope to pres-

sure saturaticn of the sample under high pressures. 

5.4 Summary. 

A brief review was presented on the mechanical 

behaviour of granular and cohesive soils under elevated 

confining pressures. Some of the factors which are known 

to influence the shear strength and deformation proper-

ties of these soils under high pressures have been enu-

merate°. and discussed. 

5.5 	Scope of work presented: 

Drained triaxial compression tests were per-

formed on slurried and undisturbed intact London Clay, 

slurried Ws.mcw Tegel, calcite and Broehead Silt, extending 

tc confining pressures of 1000 psi. The experimental 

techniques and the preparation and- properties of these 

materials are described in Chapter 6, while the results 

obtained are discussed in Chapter 7. 
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CHAPTER 6 

DESCRIPTION OF THE EQUIPMENT, 

THE PREPARLTION OF MATERIALS,  

AND TESTING TECHNIQUES. 

6.1 Introduction. 

The triaxial apparatus used in these series of 

tests was a modification of the standard design described 

by Bishop and Henkel (1962) for tests at conventional 

pressures (0-150 psi). Only those modifications, which 

were to enable the apparatus to be used for tests in the 

elevated pressure range, will be described. 

6.1.1 The Triaxial Apparatus. 

This equipment consisted of a stainless steel 

cell, which was 7 1/2" long, and had an internal diameter 

of 3 1/4", and a wall thickness of 3/8". The thickness 

of the cell was reduced at the ends to 1/4" from the 

inside, in order that it can fit over 0-rings inserted 

into 1/4" grooves in the base and the top cap. The top 

cap was fitted with rotating busaes (Bishop et al, 1965(a)). 

The cell base, which -as nachined:fron a solid brass 

forging, had four pressure connections fitted with Klinger 

valves (2,11: 10), and two other connections into which were 

sweated 1/8" gas Sinplifix couplings, through which saran 

tubings could be rqn for top drainage correction, or 

pore pressure measurement. The connections fitted with 

Klinger valves were used for filling and empLying the 

cell, and for providing connections to the constant 

pressure sources. 
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The pedestal on the cell base was fitted with 

a brass adaptor to facilitate the testing of samples of 

3/4" diameter instead of the conventional 1 1/2" diameter 

samples. When the apparatus is assembled, an effective 

seal was provided between the 0-rings at either end and 

the steel cylinder, by tightening down six 1/4" diameter 

stainless steel tie-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 

pressures up to a maximum value of 1000 psi were main-

tained constant by means of the self-compensating mercury 

system described earlier (see Section 2.4). It often 

became necessary to replenish the upper mercury pots during 

the tests, because of the high leakage rates occuring 

under these pressures. This led to some tests being lost 

overnight as a result of the cell pressure dropping. 

Later, a hydraulic constant pressure source 

employing spring-loaded L.msler bleed valves, and designed 

by Mr. .L.E. Skinner, became available and was used instead 

of the self-compensating mercury system. Since this appa-

ratus worked by punp.ng a light machine oil to replace 

the leakage losses, it became necessary to instal an 

oil-water interchange pot between it and the cell. 

6.1.3 The Screw Control: 

For increasing the cell pressure 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 (Section 2.3)  was used 
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as a screw control, by putting the gear lever in the 

neutral --)osition and driving the piston manually by 

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

6.1.4 Volume Change Measurement. 

Changes in the volume of the samples of clay, 

calcite and silt under low pressure were measured by 

noting the displacement of a column of mercury trapped in 

a 1/8" bore Saran tubing (see Section 2.6). The volume 

changes occuring during the tests on silt under confining 

pressures in excess of about 750 psi, were, however, too 

large to be accurately measured by this technique, and 

therefore, in these tests, the volume changes were 

measured directly by means of a 10 cc buratte. 

6.2 Preparation of Materials. 

6.2.1 Undisturbed London Clay. 

Intact lumps of undisturbed London Clay were 

obtlincd from a depth of about 20' from a freshly cut 

platform at a reservoir site in Wraysbury in Middlesex. 

Tae lumps were marked for orientation and placed In sealed 

plastic bags to prevent then drying up. Back in the la-

borato=y, the lumps were carefully trimmed to a thick-

ness of between 2" ani 3", with plane and parallel top 

and bottom faces, in order to facilitate easier sampling 

later. The clay blocks were coated with about 1/8" 

thickness of paraffin wax, and were stored in a plastic 

bag in a temperature-controlled sample rcom. The trim-

mings were used to determine the field moisture contents. 

The geological history of London Clay in the 

Thames Valley had been discussed in sone detail by Skempton 
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and Henkel (1957) and by Bishop et al (1965 b), Who 

estinate0 that the pre consolidation pressure of London 

Clay at the nearby Ashford Connon was about 600 psi 

(39 t/ft2). 

6.2.2 Remoulded London. Cl. 

The preparation of this material from slurry 

was similar to the preparation of Wiener Tegel described 
in Section 3.1.1. In this case, however, the sample 
was consolidated to an estimated final load of 4 1/2 tons 

over three months. 

6.2.3 Remoulded Wiener Tegel and Calcite. 

The method of preparation of these materials 

had been described in some detail elsewhere (see Section 
3.1.1 and 3.1,2). 

6.2.4 Braehead Silt. 

Samples of this material were prepared from a 

batch stored in the laboratory for teaching purposes. 

The silt and clay fractions were separated by means of 

sedimentation. X-ray diffraction analyses performed on 

the two portions of the material revealed that the silt 

fracticn was made up of mg-liar to sub-angular particles 

of quartz and flaky prrticles of hica. The approximate 

mineralogical composition of the clay (minus 2)4) fraction 

is given below in !able 6.1 

Table 6.1 

Mineral Approximate '()/0 
, quartz 

Illite (mica) 

Kaolinite 

Chlorite . 

40 

35 

20 

5 	. 
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The classification and other properties of the 

materials are given in Table 6.2, and the grading curves 

are shown in fig. 6.1. 

6.3 Testing Techniques. 

6.3.1 Tests on Clays. 

The preparation and setting up of the samples of 

clay were carried out as described in Section 3.2.1.1. 

In the tests on undisturbea London Clay, the samples ex-

tracted from the blocks were closely examined for any 

evidence of fissuring,• the samples with any traces of fis-

sures being rejected. Since the final sample size was 

only 1 1/2h high by 3/4" diameter, it was relatively easier 

to obtain intact samples than would be the case if samples 

of the conventional size were being tested. The sampling 

from the undisturbed blocks of clay was done in such a way 

as to obtain samples with vertical axes. 

The sample was trimmed to size, weighed and 

set up on the pedestal of the triaxial apparatus in the 

standard manner. 

The triaxial apparatus was then assemblei and 

filled with water:  and topped with castor oil. The cell 

pressure and back pressure were then applied and the 

sample allowed to consolidate. Readings were taken of 

the elapsed time, t, and the change in sample volume (AV), 

to enable the most suitable testing rae to be determined 

in the usual manner from a plot of 4rE against (LsV) 

(Gibson et al, 1954). 

The sample was then sheared under drained con-

ditions. The tine to failure varied, in general, between 

four days and ten days depending on the type of clay and 

the magnitude of the confining pressure - for a given clay, 



Table 6.2  

Results of classification & other tests.  

MATER! 	AL 
L.L 

0/0  

P.L 

oh, 

P.1 

0/0  

0/0 
Clay 

(<2 At) 

Activity 
; 
' A 

S. G 
Initial 

w-c 
oh, 

Preconsolie 

Pressure, c  P 
(psi) 

Undisturbed 	London 	Clay. 

74 28 46 57 

170  * 

0.81 2.68 

29.0 600 

Remoulded 	London 	Clay 28.9 

Wiener 	Tegel 52 24 28 34 0.83 2.68 34.3 70 

Calcite 12.4 — 12 +  ' 2.72 — — 

Brae head 	Silt 29 23 6 15 271 

+ This percentage represents calcite flour rather than clay minerals. 

* Approximate. 
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the tine to failure increased with increasing confining 

pressure. 

.1t the end of the shearing process, the drain-

age lines were shut, the cell pressure reduced to zero, 

the water drained from the cell, and the triaxial appara-

tus dismantled. Where the sample failed on a single shear 

plane, the inclination of this plane to the horizontal 

was accurately measured with a bevel protractor. The 

final moisture content specimen was taken either from the 

shear zone (if there was one) or from the middle part of 

the sample. In general, the moisture content at the ends 
to be 

of the sanDle would be_expeotea,/ unrepresentative of the 

moisture content corresponding to conditions at the end 

of the test, since the sample must have imbibed sone water 

from the filter stones at either end, on removal of the 

confining pressure. 

6.3.2 Tests on Calcite. 

The preparation of the samples of calcite prior 

to testing had been described in some detail in Section 

3.2.2. The nominal size of the samples tested was 3" 

high by 1 1/2 " diameter. 

It was found that the most effective way of pre-

paring fully saturates samples of the material was to de-

posit it under water, and only the range of initial poro-

sities correspmairg to this node of deposition was in-

vestigated. Since the calcite was essentially free-

draining, - 'die consolidation stage being completed in 

15 minutes - a convenient strain rate of 0.002 in/min. 

was selected, leading to failure in between two and three 

hours. 



116 

6.3.3 Tests on Braehead Silt. 

Samples with two ranges of initial porosity were 

tested. A relatively loose packing corresponding to an 

initial porosity of about 45 0/0, was achieved by sedimen-

ting the silt under watJr using the sane technique as 

employed in the tests on Calcite. The mixture of silt and 

distilled water had been previously de-aired by boiling 

it for about ten minutes. The process of sedimentation 

was accelerated by the application of a suction of 2 psi 

to the lower filter stone. After all the particles set-

tled, the excess water was siphoned off and the top filter 

stone and cap were placed on the end sealed to the rubber 

membrane with 0-rings. The suction was then increased to 

5 psi and when the sample attained sufficient strength, 

the split formers were removed, the sample dimensions 

measured and the tests conducted in a mmmer similar to 

that described for calcite. 

Samples with initial porosities of about 40°/o 

were prepared by compacting silt at a moisture content 

of about 10 0/0 into the rubber membrane enclosed in the 

split former. The sample was compacted in 1/2" layers, 

using a special brass tamper. The sample was trimmed level 

with the top of the split formers and the top filter stone 

and the top cap which had a drainage connection, were 

installed and sealed to the rubber membrane in the usual 

way. Tne spllt fo:ners were removed, and after the sample 

dimensions were measured, the cell was assembled and filled 

with water and castor oil. 

The sample was saturated in situ by applying a 

cell pressure of 30 psi and back pressures of 23 psi and 

28 psi to the base and top drainage lines respectively, and 
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permitting water to flow through the sample for over 

24 hours prior to testing. In order to further ensure 

saturation, all tests, with the exception of those con-

ducted under a confining pressure of 750 psi and 1000 psi, 

were performed with drainage against a back pressure of 

100 pai. Saturation times of 48 hours were allowed for 

tests under c6nfining pressures in excess of 750 psi, 

since the necessity for measuring the volume change of 

the sample directly with a burette ruled out the possibi-

lity of applying back pressures. 

11 testing rate of 0.02 in/min. was used in all 

the tests, and the dry weight of the material used in 

each sample was determined by recovering the sample after 

the test and weighing it after oven-drying it. This 

weight generally compared well with the weight determined 

by the difference between the total dry weight of soil 

used in making the original mixture and the dry weight 

of the soil remaining after the preparation of the 

sample. 
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CHAPTER 7, 

PRESENTATION AND DISCUSSION OF THE 

RESULTS OF DRAINED 60MPRESSION TESTS.  

7.1 Failure criteria. 

The choice of the Lype of failure criterion 

which best describes failure conditions in soils had 

been subject to some controversy, for example, Haythorn-

thwaite (1961); Geme (1963) with discussion, Wu et al 

(1963) and more recently, Bishop (1966). Bishop examined 

the three main criteria, namely the Mohr-Coulomb, exten- 
the 

ded Trosca an97/ extended Von Mises criteria in the light 

of available experimental evidence and concluded that, of 

these failure criteria, the Mohr-Coulomb criterion is the 

most applicable to define the failure condition in gra-

nulrr soils. Even though there is some controversy about 

its validity when applied to the failure conditions in 

cchesive soils (Geuze, 1963) the writer believes that, 

in the absence of any conclusive evidence to the contrary, 

the Mohr-Coulomb criterion provides the best method cur-

rently available for rnalysing test results in both gra-

nular and cohesive soils. The results of the drained 

tests performed win, therefore, be analysed on the basis 

of the Mohr-Couladbfailure criterion, failure being de-

fined as the maximum deviator stress condition. 

7.2 Presentation of Results. 

The deviator stresses were computed on the basis 

of the average cross-sectional area of the sample as 
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discussed elsewhere (Section 3.3.2). 

Curves of deviator stress and volumetric strain 

against axial strain were presented for all the materials 

tested. In addition, conventional and modified Mohr en-

velopes were also presented for each material covering 

both the low and the elevated pressure range. The modi-

fied Mohr diagram, in which cr1.05 ) is blotted 
- against ( cr105 ) , has the advantage of clarity over 

the conventional Mohr failure envelope, in that the stress 

circles are replaced by points, and can therefore be more 

easily averaged, and a more representative failure enve-

lope drawn. The usual effective stress parameters, C$  
Al 

and W are obtained from the slope %Pand the intercept d 
Cr . 

on the ( 	
i
2 
 (1.3 

 ) axis by means of the expressions 

92 = Sin -1  (tan 4/ ) 	 (7.1) 

and 	CI = d tan Ircot   (7.2) 
The results obtained for undisturbed London 

Clay were compered with those obtained by Webb (1966) 

from tests on London Clay from, nearby Ashford. Hvorslev 

paranetem3K and Oe  were also determined for the clays. 

7.3 	Discussion of results. 

7.3.1 Drained Tests on Clays. 

7.3.1.1 Stress-Strain Curves. 

Drain.-d tests on intact London Clay under 

conventional (0-150 psi) confining pressures showed sud-

den brittle failures, with the sample failing along a 

single shear plane. The node of failure changed into a 

ductile one as the confining pressure increased. Similar 

tests on remoulded Wiener Tegel and London Clay resulted 

in smooth stress-strain curves over the whole elevated 

pressure range (fig.7.1 to fig. 7.7). 
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In general, the failure strain increased with 

increasing confining pressure, thus leading to considerable 

barelling of the sample, and a possibility of errors 

being introduced into the computation of the cross-section-

al areas. The values of deviator stress were not correc-

ted for the confining effect of the rubber nenbrane 

(0.008" thickness) since this effect was deemed insigni-

ficant compared with the nagnitude of the deviator stres-

ses being measured. 

7.3.1.2 Volumetric Strain Characteristics.  

L11 the three types of clay decreased in volume 

initially on the application of the deviatoric stress. 

At failure, however, the samples 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. 

All samples tested between about 200 psi to 1000 psi 

decreased in volume throughout the shearing process. 

The curves of the rate o± volume change of the 

sample at failure against confining pressure are given in 

fig. 7.21. From the curves, it appears as if failure at 

constant volume occurs under a confining pressure of 

about 250 psi for intent London Clay, and about 140 psi 

for Wiener Tegel., The curves for intact and remoulded 

London Clay cnincide for tests under confining pressures 

in excess of about 550 psi. A possible explanation of 

this phenomenon is discussed later (Section 7.3.1.3d). 

In general, the volume change behaviour of the 

clays tested followed closely the sort of volume change 

behaviour normally associated with shear in granular ma- 
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terials under comparable or higher confining pressures 

(Bishop, 1966; Vesic et al, 1968) and is generally attri-

buted to the effects of particle break-down. If one 

accepts the 'domain' 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 'domain growth' as a consequence 

of the closer packing of s'Ialler domains, then one can 

expect the behaviour of cohesive soils under elevated 

pressures to be similar to that of granular soils under 

comparable confining pressures. On this basis, the volume 

change characteristics can be explained by the break-

down of the enlarged particle 'domains' in a nnnner simi-

lar to the break-down of single particles in granular 

soils. 

7.3.1.3 The relationship between normal effective 

Stress and shear strength. 

The effective stress Mohr failure envelopes 

and the
,t71 4.(T3 

curves 	k ---2--- ) against ( (1.1 3 1 
---2--- j 

are given for the three *yes of clay in figs. 7.12 to 

fig. 7.17. All the strength envelopes showed narked cur-

vatures in bassing from the low to the elevated pressure 

range. The following observations can be made from the 

curves: 

(a) 	De-,,Artu'e from the straight line failure envelopes 

obtained under low confining 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 more pronounced than that in the en-

velope for remoulded London Clay (fig.7.17a). 
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(b) There was an indication that the slope of the Mohr 

envelope for undisturbed London Clay increased again for 

confining pressures in excess of about 700 psi. Similar 

trend was noted by Webb (1966) from tests on samples of 

London Clay from nearby :_shford Common. The failure en-

velope obtained by Webb from tests in vertical samples 

obtained from a depth of al'out 66' was plotted on fig. 

7.16 for comparison. Uniortunntely, the limitations of 

the apparatus did not permit the performance of tests 

under confining pressures in excess of 1000 psi in order 

to confirm this trend. However, it is interesting to note 

that the average preconsolidation pressure of London Clay 

in this area has been estimated at about 600 psi (Bishop 

et al, 1965, b) and it is quite possible that this increase 

in G`  resultedfrom the fact that the sample behaved as a 

normally consolidated one, for confining pressures in 

excess of the preconsolidation pressure. 

p.)ssible alternative explanation nay be de-

duced by a direct analogy .pith the behaviour of other 

porous media, in which continued increase in confining 

pressures results in a progressive elimination of voids 

and plastic deformation of the mass of material, with the 

resulting increase in strength. However, if this mocha-

nisn were operating, it would be reasonable to expect 

to detect a Cmila: trend in the envelope for remoulded 

London Clay, since the magnitude of the confining pres-

sures would be sulh -;hat all effects of the initial stress 

history of the material would be destroyed. 

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

stress cohesion intercept C' is zero for normally conso- 
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lidated soils, to determine the values of 4;for confining 

pressures in excess of the estimated preconsolidation pres-7 

sures. The variation of 	with confining pressure for 

clays is shown in fig. 7.22 (c & d). From this figure, 

it can be seen that Wdecreases with increasing confining 

pressure for both the remoulded and undisturbed clays. 

However, while the curves for the remoulded clays appeared 

to be tending to a constant value, the curve for intact 

London Clay decreased to within 0.5°  of the curve for re-

moulded. London Clay at a pressure of about 900 psi, and 

then began to rise again. 

(d) 	The convergence of the volume change characteristics 

at failure (fig.7.21) and the strength properties (fig. 

7.22 (d.) ) for intact and renoWded London Clay at ele-

vated pressures would tend to suggest that the structures 

of the two clays before, and possibly during, shear were 

Identical. Undisturbed London Clay is known to have a 

structure with a high degree of particle parallelism 

(Tchalenko, 1968). 

The method of preparing the remoulded material 

from slurry was such that it could be expected to produce 

a certain degree of preferred particle orientation in a 

direction perpendicular to the applied stress. Work on 

pure kaolin (Tchalenko, 1967) showed that the maximum 

degree of orientation is nearly attained under an effecti-

ve norm:J. s.L.ess as low as 1.6 psi (0.1t/ft2). Consi-

derations of the relative sizes and intensity of surface 

activity of the uineral particles of Kaolinite and illite 

(which is the predominant clay mineral in London Clay) 

would lead one to expect that the corresponding pressure 

would be much higher for London Clay. Indeed, there is 
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experimental evidence to Suggest (Tchalenko, 1968) that 

the nriginal 'undisturbed' structure of London Clay is 

only re-established when the slurried material is conso-

lidated one-dimensionally under pressures comparable to 

the in-situ pre-consolidation pressure. 

Experimental information on the influence of 

isotropic conrelidation pressures on the structure of 

clay is scanty. Meade (1964), however, suggests that an 

increase in confining pressure increases the degree of 

particle orientation, especially where the initial struc-

ture of the material had a partial preferred orientation. 

The foregoing discussion would, therefore, lead one to 

suppose that a combination of an initial one-dimensional 

consolidation and a subsequent isotropic consolidation 

together with the effects of shear stresses would produce 

comparable high degrees of particle orientation in the 

remoulded and undisturbed samples of London Clay under 

elevated pressures. In addition to accounting for the 

convergence of properties, this increase in degree of 

orientation of particles with increase in confining 

pressure nay also explain the closeness of the origin 11; 
under elevated pressures to the residual angle of shearing 

4.1  
resistance (Pt-obtained in the shear box (Skempton, 1964). 

7.3.1.4 Hvorslev Parameters. 

Hve7illev (1937 and 1960) postulated that the 

shear strength of saturated normally consolidated clays 

nay be represented by the relationship * 

f  = Ce  . Qrn tan Oe 	 (7.3) 

* This relationship applies strictly to remoulded clays 
with high initial moisture contents. Hvorslev (1960) sug-
gests that modifications nay be necessary when the equa-
tion is applied to undisturbed soils on account of natu-
ral cementations, or when applied to remoulded soils with 
low moisture content, as occur during shear under /cont... 
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where Ce and e are the true cohesion and angle of 

friction respectively. The parameter 41 remains constant 

for a given clay, but Ce  is a function of the moisture 

content in the failure zone, and, to a lesser extent of 

the initial structure of the soil. 

Al direct experimental determination of the 

parameters Ce  and e  involves the difficult problem of 

enshring that all the samiles have the same void ratio 

(or water content) at failure. Various ways of overcoming 

this problem have been proposed encl  discussed by Terzaghi, 

(1938) Bjerrun, (1954) Bishop and Henkel (1962), 

Schmertnann (1963) and by Gibson (1953) who also discus-

sed the modification to equation 7.3. to take account of 

the energy dissipation as a result of volume changes 

during shear. 

The following method, will be used to analyse 

the results. Based on the Mohr-Cou1onb failure criterion, 

it can be shown that the relationship between the devia-

tor stress at failure in a drained triaxial test and the 

Hvorslev parameters Ce  and 0, is of the form 

1 	 CeCos 0 e 	 

	

( Cr I 	 rr Sine  ....(7.4) 
7 	1 	-3 ' f 	1- sin/0 3 f  1-sinpe  

If Ce is pub equal to (K OD* , where K is an 
arbitrary constant, and (re  is the 'equivalent consolida-

tion pressure', defined as the pressure on the virgin 

consolidat.on curve corresponding to the water content 

F/n. cont. from p. 125. 
elevated cell pressures. 

This form of relationship between C, and Cr has been 
shown by Bjerrun (1954) to be incortect fot clays 
remoulded at low moisture contents. 
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or void ratio.  at failure, then equation (7.4) reduces to 

cis —  
( 	2 (re  ) f - 

If a graph of ((34(11  -) 
Te 4 

Jr../ 
K Cos 4e  V 3

f 
 sin e ..-(7.5) 

1 - sin oe  d-jr-sinfod,  

is plotted against ( 	), 

therefore, the slope of the resulting straight line would 

be 1_10, 	and the intercept on 
sin 4e 

V
I, e 	the ( 0

.; 44; 

've 

K Cost 
would be ( 1.04_ ), hence both K and 0 can 

We al-" 
e
T3 

mined. The graphs of ( 	) f against 20-- 
073
vf (17r-) for both Wiener Tegel and London Clay are given 
e 

in fig. 7.23. No energy corrections have been applied 

to the results. Values of (re  were derived from fig. 7.24 

based on the assumption that the virgin consolidation curves 

for all the clays aro identical with the curves of water 
content at the end r,f c-nsolidation against consolidation 
pressure (fig.7.24). The virgin consolidation curve f,r In-
tact Lomdpn Clay was assumed to be the sane as tat-f-r 

remoulded London Clay. 

The average values of 4 and K are given in 
Table 7.1. The amount of scatter in the resultsfdr London 

Clay made any accurate deternination of the parameters 

difficult. Llso the separation of the points was not 

large enough for the influence of confining pressure, if 

any, on the Daran-Aers to be detected. 

7.3.2 Drained Tests on Calcite and Braehead Silt. 

7.3.2.1 Introduction. 

The stress - strain and volumetric strain -

axial strain curves for both materials are given in figs. 

7.8 to 7.11. The general shape of these curves indicated 

axis 

be deter- 
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ductile failures over the full elevated pressure range, 

irrespect..ve of the initial porosity. 

The volumetric strain - axial strain curves 

showed that the volume change behaviour of these soils 

during shear followed the sane pattern as was observed 

for clays uncle' similar confining pressures, namely dila-

tation under lour confining pressures and consolidation 

under elevated pressures. 

7.3.2.2 Strength Relationships. 

The conventional and modified Mohr failure en- 

velopes for both materials are presented in figs. 7.18 
an.g1 7.20  

and 7.19,uand the low pressure envelopes for Braehead 

Silt arc given in Fig. 7.13 (a). The Mohr envelope for 

calcite remained essentially linear over the full eleva-

ted pressure range, while the envelope for Braehead Silt 

showed a narked curvature over the sane confining pres-

sure range, the curvature being more pronounced in the 

case of samples which were initially dense. Over the 

elevated pressure range, tae effective angle of internal 

friction Odecreased from 33.6°  to 27.7°  for initially 

dense samples and from 30.8°  to 27.3°  for initially loose 

samples (fig. 7.22 (b) ). Lllowing for the scatter in the 
A' 

results for calcite, the corresponding decrease in OF was 

only 0.3°  (a drop from 38.8°  to 38.5°  ) (fig. 7.22a). 

de, 
7.3.2.3 Rate of volume change at failure ue, f 

The plots of the rate of volume change at 
del?. 

failure (m.,--)4, against the effective confining pressure f  
for both materials is given in fig. 7.21. In the low 

pressure range (0-200 psi), the initially dense samples 
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of the silt dilated more strongly during shear than did 

o samples which were initially loose. The two curves 

converged with increasing confining pressure in the same 

fashion as was noted for clays and sands, and may be at-

tributed to the progressive destruction of the effects of 

initial porosity of the sample. 

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 ma-

terials are already showing negative volume changes during 

shear. As mentioned elsewhere (Section 3.2.2) it was 

extremely difficult to wet the calcite during the prepara-

tion of the sample. This probably indicates some sort 

of particle surface activity which could conceivably ac-

count for this 'atypical' volume change behaviour during 

shear under elevated pressures. 

Alternatively, this volume 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. 
was 

A fairly close correlation/obtained between 
de, 
(Tet)f  and ( (fig. 7.25b) for Brachead Silt, irrespec- 

tive of the initial density or effective confining pres-

sure, 3  . Bishop (1966) also reported a similar corre-

lation for Han River Sand over a much wider range of confi-

ning pressure_ (up to 4000 psi) and suggested that it 

indicated that the curvature in the Mohr failure envelope 

was largely accoulatea for by the decrease in the rate of 

dilatancy at failure with increasing stress. 

A similar plot for calcite showed some scatter 

(fig.7.25a) but a linear trend was detectable. It is 
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worth noting, further, that the start of the slight de-
al' 

crease in with increasing confining pressure in fig. 

7.22a corresponded closely with the start of the decrease 
de_ 

in (17.1)4, with cell pressure in fig. 7.21; this , .L 	 de 	
' 

_ 
probably indicates a link between (7-4)., and 0 

7..2.4 Particle break-down. 

In coarse grained cohesionless soils, the de- 
de 

crease in the rate of dilatancy 	
,

is usually attri-

but-d to the conbined effects of particle break-down and 

increase in shear stresses, the former effect being the 

more important. It is believed, however, that the phe-

nomenon of particle break-down is probably not very impor-

tant in fine grained cohesionless soils at the stress 

levels considered, and that the volume change behaviour 

of the silt during shear in the elevated pressure range 

was due principally to the effects of the increase in 

shear stresses. This is because, firstly, the increased 

number of interparticle contacts in fine grained cohe-

sionless soils would reduce the stresses at the contacts 

coLsiderably, and, secondly, it is possible that a sub-

stantial percentage: of fines could form a matrix which 

could effectively reduce the number of contacts between 

larger granular partic.es. 

1ln indirect evidence of the absence of particle 

break-doWn in the silt was obtained by plotting the 

volumetric strains resulting from isotropic consolidation 

alone and also from the combined effects of isotropic 

consolidation and the application of shear stresses against 

the average principal stress in fig. 7.26. Similar curves 

for Han River Sand (Bishop, 1966) are also plotted on the 
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diagran for conparison. It can be seen from this diagram 

that, for the silt, the volumetric strain due to the appli-

cation of shear stresses was much smaller than that due 

to isotropic consolidation pressures - a behaviour which 

is contrary to that observed from tests under comparable 

pressures on Han River Sand which underwent particle break-

down during shear. It is suggested that the smaller 

magnitude of the volunetrir, strain during shear of Brae-

head Silt compared with that of Han River Sand probably 

indicates the absence of particle break-down during shear. 

Values of the volumetric strain resulting from 

isotropic consolidation were not available for a similar 

comparison to be made for calcite. However, the relative 

invariance of 4)  , for this material, with confining pres-
sure over the elevated pressure range, coupled with the 

volume change behaviour during shear discussed earlier, 

may be taken as evidence of the absence of any substan-

tial degree of particle degradation during shear under 

high pressures. 

On the available, admittedly indirect, evidence, 

therefore, it can be concluded that, though the mechani-

cal behaviour of fine-grained and coarse grained cohesion-

less soils under elevated pressures are similar, the phe-

nomenon of particle break-down, which is accepted as being 

principally responsible for the modification of the proper-

ties of .,oarse grained cohesionless soils under these 

pressures is probably not very important in fine-grained 

cohesionless soils. 
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7.3.2.5 Comparison between the behaviour of calcite  

and Braehead Silt under elevated pressures. 

As has been nentioned in Section 7.3.2,2, 

over the elevated pressire range, the shear strength 

properties of the calcite remained essentially unchanged, 

while the Yfor the Braehead Silt was strongly dependent 

on confining pressures. Some factors which nay possibly 

account for this dirferoncJ in shear behaviour are exa-

mined below. 

7.3.2.6 Initial Grading. 

The initial grading curves (fig.6.l) showed 

that the two materials had essentially identical grading, 

except that the calcite contained slightly more material 

in the medium to coarse silt fraction range. It is not 

believed that this minor 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 

Braehead Silt were separated from the clay-sized particles 

by sedimentation techniques, and were mounted in Canada 

Balsam for viewing* under an optical nicroscopes Particles 

of the calcite were also sprinkled on a thin section 

glass plate, and were covered with a 3over glass plate. 

Magnifita 50c tines, the coarse particles in the silt ware 

seen to be angular to sub-angular fragments of quartz and 

feldspar and flakes of mical while the calcite particles 

were seen to be rounded. 

In coarse grained granular materials in which the 

particles are in direct contact, angular particles generally 
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undergo more particle break-down and therefore more re-

duction ..Ln. 0, than rounded particles, as a result of 

shear under high pressures. However, as explained earlier, 

direct interparticle contact between the silt sized 

particles may be either reduced or prevented by a matrix 

of fines, and therefore angular particles in fine grained 

cohesionless soils nay not necessarily lead to particle 

break-down. Also, it ha.., already been suggested that the 

phenomenon of particle degradation nay probably, not be 

invoked to explain the modification in the shear strength 

properties of the silt under elevated pressures. Dif-

ferences in particle shape are therefore not considered 

important as far as the differences in shear behaviour 

are concerned. 

7.3.2.8 The nature of the clay-sized particles. 

The two materials contained approximately the 

sane percentages of fines. However, the fines in the 

calcite were calcite flour which was relatively inactive 

compared with the fines in the Braehead Silt which were 

identified as containing a substantial amount of clay 

minerals (Section 6.2.4). It ir suggested that the 

observed differences in shear behaviour between calcite 

and Braehead Silt over the elevated pressure range may be 

accounted for by considering the relative activity of the 

fines. This may also partially explain the insensitivity 

of 0 with increasing confining pressure noted for a 

glacial till by Hirschfeld et al (1965) since the fines 

would be predominnntly inactive rock flour. 
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7.3.2.9 Summary. 

The results of drained compression tests on 

clays and fine-grained cohesionless soils over the ele-

vated pressure range are presented. It has been found 

that the shear strength properties of the clays and the 

Braehecd Silt were nodiiied in the nsnner already noted 

for sands and gravels, and the possible reasons for this 

behaviour have been discussed. 

The behaviour of the silt has been compared 

with that of calcite whose shear strengthparamotdrs re-

mained constant over the elevated pressure range. It 

has been st.ggested that this difference in shear strength 

behaviour nay be explained by considering the relative 

activity of the fines in each material. 



Table 	7.1 

STRENGTH PARAMETERS. 

MATERIAL Intact 	London 	Clay Remoulded 	London 	Clay Remoulded 	Wiener 	Tegel 

STRENGTH 
PARAMETERS C' 

(psi) 

01  

o 

&ri g.  

o 

K Oe  

o 

C f  

(psi) 

0' 

o 

glori g. 

o 

K rge 

o 

C ' 

(psi) 

01  

o 

+ 
9Co'  rig. 

o 

K Cie 

o 
PRESSURE 
RANGES 	(PSI ) 

Low Pres. 	Range 

10 22 — 0.069 20.1 0 16.5 0.04 11.9 2.5 24 0.10 13 0 — 150 — 

Medium 	Pres. Range 

150 	500 — 62 10.5 16 " " 18 12.5 13.5 Si si 21 18 20 " is 

Elevated 	Pressure 

Range 

500 	1000 — 
7 0 10 13.7 Li ,, 20 12 13.2 (1 1. 21 18 19.1 --.. it 

was 	obtained from the tangent -f rom the origin to the furthest stress circle. 

Other values of C' & 0' were obtained by extrapolation of the relevant section of the failure envelope. 
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CHAPTER 8.  

DESCRIPTION OF THE PREP:ILITION 

OF li:AlERIALS, APPARATUS AND 

ELPERIMENTAL TECHNIQUES. 

8.1 Preparation of materials. 

Three batches of remoulded London Clay (from 

Wraysbury) were prepared from slurry for use in the tests. 

8.1.1 Preparation of Remoulded London Clay Batch I. 

The pzeparation of this material had been 

described elsewhere (Section 6.2.2). During the prepara-

tion of the material, it was consolidated in a 9" diameter 

oedometer to a final effective stress of 160 psi. The 

unloading of the sample was done in one operation, thus 
preventing the sample from swelling gently back to the 

zero effective stress condition. 

Furthermore, tile first tests in this series were 
performed on the material almost rine months after it was_ 

prepared. It was suspected that the sample might become 

partially saturated through the release of gases as a 

result of the sudden unloading operation and the long 

storage, a suspicion 'hich had been apparently reinforced 

by the results obtained from the first series of test on 

the material, It vas therefore decided to prepare a 406h 

batch cf mc-terial. 

8.1.2 Preparation of Remoulded London Clay Batch II. 
This batch of remoulded clay was prepared in 

much the same way as batch I, except that the maximum pre-
consolidation load was much smaller, and the sample was 
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unloaded over a week by reversing the directin of drive 

of the triaxial loading frame, 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. 

8.1.3 Preparation of Remoulded London Clay Batch III. 

Since there was a possibility of air becoming 

entrained in the slurry at various stages during the pre-

paration (such as when the slurry was being poured fron 

the Hobart Mixer into the oedoneter) it was decided to 

prepare a third batch of clay under vacuun conditions. 

To do this, a perspex cylinder, of 3" I.D and 

6" long was made, sealed at both ends with end covers 

into which 0-rings were inserted. J 3" dia. coarse 

porous stone was inserted into the base of the cylinder, 

which had a connection to a container with a freshly 

boiled water. The top cover of the cylinder had con-

nections for a suction ling: and an opening for a stirrer, 

which was driven by a portable electric drill set to a 

slow speed, 

Lbout 4" depth of dry clay powder was placed in 

the cylinder after the porous stone at the base had been 

soaked. The clay powder was then subjected to a suction 

of 25 inches of me- cury fron a vacuun pump for three hours, 

the dry powder being prevented fron being drawn into the 

suction line by mans 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 flooded 
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from the base with freshly boiled water till the powder 

was covered with about an inch of water. The water sup-

ply was then cut off and the vacuum punp shut down, while 

the stirring continued for another hour. 

The mixture was then allowed to sediment, the 

excess water being drawn off. The top cover was later 

ra.loved so tbat the sample can be consolidated in the 

sane way as for the two previous cases. 

The index properties of London Clay were given 
in Table 6.1. Table 8.1 below gives the final preconso-

lidation pressure Pc  and water contents of the naterials 

fron the three batches of remoulded clay. 

T.LBLE 8.1 

Material 	i Initial 
m.c. of 
slurry 

1 
Final m.c 

Pre-consolidation 
pressure (psi) 

(0/0) 
(°4) 

Bat .,h I 160 28.9 160 	* 

Batch II 112 43 41 

Batch III - 41 45 

Lppzoxinate 

8.2 Lpparatus. 

The apparatus used for theso series of undrained 

tests was the sane as those used for the tests on clay 

in Sections 2. and B, and described in detail in those 
sections. 
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8.3 Experimental Techniques. 

8.3.1 Tests on material batch I. 

The samples taken from this batch of remoulded 

clay were set up for testing the annnor described in de-

tail elsewhere (Section 3.2.1.1). The sanples were conso-

lidated isotropically under various confining pressures 

between 300 psi and 1000 psi, that is, under consolida-

tion pressures higher thar_ the estimated preconsolidation 

pressure on the material. 

Lfter consolidation, the drainage connections 

from the sample were closed, and the cell pressure sudden-

ly decreased to a predetermined fraction of the isotropic 

consolidation pressure and the sample was sheared tun-

drained at the relatively fast rate of 0.02 in/min, the 

peak strength being attained in about 5 minutes. 
The test was halted after about 14°/o axial 

strain, the apparatus quickly dismantled, and the sample 

recovered. The inclination of . any shear plane was meas-

ured quickly, and the sample was then cut into three 

sections in order to study the moisture content distri-

bution in the top, middle and lower portions of the 

sample. This point is discussed more fully later. 

Lll the sarples tested in this series were con-

solidated against zero back pressure, and hence the iso-

tropic consolidation pressure T3  was fully effective at 
the end of tue consolidation process. Five samples were 

consolidated under each pressure, and sheared under the 

following fractions of the consolidation pressure: 

1173, 0.750-3, 0.50t r'  0.25T3 and zero. 3 
Tests were also done on samples consolidated 

under pressures less than the estimated preconsolidation 
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pressure. In these cases, the sanples were prepared by 

renoulding the soil at the sane moisture content as the 

main naterial, and packing the soil into a nould against 

a wooden dolly. Only two sanples were consolidated iso-

tropically under each pressure, and were sheared, in one 

case under a confining pressure equal to the maximum 

isotropic corxolidation pressure and in the other case 

under zero confining pressure. The results obtained 

fro: this series of tests are given in Table 9.1. 

8.3.2 Tests on naterial batch II. 

Three main series of tests were conducted on 

this batch of naterial, all the sanples 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 

pressure of 500 psi. :fter consolidation, the samples 

were sheared undrained as described above. Six tests 

were done in whiei the cell pressure during shear was 

lowered fron 1000 psi to 500 psi in steps of 100 psi, and 

in a further three tests, the cell pressure duririg shear 

were 300 psi, 150 psi and zero. 

In the second series of tests, the sanples were 

consolidated isotrop.cally under an effective stress of 

1000 psi, using a cell pressure of 1000 psi and draining 

the sarTle ,y.,ainsl.the atmosphere. L back pressure of 

500 psi was then applied, and the sample allowed to swell 

hack to the condition fr = 1000 psi and u = 500 psi. 3 
The samples.in this state were overconsolidated, with an 

overconsolidation ratio (0.C.R) of 2. The sample was 

sheared undrained under the various confining pressures 



168 

give in Table 9.2 

L third series of undrained tests were performed 

on sanples consolidated under a cell pressure of 500 psi 

and zero pore pressure, the cell pressures (in psi) during 

shear being 500, 400, 300, 200, 100 and zero. L further 

special test was done in which after consolidation to an 

effective stress of 500 psi, the drainage lines were shut, 

the cell pressure suddenly decreased to zero and main-

tained at that value for half an hour, and was then in-

creased again to 500 psi, after which the sample was 

sheared undrained. 

Lfter the tests, sone of the samples were 

trinned as described below for impregnation with carbowax. 

The trinnings were used to determine the average moisture 

content of the sample after the test. 

8.3.2.1 Preparation of thin sections. 

2..fter the tests, sole of the samples used 

in the undrained tests, as well as some used in drained 

tests, were carefully trinned parallel to the main axis 

and on either side of a diameter until a final thickness 

of 1/4" remained. The direction of trimning was so chosen 

as to include any traces of shear plane produced. The 

sample was then immersed in molten Carbowax 5000 in an 

oven maintained at a temperature of 60°C for three days, 

after which the sample was air-dried and later stored in 

a plastic bag, way from moisture. 

The impregnated samples were later ground on 

one face on three grades - coarse, medium and fine - of 

emery paper. During the grinding and subsequent opera-

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

the carbowax. after the grinding operation, the ground 

face of the sample was polished on a clean glass plate, 

using a mixture of an optical smoothing powder ("Aloxiten) 

and paraffin, care being taken that there were no quartz 
grains in the powder to scratch the polished surface. The 
samples were -non washed thoroughly with paraffin and 

later wiped clean with a polishing cloth and air-dried 
for a day. 

The dry samples were mounted on thin section 

glass plates which had been previously cleaned with al-
cohol to remove traces of grease and were inspected to 
ensure that there were no scratches on then. L thin uni-

form smear of Araldite solution was applied to one face 

of the glass plate, and the ground face of the sample 

was then placed on it, case being taken to ensure that 

no air bubbles were trapped between the glass plate and 

the sample. The 2raldite solution was then allowed to 
sct for two days, after which the second face of the 

sample was ground and polished as described earlier. 

The polishing operation was continued till the sample on 

the glass plate was just transperent, and then the slide 

was washed with paraffin and left to dry. The excess 

dried Lralditc was carefully removed from the face of 

the slide with a blade, and a cover slide stuck on the 

newly ground face of the sample, using a fresh Lraldite 

solution. Lifter the setting of this Araldite, the slide 

was ready for viewing. 
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8.3.3 Tests on material batch III. 

Three more undrained tests were conducted on 

samples cut from this batch of soil; two of the samples 

were consolidated isotropically under a cell pressure of 

1000 psi and a pore pressure of 500 psi, and sheared 

undrained with the cell pressures equal to 1000 psi and 

zero respectively. The third sample was consolidated 

against the atmosphere urdcr a cell pressure of 500 psi. 

The cell pressure during shear was also 500 psi. 

The results of the tests on samples cut fron 

remoulded London Clay batches II and III are summarized 

in Table 9.2. 
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CHLPTER 9.  

PRESENTLTION LND DISCUSSION OF 

THE RESULTS OF THE CONSOLIDATED 

UNDR_IINED TESTS ON REMOULDED  

LONDON CLAY. 

9.1 introduction. 

The undrained shear strength of saturated 

normally-consolidated intact samples, consolidated under 

a given pressure, is, within the limits of experimental 

accuracy, assumed to be sensibly independent of confining 

pressure during shear. This fact forms the basis of the 

0. 0 analysis (Skempton, 1948), which is used in the 
computation of the bearing capacity and earth pressures, 

and in the assessment of the stability of slopes in clays, 

in situations when there is little opportunity for changes 

in water content, for example, at the end of construction. 

Advantage is taken of the independence of un-

drained shear strength, Cu, of co:Ifining pressure to 

determine Cu quickly and easily by means of a simple un-

confined compression apparatus. In the case of such tests 

on undisturbed over-consolidated clays (Glossop, 1947; 

Skempton and Henkel, 1957) and on some normally consoli-

dated clays (Skempton, 1953) the unconfined compressive 

strength so n'ytaii.ed had been found to be up to 20 0/0 

lower than the values of Cu determined in the triaxial 

apparatus under 3onfining pressures in excess of the 

estimated overburden pressure. This decrease in un-

drained strength is generally assumed to be the result 

of the opening up of fissures or micro-fissures in the 
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samples, although Skempton (loc.cit.) reported such de-

creases in undrained strength in normally consolidated 

Tilbury clay, which had no visible evidence of fissuring: 

The results presented in this chapter lead to 

another possible explanation based on the influence of 

the initial pore pressure in the sample. 

9.2 Possibillty of the existence of absolute tensions  

in pore water. 

When a fully saturated sample of clay, which 

bad attained equilibrium water content under externally 

applied pressures is subjected to a sudden decrease in 

applied stresses without changes in water content, the 

resulting expansion in the sample causes a decrease in 

pore pressures. 

sample is either 

pore pressures * 
less 

sures/(i.e. more 

-14,7 psi at sea  

If the initial pore pressure in the 

small or zero (gauge) large negative 

may be set up. For negative pore pres- 

negative) then one atmosphere (i.e. about 
In 

level) the pore water would be/absolute 

tension, and if the pore water is capable of withstanding 

the tension, the sample remains saturated. ** and the de-

crease in pore pressure is then directly equal to the 

decrease in tutal applied stressLs (Aitchison, 1960; Do-

nald, 1961). AssuminE 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 sample remains unchanged. 

Croney et al (1960) recommended the inc of this term 
to describe sub-atmospheric pressures in confined 
samples, and the use of the term 'suction' for pres-
sures in unconfined samples. For a detailed discussion 
of these and other related terms used in the litera-
ture to describe sub-atmospheric pore pressures, see 
Donald (1961). 
Aitchison (1960) used the tern "quasi-saturated" to 
describe the state of a soil having a degree of satu-
ration of 100 0/0 and sub-atmospheric pore pressures. 

* * 
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There is, however, considerable controversy 

surrounding the ability of soil water to support large 

tensions without rupture. Work by Green (1951) indicated 

that the tensile strength of de-aired water is about 

2,800 psi, and Litchison (1960) suggested that even water 

containing moderate amounts of dissolved air could support 

tensions of u-re  to 40 atmospheres. Other available evidence 

on the ability of water tr sustain tension has been re-

viewed by Marshall (1964) who, together with Bolt and 

Hiller (1958) and Greacen (1959), questioned the ability 

of soil water, as distinct fron ordinary water, to with-
stand tensions of any appreciable magnitude. 

Various reasons were advanced to justify the 

view that soil water could have different properties from 

ordinary de-aired water. Bolt and Miller (1958) reasoned 

that soil water, which invariably contains sone dissolved 

gases, would have little tensile strength since when the 

absolute pressure approached the vapour pressure of the 

water, bubbles of water vapour would be released. They, 
therefore, concluded that soil water must have the sane 

limitations on its shear strength as the water in the 

measuring apparatus, namely that it nay not be expected 

to withstand tensions lower than one atmosphere. Further-
more, soil water is under the influence of such factors 

as the adsorptive forces associated with the fields of 

force 0J. the .particle surface forces (Laribe, 1953; Winter-

kern, 1953) and osnotic pressures due to any dissolved 

salts. Olson and Langfeller (1965) attempted to explain 

the low negative pore pressures (lass than -250 psi) 
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they measured in compacted clays by considering the total 

head, h, in the pores of a soil as being made up of a 

pressure head ( ), an osmotic head w, an adsorptive 

head cx and a position head, z. Thus 

h = — + IA)  +cA+ z 	 	 (9:1) 

They stated that 'the actual Uniting negative 

 

pres-

st.re in -uhe soil was one atmosphere, and that, if lower 

pore pressures were recorded, it was because the total 

head was depressed by the predominating influence of the 

adsorptive and the osmotic heads. They suggested that the 

above reasoning nay also explain the large negative pore 

pressures (much larger than the tensile strength of de-

aired water) which, calculations based on the capillary 

model reveal, exist in the pores of drying soils (e.g. 

Terzaghi, 1925). The above approach is, however, one of 

the soil physicists, and probably has little relevance 

to the problem from the point of view of the soil mecha-

nics worker who is essentially interested in relating 

measured pore pressures to soil macrobehaviour. 

From the preceding review, it is clear that 

opinions arc divided on the subject o'f the ability of soil 

water to withstand high negative pore pressures without 

cavitating. Some indirect svidence will be provided in 

this section of the thesis to indicate that soil water 

may be incapable of supporting negative pore water pres-

sures equal is magnitude to the consolidation pressure 

under all conditions. 
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9.3. 	Presentation and discussion of results. 

9.3.1 Tests on material batch I.  

9.3.1.1 Final Water contents. 

At the end of the tests on this batch of re-

moulded clay, the cell fluid was drained, the cell quick-

ly Jisnantled and the sAnple recovered and cut into three 

vertical sections in order to study the distribution of 

final moisture contents. The moisture contents of the 

and pieces could be expected to exceed that of the middle 

part of the sample, since the decrease of cell pressure 

at the start of the shear stage, and also the removal of 

the shear stresses at the end of the test would inevitably 

lead to the imbibition of some water by sample from the 

filter stones. In order to lessen the possibility of 

this happening, fine ceramic 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 

mirinum, in order to cut down on the anount of water 

available for imbibition. 

The results of the moisture content determina-

tions are given in Table 9.1 and fig. 9.1 shows graphs 

-03 of the undrained shear strength (01  -2---) against the 

water content of the middle third of the sample, for 

samples sheared normally consolidated and unconfined. 

Ir gene-al, the moisture content of the central 

part of a sample was, as expected;  less than those of the 

ends, the average difference between the maximum and the 

minimum values of water content being of the order of 

1.2 0/0. For samples consolidated under the same 

ambient pressure, the final moisture contents of the three 

sections increased with decreasing confining pressure 
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befbxsshear. These observations can probably be 

explained by the imbibition of water during the decrease 

of the cell pressure prior to shear, and the removal of 

shear stresses at the end of the test, as well as the in-

herentL non-uniform moisture distribution in the triaxial 

sample. Simil4r 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 samples consolidated isotropically under 

the sane effective pressure (Pc) and sheared undrained 

under various cell pressures /G-3  (less than or equal to 

Pc  ), 
the undrained shear strength was found to decrease 

with increasing difference between the consolidation 

pressure Pc and the total ambient pressure a3 
during shear 

i.e. (P.  -IT). Table 9.1 sonnarizes the results obtain-

ed from tests on this material, and the stress-strain 

curves are presented in figs. 9.2, 9.3 and 9.4. In ge-

neral, the initial slope of the stress-strain curve, 

which is a measure of the stiffness of the sample de-

creased, and tbs failure strain diacreasea with increasing 

magnitude of the difference 	01-3). The brittle Lype 

of failure noticeab e from the curves for the unconfined 

samples is also indicative of the existence of large ne-

gative pore presqures at failure (Whitman, 1960). 

If the undrained shear strength of the normally 

consolidated sample (Pi; 	is represented by (Cud, 

and the undrained shear strength under any other confining 

pressure (11`, ) is denoted by Cu, a non-dimensional plot 
Cu 9s 	63s of ( 	) against the ratio ( 	) can be made. Such 
uo 
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a plot is presented for this batch of remoulded clay in 

fig. 9.PCa), and from it, it can be seen that the points 

corresponding to the various consolidation pressures 

plotted close to a unique curve, and that the value of 
C 

she ratio ( 	) for samples sheared unconfined was 0.65, 
uo 

indicating that there was a 35 0/0 decrease in undrained 

shear strength between sarples sheared unconfined, and 

with the cell pressure equal to the effective consolida-

tion pressure P. Possible reasons for this decrease in 

strength will be discussed later. 
C  The curve of ( 	) against 
c 

fig. 9.9. For isotropic consolidation 

of 500 psi, presumably when the initial effects of the 

oedoneter consolidation have been destroyed:  the points 

plotted on a unique curve, which, fo 

equal to or greater than unity, was 
C u line ( 	) 	0.22. The same value Pi 

plotting Cu  againFit 	for normally 

fig. 9.10, and this value nay be .onpared with that 

computed from Skempton's (1957) relationship for undis-

turbed normally consolidated clays, namely, 
C, 

( 1-) = 0.11 + 0.0037 (WpI) 	 (9.2) y.  

The above relationship would yield a value of 0.28 for 

(231—) when W = 46 0/0. Bishop et al (1965) also re-

ported values of (77, ) ranging from 0.20 to 0.24 from tests Cu 

over a comparable confining pressure range on remoulded 

samples for London Clay from nearby 2,shford Common, and 

suggested that the fact that these values were lower than 

those predicted from Skempton's (loc.cit.),relationship 

cr 
r values of (42. ) 

'c 
asymptotic to the 

C, 
of (y*t)was obtained by 

'`c 
consolidated sarples, 
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indicated the development of an ordered structure in the 

samples consolidated from slurry. 

The decreases in undrained shear strength 

discussed above may, to a minor extent, be attributed to 

the increased water content of the ends of the sample due 

to the imbibition of water as a result of the sudden de-

crease in confining pressure. Indeed, in earlier tests, 

in which there was a lons length of tubing between the 

sample and the nearest Klinger valve, and in which sample 

drainage was through coarse filter stones, the water con-

tent of the ends of the sample increased so much on de-

creasing the cell pressure, that the sample failed by 

splitting at either ends  while the central part 'remained 

intact. The results of these tests were rejected as un-

representative. Steps taken to deal with this problem 

included the replacement of coarse filter stones with 

fine ones, 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 measures, sone increase in water content occur-

red, as can be seen from the final water content distri-

butions presented in Table 9.1, and it is conceivable 

that this may be partially responsible for the observed 

decrease in undrained strength. 

It is believed, however, that the major cause 

of the der.rease in undrained shear strength was the re-

lease of dissolved gases from the pore -rater following 

the sudden decrease in confining pressure prior to shear. 

/ 
9.3.2 Results of tests on remoulded clay batch II.  

The results obtained from tests on samples 

of this material are swinarized in Table 9.2, and the 
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stress-strain curves arc given in figs. 9.5 and 9.6. As 

a conpa-icon, the relevant section of Table 9.1 has been 

reproduced in Table 9.2. Figure 9.8 (b) gives a plot of 

(emu )   against (C-+;s ) based on tests on this material. 
uo 	_Lc 

Tho curve for tests on material batch I is also shown 

(oroken) as a comparison. 

ThE results derived from the two series of tests 

on samples having an eMetive stress of 500 psi after 

consolidation plotted close to a single curve (fig.9.8(b)). 

12:32 series A, the samples were consolidated isotropically 

under a cell pressure of 500 psi, and zero pore pressure, 

while in series B, the cell pressure and pore pressure 

during consolidation were respectively 1000 psi and 500 

psi. In this latter series of tests, when the initial 

pore pressure in the sample was positive (i.e.when the 

total drop in cell pressure was less than or equal to 

500 psi), there was little change in undrained shear 

strength - the 1-2 ()/o variation obtained being within 

the limits of possible experimental errors. However, 

when the difference between the confining pressures during 

consolidation and shear exceeded 500 psi, in which case 

the initial pore water pressure was negative, there was 

a decrease in undrai.ed shear strength similar to those 

observed from tests on material batch 1 and from tests 

series A on this material. The maximum decrease in un-

drained strength between the normally consolidated and the 

unconfined samples was only 17 0/0 comp..red with the 35 0/0 

decrease in strength obtained from tests on material 

batch I. 

It is interesting to note that a lot of care 

was taken during the preparation of the material from 



180 

slurry and the consolidation stage in the oedometer, to 

ensure that as little air as possible became entrained 

in the pore fluid, and that the sample was tested inne-

diately after preparation_ Compared with material batch 

I, therefore, this batch of remoulded clay should be able 

to remain fuliy saturated over a wider range of negative 

pore pressures, and hence the lower percentage drop in 

strength. 

I. special test (A7) was performed in which the 

sanple was consolidated under (T; = 500 psi, and u = 0, 

then with the drainage leads shut, the cell pressure was 

dropped to zero, maintained at that value for half an 

hour, and increased again to 500 psi before the sample 

was sheared undrained. The resulting undrained shear 

strength showed a decrease of 3 0/0 compared with the un-
drained shear strength of the normally consolidated 

sample having the sane consolidation history. Shortage 

of material prevented the repetition of this test in 

order to establish whether this drop in strength was 

the result of any residual negative pore pressures, or 

just the normal scatter of experimental results. 

9.3.2.1 Tests on over consolidated samples. 

(Tests Cl to C6) 

The stress-strain curves for the tests on over-

consolidated .apples (overconsolidation ratio = 2) are 
Cu given in fig. 9.6, and the points (51  2 	) are vuo .L e  

plotted on fig. 9.8 (b). As can be seen, these points 

plotted close to the unique curve for material batch II. 

Since the pore pressure behaviour during undrained shear 

for these samples is likely to be different from those of 



181 

samples which were initially normally consolidated (on 

account )f the pore pressure coefficient ̀ if  at failure 

being dependent on overconsolidation ratio), this would 

tend to suggest that the decrease in undrained strength 

was governed by the magnitude of the initial negative 

pore pressure in the sample rather than the pore pressure 

in the shear zone at failure. This conclusion should, 

however, be considered ()lily tentative, since there was 

not enough material to enable tests to be performed on 

a series of samples with higher over consolidation 

ratios, and which may themselves develop substantial 

negative pore pressures under shear stresses; 

9.3.3 Results of tests on remoulded clay batch III. 

The results of this series of tests are also 

sl3nrtarized in Table 9.2 and the stress-strain curves 

are given in figs. 9.7. 	explained earlier, this 

batch of material was prepared under vacuum conditions, 

so chat there was little likelihood of any air being 

entrained in the sample a-, any stage during the prepara-

tion. 

Only four tests, in which the samples were 

initially consolidated under an effective stress of 500 

psi, could be performed on this batch of material, and 
three 

of these()  D1, El and E2, which had either zero or positi- 

ve initial pore pressures gave identical values of the un-

drained shear  strength, thus confirming a similar trend 

detected from the tests on material batch II. The fourth 

test, E3, which was performed unconfined, yielded an un-

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

of the normally consolidated sample. 
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9.4 	Effective Stress due to negative pore pressures. 

9.4.1 Introduction. 

Effective stresses resulting fron negative pore 

pressures nay be deduced either by direct comparison of 

the mechanical behaviour of samples with known suctions 

with those of samples with externally applied effective 

stresses, or by assuming then to be equivalent to the 

magnitude of the negatiTe pore pressure in the sample. 

The first method requires a dependable technique of 

inducing and measuring negative pore pressures in samples 

- various methods 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 compressive tests have 

been done on samples equilibriated under known suctions 

(Litchison, 1957; Croney et al, 1954; Towner, 1958) 

but these tests had not been compared directly with any 

tests on similar material under known effective stresses, 

so no firm conclusions can be drawn regarding the nagni-

tucle of effective stresses due to negative pore pressure 

The second method, which had bean suggested by Hilf (1956) 

is likely to be valid only for snail negative pore pres-

sures or suctions, but could conceivably involve consi-

derable error when. applied to samples with high suctions, 

when degree of saturation could differ significantly fron 

unity, on account of cavitation. 

In the absence of any established method of 

computing effective stresses resulting from negative pore 

pressures, the following approximate method had been 

adopted. 
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9.4.2 Computation of initial negative pore pressures  

and effective stresses. 

It was not possible to measure any pore pres-

sures before or after the tests owing to the need to she= 

the samples at a fast rate in order to attain failure 

before the sample had tine to suck any water from the 

filter stones. It is, however, possible to compute 

approximate values of t%e initial negative pore pressures 

(or suctions in unconfined samples) and the effective 

ambient pressure at failure, Cr3f  , subject to the 

following assumptions: 

(a) that the pore pressure coefficient Af  

at failure (Skempton, 1954) remains constant 

for samples consolidated under the sane ambient 

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 decrease in the degree of 

saturation of the sample as a result of the 

decrease in tlmbient pressure is not sufficient 

to invalidate its use. 

(c) that the effective stress failure envelopes 

dr,rivecl from drained and consolidated-undrained 

tests are identical. 

Lssunption (a) would probably involve sone error since the 

pore pressure parameter, 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 hem:: the establisbnent of ncgative pore pressures), 

this parameter would strictly not be a constant for a 

series of sanplee having the sane consolidation pressure 

bat different degrees of unloading prior to shear, 

especially since the size of any bubbles formed as a 

result of cavitation would increase with increasing degree 

of unloading, resulting In a rupture of the soil structure, 

particularly in unconfined samples. 

Aitchison and Donald (1956), on the basis of 

comparisons between void ratio changes induced in unsa-

turated clays by externally applied mechanical stresses 

in the oedoneter and negative pore pressures or suctions, 

concluded that the Terzaghi effective stress law, namely, 

u 

 

(9.1) 

 

(using the familiar soil mechanics notations) was valid 

as a determinant of shear strength in such soils up to 

suctions of about 30 kg/cm2. It is, therefore, believed 

that assumption (b) would not involve much error, even 

taough 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 

1.4). 

The equivalence of gri and Oid  , the angles of 
internal fri tion derived from consolidated undrained 

tests with pore pressure measurement, and from drained 

tests respectively has been discussed by Skempton and 

Bishop (1954), Henkel (1960) and Bjerruu and Simons (1960) 

among others. Conflicting conclusions had been drawn 

regarding the relative magnitudes of 0 	
AV 

1  and VId' but it is 
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generally agreed that the two major factors contributing 

to any differences between the effective stress failure 

envelopes derived fron the two Lypes 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 applied for 

these, the two enve2opes should be alncst identical. In 

general, the undrained shear strength decreases by approxi-

mately 5 O/o for a tenfold increase in the time to 

failure, (Bishop and Henkel, 1962). Using the values of 

the undrained shear strength derived from these very fast 

undrained tests in conjunction with effective stress 

failure envelopes derived fron slow drained tests could, 

therefore, lead to an underestimate of the po 

pressure at failure, and possibly of Af. 

9.4.2.1 Method of Calculation.  

The pore pressure, uf, in the failure zone of 

the sample during the undrained shear was estimated gra-

phically as illustrated in fig. 9.11, the effective 

stress failure envelopes for the material (batch 1) having 

been determined previously from 'trained tests at elevated 

cell pressures (Chapta. 7). Since, for a sample consolida-

ted at a given pressure against the atmosphere and sheared 

undrained at the same pressure, the pore pressure was 

set up solely under shear stresses, it was possible to 

estimate the value of the pore pressure T.arameter, Af  

fron the relationship: 

 

of 

- (AT -1-3) f 
••• 

 

(9.2) .I. if 

 

and this value of Af was assumed constant for all samples 
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initially consolidated under similar stresses. It was 

therefore possible to calculate the pore pressures set 

up during shear in each case from the product of Af  and 

the deviator stress at failure. 

The initial negative pore pressure -u1  in the 

snmple was then given by the difference between of  deter-

mined graphically and the pore pressure resulting from 

shear stresses. From a knowledge of uf, it was also pos-

sible to estimate the ambient effective stress on the 

sample at failure,W3f  

A11 calculated quantities are given in Tables 

9.1 and 9.2. Figure 9.12 (a) and 9.12 (b) show graphs 

of the maximum (total)deviator stress at failure (2Cu) 

against the initial suction, pg in unconfined samples 

and the ambient effective stress at failure Or' 
3f 

respectively. Both graphs were linear on log-log plots, 

showing that the undrained shear strength Cu  is related 

to both Pg and U7f  by relationships of the form 

Cu 9.3) K1 (457;f)11' 	 

and 	cu = K2o  (P111 	 (9.4) 

where K1,  K2,  n1, n2 are constants. 

The line obtained for material batch II is also shown 

broken in fig.9.12(b). Similar relationships were also 

* In confined samples, the negative pore 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 ratiol p , between the initial negative pore 

pressure and the decrease in confining pressure causing 

it, is also given in Table 9.1. While too much emphasis 

may not be placed on the accuracy of the values quoted 

for this ratiJi it is believed that the fact that the 

ratio differed significantly from unity probably indicates 

that th.-: samples were becoming progressively unsaturated 

as a result of the release of dissolved gases on decreasing 

the consolidation pressure prior to shear. It should also 

be emphasised that the close correlation obtained between 

the various qUantities as a result of this analysis, does 

not necessarily provide conclusive proof of the validity 

of the method of analysis. 

9.4.3 Relationship between undrained shear strength 

and overconsolidation ratio (O.C.R). 

mother possible explanation of the results 

obtained nay be based on the progressive change in the 

dtate of the samples from a normally consolidated to an 

overconsolidated state with increasing magnizude of 

(PIc  (I' 3)* - 	It can be shown that the final ambient ef- 

fective stress, V30  , on a sample which had been pre-

viously consolidated against the atmosphere under an 

ambient Tres 	o2 (T3i  , and then subjected to a sudden 

decrease (A (.13i) in ambient pressure under conditions of 

constant water content, is given by 

(130  = cr;i  - (l_fivicr33. 	 (9.5) 
where 08 =cl am ) ; au being the negative pore pressure 

86-3i 



188 

resulting from the decrease in the ambient pressure. 

If for reasons mentioned in the preceding 

section ,i9 is less than unity, then there is a net de-

crease in the effective stress on the sample compared with 

the effective stress before the change in ambient pressure. 

The sample can, therefore, be considered as being over-

consolidated jest before the start of the shear stage, 

the overconsolidation rouio ( -5i)ialcreasing/the magni- 
with 

(t3D 
tude of the decrease in ambient pressure (IA

3i). Conso-

lidated-undrained tests on samples of a marine clay with 

various O.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 samples, 
C  ( nala ), was uniquely related to the reciprocal of the 

overconsolidation ratio. If this approach is correct, 

then the earlier assumption about the pore pressure para-

net..r 4Ef  being constant for samples with the same 1113i  

would involve a further error since Af is strongly depen-

dent on O.C.R. 

9.5 Possible practical significance of the results. 

As discussed earlier, undrained tests on un-

disturbed samples of clay under confining pressures less 

than the estimated in-situ effective vertical stress, 

have been mown to yield strengths which are substantially 

lower than those obtained from tests on samples of the 

same material 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. 

unc 
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There is maple evidence that samples of clay 

(especially overconsolidated clay) extracted from great 

depths have large residual negative pore pressures or 

suctions (Skenptcn, 1961; Skempton and Sowa, 1963, Bishop 

et al, 1965(b) ). While evidence of direct measurement 

of such suctions is scanty, various methods of estimating 

them have been proposed by Skempton (1961) and Bishop et 

al (19&b) who reported estimates as high as 100 psi 

for the suction in undisturbed London Clay (L.shford 

Common) taken from a depth of 114 feet. It is conceivable, 

on the basis of the work presented, that where a sample 

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 

normally consolidated clay, reported by Skempton, and to 

which reference has already been made. The criterion , 

on this basis, for the establishment of a 0 = 0 condi-
tion, will, therefore, be the destruction of any residual 

suction in the sample, rather than the closing of fissures. 

It is relevant to mention here that Skenpton and La 

Rochelle (1965) reported obtaining constant undrained 

strengths from tests on samples of undisturbed London 

Clay taken from a deyth of 24', under confining pressures 

as low as 4 psi. This pressure is hardly sufficient to 

ensure zhe closing of fissures, but nay be enough to des-

troy any residual suction in the sample. 

While it is recognized that the conclusions 

drawn from the work reported in this section nay not be 

directly applicable to undisturbed samples on account of 

differences in stress system and history, the writer is, 

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

drained hear strength. 

9.6 Thin Sections. 

The preparation of the thin sections for viewing 

under an optical microscope has been described in Section 

8.3.2.1. The impregnation technique using Carbowax 5000 

did not work satisfactorily, probably because of the low 

final water contents resulting from isotropic consolida-

tion under high pressures. Only a thin outer shell was 

impregnated, and it was therefore not possible to obtain 

any information regarding the soil structure resulting 

from the shearing process, or the orientation of particles 

in the vicinity of the shear zones. Similar difficulty 

was experienced by Sutherland and Singh (1967) who pro-

posed an alternative technique based on pre-drying the 

samples. 

9.7 Sunnary;: 

Sone experimental evidence has been presented to 

show that the undrained shear strength of clay samples 

with initial negative pore pressures decreases with in-

creasing magnitude of the negative pore pressure. It is 

suggested that this decrease in strength nay be explained 

by postulating a decrease in degree of saturation of the 

sample as a result of the release of dissolved gases from 

the pore fluid. This would tend to imply that pore water 

is probably incapable of withstanding appreciable negative 

pore pressures without cavitation, at least at certain 

locations in the soil pores. 

-In approximate method of computing the values 

of the initial negative pore pressure,-ui  or suction, pg , 
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and the ambient effective stress at failure cr3f  has been 
presenteC. Calculations based on this approximate method 

indicated that the relationship between the undrained 

shear strength, Cu, of quasi- or unsaturated soils, and pg 

	

and (.1 	was of the form suggested by Aitchison (1957), 
3f 

namely, 

Cu = X1 ( tr3f)j31. 

	

and 
	

Cu  K2 o  (P" ) m2 

Possible practical significance of the results has been 

discussed. 

The carbowax impregnation technique for the 

preparation of thin sections has been found unsuitable 

for samples having very low moisture contents. 
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Consolidated Undrained 	Tests on Remoulded 
	

London Clay Batch I 

Test 

No. 

Cr; 	(= 1:g) 
during 

consolidP 

(u, 0) 
. 

psi 

03s 

during 

shear 

psi 

initial 

water 

Final water 
content 0/0  

Peak 
, 	, 
tut - 0.3) 

psi 

Cu 

0-1  _ Cu Cu Cr3s Cu 
- 

1:' 

„ 
U. 

psi 

A f  AA-CY 

psi 

• 

psi 

Croif 

psi 

Is r u 
ACI-31 

cont. 

0/0  Top Mid.Bot. 
Co Pc  2 

psi 

't 

1 25 25 

4 

37.4 344341 35.2. 14%4 7.2 1.00 t.oc., 0.29 *27 - - 
1 ..... -. - 

z 2.5 0 36.2 351 33.9 34-.8 4.6 Li..g o. b7 of) 0.19 4 CI) - • •-• L - - 

3 50 5o 35.2 31.6 30,8 30.1 26.3 (3.2 1. 00  1.o0 o. 26 +35 +1.33 -1 35 o - - 

4 5o 0 35.0 32..3 30.5 31.5 19.0 9.5 0.12 0  0.15 -5 - - -30.3 - o.41 

5 100 100 33.9  26.9 26.9 27.7 51.3 25.7 1.00  1.00 0.26 +52 +1.01 +52.0 0  48 - 

6 100 0  29.6 27.2. 26.0 27.2- 3`3.7 19.9 0.11 o 0.20 -32 41.01 440.2 -72.2 32 042. 

1 300 300 22.1 25.6 24.3 26.1 154 77 1. 00  (.00 c..)•26 +105 40.108 +105 o 195 - 

8 300 225 " 24.8 23.8 24.4 144.1 72.1 0.94 0./5 0.24- +50 - +98.2 -48 175 0.64 

9 300 150 25.4 24,0 23.0 14-2.8 11.4 0.93 0.5o 0•2Y- -22 " +97.4 -119,4. 172 0.8o 

(0 300 75 25,6 24,0 25,2 Hsi 62.-7 0.$1  0.25 0.21  -75  " +85.1 -160.7 150 0.71 

11 300 0 24,1 23,6 24.0 107 53.5 0.70 b 0.19  -121 " +13 -194 121 0.65 

12 coo 500 21.8 20,9 2D,s 2.21 113.5 1.00 1.00 0.23 +171 40.7S -11/1 0  329 - 

13 5-o0 375 22.2 21.9 21.2 zig 109 0.56 0.75 0.22  +83 .. 4164.2 -81 291 o.65 

(4 50o 250 21.2. 21.2 2Z.3 212 106 0.93 o.50 0.2/ +43 .. +(O. ' -117 207 0.9.8 

15 Too 125 23,0 22.023.3 197 93.5' 0.82. 0.25 0.19 -136 " -04-0.9 -27641 261 0.74 

16 5-00 0 26.1 22.1 234 146.5 73•3 0.6S o 0.15 -(97 " 4 (10.4 -7974 187 0.0 

(7 750 750 20,7 19.4 20.2 318 159 1.00 1.00 0.2.1 +20+0.75 -121+o o Sio - 

18  750 563 ^ 21.1 19.420,4 310.9 155.4. 0•52 ow 0.21 +69 is +234.6 -165.6 444 0419 

19 no 375 21.2 19.6 20.9 297 148.5  0.93 0.50  0.2.0 -95 " +124,2 -369.2 460 0.82 

20 '750 188 21,S 20,2 22.0 276.2 /38.1 0.27 o.2s o.12 -234 " +20.5' -44z 421 0.79 

2.1 '750 0 21.0 MS 21.4 202.4. 101.2 0.64 o o.13 -290 " + 152.2 4414 290 o.Ss 

22 1000 1000 , 19.1 fga. 18.8 43g.3 219.2 /.00  1.00 0.2.2 +179 +0.63 t 279  o -iv _ 

' 	2.3 1000 '150 (9.3 18.6 15,5 420.6 210.3 0.56 o.75* 0.2.-1 -60 ,, +267.7 -2o7.7 610 0.83 

24 1000 Soo 18,2 19$ 19.5 391.7 155.5 0.99 0.50 0.20 -13s ,. t 24q. 3 =3943 635 0.77 

25 1000 250 2o.r 18.3 20.1  366.6 183.3 9.8/+ 0,25' o.18 -341 " 1.233.4 -00.1 597 0.77 

26 rOoo 0 " 20.1  19-3 OM 290,9 145.5 0. 66 0 0. i4 -444 " I 185.7 _ 6x9 441.4. o. 63 



TABLE 9.2 

Consolidated - Undrained Tests on Remoulded London Clay. 
Sa

m
pl

e  
B

a
tc
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Test 

No. 

. 
Isotropic 
Conso HO, 

fl. 
'3s 

during 

shear 

psi 

* 
Final 

w.c• 

0/0  

, 

Peak 

0-r  0, 
' 

psi 

C u  

0/0 

Change 
• in 

streng- 
th. 

CT gs  
of 
Pc 

Uf  
psi 

A f A.f(0; - c:r 
psi 

,  
. ,  

L.11 
Psi 
i 

Taff  
psi 

g 

FA U -1 
CT 

3  

psi 

U 

psi 
c u°  

L6' 0:3J 

11-11 

12 5bo c. Soo 21.8 2:2:7 1.00 0 1.00 -r171 . 0.7s +171.o p 329 - 

13 500 o 375 22. 0  2.18 0:56 -4 MS 1. 13 .. *1644. 181 292. 0 . 6S- 

14 Too 0 250 22.3 7- iz 0.53 -7 0.50 +4-3 .. 416o .o -11V7 201 0, 4-2 

15 500 0  (2S 2)...0  187 0.1z -1? 0.25 -I36 " 4140.9 -277 261 0,7 (4- 

16 50D 0  0. 22.1 147 0.65 -35 0  -187 .. +twat- -i97 127 0. 60  

1:::41 1 

i 

Al Soo o 5.00 12..) 101 1.00 0 1.00 +IV 0.915 Ilg 4.0 6 316 - 
A2 Soo 0 400 22.4 196.9 0.9g -2. o.cao +91 .. +iso.6 -90 309 0.90 

A3 coo 0 100 2205 193.6 0.56 -4 0.60 0 b  + 17 7. 6 -178 300 o . 25 

A4 Soo 0 200 221 189.5 0.94 -6 0.40 -gs .. 1173.8 -259 28s- 0,94 

A5 500 0 100 22.7 175.0 0.87 -13 0.20 -186 . 4140.0 -346 zg E. 0.26 

AG Soo o 0 2.2...6 14.1 0.81 -19 0 -2.58 .' +151.0 -409 258 0. 22. 

A7 Too 0 500 22.2 1944 0.97 -3 1.00 -two .. -4 rig.g _al 300 - 

81 1000 Soo 100 o 2.,...1 195.3 (.02 +2 2.00 +656 1.0° + 154.0 0 304 - 
g2 woo 50 0  5oo 22.4 192.9 1.01 +1 1.80 +600 .. +19z. 8 4 401 300 0,93 

0.96 83 boob goo 800 22.4 192.9 1.o1 4-1 140  +Soo .. +ten.g 1107 300 

84 loon 500 700 2.z.1 153.6 1.01 +1 1.40 +400 " +192.6 f206 300 o i cn 
BS 1000 Soo 600 2.1.5 190.7 1.0o 0 1.20 +305 " +(go. 7 -t114 29S 0.96 

86 moo goo 500 22..4: 190.5 1.00 0 1.00 +20S " .050.5 ilet. 295" 0.51 
87 Moo 500  300 2.24 In .5 0.97 -3 o.60 -*IS b -1-t84.0 - 28S - 

138 (000 Soo ISO 2.3.1 171.1 0.90 -10 0.30 -107 'a * 171 .0 - 257 - 

89 too 5005 0 2.2.8 161.9 0.83 -1 17 o -258 " +162.o - 2S-8 ' 	- 

C I  1000 S00 1000 20.9 2-67 1.0o o 2.00  - - 

C2. 1000 500 150 2.0.5 267 1.00 0 1.50 - - - . - _ .- 

C3 1000 Soo Too 20.3 267 1.00 0 1.00 - - _ _ _ - 

c4 1000 5D0 300 20.4 2.57 o.56 - 4 oho - - _ - _ 

c5 l000 coo (50 20.6 251 0.94 -6 0.30 - - . 	_ - _ 

C6 000 S00 0 2.0.8 2.1 0.82. -19 -.  o - . 
- 

. , i -- - 

11-11  

Di 500 0  5oo 24.5 1884 1.00 0 1.00 - - - _ - _ 

D2 Imo Soo 1000 24.0 129.6 1.00 1:7411 

 

0 Zoo - - .. l- - _ 

D3 1000 SO 0 500 23.8 18g., 1-00 0  1.00  - - - ,_ - a.. 

D4 1 000 500 0 24.0 165.Z 0.87 - 13 0 - - - - _ 

* From the shear zone or the middle part of " the sample. 
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pHIIPTER 10 

CONCLUDING REMLRKS. 

Work presented in the first four chapters of 

this thesis showed that the best approach to the deter-

mination of effective stresses in clays and fine-grained 

cohesionless soils is prJoably the experimental one. It 

has also been shown that for clays (as represented by 

Wiener Tegel) and fine-grained cohesionless soils ( as 

represented by Calcite), the effective stress in relation 

to shear strength is given by the Terzaghi equation, and 

that effective stress in relation to changes in volume is 

given by an expression which takes account of the compres-

sibility of the soil grains and soil structure. However, 

this compressibility correction is, in general, so small 

that very little error would result if the Terzaghi form 

is used in the normal engineering stress range. 

The results presented relate strictly to the 

influence of the difference between the external applied 

stresses (rand pore pressure u, i.e. ((r-u), on the me-

chanical properties of these matarials, all other factors 

remaining constant. ks mentioned 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 possitle shortcoming of the principle. Recent work 

(Lovenbury, 1969) on creep, though of a limited nature, 

indicated that the influence of creep may be exaggerated 

in a stiff overconsolidated clay, like London Clay * $ 

Long tern drained tests on London Clay showed a decrease 
in drained strength of 15°/o compared with the 5-day 
strength. This decrease is within the normal scatter of 
experimental results on the material. 
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but that it nay be important in soft, normally consolidated 

clays. The writer is of the opinion that the existence 

of creep does not invalidate the results obtained. Lpart 

from the external applied stresses, other factors such as 

changes in the chemistry of the pore fluid, have been 

known to influence the mechanical behaviour of clays. It 

is conceivable, therefore, that creep could be the result 

of possible changes in the pore fluid chemistry in the 

long tern, after the aptlied stresses have become fully 

effective. Lny 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 mechanical behaviour of these soils. These tests 

could, if combined with the results presented, lead to a 

formulation of an all-embracing definition of effective 

stresses to take account of all the known phenomena in 

clays. 

The results of drained compression tests at 

elevated cell pressures, on remoulded and undisturbed 

clays and silts showod that the shear strength and de-

formation behaviour of these soils are modified in a 

manner similar to thr-t already noted for sands and gravels 

by other workers. It has been suggested that the nature 

of the clay-Rized particles nay be just as important as 

their percentage, in determining the mechanical behaviour 

of fine-grained cohesionless soils unde.J: elevated pressures. 

Consolidated-undrained tests on samples of re-

moulded London Clay with large induced negative pore 

pressures showed that the undrained shear strength de-

creased with increasing magnitude of the induced initial 
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negative pore pressure in the sample. The decrease in 

undraineq shear strength appeared also to depend on the 

quantity of air dissolved in the pore fluid. The results, 

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 start of undiained shear. From 

these, an approximate relationship has been deduced be-

tween the undrained shear strength 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 



conclusive evidence regarding the ability of pore water 

to sust,in 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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APPgNDEC. A 

Expression for the correction  (AVc) to the readings of 

volume change. 

L 

Let kp, kq  denote the values of the tubing constant k 

under pressures p and q respectively. 

Xp, Xq  denote the lengths of saran tubing LE in 

circuit under pressures p and o respectively. 

(41X)q  = Xp 
Xq 

and C denote the compressibility of water, and is by 
dv 1 Ti definition equal to (ug . 	) 

Under pressure P the volume V of water in the length LE 

of tubing is given by 

V = k X 
P P 

If the pressure is increased to q, there is a deczease 

(AVc) in the volume V of water given by 

(i.;Vc)= C.dp.V = C (q-p) kpXp 	 (A.2) 

New volume of water V under pressure q is given by 

Vg  = Xq  kg  = V-(AV0) = kpXp  - 0 (q-p)kpXp  

X 
k
P  XP 

 [ 1 - C (q-p) 
k
q  

(A.3) 

The decreased length Xq  of tubing under an increased 

pressure q therefore reflects the combined effect of the 

expansion of the tubing and the compression of the water 

(A.1) 
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contained therein. 

It can also be written that 

AVe  = Xpkp  Xq  kq  

end sin-e X = (4SX ) + Xq  1  

c kp(AZ)q + Xqkq — Xqkq 

dVc  = kp(ISX)g  + Xq(kq  kp) 	 (A.4) 

and when p = 100 psi, 

liVc = (AX)q k100 Xq (kq k100) ..... 	(A.5) 

The correctionPVc  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 	 3. (xi, y.) i=1,2,3,..m, 

of experimental observations may be obtained by usinG 

the principle of least squares , which yields a curve such 

that the sum )f the squares of the deviations of the expe-

rimental points from it, is a minimum. In the absence 

of any specific indication of the Lype 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  + C1x + C2x2  + 	 C 	(B.l) 

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 
(yo- y)2  
(m r) 	 is a minimum 	(B.2) 

where (yo-y) denotes the residual at the point yo  i.e. 

the difference between the observed value of the para-

meter, yo, and the value y, of the same parameter 

computed from the curve, 

m denotes the total number of pairs of experimental datavond 

v denotes the total number of arbitrary constants in the 

polyilomiai. From equation (B.1) therefore, r = n+1. 

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

best fit. 

The computation, which would have been laborious 
if 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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